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ABSTRACT

The ionosphere is an important medium for high frequency (HF) radio

communications and remote sensing, as well as a hindranceusetio¢ the Global

Positioning System (GPS); thereby, these systems require accurate ionospheric models in

order to function. The highly complex nature of the high latitude ionospheric dynamics,
combined with an extreme scarcity of data in the {égitude region, has, in the past,

made this area virtually impossible to model accurately. With the recent explosion of

ionospheric remote sensing instruments in the polar region, it has now become possible to

monitor these regions with high spatial resolutiboday there exist no accurate
ionosphere models specific to the high latitude region and dedtartdardonospheric
models, such as the International Reference lonosphere (IRI), have been shown to be
inaccurate at highatitudes.

Here we present the netdology and performance of the new Empirical
Canadian High Arctic lonospheric Model-EHAIM), a 3D high latitude electron
density model intended to replace the use of the IRI in these regions. To this end, we
make use of every available high latitudeioag@mote sensing ionospheric data set dating
back to the very first observations of the ionosphere from 1931 at the Slough ionosonde
in Ditton Park, UK. Specifically, we examine lessons learned from the short comings of
other empirical ionospheric modetiscuss the reasoning behind the parameterizations
used, and provide comparisons bet ween t

included in model fitting.
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Overall, the ECHAIM model is demonstrated to represent a significant
improvement over currérstandards in the representation of the topside anueBR of
the ionosphere, while providing comparable performance to current standards in the

representation of the bottomside shape.
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1 I ntroducti on

The ionosphere, a layer of ionized plasma located between rda@trty and 200km
altitude, is produced by photoionizatiohthe upper atmgshere by solar radiaticand,

at high latitudes, by precipitating energetic particles. Atimamlt i t udes, t he
dynamics ardéargely governed by photoionization and relatively simple electrodynamics
The highlatitude region, however, is one tietmost dynamic and variable regions of the
ionosphere, where the Earthés magnetic
Magnetic Field (IMF) or maps to the outer magnetosphere, resulting in complex Solar
Wind-Magnetospheronosphere (S\WM-I) interactiondHunsucker and Hargreaves,
2003]. The dynamics of the higlatitude region aréurthercomplicated duéo heating in

the auroral oval, which can drive neutral winds, produce neutral composition changes,
and enhance recombination rates that ficantly alter the state of the ionosphere;
furthermore, high latitude electric fields drive plasma circulation at various small and
large scalesAll of these factors, combined with an extreme scarcity of aiagh

latitudes, have madeaccurate operainalmodeling theionosphericelectron density of

this area virtually impossible tccomplishin the pastDespite these high latitude
challenges, the ionosphere has important implications for grtmigbund and satellite

to/fromground communications.

In the case of high frequency (HF) propagation and communications, a standard in

military and aviation communications, the ionosphere serves as a reflector for these
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signals allowing them to be received at distances of over 3000km. Not all HF signals ar
reflected by the ionosphere. The maximum frequency that can be used (MUF), and thus

the maximum bandwidth that is available, is proportional to the square of the
ionosphereds maxi mum el ectron/ion density;
ionosphereequires regular forecasting to facilitate the most efficient choice of frequency
[Jodalen et al., 20Q01Additionally, HF overthe-horizon Radar (OTHR), which uses the
ionosphere as a virtual mirror for target detection at several thousand kilometers rang
requires accurate propagation models in order to properly range targets; thus, the
accuracy of such ranging technigues is sev

[Davies, 1990

In the case of trar®nospheric communications (sateHit®from-ground

communications), signals that travel through the ionosphere are bent and slowed down.
This leads to significant delays in the travel of these signals, where the magnitude of this
delay is proportional to the total amount of ionized material berivilee satellite and the
receiver, typically referred to as Total Electron Content (TEC). In the case of the Global
Positioning System (GPS), this | eads to si
determine the position of a receiver of roughly M 00m[HernandezPajares et al.,

2002]. While errors of this magnitude may not typically be significant to many traditional
GPS users, industrial use of GPS data for automated mining and resource extraction, as
well as aviation altimetry, requires acate ionospheric GPS correction. Also, the
ionosphere can induce GPS system failures by means of scintillation, which can cause a

receiver to lose lock in certain circumstances. This system failure problem is often
2



exacerbated during periods of enhancedrgegnetic activityKintner et al., 200[7 For
these reasons, it is important that researchers and systems engineers have access to
accurate ionospheric electron density information. This, however, has proven to be

difficult to provide at high latitudes.

Themens et a[2014 and Themens and Jayachandi20il§ demonstrate that the

International Reference lonosphere (IR1), which is considered the climatological standard

for ionospheric specification, is extremely inaccurate at high latitudes and fails to

reproduce even some of the most bas$ionospheric variailities. In Themens and
Jayachandraf201q, the 2007 version of the IRl is found to produce errors in excess of

50% when modeling the TEC above various Arctic sites, while demonstrating errors

within 10% at mid latitudes. The majority of these errorsavgtrown to result from

i ssues in the I RIb&ds topside representation
activity and equinox periods. Themens ef2014 goes one step furthatiagnosing
specific components of tepresentatoh.dley verti cal
demonstrate that IRI 2007 exhibits errors at times in excess of 70% in the peak electron
density (NmF2) of the ionosphere, while mismodeling the peak height (hmF2) of the
ionosphere by up to 80km. In terms of propagation, the IRI isdfdo demonstrate

critical failures in modeling the diurnal variability in(8D0QF2 propagation factor (a

measure of the MUF), where diurnal variability is found to be the opposite of that

modeled by the IRI during summer periods. Meanwhile, Themens[204l7

di agnosed errors in the I RI and NeQuick em

representations, finding that the shape function used to represent the bottomside of the
3



ionosphere in the NeQuick model is incapable of representing the profile ahd that
both models struggle in representing the thickness of the topside. Themep2G:t74].
goes on to demonstrateat accepted methods of mitigating errors in the topside through
adjustments of the bottomside parameterization are incapat@sad¥ing these issues

and in fact make errors far worse.

Issues in modeling and observing the high latitude ionosphere are not, however, solely
constrained to issues in modeling electron density. Themend 208 demonstrated

that the sparsity of datin high latitude regions contributes to significant errors in the
representation of TEC in these regions by global TEC maps and Themen2@t3al.

showed that the strong gradients in TEC at high latitudes significantly degrade the
performance of stardd Global Positioning System (GPi&sed TEC calibration

techniques. In fact, the technique proposed in Themens[204 represents the sole

GPS receiver bias estimation technique that has been specifically designed and validated
for use at high latildes, demonstrating improvements over other techniofuefew

TEC units (1 TEC unit = 26e/n7).

Errors in ionospheric models can have drastic consequences for model users. With
respect to OTHR, accurate electron density information is necessary operationally for
coordinate registration and frequency selection. Not only is accurate electron density
needed during operation, it is also crucial in system design, where electron density
information can be used to simulate system performance and capacity. For example,

empirical electron density models are typically used to assess future radar placement and
4



orientation, system frequencies, and the expected surveillance area observed by these
instrumentg Thayaparan et al., 2016; Saverino et al., 20i3this way, an accurate

electron density model is necessary in order to properly assess the capabilities,
performance, and design of future OTHR systems. Currently, one of the main challenges
in making such assessments at high latitudes lies in the inaccuracy of current empirical
models in these regions and limited local ionospheric observations. TypicallR| ke

used for such purposgSacciamano et al., 20p%however, the previously mentioned

errors in the IRI could result in catastrophic system design failings.

For HF communications and OTHR, prediction of the MUF of HF propagation is
dependent on thdeztron density of the ionosphere. Current prediction models including
the Voice of America Coverage Analysis Program (VOACAP), lonospheric
Communications Enhanced Profile Analysis and Circuit Prediction Program (ICEPAC),
and other IRI/NeQuick ionosphemicapbased prediction systems have all been shown to
demonstrate significant shortcomings in their application to high latitude regions, largely
due to shortcomings in their electron density specificafidttieno et al. 2015, Athieno

and Jayachandran, 2§)1

For radiolocation, which uses triangulation with respect to three or more reference
receivers, previous studies have shown that significant,-&r@e ionospheric gradients
in electron density, such as those seen in the Main lonospheric Troughr@gidn, can
produce significant errors in positioning in their vicifi§tocker et al., 2007; Warrington

et al., 2012 These gradients have been shown to be significantyodeled by the IRI
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wherein MIT gradients are almost completely smoothedutmens et al., 2017a;
Karpachev et al., 2016These results all suggest that a new model must be specifically

developed for the high latitude region.

Since the creation of the IRI, and similarly the NeQJiN&va et al., 2008 a plethora of

data have écome available for use in empirical modeling, namely that from new
ionosonde deployments in the arctic regions and from radio occultatiorb@sejl

electron density inversion. These new data sources allow for the modeling of spatial
scales that were navailable to previous models. Satellite data, in particular, promise to
improve the representation of the ionosphere in regions of sparse ground instrument
coverage, such as in the arctic regions and over the oceans. It is our belief that, with the
deployment of these new satellite missions and the recent development and expansion of
the Canadian High Arctic lonospheric Network (CHAIN), we now have the resources

and data sufficient to model the hitgttitude ionospherplayachandran et al., 2009

With theincreased industrial and military interest in the Arctic due to diminishing sea ice
in this region and limitations on the use of geostationary satellite communications at high
latitudes, it becomes crucial that the ionosphere above this region be dgcucateled.
Recent deglaciation in Arctic regions is also unveiling new targets for resource
exploration, while the melting of Arctic sea ice is opening up transportation corridors and
has triggered the need for new seaportstaedevelopment of Arcticammunities. As a
resut, development of communications amavigation technologies for Arctic travel,

exploration, mining, and infrastructure development will be essential in the coming years.
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The followingthesiswill present a more wilepth look at thempact of the ionosphere on
radio signals and on the performance of other ionospheric models at high latithidies
identifying the main priorities for new model developméetore fully detailing the

Empirical Canadian High Arctic lonospheric ModetQHAIM), a new empirical

ionospheric electron density model that we believe to be a substantial improvement over

current standasd

In the following,| will review some basic principles of the high latitude ionosphere and
thermosphere i€hapter i 4. In Chapter 5, | scuss the implications of the ionosphere
for radio communicationsas well asntroduce the many instruments used in the
construction and validation of the@HAIM model. In Chapter 6, | idcuss existing
standards in ionospheric empiriedéctron density modelingrnally, | present and
discuss the ££HAIM model parameterization, features, and performan€hapters/
through 11before discussing future work @hapterl2. The author was responsible for
the work presented in Chapters 11, as well as the GNSS calibration work, which is

presented in Chapter 6.



2 Physics of the |l onosphere a

The ionosphere iaregionof free electrons and iomsbeddedn the uppeatmosphere

at altitudes between roughly 60km and 2000Khris layer is produced through the

ionization of neutral atmospheric species by solar Extreme Ultraviolet (EUV) aay X

radiation, as well aBy energetic particledt decays due to recombinatiarften

facilitated by interactions with neutral atmospbepecies. The interplay between the
ionized and neutral at mosphere, combined w
magnetic fieldmakes the dynamics dhis region of the upper atmosphere incredibl

complex and highly nuanced.

A representationf the neutral atmospheric composition in this region is presented in
Figure2.1. Theionized portion of the ionosphere makes up only a minority of the total
number density of the region, which is dominated by neutral species even above the
altitude of the peak density of the ionosphere (hmF2 Als is illustrated ifrigure2.1

and later irFigure2.2, the lower and upper boundaries of the ionosphere areetbt w
defined, where gradual exponential behavior is seen at both the top and bottom of the

ionosphere.
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Figure 2.1 Example neutral, ion, and electron number density profiles at ionospheric
altitudes above \Mte Sands, New Mexico (34, 106W). Taken fromRishbeth and
Garriott[1969.

The vertical structure of the i onosphere i
ranging from the ERegion at the lowest altitudes of the ionosphere to tRedion,

which consists of the peak electron density of the ionosphere. These regions are
distinguished based on either substantial differences in chgpnicadsses (e.g. the D
Region)and/or by a characteristic layke structuring in the vertical electron dégs

profile (eg. the ERegion and F2.ayer).These regions are illustratedrigure2.2,

where example electron density profiles are presdotatght and daytimeonditions

during solar minimum and solar maximwna subkauroral locationThe mechanisms

behind the formation of these regions will be discussed in detail in S8cB&fore that,

the following sections will discuss some fundamental processes within the ionosphere

and thermosphere.
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Figure 2.2 Example electron density profiles generatsthg the IRI at (6N, 270°E) for
local midnight fed) and local noonkjack) at low (dashed lines) and high (solid lines)
solar activity corresponding to June 2G08l June 2013, respectively.

2.1 Composition of theNeutral Atmosphere

A discussion of the ionosphere cannot procgithout at least a brief treagmt of the
neutral atmosphere, whetetcomposition of the neutral atmosphere has a significant
impact on the vertical structure of the ionospherainly through its impact otine

production, loss, and transport of plasma

The vertical structure of the density of any given neutral atmosptmigtituentan be
represented by the barometric relationship derived under the assumption of hydrostatic

equilibriumin conjunction with the ideal gas lawhis relationship is givehelow

¢ &t Aode P
10



cg

Cd

wheree is the neutral densitg, is the neutral density at a refecerltitudeQ, "Qis the
altitude,ki s Bo |l t z maTsile neutcahntesmpesatut®,js the molecular mass of

the neutral constitueng,is the acceleration due to gravigndH is the atmospheric scale
height In the derivation of the above relationship production and loss of neutral
constituents is neglected. Of course, this assumgimtorrect for some neutral species,
such as atomic oxygen and ozone, but may still be used in regions away from the regions
of production and los$:or exampleat altitudes near and above 100km, molecular

oxygen (Q) is dissociated into atomic oxyg€@) by solar ultraviolet (UV) radiation in

the range of 102.7nm to 175.9nm. This process serves as the main source of neutral

atomic oxygen at ionospheric altitudes and as a sink for molecular oxygen.

If we assumd andg to be constant in altitude, théeenay instead be written

In the lower atmospheréhe neutral gas is well mixeguch that the composition of the
neutral atmosphere is largely unchanged with altitude up to the turbopause at ~100km

andsuch thamost neutral gases hathee same characteristic scale height. Above the

11



turbopause, diffusion plays a much more important role in contratimgspheric
composition, such that the scale height of the various neutral speciepastimnal to

the inverse of their individuaholecular masss(see Equation 2.3)

The abovdeatures areillustrated inFigure2.3, where we presentraore detailed

example of the neutral atmospheric compositidne may notice from this figure that

atomic oxygen only becomes an appreciable neutral constituent at ~100km altitude and
becomes the dominant neutral species throughout much of the regioemd®@km and
600km. One may also note that above ~100km, the neutral constituents no longer
maintain a constant relative composition and the atmosphere broadens significantly. This
sudden increase in scale heighh be attributed to a sudden increas@éntémperature

of the neutral atmosphere at this altitude.

12
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Figure 2.3 Neutral atmospheric composition generated by the US Standard Atmosphere,
taken fromHargreaves (1992

In Figure2.4, we show a standartustrationof the temperature profile of thiea r t h 6 s
atmospherewithin the troposphere, the atmosphere cools with increasing altitude with a
lapse rate of7K/km until ~10km altitude (i.e. the tropopause). Above the tropospause,
the stratosphere is characterized by an increase in temperature resulting from the

absorption of solar UV radiation by ozone. Above the stratosphere one finds the

13



mesosphere, wheradiative cooling results in a temperature depresgibove the

mesosphere we find the thermosphere, within which the majority of the ionosphere is
embedded. The thermosphere is associated with a very large, sudden increase in
temperature caused by thksorption of solar radiation within the ionosphdtas

through this mechanism that the ionosphere has a profound impact on the structure of the
neutral atmospherés we will show in the following sectionthe neutral atmosphere

will, vice versa, have a profound impact on the structure of the ionosphere as well.
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Figure 2.4 An illustration of the atmospheric neutral temperature profile (left) and
ionosphert electron density (right) with some traditional nomenclature annotations. This
figure is taken from Hunsucker and Hargrea\a&03.
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2.2 The Thermospheric Neutral Wind

As the ionosphere mmbedded in the neutral atmosphere, it is fair to presume that th
neutral atmospheric circulation may have a significant impact on the drift of ionospheric
plasma. The nature of this interaction will be discussed in the following section, but we
will here introduce the basic circulations and winds within the neutredsgghere to

facilitate our later discussion regarding their impact on the ionosphere.

The momentum equations governing the motion of the thermosphere are largely identical
to what one would encounter for the troposphere, where dynamics are governed by
advection, pressure gradient forces, Coriolis effects, and viscus drag. There is, however,
one major difference for which one must account: ion drag. lons are highly restricted by
the magnetic field, where ion motions are free to move along magnetic fiesddut
restricted across field lines. The ion drag, induced by the thermospheric wind, can have
the effect of generating dynamo electric fields in the ionosphere and thus plays an
important role in the dynamics of the ionosphéwecounting for this inteaction, the
momentum equations for the neutral atmosphere can be written as

%‘)c =1 2w sie o og &
where==is the neutral wind vector,i s t he eart h €|sis the gravityl ar vel o

vector,” is the neutral density) is the pressure, is a scalar potential associated with

15



tidal forcing, is the coefficient of molecular viscosity, is the iorneutral collision

rate, andy is the ion drift velocity [Rishbeth and Garriott, 1969].

Within the thermospheyaolar heating of the neutral atmosphere causes an inarease
thermospheric temperature resultingadin hi g h p r eisthellluneinatécb ul g e o
thermospherdn the absence of ion drag, the dominant neutral circulation within the
thermosphere would be via thermal winds and adhere well to the geostrophic
approximation, where winds follow pressure isobars. In the presence of ion drag,
however, winds are driven across isolsarsh that there iind divergence in the solar
illuminated thermosphere anconvergence in the nightsidehis essentially results in

warm thermospheric gas moviatmostdirectly toward regions of cold thermospheric
gas.This also results in the lifting of the gas in the region of healihig. process is
illustrated inFigure2.5, where thermospheric temperature contours at 300km altitude are

plotted with superimposed neutral wind vectors.
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Figure 2.5 Neutral wind veatrs and temperature contours at 300km altitude generated
using the cTIPe fulphysics model for December1,2003, at 00UT. Taken from Huba
et al. (2014).

By the above mechanism, at high latitudes, the neutral wind is directed in the anti
sunwarddirection, across the polar cdpring equinox periods. During these periods, a
Hadleytype circulation pattern exists, where winds drive the neutral gas upward at the
equator and poleward. During the solstices, the winter hemisphere experiences an anti
sunward wind while the summer hemisphere experiencesjaatorward wind. During
these periods, a single global circulation cell exists, where neutral gas is lifted at the
summer pole and moves toward the winter pole, uninterrupted at the egutitar

return flow at the lower boundary of the thermosphere

17



2.3 Continuity : Production, Loss,and Transport in the lonosphere

Now that we havéntroduced the structuignd dynamic®f the neutral atmosphere we
canbegin discussig the physical framewdrthat goversthe ionosphere. To begin we
will first briefly introduce the ionospheric continuity relationsijmnservation of mass
and chargelictates that changes in electron density must result either from posduct
loss or transport processdsormally, for agiven ion species, this relationship can be

written

—a
C:

0 ndlbo C®H

|
o
i

whereq is the rate of productiom, is the rate of loss through recombination, arfdl
0 o is the transport of plasma by velocity The following sections will describe dac

term in the above relationship in detail.

2.3.1 Photoionization

For a single species that adheres to the hydrostatic (barometric) neutral atmosphere
relationship (Equation 2.1), the photoionization component of the production term of
Equation 2.6 may be appximated by the Chapman function

18



R -, &0t OAgpa 1t X

T, ©AA Ao® Ry

wherel is the solar radiation flux at height, is the absorption cross sections the

neutral number density, is the ionization efficiencyo is the neutral number density at

a reference altitudi, lo is the incident radiation flux prior to entering the atmosphére,

is the neutral atmospheric scale height giveiDas Q% "QT is the neutral

temperatureg is the acceleration duetogrgyiki s Bol t z mamiséhe const an
neutral molecular mass, is the optical depth, andis the solar zenith angle. In the

above relationship, it has been assumedglaaid T are constant with altitud&he

altitude at which the optical depth edsi unity and thereby the altitude whereth

Chapman production function reaches a maximamlotted for the entire spectrum

betweerl nmand 300nm inFigure2.6.
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Figure 2.6 Altitude at which the atmospheric optical depth equals unity at zenith.
Principle ionizing species are markedh ranges above the heightcurve i Ai r 0 r ef er
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all atmospheric constituents a@d(SR) refers to SchumarfRunge continuum.
Al oni zation thresholdso refer to the maxim
listed atmospheric constituents could be ionized. Taken from[R@89.

To better illustrate the behaviourtbie Chapmairoduction Functionit is often
convenient toe-expresshe aboveChapmarrelationships with respect to the maximum

production rate at zenith. In this cades Chapman production function can be written as

R 5 Agp a OAL 8o
A @

wherery is the maximum production rate at zenith &d corresponds to the altitude

of that maximum production rate at zenith. Each term of the above production equation
represents a regime of behaviour: wheéslarge and negativehe exponential term

within the exponent dominates the production function, illustrating a strong solar zenith
angle control of production in the region below the peak; whetarge but positivethe

linear term within the exponent dominates, illustrgtine exponential decrease in
production due to the corresponding exponential decrease in neutral density with altitude
in the region above the peak. One may alst that thenaximum production rate and

the height of maximum production are highly depernaa the solar zenith angllerough

this relationshipAs one tends to higher solar zeratigles, the maximum production rate

decreases and its altitude increa3éss behaviours illustrated inFigure2.7, where we
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present a plot of this production function for various solar zenith angles holding the

incident radiation intensitgonstant.
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Figure 2.7 Normalized Giapman production function plotted vs. redubedyht( »
I L iq)forvarious solar zenith angles. Taken frelunsucker and Hargreaves

[2003.

The Chapmandnctionrelationships presented here were developed under the assumption
of a flat earth. To modify them for a spherical eantie must simply include a grazing

angle term in place of the secant tewhgre this grazing angle term is given by
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whereY is the radius of the earfA | 6 P e r]t , 1973

While these relationships explain the photoionization component of production, at high

latitudes, ol must also take energetic particle precipaatinto account.

2.3.2 Precipitation

At high latitudes, production can aleocur as a result of collisional ionization of the
neutral atmosphere Bnergetic particlegelectrons and protongyedpitating from the
magnetospheror from thesolar wind While the exact mechanism governing particle
precipitation is beyond the scope of this study, particle precipitation acts as a significant
contributor to ionospheric production within the auroral oval and polar cap. Precipitation
produces climatologically sigiitant structures in the high latitude ionosphere that we
hope to reproduce with our electron density modeLHAIM, and thus we cannot

neglect their presence.

Particle precipitation in the ionosphere is mostly constrained to the auroral oval region

which maps along magnetic field linesaaegion of energetic particlesthin the
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magnetospherdn illustration of the structure of the magnetosphere is predant

Figure2.8.
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Figure 2.8 An illustration of the main plasma regions of the magnetosphere and their
relation to the magnetic field. From Hunsucker andgiHsaved 2003].

In Figure2.9 we present an illustration of the typical location and extent of the auroral

oval region. Basic characteristics of this region include the tendency for the auroral oval
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to be extended towattie nightside, for the oval to be narrow in the dayside, and for the

oval to extend and broaden during periods of inciekgeemagnetic activity.
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Figure 2.9 A statistical representation of the aurorallo\ghadedpased on alsky
imager data for quiet, moderate, and active geomagnetic conditions. Taken from Kivelson
and Russell [1995].
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Whenenergetigarticlesprecipitate into the upper atmosphareéhe auroral zonethey
collide with neutral atmospheric particles along their trajectory, ionizing tiexgealsf
they havesufficient energy. For the domair our interest (i.e. betweel®Bm and
2000km), precipitating electron energies correspond to the range betweeteatfesof
keV, which produces ionization within therégion,and a few dozen ke\Wvhich

produces ionization within the E and D regiohle relationship governing the ionization
rate due to energetic particle precipitation is givetdhygreave$1993 and Ree$1989

as

N ¥ ¢po

where Ois the incident particle fluxQ is the incident particle energyQis the

ionization energy required to produce an-@ectron pair; is the neutral mass density,

1 is the depth at whitthe particle stop$, is the neutral mass densityiat andy is a
normalized energy dissipation function that is dependent on the fralaigpth of the
particle with respect to . For ions, an additional term should be added to Equatién 2.1

to accommodate the effect of momentum transfer and excitation.
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Figure 2.10 Vertical profiles of ionization rates for energetic electron (top) and proton
(bottom) precipitation for various initial energies. From Wati1q.

The vertical distribution of the ionization rate is illustratedrigure2.10 for electrons
and protonsvith various initial energies\s the particles descend into the upper
atmosphere, collision rates increase by virtue of the exponentially increasing neutral
densitywith decreasing altitud&his increase in collision rate results in@responding
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exponential increase in ionization rate with decreasing altitude; howeawedrcellision
acts to remove energy from precipitating electrons until such an altitude winerea
particlesno longer have sufficient energy to ionize teutral atmosphergigher energy
particles thus penetrate deeper into the atmosphéhde the vertical distribution of
ionization is governed by the energy of the precipitapiagicles the rate of ionization is
ultimately controlled by the particle flux; thus, low enepgyticles which produce less
ionization individually, may still produce significant ionospheric structuresragion

altitudes if particle fluxes are sufficiently high.

Energetic protons behave in a similar manner to electrons; howles@ncreased mass
and collision ratef protons results in slightly different vertical distributions from that of
electrons (seen iRigure2.10) and a tendency for proton precipitation to occur
equatorward ofhe corresponding electron precipitation regiofs.illustration of the

latitudinal distribution of precipitation regionspsovided inFigure2.11.
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Figure 2.11 Particle precipitation as a function of geomagnetic latitude. Taken from
Kelley [2009].

2.3.3 Recombination

The main loss of ionization in the ionosphere is the result of recombination, whereby
electrons and ions directly or indirectly recombine into neutral species. While direct
recombination is rather straigbtward in that the ionand electrons recombine through
collisions, indirect recombination is the process whereby recombination is first facilitated

by some other prior chemical process.
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For direct recombination of an ion with an electron, such as through dissociative

recombinabn, the loss terrof Equation2.6 can be writteras

0O |0 O CP T

whereUis the recombination coefficierjon is the ion number density, ahd is the
electron number densityWe shall term this type of process as an alpfueessin
regions of the ionosphere where molecular ions are the dominant JpmeEs
ionospherepr where molecular neutral species are sparse (topai@)phatype

process is the dominant recombination reaction.

In regions where neutral densities are coraplyrilow and atomic ions are the dominant
species (such as in therégion), the fastest recombination reaction generally follows a
two-step process, whereby a chemical reaction occurs prior to antgighprocess. In
these regions, this chemical reantis often the limiting reaction and thus controls the
recombination ratd-or thesechemical reactionsuch as charge exchange with neutral

speciesthe rate of reaction is givexs

where b i s t he Weshaldetnthie type af precdss$ as a bgmatdssit
is through the interplay between alpha and beta recombination processes and

recombination rates that neutral atmospheric dynamics contribute to the vertical
30



structuring of the ionosphere. This is discussed iaildetSections3.1- 3.4, where we
discuss these recombinatiprocesses in the context of each vertical regime within the

ionosphere.

2.3.4 Transport

lonospheric plasma transport is perhaps the most complicated component of ionospheric
behaviour and dynamics. Diffusion, ExB drift, and neutral wind drag all play an
important rolein the vertical and horizontal structure of ionospheric electron density. The
equation of motion for an ionospheric plasma may be writtéheafollowing for both
electrons antbns

Ué(T—boi)lo 6 QOF o | nn 0ato ¢ P o
where eis the charge of an electram,is the ion or electron mass), is the electron or ion
velocity,l is the acceleration due to graviyjs the electric field vectoB is the
magnetic field vectom is the electron or ion gas pressuras the éectron/ionto-neutral
collision frequency, and is the neutral wind velocitylhe + in the above relationship is

used in the case pbsitiveions and thé is used in the case of electrons.
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2.3.4.1 Diffusion in the Absence of a Magnetic Field

Diffusion in an ionospheric plasma is slightly different franat of a neutral gas in that
ionosphericonstituents are composed of electronsiand which pull on oneanother

by virtue of coulomb forceand follow the orientation of the magnetic fieks these two
constituent gasses experience different gravitational forces by virtue of their mass,
gravity will act to separate the gasses by mass. Unlike a neutral gas, the coulomb force
between the electrons and ions, however, acts against this gravitational $ortiey
complicating the difusion of the gas as a wholk this situation an electric field is
generatedhat forces ions and electrons to the same diffusioniratee absence of a

magnetic field, the diffusion velocity can be written as

nyqQyYy Y P X

0d&

whered is the ion mass, is the ion collision rat€\Yis the ion temperature, afidis

the electron temperature. This relationship is derived under the assumptions that the mass
and collision rate of electrons isgiigibly small with respect to that of the ions, that the
electrons and ions are moving at the same velocity, and that the electron and ion number

densities are the same.

In the presence of a magnetic field, the diffusion of the gas beamsstropic, sch

that the diffusion no longer follows the direction of the density gradient and is instead
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deflected such that, for a vertical density graditmg diffusionmay havea horizontal
component. Likewise, in the presence of horizontal gradients, diffissrestricted
across magnetic field lines and may thus have a vertical comp@henteduced rate of
diffusion across field lines has important implications for the lifetime of anomalous
density structures, such as patches, at high latitudes, where neabarbmay play the
dominant role in the decay of such structuneplace of diffusionbecause of this

restriction.

2.3.4.2 Field-Aligned Transport

In the presence of a magnetic fielshder similar assumptions as those leading to
Equation2.17, one may findhat the component of the ion velocity in the fialdgned

direction can be written as

o Y ® Y 00 O P Y
where
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Here,”Y is the component of the neutral wind along the magnetic @l the

component of gravity along the magnetic field,is the field aligned diffusion velocity,

Hp is the scale height of the gas, while:is the scaldeight of the gas at diffusive
equilibrium, andDa is the ambipolar diffusion coefficiefiRodgeret al, 1993. In this

sense, the departure of the gas from diffusive equilibrium is mapped to a diffusion
velocity through the diffusion coefficient. Foretl-region, where O+ dominates, the
above relationship is sufficient; however, at lower altitunleis the topsidewhere

multiple ion species may make up sizable contributions to the total ion number density,
separate equations of motion musicbasideed for each ion species. A thorough
discussion of this type of correction for the H+ and O+ gas of the topside ionosphere is
provided in St. Maurice and Schufil977. Regardless, the relationships presented in
Equation2.181 2.22represent a powerful tool for interpreting the impacts of neutra
winds andoulk orlocalized heatingn the fieldaligned motion of the ionospheric plasma
and have been used to explain various depletion features observed within the polar cap

[Rodgeret d., 1997.

2.3.4.3 TransportPerpendicular to the Magnetic Field

To examine the motion perpendicular to the magnetic field orientation, let us consider a

simplification of the equations of motion such that
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For thecomponent perpendicular to the direction of the magnetic field, the following

tensor relationship may be used to solve for the velocity of the plasma

& T

QY

8 ¢

wherex andy are coordinates perpendicularBan

is a subset of the mobility tensor
with ki corresponding to the component paralleEtandk. corresponds to the
component perpendicular B[Rishbeth and Garriott, 1989The upper sign corresponds
to that forpositive ions and the lower sign corresponds to that for electrons. The

components of the mobility tensor may be written as

p T
Q =
LI c8 X

; p 1
o -
06 8 Y

wherg is the gyrofrequency. Interestingly, the electron and iobilhty tensors may

be related to the ionospheric conductivity tensor such that
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whered (1,1) is the Pederson Conductivity ad@2,1) is the Hall conductivity.

The ratios of the gyrofrequencies and the collision frequencibg above relationships
allow us to decompose the crefgsld transport into regimeg.or example, for the case of
electrons, the collision frequency is much smaller than the gyrofrequency for virtually all
altitudes above the-egion and thus, to a goagbproximation, the electrons move
according to IT'_”’ the secalledE x B drift relationship, at most altitudes within the
ionosphere. For the case of ions, the collision frequency is only much smaller than the
gyrofrequency at fegion altitudes and thus tHsx B drift approximation is only truly

valid for ions within the FRegion.Below the FRegion, neutral drag becomes a

significant consideration. The differences between the ion and electron behaviour here

allows for the production of dynamo electric fields
The aboveE x B relationship has interesting implications foe ttirculation of the ¥

Region at high latitudes nduced through interaction with

reference frameahe solar wind electric field can be written

My % i+ @&
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where¢ y —is the solar wind velocity anﬂiﬂ —Is the solar wind magnetic fielBor a
southward Interplanetary Magnetic Field (IMF), this electric field is directed from dawn
to dusk and maps along open field lines into the polarAtpigh latitudes, the magnetic
field is near verticalso the restihg E x B drift is directed in the ansunward direction,
across the polar caphe speed of this crogmlar cap convection can range from a few
hundred to over a thousand meters per second, where twispargely governed by the
z- (north-south) conponent of the IMFe.g.MacDougall and Jayachandran, 2D0lhe
resulting magnetospheric circulatiproduces a return flow toward the sunlit ionosphere
in both the dawn and dusk sectors near the equatorward boundary of the auroral oval.
This circulation is illustrated ifigure2.12 in ageamagnetic local time and magnetic
latitude coordinate systeboth with (a) and without (b) accounting for the rotation of the

earth.
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Figure 2.12 Southward Bconvection patternglotted in geomagnetic latitude and
magnetic local time with (b) and without (a) accounting for the effects of corotation.
Taken from Hunsucker and Hargreaves [2003].

The orientation of the IMF has significant implications on the structure and oroend¥iti
the high latitude convection pattern, for example: thednponent of the IMF can affect
the orientation of the crogmlar cap convection, such that positiver&sults in a dawn
ward shift in the location of the crepslar cap convection pattern, and positivean
result in weaker convection or the production of multiple convection cells and thus
multiple crosspolar cap flow channels-prster et a] 2008]. An illustration of the high
latitude convection pattern for various IMF orientations is presentédjime2.13. For a
full discussion of the effect of IMF orientati on the convection pattern we invite the
reader to consult Hunsucker and Hargre42893, Hargreave$1997, or Kelley[2009

for a thorough summary of these effects.
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Figure 2.13 Statistical convectio patterns sorted by IMérientation.Colour and
equipotential lines correspondttte electric potential, with red (blue) shades
corresponding to positive (negativequipotential contours are plotted at 6 kV intervals
Taken from Pettigrew et al. [201Mote, the plasma convection is assumed to follow

these equipotentials.

In the following section we will examine the relative roles of production, loss, and

transport on the general vertical structure of the ionosphere.
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3 The Vertical ISamauspghuaree of

As illustrated inFigure2.2 the vertical structure of the ionosphere is composed of various
regions and layers, with each of these regions/layeng beverned by different physical
processes and dynamics. We will here use the principles developed in the previous

section tanterpretthe behaviour of these various regions/layers.

3.1 The D-Region

The D-Region is the lowest region of the ionosphere, lochétdeen approximatelyoé

km and @ km altitude and featurea muchdensemccompanying neutral atmosphere

than other regions of the ionospheri¢h higher proportional abundances of molecular
speciesThis region is produced largely by photoionizatioNd® by sol ar Lyman
radiation however, itis alsosignificantly enhanced hbyardX-ray ionization of a broad

range of neutral speci¢garticularly N and Q) during peiods of high solar activity. At

its lower boundaryionization may also bsupplemented b@€osmicRays At its upper

boundary these sources of ionization may also be supplemented by photoionization of N

0O, and NO by solar EUV radiation. In the case of idns, a charge exchange reaction

OCCUrs,
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whichrapidly depletes N ions in favour of @" ions. This produces a situation whereby
the D region is largely composed of Nénd Q" ions above ~7&m. Recombination at
these altitudes is thusainly the result of dissociative recombination, whereby diatomic
ion species dissociate into neutral atomic species upon combining with an el&atron.

example of this process for N@ns is given as

Below ~75km, the situation is far more complicated, where various hydrates make up the
dominantion species and negative ions serve an important role in the recombination
processChemical models of this region involve a complex interplay of neutrals with

many positive and negative ions, where some of the more intricate models include as

many as 50+ifferentpositive and negative iorglunsucker and Hargreaves, 2p03

Beyond photoionization and Cosmic ray ionization, at high latitudes-#Redion may
also be enhanced by the ionization of neutral species by energetic electrons precipitating
from the magnetosphergith energies greater than ~B@V. This is illustrated ifFigure
2.10, where precipitating high energy electrons and protons lead to substantial ionization

rates at DRegion altitudes.
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As the ECHAIM model does not provide a-Region representation, we shall truncate
our discussion of the chemical processes within #ikeDion here but invite the reader to
consult the works of Hunsucker and Hargred2€93 or Kelley[2009 for a more iR

depth discussion of {Region aeronomy and dynamics.

3.2 The E-Region

The ERegion is found directly above theRegion between altitudeof 90km and
150km This region of the ionosphere can be separated into two types: the primary E

region and sporadiE.

While sporadieE makes up a significant contribution terégion dynamics at high
latitudes, its mechanisms for production are complad multifacetedt can be

produced through precipitation of high energy electrons and protons in the auroral oval
and polar cap or by shearing instabilities of metallic {theysucker and Hargreaves,

2003 MacDougall et al., 2000&/lDue to its compm@x nature and the fact that
ionosondesstandard ionospheric sounding instrumeats not capable of producing full
electron density profiles in the presence of spor&giwe will limit our discussion of the
E-region to the primary fegion, which is thenly component currently being

represented in our model.
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The primary Eregionis produced through the phetonization of virtually all main
neutral species by-xXays of wavelengths between 1nm and 10nm, as well as by the
photcionization of Q by EUV radiation at wavelengths between ~80nm and 100nm.
Subsequent chemical reactions result in the dominant ion species beampNGT, like
the upper Bregion Loss in this region is dominated by dissociative recombingé®n
Equation 3.2pf O," and NO. In the absence of sporaeh; this region is well

represented by chapman theory and plobimical equilibrium.

In Figure3.1 we present example electron density contours from Mag®13, at the
Resolute Incoherence Scatter Radar, located within the polar cap. In this figure, one may
note the presence of both themary Eregion during daytime periods (e.g. 10UTC to

22UTC), as well as sporadi€ layers following sunset
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Figure 3.1 Electron density contours from the North face of the Resolute Incoherent
Scatter Rdar (RISRN) on May @", 2013, from all available beams. Note the daytime
enhancement of the-Eegion(10UT - 02UT) and the sporadi& structures that formear
sunse(22UT - 04UT). For reference, local noon is at 17:45UT.

3.3 The F-Region

The FRegion isfound above the Hegion contains the ionospheric electron density
maximum and makes up the majority of the ionospheric electron confibrg region is

mainly formed through the photoionization of atomic oxygen and is thus mostly made up
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of O+ ions. Thd=-Region can often be separated into two separate featurestiagyérl

or -Ledge and the FRayer.

3.3.1 Fl-Layer

The FXLayeris a feature of the lower-Region electron density profile characterized by
an inflection in the profile shape, illustratedrigure2.2. Thislayeris located near the
height of maximum photoionization and, interestingly, is not always prdsketthe &
Region, however, the Hlayer is well approximated by a Chapman Fungtimplying

that it can be well represented without taking transport into consideration

In the bottomside of the-Region, there exists a transition between alpina beta

dominant recombination processes. In the lower ionosphere, molecular ionsradardb

thus, recombination is largely regulated by the rate of an -@yy®a dissociative
recombinatiorprocess. As one tends to higher altitudes, atomic ions, such as O+, serve as
the dominant ion species; thus, because a direct recombination re&ciorand

electrons is slow, a betgpe reactior(ex: Equation 3.1)where charge exchange is
undertaken between atomic iai@") and molecular neutra(©>, N2, NO), takes place

prior to the main dissociative recombination prodess Equation 3.2)Becaise this
betaprocess serves as the limiting reaction, the rate of recombination in this region can

be taken as the rate of this betaction(see Equation 2.15Yhis change between alpha
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and betecontrolled recombination processes is of crucial immaeao the formation of

the F1Region.

In an alphatype process, the overall recombination rate is proportional to the electron
and ion numbedensity; thus, when photoionization increases the eleatrdnon

number density, it correspondingly increaesrecombination rate (s&guation2.14)

in a sort of feedback mannétowever, for higher altitudes, where a bgtae process is

the limiting reaction, the recombination rakg(ation2.15 is dependent on the ion and
neutral number densityhus, tle recombination rate this cases far less dependent on
theamount of ionizatiorand tends to decrease exponentially with increasing altitude as a
result of decreasing neutral densithis is particularly limiting as the abundance of
molecular neutradpecies decreases at a faster rate with altitude tharf tianc

oxygen, the main photoionizegeciessimply by virtue of their mass

This means that there is a reduction in the recombination rate in the transition region
between alphaand betadominated recombination processesere the beta process
region has a slower recombination rate than that of the alpha process Ifeg®on

altitude of the maximum photoionization is below the altitude of this transition, electron
density will peak at thiocation of the photoionization maximum only to decrease above
this altitude, as one would expect of a typical Chapman Function. Electron density thus
continues to decrease with altitude until it reaches the beta process region and
recombination rates dezase, allowing net electron density to increase. If the altitude of

maximum photeonization is above the beta-alpha process transition region, then no
46



such decrease in electron density will appear and thus there will be no inflection in the

profile albve the Fipeak.These two cases are illustratedrigure3.2.
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Figure 3.2 lllustrations of the principles behind the formation of thellayer/Ledge.

The case on the left is for a situation where the alpiieta transition is above the

location of maximum photoionization and the case of the right is for when this altitude is

below the altitude of maximum photoionization. In terms of nomenclature, references to
AAttachemeadtr etfyepre tpor dbceetsas es, whi l e referen
t ypeo r e-ygemprodesses.albkprhfram Yonezdd@6]g.

Since the altitudef maximum production is dependent on the solar zenith angle, such
that highsolar zenith angles resultimgher maximum production altitudésee Section
2.3.]), the FtLayer/Ledge does not occur at high solar zenith angles, where the altitude
of maximum production is above the bétaalpha transition height. As solar zenith

angles decrease approaching local noon, the height of maximum production decreases
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and anF1-Layer/Ledge may form, appearing to migrate to lower altitudes as one
approaches local noon. Because of this solar zenith angle dependence, the F1
Layer/Ledge is often not observed during the winter, wtregesolar zenith anglemairs
high throughouthe day A statistical representation of the occurrence rate of the F1
Layer/Ledge versus solar zenith angle is presentedyure3.3. One may notice that the
occurence rate of an Fllayer/Ledge decreases at high solar activity in the midlatitude
case of this figure. This occurs because the altitude of the-tgdeta transition
decreaseat high solar activitylue to competing processes of thermal exparesioin
transporif thermospheric neutral populatioasd increaseghotoionizatiorat high

solar activity
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Figure 3.3 F1-Layer/Ledge occurrence ratersus solar zenith angikerived using global
ionosoné@ observations at varl1l968uarespondsmagnet i C
period of high solar activity and 1964 corresponds to one of low solar acligkgn

from Scotto et al[1999.

Interestingly, while one would expect the maximum of the ionogpk&rctron density
profile to be located coincident with the location of maxinpnoduction that is not the
case; in fact, photohemical equilibrium alone would suggest that the electron density

would increase with altitude and not have an explicit maxn at al] as the
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recombination rate decreases with altitude more quickly than the rate of photoionization
This runs contrary to observation, where we see a maximum in electron density above the
F1-Layer; thus, it is obviously insufficient to considetyophoto-chemical processes in
interpreting the vertical structure of theRregion and we must now take transport into

consideratiorwhen discussing altitudes above thellyer.

3.3.2 F2-Layer

The F2Layer contains the electron density maximum of the ionespim this region of
the ionosphere, the dominant photoionized species is atomic gxXggamg O+ ions.

As mentioned in Sectiod.3.1, recombination above th€l-Layer (and thus the main
recombination reaction in the fyer) is achieved through a tvetep process, where
first O+ ions undertake a charge exchange reaction with molecular neutral $pecies
Equation 3.1)such as @and N, producing moleculaoins that then undertake
dissociative recombinatiofex: Equation 3.2)In this way, the bettype charge exchange

reaction acts as the limiting step in-E&yer recombination.

Unlike the ERegion and Flayer, the F2.ayer does not featurepdotoionization
maximum and rather owes its existence to a rapid reduction in recombination rate with
increasing altitudevith respect to the correspondingly slower decrease in photo
ionization rate with altituden this way, electron density increasep@xentially with

altitude above the Fllayer until such altitudevhere diffusion dominates, produciag
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subsequent exponential decrease in electron density with altitude. Thus, one may
consider the FLayer as being photohemicaly controlledbelow the etctron density

peak and being diffusi-dominantabove the electron denspgak The peak itself can

be approximated to be at the altitude where the recombination rate is approximately equal
to D/H?, whereD is the diffusion coefficient (see Secti@rB8.4 andH is the scale height
Equivalently, the peak altitude is associated with the location where the photochemical
and diffusion time scales are equEthe delicgée equilibrium struck in the FRAyer makes

this layer extremely susceptible to changes in thermospheric composition, where the ratio
of atomic oxygen to molecular nitrogen is often usedraeasure of the role of the

thermosphere in driving Hayer dynanics.

The above mechanism suffices to explain the existence of they&2during periods of
photaionization; however, unlike the midtitude ERegion and the FLayer, the F2
Layer is known to persist throughout the night. To partially explaindhis simply has
to consider that the recombination rates at_Bfer altitudesaremuchlowerthan at

lower altitudes, whermoleculameutral densities are greatBecause of this difference
in recombination rate with altitude, ther&gion will appeard rise in altitude as the night

progresses due to the bottom of the profile rapidly recombining.

While this explanation can explain why there is aRdgion at night, it cannot explain
why the densities remain relatively higfor a more complete picturene must again
consider diffusionDuring the daytime, where ions are being produced within the

ionosphere, diffusion serves to transport these ions upward along magnetic field lines
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where thg undergo charge exchange with atomic hydrogen and heltiroh are then
transported into the plasmasphere and may even be transported to the conjugate
hemisphere. During the nighttime, when thR&gion is recombiningnd coolingthe
reverse happens and the plasmasphere and conjugate hemisphere servesasfa sour

ions[Anderson et al., 1998]

3.4 Topside andPlasmasphere

Above the FRegion peak in eleain density, one will find theospide ionosphere and
plasmasphere. Because the electron density model in this study degplivaly model

the plasmaspherwje will restrict our discussion here to just the topside ionosphere.

In the lower topside, near theRegion peak, Oions form the dominant ion species;

however, as one tends to higher altitudes, charge exchange occurs betwadra®mic
hydrogemandatomic helium is directly ionizedguch that Heand H ions form the

dominant species. The altitude where this transition between dominant species occurs is

often termed the topside transition height. Below this transition height the electron

density carbe thought to adhere to thé €cale height; however, above this transition

height, the electron density is governed by thet¢ale heighinstead As hydrogerhas a

much lower atomic magkan oxygenits scale height immuchlargerand t hus a fAki 1
can appear in the topside electron density profile at this transitionpidgess is

illustrated inFigure3.4.Thi s fAkinko is parti cwhddiond,y evi d
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when O+ recombines in therEgion and lower topsidand during low solar activity

periods
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Figure 3.4 lon concentration profiles measured by the Arecibo Incoherent Scatter Radar
in Puerto Ricdor daytime (top) and nighttime (bottom). Taken from Schunk and Nagi
[2009.
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4 Ot hidirgh L d&teiattwde s and Dynam

In Section2.3, we introduced the various principles underlying the behaviour of the
ionosphere, such as production, transport, and chemistry. We will here begin to put these
various principles toge#r in the context of the high latitude ionosphere in order to
introduce and explain various important features that we hope to later reproduce using
our model.The models presented later in this study will be judged largely on their ability
to reproduce dracteristic behaviours and features of the high latitude ionosphere. Some

of the more crucial of these behaviours and features are describedcimagbier

4.1 Classification of High Latitude Regions

Before proceeding, we shall here first describe the classification of the various regions of
the high latitude ionosphere. The high latitude region, is often loosely characterized as
the region embedded within the magnetospheric convection (see S28t®. Within

this region, there exist several stbmains that are characterized by different dominant
dynamics and interactions with the magnetosphere and solarMietbwer boundary

of the high latitude region is delineated by the Main lonospheric Trgvgh), which is
described in detail in Secti@gh3. At latitudes above the MIT, one will find the Auroral

Oval, a region that marks the transition from closeoipin field lines and is

characterized by enhanced particle precipitation (see S&8d). Finally, enclosed by

the Auroral Oval is the Polar Cap. ThePolarCap a r egi on of M@dAopeno
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wherein the Earthds magnetic field is di

Field.

4.2 Polar Solstices

Aside from interesting dynamic interact.i
latitude region islgo characterized by unique features of solar illumination, such that the
ionosphere at high latitudes may be sunlit or in darkness for several mbathme

During the summer, the high latitude ionosphere is sunlit all day. During the winter the
reveseoccurs, such thahe high latitude ionosphere may be in darkness all day. These
periods are referred to as Polar Daytime Botar Nighttime, respectively. To illustrate

this, we have plotted the solar terminator versus altitude for various latitudeg d

summer and winter periods kigure4.1. During the summer, the ionosphere (above
100km) remains sunlit 24 hours per day, even at HDhis state of persistephoto

ionization acts to smooth out ionospheric gradients, resulting in fewer small scale
structures and weakeningf the sharp latitudinal gradient in electron density within the
Main lonospheric Trough Region (Secti#:8). During the winter at the very highest
latitudes (> 80 N the ionosphere remains in darkness all day, contribtditige region

of depleted plasma, known as the Polar Hole Region (Set®printeresin the effects

of the altitudedependence of the solar terminator on the behaviour of the ionosphere

have recentlybeen renewefiVerhustand Stankov2017.
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4.3 Main lonospheric Trough

An important feature of the high latitude horizontaieigion structure is the Main

lonospheric Trough (MIT), as well as the Poladéid@he MIT is a longitudinally

elongated region of depleted plasmast often foundh the nightside ionospheet sub

auroral latitudes and often rotated about the geomagnetic pole toward the morning sector.
This feature is most well defined during thai@r but can also be found during the
equinoxes. The equatorward edge of the MIT features a gradual electron density gradient,

while the polarward edge forms a sharp boundary. The features of the MIT are well
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illustrated inFigure4.2, where we present an example of the structure of theddIT

generated through model simulations by Sojka and Schunk [1989].

57



d@~ 0100 UT

0500 UT

0900 UT

* 1800 UT

* 1700 UT

° 2100 UT

Figure 4.2 lllustration of the extent and morphology of the MIT for the Northern (right)
and Southern (left) hemispheres. Taken from Sojka and Schunk [1989]
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The MIT is largely thought to result froplasma stagnation in the dusk sector, where
westward convectioncés against eastward-cotation, resulting in plasma remaining in a
region absent of photoionization for several hours [Rodger et al., T888]plasma
stagnation is assisted by the fact that the equatorward boundary of the MIT tends to be
located at, pnear, the plasmapause boundary and thus the MIT region is not
supplemented with plasma from the plasmaspharellustration of the high latitude
convection pattern accounting for corotation and with the region of the MIT

superimposed is presentedrigure4.3.

Figure 4.3 lllustration of the relative location of the MIT, Auroral Oval, and Polar Hole
with respecta the high latitude convection pattern. Taken from Kelley [2009].
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A dayside trough may also be observed during some UT periods; however, the
mechanisms for its production differ from those of the nightside trough [Sojka et al.,
1985].Poleward of thérough is an auroral region enhancement in plasma density
thought to be produced by particle precipitatiBogiger et al., 1992; Sojka and Schunk,

1989 and convection of dayside plasma into potgions[Middleton et al., 2008]

In Figure4.2 andFigure4.3 you will also note th@ppearance of theoRr Hole. This

region of depleed plasma is thought to be produced as a result of localized ionospheric
heating due to large differences between the ion and neutral velaiies®quent ion
outflow, andthe significantincrease in O+ recombination rates with increasad
temperatur¢Rodger et al., 1992During the winter, the auroral region enhancement,

due to lowenergy precipitation, is substantially larger than the background density; thus,
a polar hole maglsoexist purely as a consequence of auroral enhancefffentocation

of the polar hole about local midnight has been shown to depend on,|Mi&re the

polar hole will occur in thenidnightdawn sector for negativeyBnd in themidnight

dusk sector for positive \BSojka et al., 1991]

4.4 Behaviour during GeomagneticStorms

The ionospheric response to geomagnetic activity is composed of a complicated
combination of competing processes. We will here introduce and discuss only a handful

of these interactions so as to provide context regarding behaviour we shallrsieettase
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study. The mechanisms that lead to the main ionospheric response to geomagnetic
activity, discussed herein, are via: thermospheric wind and composition changes, and
changes in electrodynamic convecti@he following discussion will provide a webrief
overview of the impact of these phenomena to facilitate the interpretation of our
modeling results; however, readers are directed to specific studies and reviews of these
subjects for more detailed discussion& will here neglect the impact ofareasedigh
energyprecipitation, as the impacts of this are not represented in the preSétAliI

model.

4.4.1 Thermospheric Effects

During periods of enhanced geomagnetic activity, strong electric fields, generated in the
E-region, act to joule heat ttleermospheric neutral gfBuonsanto, 1999]This heating
along with heating by precipitatiorgsults in the generation of traveling atmospheric
disturbances that propagate upward and toward the eqKatorer et al., 200[7 If

heating is sufficientlyprolonged, a hemispheric circulati@milar to a Hadley cell,

whereby there is lifting at the poles wilyuatorwardransport aloftmay develop. Té

circulation change due to increased geomagnetic activity is illustrakggure4.4.
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The upward transport at the poles results in a substantial change in the composition of the
neutral atmosphere atrégion altitudesn high latitude regionBy virtue ofa gsaated

height dependence on the nml&ar massthe vertical gradient in molecular gas species,

such as @and N, is much steeper than that of atomic species, such as atomic oxygen;
thus, vertical winds will disproportionately result in an increase in the relative abundance
of molecular speies compared to atomic species. Since atomic oxygen is the main

ionized species at-Fegion altitudes and molecular species are the main facilitators of
plasma loss through recombination, this transport results in a large increase
recombination andrelatively smaller increase in photoionizatibased productiorhe

net impact of this heating is thus a significant increase in the recombination rate relative
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to production and consequently a substantial decrease iArdggdh electron density at
high latitudes during the main phase of a geomagnetic stoatrcan persist for several
days[Buonsanto, 1999]This is often referred to as a negative ionospheric storm
[Buonsanto, 1999]As the lower ionosphere is produced through photoionization of
molecula speciesthis regionis less impacted by vertical thermospheric wjrgdgh that
these regions may have higher density than theeg®n during storms. In the topside,
thermospheric heating results in increased diffusion and thus a broadening osithe top

ionosphere in the heating regifitintner et al., 200[7

At latitudes outside the region of upward thermospheric winds, the equatorward
thermospheric wind will also have a significant impact on the state of the ionosphere.
Due to the upwardlanted magnetic field lines at rdigtitudes, an equatorward neutral

wind has the effect of dragging ions upward along the magnetig\ikdcheret al.,

1999; Jones and Rishbeth, 197This upward displacement of the€égion ionosphere

moves the ionosphere into a region of lower neutral density and thus lower recombination
rate[Jones and Rishbeth, 197ltimately, this equatorward neutral wind creates-a so
called positive storm effect on the mid latitude ionosphs&heere densities increase by

virtue of decreased recombination

Localized heatindpy precipitation ojoule heatingandlocalized regions of fast plasma
convectionmay also produce high latitude trousginuctureshowever, the scale of these
structures will often be too small to be resolved by empirical models and the complicated

and localized nature of thgroduction necessitates very careful treatment of the physics
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if one wishes to model thesewttures Other stormtime structures not discussed here

include polar cap and auroral arcs producedigh energyprecipitation.

4.4.2 Electrodynamic Effects

During disturbed periods with high geomagnetic actigitg southward IMF B the

southward expansion of the auroral oval, and thereby the high latitude convection pattern,
hasa substantial impact on the structure of the ionospfidresempactscan be imped

into two maincategoriesthe southward propagation of the main ionospheric troagygh

the transport of plasma from mid and low latitudes toward high latitudes. In the first case,
the location otonvectioninducedplasma stagnatigassociated witthe MIT, migrates
southwarddrawing the trough with Werner and Prolss, 1997 the second caske
expansion of the auroral oval sees the high latitude convection pattern reach regions of
abundant dayside plasma at mid latitudes. In the convergegiom in the cusplense

plasma from this region is drawn into the convection pattern toward high latitudes
resulting in a region of Storm Enhanced Density (SED) at mid latitudes and a Tongue of
lonization or plasma patches at high latitudes. An exaofgdleese features presented

in Figure4.5. Complete treatments of these phenomena are respectively available from
the following sourcesiVerner and Prolss [1997Trough Migration);Anderson et al.

[1988], Lockwood and Carlson [199230jka et al. [1994(Patches)Kelley et al. [2004]

Foster et al. [2005][SEDsand Tongue of lonization).
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Figure 4.5 IDA4D estimatef vertical TEC over the region of EMPIRE analysis for 20

November 2003 at (a) 17:10, (b) 17:8€),

Taken from Huba et a]2014.

17:50, (d) 18:10, (e) 18:30, and (f) 18:50 UT.
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45 Winter and SemiAnnual Anomalies

Anomalies in the ionosphere generally refer to departures fromawi&nolled

behaviour in the Fkayer. The Winter Anomaly is the observed pattern where electron
densities in the FPegion are greater than those during the summer. The Samial
Anomal is the situation whereby the electron density in théaly2r is greatest in the
equinoxes. The typical locations associated with this behaviour are illustrdtieaiia

4.6.
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Figure 4.6 Maps of the distribution of Winter and Se/nnual Anomaly behaviour in
foF2 at low (bottom), moderate (top right), and high (top left) solar actNiye that (A)
and (B) distintions regard the intensity of the winter anomaly, where (A) corresponds to
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winter anomaly behaviour with foF2 less than 2 MHz greater than that during the
equinoxes and (B) corresponds to winter anomaly behaviour with foF2 more than 2 MHz
greater than dumig the equinoxes. Black dots represent the geomagnetic poles. Taken
from Rishbeth [1998].

These anomalies originate fr@aasonal variations in neutral composition due to
seasonal variations in thermospheric circulation. Examining the quiet time behaiviou
the thermospheric meridional circulation, illustratedrigure4.4, one will note that there

is a downward thermospheric wind at high latitudes during the exgsrand in the

winter hemisphere. This downward thermospheric wind acts to increase thea@iNh

the Fregion in the reverse manner discussed in Sedtibd, where the steeper vertical
gradient in N results in more Blloss than atomic oxygen loss due to downward transport
[Rishbeth et al., 2000; Millward et al., 1996j.the summer hemisphere, we see the same
behaviour as we noted for geomagnetic stomfgre there is upward neutral

atmospheric transport at high latitudes and thus a decrease in theattdNAs discussed

in Sectiord.4.1the increased/decreasefNratio results in increased/decreased F

region electron densifyuller-Rowell, 1998] This combined with the seasonal variation

in solar illumination creates the following net impact:

Winter. Increased electron density due to increased Gdilweak o no solar
illumination.

SummerDecreased electron density due to decre@giid but high solar illumination.
Equinox Moderately increased electron density from increased @il moderate solar

illumination.
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Thus, the strength and orientation of therthospheric winds can moduldtee seasonal
behaviour of the ¥egion electron density. Depending on the local behaviour of the
thermospheresome regions experience no anomaly while others experience winter and
semtannual anomalies. Generally, the weakermospheric circulation at low solar
activity results in weaker anomaly behaviour that is often located closer to the equator
than during high solar activity periods. As solar activity increases, thermospheric winds

strengthen and anomaly behaviour doatés globallfyYonezawa, 1971, 1972]

4.6 Solar Activity Variability

Variations in solar flux have a significant impact on the ionosphesalting in
ionospheric variations on solar cycle time scaléss is illustrated irFigure4.7, where
we have presented NmF2 from global ionosonde observations atmgpktitudes and
corresponding solar F10.7 flux, a proxy for phainizing EUV flux. Note the increase

in NmF2 associated with corresponding increases in solar flux.

68



4x10"

) 12
ff 3x10
E
a9 2)(101:
o
s
= ¢
=z 1x10'%
O &' o # 4 ’ ",
1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020
Year
2507

200 I\M«I \
150

3
o
3
L
~ 100 )
| =]
L
50
0.
1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020

Year

Figure 4.7 Top: NmF2 from ionosondes betweer? @0d 70 magnetic latitudérom

1970 to 2016. Bottom: F10.7 solar flux corresponding to the periods with ionosonde data.
See SectioB.1for a description of the dataset used in generating this fiffaemerated

by the author using the dataset discussed in Setipn

Despite solar flux having a significant impact on photoionization, its relationsthge to
plasma density within the ionosphere is not simpdyrectlinear relationshipvithin the
F-region Increased photoionizatiorsults in thermospheric changssch as increased
thermospheric temperatyi@d thus an expansion of the neutral atmosplasrevell as
strengthening omeridional winds with increased solar actiiiya et al., 2009 It is
expected that these changeshe neutral atmosphere act to counteract the increased

photoionizatiorfrom increased solar flushrough a substantial decreasé-iregionO/N>
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with increasing solar activitjLiu et al., 2M6]. Figure4.8 demonstrates this trend in

O/N2 by plotting its variation againsblarradioflux.
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Figure 4.8 Plot of O/N ratio vs.F107 flux (black) and-8nonth smoothed F10.7 flux
(red) at 300km altitude in January (left) and June (right) between 1961 antb2016
(65°N, 260E). Neutral densities were generated here using the M climatological
neutral atmosphemodel.

This ultimately results ira saturation effect at high solar fluxes, whereby increasing solar
flux does not produce a significant increas&-regionplasma densityThis tendency is
complicated by the suspected nonlinear behaviour of solar flux proxy indicgsas

F10.7, with true EUV fluxBalan et al. [19964nd Kane [1991&ttempéedto demonstrate

that this saturation effect in fact does not exist when EUV flux is used instead of a proxy
indexat North American midlatitudedlonetheless, recent studiesve demonstrated

that this saturation effect persistsen when measured EUV fluxes are yséten

looking at NmF2 measuremeritsmultiple geographic regimesd varying local times
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[Ma et al., 2009Liu et al., 2006 Lakshmi et al., 1988 The saturatbn behaviour ishus
suspected to vary wildly with geographic locatiseasonand local timedue to its

expectediependence on thermospheric compositioanges
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5 1 nstrumentatdi ons, and Coordi

Thisthesiswill make use of virtually every ionospheradioremote sensing instrument
available at high latitudes including: ionosondes, topside sounders, Incoherent Scatter
Radars (ISRs), and GNSS instruments. Each of these instruments has strengths,
weaknessesnd points of caution that one must have a comprehensive understanding of
prior to using their data. In thehaptey we presenthe theory and data processing

methods associated with each of these instrumieinése begin in Sectiob.1with a

summary of the impacts of the ionosphere on electromagnetic signals, which forms the
basis for many of the remote sensing techniques used in this Istelybriefly descrbe

the techniques used to infer ionospheric electron density information from ionosonde,
topside sounder, ISRNd GNSS in Sectiors2, 5.3 5.4, and5.5, respectivelySection
552contains a summary of the authordés work
presented in Themens et al. [2013] §2@i15]. Following this, the chapter concludes with

a discussion of the various geomagnetic indices and coordinate systems used-by the E

CHAIM model in Section®.6and5.7, respectively.

5.1 lonospheric Effects on Radio Waves

This study proposes a set of empirical electron density models aimed at improving radio
communicationgnd navigation forecasting capabilities in Arctic Regions. These models

themselves are built on a large archive of data derived from UHF navigation systems, HF
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radars, and other radio remote sensing instruments. It is thus important that we here

introduceseveral fundamental concepts of ionospheric radio propagation relevant to these

systems.

5.1.1 The Complex Refractive Index of the lonosphere

The complex refractive index of a magn&taic medium can be derived through careful
consideration of the equation of motion
Equations. The derivation of this complex refractive index is straightforward armecan
found in several different forms in many texts, such as Ratcliffe [1959], Kelso [1964],
Al 6Pert [1973; 1990], and Budden [ 1966]
derivation of the relationship here, sufficing to present the equation and diseuss th

assumptions made in arriving at this relationship.

The complex refractive index of the ionosphere is given by the Applédoinee

Equation (sometimes also referred to as the Appletmsen Equation), which is

presented below

o
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where’ is the electron collision frequency with heavy patrticles (ions and neutrais),
the angular wave frequenty, is the angular electrogyrofrequency;—s the angle
between the wave vector and the magnetic field vactoiis the angular electron plasma
frequency, is the real component of the refractive indexs the imaginary component
of the refractive index (also referred ®the absorption index), aads the complex

refractive index

In the derivation of the AppleteHartree Equation, several

approximations/simplifications are undertaken; for example, the effects of the magnetic
field of the wave itself are neglected ahds relationship only holds for cold plasmas,

where the pressure gradient force may be neglected and one may essentially treat
particles independently. This relationship is also derived under the assumption that the
effects of ions on electromagnetic veawvithin the medium is negligible by virtue of the

ionic plasmaand gyrefrequencies being much smaller than that of electrons. The

validity of this assumption, however, depends largely on the frequencies of interest. If

one is concerned with frequenciaghe vicinity of the ion plasma frequency, they would
simply need to adjust the above relationship to accommodate one or more ion species. As
this is beyond the scope of interest for this study, we shall merely refer the reader to the
discussion of theffect of a single ion species presented in Ratcliffe [1959] and the tensor
treatment of multiple i1 on species discusse
complimentary discussions of the impact of ions on the refractive index of the

ionosphere
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In this work, we will largely be concerned with the real component of the refractive

index, which relates to the phase and propagation of electromagnetic signals through the
ionosphere. The imaginary component of the refractive index relates to tnptadrsof

these signals as they propagate. While this absorption is important for radio
communications, particularly at frequencies at the lower end of the HF band and for
propagation in the HRegion, its impact is not considered in the remote sensing
techniques used in this study; thus, we will only consider relationships governing signals
within collisionless plasma. Those curious about the very interesting use of ionospheric
radio wave absorption for ionospheric reconstruction may consult the works@eKal.

[2014] for a detailed discussion.

One may arrive at a collisionless version of the refractive index expression by simply

removing theZ terms of Equation 5.1, resulting in the following relationship

&

0 - . 0. . . .
P c® p @ FOjp & O

In this relationship, the refractive index is real everywméiis positive and imaginary
everywhera?? is negative. It is this form of the Appletétartree Equation, and

simplifications thereof, that we will be working with in the remainafethis study.
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It is often convenient to discuss the Appletdartree relationship in terms of limiting
cases in order to conceptualize the behaviour of the refractive index. Here we will first
consider a signal that is propagated along the magndtdfimgitudinally) in a

collisionless plasma. The refractive index for propagation of this type is given by

where® —. In this casen? is given by a pair of linear functions Xfwith roots atX =

17 YandX =1 + Y. Similarly,in the case of propagation perpendicular to the magnetic

field (transverse), we arrive at the following pair of relationships

3 p @ L8
P O @

In this case, the second relationship, corresponding to the lower sign saotetiims the
same roots as those found for the longitudinal case, but the first relationship is identical to

that for propagation in the absence of a magnetic field and has a root at X =1.

Through these limiting cases we may set bounds to the behaviwr aftactive index.
These limiting cases are illustratedrigure5.1, where we present the refractive index
versusX for the case oY < 1(i.e. for the case of fopiencies at HF and above). The L in

this figure refers to the limiting case where propagation is parallel to the magnetic field
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(i.e. longitudinal propagation) and the T refers to the limiting case of propagation
perpendicular to the magnetic field (i.ansverse propagation). All possible values of

the refractive index are bounded by these transverse and longitudinal cases. As the
AppletonHartree Equation has two solutions, the upper sign, typically referred to as the
ordinary mode, is given by the viedlly shaded region and the lower sign, typically

referred to as the extraordinary mode, is given by the horizontally shaded region.

77



Figure 5.1 The collisiorless complex refractive index (a) and its rgdland imaginary
components (c) plotted againétvith values ofY < 1for arbitrary angles of propagation.
The upper (ordinary) and lower (extraordinary) signs of the Appleiemree Equation
are given by the vertically and horizontally shaded regimsgpectively. T here refers to
the transverse limit and L refers to the longitudinal limit. Taken from Ratcliffe [1959].

5.1.2 The Group Refractive Index of the lonosphere
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In many applications, and particularly in radar remote sensing, it will often become
important to determine the group refractive index of the ionosphere. The group refractive
index ( ) is related to the real component of the phase refractive index through the

following relationship

ok
Qi

For propagation in a collisionless plasma and in the absence of a magnetic field,

p @ thus, in this case, the phase and group refractive indices are related by

This is of course a highly simplified situation that is only valid to the dirdér for

propagation at UHF and higher frequencies. For HF propagation inrdgidn, we

cannot neglect the effect of the magnetic field but may still assume a mostly collisionless
plasma. In this situation, for positi¢e, the group refractive indes given by Shin and

Whale [1952] as
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The upper sign in the above corresponds to the ordinary mode and the lower sign
corresponds to the extraordinary mode. phase refractive indeX,, used in the above,

is that corresponding to Equation 5.2, winéis positive. A detailed discussion of the
above relationship is provided in Shin and Whale [1952]. A discussion of the impacts of
collisions on the group refriee index of HF propagation is available in Scotto and
Settimi [2013], wherein the group refractive index is calculated by numerically solving

Equation 5.6 using the full Appletddartree Equation for the phase refractive index.

5.2 lonosonde

lonosondes are perhaps the most important instruments used in the development of E
CHAIM and are one of the oldest and most reliable methods of sounding ionospheric
electron densitylonosondes are HF radars that sound the bottomside portion of the
ionosplere, providing electron density profiles up to thegé2ak.They accomplish this

by sweeping through HF frequencies from 1MHz to 30MHz and measuring the time

of flight of echoes from the ionosphere. These signals are reflected by the ionosphere at
thepoint wheré 11 thus, the ordinary mode is reflected when the signal frequency is
equal to the plasma frequency of the medium. In this mamm#re absence of collisions

the frequency of theeflectedordinary mode signals can be related to the pdademsity

at the point of reflection by
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wherethe frequency is in MHZThrough using the speed of light, the echo time of the
reflected signal can be related to fivetual heighbas’Q —, where c is the speed of

light in avacuum and is the time of flight of the signal. An examméthe virtual height
profile of ionosonde echoes, called an ionograniloscow is presented ifigure5.2.
In this figure, we see two distinct sets of echoes: one related to the ordinary mode

(pink/red) and the other related to the extraordinary mode (green).
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Figure 5.2 lonogram at Moscow ionosonde MO155 on June 21, 2013, at 14:01 UTC.

Pink corresponds to the ordinary mode and green corresponds to the extraordinary model.
Superimposed in black is the virtual height trace of thedde and the teiheight

profile after inversionThe yaxis is altitude in km and thea«is is frequency in MHz.
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In order to process these ionograms into electron density profiles, one must convert the
observed virtual ranges i ninwrsidhralgosthmshei ght s
such as that of Titheridg@985, 1988] In these methods, the group refractive index is
calculated for each point of the profile. The true height is then calculated sequentially
from the bottom upby integrating the true height gnouefractive index profile up to that
point. The integration is started by assuming that the group refractive index is unity
below the lowest recorded virtual heighhese methods are generally accurate to within
3km, where errors are largely relatedte tnability of ionosondes to sound the valley
between the Eand FRegions, thus requiring that one make assumptions about the shape
and depth of these valleys [Liu et al., 1992]. Also, for the ordinary mode, Scotto and
Settimi [2013] have shown that thesumption of a collisionless ionosphere has little

effect on the inversion of ionograms.

The main source of error in ionosonde sounding of the bottomside is related to the tracing
of the virtual height profile of the ordinary mode from ionografie fdlowing
challenges make the automated processing of ionograms difficult, often requiring manual

interpretation, which can sometimes be a bit of an artform:

1) Smaltscale iregularities in the ionosphere can cause broadening of the frequency

and height of th ionogram tracecalled spreadc[ Al 6 Per t , 197 3]
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2) Absorption camesult in Eregion echoes being absent or even result in the loss of
F-region echoes at high latitudes during solama)( flare eventsperiods of high
energy precipitatiompr during period of very low densities.

3) Socall-enddBéd traces can contaminate i 0noc¢
[Ratcliffe, 1959].

4) Patches, Travelling lonospheric Disturbances (TIDs), and other mesoscale
ionospheric structures can produce multiptea@d X-mode traces ilfonograms

[Moskaleva and Zaalo013.

In the absence of scaling errors, ionosondes are accurate and reliable instruments for the

sounding of the bottomside ionosphere.

5.3 Topside Sounder

Topside sounders are sateHliteunted, downwarfacing ionosondethat provide

topside electron density profiles down to thegeak altitude (hmF2) [Bilitza et al.,

2003]. These instruments function in a similar manner as graaseéd ionosondes but

suffer additional challenges in their processing as a result of emgrised within a

plasma environment. Due to these challenges, most topside sounder data has had to be
manually interpreted, creating a significant inhibition to processing these datasets. To
facilitate further use of these data, a specialized softwaeldallPside lonogram Scaler

with True height algorithnfTOPIST) was developed [Huang et al., 2002].
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5.4 Incoherent Scatter Radar(ISR)

ISRs are capable dieterminingthe electron density profile of the ionosphere from

altitudes as low as the lowerRegionand DRegionto well into the FRegion topside or

even thdower plasmaspheré&’ hey are also capable of determining plasma composition,
temperatures, and drift velocities. In this way, these instruments are some of the most
powerful tools for studying th@enosphere. Unfortunately, their extremely high

construction and operations costs make these instruments prohibitively expensive; thus,
only a few ISRs have been deployedsiGce r don [ 1953 thedSR pr oposal
technique An in-depth review of the ISR ethod is available frorkvans [1969]

however, we shall here nonetheless touch on the basics of the technique

The ISR techniquevas originally conceivetlased on the theory of Thompson Scatter,
whereby electromagnetic signals directly cause electrooscitiate and readiate

energy at the same frequency. Thisadiated energy, which is proportional to the

density of electrons within the scattering volume, could then be detected at the ground. In
the case of Thompson Scatter, the scattering crosersecsimply that of an electron

given by
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wherei is the radius of an electron ands the scattering angle {or backscatter). In

this case, the scattering cross section is very small (on the ordef®ofidQthus, high

power radars with large apertures are necessary in order to employ this technique.

The above relationship is purely for the case of Thompson Scatter; however, for
transmission wavelengths near or larger than the Debye length, shigjdomgs results

in Landau Damping, significantly altering this relationship. In such a situation, the signal
can no longer be thought of as scattering from individual electrons and is rather scattering
from very small irregularities in the plasma, principadig-acoustic waves and electron
waves at the plasma frequency. The scattering cross section of -teoiastic

irregularitiesis given inBuneman [1962&s

wherg 1“ @_, 0 ¢ JYI0 -~ isthe Debye lengttand_ is the signal wavelength.
For the sake of simplicity, the effects of ion mass and the magnetic field have been
neglected here; however, to illustrate these effects on ISR scattering dpigcirab.3
provides example spectra for three different ion species common to the topside

ionosphere.
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Figure 5.3 ISR spectra for Q He", and H ions for three values df/Ti. From Evans
[1969].

In effect, the total area of the i@toustic scattering spectrum depends on the electron
density, the width of the spectrum is dependent on the ion and electron temperatures, as
well as the ion masthie mean doppler depends on thedaift, and the depth of the

valley atspectrum centetepends on the ratio of the ion and electron temperatures.
Through fitting these spectra, one can derive the electron temperature, ion temperature,

ion mass, and electron density.

Alternatively, onamay examine the spectrum of electron plasma waves, often referred to

as plasma linesr plasma resonance lineshich are centered at a doppler equal to the
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ionospheric plasma frequency within the sampling volume. As with ionosondes, this
frequency can bdirectly related to the electron density. In this way, the plasma line
observations of an ISR can be thought of as an ionogram but without the necessity for a
virtual height to real height correctiamd able to sample to topside ionosphétes

electron @nsity derived through plasma line observations can be very precise, as the
observed spectrum is solely dependent on the electron dpvisitinenet al., 201F.

This and the ability to sample plasma lines at very high rates has seen plasma lines

become gopular tool in examining ionospheric irregularities and mesoscale structures.

5.5 Global Navigation Satellite System (GNSS)

GNSS is a very valuable tool in remote sensing the state of the ionosphere. In the case of
groundbased GNSS, global networks avanced duafrequency receivers provide the
majority of our information on the horizontal structure of the ionosphere. In the case of
satelliteborne receivers, Radio Occultation (RO) techniques allow GNSS measurements
to provide information on the vertitstructure of the ionosphere with unparalleled

spatial coverage. We will here describe the techniques used with these instruments to
infer information about the ionosphere, which are later applied to form a significant
portionof ECHA 1 M6 s f itand havegoeed eefinedsaepart of this study in

preparation for the use of this datean ECHAIM assimilation scheme
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5.5.1 Principles of GNSS lonospheric Remote Sensing

The primary ionospheric parameter derived from GNSS observations is the ionospheric
total electron content (TEC). TEC is defined as the total number of electrons within a 1
m? column along a path through the ionosphere and is measured in TEC Units (TECU),

where 1 TECU = 18 electrons/ra

GPS, primarily broadcasting twetand frequencies (L1 = 1575.42 MHz and L2 =
1227.60 MHz), provides a host of observables pertinent to ionospheric studies; those
particularly important to TEC calculation include pseudorange and ephase
measurementslsing these observables, one may calculate signal delays, avkich
related to ionospheric TEC along the ray path of the GPS gshgoalgh the refractive

i ndexo6s depende n.clTeetimendelaylofec€$ sigoafs, indledmgthet vy
effects of theonosphere and instrumental biases measured by GPS receivers, is
converted to pseudorange (code) values for bdtlard frequencies via a conversion
using the vacuum speed of light. The receiver also measures carrier phase for both
frequencies. These pseudnge and carrigghase measurements can be described by the

following:

R= fkp +C(dtp B dtk)+ IkFTl,P +Tkp + C(dk,l + dlp) (5'14)

P, = rf +c(dt’ - dt )+10,, + T +c(d,, +d5) (5.15)
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L, = rkp +C©tp B dtk)+ I krjl,L +Tkp B fk,l - flp +/1Nkp,1 (5'16)

L,=r¢ +C@tp - dtk)+ 2o #T - Fa- F2+1,NE,  (B5.17)

as in Leick 2004, wherePs is the pseudorange measured on frequérigys the carrier

phase measured on frequefficy is the geometric range between recekand
satellitep, dt” and dt, are respectively satellite anelceiver clock errorsl, . and 1,

are the ionospheric code delay and phase advance onfsigasglectively (in meters),

T is the neutral atmosphere (tropospheric) delay (in metéys)yand df’ are

respectively receiver and satellite hardware delays on dignde measurements,
and /! are respectively receiver and satellite hardware delays on §igmade

measurements ; is the wavelength of signgland N}, is the integer phase ambiguity

in signalf. It should be noted at this point that P2, L1, andL2 have all been converted
to units of meters in the abe representative equations for the sake of simplicity; also,
multipath and measurement noise are not explicitly noted in the equations.

Taking the difference ofdand R as well as Land Lz, we are left with

RPlor =P - R=105p - 1810 - C(DCB” + DCB&) (5.18)

LE,GF = L1 - L2 = Ikp,l,L - Ikp,2,L - C(DPBP + DPBk)+nkp (519)
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wherenf =/N¢, - /,N?, and DCB® =d - d?, DCB, =d,, - d,,, DPB® =7 - £}, and

DPB, =f,, - f,, are, respectively, satellite and receiver differential code and differential
phase biases (in units of seconjdsjkan et al, 200§. We have thus removed all

frequency independent terms, including the tropospheric and geometric unknowns. These
differene equations are known as the geométeg linear combinations of pseudorange

and carrier phase, respective.UHF frequencies, the magnetic field and collisional

terms of the refractive index equations can be dropped such that the phase and group

refractive indces are, to the first order, given by the following

“ WMp O ‘e — (5.20)

If we then do a Taylor expansion, we arrive at first order linear relationships in terms of

the electron density

‘ p - E ‘@ p - E (5.21)

From theintegration oftheserelationshipsalong the ray paththe ionospheric term of

Equations.18 and5.19 can be written as

__|p o ASTEQ (5.22)

1P =
k,f.L f2

k f.P
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where A = 40.3 anflis the signal frequency in MHz. Combining this wiEQuations

5.18 and5.19 yields two relations for determining sTEC via GPS observables

af2_ 20
Péor = A{Ef%(‘jsTECZ - C(DCBp +DCB1<) (5.23)
¢ i1, +
P af’- {2 p p 5.24
Lior :A%WSSTEC?- C(DPB +DPBk)+nk (5.24)
¢ 172 =+

The sTEC determined from pseudorange measurements via the above relation contains
no noninstrumental ambiguity but can be extremely noisy, while the sTEC determined
from phase measurements via the above relation retains a phase ambiguity but is
extremelyprecise. This phase ambiguity term must be removed if we are to capitalize on
the highprecision of phase measurements in our analysis. This is done by a phase
leveling procedure that effectively levels the phdsdaved TEC to the pseudorange

derived TECThe method used in our analysis is a similar procedure to those that can be
found in Horvath and Crozi¢2007, Arikan et al[200g, and Makela et a]200]. In

this phase leveling procedure, we first determine a leveling constant W

L e
W=-——a (Pk?GF - LE,GF) (5.25)

Narc N=1

whereNar is the total number of measurements over one arc of locky\ @dn epoch
index. In order to minimize the effects of multipath and low elevadiogle noise in the

estimation of the leveling constant, we limit the range considereéduation6.15to data
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acquired within 10° of the peak elevation angle of each arc. We can then substitute

Equations.23 and5.24 into Equation5.25, resulting in
W =(cDPBP)- (cDCB)- (n?)  (5.26)

whereO 0 6 andO 6 6 simply represent the sum of the receiver and satellite biases in
carrierphase and pseudorange measurements, respectively. Since these DCBs and DPBs
are considered constant over periods far longer than 48anon and Zarrap&997

and the integer amfpuity is constant over an arc, the term&quation5.26 can be taken

such that,
W =cDPB! - cDCHE - n{  (5.27)

If we then rearrangEquation5.24 for STEC and substitute BBquation5.27, we are left

with

18 122 ©
TEQ =—a 250 +W +CcDCE’ 5.28
STEQ Aﬁ; 2. f22(+( kGF c B<) ( )

where the sTEGerm can be taken as the ph#seeled sTEC. It should be noted that, in
this manner, the phadeveled sTEC is independent of the DPB anfdterms previously

found in phas&quation5.24.
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Often, for the purpose of comparing TEC measured from different satellites or at
different sitesconvering GPSderived sTEC to equivalenextical TEC (VTEC) is
desirable We achieve this by first removing satellite and receiver DCBs from GPS
derived sTE values, where PC1 and PAP2satellitebiasescan beretrieved from the
University of Bern ftp database at ftp://ftp.unibe.ch/aiub/CODE/ and
ftp://ftp.unibe.ch/aiub/BSWUSER50/ORBEspectivelyand receiver biases must be
calculated independently thrgh either singlestation or network approachésee Section
5.5.2. GPS sTEC measurementn then be mapped vTEC via a simple geometric
mapping function derivévia the single layer ionosphere model (SLIMictured in

Figure5.4.
VTEC=sTEGM(e) (5.29)

whereM(e)is represented by the following relationship:

_ _ |, &Rcos@)&
M(e) =cos(c) = \/% (5.30)

whereR is the mean radius of the Ear#his the elevation angle measured from the
horizon at the receiver to the ray from the satellite tothereceives t he raybés ze
angle at the intersect of the ray and theogpheric shell, andis the ionosphere thin

shell heightoften assumed to be 400kiThis mapping results in the determination of
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VTEC through the ionospheric pierce point (IPP), the point at which the ray from the

satellite to the receiver intersecte timin shell ionosphere.

Receiver IPP

Figure 5.4 Schematic illustration of the geometric projentof slant GPS measurements
to vertical.From Themens et al. [2013].

5.5.2 Biases and Limitations

One of the more sevelieitations in the use of GNSBased TEC is the problem of
differential receiver biases brder to provide accurate ionospheric information, GPS
measurements must be calibrated to account for both receiver and satellite biases
[Warnant, 1997; Rideout ar@oster, 2006]. While several techniques exist for
determining these biases, one must take care in their application in regions outside their
initial design [Lanyi and Roth, 1988; Ma and Maruyama, 2003; Ma et al., 2005; Rideout
and Coster, 2006; Arikan at., 2008]. Recent studies have attempted to characterize
variabilities in these biasgsstimated through singkgation approachessing real data

and simulations [Ciraolo et al., 2007; Mazzella, 2009; Zhang et al., 2009; Brunini and

94



Azpilicueta, 2010Zhang et al., 2010; Conte et al., 2011; Coster et al.,; Z0i8nens et
al., 2013. These studies highlight the need to understand not only the nature of true bias
variability but also the impact of the fundamental assumptions made in standard bias

estimaion techniques on bias estimation.

There are several different means of determining GPS receiver biases, all of which are
expected to demonstrate appreciable errors in their application to the high latitude region.
Themens et al. [2013] showed that teadt squares (LSQ) receiMa@nsestimation

method of Lanyi and Roth [1988] is highly unstable in its application to the high latitude
region while used in the same manner as used alatiiddes. The minimization of

standard deviations (MSD) method of liad Maruyama [2003] is also shown to
demonstrate appreciable errors while applied in the polar cap region; however, these
errors were found to be far less significant than those of the LSQ method [Themens et al.,
2013]. While the LSQ and MSD methods candonsidered biagrojectionbased

estimation methods, other methods generally use an ionospheric reference model to
estimate biases [Arikan et al., 2008; Keshin, 2012]. Inlatitlde regions, where

accurate ionospheric models, such as the InternatRefatence lonosphere (IRI) and
IONospheric EXchange (IONEX) ionospheric maps, are available, refebaseel

methods demonstrate good performance [Arikan et al., 2008]. In high latitude regions,
however, Themens et al. [2013] demonstrates that the IONES mdfer significant

errors due to a lack of contributing data from these regions and Themens et al. [2014]
shows that there are appreciable errors inth€IRI0O 76 s r epresentati on

ionosphere. The lack of adequate reference data iretjizry makes it necessary for
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operators to explore alternative receib@sestimation approaches for application in the
high latitude region. It should be noted that receiver biases provided by sources, such as
the University of Bern, or calculated usiagy of the above receiver bias estimation
techniques generally refer not only to the bias of the receiver itself but also to biases

potentially produced by the antenna hardware or cabling.

There are predominantly two popular singtation receiver biassémation methods:
namely, MSD Ma and Maruyama&003 and various permutations of the L$4@thod
[Lanyi and Roth198§. These methods, like most single station bias estimation

approaches, rely on three basic assumptions:

1) The ionosphere is locally horizontally homogeneous.

2) The ionosphere can be roughly approximated as a thin spherical shell above the
Earth at a specified altitude, or at the very least, the ionosphere can be represented by
some standard vertical profilenction.

3) The GPS receiver bias is the only geometry/elevatidependent parameter

affecting GPS TEC measurements.

While both methods share these assumptions, they do not necessarily behave in the same
manner, as each method has some ability toractadate violations of their fundamental
assumptions. In Themens et al. [2015], we used a series of simplified simulations and
measured data to assess the impact that the method assumptions have on the MSD and

LSQ bias approaches.
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These approaches to bieestimation are built on the fact that receiver biases are not
geometricallydependent properties; thus, when one projectsdmataminated sTEC to
VTEC, one is also erroneously projecting the biases. This leads to eled@piendent
errors in the projded VTEC. Biases can be considered correctly removed when the
estimated VTEC no longer contains these erroneous projected biases. This principle is
treated slightly differently in each approach, pertaining largely to how it is decided that

the resulting VEC no longer contains projected biases.

Theerrors resulting from erroneously projecting receiver biases should be different for
each satellite measurement; thus, there will be ad@psndent spread in the derived

VTEC values if there are receiver bisse the STEC measurements. In the MSD

approach to bias estimation, it is assumed that, if the bias is correctly removed, this
spread in VTEC should be minimized. By iterating through a series of test biases,
removed before VTEC projection, and summingstamdard deviation of vTEC
measurements at each time step, we can identify the correct bias as that which minimizes
the summed standard deviations (SSD). An example of this process is preséigeadein

5.5 where we have iterated through a series of biases between 0.0 and 50.0 TECU in 0.1
TECU steps over an integration period of 24 hours for September 19, 2009, at Resolute.
This example demonstrates a clear minimaraummed standard deviations at a bias of

34.8 TECU (marked by a red star).
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Figure 5.5 Example of the summed standard deviations versus test bias at Resolute for
24-hour integration on September 19, 2008e minimum summed standard deviations

is marked by a red asterisk at the receiver bias value of 34.8 THG.Themens et al.
[2015].

In the LSQ receiver bias estimation method, one models the ionospheric vVTEC by a

simple polynomial, such as the follavg:

0 YO0 O—de Qe —G— Q L& P

wherea, b, ¢, d, e andf are fitting coefficients;—is latitude, and is local time The

STEC measured by the receiver can then be expressed as

00 6 VS C
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whereDCB refers to the receiver bias. By fitting GPS sTEC measurements to the above

relationship by a linear regression, one can extract the expected receiver bias.

While typical applications of this technique use short integration periedif¢2irs), this
applcation has been shown to result in highly erroneous and unstable biases for stations
in the polar cap region [Themens et al. 2013]. The high degree of horizontal
inhomogeneity and variability of the polar cap ionosphere fayneso use longer

integratios in this region to overcome some of these issues.

In Themens et al. [2015], we demonstrated the first explicit validation of GPS receiver
bias estimation methodsd their assumptionssing independent observations from an
external instrument: the Resté ISR.We first examined the effect of shell height on

bias estimation, finding that bias sensitivity to shell height is locally linear and varies
seasonally and with solar cycle, ranging from sensitivitie¥0&fm per TECU in solar
maximum summer to ove.000km per TECU in solar minimum wint@espite this

linear relationship, itvasfound that, under ideal circumstances, it is possible to
determine shell height and bias simultaneously; however, these ideal circumstances are
not experienced in real iogpheric systems. Future research may yet be able to decouple

bias and shell height in real applications.

We next examined the behaviour of the LSQ bias estimation method using local time and
magnetic coordinate systems. While using a 10° elevation cu®f) biasesletermined

using a local time coordinate systeoring winter periods are consistently lower than
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those found using the magnetic coordinate system. Using a 30° elevation cutoff results in
lower biases by the magnetic LSQ method, particulariynd periods of high

geomagnetic activity.

As weareinterested in the high latitude region, where satellite elevations rarely exceed
~60°, the choice of elevation cutoff can have significant implications for the bias
estimation. 10° cutoff biases tetalbe lower than those from their 30° counterpart
during winter periods for MSD, and spring for local time LSQ. All methods produce
lower biases using 10° cutoffs during solar minimum but transition to producing larger

biases as solar and geomagnetic #gtimcreasegThemens et al., 2015]

To evaluate the performancetbe MSD and LS(Qias estimation methods, and their
permutations, we undek a direct comparison to ISR observations. At4ititudes

this would not be possihlas plasmaspheric content cannot be observed by the ISR
system. In the Polar Cap, however, plasmaspheric content is largely negligible. Using this
comparison, we find that 10° cutoff MSD biases outperform the other bias
methods/permutations testedth owverall RMS errors of 2.68 TECWsing MSD and
localtime LSQ, 10° cutoffs outperform 30° cutoffiy ~0.4 TECU Over the period

tested, locatime LSQ is found to outperform magnetaral timeLSQ.

Also interesting, by @amparing GPSand ISRderived sTECwe find that GPS biases do
in fact demonstrate real seasonal, but not solar cycle, variability. Thesketed

biases are found to correlate well with outdoor temperature at the site tested, likely due to
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temperaturalependent dispersion in the cablengd antenna hardwarghis study was
the first such study to determine tvastenceof these true bias variations in absolute
TEC, corroborating previous studies that inferred such variations from relative TEC from

collocated GPS receivers [Coster e 2013 Brunini and Azpilicueta, 201]0

We also foundthat the erroneous solar cycle variability in estimated biases cannot be
explained solely by shell height variability, but rather, likely results from large scale
ionospheric gradients correlatedtvthe vertical projection functigiifhemens et al.,

2015] To account for these errors waufidthat simply correlating estimated biases to
28-day smoothed sunspot number and removing the trend results in a significant
improvement in method performandessuming thethat true bias variability is only

driven by temperature changes, we fit the sunspatetheled biases to temperature to

again improve the performance and stability of bias estimadidrieving overall RMS

errors of 1.66 TECU [Themens et &015] While these measures constitute a

significant improvement in bias estimation performance, they require long (several year)
periods over which to undertake the sunspot and temperature correlations, making these

adjustments impossible to achieve lnmog-term deployment situations.

5.5.3 Satellite-based TEC andRadio Occultation

Satellitebased GNSS observations provide a unique method of determining and

constraining the vertical structure of the ionosphere, which cannot be achieved through
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groundbased rethods One of the more popular applications of satelliésed GNSS
observation of the ionosphere has been in its use for Radio Occultation (RO) remote

sensingof the vertical electron density profile

Satellitebased line of sight GNSS observationshaf ionosphere follow largely the same
principles as those used for grodmased observations but are subject to some additional
challenges, particularly in the solution of the receiver bias prolAeiull assessment of
satellitebased GPS TEC estimatierrors can be found in Watson et al. [2DFor Low
Earth Orbit (LEO) satellites,n@e one has calibrated line of sight TEC, they may then

apply the RO method.

In the RO method, one records the STEC between the GNSS satellite and a LEO receiver
as the [EO satellite occults behind the earth. If one removes the contribution from above

the LEO satellite orbit altitude, the remaining STEC may be written as

i "YOO ¢ VS O

m &

where®is the altitude of the point where the signal ray path is tangent to a circle
centered about the Earth center, the so called tangent poirit, and the altitude of the
LEO satellitefSchreiner et al., 1999An illustration of the RO geometry isgsented in

Figure5.6.
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GPS

Figure 5.6 An illustration of the GNSS Radio Occultation geometry.

Applying an Abel Transform, one may invert Equatio®3 for the electron density, such

that
v Qi Y@ Qb
(VI — LS T
Qw nhd i
where is the derivative of STEC with respect to the tangent point altitude. The

above inver®n is only valid under the assumption of a spherically symmetric

ionosphere, which makes its application at high latitudes and near the equatorial anomaly
challenging [Schreiner et al., 1999; Yue et al., 20A3o, bottomside electron density

fromthisi nver si on can exhibit significant err ol
inversion of electron density above each altitude, such that errors accumulate as one tends

to lower altitudes [Kelley et al., 2009]. An improved inversion method has naw bee

developed by Pedatella et al. [2015] that incorporates an accommaodation for horizontal

gradients.
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5.6 Indices

The empirical electron density model presented in this study uses several solar and

geomagnetic indices to represent ionospheric variations dsienlar photaonization

and geomagnetic storms, respectively. In this section, we will discuss these various

indices, as well as those commonly used by other empirical mathelsndices listed in

this section are available from the databases listédlel.

Table 1 Sources for solaionosphericand geomagnetic indices.

Index

Database Link

Source Name

R, Kp, ap,
F10.7 (1947-2004

IG

F10.7 (2004-
Present)

PC

AE, Dst

ftp://ftp.gfz-potsdam.de/pub/home/obs/kp-ap/w!

https://www.ukssdc.ac.uk/cgi-

bin/wdccl/secure/geophysical parameters.p

ftp://ftp.geolab.nrcan.gc.ca/data/solar flux/daily

GFZ German Resear(
iCentre for Geoscience
Potsdam

United Kingdom World
Data Center
Natural Resources

X values/fluxtable.txt

http://pcindex.org/

http://wdc.kugi.kyoto-u.ac.jp/dstae/index.htmi

Canada, Space Weatt
Canada

Technical University o
Denmark
Kyoto World Data

Center

5.6.1 Sunspot Number (R)
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Solar irradiance at Xay and EUV wavelers follows an oscillation with average

period of ~11 years (generally between 9 and 14 years). This cycle can also be thought of
as being a ~22 year cycle, where the Sunods
period.Closely correlated with thesgadiances is the abundance of sunspots visible in

t he Sunds Apthedegmrsng bf eache~11 year period, sunspots form around
~30° heliocentric latitude and form closer to the heliocentric equator as the cycle
progressesAs thethis occursincreasingly more sunspots are formed until solar
maximum,after whichsunspot abundance begins to decrease rafgidlyepresent this

cycle numericallyJohann Rudolph Wolf developed the Wolf Sunspot Nurmb&848

later referred to as the Zurich sunspomer (R). Due to reliable records of sunspot

number existing as far back as 1848d less reliable records going back several

centuries) R, is very commonly used as a proxy index for solar irradiance on

climatological time scales. More recently, however, an abnormally weak solar minimum
and a drift in the sunspot number over the previous couple dyiglelsghted significant
shortcomings inhte traditional sunspot number, leading to severaheaginations of the
sunspot numbeletteandLefevre 2014. Due to the relative uncertainty in the stability

of this index into the future, we have chosen to avoid the use of this index for our model.

5.6.2 F10.7 Radio Flux

F10.7radio fluxis the solar radio noise measured at 10.7cm (2800MHz). It is often

referred to as the Covington Index after Arthur Covington, the Canadian physicist who
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first related this radio emission to the solar sunspot cytiestrong correlation between
F10.7 flux and solar EUV flux makes this measurement an excellent proxy for solar

photoionizing radiation.

Rel i able measurements of F10.7 flux date a
measurements near Ottawa in 1947 and continue to this day. The observatory used for
estimating this flux has changed over time. In 1960, observations moved to the

Algonquin RadicObservatorfARO) outside Ottawa in an effort to reduce the impact of

local radio noise contamination. A second instrument was later developed in 1964 at the
Dominion Radio Astrophysical ObservatdfyRAQ) in British Columbia. In 1991, due

to the loss ofdnding for ARO, DRAO became the sole measurement site for F10.7 flux.

5.6.3 IG Index

IG index is amonthlyionospheric index derived from a selection of global ionosonde
measurements of foFZhe index is derived by using a linear regression of the difference
between observed foF2 and that modeled using the CCIR reference maps (se&S3ection
for details) to the difference between the IG index and the reference sonspuer. The

full methodology is laid out in Minnis [1955]. Due to its derivatiooni observations of

the ionosphere, this index is generally found to be a better representation of the solar
cycle variability of the ionosphere than solar proxy indiceshsas F10.7 flux and R

[Liu et al., 1983]IG index is available starting in 1943.
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5.6.4 Planetary K Index (Kp) and Planetary a Index (ap)

Kp is a geomagnetic disturbance index derivgdveraging the K index recorded at

several globally distributed geomagnetic observatories. The K index, first proposed by
Bartels et al. [1939], is derived from the amplitude range of the most disturbed of two
magnetic componentidrizontal and declirieon componentisin a threehour interval

after the removal of their smooth daily variation [Perrone and De Franceschi, 1998]. Both
the K and Kp indices range from values of 0 to 9 on a fagarithmic scale. ap is a
linearized version of the Kp indexatranges from 0O to 400, with each unit

approximately equal to a 2 nT change in magnetic flux density. Both Kp and ap are

available from 1932 onward.

5.6.5 Auroral Electrojet Index (AE)

The AEindex originally proposed by Davis and Sugiura [1968§]ntendel as a measure

of the auroral electrojet and is derived from the AU and AL indices, where AE'= AU

AL. The AU and AL indices are calculated from the departure of the horizontal (H)
component of the magnetic field from quiet time values at several sthtcated within

the auroral zone. For each Wour, the largest value of the H component among all

stations is taken as the AU index (eastward electrojet) and the lowest value is taken as the

AL index (westward electrojet) [Perrone and De Franceschi, 1898jis way, the AE
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index can be conceptualized as the envelop width of-abiHponent observations from
auroral magnetometershe AE index is available from 1957 to 1975 and from 1978 to
the present daté&n example of the AU and AL indices, and thhe AE index, for May

2010 is presented irgures.7.
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Figure 5.7 Hourly AU (blue), AL (red), and Dst (black) indiséor May 2010.

5.6.6 Dst Index

The Dst index is very similar to the AE index but is instead a measure of the equatorial

electrojet. Like the AE indices, Dst is calculated from the horizontal component of
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magnetic field observations. Unlike the AE indicest Bgalculated from magnetic field
observations near the geomagnetic equator. After the removal of the instrument baseline
and solar quiet variation at each site, a Dst index is calculated from the remaining
disturbance magnetic perturbation on an hobagis.Dst index is available from 1957
onward. An example of the Dst variation for the same period as that presented for AE

index is presented iRigure5.7.

5.7 Altitu de Adjusted Corrected GeomagnetiAACGM) Coordinates

In this study, extensive use is made of Altitude Adjusted Correction Geomagnetic
(AACGM) coordinates, which are the coordinate system chosen as a basiSHIM.
AACGM coordinates were first proposed by Baker and Wang [1989] as a way to better
compare oherent backscatter radar observations from conjugate hemisphere locations. In
this coordinate system, a ray is traced from a-sspplied geographic longitude,

latitude, and altitude along an International Reference Geomagnetic Field (IGRF) field
line tothe centered magnetic dipole (CD) equator. This point is then mapped back along
the magnetic dipole field to the Earthos
longitude of this point are taken as the AACGM coordinates of thesugpglied poin In

this way, all points along a magnetic field line map to the same AACGM coordinate.

Like Magnetic Apex Coordinates [Richmond, 1995], the AACGM coordinate system is
not orthogonal due to its use of higher order magnetic field spherical harmonics. The

AACGM coordinate grid is illustrated figure5.8. Also, because this method relies on
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tracing IGRF field lines to the CD equator, these coordinates are undefireggions
where these field lines do not intersect the CD equator. This undefined region is
illustrated as the shaded regionFajure5.8. This, of course, is not a cagra for this

study, as we are only applying these coordinates to high latitude regions.

We will often also use Magnetic Local Time (MLT) calculated in AACGM coordinates
in this study. Because there are multiple different definitions of MLT and eachrtaterd
system will come to a different MLT valudifferences in MLT definitions can range as
high as 30%l[aundal and Richmon@017. It is thusimportant to define how exactly
we have derived MLT for this study. In our case, we have simply defined Milieas
hour difference between the AACGM longitude of the desired point and the AACGM
longitude of the reference s@blar point. This approach minimizes the time rate
difference from solar local time that one incurs due to the geographically uneven spacing
of the AACGM grid Laundal and Richmon@017, which is often exacerbated by the
traditional approach of using tigeographic longitude of theD northern dipolas the
midnight meridiarreference in MLT calculation [Baker and Wang, 1989iis latter
appoach is that used by the International Reference lonosphtezespecific version of

the AACGM used in this study is that of Shepherd [2014].
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Figure 5.8 An example of AACGM (red) and Magnetic Apex (bluepcdinate grids at
the surface. Shaded areas denote locations where AACGM coordinates are undefined.
Taken from Laundal and Richmond [2017].
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6 Exi sEmmigrliocnadds pheri c Model

Empirical modeling is perhaps the most popular forrapErationalonospheric

modeling. Typically, the approach of these models is to fit historical ionospheric
measurements to a simplified set of basis functions in an attempt to provide-scimge
representation of the climatological state of the ionospltaseimportant here to discuss

these models, as we have used the shortcomings and successes of these models to inform

our choice of parameterization attdmake a case fohe necessity of f£HAIM.

There exist two primgrmodels used to represent thdithensioml electron density state

of the ionosphere: the International Reference lonosphere (IRI) and the Ne@in&.
chapter, we will first undertake a comprehensive validation of the IRI, based on the work
of Themens et al. [2014] and [2016]. We will therdartake a similar validation of the
NeQuick model, based on the work of Themens et al. [2017b]. These validations will
cover everything from the H2eak density and height to the bottomside and topside

parameterizations.

6.1 The International Reference lonsphere (RI)

The IRI, initially developed by a collaboration lead by Dr. Karl Ravgethe defacto
standard for the representation of the ionosphere and is recognized as such by the

International Standards Organizati@ilitza and Reinisch, 20Q8lIt is an empirical,
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climatological model of the ionosphere based on a host of datasets from around the
world, including the global network of ionosondes, incoherent scatter radars, the ISIS and
Alouette topside sounders, and various rocket observations eNétogped and

maintained by a Committee on Space Research (COSPAR) and International Union of
radi o Science (URSI) joint task group, whi
and proposes improvements for future versions of the IRI [Bilitza andsRijr2008].

The available IRI code can output various ionospheric parameters and allows for the
application of a selection of topside, bottomside, and foF2 coefficient médelthis

study, we have developed an Interactive Data Language (IDL) commarabtie in

order to interface with the IR12007 code available fromNh&onal Space Science Data
CenterFTP site at http://spdf.gsfc.nasa.gov/pub/models/iri/. This code retains all of the
functionality of the original IRI2007 scripts, including the cafigbfor user

specification of measured hm&nd NmEk values

The IRl iswidely used in applications such as the evaluation of the perforrofhife

modems [Jodalen et al., 2004k a reference ionosphere in Over The Horizon Radar

(OTHR) system planninfrhayaparan et al., 2016; Saverino et al., 2013; Cacciamano et

al., 2009],and as a badie ionosphere in data assimilation models [Komjathy, 1998;
HernandezPajares et al., 2002; Bust et al., 2004; Schmidt et al., 2008; Pezzopane et al.,

2011; Galkin etl., 2012].At mid-latitudes, the IRI offers accurate modeled ionospheric
parameters, such as the heights and peak e
layers, as well as Total Electron Contedb{sson et al., 2006; Bilitza et al., 2Q1Phe

same cannot necessarily be said for its application tolatifade regions, like the Polar
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Cap, where there is a significant lack of available dathcharacteristically different

dynamics

In the following sections, we will present the formulationadie | RI1 6 s vari ous
componentsas well as a discussion of the performance of these components in their
application at high latitude3.h e wor k presented in this sect

paper, Themens et al. [2014].

6.1.1 The F2-Peak

In order to modethe vertical structure of ionospheric electron density, the IRI uses the
F2-region peak (hmF2, NmF2) as an anchor point to which shape functions are
normalized. This practice places a particular importance on accurately modeling hmF2

and NmF2.

6.1.1.1 Formulation

The peak electron density in the IRl is provided via two optionsCtmsultative

Committee on International Radio (CCI®F2 maps or the URSI foF2 maps. The CCIR
foF2 maps were developdohsed on data from a global network of ionosondes operated
between1954and1958[CCIR, 1982] The model is a set of two maps: one for low solar

activity and one for high solar activitRata is first fitted to an'8order Fourier
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expansion in Universal Time for each month and each solar activity period to represent
the diurnal variability within each month. For each of these months, the coefficients of
this expansion are subsequently fit to a basis of Jam#GSallet [1965] special functions,
which are expanded in modified dip latitude, geographic latitude, andagdrg

longitude. These Jones and Gallet [1965] special functions, are a set of Legendre
Functions that are characteristically similar to spherical harmonics but are orthogonal in
the desired coordinate system. Ultimately, this CCIR foF2 model is compb988
coefficients for each month and both solar activity conditidosdetermine the electron
density at other solar activity periods, a linear interpolation is used; however, in light of
the saturation effect in the relationship betwselar activityand foF2, R, the 12
monthsmoothed sunspot number, which is used for the solar activity interpolation,
forced constant to a value D50when solar activity exceeds R 150 A later form of

this model incorporates an adjustment to these maps ugin@i? index.

The URSI foF2 maps are built in the same mans#&neaCCIR maps; however, they
feature more datadmionosondes operatéa 197576 and 197&9 and synthetic
theoretical data generated to fill gaps in coverage over the oceans andlatitiigés.

The dataset of this model included 111 ionosondes, 47 of which were located above
45°N, and 24 of which did not operate in the abaoventioned periods but were instead
interpolated to the solar activity conditions of these periods using a poigiiit. The
theoretical data used to fill data gaps were generated using-depeadent ion

continuity model from Anderson [1973] with
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1) Assumed reaction rates from Rush [1983].

2) An Oz, N2, and O neutral atmosphere generated by the MSIS empirical neutral
atmospheric model of Hedin et al. [1977].

3) The simplified diffusion scheme of Anderson [1973].

4) Winds that were inferred by fitting the model to measured foF2 at available

ionosonde locatias) neglecting electrdynamic drift.

This real and synthetic data was then fit in the same manner used for the CCIR model.

Similar to foF2, the IRI also includes maps of the M(3000)F2 propagation factor. This
propagation factor is defined as the ratidghe Maximum Usable Frequency at 3000km
range (MUF(3000)F2) to foF2. The IRI features only a single M(3000)F2 option: the
CCIR M(3000)F2 maps, which were developed at the same time as the corresponding

foF2 mapsThe M(3000)F2 maps areused asanimdgr part of the | RI &s

parameterization.

For hmF2the IRI uses a modified form of the BradiBydeney formulation,
where CCIR M(3000)Fmaps are used in cooperation withfalRd foE in order to
determine hmg[Bilitza et al., 1979 The parameteration used in the IRl is given by

the

BHQ —— PXO (6.1)
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Y0 ° " vy 6.2)

where'Y is the 12month smoothed sunspot numidgris the modified dip latitudeQ,
"0, "0, and’O are empirical coefficient functions to account for solar actiBilitza et

al., 1979.

Given the wideranging use othe IR, validation studies are necessary to ensure its

appropriate usandto evolve the model over time

6.1.1.2 Validation Dataset

In order to validate the performance of the IRI peak parameters at high latitudes, we
make use of a network of polar cap ionosondes, operated by the Canadian High Arctic
lonospheric Network (CHAIN), and an ionosonde operated by the United States military

in QaanaagGreenland.

CHAIN provides a unique opportunity to undertake an evaluation IRI performance
during the minimum of solar cycle 23/24 and rising phase of solar cycle 24
[Jayachandran et al., 2009]. CHAIN operdgstations in the Canadian Arctiogien

that are each equipped with a diraiquency Global Positioning System (GPS) receiver,

five of which are collocated with a Canadian Advanced Digital lonosonde (CADI). These
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systems allow for the accurate estimation of TEC and bottomside electroty densi
parameters in the Auroral Oval and Polar Cap regions [Themens et 8]., Palile2
lists the geographic location of tBeCHAIN CADI stations and also identifi¢ke

operational capacity of each statiairthe time of this study

Table 2 CHAIN Station Geographic Locations and Status

. Latitude Longitude
Station Status
CN) CE)

Eureka 79.99 274.03 Operational
Resolute Bay  74.75 265.00 Operational
Pond Inlet 72.69 282.04 Operational
Cambridge 69.12 25497  Operational
Bay

Hall Beach 68.78 278.74 Operational

A map of the CHAIN ionosondes is providedHigure6.1. Only the Cambridge Bay,

Pond Inlet, Resolute, and Eureka stations are used inalidstion

118



ol e @EUeka (EURC) .o L o
5 | AR s
“|Polar-€ap g Resouw est) g =
~ ? ? 5 @ Pond Inlet (PONC) o
| B nmil™ G A N N
: : Taloyoak (TALC) : :
: ‘Hall Beach (HALC EPPTEL
i et ¥ cambrgonay cascy . @B T g ogiiinn o) (3
pY PSS P, e e @ Joalit(QAC). ..
“|Auroral Oval : : ;. : 18
Ol 4 4 v =l
“L : : : I
ol T L @ SemiduscSANTY T 1y
L o o i, o : o
@ ) i BTN
110 —100 —-90 —80 —70 —60

Figure 6.1 A map of the CHAIN GPS stationsed in thisand followingstudes Red

markers correspond to locations where ionosondes are collocated with GPS observations.
Approximate lower boundaries of the auroral oval (MLAT 65N) and polar cap (MLAT

75N) are marked with dashed and dotted linepeesvely.

For thisvalidation over 120,000 virtual height ionograms have been manually scaled

from CHAI N6s database of Cambridge Bay, Po
These manually scaled ionograms were inverted to determine real heigiunetensity

profiles through the use of the Polynomial Analysis (POLAN) method [Titheridge 1985;

1988].

CADI-derived M(3000)F2, used in the following analysis, is calculated by taking the
ratio of the Maximum Usable Frequency at 3000 km (MUF(3000))ed~ttegion peak

critical frequency (fok). The MUF(3000) is directly retrieved from the manually scaled
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ionograms using the standard transmission curve technique of [38®@ with a secant

correction factor of 1.116 [Wieder, 1955].

lonograms are avaltde in either oneor five-minute temporal resolution and 6 km

altitude resolution from the CHAIN network, depending on the station and time of study.
All data after the summer of 2009 is at anaute temporal resolution. To reduce the
amount of manual sting required for this study, ionograms were only scaled in 10

minute resolution.

I n order to define the | RI 0s:pnoetotheor manc e
extended solar minimum of cycle 23/24, we also make use of a Digisonde in operation at
Qaanaag/Thule, Greenland (7Mb 290.8E). Constanbperation data from this station

have been gathered from the Global lonospheric Radio Observatory (GIRO) Digital
lonogram Database (DIDBase) for the period between 2004 and R6itisch et al.,

2004]. Trese Qaanaaq ionograms have been autoscaled and inverted using the Automatic
RealTime lonogram Scaler with True height (ARTIST) autoscaling program [Reinisch et
al., 2005]. Due to a series of additional complications inherent in the autoscaling of high
latitude ionograms, namely spre&dZ-mode propagation, and medplitting due to

Travelling lonospheric Disturbances (TIDs) (see Sedi@n we limit the use of this

data to the Nm#portion of this study.
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6.1.1.3 NmF2 Validation

NmP, or foR, is an extremely important parameter in the IRl model, as the majority of
the IRI electron density profile is scaled to the density at tfegion peak. Iraddition to
this, fokisaprimarypar amet er i n the estimation of th
and is also used in IRI hmEstimation. Proper modelling of Nm#within the IRI model

i's thus integral to the mededelmnsiFcapability
communications or positioning forecasting [Komjathy, 1998; HernaRadgares et al.,

2002]. I n order to evaluate the I RIO&s pertf
comparing monthly median CABheasured and IRhodelled NmE. An exampleof

this comparison at the CHAIN station in Resolute is presentegjure6.2, where we

have plotted contour plots of CADI and IRl NmFalues, using both the URS1A CCIR

coefficient options, for the period of 20@811.
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Figure 6.2 CADI-measured and IRI modelled NmF2 using both CCIR and URSI
coefficient maps at Resolute between 2008 and 2011.

Qualitatively from tls figure, the URSI option fails to demonstrate equinox

enhancements in daytime Nepapparent in the ionosonde data, during the period

studied. Examining the CCIR option, a seasonal phase shift is observed, particularly
during the increasing phase of satgcle 24, where the seasonal maximum in daytime
CCIR NmR appears to be delayed by over a month. On the whole, both models appear to
consistently underestimate nighttime Niiiér all but summer periods. Over diurnal

cycles, both the CCIR and URSI modafspear to terminate the daytime enhancement in
NmF too soon in the day. This lack of a persistent daytime NenRancement is likely

the result of transport processes playing a much more significant rolegidn

dynamics at highiatitudes, as compared to the loand midlatitudes where the majority

of the modefitting was undertaken.
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Figure 6.3 Percent differences between CADI and IRl NmF2 using both CCIR and URSI
coefficient maps at Resolute.

In Figure6.3 we presenthe percent differences between CADI and IRI NriioF the

same period and station. URSI Nademonstrates good agreement in summer months,
particularly during the daytime, where agreement is generally within ~10%. During the
summer nighttime, errors areuied to remain within 25%. Performance during equinox
periods is, however, not encouraging, as errors during equinox nighttime are found to
exceed 65%, at times, and daytime errors never fall below 25%. This pattern of increased
error during periods of lie solardriven production likely arises due to transport process,
which could not be observed in the primarily midlatitude datasets used to generate the

model.
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Looking at the CCIR option, we again observe a pattern of improved agreement during
periods & solarproduction dominated dynamics. Nadruring summer daytime is found

to be underestimated by no more than 20%, increasing to roughly 30% during summer
nighttime periods. During the equinoxes, trends are found to be similar to those of the
URSI option where NmEis underestimated by up to 60% during nighttime periods and
30% during daytime periods. In contrast to URSI observations, the CCIR option
significantly over estimates the magnitude of winter diurnal variability, overestimating
winter daytime MnF by up to 65% while underestimating nighttime values by up to

35%.
In order to compare the performance of both IRI NMimBtions, monthly RMS errors for

both the URSI and CCIR options, for all CHAIN CADI stations, are presenteidume

6.4.

Monthly RMS Errors
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Figure 6.4 Monthly RMS errors between CADI and IRI NmF2 using CCIR (dashed) and
URSI (solid)coefficient maps at Resolute (black), Eureka (red), Pond Inlet (blue), and
Cambridge Bay (green).
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From this figure, it is clear that the CCIR model performs best during early winter and
during summer periods. The URSI model performs best during the samdsbut
performs particularly well during summer periods, outperforming the CCIR option. In all
other periods, the CCIR option outperforms the URSI option, doing particularly well in
winter periods. Both options demonstrate notable error in equinoXhsy@d neither of

the options demonstrate the spring daytime enhancement in tNatks obvious in the
CADI data. Also of note is an almost linear increase in equinox:NRIMS errors with
increasing solar activity over the period studied, particularlyeanrsing the URSI

option. This could be the result of there being a characteristically different relationship
between solar activity and peak electron density at high latitudes, as compared to low

and midlatitudes. This wilbeinvestigated idaterwork.

We may also observe the largely similar error patterns at all stations, demonstrating
statistically insignificant differences between eachritjure6.5 we presencontour plots
of the NmFE from the remaining three CHAIN stations. As can be seen, all four CHAIN
stations demonstrate consistent solar cycle, seasonal, and diurnal behaviop,in NmF
where NmE decreases with increasing latitude during the photoionizatoninated
summer daytime and Nmihcreases with increasing latitude during the transport

dominated winter nighttime.
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Figure 6.5 CADI-derived NmF2 from the Cambridge Bay, Pond Inlet, and Eureka

CHAIN stations.

In order to characterize the effect of the extended solar minimum on IRI performance

within the polar cap, we present Qaanaag/Thule Digisonde and IR} tlatd=for the

period between 2004 and 2011Figure6.6, as well as percent differencesHigure6.7.
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Figure 6.6 Digisonde and IRl modelled NmF2 using URSI and CCIR coefficient maps at
the Qaanaaq GIRO station between 2004 and 2011.
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