ISTANBUL TECHNICAL UNIVERSITY * GRADUATE SCHOOL OF SCIENCE

ENGINEERING AND TECHNOLOGY

A STUDY ON UPPER ATMOSPHERIC JOULE HEATING USING
OBSERVATIONS AND COUPLED MODELS AND A SPACE WEATHER
CONSEQUENCE: GEOMAGNETICALLY INDUCED CURRENTS

Ph.D. THESIS

Emine Ceren EYIGULER

Department of Meteorological Engineering

Atmospheric Sciences Programme

SEPTEMBER 2018






ISTANBUL TECHNICAL UNIVERSITY * GRADUATE SCHOOL OF SCIENCE

ENGINEERING AND TECHNOLOGY

A STUDY ON UPPER ATMOSPHERIC JOULE HEATING USING
OBSERVATIONS AND COUPLED MODELS AND A SPACE WEATHER
CONSEQUENCE: GEOMAGNETICALLY INDUCED CURRENTS

Ph.D. THESIS

Emine Ceren EYIGULER
(511092008)

Department of Meteorological Engineering

Atmospheric Sciences Programme

Thesis Advisor: Prof. Dr. Zerefsan KAYMAZ

SEPTEMBER 2018






ISTANBUL TEKNIK UNIVERSITESI * FEN BiLIMLERI ENSTITUSU

YUKARI ATMOSFER JOULE ISINMASININ GOZLEM VE UZAY HAVASI
MODELLERI KULLANARAK KAPSAMLI iNCELENMESI VE BiR UZAY
HAVASI UYGULAMASI: JEOMANYETIK AKIMLAR

DOKTORA TEZI

Emine Ceren EYIGULER
(511092008)

Meteoroloji Mihendisligi Anabilim Dal

Atmosfer Bilimleri Programi

Tez Danismani: Prof. Dr. Zerefsan KAYMAZ

EYLUL 2018






Emine Ceren EYIGULER, a Ph.D. student of iTU Graduate School of Science
Engineering and Technology student ID 511092008, successfully defended the thesis
entitled “A STUDY ON UPPER ATMOSPHERIC JOULE HEATING USING
OBSERVATIONS AND COUPLED MODELS AND A SPACE WEATHER
CONSEQUENCE: GEOMAGNETICALLY INDUCED CURRENTS”, which she
prepared after fulfilling the requirements specified in the associated legislations,
before the jury whose signatures are below.

Thesis Advisor : Prof. Dr. Zerefsan KAYMAZ = ..,
Istanbul Technical University

Jury Members : Prof. Dr. Sema TOPCU e,
Istanbul Technical University

Prof. Dr. Zafer ASLAN
Istanbul Aydin University

Prof. Dr. Kasim KOCAK .,
Istanbul Technical University

Dr. Maria M. KUZNETSOVA e,
NASA/GSFC Space Weather Lab.

Date of Submission : 26 July 2018
Date of Defense: 17 September 2018






To all the beloved ones who passed away and to the living who chose to walk with
me in the unforeseen pathways of this life,

vii






FOREWORD

This work is a comprehensive study of the variations at thermospheric altitudes and
ground level during geomagnetically disturbed time intervals. Our effort to understand
how the interactions between the magnetosphere-ionosphere-thermosphere domains
occur and how they project themselves on the ground has been cumbersome at times,
but it has always been exciting and full of ambition.

My advisor, Prof. Zerefsan Kaymaz, not only provided me lots of opportunities since
the year we started working, 2005, but also let my ability to independently work grow
throughout the process. I have been lucky enough to be a part of the team who worked
on the expansion of Upper Atmosphere and Space Weather Laboratory which is one
of the first of its kind in Turkey on upper atmosphere and space weather. During the
years, we built two Sudden lonospheric Disturbance (SID) antennas, setup an
ionosonde and a magnetotelluric station and began tracking geomagnetic disturbances
and sunspots with our own observations and measurements. We additionally started to
run some space weather models in our lab. Even though the abovementioned are,
themselves, specific study areas, being a part of the teams working on the instrument
setups opened up new realms for me; expanded my vision and perception in our field
of study and created fresh ideas in my mind to explore as future works. I am always
grateful to my advisor for being such a compassionate, supportive and caring person
throughout my growing up process.

During the years | have been at ITU, which roughly is half of my life now (2002-2018),
I had many gains and losses. My gains are my friends and experiences. My losses are
members of my family whom | was deeply attached to. | believe that it is a blessing to
have had the chance to spend time for quiet a period of time together with all the people
who had been in my life. I will always remember my grandmothers lovingly and my
grandfather with smiles. | thank especially my parents, Vedat and Emine Kalafatoglu,
for letting be myself. My father was an exceptional man. He knew about people,
analyzed situations, was always solution-oriented and had no girl-boy favorism. 1 will
always miss him deeply. His words and kind soul remain still alive in my mind and
heart. My mother, thank to God she is still here, was and is always supportive of me
and helped me when I am really in need. | am grateful to the free and nonjudgmental
environment they provided for me. My husband, Ahmet Eyiguler; he always knows
how to calm me down. I always felt his continous support and love throughout my
thesis study. Thank you for entering my life. I also would like to thank to my daughter
Bilge Filiz who already started to teach and remind me of valuable life lessons. I am
blessed to have relatives who were with me during the difficult times of my life. All
of my uncles and their wives; especially, Ahmet Baki Akkartal, Sevil Akkartal,
Bilgehan Akkartal, Hanife Akkartal, Turhan Akkartal and Inci Akkartal, my cousins:
Fatma Cihan and Ilker Akkartal: you are precious. I also want to thank to my eldest
uncle Mustafa Akkartal for his support and intellectual discussions during the previous
years. My friends, Deniz Bilgili, Zeynep Oral Savkurt, Attila Yalazkan, Mert Dalokay;
you were always there for me. | cannot share every moment of kindness and amity
here: we have a page limit. Not to forget my colleagues, who actually are not only
colleagues but are also like my siblings, Filiz Tiirk Katircioglu, iklim Gengtiirk Akay,
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Ozlem Baydaroglu, Ceyhan Kahya, Sedef Cakar, Filiz Bektas, Doga Can Su Oztiirk
and my lab brothers, Yigit Cay and Necmi Cihan Orger: you made my days full of joy
and made my coming to work a pleasure.

| thank Prof. Sema Topgu and Prof. Zafer Aslan for their valuable comments,
continuous support and encouragement throughout the stages of this work.

During the years, | also had the chance to attend many conferences (AGU, EGU,
AOGS, ATMOS, AIAA, UHUK) and meetings (GEM, CEDAR) as well as NSF
supported summer schools such as the Center for Integrated Space Weather Modeling
Summer School, Heliophysics Summer School, Space Weather Research, Education,
Development Initiative Summer School (SW-REDI). Here, | must mention that GEM
and CEDAR meetings hold a special place for me. By means of these meetings, | had
the opportunity to attend many valuable talks as well as seeing beloved friends
regularly. Thus, I must emphasize the importance of these meetings for our space
physics community. | want to state that | also met very special people during my stay
in USA and work at NASA. First of all, Maria M. Kuznetsova, with her welcoming
nature, she was always a great mentor for me. She helped me to stay focused and gave
valuable insights on our research. Secondly, Ja Soon Shim, her positive attitude always
made my mood rise. It was a privelege to have the chance to work with both Masha
and Ja Soon. | am also thankful to Antti Pulkkinen who provided me with valuable
feedback on our geomagnetically induced current studies at the very initial stages of
our work. Elsayed Talaat was there whenever we were in need and saved the day.
Things would have been more difficult unless he was there. Speaking of USA, NASA,
meetings and Maryland, David G. Sibeck and Ray Lin cannot be forgotten. They were
so nice to gently introduce us the environment. Not only they informed us of places,
what to do, how to do but they also integrated us to their weekend activity team. It was
a great pleasure to have shared such wonderful times with them.

Lastly, we are grateful to the data providers and open access data repositories, Space
Physics Interactive Data Resource (SPIDR), World Data Center (WDC), Kyoto,
NASA Coordinated Data Analysis Web (CDAWEB), Satellite Situation Center Web
(SSCWEB). Our research could not have been done without them. We are also
thankful to our collaborators. Their experience and perspectives provided us valuable
feedback. NASA/Space Weather Laboratory/Community Coordinated Modeling
Center (CCMC) has been one of our main collaborators. Being able to run simulations
from CCMC computers quickened this research. Additionally, our close collaboration
with the Super Dual Auroral Radar Network (SuperDARN) team at Virginia Tech
made one of the major outputs of this thesis possible. Throughout the study years, our
work was supported by numerous agencies: TUBITAK (The Scientific and
Technological Research Council of Turkey) by projects 109Y058, 113Y 213, 2214-A,;
TUJIB-TUMEHAP (Turkish National Geodesy and Geophysics Union-Turkish
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A STUDY ON UPPER ATMOSPHERIC JOULE HEATING USING
OBSERVATIONS AND COUPLED MODELS AND A SPACE WEATHER
CONSEQUENCE: GEOMAGNETICALLY INDUCED CURRENTS

SUMMARY

Space weather has immediate consequences on today’s space borne and ground-based
technological infrastructure. In the long term, it, as well, affects the health of the
aircrew on aircraft and astronauts on space missions. Thus, it is essential to quantify
the extent and limits of space weather effects on Earth and near-Earth space
environment. In this work, we study the space weather effects on the upper atmosphere
and ground level during geomagnetically disturbed time intervals. Following, this
thesis comprises three main parts: 1) investigation and comparison of different
methods and data that were separately used and presented for JH in previous studies
in the literature, 2) thermospheric neutral density variations that occur in response to
the elevated temperatures during geomagnetic storms and substorms, 3) detection and
initial quantification of low to mid-latitude geomagnetically induced currents using a
magnetotelluric station located at Bozcaada, Canakkale (in geographic coordinates:
37.5°N, 106°E).

JH is the frictional heating that arises from the collisions between the neutrals and ions
in the ionospheric levels. Thus, it is crucial to have exact information on both species
to be able to calculate JH precisely. Its exact determination depends on the
simultaneous knowledge of the ionospheric electric fields, conductances,
thermospheric neutral wind and ambient magnetic fields or in a second approach,
conductances, ion drifts and neutral wind at the high latitudes. Previously, some
studies were also conducted by assuming that the neutral wind contribution is
negligible.

In our study, we investigate the JH with and without the neutral wind effects. For the
calculations not involving the neutral wind, we get use of combinative methods.
Electric field data from radars and an MHD model and conductance data from
ionospheric electrodynamics (IE) module of an MHD model and an empirical model
are combined interchangeably to calculate the JH. The most used indice-based
methods are also investigated. Our aim is to present the alternative methods that give
the best estimate for the JH rate in the absence of the global observations of the
parameters needed for the calculation. Observational electric field data comes from
Super Dual Auroral Radar Network (SuperDARN) radars and MHD model output is
from the Space Weather Modeling Framework/Block-Adaptive-Tree-Solarwind-Roe-
Upwind-Scheme (SWMF/BATSRUS, hereafter will be referred to as BATSRUS)
model, whereas the conductances come from BATSRUS-IE and OVATION Prime +
International Reference lonosphere 2012 (IRI12012) models. For the calculations
without the neutral wind, we find that with respect to the variations in Akasofu’s
Epsilon parameter, all combinative methods show a time lag varying between 10 to 20
minutes for the peak JH. However, the proxy method, which is based on the AE index,
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shows the maximum time lag, which varies between 20 minutes to 1.5 hour.
Qualitatively, all methods exhibit similar variations. AE proxies show the highest rate
of JH while the combinations with International Reference lonosphere 2012 (IR12012)
conductances result in the lowest. The differences between the combinations with
SuperDARN and BATSRUS electric fields are the smallest when SuperDARN has
data in the midnight sector.

In the second part of this thesis, we investigate the neutral density estimations from
the empirical and physics-based IT models for GEM-CEDAR challenge events. We
quantify the amount of errors using the neutral density observations from the
Challenging Minisatellite Payload (CHAMP) satellite. We show that coupled
ionosphere-thermosphere models and empirical models of the ionosphere give
different neutral density climatologies and responses during geomagnetic storms. The
storm effects are found as superimposed on the climatology. A performance
assessment solely on the neutral density maxima leads to misleading performance
assessments. A model overestimating the climatology but underestimating the storm-
time response might well end up with a good performance record. Real time estimation
of the atmospheric drag heavily relies on estimating the storm-time responses right.
Following, we apply several techniques to separate the model climatology and storm-
time response of the thermosphere from each other. Baselines for the thermospheric
neutral densities are determined using the quiet periods preceding geomagnetic storms
for both the CHAMP observations and the models. The data were shifted to baseline
levels and effects due to the magnetic storm could be extracted. We obtain increases
in skill scores up to 113% for the models, which differ from the quiet time climatology.
Physics-based model neutral density variations show similar tendencies with CHAMP
data. Physics-based models perform the worst for the low KP events, whereas they
perform better for high KP events. Either CME or CIR induced, physics-based model
results capture the variations in neutral densities very sufficiently. Empirical models
are good in capturing the climatology and the baseline shifts do not affect the storm-
time response considerably. However, despite attaining close values to the neutral
density peaks, the shapes of the response curves are substantially different. For real
time calculations of the satellite drag, we suggest using ensemble approach and
background removal methods together to obtain reliable neutral density estimates.
Furthermore, using the baseline shift method, we investigate the relationship between
Joule heating and storm-time neutral density variations. A simple model using linear
regression method is constructed by relating the JH estimations of the physics-based
models of the thermosphere with CHAMP satellite neutral density observations.

In the last part of our work, we study the magnetic and electric field characteristics of
the GICs at mid-latitudes using electric field and magnetic field observations in Turkey
during the geomagnetically active intervals. A magnetotelluric station consisting of an
electrometer and a magnetometer were set up in Bozcaada, Canakkale (37.5°N,
106°E). Several cases that show large electric and magnetic field fluctuations during
geomagnetic disturbances are selected. The effects of gegomagnetic activity are studied
using the time derivatives of horizontal component of the magnetic field and the
deviations in the magnetic and electric field components from the quiet background.
In magnetic field data, quiet day Sq variations are removed using cubic spline fits.
Similarly, the magnitude of the deviations in the electric field are determined by
subtracting the background electric field determined by using cubic spline.
Corresponding to the strong geomagnetic activity identified using KP and Dst indices,
high frequency, strong fluctuations in the magnetic field, its derivatives, and electric
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field are observed. These fluctuations in horizontal magnetic and electric field are
compared with those seen during a magnetically quiet day. The close association
between the fluctuations of the time derivatives of the horizontal magnetic field and
electric field components are demonstrated. Two types of variations in the electric and
magnetic fields corresponding to the different phases of the geomagnetic activity are
identified: those corresponding to the initial phase including the sudden
commencement and those to the main phase of the geomagnetic storm. The
fluctuations in both magnetic field and electric field corresponding to the sudden
commencement and the initial phase indicate the effects of magnetopause currents
driven by the large solar wind dynamic pressure as associated with the coronal mass
ejection (CME) events. Each event shows increased levels of ground level magnetic
and electric field fluctuations corresponding to the CME compression at the subsolar
magnetopause. High frequency, large fluctuations continue subsequently during the
main phase in the presence of the geomagnetic storms. GIC occurrences in our
latitudes are shown to be associated with the sudden commencement and main phase
of the geomagnetic storm activity.

To conclude, in this thesis, we analyse our current capabilities of estimating the
thermospheric Joule heating and neutral density variations during geomagnetically
disturbed intervals. For the first time, the magnetic and electric field variations during
geomagnetically active intervals are determined in the Eurasia region for the detection
of GICs. Our study aims to contribute to the worldwide understanding and modelling
efforts on the space weather effects on the thermospheric altitudes and the ground
level.
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YUKARI ATMOSFER JOULE ISINMASININ GOZLEM VE UZAY HAVASI
MODELLERiI KULLANARAK KAPSAMLI iNCELENMESI VE BiR UZAY
HAVASI UYGULAMASI: JEOMANYETIK AKIMLAR

OZET

Uzay havasinin yer ve uzay konuslu giiniimiiz teknolojik altyapisi {izerine dogrudan
etkileri vardir. Uzun vadede, ugaklardaki kabin ekibi ve uzaydaki astronotlarin da
sagliklarini etkilemektedir. Bu nedenle, uzay havasmin Diinya yiizeyine ve yere yakin
Uzay ortamina olabilecek etkilerinin ve bu etkilerin sinirlarinin belirlenmesi biylk
onem tagimaktadir. Bu ¢alismada, uzay havasmin yukari atmosfere ve yer seviyesinde
jeomanyetik olarak tiretilmis (geomagnetically induced currents-GICs) akimlara etkisi
calisilmistir. Takriben, bu tez calismasi {ic ana bolimden olugmaktadir: 1) Joule
1snmast i¢in literatiirdeki daha 6nce yapilmis ¢alismalarda kullanilmig yontemlerin
arastirilmasi1  ve birbirleriyle karsilastirilmasi 2) jeomanyetik firtinalar ve
mikrofirtinalar esnasinda yiikselen termosferik nétral sicakliklarin bir sonucu olarak
artan termosferik notral yogunluk degisimlerinin incelenmesi 3) Bozcaada,
Canakkale’de (cografi koordinatlar: 37.5°K, 106°D) kurdugumuz bir manyetotelliirik
istasyonun verisini kullanarak asagi-orta enlemlerde jeomanyetik olarak iiretilmis
akimlarm (JOUA) tespit edilmesi ve nicellestirilmesi.

Joule 1sinmasi (J1) iyonosferik seviyelerde nétraller ve iyonlarin ¢arpismasi sonucunda
ortaya ¢ikan siirtlinme kaynakli isnmadir. JInin tam olarak belirlenebilmesi, anlik
olarak elektrik alan, iyonosferik iletkenlik, termosferik nétral riizgar ve ortamdaki
manyetik alanin, ya da ikinci bir yaklasimla; ayn1 anda iyonosferik iletkenligin, notral
ve iyon hizlarmin bilinmesini gerektirir. Literatiirde, notral riizgar katkismin diisiik
oldugu varsayilarak yapilan ¢alismalar da mevcuttur.

Caligmamizda, Jly1 notral riizgar etkileri dahil edilmis ve edilmemis olarak iki turli
hesaplamaktayiz. Notral riizgar etkisi icermeyen hesaplarimiz i¢in ¢aprazlama
birlestirme yontemi kullanilmustir. Elektrik alan igin gdzlemsel radar datasi ve bir
manyetohidrodinamik modelin iyonosferik elektrodinamik moduli (MHD-IE) ¢iktis;
iyonosferik iletkenlikler icin ise amprik bir model ve yine MHD-IE moduli verilerini
degisimli kullanarak hesaplamaktayiz. JI hesaplarinda en ¢ok kullanilan indis-bazl
yontemler de ¢alismamizda mercek altina alinmistir. Amacimiz, Kiresel bir gozlem
agmin yoklugunda Joule 1smnmasi1 i¢in en iyi sonuglar1 veren alternatif yontemleri
ortaya koymaktir. Gozlemsel elektrik alan verisi Super Dual Auroral Radar Network
(SuperDARN) radarlarindan ve manyetohidrodinamik model verisi, Space Weather
Modeling  Framework/Block-Adaptive-Tree-Solarwind-Roe-Upwind-Scheme’den
(SWMF / BATSRUS - buradan sonra sadece BATSRUS olarak anilacaktir)
gelmektedir. Iletkenlikler BATSRUS-IE modiliinden ve OVATION Prime +
Uluslararas1 Referans Iyonosfer 2012 (International Reference lonosphere 2012-
IRI2012) modelinden almmugtir. Notral riizgar igermeyen hesaplamalarda,
Akasofu’nun Epsilon parametresi baz alindiginda, Joule 1sinmas1 maksimum degeri
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i¢in biitlin yontemlerin 10 ila 20 dakika arasinda degisen gecikmeler ortaya koydugunu
bulduk. Bununla birlikte, AE indisine dayali olan dolayli (proxy) yontem, 20 dk ila 1.5
saat arasi degisen en uzun gecikmeleri gostermektedir. Nitelik olarak baktigimizda,
tiim yontemler benzer degisimler gostermistir. AE proxy yontemi en yuksek, IR12012
modeli iletkenliklerini kullanan yontemler ise en diisiik Joule 1simmasi degerlerini
sergilemislerdir. SuperDARN ve BATSRUS elektrik alanit kullanan yontemler
arasindaki farklar gece sektdriinde radar gézlemi olmasi durumunda birbirine daha
yakin sonuglar vermistir.

Tezin ikinci kisminda, giincel amprik ve fizik bazli iyonosfer-termosfer modellerinin
GEM-CEDAR topluluklarinin sectikleri olaylar i¢in termosferik notral yogunluk
tahminleri incelenmisti. CHAMP (Challenging Minisatellite Payload) uydusu
gozlemleri kullanilarak modellerin hata farklar1 nicellestirilmistir. Etkilesimli
iyonosfer-termosfer modelleri ve amprik modeller farkli nétral yogunluk
klimatolojileri ve manyetik firtinaya farkli tepkiler vermektedirler. Notral yogunluk
uzerindeki manyetik firtina etkilerinin klimatoloji Gizerine bindigi gézlenmistir. Sadece
notral yogunluk maksimumu iizerine odaklanan bir hata tespit ¢alismasi yanlis
yonlendiricidir. Bu tarz bir calismada, klimatolojiyi daha yiiksek, fakat firtina etkisini
daha az tahmin eden bir model, sonu¢ olarak basarili olarak gériilme riski tasimaktadir.
Uydu siiriiklemesinin gercek zamanli tahmini, firtina zamanm etkilerin dogru
nicellestirilmesine ve tahmin edilmesine baghdwr. Takiben, calismamizin bu
asamasinda model klimatolojisi ile termosferin manyetik firtinaya cevabini ayirmak
icin gesitli teknikler uyguladik. Hem CHAMP verileri, hem model ¢iktilar1 i¢in firtina
oncesinde tespit edilen manyetik aktivitesiz zamanlar géz Oniine alinarak referans
hatlar1 olusturulmustur. Veriler bu referans hatlar1 kullanilarak kaydmrilmis ve
manyetik firtina kaynakl degisimler ortaya c¢ikartilmistir. Model performanslarinda,
sakin donem klimatolojisinden farki olan modeller i¢cin %113’e varan iyilesmeler
kaydedilmistir. Fizik temelli modellerin diisik KPli olaylar igin en kotl, KP
yukseldikce ise daha iyi tahmin yapabildikleri gézlenmistir. Manyetik firtmanin
kaynaginin Koronal kiitle atilimi1 (KKA, coronal mass ejection: CME) ya da esdontislii
etkilesim bdlgesi (EEB, corotating interaction region: CIR) olmasi model
performansimi  etkilememektedir. =~ Notral ~— yogunluklar  yeterli  bigimde
hesaplanabilmektedir. Amprik modeller klimatolojiyi tahmin etmekte basarilidirlar.
Bu nedenle firtina-zamani nétral yogunluklar1 referans hatti kaydirmasindan fazla
etkilenmemektedir. Ancak, noétral yogunluk maksimumuna yiiksek yaklagikliklar
gosterseler dahi, cevap egrilerinin gézlemlenen yogunluk degisimlerinden hayli farkli
olduklar1 goriilmektedir. Uydu siiriiklemesinin gercek zamanli hesaplamalar1 igin,
klimatolojinin ayrilmast ve ensemble (toplu-model) yaklasiminin beraber
kullanimlarmi &nermekteyiz. ilaveten, Joule 1stnmasi ve notral yogunluk degisimleri
icin dogrusal regresyon kullanarak basit bir model olusturulmustur. Fizik bazh
modellerin JI tahminleri ve CHAMP notral yogunluk goézlemlerinin arasindaki
baglantiya bakilmigtir.

Calismamizin son kisminda, jeomanyetik olarak {iretilmis akimlarin asagi-orta
enlemlerdeki Ozelliklerini belirlemek amaciyla Tiirkiye’de kaydedilen elektrik ve
manyetik alan Sl¢timleri incelenmistir. Bozcaada, Canakkale (cografi koordinatlar:
37.5%K, 106°D) bolgesinde bir elektrometre ve bir manyetometrenin de dahil oldugu
bir manyetotelliirik istasyon kurulmustur. Manyetik hareketlilik esnasinda ytiksek
elektrik alan ve manyetik alan degisimleri gosteren vakalar ileri inceleme igin
secilmistir. Manyetik aktivitenin etkisi manyetik alanin yatay bileseninin tiirevlerinin
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degisimi ve arkaplan manyetik ve elektrik alanlardan sapmasmin bulunmasi yoluyla
incelenmistir. Manyetik alan verisinde Sq akimmin etkisi, arkaplan salmimina kiibik
spline egrileri oturtularak veriden ¢ikartilmistir. KP ve Dst indisleri kullanilarak
secilen kuvvetli manyetik aktivite esnasinda, manyetik alan bilesenleri ve tiirevlerinde
ve elektrik alan bilesenlerinde yiiksek frekansli, kuvvetli dalgalanmalar tespit
edilmistir. Bulunan bu dalgalanmalar sakin bir guiniin manetik alan ve elektrik alan
salinimi ile karsilagtirilmistir. Manyetik ve elektrik alan bilesenlerinin birbirleriyle
olan yakin iliskisi gosterilmitsir. Elektrik ve manyetik alan bilesenlerinde manyetik
firtina fazlarmna gore iki farkl tipte degisim gozlenmistir: baslangic ve ani baslangi¢
fazma denk gelen salinimlar ve manyetik firtina ana fazina denk gelen salinimlar.
Baslangi¢ ve ani baslangic fazlarinda ortaya ¢ikan salinimlarin koronal kiitle atilimi1
olaylar1i nedeniyle artan dinamik basinca bagli olarak meydana geldigi diisiintilmiistiir.
Biitiin olaylar, KKA nedeniyle giinesalt1 manyetopozun sikismasina karsilik olarak
yiikselen manyetik ve elektrik alan degerleri sergilemistir. Enlemlerimizde JOUAlarin
manyetik firtina baslangi¢ ve ana faziyla iliskili oldugu gosterilmistir.

Sonug olarak, bu tez ¢calismasinda, manyetik olarak hareketli zamanlar i¢in termosferik
Joule 1sinmasi ve termosferik nétral yogunluk degisimlerini tahmin etmekteki glincel
kapasitemizi analiz ettik. Avrasya bolgesinde ilk defaya mahsus olarak JOUAlar1
tespit etmek iizere elektrik ve manyetik alan degisimleri incelendi. Calismamiz uzay
havasinin termosferik yuksekliklere ve yer seviyesine etkilerinin anlasilmalar1 ve
modellenmeleri konusundaki arastirmalara katkida bulunmay1 amaglamistir.
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1. INTRODUCTION

Quoting from the US National Space Weather Program which started in 1994, space
weather is defined as the “conditions on the Sun and in the solar wind, magnetosphere,
ionosphere, and thermosphere that can influence the performance and reliability of
space-borne and ground-based technological systems and can endanger human life or
health.”. Most of the technological systems are vulnerable to solar activity related
changes in the space environment (Arbesser-Rastburg and Jakowski, 2007; Bothmer
and Daglis, 2007; Crosby, 2007; Daly et al., 2007; Lanzerotti, 2007; Reitz and Facius,
2007; Trivedi et al., 2007). The effects of space weather to the technological systems
are briefly listed as “the disruption of satellite operations, communications, navigation,
and electric power distribution grids”, which can cause a variety of socioeconomic
losses (Pulkkinen, 2003). Consequently, space weather and its prediction gain more
importance as we technologically advance. The giant budgets spent on the satellites
and importance of their missions and programs dictate the prevention from possible
damages due to space weather. Determining the limits of possible events and their
consequences on Earth carries crucial importance. Using a data set which includes the
change in the geomagnetic field’s horizontal component for the last 89 years, Kataoka
(2013) gave extreme geomagnetic storm occurence as 13% by means of a power law
approach for solar cycle 24. A similar calculation relying on the maximum sunspot
number for the solar cycle 24 yields a probability of 6%. Even though those seem to
be very small numbers, the result of an extreme geomagnetic storm can be devastating
for today’s technological infrastructure (Committee on the Societal and Economic
Impacts of Severe Space Weather Events: A Workshop, and National Research
Council, 2008). Schulte in den Baumen et al. (2014) combined a physical model and
a model for the global economy to estimate the impact on global economy in case of
an extreme geomagnetic storm. They found that an event with similar magnitude to
1989 event can cause USD 2.4 to 3.4 billion damage to the global economy during the
first year, only. The total damage would be around USD ~13 billion over the years

(Kappenman, 2010). This impact would not just be limited with the countries in direct



encounter with the geomagnetic storm effects due to their geomagnetic location, but
also countries depending on the global trade, but far from the impact area would feel
the economical consequences indirectly (Schulte in den Bdumen et al., 2014).
Following, Schrijver et al. (2015) lists the steps that require immediate attention and
research as observation-based modeling thoroughout the heliosphere, reliable forecasts
at least 12 hour ahead of the arrival of a coronal mass ejection (CME), characterizing
the geospace response to variable solar wind conditions and utilizing a climatological
model of space weather which includes the specifications of the extreme events.

Some of the long standing questions in space weather and its applications focus on the
results of the interplay within the domains. Joule heating (JH), as an instant
consequence of the magnetosphere-ionosphere-thermosphere (MIT) coupling is one
of the mostly studied parameters. It is defined as the frictional heating arising from the
relative motion of plasma and neutrals in the ionosphere (Vasyliunas and Song, 2005).
Its accurate determination is extremely important in determining the heat balance in
the upper atmosphere (Knipp et al., 2005; Zhu et al., 2005) and resulting thermospheric
dynamics (Brekke, 1979; Balthazor et al., 1997; Sheng, 2014) as well as the
partitioning of the solar wind power between different magnetospheric sinks (Lu et al.,
1998; Tanskanen et al., 2002a; Turner et al., 2009). Joule heating leads to the
expansion of the atmosphere causing higher mass densities in the upper altitudes,
which in turn, increases the drag acting on the satellites. The difficulty in Joule heating
studies lies in finding a reference level or model in the absence of global observations

to calibrate and benchmark the models and their results against.

Another space weather consequence, which can be directly observed on Earth is the
currents that are induced during geomagnetic disturbances in response to the variations
in the ionospheric currents. These currents are called Geomagnetically Induced
Currents (GICs). GICs can flow through any conducting substance or layer causing
harm to technological infrastructure. The initial research on GICs focused on the
sources and detection methods. Nowadays, the efforts are concentrating on the
modeling of GICs and estimating the amount of possible damage on the infrastructure.

However, no studies exist for the Eurasia region.

Our study falls in the category of characterizing the geospace response to variable solar
wind conditions and deals with the space weather effects on the upper atmosphere and

the ground, focusing on the Joule heating (JH), storm-time thermospheric neutral
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density response and the implications of space weather on the ground, such as the
geomagnetically induced currents (GIC). This is the first study that the magnetic and
electric field variations that cause GICs have been investigated and reported in the

Eurasia region.

1.1 Purpose of the Thesis

Following the recent advances in space weather studies, our study aims to focus on the
several contemporary problems of the upper atmospheric Joule heating, its controlling
parameters and its role on the upper atmosphere using a wide range of models and
observations. One chapter of the thesis has also been assigned for the geomagnetically
induced currents in order to demonstrate the space weather effects on the ground at
our latitudes. Specifically, the questions that this thesis work will address are given as
below:
1. On the variability of JH from the methods during geomagnetic disturbances:

a. Numerous empirical and numerical models of upper atmosphere, or
MIT coupling models have been developed. How do these models
compare against each other over the Joule heating?

b. Based on their assumptions, each model can provide an approach to
study Joule heating. Is any of these models favorable to any other? Are
there other ways to increase the reliability in the predictions of Joule
heating?

c. Can we find new methods to obtain JH with higher reliability, which
can be employed for the validation of space weather models at any point
during the solar cycle?

d. What is the effect of neutral wind on JH?

2. On the assessment of the storm-time performances of the IT models in
estimating the thermospheric neutral density:

a. How to extract the storm-time response from the models and data?

b. How to select appropriate metrics for the evaluation of the neutral
density response from the models?

3. As a consequence of (1) and (2), can we define a relationship between Joule

heating and storm-time thermospheric neutral density variations?



4. On the signatures of the geomagnetically induced currents (GICs) over
midlatitudes:

a. What are the characteristics of electric and magnetic field variations

over Turkey?
b. What are the sources of the electric and magnetic field disturbances

over Turkey?
As a summary, this thesis study presents a comprehensive synthesis of the
thermospheric, ionospheric and ground level aspects of the space weather using Joule
heating and the magnetic and electric field variations on the ground for
geomagnetically active times, i.e. when magnetospheric substorms and geomagnetic

storms occur.

1.2 Structure of the Thesis

This thesis study addresses on four research problems: the upper atmospheric Joule
heating (including the neutral wind effects on JH), the storm-time variations in
thermospheric neutral density, the relation between JH and thermospheric neutral
density and the geomagnetically induced currents over Turkey. Although each of these
studies is developed in a self-consistent manner and complete in their own research-
frame, because of the thesis format requirements, the thesis structure is organized such
that the literature part, presented in Chapter 2, consists of the literature surveys of each
research study, and is separate from the analysis and results belonging to each subject.
The structure of the thesis is as follows: firstly, the basic concepts and terminology
that are used throughout this study are introduced in subsections 1.3, 1.4 and 1.5. In
Chapter 2, a thorough literature review on the subsections of the thesis are given. In
Chapter 3, the observational data sources used in this study and their properties are
described. Chapter 4 lists and familiarizes the reader with the state-of-the-art
magnetohydrodynamic (MHD) and ionosphere-thermosphere (IT) models that were
utilized in this study. Chapters 5 presents our work on Joule heating, a part of which
was published in Space Weather journal (Eyiguler et al., 2018) and focuses on the JH
variability and neutral wind effects on JH. In Chapter 6, the storm-time neutral density
variations and the performances of the IT models are investigated and presented in
detail. This part of our study was also submitted to Space Weather journal and is

currently under review. In Chapter 7, using the methods employed in Chapter 6, the



correlation between JH and thermospheric neutral density is examined and a simple
relation is derived. In Chapter 8, magnetic and electric field variations over Turkey
during geomagnetic disturbances are demonstrated and possible sources of these
variations are discussed. This part of our study was published in Advances in Space
Research journal (Eyiguler and Kaymaz, 2017). Lastly, Chapter 9 summarizes and

concludes the study along with our suggestions for future work.

1.3 Solar Wind-Magnetosphere Interaction on Average

The Sun dominates our whole solar system by emitting flares and continuously
ejecting matter in the form of the solar wind, coronal mass ejections (CMEs) and high-
speed streams. On average, solar wind has a speed of 450 km/s, 6.6 #/cc particles,
temperature on the order of 10° K and a dynamic pressure of 2.67 nPa at 1 AU
(Hundhausen, 1995). It is also shown that the average values of the solar wind
properties change with respect to the solar cycle. The average velocity ranges from
388+4 km/s to 459+7 km/s and average of the density ranges from 8.5+0.3t0 5.5+ 0.2
#/cc for different solar cycles (Jian et al., 2011).

Magnetized planets and their magnetosphere behave differently under the variable
solar conditions. Figure 1.1 shows the expanding solar wind plasma and interplanetary
magnetic field in the form of Parker spiral, as well as the Earth’s magnetosphere, which
is compressed at the dayside by the solar wind dynamic pressure, and stretched in the

nightside due to the tangential stress exerted by the solar wind.
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Figure 1.1 : Solar wind and the Earth's magnetosphere (Url-1).



Under the average conditions, as the solar wind approaches the Earth, it first meets the
bow shock, at which the supersonic solar wind slows down to subsonic speeds. The
bow shock is usually confined to 11-14 Earth radii (Re) subsolar distance. Getting
closer to the Earth, the magnetopause is marked as the boundary surface where the
solar wind dynamic pressure and Earth’s magnetic pressure equal to each other.
Magnetopause is generally located about 9-11 Re subsolar distance from the Earth
(Lugaz et al., 2016). It seperates the magnetospheric plasma residing in the
magnetosphere from the solar wind plasma in the magnetosheath, which has a very
turbulent nature. After passing the magnetopause, a charged particle behaves
completely under the control of the Earth’s magnetic field in the magnetosphere. The
plasmasphere, which is populated with dense and cold plasma also exists within the
magnetosphere. The tangential stress exerted by the solar wind leads to the elongated
magnetotail and the open field lines are squeezed in the region of polar cusps (Russell,
2007). Figure 1.2a shows the magnetospheric environment and its surrounding as well
as the current systems in the magnetosphere formed due to the interaction between the
Earth and the interplanetary environment. Tge current systems in the magnetosphere
result from the temporal variations in the magnetic field, Earth’s rotation, and from the

interaction of the Earth’s magnetosphere with the upcoming solar wind (Jacobs, 1991).
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Figure 1.2 : a) Magnetosphere and the current systems (Russell, 2007) b) Layers of
the atmosphere and their classifications (Dieminger et al., 1996).

The current closure completes in the ionosphere, which is the ionized layer of the
atmosphere between 60-1000 km altitudes (Hargreaves, 1992). The magnetospheric
currents are balanced via the field-aligned currents going downwards and upwards in

the high-latitude ionosphere. Currents, horizontal and perpendicular to the electric



field are generated which are known as the Hall and Pedersen currents, respectively
(Campbell, 2003). The solar wind-magnetosphere and ionosphere are strictly coupled
with each other electrodynamically. However, the ionosphere also overlaps with the
neutral atmospheric layers, thermosphere and mesosphere and hydrodynamically
interacts with them. Figure 1.2b shows the layers of the neutral atmosphere, which
overlap with the ionosphere.

1.4 Magnetosphere-lonosphere-Thermosphere Coupling

The first observational evidence for the Magnetosphere-lonosphere coupling was
published by the Lockheed Palo Alto group who declared that the source of the Oxygen
in the magnetospheric hot plasma can be the ions outlowing from the ionosphere
(Moore et al., 2016).

lonosphere consitutes the bottom part of the magnetospheric current system. High-
latitude ionosphere is mainly where the magnetospheric current system closes over.
Field-aligned currents form the bridge between the magnetosphere and the ionosphere

as shown in Figures 1.2a, 1.3a and 1.3b.
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Figure 1.3 : a) Region-1 currents (shown in red) b) Region-2 currents and partial
ring current (purple) and the banana current (orange) (Ganushkina et al., 2018).

The motion of the ions at the high-latitudes, which is termed as the ionospheric
convection, is basically controlled by the solar wind-magnetosphere-ionosphere
coupling as in Figure 1.4. Figure 1.4 displays the plasma velocity streamlines, which
also are potential contours under southward (above) and northward (below) IMF B,
directions. The columns show the convection patterns for different IMF By conditions:
By <0, By=0, By> 0. The solid circle shows the open-closed field line boundary. The
dashed lines represent the regions connected to the reconnection sites at the

magnetopause. For all By, the pattern consists of two cells when IMF B; is southward



due to low-latitude reconnection. Anti-sunward flows dominate in the region of open

field lines. Below the open-closed field line boundary, the flow is sunwards. The

symmetry between the cells changes due to the tension IMF By applies for By > 0 and

By < 0 conditions.
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Figure 1.4 : lonospheric convection driven by the solar wind (Cowley, 1996).

For B; northward, the flows are restricted in a narrower region, and four cells form.

The newly formed cells are due to the high-latitude cusp reconnection (Cowley, 1996).

The scientific efforts to model and understand the ionosphere-magnetosphere coupling

began with the desire to map the electrodynamic features of the ionosphere. The

current understanding on the electrodynamics of the magnetosphere-ionosphere

coupling is basically depicted in Figure 1.5.
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Figure 1.5 : Diagram showing the means of interaction and mechanisms in the
ionosphere (reproduced from Kamide et al., 1993).



Nowadays, coupled geospace models are becoming increasingly employed to resolve
the dynamics of the magnetosphere-ionosphere coupling and to enable space weather

forecasts.

Figure 1.6 displays a representation of the processes when thermosphere is also
introduced to the picture and shows the current understanding on the dynamics of the
magnetosphere-ionosphere-thermosphere (IT) coupling. The main drivers of the
system are absorption of the extreme UV radiation, JH by electrical currents, particle
precipitation from the magnetosphere and dissipation of upward propagating waves
(tides, planetary waves, gravity waves). Meanwhile the energy sinks are listed as the
thermal conduction into the mesosphere, infrared cooling by CO,, NO and O, and

chemical reactions (Forbes, 2007).
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Figure 1.6 : Energy sources and sinks in the IT system (Forbes, 2007).

The interactions within the system amplify and are greatly modified during the

geomagnetic disturbances, since the energy input is increased.

1.5 Geomagnetic Activity and Its Effects in the Near-Earth Space Environment

Geomagnetic storms and substorms are the geomagnetically active time periods that
large changes in the Earth’s magnetic field are observed. Geomagnetic storms
affecting the global magnetosphere can last for days while substorms are events
localized in the nightside magnetosphere with time scale of several hours. The effects
of geomagnetic storms range from the space to ground. Figure 1.7 separates the effects

into three regions such as the space, atmosphere and ground.



Geomagnetic storms and substorms have phases during which the incoming energy is
stored, relased and the conditions return to background levels. For geomagnetic storms
the phases are; the initial phase followed by a sudden commencement, main phase and
the recovery phase, whereas for substorms, the phases are named as the growth,
expansion and recovery. The phases and strength of a geomagnetic storm or substorm
are determined and measured by proxies known as geomagnetic indices. For
geomagnetic storms, the disturbance storm time index (Dst) is favorable while auroral

electrojet (AE) indice is employed for the substorms.
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Figure 1.7 : Geomagnetic storm effects in space, Earth’s atmosphere and on the
ground level.

The Dst indice is a proxy for the strength of the ring current, which amplifies during

geomagnetic storms, but it is not as responsive to magnetospheric substorms. The Dst
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increases in negative direction when the ring current starts to fill up. The intensified
ring current’s net effect on the equatorial magnetic field is a decrease approximated by
the Dst. During the sudden commencement Dst shows an increase meaning that the
dynamic pressure associated with the CME shock has hit the Earth’s magnetosphere
and pushed the magnetopause currents toward Earth. Consequently, the ring current
starts to be filled up with more particles with a westward enhancement. Thus, on Earth,
we measure a decrease in the magnetic field strength. During the recovery phase, the
processes weaken, and magnetic field starts to return to its background, pre-storm-time

magnitude as seen in Figure 1.8.
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Figure 1.8 : Dst variation during geomagnetically active and disturbed intervals.

Another measure for the geomagnetic storm strength is the KP index, which is used by
NOAA. KP gives information on the global geomagnetic activity and is calculated
using 13 subauroral stations measuring the two horizontal field components of the

magnetic field in 3 hour interval.
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Figure 1.9 : The variation of the AU and AL components of the AE index during a
substorm (McPherron, 1995).
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Moreover, the total change in the magnetic field is obtained by using the AE index.
AE represents the magnetic field disturbances at the auroral stations (Davis and
Sugiura, 1966). The AE index comprises of auroral upper (AU) and auroral lower (AL)
parts. The magnitude of the AE can be found by subtracting the AL from the AU.
Figure 1.9 shows substorm phase identification with respect to the AE index.

For space weather prediction and the classification of events it is essential to know
how these indices vary. Moreover, several relations between the indices and energy
sinks were produced, some of which will be introduced in the consequent chapters.
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2. LITERATURE REVIEW

In this chapter, we detail the previous studies in the literature on Joule heating (Section
2.1), Joule heating effects on neutral density (Section 2.2), thermospheric neutral
density variations (Section 2.3) and geomagnetically induced currents (Section 2.4).
Section 2.1 presents the JH calculation methods that were used in the previous studies
and mentions the current efforts to find Joule heating. Section 2.2 describes the
relation between JH and thermospheric neutral density and touches on the effects of
JH, hence, neutral density on the technological systems. Section 2.3 introduces the
factors that determine the variations in neutral density and how they are investigated
and reports the current needs of the society. Lastly, section 2.4 showcases the sources
of GICs that were previously detected and reported at different latitudes on Earth and

explains the methods to determine the GICs.

2.1 Upper Atmospheric Joule Heating

In essence, JH can be calculated using three terms: the ionospheric Pedersen

conductivity, ionospheric electric field, and the neutral wind generated electric field.

In the neutral wind frame, the local JH rate (j‘ E) can be found by using

Q; = f J-E'dz = f op(2)(E, +U(2)x B) dz 2.1)
z z
as given in (Thayer et al., 1995; Wilson et al., 2006). In this equation, Q; is the height-
integrated JH rate at a specific point; E’, the electric field in the frame of reference of
the neutral gas, op, E; , U and B are Pedersen conductivity, ionospheric electric
field, neutral wind velocity, and ambient magnetic field, respectively (Thayer et al.,
1995). None of these variables are simultaneously and globally available quantities.
The electric field in Equation (2.1) may be obtained using ground magnetometer data
(Kamide et al., 1981; Kamide et al., 1982) or from ground based radars such as Super
Dual Auroral Radar Network (SuperDARN) (Greenwald et al., 1995; Ruohoniemi and
Baker, 1998). The European Incoherent Scatter (EISCAT) radars can also provide
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local electric fields in a narrow band (Aikio and Selkald, 2009; Cai et al., 2014). The
conductivities, neutral wind, and magnetic fields at JH heights are inferred from the
models (Gjerloev and Hoffman, 2000; Baker et al., 2004; Zhang et al., 2005) or taken
from indirect measurements (Aksnes et al., 2002; Sheng et al., 2014; Aikio et al., 2012;
Anderson et al., 2013). The accuracy of calculating the JH rate depends upon the
accuracy of these quantities involved in this equation. Previously, many studies
neglected the effect of neutral wind on JH rates by assuming it has a small contribution
at high latitudes (Kosch and Nielsen, 1995; Rodger et al., 2001). Another reason for
neglecting the neutral wind is the difficulty of its characterization due to the lack of
global and simultaneous observations (Deng and Ridley, 2007; Waters et al. 2004). the
transfer of the electromagnetic energy equals to the height integral of the local JH rate
at the point of interest and is usually calculated as given in Equation. (2.2) (McHarg et
al., 2005; Aikio and Selkala, 2009),

Q=] E=] E =Z,E? (2.2)

Here, Zp is the height-integrated Pedersen conductivity (conductance) which can be

obtained from a model in the same way as for Equation (2.1).

There are several statistical studies that utilize large amount of ground and space data.
Assimilative mapping of the ionospheric electrodynamics (AMIE) technique, for
example, constructs the parameters required in the calculation of the JH rate using
radar, satellite and ground magnetometer data (Richmond and Kamide, 1988; Lu et al.
1998; Richmond et al.,, 1992). Historically, several relationships between the
geomagnetic indices and JH were derived using sets of geomagnetic storm and
substorm data. One of the indices that is widely employed to find the JH is the AE
index, which is based on the change in the horizontal component of the ground
magnetic field measurements (Davis and Siguira, 1966). AE can be calculated using
different number of stations. However, the standard global AE index calculations rely
on the geomagnetic field recordings at 12 high-latitude stations (AEi2), which are
unevenly separated in geomagnetic longitude (MLong) along the auroral zone,
between the geomagnetic latitudes (MLat) 60.44°N and 71.21°N in geomagnetic
coordinates. AEz> is provided directly by the World Data Center (WDC), Kyoto, Japan
(http://wdc.kugi.kyoto-u.ac.jp) for public usage, which is an easy reachable data

source for the quick-look JH calculations. The most commonly used relations between
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the AE and JH are those from the works of Ahn et al. (1983), Ahn et al. (1989) and
Richmond et al. (1990) due to the high correlation coefficients they found and the
number of stations (12) involved in the calculations. In these studies, the relation
between JH and AE are in the form

JH(GW) = aAE(nT) + b (2.3)

where the coefficients a and b depend on the season and the number of AE stations
and signify the hemispheric or global JH amount (Jstgaard, 2002). @stgaard (2002)
gave a detailed discussion of the previously determined JH-AE index relations and
arrived at the conclusion that the coefficients based on AE12> by Ahn et al. (1983), Ahn
et al. (1989) and Richmond (1990) are equally good and their seasonal dependence is
weak. Because of the easy accessibility of AE index data, this method is useful for
obtaining a preliminary and quick view of the JH rate. Likewise, Kallio et al. (2000)
and Tanskanen et al. (2002b) used local IL index to provide JH during substorms. As
in the case of AE, their empirical formula assumes a linear relationship between the
IL and JH in the ionosphere following Ahn et al. (1983). Another study, which relates
the JH with one of the geomagnetic indices is the Foster et al. (1983), in which ion
drift velocity and particle precipitation data from AE-C (Atmospheric Explorer)
spacecraft were used to obtain ionospheric electric fields and Pedersen conductances,
respectively. They calculated JH using Equation (2.2) and binned the results according

to KP index. Consequently, their results do not include neutral wind effects.

Chun et al. (1999) generated a set of hemispherically integrated JH rates using AMIE.
Their study covers 40 days and includes geomagnetic storm periods from 1988 to
1997. They grouped the integrated JH rates according to the level of geomagnetic
activity using the Polar Cap index (PC) which is a measure of transpolar ionospheric
current strength (Stauning, 2013). Then, obtained a quadratic relationship between the
hemispherically integrated JH and the PC index. The study by Knipp et al. (2005)
added the Dst index to Chun et al. study and found a more reliable formula between
the JH rates and geomagnetic indices. They derived four quadratic equations: one
annual Equation. (2.4) and the other three (Equation (2.5), (2.6) and (2.7) ),
respectively, for winter (21 Oct-20 Feb), summer (21 Apr-20 Aug), and equinox (21
Oct-20 Apr and 21 Aug-20 Oct).
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JH[GW] = 24.89 * PC + 3.41 % PC? + 0.41 * Dst + 0.0015 = Dst?  (2.4)
JH[GW] = 13.36 * PC + 5.08 % PC? + 0.47 * Dst + 0.0011 « Dst>  (2.5)
JH[GW] = 29.27 * PC + 8.18 * PC2 — 0.04  Dst + 0.0126 * Dst (2.6
JH[GW] = 29.14 * PC + 2.54 % PCZ + 0.21 * Dst + 0.0023 * Dst?  (2.7)

Their correlation coefficients were higher than 74% for all periods (0.76, 0.84, 0.78
and 0.74, respectively). However, as the Dst index has an hourly cadence, these fits
only provide a rough estimate of JH and there is considerable uncertainty due to the

exclusion of electric field variability and neutral wind dynamics.

Thermospheric neutral wind modifies the ionosphere-thermosphere (IT) environment
and the magnitude of the magnetosphere-ionosphere-thermosphere (MIT) coupling
(Peymirat et al., 2002; Ridley et al. 2006). The previous studies on the neutral wind
effect on Joule heating mostly focused on quantifying the amount of contribution by
the neutral wind. Neutral wind is found to have both negative (Lu et al., 1995; Thayer
et al., 1998) and positive contributions (Thayer et al., 1998) to the JH. Mainly three
sources modify the neutral wind: the solar EUV heating, the diurnal tides through
lower thermospheric waves and the magnetospheric effects, which include the Joule
heating, particle precipitation and the ion-drag (Thayer and Killeen, 1991; Richmond
et al.,2003; Kwak and Richmond, 2007; Kwak and Richmond, 2014; Dhadly et al.
2017). As a result, neutral wind patterns vary depending on the latitude, local time,
universal time, day of the year, solar activity, geomagnetic activity, and IMF
configuration (Wang et al., 2017; Dhadly et al. 2017). Additionally, some uncertainty
always accompanies the measurements and the models of the IT so the exact amount

of the effect of the neutral wind remains imprecise.

Since we do not have worldwide simultaneous measurements of the neutral wind, it is
very difficult to form an exact climatology of the neutrals at the thermospheric heights.
Moreover, available neutral wind measurements have some uncertainty associated
with them. In studies, neutral wind is determined using optical airglow measurements,
Fabry-Perot interferometers, radars (such as Arecibo i.e.), satellites (Richmond et al.
2003) and rockets with chemical release. The uncertainties range from 20 m/s (from

satellites) to 100 m/s (from radars) for the measurements. Even for the same model,
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the uncertainty ranges from minimum 5.6 m/s to maximum 156.4 m/s when the model
is run with different auroral and ionospheric potential drivers (Liuzzo et al., 2014).
Omisssion of several dependencies of neutral wind can change the neutral wind results.
For example, Dhadly et al. (2017) have found HWMO7 model is skewed towards

summer conditions.

Thayer (1998) showed that the neutral wind can be considered in the calculations of
JH by using the horizontal ionospheric current as given in Equation (2.8) below
Zupper )
J(2)] ope)
2
90 km (O—P(Z) + O-H(Z))

In Equation 2.8, J, is the total horizontal ionospheric current, and o, and oy, are the

2
local Pedersen and Hall conductivities. The @ term in Equation (2.8) is also
P

known as the Cowling conductivity, o.. Using Equation (2.8), Thayer et al. (1998)
showed that the neutral wind can both make positive and negative contribution to JH.
They observed 40% reduction in height-integrated JH values for one event, whereas a
400% enhancement was detected for another event owing to the neutral wind. Lu et al.
(1995) found a negative contribution of about 28% from the neutral wind using

thermosphere-ionosphere global circulation model (TIGCM) simulation.

(Wang et al., 2004) demonstrated that if the magnetic field is only in vertical direction,

Equation (7.3) can be written as in Equation (2.9) below.
Q; = 0pB*((U; — Up)* + (V; = V,)?) (2.9)

Here, U denotes the neutral wind velocity (i: zonal, n: meridional) and V denotes the

ion velocity (i: zonal, n: meridional), respectively.

On the other hand, Weimer (2005) empirical model offers a different approach that
utilizes field-aligned currents and potential models together to calculate the total
Poynting flux and Joule heating rate. Likewise, Olsson et al. (2004) carried out a
statistical study on JH rate based on Poynting flux using electric and magnetic field
data from Astrid-2 spacecraft. They obtained JH as a function of AE, KP, Epsilon and
the solar wind kinetic energy flux. The most recent studies have included the use of

the numerical models, such as magnetohydrodynamic (MHD) models of
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magnetosphere-ionosphere interaction coupled with the physics-based ionosphere-
thermosphere models to study JH. These models have been implemented to understand
the two-way coupling between the magnetosphere and ionosphere domains. Palmroth
et al. (2005) calculated JH via different methods to calibrate the Grand Unified
Magnetosphere-lonosphere Coupling Simulation-4 (GUMICS-4)’s solar wind transfer
function which gives the ionospheric power consumption in the model. Li et al. (2011)
ran Open Geospace General Circulation Model (OpenGGCM) to study several events
with large Poynting flux values during northward IMF B; intervals with large IMF By.
They associated the Poynting flux hot spots to the cusp reconnection processes. Xi et
al. (2015) tested Lyon-Fedder-Mobarry (LFM) model with flux conserving boundary
conditions to match the upper boundary Poynting flux with hemispheric total JH under
uniform conductance and electromagnetic energy conservation. They obtained
promising results that are compatible with Richmond’s Equipotential Boundary
Poynting Flux theorem which states that topside Poynting flux values match the JH
dissipated in the ionosphere only if they are bound by the same equipotential surfaces
(Richmond, 2010). Additionally, the altitudinal distribution of JH and its impact on
thermospheric dynamics were investigated using physics-based models of the
ionosphere-thermosphere by several studies (Deng et al., 2011; Huang et al., 2012).
Recently, Rastétter et al. (2016) carried out a study where they compared DMSP F15
Poynting flux with several empirical and physics-based models of the ionosphere-
thermosphere for six geomagnetic storm events. They used Equation (2.2)to obtain JH
from the models. Their study is the first to compare the JH of such variety of models
with the DMSP Poynting flux. They found that all models gave different spatial
distribution of JH. JH from coupled MHD models, including some runs of the Space
Weather Modeling Framework / Block — Adaptive — Tree — Solarwind — Roe — Upwind
- Scheme (SWMF/BATS-R-US, hereafter will be referred to as BATSRUS), were
generally larger than the DMSP Poynting Flux. Since not any one method has shown
superiority in the estimation of JH, the efforts in these studies help to find the most
suitable approach for predicting JH and to improve the models that are involved in the

calculation of JH rates.
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2.2 Joule Heating Effects on Thermospheric Neutral Density

Bussy-Virat et al., (2018) reports that the largest source of errors for LEO satellite orbit
determination comes from the thermospheric neutral density, which is largely
enhanced by the JH during the geomagnetic storms (Zesta and Huang, 2016). JH
causes the upwelling of the neutrals in the thermosphere resulting in the enhanced
atmospheric drag on the satellites, thus becomes one of the main contributors in the
drag force through the variations in thermospheric neutral density (Fedrizzi et al, 2012,
Frey et al., 2014). Larger atmospheric drag reduces the life time of the satellites,
increases orbit prediction errors and the probability of collisions between the objects
existing in the LEO (Zesta and Huang, 2016; Prolss, 2011). The uncertainty in
thermospheric neutral density, hence, the atmospheric drag, affects maneuver
planning, re-entry predictions, collision avoidance and finding satellites with narrow
field of view (Storz et al, 2005). The JH and particle heating comprise 20%-25% of
the total thermospheric energy input (Zesta and Huang, 2016). All of the variations in
the thermospheric energy input lead to associated variations in thermospheric neutral
density. Thus, the knowledge of the timing and location of JH deposition which can
be larger than the effect of solar EUV input in short time scales (Zesta and Huang,
2016), is crucial for the neutral density predictions. Consequently, several studies
focused on the thermospheric response and lag times between the JH and
thermospheric neutral density (Wilson et al., 2006; Oliveira et al., 2017 and references
therein), as well as accurate estimation of JH (Rastatter et al., 2016; Palmroth et al,
2004). The time delays between the geomagnetic activity and thermospheric neutral
density variations ranged from 1.5 hours to 6 hours and changed with respect to the
latitude and magnetic sector (Taeusch et al., 1971; Burns and Killeeen, 1992). In a
recent study, Fedrizzi et al. (2012) derived a Joule heating index, which relates the
neutral density variations to Joule heating by employing a physics-based ionosphere-
thermosphere  model (Coupled Thermosphere lonosphere  Plasmasphere
electrodynamics-CTIPe). In their study, they first compared the neutral density data
from CHAMP satellite with the CTIPe model estimations. They found that the standart
deviation from the observations was about 0.21. Assuming that this is an acceptable
amount of error, they utilized a shaping filter to directly relate the JH from the model
to CHAMP neutral density estimations and derive a JH index. With a cross-correlation

calculation, they demonstrated that the neutral density at the moment of observation is
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related with the variations in the magnetospheric sources from 3 days ago. Their JH
index displayed correlations of minimum 88% and maximum 95% with the CHAMP
data of (Sutton, 2005).

2.3 Thermospheric Neutral Density Variations

In general, the sources of variations in thermospheric density can be decomposed into
three main components: 1) the variations, which are governed by the solar irradiance
(solar-cycle dependent, seasonal, diurnal) (Qian and Solomon, 2012) 2) the variations
due to upward propagating tides and waves from the mesosphere (Sutton et al., 2007)
and 3) the storm-time variations, which are largely influenced by the heat sources that
come into play during geomagnetic activity, such as Joule heating (Fedrizzi et al, 2011;
Kim et al., 2006), auroral particle precipitation (Deng et al., 2013) and heating due to
small scale FACs (Luhr et al., 2004). Additionally, the storm-time thermospheric
neutral density response is modulated by the thermospheric composition (Qian et al.,
2009). In some geomagnetic storm cases, the damping of the thermospheric density by
NO cooling is significantly stronger than expected. Those cases are classified as
problem storms by Knipp et al. (2013) and it is shown that the thermosphere’s response
is strongly associated with the pre-storm properties of the solar wind. Different drivers
of geomagnetic storms, such as the Coronal Mass Ejections (CME) and Corotating
Interaction Regions (CIRs) cause different environmental responses in the
thermosphere (McGranaghan et al., 2014). CIR and CME effects on thermospheric
densities were investigated in several studies (Chen et al., 2014; Chen et al., 2012;
McGranaghan et al., 2014; Lei et al., 2011; Thayer et al., 2008). Even though less
geoeffective in terms of Dst magnitude, the total effect of CIR storms was found to be
comparable to CME induced enhancements in thermospheric neutral density (Chen et
al., 2014).

LEO satellite observations and empirical and physics-based models are employed in
the investigations of thermospheric neutral density (Lathuillere et al., 2008; Sutton et
al., 2006; Liu et al., 2005; Pardini et al., 2012; Codrescu et al., 2012; Deng et al., 2013;
Solomon et al, 2011). Challenging Micro-Satellite Payload (CHAMP) and Gravity
Recovery and Climate Experiment (GRACE) satellites are the most used satellites for
the investigations of the neutral density and the associated atmospheric drag acting on
satellites (Liu et al., 2011; Anderson et al., 2009; Picone et al., 2002; Bruinsma and
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Forbes, 2010; Xu et al., 2011; Huang et al., 2011). In this kind of approach, the
densities are calculated from the accelerometers on the spacecraft (Sutton, 2005).
However, in-situ measurements from satellites only provide the current state of the
thermosphere. Hence, the empirical models involving semi-physical relations, which
take geomagnetic and solar indices as input and the physics-based models of the
ionosphere-thermosphere are employed to nowcast and forecast of the future state of
the IT system in global scales. The nowcast and forecast of neutral density are
necessities for early-action and response and orbit determination of the LEO
spacecraft. The comparisons between the model and observations are made in different
time scales: daily global mean (Solomon et al., 2011; Qian et al., 2008), orbit averaged
(Bowman et al., 2008) and along the satellite track (Connor et al., 2016; Shim et al.,
2012).

The community need at the current state is to be able to run the models for the real-
time operations and the real-time calculations of atmospheric drag acting on the
satellites. For this purpose, there is a need to assess the performances of the models
and to specify the conditions when they perform satisfactorily and when they do not.
Shim et al. (2011) compared the model results with the local measurements available
from EISCAT radars for the ionospheric parameters NmF2, hmF2 and vertical drift
with limited latitudinal coverage. Shim et al. (2012) focused on the space-borne
measurements of the NmF2, hmF2, ionospheric electron density and thermospheric
neutral density along the satellite track at the measurement locations. NmF2 and hmF2
from the models were compared with the observations from the Constellation
Observing System for Meteorology, lonosphere and Climate (COSMIC) while
ionospheric electron density and thermospheric neutral density were compared using
the measurements from Challenging Mini Satellite Payload (CHAMP). In both studies,
root mean square error (RMSE), prediction efficiency (PE), ratio of (max-min) and
ratio of maxima were employed to assess the model performances. They reported that
the model performances depend on the metrics used and varied with latitude and
geomagnetic levels. No models outperformed others in estimating the thermospheric
and ionospheric parameters in all cases. Moreover, regarding the thermospheric
neutral densities, models with high RMS vyielded low prediction efficiencies.
Additionally, storm-time PEs were higher than the quiet-time PEs. However, RMSE

were largest during the geomagnetic storms due to the large variation in the neutral
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densities, and PEs from the models did not show any systematic behavior dependent

on geomagnetic activity.

2.4 Geomagnetically Induced Currents

Understanding the space weather is essential for our space-born and ground based
technological systems as well as astronauts in orbit and air crews on polar flights. One
of the most direct and observable consequences of space weather on the ground is the
enhanced currents which are known to be Geomagnetically Induced Currents. These
currents flow through Earth-grounded systems and units that are composed of
electrically conducting components, modulate the electrical currents on our power
systems, result in failures in city power grids, telecommunication systems, and lead to
corrosions in railways and pipelines that are used for the transport of oil in long

distances.

A latest Space Weather issue (24 March 2016) compiles all the studies of GICs up to
date published in different journals. It gives an exclusive collection of GIC studies
including the sources, latitude variations, storm-substorm relations, modelling,
hazards on ground systems, and measurement systems. In this study, we present the
measurements of GICs at our latitudes, 37.5°N MLAT (Magnetic LATitude), bring out
their characteristics and discuss the possible causes for their occurrences. GICs and
their effects at different latitudes were studied widely and established well (Araki,
1994; Araki et al. 2006; Curto et al. 2007, Rastogi et al. 1997, Tsunomura, 1998;
Trivedi et al., 2007; Wik et al., 2008; Liu et al. 2014; Watari et al. 2009; Marshall et
al. 2012; Torta et al. 2012; Torta et al. 2014; Barbosa et al., 2015; Matandirotya et al.
2015). Most of these studies used power grids to investigate GICs extensively, e.g.
Wei et al. (2013) in North America, Boteler et al. (1998) in Canada, Viljanen and
Pirjola (1994) in Finland, and Beamish et al. (2002) in UK-Scotland, Zhang et al.
(2015) in China, Béland and Small (2004) in New Zealand, Pulkkinen et al. (2005) in
Sweden. Depending on the latitude and strength of the magnetospheric activity, GIC
magnitudes were found to vary from 10s of Amperes (A) to several hundreds of
Amperes. Kappenman (2003) reported GICs on the order of 200 A in high latitude
regions of US. Watari et al. (2009) estimated GICs in central Japan on the order of 45
A during 13 July 1982 storm that caused 796 nT change in the horizontal component
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of the magnetic field. Trivedi et al. (2007) found GIC amplitudes of about 15 A in

Brazil.

Mid- and low latitude GICs show similar signatures in general. Low latitude GICs or
GICs at equatorial latitudes are dominated by the effects of the equatorial electrojet
and superimposed on them are the effects from the magnetopause currents (Zhang et
al., 2015). The main source of the large GICs occurring at the midlatitudes were found
to be associated with the storm sudden commencement (SSC) or sudden impulse (SI)
resulting from shocks in the solar wind (Marshall et al. 2012; Béland and Small 2004;
Huttunen et al. 2008, Fiori et al. 2014). CMEs or CIRs (Corotating Interaction
Regions) cause GICs as a result of the increased dynamic pressure at the subsolar
magnetopause (Huttunen et al.2008; Fiori et al. 2014). Increased dynamic pressure
creates magnetopause currents and gives rise to sharp increases in the magnetic field
components measured on the ground. The sharp positive rise seen in Dst in response
to the increase in magnetopause currents was named as Sudden Impulse (SI) and if this
increase was followed by a main phase of the geomagnetic storm, then it was called
storm sudden commencement (SSC). The effects of SSC and Sls in producing GICs
were examined together in Fiori et al. (2014) under a generalized term “sudden
commencement (SC)” to cover the effects of either SSC or SI. The similar terminology
was also suggested by Joselyn and Tsurutani (1990) if the follow up main phase of the
geomagnetic storm starts within the 24 hour after the sudden impulse was seen. While
at lower and midlatitudes the driver of the GICs are mainly the increase in the
magnetopause currents (Zhang et al. 2015; Fiori et al. 2014), at high latitudes, auroral
currents (e.g. Viljanen, 1997; Viljanen and Tanskanen 2011; Fiori et al. 2014) and at
equatorial and low-to-midlatitudes, equatorial electrojet contribute further on the
effects of magnetopause currents (Carter et al. 2015; Zhang et al. 2015). Largest GICs
at low and midlatitudes occurred during the main phase of the geomagnetic storms as
associated with the intensification of the ring current (Zhang et al. 2015; Kappenmann
2006; Liu et al. 2009). However, GICs that occurred in response to SSCs were found
to be stronger than those produced during the storm main phase (Zhang et al. 2015).
The solar wind causes of GICs were studied in detail by Huttunen et al. (2008). They
showed that the sheath and boundary layer regions of Interplanetary Coronal Mass
Ejections (ICME) gave rise to stronger GIC variations than that of the ejecta. Fiori et

al. (2014) grouped and compared the variations in the horizontal component of the
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magnetic field whether resulting from CME or High Speed Streams (HSS). They
demonstrated that the CMEs were the main driving source for the strong high latitude
enhancements of the horizontal component of the magnetic field while weak or
absence of high latitude enhancements in the horizontal component of the magnetic
field are caused by both CMEs and HSS. These suggest that the shock in the solar wind
velocity is a strong contributing factor to the stimulation of the strong ionospheric
plasma convection flows within the auroral oval that give rise to geomagnetic

disturbances on the ground levels (McPherron, 1991).

Viljanen et al. (2001) studied GICs by analyzing the variations in the time derivative
of the horizontal magnetic field from 1982 to 2001 and showed that the strong GICs
were associated with deviations larger than 1 nT/s in the time derivative of the
horizontal magnetic field. The sudden increases in the time derivative of the magnetic
field (dB/dt) in response to SCs were observed independent of the occurrence of the
geomagnetic storm (Fiori et al., 2014; Zhang et al., 2015). In their study, any change
in dB/dt larger than 1.67 nT/s induced GIC currents, however, variations above 3.33
nT/s resulted in strong GIC events, especially at high latitudes. This was attributed to
the effects of the ionospheric plasma convection superimposed on the sudden
commencement effects at the high latitudes (Fiori et al, 2014). As a continuation of
their work, Viljanen et al. (2006) studied GICs larger than 1 nT/s for isolated
(according to their terminology) substorms, namely Dst > -40 nT, and storm-time, Dst
< -40 nT, substorm events using the time derivative of the horizontal magnetic field.
They examined GIC occurrences in association with the ionospheric equivalent current
systems and as a function of substorm phase. Their study showed that the maximum
variation of time derivative of the horizontal magnetic field decreased with decreasing
latitudes toward south in the north. Also in their study, the time of the maximum in the
time derivative of the horizontal magnetic field peaked at lower latitudes for isolated
events and occurred 5 min after the onset. The latitudinal distribution of the time
derivative of the horizontal magnetic field was found to be scattered for storm-time
substorms. The authors showed that the time derivative of the horizontal magnetic field
displayed large east-west component (By) compared to north-south (Bx) component.
They interpreted this as an indication of the smaller scale structures in the ionospheric
current systems in addition to the rapid changes in the main electrojet. These affected

the magnitude of the variations which were found to be larger for the storm-time
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substorms than for isolated substorms. Furthermore, in their study using a large data
base from 1983 to 2010, Viljanen and Tanskanen (2011) showed that the nighttime
GICs inferred from the variations in the time derivative of the horizontal magnetic
field were larger than those occurring during daytime. Their key finding was the
presence of two maxima in the GIC occurrences in the auroral region; i.e. one around
midnight and the other is around morning. They indicated that while the nighttime
maximum in GIC occurrences was associated with the westward currents in the auroral
electrojet, morning maximum was due to the east-west flowing currents in the
ionosphere. The authors suggested a different cause for the GICs occurring in the
morning, i.e. mechanisms other than or in addition to the ionospheric currents such as
ULF waves. Similarly, Watari et al. (2009) reported GICs associated with ULF waves
and Pc3 and Pc5 pulsations in midlatitudes in their study carried out in Japan (35.4°
N).

Several methods were proposed for determining the GIC variations on the ground
(Langlois et al. 1996; Boteler 1990). The most straightforward computation of GICs
at a point on the ground requires knowledge of ground conductivity (Viljanen et al.
2004) and the geoelectric field through Ohm’s law. Therefore, both the conductivity
of the region and the measurements of geoelectric field are needed. However,
determining the ground conductivity in different parts of the world is complicated as
it depends on factors that are not easy to obtain using observations (Poll et al. 1989).
Additionally, geoelectric field on the ground is also seldom directly measured quantity.
In calculations of GIC studies, different approaches were used for geoelectric fields.
In most of the GIC studies, the geoelectric fields on the ground were obtained from
the electrical power grids. However, the grid parameters in many parts of the world
are not easily known. The geomagnetic variations detected on the ground are also
associated with variations in the electric field. Therefore, an alternative approach for
assessing GICs at a point is to use the Faraday’s induction law. Faraday’s Law states
that temporal variations in geomagnetic field produce variations in the geoelectric
field. Therefore, GICs can be calculated by measuring the variations in these two
parameters on the ground, namely the time rate of change of magnetic field and/or
electric field directly. Many of the GIC studies were built on the geomagnetic field
measurements rather than geoelectric fields because, compared to the electric field
measurements, they are continuous, spatially cover wide ranges and long term, thus

give a good opportunity to study GICs both temporally and spatially in a larger area.
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Therefore, time derivatives of magnetic field were used in many studies to infer to the
GIC variations in the absence of electric fields (Viljanen et al. 2001; 2006; Viljanen
and Tanskanen 2011; Fiori et al. 2014; Zhang et al. 2015).
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3. DATA

In this study, to depict the state of the ionosphere and thermosphere and to compare
and validate the model estimations we utilized observational data from radars and LEO
satellites. For the ionospheric electrodynamics part and the Joule heating study, we
used the Super Dual Aural Radar Network data to obtain the electric fields. To
determine the thermospheric neutral density variations during geomagnetic storms,
Challenging Micro Satellite Payload (CHAMP) measurements were employed. The
subsections 3.1 and 3.2 of this chapter present the properties of these data sets.

3.1 Super Dual Auroral Radar Network (SuperDARN)

SuperDARN is a result of an international collaboration between United States,
France, United Kingdom, Canada, Japan, South Africa, Australia, China, Italy and
Norway. It comprises of 11 radars in the norhtern hemisphere and 7 radars in the
southern hemisphere (Chisham et al., 2007). Figure 3.5 shows the fields of view of

SuperDARN radars in the northern and southern hemispheres.

Northern Hemisphere Southern Hemisphere

—135° -150° -165% 180° 165° 150° 135°

I High-latitude I Mid-latitude [ Polar cap

Figure 3.1 : The SuperDARN radar locations in a) Northern b) Southern
hemispheres (Url-2).
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lonospheric irregularities in the E and F regions in the high-latitude region are
monitored by use of high frequency (HF) and very high frequency (VHF) coherent-
backscatter radars (Chisham et al., 2007; Greenwald et al., 1995). The primary
research interests for the SuperDARN radars are:
1. To explore the structure and dynamics of the ionospheric convection
2. To measure the incoming energy from the MHD waves
3. To investigate the variations in the polar cap in response to the variable IMF
conditions
4. To observe the plasma structures at high-latitudes, ionospheric irregularities
and the gravity waves (Greenwald et al., 1995).
Using SuperDARN observations, the estimates of ionospheric electric fields can be
obtained. To obtain the high-latitude potential pattern and the electric fields, velocity
measurements from the radars are fitted to the the convection pattern and the lacking
points are filled with a weakly-sampled set of statistical velocity data that is keyed to
the IMF (Ruohoniemi and Baker, 1998; Shepherd and Ruohoniemi, 2000).

3.2 Challenging Mini Satellite Payload (CHAMP)

CHAMP is a German satellite mission designed primarily to measure the Earth’s
gravity and magnetic field. Its secondary purposes include observing the atmosphere
and ionosphere for weather prediction and space weather monitoring. CHAMP was
managed by the Helmholtz-Zentrum Potsdam GFZ German Research Center for
Geosciences, with its old name, GeoForschungsZentrum (GFZ). It was launched in
2000. The mission ended in September, 2010 with CHAMP’s burning down during its
entry to lower atmosphere. The orbital altitude started with 460 km and lowered to 300
km close to the end of the mission. It had an orbital period of 93.5 minutes and a near-
circular orbit with a 83.7 inclination (Lu et al. 2017). In our work, we get use of the
neutral density data derived from the accelerometer on CHAMP (Mehta et al., 2017;
Sutton et al., 2007). The difference between the two data sets is the drag coefficients
they use dependent on the geometry of the satellite. Mehta et al., 2017 provides the
most recent calculations of thermospheric neutral density. Consequently its usage is

more strongly supported.
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4. MODELS

In our study, we utilize the state-of-the-art ionosphere-thermosphere models and
coupled magnetohydrodynamic (MHD) models to study the variations of the
parameters in the ionosphere and thermosphere. Coupled space weather and
ionosphere-thermosphere models provide extensive opportunities to study the space
weather chain and the extent and limits of the space weather effects in different
domains. These models act as numerical laboratories. They fill the gap when there are
not enough observations to study the global dynamics. In addition, they offer a
framework to understand the system which ideas can be tested (Crowley, 2015; Ridley,
2003). However,the models still lack a perfect representation of the space environment
and they need to be validated and calibrated according to the observations. The models

that were used in this study are described in the following subsections.

4.1 Magnetohydrodynamic (MHD) Models: SWMF/BATSRUS

MHD approximation provides the macroscopic perspective for the dynamics of plasma
environments. In MHD approach, the bulk motion of the plasma is studied. The plasma
is considered as a fluid which is governed by the electromagnetic, pressure, viscosity,
and gravity forces. Maxwell’s equations are incorporated to the hydrodynamics
approach to obtain the MHD equations. The ideal MHD does not contain the
resistivity, viscosity, gravity, Coriolis (rotation), ionisation, radiation transport and
thermal conduction terms. Plasma is solely driven by the magnetic pressure and
tension. Thus, ideal MHD is only valid for the low frequency, large scale motions in
which the scales are larger and slower than the scales that of the gyromotion of the
particles.

In MHD models, ionosphere coupling is done by considering the ionosphere is a thin
spherical shell. Furthermore, ionosphere completes the current closure within the
magnetosphere via the field-aligned currents in between the magnetosphere and
ionosphere domains. In most MHD models, the coupling is handled by use of a

Poission equation solution to the current continuity equation (Merkin and Lyon, 2010).
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We used the Space Weather Modeling Framework / Block-Adaptive-Tree-Solarwind-
Roe-Upwind-Scheme (SWMF-BATSRUS) model throughout this study. BATSRUS
uses appropriately lagged ACE solar wind plasma and IMF as inputs for an ideal MHD
environment. Roe’s approximate Riemann solver (Roe, 1981) is utilized for the
calculations. The ionosphere is coupled with the inner magnetosphere through the
field-aligned currents. lonospheric potentials are then solved from the FACs using the
current continuity equation (De Zeeuw et al., 2004; Honkonen et al., 2013). The
lonospheric Electrodynamics (IE) module utilizes a statistical auroral conductivity
model and returns the ionospheric parameters such as electrical potentials, electric
fields, and conductances (Ridley et al, 2004; Toth et al., 2005).

4.2 Physics-based Models of the lonosphere-Thermosphere

Physics based models of the ionosphere-thermosphere aim to provide the temporal
evolution of the parameters in the ionosphere-thermosphere system. Within the
physics-based models, the components self-consistently operate and communicate
with each other to provide the state of the system. Self-consistency, here, means the
the solutions satisfy all the equations in the system and momentum, energy and
continuity equations are treated instantaneously (Fuller-Rowell and Rees, 1980).
Models of the IT system employ the momentum, energy and continuity equations for
each species separately. Below, we briefly describe the most used state-of-the-art 1T

models used in our study.

4.2.1 Thermosphere lonosphere Electrodynamics General Circulation Model
(TIEGCM)

The TIEGCM is developed at the National Center for Atmospheric Research High-
Altitude Observatory (NCAR-HAQ). For the neutrals, it solves the nonlinear,
hydrodynamic, thermodynamic, momentum, energy and continuity equations and for
ions, the ion continuity equation, as well as the ion and electron energy equations and
the neutral wind dynamo (Qian et al., 2014). It has a long development history. The
model started as a thermosphere general circulation model (Dickinson et al., 1981,
Roble et al., 1982). The ionosphere was subsequently added by (Richmond et al., 1992)
and self-consistency was achieved via the addition of electrodynamics effects. The

TIEGCM can work with either of the Assimilative Mapping of lonospheric
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Electrodynamics (AMIE), Heelis et al. (1982) or Weimer (2005) ionospheric
potentials. The model resolution is 5°x5° (latitudexlongitude) and the default time step
is 2 minutes. For a detailed review and more information the reader is referred to (Qian
et al., 2014).

4.2.2 Coupled Thermosphere lonosphere Plasmasphere Electrodynamics
(CTIPe)

To calculate the neutral winds, the neutral, ion and electron temperatures, mass mixing
ratios, ion and electron densities and the electric potential in ionosphere-thermosphere,
CTIPe model comprises of four main components, namely, the global thermosphere
(Fuller-Rowell and Rees, 1980), the high-Ilatitude ionosphere (Quegan, 1982; Quegan
et al., 1982), the mid-low latitude ionosphere-plasmasphere (Bailey and J., 1983) and
the global dynamo electric field (Millward et al., 2001; Richmond et al., 1992).
Hemispheric power (itself or hemispheric power index), a model for high latitude
potential pattern, F10.7, solar wind data and Earth’s dipole tilt are required for the
simulation to run (Codrescu et al., 2008). The output resolution is in 2°x18°x15
(latitudexlongitudexpressure levels). It solves the non-linear, first-principles equations
of momentum, energy and continuity (Fuller-Rowell and Rees, 1980). NOAA-SWPC
and CCMC/iSWA interface runs CTIPe for real-time total electron content estimations
(Codrescu et al., 2012).

4.2.3 Global-lonosphere-Thermosphere Model (GITM)

GITM is a coupled ionosphere-thermosphere model, which is developed by Ridley et
al. (2006) from the University of Michigan. It differs from the other ionosphere-
thermosphere models with its non-hydrostatic approximation. GITM solves the full
momentum equation, so that non-hydrostatic effects are demonstrated and works in
altitude rather than a pressure level based coordinate system (Deng et al., 2008). The
GITM can be run with a temporal resolution as short as 2 seconds. The horizontal
resolution is 2.5°x5° (latitudexlongitude) and the model extends from 90 km to 600

km.
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4.3 Empirical Models of the lonosphere and Thermosphere

Empirical models of the ionosphere and thermosphere provide the average state of the
parameters in interest based on historical data. The empirical models were built to
obtain a climatological view of the ionosphere/thermosphere. They are generally
employed to validate the physics-based models when there is lack of data. In this work,
we use the empirical models for model-model and model-data comparisons. The
following subsections briefly describe the models used in this study.

4.3.1 Weimer model: Weimer05

Weimer-2005 (WO05) model is an empirical model which uses the Dynamics Explorer-
2 (DE-2) spacecraft data to calculate the Poynting flux from the field-aligned currents
and electric potentials without the use of conductivities (Weimer, 2005). Under the
quasi-static approximation, Poynting flux is assumed equivalent to the global Joule
heating rate (Vanhamaki et al., 2012). It includes both the mechanical energy
consumed by the neutral wind and the electromagnetic energy dissipated by the Joule
heat (Palmroth et al., 2005). The model inputs are the solar wind parameters and dipole
tilt angle of the simulated event. AL index is also an optional input to the model. We

run the Weimer model from the CCMC interface with the AL option on.

4.3.2 International Reference lonosphere-2012: IR12012

International Reference lonosphere (IR1) model is a product of the Committee on
Space Research (COSPAR) and International Union of Radio Science (URSI). IRl was
initiated as a result of the needs of the satellite operators and experiments in space as
well as the studies of and applications on the radiowave propagation (Bilitza et al.,
2014). The IRI is built on data from worldwide ionosondes, incoherent scatter radars
(Jicamarca, Arecibo, Millstone Hill, Malvern, St. Santin), the ISIS and Alouette
topside sounders and in- situ instruments on satellites and rockets. IRI is updated
yearly. The latest version of the IRI is the IRI-2016 (Bilitza et al., 2017). The latest
version provides the monthly mean of the ionospheric parameters: electron density,
electron temperature, ion temperature, ion composition (O+, H+, He*, N+, NO*, O,
Cluster ions), equatorial vertical ion drift, vertical ionospheric electron, F1 probability,

spread-F probability, auroral boundaries, effects of ionospheric storms on F and E peak
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densities. For detailed information the reader is referred to (irimodel.org; Bilitza et al.,
2014, Bilitza et al., 2017).

4.3.3 Mass Spectrometer and Incoherent Scatter Radar Exosphere
(NRLMSISE-00)

The NRLMSISE-00 is the updated version of the MSIS model (Hedin, 1991). Its data
comprises of satellite, rocket and incoherent scatter radar measurements. The model
provides altitude profiles of temperature, number densities of species (He,O,N2,02,Ar,
H, and N), total mass density, and the number density of a high-altitude anomalous
oxygen component of total mass density (Picone et al., 2002).

4.3.4 Jacchia-Bowman 2008: JB2008

Jacchia-Bowman 2008 model is the updated version of the Jacchia-Bowman 2006
(Jacchia and Bowman, 2006) and Jacchia model (Jacchia, 1970). The model uses data
from Air Force from 1997-2007, HASUPERDARNM (High Accuracy Satellite Drag
Model) densities from 2001 to 2005, CHAMP density values from 2001 to 2005 and
GRACE accelerometer measurements from 2001 to 2005 (Bowman et al., 2008). The
Air Force density values are derived from the drag analysis of satellites with perigee
altitudes of 175 km to 1000 km. JB2008 provides the exospheric temperatures and

thermospheric neutral density.

4.3.5 OVATION Prime

OVATION Prime (OP) is an empirical auroral precipitation model. The model
specifies aurora in four types: monoenergetic and broadband aurora and electron and
ion diffuse aurora (Newell et al., 2009; 2010). It can be run for historical times as well
as for forecast purposes. The OVATION Prime model has the advantage of covering
an entire solar cycle between January 1, 1988 to December 31, 1998 (Newell et al.,
2009). The data for the post-noon and post-midnight sectors cover the years from 1992
to 1998 from the declining of the solar cycle 22 and the beginning of the solar cycle

23. Thus, seasonal variations are included reasonably well within the model.
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4.4 Inputs to Models

In the previous subsections, the empirical and physics-based models of the ionosphere-

thermosphere were described basically. In order to run the models, a user first needs

to specify the initial state of the thermosphere and the ionosphere by inputting several

parameters to the models. Table 4.1 presents the inputs to the empirical and physics-

based models.

Table 4.1 : Inputs to the ionosphere-thermosphere models.

Model Inputs

Model Name Model Type
NRLMSIS Empirical
JB2008 Empirical
TIEGCM Physics-based
CTIPe Physics-based
GITM Physics-based

F10.7, daily Ap, 3 hourly ap

Dst, ap, F10.7, S10.7, M10.7, Y10.7

F10.7, 81-day center averaged F10.7 (F107A),
Hemispheric Power for usage with Weimer: IMF
Bx, By, B, solar wind speed, for tides: GSWM
F10.7, ACE Level 2 solar wind data, Earth's
dipole tilt angle, NOAA/POES hemispheric
power data
F10.7, Solar irradiance, Hemispheric Power
index, Weimer electric field, Fuller Rowell and
Evans (1987) for auroral precipitation pattern,
MSIS and IRI for the initial state of the
thermosphere. For usage with Weimer: IMF By,
By, B, solar wind speed, for tides: GSWM

Precise determination of the inputs to the models are important as the output of the

models are strictly bound to the initial conditions of the ionosphere and thermosphere.
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5. UPPER ATMOSPHERIC JOULE HEATING

As thoroughly explained in the literature survey in Chapter 2.1, upper atmospheric
Joule heating can be calculated using various methods by either ommitting or including
the neutral wind effect. In this chapter, we present the methods, which were utilized to
calculate the Joule heating in this study, in addition to their results for the selected

cases.

Overall, we calculate the global JH using four methods: (1) empirical-statistical
relations based on indices, (2) combinative methods without the neutral wind effect,
(3) MHD and I-T model outputs by taking the neutral wind into account and (4) from

empirical models.

Since several model outputs and, when available, observations were brought together
to calculate the JH rate in some of the methods, their success depends strongly on the

accuracy of the model assumptions and the measurements.

We describe the methods and introduce the selected events in the following

subsections.

5.1 Selected Substorm Cases

On March 8, 2008, two successive substorms occurred from 11:00 UT to 21:00 UT in
response to a Coronal Mass Ejection (CME) observed at 07:00 UT by Advanced
Composition Explorer (ACE) with a speed of 400 km/s and density of 25 #/cm3 on the
average. During the event interval, Interplanetary Magnetic Field (IMF) Bz turned
southward twice and gave rise to a substorm. Both substorms were identified as
isolated substorms according to the criteria defined by Kallio et al. (2000) and
Tanskanen et al. (2002b) since Dst did not reach values lower than -40 nT and there
were more than 3 hours between the expansion onsets (Liou et al., 2013). We note that
the same events were studied by Wang et al. (2011) in the context of equivalent

ionospheric currents.
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Figure 5.1 presents the IMF and solar wind upstream data from ACE corresponding to
the event interval. The first five panels are solar wind speed, density, IMF Bx, By, and
B; given in GSM coordinates. These data were propagated to the Earth’s
magnetopause based on the instantaneous solar wind speed and were obtained from
the National Space Science Data Center (NSSDC) OMNIWeb (http://nssdc.gsfc.

nasa.gov/omniweb).
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Figure 5.1 : Top five panels: IMF and solar wind upstream data in GSM coordinates
from ACE spacecraft. Bottom two panels: Epsilon parameter and geomagnetic
indices (AU/AL, AE, KP, Dst).

The last two panels in Figure 5.1, respectively, are, the solar wind power at the subsolar
point of the magnetopause measured by Akasofu’s Epsilon parameter (Epsilon in

short) and geomagnetic indices AE/AU/AL, KP, and Dst. Epsilon is calculated using
Equation (5.1) below, which was constructed by Perrault and Akasofu (1978)
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& = 4m/u, vB2L*sin*(0/2). (5.1)

In this equation, L (~7 Re) is the scale parameter, v is the solar wind speed, B is the
IMF magnitude and 0 is the clock angle given as tan(f) = B,,/B,.

We identified the boundaries of the substorm phases by examining the variations in
the AL index. The start of an individual substorm is identified as the time when the
variations in the AL index are greater than the mean of the variations prior to this time
(the quiet time mean of AL). Following the methodology of Tanskanen (2009), the
time of the expansion onset is marked as the time when at least a 100 nT decrease in
AL is observed and the rate of decrease is greater than 80 nT in 15 min. We mark it as
the start of the recovery phase when the AL index starts to return to the quiet time
values. The end of the substorm is identified as the time when the AL reaches to its
background levels. Based on this classification of the substorm phases, the dashed
vertical lines from left to right as seen in Figure 1 identify the start of the Growth phase
(SG, blue), the Expansion Onset (EO, red), the start of the Recovery phase (SR, green)
and end of the substorm (ESS, black) respectively for both substorms. This

representation is implemented in all figures throughout this thesis.

Accordingly, the first substorm starts at 11:37 ending at 15:40 UT lasting ~4 hours
while the second substorm starts at 16:50 UT and ends at 20:40 UT lasting 3:50 hours.
All data presented in Figure 1 are in 1-min resolution. Two moderate substorms
correspond to the southward turnings of IMF B; and cease when IMF Bz turns
northward. When compared to the second substorm, IMF B, fluctuations are seen to
be slightly more during the first substorm. Since Epsilon follows the variations in the
direction of IMF B, it shows faster variations during the first substorm and smoother,
slower variations during the second substorm. Several intensifications in the AE index

are seen in response to the variations in the IMF direction.

5.2 Indice-based Methods

In this study, we use the AE, KP and IL indices to calculate JH from geomagnetic
indices. Each indice has different sets of coefficients, even though, all relations are in
the form of linear equations.

For the AE index-based methods, we use two different sets of coefficients in equation
(2.3). The first set of coefficients follows the work of Ahn et al. (1983). Since our two
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substorm events occurred in March and the number of stations is appropriate for our
study, we used a;=0.23 and b:=0.0. The second set of coefficients were given by
(Olsson et al., 2004), which is independent of the season. In their work, a,=0.36 and
bh,=-2.36. This method is called as the Olsson method, hereafter. To display the lowest
and highest JH estimates from statistical methods, IL and KP indices are also employed
to calculate JH. The global Joule heating found by using IL index is called IL index
method, or shortly IL and has a linear relationship similar to Equation (2.3). AE and
IL methods represent the global Joule Heating over an area poleward of ~60°
geomagnetic latitude. While AE stations are distributed among most of the MLT
sectors but limited latitudinally, IL uses the IMAGE magnetometer stations, which are
longitudinally restricted providing the best estimates between 16 UT-02 UT
(Tanskanen et al., 2002) and latitudinally distributed from ~56° to ~76°N (Kauristie et
al, 1997). In addition to the methods based on AE and IL, to give an overall picture,
Foster et al. (1983) relation based on KP, which has 3 hours cadence is utilized and is
named as the KP method. Similar to the AE and IL, the KP method assumes/displays

a linear relationship between the KP and JH.

Table 5.1 : Summary of the methods for JH based on geomagnetic indices.

Res
Method Electric Field Conductance Joule Heating
(min)
a,AE + by;
AE None None 2
(a1=0.23 GWI/nT, b1=0)
a,AE + b,;
Olsson None None 2
(a2=0.36 GWI/nT, b2=2.76)
cIL[nT] + d;
IL None None 2
(c=0.3 GWInT, d=0)
KP None None 4 + 20 KP 180
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5.3 New Combinative Methods

Six different combinations can be obtained for combinative methods depending on the
source of the electric field and conductance data, which are needed to calculate JH rate
as given in Equation (2.2) and Table 5.2. The name of the method is constituted by
two uppercase characters: the first indicates the source of conductance, and the second
represents the source of electric fields. Table 5.2 presents the methods and the data

sources, which were utilized in JH calculations for the combinative methods.

Table 5.2 : Summary of the methods for JH without the neutral wind.

Method Electric Field Conductance Joule Heating e

(min)
1B BCRCM IRI I,E2 2
IS SuperDARN IRI I,E? 2
OB BCRCM OP+IRI I,E2 2
OIS  SuperDARN OP+IRI B 2
BS SuperDARN BCRCM I,E? 2
BBwen  BCRCM BCRCM 5,E? 2
BBrcm BRCM BRCM I,E? 10

Since global, continuous and real-time observations of ionospheric conductances are
not available, we used dayside conductances derived from International Reference
lonosphere Model (IR12012), nightside conductances derived from OVATION Prime,
and conductances from lonospheric Electrodynamics (IE) module of the BATSRUS.
Electric fields in Equation (2.2) were obtained using the SuperDARN radar chain and
BATSRUS IE.

The estimates of ionospheric electric fields from SuperDARN are obtained by fitting
velocity measurements from the radars with a sparsely-sampled set of statistical
velocity data that is keyed to the IMF (Ruohoniemi and Baker, 1998; Shepherd and
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Ruohoniemi, 2000). For March 8, 2008 events, the observations are mostly
concentrated on the dayside spanning dawn, noon and dusk sectors. However, there is
also some coverage in the nightside sector between 14:08 to 14:42 UT and 18:04 to
18:44 UT. Shaded areas in plots that depend on SuperDARN data indicate the time
intervals when there is data in the nightside sector from SuperDARN. We use these
time intervals to inspect the effect of data coverage on the JH calculated using the
electric field obtained from SuperDARN.

BATSRUS uses appropriately lagged ACE solar wind plasma and IMF as inputs and
couples the ionosphere with the magnetosphere through field-aligned currents (FACs).
lonospheric potentials are then solved from the FACs using the current continuity
equation (De Zeeuw et al., 2004; Honkonen et al., 2013). The lonospheric
Electrodynamics (IE) module utilizes a statistical auroral conductivity model and
returns the ionospheric parameters such as electrical potentials, electric fields, and
conductances (Ridley et al, 2004; Toth et al., 2005). We run the BATSRUS model
remotely on Community Coordinated Modelling Center (CCMC) computers
(http://ccmc.gsfc.nasa.gov) with all its modules and updated dipole tilt. Two versions
of the model were employed in our study: the first simulation results belong to a run
with 10 min. resolution (Emine_Kalafatoglu_ 072709 1), which couples the
BATSRUS and the Rice Convection Model (RCM). The second version is BATSRUS
coupled with Comprehensive Ring Current Model (CRCM), which has 2 min.
resolution (Emine_Kalafatoglu 022018 1). The RCM and CRCM are both ring
current models that modify the plasma pressure distribution in the inner
magnetosphere. Both models use the Kinetic approach to model the ring current.
However, the CRCM provides information on both the energy and pitch angle,
enabling the investigation of the processes that lead to the scattering into the loss cone
(Glocer et al., 2013). The two runs were used to bring out the differences between
BATSRUS/RCM (BRCM) and BATSRUS/CRCM (BCRCM) in determination of JH
rates. However, combinative methods were constructed using the CRCM outputs for
the electric field and conductances. In Figure 5.1, the top five panels show the input to
the models for the periods of our substorm events.

Conductances were obtained by combining two empirical models: International
Reference lonosphere-2012 (IR12012) for the sunlit hemisphere and OVATION Prime
derived conductances for the nightside auroral oval. However, the OP has a salt-and-

pepper noise problem due to the heavy number of regression fits in the model as
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indicated in (Newell et al., 2014). In our work, the overlapping of the salt-and-pepper
noise in conductances and strong ionospheric electric fields may lead to unreliable,
extreme JH values at the regions, which contain noise. Hence, the salt-and-pepper
noise in the OP precipitation patterns were removed using MATLAB two-dimensional
median filtering function (medfilt2) before the calculation of the conductances.
Empirical relationships developed by Robinson et al. (1987) were employed to obtain
the nightside conductances from the electron precipitation given by the OVATION
Prime (OP) model. Proton precipitation and its effect on conductances were specified
using the Galand & Richmond (2001) formulation. All calculations, except the index-
based methods, were performed on a (1°x2°) (latitudexlongitude) spatial resolution.
On the other hand, the conductances from IR12012 (Bilitza et al., 2014) were first
obtained in 10°x15° (latxlong) resolution using the ionospheric conductivity model on
WDC (Kyoto’s web page: http://wdc.kugi.kyoto-u.ac.jp/ionocond/sigcal/). Following
this, they were interpolated to the SuperDARN and BATSRUS electric field grid
points. Global representation of the conductance pattern was obtained by adding the
IRI conductances to the OP derived nightside conductances, spatially.

After preparing all quantities in the same resolution and at the same grid points, the
local height-integrated JH rates were calculated by multiplying the conductances with
the corresponding electric fields at the same grid locations. The local height-integrated
JH rate at each latitude, longitude grid point was scaled by multiplying the resulting
JH with the associated area of the grid spacing. Then, the summation of the scaled JH
rates above 60° magnetic latitude was divided by the total area of the polar region

(>60° latitudes) to obtain the globally averaged JH rates.

5.4 Methods with the Neutral Wind

The procedure for the calculation of JH with the neutral wind is similar for BBnw crem
and BBnw_rcm, Which use BATSRUS output of the Cowling conductance (determined
from Pedersen and Hall conductances) and the ionospheric horizontal currents to

calculate JH as described in Equation (2.4).

Weimer-2005 (WO05) model is an empirical model which uses the Dynamics Explorer-
2 (DE-2) spacecraft data to calculate the Poynting flux from the field-aligned currents
and electric potentials without the use of conductivities (Weimer, 2005). Under the

quasi-static approximation, Poynting flux is assumed equivalent to the global Joule
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heating rate (Vanhamaki et al., 2012). It includes both the mechanical energy
consumed by the neutral wind and the electromagnetic energy dissipated by the Joule
heat (Palmroth et al., 2005). The model inputs are the solar wind parameters and dipole
tilt angle of the simulated event. AL index is also an optional input to the model. We
run the Weimer model from the CCMC interface with the AL option on. The

simulation results can be reached from (Emine_Kalafatoglu_021218 IT_2).
Table 5.3 displays the methods to find the JH with the neutral wind from the W05 and
BATSRUS.

Table 5.3 : Methods to determine the neutral wind contribution and the resultant
Joule heating.

Joule Heating with neutral ~ Res
Method Electric Field Conductance

wind (min)
O0.:0p,0y
Zupper ( )2 9
BBnw_crem J from BCRCM from J(z 1L “P(2) ZdZ 2
90 km (0p(2) + 04(2))
BCRCM
O.: 0p, Oy Zupper

2
fromBRCM g%, (07(2) + 04(2))

Ban_rcm J from BRCM

Electric and
magnetic . ~
W05 - E X AB/u, 2
potentials from

DE-2

5.5 Detailed Analysis on March 8, 2008 Substorm Cases

In this section, we present our results in the following order: temporal variations
(Section 5.5.1) and substorm phase dependence (Section 5.5.2), spatial variations
(Section 5.5.3), magnetic local time and magnetic latitude dependences (Section 5.5.4)

and the role of conductivity and electric fields (Section 5.5.5).
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5.5.1 Temporal variations

Figure 5.2 presents Epsilon at the top, followed by JH rates estimated by different
methods in GW. The plots in the panels are given in 2 min resolution in accordance
with the resolution of the BCRCM output. However, KP method has a cadence of 3
hours because of the resolution of KP and BBcm and BBnw_rcm are in 10 min resolution
due to the resolution of the RCM run. In general, all methods except the index-based
methods, display similar features and qualitative variations. Qualitative agreements
demonstrate the effectiveness of the presented approach irrespective of the weaknesses
in each parameter, which are transferred inherently from the sources used in the
calculation of JH. At the same time, the figure provides a first-order quantification on
the disagreements. Despite overall qualitative agreement, differences are noticeable in
the timing of the JH peaks and the estimated magnitudes of JH. We note that the
vertical scale in Figure 5.2 is different on the panel for IRI-based methods (panel 3) as
the magnitudes of the estimated JH rates are much lower than those of the other

methods.

Epsilon parameter in the first panel of Figure 5.2 is given to provide a reference for
comparing the timing and general features of the JH variations. The timing of the
activity onset and the time required to reach the maximum magnitude in JH are
investigated in detail. The magnetosphere-ionosphere system is assumed to be directly
driven by the variations in IMF. This is considered as a valid assumption as
ionospheric convection is thought to respond within 10-15 minutes to the solar wind
conditions (Cai et al., 2014). The panels from 2 to 4 in Figure 5.2 present the global
JH rates obtained from the methods, which do not take the neutral wind into account,
namely, the index-based methods (AE, Olsson, IL and KP), the IRI-conductance based
methods (IB and 1S), the OPI conductance based methods (OIB and OIS) and the
BATSRUS conductance based methods (BBrem, BBaem and BS). The last panel
presents the methods that include the neutral wind effect: the BBnw rem, BBnw crem and
WO05. The black solid lines represent JH power calculated based on IL, IB, Ol, BBrcm
and BBcrem, While the red solid lines represent power calculated from IS, OIS, BS and
WO05. The results that have lower resolution are plotted in grey: KP, BBim and
BBnw rem. Grey shaded areas indicate the times when SuperDARN has data in the

nightside sector.
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Figure 5.2 : Epsilon and Joule heating from the methods.

During both substorms, the variations in the AE-dependent methods (AE and Olsson)

are smoother when compared with the variations in Epsilon and the other methods.

The response of the AE-dependent methods to the first increase in Epsilon is found to

be slower than the other methods around 40 to 50 min for the first and second substorm,

respectively. The IL is seen to be even more delayed than the AE-dependent methods
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during both substorms. This suggests that the overall auroral electrojet activity could
not be captured very well by the local IL index during these substorm events. The KP
method does not give a distinctive onset as it is a 3-hour index. Consequently, the JH
variation from the KP method is independent of the substorm phases. On the other
hand, JH rates from the other methods start to elevate right after the first increase in
Epsilon. Except the index-based methods, all other methods seem to capture the
variations in Epsilon and their temporal variations are seen to be in better agreement
with Epsilon. The times of JH maxima estimated by the WO05 are very close to the
times of the Epsilon maxima for both substorms. However, during the recovery phase
of the second substorm, as also seen in the AE, Olsson and IL methods, the rate of JH
decrease in the WOS5 is slower than that of the combinative methods (BS, OIS, OIB,
IS, IB) and BATSRUS model-based methods (BBcrcm and BBrem). The W05 continues
to show high JH values when Epsilon has already decreased to pre-substorm levels. In
case of the AE-based methods, the maxima are seen to be delayed up to 1.5 hour with
respect to Epsilon. Time delays are also observed between the maxima of CRCM
(BBcrem) and RCM coupled BATSRUS (BByem).

In Figure 5.2, the W05 and the methods that depend on AE (AE and Olsson) show the
highest amount of JH. The IB, IS and index-based IL present the lowest estimates from
the methods and their maxima are smaller than ~45 GW. The KP method estimates lie
in between the AE and the IL methods with a maximum around 84 GW. The magnitude
of JH from the IB and IS are 36% to 40% of the OPI-based OIB and OIS methods,
respectively. The differences between the OIB and IB and the OIS and IS are only due
to the addition of the nightside conductances. Even though observed later than the
maxima in the KP, the OIS maxima during the second substorm (92 GW) is the closest
to the KP method. The BBcrem is always higher than the combinative methods OIS,
OIB, IS and IB except the OIB maxima during the first substorm’s recovery phase at
14:08 UT reaching up to ~220 GW. Although, the BB«cm and BS differ towards the
end of the expansion phase of the first substorm, they are basically the same during
the second substorm. In general, the OIB and BS give higher JH than the OIS. The
differences between the OIS and OIB and the BB¢rcm and BS are found to be smaller
when there is data in the nightside sector from SuperDARN. The BBm predicts
roughly the half of the JH that the BBem produces throughout the substorm duration.

The BBnw_crem @and BBnw_rem, Which include the neutral wind effects, are always larger
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than the BBcrcm and BBrem, Which do not take the neutral wind into account. The AE-
dependent methods (AE and Olsson) and the BBnw crem are the closest methods to the
WO05 during both substorms.

The qualitative and quantitative comparisons of Figure 5.2 indicate that the IL, the KP,
and the IRI based methods show large differences from the other methods in the
estimation of JH rates because the IL does not capture the global variations, the KP
gives only an average estimate of JH because of its low resolution, and the IRI-based
methods do not include a global representation of the conductivities. Therefore,
hereafter, the analysis on the KP, IL and the IRI-based methods will not be further
detailed.

5.5.2 Substorm phase dependence

In Figure 5.3, the dependence of JH rates on the substorm phases is investigated.
Averaged (Figure 5.3a) and integrated (Figure 5.3b) JH rates for growth, expansion
and recovery phases are shown for each method, except the KP, IL and IRI-based
methods. The top and bottom panels are for the first and second substorm, respectively.
First row illustrates the results for the first substorm and the second row gives the
results for the second substorm. In Column (a), different colors indicate the results
from the different methods used in this study: red, orange, yellow, light green, green,
pink, lilac, grey, blue and cyan for BS, OIB, OIS, BBrcm, BBcrem, BBnw _rcm, BBnw_crem,
W05, AE and Olsson in the order seen in the figure. The letter G, E and R refer to the
substorm phases as Growth, Expansion and Recovery. In Column (b), different colors
indicate the different phases of the substorms; grey for growth, dark grey for
expansion, and light grey for recovery phase. In all panels, the values seen on the

column bars indicate JH rates, which are out of the scale given in the figure.

In Figure 5.3, column a, the W05 and AE-based methods (AE and Olsson) generally
estimate the highest average Joule heating rates, during the expansion and recovery
phases of the both substorms. The AE-based methods have the lowest JH rates during
the growth phase whereas the W05 give the highest JH rates. The W05 estimates are
~2.8 times that of the closest method (BBnw _crem) during the growth phase of the second
substorm as the W05 JH rates increased more rapidly and to higher levels than the
other methods. In the figure, the OIS generally gives lower JH than the OIB indicating
that the BCRCM electric fields are slightly higher than those provided by the
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SuperDARN. In addition, the BS estimates are always higher than the OIS implying
that the BCRCM conductances are constantly higher than the OPI conductances. It is
also noticeable that the BBnw_crem and BBnw _rem are larger than the BBcrem and BBrem at
all times. This is due to the neutral wind effect, which contributes positively during
these substorm cases.
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Figure 5.3 : JH from the Methods a) averaged over the substorm phases b) integrated
over the substorm phases.

The figure clearly shows that the neutral winds increase Joule heating rates, which
brings BBnw_crem predictions closer to those of the WO05. The average JH produced by
the BRCM (BBrcm and BBnw _rem) runs remain lower than BCRCM produced JH rates
(BBcrem and BBnw crem) throughout both substorms. There is not a pattern in the
ordering of the methods by magnitude during the growth or recovery phases. On the
other hand, during the expansion phase of both substorms, the JH from the methods
can be sorted from the highest to the lowest as, the highest W05 and Olsson, followed
by AE>BBnw crcm>BBerem>BS>0I1B>01S>BBnw cm>BBrcm. The AE-based methods
give higher JH averages during the recovery phases of both substorms as their recovery
are slower than the other methods. As a result, the differences between the AE-based
methods and the others maximize during the recovery phases of the substorms.
Similarly, WO5 keeps estimating higher JH rates during the recovery phase of the

second substorm. Phase-integrated JH rates in Figure 3, column b, show that all
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methods give the highest JH during the expansion phase, moderate JH during the
recovery, and the lowest JH during the growth phase. These figures indicate that there
is considerable amount of JH from the statistical-empirical methods during the
recovery phase, especially, in the case of the second substorm.

5.5.3 Spatial distribution

Figure 5.4 depicts a snapshot of the ionospheric potentials, spatial distribution of
Pedersen conductances, ionospheric electric fields and JH rates for each data source
and method above 60° magnetic latitude at 18:20 UT in geomagnetic coordinates. The
time was chosen such that it is during the expansion phase when the energy deposition
is high and there is data in the midnight sector from SuperDARN. Scales for
ionospheric potentials, electric field, conductance and JH are represented with color
bars below the figures. Maximum and minimum values and the location of the peak
value in terms of MLT and magnetic latitude are given on the top right corner of each
panel. Figure 5.4, the first row shows the ionospheric potentials generated by the
BRCM, BCRCM, SuperDARN and W05 at 18:20 UT. The ionospheric potential
pattern is equivalent to the high-latitude convection pattern. From the gradient of the
electric potential, the equipotential contours are ExB drift trajectories representing the
convection streamlines. The BCRCM, SuperDARN and W05 agree on the position of
the convection patterns (ionospheric potentials) with respect to the noon-midnight
meridian. However, BRCM does not show the same positioning; the convection cells
are aligned along the noon-midnight meridian. It is shown that the W05 model
produces stronger convection cells. Its CPCP (124 kV) is twice as large as the
BCRCM, which provides the lowest CPCP (61.2 kV) among the models at 18:20 UT.
Figure shows that at 18:20 UT, the SuperDARN, BRCM and BCRCM estimates are
very close to each other (~60 kV). Consequently, the second row, Ei from W05

displays the highest values. BCRCM and W05 show a similar cell throughout dusk
sector expanding like a tongue towards post-noon sector. Moreover, BCRCM shows a
weak cell in the post-midnight sector, which overlaps with the WO5 cell that covers
much of the post-midnight sector and expands towards the dawn till 09 MLT. In both
cases, the BCRCM cells are ~6° poleward of the W05. BRCM provides much weaker
electric field values, which are concentrated in the dusk and midnight sectors and does

not demonstrate any cells in the dawn sector.
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Figure 5.4 : Spatial distribution of JH and associated parameters at 18:20 UT.

Nevertheless, the strong electric field produced by BATSRUS in the midnight sector
expanding equatorward from the pole till the 66°N MLat does not exist in the
SuperDARN and WO05. The enhancements in the electric field patterns at the nightside
are found poleward of 72°N MLat in the SuperDARN and WO05. On the other hand,
SuperDARN electric field shows detailed structure in the dusk, noon and post-
midnight sectors and does not show much enhancement in the pre-morning sector (03-
06 MLT). Even though the WO5 provides less structure in all sectors, the locations of
the electric field structures provided by the SuperDARN mostly agree with the W05
except the pre-morning sector. However, the electric field pattern between 15 and 18
MLT in the SuperDARN is located poleward of the W05, between 66°N and 72°N
MLat. The structures in the SuperDARN are weaker and narrower than the WO05. The
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enhancements in the BRCM, BCRCM, SuperDARN and WO05 during the substorm

cycle are consistently found at the same locations for each of these.

Figure 5.4, first three columns on the third row (3a, 3b, 3c) present the Pedersen
conductances from BRCM, BCRCM and OPI. It is seen that the BCRCM generated
conductances are overall much higher than the BRCM generated conductances. The
conductances in the post-midnight sector in BCRCM are found slightly more
equatorward than the BRCM. Most of the regions with enhanced conductances are
similar in the OPI and BCRCM. However, the BCRCM shows higher conductances
than OPI in general, except the post-midnight sector where OPI provides higher values.
The post and pre-noon sector conductances displayed in the BCRCM are not that
strong in the OPI, either. There is a ~3 S difference in the noon sector between the OPI
and BCRCM provided conductances. Besides, the BCRCM shows much lower
conductances around 00 MLT where the OPI provides the highest conductances.

Figure 5.4, 4a (BBicm), 4b (BBcrem), 4¢ (OIS), 5b (BS) and 5¢ (OIB) present the JH
from the combinative methods and BATSRUS model. Figure 5.4.4a presents the
coverage and the number of observation points from the SuperDARN at 18:20 UT. As
seen from (5.4.4a), there is slight data in the pre-midnight and post-midnight sectors,
and well-defined dawn and dusk cells at 18:20 UT from SuperDARN. BBcrcm exhibits
larger values than the BBycm in all sectors. The maximum JH rates are observed in the
dusk sector between 14 MLT and 17.3 MLT in all methods, except the BBrm. The
BBcrem has a secondary maximum at the midnight sector whereas the methods that
depend on the OPI show their secondary maxima at the post-midnight. The methods,
which were constructed using the SuperDARN electric fields (BS and OIS) provide
JH within a narrower band, while the BB¢cm and OIB, which use the BATSRUS
electric field pattern present wider areas of increased JH in the dusk sector. The BS
values are larger than the OIS in all sectors except in the post-midnight sector. When
compared with the BBc¢rcm, for the OIB, the usage of the OPI conductances leads to a
wider and more equatorward JH pattern, which expands towards the pre-morning from
the midnight sector. The JH patterns closely follow the electric field patterns that are
used to calculate the Joule heating rates. The locations of JH rates in the OIS and BS
overlap with the locations of electric fields that are found in SuperDARN whereas the
locations of the JH rates in the OIB and BB.m agree with the locations of the strong
electric fields from the BCRCM.
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Figure 5.4, 3d (WO05), 4d (BBnw crem) and 5d (BBnw rcm) demonstrate the JH values
when the neutral wind effect is included. Weimer model gives the highest and widest
JH pattern among the three methods. BBnw rcm is smaller than the BBnw crem in all
sectors. The midnight enhancement is apparent in both BBnw cremand W05 in addition
to the dusk cell. Even though weaker, BBnw _crem indicates JH in the post-midnight/pre-
dawn sector similar to WO05. The midnight cell is slightly equatorward whereas the
dusk cell is poleward to some extent in BBnw_crem than the WO5. The fourth cell in the

inner part of dawn sector that is found in WO5 is not present in BBnw_crem.

The spatial distributions of the parameters at other times (movies in supporting

information: Movie S1 to Movie S12) also result in similar structures.

5.5.4 MLT and Magnetic latitude dependence

Figures 5.5a and 5.5b illustrate the dependence of the maximum JH rate on MLT (left)
and magnetic latitude (in the middle), respectively. Figure 5¢ gives the distribution of
maximum among the MLT and MLat. In the figure, top two panels are the JH rates
from the BB¢cm and BS and the bottom two panels are those from the OIS and OIB.
Panels in this figure display the MLT and magnetic latitude corresponding to the
maximum JH rate at each 2 min interval. Magnetic local time sectors are defined such
that 03-09 MLT is dawn, 09-15 MLT is noon, 15-21 MLT is dusk, and 21-03 MLT is
the midnight sector. Filled dots represent the maximum JH rates. Color bar on the right
indicates the magnitude of the JH rate. Dashed lines depict the substorm phases as in
Figures 5.1 and 5.2. Grey shaded areas indicate the times when SuperDARN had data

in the nightside sector.

Figure 5.5 shows that the JH maxima are distributed from 62°N to 89°N magnetic
latitudes (MLat) in the methods that use BATSRUS electric field (BBcrem-5.5.1a and
OIB-5.5.4a). However, the locations of the maxima from the methods that use
SuperDARN (BS-5.5.2a and OI1S-5.5.3a) are concentrated in a narrower band of
magnetic latitudes between 62°N and 81°N. The maxima in the BS and OIS do not
retreat as poleward as the OIB and BBccm during the recovery phases of the substorms.
The substorm-related equatorward progression of the JH is clearly visible in all plots
(5.5.1a, 5.5.2a, 5.5.34, 5.5.44).
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Figure 5.5 : Variation in maximum Joule heating with a) MLT, b) Magnetic Latitude
(MLat) and c) the distribution of JH maxima in MLT vs MLat.

JH maxima from all methods are found more equatorward with the expansion onset
and more poleward with the beginning of the recovery. The BS gives the most maxima
at ~9 MLT and at ~15 MLT (5.5.2c) whereas for the OIS (5.5.3c), most are found
~14.5 MLT. Additionally, the OIS and BS provide some maxima around the post-
midnight during the second substorm’s expansion phase (5.5.3b). The BBcrem (5.5.1C)
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and OIB (5.5.4c) give most maxima in midnight and noon sectors, but overall, maxima
are distributed across all MLTs. The BBcrem also shows maxima in the dusk sector

during the second substorm’s expansion phase (5.5.1b and 5.5.1c).

In Figure 5.6, we further examine the magnetic local time sector dependence of
methods and show the results. The Joule heating in the panels is the total within the
magnetic local time sectors. For Figure 5.6a, the green, red, blue and black lines
indicate the dawn, noon, dusk, and midnight sectors, respectively. For Figure 5.6b, the
red, green, black and blue lines correspond to OIB, OIS, BS and BBcrcm. Note that the
scales for OIB in Figure 5.6a and midnight sector in Figure 5.6b are different than the
other panels: 0-120 GW. The other panel scales are 0-50 GW. Grey shaded areas
indicate the times when SuperDARN had data in the nightside sector.

Each panel in Figure 5.6a compares the JH estimates from a particular method in
different magnetic local time sectors. It is seen that during the quiet interval preceding
the substorms, JH is larger in the noon sector for all methods. With the substorm onset,
JH from different methods starts to increase in all sectors. The increases are found
mainly in the midnight sector for the OIB; noon and dusk sectors for the OIS and BS
and midnight and dusk sectors for the BBccm. The OIS and BS also show
enhancements in the midnight and dawn sectors during the second substorm’s

expansion phase.

Each panel in Figure 5.6b compares each method against the others for a particular
magnetic local time sector indicated on the vertical axis. In this figure, the vertical axis
in each panel is the sectoral sum of the JH within the associated MLT sector estimated
by the methods shown in different colors. It is observed that all methods give the same
order of magnitude estimates for JH in each sector. The OIS method estimates are
generally the lowest in all sectors. On the other hand, the BBcrcm estimates are generally
the highest at the midnight sector, except the OIB peak at 14:08 UT. The BS and BBcrcm

exhibit the highest values at the dusk sector.
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Figure 5.6 : Magnetic sector dependence of JH. a) evaluation with respect to methods (OIB, OIS, BS, BBccm) b) evaluation with respect to the
magnetic local time sectors.
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5.5.5 Role of conductance and electric fields

Differences between the methods presented in the previous sections make it essential
to evaluate the electric fields and conductances from SuperDARN, BATSRUS and
OPI in order to comprehend the results on JH rates. In the top two panels of Figure
5.7, we compare the methods BBcrem, BS, OIB, OIS, OS and IS in order to understand
the effects of Pedersen conductances and electric field. In the figure, from top to
bottom: Left: contribution of IS and OS to the JH from OIS: %IS (red), %0S (blue)
and the OS/IS ratio (black). Ratios: OIS/IS (green), BBcrem/BS (blue), BBcrem/OIB
(black) and BB¢rcm/OIS (red); lonospheric Pedersen conductance from OP (red, thin),
IRI (dashed, black), OPI (red, thick), BCRCM (black, thick) and BRCM (grey); Cross
Polar Cap Potentials from WO5 (red), SuperDARN (black, thick), BCRCM (black,
thin) and BRCM (grey); at the bottom number of observation points for SuperDARN,
color scale on the right. Grey shaded areas indicate the times when SuperDARN has
data in the nightside sector. We study the differences in JH rates from the methods by
taking ratios as shown in the first and second panels. In the first panel of Figure 5.7,
the %IS shows the effect of the dayside conductances, the %0S, the effect of the
nightside conductances and the OS/IS shows the ratio between the two. The
partitioning of JH (OIS) due to the dayside and nightside conductances is found by
calculating the percentage of contribution from each method using
((%IS =1S5/01S) 100 and (%0S = 0S/0IS) = 100). The panel indicates that
during the substorms, JH obtained by using the nightside conductances (%0S)
contributes 74% of the total JH (12:10 UT) at the maximum and can be as large as 2.81
times JH obtained by using only the dayside conductances (OS/IS). The minimum
contribution from the nightside conductances, which is about 31% of the OIS, occurs
at 16:26 UT during the quiet time preceding the second substorm’s growth phase. On
average, during the substorms, the JH due to the nightside conductances are around
60% of the total JH. Table 5.4 displays the JH due to the dayside and nightside

conductances on average in percentage.
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Figure 5.7 : Comparison of JH, Pedersen conductance and CPCP.

Table 5.4 : The amount of JH due to the dayside and nightside conductances (%).

Mean (%) IS 0S IB OB
oIS oIS OIB OIB

G 43 56 42 58

First E 44 55 44 56
substorm R 40 60 40 60
F 42 57 42 58

G 27 73 23 77

Second E 39 61 31 67
substorm R 45 55 36 64
F 37 63 30 69

Both substorms 40 60 36 64

In the second panel, we present the ratios BB¢rcm/OIS, BBemc/OIB and BB¢rem/BS. The
BBccm/BS shows the effect of electric fields, the BBccn/OIB, the effect of
conductances and the BBcrem/OIS indicate the effect of different sources, i.e. physical

mechanisms or measurements that are used in the calculation of JH. It is found that the
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BBcrem/OIS ratio varies between 0.3 and 4.8. Most of the time the BBcrem is larger than
the OIS by about a factor of 1.5. On average, best agreements between the BBcrem and
the OIS were seen during the expansion phase of both substorms. The highest
discrepancies were found during the recovery phase of the first substorm when the
BBcrem IS greater than OIS, reaching to a factor of 4.8. The BBcrem/BS shows the same
tendencies as the BBccm/OIS throughout the event intervals. This suggests that the
differences between the BBucem and the OIS are due to the different electric field
patterns that are used rather than the conductances. Consequently, the BBccm to OIB
ratio remains mostly steady, within a factor of 0.45-1.65 during both substorms and
shows the best agreement is between the OIB and the BBcem among the methods. In
the BBcrem, the change of conductance pattern from the BATSRUS conductances to
OPI conductances leads to a maximum 10% increase in JH with respect to the OIB.
Table 5.5 demonstrates the average ratios of JH obtained from the methods with

respect to substorm phases.

Table 5.5 : Average ratios of JH obtained from the methods with respect to substorm
phases (G: growth, E: expansion, R: recovery, F: full interval).

Mean BBerem BBirem BBerem BBerem OIB oIS
BBycn  BS 01S 0IB 01S IS

G 1.6 1.1 1.7 1.4 1.3 3.0

First E 2.2 1.0 1.4 1.1 1.2 2.5
substorm R 2.4 1.6 1.8 1.1 1.7 2.3
F 2.1 1.2 1.6 1.2 1.4 2.6

G 2.7 1.4 2.0 1.3 1.6 1.7

Second E 1.9 1.1 1.5 1.2 1.3 2.6
substorm R 4.3 0.5 0.5 0.9 0.5 2.4
F 2.9 1.0 1.3 1.1 1.1 2.3

Both substorms 2.5 1.1 1.5 1.2 1.3 2.4

The BBcrem/BS and the BBerem/OIS ratios tend to approach to 1 during the intervals
when SuperDARN has data from the nightside as seen from Table 5.6.

Table 5.6 : Average ratios of JH: BBcrem/BS and BBcrcm/OIS when SuperDARN has
data in the midnight sector.

mean BBeen/BS  BBeren/OIS S”pbhsg‘s)ém
14:08-14:42 0.89 0.95 Recovery
18:04-18:44 0.95 1.04 Expansion
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The second panel displays the difference in the globally averaged Pedersen
conductances of the OP, IRI, OPI, BATSRUS/CRCM and BRCM. IRI is used to obtain
the dayside empirical Pedersen conductance values. It shows a very smooth variation
in conductance, which is not much different from the quiet time level. The OP provides
the conductances due to the electron and ion precipitation from the magnetosphere into
the ionosphere. It displays step-wise changes at the beginning of each hour. Then the
conductance slowly and monotonously increases or decreases till the next hour. The
variations in the OP are in accordance with the phase of the substorms. The
conductances are the smallest during the quiet times, increase during the expansion
and decrease during the recovery phases. The OPI is the method that gives the
conductances by merging the IR and OP conductances. The order of magnitude of the
OPI and BRCM conductances are found to agree well. The difference between the two
increases during the growth and expansion phases and decreases during the recovery
phases of the substorms. However, the BCRCM demonstrates the highest conductance
values and shows a stronger enhancement during the substorms. On the other hand,
the BCRCM conductances are very close to the OPI and BRCM during the recovery
phase despite the large difference during the expansion phases. The difference in
conductances from OPI and BATSRUS range from 0.5 Sto 2.2 S and is higher during
the expansion phases of both substorms. The mean difference is 0.85 S with a standard
deviation of 0.65 S. Both the BCRCM and BRCM conductances start to increase

before the OPI enhances during the second substorm.

In the third panel of Figure 7, cross polar cap potentials (CPCP) from the WO05,
SuperDARN, BCRCM and BRCM are shown. CPCP provides the information
regarding the strength and variability of the electric fields. Both substorms exhibit
CPCP disturbances of moderate geomagnetic level. Overall, the CPCP from
SuperDARN and the BRCM agree reasonably well. However, the BCRCM and W05
are generally higher than SuperDARN and BRCM. Although the estimates of W05
and BCRCM are very close to each other during the first substorm, W05 gives much
higher values than the others during the second substorm. SuperDARN CPCP are
slightly smaller than those of BRCM during both substorm. The number of
SuperDARN observation points are given at the bottom of Figure 7. During the
expansion and recovery phases, the numbers were rather high, exceeding 200 and

reaching 420 during the expansion phase of the second substorm. An examination of
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the data coverage shows the data mostly come from the dawn, dusk, and noon sectors
with some contribution from the midnight sector during the time intervals shaded in
grey. During the other time intervals, the observations come mostly from the dawn,
dusk, and noon sectors.

5.5.6 Role of the neutral wind

In this section, we investigated the neutral wind contribution to the JH rate during
substorms using ionospheric electrodynamics parameters. The effect of the neutral
wind on JH (JHnw_cremand JHnw rem) IS calculated by subtracting the results of Equation
(2.4) from those of by Equation (2.3) using BCRCM and BRCM outputs. Figure 5.8
demonstrates the effect of the neutral wind on the spatial distribution of JH at 18:20
UT. The first row presents the JH from BCRCM whereas the second row presents JH
from the BRCM with neutral wind, without neutral wind and the effect of neutral wind,

respectively, from left to right. The scales are shown at the bottom and maximum and
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Figure 5.8 : JH with neutral wind, without neutral wind and neutral wind effect.
Top: BCRCM, bottom: BRCM results.

minimum JH values are shown in the upper right corner of each graph as in Figure 5.4.

Figure 5.8 reveals that at 18:20UT, the neutral wind contribution from the RCM is
positive everywhere in the polar cap meanwhile CRCM neutral wind values show
negative effects at the noon and postnoon sectors between 66 ° and 71° N in addition

to the negative values at the midnight sector extending southward from the pole. The
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region of positive contribution from the RCM and CRCM are found at similar
locations in the predawn and dusk sectors. However, the highest values from JHnw_crem
is concentrated in early dusk (15-18 MLT), whereas the highest values from JHnw rem
are found mainly betwen 18 and 21 MLT. The region of positive contribution from the
RCM and CRCM are found at similar locations.

Figure 5.9 compares the temporal variation of JHnw_crem @and JHnw_rem. In Figure 5.9, it
is seen that JHaw crem Was always larger than JHnw rem for these substorm cases. The
neutral wind contribution is also found to be larger in the BCRCM than the BRCM.
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Figure 5.9 : Joule heating from BCRCM and BRCM with and without the neutral
wind.

Figure 5.10 details the neutral wind contribution from the BCRCM. The first panel in
Figure 5.10 depicts the contribution of the neutral wind (NW) to the overall JH rate in
GW (black) and in percentage (red). On the average, the neutral wind is found to
contribute positively and comprises ~15% of the total JH. The neutral winds enhanced
the global JH by a maximum 40 GW, which is 27% of the total JH at 13:50 UT, right

after the expansion phase of the first substorm.

Besides the peak after the expansion phase of the first substorm, the contribution in
percentage from the neutral wind doesn't vary much with time (i.e., with the phase of

the substorm), particularly during the second substorm. The second panel in Figure

5.10 demonstrates how the NW contribution is distributed according to the magnetic
local time sectors. The highest NW contribution occurred in the dusk sector (blue)
throughout the substorm events. The JH due to the neutral wind in the dawn (green)
and midnight (black) sectors are similar in magnitude but are smaller than the values

in the dusk sector.
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Figure 5.10 : Neutral wind contribution to JH for March 8, 2008 substorms.

The neutral wind contribution to JH in the noon sector (red) does not seem to vary
drastically according to the substorm phases. Rather, it stays nearly constant around
1.75 GW. Examination of the spatial distribution of the NW contribution shows that
the NW mainly decreased the JH in large part of the noon sector. Consequently, the
total effect of the neutral wind at the noon sector remains positive, but at very low
levels. The third panel in Figure 5.10 depicts the differences according to the substorm
phases. We find that the highest contributions from the neutral wind to JH are from
the dawn (20%) and dusk (25%) sectors during the expansion phases of the substorms.
The smallest contribution from the neutral wind was from the noon sector at all

substorm phases.

5.6 Discussion on Joule Heating Variability

Several studies compared JH rates using MHD models, proxy methods, AMIE

mapping techniques, spacecraft observations of Poynting flux, electric and

conductivity measurements from radars as well as the ground magnetic field

observations (Zhang et al, 2005; Raeder et al., 2001; Wiltberger et al., 2004; Palmroth

et al., 2005; Ahn et al., 1983; Lu et al., 1995; Gary et al., 1994; Waters et al., 2004).
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Among these, our approach is the closest to the Palmroth et al. (2005) study. In their
work, three methodologies were applied to compare the magnitudes and temporal
characteristics of JH obtained from the GUMICS-4 MHD model with those from the
AE proxy method, the AMIE climatology, and combined observations of electric fields
from SuperDARN and conductances extracted from the UV and X-ray imager on the
Polar spacecraft (s/c) and hereafter referred to as the SP method. Their substorm event
and ours occurred in the same month, March 1998 and 2008, respectively. Palmroth et
al. (2005) compared the GUMICS-4 MHD model JH rates with those of the SP method
and found that the temporal variations in GUMICS-4 JH are similar to those from the
SP, but there is a slight delay between each other. Their SP data has 10 minutes
resolution due to the procedure used in deriving the Pedersen conductances. In our
study, similar time shift exists between the variations and onsets of the BBrcm and the
methods that use the SuperDARN electric field (BS and OIS) as seen in Figure 5.2.
Figure 5.11 presents the comparisons of the JH estimations from different combinative
methods, which use BCRCM and BRCM outputs in 10 minute resolution. Time delays
are also observed between the maxima of CRCM (BBgcm) and RCM coupled
BATSRUS (BBicm). The first panel shows the IRI-based methods, IScrcm, 1Srem, 1Berem,
IBrcm, the second panel: OPI, SuperDARN, BATSRUS-CRCM (BCRCM) and
BATSRUS-RCM (BRCM) based methods: OIS, BScrcm, BSrem, BBrecm, BBerem and the
third panel, comparisons between the methods when BRCM is shifted 10 and 20 min:
OIS, BBcrcm, BBrem 20min, BBrem_1omin. The subscript RCM denotes the methods,
which use BRCM output for conductances or electric fields. The subscript CRCM
denotes the methods, which use BCRCM output for conductances or electric fields. As
seen, there is a 20 min. difference between the maxima of BBcrem and BBicm during the
second substorm. However, the onsets and variations of the BB¢rcm, BS and OIS are
somewhat synchronous (Figure 5.2 and Figure 5.11). The BBrm exhibits weaker and
slower JH enhancements and decreases slowly and to lower levels of JH with respect
to the BBcrem.

The most underlining result of Palmroth et al. (2005) study is the quantitative
difference between the GUMICS-4 MHD model and SP based JH. Throughout the
substorm interval, GUMICS-4 gives consistently lower JH by a factor of 10 than that
of the SP and AE-based JH. They attribute the lower JH values from GUMICS-4 to

the lower CPCP and weaker Region 2 currents in the model. In our study, BBcrem and
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OIS agree qualitatively well and BB¢cn/OIS is 1.5 on the average (Figure 5.7, Table
5.4). Palmroth et al. (2005) discussed and concluded that the temporal evolution of
GUMICS-4 is well correlated with the JH rates from the AE proxy method throughout
their substorm events despite the differences in the order of magnitudes.
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Figure 5.11 : Comparisons of the JH estimations from different combinative
methods which use BCRCM and BRCM outputs.

Palmroth et al., 2005’s main goal was to calibrate the JH results from the GUMICS-4
MHD model using the existing data sets and methods. However, they first had to
determine which model would be valid to calibrate GUMICS-4 MHD simulation with.
JH studies include several difficulties, which make it hard to assess because of the

uncertainties in the methods and decide which model is closer to reality.

Recently, Gordeev et al. (2013; 2015) proposed a framework for validating the MHD

model performances. The first step is to select a set of global variables, which represent
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the characteristics of the system. Secondly, they suggest comparing the MHD results
for the selected variables with statistical empirical relations rather than against satellite
measurements. Satellite measurements may include localized structures, which cannot
be captured by the MHD models as the MHD models represent the large-scale
structures better. Thirdly, the model runs should be prepared such that the input
consists of average statistical distribution of the solar wind parameters. In the case of
Joule heating, the variables that should be selected for the assessment of the validity
of a method should be the variables that are used to estimate the JH. Those variables
are the electric field, conductances and neutral wind. The CPCP can also be used
instead of electric fields as it is a direct measure of the strength of the electric fields.
In this work, one of our aims is to obtain JH variability from different methods given
the disadvantages of each method that come from their own restrictions. These
disadvantages can also give us opportunity to study the variations in JH under the
diverse conditions inherited in the variables of JH and thus help us to construct the
limits. From this perspective, it is also important to determine how much the estimates
would deviate from the empirical models if a dynamic environment is simulated with
the physics-based MHD models. Hence, we do not use the average solar wind
properties. Instead, the dynamic solar wind, which gives rise to the substorms, is input
to the models. We present the deficiencies of each method and try to assess the effect
of each parameter involved in the calculation of JH by using combinative methods for
the selected substorm cases. These results from the combinative methods are compared

with the empirical model estimations.

In Figure 5.2, Olsson (Olsson et al., 2004), AE and IL (Ahn et al., 1983) and W05
(Weimer, 2005) from the empirical statistical methods and BBnw crem and BBnw rem
from the model results include the neutral wind effects. KP method (Foster et al.,
1983), BBcrem, BBrem, OIS and the other combinative methods (BS and OIB) do not
include the neutral wind effects to JH. W05 uses DE-2 data during 1981-1983 and
Olsson method uses 6 months data from 1999 from the Astrid-2 satellite. Additionally,
Ahn et al.’s (1983) method data is from 1978. This means that the three methods were
constructed using solar maximum time recordings. However, the KP method (Foster
et al., 1983) uses AE-C data from 1974 to 1978, belonging to solar minimum
conditions and employs equation. 2.2 to calculate JH as in BBc¢rcm, BBrem, OIS, OIB

and BS. Even though it has 3 hours cadence, the KP method still gives information
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about the level of the expected average amount of JH. The events of March 8, 2008,
which are studied in this work occurred during the solar minimum. Thus, even though
not accurate enough in terms of the temporal variation, it is more reasonable and
realistic to compare the magnitude of JH from the methods with those of the KP

method.

It is seen that the index-based methods show a broad range of results for the two
substorms. Olsson method always displays the highest JH magnitudes and the IL
provides the smallest and the most delayed JH both in terms of substorm onset and
timing of the JH maximum. In the classical view of the substorms, the delay between
the substorm onset in the ionosphere and the changes in IMF B; is associated with the
response time of the ionosphere to the magnetospheric loading-unloading processes of
the energy (Kallio, 2000). It is straightforward that the JH rates obtained from the AE
method have the same variations as the AE index due to the linear relationship in Eq.
(3). Consequently, Olsson and the AE method have a time lag of 40-50 min from the
activity onset at the Epsilon for the first and second substorm, respectively. However,
W05, as an empirical model, does not show a lag between the start of the energy
deposition to the magnetosphere and JH increase in the ionosphere with respect to the
Epsilon during both substorms. Rather, it suggests a directly driven process. The
timings of the maxima in WO05 are also nearly synchronous with the maxima in Epsilon
(2 to 4 min. lag in first and second substorms, respectively). On the other hand, the
W05 becomes as delayed as AE during the recovery phase of the second substorm,
showing a slower decrease in JH magnitudes. For the first substorm, the end of the
energy transfer as indicated by the Epsilon is at 14:35 UT. Following this, Epsilon
stays at levels close to zero. Additionally, by 14:35 UT, AE is found to have already
completed its fast recovery and it is in the slow recovery phase. However, during the
second substorm, even after the Epsilon returns to quiet levels, AE and AL index show
a very slow recovery to the quiet-time values. In our case, W05 model includes both
the solar wind input and the variations in AL. Thus, it responds to the variations in
Epsilon nearly concurrently during the first substorm and is also affected by the slower
recovery of the AL index (westward electrojet) during the second substorm. Olsson
method is also dependent on the AE index. Hence, it provides the same timings as the
AE method. The magnitude of JH from the Olsson method exceeds the W05 during

the first substorm and the response curve is different than the WO05. On the other hand,
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during the second substorm, despite the 50 min. shift with regard to W05, the shape of
the response curve is nearly the same as the W05 method and the magnitudes match
with the WO5.

The OIS is constructed using the OVATION Prime+IRl conductances and
SuperDARN electric fields. OVATION Prime is an empirical model for the auroral
precipitation and IRI is an empirical model for the ionospheric parameters.
SuperDARN electric fields, while driven by the instant solar wind conditions,
approach to a statistical model when there is lack of data from the nightside. Thus, the
electric field variations can also be assumed to be provided by an empirical model,
which is expected to be closer to reality especially when there is enough data.
Consequently, when using dynamic solar wind input, we argue that OIS would be
sufficient to use as a method to calculate JH. Additionally, JH magnitudes estimated
by the OIS are very close to the KP method estimations, confirming its validity for its
usage for the comparisons with other methods. Moreover, the spatial distribution of
the conductance pattern, OPI, which is one of the main components in the calculation
of JH, agrees with the previous studies in the literature. Table 1 of (Gjerloev and
Hoffman, 2000) lists the expected magnitude and location of the maximum Hall and
Pedersen conductances during geomagnetically active periods from six models. From
the table, it is seen that for an event with similar AE and KP to the events in this study,
the maximum of the Pedersen conductance in the post-midnight sector is expected to
be around 13 S and is generally located at around 64° MLat and between 0 to 5 MLT.
In the pre-midnight sector, maxima are mostly found from 21 to 23 MLT and are about
12 S between 69 ° -74° MLat. The OPI captures both maxima in the midnight sector
with similar magnitudes and locations to the ones listed previously in the literature.
The maxima are located around 64° to 66° MLat and in between 21-23 MLT and at ~2
MLT with a magnitude of 13 to 15 S.

In Figure 5.2, the qualitative agreements between the BB¢cm and OIS variations (no
time delays between the two) suggests the BBcrem response is more reliable than the
BB:cm and the BBcrem results are promising despite the magnitude difference from the
OIS and the KP method. Even though, BBm, in terms of magnitude seems to agree
with OIS better in Figure 5.2, an investigation of the spatial distribution of the Pedersen
conductances and electric field indicate they do not agree on the spatial distribution of

the JH and the parameters that construct the JH (Figure 5.4). With more coverage and
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data in the midnight sector by SuperDARN, the BBcrcm and OIS methods approach
to each other and their ratio varies between 0.95 and 1.04 (Table 5.6).

However, (Gjerloev et al, 2018) has put forward a new technique for the SuperDARN
convection patterns, which gives far less dynamic response from the ionosphere to the
changing conditions in the solar wind. The variations in the OIS are basically
controlled by the variations in the ionospheric electric field. Thus, for comparisons
with the BBcrem and BBrem, knowledge of the electric field in precision is required to
know which pattern is more reliable. In this study, we use the technique by
(Ruohoniemi and Greenwald, 1996) to derive SuperDARN convection maps. Thus, it
is expected that we see more variations in the electric fields than those that would be
estimated by the (Gordeev et al., 2018). Moreover, considering the qualitative
variations in CPCP, which are consistent between W05 and OIS (Figure 5.7), we

assume the OIS gives reasonable estimates.

During the expansion and recovery phases of the selected substorms, the number of
observations at the SuperDARN was rather high, exceeding 200 and reaching 420
during the expansion phase of the second substorm. An examination of the data
coverage shows the data mostly comes from the dawn, dusk, and noon sectors with
some contribution from the midnight sector at the time of the first substorms recovery
phase and the second substorms expansion phase. However, at other times, the data
coverage was more limited with the dawn, noon and dusk sectors. The generous
coverage across the dayside is favorable for constraining the solution for the global
electric field pattern as the dayside throat region is then well mapped (Shepherd et al.,
2002). Consequently, we expect that the SuperDARN results are reliable in respect of
the global pattern but lack detail in the midnight sector at times other than 14:08 to
14:42 UT and 18:04 to 18:44 UT. Between 14:08 to 14:42 UT and 18:04 to 18:44 UT
we expect the electric field and potential patterns to be more reliable since some of the

observations exist in the midnight sector.

Wang et al. (2008) compared the CPCP between BRCM with DMSP and showed that
the model underestimated the CPCP around 50% in the winter hemisphere and
overestimated 50% in the summer hemisphere. On average, the model estimated the
peak potentials ~1.6° MLat and peak of the FACs to be ~4°MLat poleward of the peaks
in DMSP. They argued that the poleward locations of the peaks point out to a polar

cap boundary more poleward than observed by the satellites during the storm periods,
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which might be a result of the inner boundary of the model. The model was unable to
capture the equatorward part of the high-latitude FACs, which are affected by the
plasma sheet and ring current. In our study, the CPCP from the RCM and SuperDARN
have the same order of magnitudes despite the 10 min lag of BRCM. It is found that
the different choice of inner magnetospheric configuration in the MHD model changes
the resultant ionospheric variations largely on quantitative and qualitative scale.
BCRCM shows much larger CPCP than BRCM. The BCRCM predicts higher values
than the SuperDARN, however, when there is data in the nightside, the difference
between the SuperDARN and BCRCM decreases. SuperDARN may be
underestimating the magnitude of electric fields when there is less data coming from
the nightside. The WO5 estimates are higher even during the quiet times preceding the
substorms. The qualitative agreement between the W05, SuperDARN and BCRCM
supports that the three models are capturing the essence of the variations in the

ionosphere.

BCRCM and BRCM Pedersen conductances also differ from each other (Figure 5.4).
While, BRCM does not produce the physics in the midnight sector so that
underestimates the Pedersen conductances in post and pre-midnight sectors, the
BCRCM gives adequate maxima at the locations found in the literature. However, with
respect to the OPI, there is a clear overestimation by the BCRCM in all sectors except
midnight, during the expansion phases of both substorms. In the BCRCM, the CRCM
controls the amount of electrons lost in the loss cone as well as the inner
magnetosphere-ionosphere coupling by the FACs. (Glocer et al. 2013) reported that
the ion flux could be overestimated by the model if the model has less O+ on the
boundary. It is possible that the overestimation of Pedersen conductances leads to the
magnitude differences that are observed between the BCRCM and the OIS.

Aikio and Selkala (2009) studied the statistical properties of the JH rate, electric field,
and conductance in the high-latitude ionosphere using EISCAT radar measurements
between March 6 and April 6, 2006 (declining phase of the solar cycle). They
demonstrated that all these parameters show a clear MLT dependence on the KP index.
For high KP, Aikio and Selkéla showed that the highest JH rates occur when both
electric fields and conductances increase between 03-05 MLT in the morning sector.
In the evening sector, a smaller maximum of JH occurs at 18 MLT while the minimum
JH rates are found at night (23 MLT). The location and magnitudes of JH in W05
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model agrees with the findings of Aikio and Selkald (2009). However, the other
methods show weaker JH in the dawn sector and close to the post-midnight as the
SuperDARN, BRCM and BCRCM do not produce the electric field patterns in the
dawn as strong as the W05. Even though the conductances provided by the BCRCM
and OPI are high in the dawn, the electric field shows a counter-effect on JH
magnitudes. Despite much of the dawn electric field is missing, all methods agree on
a secondary maximum at 03 MLT. In these particular event cases, as seen from Figure
4, at 18:20 UT, the highest JH from the methods are found around 15 to 18 MLT, as
high electric fields and high conductances are co-located and overlapped in the dusk
sector. As the post-midnight conductances are lower in the BRCM and BCRCM, the
BS method provides lower JH than the OIS in the post-midnight. The OIB reveals a
more equatorward and expanded JH pattern at the dawn than the OIS, and larger cells
in midnight and post-midnight sectors as the BCRCM electric field pattern is wider
and higher than the SuperDARN in these sectors. Besides, in their study, Foster et al.
(1983) found the highest JH in regions near noon, dawn and dusk in the dayside sector
offering a horse-shoe shaped distribution. Those are the regions where strong electric
field is co-located with high conductances. During the spring, JH maxima were found
between 13-16 MLT. Fujii et al. (1999), using 28 days EISCAT 1 mode | data during
1989 and 1991, reported maxima at dawn and dusk sectors (04-08 MLT and 12-16
MLT or 16-20 MLT), which are co-located with electric field maxima. In addition to
Fujii et al., Olsson et al., (2004) found maxima between 14-18 MLT between latitudes
60°-70° and among 08-12 MLT between 70°-80° MLat. In Baker et al.’s study (2004)
study, which involves SuperDARN and a conductance model, enhanced JH was found
inside the regions of weak aurora and strong electric fields and on the dusk side, close
to the Region-1 currents. In Figure 5.5 of our study, distribution of the JH maxima
shows that the highest values from the OIS and BS are generally found in the dusk and
noon sectors, too. However, especially the OIB shows some spread in the midnight
sector. This is because the BCRCM electric field pattern presents values, which are
co-located with the post-midnight maxima seen in the OPI. Likewise, the peak in the
OIB during the first substorm’s recovery phase is created by the co-location of strong

electric fields and conductances in the midnight sector (Figure 5.2, Figure 5.6).

The role of the electric field variability in the calculation of the JH rate was studied in

detail by many in the literature (e.g. Aikio and Selk&ld 2009; Codrescu et al., 1995;
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Deng and Ridley, 2007). Yigit et al. (2011) demonstrated that increasing grid
resolution helps to resolve the variations in the electric potential and gives better
agreement with the AMIE results. Emery et al. (1999), using TIEGCM and AMIE,
reported an increase by a factor of 1.5 in the summer hemisphere and 2.5 in the winter
hemisphere for the adjustment of JH values to match the observations. Zhang et al.
(2005) calculated JH using combined empirical models such as the Hardy et al. (1987)
model for the conductances, Weimer (2001) for the electric field, HWM93 model for
the neutral winds and IGRF for the magnetic field. Their model (Combined Empirical
Joule Heating model: CEJH) gave consistent results with AMIE. However, CEJH
model estimations were higher than AMIE during strongly disturbed conditions and
lower during less-disturbed conditions. They suggested that the absence of a saturation
function for the polar cap potentials may be the reason for this difference. In our study,
we find that all the combinative methods are on the same order with Foster et al.,
(1983) study, which was also constructed using solar minimum data and JH from the
combinative methods and MHD-model show the same temporal variations. A
complete, unified version of global magnetosphere-ionosphere-thermosphere
including the electric field variations does not currently exist. In addition to the
individual effects of the Pedersen conductances and electric fields, their relative
variations are also found to be important in determination of the JH rates (Aikio and
Selkéald, 2009). Out-of-phase variations between electric fields and conductances are
observed especially in short temporal scales and within small-scale, localized
structures in the ionosphere resulting in lower JH rates. In our study, the effect of the
electric field pattern is found to be stronger than the effect of conductances in
determining the spatial distribution of JH. The differences in the spatial distribution of
the JH from the methods are found to be mainly caused by the different spatial
distribution of the electric fields. Especially, when there is data coming from the
nightside, the performance of the OIS improves. It is encouraging to see that the OIS
and BBcrcm magnitudes agree well during these intervals (Table 5.4 and Table 5.5).
The differences in between the methods can be considered as a result of the small-

scale variations in the electric fields.

In addition, the methods BBnw_crem and WO5 which include the neutral wind effect
demonstrate similar locations of enhanced JH. However, JH rates from WO05 are very

high with respect to the BBcrem. The two methods best agree during the first substorm’s
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expansion phase. At other times, BBnw_crcm is half of the WO5. Their onsets agree
for both substorms, however, the recovery phase variations differ greatly from each
other. Figure 5.8 indicates at the maximum, a 27% neutral wind effect on the JH rates
in the dusk sector. The OIS does not include any neutral wind effects. However, adding
a 27% difference to the OIS to account for the effect of the neutral wind for these
events will not make the magnitudes of JH by the OIS close enough to the W05 and
Olsson predictions. As Olsson and the W05 were both constructed using solar
maximum data, this leads us to consider that they overestimate the JH dissipation in

the ionosphere during the solar minimum.
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6. NEUTRAL DENSITY VARIABILITY

In the previous chapter,we investigated the variability of JH during substorms and
compared the methods with each other for two substorm cases during solar minimum.
In the following chapters, we investigate the role of JH on the neutral density variation
(Chapter.7) and the neutral density variability (Chapter 6) during selected geomagnetic
storms. To investigate the role of JH on the neutral density varibility during
geomagnetic storms, first, methods to extract the storm-time response of the
thermosphere were constructed. Then they were applied to neutral density from models
and observations.

In this chapter, we introduce the baseline shifting methods and select the most efficient
method to extract the storm-time response. Six events with KP ranging from 5 to 8+
are investigated using the physics-based and empirical models of the ionosphere-
thermosphere. Table 6.1 presents the year and Julian date of the events with
geomagnetic storm start and end times and the maximum values of geomagnetic
indices along with the solar wind drivers for the events. In the table, an interval is
defined as quiet when KP < 3- and the neutral density variation in CHAMP is less than
or equal to 1.25x103 kg/m? in two consecutive passages of the spacecraft without a
decreasing or increasing trend. We define it as the start of the storm when the increase
in CHAMP neutral density is more than 1.25x10*® kg/m® and there is an increasing
trend in two consecutive passages. The end of the storm is marked as the time when
CHAMP neutral densities return to quiet-time average neutral density level. The
threshold, 1.25x10 kg/m?®, was selected by inspecting the orbit-averaged neutral
density variations on quiet day cases (2007-79, 2007-190, 2007-341) in (Shim et al.,
2012) (see Figure 6.1). In this figure, 2007-341 is represented with: green line with
circle; 2007-79 red line with plus; 2007-190, blue line with asterisk. It is apparent that
the maximum variation in global thermospheric neutral densities is around +1.22 x10°
183 kg/m?.
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Differences in orbit averaged neutral density in two consecutive orbits
in quiet day cases
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Figure 6.1 : Differences in orbit-averaged neutral densities in two consecutive orbits
on quiet day cases.

The variation of the KP and Dst geomagnetic indices during the events is shown in

Figure 6.2.
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Figure 6.2 : KP and Dst variations during the GEM-CEDAR storm intervals.
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Table 6.1 : GEM-CEDAR Challenge events. Table shows the maximum values of geomagnetic and solar indices (KPmax, F10.7, Dstmax,
HPmax), solar wind sources of the events and quiet and disturbed intervals.

Event  KPmax F10.7 Dstmax (N"T) HPmax (GW) Driver Quiet Interval Disturbed Interval

2005-135 8+ 103,3 -247 1225 CME May 14, 04:30-May 15, 02:30 May 15, 04:00 - May 16, 23:59

December 13, 15:00- December 14, 14:00-
2006-348 8+ 84,86 -159 504 CME

December 14, 14:00 December 16, 12:00
2005-243 7 83,1 -122 260 HSS  August 30, 06:00- August 30, 23:59 August 31, 07:30-September 1, 23:59
2005-190 6+  100,8 -92 238 HSS July 8, 09:30-July 9, 06:30:00 July 09, 07:00- July 12, 00:00
2007-142 5+ 71,8 -49 197 HSS May 21, 08:20-May 22 07:30 May 22, 08:30- May 25, 23:59
2007-091 5 71,16 -63 286 HSS  March 31, 03:00-March 31, 20:30 March 31, 23:00 -April 3, 23:59
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Four of the events are due to a high speed stream and two of the events are due to a
CME. The HSS events last longer, however their Dst and KP are less than the CME
events.

Two empirical and three physics-based models are employed in this study. The
empirical models are Naval Research Laboratory Mass Spectrometer and Incoherent
Scatter Extended (NRLMSISE-00, will be referred to as MSIS, hereafter) (Picone et
al., 2002) and Jacchia-Bowman-2008 (JB2008) (Bowman et al., 2008), whereas the
physics-based models are Thermosphere-lonosphere-Electrodynamics General
Circulation Model (TIEGCM) (Richmond et al., 1992), Coupled Thermosphere
lonosphere Plasmasphere electrodynamics (CTIPe) (Millward et al., 2001; Codrescu
et al., 2008) and GITM (Ridley et al., 2006). For each run and model, the initial
parameters and model input are the same. The corresponding runs at the Community
Coordinated Modeling Center (CCMC) can be found in Table 6.2.

Table 6.2 : Model runs at the CCMC for each event.

Simulation IDs in CCMC Runson  Model Name and  Resolution
Event .

Request System Version (lat x long)
Emine_Kalafatoglu_110113 IT 1 TIEGCM 1.95 2.5°%5°

2006-348  Emine_Kalafatoglu_112613 IT_1 GITM 2.0 2.5°%x5°
JaSoon_Shim_061114 1T 1 CTIPe 2°%x18°
Emine_Kalafatoglu_050714_IT_2 TIEGCM 1.95 2.5°%5°

2005-135 Emine_Kalafatoglu_051314 IT_1 GITM 2.0 2.5°%x5°
Emine_Kalafatoglu_ 070314 IT_3 CTIPe 2°%x18°
Emine_Kalafatoglu_050814_IT_1 TIEGCM 1.95 2.5°%x5°

2005-243  Emine_Kalafatoglu_051414 I1T_1 GITM 2.0 2.5°%x5°
JaSoon_Shim_061114 IT 2 CTIPe 2°%x18°
Emine_Kalafatoglu_050714_IT_4 TIEGCM 1.95 2.5°%x5°

2005-190  Emine_Kalafatoglu_051314 IT_2 GITM 2.0 2.5°%x5°
JaSoon_Shim_061114 1T 3 CTIPe 2°%18°
Emine_Kalafatoglu_050914_IT_3 TIEGCM 1.95 2.5°%5°

2007-142  Emine_Kalafatoglu_051314 IT_3 GITM 2.0 2.5°%x5°
Emine_Kalafatoglu 070714 IT 1 CTIPe 2°%x18°
Emine_Kalafatoglu_050914_IT 2 TIEGCM 1.95 2.5°%5°

2007-091  Emine_Kalafatoglu_051514 IT_2 GITM 2.0 2.5°%x5°
Emine Kalafatoglu 070714 IT 2 CTIPe 2°%x18°

Weimer-2005 (Weimer, 2005) is selected as the high-Ilatitude driver for each model
for consistency. Details on the models and standard configurations for the runs can be
found in (Shimet al., 2011; Shim et al., 2012).

Our approach for assessing the storm-time model performances consists of three steps,

such as orbit averaging, baseline shifting and assessment of the results. In the
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following sections, we describe the tools designed for each step. The codes were

written in MATLAB and are in transition to Python language.

6.1 Orbit Averaging Tool (OAT)

The orbit averaging tool (OAT) is used for taking orbital averages of thermospheric
neutral density from CHAMP and models. Comparisons along the track involve local
time effects, small-scale structures, and diurnal and seasonal variations (Qian and
Solomon, 2012; Liu et al., 2005; Libhr et al., 2004; Kwak et al., 2009), which make it
hard to specify the reason behind the difference in model estimations and observations.
Figure 6.3 presents the CHAMP satellite orbital parameters X, Y, Z, latitude and
longitude. The satellite passes from different local time regions making the direct
evaluation and interpretation of the global environmental response more difficult.
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Figure 6.3 : CHAMP satellite daily orbital parameters.

Figure 6.4 shows how the neutral density varies along the satellite track. The increases
and decreases in neutral density, nearly like a sinusoidal wave are due to the diurnal

variation of the neutral density.
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Neutral Density on CHAMP Trajectory 13-17 December 2006/2006-348
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Figure 6.4 : Neutral density estimates from different models and the observations
from CHAMP during the December 13, 2006 storm.

The storm effects start to appear after December 14, 2006, 12 UT as a superposition
to the diurnal variations at the background. The total response is the result of season,
solar cycle, local time, pre-storm conditions, storm intensity and storm duration
(Suresh, 2016). On the other hand, orbit-averaging smooths out the abovementioned
effects and provides a measure of the global response to the geomagnetic storm. The
tool works with CHAMP ephemeris data. First, the beginning and end times of each
orbit are determined: an orbit starts at the highest latitude in the northern hemisphere,
crosses the highest latitude in the southern hemisphere and ends at the highest latitude
in the northern hemisphere, that is, when a new orbit start is marked. One orbit lasts
approximately 92 minutes. There are typically ~15 orbits in a day. After determining
the orbit start and end times according to the locations of CHAMP (latitude), orbital
averages are calculated for neutral density estimates from each model and CHAMP
observations. An example of orbit averaged densities along the CHAMP orbit are
shown in Figure 6.5. The daily variations are smoothed out and it is seen that the

globally averaged neutral densities vary around the same level during quiet intervals.
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Figure 6.5 : Orbit-averaged neutral densities from the models and CHAMP as a
product of the OAT.

6.2 Baseline Shifting Tool (BAST)

The baseline shifting tool (BAST) takes the orbit-averaged neutral densities in and
shifts the data to the selected baseline. Table 2 presents the baseline shifts that are
applied to the thermospheric neutral density. Subscript indice “n” represents the orbit
number during the entire event, “i” represents the quiet time orbit number. pq: quiet
time neutral density from the model or CHAMP, pqc: CHAMP observations during the
selected quiet-time interval and pgm: neutral density estimations from the model for the
selected quiet-time interval. A and x show that subtraction and multiplication is

performed to shift the data. Overbars denote the mean.

Two baseline levels are selected: CHAMP level and zero level. Shiftl (S1), Shift3
(S3), Shift4 (S4) and Shift6 (S6) shift the data to CHAMP level using the quiet-time
neutral density values. S1 and S4 use the quiet-time difference between CHAMP and
the models, whereas S3 and S6 employ the quiet-time ratio between CHAMP and
models. Shifting the data to CHAMP level removes the bias between the model and
observed values. However, the shifted data still inherently includes the natural quiet-
time variation of the thermosphere on a quiet day. In Shift2 (S2) and Shift5 (S5), the

data are shifted to zero level, so that all the variations on a quiet-day are removed from
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the model and observations. Consequently, only the storm-time variations are
revealed. The second approach is more useful in characterizing the effects that are due
to the geomagnetic storm.

Table 6.3 : Baseline shifts. poid is the original orbit-averaged time series whereas
prew IS the baseline shifted time series.

Quiet-
Difference o New  estimates time
] ] Shifting o
Shifts between the orbit after the removal variation
parameter )
averaged values of the climatology  level
(baseline)
Shiftl (S1)  Apii=pac,i- pami  S1=4p; Prew,n= Pold,n-S1 CHAMP
level
Shift2 (S2)  Ap2,i=pq,i So=Ap, Prew,n= Pold,n-S2 Zero
level
Shift3 (S3)  x1= pac.i/ pgmii S3=X1,; Pnew,n= Pold,nX S3 CHAMP
level
Shift4 (S4)  Apai=pqc,i - pgm,i Sui=Apy Prew,n= Pold,n~San CHAMP
level
Shift5 (S5)  Apsi=pq.i Ss5i=A4ps,i  Prew,n= Pold,n-Ssn Zero
level
Shifté (S6)  X2,= pqc,i/ pgmii S6i=X5,; Prew,n= Pold,nX Sen CHAMP
level

To shift the baseline to zero level and to extract the storm-time response of the
thermosphere from the total thermospheric variation as in S2 and S5, it is important to
determine the quiet day variations accurately. Accordingly, BAST requires the time
intervals for the quiet and storm periods as input. The storm-time changes in the
thermosphere are thought to be superimposed upon the quiet day levels. Thus, to be
able to extract the storm-time response, first we have to estimate the quiet day
variations (will be referred to as the background variations, hereafter) and assume the
remaining changes in the thermospheric neutral density are due to the geomagnetic
storm. For this purpose, it is essential to know what the variations on the day of the
geomagnetic storm would have been unless there was a geomagnetic storm. As a

result, the methods, which are generally used for time series forecasting purposes can
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be used to estimate the background variations. The choice of the method depends on
the mechanisms that cause the variations in the data and the time-scales that we are
concerned with. The thermosphere varies in diurnal, seasonal and semi-annual time
scales along with the solar and geomagnetic activity dependent variations (Zesta and
Huang, 2016). In our study, we are mostly concerned with days-lasting events, which
can occur at any time during the solar cycle. Hence, taking yearly or multi-year
averages as in the case of climatology method would smooth out most of the seasonal,
semi-annual and solar cycle dependent variations that influence the variations on a
quiet day. This can lead to the underestimation of the actual variation on a quiet day.
Consequently, using long-time statistics would not fit to today’s scenario as accurately
as we want due to the averaging that is involved in the process. Thus, methods
requiring long-time data, like the trend method are also omitted. On the other hand,
the analog method finds a day in the past with same or similar conditions and assumes
that the present day will behave the same. However, it is also difficult to apply the
analog method in the applications of space weather, as finding a perfect analog with
the same solar wind conditions (similar IMF, Vsw, psw), geomagnetic indices and solar
flux is nearly impossible. Another way to estimate the quiet day variations is to run
the physics-based and empirical models of the ionosphere-thermosphere (IT). The IT
models take the indices as inputs, which determine the level of activity on a quiet-day,
ranging from the F10.7 (closely related to number of sunspots), F10.7A (81-day center
averaged F10.7), daily Ap, hourly ap, hemispheric power index to the Dst. The
physics-based models of the IT also need the solar wind data to specify the ionospheric
convection. In this case, the specification of the indices and the solar wind plays an
important part in running the models and specifying the background level from the
models. Hence, first the inputs to the models need to be determined accurately. To the
authors knowledge, currently, there is no common consensus on what to use for the
quiet-time levels of the indices and the solar wind properties. In addition, running the
IT models introduce other uncertainties, which are unquantified at the moment.
Therefore, for our purposes, we exclude running the IT models to determine and
remove the storm-time background variations. However, an example of baseline shift
using a climatological run is shown in Figure 6.6. The TIEGCM model is run for the
same interval, December 13-December 17, in year 2007. During the interval, KP was

at very low levels. However, the solar wind parameters and F10.7 were slightly

81



different. Consequently, subtraction of the two runs from each other led to the
underestimation of quiet-day variations in TIEGCM (Figure 6.6-Panel 2).
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Figure 6.6 : An example of climatological baseline shift for 2006-348 event.

On the other hand, one of the quickest approaches in forecasting a time series is the
persistent method, which proves handy when patterns change very little and features
on the map move slowly. This is what we expect from the thermospheric variations on
a quiet day without a geomagnetic storm. In this method, it is assumed that the
following day would behave the same as the day before. Accordingly, the persistent
method is valid when short-range forecasts are needed. Consequently, to reproduce the
quiet time variations we employ the persistent method to estimate the background
variations that the storm effects are superimposed on. It is assumed that the
thermospheric neutral density variations on the day with the geomagnetic storm would
have varied around the same baseline that it did on the observed quiet interval
preceding the geomagnetic storm.

S1, S2 and S3 use a quick and dirty approach. The shifting parameters are calculated
using only the quiet-time averages of data. First, for each model and CHAMP, neutral
density averages during the quiet interval on the day prior to the geomagnetic storm
are found. Following, the baseline shifts are applied. In S1, the mean difference

between the model and CHAMP during the quiet time are subtracted from the whole
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interval, so that the remaining data fluctuate around the CHAMP level during the quiet
time. In S2, the quiet-time averages of each model and CHAMP are subtracted from
themselves. As a result, quiet time variations vary around the zero level and the neutral
density enhancement due to the storm are found. In S3, mean quiet-time ratio is
calculated and whole interval is divided to this ratio.

S4, S5 involve point-to-point subtraction and S6 involves taking point to point ratios,
respectively. For point-to-point applications, a new time series is needed, which
displays variations similar to the quiet time during the storm interval. For this purpose,
time series are reproduced using the quiet-time neutral density values at each orbit by
assuming that the orbit averaged neutral density would stay the same if there is no
geomagnetic activity as in the persistent method. As, we deal with orbit averages,
which give the global response, this is a meaningful assumption. Emmert and Picone
(2011) found the trend in density data is -1.94% per decade. Similarly, Qian et al.
(2006) report -1.7% between the years 1970 and 2000. Hence, the long-time trend is
very small to affect the daily tendency of thermospheric variations. The global
averages should stay and vary around the same level if there is no heat and energy
input to the thermosphere system. Figure 6.1 shows, in 2007, for quiet days, the
background variations fluctuated around the same level, supporting this approach.
Hence, for the baseline shift, first a quiet time interval is selected on the day preceding
the geomagnetic storm. Then, using the selected quiet time interval, the quiet-time
values for the disturbed intervals are duplicated for the disturbed interval in a
sequential sense. Event though, the altitude, latitude and longitudes change with every
orbit of the spacecraft on the following days, the changes in neutral density due to the
location of the spacecraft are assumed to be small compared to the large fluctuations
because of the geomagnetic storm (Qian and Solomon, 2012). Finally, the newly
generated quiet time series are subtracted from the whole selected interval point-to-
point. After the subtraction, the remaining variations in the neutral density are due to
the geomagnetic storm in effect. In (Shim et al., 2015) a previous version of this
approach was employed, in which the day preceding the geomagnetic storm was
selected as the quiet time interval. In that case, some high-latitude variations when KP
was higher than 2 and less than 3, which typically correspond to substorm conditions
in the high-latitudes led to the overestimation of the quiet-time neutral densities,
leading to smaller enhancements in computed storm-time changes for S2 and S5. Our

current approach makes the calculations of quiet-time neutral densities as accurate as
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possible. We estimate the errors to be as high as the selected threshold: 4+ 1.25x1013
kg/m?, which is about 5% to 7% of the quiet-time neutral density of the selected events.
Shift amounts for S1 and S2 are displayed in Table 6.4.

Table 6.4 : Shift amounts for S1 and S2 (kg/mq).

Event Model Pavg Ap
2005-135 SVv2.3 2,92E-12 4,55E-13
MSIS 3,53E-12 1,06E-12
JB2008 2,95E-12 4,83E-13
TIEGCM 4,11E-12 1,64E-12
CTIPe 3,01E-12 5,44E-13
GITM 2,54E-12 7,02E-14
M2017 2,47TE-12 0
2006-348 SVv2.3 2,40E-12 3,72E-13
MSIS 3,32E-12 1,30E-12
JB2008 2,46E-12 4,31E-13
TIEGCM 4,61E-12 2,58E-12
CTIPe 2,41E-12 3,86E-13
GITM 2,11E-12 8,02E-14
M2017 2,03E-12 0
2005-243 SV2.3 2,56E-12 4,45E-13
MSIS 2,30E-12 1,81E-13
JB2008 2,30E-12 1,77E-13
TIEGCM 3,45E-12 1,33E-12
CTIPe 2,95E-12 8,29E-13
GITM 2,89E-12 7,71E-13
M2017 2,12E-12 0
2005-190 SVv2.3 2,67E-12 4,30E-13
MSIS 2,68E-12 4,36E-13
JB2008 2,63E-12 3,93E-13
TIEGCM 4,47E-12 2,23E-12
CTIPe 2,78E-12 5,42E-13
GITM 2,47E-12 2,26E-13
M2017 2,24E-12 0
2007-142 SVv2.3 1,78E-12 2,95E-13
MSIS 2,44E-12 9,58E-13
JB2008 2,19E-12 7,03E-13
TIEGCM 3,28E-12 1,80E-12
CTIPe 2,01E-12 5,27E-13
GITM 1,65E-12 1,66E-13
M2017 1,48E-12 0
2007-91 SV2.3 2,04E-12 3,57E-13
MSIS 2,30E-12 6,12E-13
JB2008 1,98E-12 2,89E-13
TIEGCM 3,09E-12 1,40E-12
CTIPe 1,76E-12 7,66E-14
GITM 1,69E-12 8,03E-15
M2017 1,69E-12 0
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Figure 6.7 : Generated background series for 2006-348 event.

The background series that were generated for each event for the shifts S4, S5, and S6
are given in Figure Al to A5 in Appendice. Figure 6.7 displays an example for 2006-
348 event.

6.3 Performance Assessment Tool (PAT)

Storm-time model performances are evaluated after shifting the baseline of the model
and observations. Model performances are measured with respect to the newly derived
CHAMP thermospheric neutral density data by Mehta et al. (2017). Mehta et al. (2017)
calculated the density estimates by taking a more complicated geometry into account
and using the most recent advances in the modeling of gas-surface interactions and the
modeling of physical Cp. They reported differences up to 20% for some cases from
the neutral density estimates of Sutton (2005), which were widely used in the previous
studies in the literature. Therefore, we also include Sutton (2005), named as SV2.3
hereafter to the assessment, and show the differences between Mehta et al. (2017),
empirical and physics-based models and SV2.3 for each of the individual GEM-
CEDAR challenge events. Mehta et al. (2017) is similarly referred to as M2017,
hereafter.

Performance Assessment Tool (PAT) includes seven metrics and calculate the skill

scores that are used to measure the model performances during individual events.
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Those are: ratio between the model maximum and CHAMP maximum (Ratiomax), ratio
between the model mean and CHAMP mean (Ratioay), time delay between the peak
of the model and peak of the CHAMP observation (TD), mean absolute error (MAE),
normalized root mean square error (NRMSE), prediction efficiency (PE) and
integrated density change (IDC). Equations from (6.1) to (6.7) show the definitions of
the metrics. The subscripts i and t represent the orbit number and time, respectively.
All calculations are based on the storm-time variations after performing the baseline
shifts.

_ pmodel,max

Ratio, g, = (6.1)
pCHAMP,max

Ratio gy, = Lmedelavs (6.2)
pCHAMP,avg

TD = Unodel,max — LcHAMP max (63)

WAL Y (Pcramp,i = Pmodeli) (6.4)

N
NRMSE — i Z (pCHAMP,i_medel.i)z (6.5)
N (PcHAMP,max—PCHAMPmin)
(6.6)

Z(pCHAMP,i - pmodel,i)z

2
Z(pCHAMP,i - PCHAMP,i)

IDC = Z (Z PcHampt — Z pbaseline,t) (6.7)
t t

i i

PE = 1 _RMSmodel/RMSref = 1 -

Among the metrics, the IDC works with the orbit and storm-time integrated neutral
densities. Meanwhile, other metrics use the orbit-averaged neutral densities. The
perfect score for the ratios (Ratiomax, Ratioayg) is 1, whereas TD should be zero,
meaning there is no lag between the peak of the model and the time of the maximum
from CHAMP. Determining the TD for less intense events is different from
determining the TD for intense events. In intense events, the maximum of the neutral
density is distinguishable, whereas in less intense events, there may be numerous local

maxima. Consequently, we first mark the timing of the maximum neutral density from
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M2017, then detect the timing of the closest local maxima from the models. MAE
gives the average distance between the observation and model estimations. Values
approaching to zero indicate better agreement between the model and observations.
Furthermore, MAE gives a dimensioned skill score, that is, it has the same units with
the neutral density (kg/m®). On the other hand, ratios, NRMSE and PE are
dimensionless. PE varies between 1 and negative infinity. PE equals to 1 indicates
perfect agreement between the model and observations whereas PE=0 means the
model errors are in the same order with the variations of the observations. Negative
PE values show that the observed mean is a better estimate for forecasts than the model
(Shim et al., 2012). The NRMSE, is the normalized version of RMSE. The NRMSE
gives errors in percentage. RMSE, consequently, NRMSE, vary with the variability of
error magnitudes and the mean absolute error (Wilmott and Matsuura, 2005). When
interpreted together with the MAE, NRMSE provides information on the variability of

error magnitudes.

6.4 Characteristics of the Thermospheric Neutral Density from the Models
Before the Shifts

Figure 6.8 shows the non-shifted storm-time maximum neutral density on the left,
storm-time average neutral density from the models and CHAMP, in the middle, and
the timing difference between the maximum in M2017 and models with respect to the
events on the right. In the figure, the circles denote CHAMP neutral density
estimations: orange, SV2.3 and dot-centered black, M2017. The triangles and the
diamond show the model estimations: red, right-triangle: MSIS; blue, left-triangle:
JB2008; green, up-triangle: TIEGCM; cyan, down-triangle: CTIPe; pink, diamond:
GITM. X-label is the events listed from severe (KP>8) to weak (KP=5) starting from
left to right, according to the NOAA classification based on KP values. M2017
represents the updated neutral densities by Mehta et al., (2017) and SV2.3 is the old
neutral density estimates from CHAMP satellite accelerometer observations from
(Sutton, 2005).
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Figure 6.8 : From left to right: storm-time maximum in neutral density, storm-time
average neutral density, timing difference between the peak of models and M2017
(without shift).

As evident from the plot, the storm-time maximum and average neutral densities from
M2017 display a decreasing trend with weaker geomagnetic storms. Even though
SV2.3 always shows higher values than M2017, it follows the same trend in neutral
densities. For the neutral density maximum, all models show the same tendency as in
CHAMP observations, except the 2005-243 event, which is due to an HSS. TIEGCM
and JB2008 overestimate the neutral density peak in each event, whereas GITM
slightly underestimates in HSS storms (2005-243, 2007-142 and 2007-91) and 2005-
135. On the other hand, it is very close, but slightly overestimates M2017 in 2006-348
and 2005-190. MSIS neutral density maxima are higher than M2017 for events with
KP<6, but lower than M2017 for events with KP>6, except the 2006-348 event.
Despite being lower than M2017 in 2005-135, CTIPe is slightly lower than M2017 for
events KP>8, and higher than M2017 for events with KP<8. Overall, CTIPe and GITM

are the two models that generally show the closest neutral density maxima to M2017.

These patterns in the modeled neutral density maxima change in the average neutral
densities. A model overestimating the neutral density maxima can give a lower average
than the M2017 or vice versa for the same events such as JB2008 and GITM for 2005-
135, TIEGCM for the 2005-243 and MSIS for the 2006-348 and 2007-142. MSIS
underestimates in all events except the 2007-91. JB2008 shows a somewhat random
behavior and does not display a trend. Its behavior is independent of KP levels and
solar wind drivers of the events. TIEGCM, and GITM display the decreasing trend

also for the neutral density averages, except the 2005-243 event as in neutral density
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maxima case. None of the models are found to be consistently closer to M2017 in

terms of neutral density average before the baseline shifts.

Timing differences between the models and M2017 also change with respect to event.
Interestingly, most of the models performed the best in capturing the timing of
maximum in 2005-190 event, which is due to a CME during an HSS. The variations
in timing differences seem to be random. The timing difference between the maxima

of M2017 and the models are found to be between +7.5 hours.

6.5 Demonstration of the Methods: A Case Example

Figure 6.9 shows 2006-348 event as an example, which is classified as ‘severe’
according to the NOAA geomagnetic storm scale based on KP. The selected quiet time
for the event is between 13/12/2006 15:00 UT and 14/12/2006 14:00 as shown in Table
6.1. The original time series from the model and observations are displayed in top-left
corner, and the generated background series are in the bottom left. The background
series are generated using the persistent method as explained in Section 6.2 by using
the quiet-time neutral density estimations from the models on the day preceding the
geomagnetic storm and sequentially reproducing them. It is seen that most of the
models overestimate the neutral densities during the quiet-time interval.
Appropriately, the shifts remove the bias from the models, so that we can compare the
storm-time variations directly between the model and CHAMP observations. S4, S5
and S6 change the response curve of the models due to the point-to-point subtraction
and multiplication. Especially the models, which display large fluctuations during the
quiet-time as in JB2008 case are greatly modified in case of S4, S5 and S6. Models,
other than the JB2008, show very little variations from their original temporal behavior
as their fluctuations are very small during the quiet-time. In S1, S2, and S3, the models
with climatology closer to M2017 change only slightly as the quiet-time averages are
used and only one quantity is subtracted from the whole series. As seen, S4 and S6
match the climatology of the models and M2017 one-to one during the time preceding
the geomagnetic storm. After S5, orbit-averaged densities from the models become

zero during the quiet-time.
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Figure 6.9 : An example event: 2006-348. First row, from left to right: a) top:
Neutral density from the model and observations without shift; below: KP and Dst
indices, neutral density estimations from the models and M2017 after b) S1, c) S2, d)
S3. Second row, from left to right: e) Background series for the persistent method,
neutral density estimations from the methods and M2017 after f) S4, g) S5, h) S6.

Before the baseline shifting procedure, MSIS is one of the best performing models
with a maximum close to the M2017 for the 2006-348 event. However, with the
removal of its bias, it is found that it actually underestimates the neutral density
enhancement due to the geomagnetic storm. In the case of TIEGCM, the model
overestimates the quiet-time neutral density so much that, the neutral density
maximum and average during the storm are the highest among the models.
Consequently, the resulting differences between the model and observation are the
highest. On the other hand, shifting the baseline to CHAMP levels indicate that despite
the bias in the model, quiet-time variations from the TIEGCM actually are modeled
fairly-well and the storm-time response is closer to the observations than they are
before the shift. These cases demonstrate the usefulness of the shifts in determining
the actual storm-time response from the models. The variation of the thermospheric
neutral density during the other events before and after the baseline shifting procedure
and the generated background series are shown in Figures Al to Figure A5 in the

Appendice.
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6.6 Evaluation of the Model Performances

Figure 6.10 presents the ratio of maximum neutral density (left column) and ratio of
average neutral density (middle column) from each model to M2017. O denotes the
original skill scores whereas S1 to S6 represents the shifts from Shiftl to Shift6. Red
symbols represent the severe events with high KP; blue denotes strong event with
KP=7; cyan is for 7>KP>6; and green color is for weak events with KP around 5.
Circle represents the event 2005-135; square, 2006-348; up-triangle, 2005-243; down-
triangle, 2005-190; cross, 2007-142; plus, 2007-91.

SV-2.3 exhibits the best agreement with M2017 for all events after the baseline
shifting. S3 and S6 yield the best results among the shifts and lead to one-to-one match
between the M2017 and SV2.3 for all events. Perfect agreement within the two
estimates that depend on CHAMP accelerometer observations are obtained after the
shifting process. This means that M2017 and SV2.3 are different by a constant factor
in each event. Employing average values as in S3 or point-to-point subtraction as in
S6 does not seem to make a difference in the results. S3 and S6 work equally well. For
the empirical and physics-based models, S1 and S4 produce the closest ratios to 1
among the shifts for both the ratio of maximum and ratio of average neutral densities.
S2 and S5 cause the ratios to be more spread for all events and models. For all models,
except the JB2008, using S3 and S6 lead to underestimation, whereas for JB2008,
taking ratios lead to an overestimation in neutral density. For MSIS, CTIPe and GITM
baseline shifting causes the ratios to diverge from 1 for some events, whereas for
TIEGCM and JB2008 the shifts cause performance enhancement in capturing the
maximum in M2017. Additionally, in TIEGCM, the 2005-135 event shows a distinct
behavior and captures the maximum in M2017 better after S3 and S6. MSIS and GITM
are found to underestimate the maximum in M2017 generally, after the shifts. On the
other hand, JB2008 is found to constantly overestimate the peak except the event 2007-
142. TIEGCM demonstrates higher maximum and averages than M2017 in severe
cases (KP>8) and underestimate the maximum in M2017 in event 2005-243. The ratio
between the TIEGCM and M2017 is improved for events with KP<7. On the contrary,
CTIPe overestimates for events with KP<7 and underestimates in with KP>7. As a
result, there is a clear dependency on the storm strength in the selected cases for
TIEGCM and CTIPe.
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Figure 6.10 : Skill scores. From left to right: storm-time ratio of maximum neutral
density of the models to M2017, storm-time ratio of average neutral density from the
models to M2017, timing difference between the peak of models and M2017. From
top to bottom: SV2.3, MSIS, JB2008, TIEGCM, CTIPe, GITM.

The same conclusions mostly hold true for the ratio with neutral density averages; only
the amount of underestimation or overestimation changes. However, a model
overestimating the neutral density maximum may underestimate the average density
as in JB2008 case for the 2006-348 event. Moreover, a model underestimating the
neutral density maximum may overestimate the average density as in CTIPe for the
event 2005-243 and GITM as in events with KP>7.

Timing differences between the maximum in M2017 and the models are shown on the

right column in Figure 6.10. S1, S2 and S3 do not change the lags between the model
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maximum and M2017. This is natural as only a constant value is used for the baseline
shifts. However, S4, S5 and S6 lead to delays and early or on-time predictions
changing the timing of the maximum from the models. There is not a pattern in the
change of timings from the models. The timings change randomly with respect to event

and models.

Figure 6.11 reveals the changes from the quiet-time values of the neutral density
maximum (top panel) and averages (middle panel) from the models in percentage.
Results of S2 are on the left and results of S5 are on the right column. The symbol and
colors are the same as Figure 6.4. The percentages are calculated as
%Change=100x((storm-quiet))quiet. Time and orbit-integrated density change (IDC)
is shown in the bottom panel. The percentage change from the background variations
and the IDC are calculated around the zero-baseline level when all climatology is
removed. Accordingly, S2 and S5 are used in the calculations of percentage change
and the IDC.

In M2017, the change in neutral density maximum due to the geomagnetic storm is
found to be nearly as twice as the change in neutral density average for the observations
and models for all events. The change in neutral density maximum ranges from 200%
to 90% and the change in neutral density average range from 100% to 45%. The
percentage change for the neutral density maximum and averages, which are calculated
by means of S2 and S5 are nearly the same as each other for all models and events.
Both the change in maximum and average of the observations (M2017 and SV2.3)
show a decreasing trend with geomagnetic storm intensity in terms of KP. TIEGCM
and CTIPe estimate the closest percentages to M2017 for events with KP<7. CTIPe

also performs reasonably well for events with KP>7.

Contrary to the case in percentage change, IDC calculated by S2 and S5 indicate
different values. IDC estimations by means of S2 are generally higher than the
estimations after S5. Point to point subtraction leads to lower neutral density values.
Geomagnetic storms with less KP, which are due to HSSs (2007-142, 2005-190)
display IDCs as large as the events due to CMEs (2005-135, 2006-348). There is not
any model, which is consistently closer to the IDC from M2017.

In IDC based on S2, MSIS is closer to M2017 more times than the other models (4 of
the 6 selected cases: 2006-348, 2005-243, 2007-142, 2007-91). TIEGCM
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overestimates in all events. Similar to TIEGCM, JB2008 and CTIPe are higher than
the M2017, except the 2005-135 and 2005-243 event, respectively. GITM shows a
distinction between KP>6+ and KP<6+ events: it over predicts the IDC in events with
KP>6+ and under predicts for events with KP<6+. Even though some of the models
approach to M2017 in terms of IDC in S5, GITM persists to show this distinction
according to the KP level, except the 2005-243 event, where it performs the best in
both S2 and S5. In S5, MSIS diverges from M2017 values, whereas TIEGCM
demonstrates very close estimations to M2017 in 4 of the 6 selected cases. JB2008
results remain mainly the same with respect to M2017 between S2 and S5. However,
the values get closer to M2017 in 2006-348 and 2005-190 cases.
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Figure 6.11 : From top to bottom: storm-time orbit and time integrated neutral
density, storm-time change in maximum neutral density, storm-time change in mean
neutral density.

Figure 6.12 presents the skill scores from the models, such as the mean absolute error
(MAE), normalized root mean square error (NRMSE) and prediction efficiency (PE).
MAE and NRMSE are negatively-oriented skill scores, meanwhile PE is positively-

oriented. This means that, lower values of MAE and NRMSE are more desirable
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whereas PE closer to one shows the perfect agreement between the models and M2017,

in our case.

From Figure 6.12, the effect of baseline shifts on the storm-time performance of the
models can be distinguished. It is found that generally, the calculated errors after the
baseline shifts are on the same order. This shows that the results depending on the
shifts are consistent with each other and the actual errors are successfully
approximated. In the figure, baseline shifts are found to reduce the errors (MAE,
NRMSE and PE) for the TIEGCM and SV2.3 for all cases. Additionally, as in the case
of the ratios, S5.V2.3 errors are more efficiently reduced using the shifts S3 and S6
compared to the other shifts. The errors in TIEGCM increase with the intensity of the
geomagnetic storm. After removing the climatology via the baseline shifts, the errors
in CTIPe and JB2008 are also found to decrease except the 2006-348 and 2005-135
events, respectively. The events with the most errors in CTIPe model are found to be
the problem cases, which Knipp et al., (2013) listed (2005-190, 2005-243 and 2005-
135). JB2008 errors do not seem to depend on either KP levels or solar wind drivers
of the events. They rather change randomly. GITM shows a reduction in error for
events with KP>6+ and growth in errors for the events with KP<6 after the baseline
shifts. On the contrary, the model errors increase for MSIS for events with KP>6+,
except the 2005-135 event, and decrease for events with KP<6 after the removal of the

climatology.

The MAE provides information on the amount of mean error in dimensioned units
(kg/m3, in the case of thermospheric neutral density). MAE is found to be high for
strong events and low for weak events after the baseline shifts (except for GITM in
2005-243 and CTIPe in 2006-348), which is consistent with the findings of (Shim et
al., 2012). Moreover, the behavior of RMSE is the same with MAE in all cases and
models and the amount of error grows with respect to event intensity. This is due to
the scale of the event. The amount of error increases because of the large temporal
variability of the thermospheric neutral density in geomagnetic storms. Normalization
shows the errors are actually around the same magnitudes in terms of percentage for
the events. Consequently, in the middle column, normalized root mean square error
provides the errors in percentage. A high MAE may account for a low NRMSE based
on the variation of the thermospheric neutral density during the event. However, the
changes in MAE and NRMSE after the shifts are consistent with each other. An
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increase in MAE after the shift, with respect to the original time series without shift,
mirrors itself as an increase in NRMSE with respect to the original time series, as well.
Thus, basically, the MAE and NRMSE provide the same information on the change in
errors. However, NRMSE gives the additional information that how much this error
accounts for from the perspective of the variability of the thermospheric neutral density
based on the event. The NRMSE from the models are confined between 60% to 10%
after the shifts. Before the shift, TIEGCM has the maximum NRMSE with ~125% for
the event 2007-91. The shifts revealed that its actual storm-time performance to be on
the order of ~12% (S1, S2, S4, S5) to ~33% (S3, S6) for the same event. In contrast,
MSIS has a minimum error around ~25%, which increases to ~37% (S1, S2, S4, S5)
to ~41% (S3, S6) for the event 2005-135. In addition to these, except the SV2.3 and
TIEGCM in 2005-135 event, it is observed in the NRMSE that S3 and S6 introduce
slightly higher errors compared to the other shifts in all events. The 2005-135 is an
exceptional case as can be seen from MAE, RMSE, NRMSE and PE of the TIEGCM.
Interestingly, only for TIEGCM among the other empirical and physics-based models
of the IT and solely in this event, baseline removal via ratios (S3 and S6) reduces the
error more than the shifts based on subtraction. In this case, the storm-time variation
is so high and strong that it is compensated by taking ratios. However, we argue that
this is not the true performance of the model. The model actually overestimates the
storm-time variation, and the reduced error via ratios is probably artificial as storm
effects are generally additions to the background. Methods based on ratios (S3 and S6)
in other events, give rise to the underestimation of the average and maximum values
of the neutral density from TIEGCM (Figures 6.6 and 6.9, Figures Al to A5). Despite,
the shifts S3 and S6 reduce the errors more than the other shifts for the SV2.3, since
neutral density are derived from the accelerometer on spacecraft and the error can be
multiplied during this process. The PE on the right column shows the same variations
with the NRMSE according to the event. The PE increases when the NRMSE increases
and vice versa. The original PE of TIEGCM in negative direction is so low that the
scales are compressed. PE results after the shifts S1 to S6 are shown in another frame
inside the PE panel for TIEGCM with scaled y-axis due to the very low PE in original
estimations. However, after the shifts, there is a clear improvement in skill scores,

which can be seen from the frame interior to the figure.
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Lastly, all shifts and all events in terms of MAE, NRMSE, and PE show that the shifts
S3 and S6 work perfectly for the SVV2.3 and the errors are on the order of ~1%, with a

maximum of ~2.5%.

, MAE (10" kg/m®) NRMSE (%) PE
; 40 LR
@ 849 30 04
g 1= 20]a 3
w4 28 az |10 88 as |17
O Y4—T—TF—7T1F+ 07T FT T2 T T T T
O S1528S354 S5 S6 O S1828338455856 O S182835845586
o 204 5 5| 60 é:ﬁ!‘;!‘;AZ‘..ﬂe
0 155 ¢--@ @--© 40: o o E 0 0 E o ¢ ¥
= 1040 o 15298929 |21
— 10 18 [ ]
mse,ﬁgguaaizo?éééuﬁé“_“
z E ] ]
0 1 I I I | ! I 0 ! I ! I I ! | -5 I 1 I I I I !
O S152S354 S5 S6 O S1S52S3584S5856 O S182535455856
] 4 1'm " 8 B g o N
816-: 6 0 0 o o Of607 0j2 & 8 o & & &
8" 3e 404 : 23
Q4_§AEE;§.E‘EE20{%@@;888_45
0.l I I I I I I c)-I I I I I [ I _G-I I I I I I !
O S1528S354 S5 S6 O S182833845586 O S182835845586
Io 3 O0q= T § & © © 7
@204 00 oo |807f LT R R
%10—:A o o B 0o g 4044 g g & g o 21—% :2
04— ; (|J ; ? Lll‘ 015 | l ¢ ‘I) l ?285 T |81 S[ZSBlSﬁ_-‘;SSGI
O S1S5S2 85354 S5 56 O S152S5354 5556 O S152 85354 S556
®12—_ﬂooooooﬁo— g)_gmmbgmg
o 8 402 ER:
— : % % g % % a 1o & & N A A @ _2:
O 4q0o 20 5 5 % ooa 9|44
] {o F
0.l | I 1 | I 1 0 | I | | I | | _6-l 1 | I | | |
O S152S354S5S6 O S152S8354S556 O S15283545556
123 50 3 13
= Joaogooe of40] ojaBgedge
= 842 Rl 304 E
o 4 . ;G 0o g 0 @ 013
O 43, 2 £ 2 A X 42046 e RRE E
] 10 3 -2
0 T T T T T T T O-I T T T T T T _3-l T T T T T T
O S1S52 8354 S5 56 O S152S5354 S5 56 O S1S52 85354 S556
o 2005-135 o GITM & 2005-243 2005-190 2007-142 2007-91
KP= 8+ 8+ 7 6+ 5+ 5

Figure 6.12 : SKill scores: From left to right: MAE, NRMSE, PE. KP scales, axis
labels, colors and symbols are the same as Figure 6.10.
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6.7 Discussion on the Performances of the Methods

In this study, in order to evaluate the storm-time performance of the models, we
employed baseline shifts to remove the climatology and selected metrics to quantify
the errors from the models. It is shown that it is critical to define quiet-time references
in determining the actual storm-time performances. Six approaches were developed to
remove the effects of climatology from the storm-time performances of the models.
The model data was shifted to either CHAMP levels or zero level by using averages
or point-to-point subtraction or multiplication. The quiet-time interval is determined
by inspecting the CHAMP neutral density variations on the day preceding the
geomagnetic storm. Quick and dirty methods (S1, S2 and S3) use the quiet-time
average of the neutral density. Shiftl (S1) and Shift3 (S3) employ the quiet time
average difference and quiet time average ratio between the model and observation
and shift the data to CHAMP levels. Shift2 (S2) uses the quiet-time average and shifts
the data to zero level by subtracting the whole climatology. Shift4 (S4), Shift5 (S5)
and Shift6 (S6) also use the difference between model and CHAMP observations, i.e.,
difference from zero and quiet time ratio between the model and observation,
respectively. However, for S4, S5 and S6, persistent method is employed to generate
the background series so that the methods are applied point-to-point.

For the storm-time performance assessment of the models, generally S1, S2, S4 and
S5 are found to work equally well. The choice of different baseline levels (shifting the
models to the level of CHAMP observations or shifting observations and models to
zero level by removing all the climatology) and using either a quick and dirty or
persistent approach does not change the amount of error associated with a model. The
storm-time errors of the models are found to be on the same order after S1, S2, S4 and
S5 in all selected cases. Besides, S3 and S6 increase the variability of the errors from
the models when compared to the other shifts. This is due to the fact that the storm-
time effects are generally superimposed upon the background (climatological)
variations and their nature is not multiplicative. Hence, modifying the original time
series using ratios does not work as efficiently as the subtraction process for the
empirical and physics-based models. On the other hand, the shifts S3 and S6 work the
best for SV2.3 as the difference between the M2017 and SV2.3 is the modeling of the
Cq factor, which is a coefficient in the drag equation. Hence, when neutral density is

derived from accelerometer data, systematic error and bias can be multiplied, so it is
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reasonable to divide to remove them. This follows that the findings of the past model
validation studies which used SV2.3 can be re-evaluated and calibrated using the S3
or S6. It is found that the nature of the climatology determines the choice of the
baseline shift. For models, which show unexpected, decreasing trend, we advise using
S1 and S2, which employ only the quiet-time average differences and values to shift
the model estimations to the selected baseline, as S4 and S5 may lead to unphysical
variations in model estimations as illustrated in GITM for weak events (Figure A5 and
Figure ab).

We also investigated if there is a pattern in models, which leads to constant
overestimation or underestimation from the models. It is found that, TIEGCM is more
successful in low KP events, and its success rate decreases with the intensity of the
storm. GITM shows a reduction in error for events with KP>6+ and increase in errors
for the events with KP<6. On the contrary, the model errors increase for MSIS for
events with KP>6+, except the 2005-135 event, and decrease for events with KP<6.
JB2008 shows somewhat random errors for the selected cases. Three of the six events
selected in this study were listed as problem storms by (Knipp et al., 2013). We find
that, CTIPe has the most difficulties in these cases (2005-190, 2005-243 and 2005-
135). Figures A2, A3, and A4 show that the CTIPe is slow to recover the neutral
densities, thus the errors are due to the overestimation of the neutral densities. Ratioavg
in Figure 6.10 also supports this conclusion. On the other hand, for these storms, the
range of errors from the models are between 13% to 40% and do not greatly differ
from the other cases. Thus, we do not see any distinction among model performances
with respect to the solar wind drivers of the events, but find differences based on KP
for some of the models (MSIS, TIEGCM, GITM). In some events and models, the
shifts reduce the errors due to climatology in evaluating the storm-time performances
up to 113% (TIEGCM-2007-91: 125% to 12%) whereas in some events, they increase
the errors by 13% (MSIS-2005-135: 12% to 25%).

Furthermore, it is possible to estimate integrated neutral density change (IDC) during
the storm via S2 and S5, which shift the baseline to zero level. IDC is important as
drag has a cumulative effect on orbit determination and prediction (Emmert et al.,
2017). For the evaluations in drag calculations, we suggest using the upper limits for
IDC that are calculated after S2 and S5 to stay on the safe side.

The second part of this study involves the metrics to quantify the errors. Six metrics

are employed for this purpose: the ratio between the model maximum and CHAMP
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maximum (Ratiomax), ratio between the model mean and CHAMP mean (RatiOavg),
time delay between the peak of the model and peak of the CHAMP observation (TD),
mean absolute error (MAE), normalized root mean square error (NRMSE), prediction
efficiency (PE) and integrated density change (IDC). It is found that Ratiomax and
Ratioayg may not be consistent with each other even after the baseline shifting
procedure. A model overestimating the ratio of maximum may predict the RatiOayg
well. This is due to the shape of the response curve and is controlled by how fast the
growth and decay rates of the neutral density are within the model. Thus, neither the
neutral density maximum nor the neutral density average is definitive in model
performance assessment when used alone. In this study, consistency is achieved
between the skill scores MAE, RMSE, NRMSE and PE after the baseline shifts. (Chai
et al., 2014) suggests using several metrics together as each of them points out a
different aspect of the error properties of a model; especially in studies involving the
assessment of more than one model when the error distribution becomes important.
Consequently, we suggest using MAE, NRMSE and PE together for the neutral density
evaluations. MAE will provide the mean amount of error, NRMSE, the error
percentage with regard to the event and PE will provide how efficient the model is in

capturing the variability and mean of the neutral density observations.
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7. ON THE RELATION BETWEEN JOULE HEATING AND NEUTRAL
DENSITY

Neutral density estimations from the empirical and physics-based models of the IT
were investigated in the previous chapter. Baseline shifting techniques were used to
eliminate the effects of the pre-storm time interval and to remove the bias between the
model estimations and CHAMP observations. These techniques can further be used to
explore the relation between JH and neutral density during geomagnetic storms. In this
chapter, we employ the baseline shifting techniques to construct simple relations
between the JH and thermospheric neutral density from the IT models.

In a previous study, (Fedrizzi et al., 2012) employed a shaping filter to JH time series
to match the JH from CTIPe model with neutral density observed by CHAMP. Using
CTIPe model, they created a Joule heating index, which is directly related to the neutral
density change in the thermospheric altitudes from CHAMP satellite. In our work, we
investigate the correlation between the JH from the IT models, CTIPe and TIEGCM,

and neutral density from the same IT models and CHAMP observations.

Previous work on the relation between JH and neutral density revealed that the neutral
density variations in thermospheric altitudes follow the variations in JH with a time
lag. This time lag varies between 1.5 hours and 6 hours depending on the event
(Oliveiraet al., 2017). Consequently, to find the correlation between the JH and neutral
density, first, the JH and neutral density have to be superposed. For this purpose, we
first apply a cross-correlation between the neutral density and JH and find two time

lags:
1. Time lag between the JH and neutral density estimations from the model

2. Time lag between the JH from the model and CHAMP neutral density
estimations of (Mehta et al. 2017)

After JH data is temporally shifted according to these two time lags above, we

investigate the relation between JH and neutral density in three ways:

1. Over the entire data using instantaneous stormtime JH and neutral density
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2. Event-based separate investigations based on stormtime variations in JH and

neutral density
3. Integrating JH and neutral density over entire events

In all calculations, baseline shifts described in Section 5.4 are employed to find the
neutral density change associated with the Joule heating. However, values of JH and
neutral density integrated over the satellite orbit are used instead of the orbit-averaged
values. We prefer the Shift2 (S2) as it is simple but as efficient as the other shifts. In
S2, the reference level for the modeled neutral density is the zero level. Hence, S2 is
useful in removing the bias and climatology from the models, so that effects due to

previous days are eliminated.

The success of the fits are measured using the residual sum of squares and the
correlation coefficient. Equation 7.1 gives how residual sum of squares is calculated.
y; is the observed thermospheric density and f(x;) is the thermospheric density

predicted using the regression fits.

RSSE = ) (v = f(x))? (1)
i=1
n(Exy) - EDEY) (12)

VInXx? = Xx)?]nEy? — (Zy)?]

Equation 7.2 shows the equation for Pearson’s correlation coefficient. X is JH from the
model and y is the predicted thermospheric neutral density from either the model or
CHAMP.

7.1 Relation between the Instantaneous JH and Neutral Density

Figure 7.1 presents the JH and neutral density variations during the same event
presented in Chapter 6.5: i.e. the 2006-348 event. On the left, original time series with
no time shift is displayed. In the middle, shifted time series and on the right, time lags
between the models and CHAMP neutral density are shown. For the 2006-348 event,
the time delays between the model JH and neutral densities range from 2 hours to 5
hours. Fifure 7.1b illustrates that the neutral densities are shifted to the JH maximum

using the time lags found by the cross-correlation analysis based on Figure 7.1a.
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Figure 7.1 : Temporal variation of neutral density from CHAMP, TIEGCM and
CTIPe and superposed JH from TIEGCM and CTIPe (2006-348) a) before the time
shift, b) after the time shift c) time delays.

The time lags found by the same way for all 6 events studied in the previous chapter
are presented in Figure 7.1c. The figure indicates that the time lags between the Joule

heating and the neutral density vary from 1 to 7 hours between the models. Time series

after the time shifts for the other 5 events can be found in the appendice section.
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Figure 7.2 : Correlation between the JH from the models and neutral density
estimations a) TIEGCM and CHAMP b) CTIPe and CHAMP.

In Figure 7.2, we present the relation between model JH and neutral densities from the
models and CHAMP. The left panel and the table below give the correlation between
TIEGCM JH and neutral density from TIEGCM and CHAMP, whereas the right panel

and the table below it display the correlation between JH from CTIPe and neutral
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density from CHAMP and CTIPe. The black points denote the CHAMP
measurements, green upward triangle, TIEGCM and cyan, downward triangle the
CTIPe model results. The points are instantaneous neutral density values plotted versus
predicted JH from the models and include the storm time data of all events. It is found
that the correlations between the model JH and model neutral densities are slightly
higher than the correlations between the model JH and CHAMP observations for both
models. CTIPe model is better in terms of residual sum of squares and displays higher
correlation coefficient (0.73) between model estimated JH and neutral density from
CHAMP than the TIEGCM estimated JH and neutral density from CHAMP (0.67).

7.2 Storm-time Relation Between the JH and Neutral Density

Figure 7.3 displays the relations between storm-time JH and storm-time neutral density
from the models and CHAMP. In each panel green, upward triangles denote the storm-
time TIEGCM neutral densities, cyan, downward triangles denote the CTIPe neutral
densities and black dots denote the CHAMP measurements. The green solid lines
represent the regression between TIEGCM JH and TIEGCM neutral density, solid
cyan lines represent the regression between CTIPe JH and CTIPe neutral density and
black solid lines represent the regression between model JH and CHAMP neutral
density. From top to bottom events are plotted according to the severity of the

geomagnetic storm from the strongest to the weakest based on KP scale.

The slope and intercept, residual sum of squaress and R values for the regression lines
for each event and model are listed in Table 7.1. The regressions display more
meaningful relations for the 2006-348 and 2005-243 events, since R>0.80 for these
events for both models. However, for other events, R changes between 0.30 to 0.63 at
the most. Both models show the worst performance for the low KP, HSS events. Root
sum square is found to be lower for the HSS events. However, this is due to the small
amount of variation in neutral density during the HSS events. Since it is not
normalized, the RSSE does not give the performance of the models in percentage and
should be compared within the models for each event. The slope and intercept of the
regressions are also very different from event to event. This is due to the differences
in response of the JH and neutral density to the varying interplanetary magnetic field

directions.
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Figure 7.3 : Storm-time correlation between the JH and neutral density for all

Table 7.1 : Properties of the correlation between model JH and CHAMP neutral
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TIEGCM-CHAMP 1,15 0,90 4,24 0,87
2005-243 CTIPe-CHAMP 0,80 0,89 5,55 0,80
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TIEGCM performs slightly better for the high KP events, whereas CTIPe performs
slightly better for the low KP events in thid data set. However, it is hard to draw any

general conclusions from 6 events.

7.3 Relation Between the Integrated JH and Neutral Density

Lastly, we look for a relation between the integrated JH and integrated neutral densities
for the seven GEM-CEDAR events listed in Section 5.4. For this purpose, we calculate
the total Joule heating and integrated density change as in Equations 7.3 and 7.4.

JHtotar = fQj(t)dt (7.3)

ZPevent = fp(t)dt (7.4)

After finding the integrated values, a linear relationship is obtained by utilizing the
linear regression method between the storm-time integrated density change and the

total Joule heating. Figure 7.4 shows the results.
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Figure 7.4 : Integrated storm-time neutral density response from models and
CHAMP for GEM-CEDAR events vs. integrated JH from IT models. From left to
right: a) TIEGCM and CHAMP b) CTIPe and CHAMP.
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Interestingly, TIEGCM model gives better correlation between the total JH from the
model and the total neutral density from CHAMP. The correlation coefficient shows
an extremely high relation on the order of 0.9. On the other hand, CTIPe correlation
coefficient remains at low levels around 0.47 for the integrated density and JH. This
correlation coefficient is very low compared to the correlation coefficients found by
Fedrizzi et al. (2012).

7.4 Discussion on the relation between JH and neutral density

In this chapter, we showed the relations betwen JH from the models and thermospheric
neutral density from the models and space borne measurements. We found that the
relations can be as low as 0.3 (TIEGCM-CHAMP/2007-91) and as high as 0.89
(CTIPe-CHAMP/2006-348). The relations are highly variable and change based on
the event. The success rate of the fits decrease with decreasing event intensity and is
less for the events due to high speed streams.
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8. FIELD WORK

This chapter has been assigned to study the space weather effects on the ground.
Geomagnetically induced currents (GICs) are the most direct and world wide
consequences of the near Earth space environment that are observed on the ground
magnetic stations. These currents are detected at various levels at different latitudes
over the globe. In this chapter, we examine the variations in geomagnetic and
geoelectric field over Turkey during geomagnetic activity and investigate the possible
sources in association with the geomagnetically induced currents. This study is the
first that presents the direct measurements of the geoelectric field and the geomagnetic

field variations in connection with GICs in the Eurasia region.

8.1 Magnetotelluric Measurements in Bozcaada

To monitor the geoelectric and geomagnetic field variations at mid-latitudes, over
Turkey, a magnetotelluric measurement system was setup in Bozcaada, Canakkale,
Turkey. In Figure 8.1, panel a indicates the location of the measurement system in the
island of Bozcaada, panel b depicts a sketch of the instrumental set up in the field and

panel ¢ shows the components of the measurement system.

As panel a shows, Bozcaada is the third largest island of Turkey in the northeastern
part of the Aegean Sea about 6 km away from the mainland Anatolia. It constitutes
Bozcaada district of Canakkale province which is shown in light green on the map.
The geographic and geomagnetic coordinates of the station are (39.50°N, 26.02°E) and
(37.5°N, 106.1°E), respectively. Hereafter, throughout the study, we will use the
geomagnetic coordinates for Bozcaada. Bozcaada has a size of 40 km? and the
population is small of about 2500 and mainly occupied with farming. The soil in
Bozcaada is adequate for grape, crop, pulse, and fruit growth and the area was being
used mainly for farming purposes during its historical development and still so. It is
the soil’s electrical conductivity here that concerns us as we use electrical
measurements at a certain depth below the surface to infer to the underground

geomagnetic currents. The electrical conductivity of the soil in the area is associated
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with the basic ingredients of the soil that allow the farming. In several places nearby
Bozcaada region, the electrical conductivity of the soil was found to be small changing
from 0.030 dS/m to 0.49 dS/m on the surface resulting from the salinity and basic
natural minerals in the soil (Seker et al., 2009; Parlak et al., 2008). It is anticipated that
the electrical conductivity will change with the depth. However, unfortunately we were

not able to find any source that give detailed information on the soil electrical
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@ Location of the station Magnetotelluric Station: Station Instruments

Figure 8.1 : (a) A map of the region and island Bozcaada, Canakkale, Turkey, where
the instruments were installed. (b) Plan of the instrumental set up in the field. (c)
Instruments that came with magnetotelluric station; (1) Magnetometer, (2) GPS
receiver, (3) Electrometer, (4) Electrodes, (5) Station, (6) An example of raw data.

In this study, we use Laboratory for ElectroMagnetic Innovation (LEMI)’s Long-
period Magnetotelluric Station (LEMI-417) which consists of one electrometer and
four electrodes to measure the geoelectric field, a magnetometer, and LEMI-417
electronic unit that allows acquisition, processing and storage of the measured data in
the internal memory and their transmission to the computer via RS-232 (or RS-422)
interface (see Figure 8.1c). The magnetometer is based on the fluxgate principles.
Additionally, built-in GPS receiver provides satellite synchronization of the internal
clock and the coordinates of the MTS location. Detailed technical specifications for
the instruments can be found at (www.lemisensors.com). The magnetotelluric currents
consist of both the natural electrical currents flowing within the Earth and the electrical
currents originating externally from the ionosphere and/or magnetosphere. They are
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produced on the ground through the electromagnetic induction by the time-varying
geomagnetic fields or whenever a conducting body moves across the Earth’s
permanent geomagnetic field (Lanzerotti and Gregori, 1986). LEMI-417 was designed
for the measurement of natural magnetic and electric field components and their
variations in laboratory and field conditions (http://www.isr.lviv.ua/lemi417.htm;
Korepanov, 2011). The LEMI-417 electronic unit records the absolute measurements
of the magnetic field in three directions, i.e. Bx, By, Bz, and electric field in two
directions, i.e. Exand Ey, and the resolution is 1 second. The magnetic field and electric
field components are measured in a coordinate system such that x-axis points to
magnetic north and is positive northward; y-axis points to magnetic east and is positive
eastward; and z-axis points down toward the center of the Earth’s and is positive
downward. Accordingly, Bx and Exare the north-south and By and Ey are the east-west
components of the magnetic and electric field in this coordinate system. Magnetic and
electric field data are recorded in nT and puV/m, respectively. We convert the electric
field data to mV/km throughout this paper to be consistent with the previous GIC
studies in the literature. In addition, LEMI-417 measures the subsurface temperature
at the location of the magnetometer and electrometer. Temperature measurements are
necessary to check the efficiency and the stability of the system. The raw data are
stored automatically in the memory card and later transferred into the computer via

internet. Measurements started in Sept 2013 and the system operates since then.

All LEMI-417 components seen in Figure 1c were placed in a small, local farm area
on a hill located in the middle of the island with dimensions of about 100x100 m. The
magnetometer, electrometer with four channels, and the LEMI1417 electronic unit were
buried under the ground at about 80 cm depth in the middle of the field as seen in
Figure 8.1b. Four Cu-CuSO4 electrodes were arranged in the field such that the
electrodes were separated by 60m in the east-west direction and by 59m in north-south
direction and placed at the same soil depth as the magnetometer. The placement of
electrodes in the north-south and east west is indicated in Figure 8.1b. The
surroundings are electrically quite, i.e. away from the electrical power lines, busy local
motorways and streets, and any other large systems and buildings that may generate
large amounts of electricity that will affect our electricity measurements at about 80
cm below the soil surface. Also shown in Figure 8.1b, are the GPS antenna and the

solar panel, placed nearby the measurement unit to power the whole system.
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8.2 Event Selection and Data Preparation

For the geomagnetically induced currents over Turkey, we mainly focus on the
variations observed in the horizontal components of the magnetic (Bx, By) and electric
(Ex, Ey) fields measured by LEMI-417, i.e. north-south and east-west components, and
the time derivatives of the horizontal magnetic field components, i.e. dBy/dt and dB,/dt,
and compare and discuss their variability during the geomagnetic disturbances. At any
particular period, the north-south (Ex) and east-west (Ey) electric field components are
linearly related to the north-south (Bx) and east-west (By) magnetic field components
through the equations given below:

E, =ZB, (8.1)
E, = —ZB, (8.2)

In these equations, Z is the estimates of the characteristic impedance which is related
to the conductivity of the surface. This relationship is valid under certain conditions,
that is when the electromagnetic fields are plane waves at the earth’s surface and that

the earth consists of parallel layers (Naidu, 2012).
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Figure 8.2 : Number of events between September 2013 and September 2014
according to KP index.

In order to study the magnetic and electric field variations during geomagnetic activity,
we selected three geomagnetic disturbance events by examining the geomagnetic
indices, KP, Dst and AE, from World Data Center (WDC) for Geomagnetism, Kyoto’s

web site (http://wdc.kugi.kyoto-u.ac.jp/). Figure 8.2 shows the number of events
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binned according to the KP level. We focus on the KP > 5 events, which are classified
as geomagnetic storms according to the NOAA KP scale. There were 30 events which
fit to this criterion between September 2013 and September 2014. We selected three
events from this database for detailed investigations. Two of these events consist of
geomagnetic storms together with magnetospheric substorms while one of them is a
non-storm sudden commencement event. As our station is located at midlatitudes, in
our search of geomagnetic disturbances, we especially paid attention that the KP index
was larger than 5 and Dst indicated sudden commencement, which is typically around
20-30 nT, within the selected time interval. We also added AE index variations along
with KP and Dst corresponding to our cases. KP index is a three-hour magnetic index,
and Dst and AE index are available in hourly and minute resolution. Following
Gonzalez et al. (1994), one of our selected intervals (April 20, 2014) corresponds to
typical substorm activity, while the other two (Oct 8, 2013 and June 8, 2014)
correspond to moderate and weak geomagnetic storms, respectively. We also
determined a geomagnetically quiet day as a reference in order to refer to the variations
during geomagnetically disturbed times. All three indices were obtained from the
website of WDC for Geomagnetism, Kyoto. Once the geomagnetic activity intervals
were determined, we examined the corresponding features in our ground magnetic and
electric field measurements at these intervals after removing the noise using wavelets
and the background variations using the best curve fits. Time variations of the indices
were plotted at the bottom of each figure in the next section where we present the data
for the selected cases while Table 8.1 below presents the events selected to be studied

in this part of our work and their corresponding maximum KP, Dst and AE index.

Table 8.1 : Selected events and corresponding maximum KP, Dst and AE index
during the period of ground level fluctuations.

Case Dst (nT)
Event Date Storm Scale KP AE (nT)
No SCax Dstmin
0 October 6, 2013 Quiet 3 -5 1+ 166
1 April 20, 2014 Typical 28 -1 5 922
2 October 8, 2013 Moderate 22 -62 6- 1415
3 June 8, 2014 Weak 30 -35 6+ 1780

In addition to the geomagnetic indices, we searched for the correlation between our

magnetic and electric field measurements and the structures such as CMEs or
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Interplanetary Coronal Mass Ejection, High Speed Streams (HSS), and Interplanetary
Shock Structures (ISS) in the solar wind plasma and Interplanetary Magnetic Field
(IMF). For this purpose, we used IMF and plasma data, i.e. density, velocity,
temperature, dynamic pressure, measured by MFI and SWE instruments at ACE
spacecraft located at the Lagrangian point L1. To correctly associate the features, the
solar wind and IMF were advected to the Earth’s bow shock by taking the solar wind
transit time from L1 point to the shock into account. The resolution of the IMF and
plasma data are 16 secs and 64 secs as measured at ACE and the data were obtained
from NASA’s CDAWeb (Coordinated Data Analysis Web) public data resources
(https://cdaweb.sci.gsfc.nasa.gov/). The presence of the solar wind structures
including CME corresponding to our events are determined by examining the total
magnetic field and its components, especially IMF B, component, density, velocity,

temperature, and dynamic pressure variations.

Figure 8.3 presents the magnetic field and electric field variations recorded on October
6, 2013 as an example of the quiet day when there are no magnetic storms and
magnetospheric substorms. We use KP, Dst and AE indices to identify the
geomagnetic activity intervals. While AE index is a good indicator for auroral
disturbances and identifies the presence of magnetospheric substorms, KP and Dst are
used to determine the global geomagnetic activity level and to indicate the presence of
the magnetic storms, respectively. The terminology used by Viljanen (2001, 2006) was
adopted to refer to the storm-time substorms when Dst falls below -40 nT, i.e. Dst <-
40 nT, and isolated substorms when Dst > -40 nT. In our study, we use the term sudden
commencement (SC) simply to refer to both the sharp rise in Dst and the follow up
initial phase of the geomagnetic storm. The last panel in the figure shows the
geomagnetic activity level with KP index (white to black bar plots) on the left scale,
and Dst (red) and AE (black) indices on the right. KP index for this day ranged from
0 to 1+ while Dst varied between £5 nT. AE exceeded 100 nT very briefly at about
13:30 UT but generally showed small variations between 0 nT and 166 nT. All three
indicate that there is no magnetic storm or substorm and thus the day is
geomagnetically quiet. The dashed black line gives “O nT” level for Dst and AE
indices. ACE magnetic field and solar wind plasma data (nhot shown here) also do not
indicate any major solar storms or CME events in the solar wind corresponding to this

day. Therefore, the day is quiet in terms of solar activity as well. From top to bottom,
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other panels in Figure 8.3 are the magnetic field components in the order of By, By, and

B; in nT and the electric field components (Ex and Ey) in mV//km plotted for October

6, 2013.
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Figure 8.3 : Example of variations in By, By, Bz, Ex and Ey from top to bottom for a
quiet day: October 6, 2013. The last panel gives the geomagnetic activity indices: KP

on the left, Dst and AE on the right.

In Figure 8.3, we see that all three components of the magnetic field, but especially By

and B, components, are very smooth and illustrate a daily pattern associated with the

background Sq (Solar quiet) currents in the ionosphere (Sutcliffe, 2000). A relatively
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typical, small amplitude, larger scale wavy variations of a quiet day are apparent in the
afternoon after 12:00 UT, especially in Bx and B, components. Also apparent are the
fluctuations in the form of very small ripples seen at around 06:00 UT in B, component
while they appear at about 07:30 UT in Bx and extend till about 09:30 UT in the
morning. Contrary to By and B;, we notice that By component of the field in the figure
does not show any discernible variations at these times. A nearly sinusoidal daily
pattern in the magnetic field components is clear, presenting the apparent daily trend
of the field variations. In the figure, while a large scale, sinusoidal variation during the
day is obvious in the electric field measurements, we see higher frequency wavy
variations compared to those of the magnetic field components, in especially Ex
component. Ey component presents less wavy, smoother variations compared to Ex
except for the tiny fluctuations which are observable after 15:00 UT. Additionally, the
wavy variations with relatively shorter durations and lasting for about one to two hours
were observed in Ex component at about 06:00 UT, 13:00 UT and 22:00 UT. However,
none of these fluctuations, or the short-duration features correspond to any
geomagnetic disturbance in the magnetic indices given in the last panel of Figure 8.3.
We see that Dst is near 0 nT, 2 nT, and -5 nT while AE is also near 0 nT, 160 nT, and
66 nT, respectively at the time of these variations in Ex component. Similarly, ACE
data do not show any unusual structures in the solar wind or any solar activity such as
CME presence in the interplanetary medium. As a result, these variations are quite
different than the variations corresponding to the geomagnetically active days given
in the further sections of the study. In fact, except the small wavy variations at 06:00,
13:00 and 22:00 UT, which will be investigated in depth in the near future, typical
quiet day variations of Ex and Ey in our search present similar features. Ex is always
more structured and wavier than Ey and a periodic sinusoidal feature is obvious in both
components during the day. Therefore, we accept this case as the representative of the
quiet day variations of both magnetic and electric field components and compare the
features observed during the geomagnetically active days with these observed on quiet

days.

In addition to the fluctuations mentioned above, other apparent tiny variations with
relatively high frequency but constant amplitude were detected above the background
daily variations of Ex and Ey as displayed in black in Figure 8.3. These were seen

around 9:45 UT and 10:45 UT and are the noise caused by the solar panel located
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nearby the measurement unit. Sometimes, they occurred near the sun rise from 06:00
UT to 09:00 UT in the morning and at other times, they were observed in the afternoon
when the solar panel was charging. Their duration usually lasts about an hour. Also
seen overlapped on Ey, are the tiny sharp spikes which are noticeable between 15:00
UT and 16:00 UT. These were found to be associated with the lightning events

occurring locally in the region and will be studied separately in another study.

The red curves overlaid on Ex and Ey in Figure 8.3 show electric field components after
the noise was removed. After a close examination of the variations in Ex and Ey
components in our data set, we applied discrete wavelet transform technique to remove
the noise. Discrete wavelet transform is a technique in which the original signal is
decomposed into several levels using wavelets. Wavelets are localized waves limited
in time and frequency. They can be shrunk into smaller time scales or they can be
expanded in time using the scale parameter in their formula. As they also depend on
time, they can also be shifted in time accordingly. This property of the wavelets allows
the user to define the abrupt and local changes in the signal. As a result, they are more
efficient and flexible than the Fourier transform techniques when handling non-
stationary data. They were also proven to be highly robust in noise removal and
powerful in reconstructing the original signal back in time domain (Kumar and
Foufoula-Georgiou, 1997). One of the advantages that we experienced about the
discrete wavelet transform is that, after decomposing the data using the selected
wavelet family, the user can keep more information from the original signal and
remove the noise sufficiently by modifying the coefficients and selecting appropriate
thresholds. In our case, we basically wanted to remove the high frequency variations
that appear periodically in our electric field data created by the solar panel, especially
during the sunrise and sunset but also some other times when the solar panel recharges
itself. For this purpose, we found Daubechies family-2 (Daubechies, 1992) removes
the noise we defined among the several other wavelet forms that we tried such as Haar
(Stankovi¢ and Falkowski, 2003) and symlets (Cohen et al., 1992) using the MATLAB
wavelet toolbox. We determined the thresholds required by this technique by visually
selecting the noisy intervals that will be removed (e.g. during the sunrise and sunset)
and then used three levels of decomposition for the analysis. In the resulting denoised

signal, we found that the method successfully removed the unwanted noise as seen in
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Figure 8.3. Daubechies wavelets are also one of the most used wavelets in geophysical
applications (Duka et al., 2012; Mendes et al., 2010).

8.3 Case Examples

In this section we present our detailed investigations on the three selected events.

Figure 8.4 presents our first event that corresponds to a geomagnetically disturbed day.
The magnetic field components, electric field components and the magnetic indices
are given in respect from top to bottom. As in the previous figure, the red curves in the
electric field panels describe the denoised electric field data using the wavelet
technique described above. This event occurred on April 20, 2014 and is a sudden
commencement event demonstrating an example of a geomagnetic disturbance
corresponding to a pressure pulse in the solar wind (see Figure 8.10). The pressure
pulse compresses the magnetosphere at the subsolar magnetopause that cause an
increase in Dst to 28 nT at about 12:00 UT. At the same time, KP shows a peak of 5.
Even though the magnetosphere was compressed, this compression did not produce
any geomagnetic storms during this day, and also following day when Dst stayed
positive and small. AE varied in between 100 and 300 nT from 12:00 UT to 15:00 UT
at the time when Dst and KP reached their peaks, but then increased to values above
500 nT after 15:00 UT. AE was low before 12:00 UT varying around 50 nT. These
indicate that the case is also an isolated substorm according to the description in
Viljanen et al. (2006). In the first five panels in Figure 6.32, we see that the magnetic
and electric fields started to fluctuate at 11:00 UT when KP raised to 4-, Dst became
slightly positive, and AE enhanced to 100 nT. The fluctuations became finer after
13:00 UT and continued until Dst leveled off towards zero. The fluctuations appeared
throughout the sudden commencement phase. These fluctuations were seen to be
superimposed on the background magnetic and electric fields and lasted for two hours
during this event. One-to-one matching between the fluctuations in the magnetic and
electric fields and the magnetic indices is remarkable and indicates a strong correlation
on their causes. In addition to the fluctuations, a marked increase in the magnitude of
the magnetic field components was detected. With respect to the background
variations, an increase of about 40 nT in the magnitudes of both By and By and about
10 nT in B; was observed. These deviations in the horizontal component of the

magnetic field at midlatitudes show good agreement with those given in the literature
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(e.g. Kono, 2007). In panels 4 and 5, high fluctuations in electric field components on
the order of 10 mV/km to 100 mV/km were detected.
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Figure 8.4 : Magnetic and electric field measurements for April 20, 2014, a sudden
commencement event with substorm scale geomagnetic activity. From top to bottom:
variations in By, By, B;, Ex and Ey, and geomagnetic activity indices: KP on the left,

Dst and AE on the right.

In Figure 8.5, we present an expanded time interval from 09:00 to 16:00 UT and

compare the time derivatives of horizontal magnetic field components (dB/dt) with the

variations in the horizontal component of electric field, Ex and Ey. In the figure, the

panels on the left and from top to bottom were given in the order of north-south
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component of the magnetic field, the time derivative of the north-south component of
the magnetic field (dBx/dt), the east-west component of the electric field, Ey, and the
magnetic activity indices KP and Dst. Clearly these variations lasting from 11:00 to
13:00 UT in all panels are seen to be coherent with each other. The fluctuations in the
magnetic and electric field components started with a rise in Dst at 11:00 UT when KP
showed 4- and AE increased slightly from its background of 50 nT to 100 nT. When
sudden commencement appeared in Dst at 28 nT at 12:00 UT, KP reached its peak and
AE started to increase slowly at the same time. Fluctuations in magnetic and electric
field measurements continued until 13:00 UT. They ended at 13:00 UT, however small
amplitude variations continued until 16:00 UT as Dst decreased. During this time
interval, from 12:00 to 13:00 UT, KP stayed at 5 and AE showed variations around
300 nT. AE increase continued after the high fluctuations ceased in By, dBx/dt, and E,.
In the second panel, we can see that the time variations of By (north-south) component

varied between -0.5 and +0.5 nT/sec.
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Figure 8.5 : North-south and east-west components of the magnetic field (top
panels), dB/dt (second panels), associated electric field variations (third panels)
during the geomagnetic activity and geomagnetic activity indices on April 20, 2014.
From the top, By, dBx/dt, Ey, and activity indices (KP, Dst and AE) are on the left
panels, and By, dBy/dt, Ex and activity indices (KP, Dst and AE) are on the right
panels.
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Clearly these variations in dB,/dt were seen to be correlated with the variations in the
east-west component of the electric field. Electric field (Ey) fluctuations were seen to
change in between +20 mV/km from maximum to minimum. This agreement between
the magnetic field, electric field, and the magnetic indices indicates that these ground
level variations have a common cause related to the geomagnetic disturbance initiated
with the strong sudden commencement. Therefore, we interpret these coherent
variations observed in the magnetic and electric field components measured in
Bozcaada as a result of GICs occurring in response to the dayside compression. Right
panels in Figure 8.5 illustrate the similar high fluctuations in By, dBy/dt, and Ex
components. Here too, the high fluctuations corresponding to the magnetospheric

disturbance are very clear.

The variations in the magnetic field components and their derivatives and their
identification with the GICs were reported in several studies as resulting from auroral
electrojets at the high latitudes (Viljanen et al. 2001, 2006; Pulkkinen et al., 2003;
Viljanen and Tanskanen 2011), sudden compression of the magnetosphere on the
dayside associated with the interplanetary shocks (sudden commencement) (Zhang et
al., 2015; Fiori et al., 2014; Kappenman, 2003; Pulkkinen et al. 2003), ULF waves
(Viljanen et al. 2001; Kataoka and Pulkkinen, 2008; Watari et al. 2009; Viljanen and
Tanskanen, 2011), sudden impulses (Marshall et al., 2012), and others. For example,
Viljanen et al. (2001; 2011) found two peaks in GIC occurrences at latitudes poleward
of 55°N; one at midnight and the other at morning hours. They associated the
maximum at midnight with the auroral currents which are stronger during the
substorms while the morning maximum which lasts longer was interpreted as the result
of the pulsation activity increasing during the morning hours. Viljanen et al. (2001,
2006) also noted on a third maxima within 10 to 15 MLT sector that occur at the most
northern stations (75°N) in the arctic region. In our case, the sharp change in By and By
occurs at 11:00 UT that corresponds to the local time at 14:00 LT as it is 3 hours ahead
of UT in April. This is very different than the occurrence time that Viljanen et al.
(2001) found for ULF waves at their latitudes. At the time of our event, AE shows
values reaching 800 nT. However, being in the mid latitudes, we consider our station
away from the direct effects of the auroral currents flowing stronger above 55°. Both
the timing of the sharp increase in north-south and east-west components of the

magnetic field (Bx and By) and the start of the high fluctuations in the electric field and
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time derivatives of the magnetic field clearly correspond to the sharp increase in the
sudden commencement. Therefore, we attribute these changes mainly to the increased

magnetopause currents in response to the increased solar wind dynamic pressure.

In Figure 8.6, we quantify the deviations from the background magnetic field and
denoised electric field by removing the diurnal trend. The trend in magnetic field
components was removed by considering the magnetic field we measure on the ground
is the sum of the main field and the perturbations from magnetospheric and ionospheric
currents (Pirjola, 2002), that may include one or more of the currents such as auroral
currents, field aligned currents, magnetopause currents, ring currents, and
geomagnetictail currents. As the Earth’s main field is very slowly changing at a
specific location, we assume that it is constant on the selected days and the larger scale,
diurnal variations are due to the Sq variations superimposed on the main field. We
applied cubic spline method on the magnetic field data recorded on the previous quiet
day to determine a simple model of the quiet day magnetic field variations. Following
this, Sq related variations during the magnetically active days were eliminated by
subtracting the magnetic field modelled by using cubic spline method from the
magnetic field data of the disturbed day. After removing the large scale Sq variations,
the method exposes the variations resulting from the smaller scale magnetospheric or
ionospheric currents for further study. For the events presented throughout this part of

our work, the deviations from the quiet day were determined as described.

Top panels in Figure 8.6 illustrate the result when the Sq variations were removed
from the magnetic field data. Panels clearly show that with respect to the quiet day, By
component on the ground increased first sharply by more than 20 nT and then
fluctuated around 30 nT at this level. The maximum was seen to be 43 nT. By
component, on the other hand, varied between -23 nT and 15 nT. In general, the
fluctuations were around the level of -5 nT until 12:30 UT after when the larger
fluctuations were recorded. The event was characterized by a sharp increase and
decrease that correspond to the sudden commencement in both components. Bottom
panels in Figure 8.6 exhibit the magnitude of the deviations in the horizontal
component of the electric field. Similar to the trend removal process in magnetic field
components, the deviations for the electric field components from the quiet day

background were established by subtracting the electric field data simply from the
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model fit applied to the electric field data in Figure 8.6. As before, the cubic spline fit

was used for this process.
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Figure 8.6 : Magnetic field deviations from the background, ABx (left) and ABy
(right). (Bottom): Electric field deviations from the best fit curves for electric field
components given in Figure 8.4, AEy (left) and AEx (right).

In these panels, we can see that Ex varied in the range of -40 to 75mV/km. First, Ex
sharply raised to 75mV/km and then fluctuated around 55-60mV/km with a maximum
at 160mV/km. Ey, on the other hand, showed smaller deviations on the order of 5-
10mV/km with a maximum of 20mV/km for this event. Time derivative of magnetic
field data changed from +0.5 to -0.5nT/sec (Figure 4). These variations are smaller
than those reported in Viljanen et al (2001, 2006) at high latitudes northward of 55°N
and in Turnbull et al. (2009) study which was for latitudes above 50°N. As our
measurements were taken at a much lower magnetic latitude (MLAT), 37.5°N versus
55°N, the response of magnetic and electric fields at our latitudes is anticipated to be
different than those seen at higher latitudes. The main cause of GIC variations at high
latitudes was given as the overhead auroral currents (Viljanen et al. 2001, Pulkkinen,
2003). Latitudinal differences in the magnitude of the fluctuations and their occurrence

times suggest different causes for the GICs at our latitudes.

Figure 8.7 compares the north-south components of the magnetic field with the east-

west components of the electric field from 10:30 UT to 13:30 UT during the interval

123



when the sudden commencement was seen. By and Ey were presented together because
the east-west directed ionospheric currents drive north-south magnetic field and east-
west electric fields. In the figure, the top panel indicates that Bx and Ey components
vary in the same manner, namely, during the fluctuations as one increases, the other
increases too, and vice versa. On the other hand, the bottom panel indicates that By and
Ex show inverse relation while they fluctuate. In other words, while one increases the
other decreases and vice versa. During our events, AE index (100-300 nT) indicates a
weak-to-moderate magnetospheric substorm after especially 15:00 UT. Moderately
weak substorm event together with the time of the substorm, and the fact that the
ground disturbances started by a strong sudden commencement with Dst close to 30
nT suggest the magnetopause currents resulting from the dayside compression as the

dominant source and rather than the effects of the auroral currents.
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Figure 8.7 : Magnetic field and electric field variations during the April 20, 2014
sudden commencement event for an expanded interval. On the top: the variations
between north-south component of magnetic field, Bx (left), and east west
component of electric field, Ey (right). On the bottom: the variations between the
east-west component of magnetic field, By (left), and north-south component of
electric field, Ex (right).

Figure 8.8 was produced to illustrate and compare the north-south and east-west
component of the electric field during the geomagnetic storm period from 10:30 to
13:30 UT. interval. Figure specifies the range of variations in Ex and Ey and indicates
that the fluctuations in Ex are much higher than those in Ey. While Ey varies in the range

of 30 mV/km, i.e. from 270 mV/km to 300 mV/km during the day, Ex has a range of
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variation of about 60 mV/km until 12:30 UT and after 265 mV/km (from 20 to
285mV/km). Ex is seen to exhibit larger scale of variability. Deviations from the
background Ex vary around 60-70 mV/km with a maximum and minimum at -100 and
150 mV/km, respectively. The variations in electric field components can result from
either the variations in the electrical conductivity of the soil or due to the external
variations that cause changes in the geomagnetic field. In this case, because of the fact
that we see the large differences between Ex and Ey corresponding to the geomagnetic
storm periods, and in the absence of the soil conductivity measurements at Bozcaada,

we attribute these differences to the geomagnetic effects.

Figure 8.9 displays the one to one correspondence between the horizontal geoelectric
component and the time rate of change in the horizontal geomagnetic field during this

event.
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Figure 8.8 : Electric field variations in the east-west (Ey) and north-south (EX)
components during the April 20, 2014 sudden commencement event for the
expanded period.
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Figure 8.9 : Variations of the horizontal component of geoelectric field and the
derivative of the horizontal component of the geomagnetic field for April, 20, 2014
event.

In order to investigate further on the causes of these fluctuations recorded at our
station, we plotted the solar wind density and IMF data during the time period when
the high fluctuations in the magnetic and electric fields were present in Figures 8.4 to
8.9. Figure 8.10 shows solar wind plasma and IMF together with magnitude of the

horizontal components of the magnetic field (H) and electric field (E) where H =

*/BZ + B2 and E = 3/EZ + E2. Instead of showing either (B« with Ey) or (By with Ex),
we simply used H and E in this panel in order to show total variations in the horizontal
components. We used this panel only to show if the structures observed in the solar
wind were related to the fluctuations that we measured on the ground. First five panels
from top to bottom are interplanetary magnetic field (IMF), density, velocity,
temperature, and dynamic pressure of the solar wind from 09:00 UT to 16:00 UT while
the last panel displays H (left, blue) and E (left, red) together with auroral activity
index AE (right, light gray). Also in the first panel, total IMF is shown in black while
z-component of the interplanetary magnetic field (IMF B,) is indicated in red on the y-
axis. In Figure 8.10, we see that all solar wind parameters increase very sharply at
11:00 UT and vary strongly after this time. Figure clearly indicates the presence of a
CME event. The shock related to the CME event is seen at 11:00 UT which is the time

that the strong fluctuations in our magnetic and electric field data started.
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Figure 8.10 : IMF and solar wind parameters for April 20, 2014 event. From top to
bottom: Interplanetary magnetic field (IMF B, IMF Bz), solar wind density, solar
wind velocity, solar wind temperature, solar wind dynamic pressure, and horizontal
components of the electric field and magnetic field given along with the AE index.

At 11:00 UT, solar wind density increases from 8 #/cm? to about 10 to 20#/cm?® beyond

the shock, while velocity increases sharply from 500 km/sec to 570 km/sec after the

shock but it keeps increasing afterwards within the CME sheet until about 12:00 UT.

As a result of density and velocity increases at the CME shock, the dynamic pressure

increases from about 3 nPa to 5 to 13 nPa after the shock. Dynamic pressure indicates

a very strong CME shock which is expected to have consequences when it hits the

Earth. In addition, both the total magnetic field is seen to increase from 5 nT to about

20 nT behind the shock and the temperature is also seen increasing from 10.000 K to
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50.000 K just after the shock but enhanced up to 1x10° K at about 14:00 UT. IMF B,
in the total IMF panel is positive but sharply increased at the shock to about 15 nT. It
stayed northward throughout the CME sheet and turned southward at 13:45 UT after
when AE enhanced slowly up to 750 nT marking the occurrence of the auroral
substorm. The sudden commencement was seen at 11:00 UT which meant that the
CME shock started to push the magnetosphere on the dayside subsolar magnetopause.
The magnetosphere was compressed as the dynamic pressure of the CME stayed high.
The sudden commencement reached its peak at 12:00 UT. The magnetosphere stayed
compressed for couple of hours until 19:00 UT and during this time Dst was high and
positive indicating the compression. Taken together, these observations indicated that
the magnetic and electric field variations we measured on the ground were driven by
the sudden commencement which was a result of the CME and magnetosphere
interaction. Although it was a strong CME, the interaction did not produce any
magnetic storm and thus our event remained as a sudden commencement followed by

a weak-to-moderate isolated substorm.

The main points derived from these observations recorded in Bozcaada on April 20,

2014 can be reviewed as below:

We observed fast and large fluctuations in the horizontal components of the magnetic
and electric field at our Bozcaada station that correspond to a geomagnetic event with

strong Dst, moderately high KP and weak-to-moderate AE.

The geomagnetic disturbance and the ground fluctuations of magnetic and electric
fields correspond to sharp increases in solar wind density, velocity, temperature and

dynamic pressure as well as the total magnetic field.

The fast and large amplitude fluctuations appear following a sharp jump in the
magnetic and electric field components that occur in response to the magnetospheric
compression on the dayside. Magnetospheric compression was caused by the increased
solar wind dynamic pressure owing to the presence of a CME in the solar wind.
Fluctuations in both magnetic and electric field components started with a sharp jump
at the time of the sudden commencement in Dst following the compression. They
continued at the elevated state throughout the sudden commencement. They were seen

to be superimposed on the smooth daily background variations.
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This event corresponds to substorm scale activity according to the terminology used
by Gonzalez et al. (1994), together with a strong sudden commencement which did
not lead to a main phase. As a result, geomagnetic storms were not observed. During
the event Dst did not become negative. Throughout the event period when fluctuations
on the ground magnetic and electric field were observed, Dst was larger than -40 nT,
KP was 5, and AE was around 100 to 300 nT. The peak of KP coincided with the

sudden commencement signature in Dst.

As aresult of (1), (2), and (3), we think that the source of the ground fluctuations, thus
GICs at Bozcada station is the increased magnetopause currents during the
compression. Considering the presence of a weak-to-moderate substorm, the latitude
of our station, and the time of the ground fluctuations indicate the effects from the
auroral currents can be ignored on the presence of GICs observed at Bozcaada for this

event.

During the event, it was shown that the north-south component of the magnetic field
varied in the same manner as in the east-west component of the electric field. When
Bx increases Ey decreases and vice versa. In the case of east-west components of the

fields, By varied opposite to E, or vice versa.

During the event, the magnitude of the north-south component of the electric field (Ex)

showed larger fluctuations than those of the east-west component of the electric field
(Ey).

The time derivatives of the horizontal magnetic field exhibited similar type of fast
fluctuations as in the horizontal electric fields. According to Faraday’s Law, magnetic
field or electric field measurements can be used to determine the size of the GIC

currents. These observations validate the relation.

The magnitude of the time derivative of magnetic field showed fluctuations between
+0.5 nT/sec in both Byx and By components. The fluctuations were slightly higher for
dBy/dt than for dBy/dt.

These ground fluctuations observed in the magnetic and electric fields started at 11:00
UT and lasted for two hours until 13:00 UT. The corresponding Local Time (LT) for
their appearance was from 14:00 LT to 16:00 LT in the afternoon.

Our next two examples are the events recorded during storm-time substorm activity.

That is, their occurrence corresponds to a geomagnetic storm accompanied by a
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succession of magnetospheric substorms. Figure 8.11 yields 3-days stretch of the
magnetic and electric field components from October 8, 2013 to October 11, 2013. In
October, the local times at Bozcaada are still 3 hours ahead of the UT times. As in the
previous figures, the last panel gives the magnetospheric activity based on KP (left),
Dst (right, red) and AE (right, black). KP showed a maximum of 6. This event was
characterized as a moderate geomagnetic storm as Dst decreased to -62 nT at 02:00
UT on October 9, 2013 (05:00 LT in the morning). The event started with a slight
increase in Dst beginning at 15:00 UT and reached 15 nT at 18:00 UT after a steady
rise on October 8, 2013. Its peak, 22 nT, occurred sharply at 21:00 UT when KP peak
was observed. AE index stayed low below 100 nT until 18:00 UT and reached its peak,
1378 nT, at 21:25 UT. Two consecutive substorm activities, one on October 8, 2013
with AE peak at 21:00 UT that coincided with the sudden commencement, and the
other at 08:05 UT on the next day with a maximum AE of 1268 nT, occurred during
the main phase of the geomagnetic storm. Dst started decreasing at 21:00 UT, became
negative at 22:00 UT (around local midnight) on October 8, 2013, and then dropped
to -61 nT at 01:00 UT, peaking at -62 nT at 02:00 UT on October 9, 2013. The
magnetospheric compression started at about 15:00 UT on October 8, 2013 as
indicated by the occurrence of sudden commencement and lasted 8 hours. This was
followed by the main phase of the magnetic storm beginning at 22:00 UT and lasting
until 02:00 UT on the next day. The recovery phase started at 02:00 UT and continued
until October 9, 2013, 22:00 UT. KP stayed at about 5 to 6- for about 15 hours during

the storm’s main and recovery phases.

First five panels in Figure 8.11 display that the large fluctuations in all magnetic field
and electric field components on the ground increased significantly from 19:00 UT on
October 8, 2013 to 07:00 UT in the next day, October 9, 2013. The period of high
fluctuations coincides with the time of the increase in KP and the maximum in Dst and
sudden commencement. The large fluctuations in this event lasted 11 hours. Although
the magnetosphere is moderately active, it is clear that the corresponding
magnetospheric disturbances drive these high fluctuations measured on the ground in
Bozcaada. In fact, it is possible to distinguish the magnetic and electric field
fluctuations as those corresponding to the first substorm and those to the second.

During the entire event, By increased by about 60 nT and By decreased by about 40 nT
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with respect to the daily background variations. B, component, on the other hand, did

not indicate any significant deviation but fluctuated strongly during the storm interval.
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Figure 8.11 : Magnetic and electric field measurements extending from October 8 to
11, 2013 during weak-to-moderately disturbed geomagnetic activity. From top to
bottom: variations in Bx, By, B;, Ex and Ey, and geomagnetic activity indices: KP on

the left, Dst and

AE on the right.

In panels 3 and 4, electric field components, Ex and Ey, displayed high fluctuations

varying from 10 mV/km to 100 mV/km that accompany the variations in the magnetic

field panels. On the days preceding and following the magnetic storm day (October 9,

2013), no high fluctuations in both magnetic and electric field were detected. Both
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magnetic and electric field data presented relatively smooth variations during the non-

storm days which are similar to the quiet reference day given in Figure 5.10.

In Figure 8.12, we present the expanded time interval from 12:00 UT on October 8,
2013 to 18:00 UT on October 9, 2013.
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Figure 8.12 : North-south and east-west components of the magnetic field (top
panels), dB/dt (second panels), and associated electric field variations (third panels)
during the geomagnetic activity on October 8, 2013. From the top, By, dB,/dt, Ey, and
activity indices (KP, Dst and AE) are on the left panels, and By, dBy/dt, Ex and
activity indices (KP, Dst and AE) are on the right panels.

The panels from top to bottom are given as in Figure 8.4. On the left, the figure
compares the time derivative of north-south component of the magnetic field (dBx/dt)
with the horizontal component of the electric field, Ey, and on the right, the time
derivative of east-west component of the magnetic field (dBy/dt) with the north-south
component of the electric field, Ex. Figure provides the details about the agreements /
disagreements between the high fluctuations in the magnetic and electric field
components seen from 19:00 to 07:30 UT with the magnetospheric disturbances as
observed in KP and Dst. Here it is clearer that the first group of fluctuations occurs
corresponding to the sudden commencement and maximum AE, indicating the start of
the first magnetospheric substorm, while the second group of high fluctuations starts

at the AE peak at 05:00 UT, i.e. the time of the second magnetospheric storm. Electric
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field deviations were found to be within 20mV/km from maximum to minimum.
Variations in the second panel that gives the time derivative of Bx (north-south)
component change between -0.5 and +0.5 nT/sec, similar to those seen in Figure 8.4.
These agreements among the north-south component of magnetic field, east-west
component of the electric field, and the time derivatives demonstrate the presence of
the geomagnetic currents at these latitudes. While throughout the entire
storm/substorm period, the magnetic and electric fields fluctuate, the highest
fluctuations were seen at the start of the magnetospheric substorms, i.e. 20:00 UT and
05:00 UT that correspond to near local midnight and the early morning hours. Among
several drivers of the ground variations of the electric and magnetic fields, ionospheric
currents caused by auroral activity are the strongest sources at high latitudes. The
magnitude of the fluctuations seen above our station are less when compared to those
found in high latitudes. Therefore, the possibility that they are caused by the high

latitude current systems is low.

Removing the daily Sq quiet day variations as described in the previous events (Figure
6.41) showed deviations on the order of +60 nT for Bx component and between 75 and
-40 nT for By component. Similarly, as described in the previous sections, the
subtraction from the best curve fit applied for electric field components indicated
deviations on the order of 125 mV/km to -90 mV/km for Ex and 25 mV/km to -13

mV/km for Ey components.

In order to correlate with the solar wind structures and IMF, Figure 8.14 presents the
ACE magnetic field and solar wind plasma data. The panels from top to bottom are
the same as in Figure 6.38 showing the total magnetic field (left in black) and IMF B,
(right in red), density, velocity, temperature and dynamic pressure at L1 point for one
day starting from 16:00 UT on October 8, 2013. Added in the last panel are the
horizontal components of the magnetic (left in blue) and electric (left in red) fields at

Bozcaada and AE index on the right in gray.

We can see very clear signatures of a CME structure in the solar wind at the time of
ground observations. The CME shock was detected at about 20:25 UT when we first
observed the fluctuations in the magnetic and electric field measurements in the last

panel.
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Figure 8.13 : Electric field variations in the east-west (Ey) and north-south (Ex)
components during the October 8, 2013 sudden commencement event for an
expanded interval.

All the solar wind parameters, the total magnetic field, density, velocity, temperature
and dynamic pressure show sharp increases at the time of the shock. We did not have
density data from ACE prior to the shock; therefore, the dynamic pressure was not
calculated. However, all other parameters prior to the shock indicate a typical solar
wind. Therefore, we assume an average dynamic pressure on the order of 1 nPa and
increased to about 15 nPa after the shock. Both the solar wind density and dynamic
pressure indicate sharp increases seen twice during the interval of ground fluctuations.
One is the shock at 20:00 UT on October 8, 2013 that resulted in an increase in AE
indicating presence of magnetospheric substorms and another increase was recorded
on October 9, 2013 at 04:30 UT causing a second increase in AE and indicating the
second substorm. IMF B; was very low prior to the first shock but turned slightly
southward at the shock and started to fluctuate sharply between +15 nT after the shock
until the maximum was reached in the solar wind dynamic pressure. At this time and
after, the fluctuations became larger between 30 nT which implied presence of
magnetospheric substorms near Earth distances. IMF B, ceased to its background zero
levels after the CME passage. These measurements indicate that the variations

observed on the ground are due to both increases in the dynamic pressure.
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Figure 8.14 : IMF and solar wind parameters for October 8, 2013 event. From top to
bottom: Interplanetary magnetic field (IMF B, IMF B;), solar wind density, solar
wind velocity, solar wind temperature, solar wind dynamic pressure, and horizontal
components of the electric field and magnetic field given along with the AE index.

In this event, our ground observations of magnetic and electric field correspond to a
geomagnetic storm. As in the previous example, we attribute the variations during the
sudden commencement to the increased magnetopause currents resulting from the
compression at the dayside magnetopause. In addition to the magnetopause currents,
the ground variations during the main phase of the geomagnetic storms are also
associated with the variations in ring current affecting Dst. Therefore, we think that
the most likely contributor to the variations during the main phase of the geomagnetic
storm is the ring current (Hamilton et. al., 1988). Strong increases in ring current were

found to be associated with an enhanced, growing near Earth geomagnetic tail current
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during the geomagnetic storms which can cause strong deviations in the magnetic
fields on the ground, and causing depressions in Dst (Alexeev et al., 1996; Lopez, et
al., 2015). Together with the ring current, strong geomagnetic tail currents may
contribute in driving the variations that we observe at our station. However, the

separation of these sources needs a detailed analysis that we consider for future study.
We review the characteristics of October 8, 2013 event as below:

This was an example of a case with both sudden commencement and two consecutive

magnetospheric substorms taking place during a geomagnetic storm.

Fast and large amplitude fluctuations in magnetic and electric field components started
at 20:00 UT (October 8, 2013) prior to the main phase during the sudden
commencement and ended at 07:00 UT (October 9, 2013) which lasted about 10 hours
corresponding to the initial, main and the recovery phases of the magnetic storm.

Deviations from the daily background pattern given in Figure 6.39 started at about
15:00 UT on October 8, 2013 before the peak of the sudden commencement reached
when Dst started to rise. This compression was observed as a sharp jump of about 40
nT in Bx component of the field. The initial phase of the storm that covers the sudden

commencement lasted for about 5 hours and ended 21:00 UT.

High fluctuations in dBx/dt and dBy/dt corresponded to the large variations in Eyand Ex

respectively.
The magnitude of fluctuations in dBx/dt and dB,/dt varied between £0.5nT/sec.

The fluctuations and deviations from the background were larger in Ex than those in
Ey. Deviations for Ex can be larger than 90 mV/km while they are smaller for Ey on the
order of 10 mV/km.

Event corresponds to a CME shock in the solar wind at the time of the high fluctuations

which were detected on the ground magnetic and electric field measurements.

Possible drivers of these ground variations are the magnetopause currents during
sudden commencement phase while during the main phase, in addition to the
magnetopause currents, the ring current, with likely contributions from the near Earth
tail currents are considered because of their effects on Dst during the geomagnetic

storm main phase.
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Figure 8.15 presents the last example of the ground observations of electric and
magnetic fields in Bozcaada during the geomagnetic disturbances. The geomagnetic
storm occurred on June 8, 2014.
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Figure 8.15 : Magnetic and electric field measurements from June 7 to June 9, 2014
during a weak geomagnetic storm.From top to bottom: variations in By, By, Bz, Ex and
Ey, and geomagnetic activity indices: KP on the left, Dst and AE on the right.

Maximum KP, D« and AE index during the entire event period were 6+, -35 nT, and
1780 nT respectively. There are two sudden commencements seen during this time
interval at 17:30 UT on June 7 and at 03:00 UT on June 8, respectively. KP was at 4
when the first sudden commencement with Dst = 30 nT was initiated. At this time, AE
was less than 100 nT. The first sudden commencement lasted for about 8 hours and

ended at 01:00 UT on June 8. The second sudden commencement was triggered at
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02:00 UT on June 8, and continued for about 3 hours until 05:00 UT. In between the
two sudden commencements, there was a very slight divergence below zero. At the
time of second commencement, D reached 22nT. KP was higher and varied between
6- and 6+. At the start of the second sudden commencement at 02:00 UT, AE started
to increase slowly first to 600 nT and then reached its maximum, about 1780 nT, at
06:00 UT. The maximum of KP and AE occurred at the same time at 06:00 UT when
Dst became negative indicating the start of the main phase of the geomagnetic storm.
At the same time, a magnetospheric substorm was also initiated as seen from the peak
of the AE.
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Figure 8.16 : North-south and east-west components of the magnetic field (top
panels), dB/dt (second panels), and associated electric field variations (third panels)
during the geomagnetic activity on June 8, 2014. From the top, By, dBy/dt, Ey, and
activity indices (KP, Dst and AE) are on the left panels, and By, dB,/dt, Ex and
activity indices (KP, Dst and AE) are on the right panels.

Examining magnetic and electric field panels indicates two types of variations as well.
One corresponding to the initiation of the first sudden commencement when AE was
less than 100 nT and KP was around 4, and the other corresponding to the magnetic
storm/magnetospheric substorm when AE and KP peaked at 1780 nT and 6+,
respectively. During the first sudden commencement interval, when Dst reached 30nT,

a spiky jump in electric field components, Ex and Ey, and a fairly sharp increase in Bx
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and decrease in By, similar to the previous cases, were observed. The magnitude of
these variations was small when compared to those shown in previous cases. The
fluctuations that occurred during the sudden commencement intervals and during the
main phase of the magnetic storm are seen to be in different character. Main phase
fluctuations are large amplitude variations while the sudden commencement
fluctuations are spiky and small amplitude wavy fluctuations. Main phase fluctuations
started at the time when both the magnetospheric substorms started, i.e. at the peak of
AE and KP. During this time, AE and KP were both lower in magnitude but Dst
became stronger, i.e. more negative as one of the characteristics of the main phase of
the magnetic storm. The compression by the solar wind was evident in both magnetic
and electric field components starting at about 17:30 UT in June 7, 2014 and ending
at 05:30 UT on June 8, 2014.

Figure 8.16 gives the expanded interval covering the second sudden commencement
and main phase of the magnetic storm from 02:00 UT to 16:00 UT on June 8, 2014
when KP is the highest at 6+, AE has its peak at 1780 nT, and Dst becomes negative.

As in previous events, the range of Ex variations is larger than those of E,. Figure 8.16
presents the variations of the components for this event. Ey variations were found to
be between 380 mV/km and 440 mV/km, while Ex component changed from 50mV/km
to 150mV/km. Time derivatives of the magnetic field (dBx/dt and dBy/dt) showed
larger variations than £ 0.5nT/sec at several instances. We removed Sq quiet day
variations as described in the previous events. Deviations from the background quiet
day for this event were found to be on the order of 40 to -75 nT for Bx component, and
between 33 and -26 nT for By component as seen in Figure 8.17. We subtracted the
daily background variations from electric field components using a best curve fit as in
the previous events. The electric field departures from the background were found to
be on the order of 120 mV/km to -95 mV/km for Ex and 13 mV/km to -10 mV/km for

Ey components.
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Figure 8.17 : Magnetic field deviations from the background, ABy (left) and ABy
(right). (Bottom): Electric field deviations from the best fit curves for electric field
components given in Figure 8.13, AEy (left) and AEx (right).

Figure 8.18 gives the solar wind plasma and IMF variations corresponding to this
event. The panels are given in the same format as in Figure 8.10 and Figure 8.14. A
strong shock related to a CME event in the solar wind occurred at about 17:00 UT
when all solar wind plasma parameters and IMF increased sharply. The shock
produced the first sudden commencement in Dst at about 17:30 UT and initiated the
first spiky jumps followed by finer fluctuations in our ground magnetic and electric
field measurements. A second large increase in solar wind dynamic pressure occurred
at about 02:30 UT when total magnetic field, density, velocity and temperature also
showed a second increase. The small timing differences between the solar wind plasma
measurements and Dst result from the resolution of Dst index which is in hourly
resolution while the solar wind data presented are in minute. A second sudden
commencement was seen in Dst in response to the second increase in dynamic
pressure. This second increase in dynamic pressure led to the initiation of the main
phase of the magnetic storm and the start of the magnetospheric substorm. During this
time, AE increased slightly at first but later, it reached its peak indicating the

occurrence of the magnetospheric substorm. IMF B, component showed a sharp
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positive increase at the shock time and then varied between north and south with
magnitudes from £10 nT. Strong southward IMF B; on the order of about -20 nT was
seen at the start of the fluctuations at 04:00 UT. Thereafter, it varied strongly north
and south between -10 nT and 20 nT. Also, there seen to be a third increase in dynamic
pressure at 07:00 UT which occurred during the main phase of the magnetic storm.
Corresponding fluctuations were found in the ground magnetic and electric field data
at 07:00 UT. Similar to the second event, this event, too is a geomagnetic storm event.
The likely sources for the variations we observe at our ground station are due to the
magnetopause compression during the sudden commencement phase of the
geomagnetic storm and during the main phase of the storm, the variations in Dst
indicate the ring current with likely contributions from the near Earth geomagnetic tail

currents which enhance during the main phase.
In the following, we describe the general features of the June 8, 2014 event:

In this event, there were two sudden commencements, one magnetospheric substorm

and one magnetic storm.

In the solar wind, a CME related shock caused all solar wind plasma and magnetic
field parameters increased compared to the pre-shock values. There was also a second
shock that corresponded to the CMEpause where all solar wind parameters showed a

second increase and varying southward IMF B..

All magnetic indices showed increased variations in response to the changes in the
solar wind plasma and magnetic field. Dst and KP increased as response to the first
compression and the first sudden commencement was seen during this time. During
second compression, a second sudden commencement was seen and both KP and AE
reached their peak at this time. Main phase of the storm began and magnetospheric

substorm was recorded.

On the ground, examination of magnetic and electric field variations showed two types
of fluctuations in response to the variations in the solar wind. Those corresponding to
the sudden commencement and those to the main phase of the magnetic storm. In
response to the sudden commencement interval which is the initial phase of a magnetic
storm, fluctuations were characterized by a spiky jump or sharp dip like features

followed by finer variations in the magnetic field and electric field. The main phase
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fluctuations, on the other hand, presented large amplitude fluctuations with higher

frequencies.

June 8, 2014
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Figure 8.18 : IMF and solar wind parameters for June 8, 2014 event. From top to
bottom: Interplanetary magnetic field (IMF B, IMF B;), solar wind density, solar
wind velocity, solar wind temperature, solar wind dynamic pressure, and horizontal
components of the electric field and magnetic field given along with the AE index.

Fluctuations that occurred during the initial phase of the storm including the sudden

commencement started at about 16:30 UT. They continued for 12 hours as the
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magnetosphere was being compressed starting from 16:30 UT (June 7) to 04:30 UT
(June 8, 2014).

The fluctuations during the main phase of the storm started at 04:30 UT (June 8, 2014)
until the end of the storm.

High fluctuations in dBy/dt and dB/dt corresponded to the high fluctuations in Ey and

Ex respectively.
The fluctuation levels in dBx/dt and dB,/dt varied between 1 and -1 nT/sec.

The magnitude of the deviations from a magnetically quiet day varied between 40 nT
and -75 nT for By, while those for By were between 33 and -25 nT.

Level of fluctuations or the deviations from the background were found to be larger in
Exthan in Ey. Deviations for Ex varied between +125 mV/km and -90 mV/km while
those for Ey varied on the orders of 10 mV/km.

Similar to the second event, likely drivers for these ground variations are considered
as the magnetopause currents during the sudden commencement and ring current with

effects from the near Earth tail currents during the main phase.

8.4 Discussion on the Geomagnetically Induced Currents at Mid-Latitudes

We presented the ground magnetic and electric field measurements as associated with
moderate geomagnetic activity over Bozcaada, Canakkale, Turkey using
magnetotelluric methods. During geomagnetic activity, ionospheric currents due to the
electric fields caused by the electrons from the magnetosphere flow into the ground
and produce disturbances on the measured electric field and magnetic field data
through the ground connections of the electrical power networks. These electrical
currents on the ground are called geomagnetically induced currents (GICs). We
associate these fluctuations observed in the electric field and magnetic field
measurements recorded in Bozcaada during different levels of geomagnetic activity as
GICs. We studied the characteristic features of the electric field and magnetic field
fluctuations caused by the GICs at our latitudes, Ageomagnetic=37.5°N. We examined
their occurrence times, duration, structure, and possible sources. In the absence of
electric field measurements, these currents were examined using the time derivatives
of magnetic fields (Viljanen et al. 2001, Zhang et al. 2015, Fiori et al. 2014). In this
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study, using magnetotelluric methods, we measured magnetic field and electric field
concurrently and calculated the time derivatives of magnetic field and evaluated the
variations detected as associated with three selected events which all involve one
sudden commencement and at least one magnetospheric substorm. The magnetic and
electric fields and the time derivatives of the horizontal component of the magnetic
field presented large fluctuations during our events when compared to those recorded
in a magnetically quiet day when there were no storms/substorms. Fluctuations
superimposed on the quiet time daily variations were found to be on the order of 100s
mV/km in case of Ex and on the order of 20s in case of E,. Magnetic field disturbances
varied around 20 nT and 40 nT for By and By, respectively. These fluctuations were
present both during the sudden commencement phase of the geomagnetic activity and
also during the main phase of the geomagnetic storm. Their characteristics during the
initial phase, that includes the sudden commencement, were found to be different than
those of the main phase of the geomagnetic storm. In the absence of the main phase,
i.e. when only sudden commencement was present, the fluctuations were found to be
generally larger, and started with a sharp, spiky rise or drop in the both components of
the magnetic and electric field. The follow up high amplitude fluctuations were seen
if there was a proceeding magnetic storm manifesting with a main phase. The
magnitude of the fluctuations during the main phase of the geomagnetic storm were
larger than those of the initial phase, i.e. sudden commencement phase only. However,
the sharp rise/drop at the time of the sudden commencement remained as a stable
feature and defined one of the characteristics of the sudden commencement type of
GICs at our station. Table 6.3 below summarizes and quantifies the average
characteristics of the fluctuations seen in the ground electric and magnetic fields
associated with the magnetic storm and/or magnetospheric substorms at the time of the
maximum dB,/dt and dBy/dt. Duration-1 refers to the duration of the sudden
commencement while Duration-1 is for the main phase of the magnetic storm. SC:
Sudden Commencement, MP: Main Phase of the magnetic storm. UT: Universal Time
and LT: Local Time where LT=UT+3.

Table 8.2 indicates that Ex was the component that was affected from the geomagnetic
activity the most when compared to the Ey. As seen, the magnitude of the Ey
fluctuations are smaller than the magnitude of the Ex fluctuations. This indicates that

on the ground, the magnetospheric effects are stronger in the north-south component
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of electric field, Ex, than the that of the east-west component, Ey. Even though
distribution of the soil’s conductivity with depth in Bozcaada is another source of the
variations of the ground electric fields, the fact that we did not see similar fluctuations
in the quiet day electric fields, examined by scanning through many more examples of
the magnetically quiet days, other than the one presented here, makes us to consider
that these variations recorded during the geomagnetic storm and magnetospheric
substorms have a magnetospheric source. In the near future, we plan to investigate the
soil’s conductivity distribution using impedance tensor given in Equations 8.1 and 8.2
when we collect enough electric and magnetic field measurements in Bozcaada. In the
absence of the conductivity distribution and based on the examination of one-year of
electric field data measured, we infer that these differences in the magnitudes of Ex
and Ey result from the magnetospheric effects, and eventually related to the solar wind
structures like CME shocks.

Table 8.2 : Average characteristics of magnetic and electric field fluctuations
measured at Bozcaada station at the time of the maximum time derivative of
magnetic field components during geomagnetic disturbances.

Events Apr. 20, 2014 Oct. 8, 2013 June 8, 2014

Storm type SConly, No MP  Storm Storm

Start time-UT(LT) with SC  11:00 (13:00) 20:00 (23:00)  17:00 (20:00)

Start time-UT(LT) with MP  None 22:00 (01:00)  04:00 (07:00)

dBy/dt (nT/s) 0.40 0.45 0.72

dBy/dt (nT/s) 0.48 0.26 0.40

AEx (mV) 160.93 128.72 75.51

AEy (mV) 18 23.04 7.01

ABx (nT) 41.63 50.98 25.83

ABy (nT) 23 73.31 8

Dst SC (nT) 28 22 30

Dst MP (nT) None -62 -35

Duration.1 11:00-13:00 15:00-22:30 16:30-05:30
2 hours 7.5 hours 13 hours

Duration.2 one 22:30-04:00 05:30-13:00

5.5hr >7.5* hr

*: This storm main phase continues the next day. The number here was given based on Figure 8.16.
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Comparing the deviations in magnetic field components at the time of the maximum
time derivative of the field components showed that Bx component presented larger
deviations than those of By component. Another feature that was notable in our
measurements was the coherency in the variations of By and Ey, and By and Ex. We
showed that By and Ey exhibit similar variations such that when one increased during
the magnetospheric activity, the other one increased too, and vice versa. On the other
hand, By and Ex showed an opposite variation in that one increased while the other one
decreased during the geomagnetic storms.

Close examination of dB/dt variations showed that the magnitude of the dB/dt
fluctuations during the geomagnetic storms was lower, on the order of 0.5 nT/sec,
compared to the GICs inferred from the time derivative of the horizontal magnetic
field (e.g. Viljanen et al. 2001, 2006; Fiori et al. 2014, Doumbia et al. 2017) and direct
measurements of GICs (e.g. Pulkkinen et al., 2003). However, in our cases, compared
to the background variations in magnetic and electric field data, observed fluctuations
were easily detectable during the high KP and Dst events. Two of our events occurred
during the storm-time substorms, i.e. geomagnetic storm with magnetospheric
substorms, while one of them was a moderately weak isolated substorm or a
geomagnetic disturbance with a strong sudden commencement only. In the absence of
the geomagnetic storm, increased solar wind dynamic pressure at the time of the event
produced strong sudden commencement that resulted in the fluctuations we observed
on the ground as GICs. Since our location is away from the high latitude enhancement
of the GIC currents resulting from the magnetospheric substorms and considering the
occurrence time of these fluctuations we interpreted the magnetic and electric field
signatures as the consequences of the large scale magnetopause currents increased
during the solar wind compression. A sharp increase in all components of the magnetic
field and electric field was recorded in response to the sudden compression at the
dayside magnetopause corresponding to the increase in solar wind dynamic pressure.
An initial sharp boxlike, or a sharp spiky jump together with relatively low amplitude,
tiny fluctuations superimposed on the background fields were identified during the
sudden commencement period of all events presented. In the presence of the main
phase of the magnetic storm, this enhancement was followed by high fluctuations. If
the main phase of the magnetic storm was not present, then the magnetic and electric

field fluctuations ceased toward the background values indicating that GICs
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diminished. This was the case in our first event, April 20, 2014 when there was no
main phase in the geomagnetic activity. This event corresponded to an extremely large
solar wind dynamic pressure that increased from 2 nPa to 10 nPa and caused the jump
in Dst seen during the sudden commencement phase. The second-high dynamic
pressure was seen corresponding to June 7, 2014 event. This compression was
moderate with dynamic pressure increasing from 2 nPa to 6 nPa and creating a weak
geomagnetic storm with Dst around -35 nT. The last event on October 8, 2013
corresponded to the smallest increase in dynamic pressure among the three events, and

resulted in a moderate magnetic storm.

Table 8.3 : Solar wind plasma and IMF data at the CME shock corresponding to the
large amplitude ground level magnetic and electric field fluctuations at the time of
the sudden commencement or the magnetospheric compression.

) October 8, 2013 June 8, 2014
April 20, 2014
Parameters
Max Max Max
Pre- Atthe Pre- Atthe Pre- Atthe
after after after
shock shock shock shock shock shock
shock shock shock
IMF Biot
13 21 8 20 45 5 15 29
[nT]
IMF B;
12 20 0 -10 -30 1.8 5 20
[nT]

V [km/s] 510 582 734 300 450 670 350 430 600
n [#/lcm?) 4 10 20 5" 14 58 5 25 40
T [Kx10*] 25 4 80 2 18 48 2 15 20

Payn[nPa] 2 7 13 1.2 5 18 1 10, 20

MP: - SC: MP: SC: MP:
- 22 -62 28 -35
KP 5 6- 6+

*: No data from ACE spacecraft. Typical solar wind dynamic pressure and density were assumed to be
1.2 nPa and 5 #/cm® prior to the shock.

Dst [nT]
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GICs that occurred during the sudden commencement have a different character than
those occurred during storm main phase. The magnitudes of the sudden
commencement GICs were seen to be larger but the level of fluctuations was lower
when compared to the main phase GICs. Main phase GICs were high level rapid
fluctuations in the components of magnetic and electric field and lasted longer than
sudden commencement GICs. However, this feature depends on the duration of the
sudden commencement at the magnetopause. Table 8.3 presents the solar wind plasma
and IMF parameters at the first CME shock. In the Table, SC: Sudden Commencement,
MP: Main Phase.

Pulkkinen et al. (2003) reported on the coherency of GICs as response to the sudden
commencement in their investigation of GIC drivers in April 2000 geomagnetic storm.
They found that main phase GICs occurred more frequently around 06:00-07:00 UT.
In our events, sudden commencement time GICs occurred at 11:00, 20:00 and 17:00
UT (i.e. 14:00, 23:00 and 20:00 LT) while the main phase GICs were observed at 22:00
and 04:00 UT (i.e. 01:00 and 07:00 LT). The storm-time substorm events caused GICs
in the early (01:00 LT) and late morning (07:00 LT) and two of the sudden
commencement GICs occurred at local midnight (23:00 and 20:00 LT). Our statistics
do not allow us to ascertain this point at this time in this event based study. Other than
ionospheric currents, ULF waves can also drive GICs as pointed out in Viljanen et al.
(2001, 2006). Midnight maximum in Viljanen et al. (2001) was found to be associated
with the westward flowing auroral currents while morning maximum was suggested
to be associated with eastward flowing ionospheric currents resulting from other
smaller scale structures. In our isolated storm event when there was only sudden
commencement without a storm, the apparent reason for the occurrence of the GICs at
our station (37.5°N MLAT) is the magnetopause currents resulting from the interaction
between CME related interplanetary shock and the magnetosphere at the
magnetopause. In fact, all three of our events correspond to a strong shock in the solar
wind associated with a CME. The timings of the CME shock occurrences, the time of
the compression at the magnetopause and the ground based magnetic and electric field
fluctuations all coincide and thus identify the source clearly. Extremely large dynamic
pressures with a maximum varying around 15 nPa were attributed as a cause for these

high frequency and large amplitude ground magnetic and electric field fluctuations.
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9. CONCLUSION AND FUTURE RESEARCH

9.1 Thesis Summary and Conclusions

In this thesis study, we presented a comprehensive study on the thermospheric,
ionospheric and ground level aspects of the space weather using Joule heating,
thermospheric neutral density and the magnetic and electric field variations on the

ground for geomagnetically active times.

In Chapter 5, we studied the variability of JH from different methods during two
consecutive substorm events using four different approaches: 1) index-based methods,
2) an MHD model, 3) combinative methods that couple the conductivity and electric
field from different sources, 4) a solar wind-driven empirical model that includes the
effect of AL. New combinative methods were introduced to extract the role of the
conductances and electric field on JH. One of the new methods to calculate Joule
heating rates was constructed by combining OVATION Prime+IRI models for the
height-integrated conductances and SuperDARN for the electric fields. The OIS was
found to be representative enough for the global Joule heating rates in the ionosphere
as it shows the same order of magnitude estimates with the (Foster et al., 1983) method,
which depends on the KP and its spatial distribution agrees with the previous studies
in the literature. Other combinative methods have shown that the spatial distribution
of the Joule heating pattern resembles the electric field pattern. All methods, except
the AE index dependent Olsson method, displayed increased Joule heating levels
during the expansion phase and less amount of Joule heating in the recovery phase.
Different recovery times were found during the recovery phase. AE index-based
methods, especially the Olsson method during the first substorm, showed still

abundant Joule heating during the recovery phase and the slowest recovery times.

Moreover, in Chapter 5, SWMF-BATSRUS MHD model coupled with RCM and
CRCM modules was used in various combinative methods to investigate the Joule
heating in the upper atmosphere. In previous studies, MHD models were compared for

specific parameters and the results revealed that all MHD models are performing better
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on the dayside and their performances decrease from the dayside to the nightside
(Honkonen et al., 2013). Gordeev et al. (2017) showed that the substorm cycle was not
modeled well-enough by the BATSRUS model. Wang et al. (2008) also showed that
the BATSRUS/RCM performs better in capturing the well-defined FAC sheets on the
dayside, however, fails to capture the localized multiple FACs in the nightside, which
cover a wide range of latitudes. We find that BATSRUS/RCM fails to reproduce the
nightside Pedersen conductance patterns. However, BATSRUS/CRCM predictions are
highly adequate in describing the conductance distribution and the overall JH. The
global patterns of JH produced by BATSRUS/CRCM are similar to W05 when neutral
wind effects are included. Without the neutral wind, it still shows the qualitative
agreement with the OIS, but quantitatively, its JH predictions are 1.5 times that of the
OIS estimates for JH rates. These confirm that the specification of the inner boundary
and the composition of the inner magnetosphere in SWMF/BATSRUS plays a major
part in the production of the Pedersen conductances and ionospheric convection
patterns.

On the other hand, Olsson et al (2004) and W05 models both overestimate the JH with
respect to other methods used in this study. The Foster et al. (1983) method, despite
having low temporal resolution, agrees with the combinative methods on the
magnitude of JH rates. This suggests that there is a need for an empirical model which
represents all solar conditions including data from one complete solar cycle, thus
covering both solar minimum and solar maximum conditions. W05 and Olsson et al.
(2004) inherently contain the effect of the conductances on JH. However, the data
included in the models are restricted to the solar maximum years. The OIS has the
advantage that it can be used during both solar minimum and solar maximum
conditions with relatively high confidence levels. The OIS at least provides the average
estimate of JH by combining the empirical conductance and statistical and data-filled
electric field patterns. The performance of the OIS improves when SuperDARN has
more data in the nightside sector so that the substorm time variations in the ionosphere

can be simulated more realistically.

In Chapter 5, we also showed that the JH due to the nightside conductances constitute
60 to 70% of the total JH while the dayside conductances constitute to the 27-45% of

the total JH (Table 5.4). Hence, we see that not only the nightside conductances, but

150



also the dayside conductances play a significant role in the accurate determination of

the magnitude of resultant JH.

Joule heating leads to the expansion of the upper atmosphere and higher amount of
neutrals in lower altitudes. Consequently, for LEO satellites, the accuracy of neutral
density estimations is important in the calculations of satellite drag. In Chapter 6 of
our study, we follow the systematic assessment of IT models by (Shim et al., 2012)
and use the same set of geomagnetic storms in GEM-CEDAR challenge. This study
shows, the models of the I-T present variable errors depending on the event studied.
None of the models perform perfectly for all cases. We show that baseline shifting is
useful in assessing the storm-time model performance when models have bias against
the data during the quiet-time. Removal of the baseline allows for the detection of
actual storm-time response and performances from the models. It is also shown that
the discrepancies between the model and observations are different during the quiet-
time and during the geomagnetic storm due to the mechanisms in effect. Thus, we
emphasize that quiet-time climatology and storm-time performances of the models
should be evaluated separately, and after baseline shifts, especially for the models with
quiet-time bias. Additionally, we recommend using mean absolute error, normalized
root mean square error and prediction efficiency together for the performance
assessment of the models as each metric provides different aspects of the error. On the
contrary, using only the ratio of average and ratio of maximum for performance
assessment of a model are not suggested. A model capturing the average may not be
estimating the maxima well, meaning that those metrics provide limited performance

measures.

In Chapter 7, we showed that a relation between JH and thermospheric neutral density
can be found by using the baseline shifting procedures. This part of the study was
carried out using the JH and neutral density results from the TIEGCM and CTIPe
models. Both models presented a time lag between JH and neutral density from the
models and CHAMP observations varying between 1 to 7 hours, which agrees with
the previous studies in the literature. Even though this is a preliminary analysis, the
results showed that, for the CME events in this study, CTIPe model performed better
than the TIEGCM according to the residual sum squares and Pearson’s R. However,

TIEGCM was better in some of the individual events.
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In Chapter 8, we presented the measurements of magnetic electric fields recorded in
Bozcaada, Canakkale (37.5 °N, 106°E) in order to study the variations in GIC
occurrences in our region for the space weather effects on the ground level. We showed
that compared to those found in earlier studies, although small in magnitude, the GICs
were detectable at our latitudes. Using direct measurements of magnetic and electric
field, we determined the characteristics of GIC fluctuations during geomagnetically
disturbed times. One of the differences between this study and those in the literature
is that the variations in magnetic and electric field components were used to interpret
GIC fluctuations as opposed to the total variation of the horizontal component of the
magnetic field and its time derivatives. In addition, it is the first time that the electric
field measurements were presented together with the time derivatives of magnetic
field. We selected three cases corresponding to geomagnetically active days and
characterized and organized the fluctuations according to the geomagnetic activity
phases. We found that GICs occur during the sudden commencement phase of the
geomagnetic storm together with the main phase, identified as SSC storms, or during
the sudden commencement only, i.e. without a follow up main phase of a geomagnetic
storm, called sudden impulse (SI) or sudden commencement events. The
characteristics of these GIC fluctuations and their magnitudes reported in this part of
our work were found to be similar to those of SSC and Sl given in the literature. GICs
corresponding to the sudden commencement phase are shorter in durations than those
of main phase GICs and depend on the compression of the solar wind. They are seen
as sharp jumps or drops and the magnitude of fluctuations that follow is lower at the
elevated/decreased level. Main phase GICs, on the other hand, present large amplitude
high frequency wavy variations compared to those of sudden commencement GICs.
These variations suggest that the effect of magnetopause currents are stronger in our
latitudes than the effects from the auroral or ionospheric currents seen at high latitudes
or from the effects from equatorial electrojets seen at the low equatorial latitudes. The
magnitude of dB/dt variations are on the order of 0.5 nT/s for both dB,/dt and dBy/dt.
This is about the half of the observed at high latitudes. However, decrease in magnitude
is expected as one goes away south from the high latitudes of northern hemisphere.
The occurrence of all three GIC events correspond to a CME and its related shock in
the solar wind. This emphasizes that the presence of GICs during sudden
commencement are due to the magnetopause currents resulting from the CME

compression at the subsolar magnetopause as associated with a strong dynamic
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pressure. For those seen during the main phase, when Dst is negative, on the other
hand, the ring current and the near Earth tail currents as associated with the
geomagnetic storm appears to be the possible driver at our latitudes rather than the
high latitude auroral electrojets. Taken together these preliminary results indicate that
the magnetopause currents owing to the dayside compression, geomagnetic storm
associated ring current with likely effects from the near Earth tail currents, and
although not discussed, possibly the ULF waves are the contributing factors on the
occurrence of GICs in our region. A separation of these drivers need a more

comprehensive analysis.

9.2 Future Work and Recommendations

In this study, we developed methods of combining datasets to estimate JH and applied
them to a case study of two substorms. The study revealed wide variation in the
magnitude of JH rates but greater consistency in terms of variations between growth,
expansion, and recovery phases, and still greater consistency when the datasets are
more realistic (BATSRUS, SuperDARN). Future study will implement these methods

to examine a wider set of events throughout a solar cycle.

For satellite drag calculations, the accuracy of neutral density estimations is important.
The uncertainty in thermospheric neutral density in an event can be represented well
by using an ensemble of models and iterating the results. Murray (2018) demonstrated
the usefulness of ensembles in space weather forecasting to determine the uncertainty
and (Knipp, 2016) reported the studies, which use the ensemble method for space
weather forecasting. We want to point out that multi-model ensemble forecasts can be
of great use and is a candidate for future work to consider for the community especially
for the integrated density change, maximum and average neutral density which are
found to be highly variable among the models and are important in satellite drag

calculations and for real-time operations.

Additionally, in this study, for the first time in Eurasia region, we started to record
long-time measurements of the geoelectric and geomagnetic field together. However,
for the successful modelling and prediction of the space weather events, worldwide
ontinous observations of GICs are needed. The more we know about the latitudinal
distributions and variations of the GICs, the more it will help scientist to improve more

accurate models for their predictions. Among the few studies at midlatitudes, this study
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in our region is the first of its kind and forms a base for a large statistical study on the
properties of GICs and their sources in our region. This will in turn close an important
observational gap for global space weather predictions. Currently the continuous
simultaneous measurements of magnetic and electric field are carried out carefully to
build up a good data base. The planned future work on GICs include the modelling of
the currents at our latitudes and finding the links between the electricity failures at
Bozcaada and electric and magnetic field variations measured at the magnetotelluric

stations.
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APPENDIX A : Baseline shifts for GEM-CEDAR events.
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APPENDIX B : Temporal shifts for GEM-CEDAR events
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APPENDIX C : Variations in Ey and Bx, E and dH/dt and Ex and Ey for the selected
events
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