ISTANBUL TECHNICAL UNIVERSITY * GRADUATE SCHOOL

STATISTICAL INVESTIGATION OF
MAGNETOSPHERE-IONOSPHERE-GROUND INTERACTION OVER
MID-LATITUDES DURING GEOMAGNETIC STORMS

M.Sc. THESIS

Ezgi GULAY

Department of Meteorological Engineering

Atmospheric Sciences Programme

JANUARY 2023






ISTANBUL TECHNICAL UNIVERSITY * GRADUATE SCHOOL

STATISTICAL INVESTIGATION OF
MAGNETOSPHERE-IONOSPHERE-GROUND INTERACTION OVER
MID-LATITUDES DURING GEOMAGNETIC STORMS

M.Sc. THESIS

Ezgi GULAY
(511191030)

Department of Meteorological Engineering

Atmospheric Sciences Programme

Thesis Advisor: Prof. Dr. Zerefsan KAYMAZ

JANURARY 2023






ISTANBUL TEKNIK UNIiVERSITESI % LISANSUSTU EGIiTiM ENSTITUSU

JEOMANYETIK FIRTINALAR SIRASINDA ORTA ENLEMLERDEKI
MANYETOSFER-ITYONOSFER-YER ETKILESIMININ ISTATISTIKSEL
OLARAK INCELENMESI

YUKSEK LiSANS TEZI

Ezgi GULAY
(511191030)

Meteoroloji Miihendisligi Anabilim Dah

Atmosfer Bilimleri Program

Tez Damismani: Prof. Dr. Zerefsan KAYMAZ

OCAK 2023






Ezgi GULAY, a M.Sc. student of ITU Graduate School student ID 511191039,
successfully  defended the thesis/dissertation  entitled “STATISTICAL
INVESTIGATION OF MAGNETOSPHERE-IONOSPHERE-GROUND
INTERACTION OVER MID-LATITUDES DURING GEOMAGNETIC STORMS”,
which he/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. H. Sema TOPCU ...
Istanbul Technical University

Prof. Dr. Zafer ASLAN e,
Istanbul Aydin University

Date of Submission : 20 December 2022
Date of Defense : 17 January 2023






“The trip has been long and the cost has been high... but no great thing was ever
attained easily. A long tale, like a tall Tower, must be built a stone at a time.”

— Stephen King

vii






FOREWORD

In a way that was unimaginable a century ago, technology has evolved into the most
important basis of practically everything in the modern world. Everything depends on
technological systems, including the most fundamental needs like communication,
transportation, lighting, and heating. This requires a thorough investigation of all
potential consequences and dangers associated with space weather. Even though the
study of space weather is still relatively new in the scientific community, its
significance is widely agreed. Thus, it is important to understand the effects of space
weather over Tiirkiye in order to be able to take precautions against possible threats
caused by space weather.
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STATISTICAL INVESTIGATION OF
MAGNETOSPHERE-IONOSPHERE-GROUND INTERACTION OVER
MID-LATITUDES DURING GEOMAGNETIC STORMS

SUMMARY

The phrase "space weather” is used to describe the conditions in space, more
specifically in the solar system. Space weather is concentrated on the Sun since it is
the solar system's primary energy source. The Sun's highly dynamic structure results
in energy bursts that can take on a variety of shapes, including sudden energy bursts
known as solar flares, bursts of plasma and magnetic field known as coronal mass
ejections, and in some cases, an increase in the speed and density of the solar wind due
to open magnetic field lines. Severe space weather events are what these phenomena
are named since they create extreme changes in the space environment. By producing
disruptions in the geomagnetic field and other aspects of the Earth's environment,
extreme space weather causes the neutral conditions to shift in a negative way.
Extreme space weather has an impact on satellite operations, ionospheric conductivity-
based communication, and underground electrical cables.

In this study, it is aimed to understand the effects of space weather on ground and
ionospheric levels over mid-latitudes. There are various types of research in the
literature about these effects, yet there are three points that separate this study from the
other works in the literature. The first point is that this study is done for mid-latitudes
rather than the more commonly researched over high and even low latitudes. The
second point is that both the measurements for ground level and the ionospheric levels
are done in Tiirkiye, so it is a study specifically done for Tiirkiye. The third point is
that effects on both ground and ionosphere are studied together for the same cases
which is unusual among the studies in the literature.

The ground-level part of this study focuses on a phenomenon known as
geomagnetically induced current (GIC). The geomagnetic field's rapid changes create
an electric field that penetrates the ground itself. The power grid systems and
underground pipes are affected by the electric current flowing at ground level.
Although high latitude regions are the major danger area for GIC since they experience
the most severe consequences there due to magnetic poles, GIC may occur
everywhere, and the goal of this study is to look at GICs in the mid-latitude region.

The ionosphere, which is the conducting layer of the atmosphere, is crucial to radio
wave transmission in the atmosphere and, long-distance communication across the
globe and with satellites in space. Particularly with the advancements in satellite
technology, understanding the variations in the ionospheric electron density becomes
critically important in many of the applications of these technologies, ranging from the
military and navigational systemsto the cellphones which are one of extremely
essential parts of our daily lives. Thus, in this study, it is aimed to understand the
variations in the ionospheric electron density during the geomagnetically disturbed
days.
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In this study, three data sets have been used over Marmara Region, Tiirkiye (GG: ~
40°N, GM: ~38°N). The first data set is geomagnetic field measurements obtained
from Kandilli Geomagnetic Observatory located at 1znik (40°N, 29°E). This is the only
geomagnetic observatory in Tiirkiye and is a member of INTERMAGNET. The 1-min
resolution data is available on INTERMAGNET. 1-sec resolution data is obtained
from the observatory for this study. 36 geomagnetically disturbed days between 2013
and 2015 have been chosen and those data have been used. The second data set is
geomagnetic and geoelectric field measurements which obtained from the LEMI-414
magnetotelluric station located at Bozcaada (39°N, 26°E). The magnetotelluric station
was operational between 2013 and 2014. Thus, 10 out of the previously mentioned 36
days were available to analyze. Both the geomagnetic and geoelectric field
measurements are 1-sec resolution. The last data set is F-layer electron density
measurements which obtained from the Dynasonde located at ITU Campus, Istanbul
(41°N, 28°E). The data for the same 36 geomagnetically disturbed days have been
used which are all 4-min resolution. Additionally, Disturbance Storm Time (Dst)
index, and solar wind data from ACE and WIND spacecrafts have been used.

The study consists of two main parts which are case studies and statistical studies. For
the case studies, 3 geomagnetically disturbed days have been selected based on Dst
from consecutive years, 17 March 2013 which is also known as the 2013 St. Patrick
storm, 27 February 2014, and 9 September 2015. Case studies are done thoroughly via
time series. The phases of the geomagnetic storms are determined as initial, main, and
recovery phases. The variations in different parameters are analyzed. Dst and AE
indices are used to determine the strength of the storms. The time derivative of the
horizontal geomagnetic field which is considered as a reliable indicator for GIC is the
main parameter for the ground-level effect. In the ionospheric part, the main parameter
is the F-layer critical electron density difference between the active and quiet day
periods. In the ionosphere, geomagnetic storms can have both negative and positive
effects on the electron density which means the electron density might increase or
decrease during the storm. Thus, while selecting the storms for case studies, this has
been considered and both of these examples are shown. In order to be able to see the
relationship with the solar plasma, satellite data is used, and the parameters selected
are ion density, speed, total and southward interplanetary magnetic field (IMF Bt and
Bz), and dynamic pressure. All of these parameters are compared with time series. The
only case with electric field measurement is 27 February 2014, and for this case, also
the northward and eastward electric field components are analyzed.

The statistical part of the study consists of histogram analysis and linear relationships
between physically meaningful pairs. It is aimed to understand the general behavior of
the geomagnetic field and the ionosphere during geomagnetic storms with histograms.
The averages and the possibilities are found for certain thresholds. Linear relationships
between the 72 pairs have been determined by using scatter plots and calculating
Pearson correlation coefficients. The reliability of the Pearson correlation coefficients
is tested with Student’s t-test at a 0.05 significance level. The aim of this analysis is to
find out the possible dependency between the parameters, and determine what to
expect based on the known variations for geomagnetic storms in various strengths.

In overall, it is aimed to estimate to what extent the geomagnetic field and ionospheric
electron density are affected by solar activity at mid-latitudes, and form a milestone to
understand which physical processes are effective at our latitudes. Determining what
kind of variations are seen in different phases of a storm gives information about the
mechanisms driving the seen effect on the ground or in the ionosphere. As similar,
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determining which geomagnetic index or solar wind parameter also gives information
about the affecting mechanism behind the change. It is believed that this study will
give insights for future studies which will be done on the space weather effects over
Tirkiye.
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JEOMANYETIK FIRTINALAR SIRASINDA ORTA ENLEMLERDEKI
MANYETOSFER-IYONOSFER-YER ETKILESIMININ ISTATISTIKSEL
OLARAK INCELENMESI

OZET

"Uzay havas1" ifadesi, uzaydaki, daha spesifik olarak giines sistemindeki kosullar
tanimlamak i¢in kullanilir. Giines sisteminin birincil enerji kaynagi oldugu i¢in uzay
havasi Giines tizerinde yogunlagsmistir. Giines'in son derece dinamik yapisi nedeniyle
giines patlamalar1 olarak bilinen ani enerji patlamalari, tag kiire kiitle piiskiirmeleri
olarak bilinen plazma ve manyetik alan patlamalari, baz1 durumlarda acik manyetik
alan ¢izgileri nedeniyle giines riizgarinin hizinda artis gibi olaylar gergeklesmektedir.
Siddetli uzay havasi olaylari, uzay ortaminda asir1 degisiklikler yaratir. Siddetli uzay
havasi olaylari, jeomanyetik alanda, Diinya ve ¢evresinde bozulmalar tireterek, notr
kosullarin olumsuz yonde degismesine neden olur. Siddetli uzay havasinin uydu
operasyonlari, iyonosferik iletkenlige dayali iletisim ve yer alti elektrik kablolar
tizerinde olumsuz etkileri vardr.

Bu ¢alismada, uzay havasinin orta enlemler iizerinde yer ve iyonosfer seviyelerindeki
etkilerinin anlasilmasi amaclanmaktadir. Literatiirde bu etkilerle ilgili pek c¢ok
arastirma bulunmasina ragmen bu ¢alismay literatiirdeki diger calismalardan ayiran
{ic nokta vardir. Ilk nokta, bu calismanin daha yaygin olarak yiiksek ve hatta algak
enlemler lizerinde yapilan aragtirmalardan farkli olarak orta enlemler i¢in yapilmis
olmasidir. Ikinci nokta ise hem yer seviyesi hem de iyonosferik seviye 6lgiimlerinin
Tiirkiye'de yapiliyor, yani Tiirkiye'ye dzel yapilmis bir ¢alisma olmasidir. Ugiincii
nokta, literatiirdeki ¢aligmalardan farkli olarak, ayni jeomanyetik firtinalar i¢in hem
yer hem de iyonosfer {izerindeki etkilerin birlikte ¢aligilmasidir.

Diinya, Diinya'y1r Giines'ten gelen giines enerjili parcaciklardan koruyan giiglii bir
manyetik alana sahiptir. Nedeni tam olarak anlagilamasa da ana teori, Diinya'nin
iletken sivi dis cekirdeginin, Diinya'nin kendi ekseni etrafinda doniisii sirasinda
dinamo etkisiyle bir manyetik alan olusturdugudur. Diinya'nin jeomanyetik alan
cizgileri sonsuzluga ulagmaz c¢iinkii Giines de gii¢lii bir manyetik alana sahiptir.
Boylece jeomanyetik alan ve gezegenler arasi manyetik alanin (IMF) dinamik
basincinin olustugu noktalarda manyetosfer adi verilen koruyucu bir tabaka olusur.
Manyetosfer, Giines’ten gelen materyallerin Diinya atmosferine girmesini engeller,
ancak siddetli uzay havasi olaylar1 sonucu Giines plazmasi ¢ok hizli ve yogun
geldiginde, manyetosfer bozuntuya ugrar. Bu durumda da yiiksek enerjili parcaciklar
ve Glines plazmasi atmosfere etki eder.

Bu c¢aligmanin yer seviyesi kismi, jeomanyetik olarak indiiklenen akim (GIC) olarak
bilinen bir olaya odaklanmaktadir. Jeomanyetik olarak indiiklenen akimlar, uzay
havasinin yer seviyesindeki en belirgin etkisidir. Diinyanin jeomanyetik alanindaki ani
degisimlerin bir elektrik alan1 olugturmasi ve yer altinda iletken bir sistemin varliginda
elektrik yiiklii olmasi esasina dayanir. Jeomanyetik alandaki hizli degisimler, yerin
kendisine niifuz eden bir elektrik alan1 yaratir. Elektrik sebekesi sistemleri ve yer alt1

XXV



borulari, yer seviyesinde akan elektrik akimindan etkilenir. Yiiksek enlemler,
manyetik kutuplar nedeniyle en siddetli sonuglar1 yasadiklari igin GIC igin en riskli
bolgeler olmasina ragmen, GIC her enlemde meydana gelebilir ve bu g¢alismanin
amaci, orta enlemlerdeki GIC’lere bakmaktir.

Iyonizasyon islemi, Giines'ten gelen asir1 ultraviyole (EUV) radyasyon ve plazmaya
dayanmaktadir. Radyasyon, elektronu atmosferdeki notr gaz atomlarindan ayirir ve
yiikli iyonlar ve serbest elektronlar olusur. Boylece atmosferde elektrik yiiklii bir
bolge olusur. Atmosferin iletken tabakasi olan iyonosfer, atmosferdeki radyo
dalgalarimin iletimi, diinya ¢apinda ve uzaydaki uydularla uzun mesafeli iletisim igin
cok 6nemlidir. Ozellikle uydu teknolojisindeki gelismelerle birlikte, iyonosferdeki
elektron yogunlugundaki degisimlerin anlasilmasi, askeri ve seyir sistemlerinden
giinliik hayatimizin son derece 6nemli parcalarindan biri olan cep telefonlarina kadar
bu teknolojilerin birgok uygulamasinda kritik 6nem kazanmaktadir. Bu nedenle, bu
calismada jeomanyetik firtinalarin  oldugu giinlerdeki iyonosferik elektron
yogunlugundaki degisimlerin anlasilmasi amaglanmaktadir.

Bu ¢aligmada Marmara Bolgesi’nde dlgiilen ii¢ veri seti kullanilmistir (GG: ~ 40°K,
GM: ~38°K). Birinci veri seti, iznik'te (40°K, 29°D) bulunan Kandilli Jeomanyetik
Rasathanesi'nden elde edilen jeomanyetik alan dl¢limleridir. Buras: Tiirkiye'deki tek
jeomanyetik gozlemevidir ve INTERMAGNET iiyesidir. 1 dakikalik ¢oziintirliiklii
verileri INTERMAGNET'te mevcuttur. Bu calisma i¢in gézlemevinden 1 saniyelik
coztinirliklii veriler talep edilmistir. 2013-2015 yillar1 arasinda 36 tane jeomanyetik
firtnanin oldugu giin secilmis ve bu veriler kullamlmustir. Ikinci veri seti ise
Bozcaada'da (39°K, 26°D) bulunan LEMI-414 manyetotelliirik istasyonundan elde
edilen jeomanyetik ve jeoelektrik alan dl¢limleridir. Manyetoteliirik istasyon 2013 ve
2014 yillar1 arasinda faaliyette kalmistir. Dolayisiyla, daha 6nce bahsedilen 36 giiniin
10'u analiz i¢in mevcuttur. Hem jeomanyetik hem de jeoelektrik alan olgtimleri 1
saniyelik ¢oziiniirliiktedir. Son veri seti, Istanbul ITU Kampiisii'nde (41°K, 28°D)
bulunan Dynasonde'den elde edilen F-tabakasi elektron yogunlugu dl¢timleridir. Ayni
36 firtina igin, tiimii 4 dakikalik ¢6ziiniirlikkte olan veriler kullanilmistir. Ek olarak,
Bozulma Firtina Zamani (Dst) indeksi, Aurora Elektrojet (AE) indeksi, ACE ve WIND
uzay araglarindan elde edilen giines riizgar verileri kullanilmistir.

Bu tez caligmasi, vaka calismalar1 ve istatistiksel ¢alisma olmak {izere iki ana
boliimden olusmaktadir. Vaka calismalar1 i¢in, 2013 St. Patrick firtinas1 olarak da
bilinen 17 Mart 2013, 27 Subat 2014 ve 9 Eyliil 2015 olmak iizere birbirini takip eden
yillardan Dst degerleri baz alinarak 3 jeomanyetik firtina secilmistir. Vaka galismalari,
zaman serileri araciligiyla kapsamli bir sekilde yapilmistir. Jeomanyetik firtinalarin
evreleri baslangig, ana ve toparlanma evreleri olarak belirlenmistir. Farkl
parametrelerdeki degisimler analiz edilmistir. Firtinalarin siddetini belirlemek i¢in Dst
ve AE indeksleri kullanilmistir. GIC igin giivenilir bir gosterge olarak kabul edilen
yatay jeomanyetik alanin zamanla tiirevi, yer seviyesindeki ana parametre olarak
secilmistir. Iyonosferik kisimda ana parametre, aktif ve sakin giin periyotlari
arasindaki F-katmanindaki kritik elektron yogunlugu farkidir. Iyonosferde,
jeomanyetik firtinalarin elektron yogunlugu iizerinde hem negatif hem de pozitif
etkileri olabilir, bu da firtina sirasinda elektron yogunlugunun artabilecegi veya
azalabilecegi anlamina gelir. Bu nedenle, vaka ¢alismalar i¢in firtinalar segilirken bu
dikkate alinmig ve bu iki Ornek de gosterilmistir. Giines plazmasi ile iliskiyi
gorebilmek i¢in uydu verileri kullanilmistir ve segilen parametreler iyon yogunlugu,
hiz, toplam gezegenler aras1t manyetik alan (IMF Bt) ve bunun giiney bileseni (IMF
Bz) ve dinamik basingtir. Tiim bu parametreler zaman serileri ile karsilastirilmigtir.
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Elektrik alan 6l¢iimii olan tek firtina 27 Subat 2014'tiir ve bu durum i¢in elektrik alanin
kuzey ve bati bilesenleri de analiz edilmistir.

Calismanin istatistiksel kismi, histogram analizi ve fiziksel olarak anlamli giftler
arasindaki dogrusal iliskiden olusmaktadir. 27 farkli parametre i¢in histogramlar, 72
parametre c¢ifti i¢in dagilim grafikleri ve korelasyon katsayilar1 kullanilmistir.
Histogramlar ile jeomanyetik alanin ve iyonosferin jeomanyetik firtinalar sirasindaki
genel davranisinin anlasilmasi amaglanmistir. Belirli esikler i¢in ortalamalar ve
olasiliklar bulunmustur. 72 ¢ift arasindaki dogrusal iliski, sacilma grafikleri
kullanilarak ve Pearson korelasyon katsayilari hesaplanarak belirlenmigtir. Pearson
korelasyon katsayilarinin giivenilirligi Ogrenci t-testi ile 0.05 anlamlilik diizeyinde
test edilmistir. Bu analizin amaci, parametreler arasindaki olast bagimliligi bulmak ve
cesitli siddetlerdeki jeomanyetik firtinalar i¢in bilinen varyasyonlara dayanarak ne
bekleyeceginizi belirlemektir.

Bu tezde, bu c¢alismanin 6n sonuglar1 agiklanmaktadir. Bu kapsamli ¢alismada olasi
iligkileri gormek i¢in bazi yontemler bir arada kullanilmis ve farkli yontemler
kullanilmistir. Bu ¢aligmadan jeomanyetik firtinalar sirasinda iilkemizin bulundugu
enlemlerde yer seviyesinde ve iyonosferik seviyede nasil degisimler oldugu ile ilgili
cesitli sonuclara ulasilmistir. Yer seviyesinde jeomanyetik alanin yatay bileseninde
zamana bagli degisimlerin biiyiikliikleri, bu degisimlerin firtinanin hangi asamalarinda
gozlemlendigi ve buna bagli olarak hangi dogal fiziksel mekanizmalarin bizim
enlemlerimizde etkin oldugu, firtinalarin ve asamalarinin hangi jeomanyetik indis ile
daha iliskili oldugu, hangi asamada nasil biiyiikliiklerde degisimler beklenmesi
gerektigi gibi sorular tartisilmistir. Gelecekteki ¢aligmalar i¢in, daha yiiksek vaka
sayisina sahip fiziksel olarak anlamli parametre ciftleri arasindaki iligkileri bulmak
icin farkli istatistiksel yontemlerin kullanilmas1 amaglanmaktadir. Daha iyi anlagilmasi
icin dagilim egrileri bulunacaktir. Nedenler ve etkiler arasinda daha iyi baglantilar
kurmak i¢in 6rnek olay incelemelerine iist {iste bindirilmis zaman serisi analizi
uygulanacaktir.

Bu c¢alismanin, orta enlemlerde jeomanyetik alan ve iyonosferik elektron
yogunlugunun giines aktivitesinden ne Olgiide etkilendigini tahmin etmek ve
enlemlerimizde hangi fiziksel siireclerin etkili oldugunu anlamak icin bir kilometre
tasi olusturmasi amaclanmaktadir. Bir firtinanin farkli evrelerinde ne tiir degisimlerin
goriildiigiinii  belirlemek, yerde veya iyonosferde goriilen etkiye sebep olan
mekanizmalar hakkinda bilgi verir. Benzer sekilde, hangi jeomanyetik indeksin veya
giines riizgar1 parametresinin yer ve Iyonosferde daha cok etkili oldugunun
belirlenmesi de degisimin ardindaki etki mekanizmasi hakkinda bilgi verir. Bu
calismanin gelecekte Tiirkiye iizerinde uzay havasiin etkileri konusunda yapilacak
caligmalara 151k tutacagi diisiiniilmektedir.
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1. INTRODUCTION

Technology dependence is a part of life in the 21st century. The security of technical
systems must be maintained by extensive research in order to preserve the existing
standard of living. Even though hazards have always been studied, awareness of
potential dangers increases as more information about nature itself is learned. One of
the relatively recent areas of science that is utilized to describe the current conditions
in space, namely in the Solar System, is Space Weather. The primary areas of interest
for space weather are the severe solar surface activity and how they affect Earth.
Extreme space weather may have a wide range of effects on many things, such as
communications, power supply systems, GPS systems, satellite communications, and
weather. Extreme space weather events can result in geomagnetically induced current
(GIC) which is a phenomenon that affects underground pipelines and power grids.
With the use of precautions, the impacts of the GIC are controllable; nevertheless,
understanding the space weather as its cause and how it relates to the GIC is necessary
before making any preparations for safety precautions. The conducting layer of the
atmosphere called the ionosphere is also affected by space weather. These effects can
be harmful such as radio wave disturbance, signal scintillation, and disturbed
reception. Thus, the effects on the ionosphere also should be understood well in order

to take precautions.

1.1 Sun and Space Weather

1.1.1 Sun

Life on Earth depends on the Sun, the heart of our Solar System. It is mainly a plasma
ball with a highly complex dynamic structure. The regions of the Sun can be

characterized in two sections, its interior and its atmosphere.
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Figure 1.1 : Structure of the Sun (UCAR, 2012).

The interior of the Sun has three regions. The most inner part is called its core. The
energy of the star is created in the core by nuclear fusion. The upper region is the
radiation zone. The radiation zone is responsible for the transportation of energy via
radiative diffusion and thermal conduction. The outer part of the inner structure is the

convection zone. In the convection zone energy is transported via convection.

The atmosphere of the Sun also has three regions. The inner part is called the
photosphere where electromagnetic radiation starts to escape from the Sun. It is the
visible region of the Sun; thus, it can be observed with naked eye. It is the region where
granules are located. The region in the middle is called the chromosphere. This region
is seen as red in the case of a solar eclipse. It is the region where filaments and
prominences rise to the corona which is the outer atmosphere of the Sun. It extends
millions of kilometers into the solar system. It can only be observed during an eclipse
or with coronagraphs. This is the region where coronal loops and holes, coronal mass

ejections (CMEs), and flares form.

Due to its complex dynamic structure, the Sun has its cycles. Among these cycles, due
to the historic data we have, the most important one is the 11-year cycle. As the Sun
rotates, due to the angular speed difference and fluid-like state, the polarity of the Sun's
magnetic field changes. Thus, creates a cycle where there are the solar minimum and
maximum phases. The currents solar cycle we are in is solar cycle 25 which started
approximately at the beginning of 2020, and the next solar maximum is expected to be
around 2025.



1.1.2 Space weather

The conditions of the near-Earth environment and changes happening due to Solar
wind and plasma are called space weather. It is mainly concerned with the varying
changes in the magnetosphere, ionosphere, and thermosphere due to changes in the
Solar wind conditions. The effects of the space weather can be harmful in many areas
extending from the ground level to the satellites. The main source of all the changes is

the Sun. Thus, it is important to understand and investigate the dynamics of the Sun.

Figure 1.2 : lllustration of Solar Wind-Magnetosphere interaction (NASA, 2015).
1.1.3 Sources of space weather

The structure of the Sun is highly complex mainly due to its magnetic field lines. The
energy of the Sun is created in its core and it is transferred to its surface via different
mechanisms. The magnetic free energy the Sun has converted to electromagnetic
radiation, kinetic and thermal energy. During the release of its energy, different
mechanisms occur, and they result in affecting the near-Earth environment. These
mechanisms are called space weather drivers and the main ones can be listed as coronal

mass ejections (CMES), high speed streams (HSS), and solar flares.

1.1.3.1 Coronal mass ejection

CMEs occur at the Solar corona by reconnection of the magnetic field lines. The
magnetic field lines leave and return to the surface at the Solar corona, and they form
loops. When the two opposite magnetic field lines come together, reconnections occur
and the loop leaves the surface. The plasma leaves the Sun with hundreds of km/s
velocity with its magnetic field and travels away from the Sun radially. The velocity



of the CME varies between 200 and 3000 km/s. These ejections are monitored via
coronagraph imageries located at the L1 point. It can be estimated whether the CME
is directed toward Earth or not. Most of the significant geomagnetic storms are caused
by CMEs (Richardson & Cane, 2012). The arrival of tons of Solar plasma and its
encounter with the magnetosphere creates sudden changes in geomagnetic parameters
since the effect is transferred everywhere via magnetic field lines.

2013/03/15 07:36

Figure 1.3 : Coronograph imagery via SOHO LASCO C2 on 15 march 2013
(NASA, n.d.-b).

1.1.3.2 High speed stream

The solar wind continuously breezes from the Sun radially. The average speed of the
ambient solar wind is approximately 400 km/s. When the solar wind speed exceeds
400 km/s, it is referred to as high speed stream (HSS). HSS is caused mainly by
structures called coronal holes (CHs). Coronal holes are the areas on the Sun's surface
where the magnetic field lines are open. They seem darker in the images since it is
cooler than their surroundings. Coronal holes are can be detected from the imagery of
the Sun in different wavelengths. The solar wind breezes faster from these regions,
and they are called Coronal Hole High Speed Streams (CH HSS). HSS can also be
caused due to a CME. The severity and the frequency of the CME-sourced HSS are
greater than CH HSS, still, they are significant in the terms of causing minor to strong

geomagnetic storms (Gerontidou et al., 2018).



Figure 1.4 : SDO 193 image (NASA, 2012).

1.1.3.3 Solar flares

Solar flares are sudden bursts of energy from the active regions of the photosphere.
The released energy consists of energetic high-speed ions. They are not predictable
and cannot be prepared beforehand since it reaches Earth in minutes. The only part
which can be estimated is that they occur in active regions and they can be monitored
via imageries. Like the CMEs, they also form with magnetic reconnection. The effects
of the flares are seen in radio communication and propagation. They mainly affect the
ionosphere in the near-Earth environment. During the solar maximum, more frequent
and severe solar flares are expected due to the higher amounts of Sunspots and active

regions.

Figure 1.5 : SDO 131 image (NASA, 2014).



1.1.4 Effects of space weather

There are different kinds of technological systems which might be affected by various
space weather drivers, even though they all disturb the near-Earth environment. For
example, the ground-level effects require strong disturbances; thus, most CMEs are
responsible for geomagnetically induced currents (GICs), or radio blackout storms are
a consequence of solar flares. Some of the affected areas by space weather are ground

level (GICs), ionosphere, and satellites.

Figure 1.6 : Space weather effects (ESA, 2018).

Satellites are affected by the charged solar particles directly since some of them are
not under the protection of the magnetosphere. How much and in what way they are
affected varies greatly based on their location such as whether they are in the inner or
outer radiation belt. Deep spacecraft charging is one of the most common and
dangerous effects of space weather over spacecrafts. It may cause structural damage
which might harm the critical systems, and cause spacecraft to give false commands,
or give damage to the storage data and the software itself. Drag effect is also a harmful
consequence, especially for low-orbiting satellites. The density in the upper
atmosphere changes during geomagnetic storms since the radiation and energy
amounts change. Thus, the altitude of the satellite may change, and the satellite might

go out of orbit and might even get lost if it cannot be detected by ground detectors.

Radio communication is highly vulnerable to space weather since it depends on the
ionosphere which can easily vary due to changes in solar conditions. In radio

communication high frequency radio waves are important, and it depends on the



ionospheric structure and density so the transmission path of a wave can be
determined. HF radio waves are used in many areas such as by commercial airlines,
and amateur radio operators. The ionosphere can be affected by space weather in
several ways. One of them is solar flares. The x-rays coming from the Sun cause
ionization at the bottom (D) layer of the ionosphere, and this results in a way that the
layer becomes either a reflector or an absorber for different wavelengths and since the
solar flares cannot be predicted before, the necessary precautions cannot be taken.
Another way is energetic particle precipitation. The energetic particles coming from
the Sun enters the Earth’s ionosphere through the magnetic poles with magnetic field
lines, and cause ionization, especially at the D layer. This situation is mostly seen in

high latitudinal regions.

Geomagnetically induced currents (GICs) are the most eminent effect of space weather
at ground level. It is based on the principle that the sudden changes in the Earth’s
geomagnetic field create an electric field, and in the presence of a conducting system
underground, they are electrically charged. This might result in blackouts in cities due

to problems occurring in power lines and transformers.

1.2 lonosphere

The layers of Earth’s atmosphere are usually classified as temperature gradients. Yet,
when the ionization ratio is considered, there is a layer that is important, especially in
communication. This layer is called the ionosphere and it is a conducting layer that
extends from approximately 60 km to 800 km or higher. Even though the main source
of ionization in the atmosphere is the Sun, cosmic rays also have a role, especially
during solar minimum. Additionally, in diurnal variations, the effect of the Sun is

dominant during the day, and galactic cosmic rays are more efficient during the night.

The ionization process is based on the extreme ultraviolet (EUV) radiation and plasma
coming from the Sun. The radiation strips the electron from the neutral gas atoms in
the atmosphere, and charged ions and free electrons form. This process is called

photoionization. Thus, an electrically charged region forms in the atmosphere.

The structure of the ionosphere varies diurnally, seasonally, annually, and
latitudinally. The atmospheric density and the absorption of solar energy are different

at every altitude; thus, the atmospheric chemistry and ionization levels vary greatly.



Magnetospheric ring currents, as well as the electrojet currents also affect the
ionization levels. These are the reasons the ionosphere behaves differently in low, mid,

and high latitudes, as well as at different heights.

1.2.1 Vertical structure

The atmospheric density is different at every altitude. Thus, the ionization levels
change with height as well. The ionosphere consists of 3 or 4 layers based on the
idealized vertical structure of the ionosphere. The structure of the ionosphere changes
at night due to the lack of solar radiation. During the day, the layers of the ionosphere
are D, E, F1, and F2. Yet at night, F1 and F2 layers combine into one F layer.
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Figure 1.7 : Structure of lonosphere (McElroy, n.d.).

The lowest layer is the D layer which roughly extends between 60 and 90 km. X-ray
photons are cosmic ray particles that are highly energetic and are most dominant at the
D layer. The recombination rates which means returning to the neutral form of an atom
by recombination of ions and electrons are high at this level. Thus, this layer is not
considered plasma since the atmosphere is weakly ionized. The dominant ions in this
layer are NO* and O2". D layer is crucial in radio communication. The ionization rates
get much lower at night due to the lack of solar radiation; thus, the D layer barely exists

at night due to the galactic cosmic rays.
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Figure 1.8 : Vertical structure of ionosphere (Scott, 2022).

E layer extends between 90 and 150 km. The height of peak electron density is roughly
around 110 km. It exists both day and night time. In this layer, the main source of
ionization is short-wavelength ultraviolet radiation, and medium-frequency radio
waves are reflected. In high latitudes, electron and proton precipitating has a
significant role in ionization. There is also a layer that only occurs in special situations
which is called the sporadic E layer. Sporadic E layer forms around similar altitudes
as the E layer, and might even have greater electron density. The high amounts of

electrons cause the refraction of high-frequency waves.

The outer layer of the ionosphere is the F layer during the night. It extends between
150 km to 500 km. The main ionization source at this layer is extreme ultraviolet
radiation from the Sun, and the main atom that gets ionized is oxygen. During the day,
the F layer is separated into two layers as F1 and F2 layers. High-frequency radio
signaling to long distances is usually made through the F layer since it is the layer that
has the greatest electron density. The F2 layer is the most important layer here for radio

communication since it is present for the whole day.

1.3 Geomagnetic Field

Earth has its own protective shield against the solar wind and galactic cosmic rays
which is believed caused by its conductive outer liquid core. This core of the Earth

acts as a dynamo and creates a magnetic field around the Earth which is called the



geomagnetic field. The geomagnetic field is mainly a magnet and the magnetic field
lines go from the south magnetic pole to the north.
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Figure 1.9 : Earth's geomagnetic field (United States Geological Survey, n.d.).

The geomagnetic field is a vector which means it has a direction and strength at each

point.

Figure 1.10 : Geomagnetic field components (Natural Resources Canada, 2020).

As shown in the Figure 1.10, the geomagnetic field can be defined as vectors and
angles. The northward component is X, the eastward component is Y, and the vertical
component is Z. F represents the total strength of the geomagnetic field and it’s the
vectorial sum of all the components. H is the horizontal component which means the

vectorial sum of northward and eastward components. D is called the magnetic
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declination angle and it is the angle between X and H. I is the magnetic inclination
angle, and it is the angle between H and F.

1.3.1 Geomagnetically induced currents

Faraday’s induction law suggests that the rapid changes in a magnetic field create an
electric field. In the equation (1.1) below, E represents the electric field, B represents
the magnetic field, and t is the time. In nature itself, magnetic fields and electrical
currents that change in time exists without any artificial forcing. In the ionosphere,
oceans, and Earth itself, there are natural electrical currents.  During intense
geomagnetic storms, rapid changes occur in the geomagnetic field. This change causes
an electric field to form and if there are conducting systems beneath the ground such
as transmission lines, railroads, or pipelines, these conducting systems get electrically
charged. This electric current is called geomagnetically induced current (GIC). As a
result, that the reactive power might increase, voltage problems and excessive heating
might occur, and transformers might get harmed in a way not to perform any longer
(Oyedokun & Cilliers, 2018).

S 5B

VXE = —E (11)

In 21% century, technological developments are at a level that almost everything
depends on electrical power systems which are vulnerable to the electrical currents
occurred due to geomagnetic storms. The impact of geomagnetic storms on electrical
power systems is hard to estimate since there are various parameters to consider. The
occurring electrical current flow follows a path to correspond to both naturally existing
conducting structures and the artificial structures made by humans. The flow on the
artificial paths turns to quasi DC which means that the current flows in one direction,
occurs. This extra current in the path causes saturation in the core of the transformers
since the current exceeds the planned range of the transformer. Once the transformer
is saturated, the voltages and the currents get larger in extreme values. Thus, the
transformers might get heated and some parts of it might get damaged. The most
famous GIC event in history is the 1989 Hydro-Quebec blackout which lasted for 12
hours (Odenwald, 2017). As technology develops, the socioeconomic impacts of

blackouts increase such as in the October 2003 event which caused one and a half
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hours of blackout in southern Sweden and cost approximately half a million USD loss
(Pulkkinen et al., 2005).

1.4 Literature Review

In this section comprehensive literature research on GIC and ionospheric storms will

be explained.

1.4.1 Geomagnetically induced currents

Transmission lines, telecommunications cables, pipelines, and most significantly,
electric power grids are all affected by GICs. The occurrence of GICs, their
mechanism, their connection to space weather, and their consequences on
technological systems have all been the subject of several research. In their 2017
publication, Kalafatoglu and Kaymaz describe how they used magnetic field and
electric field measurements over Bozcaada, Tiirkiye, to investigate the GIC. With four
case studies between 2013 and 2014, this study conducted across the mid-latitudes
demonstrated the GIC's occurrence as a result of increased solar activity (Kalafatoglu
Eyigiiler & Kaymaz, 2017). Another research demonstrates the link between the
electric and magnetic fields when the geomagnetic disturbance above Bozcaada is

noticeably low (Kalafatoglu et al., 2015).

Viljanen et al. explored the general fluctuations in the horizontal component, such as
solar cycle dependence, seasonal and daily variations, as well as the link between the
time derivative of the horizontal component of the geomagnetic field and the
ionospheric currents (Viljanen et al., 2001a). According to certain findings, there is a
significant probability of GIC occurrence at the solar minimum, in the spring and fall,
and at night over high latitudes. By examining changes in the time derivative of the
horizontal magnetic field between 1982 and 2001, they were able to study GICs and
demonstrate that powerful GICs were linked to deviations more than 1 nT/s in the time
derivative of the horizontal magnetic field (Viljanen et al., 2001a). In a follow-up to
their earlier research, (Viljanen et al., 2006) used the time derivative of the horizontal
magnetic field to examine GICs more than 1 nT/s for solitary (in their terminology)
substorms, defined as Dst > -40 nT, and storm-time, defined as Dst -40 nT, substorm
occurrences. They looked at GIC occurrences as a function of the substorm phase and

concerning the ionospheric equivalent current systems. Their research demonstrated
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that as latitudes fell toward the south in the north, the greatest variance of the horizontal
magnetic field's time derivative decreased. They also found that, for isolated
occurrences, the time of the maximum in the horizontal magnetic field's time

derivative peaked at lower latitudes and happened 5 minutes after the event began.

The analysis by Pulkkinen, Lindahl, Viljanen, and Pirjola is based on the Halloween
storm of 2003, which resulted in a one-hour blackout across a large area and an
estimated loss of 0.5 million US dollars in Sweden. The research demonstrates that the
GIC was caused by a combination of substorms, sudden commencement, and
enhanced ionospheric convection. The historic Hydro-Quebec blackout in 1989 was
followed by the Halloween storm, which was the largest GIC event ever to be recorded
(Pulkkinen et al., 2005).

According to Kappenman's case study in the paper he published, GIC is a hazard not
just at high latitudes but may also be seen at low latitudes. The geomagnetic
disturbances at low latitudes are reportedly caused by sudden commencements with
small amplitude changes, despite the fact that electrojet-driven large amplitude
changes in the geomagnetic field at high latitudes are well documented. Additionally,
it has been proposed that measurements of space weather might reveal the rapid
beginnings. Consequently, the GICs may be found at all latitudes. GIC magnitudes
were discovered to range from a few tens of Amperes (A) to many hundreds of
Amperes depending on latitude and magnetospheric activity level. In high latitude
areas of the US, recorded GICs on the order of 200 A (Kappenman, 2003).

All of the most recent GIC researches that have been published in various publications
are included in the 24 March 2016 edition of Space Weather. The source, latitude
fluctuations, storm-substorm relationships, modeling, dangers on ground systems, and
measurement systems are all covered in this special collection of GIC research. GICs
and their effects at various latitudes have been extensively investigated and are well
understood.

Different methods for calculating geoelectric fields were employed in the GIC
research. The geoelectric fields on the ground were collected from the electrical power
grids for the majority of GIC research. Nevertheless, it might be difficult to determine
the grid characteristics in many places of the world. The changes in the electric field

are linked to the geomagnetic fluctuations that may be observed on the ground.
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Therefore, using Faraday's induction rule offers a different strategy for evaluating
GICs at a certain place. According to Faraday's Law, changes in the geomagnetic field
over time lead to changes in the geoelectric field. The fluctuations in these two
parameters, namely the temporal rate of change of the magnetic and/or electric fields,
may thus be directly measured on the ground and used to compute GICs. As a result,
numerous studies have employed temporal derivatives of the magnetic field to deduce
the GIC changes in the lack of electric field measurements (Fiori et al., 2014; Zhang
etal., 2015).

1.4.2 lonosphere

Across the past several decades, a great deal of research has been done on Earth's upper
thermosphere and ionosphere over mid-latitudes in both geomagnetically quiet and
disturbed conditions. lonospheric characteristics fluctuate throughout a wide variety
of timescales, from long-term shifts to those that last just a few days, hours, or minutes.
The magnetospheric ring current and the out-flying impacts of the polar electrojets
both contribute to the effects of geomagnetic activity on the mid-latitude ionosphere.
The effects of a geomagnetic storm on the ionospheric F region electron density are
different from those in the lower ionosphere due to variations in the physical
mechanisms causing the changes in ionization. Lastovicka provided a summary of how
geomagnetic storms affect the lower ionosphere, intermediate atmosphere, and
troposphere (Lastovicka, 1996). The F layer's reaction to direct and indirect storm-
induced disruptions can have positive (increase in electron density) or negative
(decrease in electron density) consequences, depending on the storm'’s beginning time,
location, and season. Additionally, the impact of storms on the electron density might

vary depending on the altitude inside the F layer (Buresova et al., 2007).

In one research, the reaction and behavior of the sporadic E-layer and the ionospheric
F2 during three intense individual geomagnetic storms from the winters of 2012, 2013,
and 2015 were investigated and compared. The data was obtained from cutting-edge
digital ionosonde in midlatitude, Hungary. The type of the ionospheric storm was
determined by the local timing of its abrupt onset. In this manner, one no-positive
phase (NPP) storm and two regular positive phases (RPP) ionospheric storms have
been examined. At dawn or early in the morning, it is possible to see a noticeable rise

in the electron density of the F-layer in all three situations. Additionally, it can
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be seen how the ionospheric layers disappear at night during geomagnetically
disturbed times. The findings of the study imply that the fade-out effect is unrelated to
the presence of sporadic E-layers (Berényi et al., 2018).

The impacts of the solar wind on Earth's environment are investigated in a study
conducted by Buresova et. al. The near-Earth environment's increased solar wind
energy dissipation is a major contributor to subsequent disturbances in the upper
atmosphere and ionosphere. In the paper, it is discussed how solar wind-induced
geomagnetic storms express themselves in the ionospheric environment. Regarding
seasonal predilection, during the storm's main phase, only negative phases
predominate in the summer, but both negative and positive phases are more likely to
occur in the winter. Occasionally, improvements in electron density have been seen
many hours before the start of a geomagnetic storm. Additionally, it has been noted
that there were brief intervals throughout the storm's main phase when the electron
density's divergence from the median was negligible. The effect on electron density at
the F1 region heights in European upper middle latitudes has been shown to be
negative, if any at all, regardless of the sign of the storm effect on F2-layer ionization.
Significant summer/winter asymmetry is also present in the F1-layers reaction to
magnetic disturbances. Compared to middle and lower middle latitudes, the stormy
high latitude F area is more changeable and is significantly impacted by
magnetospheric processes, particularly strong electric fields, which are often present

during geomagnetic storms (Buresova et al., 2007).

An ionosonde located at the Istanbul Technical University (ITU) Maslak campus was
used in one research to make measurements of the ionosphere above Istanbul, Tirkiye.
The study offers average statistics for critical F2 layer properties measured over a one-
year period for diurnal, monthly, seasonal, and noon-midnight periods. The F2 layer
critical frequency, its peak height, and the projected total electron content are those
characteristics. According to the data, Istanbul's general average behavior is in line
with the results of earlier studies of the mid-latitude ionosphere. These are the
variations between the summer and winter in TEC, hmF2, and foF2, as well as the
presence or absence of ionospheric anomalies. The diurnal changes of foF2 have also
been divided into groups known as types. The types' presence and the diurnal, monthly,
and seasonal changes we showed for all ionospheric data point to several physical

causes that work throughout the year. These modifications can take the form of
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fluctuations in the geomagnetic and solar cycles, atmospheric composition, and
thermospheric neutral winds. It has been demonstrated that there is a good relationship
between the types and geomagnetic activity, which suggests one of the causative
processes that should be taken into account for the diurnal fluctuations of electron

density over mid-latitudes (Moral et al., 2020).

1.5 Purpose of Thesis

The effects of geomagnetic storms can be seen at ground level, ionosphere, and near-
Earth environment. In this study, the effects on the ground and ionospheric levels are
investigated. The purpose of the thesis is to understand the variations in the ground
and ionospheric levels over Tiirkiye in order to raise awareness and take precautions.
There are thorough researches based on the effects of space weather globally, yet most
of them are done for high latitudes, especially for the ground-level effects. The
phenomenon called geomagnetically induced current (GIC) is a risk for ground-based
structures such as power grids and transformers which provides electricity to the cities.
The ionosphere is affected by space weather via changes in the ionization levels which
is important for high-frequency radio wave and satellite communication, and GPS
operations. It is crucial to understand the variations seen in the geomagnetic field and
ionospheric electron density to calculate risks and take precautions. This is the first
thorough study done to understand the situation in both ground and ionospheric levels
over Tirkiye during the geomagnetic storms which include statistical analysis for 3
years at the peak of the 24" solar cycle, and it will be a milestone for further
investigations of space weather effects over Tiirkiye.
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2. DATA

Throughout this project, three main data sets have been used for research purposes.
These data sets belong to the three focus areas of the study. Basically, the space
weather-related changes on both ionospheric F-layer and ground level are studied.
Thus, the three main data sets consist of ionospheric level electron density, and
ground-level geomagnetic and geoelectric field data have been used. Additionally, to
support the theory of space weather relations, various geomagnetic and solar wind data
have been used. Solar wind data are obtained from satellites, and geomagnetic indices

are obtained from several geomagnetic observatories and online data sources.

2.1 Geomagnetic Field

The geomagnetic field data used in the study is obtained from Iznik Geomagnetic
Observatory operated by Bogazici University, Kandilli Observatory and Earthquake
Research Institute at Iznik, Tirkiye. The geographic coordinates of the station are
40.5°N and 29.7°E. The geomagnetic coordinates are 37.7°N and 109.7°E. The
elevation of the observatory is 256 meters and it is located outside the city center. Iznik
Geomagnetic Observatory has been operating since 2005 and a member of the
International Real-time Magnetic Observatory Network since 2007. In this
observatory, geomagnetic variations are measured with the Danish Meteorological
Institute (DMI) three-axis fluxgate magnetometer, and the absolute measurements are
done with DI-flux theodolite. Additionally, the total geomagnetic field is measured
using a proton magnetometer. The data are available in second and minute resolution
and its unit is nT (Celik et al., 2013).

In this study, 1-second resolution data have been used in XYZ coordinates. The main
parameter used is the time derivative of the horizontal magnetic field since it is closely

related to geomagnetically induced currents (GIC) (Viljanen et al., 2001).
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Figure 2.1 : Location of Iznik geomagnetic observatory (Celik et al., 2013).

The horizontal magnetic field is the vectorial sum of the northward (Bx) and eastward

(By) components of the total geomagnetic field (B).

- 2

i= (B +B, (2.1)

The time derivative of horizontal magnetic field equation;

— - 2 — 2
aH _ |(dBx) _ (dBy 2.2)
dt dt dt

2.2 Geomagnetic and Electric Field

In this study, the main geomagnetic field data are gathered from Iznik geomagnetic
observatory, yet in the ground level part of the study, geoelectric field data also have
been used. The magnetotelluric station used in geomagnetic and geoelectric field
measurements is located at Bozcaada (seen in the figure) where the geomagnetic
coordinates are 39.5°N and 26°E, and geomagnetic coordinates are 37.5°N and
106.1°E. The site where is station is located is away from the city, buildings that can
produce a significant amount of electricity, busy roads, and building on a hill. The
system is buried in 80 cm depth on a 100 x 100 m area. For the measurements, Long-
period Magnetotelluric Station produced by ElectroMagnetic Innovation (LEMI-417)
has been used. The system includes one electrometer, one fluxgate magnetometer, four
electrodes, and one electric unit. There are electrical currents within the Earth itself.
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Yet, there are also electrical currents that originate from outside sources such as by
ionosphere and magnetosphere. The magnetotelluric currents consist of both natural
and external electrical currents. LEMI-417 focuses on measuring natural magnetic and
electric fields and their variations from the base. The geomagnetic field is measured in
three axes as XYZ and the electric field is measured in two directions, XY as in
eastward and northward directions. The measurements are in 1-second resolution. The

unit of the geomagnetic field is nT, and pV/m.

@ Location of the station Magnetotelluric Station: Station Instruments

Figure 2.2 : (a) A map of the region and island Bozcaada, Canakkale, Tiirkiye, 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) Electrodes, (5) Station, (6) An
example of raw data (Kalafatoglu Eyigiiler & Kaymaz, 2017).

The main principle behind the study is Faraday’s law as can be seen from the equations
2.3,2.4,and 2.5.

. dB

__ 2 2.3
VXE i (2.3)
. ds,
_ Sy (2.4)
E, x It
T d—Bx) (2.5)
Ey « It

As Faraday’s law suggests, sudden changes in the geomagnetic field form an electric

field. This is the reason for studying a geomagnetic field to estimate the changes in the
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electric field. Moreover, make a connection between geomagnetically induced currents
and geomagnetic field fluctuations. As the law suggests, the northward component of
the electric field (Ex) is closely related to the time derivative of the eastward
component of the geomagnetic field (dBy/dt), and vice versa. Thus, in this study

horizontal components of geomagnetic and electric fields are focused.

The magnetotelluric station was working and collecting data between September 2013
and October 2014. All the available days in which the data is available have been
considered and 10 of them were in the selected 36 days. Thus, in the statistical part of
the study, 10 days with electric field measurements are included. 9 September 2015 is
chosen for the thorough case studies. The Table 2.1 shows the days included in the

statistical part of the study.

Table 2.1 : Case days with LEMI measurements.

Storm Day Minimum Dst

2 October 2013 -72
9 October 2013 -69
15 October 2013 -49
30 October 2013 -56
16 November 2013 -40
8 December 2013 -66
27 February 2014 -97
12 April 2014 -87
30 April 2014 -67
12 September 2014 -88

2.3 lonospheric Measurements

lonosondes are special radars developed to observe the ionospheric level electron
density. The basic components of an ionosonde are the transmitter, receiver, controller,
and data processor. The transmitter produces high-frequency pulses ranging between
0.1 MHz to 33 MHz and sends them to the ionosphere. The reflecting signals are
collected by the receiver. The delay time between the transmission time of the signal
and the receiving time is calculated by the controller. Delay time is an essential part of
the process since it is used to estimate the heights of the ionospheric layers for the

ionograms.
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Figure 2.3 : (a) Location of the experiment site in Istanbul, Tirkiye (40.580N,
28.50E), (b) Transmitter, (c) Receiver, (d) Shelter and (e) Radar (Moral et
al., 2020).

Dynasonde or VIPIR (Vertically Incident Pulsed Radar) are names given for a specific
ionosonde type. ITU Dynasonde system is built by Scion Associates, Inc. which is the
VIPIR part of the system. The software is developed by the University of Colorado
Boulder. In Dynasonde, the pulses are sent vertically to the ionosphere and use model
assumptions at a minimum. Its ranging altitude is between 70 and 800 km. The
software of the Dynasonde is called NeXtYZ and it gives 79 different parameters to
the user such as total electron content (TEC), the critical frequency, and the critical
height of every ionospheric layer in different modes. Its working principle consists
‘pulsets’ which are called for transmitted pulse groups. Pulsets usually have 4-8 pulses
in a designed pattern and approximately 1 kHz frequency offsets. An echo is generated
when a signal is reflected from a layer of the ionosphere. The importance of the
Dynasonde technology becomes clearer at this point since there are lots of echoes in
the surrounding produced by weather conditions such as rain, broadcast signals,
electrostatic voice, etc. The software of the Dynasonde eliminates the false echoes
based on their time of arrival. The total echo of the Dynasonde consists of these
complex amplitudes caused by false echoes, and different parameters such as the time,

location of the antenna, and radio frequency.
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Figure 2.4 : Outline of ionosonde (Australian Space Academy, n.d.).

NeXtYZ gives an output called an ionogram also known as vertical incidence
sounding. An ionogram represents the virtual heights of every ionospheric layer
against frequency, yet they usually are shown in electron density rather than frequency.
In the Figure 2.5 there is an example of an ionogram for 12 April 2014 at 09.00 UTC
over Istanbul. All the layers of the ionosphere and the radio frequency at every height

can be seen.

The ITU Dynasonde where the data are obtained is located at Istanbul Technical
University Ayazaga Campus, Istanbul. The geographic coordinates are 41°N, and
29°E. The geomagnetic coordinates are 39°N and 108°E. The Dynasonde was installed
in September 2012 and continued to gather data until 2018. The data resolution is 4
minutes between 2012 and 2013 November, and 2 minutes after November 2013. At
the site of the Dynasonde, there is one transmitter, a transmitting antenna that is 25
meters high, 4 receivers, and 4 receiving dipole antennas which are 5 meters each.
High-frequency (HF) pulses are sent vertically to the ionosphere with a ranging
frequency of 0.1 to 25 MHz.
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processed automatically
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Figure 2.5 : lonogram example from ITU Dynasonde.

For this study, the main parameter was chosen as F-layer electron density. Electron
density values and trends vary daily, seasonally, and annually over mid-latitudes
(Moral et al., 2020). Thus, to be able to analyze 36 days in a 3-year period, the
difference between the quiet and active days for electron density has been decided as
the main parameter instead of the active day's value solely. The reference quiet days
have been chosen from the same month and year to avoid any seasonal and annual
variations. NeXtYZ software does not give the maximum electron density directly.
Instead, it gives the F-layer critical frequency which can be used to obtain maximum
electron density.

0.0091

fcritical = C.OS p vV emax (2-6)

Here in the equation, feriticar is given by NeXtYZ as fof2, nemax is the maximum electron
density, and o is the incidence angle which is taken as O since the pulses are sent
vertically with Dynasonde. Thus, cosa is 1. The equation for maximum electron

density is like the following equation 2.7. The unit for electron density is used as #/cc.

2

fcritical
Memax = (0.0091) @7)
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2.4 Geomagnetic Indices

In order to obtain the disturbances in the magnetosphere and determine whether there
is a geomagnetic storm or a magnetospheric substorm that occurred or not, some
indices are used. These are mainly products of measurements from ground
magnetometers. The most common indices and the ones used in this study are
Disturbance Storm Time (Dst), Auroral Electrojet (AE), and Kp (Planetary K) indices.

2.4.1 Dst

Dst is one of the main indices used to determine geomagnetic disturbances. Dst is
calculated from the horizontal magnetic field. The measurements used for this index
are done from 4 low latitude stations. The Dst index are available since 1957. It has a
1-hour resolution and its unit is nT. Even though, it mainly indicates the changes in
the equatorial ring currents, magnetopause Chapman-Ferraro, and tail currents are
included in it. When the solar wind first interacts with the magnetosphere, it causes a
compression. This compression is measured in the stations through the magnetic field
lines. In some cases, this compression effect can be seen via positive Dst values at the
beginning of the storm which is called Sudden Commencement (SC). The negative
Dst value indicates ring currents injection. Smaller the Dst value, the greater the

disturbance in the ring current.

The strength of the geomagnetic storm can be classified with the Dst value. The main
acceptance of the classification suggests that the storms with a -100 nT or less
minimum Dst values are great or intense, the ones between -50 and -100 nT are
moderate, and the ones between -30 and -50 nT are weak storms (Gonzalez et al.,
1994).

2.4.2 AE

AE stands for auroral electrojets which are mainly used for magnetospheric substorm
indications. AE is obtained by two different indices which are AU (Auroral Upper)
and AL (Auroral Lower). They are calculated by the magnetic field measurements
done at the 13 auroral stations around 70°N, and they indicate the electrical currents
and ionospheric conductance. AU and AL are the greatest strengths of eastward and
westward electrojets respectively. AU and AL are superposed for every day and while
the upper envelope gives AU, the lower envelope gives AL. AE is the difference
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between AU and AL. Its resolution is in 1 minute, and are mostly available since 1957.
Even though there is not an officially accepted threshold for the substorms,

approximately 500 nT of AE might be considered to show a magnetospheric substorm.

2.43Kp

Kp is an extension of the Planetary-K index. It is measured from 13 stations which are
located at subauroral latitudes. It is calculated with the disturbances in horizontal
geomagnetic field components. It is based on the range between the greatest and lowest
values in 3-hour periods. The K index is obtained from the conversion of the range to
the local K index in a quasi-logarithmic scale. At this point, the K index is a local value
for each station. (GFZ Postdam, n.d.). After the standardizing procedure, the Kp index
is obtained. Its scale is between 0 and 9 with no units. While the Kp values between 1
and 4 indicate quiet geomagnetic conditions, Kp 5 indicates a minor geomagnetic

storm, and Kp 9 is an extreme geomagnetic storm (NOAA, n.d.-b).

2.5 Solar Wind Data

In this study, solar wind data are obtained from ACE and WIND spacecrafts. The main
parameters used are the strength of the southward interplanetary magnetic field (IMF
Bz), and dynamic pressure (Payn). The other parameters used in the statistical part of
the study are the strength of the total interplanetary magnetic field (IMF Bt), solar wind
ion density, and solar wind velocity. IMF Bz and dynamic pressure are two of the key
parameters which affect the strength of the geomagnetic disturbances. IMF Bz is the
main responsible for magnetic reconnection which causes disturbance in the
magnetotail dynamics and consequently magnetic substorms. Dynamic pressure is
responsible for the compressing at the nose of the magnetopause, thus, its effect is
highly important in the dayside magnetosphere. Even though there is no threshold for
dynamic pressure solely in terms of geomagnetic disturbance, IMF Bz is considered a
possible indicator in geomagnetic disturbance estimations, and the threshold might be
taken as approximately -10 nT.

Pgyn = 2nmV? (2.8)

25



In the equation for dynamic pressure, n stands for ion number density, m represents
the mass of a proton, and V represents the solar wind velocity. The equation is
multiplied under the assumption of there are equal numbers of electrons and protons
in the coming plasma, and the mass of an electron is ignored. In this study, nPa is used

as the dynamic pressure unit.

Advanced Composition Explorer (ACE or Explorer 71) is a NASA spacecraft
launched in 1997 to explore solar energetic particles, interplanetary medium, and other
sources of disturbance. Even though the mission duration was estimated at 5 years, it
is still a data source to this day. The other spacecraft used WIND is also a NASA
spacecraft. It launched in 1994 and the data is still available. Both ACE and WIND are
stationed at Lagrange point 1, and the data are obtained from the NASA Space Physics
Data Facility web page (NASA, n.d.)
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3. METHODS

This study can be examined in two parts as statistical analysis and case studies. The
aim of the statistical part of the study is to determine the general behavior of ionosphere
and ground-level interactions over mid-latitudes. This part consists of approximately
40 storm parameters which are mostly the maximum or minimums of each storm.
There are distributions and correlations for 36 geomagnetically disturbed days. The
case study part consists of 3 thorough analyses for every subject including both ground

and ionospheric levels.

SOLAR WIND

GEOMAGNETIC STORMS

" 4

IONOSPHERE LEVEL
ELECTRON DENSITY

Figure 3.1 : Flowchart of the study.

GROUND LEVEL

MAGNETIC AND ELECTRIC FIELD VARIATIONS
(GEOMAGNETICALLY INDUCED CURRENTS)

In the basic method that has been followed, the main source is Sun, thus, the solar
wind. Solar wind causes geomagnetic disturbances in the magnetosphere and affects
the near-Earth environment, and creates geomagnetic storms. The effects of these
storms can be measured and felt in many areas and levels, yet in this study, the effects
in the ground and ionospheric levels are investigated. The Figure 3.2 summarizes the
basic information about the data that has been used, the measurements, and the

parameters which have been considered.
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Figure 3.2 : Summary of the data have been used.

In the Figure 3.3 the places where the data measured over Marmara region can be seen

as Istanbul, Bozcaada, and Iznik.
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Figure 3.3 : Map of the locations where the data are measured.
3.1 Selection of Cases

Solar cycle 24 approximately started in 2008 and ended in 2019. The solar maximum
was in 2014. In this study, the time around the solar maximum has been chosen to
study. Thus, it has been focused on 2013 and 2015. 73 geomagnetically disturbed days
have been chosen between 2013 and 2015 based on the Dst index. Among these 73
days, only 36 of them the 1-sec resolution geomagnetic field measurements were
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available. Hereby, 36 geomagnetically disturbed days have been chosen to study
between 2013 and 2015. The selection criteria for geomagnetically disturbed days is
that the minimum Dst should be lower than -40 nT for the chosen day. The storm days
have been selected as the day when the Dst reaches its local minimum. The Table 3.2

shows the days included in the statistical part of the study.

Table 3.1 : Complete list of selected cases and their minimum Dst values.

Storm Day Minimum Dst

17 January 2013 -52
26 January 2013 -51
1 March 2013 -55
17 March 2013 -132
29 March 2013 -59
24 April 2013 -48

1 May 2013 -72

18 May 2013 -61
25 May 2013 -59
1June 2013 -124

7 June 2013 -78
29 June 2013 -102

6 July 2013 -87

10 July 2013 -56

14 July 2013 -81

4 August 2013 -50
27 August 2013 -59
2 October 2013 -72
9 October 2013 -69
15 October 2013 -49
30 October 2013 -56
7 November 2013 -50
9 November 2013 -80
16 November 2013 -40
8 December 2013 -66
19 February 2014 -119
27 February 2014 -97
12 April 2014 -87
30 April 2014 -67
12 September 2014 -88
10 November 2014 -65
18 February 2015 -64
17 March 2015 -222

7 September 2015 -70
9 September 2015 -98
20 September 2015 -69
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Among these 36 cases, 3 cases have been chosen to study thoroughly based on the
interest of the study. These 3 cases are 17 March 2013 which is also known as St.
Patrick Storm 2013, 27 February 2014, and 9 September 2015. 17 March 2013 has
been chosen since it is a famous storm and has one of the greatest dH/dt values with
smooth electron density data. On 27 February 2014, geoelectric field measurements,
and ionospheric electron density time series show a positive effect throughout the
storm. On 9 September 2015, the ionospheric electron density difference shows a
negative effect. Thus, to be able to compare cases with negative and positive
ionospheric effects, 27 February 2014 and 9 September 2015 were appropriate

selections.

3.2 Case Analysis

Three cases from 3 different years have been thoroughly analyzed in this part. The
solar origins of the storms have been determined via various coronagraph and solar
imagery obtained from NASA SDO and LASCO. The geomagnetic effects of these
cases have been investigated with geomagnetic indices and different model outputs.
For each case, the time series of dH/dt and electron density differences, and solar wind

parameters are analyzed.

3.2.1 Phase analysis

Initial, main, and recovery phases can be used to categorize geomagnetic storm phases.
When the Dst index is larger than 0, which indicates a sudden commencement, that
time period is known as the initial phase. The period of time between the sudden drop
in Dst and its local minimum is the main phase. The recovery phase, which lasts until
Dst reaches -15 nT, is the period during which the geomagnetic field returns to its

normal state (Partamies et al., 2013).

3.3 Statistical Analysis

The first of this part is the histograms since one of the main goals of this study is to
find the general behavior during the storms. Thus, looking for the histograms is one of

the basic steps toward that goal to see the distribution of the values.

The most comprehensive part of the study is the correlation between parameters. The

most basic correlation method is chosen at the beginning of the study. The linear
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relationship between the parameters is determined via scatter plots and the calculation
of Pearson correlation coefficients. Pearson correlation coefficient shows the linear
correlation between two data sets. It is basically the ratio of the covariance of the

variables to the product of their standard deviations.

(A B) = . i 12\’1 (Ai O_.A”A> (Bi O_.B'MB> 3.1)

This equation gives the Pearson correlation coefficient which is also commonly

referred to as r. In this equation N represents the number of observations, p represents
the mean, and ¢ represents the standard deviation. Pearson correlation coefficient does
not have any units and the value varies between -1 and 1. -1 indicates the perfect
inverse linear correlation while 1 indicates perfect linear correlation. The closer the

coefficient to 0, the worse the correlation (Turney, 2022).

3.3.1 Student’s t-test

The intensity and direction of the linear link between two variables are indicated by
the correlation coefficient, or r. However, the number of observed data points in the
sample also affects how reliable the linear model is. It is important to consider the
sample size ‘n’ together with the correlation coefficient value ‘r'. To determine if the
linear relationship in the sample data is strong enough to utilize to predict the
relationship in the population, a hypothesis test of the "significance of the correlation

coefficient" is conducted.

Null and alternative hypothesis (HO and H1, respectively) are determined to be able to
perform the test. In this study, null hypothesis is that there are no relationships between
two variables, and the alternative hypothesis is that there is a relationship between the
variables. In order to considered a correlation coefficient as statistically significant,

null hypothesis has to be rejected and alternative hypothesis has to be accepted.

rvn—2
tscore = ﬁ (32)

T-score is calculated with the Equation 3.2 and compared with the critical t-value
found from the t-distribution table. In this study, the significance level is decided as
95%, and based on this two t-value is used for calculations for 36 and 10 samples. For

36 samples, the degree of freedom is 34, and the critical t-value is 2.032 for two-tailed
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t-test. For 10 samples, the degree of freedom is 8, and the critical t-value is 2.306. In
the situation where calculated t-score is greater then the critical t-value, the null
hypothesis is rejected. In the Figure 3.4, the area shown as A represent the acceptance
of null hypothesis, and the area shown with P represents the rejection of null
hypothesis. The -t and t on the figure represents the critical t-values determined via t-
distribution table. If the calculated t-score is in the area represented as P, it means that
the correlation coefficient is statistically significant. Additionally, p-value is another
indicator to understand in which significance level the coefficient is statistically
significant. The p-value can be decided based on the calculated t-score on t-distribution

table. It is more significant at the p-value approaches to 0.

Figure 3.4 : t-distribution(T-Distribution Table (Two-Tailed), n.d.).
3.3.2 Parameters

The statistical part of the study consists of 36 cases and various parameters. Each of
these parameters was chosen to answer a specific question. These parameters can be
classified into 5 categories which are geomagnetic indices, geomagnetic field, solar

wind, ionospheric electron density, and electric field (based on 10 cases available).

3.3.2.1 Geomagnetic indices

The most commonly used geomagnetic indices Dst, AE, and Kp are included in the
analysis. These 3 indices indicate the strength of the storm; thus, it is possible to see

how the other parameters depend on the strength of the storm.

Maximum Dst represents the sudden commencement which is the compression made
by the solar material to the nose of the magnetosphere. In order to be able to see if
there is a dependence between any of the other parameters and this compression,

maximum Dst is also included in the analysis.
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3.3.2.2 Geomagnetic field

In the geomagnetic field part of the study, the main parameter is the maximum time
derivative of the horizontal geomagnetic field (dH/dt), yet there are 14 parameters
chosen to investigate in this study. Other than the max dH/dt during the whole storm,
the maximum in each phase (initial, main, and recovery) has been studied to determine
in which phase of the storm the maximum dH/dt is seen and in which phase it is

expected to see the maximum dH/dt.

The timing of the maximum dH/dt is also been investigated based on the Dst index.
The maximum dH/dt during the minimum Dst is chosen to see whether the maximum
dH/dt is expected during the peak of the storm. With the same logic, the maximum
dH/dt during the sudden commencement is chosen to see if there is a relation between
the compression at the magnetopause and the maximum dH/dt. The other way is also

included such as the Dst value around a 1-hour window of the maximum dH/dt.

The last parameter chosen for the geomagnetic field data is the duration of the whole
storm as well as each phase of the storm. The motivation behind this selection is to
estimate if there is a relation between the duration of any phase of the storm with other
parameters such as the geomagnetic indices. Additionally, the maximum dH/dt in each
phase of the storm has been analyzed in order to determine in which phase the

maximum dH/dt is expected.

3.3.2.3 Solar wind

The parameters for solar wind are ion density, solar wind velocity, total IMF,
southward IMF, and dynamic pressure. Even though the main focus was on the IMF
Bz and dynamic pressure, the dependency on the other parameters is among the

concerns of this study.

3.3.2.4 lonospheric electron density

For the statistical part, the maximum electron density difference between active and
quiet days is the main parameter. In the ionosphere, the effect of the geomagnetic storm
can be negative or positive, which means the electron density might increase or
decrease. Even though the reason behind is not understood properly, the aim here is to

be able to see the general behavior over mid-latitudes. Thus, 4 parameters have been
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chosen. The first one is the absolute maximum difference to see the absolute value
without concerning whether it is negative or positive. Additionally, it is average
throughout the storm. And finally, the negative and positive differences are to
determine whether the difference values are higher when the effect is negative or

positive.

A spike removal algorithm has been used for the electron density data. The analyses
are done with MATLAB tool and a custom package has been used which is written by
Dr. Erol Kalkan. This function interpolates between prior and subsequent data points
to replace spikes (outliers) that surpass the threshold value, or it replaces them with
NaN depending on the user's preference. The mean of windowed data that is centered
on spike sites, plus or minus a certain number of standard deviations, is the threshold.
To find spikes, this algorithm applies histogram approach of Solomon et al. (Solomon
etal., 2001) (Kalkan, 2019). Window size to compute mean and standard deviation for
thresholding has been chosen as 20, and number of standard deviations above and

below mean has been chosen as 1 since they gave the best results.

3.3.2.5 Electric field

There are only 10 cases for this section due to the past measurement capabilities. The
maximum eastward and northward electric fields, and the maximum time derivatives
of eastward and northward geomagnetic fields, since the main goal is to show

Faraday’s Law.
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4, CASE ANALYSIS AND RESULTS

3 cases from different years have been analyzed in this section. The cases are chosen
from 3 subsequent years to answer different questions. These cases are 17 March 2013,
27 February 2014, and 9 September 2015. Each case has been analyzed thoroughly to

understand the changes caused by solar storms at both ground and ionospheric levels.

4.1 17 March 2013

17 March 2013 is also known as the St. Patrick storm 2013 in the space weather
literature. Figure shows that the Dst value decreased up to -132 nT on 17 March at
21.00 UTC, and AE increased up to 2689 nT on the same day at 16:51 UTC according
to the official website of World Data Center for Geomagnetism, Kyoto. Based on
NASA CCMC Donki webpage (NASA, n.d.-a), the Kp level increased up to 6 on the
same day at 06.00 UTC which indicates a moderate storm according to NOAA Space
Weather Scales (NOAA, n.d.-a).

Time Series of Geomagnetic Indices for 17 March 2013
T T
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-150 L
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time Mar 17,2013

Figure 4.1 : Time series of Dst and AE for 17 March 2013.
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Based on the coronagraph imagery obtained via SOHO LASCO, a CME erupted on
the Sun on 15 March 2013 06:54 UTC with an M1.2 class flare which peaked at 06.58
UTC. The speed of the CME was 1485 km/s which makes it an O-type CME based on
the official website of NASA CCMC DONKI. The CME caused a solar energetic
particle (SEP) event on 16 March. The CME arrived at Earth on 17 March at 05:59
UTC and caused an interplanetary shock (IPS). The Kp level increased up to 6 at 06:00

and a geomagnetic storm alert has been given.

A

-'Q!
F 4

2013/03/15 07:36

Figure 4.2 : Coronagraph imagery via SOHO LASCO C2 on 15 March 2013
(NASA, n.d.-b).

The first parameter which has been analyzed is the time derivative of the horizontal
geomagnetic field (dH/dt). In the figure, the panels show the Dst and dH/dt for the
whole storm period. Based on the criteria selected the storm started on 17 March at
05:30 UTC, and the initial phase only lasted about 30 minutes before the main phase
startat 17 March 06:00 UTC at the time the CME arrive. The main phase lasts 14 hours
and the recovery phase starts on 17 March at 20:00. The recovery phase lasts more
than average which had been found and explained in the following sections. It lasts
111 hours which is approximately 4.5 days, and the storm ends on 22 March at 11:00
UTC.

Even though, as will be explained later in this study as the outcome of the statistical
study that the maximum dH/dt of a storm rarely occurs in the initial phase, in this
particular case the maximum dH/dt 1.18 nT/s occurs on 17 March 06:01:09 UTC. In
this case, the maximum dH/dt is affected by the sudden commencement. The
maximum dH/dt is also exceeds the threshold of 1 nT/s. Thus, it can be considered a
significant storm for the occurrence of GIC. After the sudden changes and significantly
high dH/dt values around the sudden commencement, there is another local peak
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around 18:00 UTC which is 2 hours before the peak of the storms where the Dst is at
its lowest value at 20:00 UTC. The time series which includes only 17 March can be
seen in the Figure 4.3. It can be said from the Figure 4.3 that the most fluctuations and

greater dH/dt values are seen between the sudden commencement and the peak of the
storm.

17 March 2013
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Figure 4.3 : Time series of Dst and dH/dt for 17 March 2013 storm.
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Figure 4.4 : Time series of Dst and dH/dt for 17 March 2013.

In the Figure 4.5, in addition to the Dst and dH/dt, time series of the solar wind
parameters IMF Bt and Bz, dynamic pressure, ion density, and velocity are seen for
the entire storm period. Here it can clearly be seen that the maximum dH/dt values are
seen mostly at the initial and main phases. The total IMF is reached up to 22 nT during

the beginning of the main phase and slowly returns to the nominal conditions
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Figure 4.5 : Time series of Dst, dH/dt, IMF Bt and Bz, Pdyn, ion density, and velocity
for 17 March 2013 storm.

throughout the storm. The southward IMF is also reached -18 nT strength also during
the beginning of the main phase, and it continues to fluctuate until the end of the storm.
Dynamic pressure is another important parameter that reaches up to 1.2x10-5 nPa at
the same time when both total and southward IMF reaches their maximums, and return
to their nominal values until the storm ends. lon density follows the same trend as

dynamic pressure as it reaches 2.6x10-5 #/m3. Velocity follows a different trend due
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to its nature. It sharply increases as the storm begins and does not return to its nominal
values until very late in the recovery phase. According to this figure, it can be assumed
that almost every fluctuation in dh/dt happens during the main phase of the storm

where all the solar wind data shows great changes.

Time Series of Electron Density (17 Mar 2013)
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Figure 4.6 : Time series of Dst, AE, electron density, and electron density difference
for 17 March 2013 storm.

In the Figure 4.6, in addition to the geomagnetic indices Dst and AE, the electron
density for quiet and active days, and the difference between them are seen for the
whole storm period. The quiet day period chosen for this case is 7-12 March 2013
when geomagnetic conditions are quiet. The difference is found by subtracting the
quiet day electron density from the active day period. The electron density panels show
that during this storm the effect in the ionosphere was positive which means the
electron density increases during the storm as a reference to the quiet day. When the
entire storm period is considered, it can be seen that the most effect is seen in the main
phase of the storm. The electron density reaches up to 1.7x10° #/cc at 12:04 UTC

which means during 14:04 local time (LC), two hours after noon. The effect is solely
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positive during the main phase of the storm. The electron density difference is 7.9x10°
#/ccat11:52 UTC. Even though there are both positive and negative effects throughout

the storm period, the maximums are seen at the main phase. Both Dst and AE show

their greatest variations during the main phase as well. One thing which should be

considered for this period is 21 March. On 21 March a negative effect is seen and

seems like the electron density decreases and the only change in the geomagnetic
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Figure 4.7 : Time series of Dst, dH/dt, IMF Bt and Bz, Pdyn, and electron density

difference for 17 March 2013 storm.

indices is AE which starts to fluctuate and reaches its local maximum at around 04:00

UTC, 8 hours before the local minimum for electron density difference. Further
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investigations should be made in order to determine whether the electron density

decrease on 21 March is related to the increase in AE or not.

In the Figure 4.7, the time series for the most significant parameters are seen. It is clear
that all of the greatest variations are seen during the main phase of the storm including
dH/dt, IMF Bt and Bz, dynamic pressure, and the difference in electron density. The
changes in dH/dt seem almost perfectly aligned with Dst, and IMF Bz. Yet on the other
hand, as expected ionosphere does not respond to the changes in geomagnetic
conditions quickly. The electron density starts to increase a few hours after the storm
starts. The reason behind the positive and negative effects on the electron density
difference on 18 March is not clear. However, the most significant effect on the first

day of the storm also shows alignment with the parameters but with a natural delay.

4.2 27 February 2014

27 February 2014 is the only case study that includes electric field measurements in
this study. The minimum Dst reached, in this case, is -97 nT on 27 February at
midnight which can be classified as a moderate storm based on the Dst value. The
maximum AE is 1171 nT which reached its peak on 27 February at 18:54 UTC. Kp
level reached 6 on the same day at 16:00-19:00 UTC period which indicates a moderate
storm as well. In the Figure 4.8, the Dst and AE values for 27 February, 2014 can be
seen for the entire storm period. In this case, the trend of the Dst and AE indices are

almost the same as they both reach their extremes around the same phases of the storm.

0 Time Series of Geomagnetic Indices for 27 February 2014
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Figure 4.8 : Time series of Dst and AE for 27 February 2014 storm.
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This storm is caused by a CME eruption detected on SOHO LASCO imagery on 25
February 2014 at 01:25 UTC and had a speed of 1670 km/s which is an O-type CME.
The CME erupted with an X4.9 flare which peaked on 25 February at 00:41 UTC. This
CME caused SEP on 25 February almost 5 hours after the eruption. The CME arrived
at Earth on 27 February at 16:10 UTC and caused a geomagnetic storm based on the
increase in Kp on the same day 2 hours after the arrival at 18:00 UTC.

Figure 4.9 : Coronagraph imagery via SOHO LASCO C2 on 27 February 2014
(NASA, n.d.-b).

The first parameter to analyze is dH/dt throughout the storm which starts on 27
February 00:00 UTC and ends on 2 March 19:00 UTC. Based on the Figure 4.9, Even
though, the maximum dH/dt is seen on 1 March at 04:01 UTC which is in the recovery
of the storm, the main fluctuations in dH/dt are seen in the main phase of the storm
which is between 16:51 and 21:43 UTC on 27 February. The maximum dH/dt seen in
this period is 0.55 nT/s which is considerably small if the 1 nT/s threshold is
considered. When the Dst trend is considered, it can be seen that there is another
decrease on 1 March between 00:00 and 12:00 UTC, since that was a highly active
period with lots of CMEs, that decrease might have happened due to a less significant
CME. Thus, that maximum dH/dt at 04:01 UTC might be a result of that less

significant geomagnetic disturbance during the recovery of the main storm.
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Figure 4.10 : Time series of Dst and dH/dt for 27 February 2013 storm.

The Figure 4.10, shows the Dst, dH/dt, and solar wind parameters for the entire storm
period with colored storm phase identification. The delay time for this case is
calculated as 65 minutes based on the average solar wind velocity on 27 February by
dividing the L1 point where WIND is located 1500000 km away from Earth by the
average solar wind speed. As mentioned the main fluctuations and increases in dH/dt
are seen in the main phase of the storm, and the first look at the solar wind parameters
also shows the same trend. The total IMF Bt increases up to 20 nT during the main
phase of the storm and slowly returns to its nominal conditions with the recovery
phase. The more important parameter southward IMF decreases up to -18 nT also
during the main phase, and follows a similar pattern with IMF Bt, yet IMF Bz keeps
fluctuating more than IMF Bt. Dynamic pressure and the ion velocity are also at their
maximum levels of 8.2x10°® nPa and 4.5x107° #/m® during the main phase and slowly
return to their nominal conditions at the same timing with IMF Bz. Solar wind speed
sharply increases with the other parameters up to 506 km/s, yet by its nature, it

decreases slowly until the end of the storm to its nominal conditions.

In Figure 4.11, in addition to geomagnetic indices Dst and AE, the time series of the
electron densities for the active and quiet days, and the difference between them are
shown. The chosen quiet day period for this case is 1-4 February 2014. In this case, it
can be seen that there is a positive effect on the ionospheric electron density which
means the electron density increases during the storm. The maximum electron density
during the storm is 2.2x10° #/cc on 28 February at 08:40 UTC which means 10:40 LT,

before noon. The maximum electron density difference between the quiet and active
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Figure 4.11 : Time series of Dst, dH/dt, IMF Bt and Bz, Pdyn, ion density, and velocity
for 27 February 2014 storm.

day 9.9x10° #/cc on 2 March at 10:12 UTC which is 12:12 UTC, around noon. When
looking at the entire storm period and the electron density differences, there is a

constant difference throughout the storm. A new quiet day period should be selected

to see whether the difference is caused by the geomagnetic disturbance, or is due to

the time difference between the quiet and active days. By this analysis, it can be said

that the greatest electron density is seen during the early hours of the recovery phase.
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Time Series of Electron Density (27 Feb 2014)
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Figure 4.12 : Time series of Dst, AE, electron density, and electron density difference
for 27 February 2014 storm.

In the Figure 4.12, the time series of geomagnetic indices Dst, dH/dt, solar wind
parameters IMF and dynamic pressure, and the ionospheric electron density difference
are seen. According to this figure, it can be said that while the changes in the dH/dt
align well with the solar wind parameters, especially with IMF Bz and dynamic
pressure, the same alignment cannot be seen clearly with the electron density
difference. The value of the electron density difference is almost the same throughout
the storm's period. Thus, nothing certain can be said about the ionospheric effect on
the storm other than the positive effect of it.

In this Figure 4.13, the electric field measurements are analyzed. The time series for
Dst, dH/dt measurement from lIznik and Bozcaada, and the northward and eastward
electric field components from Bozcaada are seen. The comparison of dH/dt values
from two different stations shows the same main fluctuations around the main phase.
The dH/dt measured in Bozcaada shows different peaks than in Iznik measurements.

The peak at around 1 March 12:00 UTC at Bozcaada is almost 1 nT/s, and there is also
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Figure 4.13 : Time series of Dst, dH/dt, IMF Bt and Bz, Pdyn, and electron density
difference for 27 February 2014 storm.

a peak at the Iznik but the value is much less and insignificant among the other small
peaks. Thus, the reason behind this high-value peak is unclear. Yet, the main
fluctuations around the peak of the storm are considered significant and expected.
Northward and eastward electric field measurements are aligned with the main
fluctuations at both measurements for dH/dt. Especially, Ex shows highly clear
fluctuations between the first main dH/dt peak at I1znik measurement and the decreases
its degree slowly as the storm continues and returns to nominal conditions hours after
the recovery phase. The fluctuations at Ey are less clear than EX, yet highly clear during
the main phase and continue to fluctuate in smaller frequencies throughout the storm.
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Figure 4.14 : Time series of Dst, dH/dt at Iznik, dH/dt at Bozcaada, Ex, and Ey for 27

February 2013 storm.

In Figure 4.14, Faraday’s law has been analyzed by investigating the relationships

between dBx/dt and Ey, and dBy/dt and Ex. The figure shows the time series of dBx/dt,

dBy/dt, Ex, and Ey. The peak at the recovery phase which was unclear the causation

also can be seen in dBx/dt and dBy/dt as expected. There are no signs of these peaks

in Ex and Ey, thus, it did not affect the electric field. However, the main fluctuations

at the end of the main phase can be clearly seen in every parameter. Thus, it can be

said that indeed dBx/dt is related to Ey, and dBy/dt is related to Ex.

47



0.6 1
0.4
0.5
@ v
= 0.2 [
£ =
5 5 0
R 0 =
oM m
o ©
-0.5
-0.2
-0.4 - s -1 s s
Feb27 Feb28 Mar01 Mar02 Mar 03 Feb27 Feb28 Mar01 Mar02 Mar 03
time 2014 time 2014
220 T T T 250 T T T
Main
200 200 Recovery
g 180 g 150
> >
E =
l'f]‘ 160 u’j 100
140 50
120 i " " o " A i
Feb27 Feb28 Mar01 Mar 02 Mar 03 Feb27 Feb28 Mar01 Mar02 Mar 03
time 2014 time 2014

Figure 4.15 : Time series of dBx/dt, dBy/dt, Ex, and Ey for 27 February 2014 storm.

4.3 9 September 2015

9 September 2015 is chosen to analyze in order to show the negative effect on the
ionospheric electron density since in the other two cases the effect was positive. This
storm has no distinctive sudden commencement, implicitly there are only main and
recovery phases. The storm starts on 8 September at 20:00 UTC and ends on 10
September at 21:00 UTC. The minimum Dst value for this case is -105 nT which
indicates that this is an intense storm. The Dst reaches its peak on 9 September 2015
at 13:00 UTC. The maximum AE is 1591 nT on 9 September at 03:32 UTC. The Kp

level reached 6 on the same day at 03:00 UTC which is considered a moderate storm

based on the NOAA storm scale.
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Time Series of Geomagnetic Indices for 9 September 2015
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Figure 4.16 : Time series of Dst and AE for 9 September 2015 storm

This is an interesting case based on the solar source of it. According to NASA CCMC
Donki Space Weather Activity website, this storm is associated with two separate faint
CMEs. Since this was a highly active period, the associations between solar activity
and their sources can be tricky. The CMEs can be seen in the figures, yet very vaguely.
Both of the CMESs erupted on 4 September 2015. The first eruption is seen on SOHO
LASCO C2 at 14:12 UTC with a very low speed of 302 km/s, and the second one was
at 19:24 UTC with a speed of 325 km/s. The exact timing of the arrival of the CMEs

2015/09/04 15:48 2015/09/04 21:48

Figure 4.17 : Coronagraph imagery via SOHO LASCO C2 for 4 September 2015.
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is unclear based on the satellite data, thus, they did not cause any IPS, yet they arrived
in more than 4 days since they were relatively too slow. The CMEs also did not cause

SEPs, radiation belt enhancements, or any other event.

The first parameter analyzed is dH/dt. The storm starts on 8 September at 20:00 UTC,
so in the Figure 4.17 after the start of the storm, the first fluctuations and the peak is
seen in the first hours of the recovery phase which starts on 9 September at 12:00 UTC.
The maximum dH/dt is 1.5 nT/s on 9 September at 18:31 UTC which is 8.5 hours after
the recovery begins. This agrees well with the statistical results of this study which
will be explained in the following chapters. The maximum dH/dt value exceeds the
threshold of 1 nT/s. Thus, there might be GIC.

9 September 2015
T
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Figure 4.18 : Time series of Dst and dH/dt for 9 September 2015 storm.

In the Figure 4.18, in addition to the time series of geomagnetic indices Dst and AE,
dH/dt, and the solar wind parameters IMF Bt and Bz, dynamic pressure, ion density,
and velocity are seen. The delay time is calculated as 59 minutes. It has also been
mentioned that this case is interesting due to it did not cause any shock and the CME
arrival signatures are not seen in the solar wind parameters. The only signatures are
seen at the end of the recovery phase, yet those signatures do not belong to this
particular storm but rather the following storm on 11 September. However, even
though the signatures are not seen clearly by looking at the trends, the continuous
disturbance can be detected via the values of some parameters. IMF Bt does not
indicate anything significant since it was already at around 20 nT before the storm
started. IMF Bz decreases around -20 nT during the main phase and continues to stay
at that level until the very late hours of the recovery phase. Dynamic pressure also does

not indicate any signature and it was around 0.5x107° nPa at its maximum during the
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main phase. lon density shows the exact same trend as the dynamic pressure and the
values of the ion density is around 2x10° #/m3. Both the dynamic pressure and ion
density values are expected for this level of the geomagnetic storm. Velocity shows a
different trend due to its nature. It starts at around 450 km/s at the beginning of the
storm and continues to decrease slowly until the very late hours of the recovery phase
where exactly the same time as the IMF Bz starts to increase and fluctuate.
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Figure 4.19 : Time series of Dst, dH/dt, IMF Bt and Bz, Pdyn, ion density, and velocity
for 9 September 2015 storm.
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In the Figure 4.19, the time series of geomagnetic indices Dst and AE, the ionospheric
electron density on quiet and active days, and the difference between them are seen for
the entire storm period. The quiet day period chosen for this case is 27-29 October
2015 is chosen. In this case, the storm has a negative effect on the electron density
which means that the electron density decreases during the storm. The difference
reaches -9.5x10° #/cc on 9 September at 06:36 UTC which is 09:36 LT. The effect can
be seen when the Dst approaches its minimum around 04:00 UTC and aligns well with
Dst. The same negative effect can be seen the following day as well, yet not in the

same strength.
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Figure 4.20 : Time series of Dst, AE, electron density, and electron density difference
for 9 September 2015 storm.

In the Figure 4.20, the time series of Dst, dH/dt, IMF Bt and Bz, dynamic pressure,
and electron density differences are seen. When all of the parameters are considered
together with this figure, it is clear that the cause-and-effect relationships are not as
clear as in the other cases in this study. The solar wind parameters do not show any
alignment with either dH/dt not electron density difference. The only interesting point
is the alignment with the dH/dt peak on 10 September at 08:14 UTC and the increase
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in electron density difference at the same time. This is unexpected and the reason
behind is unclear even if there is a relationship between them. The first reason is that
while mostly there is the negative effect on ionospheric electron density throughout

the storm, around 08:14 UTC, there is a positive effect, thus the electron density
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Figure 4.21 : Time series of Dst, dH/dt, IMF Bt and Bz, Pdyn, and electron density
difference for 9 September 2015 storm.
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increases at that point, and shows a different behavior than the rest of the storm. The
second reason is while there are no signatures in the solar wind parameter and Dst,
there is a change in AE at that time. Thus, there might be an effect in the ionospheric
current due to auroral electrojets, yet it would be interesting to see a clear peak in the
ground level dH/dt caused by an electrojet. Further analyses are required to be able to

determine the reason behind these signatures.

54



5. STATISTICAL ANALYSIS AND RESULTS

The statistical analysis of the study consists of two parts as histograms and correlations
for 36 cases. Histograms for each parameter have been made in order to determine the
distribution of the parameters during geomagnetic storms. In total there are 27
histograms which 4 of them belongs to the geomagnetic indices. The rest of the
histograms show the distribution of 23 parameters over mid-latitudes. The correlation
part aims to show the linear correlation between physically meaningful pairs. In total,

72 pairs have been analyzed.

5.1 Histograms

In this part, 28 histograms have been formed to see the general distribution of
parameters. The histograms of the parameters will be given in four sections which are
geomagnetic indices, parameters of the geomagnetic field, ionospheric electron

density, electric field, and solar wind.

5.1.1 Geomagnetic indices

The reason behind checking the distributions of the geomagnetic indices is to have an
insight on the strengths is the geomagnetic storms that have been selected in this study.
The chosen indices are Dst, AE, and Kp. The minimum Dst is used to determine the
strength of the storm, yet in this study, the strength of the sudden commencement is
also considered which means other than the minimum Dst, the maximum Dst value is
also included. Thus, the selected parameters are minimum Dst, maximum Dst,

maximum AE, and maximum Kp throughout each 36 storms.

In the Figure 5.1, the histograms of all four indices are seen. The top left panel shows
the distribution of minimum Dst values. The distribution is left-skewed which means
negative-skewed. The mean is -76.5 nT, the median is -68 nT, and the mode is -59 nT.
In approximately 72% of the cases, the minimum Dst is between -50 and -100 nT. In

only one of the cases, the minimum Dst is lower than -150 nT which is the St. Patrick
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storm 2015 where the minimum Dst was -222 nT. Thus, the expected minimum Dst

value for a geomagnetic storm is greater than -150 nT most of the time.
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Figure 5.1 : Histograms of minimum Dst, maximum Dst, maximum AE, and
maximum Kp.

The maximum Dst histogram can be seen in the top right panel which shows a right-
skewed distribution. The mean and the median are 11.5 nT, and the mode is close to
them which is 12 nT. This suggests an almost normal distribution, yet it is left-skewed.
Based on the histogram, it can be said that in 79% of the cases the maximum Dst value
is positive, thus sudden commencement exists. In 68% of the cases, the maximum Dst

is between 0 and 20 nT. In only two cases the maximum Dst is greater than 30 nT.

The bottom left panel shows the maximum AE distribution. The mean is 1482 nT, the
median is 1283 nT, and there is no mode in this set of data. The distribution is right-
skewed. In 41% of the cases, the maximum AE value is between 1000 and 1500 nT.
The greatest AE value is 2083 nT, and in only two of the cases, the maximum AE

value is greater than 2500 nT.
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The last index maximum Kp is at the bottom right panel. The mean, median, and mode
of the maximum Kp are all the same which is 5. The Kp threshold for the geomagnetic
storm is also 5. The maximum Kp has almost an ideal normal distribution. The criteria
to choose the geomagnetically disturbed days was based on the Dst index in this study.
Thus, in some of the cases, maximum Kp values are less than 5, yet in 70% of the
cases, maximum Kp level is greater than 5. In only one case, the maximum Kp level

was 8.

5.1.2 Geomagnetic field parameters

The main parameter considered in this study for the geomagnetic field is the time
derivative of the horizontal geomagnetic field (dH/dt). Thus, in this part, the maximum
dH/dt and related parameters have been considered. Additionally, the duration of the
storm, each phase (initial, main, and recovery), and maximum dH/dt are included in
the statistics. Finally, the maximum dH/dt in each phase of the storm has been analyzed
in order to determine in which phase of the storm the maximum dH/dt is seen.

Even though the maximum dH/dt of each case is considered, the timing has also been
investigated. The maximum dH/dt around minimum Dst, and maximum Dst is

included, as well as the Dst value in the hour of maximum dH/dt is included.

In the Figure 5.2, the histograms of mentioned parameters can be seen. On the top left
panel, the histogram of the maximum dH/dt throughout the storm is seen. The mean
of the distribution is 1.31 nT/s, the median is 0.81 nT/s, and there is no mode. The
threshold for GIC might be accepted as 1 nT/s based on the study done for Finnish
power systems (Viljanen et al., 2001b). Based on this threshold, approximately in 40%
of the cases the maximum dH/dt is greater than 1 nT/s. Although, it should be
considered that the 1 nT/s threshold is for high latitudes, thus, another threshold would
be more accurate in mid-latitudes. According to this histogram and this reference
threshold, it can be said that the possibility of the occurrence of GIC is 40% during a
geomagnetic storm. The maximum dH/dt among 36 cases is 4.76 nT/s which belongs

to 6 July 2013. In only 3 of the cases, the maximum dH/dt is greater than 3 nT/s.

On the top right panel, the histogram of the maximum dH/dt around the minimum Dst
for 36 cases is seen. The mean is 0.33 nT/s, the median is 0.31 nT/s, and there is no
mode. The maximum dH/dt value in this set is 0.66 nT/s, and in only 3 cases the dH/dt
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is greater than 0.6 nT/s. According to this histogram, it can be said that the maximum
dH/dt during a storm is not seen when Dst reaches its minimum or 1 hour around it.

On the bottom left panel, the histogram of the maximum dH/dt around maximum Dst
which means 1 hour around sudden commencement is seen for 36 cases. The mean is
0.38 nT/s, the median is 0.30 nT/s, and the mode is 0.28 nT/s. In only one case the
maximum dH/dt around sudden commencement is greater than 1 nT/s, and that case is
St. Patrick Storm 2015. Based on this histogram, it can be concluded that the

possibility of the maximum dH/dt of a storm to happen around sudden commencement

is highly low.
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Figure 5.2 : Histograms of maximum dH/dt, maximum dH/dt at minimum Dst,
dH/dt at maximum Dst, and Dst at maximum dH/dt.

On the bottom right panel, the histogram of the Dst values in the hour of maximum
dH/dt happens for 36 cases is seen. The mean is -36.53 nT, the median is 36 nT, and
the mode is -39 nT. The distribution is left-skewed. In 39% of the cases, the Dst value
is between -40 and -20 nT. This is followed by a 25% of the interval between -20 and
0 nT. Based on this information it can be said that the maximum dH/dt are tend to be
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seen mostly when the Dst is between -60 and 0 nT which can be anytime based on the
strength of the storm. For example, it can be during the beginning of the main phase
or the end of the recovery phase of a storm which has a -100 nT minimum Dst value.

This analysis is not enough to conclude a point by its own.

The Figure 5.3 consists of the durations of the storms. The top left panel shows the
durations of each storm. The mean is 71.74 hours, the median is 65.25 hours, and the
mode is 86 hours. The minimum duration is 18 hours, while the maximum is 236 hours
which is approximately 10 days. Almost 90% of the storms last less than 150 hours

which is approximately 6 days.
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Figure 5.3 : Histograms of durations of storms, initial phases, main phases, and
recovery phases.

The other panels show the distributions of the duration of each phase of the storms.
The top right panel shows the duration of the initial phase for each case. The mean is
5.29 hours, the median is 1 hour, and the mode is 0. The reason behind that the mode
is 0 is that not every storm has sudden commencement, or if there is one it is not
distinctive. Thus, the duration of the initial phase of the storms varies a lot and is
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relatively shorter than other phases. While in 60% of the cases the initial phase lasts

less than 5 hours, in only two of the cases the initial phase lasts more than 15 hours.

On the bottom left panel, the histogram of the main phase of each case is seen. The
mean is 20.53 hours, the median is 18.5 hours, and there is no mode. The maximum
main phase duration is 64 hours. Approximately in 66% of the cases, the main phase
lasts between 10 and 30 hours. In only 2 cases the main phase lasts more than 60 hours

which makes 5% of the cases.

The bottom right panel shows the histogram of the duration of the recovery phase for
36 cases. The mean is 45.42 hours which is almost 2 days, the median is 33.5 hours,
and the mode is 12. The minimum recovery phase duration is 5 hours and the
maximum duration is 180 hours which belongs to St. Patrick storm 2015. In almost
95% of the cases, the recovery phase lasts less than 120 hours which is 5 days, and in

75% of the cases, the duration is less than 60 hours which is 2.5 days.
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In the Figure 5.4, the first three panel shows the maximum dH/dt value in each storm
phase, and in the last panel, the histogram of the phases where the maximum dH/dt of

the storm is seen.

The top left panel shows the maximum dH/dt in the initial phase for 36 cases. The
mean is 0.45 nT/s, the median is 0.29 nT/s, and there is no mode. In almost 86% of the
cases, the maximum dH/dt is below 0.5 nT/s, and only in two extreme cases, the
maximum dH/dt is greater than 1 nT/s. The greatest dH/dt value in the initial phase in
36 cases is 4.14 nT/s.

The top right panel shows the maximum dH/dt in the main phase for each case. The
mean is 0.91 nT/s, the median is 0.56 nT/s, and there is no mode. In 81% of the cases,
the maximum dH/dt is less than 1 nT/s, and 39% of them is between 0.5 and 1 nT/s.

The maximum dH/dt in the main phase in 36 cases is 4.22 nT/s.

On the bottom left panel, the maximum dH/dt value in the recovery phase for each
storm is seen. The mean is 0.89 nT/s, the median is 0.66 nT/s, and there is no mode.
In 74% of the cases, the maximum dH/dt is below 1 nT/s. In 44% of the cases, the
maximum dH/dt is between 0.5 and 1 nT/s second. This ratio is greater than in the case
of the initial and main phases. The maximum dH/dt is greater than 1 nT/s in 9 cases

among 36. The only outlier is one case with a 4.76 nT/s dH/dt value.

On the bottom left panel, the histogram of the phases where the maximum dH/dt of
the storm is seen. The purpose of this analysis is to determine in which phase of the
storm the possibility of seeing the highest dH/dt is higher and understand the physical
meaning behind this. This is one of the most surprising outcomes of this study since
the maximum dH/dt is expected to be seen during the initial phase due to the sudden
commencement and equatorial ring current. Surprisingly, in half of the cases as 18 of
them, the maximum dH/dt was observed in the recovery phase, and in 17 of them, it is
observed during the main phase. In only one of the cases, the maximum dH/dt is
observed during the initial phase. This raises questions about the triggering mechanism

behind the sudden changes in the geomagnetic field.

5.1.3 lonospheric electron density differences

The ionospheric electron density part of this section involves four parameters. The
difference between the active and quiet day maximum electron densities is the main

parameter here. Since the effect can be negative or positive, the first parameter is the
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maximum absolute difference for each storm. This is followed by the average of
absolute difference, and the maximum negative and positive differences.
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Figure 5.5 : Histograms of absolute maximum difference of electron density,
average absolute difference of electron density, negative maximum
difference of electron density, positive maximum difference of electron
density.

The panel on the top left in Figure 5.5 shows the histogram of the maximum absolute
difference for each storm. The mean is 6.5x10° #/cc, the median is 6.6x10° #/cc, and
there is no mode. The distribution of the absolute differences is almost normal. The
distribution varies between 2x10° and 12x10° #/cc. In 42% of the cases, the maximum

absolute difference is between 6x10° and 8x10° #/cc.

The panel on the top right illustrates the distribution of the average absolute differences
for 36 cases. This histogram aims to estimate the average electron density difference
values during geomagnetic disturbances. The mean and the median are the same as
1.8x10° #/cc, and there is no mode. The distribution is close to normal distribution. In
83% of the cases, the average difference is between 1x10° and 2.5x10° #/cc.
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The panel on the bottom left shows the distribution of negative maximum difference
which represents the situation where the electron density is lower on an active day.
The mean is -4.5x10° #/cc, the median is -4.6x10° #/cc, and there is no mode. In the
majority of the cases, the negative maximum difference is greater than -8x10° #/cc.
The is only one case in which the maximum negative difference is lower than -8x10°
#/cc, and that is -8.03 #/cc which means that the expected maximum negative

difference is -8x10° #/cc.

The panel on the bottom left shows the distribution of positive maximum difference
which represents the situation where the electron density is greater on the active day.
The mean is 4.6x10° #/cc, the median is 4.2x10° #/cc, and there is no mean. The
distribution is right-skewed. In 30% of the cases, the positive maximum electron
density difference is between 2x10° and 4x10° #/cc. There is only one case where the
positive maximum electron difference is greater than 1x108 #/cc, and that maximum is
11.3x10° #/cc.

Additionally, when the histograms for the positive and negative electron density
differences are compared, it can be said that the possibility of seeing a greater

difference between active and quiet days is higher when the effect is negative.

5.1.4 Electric field

In this section, there are only two parameters and due to the limitations of
measurements, there are 10 cases instead of 36. The parameters analyzed here are the

maximum northward and eastward components of the electric field, Ex and Ey.
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Figure 5.6 : Histograms of maximum Ex and Ey at Bozcaada.
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In the Figure 5.6, the panel on the left shows the distribution of the maximum
northward electric field for 10 cases. The mean is 338 uV/m, the median is 317 pV/m,
and there is no mode. In 60% of the storms, the Ex varies between 200 and 400 puV/m.
In only one case which means 10% of the storms, the maximum Ex is greater than 500

uV/m.

On the right panel, the distribution of the maximum eastward electric field for 10 cases
is seen which is an interesting distribution since it is difficult to determine if the values
between 600 and 700 wV/m are outliers or not with only 10 cases. The mean is 254
uV/m, the median is 187 puV/m, and there is no mode. In 80% of the cases, the
maximum Ey is lower than 300 uV/m, and the rest is between 600 and 700 pV/m.

5.1.5 Solar wind parameters

In this part of the statistical analysis, the distributions of maximums of 5 solar wind
parameters have been investigated. The reason behind this analysis is to have an insight
on what strengths of solar storms have been considered throughout this study. The
parameters which have been chosen are ion density, velocity, total IMF, southward

IMF, and dynamic pressure.

In the Figure 5.7, on the first panel, the distribution of maximum ion densities for 36
cases is seen. The mean is 3.2x10° #/m?, the median is 2.7x10™ #/m?3, and there is no
mode. The distribution is right-skewed. The maximum ion densities vary between
1x107 and 7.2x10° #/m®. In 58% of the cases, the ion density is below 3x10° #/m?®,

On the second panel, the distribution of maximum solar wind velocity for 36 cases is
seen. The mean is 515 km/h, the median is 499 km/h, and there is no mode. The
distribution is right-skewed. The solar wind velocity varies between 320 and 780 km/h.
In 61% of the cases, the velocity is between 400 and 600 km/h.

The next panel shows the distribution of the maximum total IMF for each case. The
mean is 18.6 nT, the median is 16.5 nT, and there is no mode. The strength of IMF Bt
varies between 9.8 and 44.7 nT. In 64% of the cases, the IMF B is between 10 and 20

nT. There is only one case where the IMF Bt is greater than 40 nT.

On the next panel, the distribution of strength of southward IMF for each case is seen.
The mean is -15.4 nT, the median is -13.9 nT, and there is no mode. The distribution
is left-skewed by its nature. The southward IMF varies between -29.5 and -8.1 nT. In
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half of the cases, the IMF B is between -15 and -10 nT. The other intervals are almost
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Figure 5.7 : Histograms of maximum solar wind ion density, velocity, IMF Bt and

Bz, and Pdyn.

On the last panel, the distribution of maximum dynamic pressure for each case is seen.

The mean is 6.5x10° nPa, the median is 5.2x10°® nPa, and there is no mode. The

distribution is highly right-skewed. In 36 cases, the dynamic pressure changes between

1.7x10® and 2.8x10°° nPa. In half of the cases the maximum dynamic pressure is less
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than 5x10° nPa, and in 83% of the cases it is less than 1x107° nPa. There are only two
cases where the dynamic pressure is greater than 1.5x10 nPa.

5.2 Linear Correlations

In this part of the study 69 physically meaningful pairs have been chosen to answer
specific questions toward understanding the linear relationships, thus, the linear
correlations between them have been determined by using scatter plots and Pearson
correlation, and applying two tailed Student’s t-test. The Pearson correlation
coefficient is ‘r’, and the outcome of the t-test is evaluated for 95% significance level.
Based on the t-test results, only 22 out of the 69 parameters are considered as
statistically significant. For the r values less than 0.36 are considered at statistically
insignificant. For the analysis with 36 samples, the critical t-score is 2.032, and for 10

samples it is 2.306.

5.2.1 Geomagnetic indices and dH/dt

In this part of the correlation analysis, maximum dH/dt of the storm and its relation
with geomagnetic indices, and the timing of it are considered. It will be explained in

two sections as its dependence to geomagnetic indices, and the timing of it.

5.2.1.1 Geomagnetic indices and maximum dH/dt

In this part, the linear correlation between geomagnetic indices and maximum dH/dt
is analyzed. The purpose of these analyses is to gain an estimation of the dependence
of the magnitude of the dH/dt on the storm strengths, and determine which index is
more reliable to estimate the effects. The geomagnetic indices chosen are minimum
Dst, maximum Dst (to include sudden commencement effect), maximum Kp, and
maximum AE. Among the correlation coefficients of maximum dH/dt with
geomagnetic indices, while minimum Dst, maximum AE and Kp are statistically
significant, maximum Dst is statistically insignificant with a correlation coefficient of
0.21 which means that there is no linear relationship between the strength of sudden

commencement and the maximum dH/dt of a storm.
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Figure 5.8 : Scatter plots of minimum Dst and maximum dH/dt, maximum AE and
maximum dH/dt, maximum Kp and maximum dH/dt.

In the Figure 5.8, on the first panel, the linear relationship between the minimum Dst
and the maximum dH/dt of each storm is seen. The correlation coefficients, t-values,
p-values and the acceptance of the null hypothesis is seen in the Table 5.1. The Pearson
correlation coefficient for minimum Dst and maximum dH/dt pair is -0.48 which is the
highest among three significant indices. On the second panel, the maximum AE can
be seen with a correlation coefficient 0.41. The last one is with maximum Kp level,
and the coefficient is 0.36 which is the significance limit for this analysis.

Table 5.1 : Pearson correlation coefficients, t-values, p-values, and acceptence of HO
for geomagnetic indices and maximum dH/dt.

r t-value p-value HO
Min Dst Max dH/dt -0,4876 -3,2569 0,002-0,005 Reject
Max Dst (SC) Max dH/dt 0,2178 1,301 <0,20 Accept
Max AE Max dH/dt 0,4157 2,6651 0,01-0,02 Reject
Max Kp Max dH/dt 0,3643 2,2808 0,02-0,05 Reject
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Even though, none of these correlation coefficients indicate a strong relationship,
coefficients of the minimum Dst and AE are promising. It can be concluded that the
maximum dH/dt of a storm is mostly affected by minimum Dst, and followed by AE.
This means that at mid-latitudes, the response to equatorial ring current is better than
to auroral electrojets, and minimum Dst is the best indicator among these indices for
mid-latitudes.

5.2.1.2 Dst and timing of dH/dt

The aim of the linear correlations is to determine how closely related the strength of
the dH/dt is with the timing of important points during the storms such as maximum
dH/dt, maximum or minimum Dst. Three analysis have been made to understand the
timing of the maximum dH/dt, and only one of them was statistically significant. The
correlation coefficients, t-values, p-values and the acceptance of the null hypothesis is

seen in the table 5.2.

Max Dst and dH/dt at Max Dst
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25+

Figure 5.9 : Scatter plot of maximum Dst and dH/dt at maximum Dst.

The correlation coefficient between the minimum Dst value and the maximum dH/dt
value at the time interval where the minimum Dst is seen has been calculated and the
outcome is -0.07 which is statistically insignificant. Thus, it can be said that the
strength of the storm does not affect the maximum dH/dt value during the most intense
hour of the storm. The other insignificant correlation is between the Dst value where
the maximum dH/dt of the storm occurs and the maximum dH/dt which is -0.32. The
only significant coefficient among these three pairs is the one between maximum Dst
and the maximum dH/dt in the interval during maximum Dst which is -0.59, yet the

scatter plot for this pair shows that this coefficient might not be trusted due to the
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extreme point. Thus, the relationship between the geomagnetic indices and the timing
of the maximum dH/dt is not clear based on these analyses.

Table 5.2 : Pearson correlation coefficients, t-values, p-values, and acceptence of HO
for Dst and timing of dH/dt.

r t-value p-value HO
Min Dst dH/dt at min Dst -0,0732 -0,4281 <0,20 Accept
Max Dst (SC) dH/dt at max Dst 0,5939 4,3039 >0,001 Reject
Dst at max dH/dt  Max dH/dt -0,3267 -2,0156 0,10-0,05  Accept

5.2.2 Geomagnetic indices and durations

This part of the study contains the relationship between the geomagnetic indices and
the durations of the storms, and duration of each phase. The aim of this part is to
understand which geomagnetic indices and mechanism directly affects the storm

durations and its phases.

5.2.2.1 Geomagnetic indices and storm durations

In this section, the linear correlations between the duration of each storm and chosen
4 geomagnetic indices. All of the coefficients are statistically significant in 95%
significance level based on the t-test results. The correlation coefficients, t-values, p-
values and the acceptance of the null hypothesis is seen in the Table 5.3.

Table 5.3 : Pearson correlation coefficients, t-values, p-values, and acceptence of HO
for geomagnetic indices and storm durations.

r t-value p-value HO
Min Dst Storm duration -0,687 -5,5122 >0,001 Reject
Max Dst (SC)  Storm duration 0,4104 2,6242 0,01-0,02 Reject
Max AE Storm duration 0,4164 2,6709 0,01-0,02 Reject
Max Kp Storm duration 0,4496 2,9351 0,005-0,01 Reject

In the Figure 5.10, the scatter plots of these relationships are seen. The Pearson
correlation coefficients between the duration and the geomagnetic indices are found as
-0.69, 0.41, 0.42, and 0.45 for minimum Dst, maximum Dst, maximum AE, and
maximum Kp, respectively. Based on these results, it can be said that the duration of
a storm indeed depends on the strength of the storm at some level. The best indicator
between the four parameters seems like minimum Dst, yet when looking at the scatter

plot it can be seen that there is one outlier that might have affected the result. That
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outlier is St. Patrick storm 2015 with a -222 nT Dst value. In order to be able to make

a more definitive decision, the outliers should be removed.
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Figure 5.10 : Scatter plots between storm duration and minimum Dst, maximum Dst,
maximum AE, maximum Kp.

5.2.2.2 Geomagnetic indices and initial phase durations

In this section, a similar process has been followed for the initial phase of the storm.
The initial phase of the storm is more difficult to identify due to the lack of sudden
commencement in some of the storms, yet it is investigated if the duration of the initial
phase of a storm depends on the strength of the storm. The correlation coefficients, t-
values, p-values and the acceptance of the null hypothesis is seen in the Table 5.4.

Table 5.4 : Pearson correlation coefficients, t-values, p-values, and acceptence of HO
for geomagnetic indices and initial phase durations.

r t-value p-value HO
Min Dst Initial phase duration -0,3224 -1,9857 0,05-0,10  Accept
Max Dst (SC) Initial phase duration 0,6589 5,1082 >0,001 Reject
Max AE Initial phase duration 0,0024 0,0141 <0,20 Accept
Max Kp Initial phase duration 0,0578 0,3375 <0,20 Accept
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The Pearson correlation coefficients for the duration of the initial phase and
geomagnetic index pairs have been found as -0.32, 0.66, 0,002, and 0.06, for minimum
Dst, maximum Dst, maximum AE, and maximum Kp, respectively. According to these
coefficients, the only significant relationship is between maximum Dst and the initial
phase duration. Based on the coefficients it can be said that the duration of the initial
phase depends on the strength of the sudden commencement. While there are no
relationships with minimum Dst, AE and Kp.
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Figure 5.11 : Scatter plot for maximum Dst and duration of initial phase.

5.2.2.3 Geomagnetic indices and main phase durations

In this section, the linear relationship between the selected geomagnetic indices and
the duration of the main phase of the storms has been investigated to understand if the
duration of the main phase is affected by the strength of the storm. The Pearson
correlation coefficients between the duration of the main phase and the geomagnetic
indices are found as 0.11, -0.08, 0.11, and -0.04 for minimum Dst, maximum Dst,
maximum AE, and maximum Kp, respectively. Thus, none of the pairs are considered
as statistically significant, and it can be said that there is no relationship between the
strength of the storm and the duration of the main phase. The correlation coefficients,

t-values, p-values and the acceptance of the null hypothesis is seen in the Table 5.5.
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Table 5.5 : Pearson correlation coefficients, t-values, p-values, and acceptence of HO
for geomagnetic indices and main phase durations.

r t-value p-value HO
Min Dst Main phase duration 0,1133 0,665 <0,20 Accept
Max Dst (SC)  Main phase duration -0,0759 -0,444 <0,20 Accept
Max AE Main phase duration 0,1062 0,623 <0,20 Accept
Max Kp Main phase duration -0,038 -0,2215 <0,20 Accept

5.2.2.4 Geomagnetic indices and recovery phase durations

In this part, the relationship between the selected geomagnetic indices and the duration
of the recovery phase of the 36 storms has been analyzed. The purpose of this analysis
is to determine whether there is a dependence between the storm strength and the
duration of the recovery phase, and which index show is the best indicator. The
correlation coefficients, t-values, p-values and the acceptance of the null hypothesis is
seen in the Table 5.6.

Table 5.6 : Pearson correlation coefficients, t-values, p-values, and acceptence of HO
for geomagnetic indices and recovery phase durations.

r t-value p-value HO
Min Dst Recovery phase duration -0,8015 -7,8151 >0,001 Reject
Max Dst (SC)  Recovery phase duration 0,3191 1,9634 0,05-0,1 Accept
Max AE Recovery phase duration 0,444 2,8892 0,005-0,01 Reject
Max Kp Recovery phase duration 0,535 3,6926 >0,001 Reject

The Pearson correlation coefficients between the duration of the recovery phase and
the geomagnetic indices are found as -0.80, 0.32, 0.44, and 0.54 for minimum Dst,
maximum Dst, maximum AE, and maximum Kp, respectively. Thus, the relationship
between the recovery phase duration and the strength of the sudden commencement is
statistically insignificant. Based on the coefficients and the scatter plots, it can be said
that the duration of the recovery phase depends on the storm strength at some level,
and the minimum Dst is the best indicator of it with the highest correlation coefficient
of 0.8 which indicates a strong linear correlation.
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Figure 5.12 : Scatter plots of duration of recovery phase with minimum Dst,
maximum AE, and maximum Kp.

5.2.3 Difference of ionospheric electron density

In this section, 30 pairs have been analyzed. Among these pairs, three main electron
density difference parameters were used which are absolute maximum electron density
difference, negative maximum electron density difference, and positive maximum
electron density difference. The relationship of these parameters with 30 different
parameters are analyzed. Geomagnetic indices Dst, AE and Kp, maximum dH/dt, and
solar wind parameters ion density, velocity, total and southward IMF, and dynamic
pressure are included in the analysis. Among 30 pairs, only one correlation coefficient
is statistically significant which is the relationship between the absolute maximum
electron density difference and minimum Dst as it can be seen in the Figure 5.13. The
correlation coefficient is -0.45 which is not high enough to say that there is a direct

relationship between the storm intensity and the electron density change in ionosphere.
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Figure 5.13 : Scatter plot of minimum Dst and absolute maximum electron density

difference.

The correlation coefficients, t-values, p-values and the acceptance of the null

hypothesis for the 30 pairs is seen in the Table 5.7. Based on this analysis, it can be

said that the effect of the solar wind parameters and storm intensity on the ionospheric

electron density cannot be seen directly with this kind of a method due to complex

mechanisms which affect the ionosphere. Additionally, a direct relationship between

the electron density and the geomagnetic field change cannot be found.

Table 5.7 : Pearson correlation coefficients, t-values, p-values, and acceptence of HO
for ionospheric electron density difference related pairs.

r t-value p-value HO
. Absolute max electron .

Min Dst = 0,454  -2,9711  0,005-0,01  Reject

density difference
Absol |

Max Dst (s¢) APsolute maxelectron o )5 ) 1307 <0,20 Accept
density difference

MaxAE  Absolutemaxelectron o) 0,4151 <0,20 Accept
density difference

Maxkp ~ APsolutemaxelectron o511 4318 010020  Accept
density difference

Minpst ~ egativemaxelectron o 0 a0ce 010020  Accept
density difference

Max Dst (sc) \egative maxelectron o 0 cose <0,20 Accept
density difference

MaxAE  egativemaxelectron oo 0 ) e 502005 Accept
density difference

Maxkp ~ |\cBatvemaxelection  o5164 12022 <020  Accept
density difference

MinDst ~ 'ositivemaxelection 3100 16582  0,05010  Accept
density difference

Max Dst (sc) ' ositivemaxelectron ) )0 0,75 <0,20 Accept

density difference
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Table 5.7 (cont.) : Pearson correlation coefficients, t-values, p-values, and
acceptence of HO for ionospheric electron density difference related pairs.

r t-value p-value HO
MaxAp ~ fositivemaxelectron g o059 4319 <020  Accept
density difference
Positive max electron
Max Kp density difference 0,1749 1,0358 <0,20 Accept
Maxdh/ge ~APsolute maxelectron o0,y 5301 <020  Accept
density difference
N i I
MaxdH/de | ceativemaxelectron 5049 17068  0,05-0,10  Accept
density difference
Positive max electron
Max dH/dt density difference -0,03 -0,175 <0,20 Accept
Max solar Absolute max electron
wind ion . . -0,1397 -0,8227 <0,20 Accept
. density difference
density
Max soigg Negative max electron
wind ion & . . 0,2291 1,3721 0,10-0,20 Accept
. density difference
density
Maxiselar Positive max electron
wind ion . i -0,016 -0,0936 <0,20 Accept
. density difference
density
Max solar Absolute max electron
1 124 2 A
wind velocity density difference 0,138 08 <0,20 ccept
Max solar — Negative max electron ) 415 5435 <020  Accept
wind velocity density difference
Max solar Positive max electron
192 1,14 2 A
wind velocity density difference 0,1928 1455 <0,20 ccept
Max IMF gt Apsolutemaxelectron )\ 00 ga3g <020  Accept
density difference
Max IMF Bt | cgative max electron 0 -0,0026 <0,20 Accept
density difference
MaxIMF Bt 'ositivemaxelectron g, 00 gecs <0,20 Accept
density difference
MaxIMFp; Apsolutemaxelectron o004 5195 <0,20 Accept
density difference
MaxIMFB; \egativemaxelectron 0, 5 5g4g <0,20 Accept
density difference
MaxIMFp; ' ositivemaxelectron 4 0o 5 ggeq <0,20 Accept
density difference
Max dynamic Absolu'Fe mfa\x electron 0,0812 0,4748 <0.20 Accept
pressure density difference
Max dynamic Negatl\{e mfax electron 0,0721 0,4218 <0.20 Accept
pressure density difference
Max dynamic Posmv'e ma?x electron 0,1353 0,7964 <0.20 Accept
pressure density difference
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5.2.4 Maximum dH/dt and solar wind parameters

In this section, the linear relationships between the maximum dH/dt of a storm and
various solar wind parameters have been analyzed. The aim of this analysis is to
determine whether the solar wind parameters affect the maximum dH/dt of a storm.
The correlation coefficients, t-values, p-values and the acceptance of the null
hypothesis is seen in the Table 5.8.

Table 5.8 : Pearson correlation coefficients, t-values, p-values, and acceptence of HO
for maximum dH/dt and solar wind parameters.

r t-value p-value HO
Max dH/dt  Max solar wind ion density 0,0293 0,1708 <0,20 Accept
Max dH/dt  Max solar wind velocity 0,3542 2,2085 0,02-0,05 Reject
Max dH/dt  Max IMF Bt 0,2133 1,2732 <0,20 Accept
Max dH/dt  Max IMF Bz -0,19 -1,1283 <0,20 Accept
Max dH/dt  Max dynamic pressure 0,2927 1,7848 0,05-0,10 Accept

These parameters are ion density, velocity, IMF Bt, IMF Bz, and dynamic pressure
and the correlation coefficients are 0.03, 0.35, 0.21, -0.19, and 0.29, respectively. Thus,
among these correlation coefficients only the one between maximum dH/dt and the
solar wind velocity is statistically significant and the scatter plot for this relationship
is seen in the Figure 4.14. It can be concluded that the effect of the solar wind on the
geomagnetic field cannot be seen directly with this analysis even though it knows that
the reason behind the geomagnetic field variations is the solar wind.
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Figure 5.14 : Scatter plot of maximum dH/dt and maximum solar wind velocity.

76



5.2.5 Electric Field

In this part of the analysis the electric field components and their relationships with

the geomagnetic indices are analyzed. The difference of this part is that the analyses

are made with 10 samples which makes the critical t-value 2.306.

5.2.5.1 Geomagnetic indices and Ex

In this section, the relationships between the maximum Ex and geomagnetic indices

have been analyzed. The aim of this analysis is to determine whether the strength of

the northward electric field depends on the storm strength and if so which geomagnetic

index is the best indicator. The correlation coefficients, t-values, p-values and the
acceptance of the null hypothesis is seen in the Table 5.9.
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Figure 5.15 : Scatter plots of maximum Ex difference for minimum Dst, maximum
Dst, maximum AE, and maximum Kp.

The correlation coefficients for all of the geomagnetic indices are statistically

significant. The best relationship is between Kp level, and it is followed by minimum

Dst. Thus it can be said that the electric field variations at mid-latitudes are affected



by the geomagnetic storms and the variations increase as the storm strength increases.

The scatter plots for these relationships can be seen in the Figure 5.14.

Table 5.9 : Pearson correlation coefficients, t-values, p-values, and acceptence of HO
for geomagnetic indices and EX.

r t-value p-value HO
Min Dst Max Ex difference -0,5453 -3,7932 0,005-0,01 Reject
Max Dst (SC)  Max Ex difference 0,4316 2,7895 0,02-0,05 Reject
Max AE Max Ex difference 0,5128 3,4829 0,005-0,01 Reject
Max Kp Max Ex difference 0,6001 4,3743 0,002-0,005 Reject

5.2.5.2 Geomagnetic indices and Ey

In this section, the relationships between the maximum Ey and geomagnetic indices
have been analyzed. The aim of this analysis is to determine whether the strength of
the eastward electric field depends on the storm strength and if so which geomagnetic
index is the best indicator. The correlation coefficients, t-values, p-values and the

acceptance of the null hypothesis is seen in the Table 5.10.

Table 5.10 : Pearson correlation coefficients, t-values, p-values, and acceptence of
HO for geomagnetic indices and Ey.

r t-value p-value HO
Min Dst Max Ey difference -0,5702 -4,0475 0,002-0,005 Reject
Max Dst (SC)  Max Ey difference 0,3402 2,1096 0,05-0,1 Accept
Max AE Max Ey difference 0,0366 0,2138 <0,20 Accept
Max Kp Max Ey difference 0,486 3,2421 0,01-0,02 Reject

Based on the analysis, while the correlation coefficients for minimum Dst and Kp are
statistically significant, the ones for maximum Dst and AE are statistically
insignificant. As is was with the Ex, minimum Dst is shows the best relationship with
the Ey variation. Thus, it can be said that at mid-latitudes the magnetospheric ring
current is more dominant when it comes to the westward component of the electric
field, and as the storm gets more intense, the westward electric field variation

increases. The scatter plots for these relationships can be seen in the Figure 5.15.
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Figure 5.16 : Scatter plots of maximum Ey difference for minimum Dst and

maximum Kp.

5.2.5.3 Verification of Faraday’s law

In this section, Faraday’s law has been tested for mid-latitudes. According to Faraday’s

law, Ex is closely related to dBy/dt, and Ey is closely related to dBx/dy. In order to

test this, the maximums of each parameter for 10 cases have been analyzed. The

correlation coefficients, t-values, p-values and the acceptance of the null hypothesis is
seen in the Table 5.11.

Table 5.11 : Pearson correlation coefficients, t-values, p-values, and acceptence of

HO Ex and dBy/dt, Ey and dBx/dt.

r t-value p-value HO
Max Ex difference Max dBy/dt 0,668 5,2336 >0,001 Reject
Max Ey difference Max dBx/dt 0,455 2,9792 0,01-0,02 Reject
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Figure 5.17 : Scatter plots of maximum Ex difference and maximum dBy/dt,

maximum Ey difference and maximum dBx/dt.
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Both of the correlation coefficients are statistically significant. The relationship
between the maximum Ex and dBy/dt shows better correlation with 0.67, while the
coefficient between Ey and dBx/dt is 0.45. Thus, it can be said that the Faraday’s law
is acceptable at mid-latitudes. . The scatter plots for these relationships can be seen in

the Figure 5.16.

80



6. CONCLUSIONS AND FUTURE WORK

6.1 Summary and Conclusions

In thesis research, geomagnetically induced currents (GICs) have been investigated
both in terms of case studies and statistically over the latitudes of Tiirkiye. The
analyses were carried out in three parts depending on the availability of data sets.
Table below gives the information about the data sets:

Tablo 6.1: Three main data sets and their details.

Time

Group Location Type of Data Variables Resolution Coverage Source
Iznik Magnetic 2013-2015 Kandilli
1 fi Bx, By, Bz, Btotal 1 sec Observatory,
40°N, 29°E ield Wliee vears Iznik
Bozcaada “Magnetic Bx, By, B: 2013-2014
2 field Electric 1sec ITU-UASWLab
39°N, 26°E field Ex, Ey Two years
Istanbul lonospheric o criti 4 min, 2013-2015
3 Electron 2 region citica _ ITU-UASWLab
41°N, 28°E density requency (foF2) 2 min Three years

These data were analyzed in order to find about the chracteristics of geomagnetically
induces currents over our latitudes and the role of geomagnetic storms, solar wind
plasma and interplanetary magnetic field. Three geomagnetic storm cases were
selected and geomagnetic field and electric field data and the electron density data
corresponding to these storms were analyzed first in a case basis. This is followed by
the statistical analysis that covers 36 geomagnetic storms for the ground level magnetic
field and ionospheric electron density data and 10 geomagnetic storms for the ground
level electric field data. We present the results from the case studies as follows:

1) The main dH/dt fluctuations for the 17 March 2013 storm start with the sudden
commencement and last throughout the main phase, and the maximum dH/dt is greater
than 1 nT/s. lonospheric electron density increases (positive effect) during the main

phase.
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2) The highest dH/dt value for the 27 February 2014 storm is seen during the recovery
phase, yet the main fluctuation period is seen in the main phase. The ionospheric
electron density difference between the quiet day is positive throughout the storm.
Electric field components fluctuate during the main phase of the storm and they show
great alignment with the time derivative of the horizontal components of the

geomagnetic field as suggested by Faraday’s law.

3) The main fluctuations in dH/dt for the 9 September 2015 storm are seen in the early
recovery phase. The maximum dH/dt is greater than 1 nT/s. Due to the CME arrival
without a shock, the relationship between the solar wind parameters and the effects on
the ground and ionospheric levels is not clear. The period where ionospheric electron
density difference is at its maximum coincides with the main phase of the storm.

During the main phase, the electron density decreases, thus, there is a negative effect.

4) The case studies show very good agreement with the solar wind parameters
especially with IMF Bz and dynamic pressure, even though the same relationship in

the statistical study is not as clear as in the case studies.
In 36 cases;
1) In 40% of them the maximum dH/dt is greater than 1 nT/s.

2) The maximum dH/dt of a storm is not seen around the peak of the storm where Dst
reaches its maximum strength. In most of the cases, the maximum dH/dt is not seen

around sudden commencement either.
3) 90% of the storms lasts less than 150 hours, and the average duration is 71 hours.

4) The average duration of the initial, main, and recovery phases are 5, 20, and 45

hours, respectively.

5) The average maximum dH/dt during the initial, main, and recovery phases are 0.45,
0.91, and 0.89 nT/s.

6) In half of the storms, the maximum dH/dt is seen during the recovery phase. In only

one case the maximum dH/dt occurs during the initial phase.

7) The average absolute maximum ionospheric electron density difference between
quiet and active days is 6.5x10° #/cc. In half of the cases, the maximum electron
density difference is negative, and in the other half, it is positive. Thus; in mid-latitudes

possibility of seeing positive and negative effects on ionospheric electron density is
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equal. Additionally, the possibility of seeing a greater difference is higher when the
effect is negative.

8) The Pearson correlation coefficients are calculated for 68 pairs in order to find
whether there are linear relationships between them. The T-test is applied for all the

pairs and 22 of them are statistically significant in 95% significance level.

9) The maximum dH/dt of a storm correlates the best with minimum Dst with a
correlation coefficient of -0.48. There is no significant relationship between maximum

dH/dt and the strength of the sudden commencement.

10) The maximum dH/dt does not occur at the most intense time of the storm which is

when the Dst reaches its local minimum at mid-latitudes.

11) The storm strength directly affects the storm duration, more precisely the recovery

phase duration. The stronger the storms, the longer the recovery phase.

12) Maksimum absolute electron differences are found to be correlated with the
strength of peak Dst.

13) Northward electric fields correlate with all of the indices, while eastward

component only shows correlation with minimum Dst and Kp.

14) Faraday’s law is acceptable at mid-latitudes based on the correlation coefficients.

6.2 Future Work

In this thesis, geomagnetically induced currents were analyzed using the data available
to us as comprehensive as possible. This is actually the first detailed investigation of
GICs over midlatitudes in this region of the world. One of the points that needs to be
further investigated is the correlations found during the recovery phase of the
geomagnetic storms. Normally, the recovery phase of the storms is the stage where the
geomagnetic activity in the magnetosphere ceases and the high correlations as also
seen in this study are not expected to be seen. This is one of the main outcomes of this
thesis. Obviously there are physical and dynamical processes even during the recovery
phase and these need to be resolved. Secondly among the 69 parameters that the
relationship between the solar wind and geomagnetic activity, many of the correlations
are found to be much lower than the 95% significance level. Yet, while the case studies

show excellent visual correlation with the solar wind plasma and IMF Bz, statistical
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studies are found below significance level. In this case we think that the proper
quantity for the solar wind effects are not found. This could be and will be further
investigated using better parameter for solar wind relation. Also advanced statistical
methods such as superposed epoch analysis, machine learning techniques, wavelet
analysis etc. to reveal the effects of the solar wind geomagnetic storms. New
techniques are especially needed to understand the behaviour of dB/dt which shows
rather peaky variations. In addition, in this study, we have focussed on understanding
the general behaviour of dB/dt over midlatitudes and was not able to work and
comment on the physical causes. Therefore, further study is required at this point
especially to reveal the sources of dB/dt over our latitudes.
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