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Kurzzusammenfassung

Die Veränderungen des Thermosphäre-Ionosphäre (T-I) Systems und dessen Komplexität

werden entscheidend durch die sich ständig ändernde extreme ultraviolette (EUV) und

ultraviolette (UV) Sonnenstrahlung geprägt. Hierbei wird die ionosphärische Elektro-

nendichte (oder Ionendichte) hauptsächlich durch Photoionisation, Rekombination und

Transportprozesse gesteuert. Insbesondere Transportprozesse spielen eine wichtige Rolle

für die Zusammensetzung des T-I-Systems und sind für die Plasmaverteilung verant-

wortlich.

Die ionosphärische Reaktion auf Veränderungen der Sonnenaktivität wurde mithilfe des

Gesamtelektronengehalts (englisch total electron content, TEC) und Messdaten des so-

laren EUV-Spektrums sowie solaren Proxys untersucht. Eine ionosphärische Verzögerung

von 1 bis 2 Tagen für Tageswerte von TEC wurde für die 27-Tage-Sonnenrotation gefun-

den. Es wurde auch gezeigt, dass der He-II-Index einer der besten solaren Proxys ist, um

die Sonnenaktivität auf verschiedenen Zeitskalen zu beschreiben.

Die ionosphärische Verzögerung in Bezug auf Variationen der Sonnenstrahlung wurde in

der Vergangenheit wenig Aufmerksamkeit gewidmet. Insbesondere die zugrundenliegen-

den Mechanismen wurden nicht untersucht. Solche Studien sind jedoch von entscheidender

Bedeutung für ein besseres Verständnis der komplexen Wechselwirkungen zwischen Son-

nenstrahlung und Ionosphäre, die unteranderem die Leistung von Radiokommunikation
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und globalen Navigationssystemen beeinflussen. Das T-I-System wird jedoch nicht nur

von der solaren EUV-Strahlung kontrolliert. Prozesse der unteren Atmosphäre, geomag-

netische Aktivität und Weltraumwettereignisse haben ebenfalls einen Einfluss auf diese

Region. Daher bietet sich numerische Modellierung als Möglichkeit für die Interpretation

der physikalischen Prozesse an.

Zur Klärung der offenen Fragen wurde in dieser Arbeit ein globales, dreidimension-

ales, zeitabhängiges physikalisches Modell verwendet und eine umfangreiche Studie der

ionosphärischen Reaktion auf Veränderungen der Sonnenstrahlungen während der 27-

Tage-Sonnenrotation wurde durchgeführt. Hierfür wurden Messdaten von Satellitenmis-

sionen mit den Modellsimulationen verglichen. Im Mittel ergibt sich eine Verzögerung

von 16 Stunden aus der Analyse der Messdaten und eine Verzögerung von 17 Stunden

aus den Modellsimulationen. Die Studie bestätigt demnach die Fähigkeit des Modells, die

verzögerte ionosphärische Reaktion in stündlicher und täglicher Auflösung zu simulieren.

Diese Ergebnisse stimmen gut mit vorangegangenen Studien überein.

Im Rahmen dieser Arbeit wurden zum ersten Mal Simulationen zum Einfluss der Eddy-

Diffusion durchgeführt. Diese Analyse zeigt, dass die Eddy-Diffusion ein wichtiger Fak-

tor für die Ausprägung der ionosphärischen Verzögerung ist und dass der Einfluss von

Prozessen der unteren Atmosphäre eine entscheidende Rolle spielt. Es wurde festgestellt,

dass die Eddy-Diffusion eine erhebliche Veränderung der thermosphärischen Zusam-

mensetzung verursacht, was wiederum zu Veränderung der Menge des atomaren Sauer-

stoffs führt. Dies beeinflusst dann die Ionisations- und Verlustrate. Da der atomare

Sauerstoff erheblich zur Ionisierung beiträgt. Zunehmender Eddy-Diffusion folgen damit

auch verkleinert der atomarer Sauerstoff Ionendichte und TEC. Daher nimmt TEC mit

zunehmender Eddy-Diffusion ab und auch die Verzögerung wird kleiner. Andersherum

führt ein langsamer Transport zu einem Maximum der ionosphärischen Verzögerung.

Diese Dissertation gibt eine umfangreiche Zusammenfassung für das Verständnis der

ionosphärischen Verzögerung zu Variationen der solaren EUV-Strahlung. Dafür werden
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TEC-Messungen mit numerischen Simulationen kombiniert. Weiterhin werden durch Ver-

gleich die besten solaren Proxys für die Beschreibung der solaren Aktivität in T-I-Modellen

bestimmt. Dies ist von entscheidender Bedeutung, um den Fokus auf die Verbesserung

dieser Modelle zu lenken.
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Abstract

The variability of the thermosphere-ionosphere (T-I) system and its complex behavior is

strongly dependent on the continuously changing solar extreme ultraviolet (EUV) and

ultraviolet (UV) radiation. The ionospheric electron density (or ion density) is mainly

controlled by photoionization, loss by recombination, and transport processes. Transport

processes play a significant role in the T-I composition and are responsible for the plasma

distribution.

The ionospheric response to solar activity has been investigated using total electron con-

tent (TEC) and solar EUV observations, as well as various solar proxies. An ionospheric

delay of about 1-2 days in the daily TEC on the time scale of 27 days solar rotation period

has been reported. It has also been shown that the He-II index is one of the best solar

proxies to represent the solar activity at different time scales.

The ionospheric delay in relation to solar radiation variations has attracted less attention

in the past, especially with respect to its possible mechanisms. However, such studies, are

of great importance for a better understanding of the complex interactions between solar

radiation and the ionosphere that affect radio communications and navigation systems

such as GNSS. Since the T-I region is affected not only by solar radiation, but also by

lower atmospheric forcings, geomagnetic activity, and space weather events. Therefore,

numerical modeling provides an opportunity to interpret the possible physical mechanism.
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To shed more light on this issue, a global, 3-D, time-dependent, physics-based numerical

model was used in this thesis. It is a comprehensive numerical study to investigate

the ionospheric response to solar flux changes during the 27 days solar rotation period.

Satellite observations were used for comparison with the model simulations. The average

delay for the observed (modeled) TEC is about 17 (16) h againest high-resolution solar

EUV flux. The study confirms the capabilities of the model to reproduce the delayed

ionospheric response with daily and hourly resolution. These results are in close agreement

with previous studies.

For the first time, the model simulations were performed to understand the role of eddy

diffusion. The study shows that eddy diffusion is an important factor affecting the iono-

spheric delay and highlights the influence of the lower atmospheric forcing. Eddy diffu-

sion was found to cause a change in thermospheric composition, which induces changes in

atomic oxygen by modifying loss and photoionization rates. Atomic oxygen contributes

significantly to ionization. Enhanced eddy diffusion leads to a decrease in atomic oxy-

gen ion density and consequently TEC. Therefore, TEC decreases due to enhanced eddy

diffusion, showing that the ionospheric delay is reduced. Thus, slow transport leads to

maximum ionospheric delay.

This dissertation provides a comprehensive understanding of the ionospheric response to

varying EUV by combining TEC observations and numerical modeling aspects. Detailed

comparisons have found the best solar proxies for representing solar activity in T-I models

and help to focus attention on improving these models.
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1.1. Introduction: Ionospheric delayed response

Solar activity plays a significant role in controlling variations in the thermosphere-

ionosphere (T-I) system, especially by extreme ultraviolet (EUV) and ultraviolet (UV)

radiation and their variability. The ionospheric E and F regions are important layers of

the Earth’s atmosphere (above ≈90 km) formed by the ionization of various species such

as nitrogen, atomic oxygen, and molecular oxygen.

The response of the ionospheric plasma to solar EUV and UV variations has been ex-

tensively studied by ground- and space-based observations, as well as by numerical and

empirical modeling. These studies have shown that the ionospheric response to solar EUV

radiation variations is delayed by 1-2 days (hereafter; the days is denoted by d and the

hours by h) at the time scale of the solar rotation period of 27 d (e.g. Jakowski et al.,

1991; Afraimovich et al., 2008; Min et al., 2009; Lee et al., 2012; Jacobi et al., 2016).

However, a comprehensive analysis of the ionospheric delay and its physical mechanism

that puts this debate in perspective is largely lacking.

EUV radiation is not emitted at constant rates and varies on different time scales, includ-

ing short-term variability (minutes (flares), daily, 27 d Carrington rotation, and seasonal)

and long-term variability (11 years solar cycle). Since direct EUV measurements were

not available before the space age due to atmospheric absorption, solar proxies were of-

ten used to represent solar variability. The most commonly used proxies for ionospheric

applications are the F10.7 index, the Mg II index, and the sunspot number, which are

available at daily resolution. All proxies do not always perfectly describe solar activity

(Dudok de Wit et al., 2009), and their ability to represent the EUV depends on the wave-

length and time scale. However, a comprehensive analysis of these solar proxies is needed

to investigate the best proxy for representing solar activity through a long-term analysis
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of the ionospheric delay on different time scales with multiple solar proxies.

To understand the variability of the T-I system and accurately estimate the ionospheric

delay, analysis with higher resolution data sets is also essential. Understanding and realis-

tically estimating solar irradiance has long been an open issue, but recently EUV datasets

(either direct measurements, composite datasets, or models) have improved significantly

(e.g. Haberreiter et al., 2017). However, continuous time series of the solar EUV spec-

trum itself have been available since the launch of the NASA Thermosphere Ionosphere

Mesosphere Energetics and Dynamics (TIMED) satellite mission in 2001 (Woods et al.,

2005). Furthermore, the Solar Dynamics Observatory (SDO) EUV Variability Experiment

(EVE) provides a continuous high-resolution spectrum (Woods et al., 2010). Recently,

the ionospheric delay has been accurately estimated using high-resolution datasets and

is about 17-19 h (e.g. Schmölter et al., 2018; Schmölter et al., 2020). Therefore, a com-

prehensive analysis of the ionospheric delay at higher resolution using observations and

modeling is now possible.

The ionospheric delay is basically known by an imbalance of production and loss of elec-

trons or ions in the T-I region. The first attempt was made by Jakowski et al. (1991)

to investigate the physical mechanism of the thermospheric response to solar radiation.

To understand the underlying mechanisms of the delay of about 1-2 d observed in the

ionospheric plasma, they used a one-dimensional numerical model between 100 and 250

km altitude with simplifying assumptions such as a fixed temperature profile, restriction

to O and O2 constituents of the thermosphere, and a fixed downward flow of atomic

oxygen at the lower boundary. They proposed that the delayed density fluctuation of

atomic oxygen at 180 km altitude is about 2 d, which is due to O2 photodissociation and

transport. To investigate mechanisms of ionospheric delay, this thesis seeks to contribute

to the understanding of the delayed ionospheric response to solar EUV and UV radiation

variations using the global first-principles nonlinear time-dependent 3D physics-based nu-

merical model Coupled Thermosphere Ionosphere Plasmasphere electrodynamics (CTIPe)
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(Fuller-Rowell and Rees, 1980). Using CTIPe model simulations, this dissertation iden-

tifies the specific role of eddy diffusion. In doing so, the delayed ionospheric response is

linked to the neutral compositions based on the production and loss of electrons and ions.

The analysis provides an understanding of the major challenges related to the ionospheric

delay using GNSS observations and numerical modeling to understand the complex inter-

action between the I-T system and solar EUV radiation variations. This thesis consists of

four self-contained research articles with corresponding literature reviews. The rest of the

introduction describes the objectives and provides an overview of the research conducted.

1.2. Objectives and structure of the thesis

The main objective of this research is to investigate the delayed response of the ionosphere

to solar EUV and UV radiation variations on different time scales, specifically in the

27 d solar rotation period and 11 years solar cycle. In addition, extensive modeling is

presented to understand the physical mechanism of the ionospheric delay and to validate

the hypothesis put forward by Jakowski et al. (1991).

To approach the overall research objective, four objectives were selected:

The first paper focuses on the preliminary investigation of the ionospheric response to

solar EUV variations using observed TEC, provided by the International GNSS Service

(IGS), F10.7 index and TIMED SEE flux at daily resolution from January 2003 to

December 2016. Wavelet coherence and cross-wavelet methods were used to derive

the periodicities in GTEC and solar proxies. Preliminary results of a CTIPe model

experiment to estimate the delay at the solar rotation time scale will also be presented.

The analysis carried out in the second paper mainly aims to investigate and evaluate

the correlation between the TEC provided by the IGS and several solar EUV proxies

(F10.7, F1.8, F3.2, F8, F15, F30, He II, Mg II index, Ly-α, Ca II K, daily sunspot area
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(SSA) and sunspot number (SSN)) during the period from January 1999 to December

2017. The purpose of using multiple proxies is to estimate the respective correlation and

ionospheric lag to identify proxies that are best suited to describe the solar-ionospheric

relationship at different time scales and under different solar activities. Therefore, the

ionospheric delay at the different oscillation periods of solar irradiance is addressed to

investigate the response of the global mean TEC (GTEC) to solar variations as indicated

by different solar proxies. To understand the variability in the ionosphere, we use the

method of empirical orthogonal functions (EOFs) to classify the temporal and spatial

variability in the ionosphere.

The analysis performed in the third paper mainly focuses on investigating the more

precise estimation of the delayed ionospheric response to the EUV flux measured by the

Solar Dynamics Observatory (SDO) EUV Variability Experiment (EVE) and its trend

during 2011-2013 using the CTIPe model simulations and satellite observations with

hourly resolution. In addition, relationships with solar irradiance and delayed response

are presented over both the Northern and Southern Hemispheres. Here we analyze

the delayed response at 15◦E, covering latitudes from 70◦S to 70◦N, and compare the

response over the South African region with the European region.

The fourth paper addresses the important role of eddy diffusion processes, which can

affect the ionospheric delay by several hours, using CTIPe model simulations. In this

work, our goal is to validate the hypothesis put forward by Jakowski et al. (1991) and

explain the physical mechanisms of the ionospheric delay. To understand the role of T/I

coupling in this study, we perform model runs that modify eddy diffusion. Therefore, in

this work we focus on reproducing and investigating the ionospheric delay response and

its physical mechanism over a European site (40◦N).

Following the fourth paper, a concluding chapter discusses the findings based on the

CTIPe modeling to validate the hypothesis provided by Jakowski et al. (1991), challenges
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and shortcomings of this paper in a broader perspective. Moreover, further research is

needed to understand the ionospheric delay under different atmospheric conditions and

for developing the weather prediction models.

1.3. Model description and data

1.3.1. CTIPe model description

The CTIPe model is an advanced version of the CTIM model (Fuller-Rowell et al., 1987)

and is a global, first principle, non-linear, time-dependent, 3-D, numerical, physics-based

coupled thermosphere-ionosphere-plasmasphere model consisting of four fully coupled dis-

tinct components, namely, (a) a neutral thermosphere model (Fuller-Rowell and Rees,

1980), (b) a high-latitude ionosphere convection model (Quegan et al., 1982), (c) a mid-

and low-latitude ionosphere plasmasphere model (Millward et al., 1996), and (d) an elec-

trodynamics model (Richmond et al., 1992). The thermosphere component of the CTIPe

model solves the continuity, momentum, and energy equations to calculate the wind com-

ponents, global temperature, and composition.

The transport terms particularly specify the E × B drift and include ion-neutral in-

teractions under the effect of the magnetospheric electric field. The geographic lati-

tude/longitude resolution is 2◦/18◦. In the vertical direction, the atmosphere is divided

into 15 logarithmic pressure levels at an interval of one scale height, starting with a lower

boundary at 1 Pa (about 80 km altitude) to above 500 km altitude at pressure level 15.

The high-latitude ionosphere (poleward of geomagnetic coordinates 55◦ N/S) and the mid-

and low-latitude ionosphere and plasmasphere are implemented as separate components,

and there is an artificial boundary between these two model components. The equations

for the neutral thermosphere model are solved self-consistently with a high-latitude iono-
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sphere model (Quegan et al., 1982). The numerical solution of the composition equation

describes transport, turbulence, and diffusion of atomic oxygen, molecular oxygen, and

nitrogen (Fuller-Rowell and Rees, 1983). External inputs are needed to run the model,

such as solar UV and EUV, Weimer electric field, TIROS/NOAA auroral precipitation,

and tidal forcing from the Whole Atmosphere Model (WAM). The F10.7 index (Tapping,

1987) is used as a solar proxy for calculating ionization, heating, and oxygen dissocia-

tion processes. Within CTIPe, a reference solar spectrum based on the EUVAC model

(Richards et al., 1994) and the Woods and Rottman (2002) model, driven by variations

of input F10.7 is used. The EUVAC model is used for the wavelength range from 5 to

105 nm, and the Woods and Rottman (2002) model from 105 nm to 175 nm. Solar flux

is obtained from the reference spectra using the following equation:

f(λ) = fref (λ)[1 + A(λ)(P − 80)] (1.1)

where fref and A are the reference spectrum and a solar variability factor, and P =

0.5 × (F10.7 + F10.7A), where F10.7A is the average of F10.7 over 41 days. Detailed

information on the CTIPe model is available in Fuller-Rowell (1984); Codrescu et al.

(2008, 2012).

1.3.2. Data

In this section, the used observational data is described such as TEC, solar proxies and

geomagnetic indices. Global TEC maps are available from the International Global Nav-

igation Satellite Systems (GNSS) Service (IGS, (Hernández-Pajares et al., 2009)). We

used NASA’s 1-hourly global TEC maps, which are available in IONEX format from the

CDDIS data archive service (Noll, 2010) and have provided global coverage since 1998.

These maps are available at a spatial resolution of 2.5◦ in latitude and 5◦ in longitude.

The accuracy of the IGS TEC maps is reported to be 2-8 TECU (Chen et al., 2020).
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Several solar proxies are available, often used in previous studies to represent the level

of solar activity compared to ionospheric parameters before the space age, and due to

the unavailability of direct solar EUV measurements. However, continuous time series of

the solar EUV spectrum itself have been available since the launch of the NASA TIMED

satellite mission in 2001. Measurements of solar irradiance by the TIMED SEE instrument

have been available since January 22, 2002 (Woods et al., 2005). The SEE instrument is

designed to measure soft X-ray and EUV radiation from 0.1 to 194 nm with a resolution

and accuracy of 0.1 nm and about 10-20 %. SEE includes two instruments, the EUV

grating spectrograph and the XUV photometer system (Woods et al., 2000). Here we use

daily values of solar irradiance integrated from 1 to 105 nm wavelength. In addition, the

SDO EVE provides a continuous high-resolution spectrum with a wavelength range from

0.1 to 120 nm, a spectral resolution of 0.1 nm, and a temporal resolution of 20 s. (Woods

et al., 2010; Pesnell et al., 2011).

Furthermore, several solar proxies used in this work, namely the F10.7 index, the Bremen

composite Mg II index (IUP, 2018), the Ca II K index, the daily sunspot area (SSA),

the He II (Dudok de Wit, 2011) and the F1.8, F3.2, F8, F15, and F30 solar radio flux

emission at five wavelengths (Dudok de Wit et al., 2014; Haberreiter et al., 2017), as

well as Ly-α and sunspot number available from NASA’s Goddard Space Flight Center

via the OMNIWeb Plus database. The F10.7 index data were taken from the LISIRD

(Dewolfe et al., 2010) database, while F1.8, F3.2, F8, F15, F30, Ca II K index and daily

SSA proxies are available from the SOLID database (http://projects.pmodwrc.ch/solid/,

(Schöll et al., 2016; Haberreiter et al., 2017)). SOLID data were only available for the time

interval 1999-2012, all other data cover the entire period from 1999 to 2017. We also used

daily Kp, Dst, and Ap indices taken from the OMNIWeb Plus database to investigate the

relationship between GTEC and geomagnetic activity.
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response: preliminary results

In this chapter, we present the preliminary results of the delayed response of the ionosphere

to solar EUV variations, using different proxies based on solar EUV spectra observed by

the SEE on board the TIMED satellite, the F10.7 index and the Bremen composite Mg-

II index during the period from January 2003 to December 2016. The main objective

is to calculate the cross-correlation and ionospheric delay between the ionospheric TEC

and solar EUV parameters. Wavelet coherence and cross-wavelet methods were used to

derive the periodicities in GTEC and solar proxies. Preliminary results of a CTIPe model

experiment to estimate the delay on the solar rotation time scale are also presented.

Our main contributions to scientific understanding of ionospheric delay:

• In this study, the strong correlation between GTEC and solar proxies (SEE-EUV

integrated flux and the Mg II index) was observed at the 27 d solar rotation period,

while F10.7 is less correlated with GTEC.

• We observed an ionospheric delay at the 27 d solar rotation period with the time

scale of 1-2 d between GTEC and all solar proxies considered, confirming previous

results in the literature.

• The model qualitatively reproduces the observed ionospheric delay of about 1-2 d

in GTEC with respect to the F10.7 index.

• Transport processes could play an important role in the delay.

This analysis is subject to a few limitations. In this paper daily resolution datasets

were used to calculate the cross-correlation and lag. Second, the CTIPe model was

run for 27 d and the input index F10.7 was artificially varied while keeping all other

conditions constant. This work shows that the CTIPe model is capable of reproducing
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the ionospheric delay with daily resolution. Therefore, the work motivates future research

to understand the physical mechanism of ionospheric delay.

This paper, Vaishnav et al., (2018) advocates model capabilities to reproduce iono-

spheric delay and the possible mechanism of ionospheric delay in TEC.

Research paper

Vaishnav et al., (2018): Vaishnav, R., Jacobi, C., Berdermann, J., Schmölter, E., and

Codrescu, M. (2018). Ionospheric response to solar EUV variations: Preliminary results,

Advances in Radio Science, 16, 157–165, https://doi.org/10.5194/ars-16-157-2018.

Author contributions statement

The doctoral student performed the following tasks independently for this paper: Con-

ceptualizing the approach, analyzing the data, compiling and creating graphs, perform

CTIPe model run, interpretation and conclusion, and writing the first draft of the paper.



Adv. Radio Sci., 16, 157–165, 2018
https://doi.org/10.5194/ars-16-157-2018
© Author(s) 2018. This work is distributed under
the Creative Commons Attribution 4.0 License.

Ionospheric response to solar EUV variations: Preliminary results
Rajesh Vaishnav1, Christoph Jacobi1, Jens Berdermann2, Erik Schmölter2, and Mihail Codrescu3

1Leipzig Institute for Meteorology, Universität Leipzig, Stephanstr. 3, 04103 Leipzig, Germany
2German Aerospace Center, Kalkhorstweg 53, 17235 Neustrelitz, Germany
3Space Weather Prediction Centre, National Oceanic and Atmospheric Administration, Boulder, Colorado, USA

Correspondence: Rajesh Vaishnav (rajesh_ishwardas.vaishnav@uni-leipzig.de)

Received: 26 January 2018 – Revised: 16 May 2018 – Accepted: 19 July 2018 – Published: 4 September 2018

Abstract. We investigate the ionospheric response to solar
Extreme Ultraviolet (EUV) variations using different prox-
ies, based on solar EUV spectra observed from the Solar
Extreme Ultraviolet Experiment (SEE) onboard the Ther-
mosphere Ionosphere Mesosphere Energetics and Dynam-
ics (TIMED) satellite, the F10.7 index (solar irradiance at
10.7 cm), and the Bremen composite Mg-II index during Jan-
uary 2003 to December 2016. The daily mean solar prox-
ies are compared with global mean Total Electron Content
(GTEC) values calculated from global IGS TEC maps. The
preliminary analysis shows a significant correlation between
GTEC and both the integrated flux from SEE and the Mg II
index, while F10.7 correlates less strongly with GTEC. The
correlations of EUV proxies and GTEC at different time pe-
riods are presented. An ionospheric delay in GTEC is ob-
served at the 27 days solar rotation period with the time
scale of about ∼ 1–2 days. An experiment with the physics
based global 3-D Coupled Thermosphere/Ionosphere Plas-
masphere electrodynamics (CTIPe) numerical model was
performed to reproduce the ionospheric delay. Model simula-
tions were performed for different values of the F10.7 index
while keeping all the other model inputs constant. Prelimi-
nary results qualitatively reproduce the observed ∼ 1–2 days
delay in GTEC, which is might be due to vertical transport
processes.

1 Introduction

The ionospheric E and F regions are important layers of the
Earth’s atmosphere (above ∼ 60 km), which are created due
to ionization of various species like nitrogen, atomic oxy-
gen, and molecular oxygen. The ionosphere is built through
absorbing solar extreme ultraviolet (EUV) radiation and soft

X-rays mainly at wavelengths below 105 nm. The EUV ra-
diation is not emitted at constant rates and varies at dif-
ferent timescales, including short-term variability (minutes
(flares), daily, 27 days Carrington rotation, and seasonal)
and long term variability (11 years solar cycle). The long
term variability is expected to be greater than the short term
variability (Woods and Rottman, 2002). For instance, the
He II EUV emission line can change by a factor of 2 dur-
ing the 11 years solar cycle and ∼ 50 % during the 27 days
rotation period, and the variation in EUV can be 30 % at
∼ 100 nm and 100 % at ∼ 10 nm during the solar rotation
period (e.g. Lean et al., 2001, 2011). During solar flares,
the X-rays and the solar EUV regions may be enhanced by
more than a factor of 50 and less than a factor of 2, respec-
tively (Woods and Eparvier, 2006). Short-term solar vari-
ability is part of space weather, so that ionospheric param-
eters like the Total Electron Content (TEC) and the iono-
spheric height (McNamara and Smith, 1982) are influenced
by space weather. TEC is the vertically integrated electron
density of the ionosphere which is usually given in TEC units
(1 TECU= 1016electrons m−2). The ionospheric variability
due to changes in solar activity has been studied extensively
by various researchers (e.g., Jakowski et al., 1991; Rishbeth,
1993; Su et al., 1999; Forbes et al., 2000; Liu et al., 2006;
Afraimovich et al., 2008; Lee et al., 2012; Jacobi et al., 2016,
and references therein). Such studies are of great importance
for improving our understanding of the solar influence on ra-
dio communication and navigation systems like Global Nav-
igation Satellite Systems (GNSS). Radio waves are refracted
by the ionosphere, which in turn is affected by the solar ac-
tivity.

Due to unavailability of direct EUV measurements be-
fore the space age, the variation in TEC is frequently
compared against solar proxies, with the most common
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one being the F10.7 index, which is the irradiance at a
wavelength of 10.7 cm, usually given in solar flux units
(sfu, 10−22 W m−2 Hz−1) (Tapping, 1987; Rishbeth, 1993;
Maruyama, 2010). Other indices are the Bremen compos-
ite MG-II index (the core to wing ratio of the MG-II line)
(Maruyama, 2010), or EUV-TEC which have been intro-
duced by Unglaub et al. (2011) to name only a few. The long-
term and short-term relation between EUV and different so-
lar proxies (F10.7 index, Mg-II index, Sunspot number) has
been reported in previous studies (Dudok de Wit et al., 2009;
Chen et al., 2012; Wintoft, 2011). In comparison to the short
term variability, the long-term variations of EUV radiation
are better represented by the solar proxies (Chen et al., 2012).
All the proxies not always perfectly describe the solar activ-
ity (Dudok de Wit et al., 2009), and their capability in repro-
ducing EUV depends on wavelength and time scale. Chen et
al. (2011) suggested that the F10.7 index is not able to pro-
duce the solar activity level during the minima of solar cycle
23, and Chen et al. (2012) showed that the MG-II index is a
better representative of SOHO EUV in the wavelength range
26–34 nm than the F10.7 index. On the other hand, good cor-
relation has been observed between ionospheric parameters
and F10.7 index during Autumn–Winter of the years 2003 to
2005 (Oinats et al., 2008).

In recent years, direct solar EUV flux measurements are
available from various satellites such as the Solar EUV
Experiment (SEE) onboard the Thermosphere Ionosphere
Mesosphere Energetics and Dynamics (TIMED) satellite
(Woods et al., 2000, 2005), and the Extreme Ultraviolet Vari-
ability Experiment (EVE) onboard the Solar Dynamics Ob-
servatory (SDO) (Woods et al., 2012; Pesnell et al., 2012).
However, due to degradation of EUV measuring instruments
solar proxies may be more suitable (BenMoussa et al., 2013),
or repeated calibration is necessary. The availability of the
direct EUV measurements provide an opportunity for com-
paring EUV with different solar proxies (e.g., Jacobi et al.,
2016).

Various researchers had observed a delayed response of
∼ 1–2 days in TEC or global mean TEC (GTEC) with re-
spect to solar activity changes (e.g. Jakowski et al., 1991;
Oinats et al., 2008; Afraimovich et al., 2008; Min et al., 2009;
Lee et al., 2012; Jacobi et al., 2016). Hocke (2008) showed
the 11 years, 1 year, and 27 days oscillations of GTEC and
the Mg-II index with a high correlation coefficient. Lee et
al. (2012) studied the correlation and time lag at the 27 days
solar rotation period using GPS TEC and in situ electron den-
sity measurements from the CHAMP and GRACE satellites.
They found a 1-day difference of the time delay in the north-
ern and southern hemisphere. Jakowski et al. (1991) used a
1-D numerical model to explain the delay of∼ 1–2 days. The
study concluded that the delay might be due to slow diffusion
of atomic oxygen at 180 km, which was produced due to dis-
sociation of molecular oxygen in the lower altitude.

In recent years numerical, empirical, and physics-based
thermosphere/ionosphere models have been developed to

characterize ionospheric dynamics. Among them are the
Coupled Thermosphere Ionosphere Plasmasphere Electrody-
namics (CTIPe, Fuller-Rowell and Rees, 1983; Millward et
al., 2001; Codrescu et al., 2012), the International Reference
Ionosphere (IRI, Rawer et al., 1978; Bilitza et al., 2011) and
Thermosphere-Ionosphere-Electrodynamics General Circu-
lation Model (TIE-GCM, Roble et al., 1988). These mod-
els play an important role in upper atmospheric studies (e.g.,
Negrea et al., 2012; Fedrizzi et al., 2012). To simulate so-
lar variability, models are frequently driven by proxies like
F10.7 index or the Mg-II index. The F10.7 index is the most
widely used index in upper atmosphere research to repre-
sent the solar variability due to the availability of continu-
ous measurements since 1947 (Woods et al., 2005). The so-
lar EUV variability can be better represented by the improved
F10.7 index using 81 days running mean (e.g., Viereck et al.,
2001; Liu et al., 2006). The CTIPe model uses a modified
F10.7 index, which is the average of the previous day value
of the F10.7 index and the average of the previous 41 days
(Codrescu et al., 2012). Fitzmaurice et al. (2017) used the
CTIPe model to understand the influence of solar activity on
the ionosphere/thermosphere during the geomagnetic storm.
They reported that solar activity has the greatest effect on
model simulated TEC.

The main aim of the present study is to find out the corre-
lation and time delay between GTEC and solar proxies based
on data from January 2003 to December 2016. To derive the
periodicities in GTEC and solar proxies, the wavelet coher-
ence and cross-wavelet method have been utilized. Prelim-
inary results of a CTIPe model experiment to estimate the
delay at the solar rotation time scale will also be presented.

2 Data and model description

2.1 Data sources

In this work, we use daily global TEC maps from the Interna-
tional GNSS Service (IGS, Hernandez-Pajares et al., 2009)
provided by NASA’s CDDIS (Noll, 2010) data archive ser-
vice (CDDIS, 2017). Gridded global TEC data is available
at a time resolution of 2 h and on a spatial grid of 2.5◦× 5◦

in latitude-longitude. For the analysis of the correlation be-
tween solar proxies and GTEC, we have selected three com-
monly used solar proxies, namely daily values of the F10.7
index, the Bremen composite Mg-II index, and the inte-
grated EUV flux from the TIMED/SEE satellite. The F10.7
index and TIMED/SEE measurements are taken from the
LISIRD (DeWolfe et al., 2010) database. The NASA TIMED
satellite was launched in 2001 and carried four instruments
(GUVI, SABER, SEE and TIDI). Solar irradiance measure-
ments from the TIMED/SEE instrument are available since
22 January 2002 (Woods et al., 2005). The SEE instrument is
designed to measure the soft X-rays and EUV radiation from
0.1 to 194 nm with the resolution and accuracy of 0.1 nm and
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∼ 10–20 %, respectively. SEE includes two instruments, the
EUV grating spectrograph and the XUV photometer system
(Woods et al., 2000). We have used the daily integrated value
of solar irradiance from 5.5 to 105.5 nm wavelength.

2.2 CTIPe model description

The CTIPe model is a global, 3-D, time-dependent, physics-
based numerical model. It consists of four components,
namely (a) a neutral thermosphere model (Fuller-Rowell and
Rees, 1980), (b) a mid- and high-latitude ionosphere convec-
tion model (Quegan et al., 1982), (c) a plasmasphere and low
latitude ionosphere model (Millward et al., 1996), and (d)
an electrodynamics model (Richmond et al., 1992), which
run simultaneously and are fully coupled. The thermosphere
model is solving the equation of momentum, continuity, and
energy to calculate global temperature, density, wind com-
ponents, and atmospheric neutral composition. The parame-
ters calculated from the thermosphere code are used to cal-
culate production, loss, and transport of plasma. The trans-
port terms consider ExB drift and interactions of ionised and
neutral particles under the influence of the magnetospheric
electric field (Codrescu et al., 2012). In the high latitude
model, the atomic ions of O+ and H+ are calculated by solv-
ing the momentum, energy, and continuity equations, and the
model includes vertical diffusion, horizontal transport, ion-
ion, and ion neutral processes in the height range of 100
to 10 000 km. The contribution from N2+, O2+, NO+ and
N+ are additionally added below 400 km. The mid and low
latitude ionosphere model is also calculating H+, O+ ions,
and electrons as does the high latitude model. The numeri-
cal solution of the composition equation with the energy and
momentum equations describe the transport, turbulence, and
diffusion of atomic oxygen, molecular oxygen and nitrogen
(Fuller-Rowell and Rees, 1983). The latitude/longitude res-
olution is 2◦/18◦. In the vertical direction, the atmosphere is
divided into 15 levels in logarithmic pressure starting from
a lower boundary at 1 Pa to ∼ 500 km altitude at an inter-
val of one scale height. The corresponding geometric heights
are variable depending on temperature and therefore on the
solar and magnetic activity. External inputs are required to
drive the model like solar UV and EUV, Weimer electric
field, TIROS/NOAA auroral precipitation, and tidal forcing.
The F10.7 index is used in an artificial manner as input so-
lar proxy to calculate ionization, heating, and oxygen disso-
ciation processes in the ionosphere. For the simulation, the
Hinteregger et al. (1981) reference solar spectrum driven by
variations of input F10.7 is used in the model. More descrip-
tion of CTIPe is available in Codrescu et al. (2008, 2012).

3 Results and discussion

3.1 Correlation between TEC and solar EUV proxies

To study the long-term variations in GTEC and EUV prox-
ies, datasets from 2003 to 2016 have been used. Figure 1
shows the normalized time series of GTEC, SEE EUV flux,
the F10.7 index, and the MG-II index. All data has been nor-
malized by subtracting the mean and dividing by the respec-
tive standard deviation. The data represent the decreasing and
increasing parts of solar cycle 23 and 24, respectively. As the
solar radiation plays a major role in the electron production,
the correlation of GTEC with solar EUV or EUV proxies
must be significant and is also correlated at the 27 days solar
rotation period. Figure 2 shows the cross correlation between
GTEC and (a) TIMED/SEE integrated EUV flux (left panel),
and (b) F10.7 index (right panel) from 1 January 2003 to 31
December 2016. Since we do not consider the seasonal cycle
here, a low-pass filter with a cut off period of three months
was applied to the data before.

Figure 2 shows a strong correlation between normalized
GTEC and integrated EUV flux (black) with a maximum
correlation coefficient of 0.90 and shows a weaker correla-
tion with the F10.7 index (red) with a maximum correla-
tion coefficient of 0.84. Also, we have analyzed the corre-
lation between GTEC and Mg-II index which shows a good
correlation with a correlation coefficient of 0.89 (figure not
shown). Jacobi et al. (2016) analyzed GTEC and SDO/EVE
integrated EUV flux data from 2011 to 2014 and they also
found a good correlation of about 0.89. Unglaub et al. (2011,
2012) have shown that the GTEC is more strongly correlated
with the EUV-TEC proxy than with the F10.7 index. Figure 2
shows a delay of ∼ 1–2 days in GTEC with respect to both
SEE flux and F10.7 index, which confirms earlier analyses
e.g. by Jacobi et al. (2016).

3.2 Wavelet analysis

In order to investigate the oscillations in the time series of
GTEC and all EUV proxies in more detail, the continu-
ous wavelet transform (CWT) method has been applied. The
cross wavelet transform is constructed using 2 CWTs, which
shows common high energies of the two time series and rel-
ative phase (Grinsted et al., 2004). We have used a Morlet
mother wavelet. Furthermore, the wavelet coherence method
is used to calculate significant coherence using Monte Carlo
methods (Grinsted et al., 2004). Wavelet coherence can be
calculated using 2 CWTs which shows the local correlation
between the time series. All data has been normalized by sub-
tracting the mean and dividing by the respective standard de-
viation.

The cross wavelet spectra between GTEC and both SEE–
EUV flux and F10.7 index are shown in Fig. 3a and b, re-
spectively.
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Figure 1. Temporal variations of normalized datasets of GTEC (blue), SEE-EUV flux (black), F10.7 index (red), and Mg-II index (magenta)
during year 2003 to 2016. The curves are vertically offset each by 2.

Figure 2. Cross-correlation of GTEC with SEE-EUV flux (black)
and F10.7 index (red). Positive values denote GTEC lagging SEE-
EUV or F10.7, respectively.

GTEC shows common high power with SEE-EUV flux
and F10.7 at scales of 16–32 days during 2003 to 2005 and
during 2009 to 2016. During those times when the coherence
is significant, GTEC is in phase with SEE-EUV and F10.7.
Much less power at the 27 days periodicity is observed from
2007 to 2009, which is the extended part of solar cycle 23.

The magnitude squared coherence of GTEC with SEE-
EUV flux and the F10.7 index is shown in Fig. 3c and d,
respectively. The coherence spectrum shows the time and pe-
riod range where the two time series co-vary. As shown in
both figures, a high correlation is observed at the 27 days pe-
riodicity. The magnitude squared coherence between GTEC
and SEE flux is very high at 27 days periodicity, while GTEC
and F10.7 behave less coherent. In comparison to the cross
wavelet in Fig. 3a, b, wavelet coherence shows larger signif-
icant regions in Fig. 3c, d.

3.3 Variation in TEC using varying F10.7 values in
CTIPe model

The CTIPe model has been used to simulate the ionospheric
variability and to estimate the ionospheric delay due to solar
variability. The model was run for 15 March 2013 conditions
(Kp index= 3) and simulates TEC by varying the F10.7 in-
dex values in an artificial manner as input, keeping all the
other input parameters constant. The input lower boundary
in the CTIPe model is specified by the output of the Whole
Atmospheric Model (WAM) (Akmaev, 2011). For the exper-
iment, the model was first run for 30 days with constant input
to reach a diurnally reproducible global temperature pattern,
and then F10.7 was modified. Figure 4a shows the chosen
F10.7 index values as input for the model, which vary from
80 to 120 sfu during one complete solar rotation period.

Figure 4b shows the zonal mean TEC simulated by the
CTIPe model. The global TEC distribution qualitatively re-
produces real ionospheric conditions, e.g. enhanced electron
density near the equator due to the fountain effect (Apple-
ton, 1946; Hanson and Moffett, 1966; Sterling et al., 1969).
TEC varies according to the F10.7 index, but with a delay
which can be seen by comparing the TEC maximum with
the one of F10.7 in Fig. 4a. Figure 4c shows global mean
values for the F10.7 index and the CTIPe TEC, both nor-
malized by subtracting the mean and dividing by the respec-
tive standard deviation. A delay of about 1–2 days is ob-
served. Figure 4d shows the cross-correlation and thus the
delay between the input F10.7 index and TEC simulated by
the CTIPe model. The delay introduced here may be due to
vertical transport processes or slow diffusion of atomic oxy-
gen, which has been suggested by Jakowski et al. (1991)
as a possible process for the ionospheric delay. In order to
understand the possible delay mechanism in the GTEC, the
normalized modelled global mean atomic oxygen ion den-
sity (GAOID) is shown in Fig. 5 (upper row) for different
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Figure 3. (a, b): cross-wavelet transform of the GTEC with (a) SEE-EUV flux and (b) F10.7 index. (c, d): wavelet coherence of the GTEC
with (c) SEE-EUV flux and (d) F10.7 index. The cone of influence is shown by a black line. Significant values are surrounded by a black
line. The arrows show the phase relationship: in-phase pointing right, anti-phase pointing left, while downward direction means that GTEC
is leading.

Figure 4. (a) input F10.7 index values for CTIPe model simulation, (b) simulated zonal mean TEC, (c) normalized data of F10.7 index and
modelled GTEC, and (d) cross-correlation between F10.7 index and modelled GTEC.
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Figure 5. (a, b, c): Normalized modelled GAOID and input F10.7 data at three different pressure levels. (d, e, f): Corresponding cross-
correlations between F10.7 and modelled GAOID.

altitudes. The corresponding cross correlations between the
F10.7 index and GAOID are shown in the lower panel. It
is interesting to note that at pressure 1.9× 10−2 Pascal in
Fig. 5d there is only a small delay in GAOID with respect to
F10.7, but Fig. 5b, e and c, f show a larger delay of ∼ 1 day
at greater altitudes. This preliminary analysis indicates that
vertical transport processes might play a role in the delay.

4 Summary and Conclusions

To contribute to the understanding of the long-term iono-
spheric behaviour with respect to solar EUV variations we
have analyzed data from 1 January 2003 to 31 December
2016. In this study, the strong correlation between GTEC
and solar proxies has been observed at the 27 days solar rota-
tion period. There is a particularly strong correlation between
GTEC and integrated SEE-EUV flux and the Mg II index,
while F10.7 correlates less strongly with TEC. We have also
observed an ionospheric delay at the 27 days solar rotation
period with the time scale of 1–2 days between GTEC and
all the solar proxies considered, thereby confirming earlier
results in the literature.

To gain more insight into the possible reasons for the de-
lay, we have run the CTIPe model for 27 days and varied
the input F10.7 index artificially while keeping all the other
conditions constant. Preliminary results show that the model
qualitatively reproduces the observed ionospheric delay of
∼ 1–2 days in GTEC with respect to the F10.7 index. An at-
tempt has been made to understand the delay process using

GAOID simulated by the CTIPe. The cross correlation anal-
ysis between the GAOID and the F10.7 indicates small delay
at the lower pressure level and longer delay in higher pressure
levels, which suggests that transport processes might play a
role in the delay.

To conclude, in this first approach we have found that
the CTIPe model is able to reproduce the observed iono-
spheric delay. The results, however, are only preliminary. In
further studies with more realistic EUV changes, we will
also analyse photodissociation and ionization processes of
atomic oxygen, molecular oxygen, and molecular nitrogen in
more detail to check the validity of the results by Jakowski et
al. (1991). Furthermore, we will investigate the delay in the
different ionospheric parameters on different timescales by
varying various model components (dissociation, ionization)
thereby investigating the physical processes responsible for
the delay.

Data availability. IGS TEC data has been provided via
NASA through ftp://cddis.gsfc.nasa.gov/gnss/products/ionex/
(CDDIS, 2017). Daily F10.7 index and TIMED/SEE
version 3A spectra have been provided by LASP
at http://lasp.colorado.edu/lisird/noaa_radio_flux and
http://lasp.colorado.edu/lisird/data/timed_see_ssi_l3a (LASP,
2017), respectively. Mg-II index has been provided by IUP at
http://www.iup.uni-bremen.de/UVSAT/Datasets/mgii (IUP, 2017).
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3 Paper 2: Long term trends of

ionospheric response to solar EUV

variations

In this paper, the relation between GTEC and different solar EUV proxies during the

period from January 1999 to December 2017 is investigated and evaluated. The purpose

of using different proxies (F10.7, F1.8, F3.2, F8, F15, F30, He II, Mg II index, Ly-α,

Ca II K, daily SSA, and SSN) is to estimate the respective correlation and ionospheric

lag in order to identify proxies best suited to describe the solar-ionosphere relationship

on different time scales and under different solar activity conditions. Cross-wavelet and

Lomb-Scargle-periodogram (LSP) analyzes are used to evaluate the different solar proxies

in terms of their relation with the GTEC, which is important for improved ionospheric

modeling and prediction. Therefore, the ionospheric delay at the different solar irradiance

oscillation periods is addressed to investigate the response of the GTEC to solar variations

as indicated by different solar proxies. To understand the variability in the ionosphere,

we use the empirical orthogonal functions (EOFs) method to classify the temporal and

spatial variability in the ionosphere.

This paper has discussed long-term ionospheric changes due to solar EUV and UV, which

is important for improved ionospheric modeling and prediction. Our main findings are:

• The cross-wavelet analysis represents the period from 16 to 32 d in all solar proxies

and GTEC.

• The maximum correlation with GTEC is observed between the He II index, Mg II

index, and F30 in the period range from 16 to 32 d along with a time lag of about

1 day.

• Wavelet variance estimation shows that GTEC variance is high in the interval of
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64 to 128 d followed by 16 to 32 d, while F10.7 index shows high variance in the

interval of 16 to 32 d.

• The most suitable proxy to represent the solar activity on the time scales of 16 to

32 and 32 to 64 d during low, medium, and high solar activity is He II.

• The Mg II index, Ly-α, and F30 can be placed second, as these indices show a

strong correlation with GTEC, but with some differences between solar maximum

and minimum.

• The F1.8 and the daily SSA poorly represent the influence of solar activity on TEC.

• The first EOF component captures more than 86 % of the variability, and the first

three EOF components explain 99 % of the variance. EOF analysis suggests that the

first component is associated with solar flux and the third EOF component captures

geomagnetic activity as well as the remaining part of EOF1. EOF2 captures 11 %

of the total variability and shows hemispheric asymmetry.

• The spatial and temporal distribution of the cross-correlation was estimated using

the Mg II index. The results show significant temporal and spatial variations.A

stronger correlation is observed near the equatorial region, with a time lag of about

1-2 d. The correlation is more pronounced in the equatorial region. The magne-

tospheric inputs probably affect both the high and low latitude regions, but with

different sign.

The analysis compares the solar proxies for representing solar activity on different time

scales and suggests the best solar proxy based on correlation and delay. Therefore, an

in-depth analysis on different time scales is required to find out the best solar proxy for

representing solar activity in T-I model.

This paper, Vaishnav et al., 2019 is committed to finding the best solar proxy to

represent solar activity on different time scales with respect to GTEC.
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Abstract. The thermosphere–ionosphere system shows high
complexity due to its interaction with the continuously vary-
ing solar radiation flux. We investigate the temporal and
spatial response of the ionosphere to solar activity using
18 years (1999–2017) of total electron content (TEC) maps
provided by the international global navigation satellite sys-
tems service and 12 solar proxies (F10.7, F1.8, F3.2, F8,
F15, F30, He II, Mg II index, Ly-α, Ca II K, daily sunspot
area (SSA), and sunspot number (SSN)). Cross-wavelet and
Lomb–Scargle periodogram (LSP) analyses are used to eval-
uate the different solar proxies with respect to their impact
on the global mean TEC (GTEC), which is important for im-
proved ionosphere modeling and forecasts. A 16 to 32 d peri-
odicity in all the solar proxies and GTEC has been identified.
The maximum correlation at this timescale is observed be-
tween the He II, Mg II, and F30 indices and GTEC, with an
effective time delay of about 1 d. The LSP analysis shows
that the most dominant period is 27 d, which is owing to
the mean solar rotation, followed by a 45 d periodicity. In
addition, a semi-annual and an annual variation were ob-
served in GTEC, with the strongest correlation near the equa-
torial region where a time delay of about 1–2 d exists. The
wavelet variance estimation method is used to find the vari-
ance of GTEC and F10.7 during the maxima of the solar cy-
cles SC 23 and SC 24. Wavelet variance estimation suggests
that the GTEC variance is highest for the seasonal timescale
(32 to 64 d period) followed by the 16 to 32 d period, similar
to the F10.7 index. The variance during SC 23 is larger than
during SC 24. The most suitable proxy to represent solar ac-
tivity at the timescales of 16 to 32 d and 32 to 64 d is He II.
The Mg II index, Ly-α, and F30 may be placed second as
these indices show the strongest correlation with GTEC, but

there are some differences in correlation during solar maxi-
mum and minimum years, as the behavior of proxies is not al-
ways the same. The indices F1.8 and daily SSA are of limited
use to represent the solar impact on GTEC. The empirical
orthogonal function (EOF) analysis of the TEC data shows
that the first EOF component captures more than 86 % of the
variance, and the first three EOF components explain 99 % of
the total variance. EOF analysis suggests that the first com-
ponent is associated with the solar flux and the third EOF
component captures the geomagnetic activity as well as the
remaining part of EOF1. The EOF2 captures 11 % of the total
variability and demonstrates the hemispheric asymmetry.

1 Introduction

The interaction of solar radiation with the ionosphere is com-
plicated due to several mechanisms with the potential to
modulate the thermosphere–ionosphere (T-I) system at dif-
ferent timescales ranging from the 11-year solar cycle down
to minutes (e.g., Liu et al., 2003; Afraimovich et al., 2008;
Liu and Chen, 2009; Chen et al., 2012). The ionosphere
plasma response to solar EUV and UV variations has been
widely studied using ground- and space-based observations
(e.g., Jakowski et al., 1991; Jacobi et al., 2016; Schmölter
et al., 2018; Jakowski et al., 1999), as well as by numeri-
cal and empirical modeling (e.g., Ren et al., 2018; Vaishnav
et al., 2018a, b). These studies have shown that the response
of the ionosphere to solar EUV radiation variations is delayed
by 1–2 d at the 27 d solar rotation period (e.g., Jakowski et al.,
1991; Afraimovich et al., 2008; Jakowski et al., 2002; Min
et al., 2009; Jacobi et al., 2016; Lee et al., 2012).

Published by Copernicus Publications on behalf of the European Geosciences Union.
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To understand the underlying mechanisms of the delay
observed in the ionospheric plasma, Jakowski et al. (1991)
used a one-dimensional numerical model to explain the iono-
spheric delay of about 1–2 d. They concluded that the iono-
spheric delay could be attributed to the delayed atomic oxy-
gen density variation at 180 km height produced via O2 pho-
todissociation. Ren et al. (2018) performed multiple numer-
ical experiments using the Thermosphere–Ionosphere Elec-
trodynamics General Circulation Model (TIE-GCM) to in-
vestigate the potential physical mechanisms responsible for
the ionospheric delay. Their simulation results revealed that
photochemical, dynamic, and electrodynamic processes, as
well as the geomagnetic activity, can be associated with the
ionosphere response time. Vaishnav et al. (2018b) performed
CTIPe model simulations to explore the dominant mecha-
nisms and suggested that transport might be the leading pro-
cess responsible for the ionospheric delay.

Apart from solar radiation, the T-I system is also influ-
enced by different external forces, which include lower at-
mosphere forcing, particle precipitation, geomagnetic, and
solar wind conditions (e.g., Min et al., 2009; Jakowski et al.,
1999). As a result, the ionospheric plasma behavior is con-
tinuously varying depending particularly on the solar activity
conditions. Lean et al. (2016) constructed a statistical model
and characterized the spatial patterns of the ionospheric be-
havior at different timescales arising from the solar and geo-
magnetic conditions and showing annual and seasonal oscil-
lations. Medium-term and long-term ionospheric variability,
ionospheric storm time response, solar activity, and geomag-
netic response were discussed by Kutiev et al. (2013).

The mean solar rotation period is approximately 27 d, and
therefore similar periodic variations are expected in the iono-
spheric parameters, such as total electron content (TEC, mea-
sured in TECU: 1 TEC unit= 1016 electrons m−2), NmF2,
etc. (e.g., Min et al., 2009). Hocke (2008) studied oscilla-
tions in the global mean TEC (GTEC) and solar EUV (Mg II
index) and reported dominant periodicity at the timescale of
the solar rotation and the annual, semi-annual, and solar cy-
cles. These oscillations observed in GTEC could be related
to the ionizing radiation changes. Kutiev et al. (2012) studied
the middle- and low-latitude ionospheric response to solar
activity. They suggested that the 27 d periodicity is the main
dominant oscillation during the study period.

In order to understand the variability of the T-I system, the
knowledge of solar EUV variations is essential. Since direct
EUV measurements before the space age were not available
due to atmospheric absorption, solar proxies have been fre-
quently used to represent solar variability. The most widely
used proxies for ionospheric applications are the F10.7 in-
dex (solar radio flux at 10.7 cm, measured in solar flux units,
sfu; see Tapping, 1987, Maruyama, 2010), the Mg II index
(the core-to-wing ratio of the Magnesium K line; Maruyama,
2010), and indices based on direct EUV measurements (e.g.,
Schmidtke, 1976; Unglaub et al., 2011; Jacobi et al., 2016)
such as the Solar EUV Experiment (SEE, Woods et al., 2000)

onboard the Thermosphere Ionosphere Mesosphere Energet-
ics and Dynamics (TIMED) satellite. Using the latter poses
the potential problem of satellite degradation (BenMoussa
et al., 2013; Schmidtke et al., 2015), which may be over-
come by repeated calibration or in-flight calibration as was
applied during the SolACES experiment on board the ISS
(Schmidtke et al., 2014, 2015). The understanding and realis-
tic estimation of solar irradiance have been an open issue for
long times, but in recent times the EUV datasets (either direct
measurements, composite datasets, or models) have consid-
erably improved (e.g., Haberreiter et al., 2017).

This paper investigates and evaluates the correlation be-
tween GTEC and different solar EUV proxies in the time
period January 1999 to December 2017. The purpose of uti-
lizing several proxies is to estimate the respective correlation
and the ionospheric delay to identify proxies which are most
suitable for describing the solar–ionosphere relationship at
different timescales and under different solar activity condi-
tions. Therefore, the ionospheric delay at the different oscil-
lation periods of solar irradiance is addressed to investigate
GTEC response to solar variations as indicated by various so-
lar proxies. To understand the variability in the ionosphere,
we use the method of empirical orthogonal functions (EOFs)
in order to classify the temporal and spatial variability in the
ionosphere.

2 Datasets

Global TEC maps for the period 1999 to 2017 are available
from the International Global Navigation Satellite Systems
(GNSS) Service (IGS, Hernández-Pajares et al., 2009). We
used NASA’s 2-hourly global TEC maps, which are avail-
able in IONEX format from the CDDIS (ftp://cddis.gsfc.
nasa.gov/gnss/products/ionex/, last access: 15 August 2018;
Noll, 2010) data archive service (CDDIS, 2018). These maps
are available at a spatial resolution of 2.5◦ in latitude and 5◦

in longitude. We selected 12 solar proxies for GTEC corre-
lation analysis, namely the F10.7 index; the Bremen com-
posite Mg II index (IUP, 2018); the Ca II K index; the daily
sunspot area (SSA); the He II (Dudok de Wit, 2011); and
the F1.8, F3.2, F8, F15, and F30 solar radio flux emission
at five wavelengths (Dudok de Wit et al., 2014; Haberreiter
et al., 2017) as well as Ly-α and SSN (sunspot number, Wolf,
1856) indices, which are available from NASA’s Goddard
Space Flight Center through the OMNIWeb Plus database
(http://omniweb.gsfc.nasa.gov/, last access: 15 August 2018;
King and Papitashvili, 2005). The F10.7 index data were
taken from the LISIRD (Dewolfe et al., 2010) database,
whereas F1.8, F3.2, F8, F15, F30, Ca II K index and daily
SSA proxies are available from the SOLID database (http:
//projects.pmodwrc.ch/solid/, last access: 15 August 2018;
Schöll et al., 2016; Haberreiter et al., 2017). SOLID data
were only available for the time interval 1999–2012 and all
other data cover the full period from 1999 to 2017. The daily
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TEC and GTEC values were calculated from the gridded 2-
hourly TEC maps to obtain a time resolution corresponding
to those of the solar proxies. Further, to investigate the rela-
tion between GTEC and geomagnetic activity, we have used
daily Kp, Dst, and Ap indices, which were taken from the
OMNIWeb Plus database. To calculate the cross-correlation
between solar proxies and GTEC, we used the wavelet cross-
correlation analysis, cross-correlation sequence, and Pearson
cross-correlation method.

3 Results and discussion

3.1 Long-term variations of TEC and EUV flux

In the following, we analyze the long-term variations of
GTEC and EUV flux for the period 1999 to 2017, which par-
tially covers the solar cycles (SCs) 23 and 24. The temporal
variation of the zonal mean TEC is shown in Fig. 1a.

In SC 23, the TEC values at low latitudes reach up
to 80 TECU, while during SC 24 TEC was considerably
smaller, which confirms that the zonal mean TEC behavior is
strongly dependent on the solar activity, as the solar activity
was very low during SC 24 compared to SC 23. The amount
of free electrons in the ionosphere mainly depends on the
photoionization of atomic and molecular neutrals due to so-
lar EUV radiation along with the recombination at different
heights and solar zenith angles. The lowest TEC values are
observed in the years 2008 and 2009 during the extended so-
lar minimum of SC 23 (Nikutowski et al., 2011). From the
zonal mean plot (Fig. 1a), temporal variations are visible,
which result from annual and semi-annual variations in the
ionosphere. Figure 1b shows the normalized time series of
GTEC and 12 solar proxies for the available data in the ana-
lyzed time period 1999–2017. Note that Emmert et al. (2017)
showed that GTEC values before 2001 are lower than values
observed later. This effect should, however, be of minor im-
portance for our analyses below. As the ionosphere response
to solar radiation varies for different wavelengths, we used
12 solar proxies based on different measurement techniques
and spectral characteristics. Hocke (2008) analyzed GTEC
and Mg II index observations and showed that 1 % change in
Mg II index results in about 22 % change in GTEC. The time
series in Fig. 1 show a similar overall variation during the 11-
year solar cycle. The fundamental behavior of solar radiation
emission is not identical at all wavelengths and thus for all
solar proxies, as the plasma heating and atomic processes are
different (Dudok de Wit et al., 2014) but the long-term trends
and variations look similar for all the proxies shown here.

Figure 2 shows the spatial variation of TEC averaged over
the period 1999 to 2017, where the superimposed white
contour lines show the standard deviation calculated from
the daily TEC data. The magnetic equator is indicated by
a dashed black line. A similar analysis has been shown by
Guo et al. (2015) using the same TEC dataset within the pe-

riod 1999 to 2013, finding a comparable spatial distribution.
The maximum TEC values are distributed along the equator
around ±20◦ and decrease towards the poles. Maximum val-
ues of the standard deviation are observed in the low-latitude
region with about 15 TECU. The spatial distribution of TEC
depends on the ionization of neutrals, transport processes,
and recombination, which varies with latitude and longitude.

Note that the T-I system is not only influenced by the solar
electromagnetic radiation but also by changing solar ener-
getic particles and geomagnetic conditions due to solar wind
variations or coronal mass ejections reaching the Earth (e.g.,
Abdu, 2016; Tsurutani et al., 2009). The response to solar
forcing is higher during solar maximum when the interaction
of the solar wind with Earth’s upper atmosphere causes iono-
spheric disturbances at high latitudes along magnetic field
lines visible in enhanced TEC values. During solar max-
ima, the T-I regime can partially be controlled by the solar
wind activity superseding the solar radiation impact. How-
ever, during periods of low solar activity, the local variability
in the ionosphere is also not only regulated by the solar ra-
diation but can be influenced by lower atmospheric forcing
(e.g., Forbes et al., 2000; Knížová et al., 2015) and by the
solar wind, in particular from coronal holes (e.g., Zurbuchen
et al., 2012; Verkhoglyadova et al., 2013).

3.2 Spectra of GTEC and solar proxies

The datasets mentioned above are used to analyze the os-
cillatory behavior of the T-I system. The periodicities in the
solar proxies have been studied by various authors to explore
the response of the terrestrial atmosphere and especially the
T-I region to solar variability. Here we will investigate and
compare the different temporal patterns of GTEC and multi-
ple solar proxies, since proxies may differ in their periodicity
depending on the underlying source mechanism.

The cross-wavelet technique from Grinsted et al. (2004)
was applied, where Morlet wavelets were used as mother
functions. The cross-wavelet technique allows common
high-power regions between two time series to be indicated.
This allows us to determine the dominant correlated oscil-
lations of the ionosphere and important solar proxies. The
cross-wavelet analyses of GTEC with four selected solar
proxies (F10.7, Mg II, SSN, and Ly-α) are shown in Fig. 3.
The most dominant periods observed are in the 16 to 32 d
interval visible in all GTEC solar proxy relations during so-
lar maxima. This is, however, not the case during solar min-
imum when the solar-driven ionospheric variation is lower
due to lower solar activity, and the influence of other dy-
namical processes in the ionosphere (e.g., lower atmospheric
forcing) is stronger. Another high-power region is visible in
the 128 to 256 d period, representing the semi-annual oscil-
lations in both GTEC and solar parameters. The semi-annual
oscillation is mostly dominant during the solar maximum
years 2001–2002 and 2011–2012. The black arrows in Fig. 3
indicate the phase relationship between solar proxies and
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Figure 1. Time series of (a) zonal mean TEC and (b) smoothed normalized datasets of GTEC and different solar proxies for the years 1999
to 2017. The curves in (b) are vertically offset by 3 each. x axis labels refer to 1 January of the respective year.

Figure 2. Long-term diurnal and annual mean TEC distribution during the years 1999 to 2017. The white contour lines indicate the standard
deviation based on daily data. The black dashed line represents the magnetic equator.

GTEC, with in-phase (anti-phase) relation shown by arrows
pointing to the right (left), while a downward (upward) di-
rection means that GTEC is leading (lagging). As expected,
in the region of 16 to 32 d GTEC is broadly in phase with the
solar proxies, whereas this behavior is not consistent in the
semi-annual (128 to 256 d) and annual (256 to 512 d) period
ranges. The most dominant joint annual oscillations are ob-
served between GTEC and Ly-α. The annual oscillation can
be found mostly during solar maximum.

To examine the oscillatory behavior of GTEC and so-
lar proxies more precisely, the Lomb–Scargle periodogram
(LSP, Lomb, 1976; Scargle, 1982) technique was used. The
corresponding spectral analysis is shown in Fig. 4. Here,
the power was normalized and converted into a logarithmic
scale, and the 95 % confidence level is added to each spec-
trum as a dashed blue line. The curves have been vertically

offset by 15. In this analysis, data from 1999 to 2012–2017
were used. The dominant frequencies observed in GTEC are
27 d, annual, and semi-annual, which is in line with Hocke
(2008). Clearly visible in all the solar proxies as well as
in GTEC is the mean solar rotation period of about 27 d.
Pancheva et al. (1991) showed that the 27 d variation in the
lower ionosphere (D region) is often predominantly caused
by dynamical forcing (planetary waves), not by direct so-
lar forcing, particularly in winter under low solar activity.
However, the D region ionization contributes only weakly to
TEC. A 45 d periodicity is observed GTEC, F10.7, Mg II,
and SSN. A 45 d periodicity was reported in various solar
proxies (Lou et al., 2003; Kilcik et al., 2016, 2018; Chowd-
hury et al., 2015) using LSP and wavelet analysis. Lou et al.
(2003) reported a period of about 42 d in X-Ray solar flares
during SC 23. Kilcik et al. (2018) analyzed sunspot counts in
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Figure 3. Cross-wavelet spectra for GTEC and different solar proxies during the years 1999 to 2017. The thin gray line shows the cone of
influence, where a white line surrounds significant values. The arrows indicate the phase relationship, with in-phase and anti-phase relation
shown by arrows pointing to the right and left, respectively, while a downward or upward direction means that GTEC is leading or lagging,
respectively. x axis labels refer to 1 January of the respective year.

Figure 4. Lomb–Scargle periodogram for GTEC and multiple solar proxies with a 95 % confidence line (dashed blue color line). The curves
are vertically offset by a factor of 15 each.

flaring and non-flaring active regions for SCs 23 and 24 and
observed a 45 d periodicity in flaring active regions. They
concluded that a 45 d period is one of the fundamental peri-
ods of flaring active regions. A similar periodicity was ob-
served during SC 24 by Chowdhury et al. (2015) in SSA,
SSN, and the F10.7 index.

In the Mg II index, which is widely used to represent
the solar variability, the dominant periods observed are 27 d,
and its second harmonic 13.5 d also described by Hocke
(2008). Here the same oscillation is also visible in the Ly-
α spectrum. In the F1.8 index, the annual frequency is ob-
served. A semi-annual oscillation is seen in GTEC. This
variation is associated with a dynamical effect of the at-

www.ann-geophys.net/37/1141/2019/ Ann. Geophys., 37, 1141–1159, 2019



1146 R. Vaishnav et al.: Long-term trends in the ionospheric response to solar EUV variations

mosphere (Liu et al., 2006). Note that the wavelet spectra
show some periodicity at the half-year timescale for GTEC
and F30, but with variable phase so that they extinguish in
the periodogram. 128 and 256 d periodicities were reported
by various authors (Lou et al., 2003; Kilcik et al., 2014,
2018; Chowdhury et al., 2009). Lou et al. (2003) reported
a 259±24 d variation in M5 class X-ray flares during the so-
lar maximum of SC 23. This periodicity may be attributed
to non-flaring active regions and developed sunspot groups
(Kilcik et al., 2018). Further, Kilcik et al. (2014, 2018) con-
firmed that the 128 d periodicity is one of the characteristic
periodicities of solar flares and also flaring active regions.

3.3 Wavelet cross-correlation

To evaluate the relation between the solar proxies and GTEC,
we analyzed the wavelet cross-correlation for the different
periods 8 to 16, 16 to 32, 32 to 64, and 64 to 128 d us-
ing the wavelet cross-correlation sequence method based on
the maximal overlap discrete wavelet transform (MODWT)
technique (Percival and Walden, 2000). The MODWT tech-
nique is a modified version of the discrete wavelet transform
from Mallat (1989).

In Fig. 5 these cross-correlation coefficients are indicated
by the background color, while the inserted numbers show
the ionospheric delay in days. The delay is mostly positive,
which means that TEC is following the solar proxies. On the
8 to 16 d timescale, maximum correlation is found for He II
with a correlation coefficient of about 0.62, and the second
maximum correlation is observed for the F15 index, both
with a lag of about 1 d. The lowest correlation of about 0.25
is found for the F1.8 index. Compared to the 8 to 16 d period
range, the 16 to 32 d period shows a much stronger corre-
lation, with more than about 0.6 for all the proxies. Here a
maximum correlation of about 0.9 is observed for the He II
and Mg II index, with a GTEC delay of about 1 d. The F30
index and the Ly-α index also shows a strong correlation.
The lowest correlation of 0.59 is seen for the daily SSA. A
similar result can be observed in the 32 to 64 d period range.
Here, maximum correlation is observed again for the He II
and Mg II indices, which have a correlation coefficient of 0.9
and a delay of about 2 d. Another particular strong correla-
tion of about 0.8 is observed with Ly-α and Ca II K having
a GTEC delay of about 1 and 2 d, respectively. Only a weak
correlation of about 0.5 with small GTEC lag time is seen for
the daily SSA. The similar behavior in the 16 to 32 and 32
to 64 d intervals is owing to the fact that the 27 d periodicity
is only a mean value of the solar differential rotation. It also
strongly depends on the lifetime and proper motion of the
observed active regions. This results in strong correlations,
also observable in the 32 to 64 d interval. In the 64 to 128 d
interval, a longer time lag is reached with above 5 d for sev-
eral proxies. Here the maximum correlation is found for the
He II index with about 0.6 and the weakest correlation is seen
with about 0.4 for the F1.8 index. Generally, the Mg II and

He II proxies show the strongest correlation with GTEC for
all period intervals. A strong correlation is also seen for Ly-α
and F30, while the weakest correlation is seen for F1.8 and
the daily SSA. Figure A1 in the Appendix shows the correla-
tion between solar proxies and GTEC at zero lag at different
timescales. Like Fig. 5 it shows strong correlation for Ly-α
and F30.

Figure 6 shows the wavelet variance estimated for
GTEC and F10.7 using the MODWT technique with the
Daubechies 2 (db2) wavelet filter. Here we have selected the
time series from the years 2000 to 2002 (maximum of SC 23)
and 2012 to 2014 (maximum of SC 24). The red (black) color
in the plot represents the SC 23 (SC 24) maximum. In GTEC,
maximum variance appears in the 64 to 128 d interval, which
is about a quarterly annual oscillation and belongs to the sea-
sonal cycle, during SC 23. The second strongest variance is
observed at the 16 to 32 d interval. A generally stronger vari-
ance can be observed in SC 23 compared to SC 24 for all the
analyzed period intervals. In the case of the F10.7 index, the
maximum variance is visible at the 16 to 32 d interval, which
here shows a predominant variance for the solar rotation pe-
riod. As expected, no significant semi-annual cycle is visible.
Here again, the observed variance during SC 23 is stronger
compared to SC 24.

3.4 Influence of the solar activity on GTEC

This work aims to understand the interaction between solar
radiation and the T-I system, especially at the timescale of the
solar rotation. To scrutinize the consequence of different so-
lar activity levels on the T-I system for short and intra-annual
(including all variability) timescales, we evaluate the running
cross-correlation analysis between GTEC and solar proxies
as shown in Fig. 7.

Figure 7a shows the running correlation for the short
timescale. To calculate the short-term variation at the solar
rotation period, the 27 d residual has been calculated by sub-
tracting the 27 d running average values from corresponding
datasets of GTEC and solar proxies (Mg II, SSN, and Ly-α).
The running correlation is calculated using the filtered time
series at the solar rotation period by using a 365 d running
window. The 365 d running mean Mg II index is added to
show the overall solar activity in Fig. 7a and b. The corre-
lation is likely to vary with respect to solar activity. Lower
correlation is observed during low solar activity. A similar
kind of analysis was shown by Chen et al. (2012).

Furthermore, to understand the relation between GTEC
and solar proxies at longer timescales, we calculate the cross-
correlation between the annual means. The maximum cor-
relation observed is about 0.93 (figure not shown) between
the solar proxies and GTEC. Hence in comparison to short
timescales variations, solar proxies are strongly correlated
with GTEC.

Figure 7b shows correlation at the intra-annual timescale,
which includes all the variations, i.e., seasonal, daily, and so-
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Figure 5. Wavelet cross-correlation sequence estimates for the maximal overlap discrete wavelet transform for GTEC and multiple solar
proxies for different timescales (8 to 16, 16 to 32, 32 to 64, and 64 to 128 d). The background color shows the correlation coefficient, and the
inserted number shows the delay in days.

Figure 6. Wavelet variance for the maximums of SC 23 (2000–2002, red) and 24 (2012–2014, black) for (a) GTEC and (b) F10.7. Error bars
show the 95 % coverage probability of the confidence interval obtained from the “Chi2Eta3” confidence method.

lar rotation. Here, a 365 d running window is used to cal-
culate the running correlations based on unfiltered data. The
correlation with all the solar proxies is smallest during the ex-
tended low solar activity phase during the solar minimum in
2008–2009. All solar proxies show similar behavior during
low activity conditions: while the temporal variation of the
correlation coefficient for Mg II and Ly-α is largely similar,
the SSN (blue curve) shows significantly different behavior.
The strongest correlation is observed during the rising part
of solar cycle 24. In comparison to all the other solar prox-
ies, Mg II and Ly-α show a stronger correlation with GTEC,
while the lowest correlation is given for SSN at short and
intra-annual timescales.

Solar EUV variations can be well described by the solar
proxies (e.g., F10.7, SSN) at the 11-year solar cycle vari-
ations but they show weak correlation at short timescales
(daily, 27 d solar rotation period) (e.g., Chen et al., 2012;
Floyd et al., 2005) as shown in Fig. 7. At longer timescales,
solar EUV and solar proxies are mainly controlled by solar
magnetic activity. But at short timescales, these parameters

vary differently as they originate from different excitation
mechanisms in the solar surface (e.g., Chen et al., 2012; Lean
et al., 2001).

Figure 8 shows the cross-correlation analysis of (a) F10.7
and (b) Mg II with the global, Northern Hemisphere (NH),
Southern Hemisphere (SH), low-latitude (LL,±30◦), midlat-
itude (ML, ± (30–60◦)), and high-latitude (HL, ± (60–90◦))
mean TEC. Generally, the correlation coefficients and the lag
for the global, NH, SH, LL, and ML are very close to each
other. The maximum correlation is found for GTEC and LL
TEC with correlation coefficients of about 0.7 (F10.7) and
0.82 (Mg II) for a time delay of about 2 and 1 d, respectively.
Generally, GTEC variability is mainly determined by the LL
electron content, so that it is expected that the correlation
coefficients for GTEC and LL are similar. The weakest cor-
relation is observed for HL with a maximum correlation co-
efficient of 0.42 (F10.7) and 0.53 (Mg II) and a correspond-
ing ionosphere response time of about 2 and 1 d, respectively
(marked with a red star). NH and SH are comparable with
slightly smaller correlations for SH. There is a weaker cor-
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Figure 7. Running cross-correlations between GTEC and different solar proxies for (a) short (27 d residual), and (b) intra-annual timescales
(original time series). For the short timescale the 27 d residuals have been calculated by removing the 27 d running mean from the original
datasets. A 365 d running window is used to calculate the correlation. The second y axis shows 365 d (a and b) running mean time series of
Mg II index. Here Mg II, SSN, and Ly-α are marked by black, blue, and red colors, respectively.

Figure 8. Cross-correlation coefficients and time delays between the global, Northern Hemisphere (NH), and Southern Hemisphere (SH)
as well as low-latitude (LL, ±30◦), midlatitude (ML, ± (30–60◦)), and high-latitude (HL, ± (60–90◦)) TEC with (a) F10.7 and (b) Mg II
index during the years 1999 to 2017 for a different lag. A positive lag means that solar flux variations are heading TEC ones. The maximum
correlation is indicated by a red star.

relation for ML compared to LL, but the difference is not as
large as the one for HL. Running correlations at intra-annual
timescales, similar to Fig. 7, are shown in Fig. A6 in the Ap-
pendix.

Figure 9 shows the cross-correlation analysis between
GTEC and solar proxies separately for each year at the
timescale of 16 to 32 d. To calculate the wavelet cross-
correlation, the data are filtered for different timescales us-
ing the MODWT. Figure 9a shows the 365 d running mean
F10.7. The delay is given as numbers inserted on the color-
coded cross-correlation for the different solar proxies and
time periods. As in Fig. 7, the overall trend shows that the
correlation is weak during solar minimum and strong during
high solar activity periods. The time delay ranges between 0
and 3 d for all solar proxies, but without obvious regularity
with respect to the proxies or the time. As in Fig. 5, a gen-
erally strong correlation is found for He II and Mg II, while

daily SSA and F1.8 indices show the weakest correlation.
During the years of low solar activity 2007–2010, an espe-
cially weak correlation is visible for F3.2, F1.8, and Ca II
K. The maximum F10.7 index is observed during 2001 with
about 181 sfu. During the high solar activity years from 1999
to 2003 and from 2012 to 2014 a strong correlation of about
0.85 is observed for Mg II, He II, F30 (1999–2003, 2012),
and Ly-α except for 2001, when the maximum annual mean
F10.7 index is observed. During the maximum of SC 23, the
cross-correlation between Mg II, He II, Ly-α, F3.2, F15, and
GTEC is about 0.7 with a delay of about 1–2 d. A weak corre-
lation is observed for F1.8 and Ca II K. During low solar ac-
tivity (years 2006–2010, 2016) when the average F10.7 index
is below 75 sfu, a stronger correlation is observed between
He II and Mg II and GTEC, with a correlation coefficient of
more than 0.6. Only a weak correlation during low solar ac-
tivity is observed for F1.8, Ca II K, F3.2, and daily SSA. Dur-
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Figure 9. In panel (a), the 365 d running mean time series of F10.7 is shown. Panel (b) displays yearly cross-correlations and time delays
between GTEC and different solar proxies for the years 1999 to 2017 at the timescale of 16 to 32 d. The background colors give the maximum
correlation coefficient, and the inserted numbers show the delay in days corresponding to maximum correlation.

ing moderate solar activity years (2004–2005, 2011, 2015),
when the average F10.7 index is about 90–120 sfu, Mg II,
He II, F30, and Ly-α show stronger correlation with GTEC
with a delay of about 1 d. In summary, during low solar ac-
tivity, most of the solar proxies show a weak correlation with
GTEC but strong correlation is found for high solar activ-
ity. In comparison to other solar proxies, F1.8 and SSA are
weakly correlated with GTEC. Figure A2 in the Appendix
shows the correlation at a 16 to 32 d timescale between solar
proxies and GTEC at zero lag. It shows a similar correlation
to Fig. 9. In comparison to the 16 to 32 d timescales, we fur-
ther analyzed the cross-correlation and delay at 32 to 64 d
timescales (Fig. A3 in the Appendix).

In summary, the most suitable proxy to represent the solar
activity at the timescale of 16 to 32 and 32 to 64 d during low,
moderate, and high solar activity is He II. The Mg II index,
Ly-α, and F30 also show a strong correlation with GTEC, but
there are some differences in correlation during solar maxi-
mum and minimum years, as the behavior of proxies is not
always the same. The F1.8 and daily SSA cannot adequately
represent the solar activity at the solar rotation (16 to 32 d)
timescale. As discussed above, solar proxies are more weakly
correlated at shorter timescales than at longer timescales.

3.5 Spatial distribution of the ionospheric response
time

Here we investigate the inter-annual spatial variability of the
ionospheric response to solar variations. Figure 10 shows
correlation and time lag between TEC and Mg II globally
for a TEC map resolution of 2.5◦ in latitude and 5◦ in lon-
gitude. The left column shows yearly zonal means, while the
right column shows 1999 to 2017 means with longitudinal
resolution. The contour maps in Fig. 10a (b) show the cross-
correlation (time delay) where the inserted contour lines rep-
resent the standard deviation.

Maximum correlation of about 0.9 is observed during high
solar activity years at low latitudes. Figure 10a, b show
that the correlation decreases from low to high latitudes. In
the NH, the correlation is the weakest south of the auroral
oval, probably due to the fact that particle precipitation also
changes with solar wind dynamics. Figure 10c shows the
zonal mean time delay for the year 1999 to 2017, which is
about 1 d in the low and middle latitudes. The delay gener-
ally increases towards high latitudes with a few exceptions
occurring during low solar activity. There is a tendency that
during high solar activity, the delay is increased slightly at
low latitudes, but strongly (up to 3 d) in the high-latitude re-
gion. A negative delay is observed during low solar activ-
ity, presumably associated with the meteorological effects as
suggested by Ren et al. (2018). Another possible reason is
ionospheric saturation, which might reduce the transport pro-
cess during high solar activity due to lower recombination
rates. Transport is one of the most critical parameters that
control the behavior of the ionosphere. These results suggest
that interannual variability depends not only on the solar ac-
tivity but also on several other physical processes such as ge-
omagnetic activity (Rich et al., 2003) and local ionospheric
parameters such as neutral wind and lower atmospheric forc-
ing through the vertical coupling. Lee et al. (2012) analyzed
electron density measurements from CHAMP and GRACE
along with Global Ionosphere Maps (GIM) TEC maps in re-
lation to the F10.7 index and showed the spatial distribution
of delay and correlation coefficient during the years 2003 to
2007. They found a strong (weak) correlation between GIM
TEC and F10.7 in the midlatitude (high-latitude) region, with
a time delay of about 1–2 (2–4) d which qualitatively con-
firms our results. Figure 10d shows the spatial distribution of
the time delay, where an overall time delay of about 1 d with
a standard deviation of less than 1 d is visible. The time de-
lay is longer for the high-latitude region, whereas the cross-
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Figure 10. (a, c) Zonal mean and (b, d) long-term mean correlation coefficients (a, b) and time delay (c, d) between TEC and Mg II index
for the years 1999 to 2017. The white contour lines indicate the respective standard deviations.

correlation is weaker, as can be seen in Fig. 10b. In this re-
gion, the standard deviation is more than 1 d.

3.6 EOF analysis of ionospheric TEC

Ionospheric TEC is varying diurnally, daily, and season-
ally, on a decadal scale, as well as in latitude and longi-
tude. To examine the spatial variability of TEC, we applied
the principal component (PC) analysis for signal decompo-
sition (Preisendorfer, 1988; Björnsson and Venegas, 1997)
using EOFs, which decompose data into orthogonal modes
of variability caused by solar and geomagnetic activity. The
method is used to decompose the spatial–temporal field of
TEC (time, longitude, latitude) into EOF components. To this
end, we first calculate the data covariance matrix by using the
TEC datasets, followed by finding the eigenvalues and corre-
sponding eigenvectors (the EOFs). The explained variance of
the kth EOF is the corresponding eigenvalue divided by the
sum of all eigenvalues. The PC is found by projecting the
TEC anomalies onto the EOF. This method has been used to
represent the variability in the T-I system and for T-I model-
ing (e.g., Zhao et al., 2005; Matsuo et al., 2012; Ercha et al.,
2012; Anderson and Hawkins, 2016; Talaat and Zhu, 2016).

We analyzed the TEC datasets in a spatial grid of
71◦× 72◦ (latitude and longitude) and a temporal length of
6940 d. Figure 11 shows the first four EOF maps in the up-
per panels followed by the PCs (middle panels) and the cor-
responding wavelet spectra (lower panels). The first three
EOFs are similar to those presented by Talaat and Zhu
(2016). The first EOF component explains approximately
86 % of the variance. A high variability in the low-latitude
region and a smaller one at higher latitudes is shown. EOF1

shows the spatial distribution of TEC variance in general
and is positive everywhere. This indicates a joint in-phase
variability of the entire ionosphere, which is larger at low
latitudes. Consequently, as is shown in the middle panel of
Fig. 11, its temporal amplitude varies from positive to nega-
tive following the solar activity and the annual and semian-
nual cycle. In the lower panel of Fig. 11, the wavelet anal-
yses for the EOFs are shown. To get clear periodicity from
the wavelet, we have used log2 of the power. Negative (pos-
itive) values indicate low (high) power. The wavelet anal-
ysis of EOF1 shows a 27 d periodicity associated with the
solar rotation period. Annual and semi-annual oscillations
are observed, especially during the high solar activity years.
The EOF2 captures 11 % of the total variability and demon-
strates a hemispheric asymmetry. The corresponding PC and
wavelet analysis show a strong annual variability connected
with seasonal variability and larger TEC during winter.

EOF3 captures about 1.79 % of the total variability. EOF3
might be associated with non-solar effects and fine structures
of the solar activity response, which is not captured by the
first EOF as suggested by Talaat and Zhu (2016). Note that
EOF3 essentially shows a semi-annual and a relatively strong
27 d variability. EOF4 contributes with only 0.4 % of the to-
tal estimated variability. Its shape is strongly non-zonal and
reflects variations in longitudinal differences of the equato-
rial ionization anomaly. In the wavelet analysis, weak semi-
annual and annual oscillations are visible. Note that the PC4
displays a possible long-term trend, which may indicate an
effect of the secular change of the main magnetic field of the
Earth. The oscillating structure of the EOF4 over the Atlantic
resembles the results from numerical simulations by Cnossen
and Richmond (2013).

Ann. Geophys., 37, 1141–1159, 2019 www.ann-geophys.net/37/1141/2019/



R. Vaishnav et al.: Long-term trends in the ionospheric response to solar EUV variations 1151

Figure 11. The first four EOFs (top row) of normalized TEC during the years 1999 to 2017, corresponding principal components (middle
row), and their corresponding wavelet transform (bottom row, wavelet power in log2 scale). Please note that EOFs are dimensionless.

In summary, the first two components capture almost 98 %
of the TEC variance, while the third and fourth components
only contribute about 2 %. This is similar to results of Zhao
et al. (2005), Anderson and Hawkins (2016), and Talaat and
Zhu (2016), who reported that more than 95 % of the variance
is explained by the first three EOFs.

In order to check the relation between solar proxies and ge-
omagnetic parameters (daily Kp, Dst, and Ap indices) with
PCs corresponding to EOFs, the wavelet cross-correlation
and delay are shown in Fig. 12. In Fig. 12 the color indi-
cates the maximum correlation coefficient, and the numer-
ical values indicate the corresponding time delay in days.
A strong correlation between PC1 and Mg II (F10.7) is ob-
served with a coefficient of about 0.87 (0.8) and a time delay
of 1 d (2 d). This represents the strong correlation between
global TEC and solar variability as PC1 is associated with
solar variability. The geomagnetic parameters are generally
more loosely connected with ionospheric variability, indicat-
ing the relatively fast ionospheric storm reaction compared to
the longer-lasting equatorial magnetic field depletion. PC3
shows a relatively strong correlation with the geomagnetic
parameters, which indicates that this component (apart from
the remaining part of solar variability not included in EOF1)
captures the geomagnetic activity effect on TEC. Here the
Kp and Ap indices show a positive correlation of about 0.6
with a delay of about 2 d. In comparison to this, a negative
correlation of about 0.7 is observed in the Dst. Figure A4 in
the Appendix shows the correlation between PCs and solar
and geomagnetic proxies at zero lag. Furthermore, running
correlations at interannual timescales, similar to Fig. 7 are

shown in Fig. A7 in the Appendix using PCs and solar and
geomagnetic parameters.

To assess the variability on the timescale of the solar ro-
tation period, we filtered the GTEC time series in a period
range of 25 to 35 d using a digital bandpass filter. The fil-
tered time series is then used to compute EOFs. Figure 13
shows the first four EOF components in the upper row and
their corresponding wavelet transforms in the lower row.
The first component captures almost 85.50 % of total vari-
ability, and it seems to be associated with solar activity.
EOF1 shows high variability in the equatorial region. EOF2
captures 8.91 % of variability, and it is partly associated
with hemispheric variability. EOF3 captures the variability
of 4.92 %, which is not captured in the EOF2 component (in
particular the hemispheric asymmetry). EOF2 does not show
a clear hemispheric signal anymore, while EOF3 now does.
The lower panels show the corresponding wavelet spectra of
PCs. Wavelet analysis clearly shows the expected periodicity
in the 16 to 32 d period in all the PCs, with a response to the
11-year solar cycle.

Furthermore, wavelet cross-correlation analysis has been
performed to understand the relation between solar prox-
ies and geomagnetic parameters (with PCs corresponding to
EOFs of the filtered data, as shown in Fig. 13) and shown
in Fig. 14 (Fig. A5 in the Appendix for zero lag). It shows a
similar kind of result to in Fig. 12 in the case of PC1. PC2 and
PC3 are associated with geomagnetic activity. As compared
to Fig. 12, PC2 shows strong correlation with magnetic in-
dices. So, the distribution of variance is different here. This
is because the coupled low-latitude–high-latitude magneti-
cally forced variability, which is mainly represented by PC3
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Figure 12. Correlation coefficients and time lag between the PCs and solar and geomagnetic proxies. Background colors show the maximum
correlation coefficients, and the inserted numbers show the delay in days corresponding to maximum correlation.

Figure 13. Spatial distribution map of first four EOFs (upper panels) of IGS TEC during the years 1999 to 2017, and their corresponding
wavelet transform (lower panels, wavelet power in log2 scale) using a 25–35 d filtered dataset. The EOFs are dimensionless.

in the case of unfiltered data, is now distributed among PC2
and PC3 for the solar rotation period.

4 Conclusions

We have investigated the long-term ionospheric response
during different solar activities, timescales, and spatial varia-
tions using 12 solar proxies (F10.7, F1.8, F3.2, F8, F15, F30,
He II, Mg II index, Ly-α, Ca II K, daily SSA, and SSN) and
18 years (1999–2017) of IGS TEC data. The cross-wavelet
and LSP methods were used to examine the oscillatory be-
havior. The cross-wavelet analysis represents the 16 to 32 d
period in all the solar proxies and GTEC. The maximum cor-

relation with GTEC is observed between the He II index,
Mg II index, and F30 in the period range of 16 to 32 d along
with a time delay of about 1 d. Wavelet variance estimation
suggests that GTEC variance is high for the 64 to 128 d inter-
val followed by 16 to 32 d, while the F10.7 index is showing
high variance for the 16 to 32 d interval.

Interannual variation of the cross-correlation analysis sug-
gests that the correlation is varying with the solar activity.
The most suitable proxy to represent the solar activity at
the timescales of 16 to 32 and 32 to 64 d during low, mid-
dle, and high solar activity is He II. The Mg II index, Ly-α,
and F30 may be placed at the second as these indices show
a strong correlation with GTEC, but with some differences
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Figure 14. Maximum correlation coefficients and the time lag between the PCs and solar and magnetic proxies for the 25–35 d interval.
Background colors show the maximum correlation coefficients, and the inserted numbers show the delay in days corresponding to maximum
correlation.

between solar maximum and minimum. The F1.8 and daily
SSA poorly represent the solar activity effect on TEC. The
spatial distribution of cross-correlation and time was esti-
mated using the Mg II index. The results show significant
temporal and spatial variations. Stronger correlation is ob-
served near the equatorial region with a time delay of about
1–2 d. The magnetospheric inputs probably strongly influ-
ence both high- and low-latitude regions, but with a different
sign.

TEC datasets also have been decomposed using EOFs
along with the principal component analysis method to sig-
nify the spatial and temporal variation. The first EOF compo-
nent captures more than 86 % of the variability, and the first
three EOF components explain 99 % of the variance. EOF
analysis suggests that the first component is associated with
the solar flux and the third EOF component captures the ge-
omagnetic activity as well as the remaining part of EOF1.
EOF2 captures 11 % of the total variability and demonstrates
the hemispheric asymmetry.

Data availability. IGS TEC data are provided via NASA through
http://cddis.nasa.gov/Data_and_Derived_Products/GNSS/ (last ac-
cess: 15 August 2018) (CDDIS, 2018). Daily F10.7 index can be
downloaded from http://lasp.colorado.edu/lisird/data/noaa_radio_
flux/ (last access: 15 August 2018) (LASP, 2018). Mg II index
data are provided by IUP at http://www.iup.uni-bremen.de/UVSAT/
Datasets/mgii (last access: 15 August 2018) (IUP, 2018). Solar
proxies F30, F15, F8, F3.2, F1.8, Ca II K index, and daily SSA
are available from the SOLID database (http://projects.pmodwrc.
ch/solid/, last access: 15 August 2018) (SOLID, 2018). The SSN,
Ly-α, Kp, Dst, and Ap indices are provided by NASA’s Goddard
Space Flight Center through https://omniweb.gsfc.nasa.gov (last ac-
cess: 15 August 2018) (OMNIWeb, 2018).
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Appendix A

Additional figures are shown in order to complete the pre-
sentation. Figure A1 is similar to Fig. 5 but shows the cor-
relation between solar proxies and GTEC at zero lag at dif-
ferent timescales. Figure A2 shows the correlation at 16 to
32 d timescale between solar proxies and GTEC, similar to
Fig. 9, but again at zero lag. Figure A3 is similar to Fig. 9 but
shows the cross-correlation and delay at the timescale of 32
to 64 d. Figure A4 is similar to Fig. 12 and shows the correla-
tion between PCs and solar and geomagnetic proxies, but at
zero lag, while Fig. A5 shows the same for the 25–35 d inter-
val. Running correlations at the intra-annual timescales, sim-
ilar to Fig. 7 but also for different latitude ranges, are shown
in Fig. A6. Figure A7 shows running cross-correlations be-
tween the PCs and different solar proxies and geomagnetic
activity parameters.

Figure A1. Wavelet cross-correlation sequence estimates for the maximal overlap discrete wavelet transform for GTEC and multiple solar
proxies for different timescales (8 to 16, 16 to 32, 32 to 64, and 64 to 128 d). The colors represent the correlation coefficient at lag 0.

Figure A2. Correlation coefficient between GTEC and different solar proxies for the years 1999 to 2017 at the timescale of 16 to 32 d at
lag 0.
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Figure A3. Cross-correlation and time delay between GTEC and different solar proxies for the years 1999 to 2017 at the timescale of 32
to 64 d. Background colors show the maximum correlation coefficients, and the inserted numbers show the delay in days corresponding to
maximum correlation.

Figure A4. Correlation coefficients between the PCs and solar and geomagnetic proxies at lag 0.

Figure A5. Correlation coefficients between the PCs and solar and magnetic proxies for the 25–35 d interval for zero lag.
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Figure A6. Running cross-correlation between the TEC and different solar proxies using a 365 d running window for LL, ML, and HL. The
second y axis shows the 365 d running mean time series of the Mg II index. Here Mg II, SSN, and Ly-α are marked by black, blue, and red
colors, respectively. Correlation coefficients between the PCs and solar and geomagnetic proxies at lag 0.

Figure A7. Running cross-correlation between the PCs and different solar proxies and geomagnetic activity parameters using a 365 d running
window. The second y axis shows the 365 d running mean time series of the Mg II index. Here F10.7, Mg II, Kp, Dst, and Ap are marked by
black, blue, red, green, and magenta colors, respectively.
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4 Paper 3: Comparison between CTIPe

model simulations and satellite

measurements

In this paper, the TEC provided by the IGS, and the CTIPe model simulated TEC have

been used to investigate the delayed ionospheric response to the solar EUV flux measured

by the SDO satellite and its trend from 2011 to 2013.

This study aims to analyze the ionospheric TEC variations both in the Northern and at

Southern Hemisphere during moderate solar activity during the inclining phase of solar

cycle 24 (2011-2013). We use GNSS data from 70◦S to 70◦N latitude at 15◦E longitude

due to better coverage with ground measurements in TEC maps. The observed TEC is

compared with the model-simulated TEC using different solar EUV flux models. The

ionospheric delay against the solar EUV flux has been investigated by Schmölter et al.

(2020) using TEC observations. Therefore, the focus of the present study is laid on the

ability to reproduce the ionospheric delay with the CTIPe model at 15◦E.

Furthermore, the observed TEC is compared with the modeled TEC simulated with the

SOLAR2000 and EUVAC flux models within CTIPe over Northern and Southern Hemi-

spheric grid points. The analysis suggests that TEC, simulated using the SOLAR2000

flux model, overestimates the observed TEC, which is not the case when using the EUVAC

flux model.

Our main contributions to scientific understanding of ionospheric delay:

• The periodicity estimates over the low, mid, and high latitudes show that the 16-

32 d periodicity was dominant in 2012. Compared to the periodicity observed in

model-simulated TEC, the 64-128 d periodicity was absent in the observations at

all latitudes considered.
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• When comparing TEC with the F10.7 index, the correlation in 2011 and 2013

is higher over Southern Hemisphere than over Northern Hemisphere, i.e., there

is a hemispheric asymmetry. A similar characteristic was observed by Romero-

Hernandez et al. (2018). The lowest correlation is observed in 2012.

• The ionospheric delay was investigated using the modeled and observed TEC against

the solar EUV flux. The ionospheric delay estimated with the model-simulated TEC

is in good agreement with the delay estimated for the observed TEC. The average

delay for the observed (modeled) TEC is about 17 (16) h. The study confirms the

capabilities of the model to reproduce the delayed ionospheric response against the

solar EUV flux. These results are in close agreement with Schmölter et al. (2020).

• The average difference between the northern and southern hemispheric delay esti-

mated for observed (modeled) TEC is about 1 (2) h. The average delay is higher in

the Northern Hemisphere than in the Southern Hemisphere.

• In addition, the observed TEC is compared with the modeled TEC simulated with

the SOLAR2000 and EUVAC flux models within CTIPe at the northern and south-

ern hemispheric grid points. The analysis shows that TEC, simulated with the

SOLAR2000 flux model, overestimates the observed TEC, which is not the case

when using the EUVAC flux model. The large bias observed in the physics- based

model is mainly due to the solar EUV flux input and grid resolution. Our results

indicate that the model needs to be further improved with respect to the solar flux

input to further reduce the presented bias to TEC measurements.

The analysis has a few limitations that need to be considered in future research. Our

analysis suggests that there is a large bias in the physics-based model, mainly due to

the input of the solar EUV flux and the grid resolution. Therefore, the model needs to

be further improved with respect to the solar flux input to further reduce the observed

deviation from the TEC measurements.
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This paper, Vaishnav et al., 2021a, is committed to the precise estimation of the

ionospheric delayed response using the modeled and observed TEC versus solar EUV

flux.
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Abstract. The ionospheric total electron content (TEC) pro-
vided by the International GNSS Service (IGS) and the TEC
simulated by the Coupled Thermosphere Ionosphere Plas-
masphere Electrodynamics (CTIPe) model have been used
to investigate the delayed ionospheric response against solar
flux and its trend during the years 2011 to 2013. The analy-
sis of the distinct low-latitude and midlatitude TEC response
over 15◦ E shows a better correlation of observed TEC and
the solar radio flux index F10.7 in the Southern Hemisphere
compared to the Northern Hemisphere. Thus, a significant
hemispheric asymmetry is observed.

The ionospheric delay estimated using model-simulated
TEC is in good agreement with the delay estimated for ob-
served TEC against the flux measured by the Solar Dynam-
ics Observatory (SDO) extreme ultraviolet (EUV) Variabil-
ity Experiment (EVE). The average delay for the observed
(modeled) TEC is 17(16) h. The average delay calculated for
observed and modeled TEC is 1 and 2 h longer in the South-
ern Hemisphere compared to the Northern Hemisphere.

Furthermore, the observed TEC is compared with the
modeled TEC simulated using the SOLAR2000 and EUVAC
flux models within CTIPe over northern and southern hemi-
spheric grid points. The analysis suggests that TEC simu-
lated using the SOLAR2000 flux model overestimates the
observed TEC, which is not the case when using the EUVAC
flux model.

1 Introduction

The ionospheric day-to-day variations are mainly con-
trolled by fluctuations of solar extreme ultraviolet/ultraviolet
(EUV/UV) radiation responsible for photoionization and
photo-dissociation processes, lower atmospheric forcing, and
space weather events such as geomagnetic storms. During
geomagnetically and meteorologically quiet conditions, the
electron density gradually increases after sunrise, with a
maximum around 14:00 LT due to photochemical processes,
and starts decreasing thereafter due to the combined effect of
production and strong recombination, continuing after sunset
due to recombination processes.

The solar radiation flux varies at different timescales, in-
cluding the diurnal cycle, the 27 d solar rotation period,
and the prominent 11-year solar cycle. This results in cor-
responding variations in composition and dynamics of the
thermosphere–ionosphere (T–I) system (Hedin, 1984). The
T–I system is highly variable with location and time, depend-
ing on the solar activity and geomagnetic disturbances.

The photoionization processes in the ionosphere cause
different variations, including short-term variability at the
timescale of the 27 d solar rotation or seasonal variations.
Past studies on the effect of solar radiation variations at dif-
ferent timescales have been based on the total electron con-
tent (TEC, frequently given in TECU; 1 TECU= 1016 elec-
trons m−2), peak electron density (NmF2, cm−3), and the
corresponding height (HmF2, km) (e.g., Jakowski et al.,
1991; Afraimovich et al., 2008; Lee et al., 2012; Jacobi
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et al., 2016; Schmölter et al., 2018, 2020; Vaishnav et al.,
2018, 2019; Ren et al., 2018, and references therein).

The annual contributions to the mean TEC variability have
a stronger impact on the Southern Hemisphere, whereas the
semi-annual contributions have similar phase and amplitude
at conjugate points, suggesting close coupling between the
ionosphere and thermosphere (Liu et al., 2009). Mendillo
et al. (2002) suggested that both annual and semi-annual vari-
ations of NmF2 are largely caused by changes in the neutral
composition, which are driven by the global thermospheric
circulation.

Solar proxies are frequently used to represent the solar ac-
tivity. Among them are the F10.7 index, the Mg-II index, and
the He-II index. Furthermore, attempts have been made to
determine simple proxies for global TEC variability based
on these indices (e.g., Unglaub et al., 2011). These prox-
ies have been compared to the ionospheric parameters at the
timescale of the 27 d solar rotation. An ionospheric delay of
about 1–2 d has been reported (e.g., Jakowski et al., 1991; Ja-
cobi et al., 2016). Using a more precise and higher temporal
resolution solar flux, an ionospheric delay of about 17–19 h
has been reported by Schmölter et al. (2018). The spatial and
seasonal effects on the ionospheric delay have been further
investigated in detail by Schmölter et al. (2020) using Eu-
ropean and Australian locations. Their study highlighted the
role of geomagnetic activity in the ionospheric delay.

To investigate the process associated with the ionospheric
delay, Jakowski et al. (1991) used a one-dimensional numer-
ical model between 100 and 250 km altitude with simpli-
fying assumptions. They suggested that a delay of approx-
imately 2 d arises in atomic oxygen at 180 km due to photo-
dissociation and transport processes. This hypothesis has
yet to be confirmed with comprehensive ionospheric mod-
els such as CTIPe (Coupled Thermosphere Ionosphere Plas-
masphere Electrodynamics). Ren et al. (2018) investigated
the ionospheric delay using observations and modeling. They
emphasized the role of the [O]/[N2] ratio in the ionospheric
delay. Vaishnav et al. (2018) suggested the possible role of
transport processes in the ionospheric delay.

During the past decades, more improved physics-based
T–I models have been developed which are able to char-
acterize ionospheric dynamics. Among them are the Cou-
pled Thermosphere Ionosphere Plasmasphere Electrody-
namics model (CTIPe; Fuller-Rowell and Rees, 1983;
Codrescu et al., 2012), the Thermosphere–Ionosphere–
Electrodynamics General Circulation Model (TIE-GCM;
Richmond et al., 1992), and the Global Ionosphere Ther-
mosphere Model (GITM; Ridley et al., 2006). Furthermore,
some extended Earth system models like WACCM-X (Liu
et al., 2018) and the Ground-to-topside model of Atmosphere
and Ionosphere for Aeronomy (GAIA; Jin et al., 2012; Liu
et al., 2020) include T–I dynamics. Based on the results of
the T–I model, an ionospheric lag against variations of the
solar EUV could be identified, whereby the EUV entry in the

model was represented by the F10.7 index (Ren et al., 2018;
Vaishnav et al., 2018).

The most commonly used solar proxy for ionizing irradi-
ance is the solar radio flux at 10.7 cm (F10.7 index, given in
solar flux units (sfu); 1 sfu= 10−22 Wm−2 Hz−1) (Tapping,
1987). Most of the T–I models use a modified F10.7 index
(e.g., the average of daily and 41 or 81 d averages) to calcu-
late the model EUV spectra based on reference spectra. Sev-
eral authors have reported that a modified F10.7 index, which
includes both short-term and long-term variability, is a better
proxy for ionizing irradiance than F10.7 directly (Richards
et al., 1994). There are several empirical models available,
such as the SOLAR2000 (Tobiska et al., 2000) and EUVAC
flux model (Richards et al., 1994), to calculate the irradiance.

Profiles of the delayed ionospheric response dependent on
latitude have been calculated in previous studies (Lee et al.,
2012; Ren et al., 2018), and the influence of seasonal varia-
tions and geomagnetic activity on both hemispheres has also
been characterized (Schmölter et al., 2020). The complex-
ity of the seasonal variations and associated anomalies has
been investigated in other studies for ionospheric parame-
ters like TEC (Romero-Hernandez et al., 2018). Such sea-
sonal anomalies were observed in the F2 region associated
with higher electron density in winter than in summer during
daytime (the so-called winter or seasonal anomaly), during
equinoxes than during solstices (semi-annual anomaly), and
in December than in June (annual or non seasonal anomaly)
(Balan et al., 1998; Zou et al., 2000; Romero-Hernandez
et al., 2018). However, seasonal variations have not yet been
analyzed for the ionospheric delay.

The ionospheric electron density (or ion density) is mainly
controlled by the photoionization, the loss through recom-
bination, and transport processes. Transport processes play
a significant role in the T–I composition and are responsi-
ble for the plasma distribution, possibly leading to the ob-
served ionospheric anomalies. Fuller-Rowell (1998) suggests
a possible mechanism associated with the seasonal anomaly
through the neutral wind.

This study aims to analyze the ionospheric TEC varia-
tions in both the Northern and Southern Hemisphere during
a moderate solar activity during the inclining phase of so-
lar cycle 24 (2011–2013). We use GNSS data from 70◦ S
to 70◦ N latitude at 15◦ E longitude due to better coverage
with ground measurements in TEC maps. The observed TEC
is compared with the model-simulated TEC using different
solar EUV flux models. The ionospheric delay against solar
EUV flux has been investigated by Schmölter et al. (2020)
using TEC observations. Therefore, the focus of the present
study is laid on the ability to reproduce the ionospheric delay
using the CTIPe model at 15◦ E.

In Sect. 2, we introduce the data sources and the CTIPe
model. In Sect. 3, we investigate the TEC variability and a
possible relationship with F10.7 index variations and com-
pare TEC simulated with the different solar EUV flux mod-
els. In Sect. 4, we summarize our conclusions.
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Figure 1. IGS stations around 15◦ E. The dashed black line repre-
sents the geomagnetic equator.

2 Observations and model

2.1 TEC observations

In this paper, we use TEC data from 70◦ S to 70◦ N latitude
at 15◦ E from the International GNSS Service (IGS) provided
by NASA’s CDDIS (Noll, 2010), which are available at 1 h
time resolution and with a latitude–longitude resolution of
2.5◦× 5◦ (Hernández-Pajares et al., 2009). The accuracy of
IGS TEC maps is given with 2–8 TECU (Chen et al., 2020).
There are only few IGS stations in the Southern Hemisphere,
but in the Northern Hemisphere (European region), there are
several ground stations located around 15◦ E, as shown in
Fig. 1.

2.2 Solar EUV radiation

Several solar proxies are available that have frequently been
used in previous studies to represent the solar activity level
compared to the ionospheric parameters before the space
age and due to the unavailability of direct solar EUV mea-
surements. Continuous time series of the solar EUV spec-
trum itself, however, have been available since the launch of
the NASA Thermosphere Ionosphere Mesosphere Energetics
and Dynamics (TIMED) satellite mission in 2001. Solar ir-

radiance measurements from the TIMED Solar Extreme Ul-
traviolet Experiment (SEE) instrument have been available
since 22 January 2002 (Woods et al., 2005). The SEE instru-
ment is designed to measure the soft X-rays and EUV ra-
diation from 0.1 to 194 nm, with resolution and accuracy of
0.1 nm and approximately 10 %–20 %. SEE includes two in-
struments, the EUV grating spectrograph and the soft X-ray
(XUV) photometer system (Woods et al., 2000). Here we use
daily values of solar irradiance integrated from 1 to 105 nm
wavelength. The TIMED SEE observations are used for com-
parison with the empirical solar flux models, SOLAR2000
and EUVAC.

Furthermore, the Solar Dynamics Observatory (SDO)
EUV Variability Experiment (EVE) provides a continuous
high-resolution spectrum with a wavelength range from 0.1
to 120 nm, a spectral resolution of 0.1 nm, and a temporal
resolution of 20 s. (Woods et al., 2010; Pesnell et al., 2011).
The high-resolution EUV observations provided by the SDO
EVE satellite have been used to calculate an ionosphere de-
lay in TEC.

Solar proxies are mostly used as a solar activity represen-
tation in thermosphere–ionosphere models. Hence, we also
use the daily F10.7 index for our analysis.

2.3 CTIPe model

The CTIPe model is a global, first-principle, three-
dimensional numerical, physics-based coupled
thermosphere–ionosphere–plasmasphere model, which
self-consistently solves the primitive equations of continuity,
momentum, and energy to calculate wind components,
global temperature, and the composition of neutrals, which
is further used to calculate plasma production, loss, and
transport. The model consist of four components, namely
a neutral thermosphere model (Fuller-Rowell and Rees,
1980), a midlatitude and high-latitude ionosphere con-
vection model (Quegan et al., 1982), a plasmasphere and
low-latitude ionosphere model (Millward et al., 1996), and
an electrodynamics model (Richmond et al., 1992). The
calculations are performed with 2◦/18◦ latitude/longitude
resolution. In the vertical direction, the atmosphere is
divided into 15 levels in logarithmic pressure at an interval
of one scale height, starting from a lower boundary at 1 Pa
(about 80 km altitude) to above 500 km altitude at pressure
level 15. The high-latitude ionosphere (above 55◦ N or S)
and the midlatitude–low-latitude ionosphere–plasmasphere
components have been implemented as separate modules.

The numerical solution of the composition equation and
the energy and momentum equations describe transport, tur-
bulence, and diffusion of atomic oxygen, molecular oxy-
gen, and nitrogen (Fuller-Rowell and Rees, 1983). To run
the model, external inputs are required like solar UV and
EUV, Weimer electric field, TIROS/NOAA auroral precipi-
tation, and tidal forcing from the Whole Atmosphere Model
(WAM). The F10.7 index is used as an input solar proxy to

https://doi.org/10.5194/angeo-39-341-2021 Ann. Geophys., 39, 341–355, 2021
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calculate ionization, heating, and oxygen dissociation pro-
cesses in the ionosphere. The CTIPe ionosphere results in-
clude the major ion species H+ and O+ for all altitudes and
other molecular and atomic ions, N2, O2, NO+, and N+, be-
low 400 km. Detailed information on the CTIPe model is
available in Codrescu et al. (2008, 2012) and Fernandez-
Gomez et al. (2019).

2.4 EUV representation in the CTIPe model

2.4.1 SOLAR2000 model

The SOLAR2000 model is the most recent EUV model ver-
sion in a series of iterations by Tobiska et al. (2000). SO-
LAR2000 incorporates multiple satellite and rocket measure-
ments, including the AE-E satellite observations, to specify
both a reference spectrum and solar variability. The EUV is
calculated using the Lyman-α flux and the F10.7 index with
the set of modeling equations. SOLAR2000 determines the
EUV irradiance for 809 emission lines and also for 39 wave-
length bands.

2.4.2 EUVAC solar flux model

Within CTIPe, a reference solar spectrum based on the EU-
VAC model (Richards et al., 1994) and the Woods and
Rottman (2002) model, driven by variations of input F10.7, is
used. The EUVAC model is used between 5 and 105 nm and
the Woods and Rottman (2002) model for 105 to 175 nm.
Solar flux is obtained from the reference spectra using the
following equation:

f (λ)= fref(λ) [1+A(λ)(P − 80)] , (1)

where fref and A are the reference spectrum and solar vari-
ability factor, respectively, and P = 0.5× (F10.7+F10.7A),
where F10.7A is the average of F10.7 over 81 d.

The EUVAC model includes solar flux in 37 wavelength
bins based on the measured F74113 solar EUV reference
spectrum (Hinteregger et al., 1981) and the solar cycle varia-
tion of the flux.

2.4.3 Comparisons between empirical EUV irradiance
variability models and observations

We compare TIMED SEE observations with the two empir-
ical models constructed from direct proxy parameterizations
of the EUV irradiance database, which are used to represent
EUV in the CTIPe model.

Figure 2 shows the modeled integrated irradiance spectra
from 5 to 105 nm calculated by both models, together with
the TIMED SEE irradiance from 2011 to 2013. The second
y axis shows the F10.7 index used to calculate the spectra in
empirical models. In comparison to the SOLAR2000 model
flux and TIMED SEE, flux values calculated by the EUVAC
model are smaller. There is a significant difference between

the flux models and the observed irradiance. The flux calcu-
lated by the SOLAR2000 model overestimates the observed
flux mostly during the Northern Hemisphere winter months,
whereas it is in good agreement during Northern Hemisphere
summer months. The observed EUV irradiance during mod-
erate solar activity is comparable to the SOLAR2000 flux,
with a difference of about 10 % and 23 % higher than the
EUVAC model. The EUVAC flux is about 30 % lower than
the SOLAR2000 model. The correlation coefficient of EUV
from both the EUV flux models with the observed EUV flux
is approximately 0.90 during the study period. In summary,
the SOLAR2000 model is in relatively good agreement with
the observed flux, while the EUVAC model underestimates
SOLAR2000 and the TIMED SEE flux. These results agree
with earlier comparisons (Lean et al., 2003; Woods et al.,
2005; Lean et al., 2011, and references therein).

Woods et al. (2005) compared the TIMED SEE observa-
tions with the flux calculated from different empirical models
for 8 February 2002. They reported that the empirical mod-
els are within 40 % of the SEE measurement at wavelengths
above 30 nm. The EUVAC and SOLAR2000 models agreed
best with TIMED SEE, compared to the other models.

Lean et al. (2003) validated the NRLEUV model with dif-
ferent empirical models such as SOLAR2000, HFG (Hin-
teregger et al., 1981), and EUVAC. In absolute scales, NR-
LEUV, HFG, and EUVAC have total energies that agree
within 15 %, but the SOLAR2000 absolute scale is more than
50 % higher. Their study reveals that long EUV wavelength
(70 to 105 nm) energy contributions (about 46 % of the whole
flux from 5 to 105 nm) are the main reason for the higher
EUV flux in the SOLAR2000 model compared to other em-
pirical models.

3 Results and discussion

In the following sections, we show the results and discuss
the TEC observations and their comparison with the modeled
TEC at 15◦ E. Furthermore, relations with solar radiation and
the delayed response over both the Northern and Southern
Hemispheres are presented. Schmölter et al. (2020) have re-
ported on a detailed investigation of the delayed ionospheric
response over European and Australian regions. Here, we an-
alyze the delayed response at 15◦ E covering the latitudes
from 70◦ S to 70◦ N and compare the response over the south-
ern African region with the European region.

In this study we have addressed the following points:

1. The TEC variations at moderate solar activity of solar
cycle 24 are analyzed to compare the input for the de-
lay analysis. A characterization of these differences be-
tween observed and modeled TEC is important to derive
further relations.
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R. Vaishnav et al.: Ionospheric response to solar EUV radiation variations 345

Figure 2. Time series of 0.5 to 105 nm integrated daily irradiance from 2011 to 2013 estimated from TIMED SEE observations, SOLAR2000,
and EUVAC. The right y axis represents the F10.7 index.

2. We used the periodicity estimation (frequency analysis)
to study observed and modeled TEC characteristics in
detail.

3. The relation between the F10.7 index and hemispheric
TEC has been used to analyze the solar and ionospheric
inputs of delay estimation.

4. In our study we focus on the ionospheric delay estima-
tion as a main point of our analysis.

5. The comparison of observed TEC variations with sim-
ulated TEC is done by using different flux models. In
previous work it has already be shown that the solar ac-
tivity has the strongest impact on TEC under nominal
conditions and is therefore significant for the derived
delay.

3.1 TEC variation at moderate solar activity of solar
cycle 24

The ionospheric electron density strongly varies from day to
night depending on the daily variations of solar radiation.

Figure 3 depicts the 11:00–13:00 LT averaged midday
variations in TEC for the moderate solar activity conditions
from 2011 to 2013. The figure shows the comparison be-
tween the observed TEC and modeled TEC simulated using
the EUVAC flux model at 15◦ E longitude. Note that at this
longitude, climatological hemispheric differences in TEC are
expected due to peculiarities of the magnetic field, in particu-
lar the South Atlantic Anomaly, which causes low ionization
in the Southern Hemisphere.

The TEC variations highly depend on the level of ioniza-
tion due to the solar radiation flux. The observed TEC shows
such variations compared to the SDO EVE-integrated flux
(1–120 nm), as shown on the second y axis of Fig. 3. During
2012, there are continuous 27 d cycles. This kind of regular
variation in solar observations enables us to explore the re-
spective ionospheric variations, which are clearly driven by
the ionization and recombination processes.

The maximum TEC is observed at the Equator and in low-
latitude regions. The TEC level reduces towards the high-
latitude regions. In general, the TEC values vary latitudi-
nally depending on the northern and southern hemispheric
season. At the Equator, the plasma moves upward and redis-
tributes along the Equator, causing the fountain effect (Ap-
pleton, 1946). The thermospheric wind circulations firmly
control the plasma movement. The plasma moves from the
summer hemisphere to the winter one, causing a decrease in
the F peak height, further decreasing the O/N2 ratio. The
TEC values in the Southern Hemisphere are higher than in
the Northern Hemisphere.

Figure 3a shows maximum TEC around the Equator dur-
ing the December solstice, and a minimum of TEC is ob-
served during the June solstice of 2011, which coincides with
the minimum solar EUV flux. There are local minima during
equinoxes in 2013.

In comparison to observed TEC, the modeled TEC
(Fig. 3b) is lower during the spring and summer period in the
Southern Hemisphere, while it is in better agreement during
the winter season. The bias between the modeled and ob-
served TEC is higher during the spring and summer season
in the Southern Hemisphere. In general, the modeled TEC is
lower than the observed TEC.

The variations in TEC are not only controlled by the so-
lar radiation, but there are also other factors such as local
dynamics or geomagnetic activities due to solar wind vari-
ations, which also influence the ionospheric state (Abdu,
2016). Fang et al. (2018) studied day-to-day ionospheric
variability and suggested that absolute values in TEC vari-
ability at low latitudes are largely controlled by solar activ-
ity, while for midlatitudes and high latitudes, however, solar
and geomagnetic activities contribute roughly equally to the
absolute TEC variability.

A detailed comparison between the observed TEC and
modeled TEC simulated using the different solar flux models
(SOLAR2000 and EUVAC) during January, June, and De-
cember is presented and discussed in Sect. 3.6.
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Figure 3. Latitudinal variation of (a) observed TEC and (b) model-simulated TEC around noon (11:00–13:00 LT) at 15◦ E longitude. The
gray curve in panel (a) represents the SDO EVE-integrated flux (1–120 nm).

3.2 Periodicity estimation

Solar activity varies at different timescales from minutes to
years or even centuries. The periodic behavior in the solar
proxies has been studied by various authors to explore the re-
sponse of the terrestrial atmosphere and especially the T–I re-
gion and to investigate the connection between solar variabil-
ity and ionospheric parameters (Jacobi et al., 2016; Vaishnav
et al., 2019). A widely used method to analyze periodicities
in time series is the continuous wavelet transform (CWT).
The CWT captures the impulsive events when they occur in
the time series (Percival and Walden, 2000; Mallat, 2009).
However, the CWT also reveals lower frequency features of
the data hidden in the time series.

Here, we will investigate and compare the different tem-
poral patterns of observed and modeled TEC. The daily TEC
and F10.7 index from 2011 to 2013 are used to analyze the
periodic behavior of the T–I system. Figure 4 shows the con-
tinuous wavelet spectra of the model-simulated TEC, ob-
served TEC, and F10.7 for low latitudes [±30◦], midlatitudes
[± (30–60◦)], and high latitudes [± (60–70◦)] from 2011 to
2013. Here averaged TEC is used for the low latitudes, mid-
latitudes, and high latitudes.

The upper panels (a)–(c) of Fig. 4 show the CWT of mod-
eled TEC, while the middle panels (d)–(f) show the observed
TEC, respectively, over the different latitude bands men-
tioned in the figure title. The lower panel (g) shows the CWT
of F10.7.

The CWT of modeled TEC shows the dominant 16–32 d
oscillations during 2012. This is, however, not the case dur-
ing 2011 and 2013. During these periods, the influence of
other dynamical processes in the ionosphere (e.g., lower at-

mospheric forcing) is stronger. During these years, very weak
27 d periodicity is observed. The 27 d period is stronger dur-
ing December and January. Pancheva et al. (1991) showed
that the 27 d variation in the lower ionosphere (D region) is
often caused by dynamical forcing (planetary waves), partic-
ularly in the winter season under low solar activity. A similar
16–32 d periodicity is observed in the F10.7 index. It is well
known that the 27 d periodicity is one of the major and dom-
inant modes of variations in the solar proxies.

As an advantage, the CWT also shows small-scale fea-
tures. Over low latitudes and midlatitudes, 8–16 d oscilla-
tions are observed to be dominant. Furthermore, another
high-power region is visible in the 128–256 d period, rep-
resenting the semi-annual oscillations in both modeled and
observed TEC and in the F10.7 index. The semi-annual oscil-
lation is mostly dominant during the period of investigation.
Apart from it, in model-simulated TEC, a 64–128 d period is
observed during 2012 and 2013. The oscillations are stronger
at low-latitude and midlatitude stations compared to high lat-
itudes.

The second row of Fig. 4 shows the oscillations in the ob-
served TEC. Here, a weak 27 d cycle is observed during De-
cember, and the 128–256 d period is mostly dominant during
2011 and 2012. There is a weak signature of semi-annual
oscillations during 2013. As compared to the periodicity ob-
served in model-simulated TEC, the 64–128 d periodicity is
missing in the observations over all the latitudes. Further-
more, shorter period fluctuations can be seen, especially at
high latitudes (Fig. 4f), with a preference for the winter sea-
son. These may be connected with planetary wave effects
from below (e.g. Altadill et al., 2001, 2003).

Ann. Geophys., 39, 341–355, 2021 https://doi.org/10.5194/angeo-39-341-2021



R. Vaishnav et al.: Ionospheric response to solar EUV radiation variations 347

Figure 4g shows the CWT spectra of the F10.7 index. Here
the dominant period is 16–32 d during 2012, and a weak 16–
32 d period oscillation is observed during 2011 and 2013.

In general, from the above investigation, it can be seen
that 16–32 d periodicity was dominant during 2012. Vaish-
nav et al. (2019) used cross-wavelet and Lomb–Scargle pe-
riodogram techniques to estimate the periodicity of various
solar proxies and global TEC during long time series from
2000–2016. They found that the semi-annual oscillation is
mostly dominant during the solar maximum years 2001–
2002 and 2011–2012.

3.3 Relation between F10.7 index and hemispheric
TEC

Solar activity has the strongest effect on ionospheric varia-
tions, especially during enhanced solar activity. The last solar
minimum was extremely extended, and the following solar
cycle was quite weak (e.g., Huang et al., 2016), so that mete-
orological influences become more relevant. To examine the
effect of solar activity on TEC variations during a weak solar
cycle, we analyzed the relationship between F10.7 and mid-
day TEC (11:00–13:00 LT). Figure 5 shows the correlation
between TEC and F10.7 during 2011–2013 for the Northern
Hemisphere (NH; upper panels) and Southern Hemisphere
(SH; lower panels), indicating the correlation coefficient (R).
In order to represent the NH and SH, daily data of 40◦ N
and 40◦ S latitudes at 15◦ E longitude have been used re-
spectively. The mean root mean square (rms) at 40◦ N is
6.92 TECU, and the mean rms at 40◦ S is 7.54 TECU for the
whole period.

We have calculated correlations using the observed TEC
over the NH and SH. During 2011, the maximum correlation
for all the years is observed, which amounts toR = 0.71/0.79
for the NH/SH. This suggests that midday TEC values are
mainly controlled by solar EUV radiation.

From the current study and past publications (Romero-
Hernandez et al., 2018), it is well known that during high
solar activity, weak correlations are observed compared to
the moderate solar activity conditions. But during the year
2012, the lowest correlation of about 0.06 was observed in
the SH, while the correlation was about 0.36 in the NH re-
gion. During the year 2013, the correlation is weaker than
during 2011, namely about 0.42 for the NH and 0.60 for the
SH.

In general, the correlation coefficient is higher in the
southern hemispheric region as compared to the Northern
Hemisphere during 2011 and 2013, whereas lower correla-
tions are observed during the year 2012. The analysis for
2012 shows some unexpected behavior over these study re-
gions. This unusual behavior could be due to physical and
chemical processes that have an impact on the ionospheric
state.

3.4 Cross-correlation and delay estimation

The possible relations between solar activity, geomagnetic
activity, and ionospheric parameters have been studied by
several authors (e.g., Abdu, 2016; Fang et al., 2018; Vaishnav
et al., 2019). However, several past studies, due to the un-
availability of high-resolution datasets, used only daily res-
olution. To estimate the ionospheric delay, different iono-
spheric parameters have been considered using daily reso-
lution data; an ionospheric delay of about 1–2 d against solar
proxies has been reported (Jakowski et al., 1991; Jacobi et al.,
2016; Vaishnav et al., 2019). Only recently, Schmölter et al.
(2020) used SDO EVE and GOES EUV fluxes to calculate
the ionospheric delay of about 17 h as a mean value based
on hourly time resolution data. This observed delay was also
confirmed by numerical physics-based models (Ren et al.,
2018; Vaishnav et al., 2018).

Here, we investigate the ionospheric delay using hourly
resolution observations and compare it with the model-
simulated TEC. Figure 6 shows the cross-correlation and
a corresponding ionospheric delay calculated using SDO
EVE-observed integrated flux from the 1 to 120 nm wave-
length region in comparison with modeled TEC at 15◦ E lon-
gitude. The modeled TEC used for these analyses has been
simulated using the EUVAC solar flux model and the F10.7
index as a solar input proxy to calculate the input spectra.
The cross-correlation was applied on independent monthly
datasets from 2011–2013, as the maximum correlation is ex-
pected during the solar rotation period. If longer periods are
selected, the periodicity is a mixture of lower and higher so-
lar activity. Then the appearance of sunspots at different loca-
tions on the solar disk shifts the maximum EUV emissions in
relation to coherence with one another, for which the correla-
tion is expected to decrease. Even shorter periods can result
in lower correlations due to the reduced sampling size, i.e., a
stronger impact of smaller deviations as well. Similar results
have been shown by Vaishnav et al. (2019). They studied cor-
relation analysis between TEC and multiple solar proxies for
different time periods. Their study revealed that the correla-
tion is lower during shorter and longer periods. Better corre-
lations are only expected during the solar rotation period.

The upper panels of Fig. 6 show the (a) cross-correlation
and (c) the ionospheric delay using the observed TEC. The
maximum correlation is observed during the year 2012 with
about 0.5, while in 2011 and 2013 the correlation is weaker.
The lowest correlation is observed during the winter months
of 2011–2012. Further, latitudinal variations are also seen in
the correlation coefficient.

Figure 6c shows the cross-correlation coefficient calcu-
lated using the modeled TEC and SDO-EVE flux. The corre-
lation coefficient is higher than the one seen in the observed
TEC. There are several processes that can influence the be-
havior of the ionosphere and the real observations such as
lower atmospheric forcing or geomagnetic activity. But in the
model, lower atmospheric variability is not included, except
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Figure 4. Wavelet continuous spectra of daily modeled TEC (a–c), observed TEC (d–f) for different low latitudes [±30◦], midlatitudes
[±(30◦− 60◦)], and high latitudes [±(60◦− 70◦)], and (g) F10.7 index.

in a statistical sense, which affects the total variability; hence
higher correlation is observed in modeled TEC compared to
observed TEC.

The analysis suggests that the model can reproduce similar
trends and features to those shown in the observations. The
overall correlation coefficient in the Southern Hemisphere is
higher than in the Northern Hemisphere.

Figure 6b shows the ionospheric delay calculated from the
observed TEC against the SDO flux. The ionospheric de-
lay varies strongly with latitude and time. A shorter iono-
spheric delay is observed during January as compared to
other months. For January, the ionospheric delay is about 13–
16 h. The maximum delay is about 22 h in the low-latitude re-
gion during 2011 and 2012 but about 22–23 h during 2013 in
low latitudes and midlatitudes. During 2011 the ionospheric
delay is maximum for the winter period at the Equator with
about 22 h, while it decreases towards high latitudes. A very
low ionospheric delay of about 5–10 h is observed during Au-
gust 2012 for midlatitudes. An interesting feature that can be
noted here is that the ionospheric delay increases with in-
creasing solar activity from 2011 to 2013.

A similar analysis for the estimation of the ionospheric
delay has been performed for the model-simulated TEC, as
shown in Fig. 6d. The CTIPe model is able to reproduce fea-
tures seen in the observed TEC (Fig. 6b). The ionospheric

delay is higher during December and follows the solar activ-
ity.

In the higher latitude region (above 60◦ latitude in both
hemispheres), the ionospheric delay in the model is smaller
than in the observations and amounts to about 5–10 h. Si-
multaneously, the correlation coefficient is high at the high-
latitude regions in the Southern Hemisphere and is about 0.4,
as shown in Fig. 6c. This bias is due to the model limitations
such as model input, grid resolution, and insufficient physical
descriptions (Negrea et al., 2012).

Generally, the ionospheric delay calculated from the mod-
eled TEC is in good agreement with the observed one, and
it is about 17 h. Furthermore, the ionospheric delay is al-
ways higher in the Northern Hemisphere as compared to the
Southern Hemisphere. Partly negative correlation has been
observed in both the model and the observations. This nega-
tive correlation might be possible due to additional heating
sources or unknown factors such as the state of the iono-
sphere and its dominant physical processes. Another more
important factor is lower atmospheric forcing, such as grav-
ity or planetary wave. Gravity waves can influence the upper
atmosphere’s thermal and compositional structures. These
sources might lead to changes in the ionosphere’s local dy-
namics and contribute to additional increase and decrease in
the electron density, irrespective of actual solar activity con-
ditions.
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Figure 5. Relation between F10.7 index and midday-observed TEC (11:00–13:00 LT) at 40◦ N, 15◦E (a, b, c) and 40◦ S, 15◦E (d, e, f) for
2011, 2012, and 2013. The red line is the linear fit.

The correlation coefficients in the Southern Hemisphere
are generally higher than in the Northern Hemisphere.

Furthermore, to understand the mean variations of TEC
and its connection with the ionospheric delay, we calculated
the latitudinal mean observed TEC with the standard devi-
ations and compare it with the model-simulated TEC from
2011 to 2013 as shown in Fig. 7a. The model-simulated
TEC underestimates the observed TEC at all latitudes. As
expected, the maximum TEC of about 50 TECU is ob-
served at low latitudes, while model-simulated TEC is about
45 TECU. The maximum bias is observed poleward of 35◦ S
and 45◦ N, and this bias increases towards high latitudes. As
discussed in the previous sections, there are several problems
such as providing inputs for the model, grid resolution ef-
fects, and insufficient physical descriptions that need to be
addressed in the future to reduce the bias in the model.

To see the mean latitudinal variations of ionospheric delay,
we used the monthly delay calculated from 2011 to 2013.
The mean ionospheric delay is about 17–18 h in the obser-
vations at low latitudes and midlatitudes, while it is about
15 h in the high-latitude regions. As compared to the delay
in observations, the model-simulated delay is 1–2 h less in
the low latitudes and midlatitudes, but the difference strongly
increases in the high-latitude regions. Poleward of 55◦, the
ionospheric delay reduces to less than 10 h.

This analysis shows that the model can reproduce the iono-
spheric delay as seen in the observations and generally pro-
duces a delay of about 18 h at middle latitudes.

3.5 Observed TEC variations and its comparison to
TEC simulated using different EUV flux models

To further visualize the observed daily TEC and its com-
parison with the modeled TEC at different latitudes, the re-
sults are presented in the box-and-whisker plot in Fig. 8 for
June and December 2011 to 2013. The box has lines at the
lower quartile, median (red line), and upper quartile values.
Whiskers extend from each end of the box to the adjacent
values in the data. Outliers beyond the whiskers are displayed
using the “+” sign.

To analyze the TEC variations at the grid point 40◦ S and
40◦ N, for 15◦ E each in both hemispheres during June and
December (left panels, a–d), we compare the observed TEC
(O) with the modeled TEC simulated using the SOLAR2000
(S) and the EUVAC (E) flux model for different years. The
F10.7 index is used as the primary solar input to calculate the
spectra in the model. The box plots have been generated us-
ing the daily data of June and December, respectively. The
right panels (e–h) show the differences between observed
and modeled TEC at different corresponding locations and
months (e–h).

The median of modeled TEC using the SOLAR2000 flux
model overestimates the observed TEC by about 10, 11, and
7 TECU during June 2011, 2012, and 2013, respectively, at
40◦ S as shown in Fig. 8a, e. A slightly smaller overestima-
tion can be seen using the EUVAC flux model, with a differ-
ence of less than about 5 TECU during 2011 and 2013 and
6 TECU during 2012. Hence, both models generally show
overestimation of TEC at this latitude and month.
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Figure 6. Correlation coefficient (a, c) and delay estimation (b, d) using observed (a, b) and model-simulated (c, d) hourly TEC and SDO
EVE-integrated flux (1–120 nm).

Figure 7. (a) Daily mean TEC variations and (b) delay estimation using observed (blue) and model-simulated (red) hourly TEC and SDO
EVE-integrated flux. The error bars show standard deviations of mean values.

Figure 8b and f show the TEC plot and difference box plot
at 40◦ N, 15◦ E during June. At this grid point, the observed
TEC values are high compared to the southern hemispheric
grid point. The observed TEC is quite comparable with the
modeled TEC simulated using SOLAR2000 during 2011 and
2013. However, it shows an overestimation by 2 TECU dur-
ing 2012. In comparison to SOLAR2000-simulated TEC, the

EUVAC-model-based TEC simulation shows an underesti-
mation of about 5–10 TECU. The modeled TEC using the
SOLAR2000 flux model is higher than the one simulated
using the EUVAC model. A good agreement between the
modeled and observed TEC can be seen at the southern and
northern hemispheric grid points (Fig. 8e–f), where the bias
is less than 10 TECU. The analysis for December is shown in
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Figure 8. Box plots based on daily TEC during June and December 2011–2013 for 40◦ S and 40◦ N. The months and location are mentioned
in the figure titles. Here O, S, and E represent observed, CTIPe-SOLAR2000 flux model, and CTIPe-EUVAC flux model TEC, respectively.
The left panels show the box plots for the difference between observed TEC with the model-simulated TEC using different flux models. Data
points beyond the whiskers are displayed using the “+” sign.

Figure 9. Box plots of observed daily TEC and model-simulated TEC using F10.7A as solar input for 40◦ S and 40◦ N during January, June,
and December for the year 2013.

Fig. 8c–d. The difference plot (Fig. 8g–h) shows a different
behavior than in June. The modeled TEC simulated using the
SOLAR2000 is in agreement during December over 40◦ S,
but the modeled TEC simulated using the EUVAC underes-
timates the observations by about 10 TECU.

Over the grid point 40◦ N, 15◦ E, both flux models re-
sult in an overestimation, and the SOLAR2000 flux model

produces maximum bias during 2011 and 2013, with about
40 and 20 TECU during 2012. The modeled TEC simulated
using the EUVAC model shows an overestimation of about
10 TECU.

The overall difference between the model and observa-
tions is larger during December as compared to June. The
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discrepancy observed in the CTIPe results is possibly due to
the various reasons mentioned in the previous section.

Figure 9a–b show the box plots of TEC for January, June,
and December during 2013. Here the CTIPe model run used
the modified F10.7A index (average of previous 41 d aver-
ages with previous day value) as solar input to calculate the
spectra in solar flux models. We choose this period to con-
sider different ionizing radiations. Here the difference plots
Fig. 9c–d show bias during January, June, and December at
40◦ S, 15◦ E and 40◦ N, 15◦ E.

At 40◦ S, 15◦ E, the modeled TEC simulated using the SO-
LAR2000 flux model overestimates TEC during January and
December and underestimates TEC during June by about
5 TECU. The modeled TEC simulated using the EUVAC
model shows quite different behavior. It shows overestima-
tion during January and June but underestimation during De-
cember.

In comparison to the southern hemispheric grid point, the
TEC over 40◦ N, 15◦ E simulated using the SOLAR2000
shows overestimation of TEC and maximum bias during Jan-
uary by about 25 TECU. In the case of the EUVAC model, it
shows underestimation during January compared to observed
TEC. During June and December, the modeled TEC simu-
lated using EUVAC shows overestimation with respect to the
observed TEC.

Here it is interesting to note that the southern hemispheric
grid point shows good agreement compared to the Northern
Hemisphere. During January, the SOLAR2000 model over-
estimated TEC by about 20 TECU, while the EUVAC model
overestimated TEC by 5 TECU at 40◦ N, 15◦ E. The observed
TEC shows seasonal variations, while the model is not able
to capture seasonal behavior.

We performed a similar comparison using F10.7A (aver-
age of previous 81 d averages with previous day value) as
solar input proxy in the solar flux models (not shown). The
results show a similar bias as the one presented in Fig. 9.
The flux values provided by EUVAC are smaller than SO-
LAR2000 results in the photoionization processes, and this
results in a decrease in TEC.

Klipp et al. (2019) compared the IGS TEC with the mod-
eled TEC using different flux models (EUVAC and SO-
LAR2000) over Central and South American regions. They
showed different behavior of empirical models during differ-
ent solar activity conditions.

The large bias observed in the physics-based model is
mainly due to the solar EUV flux input and grid resolution.
The model needs further improvement regarding the input of
solar flux.

Miyoshi et al. (2018) investigated the effects of the hor-
izontal resolution on the electron density distribution using
the GAIA model. They showed that fluctuations produced
in model-simulated electron density with periods of less
than about 2 h and length scales of less than about 1000 km
with a high horizontal resolution of 1◦× 1◦, which are in
good agreement with observations. These fluctuations are not

seen in a low-resolution (2.5◦× 2.5◦) simulation. Hence, the
model resolution is an important factor for the large bias be-
tween observations and model simulations.

4 Summary

We presented a climatological analysis of GNSS-observed
and CTIPe-model-simulated TEC during 3 years, 2011 to
2013, of the 24th solar cycle, to investigate and compare
modeled TEC with the observed ones, the ionospheric de-
lay, periodicity estimation, and relation of TEC with the solar
proxy. Our results show a distinct low-latitude and midlati-
tude TEC response at a longitude of 15◦ E.

The main results of this study can be summarized as fol-
lows:

– The periodicity estimations over the low latitudes, mid-
latitudes, and high latitudes show that 16–32 d period-
icity was dominant during 2012. As compared to the
periodicity observed in model-simulated TEC, the 64–
128 d periodicity was missing in the observations over
all considered latitudes.

– While comparing TEC against the F10.7 index, the cor-
relation is higher in 2011 and 2013 over the Southern
Hemisphere as compared to the Northern Hemisphere;
i.e., there is a hemispheric asymmetry. A similar charac-
teristic has been observed by Romero-Hernandez et al.
(2018). The lowest correlation is observed during 2012.

– The ionospheric delay has been investigated using the
modeled and observed TEC against the solar EUV flux.
The ionospheric delay estimated using model-simulated
TEC is in good agreement with the delay estimated
for observed TEC. An average delay for the observed
(modeled) TEC is about 17 (16) h. The study confirms
the model’s capabilities to reproduce the delayed iono-
spheric response against the solar EUV flux. These
results are in close agreement with Schmölter et al.
(2020).

– The average difference between the northern and south-
ern hemispheric delay estimated for observed (modeled)
TEC is about 1 (2) h. The average delay is higher in
the Northern Hemisphere as compared to the Southern
Hemisphere.

– Furthermore, the observed TEC is compared with the
modeled TEC simulated using the SOLAR2000 and
EUVAC flux models within CTIPe at the northern and
southern hemispheric grid points. The analysis indicates
that TEC simulated using the SOLAR2000 flux model
overestimates the observed TEC, which is not the case
when using the EUVAC flux model. The large bias ob-
served in the physics-based model is mainly due to the
solar EUV flux input and grid resolution. Our results
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show that the model needs further improvement in re-
spect to the solar flux input to further reduce the pre-
sented deviation to TEC measurements.
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5 Paper 4: Role of eddy diffusion in

the ionospheric delayed response

In this paper, CTIPe model simulations have been performed to consolidate the prelim-

inary results of Vaishnav et al. (2018) and the hypothesis of Jakowski et al. (1991), in

order to understand the possible physical mechanisms of the ionospheric delay. Simula-

tions of the ionospheric response to solar flux changes driven by the twenty-seven days

solar rotation have been performed. To understand the role of I-T coupling in this study

we perform model runs changing the eddy diffusion and solar activity conditions.

An ionospheric delayed response has been investigated by Schmölter et al. (2020) over

European stations. They reported an ionospheric delay of about 18 h over these stations.

Hence, we emphasis to reproduce and investigate the ionospheric delay response over an

European location (40◦N) and discuss the physical mechanism.

Our main contributions to scientific understanding of ionospheric delay:

• The ionospheric delay at the solar rotation period is well reproduced and is about

1 d.

• The results of mechanistic studies with CTIPe show that eddy diffusion is an im-

portant factor that strongly influences the delay introduced in TEC based on the

solar activity conditions. This verifies the hypothesis of Jakowski et al. (1991).

• When eddy diffusion is reduced to 75% of the original value, the delay is slightly

longer (about 25 h), while when transport is increased, the delay is reduced to 20 h.

An increase in eddy diffusion leads to faster transport processes and an increased

loss rate, resulting in a reduction of the ionospheric time delay.

• At low latitudes, the influence of solar activity is stronger, as EUV radiation drives

ionization processes that lead to compositional changes. Therefore, the combined

effect of eddy diffusion and solar activity shows a larger delay in the low and mid-
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latitude region.

The analysis has a few limitations that need to be addressed in future research. Our

results suggest that eddy diffusion plays a crucial role in the ionospheric delay. Therefore,

further numerical modeling and observational results are needed to understand the

profound role of lower atmospheric forcing and T-I coupling. For this study, constant

atmospheric conditions were used to understand the role of solar flux and eddy diffusion

on ionospheric delay. Further studies are needed in the future to explore the physical

processes using actual observations. It would also be interesting to study the combined

effect of solar variations, geomagnetic variations, and lower atmospheric forcings.

This paper,Vaishnav et al., 2021b is committed to investigate the role of eddy diffusion

on the ionospheric delay.

Research paper

[Vaishnav et al., 2021b] Vaishnav, R., Jacobi, C., Berdermann, J., Codrescu, M., and

Schmölter, E. (2021). Role of eddy diffusion in the delayed ionospheric response to solar

flux changes, Annales Geophysicae, 39, 641–655, 2021, https://doi.org/10.5194/angeo-39-

641-2021.
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Abstract. Simulations of the ionospheric response to so-
lar flux changes driven by the 27 d solar rotation have
been performed using the global 3-D Coupled Thermosphere
Ionosphere Plasmasphere electrodynamics (CTIPe) physics-
based numerical model. Using the F10.7 index as a proxy
for solar extreme ultraviolet (EUV) variations in the model,
the ionospheric delay at the solar rotation period is well
reproduced and amounts to about 1 d, which is consistent
with satellite and in situ measurements. From mechanistic
CTIPe studies with reduced and increased eddy diffusion,
we conclude that the eddy diffusion is an important factor
that influences the delay of the ionospheric total electron
content (TEC). We observed that the peak response time of
the atomic oxygen to molecular nitrogen ratio to the solar
EUV flux changes quickly during the increased eddy dif-
fusion compared with weaker eddy diffusion. These results
suggest that an increase in the eddy diffusion leads to faster
transport processes and an increased loss rate, resulting in
a decrease in the ionospheric time delay. Furthermore, we
found that an increase in solar activity leads to an enhanced
ionospheric delay. At low latitudes, the influence of solar
activity is stronger because EUV radiation drives ionization
processes that lead to compositional changes. Therefore, the
combined effect of eddy diffusion and solar activity leads to
a longer delay in the low-latitude and midlatitude region.

1 Introduction

The solar activity plays a significant role in controlling the
variations in the thermosphere–ionosphere (T/I) system, in
particular through solar extreme ultraviolet (EUV) and ultra-
violet (UV) radiation and their variability. In addition, there
are several factors which control the behavior of the T/I sys-
tem, such as tidal and gravity wave forcing from the lower
atmosphere, neutral winds, and related currents in the iono-
sphere. These are especially predominant during low solar
activity, leading to reduced correlation of solar flux and iono-
spheric electron density then (Vaishnav et al., 2019). The
ionosphere itself is created through photoionization of the
major constituents (atomic oxygen, molecular nitrogen, and
molecular oxygen), while photodissociation may change the
mixing ratios of these constituents (especially atomic oxy-
gen), leading to modifications of the ionization rates.

Due to these varying ionization rates for different atoms
and molecules, a series of layers of electron density forms,
known as D, E, F1, and F2 regions. The maximum peak
of electron density is observed in the F2 region. The F2 re-
gion electron densities mainly depend on photochemical pro-
cesses, such as photodissociation, photoionization, and loss
by recombination with molecular nitrogen, and transport pro-
cesses, such as neutral wind and diffusion. On top of this,
there are many processes which can drive or disturb the iono-
spheric ion distribution, such as diffusion, transport, cooling,
and heating mechanisms. Transport can be divided into three
main categories, namely eddy diffusion, molecular diffusion,
and advection processes (Brasseur and Solomon, 2005). The

Published by Copernicus Publications on behalf of the European Geosciences Union.
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F2 region is strongly influenced by the global thermospheric
circulation (Rishbeth, 1998).

The physical mechanism of the delayed ionospheric re-
sponse cannot be explained with solar variations, seasonal
variations, or changes due to geomagnetic activity. We also
cannot explain the delay with photoionization and photodis-
sociation processes alone. This has been discussed in several
studies (Jakowski et al., 1991; Schmölter et al., 2018, 2020,
and references therein), and the importance of the T/I cou-
pling was pointed out. The T/I coupling is important for the
delay. This has been mentioned in several studies by now
but has scarcely been investigated. The most important im-
pacts we would expect due to this coupling are compositional
changes that can impact the major processes, and this could
be due to gravity-wave-induced diffusion.

The lower thermospheric composition is not only influ-
enced by gravity waves, but also by other parts of the lower
atmospheric wave spectrum, including atmospheric tides and
planetary waves. The main source of eddy diffusion is break-
ing of gravity waves. Gravity waves are usually generated in
the lower atmosphere by various mechanisms such as con-
vection, wind shears, storms, and airflow over mountains.
Their amplification and wave breaking due to instabilities
produces mixing (Li et al., 2005). Atmospheric tidal and
planetary wave activity can also significantly contribute to
eddy diffusion. For example, the tides induce a net transport
of atomic oxygen via the mean meridional circulation gener-
ated by tidal dissipation (Jones et al., 2014a, b). Above the
mesopause, the intradiurnal variability associated with atmo-
spheric tides strongly affects the transport of NOx (Meraner
and Schmidt, 2016), and seasonally varying gravity wave
and tidal mixing influence the mesosphere–lower thermo-
sphere (MLT) region (Qian et al., 2013). Moreover, the possi-
ble role in the semiannual oscillation in thermospheric mass
density is discussed by Jones et al. (2018). Siskind et al.
(2014) showed that the vertical transport by nonmigrating
tides causes a significant reduction in the calculated peak
electron density of the ionospheric F2 layer.

Several studies have reported the influence of gravity
waves and turbulence on the T/I composition and calculated
the eddy diffusion coefficient in the MLT region (Kirchhoff
and Clemesha, 1983; Sasi and Vijayan, 2001; Swenson et al.,
2019). Based on radar measurements, Kirchhoff and Cleme-
sha (1983) calculated a minimum (maximum) eddy diffusion
coefficient of 45 (123) m2 s−1 during fall (summer). Simi-
larly, Sasi and Vijayan (2001) used Doppler radar observa-
tions and show that the eddy diffusion varies from 25 to
300 m2 s−1 during September and June.

Turbulent mixing is an important process affecting the
composition of the T/I system. The effect of turbulence on
different minor and major species has been discussed on sev-
eral occasions (e.g., Keneshea and Zimmerman, 1970; Shi-
mazaki, 1971; Chandra and Sinha, 1974; Rishbeth et al.,
1987; Rees and Fuller-Rowell, 1988; Fuller-Rowell and
Rees, 1992; Danilov and Konstantinova, 2014; Pilinski and

Crowley, 2015; Swenson et al., 2018). Various coupled mod-
els have been developed to understand the T/I region varia-
tions, considering the availability of experimental and theo-
retical knowledge. Earlier 1-D models, which include eddy
diffusion coefficients, have been used to model the T/I re-
gion (e.g., Colegrove et al., 1965; Shimazaki, 1971; Jakowski
et al., 1991). Nowadays, more improved, 3-D models like
the Coupled Thermosphere Ionosphere Plasmasphere Elec-
trodynamics (CTIPe) model (Fuller-Rowell and Rees, 1980)
or the National Center for Atmospheric Research (NCAR)
Thermosphere–Ionosphere–Electrodynamics General Circu-
lation Model (TIE-GCM) (Richmond et al., 1992) are avail-
able to explore the dynamics of the T/I region. These models
cannot be expected to reproduce the real ionospheric vari-
ability exactly due to limited knowledge of various processes
in the T/I region and their corresponding inputs (e.g., Shim
et al., 2011; Codrescu et al., 2012), but they are capable of
providing insight into relevant dynamical processes in the
T/I.

Rees and Fuller-Rowell (1988) used a sinusoidal eddy tur-
bulence profile and analyzed the effect of eddy turbulence on
temperature, atomic oxygen, and nitric oxide. They showed
that an increase in turbulence near the mesopause leads to
an increase in atomic oxygen and nitric oxide. This leads to
a change in the thermal structure by strongly modifying the
gravity wave flux.

The solar radiation reaching the Earth exhibits a period-
icity of about 27 d, owing to the solar rotation. As a result,
the T/I system also varies with this periodicity. Many stud-
ies revealed a delay in ionospheric parameters, such as to-
tal electron content (TEC, given in TEC units, 1 TECU=
1016 electrons m−2), electron density, peak electron den-
sity of F2 region (NmF2, cm−3), and the corresponding
height (hmF2, km), to the 27 d solar flux variation (Jakowski
et al., 1991; Liu et al., 2006; Afraimovich et al., 2008; Lee
et al., 2012; Anderson and Hawkins, 2016; Jacobi et al.,
2016; Schmölter et al., 2018, 2020, 2021; Vaishnav et al.,
2018, 2021; Ren et al., 2018, and references therein). Most of
the studies found an ionospheric delay of about 1–2 d, with
a possible uncertainty of about half a day. Schmölter et al.
(2018), using high temporal resolution data, found an iono-
spheric delay of about 17–19 h using TEC and Geostationary
Operational Environmental Satellite (GOES) EUV datasets.
The detailed seasonal and spatial effect on the ionospheric
delay was studied by Schmölter et al. (2020). Their study re-
vealed a strong geomagnetic effect on the ionospheric delay.
They also noticed that the delay over Southern Hemisphere
stations is larger than over Northern Hemisphere stations.

Numerical simulations using a 1-D model have revealed
that the delay might be due to the slow diffusion of atomic
oxygen at 180 km height, generated by solar UV radiation in
the Schumann–Runge continuum, causing photodissociation
of molecular oxygen above the turbopause (Jakowski et al.,
1991).
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Ren et al. (2018) investigated the ionospheric time de-
lay using observations and simulations with the TIE-GCM
model. They discussed the possible role of ion production
and loss mechanisms and the O/N2 ratio in the ionospheric
delay against the solar EUV flux. A strong effect of geomag-
netic activity was reported. The ionospheric response time
is controlled by photochemical, dynamical, and electrody-
namical processes. Ren et al. (2019) suggested that the time
delay in thermospheric temperature is due to the difference
between the total heating and cooling rates. The study also
found a possible role of the general circulations in the upper
atmosphere in the time delay. Similarly, the peak response
time of the neutral mass density corresponds to the time of
equilibrium between the effect of the barometric process and
the change in its abundance (Ren et al., 2020). Moreover,
Ren et al. (2021) suggest the possible role of geomagnetic
activity in the time delay of the thermospheric mass density,
which varies with altitude, latitude, and local time.

Despite such a general understanding, however, the exact
mechanism of the ionospheric delay needs further investi-
gation. Therefore, here we attempt to quantify the process
which is probably responsible for the ionospheric delay us-
ing the CTIPe model (Fuller-Rowell and Rees, 1980). Vaish-
nav et al. (2018) indicated that transport processes might play
an important role in the ionospheric delay observed in TEC
using CTIPe model simulations. Based on this assumption,
numerical simulations have been performed to consolidate
the preliminary results of Vaishnav et al. (2018) and the hy-
pothesis of Jakowski et al. (1991) and to explain the physical
mechanisms of the ionospheric delay. To understand the role
of T/I coupling in this study, we perform model runs chang-
ing the eddy diffusion.

An ionospheric delayed response has been investigated
by Schmölter et al. (2020) over European stations. They re-
ported an ionospheric delay of about 18 h over these stations.
Therefore, in this paper, the emphasis is to reproduce and
investigate the ionospheric delay response over a European
location (40◦ N).

2 CTIPe model simulations

The CTIPe model is used to understand the influence of eddy
diffusion in the neutral composition and its role in the de-
lay mechanism. The CTIPe model is an advanced version
of the CTIM model (Fuller-Rowell et al., 1987) and is a
global, first-principle, nonlinear, time-dependent, 3-D, nu-
merical, physics-based coupled thermosphere–ionosphere–
plasmasphere model consisting of four fully coupled dis-
tinct components, namely, (a) a neutral thermosphere model
(Fuller-Rowell and Rees, 1980); (b) a high-latitude iono-
sphere convection model (Quegan et al., 1982); (c) a midlati-
tude and low-latitude ionosphere plasmasphere model (Mill-
ward et al., 1996); and (d) an electrodynamics model (Rich-
mond et al., 1992). The thermosphere component of the

CTIPe model solves the continuity, momentum, and energy
equations to calculate the wind components, global tempera-
ture, and composition.

The transport terms particularly specify theE×B drift and
include ion-neutral interactions under the effect of the mag-
netospheric electric field. The geographic latitude/longitude
resolution is 2◦/18◦. In the vertical direction, the atmosphere
is divided into 15 logarithmic pressure levels at an inter-
val of one scale height, starting with a lower boundary at
1 Pa (about 80 km altitude) to above 500 km altitude at pres-
sure level 15. The high-latitude ionosphere (poleward of geo-
magnetic coordinates 55◦ N/S) and the midlatitude and low-
latitude ionosphere and plasmasphere are implemented as
separate components, and there is an artificial boundary be-
tween these two model components. The equations for the
neutral thermosphere model are solved self-consistently with
a high-latitude ionosphere model (Quegan et al., 1982). The
numerical solution of the composition equation describes
transport, turbulence, and diffusion of atomic oxygen, molec-
ular oxygen, and nitrogen (Fuller-Rowell and Rees, 1983).
External inputs are needed to run the model, such as solar
UV and EUV, Weimer electric field, TIROS/NOAA auro-
ral precipitation (note, however, that particle precipitation is
turned off during our simulations), and tidal forcing from the
Whole Atmosphere Model (WAM). The F10.7 index (Tap-
ping, 1987) is used as a solar proxy for calculating ion-
ization, heating, and oxygen dissociation processes. Within
CTIPe, a reference solar spectrum based on the EUVAC
model (Richards et al., 1994) and the Woods and Rottman
(2002) model, driven by variations of F10.7 input, is used.
The EUVAC model is used for the wavelength range from
5 to 105 nm and the Woods and Rottman (2002) model from
105 to 175 nm. Solar flux is obtained from the reference spec-
tra using the following equation:

f (λ)= fref(λ)[1+A(λ)(P − 80)], (1)

where fref and A are the reference spectrum and a so-
lar variability factor, and P = 0.5× (F10.7+F10.7A), where
F10.7A is the average of F10.7 over 41 d. Detailed infor-
mation on the CTIPe model is available in Codrescu et al.
(2008, 2012).

In this paper, our primary goal is to understand the influ-
ence of eddy diffusion on the ionospheric response during
the 27 d solar rotation. Therefore, several model runs were
performed in this study with different diffusion conditions
under different artificial solar activity conditions. Three runs
were performed with sinusoidally varying solar activity from
75–125 sfu, keeping all other conditions constant. Constant
atmospheric and astronomical conditions of 15 March 2013
were used to perform these experiments.

Several authors have suggested that the eddy diffusion is
strongly varying based on the months or seasons (e.g., Kirch-
hoff and Clemesha, 1983; Sasi and Vijayan, 2001; Swenson
et al., 2019). Therefore, the experiments were performed us-
ing an eddy diffusion coefficientKT , which amounts to 75 %,
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100 %, and 125 % of the original values in the model, and we
refer to these runs as KT × 0.75, KT × 1.0, and KT × 1.25,
where KT × 1.0 represents the reference run.

3 Mechanistic studies

In the CTIPe model, the T/I composition is calculated by
combining the continuity equation with the diffusion equa-
tion. The model estimates changes in the composition of
the major species (O, O2, and N2) self-consistently, includ-
ing wind and temperature (Fuller-Rowell and Rees, 1983),
as well as molecular diffusion, production, and loss mecha-
nisms.

The continuity equation for the mass mixing ratio, ψi =
(ni ·mi)/ρ of the ith species, with ni as number density, mi
as the molecular mass, and ρ as atmospheric density, may be
written as

∂ψi

∂t
=

1
ρ
(miSi)−V · ∇ψi−ω

∂ψi

∂p

−
1
ρ
∇ · (nimiCi)+

1
ρ
∇ · (KT n∇mψi) , (2)

where Si represents sources and sinks of the species, KT is
the eddy diffusion coefficient, V is the horizontal neutral
wind vector, n is the total number density, m is the mean
molecular mass, and Ci is the diffusion velocity of the ith
species. The terms on the right-hand side of Eq. (2) are,
in their respective order, sources and sinks of species, hori-
zontal advection, vertical advection, molecular diffusion, and
eddy diffusion.

The mathematical form of the eddy diffusion coefficient
KT used in the CTIPe model as a function of height is given
by Shimazaki (1971) and Fuller-Rowell and Rees (1992):

KT =D exp
(
−A1(h−ho)

2
)

h≥ ho, (3)

KT = (D−Do)exp
(
−A2(h−ho)

2
)

+Do exp(−A3 (h−ho)) h≤ ho. (4)

A peak value of D =150 m2 s−1 at ho = 105 km altitude
and Do = 100 m2 s−1 is used for the KT ×1.0 reference run.
The shape parameters A1 = 0.03, A2 = 0.03, and A3 = 0.05
are taken from Shimazaki (1971). As pointed out by Fuller-
Rowell and Rees (1992), eddy diffusion has the greatest in-
fluence on atomic oxygen and nitric oxide in the lower ther-
mosphere. A detailed description of the chemistry of the ma-
jor species is available in Fuller-Rowell (1984).

In our experiments, the CTIPe model was first run with
constant F10.7 input for 10 d to achieve a diurnally repro-
ducible condition, and after this spin-up, F10.7 was modified
for 27 d using a sine function:

F10.7(t)= 100− 25cos
(

2πt
27

)
, (5)

where t represents the time in days.
The various terms of the composition equation are shown

in Fig. 1 for the noontime (12:00 UT) for the atomic oxygen
mass mixing ratio (ψO) at 40◦ N, 18◦ E in the reference run.
The figure shows the behavior of all terms at pressure level 12
(260 km). The vertical dashed red line shows the maximum
of the input solar flux as per Eq. (2). Figure 1a shows that
the molecular diffusion term shows a delay of less than 1 d
for ψO. The horizontal and vertical advection are decreasing
with the increasing input solar flux with a delay of less than
1 d and 1 d, respectively (Fig. 1b). Similar variations can be
seen in the chemical production and loss terms (source and
sink term). The delay between production and loss is about
1–2 d in the case of ψO, as shown in Fig. 1c. The change in
the production term in the composition equation is based on
the photoionization processes contributing to ψO.

Ren et al. (2020) discussed the physics behind the time
delay in different thermospheric neutrals. They found that the
peak response time of the mass density of the neutrals (O and
N2) corresponds to the time of equilibrium between the effect
of the barometric process and the change in their abundance.

Figure 2 shows the daily zonal mean TEC for three differ-
ent runs with different eddy diffusion coefficients as a func-
tion of time and magnetic latitude. The zonal averages rep-
resent the average TEC values over all longitudes at a spe-
cific magnetic latitude. In the CTIPe model, TEC is calcu-
lated over the altitude range from 80 to 2000 km. In Fig. 2,
the zonal mean TEC is shown by the contours, and the white
curves show the corresponding variability of the F10.7 index.
Here, moderate solar activity conditions (75–125 sfu) have
been used.

The daily zonal mean TEC show the overall effect of solar
flux on the T/I system, since we used constant atmospheric
and astronomical conditions for these simulations.

The results from the reference runKT ×1.0, with the orig-
inal value of the eddy diffusion coefficient, are shown in
Fig. 2b. The simulations reproduce the real latitudinal as well
as temporal variations with the variability in the solar flux.
The zonal mean TEC distributions are symmetric around the
geomagnetic equator, with maximum amplitudes of about
70 TECU. The TEC values decrease towards the high lati-
tudes. The distribution of TEC highly depends on the ioniza-
tion of neutrals and various processes such as transport and
recombination. The TEC amplitude variations reflect the ef-
fects of solar activity and compositional changes.

TheKT ×0.75 run results are shown in Fig. 2a. It shows an
increase of TEC in the low-latitude to midlatitude region in
comparison to the reference run. The reduction of turbulence
leads to slower transport and an increase in TEC. Figure 2c
shows the zonal mean TEC for the KT × 1.25 run. In com-
parison to the reference run, TEC is reduced by a significant
amount. These results show that eddy diffusion has a direct
impact on TEC.

Figure 3a shows the global mean TEC (GTEC) as sim-
ulated by the three different runs along with the F10.7 in-
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Figure 1. Time series of different terms: (a) molecular diffusion, (b) horizontal advection and vertical advection, and (c) production and loss
for atomic oxygen mass mixing ratio. Both the y axes are marked with the corresponding color. The vertical dashed red line represents the
middle of the 13th model day. All the parameters are plotted for pressure level 12 (260 km) for noontime at 40◦ N, 18◦ E.

Figure 2. CTIPe-simulated daily mean zonal mean TEC for the runs (a) KT ×0.75, (b) KT ×1.0 (reference), and (c) KT ×1.25. The white
curves show the F10.7 index input.

dex (white curve). It shows an obvious 27 d variation of
GTEC corresponding to the F10.7 index variations but with
a slightly different delay for the different runs. The GTEC
values vary from about 8 TECU to maximum values of about
15 TECU for the reference run, corresponding to the solar
flux variation. It can be seen that TEC increases linearly with
F10.7. In comparison to the reference run, TEC values de-
creased significantly for the increased eddy diffusion con-
dition, while it is increased for the reduced eddy diffusion
conditions (see also Fig. 2).

The model F10.7 index input has been calculated accord-
ing to Eq. (5) but as hourly values in order to calculate the
delay and cross-correlation between GTEC and F10.7, which
are shown in Fig. 3b.

For the reference run KT × 1.0, the delay is about 24 h,
which is close to the value derived from observations as re-
ported by Schmölter et al. (2018, 2020). Therefore, the model
is capable of reproducing the observed ionospheric delay.
In the case of reduced eddy diffusion to 75 % of the orig-
inal value in run KT × 0.75, the delay is somewhat longer
(about 25 h). This indicates that the delay increases due to the
slower transport processes in this run. In line with this, with
increased transport in the KT × 1.25 run, the delay reduces

to 20 h. These results suggest that an increase in the eddy
diffusion leads to faster transport processes and an increased
loss rate, resulting in a decrease of the ionospheric time de-
lay. The loss rates are discussed below. The ionospheric time
delay is mainly due to the imbalance between the production
and loss of the ions and electrons (Ren et al., 2018).

We also analyzed the model results separately for the
Northern Hemisphere (NH) and the Southern Hemisphere
(SH), but the differences between the hemispheres are small
and amount to 3, 4, and 4 h for the KT ×0.75, KT ×1.0, and
KT × 1.25 runs, respectively (not shown).

Figure 4 shows the variation of the time delay at low
[±30◦], middle [± (30–60◦)], and high [± (60–90◦)] geo-
magnetic latitudes for different eddy diffusion conditions. At
low latitudes (Fig. 4a), the delay is more sensitive to eddy
diffusion than at middle and high latitudes, as this region is
not only controlled by the EUV. Here, dynamics plays an es-
sential role, especially in the equatorial ionization anomaly.
Thus, small changes in eddy diffusion can lead to a more sig-
nificant change in the ionospheric delay. In general, the delay
at low latitudes is longer than for the global average in Fig. 3.
For the KT ×1.25 run, the delay is reduced by 4 h compared
to the reference run.
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Figure 3. (a) Time series of modeled GTEC for different runs (a) KT × 0.75, (b) KT × 1.0 (reference), and (c) KT × 1.25, together with
F10.7 given as a gray line. (b) Cross-correlation and the delay between global mean TEC and F10.7 for the different runs.

Figure 4. Cross-correlation and the delay between regional mean TEC and the F10.7 index at low (a), middle (b), and high (c) geomagnetic
latitudes for different runs.

At midlatitudes (Fig. 4b) the delay in the KT × 1.25 run
is about 22 h; i.e., it is longer than on a global average. This
is also true for the other runs where the delay is qualitatively
the same and amounts to about 25 h. In this region for run
KT ×0.75, the delay is similar to the one of the reference run
and is about 25 h.

At high latitudes (Fig. 4c), the variation in the delay is
qualitatively the same as at middle and low latitudes; i.e.,
a decrease in diffusion increases the delay and vice versa.
However, at high latitudes, a change in diffusion has a
smaller effect, and the delay varies between 4 and 6 h for the
different runs. For all runs, the delay is much smaller at high
latitudes than at midlatitudes. In comparison to low-latitudes
and midlatitudes, the high latitudes show less time delay in
run KT × 0.75. The delay in high latitudes is also less sen-
sitive to diffusion changes compared to the low-latitude and
midlatitude regions. Similar to the runs presented in Fig. 3,
the model has been run for low solar activity conditions with
F10.7 in the range 70–90 sfu and using four different diffu-
sion conditions, KT × 0.5, KT × 1.0 (reference), KT × 1.5,
and KT × 2.0, which amounts to 50 %, 100 %, 125 %, and
150 % of the original values in the model, respectively, as
shown in Fig. 5. Figure 5a shows the time series of TEC
for different runs and the F10.7 input. In comparison to
Fig. 3a, the TEC values are smaller, following the F10.7 in-
dex. For these runs, the magnitude of eddy diffusion has

been changed by 50 %. Therefore, significant differences in
TEC size are observed. In the reference run, TEC varies from
about 8 TEC to 11.3 TECU, while it shows a similar pattern
for decreased/increased eddy diffusion with the difference in
relative amplitude of TEC. The difference in the TEC curves
in Fig. 5a depends on the solar flux and the magnitude of the
eddy diffusion coefficient. Also, the delay is calculated using
the hourly TEC datasets and the F10.7 index, as shown in
Fig. 3a. For the reference run KT ×1.0, the delay in the sim-
ulated GTEC is about 19 h, while the delay increases to 34 h
for theKT×0.5 run, and it decreases with the increased diffu-
sion conditions. Here, the delay is more sensitive to the eddy
diffusion compared to the 25 % change cases, since the so-
lar activity is less dominant. Compared to low solar activity,
the eddy diffusion is less dominant in moderate solar activity,
and the delay fluctuations are smaller. It should be noted that
increasing solar activity leads to an increase in ionospheric
delay.

To shed more light on the spatial patterns of the correlation
between the F10.7 index and TEC, as well as on the iono-
spheric delay, the latter is shown in Fig. 6 for each model grid
point. Figure 6b shows the spatial map for the reference run
KT ×1.0. Maximum longitudinal differences are observed in
the low-latitude and midlatitude region. Near the equatorial
region, the delay varies from 10 to 40 h. At high latitudes, the
delay is about 0 to 10 h.
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Figure 5. (a) Time series of modeled TEC for the different diffusion conditions KT × 0.5, KT × 1.0 (reference), KT × 1.5, and KT × 2.0.
F10.7 is added as a gray line. (b) Cross-correlation and the delay between global mean TEC and F10.7 for the different diffusion conditions.

Figure 6. Spatial distribution of time delay between the CTIPe-TEC and the F10.7 index for different transport conditions, (a) KT × 0.75,
(b) KT × 1.0 (reference), and (c) KT × 1.25. The black line represents the magnetic equator, and dashed white lines represent magnetic
latitudes (55◦ N/S).

Figure 7. Vertical distribution of time delay between the atomic
oxygen ion density and the F10.7 index for different transport con-
ditions, KT × 0.75, KT × 1.0 (reference), and KT × 1.25, at geo-
graphic coordinates 40◦ N, 18◦ E.

The longitudinal variation of the delay follows the mag-
netic field. The maximum delay is, in line with the results in
Fig. 4, generally observed at lower and middle latitudes.

As is the case with GTEC, at all latitudes, the delay in
local TEC is generally increased in run KT × 0.75 and de-
creased in run KT × 1.25 with respect to the KT × 1.0 run.
In the CTIPe model, the low-latitude and midlatitude iono-
sphere model and the high-latitude ionosphere model are im-
plemented separately. Therefore, the significant change in
delay seen at 55◦ N/S may be owing to model peculiarities
in CTIPe.

In the following, we investigate the height variation of the
delay using the atomic oxygen ion density at geographic co-
ordinates 40◦ N, 18◦ E (magnetic latitude 39.06◦ N). Figure 7
shows the delay between the atomic oxygen ion density and
the F10.7 index at different pressure levels. At pressure level
12 (260 km), the delay is about 24, 18, and 6 h for the differ-
ent eddy diffusion casesKT ×0.75,KT ×1.0, andKT ×1.25,
respectively. The delay continues to increase above pressure
level 12, where it is quite close to the delay observed in TEC.
This is owing to the fact that the delay observed in TEC is
mainly determined by the delay of the F region, i.e., at higher
pressure levels (200–260 km).

The eddy diffusion can influence the general circulation
and hence the thermospheric neutral species. However, the
thermospheric circulation is controlled not only by eddy dif-
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Figure 8. Variation of the CTIPe-simulated (a) nO, (b) nO2 , and (c) nN2 for different diffusion conditions KT × 0.75 (black), KT × 1.0
(blue), and KT × 1.25 (red) (upper panel) for pressure level 12 (260 km). The percentage difference between the KT × 1.0 run (blue curve)
and the runs with modified eddy diffusion conditions, KT × 0.75 (black) and KT × 1.25 (red), is shown in the lower parts of the panels.

Figure 9. Same as Fig. 8 for (a) T , (b) ne for the pressure level 12 (∼ 260 km), and (c) jO2 for pressure level 7 (∼ 125 km).

fusion, but also by temperature, pressure, and neutral species,
etc. All these parameters are affected by solar EUV radiation.
To investigate how eddy diffusion affects the T/I system, we
further analyze the evolution of various parameters such as
the atomic oxygen number density (nO), molecular oxygen
density (nO2 ), molecular nitrogen density (nN2 ), molecular
oxygen dissociation rates (jO2 ), neutral temperature (T ), and
electron density (ne). Figures 8 and 9 show the variations
of these parameters for the 27 d cycle for the reference run
(blue color in the upper panel) and percentage differences
(lower panel: on the second y axis) from the reference run

for the other diffusion conditions, KT ×0.75 andKT ×1.25,
respectively, at geographic coordinates 40◦ N, 18◦ E.

Figure 8 shows the variation of nO, nN2 , and nO2 at pres-
sure level 12 (∼ 260 km). Eddy diffusion has a strong influ-
ence on O, N2, and O2. Figure 8a shows the variations of
the atomic oxygen density at pressure level 12 for a 27 d so-
lar rotation period. It shows that the atomic oxygen density
decreases with increasing solar flux, connected with an in-
crease in temperature, which is shown in Fig. 9a. In compar-
ison to the reference run, the percentage difference increases
to about 1 % for theKT×0.75 run during the 27 d run. This is
partly, but not completely, due to the temperature decrease by
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Figure 10. (a) CTIPe-simulated T (upper row), ne (middle row), and jO2 (bottom row), for the 14th model day. The other columns show
the percentage difference between the KT × 1.0 simulation and the simulations with modified eddy diffusion conditions: (b) KT × 0.75 and
(c) KT × 1.25.

∼ 0.7% (Fig. 9a). Thus, reduced transport leads to reduced
atomic oxygen. For the KT × 1.25 run, the atomic oxygen
density decreases by about 1.5 %. These differences are not
connected with the solar cycle but evolve gradually over the
full time interval.

Similar to the atomic oxygen density variations, the
molecular oxygen and nitrogen densities also decrease with
increasing solar flux (Fig. 8b and c). For the molecular oxy-
gen density, the percentage difference decreases to about
10 % for the KT × 0.75 run, while it increases to about 10 %
for the KT × 1.25 run. Similar variations are observed in the
behavior of the molecular nitrogen density (Fig. 8c). Once
the diffusion increased, the nO2 increases compared to the
reference run, demonstrating that diffusion is a critical pro-
cess to control the evolution of oxygen. Therefore, we reg-
ister a change in the total composition due to an increase or
decrease in eddy diffusion.

Figure 8d and b show the percentage difference between
the reference run results and those of the runs with in-
creased or decreased eddy diffusion. For the KT × 0.75 run,
the atomic oxygen density increases to about 1 %, while the
molecular oxygen decreases by 10 %. Similar to the molecu-
lar oxygen, the molecular nitrogen density also decreases by
∼ 3%. In comparison to KT × 0.75, opposite trends can be
seen for the KT × 1.25 run.

In Fig. 9a and b, the 27 d behavior at an altitude of ∼
260 km is shown for T and ne. T increases with increas-
ing solar irradiance. As an increase in solar irradiance ex-
pands the range of the thermosphere region, the scale height
of each component changes. An increase in solar radiation
flux will also increase the height of each pressure level. In
Fig. 9e, non-monotonic variations are observed in the differ-
ence between the reference run and KT × 1.25. This could
be due to the combined effect of different diffusion cases and
solar flux. Compared to the reference case, the temperature
decreases by about 0.7 % for the KT × 0.75 run, while it in-
creases by 0.7 % for the KT ×1.25 run. Similar to T , ne also
varies with the solar flux. An increase in the solar radiation
flux leads to an increase in ionization and thus to an increase
in electron density.

The jO2 also vary for different diffusion conditions, as
shown in Fig. 9c for pressure level 7 (altitude∼ 125 km). An
increase in eddy diffusion reduces jO2 , leading to an increase
in nO2 and a reduction in nO. Exactly the opposite behavior
is observed for a decrease in eddy diffusion.

Since we are dealing with vertical transport processes, it
is essential to analyze the latitudinal variation against pres-
sure levels. Figure 10 shows the percentage difference of T ,
jO2 , and ne in the KT × 0.75 and KT × 1.25 runs with re-
spect to KT × 1.0 for the 14th model day. Figure 10b and
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Figure 11. Same as Fig. 10 but for nO, nO2 , and nN2 .

Figure 12. Percentage change of the [O]/[N2] ratio for different
diffusion conditions, KT × 0.75, KT × 1.0 (reference), and KT ×
1.25, at pressure level 12 at geographic coordinates 40◦ N, 18◦ E.
The right y axis refers to the percentage change of the F10.7 index
(gray curve).

c show that due to a decrease/increase in eddy diffusion, T
decreases/increases at all pressure levels.

The lowest four pressure levels belong to the lower bound-
ary, where the neutral wind, temperature, and height of the
pressure level are imposed as boundary conditions from the
WAM model. An increase of the eddy diffusion by a factor of
25 % (KT ×1.25) leads to an increase in T by 1 %. It mainly
affects pressure levels 7–9 (125–160 km). The percentage

difference in T is negligible at pressure levels 5–6 (110 km),
but the variations increase with altitude. Figure 10d shows
the latitude–pressure distribution of ne. For the KT × 0.75
run, it shows that for a reduction in eddy diffusion, ne is in-
creased in the thermosphere above pressure level 9 (160 km).
Interestingly, above this altitude, ne increases by about 7 %.
Electron density increases in the low-latitude region at pres-
sure level 4 (98 km) and in the high-latitude region at pres-
sure level 5 (105 km). The response of the thermosphere ne
to an enhancement of eddy diffusion is entirely different. For
theKT ×1.25 run, ne decreases at higher pressure levels, but
it increases at lower pressure levels, except for midlatitudes
at 98 km and high latitudes at 105 km.

The variation in jO2 is shown in Fig. 10g. The percent-
age difference for the KT × 0.75 run compared to the refer-
ence run decreases by about 7% for pressure levels 5–7 (105–
125 km), and it decreases by 7 % for the KT × 1.25 run.

Figure 11a shows the variation of nO. For the KT × 0.75
run, nO is increased by 5 %–7 % above the turbopause. The
enhanced diffusion leads to an increase of nO in the lower
thermosphere due to the downward transport of nO from
higher altitudes (Rees and Fuller-Rowell, 1988). Note that
eddy diffusion has a more substantial impact at high latitudes
below the turbopause. Chandra and Sinha (1974) showed that
due to photochemical effects, the variation of eddy diffusion
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Figure 13. Atomic oxygen ionization (a) and loss rates (c) due to molecular nitrogen for the reference run KT × 1.0 and its difference (b,
d) with KT × 0.75 and KT × 1.25 at different pressure levels on the 14th model day at geographic coordinates 40◦ N, 18◦ E.

does not contribute significantly to nO below 100 km, but
above 100 km it decreases with increasing eddy diffusion.

Enhanced eddy diffusion leads to an increase in nO2 of
about 10 %–12 % above the turbopause in theKT ×1.25 run,
with jO2 decreasing by about 0.5 %, as shown in Fig. 10d.
Thus, the decrease in jO2 increases nO2 , and this leads to a
decrease in nO. Similar variations are also observed in the
case of enhanced diffusion conditions for nN2 , with an in-
crease of about 2 %–3 % for the enhanced eddy diffusion
conditions. The variation in eddy diffusion affects the com-
position at different altitudes through molecular diffusion.

Enhanced eddy diffusion leads to an increase in molec-
ular oxygen. This leads to a decrease in atomic oxygen at
all altitudes above 100 km due to molecular diffusion. As a
result, there is a significant decrease in the [O]/[N2] ratio.
Qian et al. (2009) studied the effect of modified eddy dif-
fusion on thermospheric composition using the NCAR TIE-
GCM model and reported similar results. These simulations
revealed a new finding how eddy diffusion can strongly af-
fect the thermospheric composition (O, O2, and N2) through
the ionospheric delay.

The steady-state electron densityN can be written accord-
ing to Rishbeth (1998):

N ∼
q

β
∼

I [O]
γ1 [N2]+ γ2 [O2]

, (6)

where q, β, I , and γ1, γ2 are the production term, the loss
term, the solar ionizing flux, and the reaction rates, respec-
tively.

The composition of the T/I system is mainly controlled
by various production and loss mechanisms. The production
of electrons is mainly due to the ionization of atomic oxy-
gen through solar EUV, and the loss is mainly controlled by

N2. The production of atomic oxygen ions depends not only
on the atomic oxygen density, but also on the solar radia-
tion. Ren et al. (2018) explained that the delay observed in
the electron density depends on the production and loss pro-
cesses as well as the [O]/[N2] ratio. The major loss of ions
in the F regions is given by the following reactions:

O++N2→ NO++N
O++O2→ O+2 +O.

The rate coefficients γ1 and γ2 in Eq. (6) are given, e.g.,
by St.-Maurice and Torr (1978). These reaction rate coeffi-
cients are dependent on the effective temperature (Tf), which
significantly affects the loss reaction and composition:

Tf = 0.63× Ti+ 0.36× TN. (7)

Here Ti and TN are ion temperature and the neutral temper-
ature, respectively. For low values of Tf < 1100 K, the loss
rate coefficients γ1 and γ2 decrease with increasing Tf , while
for Tf > 1100 K, the loss rate γ1 increases as a result of the
electron density decrease with increasing F10.7 index. The
nonlinear relation between the loss rate coefficients and Tf
is shown by Su et al. (1999).

Figure 12 shows the variations of the [O]/[N2] ra-
tio for different diffusion conditions at geographical lati-
tude/longitude 40◦ N, 18◦ E at an altitude of about 260 km
(pressure level 12). For the reference run, the delay is about
2–3 d, since the peak response is observed at day 16. The
[O]/[N2] ratio strongly decreases with increasing eddy dif-
fusion, and the delay is also shifted to 1 d. Thus, the variation
in eddy diffusion strongly affects the [O]/[N2] ratio, which
in turn affects the delay mechanism.
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Figure 13 shows the effect of eddy diffusion on the atomic
oxygen ionization (a) and loss rates (c) through molecular ni-
trogen at 40◦ N, 18◦ E, and the difference between the refer-
ence run and other diffusion cases is shown in Fig. 13b and d.
The reference caseKT×1.0 and theKT×0.75 andKT×1.25
runs are represented by blue, black, and red curves, respec-
tively. The maximum ionization occurs at pressure level 9–10
(162–187 km) (Fig. 13a). Figure 13b shows a decrease of ion-
ization rates with enhanced eddy diffusion, whereas they are
increased for reduced eddy diffusion. The production term
in Eq. (6) depends strongly on the ionization rates and the
atomic oxygen density. Therefore, increased eddy diffusion
decreases ionization and atomic oxygen density. Figure 13d
shows that the loss rates are reduced by about 0.5 % in the
F region in the case of enhanced eddy diffusion. Su et al.
(1999) discussed the dependence of the loss rates on temper-
ature. They suggested that the loss rate coefficient decreases
with increasing Tf. Enhanced eddy diffusion leads to an in-
crease in molecular components while reducing atomic oxy-
gen.

Consequently, enhanced N2 increases the overall loss term
in Eq. (6) and reduces the electron density, resulting in a re-
duced delay in TEC. Based on the model simulations, we
conclude that eddy diffusion is one of the major factors re-
sponsible for the changes in thermospheric composition via
general circulation and significantly affects the ionospheric
delay. Although the current investigation suggests that a
small change in loss rates can affect the delay for several
hours, further numerical modeling using real observations
and varying atmospheric conditions is needed to understand
the physical processes.

4 Summary

Using a 1-D model, Jakowski et al. (1991) first reported that
the delayed density variation concerning solar EUV varia-
tions is probably due to the slow diffusion of atomic oxy-
gen. Based on their hypothesis, the ionospheric delay in TEC,
simulated by the CTIPe model, was investigated. Using the
F10.7 index, the ionospheric delay at the solar rotation period
is well reproduced and amounts to about 1 d (Jacobi et al.,
2016; Schmölter et al., 2018). The thermosphere–ionosphere
coupling plays an important role in the delay mechanism, and
this was reported in several studies, but it was barely inves-
tigated. Therefore, this is the first time we investigated the
impact of eddy diffusion on the ionospheric delay. To inves-
tigate the physical mechanism of ionospheric delay at the so-
lar rotation period, we performed various experiments using
CTIPe model. From the mechanistic studies using CTIPe,
results show that eddy diffusion is an important factor that
strongly influences the delay introduced in TEC based on the
solar activity conditions. In the case of reduced eddy diffu-
sion to 75 % of the original value, the delay is slightly longer
(about 25 h), while in the case of increased transport, the de-

lay is reduced to 20 h. An increase in eddy diffusion leads to
faster transport processes and an increased loss rate, resulting
in a reduction of the ionospheric time delay.

At low latitudes, the influence of solar activity is stronger,
as EUV radiation drives ionization processes that lead to
compositional changes. Therefore, the combined effect of
eddy diffusion and solar activity shows more delay in the
low-latitude and midlatitude region.

Our results suggest that eddy diffusion plays a crucial
role in the ionospheric delay. Therefore, further numeri-
cal modeling and observational results are required to bet-
ter understand the role of lower atmospheric forcings and
thermosphere–ionosphere coupling.

For this study, constant atmospheric conditions have been
used to understand the role of solar flux and eddy diffusion
in the ionospheric delay. In future, further investigation is re-
quired to explore the physical processes using actual obser-
vations. It would also be interesting to investigate the com-
bined effect of solar variations, geomagnetic variations, and
lower atmospheric forcings.
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6 Conclusions

This dissertation provides a comprehensive investigation of the delayed ionospheric re-

sponse to solar extreme ultraviolet (EUV) variability based on solar activity conditions,

and validates the hypothesis put forward by Jakowski et al. (1991). In doing so, the

dissertation addresses a very complex interaction between solar EUV and total electron

content based on observations and modeling. The Coupled Thermosphere Ionosphere

Plasmasphere electrodynamics (CTIPe) model simulations and satellite observations are

used to quantify the total electron content and its variations, focusing on the ionospheric

delayed response at 27 d solar rotation period, the comparison between the observations

and the model simulations, the long-term trends of the delayed response, and the physical

mechanism of the delay.

We have attempted to analyze several solar proxies with observed TEC to estimate the

ionospheric delay on different time scales. An ionospheric delay of about 1-2 d was ob-

served at the 27 d solar rotation period between the daily GTEC and all solar prox-

ies considered, confirming previous results in the literature (e.g. Jakowski et al., 1991;

Afraimovich et al., 2008; Min et al., 2009; Lee et al., 2012; Jacobi et al., 2016). We found

that the model-simulated ionospheric delay is in agreement with the delay estimated for

the observed TEC. The average delay for the observed (modeled) TEC is about 17 (16)

h, which is in close agreement with Schmölter et al. (2020). The study confirms the ca-

pabilities of the model to reproduce the delayed ionospheric response to the solar EUV

flux with daily and hourly resolution. Moreover, the present work showed the hemispheric

differences in the ionospheric delay which is higher in Northern hemisphere than Southern

hemisphere.

In addition, model simulations are presented to compare the SOLAR2000 and EUVAC

flux models within CTIPe. The analysis shows that the SOLAR2000 flux model simulated

TEC overestimates the observed TEC, while its not true for the EUVAC flux model. The
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observed large bias in the model is mainly due to the solar EUV flux input and grid

resolution. Our results suggest that the model needs to be further improved with respect

to the solar flux input to further reduce the observed bias to TEC measurements.

In the present thesis, the GTEC measurements were used and analysed with respect

to several solar proxies at different time scales to understand the long-term trend and

variations in ionospheric delay and cross-correlation. The cross-wavelet analysis represents

the 16 to 32 d period in all solar proxies and GTEC. The maximum correlation with GTEC

is observed between the He II index, Mg II index, and F30 in the period range of 16 to

32 d along with a time lag of about 1 d. The most suitable proxy to represent solar

activity on the time scales of 16 to 32 and 32 to 64 d during low, medium, and high solar

activity is He II. The Mg II index, Ly-α, and F30 can be placed second, as these indices

show a strong correlation with GTEC, but with some differences between solar maximum

and minimum. From the cross-correlation analysis it is found that the trend depends on

solar activity. In addition, the spatial and temporal distribution of the cross-correlation

was estimated using the Mg II index. The results show significant temporal and spatial

variations. A stronger correlation is observed near the equatorial region with a time lag

of about 1-2 d.

From the EOFs analysis, it has been found that the first EOF component captures more

than 86 % of the variability, and the first three EOF components explain 99 % of the

variance. The EOF analysis suggests that the first component is associated with solar flux

and the third EOF component captures geomagnetic activity as well as the remaining part

of EOF1. EOF2 captures 11 % of the total variability and shows hemispheric asymmetry.

Furthermore, the CTIPe model simulations showed that eddy diffusion is an important

factor strongly affecting the delay introduced in TEC as a function of solar activity condi-

tions. The ionospheric delay at the solar rotation period is well reproduced and is about

24 h. The simulations showed that the delay is slightly longer (about 25 h) when the

eddy diffusion is reduced to 75% of the original value, while the delay is reduced to 20
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h when the diffusion is increased. An increase in eddy diffusion leads to faster transport

processes and an increased loss rate, resulting in a decrease in the ionospheric time delay.

At low latitudes, the influence of solar activity is stronger, as EUV radiation drives ion-

ization processes that lead to compositional changes. Therefore, the combined effect of

eddy diffusion and solar activity shows a larger delay in the low and mid-latitude region.

The close link between the delayed ionospheric response to solar EUV variability and

eddy diffusion can be explained by the fact that eddy diffusion can effectively affect the

neutral composition. Increased eddy diffusion decreases the O density, then decreases the

temperature, and then thermally reduces the neutral density. This leads to a decrease

in the total electron density and subsequently reduces the ionospheric delay. We are

enthusiastic about these findings, which contribute to the further understanding of the

delayed response.

The present thesis concludes with a comprehensive model analysis and observational anal-

ysis of the delayed ionospheric response to solar radiation variations and possible physical

mechanisms of ionospheric delay, covering the approaches known from the literature and

highlighting weaknesses in these methods. With the sensitive study of the role of eddy

diffusion in relation to the ionospheric delay, it is shown that transport processes are an

important factor affecting the ionospheric delay at solar rotation period, confirming the

hypothesis of Jakowski et al. (1991). In addition, the comparative studies are used to

make various model improvements to understand the physical processes.

Finally, we can summarize that the ionospheric delay estimated with model-simulated

TEC is in good agreement with the delay estimated for observed TEC. The eddy dif-

fusion is an important factor affecting the ionospheric delay based on the solar activity

conditions.
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For a deeper analysis of the delay mechanism, further studies with models and satellite

observations are needed, as suggested by Vaishnav et al. (2021a,b). Vaishnav et al. (2021a)

found that eddy diffusion is one of the important factors that strongly influences the

ionospheric delay for the 27 days solar rotation period. Therefore, we would like to further

investigate the interaction between eddy diffusion or transport process and solar activity.

In addition, it would be interesting to study the effect of eddy diffusion on different time

scales. Solar activity plays a crucial role in the behaviour of the ionosphere. Therefore,

different conditions of solar activity must be considered in such a crucial study. For this

study, constant atmospheric conditions were used to understand the role of solar flux and

eddy diffusion in ionospheric delay. Further studies are needed in the future to investigate

the physical processes using actual observations. It would also be interesting to study the

combined effect of solar variations, geomagnetic variations, and lower atmospheric forcing.

The effect of the lower atmosphere is included in the CTIPe model only in a statistical

sense. Therefore, it should be included to understand the role of the lower atmospheric

influence. In addition, understanding the delayed response of the ionosphere during the

geomagnetic effect, solar flares, and other very strong events is crucial for the development

of the weather prediction model. Therefore, it would be of interest to study these events.

Vaishnav et al. (2021b) found that the large bias observed in the physics-based model

is mainly due to the input of the solar EUV flux and the grid resolution. The model

needs to be further improved with respect to the input of the solar flux. In addition, real

observations may lead to a better understanding, so the model needs to be improved with

more realistic inputs. Furthermore, Vaishnav et al. (2019) studied the long-term response

of the ionosphere using different solar proxies and suggested that He II index is one of the

best solar proxies. Therefore, an in-depth analysis on different time scales is required to

find out the best solar proxy for representing solar activity in T-I model.
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