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Summary: The ionospheric peak electron density NmF2, simulated with the Coupled
Thermosphere Ionosphere Plasmasphere electrodynamics (CTIPe) model was used to
study the ionospheric response to solar flux in years of low (2008) and high (2013)
solar activity. The CTIPe NmF2 was compared to the Whole Atmosphere Community
Climate Model with Thermosphere and Ionosphere Extension (WACCM-X) and the
Constellation Observing System for Meteorology, Ionosphere, and Climate (COSMIC)
NmF2 in March and July of 2008 and 2013. The comparison shows that the CTIPe NmF2
is lower than the COSMIC and WACCM-X NmF2. Both models successfully reproduce
the semi-annual variations seen in the COSMIC observations. Analysis of the 27-day
variations of the CTIPe NmF2 shows that the midnight NmF2 deviations are stronger
than the midday deviations. In addition, at low solar activity, the 27-day variations of
NmF2 are larger in the Southern Hemisphere, while at high solar activity, the 27-day
variations of NmF2 are larger at the equator and in the Northern Hemisphere.

An ionospheric delay was estimated with CTIPe simulated NmF2 at the 27-day solar
rotation period during low and high solar activity. During low (high) solar activity, an
ionospheric delay of about 12 (34) hours is predicted indicating an increasing ionospheric
delay with solar activity.

Zusammenfassung: Die maximale ionosphärische Elektronendichte NmF2, die mit
dem Coupled Thermosphere Ionosphere Plasmasphere electrodynamics (CTIPe) Mod-
ell simuliert wurde, wurde zur Untersuchung der ionosphärischen Reaktion in Jahren
mit geringer (2008) und hoher (2013) Sonnenaktivität verwendet. CTIPe vorherge-
sagte NmF2 wurde mit derjenigen des Whole Atmosphere Community Climate Model
with Thermosphere and Ionosphere Extension (WACCM-X) und Messwerten des Con-
stellation Observing System for Meteorology, Ionosphere, and Climate (COSMIC) im
März und Juli der Jahre 2008 und 2013 verglichen. Der Vergleich zeigt, dass NmF2
aus CTIPe geringer ist als das COSMIC gemessene und von WACCM-X simulierte.
Beide Modelle reproduzieren erfolgreich die von COSMIC beobachteten halbjährlichen
Schwankungen. Die Analyse der 27-tägigen Schwankungen des CTIPe NmF2 zeigt,
dass die mitternächtlichen NMF2-Abweichungen stärker sind als diejenigen am Mittag.
Außerdem sind bei geringer Sonnenaktivität die 27-Tage-Abweichungen von NmF2 in der
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Südhemisphäre größer, während bei hoher Sonnenaktivität die 27-Tage-Abweichungen
von NmF2 am Äquator und in der Nordhemisphäre größer sind.

Die ionosphärische Verzögerung während geringer und hoher Sonnenaktivität wurde
für die 27-tägige Sonnenrotation mit CTIPe simuliert. Bei geringer (hoher) Sonnenak-
tivität wird eine ionosphärische Verzögerung von etwa 12 (34) Stunden beobachtet, was
auf eine zunehmende ionosphärische Verzögerung mit zunehmender Sonnenaktivität
hinweist.

1 Introduction

The thermospheric and ionospheric parameters, in particular the total electron content
(TEC) and the peak electron density of the F2 region (NmF2), are mainly controlled
by transport processes, photoionization and photodissociation of the main species $,
$2 and #2 and depend on the intensity of incident extreme ultraviolet (EUV) and UV
radiation from the Sun on various time scales, including the well-understood period of
quasi-solar rotation (SR) and the 11-year solar cycle (SC) or longer (e.g. Jakowski et al.,
1991; Afraimovich et al., 2008; Liu and Chen, 2009; Chen et al., 2015). Variations
in solar irradiance are observed by satellites, and they have significant implications for
the peformance of global navigation satellite systems (GNSS) and satellite communica-
tions. Therefore, it is important to characterise the influence of solar radiation on the
thermosphere-ionosphere region. EUV can vary by more than a factor of 2 between solar
minimum and maximum.

Since continuous observations of the whole EUV spectrum were not available prior
to the TIMED/SEE mission starting in 2002 (Woods et al., 2000), solar EUV proxies,
e.g., the F10.7 solar radio flux at 10.7 cm (Tapping, 2013) and Mg-II index, are used to
represent solar activity.

The 27-day variations in solar flux are significantly modulated and amplified at higher
solar activity compared to low solar activity, leading to a corresponding modulation in
the thermosphere/ionosphere system (Kutiev et al., 2013).

The 27-day variations in solar and geomagnetic activity contribute significantly to the
27-day variations in the NmF2. However, the role of geomagnetic activity is complex.
Ma et al. (2012) have studied the 27-day variations of NmF2 in detail using ionosonde
observations. They show that the 27-day variations of solar irradiance and geomagnetic
activity caused by the solar rotation are the main factors for the 27-day variations of the
ionosphere. Apart from solar activity and geomagnetic activity, the 27-day variations
in the lower ionosphere (D region), especially in winter when solar activity is low, are
due to lower atmospheric influences (planetary waves) (Pancheva et al., 1991). But
the D region contributes only weakly to the ionospheric electron density. There is a
considerable influence of lower atmosphere waves (planetary waves, tides, and gravity
waves) on the entire ionosphere, including TEC and NmF2. These effects are more
prominent during solar maximum. In this article we focus on the fluctuations of NmF2
under different solar activity.

The relationship between solar flux and ionospheric parameters is important for mon-
itoring and modeling solar variability in particular with respect to space weather appli-
cations, and has been studied by many researchers (e.g. Kane, 1992; Rishbeth, 1998;
Forbes et al., 2000; Oinats et al., 2008; Astafyeva et al., 2008; Min et al., 2009; Ma
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et al., 2012). An ionospheric lag of about 17 hours to 2 days in thermosphere-ionosphere
parameters such as NmF2, TEC, temperature, and neutral densities with respect to solar
EUV flux measurements and EUV proxies (e.g., F10.7 index, Mg-II index, etc.) has been
extensively reported by various authors (e.g. Jakowski et al., 1991; Afraimovich et al.,
2008; Liu and Chen, 2009; Unglaub et al., 2012; Chen et al., 2015; Jacobi et al., 2016;
Vaishnav et al., 2019, 2021b; Schmölter et al., 2018, 2020, 2021, 2022; Ren et al., 2018,
2019, see also references therein), and it was reported that this lag may vary with solar
activity and season.

The physical mechanism of ionospheric delay in TEC and neutrals against solar flux
has been studied by several authors (e.g. Jakowski et al., 1991; Vaishnav et al., 2021a,
2022; Ren et al., 2018; Schmölter et al., 2022) by using numerical physics-based models
such as the Coupled Thermosphere Ionosphere Plasmasphere electrodynamics (CTIPe,
Fuller-Rowell and Rees, 1980) model, or the Thermosphere Ionosphere Electrodynamics-
General Circulation Model (TIE-GCM, Richmond et al., 1992). The delay in the iono-
sphere is mainly due to the difference in response times between quasi-instantaneous
ionization and slower recombination in the ionospheric F region (Ren et al., 2018). In
addition, eddy diffusion, electrodynamics, and lower atmospheric forcings also influence
the ionospheric delay (Vaishnav et al., 2021a). In addition to solar activity, geomagnetic
activity may also play an important role in the ionospheric delay (Schmölter et al., 2020).

The present study aims to investigate the effects of 27-day variations in the peak
electron density of the F2 region and solar and geomagnetic parameters in years of low
(2008) and high (2013) solar activity. We also investigate an ionospheric delay in NmF2
during various solar activity conditions under ideal atmospheric conditions. In Section 2,
we present our data sources, and the CTIPe model used for the analyses. In Section 3, we
examine the 27-day variability of solar activity, geomagnetic activity, and NmF2, as well
as the ionospheric delay under different solar activity conditions. Section 4 concludes
the paper.

2 Data and model description

2.1 Data sources

The F10.7 solar radio flux is one of the most commonly used indices of solar activity
(Tapping, 2013). We use the daily values of the F10.7 index. The F10.7 index values
are available in the LISIRD database (Dewolfe et al., 2010). In addition, as a measure of
geomagnetic activity, we used the daily Ap indices from the OMNIWeb Plus database
(https://omniweb.gsfc.nasa.gov/, NASA, 2022).

2.2 FORMOSAT-3/COSMIC

The Constellation Observing System for Meteorology, Ionosphere, and Climate/Formosa
Satellite Mission 3 (COSMIC/FORMOSAT-3, hereafter COSMIC) was a joint Tai-
wan U.S. occultation satellite mission, a constellation of six microsatellites launched
on April 2006, initially in 500 km orbit and later in 800 km orbit and at an
inclination of 72◦ (Anthes et al., 2008). COSMIC provides neutral and iono-
spheric parameters via the COSMIC Data Analysis and Archive Center (CDAAC).
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In this study, electron density profiles (ionPrf) for 2008 and 2013 have been used
(http://cdaacwww.cosmic.ucar.edu/cdaac/rest/tarservice/data/cosmic2013/ionPrf).

2.3 CTIPe model

The CTIPe model is a global, time-dependent model of the upper atmosphere that
self-consistently solves the primitive continuity, momentum, and energy equations to
calculate wind components, global temperature, and neutral composition, and which
is also used to calculate plasma production, loss, and transport. The model consists
of four components, namely a neutral thermosphere model (Fuller-Rowell and Rees,
1980), a mid- and high-latitude ionosphere convection model (Quegan et al., 1982), a
plasmasphere and low-latitude ionosphere model (Millward et al., 1996), and an elec-
trodynamics model (Richmond et al., 1992). Calculations are performed at a resolution
of 2◦/18◦ in latitude/longitude. 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) up to over 500 km altitude at pressure level 15.
The model requires several external forcing factors such as solar UV and EUV radiation,
Weimer electric field, TIROS /NOAA auroral precipitation, and tidal forcing at the lower
boundary. The F10.7 index is used as a solar proxy to calculate ionization, heating, and
oxygen dissociation in the ionosphere. A detailed description of the model can be found
in Codrescu et al. (2008, 2012).

2.4 WACCM-X

The National Center for Atmospheric Research (NCAR) Whole Atmosphere Community
Climate Model with thermosphere and ionosphere extension (WACCM-X) is a global
numerical model of the entire atmosphere, from the surface to an altitude of about 600
km, depending on solar activity. The first version of WACCM-X was described by Liu
et al. (2010). WACCM-X is an atmospheric component of the NCAR Community Earth
System Model that links the atmosphere, ocean, land surface, sea ice, land ice, and
carbon cycle components through flux and state information exchange (Hurrell et al.,
2013). Recent extensions of WACCM-X include a fully coupled ionosphere, including
electric field effects and ion transport. The vertical resolution in the mesosphere and
thermosphere is one-quarter of a scale height and the horizontal resolution is 1.9◦/2.5◦ in
latitude and longitude, respectively. A detailed description of the new version (version
2.0) of WACCM-X can be found in Liu et al. (2018a).

3 Results

In this work, we focused on the variability of NmF2 during different solar activity
conditions. For this purpose, we performed two types of model experiments. In the first
experiment, we used more realistic atmospheric conditions from March and July 2008
and 2013, using the solar, geomagnetic, and other realistic inputs with the default model
settings. The model simulations from the first experiment are used in Sections 3.1 and
3.2. The second experiment was conducted with only one day of constant atmospheric
conditions on March 15, 2013, and we varied only F10.7 in an artificial manner for
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a 27-day solar rotation period to observe the effects of solar flux. This experiment is
described in more detail in Section 3.3. In general, we used ionospheric electron density
profiles between 170 and 400 km to derive the peak election density NmF2.

3.1 NmF2 comparisons

Figure 1 shows maps of monthly mean NmF2 from COSMIC (top panel), WACCM-X
(middle panel), and CTIPe (middle panel) in March and July 2008 and 2013. The white
lines indicate the dip equator. Longitudinal and latitudinal variations are evident from
the figure. The maximum of NmF2 is seen in the low latitude region around the dip
equator. In general, the effect of solar activity can be seen in COSMIC NmF2 and is well
reproduced in the WACCM-X and CTIPe models. In 2008, solar activity was very low,
so the overall WACCM-X NmF2 was lower than in 2013, showing a strong dependence
on solar activity. In addition, NmF2 is larger in March than in July. This feature
is observed in both low and high solar activity years. This is due to the semi-annual
fluctuations of NmF2 (e.g., Qian et al., 2013). In addition, NmF2 is higher in March in the
Northern Hemisphere, while NmF2 is higher in July in the Southern Hemisphere. These
variations are due to the winter-summer asymmetry of equatorial ionization anomalies
(EIA) resulting from electrodynamic, thermodynamic, and chemical processes (e.g., Lin
et al., 2007). Liu et al. (2018b) presented the new development of the WACCM-X.
They showed that the climatological characteristics of the ionospheric peak densities
and heights (NmF2 and hmF2) of WACCM-X are in general agreement with the results
obtained from the COSMIC data. They also found that NmF2 values predicted by
WACCM-X are smaller and EIA are closer to the magnetic equator than observations
from COSMIC and ionosondes.

Figure 1: Variations of NmF2 observed from COSMIC (a-d, upper panel), simulated with

WACCM-X (e-h, lower panel), and with CTIPe (i-l, lower panel) during March and July

2008 and 2013. The month and year are indicated in the respective figure title. The

white lines indicate the dip equator.

The bottom panels in Figure 1(i-l) shows the NmF2 simulated by CTIPe. Compared
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4 Conclusions

We studied the ionospheric response to solar variability using the CTIPe simulated
ionospheric peak electron density NmF2 for 2008 and 2013 under low and high solar
activity conditions. The CTIPe NmF2 was compared to the observed COSMIC and
the modeled WACCM-X NmF2 in March and July of 2008 and 2013. The CTIPe
NmF2 is lower than the COSMIC and WACCM-X NmF2 during the periods studied.
Both models successfully reproduce the semi-annual variations that can be seen in the
COSMIC NmF2.

The CTIPe model simulated NmF2 was used to examine the 27-day fluctuations at
0◦/18◦� , 30◦#/18◦� , and 30◦(/18◦� . We found that the 27-day variations in midnight
NmF2 are stronger than the midday variations, which is consistent with observations.
The analysis also shows that at low solar activity the 27-day variations of NmF2 are
larger at 30◦(, while at high solar activity the 27-day variations of NmF2 are larger at 0◦

and 30◦# during midday.
In addition, the ionospheric delay was estimated with the model simulated NmF2

during low and high solar activity. An ionospheric delay of about 12 hours is observed
during low solar activity and 34 hours during high solar activity. This shows that the
ionospheric delay increases with increasing solar activity.

Here, we discussed the 27-day variations of NmF2 at low (2008) and high (2013) solar
activity and focused on the ionospheric delay of NmF2 at moderate and high solar activity.
In future studies, we will further investigate the effects and main roles of the different
processes affecting the ionospheric delay and their physical mechanisms using modelling
and observations. In addition, the 27-day variations in solar activity and geomagnetic
activity contribute to the 27-day variations in peak electron density (NmF2). Therefore,
further studies are needed to understand the complexity of these factors and their role in
the delayed ionospheric response.
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