
1.  Introduction
Solar extreme ultraviolet (EUV) and ultraviolet (UV) irradiance is the main source of energy for the Earth's 
thermosphere and ionosphere (TI). It heats, dissociates and ionizes the neutral constituents atomic oxygen O, 
molecular oxygen O2, and molecular nitrogen N2 (Schunk & Nagy, 2009). The ionospheric plasma is controlled 
by photochemical processes (photodissociation, photoionization, and recombination), transport processes (the 
neutral wind and diffusion), and lower atmospheric forcings. However, due to the unstable and fluctuating ioni-
zation source, the Sun, the ionosphere varies on a variety of time scales, including hourly, daily, seasonal, 11-year, 
and transient variations (e.g., Lean et al., 2001; Ma et al., 2012; Min et al., 2009; Vaishnav et al., 2019). Further-
more, the variability of the ionosphere is also caused by the neutral atmosphere composition, solar wind and 
geomagnetic activity, and electrodynamics (Rishbeth & Mendillo, 2001).

The thermospheric O/N2 ratio (the column density ratio of atomic oxygen to molecular nitrogen) is a key parameter 
in determining compositional changes during the daytime (Rishbeth, 1998) and specifically during a geomagnetic 
storm (Zhang, 2004). The F2 region electron density is controlled by several factors including photoionization 
of O, loss by recombination and transport processes. Recombination is significantly faster for molecular ions 
than for atomic ions; therefore, ion/electron loss rates increase as the molecular to atomic ion ratio increases. 
Strickland et al. (1995) demonstrated that the O/N2 ratio is proportional to the OI 135.6 nm to Lyman-Birge-Hop-
field (LBH) bands intensity ratio, referenced to an N2 depth of 10 17 cm −2.

Seasonal variations in solar zenith angle and changes in thermospheric composition (O/N2) induced by meridi-
onal wind cause seasonal variations in ionospheric parameters such as total electron content (TEC) and peak elec-
tron density of the F2 layer (NmF2 or Nmax) (Fuller-Rowell & Rees, 1983). These include the winter anomaly 
(Rishbeth, 1998), or the nighttime winter anomaly effect (Jakowski et al., 2015). Direct continuous measurements 
of solar EUV/UV flux have been available since the launch of the Thermosphere Ionosphere Mesosphere Ener-
getics and Dynamics (TIMED) satellite (Woods, 2005). The solar EUV flux QEUV is the integrated solar energy 
flux below 45 nm (Strickland et al., 1995). QEUV has been used to study solar flares (Strickland et al., 2007). 
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In addition, several solar proxies are available, but they are not always well suited to indicate the solar EUV 
band (Laštovička, 2021), with the F10.7 index (Tapping, 2013) being the most widely used one (Dudok de Wit 
et al., 2009). Vaishnav et al. (2019) studied multiple solar proxies to investigate the variations on different times-
cales and found that He-II, followed by Mg-II, were the best of the 12 studied.

Fluctuations in solar activity, due to the quasi 27-day solar rotation, significantly modulate ionospheric parameters 
such as TEC and NmF2 (Kutiev et al., 2013). During the 27-day solar rotation period, the peak of ionospheric electron 
density lags the peak time of solar EUV flux, resulting in a delay of several hours to 2 days (so called delayed iono-
spheric response) (e.g., Jakowski et al., 1991; Afraimovich et al., 2008; Kutiev et al., 2013; Jacobi et al., 2016; Ren 
et al., 2019, 2020; Schmölter et al., 2018, 2020, 2021, 2022; Vaishnav et al., 2018, 2019, 2022, & references therein).

To explore the physical mechanism and improve our understanding of the delayed ionospheric response, coupled 
ionosphere-thermosphere models have been used (e.g., Ren et  al.,  2020; Schmölter et  al.,  2022; Vaishnav 
et al., 2018, 2022; Vaishnav, Jacobi, et al., 2021). Photoionization is dominant at the electron density peak (strong-
est EUV absorption and greater concentration of O and O +). Photodissociation is dominant in the lower ionosphere 
(strongest UV absorption and largest concentration of O2). Therefore, additional O is produced in the lower iono-
sphere, which in turn by transport (diffusion) contributes to an increase of O and O + at the F region peak, resulting 
in a delayed electron density response to the changes in the solar EUV flux. This has been successfully modeled 
(Schmölter et al., 2022) and confirmed by observations (Schmölter & von Savigny, 2022). In addition, several 
other factors can also affect the ionospheric density and influence the delayed ionospheric response, such as 
geomagnetic activity, photochemical, dynamical, and electrodynamic processes (e.g., Ren et al., 2018; Schmölter 
et al., 2020; Vaishnav et al., 2018, 2022). Based on observational studies, Schmölter et al. (2020) reported that 
the delayed ionospheric response is influenced by geomagnetic activity. In addition, initial studies indicate that 
the delayed ionospheric response over Southern Hemisphere stations is greater than over Northern Hemisphere 
stations (e.g., Schmölter et al., 2020; Vaishnav, Schmölter, et al., 2021). Recently, Schmölter et al. (2022) discussed 
the height dependence of the delayed ionospheric response in detail and suggested the role of vertical transport.

To improve our understanding of the TI system, the Global-scale Observations of the Limb and Disk (GOLD) 
(Eastes et al., 2017) mission was launched in 2018. GOLD provides various parameters such as O2, O/N2, night-
time Nmax, and the solar proxy QEUV. The capabilities of GOLD have been discussed by several authors in recent 
publications (e.g., Oberheide et al., 2020). Schmölter et al. (2021) examined the delayed ionospheric response 
using the GOLD QEUV and the International GNSS Service (IGS) TEC. They highlighted the capability of GOLD 
for further investigation. In this paper, we focus on the study of ionospheric properties using these different 
parameters measured by GOLD and investigate their behavior during periods of low solar activity. Apart from 
solar forcing, lower atmospheric forcing and geomagnetic activity effects are relatively more pronounced during 
periods of low solar activity (Ma et al., 2012). Therefore, the availability of GOLD observations during the period 
of low solar activity allows us to investigate the relationship between TI parameters and solar indices under the 
influence of other forcings (e.g., lower atmospheric forcing and geomagnetic activity). Validating the various 
parameters against the solar proxies allows us to better understand rather quiet conditions, which then allows us 
to study the difference with disturbed conditions (larger storms or solar flares) during solar maximum, where we 
can compare the characteristics and evaluate the difference between the various external forcing sources in the 
TI system. Since the GOLD observations have previously been used to explain the delayed ionospheric response 
(Schmölter et al., 2021), we continue to investigate the solar-ionospheric relationship and confirm the GOLD 
capabilities for future study of the delayed response.

In the current analysis, we primarily investigate the behaviour of various parameters such as O2, O/N2, and 
nighttime Nmax observed by the GOLD mission as well as the relationship between Nmax and solar proxies at 
different time scales. We also take advantage of a global circulation model (GCM), namely the Coupled Ther-
mosphere Ionosphere Plasmasphere electrodynamics (CTIPe) model (Fuller-Rowell & Rees, 1983). This model 
cannot be expected to accurately represent the actual variability of the TI system due to limited representation of 
the various processes and the precise inputs (Codrescu et al., 2012; Vaishnav, Schmölter, et al., 2021), however, it 
is useful to study TI processes that are implemented in it. In particular, the CTIPe model is capable of reproducing 
the delayed ionospheric response and investigating its physical mechanisms (e.g., Vaishnav, Jacobi, et al., 2021; 
Vaishnav, Schmölter, et al., 2021).

The CTIPe model has already demonstrated its capabilities in this regard (e.g., Codrescu et al., 2012; Vaishnav, 
Jacobi, et al., 2021; Vaishnav, Schmölter, et al., 2021). Notwithstanding several limitation like low spatial and 
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temporal resolution, model experiments increase our understanding of processes. Therefore, we performed a 
comparison between parameters observed by GOLD and predicted by the CTIPe model. Also in this study, we 
investigate the ionospheric delay using model simulated TEC and observed TEC againest solar proxies during 
a selected period from 16 November to 12 December 2020, motivated by the previous findings by Schmölter 
et al. (2021), and the availability of the GOLD observations.

The manuscript is arranged as follows. Section 2 gives an overview of the data sets used, such as solar proxies, 
GOLD measurements, the O/N2 measured with the Global Ultraviolet Imager (GUVI) and observed TEC, and the 
CTIPe model used to simulate the TI parameters. In Section 3, we present the results of comparing GOLD meas-
ured QEUV, O/N2, O2 density, and nighttime Nmax with the values simulated by the CTIPe model. In addition, we 
estimate the delayed ionospheric response and discuss its relation to the GOLD observed and model-simulated 
O/N2. Section 4 discusses the results and concludes the paper.

2.  Observations and Model
We use various solar indices and TI observations. The F10.7 index (Tapping, 2013) is commonly used to repre-
sent solar activity. Here we use the daily F10.7 index values available through the LASP LISIRD database 
(LASP,  2022). We make use of the daily Kp indices from the OMNIWeb Plus database (NASA,  2022d) to 
describe geomagnetic activity. The Solar EUV Monitor (SEM, Judge et al., 1998) aboard the Solar Heliospheric 
Observatory (SOHO) has monitored solar EUV fluxes in the 26–34 nm and 0.1–50 nm wavebands since 1996. 
In this study, we used the central-order flux at 1 AU (0.1–50 nm) with hourly and daily resolution. The SOHO/
SEM EUV fluxes (hereafter EUV) are available at http://www.usc.edu/dept/space_science/semdatafolder/long/. 
To show the spatial and temporal behavior of the ionosphere, 1- and 2-hourly global TEC maps from the inter-
national GNSS service (IGS, Hernández-Pajares et al., 2009) were used. The maps are available from NASA 
(NASA, 2022a) with a spatial resolution of 2.5°/5° in latitude and longitude.

The GOLD (Eastes et al., 2017) instrument is installed aboard the SES-14 communications satellite, which was 
launched on 25 January 2018, into a geostationary orbit at 47.5°W longitude. GOLD has two identical independ-
ent imaging spectrographs covering the wavelength range 134–162 nm, called Channel A and Channel B (Eastes 
et al., 2020). The physical quantities such as the daytime neutral temperatures, the daytime and nighttime O2 
profiles, the daytime exospheric neutral temperature on the limb, the daytime O/N2, and QEUV are retrieved from 
the observed spectra. GOLD's unique orbit and imaging capabilities enables near hemispheric measurements 
of dayside O/N2 column density ratios. During the day, the GOLD imager observes Earth's airglow emissions 
from about 134 to 162 nm with a spectral resolution of 0.2 nm, while at night it observes O 135.6 nm emis-
sions (Correira et al., 2021). The O/N2 retrieval algorithm was developed for use with Global Ultraviolet Imager 
(GUVI) and Special Sensor Ultraviolet Spectrographic Imager (SSUSI) radiance images (Strickland et al., 1995). 
This algorithm has been applied for GOLD retrievals, but takes advantage of transmitting the full spectrum to 
maximize the signal-to-noise ratio (NASA, 2022c). In this study, we used version 4 data. GOLD also provides the 
daytime QEUV. QEUV is a solar EUV proxy describing the integrated irradiance below 45 nm derived directly from 
far ultraviolet (FUV) irradiance measurements using a look-up table approach (Strickland et al., 1995). It depends 
on the observed O I 135.6 nm radiance, the solar zenith angle, and the O/N2 (NASA, 2022c). The temporal 
sampling is about 5 s. A complete description of the GOLD QEUV algorithm can be found in Correira et al. (2021).

GOLD performs nighttime scans of the disk in both hemispheres from ∼20:00 to 00:30 UT, which are used 
to derive the peak electron density Nmax from the measured intensity at 135.6 nm using the following simple 
assumptions: neglect of ion-ion mutual neutralization and multiple scattering, the electron ne and atomic oxygen 
ion O + densities are equal, 𝐴𝐴 𝐴𝐴𝑒𝑒 = 𝑛𝑛𝑂𝑂+ , and the ne profile is a Chapman layer profile (NASA, 2022c). Further, 
GOLD stellar occultation measurements are used to derive the O2 absolute density profile (molecules/cm 3) on the 
limb. Occultations occur at latitudes from 60°S to 45°N and at all local times during the day. The algorithm of 
the measurements is based on the Polar Ozone and Aerosol Measurement (POAM) solar occultation algorithms 
(Lumpe et al., 2002). As the star rises or sets relative to the satellite position the stellar spectrum is measured 
across the GOLD spectral bandpass, from ∼134 to ∼162 nm. A complete description of the GOLD O2 algorithm 
can be found in Lumpe et al. (2020). GOLD data sets are available online at http://gold.cs.ucf.edu/search/.

In addition, we also used the GUVI O/N2 observations. The GUVI instrument aboard the NASA TIMED satellite 
provides FUV spectra (wavelength range 115–181 nm) from the thermosphere that include five bands: Ly − α 
at 121.6 nm, OI at 130.4 and 135.6 nm, and two parts of the N2 LBH band system, namely the short LBH band 

http://www.usc.edu/dept/space_science/semdatafolder/long/
http://gold.cs.ucf.edu/search/
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(LBHS) between 141 and 153 nm and the long wavelength LBH band between 167 and 181 nm on both the day 
and night sides (Christensen, 2003). The TIMED/GUVI dayglow data at O 135.6 nm and the N2 LBHS were used 
to derive O/N2 referenced at a fixed N2 column density of 1 × 10 17 cm −2. For our analysis, small-scale fluctua-
tions were removed and data gaps were filled with running averages. GUVI O/N2 data sets are available at: http://
guvitimed.jhuapl.edu/data\products. The GUVI observations are used for validation purposes only and the main 
objective is to analyze GOLD observations.

The CTIPe model is a GCM from about 80 km to about 450 km altitude (Codrescu et al., 2008, 2012). Here we 
used the same model version as described in Vaishnav, Schmölter, et al. (2021) to study the TI parameters and 
simulate the neutral composition. In this version, F10.7 was used as the solar proxy. The EUV spectra in the 
CTIPe model used to calculate ionisation, dissociation, and heating in the TI are calculated from a reference 
spectra based on F10.7. The tidal forcing is applied at the lower boundary from the Whole Atmosphere Model 
(WAM). For comparison with nighttime Nmax, O2, and O/N2 ratios observed from the GOLD mission, we simu-
lated the same period from 2019 to 2021. The simulated data were analyzed in the same manner as the observed 
data, which will be discussed in the Results section below.

3.  Results
We aim to investigate the behavior of the TI system during the minimum of solar cycle (SC) 25. This section 
shows the results and discusses the GOLD observations (QEUV, O2, O/N2, and Nmax) and their comparison with 
the modeled parameters during 2019–2021. We also analyze the relationships with the solar flux measurement 
and the delayed ionospheric response during the selected period from 16 November to 12 December 2020. To 
achieve the main objectives, a series of comparisons and cross-correlation analyses are performed, using both 
observations and model simulations. We will address the following points:
•	 �The relationship between the solar proxies (F10.7, EUV, and QEUV).
•	 �Variations in the GOLD observed parameters (Nmax, O/N2 and O2 density profiles) and CTIPe simulated 

parameters.
•	 �Cross-correlation analysis of ionospheric parameters (e.g., TEC and Nmax) with solar proxies to investigate 

the ionospheric response at low solar activity.
•	 �The delayed ionospheric response and modulation of O/N2 during 16 November to 12 December 2020, which 

is shown in the shaded region of Figure 1 below.

Figure 1.  Solar proxies and geomagnetic indices during 2019–2021. The upper panel (a) shows the F10.7 index (dotted black) along with the daily Kp indices (gray 
curve) and Kp > 5 based on the 3 hourly Kp indices (vertical dashed gray lines). The middle panel (b) shows daily EUV fluxes provided by the SOHO/SEM satellite, 
while the lower panel (c) shows the GOLD daily average QEUV. The shaded region is the period used for the investigation of the delayed ionospheric response.

http://guvitimed.jhuapl.edu/data%5Cproducts
http://guvitimed.jhuapl.edu/data%5Cproducts
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3.1.  Solar Flux Variability

The full solar spectrum cannot be measured from the ground, since the solar EUV radiation, among others, is 
absorbed in the upper atmosphere. Direct measurement of EUV radiation is possible from space, but the problem 
of on orbit solar instrument degradation is a challenge (e.g., BenMoussa et al., 2015). However, there are several 
solar proxies that are available over long periods of time. Of the available proxies, the F10.7 index is the most 
commonly used for the EUV band (Dudok de Wit et al., 2009). Therefore, in this work, we consider both the 
F10.7 index and EUV to compare with the QEUV.

Figure 1a shows the time series of the F10.7 index together with the Kp index during years of low solar activ-
ity from 2019 to 2021, with an average F10.7 of less than 80 sfu. Some clear 27-day solar rotation cycles are 
observed in 2019 and 2020, therefore these periods can be used to study the delayed ionospheric response to solar 
activity. The F10.7 index is low in 2019 and has increased slightly since November 2020, indicating the recovery 
of solar activity from solar minimum and the beginning of the ascending phase of SC 25. The shaded region 
shows the period from 16 November to 12 December 2020, which was used to study the ionospheric response to 
solar EUV variations. The daily Kp index indicates generally weak geomagnetic activity during the study period. 
The few vertical dashed gray lines indicate Kp > 5, based on the 3 hourly Kp indices, which indicates stronger 
variations in geomagnetic indices on the short time scale.

Figures 1b and 1c show the variations of the EUV and QEUV observations, respectively. The overall response is 
quite similar and the variations are more pronounced than for the F10.7 index. In general, the F10.7 index hardly 
changes from June 2019 to October 2020, as shown in Figure 1a, but the EUV and QEUV nevertheless show fluc-
tuations during this period. The variations of QEUV are comparable to the ones of EUV, which is explained by the 
fact that QEUV also covers the same wavelength band measured with SOHO/SEM. Generally, all solar proxies are 
strongly correlated. To estimate the correlation, here we use the Pearson correlation coefficient.

Figure  2 shows the correlation analysis between the F10.7 index, EUV, and QEUV. Figure  2a shows that the 
correlation coefficient between QEUV and the F10.7 index is about 0.89. A stronger correlation of about 0.93 is 
seen between EUV and the F10.7 index (Figure 2b). A similar correlation coefficient of about 0.96 is observed 

Figure 2.  Top panel: Cross-correlations between the (a) daily QEUV and F10.7 (gray) along with the cross-correlation for F10.7 > 90 sfu (blue) and for F10.7 ≤ 90 sfu 
(red), (b) EUV and F10.7, and (c) QEUV and EUV in 2019–2021. Bottom panel: Cross-correlations between the (d) daily QEUV and F10.7, (e) EUV and F10.7, and (f) 
QEUV and EUV during 2019 (gray), 2020 (blue), and 2021 (red). The cross-correlations R and the fitting lines are marked with the corresponding colors in the panels.
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between QEUV and the EUV (Figure 2c). The overall correlation during 2019–2021 is higher between QEUV and 
EUV flux as compared to F10.7 and QEUV. Similar results were reported by Schmölter et al. (2021) by using the 
correlation analysis for 2019. They also found that the correlation increases at longer time scales. The cross corre-
lation is calculated for two categories of F10.7 > 90 sfu (blue) and F10.7 ≤ 90 sfu (red). For both conditions, the 
cross correlation is about 0.84. Figure 2 also shows the resulting linear fits between the solar proxies.

The bottom panel of Figure 2 shows the cross-correlation between (d) daily QEUV and F10.7 indices, (e) EUV and 
the F10.7 index, and (f) QEUV and EUV for each year from 2019 to 2021. The overall correlation is lower in 2019. 
The maximum correlation in 2019 (2020) is about 0.76 (0.95) between QEUV and EUV, while the correlation 
between QEUV and F10.7 is lower at about 0.40 (0.85). In 2021, the overall correlation is stronger than in 2019, 
and similar to 2020. The overall correlation increases with solar activity and all solar indices correlate well with 
each other in 2020 and less strongly in 2019. Furthermore, we also analyzed the solar proxies from 16 November 
to 12 December 2020 (as shown in the shaded region of Figure 1). Our analysis showed a stronger correlation 
between EUV and F10.7 of about 0.93, compared to the correlation with QEUV, about 0.81 (Figure not shown).

Understanding the variations in solar activity is important for studying the response of ionospheric parameters 
such as Nmax or TEC, which are strongly influenced by solar activity. The GOLD mission provides nighttime 
Nmax observations, which, however, depend on the previous daytime values, so that corrrelation between solar 
proxies and nighttime Nmax is expected. Previous studies have demonstrated that Nmax during nighttime is 
linearly correlated with solar proxies during periods of low and moderate solar activity (Richards, 2001). In the 
next section, we will first examine the GOLD Nmax characteristics in detail and compare them with the model 
simulated Nmax. In addition, we will examine the relationship between the nighttime Nmax and solar activity.

3.2.  Comparison Between GOLD and Modeled Nmax

In this section, we investigate the response of nighttime Nmax to solar activity. Here we first examine seasonal 
variations using the mean Nmax observations from GOLD during March equinox and June solstice from 2019 to 
2021. Figure 3 shows the GOLD Nmax distributions at the March equinox (top panel) and June solstice (bottom 
panel) in 2019, 2020, and 2021. Nmax values are larger during the March equinox than at the June solstice. 
In addition, Nmax is higher in 2021 than in 2019 and 2020 due to the increase in solar activity within SC 25. 
Compared to the June solstice, there is a more prominent increase in Nmax around the equator (equatorial ioniza-
tion anomaly, EIA: Appleton (1946)) during the March equinox. The electron density is more evenly distributed 
at low- and mid-latitudes during the June solstice.

Figure 4 shows the zonal mean daily Nmax from 2019 to 2021 as observed by GOLD and simulated by CTIPe. 
Latitudes were selected according to the availability of GOLD observations. In GOLD Nmax, a clear EIA struc-
ture can be seen with higher Nmax on both sides of the magnetic equator during March equinox compared to June 
solstice (Figure 4a). Nmax values increase with solar activity. Compared to GOLD Nmax, the modeled Nmax 
values are more pronounced but show similar latitudinal and seasonal variations (Figure 4b). The seasonal vari-
ations are due to the semiannual fluctuations of Nmax (Qian et al., 2013). In addition, Nmax is higher in March 
(July) in the Northern (Southern) Hemisphere. In July-August, EIA crest differences between hemispheres were 
observed, possibly due to summer-to-winter neutral wind effects (Lin et al., 2007). A larger discrepancy between 
model and observations is evident. In October–November 2021, the observed Nmax is larger than during the rest 
of the study period. This is due to higher solar activity leading to more ionisation and contributing to Nmax, while 
the model cannot reproduce such strong variations.

To investigate the solar-ionospheric relationship, we first examine the correlation between unfiltered data-sets, 
namely observed/modeled Nmax and solar measurements (QEUV, EUV, and F10.7) from 2019 to 2021 at 0° 
geographic latitude. Correlation coefficients for GOLD Nmax (CTIPe Nmax) with EUV, QEUV, and F10.7 are 
0.55(0.30), 0.44(0.24), and 0.41(0.21), respectively. The overall correlation is low; however, the correlation for 
solar indices with GOLD Nmax is higher than with the CTIPe Nmax. Schmölter et al.  (2020) suggested that 
geomagnetic activity could also affect the ionospheric densities. Therefore, we investigate the possible role of 
geomagnetic activity by calculating the correlation coefficient between Nmax and the Kp index from 2019 to 
2021 at 0° geographic latitude. The correlation coefficient for GOLD/CTIPe Nmax with the Kp index is about 
0.33/0.24. During periods of low and moderate solar activity, other dominant factors such as lower atmospheric 
forcings (e.g., tides, gravity waves, and planetary waves) and geomagnetic activity can influence the ionospheric 
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Figure 3.  The GOLD nighttime Nmax variations at March equinox (upper panel) and June solstice (lower panel) during 2019, 2020, and 2021. The season and year are 
indicated in the respective panel title. Note the different scaling of the two rows. The white dashed line represents the magnetic equator.

Figure 4.  The variations and comparison of daily zonal mean nighttime Nmax (a) observed from GOLD and (b) simulated by CTIPe model during January 2019 to 
December 2021. The zonal mean Nmax is calculated over the longitude range (128° W to 35° E) available from GOLD. In the lower panel, the right y-axis shows F10.7 
(gray curve).
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parameters more strongly (Fang et  al.,  2013; Gan et  al.,  2020; Tsurutani 
et  al.,  2009). These factors could be the reason for the poor correlation 
between solar indices and ionospheric parameters (Vaishnav et al., 2019).

The GOLD Nmax data sets are characterize by annual, semiannual and 
27-day variations. Therefore, we further investigate the correlation between 
GOLD Nmax, QEUV and F10.7 during the medium (27-day variations) and 
long-term ionospheric response (81-day averages). The medium term iono-
spheric response to the 27-day solar variability has been discussed by several 
authors (e.g., Kutiev et al., 2013; Vaishnav et al., 2019). These variations in 
the ionosphere are caused by the 27-day variations in solar irradiance and 
geomagnetic activity (Ma et al., 2012). To focus only on the 27-day varia-
tions, we first performed a smoothing procedure following Ma et al. (2012). 
In this method, a 33-day moving average was applied and shifted 1  day 
forward in time on the time series of QEUV, EUV, and Nmax. The relative 
changes can be determined by Equation 1:

Δ𝐴𝐴𝑖𝑖 = (𝐴𝐴𝑖𝑖 − 𝜇𝜇)∕𝜇𝜇𝜇� (1)

where Ai represent the time series of QEUV, EUV and Nmax, while μ repre-
sents the 33 days moving averages of Ai. To focus only on the 27-day vari-
ations, we then applied zero-phase Butterworth bandpass filter between 22 
and 33 days to the time series of ΔNmax, ΔQEUV and ΔEUV from Equation 1, 
which we refer to below as the filtered time series (rNmax27, after bandpass 
filtering). The correlation maps for rNmax27 with filtered QEUV and F10.7, 
using observations from 2019 to 2021, are shown in Figures 5a and 5c. The 
maximum correlation between rNmax27 and QEUV is approximately 0.7 in the 

mid latitude region. Conversely, the correlation coefficients are relatively low (about 0.3) in the equatorial region, 
which can be attributed to atmospheric dynamics process causing vertical plasma motion (Lee et  al.,  2012). 
Poleward of about 30°N, the correlation coefficients decrease toward mid latitudes. The correlation is generally 
higher in the Northern Hemisphere. The correlation between rNmax27 and F10.7 is lower than that of QEUV, with 
a maximum of around 0.5 in the mid-latitude region, as shown in Figure 5c. We also investigate the correlation 
between rNmax27 and the Kp index, since the geomagnetic activity associated with the solar wind, which also 
has a periodicity of 13.5 and 27 days (Altadill & Apostolov, 2003). We found the correlation coefficient of about 
0.6 between rNmax27 and Kp indices at 0° latitude.

In addition, 81-day running averages are used to estimate the long-term variations of Nmax (Nmax81). The 
correlation maps for Nmax81 with the filtered QEUV and F10.7 indices are shown in Figures 5b and 5d. The corre-
lation coefficient for Nmax81 with QEUV is about 0.8 in the mid-latitude region. Similarly, F10.7 shows a higher 
correlation with Nmax81 at mid-latitudes. However, Nmax is less strongly correlated to F10.7 at low latitudes 
compared to QEUV.

Our analysis of the ionosphere's response to solar and geomagnetic activity shows that long-term responses (aver-
aging 81 days) have stronger correlation coefficients than medium-term ones (27-day solar variations). Compared 
to F10.7, GOLD QEUV correlates more strongly at long-term responses. We also found that Nmax correlates well 
with geomagnetic activity for medium-term ionospheric responses. Notably, despite the low solar activity, there 
is a stronger correlation of about 0.8 between the GOLD Nmax and solar indices for the long-term response. It 
would be interesting to gain new insights by analyzing the relationship between these parameters during periods 
of high solar activity using GOLD observations.

3.3.  Comparison Between GOLD, GUVI, and Modeled O/N2

In addition to solar irradiance, the thermospheric O/N2 is a key parameter in determining the composition changes 
in the TI system. This parameter is very well studied and very important when it comes to the delayed ionospheric 
response. The daytime ionospheric F2 electron density highly depends on the O, N2, and O2 densities, which are 
photoionized by EUV, for the production (q) of ions and electrons (e.g., O + hν → O + + e −). These electrons and 

Figure 5.  Cross-correlation maps for (a, c) GOLD rNmax27 (27-day 
variations), and (b, d) GOLD Nmax81 (after removing variations less than 
81 days) against QEUV (top panel) and F10.7 (bottom panel) calculated over the 
period 2019 to 2021. The white dashed line represents the magnetic equator.
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ions are lost (β) by recombination through several possible processes (e.g., O + + N2 → NO + + N followed by 
NO + + e → N + O and 𝐴𝐴 𝐴𝐴

+
+ 𝑂𝑂2 → 𝑂𝑂

+

2
+ 𝑂𝑂 followed by 𝐴𝐴 𝐴𝐴

+

2
+ 𝑒𝑒 → 𝑂𝑂 + 𝑂𝑂 ) (Rishbeth, 1998). The production of 

O + depends on both O density and solar radiation flux I.

The steady-state electron density N for the F2 region is given by Rishbeth (1998):

𝑁𝑁 ∼
𝑞𝑞

𝛽𝛽
∼

𝐼𝐼[𝑂𝑂]

𝛾𝛾1[𝑁𝑁2] + 𝛾𝛾2[𝑂𝑂2]
� (2)

where γ1 and γ2 are the reaction rate coefficients. The production term q depends mainly on the atomic oxygen 
concentration and the loss term β mainly on N2 with small contribution from O2, since N2 is more abundant than 
O2 by a factor of 10–20. Hence, q/β mainly depends on the O/N2 ratio.

GUVI, GOLD, and the modeled O/N2 were calculated according to the concept introduced by Strickland 
et al. (1995). Because of the high resolution of the GOLD wavelength spectra, it is possible to isolate specific 
wavelength bands from the LBH band system. However, in previous missions (e.g., GUVI) this possibility was 
limited because typically as much of the LBH band system as possible was included in the measured passband to 
maximize the overall signal. To calculate O/N2, Strickland et al. (1995) suggested that the O/N2 column density 
ratio is proportional to the 135.6 nm/LBH intensity ratio, referenced to an N2 depth of 10 17 cm −2. The O/N2 
ratio observed by GUVI and the one simulated by the model are calculated using the same method. Correira 
et al. (2021) indicate possible biases of 10% in GOLD O/N2 due to the EIA.

Here we compare the modeled O/N2 ratio to the observed ones. For this the daily mean O/N2 observed from 
GOLD, GUVI and simulated by the CTIPe model have been used. The model simulated O/N2 was calculated at 
the intersection of the fields of view of GOLD and GUVI. Figure 6 shows the variations in O/N2 observed by (a) 
GOLD and (b) GUVI, and those simulated by (c) the CTIPe model. The O/N2 simulated by the model underesti-
mates the observations in as shown in Figure 6. There are significant differences between the simulated and the 
observed O/N2. The GUVI O/N2 ratio is lower compared to the GOLD O/N2 and higher than CTIPe O/N2. Also 
at low and mid latitudes, more O/N2 variability is found in the GOLD observations compared to the CTIPe O/N2. 
Qian et al. (2022) also compared the GOLD O/N2 with the NRLMSISE-00 predictions and GUVI observations. 
They also reported a higher GOLD O/N2 compared to the other two. They found a hemispheric asymmetry in the 
seasonal variations of the O/N2 and annual and semiannual patterns are observed in the Southern Hemisphere, 
whereas an annual variation dominates in the Northern Hemisphere. Similar annual and seasonal variations were 
also found in CTIPe O/N2. The seasonal dependency of O/N2 variability can be related to the seasonal variation 

Figure 6.  Variations in the daily O/N2 ratio observed from (a) GOLD, (b) GUVI, and those simulated by the (c) CTIPe model from January 2019 to December 2021.
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of geomagnetic activity and mean circulation (Martinez & Lu, 2023). They 
investigated the day-to-day variations in the GOLD O/N2 and its correlation 
with the geomagnetic activity (Dst index). They found that the correlation 
increases in summer/spring and O/N2 increases during autumn, while the 
correlation decrease in winter and autumn whereas O/N2 decreases toward 
summer.

Furthermore, it is known from previous studies that the delayed ionospheric 
response is mainly related to the change in the O/N2 ratio due to transport 
process (Vaishnav, Schmölter, et al., 2021). Considering this fact, we further 
investigate the delayed ionospheric response and examine the response of the 

O/N2 ratio during the study period in Section 3.6. As mentioned earlier, the electron density of the ionospheric 
F2 layer depends on the densities of O, N2, and O2 during daytime. Therefore, in the next section, we discuss 
and compare the O2 density profiles observed by GOLD and simulated by the model to take advantage of the 
capabilities of GOLD.

3.4.  Comparison Between GOLD and Modeled O2 Density

GOLD provides O2 density profiles from 100 to 250 km, which we compare with simulated O2 by CTIPe. Since 
GOLD O2 data is limited and not always available, we only utilized data from three locations at 2°N, 33°E; 
21°N, 32°E, and 28°S, 33°E during 2019 and 2020. The total number of profiles for the above locations is less 
than 100 (Table 1) and they are available at different times. Therefore, we sorted the simulated O2 profiles for 
the same time and day as the profiles observed by GOLD and plotted a mean with standard deviation (shaded 
regions) in Figure 7. The top panel shows the O2 density profiles for 2019 and the bottom panel shows the ones 
for 2020.

Year

Latitude/Longitude

2°N, 33°E 21°N, 32°E 28°S, 33°E

2019 82 96 67

2020 85 85 66

Table 1 
Count of GOLD O2 Density Profiles Available at Three Locations in 2019 
and 2020

Figure 7.  Comparison between the mean O2 density along with its standard deviation (shaded regions) observed by GOLD and CTIPe model simulated for 2019 (upper 
panel) and 2020 (lower panel) at (a, d) 2°N, 33°E, (b, e) 21°N, 32°E, and (c, f) 28°S, 33°E.
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Lumpe et al. (2020) showed that the GOLD O2 profiles have an estimated accuracy of 10% or less in the altitude 
range of 130–200 km. They suggested that this altitude range should be used for further scientific investigations. 
Figure 7 reveals that below 200 km, the CTIPe overestimates the GOLD O2 at all selected locations during 2019. 
However, the O2 density at 2°N, 33°E shows a good agreement between the model and observations (Figure 7a). 
On the other hand, the largest discrepancy between model and observation is seen in the Southern Hemisphere 
(28°S, 33°E, Figures 7c and 7f). In 2020, the difference between GOLD and CTIPe O2 levels is significantly 
reduced between 130 and 170 km, as shown in Figures 7d–7f. Furthermore, the mean percentage difference 

𝐴𝐴
(

𝛿𝛿𝛿𝛿2 =
[

𝑂𝑂
𝑜𝑜𝑜𝑜𝑜𝑜

2
− 𝑂𝑂

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

2
∕𝑂𝑂𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

2

]

× 100%
)

 between observed and simulated O2 between 130 and 200 km at 2°N, 
33°E; 21°N, 32°E, and 28°S, 33°E is about 24%, 12%, and 49% in 2019, while it is about 9%, 9%, and 37% in 
2020.

Overall, the performance of the model is good in the Northern Hemisphere, while it has a larger bias in the South-
ern Hemisphere. Further, the observed O2 density is generally lower than the simulated O2 in earlier comparisons 
(Lumpe et al., 2020), which is also true for the CTIPe model. Furthermore, due to data limitations, the current 
analysis does not provide new insights into the influence of O2 density on the delayed ionospheric response. But 
agreement with the model simulated O2 density supports other results (Lumpe et al., 2020).

In summary, we have discussed the observed parameters from GOLD and compared them with the model simu-
lations. In the next section, we mainly focus on the observed and simulated TEC and their relationship with the 
solar proxies.

3.5.  Relation Between TEC and Solar Proxies

Figure 8 shows daily zonal mean TEC values for a fixed local time (12:00) from (a) IGS TEC maps and (b) CTIPe 
simulated values from 2019 to 2021. The maximum TEC of about 30 TEC units (TECU) can be observed in 2021, 
where the F10.7 index increases to about 120 sfu. Both observed and modeled TEC show strong semi-annual 
variations. However, the modeled TEC values are underestimated compared to the observed values. Codrescu 
et al. (2008) pointed out model limitations that lead to differences with observations, such as an artificial bound-
ary between the low- and mid-latitude ionospheric model and the high-latitude ionospheric model, and a missing 
prompt penetration electric field.

To understand the relationship between the ionosphere and solar activity, we also consider the cross-correlation 
analysis between the daily TEC at fixed local time (12:00) provided by observations and model simulations, with 
F10.7 and daily mean QEUV. Global maps of correlations for 2019 to 2021 are shown in Figure 9. The spatial 

Figure 8.  Temporal variations of the zonal mean observed TEC (a) and modeled TEC (b) from 2019 to 2021. The area between the dashed white lines shows the 
period from 16 November to 12 December 2020 used for the delayed ionospheric response study. In the lower panel, the right y-axis shows F10.7 (gray curve).
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distribution of the calculated correlation coefficients is similar for both solar QEUV and F10.7. The upper (lower) 
panel shows the correlation maps for observed (modeled) TEC against F10.7 and QEUV. Figures 9a and 9b shows 
a stronger correlation of about 0.6 in the low and mid-latitude region, indicating that this region is more strongly 
affected by solar activity (Lee et al., 2012). A lower correlation of about 0.4 is seen in the high-latitude region  and 
indicates that this region is strongly influenced by other factors, such as particle precipitation. The correlation 
between TEC and F10.7 (Figure 9b) appears to be lower than that between TEC and QEUV (Figure 9a), but the 
correlation is stronger than between CTIPe TEC and QEUV (Figure 9d). A higher correlation is expected since 
F10.7 is used as a proxy for solar wavelengths, which drives the model (Woods & Rottman, 2002). The lower 
correlation between the modeled TEC and QEUV (Figure 9c) suggests that the F10.7 index for solar flux could also 
be a factor that leads to inadequate modeling of TEC.

The current analysis confirms that the input parameters of the model are strongly correlated with the output 
parameters. Therefore, further studies are needed to analyze electron density measurements that are independ-
ent of the underlying models and thus of F10.7 (e.g., ionosondes). Recently, Vaishnav, Schmölter, et al. (2021) 
conducted a comparative study of solar irradiance using observed irradiance and irradiance calculated from 
empirical models and found significant differences. Therefore, implementation of an improved solar EUV spec-
trum in the model needs to be considered.

3.6.  Delayed Ionospheric Response

Several authors have reported the delayed ionospheric response of about 18 hr to 2 days in ionospheric param-
eters, especially TEC and NmF2, depending on the resolution and solar EUV observations or proxies used 
(e.g., Jakowski et al., 1991; Jacobi et al., 2016; Ren et al., 2019; Schmölter et al., 2018, 2020, 2021; Vaishnav 
et al., 2019, & references therein). The delayed ionospheric response is calculated by cross-correlating hourly 
TEC values and EUV during the study period from 16 November to 12 December 2020 (shaded region shown in 
Figure 1). Figure 10 shows latitudinal variations of cross-correlations and ionospheric delay calculated at 80°W 
longitude and a fixed local time (12:00) using observed and modeled TEC and EUV. The longitude was chosen 
based on the maximum possible latitude range available for GOLD O/N2 observations. The figure shows that 
the correlation is higher in the Northern Hemisphere than in the Southern Hemisphere. The ionospheric delay 

Figure 9.  Correlation coefficients between TEC and F10.7 (QEUV), as a function of latitude and longitude using observed TEC (top), and modeled TEC (bottom) during 
2019–2021. The time period and solar proxies used are indicated in the respective panel title. The white dashed lines represent the magnetic equator.
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calculated between the EUV flux and the observed (modeled) TEC is marked with dots (asterisks), respectively. 
As described in the previous section, electron density varies with solar activity. Variations in solar activity cause 
compositional changes, which in turn affect the time delay.

In the previous section, we calculated correlation maps for daily resolution data sets of TEC and EUV. The results 
showed correlation coefficients of approximately 0.5–0.7 for daily data at low- and mid-latitudes (Figure 9). 
Conversely, hourly data sets exhibited weaker correlation coefficients ranging from 0.2 to 0.4 at low and 
mid-latitudes (Figure 10). The weaker correlation can be attributed to the presence of small-scale variabilities. 
We also noted that solar proxies (QEUV and F10.7) exhibit stronger correlations at longer timescales than at 
shorter or medium-time scales, as discussed in Section 3.2. The mean ionospheric delay calculated between the 
observed TEC and EUV is ≈15 hr with a standard deviation of ≈5 hr. In contrast, for the modeled TEC, the mean 
ionospheric delay is ≈16 hr with a standard deviation of ≈5 hr. The maximum ionospheric delay for the modeled 
TEC is about 24 hr, while it is about 23 hr for the observed TEC. The results show the latitudinal variations of 
the ionospheric delay which are caused by the compositional and thermospheric circulation changes. The model 
is capable of reproducing a similar delay to observations even during the period of low solar activity. Previously, 
Vaishnav, Schmölter, et al. (2021) had discussed the model's capabilities to reproduce the delay during periods 
of high solar activity. The study found an average delay of about 17 and 16 hr for observed and modeled TEC 
against solar EUV flux, respectively.

It is well established that O/N2 modulates the delayed ionospheric response (Ren et al., 2018). The importance of 
photo-chemistry of O and N2 and the steady state Equation 2 are shown in Section 3.3. To elucidate a probable 
source for the observed delayed ionospheric response, the O/N2 ratio from GOLD, and simulated using CTIPe 
have been used for the time interval 16 November to 12 December 2020.

Figure 11 demonstrates the O/N2 ratio from GOLD and CTIPe during the 27-day period analyzed in Figure 10 
along with the EUV and Kp index. During this period, the GOLD O/N2 ratio is larger in the Northern Hemisphere 
(Figure 11b). Similar variations can be seen in modeled O/N2 (Figure 11d). Figure 11b show that the GOLD O/
N2 at mid latitudes in the Northern Hemisphere varies with EUV, suggesting a dependence on solar activity (e.g., 
Schmölter et al., 2021; Zhang & Paxton, 2011). In addition to solar activity, the O/N2 ratio can also be influenced 
by lower atmospheric forcing and geomagnetic activity (Qian et al., 2009). The average geomagnetic activity was 
weak (mean Kp = 1.16). However, during the rising part of the solar activity, geomagnetic activity was some-
what stronger (daily Kp ≥ 3, 3-hourly Kp up to 4.7), so the O/N2 is larger. The solar activity peaks on the 13th 
day (29 November) and then continuously decreases until the 23rd day (08 December). The GOLD O/N2 ratio is 
positively correlation with EUV in the Northern Hemisphere from 25°N to 55°N (Figure 11c). However, there is 
a negative correlation at other latitudes which may be influenced by geomagnetic activity and lower atmospheric 
forcing. To confirm this, we have also calculated correlation between O/N2 and Kp index and found positive 
correlation in low- and mid-latitudes in the Northern Hemisphere (see Figure 11c). Although not all observed 
variations are reproduced by the model, it does show a positive correlation between CTIPe O/N2 and EUV in 
mid-latitudes and Kp index positively correlates with the CTIPe O/N2 in low- and mid-latitudes (Figure 11e). A 

Figure 10.  Latitudinal variations of the delayed ionospheric response and cross-correlations for observed (dots) and modeled 
(asterisks) TEC with the EUV flux during 16 November–12 December 2020 at 80°W longitude.
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recent study by Schmölter et al. (2021) also investigates the influence of O/N2 ratio on the delayed ionospheric 
response at 0° latitude-longitude during a low solar activity period and found no correlation between O/N2 and 
solar proxies.

Our analysis indicates that the GOLD O/N2 ratio positively correlates with EUV, suggesting that O/N2 can affect 
the delayed ionospheric response in the Northern Hemisphere (25°N–55°N). Whereas, a negative correlation 
at other latitudes indicates the possible role of other factors, like geomagnetic activity and lower atmospheric 
forcing, which affect the O/N2 ratio, particularly during low solar activity (Luan et al., 2017; Qian et al., 2009).

4.  Discussion and Conclusions
In the above analysis, we presented an overview of GOLD QEUV, O/N2, molecular oxygen density, and nighttime 
peak electron density Nmax in the TI region during the minimum of SC 25, 2019 to 2021. The GOLD obser-
vations are compared with the CTIPe model simulated parameters to investigate the model capabilities. We 
analyzed three different solar proxies, namely SOHO/SEM EUV, F10.7, and QEUV, to investigate their correlation 
during low solar activity years. We found that QEUV strongly correlates with F10.7 and EUV with a coefficient of 
approximately 0.89 and 0.96, respectively. The correlation increases with solar activity. However, since the solar 
activity was low during 2019 and 2020 and only moderate in 2021, we still need more data from times of high 
solar activity to confirm our findings for solar maximum.

Next, we analyzed the seasonal variations of the GOLD nighttime Nmax. Our results showed a larger increase in 
Nmax around the equator during the March equinox compared to the June solstice. Additionally, the electron density 
was more evenly spread out during the June solstice at low- and mid-latitudes. Although the CTIPe Nmax overesti-
mated the GOLD Nmax, both showed similar seasonal and latitudinal variations. It is worth noting that Nmax also 
fluctuates significantly during periods of low solar activity. The GOLD observations revealed significant temporal 
and spatial phenomena, including fluctuations at low solar activity confirming the role of EUV in the equatorial 
region, a winter anomaly, and an increase in Nmax with solar activity. We investigate the relationship between Nmax 
and the solar proxies (QEUV, EUV, and F10.7). The results show that the correlation coefficients between GOLD 
Nmax and the solar proxies are higher than for CTIPe Nmax; however, the overall correlation is low ≈0.55(0.30) 

Figure 11.  The upper panel (a) shows the EUV flux (solid black) along with the daily Kp indices (dotted gray curve). 
Variations of the O/N2 during 16 November to 12 December 2020 from (b) GOLD and (d) CTIPe with the corresponding 
panels showing correlation with EUV and Kp index (c, d), as a function of latitude and days.
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for GOLD Nmax (CTIPe Nmax) with EUV. The low correlation could be due to dominant external forcings such as 
lower atmospheric forcings, and geomagnetic activity (e.g., Cai et al., 2021; Forbes et al., 2000; Vaishnav et al., 2019).

Recently, Cai et  al.  (2021) showed that the geomagnetic forcing during geomagnetically quiet periods in the 
solar minimum could sometimes play an important role in generating variations of the TI composition at the 
mid-latitudes. Therefore, we further investigated the correlation during the medium-term (27-day solar varia-
tions) and long-term (averaging 81 days) ionospheric response using GOLD Nmax, solar proxies (QEUV and F10.7 
index), and geomagnetic activity. Through correlation analysis, it was found that the correlation coefficients 
(between solar activity proxies and Nmax) were larger for the long-term response, followed by the medium-term 
response. The study indicates also a high correlation between geomagnetic activity and Nmax for medium-term 
ionospheric responses. The GOLD Nmax correlates well with the QEUV compared to F10.7 at longer timescale. 
Furthermore, a low correlation between nightime Nmax and solar proxies (QEUV and F10.7) was observed in the 
equatorial region (see Figure 5).

We compared the O2 density profiles obtained from GOLD with those simulated by the model. Our results show 
that the model agreed better in the Northern Hemisphere than in the Southern Hemisphere. Furthermore, we 
observed that the O2 density from the GOLD data is generally lower than the modeled density, consistent with 
previous findings (e.g., Lumpe et al., 2020).

We observed differences in the magnitudes of GOLD O/N2 compared to GUVI and CTIPe O/N2. GOLD O/N2 was 
higher and more variable than CTIPe O/N2 at low and mid-latitudes. However, the seasonal and annual variations 
of CTIPe O/N2 are similar to those of GOLD O/N2 as Qian et al. (2022), who found that the GOLD O/N2 is higher 
than GUVI and NRLMSISE-00 O/N2. The seasonal variations in O/N2 could be related to seasonal variations in 
geomagnetic activity and mean circulation (Martinez & Lu, 2023).

Cross-correlation analysis of IGS and CTIPe TEC with solar proxies indicates low correlation during low solar 
activity. The correlation in the equatorial region is stronger in the case of TEC, to which the equatorial ionization 
anomaly also contributes (Figure 9). Comparing with Figure 5, the spatial pattern of TEC, the Nmax exhibits low 
correlation. This could be attributed to the fact that TEC is vertically integrated and less affected by the plasma 
movement in the equatorial region (Lee et al., 2012).

Furthermore, the delayed ionospheric response against solar flux was studied using IGS and CTIPe TEC during 
the 27-day solar rotation at 80°W longitude. The delayed response is estimated to be less than one day (about 
15 hr for IGS TEC and 16 hr for CTIPe TEC). The results also show the latitudinal variations of the delayed 
response, which may be caused by the compositional (O/N2) and thermospheric circulation changes. The analysis 
suggests that O/N2 is positively correlated with solar flux in the Northern Hemisphere (25°N–55°N), suggesting 
that O/N2 can affect the delayed ionospheric response. Whereas, a negative correlation at other latitudes indicates 
the possible role of other factors, like geomagnetic activity and lower atmospheric forcing.

In this study, we presented and discussed the TI response to solar irradiance variations using measurements from 
the GOLD mission, GUVI and those simulated by the CTIPe model during the solar minimum of SC 25, 2019 to 
2021. The main results may be summarized as follows:

•	 �GOLD observations and model simulations show significant differences in TI parameters (Nmax, O/N2, and 
O2) depending on season, latitude, and time.

•	 �Seasonal and latitudinal patterns were clearly identified in O/N2 and Nmax, consistent in both observations 
and model simulations.

•	 �A higher correlation was found between QEUV and both IGS TEC and GOLD Nmax. However, the correlation 
between CTIPe simulated TEC and Nmax and QEUV is weak. This implies that F10.7 for solar flux could also 
be a factor that leads to inadequate modeling of TEC.

•	 �The analysis of O/N2 ratio in correlation with solar activity reveals its impact on the delayed ionospheric 
response in the mid-latitude Northern Hemisphere.

This study was conducted during a period of low solar activity, as it relied on GOLD observations from 2019 to 
2021. However, further research is needed to understand how the ionosphere responds during high solar activity.
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Data Availability Statement
IGS TEC maps can be downloaded from http://cddis.nasa.gov/Data_and_Derived_Products/GNSS/atmospheric_
products.html (NASA, 2022a). GOLD O/N2, QEUV, Nmax, and O2 can be downloaded from http://gold.cs.ucf.edu/
search/ (NASA, 2022b). Daily Kp indices have been downloaded from https://omniweb.gsfc.nasa.gov/form/dx1.html 
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colorado.edu/lisird/). GUVI O/N2 data are available at: http://guvitimed.jhuapl.edu/data/products (NASA, 2022e). 
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