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Abstract Previous research has indicated that geomagnetic activity plays an important role in influencing
the ionospheric delayed response to solar activity variations at the solar rotation time scale depending on solar
activity conditions. In this study, we employed the Thermosphere-lonosphere-Electrodynamic General
Circulation Model to investigate the vertically resolved impact of geomagnetic activity on the ionospheric delay
over the solar rotation period from 29 April to 25 May 2015. This time period was chosen due to its
representative moderate solar and geomagnetic activity conditions. Our analysis revealed that the ionospheric
delay increases with altitude due to geomagnetic activity and is more pronounced in the Southern Hemisphere
than in the Northern Hemisphere. To further understand the underlying mechanisms responsible for the
observed changes in ionospheric delay, we examined neutral species (O and N,), their ratio (O/N,) , and neutral
temperature. The results show that thermosphere-ionosphere composition varies both vertically and horizontally
in response to geomagnetic activity, and that these composition changes contribute to vertical variations in
ionospheric delay.

1. Introduction

The complex thermosphere-ionosphere (TI) system is strongly varying both temporally and spatially due to
external forcing such as solar activity, geomagnetic activity, and influences from the lower atmosphere (e.g., Fang
et al., 2013; Forbes et al., 2000; Rishbeth & Mendillo, 2001, and references therein). The TI shows variations
across multiple timescales, including a notable approximately 27-day periodicity linked to solar rotation (e.g.,
Afraimovich et al., 2008; Chen et al., 2012; Kutiev et al., 2013; Liu et al., 2006, and references therein). Several
authors have investigated the relationship between solar activity indices and ionospheric-thermospheric pa-
rameters specifically at the 27-day solar rotation period (e.g., Afraimovich et al., 2008; Anderson & Haw-
kins, 2016; Chen et al., 2012; Jakowski et al., 1991; Kutiev et al., 2013; Liu et al., 2006, and references therein).

Apart from solar activity, geomagnetic activity serves as an important factor influencing the neutral components
of the TI, particularly O and N,. These neutral constituents play a crucial role in various processes within the TI
system. During geomagnetic storms, Joule heating and particle precipitation at high latitudes significantly alter
upper atmospheric composition by upwelling N,-rich and O-depleted air from lower altitudes. Neutral winds then
transport these composition perturbations to mid-latitudes, causing O/ N, ratio depletion. This storm-induced
redistribution of neutral species directly impacts ionospheric F, region electron density, where photochemical
processes, such as the photoionization of O and the recombination of Ot by N, compete (e.g., D. Strickland
etal., 2004; Thayer & Semeter, 2004; Sutton et al., 2009, and references therein). Therefore, the ratio of O to N, is
closely connected to the electron density (Rishbeth, 1998). Additionally, transport processes, including neutral
winds and diffusion, also contribute to shaping electron densities, as demonstrated in preceding studies (e.g.,
Burns et al., 2004; Cai et al., 2021; Fuller-Rowell et al., 1994; Qian et al., 2020; Rishbeth et al., 2000).

The 27-day periodicity in the ionospheric parameters as the peak electron density of the F, layer (NmF2), total
electron content (TEC), temperature, and neutral densities is related to the solar rotation period, whose solar flux
amplitude significantly varies based on the solar activity conditions (Kutiev et al., 2013). However the reaction of
the ionospheric electron density is not immediate and the electron density peak is observed with a certain delay as
compared to the peak of the solar flux during the solar rotation period. This peak time difference is known as the
ionospheric delayed response, and it amounts to about 18 hr to 2 days. This feature has been investigation by
several authors using different ionospheric observations (e.g., Afraimovich et al., 2008; Jacobi et al., 2016; Ren
et al., 2018; Schmolter et al., 2018, 2021) and numerical model simulations (e.g., Diihnen et al., 2024; Jakowski
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etal., 1991; Ren et al., 2018, 2019; Schmolter et al., 2020a, 2022, 2024; Vaishnav et al., 2018; Vaishnav, Jacobi,
Schmolter, & Diihnen, 2024; Vaishnav, Jacobi, et al., 2021; Vaishnav, Schmolter, et al., 2021).

Previous research has shown that the ionospheric delay is influenced by several factors, including solar activity
(e.g., Schmolter et al., 2024; Vaishnav, Schmbolter, et al., 2021), lower atmospheric forcing (e.g., Vaishnav,
Jacobi, Schmolter, & Diihnen, 2024), and geomagnetic activity (e.g., Ren et al., 2018; Schmolter et al., 2020a,
2020b; Vaishnav et al., 2022). The delayed ionospheric response exhibits seasonal variations influenced by TI
processes that are linked to geomagnetic activity (Schmolter et al., 2020b). Previous studies have also reported on
the altitudinal dependence of the delayed ionospheric response (Schmolter et al., 2022; Vaishnav et al., 2022).
However, a model investigation addressing vertical variations in ionospheric delay due to geomagnetic activity is
lacking. This study utilizes the Thermosphere-lonosphere-Electrodynamics General Circulation Model (TIE-
GCM) (e.g., Richmond et al., 1992) to investigates the vertical variations in ionospheric response to solar
variability during a moderate storm. We focus on NmF2, TEC, the O/ N, ratio, the F10.7 index, and geomagnetic
indices.

The paper is arranged as follows. Section 2 introduces the data sources and the TIE-GCM. Section 3 presents
results on the influence of geomagnetic activity on ionospheric delay. Section 4 discusses our findings and
concludes the paper.

2. Observations and Model

The ionospheric state is represented by TEC, which is taken from IGS TEC maps that are derived from a global
GNSS network and ionosondes (Hernandez-Pajares et al., 2009). The IGS TEC values are available at a spatial
resolution of 2.5°5° and a temporal resolution of 1 hr, provided by the CDDIS data archive service
(NASA, 2025a). Daily F10.7 index values are obtained from the LISIRD database (LASP, 2025), while
geomagnetic indices (Kp, AE, and Dst) and the By and Bz components of the interplanetary magnetic field (IMF)
are sourced from the OmniWeb database (NASA, 2025b).

We used TIE-GCM (version 2.0) simulations to investigate how geomagnetic activity influences the ionospheric
delay mechanism. The TIE-GCM is a global, three-dimensional, time-dependent model that simulates
thermosphere-ionosphere electrodynamics by solving key equations for composition, dynamics, and energy in the
thermosphere (Qian et al., 2014; Richmond & Maute, 2014). The TIEGCM employs a log-pressure vertical
coordinate defined as

7= ln(po/p), (1)

where p, = 5 x 107> Pa is the reference pressure at the lower boundary (~97 km altitude). The model's 29
pressure levels span z = —7 to +7, covering altitudes from approximately 97-600 km (depending on solar
activity), with a vertical resolution of 0.5 scale heights. The horizontal resolution is 5° X 5° in latitude and
longitude.

At the lower boundary, the geopotential height Z(z,,) is specified as a superposition of tidal components:
Z(zpor) = Zsp + Zp + Zs + Zysp + Zp, )

where Zgp, Zp, Z4, Z,sp. and Z,, represent contributions from the migrating semidiurnal, migrating diurnal,
annual, and non-migrating semidiurnal and diurnal tides, respectively. The background state at this boundary is
fixed, with a geopotential height of 96.37 km, a neutral temperature of 181.0 K, and zero neutral winds, inde-
pendent of seasonal variations.

Above the lower boundary, the geopotential height at each level is computed using the hydrostatic equation:

Az-R* T, 1
Z(z+ A7) = Z(2) + = ~T"<z + —Az>, (3)
g m 2

where R* is the gas constant, T, is the neutral temperature, 7 is the mean molecular mass, and g is the altitude-
dependent gravitational acceleration. The geometric height is obtained by correcting the geopotential height Z. In
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Figure 1. The top panel displays the time series of the F10.7 index (orange line) and the hourly Dst index (blue line) covering
the period from 25 April to 30 May 2015. The study period, indicated by the shaded red region, corresponds to the solar
rotation from 29 April to 25 May 2015. The second panel features the 3-hr Kp index (orange line) and the AE index (black
line). In the third panel, the y (By, orange line) and z (Bz, blue line) components of the interplanetary magnetic field are
presented. The orange and blue dashed lines mark the days of the maximum F10.7 index and the minimum Dst index,
respectively.

this study, we use linear interpolation in geometric height to convert model outputs from pressure coordinates to
the fixed altitude.

For solar input, it utilizes a reference solar spectrum (Richards et al., 1994) driven by variations in the F10.7 solar
index. At high-latitudes, it includes ion convection patterns (Heelis et al., 1982) and auroral precipitation (Roble
& Ridley, 1987). The aurora depends on hemispheric power (hp), which the TIE-GCM estimates using a 3-hr Kp
index. This study focuses on geomagnetic activity from observations and an experiment with Kp < 5, using the
model's hp values calculated by

hp =16.82- %32 % _4.86 €))

This study aims to investigate the role of geomagnetic activity in altitude-dependent ionospheric delay using the
TIE-GCM model simulations.

3. Results
3.1. Geophysical Conditions

We select the study period from 29 April to 25 May 2015, to investigate the impact of geomagnetic activity on the
delayed ionospheric response.

Figure 1 illustrates the variations in solar and geomagnetic activity throughout the study period. This time frame is
specifically selected based on the season and the levels of solar and geomagnetic activity observed near the peak
of the solar rotation. Maximum solar activity occurs on day 14 of the solar rotation period, with the F10.7 index
reaching approximately 167 sfu, while the minimum recorded F10.7 index is about 100 sfu. The top panel of
Figure 1 shows the absolute values of the hourly Dst index on the right y-axis, with the minimum Dst recorded at
—82nT on day 15. The second panel presents the 3-hr Kp index (orange line) and the AE index (blue line). On day
15, the Kp index reaches approximately 6, and a maximum AE of 1,052 nT is observed after a delay of about
10 hr.

In contrast, on day 14, the Kp index remains below 3, while the AE index reaches approximately 700 nT. The third
panel displays the IMF components, By and Bz. These components vary significantly between day 14 and day 15,
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indicating the onset of the geomagnetic storm and the associated changes in all geomagnetic parameters observed
on day 15. The IMF By component reaches negative values of about —12 nT on day 15, while the Bz component
remains negative on day 14 and shifts to positive on day 15.

This study focuses on changes in the TI region, specifically in relation to variations in solar and geomagnetic
activity. During this period, a moderate storm occurs the day after peak solar activity, providing an excellent
opportunity to precisely investigate its direct contribution to ionospheric delay using a numerical model.

Parameters such as TEC, NmF2, and neutral composition in the TI region are significantly influenced by solar and
geomagnetic activity, resulting in spatial, temporal, and seasonal variability (Cai et al., 2021; Ren et al., 2018;
Schmolter et al., 2020b; Vaishnav, Schmolter, et al., 2021). In this study, we examine the vertical variations in
ionospheric delay caused by geomagnetic activity.

3.2. Mechanistic Model Studies

We use the TIE-GCM simulations to illustrate the effect of geomagnetic activity on the TI system. The following
simulations are conducted to demonstrate this impact.

1. All Variability Run: The model runs with the default settings (as described in the data section), using the
observed F10.7 and the observed Kp index.
2. Solar Variability Run: The model runs with the default settings and observed F10.7, but with Kp fixed at 0.

The TIE-GCM model simulated changes in TI parameters, including NmF2, neutral densities, neutral temper-
ature, neutral wind, and the O/ N, ratio during the study period.

Figure 2 illustrates the variability of the model-simulated neutral wind at 0° longitude as a function of latitude and
altitude at 12 UT. The top panels display the zonal wind for both the Solar and the All Variability Runs. For the
Solar Variability Run, the zonal winds are westward in the low-latitude regions and eastward in the moderately
high-latitude region of the Northern Hemisphere (NH), as well as in the mid- and high-latitude regions of the
Southern Hemisphere (SH) (Figure 2a). Maximum zonal wind occurs at approximately 60°S below 200 km. In
contrast, during the All Variability Run, the zonal wind varies strongly in the high-latitude regions. This variation
is attributed to geomagnetic moderate storms, which enhance the neutral wind. The strongest zonal wind is
observed in the high-latitude areas of the NH (Figure 2b). The zonal winds remain westward in both the low- and
mid-latitude regions.

The middle panels of Figure 2 display the meridional wind from both the Solar and All Variability Runs. For the
Solar Variability Run, the meridional wind is particularly strong in high-latitude regions. The meridional wind
exhibits a poleward direction at mid- and high-latitudes of both hemispheres (Figure 2¢). Similar to the Solar
Variability Run, the meridional wind in the All Variability Run is also directed poleward. The strong meridional
wind observed at high-latitudes reveals significant differences in both the zonal and meridional winds between the
two runs. The altitudinal variations of the neutral wind during quiet and storm conditions have been previously
discussed by Wang et al. (2008). They suggested that the vertical variations of wind at high-latitudes are a result of
altitude-dependent momentum forcing, which is driven by magnetospheric inputs. These inputs enhance pressure
gradients, ion drag, and wind shear.

The bottom panels of Figure 2 illustrate the vertical winds (Wn), with positive values indicating upward
movement. In most regions of the middle latitudes during the Solar Variability Run, Wn is positive (Figure 2e).
Conversely, at high latitudes in the Southern Hemisphere, Wn is predominantly negative (downward). A similar
pattern is observed during the All Variability Run as well (Figure 2f). When comparing the All Variability Run to
the Solar Variability Run, significant differences appear in the NH high-latitude region. In these region, Wn
demonstrates strong positive values at nearly all heights above 150 km, revealing storm-driven thermospheric
upwelling.

Li et al. (2019) demonstrated that geomagnetic storms induce altitude-dependent wind responses. During the
onset of a storm, horizontal winds in the upper thermosphere experience larger and faster changes compared to
winds in the mesosphere and lower thermosphere (MLT). This leads to downward vertical wind perturbations.
These effects propagate downward, resulting in reductions in vertical wind throughout the MLT region. This
coupled behavior indicates that storm energy penetrates through vertical momentum transfer.
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(a) Solar Variability Run, Zonal wind (M. $~1)

(b) All Variability Run, Zonal wind (M. s™1)
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(c) Solar Variability Run, Meridional wind (M. S_l)
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Figure 2. Neutral wind variations for the Solar Variability Run (a, ¢, ¢) and All Variability Run (b, d, f) at 12 UT on day 15 as
a function of altitude (km) and latitude. Top panels (a, b) show zonal winds, middle panels (c, d) show meridional winds,
while bottom panels (e, f) show vertical winds. Please note that the units of neutral wind velocity differ and are indicated in
the figure titles. The dashed black lines represent the zero line.

Figure 3 shows the variability of model simulated electron density and O/ N, ratio at 0° latitude/longitude as a

function of day and altitude. The left panel displays the percentage change from the altitude-dependent mean in
profiles for the All Variability Run which is calculated as:

Percentage change(z,d) =

Ne(zvd) - Ive(z)
N.(2)

X 100
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Figure 3. The top panel shows the modeled variations in daily electron density Ne, while the lower panel displays the variations in daily O/ N,, as a function of day and
altitude at 0° latitude/longitude for (a, d) the percentage change for All Variability Run and (b, e) the percentage difference ((All Variability—Solar Variability)/Solar
Variability). The correlation coefficients of Ne and O/N, with the F10.7 index are shown as altitude profiles in (c) and (f), respectively. Blue curves represent All
Variability Run, while orange curves represent Solar Variability Run. The right y-axis in (a, d), (b, ) represents the F10.7 and Kp index, respectively, in the left and middle
panels. The orange and blue dashed lines represent day 14 and day 15, respectively.

Where N,(z,d) is the electron density at altitude z and day d, and N,(z) is the altitude-dependent mean electron
density. The right panel shows the percentage difference between the Solar Variability Run and the All Variability
Run ((All Variability - Solar Variability)/Solar Variability). Additionally, the F10.7 (Kp) index is included on the
second y-axis in the left (middle) panel.

Figure 3a illustrates the evolution of daily electron density in the All Variability Run. Electron density varies with
solar activity conditions, increasing with height in the lower F region and reaches maximum values above 300 km.
Under moderate solar activity conditions, electron density is also influenced by geomagnetic activity. The
maximum increase in electron density, about 25%-35%, occurs above 300 km. In contrast, at altitudes below
220 km, electron density varies by approximately 5%—10% from May 6 to May 18 due to increased solar activity.
Figure 3b shows the percentage difference between the All Variability Run and the Solar Variability Run. The
maximum difference observed above 300 km ranges between 5% and 10% during the rising solar activity
throughout the solar rotation period. Meanwhile, decreases in electron density are noted between 200 and 300 km,
with significant day-to-day variations observed after day 15. The largest decrease, approximately 15%, is
observed between 250 and 300 km on Day 15 during increased geomagnetic activity.
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To investigate the relationship between electron density and solar activity, we calculate the cross-correlation of
both the All Variability Run and Solar Variability Run simulated electron densities with the F10.7 index, as
shown in Figure 3c. The correlation profiles reveal maximum correlation coefficients of approximately 0.9 below
200 km and again at 320 km. However, the correlation observed between 220 and 320 km is lower, with minimum
around 0.2 for the All Variability Run and 0.4 for the Solar Variability Run. The lower panel of Figure 3 shows the
variability of the O/N, ratio. Figure 3d shows the altitudinal variations on O/ N, ratio for All Variability Run.
Here the O/ N, ratio is calculated by the mass mixing ratios (mmr) of O and N, (N, mmr = 1—O mmr—O, mmr).
The O/ N, ratio decreases by about 10%—25% above 200 km and decreases with altitude from 6 May to 18 May
primarily due to increased solar activity. Below 200 km, a slight increase of about 2%—7% is observed from 13
May to 15 May which can be attributed to increased geomagnetic activity.

The percentage difference between the All and Solar Variability Run is shown in Figure 3e. The O/N, ratio
slightly increases below 200 km by about 2%—5% while it decreases above 200 km by about 5%—10%. However,
there are differences in the day-to-day variability. The cross correlation between the O/ N, ratio and solar activity
is shown in Figure 3f. A negative correlation is observed above 180 km for both All and Solar Variability Run
with correlation coefficients of about 0.2—0.9. Below 180 km a slightly positive correlation, which varies from 0.2
to 0.4, exists for the All Variability Run, while correlation coefficients of about 0.1 to —0.8 are observed for the
Solar Variability Run.

To understand the variations in the latitudinal behavior of TI parameters, we further investigate the NmF2 and the
O/ N, ratio as function of latitude and day, as shown in Figure 4. The upper panel illustrates the NmF2. NmF2
shows maximum values observed in low-latitude regions and decreases as we move toward higher latitudes in the
All Variability Run (Figure 4a). There are significant variation with solar activity, with maximum NmF?2 at higher
solar activity, but modified by Kp. The difference plot indicates that during peak geomagnetic activity, NmF2
increases by about 50% in the SH, while in the NH, it decreases by approximately 15%—-20% (Figure 4b). The
lower panel of Figure 4c illustrates the variations in the model-simulated O/ N, ratio, which is calculated at the
height of the maximum F2 layer (HmF2). In the All Variability Run, the maximum O/ N, ratio is observed in low-
latitude regions. Additionally, the SH high-latitude region exhibits a higher O/N, ratio compared to the NH.
However, these variations are highly dependent on seasonal changes (Qian et al., 2022). Figure 4d displays the
percentage difference in the O/ N, ratio by the two runs. There is approximately a 45% increase in the O/ N, ratio
during periods of maximum geomagnetic activity, followed by moderate activity periods. Under moderate solar
activity, we observe a significant influence of geomagnetic activity on both NmF2 and the O/ N, ratio. Changes in
O/ N, affect the production and loss rates of OF, the dominant ion in the F region, leading to variations in Ne
(Yamazaki & Richmond, 2013).

The electron density strongly depends on the composition of atomic oxygen and molecular nitrogen as well as
solar EUV radiation (Rishbeth, 1998). To further explore the relationship between the O/N, and Ne at varying
altitudes, we calculate the correlation coefficients at 0°E. The aim of calculating the correlation is to observe the
relationship between changes in Ne and O/ N, due to geomagnetic activity.

Figure 5 illustrates the correlation coefficients for both the All Variability Run and the Solar Variability Run as a
function of latitude and altitude. In Figure Sa, a positive correlation ranging from approximately 0.1 to 0.6 is
observed between altitudes of 200 and 250 km. A slightly positive correlation above 250 km is also visible, but it
only occurs in the NH. Additionally, a positive correlation is evident in the low-latitude region from 100 to
320 km. When comparing the All Variability Run to the Solar Variability Run, a slight decrease in correlation is
observed in the mid- and high-latitude regions (Figure 5b). In the Solar Variability Run, a positive correlation is
noted in the NH's low-latitude region between 250 and 350 km, as well as in the high-latitude region between 150
and 250 km. Over a large range of latitudes/altitudes, however, the correlation is negative, in contrast to the All
Variability Run. Furthermore, a strong correlation was observed near 100 km in high-latitude regions and be-
tween 170 and 250 km in the SH's high-latitudes. The differences in correlation between these two runs
demonstrate the impact of geomagnetic activity on the relationship between O/N, and Ne, that is, an increase in
correlation owing to geomagnetic variability. Field et al. (1998) examined the relationship between NmF2 and
O/ N, ratio during geomagnetic storms. They found that mid-latitude F-layer storm behavior is mainly driven by
composition changes due to thermospheric circulation from high-latitude energy inputs. As a result, NmF2
closely follows the O/ N, ratio during storms, leading to increased correlation.
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Figure 4. The top panels show the modeled daily NmF2, while the lower panels display the daily O/ N, as a function of day
and latitude for (a, c) the All Variability Run and (b, d) the percentage difference ((All Variability - Solar Variability)/Solar
Variability) at 0° longitude. The right y-axis in each panel represents the F10.7 and Kp index, respectively, in the left and
right panels.

3.3. Delayed Ionospheric Response

Several authors have explored the relationship between variations of solar and TI parameters, reporting a delay of
approximately 18 hr to 2 days (e.g., Afraimovich et al., 2008; Jacobi et al., 2016; Jakowski et al., 1991; Ren
et al., 2018; Schmolter et al., 2018, 2020a, 2020b, 2021; Vaishnav et al., 2018, 2019; Vaishnav, Jacobi, Ber-
dermann, et al., 2024; Vaishnav, Schmolter, et al., 2021), and an influence of geomagnetic activity (e.g., Ren
et al., 2018; Schmdolter et al., 2020a, 2020b; Vaishnav et al., 2022).

Here, we calculate the ionospheric delay between the IGS TEC and the modeled NmF2, considering solar activity
from 29 April to 25 May 2015. The ionospheric delay is determined using the F10.7 index, as referenced in
Vaishnav, Jacobi, Schmolter, and Diihnen (2024). The spatial distribution of the delay is illustrated in Figure 6.
The upper panel shows the ionospheric delay between IGS TEC and the F10.7 index. The ionospheric delay is
approximately 18 hr, with a higher delay observed in the NH's high-latitude regions, ranging from 30 to 40 hr. In
contrast, the SH's high-latitude region exhibits a lower delay of about 5-15 hr. In the mid-latitude regions, the
average delay is around 15-25 hr. A similar pattern is evident in the model-simulated TEC for the All Variability
Run, however, some differences exist in the high-latitude regions (see Figure 6b). The average delay in the model-
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Figure 5. The cross correlation coefficients between the diurnal mean Ne and the O/ N, ratio simulated by the TIE-GCM for
All Variability Run (a) and Solar Variability Run (b) at the 0°E geographic longitude are presented as a function of latitude
and altitude. The dashed black line indicates zero correlation coefficients.

simulated data is approximately 17 hr. As geomagnetic activity also influences this period, we calculate the delay
using modeled NmF2 for both the All Variability Run and the Solar Variability Run (Figure not shown). The
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Figure 6. The spatial distribution of ionospheric delay is estimated using the
F10.7 index alongside the IGS TEC and modeled NmF2. The upper panel
illustrates the delay between the IGS TEC and the F10.7 index (a). The
second panel depicts the delay using modeled NmF2 and the F10.7 index for
the All Variability Run (b). The lower panel shows the modeled differences
between the All Variability Run and the Solar Variability Run (c).

difference between these two runs is illustrated in Figure 6¢. The results
suggest that due to geomagnetic activity, there is a decrease in delay of about
1-5 hr, except in the NH high-latitude region, where the delay increases by
about 3-7 hr.

The ionospheric delay strongly depends on the solar activity conditions that
leads to change in ion production and loss processes (Schmolter & von
Savigny, 2022). These processes vary with altitude and availability of neu-
trals. The altitude dependence of the ionospheric delayed response has pre-
viously been discussed by Vaishnav et al. (2022); Schmdlter et al. (2022).
However, it is also important to understand the change in altitude response of
the ionospheric delay due to the geomagnetic activity changes. Figure 7a
shows the distribution of the ionospheric delay between modeled Ne and
F10.7 at 0°E as a function of latitude and altitude during the study period. The
upper panel shows the ionospheric delay distribution of All Variability Run.
The maximum delay in the case of All Variability Run is about 24 hr in the
low-latitude region up to 400 km. A longer delay in the NH compared to the
SH is observed. The difference between the NH and SH is mainly evident in
the high-latitude regions where the delay is less than 15 hr above 300 km. The
ionospheric delay increases with altitude in the low-latitude region and the
results are consistent with the previous research (e.g., Schmolter et al., 2022;
Vaishnav, Jacobi, et al., 2021), while it decreases in high-latitude region. The
lower panel shows the difference plot between All Variability Run and Solar
Variability Run (Figure 7b). Geomagnetic activity typically increases the
ionospheric delay by 1-5 hr above 300 km in low- and mid-latitudes. The
maximum difference is observed in the NH and SH mid- and high-latitude
regions, where the delay difference is up to about 2-8 hr. Between 200 and
250 km in high latitudes, the increase of the delay decreases to 1-3 hr. Above
250 km, the delay in SH mid- and high-latitudes increases by 1-6 hr, while it
decreases by 1-8 hr in NH.

Figure 7 shows the clear impact of the geomagnetic activity. However for this
analysis, we focus only on the results at 0°E. Therefore, the impact of
geomagnetic activity on the spatial and latitudinal distribution of the delay,
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we further analyze the delay for the All variability Run and the Solar Vari-

2(7):: ability Run at different altitudes (200, 250, 300, and 350 km) at different

latitudes as shown in Figure 8. The spatial distribution of the ionospheric

e delay for All Variability Run along with the difference plot at 200 km, is

E 2 shown in Figures 8a, and 8b. The difference plot does not show much vari-

g 20405‘ ation except in high-latitude regions, where the delay slightly increases or

2 17.5° decreases by about 1-4 hr. At 250 km altitude, a more positive delay of about

2o 2-4 hr is observed compared to 200 km, while the NH high-latitude region

exhibits a strong negative delay of about 2—6 hr (Figure 8d). Furthermore, the

— increased altitude leads to changes in the spatial distribution of the iono-

(b) Difference (All-Solar) 10.0 spheric delay (Figure 8f). In the SH high-latitude region, there is a more

400 180 positive delay of about 2-5 hr, whereas it decreases slightly in the NH high-

75 latitude region. At 350 km the ionospheric delay due to geomagnetic activity

5.0 increase significantly on a global scale, including more delay in the SH as

=300 U 55 o compared to the NH and to lower altitudes (Figure 8h). The maximum delay

§ - E, rises to about 5-8 hr. The analysis shows the ionospheric delay increases with

£ é altitude in low- and mid-latitude regions up to about 300 km, while the in-

<200{ B = fluence of geomagnetic activity introduces both spatial and altitude-
=00 dependent variations in the ionospheric delay.

16 = :1)50 Recently, Vaishnav, Jacobi, Schmolter, and Diihnen (2024) studied the

90°S 60°S 30°S 0° 30°N 60°N 90°N : impact of the lower atmospheric forcing on the delayed ionospheric response

Figure 7. The latitude and altitude distribution of the ionospheric delay at

Latitude

and its altitude dependence. They found a significant impact of the lower
atmospheric forcing on the delayed ionospheric responses. The study reported

0°E is shown for TIE-GCM Ne with F10.7 in the All Variability Run (a), as smaller changes in delay below 250 km while maximum changes occurred
well as the differences between the All Variability Run and the Solar Variability ~ above 250 km.

Run (b).

At the electron density peak, photoionization dominates due to strong EUV

absorption, while photodissociation plays a more significant role at lower
altitudes. This creates additional oxygen in the lower ionosphere, which then moves upward and increases O and
O at the F-region peak, thereby delaying the electron density response to changes in solar EUV flux (Diihnen
et al., 2024; Jakowski et al., 1991; Schmolter et al., 2022; Schmolter & von Savigny, 2022).

The observed ionospheric delay is associated with changes in the TI compositions, as noted by several authors
(Ren et al., 2018; Schmblter et al., 2020b; Vaishnav, Jacobi, et al., 2021). Therefore, it is important to investigate
the vertical evolution of neutrals in the TI region during the study period and their contribution to the ionospheric
delay.

We select day 15 of the study period, when geomagnetic activity is moderate (minimum Dst &% —66 nT). The peak
solar activity occurs on day 14. To explore these differences, we calculate the percentage difference between day
15 and day 14 for the All Variability Run. Additionally, to examine the difference between the All Variability Run
and the Solar Variability Run on day 15, we calculate the percentage difference between these two runs.

Figure 9 illustrates the latitude-height distributions of the O/ N, ratio, the mass mixing ratios (mmr) of O and N,,
neutral temperature, and total mass density. The first column presents these parameters for day 15 of the All
Variability Run at 0°E longitude. The geomagnetic activity-induced changes are calculated as a percentage
difference ((All—Solar)/Solar). The second column shows the percentage difference between day 15 and day 14.

The O/ N, ratio is a crucial parameter for studying changes induced by geomagnetic storms, as suggested by
several authors (D. Strickland et al., 2004; Fuller-Rowell et al., 1994). The lower thermospheric concentrations of
O and N, significantly affect the integrated O/ N, ratio (D. J. Strickland et al., 1995; D. Strickland et al., 2004),
leading to a strong correlation with the electron density in the F2 region of the middle thermosphere. Recently, Yu
et al. (2023) explored the vertical evolution of neutral particles in the TI system during a geomagnetic storm. They
found that regions with a decrease in the O/N, ratio are characterized by a decrease in the O mmr and an
enhancement in the N, mmr. Conversely, regions with an increase in the O/ N, ratio exhibit an increase in the O
mmr and a decrease in the N, mmr. The current investigation yields somewhat similar results. The percentage
difference in the O/ N, ratio slightly increases in the mid-latitude region and decreases in the high-latitude region
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Figure 8. The spatial distribution of ionospheric delay is evaluated in relation to the F10.7 index and the modeled electron
density (Ne) during the study period at various altitudes: 200, 250, 300, and 350 km. The first column (panels a, c, e, and f)
presents the modeled delays from the All Variability Run. The third column (panels b, d, f, and h) shows the differences
between the All Variability Run and the Solar Variability Run.

(Figure 9b). These changes align with the percentage variations in O (Figure 9¢). Although solar activity peaks on
day 14, moderate geomagnetic activity on day 15 leads to a slight increase in the O/N, ratio in low-latitude
regions and a decrease in high-latitude regions.

On day 15, the percentage difference between the All and Solar Variability Runs exhibits similar behavior;
however, the magnitude of the differences increases, despite solar activity remaining constant. This indicates a
clear impact of geomagnetic activity, where the O/N, ratio again aligns with changes in O concentration. In
contrast, the percentage change in N, shows opposite trends, as seen in the third row (Figure 9j), where N, in-
creases by up to 250% in the high-latitude region above 300 km.

The analysis of O mmr and N, mmr indicates that increased temperatures lead to weak upwelling in high-latitude
regions. This upwelling transports air from the lower to the upper thermosphere, resulting in an increase in N,
mmr and a decrease in O mmr. Specifically, O mmr decreases by approximately 0%—60%, while N, mmr
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Figure 9. The evolution of TI parameters, including O/N,, O, N, number density, temperature (T'), and total mass density (p), is examined at 0° longitude as a function
of latitude and altitude. The first column displays the results from the All Variability Run on day 15, while the second column indicates the percentage difference
between day 15 and day 14 for the All Variability Run. The third column represents the percentage difference plot between the All Variability Run and the Solar

Variability Run for day 15.

increases by about 250%. A slight increase in O mmr relative to N, mmr is also observed in the low-latitude
region. The transport of N, and O reflects the influence of horizontal circulation effects (Burns et al., 2006).
Geomagnetic activity disrupts the O/ N, ratio due to enhanced neutral wind forcing (see Figure 2). During storm
events, eastward zonal wind surges increase the O/ N, ratio, while meridional winds exhibit strong equatorward
flows that temporarily raise the O/ N, levels before composition depletion takes over. Most importantly, storm-
induced upwelling decreases the O/ N, ratio between altitudes of 200-400 km.

By comparing the evolution of TI parameters specifically O, N,, and the O/ N, ratio along with the percentage
changes between day 15 and day 14 (as shown in the middle column of Figure 6), we gain a better understanding
of the conditions affecting ionospheric delay.

Between altitudes of 200-300 km in high-latitude regions, the ionospheric delay decreases to approximately 1—
5 hr, which corresponds to a reduction in the O/ N, ratio to about 10%—15%. In contrast, in low- and mid-latitude
regions, the delay increases to around 1-3 hr, accompanied by an increase in the O/ N, ratio to about 2%—7%.
These results demonstrate that changes in ionospheric delay are strongly dependent on compositional variations
driven by geomagnetic activity.

The TI changes are influenced by external factors such as solar activity, geomagnetic activity, and lower at-
mospheric forcing. During periods of low solar activity, lower atmospheric forcing plays a more significant role.

VAISHNAV ET AL.

12 of 16

d ‘0T ‘G20 '20r669T2

woly

I01IPUOD PUR SWLS 18U 885 *[5202/0T /2] U0 ARIGITBUIIUO AB]IM “UBURS Z) oYW RH " Ul Muyed wrey *N-4n 4 Wniuez yasid Aq Tegye0vrse0z/620T OT/10p/woo Ao mA:

oA

35UB0 17 SUOWILLOD dAIRER1D 3(qedt|dde au Aq pausenoh afe saoie YO ‘asn JO SajnJ oy Ariq i auluQ 8|1 UO (SUORIPUOD-pue:



MID
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Space Physics 10.1029/2025JA034221

d
400 (Y] @
350
300
B
(=2
S 250
£
=<
200
150 —— LSA, F10.7= 100 sfu, Kp = 0
--- LSA.FI0.7= 100 sfu, Kp=5
—— HSA,F10.7=200 sfu, Kp =0
; H --= HSA,F10.7=200 sfu, Kp =35 i
100 - T ' :
500 1000 0 20 10 0o 10 0 5 10 -5 0
TX) A (%) Nex 10 (m~3) A (%) O/N, A (%)

Figure 10. Panels (a), (c), and (e) show TIE-GCM simulations of neutral temperature, electron density, and the O/ N, ratio at
0° latitude/longitude (12 UT) under low (blue, F10.7 = 100 sfu) and high (orange, F10.7 = 200 sfu) solar activity for Kp =5
(dashed) and Kp = 0 (solid) runs. Panels (b), (d), and (f) show the corresponding percentage differences between the two runs
for low (blue dotted) and high (orange dotted) solar activity. F10.7 and Kp values are indicated in the figure.

In contrast, during moderate and high solar activity, geomagnetic activity significantly contributes to the neutral
composition of the atmosphere.

To explore this further, we conducted numerical simulations under four different conditions: low solar activity
(F10.7 = 100 sfu) and high solar activity (F10.7 = 200 sfu), as well as quiet geomagnetic conditions (Kp = 0) and
moderate geomagnetic conditions (Kp = 5).

Figure 10 illustrates the variability in neutral temperature, electron density, and O/ N, ratio along with the dif-
ference plot between Kp = 5 and Kp = 0 Runs during the specified conditions at 0° latitude and longitude at
12 UT.

The neutral temperature increases with altitude, highlighting distinct differences between low and high solar
activity for both Kp = 5 and Kp = 0 (Figure 10a). Neutral temperature increases by about 40% above 200 km
when comparing low and high solar activity under Kp = 0. Under low solar activity, the temperature rises slightly
by about 2% above 200 km when comparing Kp = 5 to Kp = 0, while under high solar activity, the increase is
about 1% (Figure 10b).

Figure 10c shows electron density profiles for both solar activity conditions. Similar to temperature, electron
density increases by about 8%—10% above 250 km during the Kp = 5 Run under low solar activity (Figure 10d).
However, under high solar activity, geomagnetic effects are less pronounced due to the dominant influence of
solar activity.

Furthermore, we investigate the behavior of the O/ N, ratio during both low and high solar activity conditions
(Figure 10e). Due to changes in solar and geomagnetic activity, the O/ N, ratio changes, reflecting variations in
neutral composition. We calculate the O/ N, ratio using the densities of O and N, at a fixed height. The O/N,
ratio increases with altitude but decreases with solar activity. This decrease occurs because increased solar ac-
tivity expands the thermosphere, causing upwelling that lifts heavier N, to higher altitudes, resulting in a lower
0/ N, ratio.

During low solar activity conditions for the Kp = 5 Run, the O/ N, ratio slightly decreases above 250 km, while
during high solar activity, it slightly increases (Figure 10f).

4. Discussion and Conclusions

We use the Thermosphere-Ionosphere-Electrodynamics General Circulation Model (TIE-GCM) to investigate the
impact of geomagnetic activity on the vertical variations of the delayed ionospheric response. Our analysis fo-
cuses on the O/ N, ratio and neutral densities at different altitude levels during a period of moderate solar and
geomagnetic activity, specifically from 29 April to 25 May 2015.
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We conduct the model analysis under two distinct conditions. The first condition, labeled “All Variability,”
includes all sources of variability, encompassing both solar and geomagnetic activity. The second condition,
termed “Solar Variability,” excludes geomagnetic activity by setting Kp to zero. This approach enables us to gain
insights into the specific impacts of geomagnetic activity.

The IGS TEC shows an ionospheric delay of about 18 hr with respect to F10.7 variations, with higher delays (30—
40 hr) in NH high-latitudes and lower (5-15 hr) delay in SH high-latitudes. The analysis of peak electron density
(NmF2) simulated using TIE-GCM shows similar patterns with an average delay of about 17 hr for the All
Variability Run. The calculated delay for both the model and observed ionospheric parameters is in good
agreement with the preceding studies (e.g., Diihnen et al., 2024; Schmdlter et al., 2018, 2020b; Vaishnav
et al., 2022; Vaishnav, Jacobi, Schmolter, & Diihnen, 2024; Vaishnav, Jacobi, et al., 2021). Comparing All and
Solar Variability runs, geomagnetic activity increases the delay by 3—7 hr in NH high-latitudes and decreases it by
1-5 hr elsewhere, showing its varying latitudinal impact (see Figure 6).

The All Variability Run shows a maximum ionospheric delay of about 24 hr in low-latitude regions up to 300 km,
with the NH experiences greater delays than the SH. In high-latitude areas above 300 km, delays remain under
15 hr. Analysis of the Solar Variability Run indicates that geomagnetic activity increases ionospheric delays by 1—
5 hr in low- and mid-latitude regions above 300 km, peaking at 2-5 hr in the SH. In high-latitude regions, delays
drop to 1-5 hr (see Figures 7 and 8). The study shows ionospheric delay varies with moderate geomagnetic
activity and is the first to confirm its effect on vertical variations of the delayed ionospheric response. Previously,
Vaishnav, Jacobi, Schmolter, and Diithnen (2024) examined vertical variations driven by lower atmospheric
forcing.

The comparison between these runs shows that the geomagnetic activity alters the ionospheric composition both
vertically and horizontally. The simulations show that the ionospheric delay decreases when the geomagnetic
activity conditions are included in the model. In addition, we focus on the variations in the O/ N, ratio, which
increases with rising solar flux. The model simulation with geomagnetic activity shows a lower O/N, than the
results with low geomagnetic conditions. This suggests that O/N, increases with solar irradiance when
geomagnetic activity is low, thereby increasing ionospheric delay.

This study aims to evaluate a model's ability to simulate moderate geomagnetic activity through controlled runs. It
confirms previous findings and highlights the significant role of geomagnetic activity in delayed ionospheric
response (e.g., Ren et al., 2018; Schmolter et al., 2020a, 2020b; Vaishnav et al., 2022). Future work will extend to
geomagnetic storm activity and explicitly include the effect of varying lower atmospheric forcing.

The results may be summarized as follows.

¢ The thermosphere-ionosphere composition varies both vertically and horizontally in response to changes in
geomagnetic activity.

e The TIE-GCM All Variability Run shows an ionospheric delay of approximately 17 hr. Geomagnetic activity
increases this delay by 2—6 hr in NH high-latitude region and decreases it to 1-5 hr at other latitudes.

¢ Jonospheric delay increases with altitude, particularly 3-8 hr above 300 km, and is strongly influenced by
geomagnetic activity.

o Changes in ionospheric delay closely follow variations in the O/ N, ratio.
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