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Abstract: This study explores the intricate relationship between spectral irradiance variations and polar cap
mean vertical total electron content (MVTEC) climatology, using ground-based GNSS measurements from the
Thule station in the Arctic. The analysis focuses on understanding how different solar and magnetospheric
processes drive changes in MVTEC patterns over a 2-year period. Three primary factors are identified as key
drivers of MVTEC variations: (1) Russell-McPherron Effect: During equinoxes, enhanced energy transfer from
the solar wind to the magnetosphere, governed by the Russell-McPherron effect, leads to increased MVTEC
variability. This phenomenon arises due to the changing orientation of the solar magnetospheric coordinate
system relative to the solar equatorial system, which affects the efficiency of energy deposition in the
magnetosphere. As a result, higher ionospheric disturbances are observed during these periods, highlighting
the seasonal influence of geomagnetic activity on polar cap TEC patterns. (2) Solar Irradiance Variations: The
study identifies a strong correlation between fluctuations in solar EUV and F10.7, both proxies for solar
irradiance, and the 27-day oscillations in MVTEC, especially during the summer months. These periodic
variations are closely tied to the rotational behavior of the sun, suggesting a direct link between solar activity
and ionospheric dynamics. The findings emphasize how solar spectral irradiance influences the ionization
levels in the polar cap region, with implications for understanding seasonal and short-term changes in the high-
latitude ionosphere. (3) E-Layer Conductivity: Seasonal changes in the E-layer's conductivity also play a crucial
role in modulating MVTEC variability. During summer, the presence of a conductive E-layer enhances cross-
field plasma diffusion, leading to faster plasma decay and reduced MVTEC fluctuations. In contrast, the winter
months are characterized by an insulating E-layer, which slows down plasma decay and allows F-layer
structures to persist longer, resulting in increased MVTEC variability. This seasonal disparity underscores the
importance of the E-layer's physical properties in shaping high-latitude ionospheric behavior. The findings of
this study underscore the complex interplay between solar wind activity, solar irradiance, and ionospheric
dynamics in shaping the observed patterns of polar cap MVTEC. By revealing the combined effects of solar
and geomagnetic processes, this research contributes to a more comprehensive understanding of high-latitude
ionospheric variability. Further investigation is needed to fully elucidate the mechanisms behind these
interactions, particularly in terms of their implications for space weather forecasting and the operation of
navigation systems in polar regions. Enhanced models that incorporate these insights can improve the
prediction and mitigation of space weather effects on satellite-based technologies and communication systems.

Keywords: ionosphere; total electron content; high-latitude ionosphere; ionosphere climatology;
polar cap

1. Introduction

This study investigates the intricacies of sub-seasonal variations observed in the total electron
content (TEC) of the northern polar cap ionosphere during the peak years (2013 and 2014) of Solar
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Cycle 24. By analyzing ground-based GNSS station measurements, we aim to elucidate the
underlying mechanisms driving these variations.

A comprehensive understanding of these phenomena requires exploring the complex physical
processes responsible for high-latitude ionospheric plasma generation and motion. At large scales,
factors such as photoionization, particle precipitation, currents, and transport play a dominant role.
While smaller-scale influences from natural sources like lightning exist, their impact on regional and
global scales is negligible.

This study focuses on plasma density variations originating from solar photoionization. Solar
radiation, the primary energy source driving photoionization and Earth's climate, undergoes long-
term variations extensively studied by numerous researchers [1,2]. We concentrate on the wavelength
segment of the solar irradiance spectrum responsible for ionizing the ionosphere, which encompasses
extreme ultraviolet (EUV) and X-ray bands. Research has demonstrated a strong correlation between
solar EUV flux and the F10.7 solar radio flux index, which is observable from the ground [3].
However, this correlation can weaken around solar minima [3].

To effectively measure solar EUV flux, spacecraft-based observations are essential. This
parameter is a direct indicator of the main drivers behind TEC variations. Various ground-based,
modeling, and satellite-based methods have been developed to observe ionospheric plasma and its
relationship with driving factors [4]. Several models highlight the significant influence of parameters
such as F10.7, solar zenith angle, seasonal changes, Kp index, magnetic latitude, solar wind pressure,
interplanetary electric field, and interplanetary magnetic field on high-latitude electron density
variations [5].

For this study, we leverage ground-based GNSS-TEC measurements complemented by digital
ionosonde measurements. GNSS-TEC values are typically computed from data acquired by networks
of ground stations, which can be global (e.g., [6]) or regional (e.g., the Greenland GPS Network
(GNET) [7] and the Canadian CHAIN [8]).

This paper specifically focuses on long-term, single-station-derived mean vertical TEC (MVTEC)
observations from Thule, Greenland, in relation to solar EUV irradiance and seasonal variations due
to the Earth's rotational axis tilt relative to the Sun.

Various ground-based, modeling, and satellite-based methods have been developed to observe
ionospheric plasma and its relationship with driving factors [4]. Several models highlight the
significant influence of parameters such as F10.7, solar zenith angle, seasonal changes, Kp index,
magnetic latitude, solar wind pressure, interplanetary electric field, and interplanetary magnetic field
on high-latitude electron density variations [5].

For this study, we leverage ground-based GNSS-TEC measurements complemented by digital
ionosonde measurements. GNSS-TEC values are typically computed from data acquired by networks
of ground stations, which can be global (e.g., [6]) or regional (e.g., the Greenland GPS Network
(GNET) [7] and the Canadian CHAIN [8]). This paper specifically focuses on long-term, single-
station-derived mean vertical TEC (MVTEC) observations from Thule, Greenland, in relation to solar
EUV irradiance and seasonal variations due to the Earth's rotational axis tilt relative to the Sun. The
dynamics of plasma convection in the polar cap have been extensively studied [9-14]. These studies
have revealed dependencies on diurnal, seasonal, and interplanetary magnetic field (IMF) factors.
The sun is the primary driver of ionospheric variations. In the polar cap, plasma is in constant motion
driven by the E x B drift, where the E-field configuration is influenced by the current solar wind's
magnetic field and interactions with the neutral atmosphere. Previous studies [7,15] have presented
TEC maps illustrating a unique feature of the polar cap ionosphere known as the tongue of ionization
(TQI). The TOI involves plasma convection from the mid-latitude dayside into the night sector, and
can fragment into isolated plasma irregularities (polar cap patches) during its movement. These
patches exhibit higher convection speeds compared to lower-latitude plasma, often reaching ten
times the typical equatorial values [16]. The generation, structure, and decay of polar cap patches
have been extensively explored in the literature [10,17-23].

A critical plasma decay process in the polar cap F region is the scale-size decay of F-region
instabilities, which is influenced by the presence of a highly conductive E region due to enhanced
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magnetic field plasma diffusion processes [24]. This results in distinct GNSS-TEC variations
depending on the sunlit status of the related flux tubes and the season. For instance, 10 km scale size
plasma irregularities can persist for days, while 1 km scale irregularities decay a hundred times faster.
Even smaller scales, such as 100 meters, decay rapidly, although they may still exist in the polar cap
ionosphere due to other factors [25,26]. When a sunlit portion of the polar cap ionosphere contains
irregularities, photoionization fills in the low plasma density volumes between patches, leading to a
smoother F region plasma as observed in GNSS-TEC measurements. This effect dominates during
daylight hours and throughout the summer when the polar cap ionosphere remains continuously
sunlit due to the Earth's axis tilt [21,23,24]. Another phenomenon influencing polar cap ionospheric
dynamics is the Russell-McPherron effect, described in [14]. This mechanism modulates the energy
extracted from storm-producing plasma in the solar wind throughout the year, resulting in a 40%
increase in the average energy input during equinoxes compared to solstices. The formation and
occurrence of polar cap patches depend on the interactions between the solar wind, geomagnetic
field, and energy input from the solar wind, among other factors. Consequently, the Russell-
McPherron effect directly impacts these patches [27,28].

2. Materials and Methods

The single GNSS ground-station employed in this study is located at Thule (also called
Qaanaaq), in northwestern Greenland (76.53°N, 68.78°W), as depicted in Figure 1. This ground-
station was one of the first operational permanent GNSS receivers in the network now known as the
Greenland GNSS Network (GNET). Thule holds scientific significance due to its location in the deep
polar cap region, which corresponds to open geomagnetic flux tubes [29]. The ionized portion of the
upper atmosphere over this region is also referred to as the high-latitude ionosphere when the auroral
oval, the boundary between open and closed flux tubes, is included. The high-latitude ionosphere
and the polar cap magnetosphere have been extensively studied due to their unique physical
processes and features, with numerous observations conducted from various ground stations located
at Thule. This enables the comparison of collocated measurements and the utilization of conducted
experiments in this area as a basis for the present study.

[21,23] reported irregularity structures and their frequency spectra from the polar cap, derived
from measurements conducted at Thule using 250 MHz transmissions from quasi-stationary
satellites. They also reported phase and intensity scintillation variations for several years. These
findings will be compared to our observations and interpreted later in this article.

A digital ionosonde operating in Thule provided relevant measurements until the second half
of August 2014. This data offers a good temporal overlap with our GNSS-TEC measurements. Based
on ionosonde measurements, bottom-side electron density (Ne) profiles can be reconstructed, while
the topside is modeled with a fitted Chapman profile. Measurements were collected every 15
minutes. lonosonde-derived Ne profiles can be compared to TEC measurements after integration.
For further details on this method and its validation, refer to [7,30].

The two main geomagnetic indices used in this study are the disturbance storm-time index (Dst)
[31] and the auroral electrojet index (AE) [32]. Dst measures the intensity of the ring current, while
AE provides information about auroral zone magnetic activity. Both indices can be used as indicators
of specific ionospheric activities [33]. We obtained Dst and AE data from NOAA's Space Physics Data
Facility (SPDF) website (https://omniweb.gsfc.nasa.gov/form/dx1.html ).

Another index used in this study is the polar cap north (PCN) index [34]. This index is computed
from single-station magnetic measurements taken by a ground-based magnetometer located in
Thule. Variations and values of the PCN index indicate energy input changes into the polar cap
region [7]. Larger PCN variations and values are typically observed during geomagnetic storms and
exhibit seasonal and solar cycle dependences. PCN values were acquired from the Polar Cap
Magnetic Index website [34].

Solar EUV (extreme ultraviolet, from 0.01 to 0.1 um wavelength) radiation is the primary driver
of Earth's ionosphere formation, although solar X-rays can also ionize atmospheric species [35]. In
this study, we employed EUV flux measurements from NASA's Solar Radiation and Climate
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Experiment (SORCE) satellite [36]. SORCE continuously measures the sun's total solar irradiance
(TSI) and spectral solar irradiance (SSI). It accomplishes this using four instruments: Total Irradiance
Monitor (TIM), Solar Stellar Irradiance Comparison Experiment (SOLSTICE), Solar Irradiance
Monitor (SIM), and Soft X-ray Ultraviolet Photometer System (XPS).

Since SORCE data has significant gaps, we used F10.7 solar radio flux data as a proxy for EUV
measurements in the figures. The solar radio flux at 10.7 cm (2800 MHz), or simply the F10.7 index,
is another indicator of solar activity. These radio emissions originate from the upper chromosphere
and lower corona of the solar atmosphere. The F10.7 index correlates well with sunspot number and
several UV and visible solar irradiance records. The F10.7 data was acquired from NOAA’s Space
Physics Data Facility (SPDF) website (https://omniweb.gsfc.nasa.gov/form/dx1.html). The SORCE
instruments together provide measurements of the full-disk spectral solar irradiance (SSI) from 0.1
nm to 2400 nm, but the frequency range between 34 to 115 nm is not covered. The resolution of the
SSI measurements (from 115 nm to 310 nm) is 1 nm, and from 310 nm to 2400 nm is varying from 1
to 34 nm. The irradiance data represents measurements at a mean solar distance of 1 astronomical
unit (AU) with units of W/m?/nm. The SORCE data can be acquired from the University of Boulder
Colorado website (https://lasp.colorado.edu/home/sorce/data/ ).

TEC values were derived from Thule-based GNSS receiver (THU3) using a single-layer
ionospheric model [37]. The potential ionospheric pierce points (IPPs) spanned a geographic range
of approximately 150°W to 10°E longitude and 63°N to 90°N latitude, employing a 10° elevation
cutoff angle (see Figure 1). The 1-Hz sampled data was processed by JPL's Global Ionospheric Maps
(GIMs) [38], resulting in calibrated VTEC values and their IPP coordinates, down-sampled to 5
minutes. Calibrated VTEC values were computed by estimating satellite and receiver differential
biases [6]. Subsequently, these VTEC values were further processed to obtain mean VTEC (MVTEC)
values [30] for a total period of four years (2012-2015).

MVTEC values represent a single value measured in TEC units (TECU, 1 TECU = 1016 electrons
m?) over the station and calculated as the mean of all observed VTEC values for a given epoch. This
single value can be interpreted as a smoothed ionosphere single layer that filters out smaller
ionospheric irregularities. It primarily represents the overall trend in the region, which is more likely
to be attributed to solar ionization or other large-scale phenomena, such as N2 upwelling due to
atmospheric heating resulting from a geomagnetic storm. For further details on MVTEC calculations
and its dependence on geomagnetic storms in the polar cap, refer to [7]. Notably, due to the down-
sampling of VTEC data from 1 Hz to 5 minutes, all MVTEC time series also had values every 5
minutes.

Figure 1 also illustrates the estimated geographic positions of the IPPs. Each IPP arc corresponds
to the point where the signal path from a specific GPS satellite crosses the ionospheric single-layer
model shell, as seen from the Thule site. At any epoch, there are usually around 10 to 12 IPPs. The
VTEC value for each of these IPPs at a given time contributes equally to the MVTEC.
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Figure 1. This figure shows the estimated geographic region where the IPPs may occur. Each IPP arc
represents the point where the signal path from a specific GPS satellite crosses the ionosphere. At any
given moment, there are generally around 10 to 12 IPPs. The VTEC values at these IPPs for a particular
epoch contribute equally to the MVTEC.

The validation of MVTEC values acquired from the Thule site was conducted by comparing
these results with data from 35 GNET stations, processed using Bernese 5.0 software (for details on
how Bernese computes VTEC values, see [39]). The Bernese software calculates VTEC values on a
regular grid, and these values were averaged to produce a quantity comparable to MVTEC. A
comparison between the Thule MVTEC and the Bernese-averaged VTEC is shown in Figure 2.
Additionally, the 35-station average MVTEC results were compared with the ionospheric TEC
product from the Center for Orbit Determination in Europe (CODE), revealing a very strong
correlation and minimal offset. CODE’s ionospheric products are accessible at
https://ftp.aiub.unibe.ch.

Figure 2 highlights a striking similarity between the two independently computed electron
densities. It is important to note that the Bernese output has a time resolution of 1 hour, while the JPL
GIM data has a 5-minute time resolution. As a result, the Bernese time series (blue line) appears
smoother than the JPL GIM time series (red line), with smaller irregularities and rapid variations
being absent in the Bernese data.
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Figure 2. Comparison of two MVTEC time series calculated using different methods for the same
data: The blue line represents data computed from 35 Greenlandic GNSS ground stations using
Bernese 5.0 software, while the red line shows data derived from the Thule single-station GNSS
receiver using JPL-GIM.

The relationships among MVTEC time series, critical frequency profiles, and various
geomagnetic indices were also examined. Electron density data derived from digital ionosondes
provided insights into the altitudes where the most notable changes occur. The relationship between
the critical frequency (f;) and maximum plasma density (Nema) is defined by f; = 9\/N, max (Reinisch
et al., 2009). A comparison between MVTEC and the integrated critical frequency revealed a strong
correlation. The methodology for comparing GNSS-TEC with ionosonde-derived Ne was detailed in
[7]. The good agreement between GNSS-TEC and ionosonde-derived integrated plasma density time
series serves as additional independent validation of MVTEC as a reliable measure of ionospheric
electron density variations. However, when MVTEC was compared with the Dst and AE indices, no
significant relationship was observed (Figure 3), suggesting that short-term geomagnetic activity has
no substantial long-term impact on polar cap TEC climatology. MVTEC was then compared with the
PCN index (Figure 3), which displayed distinct features not aligned with MVTEC, showing higher
amplitudes during summer and lower amplitudes during winter. These fluctuations are linked to
changes in Earth's inclination relative to the solar wind, as the solar wind energy input increases
when the northern polar cap faces the sun (Figure 3, (c)). Remarkably, the PCN does not show
heightened activity near the equinoxes, contrary to what the Russell-McPherron effect would predict.
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Figure 3. This figure presents several data sets from 2013 and 2014: (a) MVTEC time series alongside
OMNI-derived sunspot numbers, showing a strong correlation between sunspot numbers and the
~27-day TEC fluctuations. This correlation is especially evident during the summer months, when
ionospheric variability, as reflected by MVTEC, is lower, reducing noise-like features. (b) The F10.7
index, used as a proxy for solar EUV radiation. (c) The PCN index, which represents solar wind energy
input into the polar cap. (d) The AE index, and (e) the Dst index, both of which clearly highlight
individual geomagnetic storms. However, neither index shows a significant influence on the TEC
climatology at the timescale shown in this figure.

3. Results

This study identified three primary factors influencing the MVTEC time series features, which
are illustrated in Figure 3: (1) solar wind, (2) solar EUV (and higher frequency) radiation, and (3) a
combination of solar EUV and E-layer-related mechanisms.

The observed semi-annual variation in geomagnetic activity, as described by [14], is attributed
to the varying angle between the southward component of the interplanetary magnetic field (IMF)
and Earth's magnetosphere. This results in the Russell-McPherron effect, which causes increased
geomagnetic activity near the equinoxes due to enhanced energy input from the solar wind. Figure 3
demonstrates high MVTEC variability around these periods, corresponding to approximately 40%
more solar wind energy being deposited into the magnetosphere than during the solstice months,
which leads to increased disturbances in the ionosphere.

Figure 3(a) shows several datasets from 2013 and 2014, with the MVTEC time series alongside
OMNI-derived sunspot numbers, indicating a strong correlation between sunspot numbers and the
~27-day TEC fluctuations. This correlation is more apparent during the summer months when the
ionosphere is smoother, reducing noise-like features. The F10.7 index, a proxy for solar EUV
radiation, is presented in Figure 3(b), while the PCN indeXx, representing solar wind energy input into
the polar cap, is shown in Figure 3(c). Figure 3(d) and 3(e) display the AE and Dst indices,
respectively, highlighting geomagnetic storms without showing significant influence on TEC
climatology at the timescale presented.

Additionally, the MVTEC time series reveals features that cannot be entirely attributed to solar
wind-magnetosphere interactions. The data indicate that solar irradiance plays a significant role,
especially during summer when the polar cap ionosphere receives continuous ionizing radiation,
resulting in higher TEC values. Figures 3 and 4 suggest that the greatest MVTEC variability occurs
between the fall and spring equinoxes, including the entire winter season. This variability can be
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linked to the reduced conductivity of the E layer during winter, allowing plasma structures to persist
longer, thus contributing to increased disturbances.

The MVTEC anomalies have a periodicity slightly shorter than a month, hinting at a correlation
with the 27-day solar rotation. Analysis of data from the Qaanaaq digital ionosonde for the summer
months of 2014 supports this, showing that most ionization occurs in the F2 region of the ionosphere.
Figure 3(a) illustrates a slight phase offset, with MVTEC rising 2-4 days before sunspot numbers
increase. This offset is also evident with the F10.7 index (Figure 3(b)).

4. Discussion

The results show that semi-annual geomagnetic variations, primarily influenced by the Russell-
McPherron effect, lead to increased disturbances around the equinoxes due to enhanced energy
transfer from the solar wind to the magnetosphere. This process explains the highly disturbed
segments of the MVTEC time series observed during these periods. Although the exact mechanism
of energy transfer to the polar cap ionosphere, as suggested by [14], is not fully understood, it
highlights the need for further research incorporating solar wind parameters, SuperDARN maps,
GNSS-derived TEC maps, and satellite data.

The correlation between sunspot numbers, the F10.7 index, and the ~27-day TEC fluctuations
suggests that solar rotation plays a significant role. While models of total solar irradiance do not fully
account for these anomalies, the EUV portion, as represented by the F10.7 index, shows strong
alignment with MVTEC data when adjusted for phase offset. However, this correlation alone does
not explain all observed variations, indicating that other processes, such as differential solar rotation
(where different latitudes on the sun's surface rotate at varying rates), are also at play, as detailed in
[45].

Additional features in the MVTEC time series (Figure 3) suggest influences beyond solar wind-
magnetosphere interactions, driven by variations in solar irradiance. For example, during summer
months, the polar cap ionosphere receives more ionizing radiation, resulting in higher TEC values.
Additionally, periods when the sun remains above the horizon lead to continuous ionization
throughout the day. Given these factors, one might expect a quasi-sinusoidal pattern in the MVTEC
data, peaking in summer and dipping in winter. However, Figures 3 and 4 reveal a more complex
scenario. While some anomalies may be linked to the Russell-McPherron effect, others appear to have
different underlying causes. Specifically, Figure 3(a) shows that the greatest MVTEC variability
occurs between the fall and spring equinoxes, including the entire winter season, a trend also evident
in Figure 4. This variability begins around the equinoxes (due to the Russell-McPherron effect) and
is only slightly reduced by the drop in E-layer conductivity during winter, caused by decreased solar
EUYV over the polar cap. During winter, plasma structures drifting from lower latitudes persist longer,
contributing to the observed increase in MVTEC disturbances.

The period of MVTEC anomalies appears to be slightly shorter than a month, possibly indicating
a correlation with the 27-day solar rotation. For details on the differential rotation of the sun, see, for
example, [44]. To confirm that this 27-day electron density variation also exists in other independent
measurements, data from the Qaanaaq digital ionosonde was analyzed. Critical frequency profiles
were calculated for the summer months (June, July, and August) of 2014, showing that most of the
ionization occurred in the F2 region of the ionosphere.

Figure 3 (a) illustrates the connection between sunspot numbers and MVTEC. The quasi-
periodic 27-day anomalies are slightly out of phase with sunspot numbers, as the MVTEC tends to
rise 2-4 days before an increase in sunspot numbers becomes evident. The same phase offset is
observed with the F10.7 index (Figure 3 (b)). Although a model considering only total solar irradiance
does not fully account for the 27-day anomaly, the EUV portion of solar irradiance (or its proxy index
F10.7), when adjusted for the phase offset, correlates well with MVTEC, showing a significant
relationship. However, it's also evident that other factors must be at play, as sunspot numbers do not
account for all variations in EUV and the F10.7 index. Still, these observations suggest that the ~27-
day MVTEC variations are tied to solar rotation. As the sun rotates, the Earth's ionosphere receives
varying amounts of ionizing radiation, partly depending on the number of sunspots present. [45]
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explains the phenomenon of solar differential rotation, where different latitudes of the solar surface
rotate at varying periods. The rotation period is shortest (~24.47 days) near the equator and longest
(~35 days) near the poles, implying differential rotation of sunspots as well.

Another significant aspect is based on the model by [24], known as the Horizontally Structured
F-region Plasma Decay Model (FPDM). This model aims to explain the physical mechanisms behind
the decay of polar cap F-layer structures, considering the effects of a conducting E layer. Both highly
structured F-layers and conducting E-layers are common features of the Arctic ionosphere and
fundamental components of the FPDM. Other authors, including [7,8,46], have also described these
ionospheric structures and large-scale, high-latitude phenomena, which include TOI, polar patches,
polar holes, ionization troughs, auroral ionization enhancements, and electron/ion temperature
hotspots. The occurrence and characteristics of these features depend on various factors, such as
convection patterns, local time, season, IMF/solar wind parameters, and even the solar cycle [47]. It's
crucial to note that the Arctic ionosphere is not an isolated system, and significant plasma transport
from lower latitudes can occur. Plasma originating from mid-latitudes can be transported anti-
sunward into and across the polar cap, primarily during southward IMF, when multi-cell convection
pattern forms over the polar cap [48]. This plasma source could be storm-enhanced density (SED)
plumes, which are observed between the post-noon and pre-midnight sectors as distinct regions of
enhanced plasma densities. Although several researchers, including [48-50], have studied SED
plumes, they are not yet fully understood and are beyond the scope of this work.

The complete mathematical derivation of the FPDM is available in [24], but a brief summary is
provided here. Several simplifying assumptions are made: (a) The E layer is modeled as a uniform,
conductive medium using the height-integrated Pedersen conductivity, denoted as Y. (b) Ne(z, 7, t).
This serves as a reasonable approximation for the summer polar cap ionosphere. (b) The electron
density N.(z, r, t) is expressed as a product Z(z)N(r, t), where the vector r is perpendicular to the
magnetic field B, which is assumed to be vertical within the polar cap. (c) The electric field E is
considered independent of altitude, z, due to the high vertical conductivity present. (d) Quasi-
neutrality is assumed, meaning N. = Ni = N. Based on these assumptions, and by incorporating the
continuity equations for ions and electrons, [24] derived an equation that establishes the relationship
between the electric field E and the density gradient PN, accounting for the influence of the
conductive E layer.

((Diy~Dey)
B0 = [P v NG, ()
L

here, ¥fand YF represent the height-integrated ion and electron conductivities, respectively.
The term g; denotes the charge of the species, while D;,and D, are the ion and electron ambipolar
diffusion coefficients, with 1 indicating a direction perpendicular to the magnetic field. These
diffusion coefficients are derived from the diffusion tensors. Ambipolar diffusion occurs when a
polarization electric field arises, preventing significant charge separation between ions and electrons;
thus, both move together under external forces within the ionospheric plasma. When the E layer acts
as an insulator, such as during winter in the polar cap, Equation (1) can be simplified to a more

straightforward form:

KgT; VAN(Tt)
Ewinter(r: t) = B,l = NT ) (2)
qi

here, K5 represents the Boltzmann constant, and 7; denotes the ion temperature as detailed in
[24,47]. With this information, predictions from the FPDM can be compared against the MVTEC
observations depicted in Figure 4. Based on Equations (1) and (2), different ionospheric patterns are
anticipated during winter (when the polar cap receives little to no solar photoionization) and summer
(when the polar cap ionosphere remains sunlit for most or all of the day). Additionally, there should
be a transition phase around the equinoxes, where the effects discussed in [14] are also at play.

During winter, the polar cap generally lacks a highly conductive E layer, allowing larger patches
(irregularities around 10 km) to persist against diffusion for days, enabling them to travel across the
polar cap multiple times. On smaller scales, around 1 km, the decay rate is significantly higher,
leading to only a few hours of survival at best. At even smaller scales (hundreds of meters), diffusion
acts so quickly that these structures should dissipate swiftly, even with an insulating E layer, making
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their presence unlikely in observations. However, the detection of smaller structures suggests
additional processes not accounted for by the FPDM [24]. Comparing the model's predictions to
actual data, Figure 4 reveals significant MVTEC variations during winter, likely due to fast-moving
patches that persist over extended periods and do not decay rapidly. It's important to note that
MVTEC mainly detects larger structures, which, according to FPDM, exhibit slow decay during the
winter months.

Beyond the FPDM model, another related phenomenon discussed in [51] is relevant. During
summer or whenever flux tubes enter sunlit regions, the low-density gaps (holes) between patches
(areas of enhancement) can be "filled in" by photoionization. If sufficient time is available, this process
leads to a more uniform plasma density [24,51]. To understand this effect, it's essential to explore the
connection between amplitude scintillations and TEC variations. Previous studies [7,16,52] have
demonstrated a non-linear correlation between amplitude scintillations and the Rate of TEC Index
(ROTI), which is calculated based on changes in TEC (for precise equations, see [16]). Thus, strong
variations in MVTEC data imply that phase scintillations would be more pronounced along the same
signal path. Consequently, it aligns with the findings in [51], which indicate that during summer, the
polar cap ionosphere typically shows reduced scintillations due to this "filling in" effect, while during
equinox periods, scintillations are ten times more likely. According to [51], statistically, the highest
scintillations occur just after the equinoxes, but they remain consistently elevated throughout winter
(Figure 4). This suggests that the Russel-McPherron effect may have a greater influence on polar cap
scintillations than the reduced decay caused by the insulating E layer.

1 ! Higher variabllity
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Figure 4. The annotated MVTEC time-series and the PCN index are presented for the same set of
months. (a) The MVTEC data can be distinguished by periods of high variability from fall to spring
equinoxes, contrasted with the more stable summer months. (b) The PCN index exhibits greater
fluctuations during the summer, when the northern polar cap faces the sun, and reduced variability
in the winter months, with no noticeable increase in activity around the equinoxes.

5. Conclusions

This study has explored three distinct mechanisms that influence the primary characteristics of
a 2-year set of regional electron density measurements from the Thule GNSS site in the Arctic. The
findings highlight the complex interplay between solar and magnetospheric processes in shaping the
behavior of the polar cap ionosphere. The main conclusions are summarized as follows:

e Russell-McPherron Effect: The significant MVTEC variability observed around the equinoxes is
primarily attributed to the Russell-McPherron effect, which results in a 40% increase in energy
transfer from the solar wind to the magnetosphere during these periods. This enhanced energy
input leads to heightened ionospheric disturbances in the Arctic region. The findings emphasize
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how seasonal and solar wind conditions converge to drive these semi-annual variations,
underscoring the need for further research into the mechanisms governing this energy transfer
process.

e  SSI EUV-Related 27-Day Variations: Throughout the study period, MVTEC data revealed a
consistent ~27-day oscillation with an amplitude of 10-15 TECU. These variations, more
pronounced during summer, are closely linked to the smooth ionospheric conditions caused by
continuous solar photoionization. The correlation with solar EUV, F10.7, and sunspot numbers
points to the influence of solar rotation, demonstrating how periodic changes in solar activity
propagate through the magnetosphere to affect the ionosphere. This underscores the importance
of understanding solar spectral irradiance as a driver of high-latitude ionospheric dynamics.

e E-Layer Conductance and FPDM: The variability in the MVTEC time series is markedly lower
in the summer compared to winter and equinox periods. This behavior is well explained by the
FPDM model proposed by [24], which attributes the seasonal differences to changes in E-layer
conductance. During summer, the presence of a conductive E layer increases the cross-field
plasma diffusion rate in the F layer, leading to more stable ionospheric conditions. Conversely,
in winter, the E layer acts as an insulator, slowing down plasma decay and allowing structures
to persist longer, resulting in greater MVTEC variability. This seasonal contrast emphasizes how
changes in E-layer properties contribute to the overall behavior of the polar cap ionosphere.

The study has provided valuable insights into the behavior of the Arctic ionosphere, but it also
highlights areas for future research. Understanding the detailed mechanisms of energy transfer
between the solar wind and the polar cap ionosphere, particularly during equinox periods, requires
a more comprehensive analysis using integrated datasets, including SuperDARN convection maps,
GNSS-derived TEC maps, and satellite-based observations. Additionally, exploring the underlying
physics of the ~27-day variations in relation to differential solar rotation could offer further insights
into how solar phenomena impact the Earth's upper atmosphere. Further investigation into the
seasonal dynamics of E-layer conductance, including its variability under different geomagnetic
conditions, could also improve models like FPDM and enhance our predictive capabilities for
ionospheric behavior in the polar regions.

Overall, these findings not only deepen our understanding of polar cap ionospheric dynamics
but also have broader implications for space weather forecasting and navigation systems operating
in high-latitude environments. As the impact of solar and geomagnetic activity on communication
and navigation continues to grow, the insights provided by this study will be crucial for developing
more robust models and mitigation strategies.
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