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Abstract

Solar wind energy is continuously deposited in the magnetosphere-ionosphere-thermosphere system, causing significant modifications primarily in the high latitude ionosphere. These variations are reflected most instantaneously in the ionospheric electron density (Ne) or in the total electron content (TEC). The drivers of ionospheric variability at high latitudes are not yet fully understood. This variability due to solar wind-magnetosphere-ionosphere coupling could be investigated under winter conditions, while ionization from EUV radiation is minimal, and ionization mostly comes from the coupling processes. This study characterizes the contributions of ionospheric drivers to winter TEC variability. We present a quantitative evaluation of the respective impact of the convection and particle precipitation processes on the TEC variability. We use comprehensive datasets of IGS and EISCAT TEC measurements, alongside merging electric field (Em) calculated from solar wind parameters. We apply a lagged correlation method covering the wintertime to assess the temporal and spatial characteristics of ionospheric response. EISCAT UHF Incoherent Scatter Radar campaigns that consist of several days of continuous measurements are used to estimate the ionospheric response time to the solar wind in the E- and F-region separately and to identify the relevant coupling processes. Our results reveal that the highest correlation between IGS TEC and Em is at a lag time of ≈2 h. The EISCAT results show distinctions between the E- and F-region ionosphere responses. In the E-region ionosphere, shorter delays of ≈71 min are observed. We suggest that the E-region TEC is driven by auroral particle precipitation during substorm processes, and the delay can be attributed to the loading and unloading times of the magnetosphere. In the F-region, the delays are longer with ≈101 min, indicating the effect of polar cap plasma convection, because this duration matches well with the duration of quiet time plasma convection across the polar cap. Under certain conditions, where the F-region is driven by dense polar cap patches and associated convection features, the delay in the F-region can be as short as 90 min. We find that the overall TEC response of ≈2 h originates mainly due to the F-region processes, where the electron density is modulated strongly by the convection of the plasma.
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1 Introduction
Earth’s upper atmosphere connects the magnetosphere to the neutral atmosphere, extending from about 60 km to 1000 km. The interaction between solar wind and the magnetosphere drives the upper atmospheric processes. Since solar activity can cause significant space weather hazards near Earth, such as degradation of space-based technology, radio communication blackouts, disruptions to ground-based technology, and increased risks to human health, it is of great importance to monitor ionospheric processes and forecast their variations. As a main driver, solar energy is known to be transmitted to the Earth’s upper atmosphere in two distinct ways: the directly absorbed UV solar energy in the sunlit upper atmosphere and the solar wind kinetic energy, which is partially captured by the magnetosphere, converted to electromagnetic energy, and dissipated in the polar atmosphere (Prölss et al. 1988).
The solar wind is an energy source that is always available, and this energy source may very effectively control the behavior of the thermosphere, especially at high latitudes (Prölss et al. 1988). During daytime, the increase we observe in the electron density, thus TEC, is due to the effect of solar EUV radiation (Prölss et al. 1988). The high-latitude ionosphere-thermosphere system is influenced by solar EUV and UV radiation, magnetospheric electric fields, particle precipitation, field-aligned currents, heat flows, and ion and neutral escape fluxes (Schunk & Nagy 2000; Schunk & Zhu 2008). The electron density distribution in the high-latitude ionosphere is controlled by various complex processes, such as plasma transport (e.g., patches/blobs), auroral particle precipitation, and Joule heating (Evans et al. 1972; Labelle et al. 1989; Sojka & Schunk 1987; Weber et al. 1986; Rodger et al. 1994; Consolini et al. 2021).

Borries et al. (2024) recently found that solar wind energy has a persistent impact on high-latitude electron density, with the density increasing and decreasing depending on local time, season, and solar activity. Borries et al. (2024) suggested that particle precipitation, Joule heating, and plasma convection from dayside to nightside might be the main contributors to the observed variations in electron density and TEC. While existing studies investigate the TEC variability at high latitudes under specific conditions (e.g., geomagnetic storm and time intervals), our study provides a quantitative separation of the response times in the ionosphere due to different dominant physical mechanisms in the E- and F-region, combining the 26-year-long space-based observations with campaign-based higher resolution ground measurements.
The winter conditions provide an opportunity to investigate the impact of solar wind on high-latitude ionosphere variability, as ionization from EUV radiation is minimal and other mechanisms, such as convection and particle precipitation, influence the variability. Convection electric fields of magnetospheric origin cause a plasma transport from the dayside polar cap to the nightside (Heelis & Hanson 1980; Cowley 1984; Buchau et al. 1988; Lockwood et al. 1990; Lockwood 1991). This plasma convection process is known to have a significant impact on the F-region ionosphere at high latitudes, causing electron density enhancements (Sojka & Schunk 1987). Cai et al. (2024) showed that convected polar cap patches are an important source of nightside F-region ionosphere electron density.
At night, particle precipitation processes can also significantly alter the composition and structure of the high-latitude ionosphere (Lilensten et al. 2016). It is known from earlier studies (Evans et al. 1972; Labelle et al. 1989) that the soft-electron precipitation causes an increase of ionization in the F-region, while auroral precipitation causes an increase of the electron density in the lower ionosphere (Wakabayashi & Ono 2006). Oyama et al. (2017) stated that the sudden expansion of aurora in the poleward direction is caused by electron precipitation in the energy range of one to tens of keV, which mostly ionizes or excites the neutral particles around 100–150 km (E-region). Geethakumari et al. (2024) showed that in the non-sunlit part of the hemisphere, auroral precipitation produced clear increases in TEC.

Pulkkinen et al. (2010) found that there is a 15-minute delay between variations in solar wind parameters and the energy input to the magnetosphere, and about a 40-minute delay between solar wind energy input at the bow shock and the onset of the substorm growth phase. Convection and precipitation processes typically do not begin simultaneously with the arrival of the solar wind. An early study by Bargatze et al. (1985) suggests that the time required for the convection electric field to penetrate to the midplane of the magnetotail is 30–90 min after dayside reconnection, depending on IMF variations.
In our study, we hypothesize that there is a high-latitude winter nighttime response of TEC to solar wind energy, driven by auroral particle precipitation and plasma convection, which can be investigated and characterized by their difference in the response time to solar wind perturbations. The objective of this study is to identify the sources of the winter nighttime ionosphere response at high latitudes to the solar wind energy variations. We will use EISCAT observations to distinguish the ionospheric response to solar wind energy input in the E- and F-regions and analyze the response time separately in each region. The results will be compared with modeled ionization rates and substorm variability. The results will guide us in the discussion of the source processes of high-latitude winter night-time ionospheric response to solar wind variability.
2 Data and methods
2.1 Ionospheric data
GPS-deduced 2-hour Total Electron Content (TEC) data used in this study are obtained from the global ionosphere maps (GIMs) provided by the International GNSS Service (IGS) by combining the data from the five analysis centers (IGS, CODE, ESA, JPL, UPC). The IGS data is available from June 1, 1998, to 11 February, 2023. It is decided to use the 2-hour IGS TEC maps for this study, as the 26-year time period of this extensive investigation generates a large amount of data and requires significant computational time. Higher resolution analyses for more sensitive time lag estimations are carried out with the EISCAT TEC data as presented in Section 2.4. TEC maps have a spatial resolution of 2.5 ° ×5°. The data is extracted from the grid point of Tromsø, which is 70° N 20° E, covering the time range from 1998 to 2024 with around ≈112 632 data points in total for 26 winters. The 0.04% of missing data points are filled using linear interpolation. Each day in the dataset consists of 12 data points, where each data point corresponds to a different UT value, starting from 0 to 22. We present a heatmap of the TEC dataset at 70° N 20° E, the grid point, which is closest to the EISCAT radar site in Figure 1. The solar cycle, seasonal, and local time dependencies can be observed. In winter, the TEC values are lowest, especially during night conditions, when they hardly exceed 10 TEC units (1 TECU = 1016 m−2). Only during high solar activity periods (1999–2003 and 2012–2016), TEC values exceed 25 TECU during the day. During winter night conditions, the TEC values remain below 20 TECU even during high solar activity.
	[image: Thumbnail: Figure 1. Refer to the following caption and surrounding text.]	Figure 1. 
TEC variations from 1998 to 2024 for high latitudes, near Tromsø/Norway (70° N 20° E).



2.2 Solar wind data
We decided to conduct our first analysis using solar wind data from the OMNI hourly “Near-Earth” magnetic field and plasma parameters, derived from several spacecraft at the L1 Lagrangian point and available for long time periods. OMNI 2 data (1-hour) is an hourly averaged multispacecraft combined parameters data that is time-shifted to the nose of the Earth’s bowshock. Solar wind magnetic field data with 1-hour resolution include parameters of the magnetic field: magnitude (B
mag in nT), the x component of the magnetic field vector (B

x
 in nT), the y component of the magnetic field vector (B

y
 in nT), and the z component of the magnetic field vector (B

z
 in nT) in the Geocentric Solar Magnetospheric (GSM) coordinate system. Also, low-resolution OMNI (LRO) solar wind plasma data with 1-hour resolution contain the proton density (n

p
 in cm−3) and proton speed (v

p
 in km/s). The outliers in the dataset, which are about 0.11% of the dataset, are removed and replaced with the basic linear interpolation method. For analyses using 1-minute-resolution EISCAT data, we use OMNI 1-minute “Near-Earth” data with the same parameters to obtain more accurate estimates of the time lag.
Derived solar wind parameters, such as the merging electric field (Kan & Lee 1979), are of great importance to represent the solar wind energy flux entering the magnetosphere through coupling. Kan & Lee (1979) merging electric field (E

m
 = v

p

B

t
sin2(0.5θ)), has been proven to be well applicable for the correlation analysis with ionospheric parameters (e.g. Borries et al. 2024). E

m
 (mV/m) is calculated using solar wind proton speed (v

p
), the magnitude of interplanetary magnetic field (IMF) in the yz plane (B

t
), and the theta angle (θ) between the z direction and the projection of IMF in the yz plane. The transversal magnetic field is [image: Mathematical equation: $ B_t = \sqrt(B_y^2 + B_z^2) $] in nT and the clock angle is θ = arctan(B

y
/B

z
). The time series of the E

m
 dataset is presented in Figure 2. The figure shows that 99.9% of the merging electric field Em ranges between 0 and 10 mV/m (grey solid line), and during individual events, it can exceed 40 mV/m. During solar minimum years, a decrease in the Em is visible from the annual moving average values between 0.5 and 1.5 mV/m (black solid line).
	[image: Thumbnail: Figure 2. Refer to the following caption and surrounding text.]	Figure 2. 
E

m
 (mV/m) variation from 1998 to 2024, calculated from 1-hour OMNI near-Earth plasma and magnetic field data. The solid black line indicated the annual moving average of E

m
.



2.3 Correlation with an offset applied to E
m


The TEC and E

m
 datasets from 1998 to 2024 are separated into 12 UT groups. We compute a Pearson correlation between TEC and E

m
 over 90 winter days from 15 November to 15 February, centering on 1 January for each UT group. We apply an offset of hours, ranging from 0 to 48, to the 1-hour LRO OMNI solar wind dataset. We merge the 1-hour solar wind merging electric field that is floored to 2-hour resolution (without any averaging) with the 2-hour IGS TEC dataset to produce a matrix of correlation coefficients as a result for each winter. An example is shown for 1 January 2013 ±45 days in Figure 3, where each grid represents the correlation value for a unique UT and the corresponding offset hour. This method provides insight into the ionospheric delay, where we observe the highest correlation. Figure 3 shows high positive correlation values up to 0.8 with ≈2–5 h ionospheric delay time during the selected winter period. The positive correlation values remain high at 0.8, especially during the period from 18 UT to 06 UT (nighttime). As the IGS TEC dataset has a temporal resolution of 2 h, the inferred delay should be interpreted as an approximate response time. The diagonal stripes are observed to occur after every 24 h because the neighboring TEC values are related to each other. The same procedure is applied for each winter, from 1998 to 2024.
	[image: Thumbnail: Figure 3. Refer to the following caption and surrounding text.]	Figure 3. Delay in TEC and E

m
 correlations during 1 January 2013 (DOY 1)±45, near Tromsø/Norway (70° N 20° E). The x-axis shows the time lag from 0 to 48 h, and the y-axis shows the UT.



2.4 EISCAT Tromsø UHF radar measurements
The EISCAT UHF incoherent scatter radar at Tromsø Norway (geographic latitude: 69.58° N and longitude: 19.23° E) measures the key parameters in the ionosphere, including the electron density, electron and ion temperatures, and line-of-sight ion velocity. Those parameters can be used to estimate the electric field, conductivity, and currents. The Common Programme (CP) consists of pre-defined scan patterns of the EISCAT UHF antenna. CP2 scans in three or four high-elevation beams. In most cases, a CP2 scan includes one field-aligned beam and one vertical beam. The output data has a 1-minute resolution, covering all measured ranges from all beams.
We identified four CP2 campaigns of EISCAT Tromsø UHF radar applicable for the investigation and quantification of the ionospheric lag observed during winter nighttime. The selection criteria for these campaigns are based on the maximum data availability during winter nighttime, with multiple days without data gaps, and the availability of a field-aligned measurement. Each campaign consists of at least 3 consecutive nighttime measurements. Table 1 shows the selected dates of campaigns. In the next sections, the campaigns will be referred to with the corresponding campaign numbers written in the table.
Table 1. 
The four EISCAT Tromsø UHF radar campaigns and their experiment types.

The EISCAT measurements analyzed by the Grand Unified Incoherent Scatter Design and Analysis Package (GUISDAP, Lehtinen & Huuskonen 1996) provide altitude profiles of electron density (N

e
), ion and electron temperatures (T

i
 and T

e
), and the line-of-sight velocity. The data points were removed if the GUISDAP fit status ≠ 0, if the relative error of N

e
 > 0.5, if the chi-square of the fit > 10, if the ion temperature < 50 K, if the N

e
 > 1012 m−3 below 95 km altitude, if Te/Ti > 5, and if the errors of Te and Ti are > 1000 K.
Figure 4 shows the 1-minute resolution electron density (N

e
) and electron temperature (T

e
) measurements from all four beams between 90–500 km ionosphere, respectively, on the top and bottom panels for 2–6 February 2019, as one of the four selected EISCAT campaigns. This campaign is a CP-2 scanning experiment, where the radar dwells in four directions defined by azimuth and elevation pairs: (188°, 78°), (227°, 90°), (259°, 75°), (217°, 90°). From the top panel, it can be seen that in the ≈90–390 km range in the ionosphere during nighttime (18–6 UT), there is an increase with N

e
 values exceeding 1011 m−3 especially in the E-region (90–150 km). This is typically produced by auroral particle precipitation during nighttime. During most of the nights in our campaign dates, we observe this E-region auroral precipitation, indicating that Tromsø is within the auroral oval range during the experiment interval (E-region auroral precipitation observed by nights: 2/3 Campaign 1, 5/5 Campaign 2, 8/10 Campaign 3, 4/4 Campaign 4). Also, according to a recent study investigating the location of EISCAT Tromsø within the auroral oval for a 20-year period, the radar is mostly within the oval in the evening for a broad range of geomagnetic activity index Hpo (see Fig. 2 in Enengl et al. 2023). This figure also shows the daily maxima in F-region N

e
 due to solar EUV radiation. However, in this paper, we will focus only on nighttime variation.
The N

e
 profiles are used to estimate the TEC (so-called EISCAT TEC) by integrating N

e
 along altitude. Because GUISDAP fits N

e
 at unevenly distributed height gates (between approximately 70–680 km range span), the original N

e
 profiles are interpolated linearly with a height resolution of 1 km before the integration is applied. To estimate the 1-min resolution TEC, we separate the EISCAT N

e
 into three regions of the ionosphere: E-region (90–150 km), F-region (150–500 km), and both regions combined (90–500 km) with 1 km vertical resolution. As a numerical integration method, we use the trapezoidal rule to approximate the TEC value from the area under the N

e
 curve. To reject outlier TEC values, we use an exponentially weighted moving average. Data points are removed if the TEC value at a step deviates more than 10 standard deviations from the corresponding mean value, and missing values are linearly interpolated. A centered moving average over a 60-minute window is applied to the data to provide a smoother comparison of TEC across different ionospheric regions. For further investigation of the delay, we analyze the variation in EISCAT TEC with OMNI-merged electric field (E

m
) at 1-minute resolution and present the results. The interval from 6 UT to 18 UT (daytime) is masked.
	[image: Thumbnail: Figure 4. Refer to the following caption and surrounding text.]	Figure 4. EISCAT Tromsø UHF radar 1-min electron density N

e
 (top) and electron temperature T

e
 (bottom) in the time period of 2–6 February 2019.



To quantify the optimal lag with the highest correlation between EISCAT TEC and OMNI E

m
, we apply the method presented in Section 2.3 with an offset of about 0–4 h, varying in 0.25-hour (15-minute) steps. After applying the lag, we resample the 60-min moving-average data to 1-hour resolution and calculate the correlation value for each lag step only for data within the 18 UT to 6 UT (nighttime) interval.
2.5 AISstorm v2.1 ion pair production
AISstorm is a high-resolution numerical model that simulates atmospheric ionization rates caused by precipitating particles. It builds upon its predecessor, Atmospheric Ionization Model Osnabrück (AIMOS, Wissing & Kallenrode 2009) by separately addressing substorm periods. The model calculates 3D ionization rates from precipitating protons, electrons, and alpha particles with a temporal resolution of 30 min. AISstorm includes a sorting algorithm that assigns observations from polar-orbiting POES and Metop satellites to horizontal precipitation cells, utilizing data from the TED and MEPED detectors. Additionally, it incorporates data from the SEM detectors on GOES satellites to measure high-energy protons and alpha particles in the polar cap. The energy ranges for the model are 154 eV–500 MeV for protons, 154 eV–300 keV for electrons, and 4 MeV–500 MeV for alpha particles.
Mean flux maps were generated from 18 years of satellite data (2001–2018), categorized by Kp level, geomagnetic APEX (Richmond 1995), and magnetic local time (MLT) location, with a spatial resolution of up to 1° latitude and 3.75° longitude. These maps also account for substorm activity. Each flux map represents the typical spatial distribution of particle precipitation for a specific particle type on a global scale. Typical average flow maps from AIMOS are shown in Yakovchuk & Wissing (2019). The effective particle flux for each 30-minute interval is derived by scaling the precipitation maps using real-time measurements. By focusing on areas with high flux values, such as the auroral oval, this method minimizes the impact of noise in the data. The polar cap, however, is treated differently: the flux is directly obtained from satellite measurements, as long as the satellites are within a homogeneous flux area whose size varies with particle species and geomagnetic activity, as described in Yakovchuk & Wissing (2023).
The ionization profiles for each particle spectral interval are computed using the Monte Carlo method (Schröter et al. 2006), with atmospheric parameters taken from the HAMMONIA (Schmidt et al. 2006) and NRLMSISE-00 (Picone et al. 2002) models.
2.6 Geomagnetic activity index
In this study, the Auroral Electrojet (AE) index is used as a proxy for substorm activity to investigate the delay and origin of the ionospheric responses during winter nighttime. For the analyses using 1-minute-resolution EISCAT data, we use the OMNI 1-minute AE index. The AE index is defined by the difference between the upper and lower envelopes (AE = AU − AL) of the superposed H components of geomagnetic observatories in the auroral latitudes (Davis & Sugiura 1966). The threshold for the ionospheric activity to indicate typical substorms ranges from 250 nT to 600 nT (Pulkkinen et al. 2010). For multiple nights during the measured period, substorm activity is clearly identified by enhancements in the AE index, with values exceeding 250 nT.
3 Results
3.1 Solar wind forcing at Tromsø location and response time
The variations in TEC and Em correlations in winter are investigated by the correlation method, as explained in Section 2.3. For a more general representation, we average all winter (January 1 ±45 days) correlations over 26 years from 1998 to 2024 at the gridpoint of 70° N 20° E, close to Tromsø. Figure 5 shows the actual delay between the Em variability and the TEC response by using the average correlation coefficient for each UT and shift time of the Em. The delay is shown from 0 to 48 h during the 90-day period around January 1 (DOY 1) averaged from cross-correlated 26-year data in the corresponding UT group between 1998 and 2024. Each correlation grid value in the figure, corresponding to a specific time lag and UT, is calculated from 90 data points per year and later averaged over 26 years (≈2340 data points per grid). The color bar represents the correlation coefficient. Positive averaged correlation values of up to ≈0.4 are observed for all the UTs in winter, with local time-dependent variations. Especially between 18 UT and 6 UT, the average correlation value is observed to be higher. The correlation coefficient increases with an applied time lag and maximizes at about a value of ≈0.4 when there is an ≈2 h offset applied to Em. The reason that the maximum correlation is peaking about ≈0.4 value is that correlation values are affected by 26-year averaging, slight interpolation of the missing data, and the time lag applied to a 1-hour resolution Em data that is merged with a 2-hour dataset. And after ≈5 h offset, the correlation coefficient decreases. This result is observed for all hours between 18 UT and 6 UT.
	[image: Thumbnail: Figure 5. Refer to the following caption and surrounding text.]	Figure 5. Delayed correlations of TEC and Em from 1998 to 2024, averaged from the correlations of each year’s winter period (January 1 ±45 days), near Tromsø/Norway (70° N 20° E). The x-axis shows the time lag from 0 to 48 h, and the y-axis shows the UT.



Analyzing each grid point of the IGS TEC maps allows us to characterize the spatial properties of the positive winter nighttime correlation. Figure 6 shows a map of the correlation for a random example period of 90 days, centered on the 1st of January 2013 at 0 UT. The map shows the maximum correlation coefficients estimated for different delay times. The right panel shows the corresponding delay time where the correlation maximizes. It is clearly visible that the correlation coefficients maximize at the nightside, equatorward of the green oval, which is the 70° magnetic latitude circle indicating the approximate position of the auroral oval. The right panel shows a delay time of 1–3 h in the regions with the highest correlation coefficients. In the supplementary movie (Movie M1), it becomes visible that the region with the highest correlation moves around the 70° magnetic latitude circle with increasing UT time.
	[image: Thumbnail: Figure 6. Refer to the following caption and surrounding text.]	Figure 6. Correlation between IGS TEC and E

m
 at 0 UT at each grid point of the IGS TEC maps in the time period of 01.01.2013 ±45 days, computed for a shifted solar wind by lag hours ranging from 0 to 48 h. Left: maximum correlation coefficient from the different lag hours (the gray shade indicates night condition). Right: lag hours at which the maximum correlation occurs (contour lines present the maximum correlation shown in the right panel). The green circles mark magnetic latitudes, where a bold circle of 70° N approximates Tromsø latitude.



Since the results in Figure 6 indicate a relationship between the correlation pattern and magnetic latitude and local time, we convert the geographic coordinates of the correlation results into magnetic quasi-dipole latitude and magnetic local time (MLT). Figure 7 shows the correlation coefficients for each magnetic latitude and magnetic local time, averaged for the different UT times. The left panel shows that the main magnetic latitude of the high correlation is between 60 and 65° N, and the period of high correlation starts at about 21 MLT and remains strong until 6 MLT. The right panel shows that the corresponding time lag for the high correlation observed between 60 and 65° N is ≈2 h. Polewards of 65° N, the correlation decreases at most MLT times, except around midnight, when there is a clear period of increased correlation.
	[image: Thumbnail: Figure 7. Refer to the following caption and surrounding text.]	Figure 7. Correlation between IGS TEC and E

m
 at each grid point of the IGS TEC maps in the time period of 01.01.2013 ±45 days, computed for a shifted solar wind by lag hours ranging from 0 to 48 h. The results are converted into geomagnetic coordinates (quasi dipole latitude in circles and magnetic local time in radial lines) and averaged over all UTs. Left: maximum correlation coefficient from the different lag hours. Right: lag hours at which the maximum correlation occurs (contour lines present the maximum correlation shown in the left panel).



Figure 8 shows the 60-min centered moving average EISCAT TEC values for the different regions of the ionosphere. The bottom panel of Figure 8 shows the 1-minute resolution AE index during 2–6 February 2019, as one of the four selected EISCAT campaigns. The TEC values are observed to be lower compared to the IGS TEC values represented in Section 2.1 because the height limits of the measurement are lower for the EISCAT instrument. The plot shows that the TEC values in the E-region ionosphere are higher during nighttime than during the daytime. It was also observed that TEC values on some nights were as high as during daytime hours for the 90–500 km range (e.g., 1800-0600 UT on 02 Feb 2019.).
	[image: Thumbnail: Figure 8. Refer to the following caption and surrounding text.]	Figure 8. 60-min moving averages of EISCAT Tromsø UHF radar of Total Electron Content TEC (top panel), OMNI Auroral Electrojet (AE) index (bottom panel) and OMNI merging electric field (bottom panel) in the time period of 2–6 February 2019. The solid light pink dash-dotted line in the top panel corresponds to the 90–500 km TEC, the dotted dark blue line corresponds to the 150–500 km TEC, and the violet dashed line corresponds to the 90–150 km TEC.



The top panel of Figure 9 shows an example of the variation of centered 60-minute moving averaged TEC measurements between 90–150 km (E-region), 150–500 km (F-region), and 90–500 km (E and F regions combined) ionosphere for the campaign #2 (2–6 February 2019). The bottom panel shows the scatter plots, respectively, for the E, F, and combined regions of the ionosphere. As clearly seen in the plot, the EISCAT TEC is correlated with the variation in OMNI Em, increasing with Em between 18 and 6 UT, with some lag. On the bottom panel of Figure 9, the scatter plot of 60-min moving averaged EISCAT TEC with OMNI Em is shown for the interval from 18 UT to 6 UT (nighttime). The data is resampled to 1-hour resolution to create the scatter plots, with no time lag applied. The correlation values for EISCAT TEC are found rE − region = 0.64, rF − region = 0.54, rCombined = 0.62. This shows that the ionospheric TEC for all regions is moderately correlated with OMNI Em.
	[image: Thumbnail: Figure 9. Refer to the following caption and surrounding text.]	Figure 9. Top: EISCAT Tromsø UHF radar Total Electron Content TEC and OMNI merging electric field centered 60-min moving averages in the time period of 2–6 February 2019 from 18 UT to 6 UT. The dash-dotted light pink line corresponds to the 90–500 km TEC, the dotted dark blue line corresponds to the 150–500 km TEC, and the violet dashed line corresponds to the 90–150 km TEC. The black solid line represents OMNI E

m
. Bottom: Scatter plot of 60-min moving averages, and 1-hour resampled E

m
 and TEC, respectively, for E, F, combined regions of the ionosphere from 18 UT to 6 UT. The confidence interval of 0.95 is shown by the red shaded area surrounding the red line.



In Figure 10, the Pearson correlation values of height-integrated EISCAT TEC in three regions of the ionosphere and OMNI Em with an applied lag between 0–4 h are shown for the 2–6 February 2019 EISCAT campaign. Using this analysis, it is possible to identify the delay at which the correlation maximizes and the maximum Pearson correlation coefficient for each ionosphere altitude region. The E-region ionosphere (90–150 km) reaches the maximum correlation of rmax = 0.76 when the lag is t = 75 min. This lag time is small compared to the F-region ionosphere (150–500 km), with a lag time of t = 90 min, corresponding to rmax = 0.62. The combined region of the ionosphere (90–500 km) results in a maximum correlation value of rmax = 0.73 when t = 75 min. It should be noted that the large confidence intervals for the correlation coefficients (shaded regions) are due to the limited running time of the EISCAT UHF radar experiments.
	[image: Thumbnail: Figure 10. Refer to the following caption and surrounding text.]	Figure 10. Lagged Pearson correlation values of 1-hour resampled EISCAT TEC and OMNI merging electric field E

m
 between the time range of 18 and 6 UT on 2–6 February 2019. Pink color represents the E-region of the ionosphere (90–150 km), while green color is used to represent the F-region in the ionosphere (150–500 km) and lilac color for the combined region (90–500 km). The shaded area corresponds to the 0.95 confidence level of the correlation coefficient.



This analysis with varying lag time is performed on the four other selected EISCAT campaigns during wintertime, and similar results are observed. There is an observed lag time in the response of the ionosphere to the solar wind for all campaigns as shown in Table 2 (and in Fig. A.3). We observe the shortest delays (45–90 min) of the maximum correlation value between the height-integrated EISCAT TEC and OMNI bow-shock shifted Em for three out of four events in the E-region (90–150 km). One can see that the lag times with the maximum correlation values for three out of four events are shorter, and the correlation values are higher in the E-region than in the F-region. The only exception is Campaign #1, where the lag is equal in all regions. The longest lag time of 135 min is found in the F-region. Another important outcome is that, across all campaigns, the maximum correlation is observed at a lag greater than zero. Averaged from all the campaigns, the lag is ≈71 min for E-region (90–150 km), ≈101 min for F-region (150–500 km), and ≈97 min for the combined regions (90–500 km).
Table 2. 
The maximum Pearson correlation values of 1-hour resampled height-integrated EISCAT TEC in three regions of the ionosphere and OMNI E

m
 with the corresponding lag time during 4 selected EISCAT Tromsø UHF campaigns.

Table 3 represents the ionospheric response to substorm activity, showing the maximum correlations for the corresponding time lag between EISCAT TEC and OMNI AE for all the campaigns (and Fig. A.4). Across all campaigns, the time lag is shorter in the E-region, ranging from 0 to 45 min. Higher correlation values are also observed in the E-region for three out of four campaigns. Averaged from all the campaigns, the lag is ≈18 min for E-region (90–150 km), ≈52 min for F-region (150–500 km), and ≈26 min for the combined regions (90–500 km).
Table 3. 
The maximum Pearson correlation values of 1-hour resampled height-integrated EISCAT TEC in three regions of the ionosphere and OMNI AE index with the corresponding lag time during 4 selected EISCAT Tromsø UHF campaigns.

3.2 Ion pair production
In this study, we use AISstorm to provide a climatological view of electron precipitation patterns in the E and F regions of the ionosphere under similar conditions. To illustrate the average particle forcing in terms of the ion pair production (IPP) rates, we use the averages from the AISstorm model for the same winter period (2013-01-01 ±45 days) as in Figures 6 and 7.
Figure 11 shows the result. The left panel of Figure 11 illustrates the IPP rate due to precipitating electrons at approximately 111 km (E-layer), which corresponds to the peak auroral electron ionization rate in AISstorm. The IPP rate typically reaches its maximum during the early morning hours, between 1–3 MLT and around 65–70° APEX latitudes, but also shows significant contributions during the night and morning hours (8–18 MLT).
	[image: Thumbnail: Figure 11. Refer to the following caption and surrounding text.]	Figure 11. AISstorm ion pair production rate mean of precipitating electrons for the period ±45 days around 2013-01-01 on two altitude levels: left panel approx. 111 km and right panel approx. 259 km.



The right panel of Figure 11 displays the IPP rate at 259 km, representing the F-layer. The IPP rate typically reaches its extended maximum values during the pre-midnight and midnight hours, between 21–3 MLT and around 70–80° APEX latitudes.
4 Discussion
4.1 E-region ionospheric response to solar wind variation
The spatial extent of the E-region particle precipitation, shown in Figure 11, largely coincides with the spatial extent of the high correlation of IGS TEC with solar wind merging electric field, shown in Figure 7. This is a strong indication that the auroral precipitation is a relevant process contributing to the ionospheric response to solar wind variability. The left panel of Figure 11 corresponds to the auroral electron precipitation with energies of > keV, where the ionization rate is high at nighttime. The latitudinal position of the IPP rate maximum is at about 66° APEX latitude. A comparison with long-term particle flux measurements that have been processed in the same manner as in Yakovchuk & Wissing (2019) (Figs. 3 and 4) but separated into different Kp-levels, indicating that we observe particle precipitation as it is typical for a relatively quiet geomagnetic period.
The peak values of the electron density reaching up to > 1012 m−3 in the lower E-region (mostly between 90 and 130 km) in campaign #2 can be attributed to auroral particle precipitation, as it is typically the only E-region ionization source during nighttime. This N

e
 enhancement occurs simultaneously with the increase of electron temperature of about > 2000 K in the F-region (bottom panel of Fig. 4). The investigation of the four different EISCAT campaigns (cf. Fig. A.1) shows that the electron density increase observed in the E-region peaks around ≈110 km (from 22 UT to 03 UT). This agrees with the typical height of electron precipitation with a characteristic energy of a few keV, as described, e.g., in a statistical substorm study using the EISCAT UHF radar by Oyama et al. (2014).
Auroral particle precipitation affecting the E-region is a key component of substorm activity. Accordingly, our results show that there is a short time lag (≈18 min) between substorm activity and the E-region EISCAT TEC, as indicated by the correlation with the AE index, which serves as a proxy for substorm activity. Therefore, the estimated lag in the correlations between E

m
 and E-region EISCAT TEC of ≈71 min (cf. Table 2) can be attributed to a large extent to the time period from the arrival of the solar wind until it results in substorm activity and auroral particle precipitation with a few keV (magnetospheric reconnection and substorm onset) in the E-region. This is confirmed by a study by Pulkkinen et al. (2010), who showed that the AE index is delayed by 40 min relative to the increased solar wind energy input. This is in good agreement, but slightly less than the 45–90 min delay estimated by using E-region EISCAT TEC and E

m
 presented in Table 2. It should be noted that Pulkkinen et al. (2010) did not use OMNI solar wind data but instead applied a simple statistical method to estimate the time shift between the L1 point and the Earth’s bow shock, which may lead to differences in the magnetospheric response time compared to our results.
The increase of EISCAT TEC with OMNI E

m
 in the E region with a 75-minute delay (cf. Fig. 10) can be explained by the time needed for the magnetospheric processes. This time period starts with the solar wind arrival at the bow shock to the subsolar magnetopause, continues with the energy storage in the magnetotail until the nightside reconnection and precipitation of energetic electrons from the plasma sheet begins.
Also Bargatze et al. (1985) reported that the typical substorm growth (magnetotail loading-unloading) duration is 60 min, supporting our interpretation that the E-region ionospheric response is primarily driven by auroral particle precipitation following energy accumulation in the magnetotail.
4.2 F-region ionospheric response to solar wind variation
The spatial preference of particle precipitation is very similar in the E- and F-region. Thus, soft-particle precipitation affecting the F-region electron density is also a candidate for increasing TEC with solar wind energy input (as shown in Fig. 11). The intensity of precipitating electrons is lower compared to E-region precipitation, as illustrated by a less strong peak of ion pair production in the F-region, compared to the E-region (cf. Fig. 11). Still, the peak of the correlation between IGS TEC and E

m
 around 1–2 MLT, shown in the left panel of Figure 7, matches well with the right panel of Figure 11.
In our results from EISCAT campaigns (Table 2), the longest delays in the ionospheric response are observed in the F-region (150–500 km), with delays of 90–135 min. This is longer than what is observed in the E-region. Previously, we attributed the 45–90 min time lag to magnetospheric processes from the arrival of the solar wind until the onset of the substorm. However, the lag time of IGS TEC to Em being about ≈2 h and the lag time of EISCAT F-region TEC to E

m
 being ≈90–135 min is much longer than the typical response time of particle precipitation, which has been estimated in the previous section. Blobs in the nightside associated with polar cap patches are found to produce more significant scintillation than blobs linked to auroral precipitation in the F-region, concluding that the nightside soft particle precipitation is unlikely to be the primary driver of F-region large-scale plasma structures (Jin et al. 2016). Considering the results of Jin et al. (2016); Enengl et al. (2023), F-region soft particle precipitation associated with substorm activity is not likely to be the primary cause of the large-scale F-region plasma structures on the nightside ionosphere, and therefore not the primary cause of the longer delay observed in this region.
Also, an indication for plasma convection processes across the polar cap can be found in Figure 7. There are high correlation values in the midnight sector (21-01 MLT) at latitudes 70°–90°, which cannot result from particle precipitation. The time lag between the maximum correlation between the merging electric field and TEC is observed to be about ≈2 h. We interpret this as the result of dayside-to-nightside polar cap plasma transport (convection). In addition, Borries et al. (2024) showed that there is a positive correlation between hmF2 and E

m
 during winter daytime conditions at Tromsø and explained that this can result from plasma convection across the polar cap, which has an upward component at the dayside. The 2-hour time lag is of the same order as that found by Pedersen et al. (2023) for the correlation between the solar wind Newell coupling function and ionospheric field-aligned currents. The best correlation during storms, on average, was found with a 90-minute integration time for the Newell coupling function, but the optimal integration time varied between 80 and 140 min depending on the solar wind driver type.
Using the electron density measured by Swarm satellites between December 2013 and January 2014, Park et al. (2015) estimated the plasma convection along-track velocity component in the polar cap and found positive velocities (plasma drift in the flight direction of the Swarm satellites) mostly below 500 m/s from noon to midnight in the Northern Hemisphere (over 75° MLAT). There is uncertainty in estimating the transportation time and speed of patches/blobs within the polar cap. Larger velocities from Swarm estimates are compared with SuperDARN, yielding a correlation of ≈0.75 and a small bias of 50 m/s (Park et al. 2015). With the assumption that the plasma drift velocity in the F-region is on average 500 m/s ± 50 m/s, the polar cap latitude is 75° MLATs, and the straight path over the pole is 30° degrees of latitude (30 degrees × 111 km ≈ 3330 km distance from noon to midnight polar cap), the simple calculation leads us to the approximation that the time needed for a plasma to travel from the dayside to the nightside polar cap in a straight path is 111.1 ± 11.1 min ≈ 2 h. Using SuperDARN data, Eriksen et al. (2023) reported polar cap patch travel times of 92–104 min, which is close to our observed average F-region EISCAT TEC delay of ≈101 min across all campaigns. Since the approximate convection duration of 2 h during geomagnetic quiet conditions is in good agreement with the time delay in the F-region EISCAT TEC and IGS TEC reported here, it can be argued that the overall TEC response to solar wind variability mainly results from plasma convection.
The UHF observations of blobs indicate that plasma convection is another important process driving the ionosphere’s response to solar wind variations, with merged effects with particle precipitation. With a careful look at Campaign #2, Figure A.1, one can see a secondary electron density increase with a weaker peak at ≈250 km around 20–21 UT (hour 116–117). This is typical for the soft-particle precipitation with energies of a few hundred eV in the F-region (peaking around 250 km) and sometimes can merge with the effects from transported plasma patches/blobs (higher than 2050 km, Oyama et al. 2014; Cai et al. 2024). An example of the F-region electron density increasing due to soft particle precipitation observed by the EISCAT radar is given in Oyama et al. (2014), who explained that soft particle precipitation is sometimes accompanied by a long-lived plasma that drifts horizontally from the dayside (plasma patches).
Polar cap patches (PCPs) are high-density plasma structures in the F-region, which are transported from the dayside to the nightside via the ionospheric convection (Crowley 1996; Weber et al. 1984). When PCPs enter the nightside auroral oval via magnetotail reconnection, they are termed plasma blobs (Crowley et al. 2000). The blobs are further transported with the return flows in the oval. The arrival of the blobs at Tromsø can be detected by the UHF radar (e.g., Cai et al. 2024), which can be used to indicate the ionospheric convection process. The PCPs/blobs are usually identified by high-density plasma with relatively low electron temperature, compared to the background. In this study, the blobs can be clearly identified from the measurements in campaign #1. As shown in Figure A.2 in the appendix, a substorm took place between 21:30 and 01:30 UT (69.5–74.5) on 12 December 2013, which caused both E and F-region electron density enhancements due to auroral precipitations. Following that, a plasma blob is detected by the radar between 01:30 UT and 07:30 UT (74.5–79.5) on 12 December 2013, characterized by increased F-region electron density above 250 km altitude and decreased electron temperature. Compared with campaign #1, the indication of plasma blobs during campaign #2 (Fig. 4) is not as clear, because the electron density was lower above 250 km than below with relatively high T

e
. Similarly, blobs are observed also in campaigns #3 and #4 (figures not shown). We observe increased electron density in the F-region on all nights during our four EISCAT campaigns.
During one of our EISCAT campaigns (campaign #1), we showed equal lag time in the TEC and E

m
 correlations in the E and the F-region ionosphere with 90 min. In campaign #1, during the night of 9 January and 11 January 2013, the electron density is strongly enhanced as the F-region soft-particle precipitation is accompanied by dense plasma blobs. The F-region ionospheric response in this case (90 min) is observed to be shorter than in the other campaigns (≈101 min). This short F-region response time can result from two processes: either soft-particle precipitation in the F-region or polar cap patches/blobs sitting in the middle of the convection flow channel, where the convection speed is higher than the average (Oksavik et al. 2010). F-region soft particle precipitation can be excluded as a source mechanism because during the second night, the auroral precipitation signatures are not clear in the EISCAT data, as E-region electron density and F-region ion temperature are not enhanced, and AE < 75 nT does not indicate substorm activity. However, during all the nights between 9 and 12 January 2013, dense blobs were observed. Hence, this campaign supports the argument that the electron density enhancement in the F-region depends predominantly on convection.
5 Summary and conclusions
This paper highlights the processes driving the high-latitude ionospheric response to the solar wind forcing during winter nighttime conditions. By analyzing TEC estimates from different sources and OMNI E

m
 data from 1998 to 2024 using a lagged correlation method, we investigate the temporal and spatial characteristics of the ionospheric response to solar wind variability to identify dominant mechanisms and responses in the E and F regions. The EISCAT observations were very helpful to differentiate the high-latitude winter nighttime ionospheric response driven by particle precipitation and plasma convection.
Our results show that:

	
There is a persistent ionospheric response to solar wind variability in the high-latitude ionosphere during winter nighttime. It is characterized by a positive correlation between IGS TEC and OMNI Em centered near the auroral oval at about 65°–70° magnetic latitude in the MLT sector 21-06. In the midnight sector (23-00 MLT), it reaches from 65° to the pole. The correlation is strongest at an approximate lag time of ≈2 h. This is supported by higher-resolution EISCAT TEC analysis (≈70–100 min).



	
Auroral particle precipitation driven by substorm activity causes a significant correlation of the EISCAT E-region TEC with Em. This E-region response is caused by precipitation effects during substorms, and the observed delay in the E-region TEC variability relative to Em of 45–90 min can be fully attributed to magnetospheric processes (loading and unloading).



	
The F-region TEC has been shown to be mainly driven by convection processes, which result in a time delay of approximately 2 h to the solar wind energy input. As observed in most campaigns, there is a merged effect from particle precipitation and convection processes in the F-region, with a delay of 90–135 min.



	
In individual cases, the F-region response in the EISCAT TEC and OMNI Em correlations could be as short as ≈90 min (e.g., Campaign #1). This is explained by the enhanced electron density resulting from denser polar cap patches/blobs convected into the radar volume.




In conclusion, both precipitation effects and plasma convection are strong drivers of the ionospheric variability at high latitudes. The auroral precipitation drives the E-region ionospheric response with an average delay of 45–90 min to the solar wind E

m
, and the plasma convection is a main source of the F-region response with an average delay of ≈100–120 min. The vertically integrated TEC provided by the IGS TEC maps reflects most of the time the F-region response. However, during substorm activity, the E-region response can temporarily be the dominant driver of IGS TEC variability. In the future, we also need to investigate if existing physics-based models can reproduce this ionospheric response and can help analyze the relevant processes.
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Movie M1: Correlation between IGS TEC and Em for all UTs in the time period of 01.01.2013 ±45 days, computed for a shifted solar wind by lag hours ranging from 0 to 48 h. Left: maximum correlation coefficient from the different lag hours (the gray shade indicates night condition). Right: lag hours at which the maximum correlation occurs (contour lines present the maximum correlation shown in the right panel). The green bold circle approximates magnetic Tromsø latitude.
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Appendix A
Supporting figures
	[image: Thumbnail: Figure A.1. Refer to the following caption and surrounding text.]	Figure A.1. The extended plot of EISCAT electron density (Ne), electron temperature (Te), and ion temperature (Ti), respectively, between 90 and 500 km for the campaign #2, from 18:00 to 23:00 UT on 6 February 2019.



	[image: Thumbnail: Figure A.2. Refer to the following caption and surrounding text.]	Figure A.2. The extended plot of EISCAT electron density (Ne), electron temperature (Te), and ion temperature (Ti), respectively, between 90 and 500 km for the campaign #1, from 11 January 2013 20:00 to 12 January 2013 08:00 UT.



	[image: Thumbnail: Figure A.3. Refer to the following caption and surrounding text.]	Figure A.3. Lagged Pearson correlation values of 1-hour resampled EISCAT TEC and OMNI merging electric field Em between the time range of 18 and 6 UT on 9–12 January 2013 (left top), 2–6 February 2019 (right top), 19–29 January 2010 (left bottom), and 6–9 February 2007 (right bottom). Pink represents the E-region of the ionosphere (90–150 km), green the F-region (150–500 km), and lilac the combined region (90–500 km). The shaded area corresponds to the 0.95 confidence level of the correlation coefficient.



	[image: Thumbnail: Figure A.4. Refer to the following caption and surrounding text.]	Figure A.4. Lagged Pearson correlation values of 1-hour resampled EISCAT TEC and OMNI Auroral Electrojet AE between the time range of 18 and 6 UT on 9–12 January 2013 (left top), 2–6 February 2019 (right top), 19–29 January 2010 (left bottom), and 6–9 February 2007 (right bottom). Pink represents the E-region of the ionosphere (90–150 km), green the F-region (150–500 km), and lilac the combined region (90–500 km). The shaded area corresponds to the 0.95 confidence level of the correlation coefficient.
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In the text



	[image: Thumbnail: Figure 9. Refer to the following caption and surrounding text.]	Figure 9. Top: EISCAT Tromsø UHF radar Total Electron Content TEC and OMNI merging electric field centered 60-min moving averages in the time period of 2–6 February 2019 from 18 UT to 6 UT. The dash-dotted light pink line corresponds to the 90–500 km TEC, the dotted dark blue line corresponds to the 150–500 km TEC, and the violet dashed line corresponds to the 90–150 km TEC. The black solid line represents OMNI E
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	Campaign
	Experiment type
	Experiment date
	Kp max





	1
	beata (CP2)
	9–12 January 2013
	2.33



	2
	beata (CP2)
	2–6 February 2019
	4.00



	3
	beata (CP2)
	19–29 January 2010
	4.00



	4
	tau2pl (CP2)
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	3.67
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        EISCAT Tromsø UHF radar 1-min electron density N
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 (top) and electron temperature T

e
 (bottom) in the time period of 2–6 February 2019.
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        Delayed correlations of TEC and Em from 1998 to 2024, averaged from the correlations of each year’s winter period (January 1 ±45 days), near Tromsø/Norway (70° N 20° E). The x-axis shows the time lag from 0 to 48 h, and the y-axis shows the UT.
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        Correlation between IGS TEC and E

m
 at 0 UT at each grid point of the IGS TEC maps in the time period of 01.01.2013 ±45 days, computed for a shifted solar wind by lag hours ranging from 0 to 48 h. Left: maximum correlation coefficient from the different lag hours (the gray shade indicates night condition). Right: lag hours at which the maximum correlation occurs (contour lines present the maximum correlation shown in the right panel). The green circles mark magnetic latitudes, where a bold circle of 70° N approximates Tromsø latitude.
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        Correlation between IGS TEC and E

m
 at each grid point of the IGS TEC maps in the time period of 01.01.2013 ±45 days, computed for a shifted solar wind by lag hours ranging from 0 to 48 h. The results are converted into geomagnetic coordinates (quasi dipole latitude in circles and magnetic local time in radial lines) and averaged over all UTs. Left: maximum correlation coefficient from the different lag hours. Right: lag hours at which the maximum correlation occurs (contour lines present the maximum correlation shown in the left panel).
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        60-min moving averages of EISCAT Tromsø UHF radar of Total Electron Content TEC (top panel), OMNI Auroral Electrojet (AE) index (bottom panel) and OMNI merging electric field (bottom panel) in the time period of 2–6 February 2019. The solid light pink dash-dotted line in the top panel corresponds to the 90–500 km TEC, the dotted dark blue line corresponds to the 150–500 km TEC, and the violet dashed line corresponds to the 90–150 km TEC.
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        Top: EISCAT Tromsø UHF radar Total Electron Content TEC and OMNI merging electric field centered 60-min moving averages in the time period of 2–6 February 2019 from 18 UT to 6 UT. The dash-dotted light pink line corresponds to the 90–500 km TEC, the dotted dark blue line corresponds to the 150–500 km TEC, and the violet dashed line corresponds to the 90–150 km TEC. The black solid line represents OMNI E

m
. Bottom: Scatter plot of 60-min moving averages, and 1-hour resampled E

m
 and TEC, respectively, for E, F, combined regions of the ionosphere from 18 UT to 6 UT. The confidence interval of 0.95 is shown by the red shaded area surrounding the red line.
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        Lagged Pearson correlation values of 1-hour resampled EISCAT TEC and OMNI merging electric field E

m
 between the time range of 18 and 6 UT on 2–6 February 2019. Pink color represents the E-region of the ionosphere (90–150 km), while green color is used to represent the F-region in the ionosphere (150–500 km) and lilac color for the combined region (90–500 km). The shaded area corresponds to the 0.95 confidence level of the correlation coefficient.

      

    

  
    
      Table 2. 

      The maximum Pearson correlation values of 1-hour resampled height-integrated EISCAT TEC in three regions of the ionosphere and OMNI E

m
 with the corresponding lag time during 4 selected EISCAT Tromsø UHF campaigns.

      
        


	
	90–150 km

	150–500 km

	90–500 km




	Campaign
	Offset (min)
	Max corr.
	Offset (min)
	Max corr.
	Offset (min)
	Max corr.



	
	
	(r
max)
	
	(r
max)
	
	(r
max)




	1
	90
	0.80
	90
	0.77
	90
	0.81



	 
	
	
	
	
	
	



	2
	75
	0.76
	90
	0.62
	75
	0.73



	 
	
	
	
	
	
	



	3
	75
	0.60
	135
	0.75
	135
	0.74



	 
	
	
	
	
	
	



	4
	45
	0.69
	90
	0.58
	90
	0.63



	 
	
	
	
	
	
	



	Mean
	71.25
	0.71
	101.25
	0.68
	97.5
	0.72



	 
	
	
	
	
	
	





      

    

  
    
      Table 3. 

      The maximum Pearson correlation values of 1-hour resampled height-integrated EISCAT TEC in three regions of the ionosphere and OMNI AE index with the corresponding lag time during 4 selected EISCAT Tromsø UHF campaigns.

      
        


	
	90–150 km

	150–500 km

	90–500 km




	Campaign
	Offset (min)
	Max corr.
	Offset (min)
	Max corr.
	Offset (min)
	Max corr.



	
	
	(r
max)
	
	(r
max)
	
	(r
max)





	1
	45
	0.81
	60
	0.62
	60
	0.68



	 
	
	
	
	
	
	



	2
	15
	0.81
	45
	0.73
	15
	0.80



	 
	
	
	
	
	
	



	3
	0
	0.60
	75
	0.68
	15
	0.68



	 
	
	
	
	
	
	



	4
	15
	0.63
	30
	0.49
	15
	0.52



	 
	
	
	
	
	
	



	Mean
	18.75
	0.71
	52.2
	0.63
	26.25
	0.67



	 
	
	
	
	
	
	





      

    

  
    
      Figure 11. 
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        AISstorm ion pair production rate mean of precipitating electrons for the period ±45 days around 2013-01-01 on two altitude levels: left panel approx. 111 km and right panel approx. 259 km.

      

    

  
    
      Figure A.1. 
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        The extended plot of EISCAT electron density (Ne), electron temperature (Te), and ion temperature (Ti), respectively, between 90 and 500 km for the campaign #2, from 18:00 to 23:00 UT on 6 February 2019.

      

    

  
    
      Figure A.2. 
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        The extended plot of EISCAT electron density (Ne), electron temperature (Te), and ion temperature (Ti), respectively, between 90 and 500 km for the campaign #1, from 11 January 2013 20:00 to 12 January 2013 08:00 UT.

      

    

  
    
      Figure A.3. 
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        Lagged Pearson correlation values of 1-hour resampled EISCAT TEC and OMNI merging electric field Em between the time range of 18 and 6 UT on 9–12 January 2013 (left top), 2–6 February 2019 (right top), 19–29 January 2010 (left bottom), and 6–9 February 2007 (right bottom). Pink represents the E-region of the ionosphere (90–150 km), green the F-region (150–500 km), and lilac the combined region (90–500 km). The shaded area corresponds to the 0.95 confidence level of the correlation coefficient.

      

    

  
    
      Figure A.4. 
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        Lagged Pearson correlation values of 1-hour resampled EISCAT TEC and OMNI Auroral Electrojet AE between the time range of 18 and 6 UT on 9–12 January 2013 (left top), 2–6 February 2019 (right top), 19–29 January 2010 (left bottom), and 6–9 February 2007 (right bottom). Pink represents the E-region of the ionosphere (90–150 km), green the F-region (150–500 km), and lilac the combined region (90–500 km). The shaded area corresponds to the 0.95 confidence level of the correlation coefficient.
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