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Using two separate databases of in situ ionospheric observations, we present case studies and perform a statistical investigation of the link between energetic precipitating particles during the polar night and high-latitude F-region steepening density spectra. Our study covers approximately 3 years of data obtained near the peak of the 24th solar cycle from four Defense Meteorological Satellite Program satellites and from the European Space Agency’s Swarm satellites. Focusing on the midnight sector of the auroral oval, we found that there is a near-perfect co-location between high-energy precipitating particles and occurrence of dissipating F-region plasma density spectra. This is because the precipitating energy flux strongly enhances the E-region Pedersen conductivity, allowing fast and efficient dissipation of kilometer-scale F-region irregularities. Spectra that are possibly non-dissipating are in turn co-located with the distribution of soft electron precipitation. Together, dissipating and non-dissipating density spectra constitute two distinct irregularity regimes. Surprisingly, we also found that efficient dissipation notwithstanding, high-energy precipitating particles cause a net increase in the F-region irregularity power, suggesting that growth and dissipation are interlinked and that some of the observed F-region irregularities may conceivably be generated in the E region. This work is expected to be beneficial for the classification of F-region in situ density spectra and suggests that such density spectra can be used to infer the presence of high-energy or low-energy precipitations based on spectral properties.
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1 INTRODUCTION
The ionosphere is the outer layer of Earth’s atmosphere that is partially ionized and is therefore subject to the laws of plasma physics. Being a conducting medium, electrical currents driven by processes in the magnetosphere flow through the ionosphere, as a result of which information transfer can be efficiently achieved over large distances. Instabilities triggered by plasma density gradients and polarization electric fields act rapidly, and the plasma turbulence thus generated is thought to permeate the ionosphere, particularly during geomagnetically disturbed conditions (Huba et al., 1985).
At high latitudes, there is constant transfer of energy from the magnetosphere and solar wind to the ionosphere. Driven by the merging of antiparallel geomagnetic and solar wind magnetic field lines, magnetic reconnections create large-scale convection cycles in the high-latitude ionosphere (Dungey, 1961; Cowley, 2000). Collectively, the precipitating particles generated by the magnetosphere carry geomagnetic field-aligned currents (FACs) that introduce electric fields perpendicular to the geomagnetic field at ionospheric heights. The direction of the ionospheric electric field is such that momentum is removed from the solar wind over the reconnected (open field line) region, resulting in an antisunward motion of the plasma in the Earth’s ionosphere. Currents from the auroral region introduce an electric field that works to return the plasma to the dayside in the closed magnetic field regions surrounding the polar caps. Together, these two sources are at the origin of not just large-scale convection patterns but also widespread turbulent structuring (Huba et al., 1985), particularly if, when, and where the average electric fields generated by the interactions are strong.
At high latitudes, turbulence is observed for a scale of centimeters to the order of 1,000 km. Smaller structures (roughly between 100 m and 1 km) are often the byproducts of ionospheric instabilities like the Farley–Buneman or gradient-drift instabilities in the E region or like the current convective or generalized [image: image] instability in the F region (Oppenheim, 1997). The larger scales seem to be associated with the structures imparted by the precipitation patterns and associated electric fields. In between these two is the presence of mixing that may involve the ionospheric instabilities to speed up transitions to smaller structures (Kelley, 1989). Thus, turbulence in the range from a few kilometers up to 100 km belongs to an interesting region that starts with purely magnetospheric processes and goes through a cascading process that may or may not be affected by ionospheric instabilities.
Irrespective of the scale, turbulence and its associated increased mixing smooth out the larger-scale velocity, density, and temperature gradients. Turbulence is also an important mode of energy dissipation (Braginskii, 1965) and is a central concept to the present study. Using Fourier analysis ideas, energy dissipation can be considered as the transmission of energy between scales or wavenumbers; if the resulting cascade in power (per wavenumber) from larger to smaller scales is abrupt enough, energy can be said to be expelled through turbulent dissipation (Phelps and Sagalyn, 1976; Tsunoda, 1988; Spicher et al., 2014; Ivarsen et al., 2021b). Such fast or abrupt decays in the power spectra define steepening spectra, and such changes in spectral slopes (at some transitional wavenumber) may be tell-tale signatures of ionospherically induced changes in the greater turbulent mixing.
The clear seasonal variations that dominate the occurrence of steepening density spectra in the polar caps are the direct result of increases in the aforementioned dissipation rates (Kivanc and Heelis, 1998; Ivarsen et al., 2019). They have been shown to be caused by increased ambipolar diffusion rates, which in turn stem from a strongly conducting E region (Vickrey and Kelley, 1982). The mechanism of this process is as follows: for unstable structures in the F region, ambipolar diffusion is greatly accelerated if the plasma can connect to a conducting E region. This is dependent on whether the retarding polarization electric field (caused by the relative movements between ions and electrons) can be short-circuited by the ionospheric electric field. Crucially, the latter is directly dependent on the Pedersen conductivity. In other words, the strong seasonal trend evident in solar extreme ultraviolet (EUV) photoionization at high latitudes is a consequential factor in explaining the climatology irregularities at any given time.
This effect is most readily observed in the long-term occurrence rates of steepening density spectra observed in the polar caps. In Figure 1, we reproduce two panels of Figure 2 of Ivarsen et al. (2021b) showing the seasonal changes in the polar cap density spectra. The most striking feature of Figure 1 is the clear and simple seasonal dependency, meaning that steepening density spectra indicative of abrupt decays in power are predominantly observed during local summers rather than winters. At the same time, the prevalence of high-latitude density irregularities are maximized during local winters (Heppner et al., 1993; Prikryl et al., 2015; Jin et al., 2018, 2019). The contrasting trends in irregularity occurrences versus dissipations observed by Ivarsen et al. (2021b) in the polar caps beg the question whether dissipating F-region density spectra are evidence of plasma turbulence being effectively removed from the ionosphere? To answer this question, we must expand the area of investigation to include auroral latitudes. In the polar caps, steepening spectra and density irregularities largely act as opposites, while they are more complex in the auroral region. As we demonstrate in this work, density irregularities and steepening density spectra in the auroral region coincide in time and space as well as share a common driver: accelerated charged particles from the magnetosphere precipitating into Earth’s atmosphere.
[image: Figure 1]FIGURE 1 | Data reproduced from Figure 2 in Ivarsen et al. (2021b) demonstrating how the local season is the main driver of steepening in F-region polar cap density spectra. Occurrences of steepening density spectra inside the ionospheric polar caps. The blue and orange colors refer to the northern and southern hemispheres, respectively. In both panels, each cross datapoint represents occurrence rate within a one-week period. In panel (A), these occurrence rates are plotted against time for the 6-year period of 2014–2020. A linear fit of the occurrence rate versus solar zenith angle (SZA) is plotted with a solid line and evaluated as a function of time, as the mean SZA within the polar caps varies predictably according to local season, meaning that a linear fit becomes a regular periodic function. Panel (B) shows the same data plotted against [image: image], the modeled Pedersen conductance within the E region, with the Pearson correlation coefficients indicated (see Ivarsen et al. (2021b) for details).
[image: Figure 2]FIGURE 2 | (A) Example density spectrum as measured by Swarm A on 1 November 2014 in the evening sector polar cap. The power spectral density (PSD) is shown on the [image: image] axis, with frequency on the bottom [image: image] axis. The latter is used to show irregularity spatial scale on the upper [image: image] axis, using [image: image], where [image: image] is the spatial scale, [image: image] is the satellite velocity, and [image: image] is the frequency. A double-slope fit is shown in solid red line, with the two slopes [image: image] and [image: image] indicated. (B) Distributions of [image: image] (black) and [image: image] (red) for all 2.7 million steepening density spectra observed by Swarm A in the high-latitude (poleward of [image: image] MLAT) F region (2014–2020). The probability density function is calculated as pdf [image: image], where [image: image] is the number of elements in each bin, [image: image] is the total number of elements, and [image: image] is the width of the bin. With this definition, the integral over pdf yields the dimensionless number 1. The peak probabilities (modes) are indicated for both distributions.
Recently, Ivarsen et al. (2023b) compared the F-region steepening density spectra with kilometer-scale spectral density information from the E region. Using both space–ground conjunctions and statistical methods, the authors showed that the same kilometer-scale turbulent shapes were consistently observed both in the bottom and top ionosphere. Importantly, Ivarsen et al. (2023b) demonstrated that although solar zenith angle (SZA) (and thus solar EUV photoionization) is the driver of polar cap steepening spectra, the auroral electrojet (and thus the nightside aurora and substorm cycle) drives the steepening of spectra in the auroral region.
Accordingly, a central goal of the present study is to test the idea of a link between energetic precipitation and appearance of steepening F-region spectral slopes using in situ particle detector data. We use precipitating particle observations from the Defense Meteorological Satellite Program (DMSP) in conjunction with data from the European Space Agency’s Swarm mission. If precipitation-induced enhancements in the Pedersen conductance are the main cause of efficient irregularity dissipations in the absence of sunlight, we should find identical locations for the energetic electron or ion precipitations as well as F-region irregularity dissipation.
Given our interest in the dissipating density spectra, we need to address the role of non-dissipative density spectra and whether the total irregularity power is markedly decreased in the dissipative spectra. Surprisingly, we found no evidence that any excess irregularity power was removed from the F region by the high-energy diffuse aurora, leading us to conclude that energetic precipitation tends to cause a net gain in the observed F-region plasma irregularity power. Since F-region irregularities have very long field-aligned wavelengths (Ivarsen et al., 2021b, Appendix B), the observed auroral irregularities could plausibly originate in the E region, where the densities can drastically increase (Liang et al., 2021). Unstable gradients form at the edges of such pockets of ionization (Makarevich, 2017). With this interpretation, high-energy particle precipitation will both create and destroy F-region irregularities.
2 METHODOLOGY
As noted, we aggregate and analyze in situ data from two separate sources. To quantify the energy input from the magnetosphere, we use a database of precipitating electron and ion data from the SSJ instruments on board the DMSP F16, F17, F18, and F19 satellites. These satellites are in heliosynchronous dawn–dusk polar orbits that cover most of the dayside high-latitude ionosphere in the northern hemisphere and most of the nightside in the southern hemisphere, meaning that a statistical aggregate that combines both hemispheres will sample almost all local times. Notable exceptions to these are a dayside wedge of roughly [image: image] equatorward magnetic latitude (MLAT) between 11 h and 13 h magnetic local time (MLT) as well as a smaller nightside wedge of [image: image] equatorward between the same local times. In other words, the [image: image] midnight equatorward and [image: image] noon equatorward are inaccessible to scrutiny even after combining both hemispheres. The altitude of the satellites is around 840 km, meaning that they sample the topside of the F region. Of interest here are the data collected with the SSJ instrument, which comprises particle detectors that measure the energy fluxes of the precipitating electrons and ions through 19 energy channels from 30 eV to 30 keV at a sampling frequency of 1 s (Redmon et al., 2017). The satellites rotate in orbit to align the detector upwards along Earth’s field lines. To supplement the precipitating particle observations, we show data from the SSIES (electron density) and SSUSI (far-ultraviolet, or FUV, auroral imaging) instruments.
Next, we use a database of high-resolution plasma density observations from the EFI instrument on the Swarm A satellite (Friis-Christensen et al., 2008). Swarm A’s orbit covers all magnetic local times in a 131-day cycle at an altitude of around 460 km. The 16 Hz advanced plasma density calculations are produced by the currents through the Swarm faceplate in conjunction with the on-board Langmuir probe Knudsen et al. (2017).
As indicated, we subject both datasets to a statistical aggregate. The time periods for the two datasets used in the present study overlap but are not equal. Specifically, the DMSP database extends from 2014 through 2016 (3 years), while the Swarm A data from 6 years of operation from the end of 2014 until 2020 are used nominally; however, for direct statistical comparisons between the DMSP and Swarm A, we use the same time period (2014–2016). This three-year period follows the 24th solar cycle peak, with anticipated strong signals from the solar wind and magnetospheric drivers. All data considered in the present study are ordered by MLT and MLAT, where we use the altitude-adjusted corrected geomagnetic coordinate system (Baker and Wing, 1989). Space-based conjunctions in this coordinate system thus take into account the curvature of the Earth’s field lines. Lastly, Swarm A slowly sweeps through local times in a 131-day cycle, while DMSP that consists of four satellites in slightly varying dawn–dusk orbits samples most local times on a regular basis. It is worth noting here that the DMSP was not designed to sample all local times systematically and that dawn and dusk are subsequently favored over noon and midnight.
We subjected the plasma density observations to a particular power spectral density (PSD) analysis introduced by Ivarsen et al. (2019) that has been extensively documented in Ivarsen et al. (2021b). To briefly summarize, the analysis entails automatic calculation and detection of the steepening plasma density spectra. For the density spectra themselves, we used a method based on Welch’s PSD (Welch, 1967; Tröbs and Heinzel, 2006). To identify the presence of spectral breakpoints, we first considered the PSD to conform to a dual-slope power law before fitting a piecewise linear Hermite function to the logarithm of the spectrum (D’Errico, 2017). If a spectral fit to the log of a spectrum shows a numerical difference between the first and second spectral slopes exceeding 0.8, with the second slope being steeper, we infer a spectral break associated with steepening.
In Figure 2A, we show a single example spectrum as a solid black line, with the double-slope linear fit shown in solid red. The slope or spectral index information is indicated, and the panel shows a spectrum that steepens after a breakpoint at around 5 km. As discussed in Ivarsen et al. (2021b), the spectral break must be found between the frequencies of 0.19 Hz and 6.5 Hz, corresponding to along-track spatial scales between 1.2 km and 39.9 km. Although comparatively narrow, this interval encompasses a key spatial scale in high-latitude ionospheric plasma physics: the transitional scale to a fully collisional regime at 2–3 km (Keskinen and Huba, 1990).
We perform the preceding analysis on 60-s segments of plasma densities sampled at high latitudes with a cadence of 5 s, meaning that the spectra overlap extensively. From this analysis, we extract and store the slopes for the steepening spectra along with a flag that indicates the presence of a steepening spectrum, separating moderately and severely steepening spectra. The criterion for the latter is that the second slope [image: image] should be steeper than −2.6, for reasons that will be made clear shortly. In addition, we collect and store the density variances contained in 3-s segments after removing a 3-s second-order Savitzky–Golay filter. This quantity is equivalent to the total integrated irregularity power for scale sizes less than 23 km (3 s of orbital time) and reflects small-scale fluctuations in the plasma density. In Figure 2B, we show distributions for the two slopes [image: image] (black) and [image: image] (red) for all 2.7 million steepening spectra recorded in the high-latitude F region during the 2014–2020 period. Although the distributions are relatively wide, we observe that [image: image] has a peak probability at exactly −5/3, which Kolmogorov (1968) referred to as the so-called turbulent cascade, providing evidence that the density spectra in general steepen as a result of turbulence. The second spectral index, [image: image], tends to be considerably steeper when a breakpoint is inferred, with a peak probability at around −2.6. We are now in a position to justify our choice of −2.6 as the threshold index to delineate severely steepening spectra from those that steepen only moderately; −2.6 is the peak [image: image] value and also a value below which we find almost no [image: image] measurements. In other words, any spectrum that steepens with [image: image] is steeper than the majority of steepening spectra and exhibits a value of [image: image] that exceeds the magnitude of any [image: image] measured.
Hereafter, the Severely Steepening Spectra Index (SSSI) refers to the occurrence rate of spectral steepening (with [image: image]) within a spatial or temporal bin. The Moderately Steepening Spectra Index (MSSI) then refers to the occurrence rate of having a steepening spectrum with [image: image]. As a working definition and for succinctness, we sometimes refer to these as dissipating and non-dissipating density spectra, respectively.
Lastly, to quantify the general presence of turbulent density power, we calculate the density variance within a 3-s running window, dubbed as the 3s root-mean-square (RMS) value. This quantity is sensitive to density irregularities smaller than 23 km.
3 RESULTS
In Figure 3, we present a conjunction between Swarm A and DMSP F17 during moderate geomagnetic conditions [image: image]. Panel (a) shows the trajectories of the two satellites in geomagnetic coordinates, with the 5-min stretch of orbit constituting the conjunction indicated with a slightly thicker line. DMSP F17 orbited equatorward first, followed by Swarm A orbiting poleward 10 min later. The background colormap displays the FUV auroral emission intensity as measured by the SSUSI instrument on board the F17 satellite, and the solar terminator (on Earth’s surface) is indicated with a gray dashed line. Panels (b) and (c) show the color spectrograms of the electron and ion energy fluxes as measured by the SSJ particle detector instrument. Panel (d) shows the Swarm-measured plasma density at an altitude of 460 km in red and mapped to the DMSP orbit. The DMSP-measured plasma density at an altitude of 840 km is in turn shown by the black line, with values along the left [image: image] axis. Panel (e) shows the 3-s density variance in black (left axis). The SSSI’s are seen in the red-shaded area, and their occurrence rate is given by the red trace; the MSSI’s are seen in the blue-shaded area and shown by the blue trace. The occurrence rates associated with both indices are shown on the right [image: image] axis. The two bottom [image: image] axes indicate the DMSP orbit trajectory to which the Swarm data are mapped.
[image: Figure 3]FIGURE 3 | Parallel conjunction between Swarm A and DMSP F17 observations at 23:20 UT on 4 November 2014 in the northern hemisphere. (A) Orbital trajectories with FUV auroral emission intensity (from the SSUSI instrument) shown with a color scale. The stretches of the orbits identified as conjunctions are plotted with thicker lines. The solar terminator (on Earth’s surface) is shown by a dashed gray line. (B, C) DMSP SSJ precipitating electron and ion energy fluxes, respectively. (D) Swarm 16 Hz plasma density (red, right axis) mapped to the DMSP F17 orbit, with the DMSP-measured plasma density at 840 km in black (left axis). (E) Occurrence rates of moderately steepening spectra in a 30-s window (blue shaded area) and severely [image: image] steepening spectra (red shaded area). Ten-minute separation between the two orbits, with the DMSP leading and satellites orbiting in opposite directions. The Swarm data are mapped to the DMSP orbit.
The FUV auroral imaging confirms that although the orbits of the two satellites were separated by a few hundred kilometers, they were both sampling the same longitudinal auroral structure. The Swarm data appears 115 km equatorward of the DMSP data owing to spatial or temporal changes in the local conditions between the orbits. From the similarities between the two timeseries, we conclude that interactions between the aurora and plasma had not progressed substantially in the 10-min period separating the DMSP and Swarm orbits, which is consistent with the behaviors expected of quiescent arcs (Borovsky et al., 2019).
As evident from Figure 3B, the precipitation poleward of the longitudinally elongated auroral arc was characterized by soft (low-energy) electrons, while the equatorward portion saw intense, diffuse, and hard (high-energy) electrons as well as hard ion precipitation. Hard electron and ion precipitations generally provide optimal conditions for highly elevated Pedersen conductance in the E region (Vickrey et al., 1981; Fang et al., 2013). The 23 km (3 s) density variance (panel (e), left axis) contains several elevated spikes, showing that there are small-scale fluctuations in the plasma density, and the occurrence of steepening spectra remains high throughout the interval, with severely steepening spectra (SSSI, red shaded area) dominating the equatorward portion and moderately steepening spectra (MSSI, blue shaded area) dominating the poleward portion of the oval.
The SSSI shows a clear signal, and the density spectra steepen severely owing to an electrical connection with the enhanced E-region conductance induced by the aurora (Ivarsen et al., 2021b). It is noted that Swarm A’s observations are acquired in the F region at around 300 km above the E region, while the DMSP F17’s observations are obtained at even higher altitudes. We then observe a signal locally in the F region (steepening density spectra), but this signal is produced in the E region in response to particle precipitation originating in the magnetosphere. On the other hand, density spectra observed in the presence of soft, less-intense precipitations steepen only moderately. In the first case (elevated SSSI), we observe F-region irregularities that are strongly affected by processes far below and far above the satellite. In the second case (elevated MSSI), we observe F-region irregularities that are likely produced locally in response to soft-electron precipitation.
To shed further light on this issue, we show two additional conjunctions in Figure 4. The first occurred at 11:30 UT on 23 August 2016 between Swarm A and DMSP F18 in the southern hemisphere (upper five panels); the second occurred at 17:45 UT on 2 December 2014 when Swarm C and DMSP F17 were in the northern hemisphere (lower five panels). The layout of this figure is similar to that of Figure 3. In Figure 4, there is no significant delay between the satellites in either conjunction and were practically immediate. The satellites orbited in the same directions in the case of the upper five panels of Figure 4 and in opposite directions in the case of the lower five panels. In both cases, the DMSP satellites observed notable electron and ion precipitations with highly varying energies (panels (b, c, g, and h)). In both cases, the poleward edge of the auroral oval is associated with soft electrons and no ions, while the equatorward edge is associated with hard electrons and ions (the latter with one order of magnitude lower energy flux). At the same time, as shown in panels (e and j) of Figure 4, the Swarm-observed steepening spectra in the vicinities of precipitation structures exhibit characteristic behaviors; intense hard precipitations correspond to elevated SSSIs (red shaded areas in panels (e and j)), while the structures associated with softer precipitations are dominated by MSSIs (blue shaded areas).
[image: Figure 4]FIGURE 4 | Two reasonably parallel conjunctions between Swarm A and DMSP F17. The top five panels show an event in the southern hemisphere at 11:30∼UT on 23 August 2016, while the lower five panels detail an event at 17:45∼UT on 2 December 2014 in the northern hemisphere. The 2016-conjunction occurred with a five-minute delay while the 2014-conjunction was immediate with no delay. Swarm data is mapped to the DMSP orbit. (A, F): orbital trajectories, with FUV auroral emission intensity (from the SSUSI instrument) shown with a colorscale. The stretches of orbits identified as conjunctions are plotted with a thicker line. The solar terminator (on Earth’s surface) is shown by a dashed gray line. (B, C, G, and H) show the DMSP SSJ precipitating electron and ion energy fluxes. (D, I) show Swarm 16∼Hz plasma density (red, right axis) mapped to the DMSP F17 orbit, with the DMSP-measured plasma density at 840∼km in black (left axis). (E, J) shows the occurrence rate of moderately steepening spectra in a 30 s window (blue shaded area) and the occurrence rate of severely (α2<−2.6) steepening spectra (red shaded area). 10∼min separate the two orbits, with DMSP leading, and the satellites orbited in opposite directions. The Swarm data is mapped to the DMSP orbit.
Close conjunctions of the type shown in Figures 3, 4 are unfortunately not observed often as the temporal and spatial separations between the two satellites are usually too large for accurate determination of the associated boundaries. However, as we show in the next section, we can compare the two datasets over time using statistical scrutiny to compensate for the lack of immediate conjunctions.
In our statistical approach, we quantify geomagnetic activity using the SME index from the SuperMAG initiative (Gjerloev, 2012); it is an excellent indicator of the total nightside integrated auroral power (Newell and Gjerloev, 2011). Hereafter, we use the term “storm-time” to signify times of elevated SME indexes. This term does not refer to the onset of geomagnetic storms or magnetospheric substorms; instead, it is simply meant to indicate the instances of strongly elevated geomagnetic disturbances. In a statistical aggregate, we bin the DMSP and Swarm data from 2014, 2015, and 2016, where we combine data from the two hemispheres to ensure that all local times are sampled. There is precedence for such combination (see Newell et al., 2010), even as hemispherical asymmetries are not addressed. Motivated by the case studies presented above, we separate the hard from soft electron precipitations by integrating the incident energy fluxes through energy channels of 30–650 eV (soft energy flux) and 940–30,000 eV (hard energy flux). As the precipitating ions predominantly ionize the E region (Fang et al., 2013), we include the total integrated ion energy flux in the hard energy flux characterization.
The statistical relationships between the observed particle precipitations and steepening density spectra are presented in Figure 5 for the local winter climatologies. We define the local season as 131-day intervals centered on the respective solstices. Over this lengthy time period, the Swarm satellite samples every local time, while the DMSP satellites will have sampled all local times capable. Statistical data for the summer and equinox seasons are presented in Figure 7. In Figure 5, panels (a, b, e and f) show quantities binned by MLT and MLAT (geomagnetic noon being at the top of the plots and dawn to the right). The quantities of interest are the SSSI (a), hard energy flux (b), MSSI (e), and soft energy flux (f). Panels (c, d, g, and h) are data binned in terms of the SME index ([image: image] axes, logarithmic) and MLAT ([image: image] axes). In this representation, we combine data from the midnight sector (21 h[image: image]MLT[image: image]3 h), whose area is indicated with the solid black line in panels (a, b, e, and f). By limiting our scope to the midnight sector, we effectively remove the statistical MLT dependencies in the data, safely allowing us to partition (bin) the data by MLAT. Since the auroral oval expands in MLAT with increasing geomagnetic activity, this mode of representation has clear benefits; the equatorward expansion of the auroral oval results in a steady linear descent of the quantities to lower MLATs. Finally, in panels (c, d, e, and f), the regions within which the hard energy fluxes exceed [image: image] keV [image: image] are bounded by the dashed black contours.
Remarkably, the [image: image] keV [image: image] contour line captures the storm-time increase in the SSSI near-perfectly (Figure 5C). For MLATs equatorward of [image: image], the SSSI and [image: image] colormaps are virtually interchangeable despite originating from two completely different data sources.
[image: Figure 5]FIGURE 5 | Four quantities central to the present work are binned first by (A, B, E, F) MLT-MLAT and then by (C, D, G, H) SME-MLAT for local winter conditions. The SME data are combined from the midnight sector (21 h[image: image]MLT[image: image]3 h, indicated with a black wedge) for both hemispheres. The quantities are (A, C) SSSI, (B, D) electron energy flux, (E, G) MSSI, and (F, H) soft energy flux. In panels (c, d, e, and f), the dashed black lines indicate contours of the constant hard energy fluxes equal to [image: image] keV [image: image].
To illustrate the degree to which the distributions are matched, we show in Figure 6A linearly spaced contour lines of the constant SSSI occurrence rate during local winter in the midnight sector (red lines); overlaid, in blue color, we show the logarithmically spaced contour lines of the constant hard energy flux magnitude. Panel (b) shows the soft energy flux with the same logarithmic contour lines. We observe that the contour lines for the red and blue distributions are largely parallel to each other and are spaced in equal intervals; the two sets of contour lines are so similar that they can be applied interchangeably to describe both quantities. One represents an energy input to the ionosphere (hard electrons and ions), while the other represents an avenue for energy dissipation (severely steepening density spectra). At first glance, the striking similarities indicate that the inferences made by Ivarsen et al. (2021b) are indeed correct in that there are observable increases in the dissipations of the F-region density spectra in the auroral region when an E region is available to accelerate the diffusion of the F-region irregularities.
[image: Figure 6]FIGURE 6 | (A) Contours of the constant hard energy fluxes (logarithmically spaced, red color) and SSSI (linearly spaced, blue color), with (B) showing the corresponding observations for the soft energy fluxes. The figure combines data from panels (C, D, G) of Figure 5 (local winter, midnight sector, both hemispheres combined).
In Figure 7 we expand upon Figure 5, showing the SSSI, MSSI, 3s RMS, hard energy flux, and soft energy flux, all binned in terms of the SME index and MLAT (using local midnight data) for all three seasons. Each column corresponds to one of the five quantities, while each row corresponds to a local season (again combining data from the northern and southern hemispheres). The black dashed contours encloses bins in which the hard energy fluxes exceed [image: image] keV [image: image] on average (in each season separately). First, we note that the energy fluxes (fourth and fifth columns) do not vary much with season, so any seasonal trends are likely to be caused by changes in the plasma dynamics and EUV photoionization rates. Second, we observe that the regions with elevated SSSIs in the auroral zone (first column) are largely similar across all seasons and that the [image: image] keV [image: image] contour lines captures these increases excellently. However, looking at MLATs poleward of the auroral region, we see that the SZA (and hence solar EUV photoionization) is the main predictor of SSSI (see Figure 1), with a clear maximum during local summer.
[image: Figure 7]FIGURE 7 | Five quantities (one for each column) binned by MLAT and SME, with each row representing the local season (one for each row) for combined observations from both hemispheres. Each panel considers data from the midnight sector (21 h[image: image]MLT[image: image]3 h). In each panel, the black dashed line indicates the contour of the constant hard energy flux for that season.
Another inference that can be made from Figure 7 is that the F-region 3s RMS quantity (a measure of small-scale irregularity power) follows the hard energy flux rather faithfully at auroral latitudes (Figure 7M). The F-region observations could then largely reflect the E-region irregularities that are being created and destroyed by hard electron precipitations or their effects on the E-region plasma. Electrostatic irregularities on scales exceeding 1 km in size should have long field-aligned wavelengths (Ivarsen et al., 2021b, Appendix B), so that the spectral quantities at kilometer scales should be mapped between the E and F regions (Ivarsen et al., 2023b). Conversely, the 3s RMS quantity is likewise elevated inside the polar cap but without any particle precipitation. This leaves the convection electric field as the primary cause of irregularities inside the polar caps through F-region plasma instabilities (Makarevich, 2017). In the auroral region, it is possible that the precipitation structure itself is mapped from the E region or that the precipitation structure is used as the seed for the growth of instabilities of the order of a few to tens of kilometers in the E region. The results in the E region acting as a source of the F region turbulence (instead of a sink) when hard energy precipitations are present.
In contrast, the MSSI is weakest during local summer (Figure 7B), and there is no link between MSSI and auroral precipitation (panels (b, g, and l)). In the next few paragraphs, we elucidate these inferences.
Our thesis, in summary, is as follows: in the presence of precipitation ionizing the E region, severely steepening spectra act as markers for electrostatic plasma irregularities that tend to be electrically connected to a highly conducting E region. Conversely, moderately steepening spectra act as markers for plasma irregularities that tend to be disconnected from a highly conducting E region. This interpretation is consistent with all the figures shown so far. The case studies (Figures 3, 4) were based on data from darkness; the regions of elevated MSSIs were largely co-located with soft precipitating energy fluxes, whereas the regions of elevated SSSIs were largely co-located with hard energy fluxes. In Figure 7B, the polar caps are subject to a constant solar EUV photoionization, and irregularities disconnected from the E region (MSSIs) are largely absent, except for a modest band on the poleward side of the auroral oval; panel (a) shows that this region is associated with a very high occurrence rate for severely steepening spectra. On the other hand, during local winter (panel (l), third row), the polar caps receive very little sunlight, and the moderately steepening spectra here dominate the polar cap regions. Tantalizing as this interpretation may be, other important factors are surely contributing to the picture; these factors include plasma turbulence associated with polar cap patches as well as precipitation-induced effects of the trans-polar arcs and polar rain, which are outside the scope of the present report.
Lastly, the third column of Figure 7 shows that small-to-intermediate-scale ([image: image] km) F-region density fluctuations prevail at higher latitudes. As this quantity has units of [image: image], it is sensitive to the absolute density, and its tendency to maximize during local summer may therefore not be surprising. We note that this could be an important factor given that the 3s RMS peak values during local summer apply to both hemispheres (as confirmed) despite the fact that high-latitude irregularities have been shown to exhibit opposite seasonal trends across the two hemispheres (Jin et al., 2019; Jin and Xiong, 2020). Still, the third column shows that the [image: image] keV [image: image] contour lines outline regions of elevated density variances that stand out most clearly in winter but also seem to be present during all seasons.
Moreover, the density variance increases on the equatorward edge of the auroral region, where the midnight spectra steepen most drastically (panels (a, f, and k) of Figure 7). In other words, increased F-region irregularity dissipations due to a highly conducting E region do not result in net removal of the meso-scale irregularity power but are rather associated with an increase.
Based on all of the above considerations, we draw the following conclusion: particle precipitation in the nightside aurora is a source of local winter conductivity enhancements, which drives F-region irregularity dissipation. However, the E region is also a potential source of kilometer-size structuring imposed by the precipitation itself or a source of larger-than-kilometer-size plasma instabilities that lead to irregularities being seeded by a combination of density gradients and electric fields. In addition, meter-scale E-region density irregularities generate very small-scale turbulences, thereby enhancing energy dissipation through enhanced forms of Joule heating (St-Maurice and Goodwin, 2021). At the kilometer scale and greater, E-region structuring due to precipitation structuring itself to the kilometer-size turbulence and greater is directly observable at F-region altitudes (Ivarsen et al., 2023b).
4 DISCUSSION
We see evidence, both from the case studies and statistical representations, for the E region as a crucial modulator of density spectra in the F region. The question of particle precipitation being sufficiently hard then becomes a matter of utmost importance for the temporal evolution of the F-region irregularities. Indeed, the effect seems to be significant (with near-perfect co-location between the dashed line and red-colored region in Figure 5C) enough that one could entertain the notion that certain observations are essentially E-region irregularities being observed in the F region through mapping along the magnetic field lines. That is, the spectral shapes of some structures are dictated entirely by their electrical connection to the E region. This is where most of the incident precipitating energy flux is expected to end up in general (Newell et al., 2009). To elaborate further, we applied empirical calculations based on the observed energy channel data to estimate the ionization rate altitude profiles to some of our cases studies.
In panels (a, b, and c) of Figure 8, we reproduced the observations from the two conjunctions shown in Figure 4. In both cases, we marked the locations of two timestamps, indicated with the uppercase letters A and B. For these two timestamps, we show the incident particle spectra in panels (d and e) for DMSP F18 as well as (j and k) for DMSP F17. Here, the energy fluxes are shown along the [image: image] axes and energy channels are along the [image: image] axes. Electron channels are shown with black circles, while the ion channels are shown with filled grey circles. These particle spectra are then used to estimate the ionization rate altitude profiles using parameterized equations reported by Fang et al. (2010) and Fang et al. (2013). First, we treat each channel as a monoenergetic beam of precipitation (Chen et al., 2023). Next, we apply the equations in Fang et al. (2010) to each electron channel and those in Fang et al. (2013) to each ion channel. For the molecular composition of the Earth’s atmosphere, neutral densities, and neutral scale height, we used the MSIS modeled neutral atmosphere (Picone et al., 2002) with historical values of the AP index and [image: image] solar radio flux. The resulting altitude profiles are robust indicators of the ionospheric altitude columns along which the incident energy fluxes are deposited (Fang et al., 2010) and hence the region of highest ionization production rate. To put these profiles into perspective, we indicate the approximate region of peak Pedersen conductivity (Kwak and Richmond, 2007) by the yellow shaded area.
[image: Figure 8]FIGURE 8 | Ionization rate altitude profile calculations for the two case studies presented in Figure 4: (A–C, G–I) are reproduced from Figure 4, whose caption provides the detailed description. Two timestamps labeled with uppercase letters A and B and color coded refer to the particle spectra in (D, E, J, K). These spectra are used to produce the ionization rate profiles using equations from Fang et al. (2010); Fang et al. (2013) as well as the MSIS neutral atmosphere models. The resulting ionization rate profiles are shown in (F, L), where we also highlight the regions of peak Pedersen conductivity as reported by Kwak and Richmond (2007).
There are several interesting features in Figure 8. First, we clearly see that the soft electron precipitation typically found along the poleward edge of the auroral oval is largely unable to ionize the E region as it avoids the region of peak Pedersen conductivity to a great extent. This is consistent with our notion of moderately steepening density spectra as markers of plasma irregularities that are disconnected from the E region. In this case, F-region ionizations from softer precipitations can be intense, leading to density gradients that can in turn trigger instabilities. In contrast, the hard electron precipitations typically found along the equatorward edge of the auroral oval are more than capable of reaching the E region and can elevate the Pedersen conductance considerably. This is entirely consistent with our statistical picture, where the equatorward part of the oval has a conspicuous absence of moderately steepening spectra (Figure 7, panels (b, e, and h)).
Surprisingly, Figure 8F drives the point that ion precipitation can be an important source of E-region ionization. While it is known that the ion aurora only carries around 25% of the total energy flux (Newell et al., 2005), studies have found that the energy spectrum of the ion aurora typically peaks around [image: image] keV (Gérard et al., 2001; Newell et al., 2005). In the DMSP SSJ data, no particles with energies greater than 30 keV were observed, but the observed ion precipitations predominantly carried energies higher than 1 keV, which we observed would always ionize the E region. This is exemplified from the 110-km bump in Figure 8F, where the moderate ion energy flux at timestamp B is capable of causing significant ionization in the region with maximized Pedersen conductivity.
4.1 High-energy particle precipitation and destruction of irregularities
We see a clear and unambiguous link between the severely steepening density spectra in the F region and high-energy particle precipitation capable of causing strongly enhanced E-region conductivity. This implies a real causal relationship that affects the F-region plasma irregularities with spatial scales larger than 1 km and that are able to map to or from a conducting E region. As initially argued by Ivarsen et al. (2021b), when the mapping is from the F region to a highly conducting E region, ambipolar electric fields associated with the irregularities are short-circuited by the E region (Vickrey and Kelley, 1982). Clearly, the enhanced conductivity is provided by the impact of high-energy precipitating particles in the polar night-time aurora. The dissipating F-region density spectra, which tend to display second slope values steeper than −2.6, indicate that the dissipations of small- and meso-scale ([image: image] km) plasma irregularities are accelerated by this connection to a conducting E region.
The above matches the behavior of severely steepening spectra observed inside the polar caps (Figure 1), but what about the moderately steepening density spectra? Thus far, we have suggested that they act as markers for spectra that are disconnected from the E region. We are now in a position to update Figure 1 with new knowledge, so we plot the long-term trends in the MSSI and SSSI occurrence rates: Figure 9 exhibits these results. Panels (a and c) show the scatterplots of SSSI versus average SZA poleward of the [image: image] MLAT (with a terminator in the E region at 110 km altitude) within the 27-day periods known as Carrington rotations (the solar rotation period with a characteristic periodicity in long-term geomagnetic activity). The blue (northern hemisphere) and orange (southern) circles show the SSSI, while the black and yellow hexagrams show the MSSI; the solid black lines are the linear trends for both (based on the empirical model described in Appendix B of Ivarsen et al. (2023a)). The MSSI grows in likelihood during the polar winter, while the SSSI grows in likelihood during the polar summer (also demonstrated by Figure 7). In Figure 9, panels (b and d) show all the Carrington rotations in sequence in a mode of representation akin to that in Figure 1. The spread in MSSI is different from the spread in SSSI (10%–90%): the MSSI only varies between 10% and 30% (though with a curious upward trend in the northern hemisphere towards solar minimum). Nevertheless, it is tempting to interpret the cyclical nature of the long-term MSSI as a signal produced by the relative prevalence of the plasma sampled, which is not electrically connected to the E region. However, does an elevated MSSI imply an increase in turbulence in general?
[image: Figure 9]FIGURE 9 | Data from Figure 1 with updated long-term trends in the polar cap occurrence rates of moderately steepening spectra (MSSI, black and yellow hexagrams). The blue (northern hemisphere) and orange (southern hemisphere) filled circles indicate the occurrence rates for SSSIs within each 27-day Carrington rotation period. The data were detrended and fitted according to the empirical model described in Appendix B of Ivarsen et al. (2023a). (A–C) show Carrington rotation bins in a scatterplot while panels B and D show those bins in chronological order.
It appears not. A comparison between panels (l and m) of Figure 7 (MSSI vs 3s RMS) reveals that the sharp drop-off in MSSI along the equatorward edge of the oval is co-located with an increase in mesoscale density variance. This increase is provided by energy injection by the high-energy electrons from the magnetosphere through the aurora or substorm cycle, as evidenced by the highly favorable co-locations in the first and fourth columns of Figure 7. We now examine these observations in the context of the energy input measured by the DMSP satellites. These comparisons (considering the auroral region) are performed on databases the cover the same length of observation time (2014–2016).
In our dataset, in the midnight sector, the hard energy flux constitutes 95% of the total energy flux, where “hard” here refers to electron energies between 1 and 30 keV (as well as the entire ion energy flux). Not all of this energy will end up in the E region, but the E region will receive exponentially more than the F region (Fang et al., 2010). In other words, the majority of the energy from the precipitating particles will be injected into the E region. In addition to the E region being the recipient of a considerable energy flux, the effective instability growth rates in the F region will be suppressed by highly efficient dissipation caused by the high-energy precipitation itself. The ratio of E-to-F-region conductance is thus likely to increase during storm-time (to see how this ratio affects F-region dissipation rates, see Figure 5 in Ivarsen et al. (2021a)). It is therefore not unreasonable to conjecture that the F-region irregularities observed in association with hard electron precipitations are in fact E-region structures that are mapped to F-region altitudes, a claim that finds support in recent observations (Ivarsen et al., 2023b).
5 CONCLUSION
Based on a large database of in situ observations of both ionospheric plasma and precipitating particles, we present a study of the complex interplay between precipitating particles and F-region ionospheric plasma. This interplay involves energy depositions and conductivity enhancements at the E-region and elevated ambipolar diffusion rates at the F-region altitudes. We used 3 years of precipitating electron and ion data from the DMSP F16, F17, F18, and F19 satellites as well as 3 years of high-resolution plasma density observations from the Swarm A satellite, in addition to three case studies containing some rare examples of good conjunctions.
The two databases in the present study are compared in Figures 5–7 and agree on a remarkably clear signal: in the equatorward side of the high-latitude regions, namely the auroral oval, high-energy electron precipitations cause observable widespread irregularity dissipations in the F region by enhancing E-region conductivity. Nevertheless, the total irregularity power remains high in regions dominated by dissipating density spectra. In other words, the irregularities that are dissipated were originally created by the hard precipitation. Local winter F-region irregularity dissipations caused by conductivity enhancements are interlinked with the occurrence of elevated irregularity power.
Our results clearly show that the in situ detection of steepening density spectra in the F region can be used to probe the complex interplay between particle precipitation and plasma irregularities in the high-latitude ionosphere. We tentatively suggest that severely [image: image] and moderately [image: image] steepening density spectra can act as markers for density irregularities that are respectively connected and disconnected to a highly conducting E region. Hence, more work is needed to assess the role of the moderately steepening spectra. However, the degree to which the SSSI traces the incident hard energy flux statistically is nothing short of excellent (Figure 6A). The fact that precipitating particles produce such distinct signatures visible in the plasma density spectra widens the avenue for utilization of in situ PSD analysis and supports continued application for the detection of steepening density spectra.
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