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Abstract
We present European Incoherent Scatter (EISCAT) observations of spectrally uniform ion line power enhancements (SUIPE), where the up- and downshifted shoulder and the spectral valley between them are enhanced simultaneously and equally. We have identified 48 cases of this type of ion line enhancement in data from the EISCAT Svalbard radar taken during the International Polar Year (extending from March 2007 to the end of February 2008). The SUIPEs are observed at altitudes between 210 km and 280 km with a standard deviation of 9% of the average occurrence height 230 km. The power enhancements are one order of magnitude above the thermal level. The SUIPEs occur at the ionospheric F region density peak with 85% of the cases located within 10 km of the peak. These characteristics are in good agreement with the predictions of a recently published model for soliton-induced ion-line enhancements at the F region peak. The SUIPE occurrence shows a clear preference for magnetically disturbed conditions, with the likelihood of occurrence increasing with increasing K index. A majority of the events occur in the magnetic evening to pre-midnight sector.
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1. Introduction
Incoherent scatter radar spectra from the ionosphere are formed predominantly by scattering of radio waves off ion-acoustic and Langmuir waves. This results in the ion- and plasma lines. Due to Landau damping, the ion lines are broadened and merge into a “double-humped” line with a downshifted and an upshifted shoulder, corresponding to scattering off ion-acoustic waves propagating respectively away from and towards the radar.
Occasionally, when the radar beam is close to parallel to the geomagnetic field, one or both of these shoulders are enhanced up to 4–5 orders of magnitude above the thermal level (Grydeland et al., 2004); this is referred to as naturally enhanced ion-acoustic lines (NEIAL). NEIAL are interpreted as scattering off destabilised ion-acoustic waves and the process was first described by Rosenbluth and Rostoker (1962).
NEIAL were first observed by the Millstone Hill incoherent scatter radar (Foster et al., 1988) and were later seen with the European Incoherent Scatter (EISCAT) UHF (Rietveld et al., 1991), the EISCAT VHF (Collis et al., 1991) and the EISCAT Svalbard Radar (ESR) (Buchert et al., 1999). For further details on NEIAL observations and suggested generation mechanisms, please refer to the review by Sedgemore-Schulthess and St.-Maurice (2001) and references therein.
In the statistical study by Rietveld et al. (1996), NEIAL were typically observed in the F region with an occurrence peak around 500 km altitude and no cases below 300 km altitude with both ion-acoustic shoulders enhanced simultaneously were found. NEIAL are often seen simultaneously over a height range of several 100 km (e.g., Rietveld et al., 1991) and have been observed up to 1900 km altitude (Ogawa et al., 2006).
Michell et al. (2008) reported observations of enhanced ion lines at low altitudes (250–350 km) made with the Poker Flat Incoherent Scatter Radar (PFISR). Using long uncoded pulses, their range resolution was limited to 75 km, which roughly coincided with the altitude range of the enhancements. It is therefore likely that the process generating the enhancements was more localised than what was resolved. Power enhancements of 3–5 times the thermal level were seen and the enhanced spectra showed substantial power enhancement also between the ion line shoulders. Both the associated power enhancements and the altitude extent differ from many NEIAL observations as described above. A recent PFISR study (Michell and Samara, 2010) identified four cases of ion line enhancements between 150 km and 400 km altitude correlated with auroral arcs. None of these cases showed significant asymmetry between the up-and downshifted shoulders, and the spectral region between them was also enhanced. This type of ion line enhancement is possibly similar to those observed by Rietveld et al. (2002) with the EISCAT UHF during a heating campaign. Rietveld et al. recorded an enhanced ion line, which did not correlate with the HF modulation and originated from a thin region that was descending from 310 km to 280 km altitude. The observation was interpreted as a narrow region of natural plasma instability, possibly related to an auroral arc intersecting the radar beam.
The broad-band character of these observations cannot be easily explained in terms of current NEIAL models. Michell et al. (2008) suggested a possible connection to broad-band extremely low-frequency (BBELF) wave activity, based on the auroral morphology accompanying their observations. However, the enhancements reported by Michell et al. (2008, 2009) and Michell and Samara (2010), where both ion-acoustic shoulders and the spectral region between them are enhanced equally and simultaneously, can also be replicated by the recently published spectral-shape-conserving soliton-induced ion line enhancement model by Ekeberg et al. (2010).
Here we analyse observations from the ESR, taken during the International Polar Year (IPY) between March 2007 and February 2008. The experiment used a coded modulation, which enables a study of spectra with high spatial and spectral resolutions. We present 48 ion line enhancement events recorded with 4.5 km altitude resolution, together with the corresponding background electron density and temperature profiles. The events are shown to have an increased likelihood of occurrence during magnetically disturbed conditions and they nearly always occur at the ionospheric F region peak, which is a prerequisite for the applicability of the model by Ekeberg et al. (2010). We describe the characteristics of the enhanced spectra, study the K index and magnetic local time dependence and relate the altitude of their occurrence to the F peak.

2. Observation
The ESR (Wannberg et al, 1997) is a 500 MHz incoherent scatter radar located on Spitsbergen at 78°09′ 11″N, 16°01′44″E. The system comprises two parabolic dish antennae of 32 m and 42 m in diameter. The 32-m dish is fully steerable in azimuth and elevation, whereas the 42-m dish is fixed along the local direction of the geomagnetic field with an azimuth of 181° and an elevation of 81.6°.
Beginning in March 2007, the IPY experiment was carried out using both dishes of the ESR. The experiment used a 32 × 30 γ;s alternating code (Lehtinen and Häggström, 1987) with maximum range and time resolutions of 4.5 km and 6 sec, respectively. It was run until the end of February 2008 and focused on lower heights (<500 km).

3. Analysis
All 5450 hours of the ESR IPY data from the 42-m dish have been analysed according to the method described below. First, the raw data from the 200–400 km altitude interval were integrated to a spatial and temporal resolution of 18 km and 6 sec, respectively. This was done using the EISCAT standard analysis software package GUISDAP (Lehtinen and Huuskonen, 1996). In order to exclude noisy spectra and satellite echoes, a noise baseline proxy was defined by integrating the total power well outside the ion line, i.e. in the spectral windows [−33, −10] kHz and [10, 33] kHz.
The maximum power spectral density PSDmax and the ratio between the power in the ion line window [−7, 7] kHz and the baseline proxy, PR, were then computed for each height. In order to identify the most pronounced enhancements, only those spectra where at least one range gate exhibited PR > 6 and PSDmax > 2 mK/Hz were selected. With a system noise temperature of 70 K over the 67 kHz bandwidth, PSDmax = 2 mK/Hz corresponds to a signal-to-noise ratio of 200%. This sub-group was then re-integrated with the highest available range resolution, 4.5 km, and only those spectra where a single range gate still exhibited PR > 6 were retained. Two-minute time windows centred on each of these enhancements were then searched for additional enhancements; if a window was found to contain at least two more 6-second intervals with PR > 6and PSDmax > 0.4 mK/Hz, the event was retained. Using these criteria, we identified 83 enhanced spectra.
Spectra within 1 minute of one another were considered to be part of the same event. All but the first pronounced enhancement among such multiplets were removed. For each of the remaining spectra, average profiles of electron density, electron temperature and ion temperature were integrated for the 10 min preceding the pronounced enhancement. The difference in height between the spectral enhancement and the local maximum at the ionospheric F region peak was calculated. 48 events of spectral enhancements and their corresponding average profiles of plasma parameters remained. As suggested by the observations of Michell et al. (2008, 2009) and Michell and Samara (2010), there is a possible connection between auroral activity and the type of ion line enhancements presented here. The K index is a measure of magnetic disturbance and in order to quantify a possible relation to auroral activity, the K index was noted for each event.
A spectrally uniform ion line enhancement will conserve the ion line shape, i.e. it will leave the relative levels of different spectral bins in the ion line unchanged. The degree of enhancement uniformity was examined by comparing the relative changes of the power spectral densities at five frequencies evenly distributed between the ion line shoulders to the relative change in total spectral power contained in the ion line over time. Choosing a significance level of 5%, the correlation coefficient between the two sets of ratios was calculated and a least squares linear regression was carried out.

4. Results
The right panel of Fig. 1 shows spectra in one of the events identified in Section 3 observed on 5 April 2007 at 17:14:30 UT; the left panel displays the corresponding pre-event average profiles of electron density, ion and electron temperature and electron-to-ion temperature ratio. The spectral enhancement is localised in height to an altitude range of less than 15 km, occurs close to the ionospheric F region peak and is relatively uniform over the spectral window of the ion line. All these characteristics are different from classical NEIAL observations. The observational differences between a classical NEIAL and the present type of enhancement are exemplified by Fig. 1 in Ekeberg et al. (2010). The ion and electron temperatures of respectively 910 K and 2100 K seen at the density peak both represent typical F region conditions. The electron density at the F region peak was 2.4 × 1011 m−3.
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Fig. 1ESR data from 5 April 2007. (Left) Profiles of ion and electron temperature Ti,e, electron density Ne and electron to ion temperature ratio averaged over 17:04:30-17:14:30 UT. (Right) 6-second average range corrected power spectral density at 17:14:30 UT coded with a grey scale.




Figure 2 shows the time evolution of the spectra measured on 5 April 2007 between 17:14:12 UT and 17:15:00 UT in the altitude range 234–252 km. At 17:14:30 UT (also shown in Fig. 1), the integrated scattering cross sections at 238, 243 and 247 km are enhanced by 6, 15 and 13 times relative to the background level (17:14:12 UT), respectively. The spectral enhancement is relatively uniform but displays a small central peak. Almost no enhancement is seen outside the three middle height gates, corresponding to an altitude range of 14 km. The duration of the major enhancement is less than 30 seconds.
[image: A40623_2015_640070605_Fig2.jpg]
Fig. 2Incoherent scatter radar spectra measured with the 42 m ESR on 5 April 2007. The full time resolution of 6 sec is used and the starting times for each integration are shown for 5 adjacent height gates, which are centred at the altitudes indicated. The x axes show frequency and the y axes show range corrected power spectral density. The spectra at 17:14:30 UT over a longer height range are shown in Fig. 1.




A comparison of the relative changes in the power spectral densities (y) to the relative changes in the spectral powers (x) contained in the observed ion lines was carried out according to the procedure described in Section 3. This gave a correlation coefficient of 0.97, the regression equation [image: $y = |(1.2 \pm 0.064)x - 0.19 \pm 0.33$] with indicated 95% confidence limits, and an associated coefficient of determination of r2 = 0.95.
A statistical overview of the 48 events is shown in Table 1. The duration of an event was defined as the longest time interval, where spectra with PR > 6 were separated by less than 1 minute. The spectral enhancement above the thermal level, occurrence altitude and vertical deviation from the ionospheric F region peak (positive above the peak) are given for the first spectra in each event having PR > 6. F region peak values of electron density, electron and ion temperatures and the electron-to-ion temperature ratio are based on 10 min average profiles preceding the events.
Table 1Statistics on the 48 spectral enhancement events showing event duration, enhancement above the thermal level, altitude of occurrence and deviation from the F region peak (positive above the peak). The four plasma parameters, based on 10 min averaged profiles preceding the events, are given at the F peak. * Value has been rounded from 1.4.


	 	Max
	Min
	Mean
	Median
	Standard dev.

	Duration [sec]
	230
	20
	80
	60
	50

	Enhancement
	40
	1*
	7
	6
	7

	Altitude [km]
	280
	210
	230
	230
	20

	Deviation [km]
	50
	−40
	0.5
	0.1
	10

	Ne [1011 m−3]
	4.5
	1.2
	2.2
	2.3
	0.64

	Te [103 K]
	2.8
	1.0
	2.2
	2.2
	0.30

	Ti [103 K]
	1.4
	0.80
	0.99
	0.96
	0.13

	Te/Ti
	2.8
	1.2
	2.3
	2.3
	0.40





Figure 3 shows the altitude separation between the ionospheric F region peak and the height at which the first enhanced (PR > 6) spectrum in an event was seen. The first enhanced spectrum is used rather than the one with maximum enhancement in order to eliminate as far as possible any bias resulting from the process causing the enhancement. Positive and negative deviations represent events occurring respectively above and below the F region peak. As can be seen, more than 50% of the events occur within 5 km from the peak and 85% occur within 1 standard deviation.
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Fig. 3Distribution of altitude deviations from the F peak for the first spectra with a power ratio PR > 6 in the 48 events. The y axis shows the number of events for 20 5-km-sized bins. Positive and negative deviations represent spectral enhancements occurring respectively above and below the peak.




Figure 4 shows the occurrence of SUIPEs as a function of K index. The occurrence has been normalised to the total occurrence of the respective K values over the year in the analysed data. It is clear that SUIPEs are more likely to occur during magnetically disturbed times.
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Fig. 4Normalised K index occurrence for the 48 events.




Figure 5 presents the event occurrence as a function of hour in magnetic local time (MLT). The occurrence rate has been normalised to the amount of analysed data for each respective hour. It can be seen that SUIPEs preferentially occur during magnetic local evening to midnight with 72% of the events taking place between 17 MLT and 00 MLT. During the subsequent 7-h interval (00–07 MLT) 22% of the events are found. Between 10 MLT and 15 MLT, no events were seen.
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Fig. 5Normalised MLT occurrence for the 48 events.





5. Discussion
We have identified and studied 48 spectrally uniform ion line power enhancements (SUIPEs) distributed over a contiguous 12-month period. As seen in Table 1, the SUIPEs are observed at altitudes between 210 and 280 km with a mean and a standard deviation of 230 km and 20 km, respectively. The enhancements are one order of magnitude above the thermal level. The high correlation coefficient (0.97) between the relative changes in the power spectral densities of the ion line (y) and the ion line integrated power (x) and the regression analysis show a close resemblance of a one-to-one relation between y and x. This indicates a high degree of spectral enhancement uniformity, in other words, the generation mechanism enhances both shoulders and the spectral region between them simultaneously and equally. Event durations of the order of minutes rule out the possibility of the signatures being associated with satellites. The mean values of electron density and electron and ion temperatures at the F region peak preceding the events are respectively 2.2 × 1011 m3, 2200 K and 990 K, representing typical conditions in the F region.
An example sequence of spectra taken on 5 April 2007 between 17:14:18 UT and 17:14:54 UT showed a scattering cross section enhancement at 243 km altitude of more than 7 times the value at the beginning of the time interval. The corresponding cross section enhancement in the neighbouring height gates (238 and 247 km) reached a maximum of5 times.
As shown in Fig. 3, the enhanced spectra are essentially co-located with the ionospheric F region peak. The average deviation is 0.5 km and more than 50% of the cases occur within 5 km of the peak and 85% within 1 standard deviation (10 km). The spectral enhancements are localised in height and are often concentrated to an altitude range of less than 20 km. None of the current NEIAL models have been shown to generate a broad-band spectral enhancement and have not been related to the F region peak. However, the fact that the events occur at the F region peak supports a recently published model (Ekeberg et al., 2010), where solitary structures generated by magnetic field perturbations were suggested as a possible generation mechanism for the type of uniform enhancements presented here. Supported by a pumping electron beam, the one-dimensional model by Ekeberg et al. (2010) describes how compressive solitary structures could transport plasma into the radar beam and enhance the scattering cross section. In the absence of vertical gradients, the model is valid over a range of altitudes. This condition is fulfilled in the vicinity of the F region peak, which could explain the strong localisation of the observed enhancements. The model parameters are representative of those seen in the present observations and predict enhancements of one order of magnitude above the thermal level, in good agreement with the observations.
Figure 4 shows that SUIPEs are more likely to occur during magnetically disturbed times, possibly related to auroral activity in the vicinity of the radar beam. This is in agreement with the observations of Rietveld et al. (2002) and Michell and Samara (2010), where the spectral enhancements were seen either during generally enhanced auroral activity or were directly correlated with auroral arcs intersecting the radar beam. Since electron beams and a perturbed magnetic field are both features of active aurora and also prerequisites for the Ekeberg et al. (2010) model mentioned above, auroral activity may drive solitary structure formation and subsequent SUIPE generation.
In Fig. 5, it is seen that SUIPEs preferentially occur during magnetic local evening to midnight with 72% of the events taking place between 17 MLT and 00 MLT. The spectral enhancements presented by Michell et al. (2008, 2009) and Michell and Samara (2010) are similar to those in this study and all occurred between 20 MLT and 00 MLT. It should be stated, however, that in those studies, only magnetic nightside radar data were considered.
The spectral enhancements reported by Michell et al. (2008) and Michell and Samara (2010) were not accompanied by pronounced F region density peaks. Instead, the authors related the spectral enhancements to the background electron densities. Their reported electron densities (5 to 30 × 1010 m−3) match the lower end of the range of F peak densities given in Table 1. Although, there may be a threshold electron density for generating this type of spectral enhancement, this is not sufficient to explain the strong co-location with the F peak, as exemplified by Fig. 1. However, the spectra in the studies of Michell et al. (2008) and Michell and Samara (2010) were averaged over a 70 km altitude range and the enhancements were centred on altitudes likely to bracket the F region peak. We therefore suggest that their observed spectral enhancements are similar to those presented here and possibly generated by the Ekeberg et al. (2010) soliton mechanism.
Many of the enhanced spectra exhibit a small central peak at or close to zero Doppler shift, i.e. symmetrically located between the ion line shoulders. Such peaks are frequently seen in ionospheric HF heating experiments (Stubbe et al., 1992) and in some NEIAL observations (Forme et al., 1995). The central peak has been studied in numerical models of Langmuir turbulence, where it has been interpreted as due to scattering off stationary density structures (e.g., DuBois et al., 1991; Guio and Forme, 2006) or due to the modulational instability (Sprague and Fejer, 1995). However, whereas signatures of the modulational instability are always present and strong in EISCAT UHF (931 MHz) observations, they are weak or undetectable in EISCAT VHF (224 MHz) observations. The present study is based on data from the ESR which operates at 500 MHz. It is not clear how pronounced the effects of a modulational instability are expected to be at this intermediate spatial scale. Nevertheless, in a region with weak density gradients, the diffusion time, and therefore the lifetime of density structures, is long. Therefore, the near absence of vertical density gradients near the F region peak will support both transversely propagating solitary structures and stationary structures. As can be seen in the time sequence in Fig. 2, there are, even though sometimes very weak, signs of a central peak in many of the spectra, both before and after the most pronounced enhancement. We interpret this as that the central peak was present before the enhancement process was initiated. The enhancement mechanism suggested by Ekeberg et al. (2010) would equally and simultaneously enhance both ion-acoustic shoulders and the spectral region between them, including the central peak, and therefore conserve the spectral shape.

6. Conclusions
We present an analysis of 48 spectrally uniform ion line power enhancement events, extracted from 5450 hours of ESR IPY incoherent-scatter data using stringent selection criteria. The enhancements are statistically demonstrated to be uniform, in that both ion-acoustic shoulders as well as the spectral region between them are enhanced simultaneously and equally by one order of magnitude above the thermal level. Most events occur between local magnetic evening and local magnetic midnight. There is a clear preference for this type of uniform power enhancement to occur during magnetically disturbed times, possibly indicating an association with auroral activity in the vicinity of the radar beam.
Most importantly, the enhancement events are also statistically demonstrated to be essentially co-located with the ionospheric F region peak, with a standard deviation of only 10 km or about twice the altitude resolution of the IPY experiment. This fact strongly supports the solitary wave enhancement mechanism hypothesis first suggested and modelled by Ekeberg et al. (2010). The virtual absence of vertical electron density gradients in the immediate vicinity of the F peak makes this altitude region optimal for the formation of vertically extended compressive solitary waves, which propagate transversely across the geomagnetic field and carry compressed plasma into the radar beam, thereby enhancing the whole ion line uniformly by one order of magnitude above the thermal level.
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