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Abstract. A comprehensive 2-year dataset collected with thel Introduction

Poker Flat Incoherent Scatter Radar (PFISR) located near

Fairbanks, Alaska (MLAT = 654N) is employed to identify

and analyse 22 events of anomalous electron heating (AEHf\nomalous electron heating or AEH represents an impor-
in the auroral E region. The overall AEH occurrence prob-tant example of how small-scale plasma instability processes
ability is conservatively estimated to be 0.3% from nearly- €an impact directly and dramatically ionospheric properties.
continuous observations of the E region by PFISR, althougAEH has been first discovered using an incoherent scat-
it increases to 0.7-0.9 % in the dawn and dusk sectors wherter radar (ISR) at Chatanika, Alaska as strong enhancement
all AEH events were observed. The AEH occurrence vari-Of the electron temperatur& in the high-latitude E re-
ation with MLT is broadly consistent with those of events 9ion (Schlegel and St.-Mauricel981 St.-Maurice et al.
with high convection velocity ¥ 1000ms?) or electron 1981 Wickwar et al, 198]). It has been since observed by
temperature% 800 K), except for much smaller AEH prob- other ISR facilities including the European Incoherent Scat-
ability and absence of AEH events near magnetic midnightter (EISCAT) systemigarashi and Schlegel987 Williams

This suggests that high convection electric field by itself is &t al, 1992 St.-Maurice et a].1999), the Millstone Hill ISR
necessary but not sufficient for measurable electron heat(Foster and Ericksqr2000, and the Sondrestrom ISR({-

ing by two-stream plasma waves. The multi-point observa-likh et al, 2006 Bahcivan 2007). AEH has also been ob-
tions are utilised to investigate the fundamental dependencgérved by coherent auroral radars as strong enhancements in
of the electron temperature on the convection electric field the irregularity phase velocity assumed to be relatef toa
focusing on the previously-proposed saturation effects at exitS dependence on the ion-acoustic speed (diglsen and
treme electric fields. The AEH dataset was found to ex-Schlegel 1985 Makarevich 2008 and by riometers in the
hibit considerable scatter and, on average, similar rate of th@olar cap as elevated cosmic noise absorption relatdd to
electron temperature increase with the electric field up tovia collision frequency $tauning 1984 Stauning and Ole-
100mV nt! as compared with previous studies. At higher Sen 1989.

(highest) electric fields, the electron temperatures are below The electron temperature enhancements were found to
the linear trend on average (within uncertainty). By employ- correlate with the convection electric fiel or the E x B

ing a simple fluid model of AEH, it is demonstrated that convection velocityVy and exhibit an approximately lin-
some of this deviation from the linear trend may be due to€ar increase ofe with Vi for sufficiently large driftsVy >

> USY . 1 il -
a stronger vibrational cooling at very large temperatures and®00 ms = (Williams et al, 1992. It was clear right from
electric fields. the start though that the electron temperature increase was

too strong to be accounted by the Joule or particle heating
alone and a mechanism involving electron heating by unsta-
ble waves was propose8t(-Maurice et aJ.1981). The mea-

sured electron temperature relationship with the electric field
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was successfully reproduced for large convection drifts us-bination rates$chlegel 1982 causing a gradual increase in
ing both kinetic Et.-Maurice and Schlegel982 Robinson  Ne (Milikh et al., 2006.

and Honary1990 and fluid Robinson 1986 Robinson and The deployment of the Poker Flat Incoherent Scatter Radar
Honary, 1993 models of AEH. Most of these earlier models (PFISR) system near Fairbanks, Alaska provided additional
invoked anomalous diffusion process8silan1983 occur-  opportunities to re-examine AEH processes as described be-
ring during development of the modified two-stream insta-low. First, PFISR is capable of providing nearly-continuous
bility (MTSI), also known as the Farley—Buneman instabil- measurements of the electron temperature in the E region
ity. It has also been realised that perpendicular anomalousvith reasonable temporal resolution of 2-5 min, which al-
wave heating cannot be solely responsible for all of the eleclows to estimate the overall AEH occurrence probability and
tron temperature increase (eJanhunenl994 and that par- examine AEH occurrence trends. Second, the temperature
allel electric fields must be involveds{.-Maurice and La- measurements are routinely conducted in conjunction with
her, 1985. More recently, the AEH models have been ex- the electric field measurements with good spatial resolution
tended to include effects of turbulent electric fields and non-in MLAT of 0.25°, which allows to re-examine the funda-
Maxwellian electron distributiond@imant and Milikh 2003 mental Te-vs.-E relationship using a new extensive dataset.
Milikh and Dimant 2003 Bahcivan et a].2006 Dimantand  Third, the Advanced Modular design of PFISR allows quick

Oppenheim2011g Oppenheim and Diman2013 with nu- electronic beam-steering so that the electron temperature can
merical modelling results showing a somewhat steeper inbe measured at several beam positions quasi-simultaneously,
crease off, with E (Milikh and Dimant 2003. which enables 2-D and 3-D imaging of the local ionosphere

Experimental studies focused on analysis of individual (Semeter et al.2009. For the purposes of the AEH study,
AEH events that were found during strong geomagnetic dis4it means that electron heating processes near the E region
turbances $chlegel and St.-Mauricel 981, Milikh et al., peak can be examined in 2-D context and spatial and tempo-
20086 Bahcivan 2007 and were associated with either wide ral variations can potentially be separated.
regions of enhanced electric fields or narrow convection The main aim of the current study is to investigate anoma-
channels in the vicinity of auroral arcs\Mlliams et al, lous electron heating in the auroral E region utilising nearly-
1992. The approach in deriving electric fields included continuous and coincident observations of the electron tem-
beam-swinging technique using multi-point ion drift mea- perature and the convection electric field by PFISR. The spe-
surementd; (Schlegel and St.-Mauricd981) and tri-static  cific objectives are: (1) to estimate the overall AEH occur-
ion drift measurementsWilliams et al, 1992 as well as  rence probability and analyse AEH occurrence trends, and
proxy E estimates from coherent backscatter povas(er  (2) to re-examine the fundamental relationship between the
and Erickson2000 and the F region ion temperatufe(St.- electron temperature and the convection electric field using
Maurice et al. 1999, or some combination of thosBéhci-  the Advanced Modular ISR system, focusing on departures
van 2007). Even though AEH has been long accepted as a@rom the expected linear trend in this relationship.
fact of life in high-latitude ionospheric phenomenolo@t.¢
Maurice et al. 1999, it is still largely unknown what local
conditions are conducive to its occurrence, apart from en2 Experiment description
hanced convection, or even how often AEH occurs.

The electric fieldsE at which the electron temperature The ISR dataset employed in this study comprised the data
exhibits a linear relationship wittk have been shown to from the PFISR system located at the Poker Flat Research
be generally between 30-120 mV'fy with larger E val- Range (65.13N, 147.47 W, MLAT =65.4° N) near Fair-
ues very rarely observed. An interesting issue raised recentlpanks, AlaskaHeinselman and Nicol|2008. PFISR is a
is a possible departure from this linearity or even satura-phased-array system with narrow beam that can be steered
tion in the MTSI wave heating at extreme electric fiekls- electronically in many directions within the viewing area.
120 mVnt! (Bahcivan 2007). Even though no evidence for Data from multiple beams can be collected nearly simulta-
this effect has been found so far, the potential importance oheously (sequentially on a pulse-by-pulse basis, but with a
this effect to modelling efforts makes further investigations very high time cadence) within the same integration period.
into the fundamental relationship betweBmandE a useful ~ PFISR has been in routine operation since 1 March 2007 and
effort, particularly utilising the largest possible extent of the the current study considered the data in 2010-2011. This was
electric field. the period with the most recent processed data with nearly-

Arelated issue in this context is how the signal-to-noise ra-continuous yearly coverage, predominantly high temporal
tio (SNR) measured by an ISR system and inferred electromesolution of 3—5 min, and significant geomagnetic activity.
density Ne depends on the electron temperat@igeand the In this study, only the data from the two following se-
electric fieldE. In addition to the two well-known effects of ries of PFISR modes were employed: (1) the International
(1) SNR depending offie and (2) Ne anti-correlating withE Polar Year (IPY) mode data collected using low-duty cycle
near precipitation regions, enhancédmay reduce recom- (Sojka et al. 2009 and (2) the Time History of Events and

Macroscale Interactions during Substorms (THEMIS) mode
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Fig. 1. PFISR experiment configuration f¢a) and(b) IPY17 and(c) and(d) Themis31 modes. Shown are the PFISR beam(g)imand

(c) geographic angb) and(d) geomagnetic coordinates corresponding to the alternative coding (AC) data. The start of the gate nearestto a
110-km altitude is shown by a circle for each beam. The standard PFISR beam identification is also given by the digits near the maximum
altitude coordinates. The grey-shaded areébjnand (d) shows magnetic latitudes with convection ion velocity and electric field vectors
from the long pulse (LP) data.

data used for substorm studieyd@ns et al, 2009. The for- PFISR data were collected in 4 (13) beams, as illustrated in
mer included only the IPY17 variation of the IPY mode and Fig. 1.

the latter included variations THEMIS30 and THEMIS31, as Both modes used 2 sets of interleaved pulses: a long pulse
well as Lyons30, a slight modification of THEMIS30. Fig- (LP) with 72 km range resolution designed for F region stud-
ure 1 shows representative footprints of the PFISR beams ires and an alternating code (AC) pulse with 4.5 km resolution
both series in (a) and (c) geographic and (b) and (d) geomagdsed for E region studies. In this study, we employed the AC
netic coordinates. The standard PFISR beam numbers amata for the electron temperature and density products near
shown by the digits near each footprint. The IPY (THEMIS) 110 km. Figurel shows footprints corresponding to the AC
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Fig. 2. (a)Normalised heating and cooling rates versus the electron temperature. Red lines are the heating rat@faindted by the

electron densitye for different values of the convection drift spe€g. The blue and green lines are (from top to bottom): total cooling rate,
cooling due to vibrational excitation of Nand &, cooling due to elastic electron-neutral interactions, cooling due to rotational excitation

of N2 and G, and cooling due to fine structure excitation of O. Red circles indicate balance temperatures between heating and cooling.
(b) Various model dependencies of electron temperature versus convection drift velocity. The solid line shows the results of the current fluid
model from pane(a). Other selected model results are also shown as indicated igb~&nd explained in the text.

data only, and the range gate nearest to 110 km is shown b$ Anomalous electron heating models
a blue circle for each beam.

In the present study, the standard electric field data corgeyera| past experimental studies reported on the linear rela-
rected for the neutral motions were also employed. These es;onship between the electron temperature and the convection

timates were obtained from the line-of-sight ion velocity LP gjactric field above the MTSI threshold of 20—30 mvin
data using a method described Hginselman and Nicolls (e.g. Williams et al, 1992 Bahcivan 2007). While theo-

(2008. The electric field data were available in the grey- regica| efforts were generally in excellent agreement with
shaded areas in MLAT in Figlb and d. The 3-D electric  {hege results, matching closely the experimentally-obtained
field vectors are obtained from the ion drift components inends of Te-vs.-E, very few of those have considered ex-
LP gates above 150 km in altitude by fitting and binning in {reme electric field values of 100 mV nT1 (or convection
MLAT; these estimates are most accurate close to the “midyyifts Ve of >2000ms?). Robinson and Honary1993
dle” beams (64xxx) or near MLON of 266.2&. For the  ~ynsidered drifts/g of up to 2400 ms? (E = 120 mV T %)
occurrence part of the current study, we employed the stanang their results based on the fluid formalism did show a
dard data products at 15min (IPY in 2010), Smin (IPY in gomewhat slowefs increase at 110km at the highest val-
2_011), and 3 min (THEMIS), because_re-analy5|s_ of the eny,qg of V& = 2000-2400 mst (see their Fig. 2). In order to
tire 2-year PFISR dataset at a better time resolution was ngfroyide a meaningful theoretical framework in which to in-
feasible. For all identified AEH events however, the PFISRehret our observations and theoretically investigate whether
data were re-analysed at a 2min time resolution and withyig formalism can produce a considerable deviation from
minimum assumptions in the ISR spectrum fitting (€.9. With- {he |inear trend, in this section we aim to reproduce and ex-
out assumindle = T;). The focus of other parts of the cur- eng their calculations to even higher convection drifts.
rent study was thus solely on the higher-time-resolution data  gjgyre2a illustrates the method employed. The normalised
at 2 min integration, Sech. For further details on technical cooling ratesQ/Ne were calculated for different values of
specifications of the PFISR system the reader is referred tQactron temperature& and these are shown by blue and
Heinselman and Nicoll{2008. green curves in Fig2a. In finding these rates we used
standard expressions for the various cooling rates given by
Schunk and Nagy1978 and neutral densities obtained from
the MSISE model run for this locatiorHédin 1997). The
model neutral densities were corrected by a factor of 1.43 to
yield the same ion collision frequeney, = 870! as that
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used byRobinson and Honarfd993 in their calculations at model trend. This is due to an introduced correction required
110 km. In using the corrected neutral densities we followedfor the non-Maxwellian case. For the Maxwellian case, the
St.-Maurice et al(1981) who employed a very similar cor- dashed trend is consistent with other models. One should also
rection method. From Figa, the cooling due to vibrational note that the fitted PFISR products includifiguse a spec-
excitation of b and @ dominates in the total cooling rate trum model assuming a Maxwellian distribution and that the
and its rate of increase changes quite dramatically betweeAEH model byMilikh and Dimant(2003 conveniently ac-
T, = 1800—2000 K. counts for this by computing effective electron temperatures.
The heating rates for various drifigz were also calcu- Itis expected that the PFISR-measufgavill be somewhere
lated using the method described Bgbinson and Honary between these two trends depending on electron distribution.
(1993 based on earlier works biobinson(1986 and Su- The presented extension of the previously-developed AEH
dan(1983. In addition to the above;j, value, in these cal- model towards higher drift velocities provides a useful
culations we also used the electron collision frequengigs framework for comparing with observations. The AEH
obtained from expressions given 8ghunk and Nagy1980 model produced significantly smaller rates of increase at
with the same model neutral densities as those used in thiarger drift values, with the model curve deviating from the
cooling rate calculations. Here we included both the normallinear trend derived from moderaté: values. This mod-
frictional heating and anomalous heating effects, representedlling result is somewhat unexpected considering that most
by the first and last terms, respectively, on the right-hand sidether studies were in agreement with the linear trend. It was
of Eq. (9) fromRobinson and Honar{1993. consistent however, with the hint of a similar effect observed
The obtained normalised heating rates are shown by thén the modelling results reported Bobinson and Honary
red curves in Fig2a. The heating rates increase witp but (1993.
decrease witlTg; this is mostly because the anomalous heat-
ing rate is proportional t¢Vg — Cs)?, where the ion-acoustic
speedCs = +/(Te+ T))/mi. The heating rates are negative
for the smallestVz values starting from a certaifi; this 4 Occurrence of electron heating events
is simply a consequence of this AEH model not being able
to yield large enough anomalous heating at these relativelyn this section, the statistical results on the AEH occurrence
small drifts. This artefact of the method had no effect on ourtrends are presented starting with a description of the method
calculations since all balance temperatures were obtained atsed to identify AEH events. The PFISR data collected in
positive heating values. the field-aligned beam 64157 were analysed to produce the
The electron temperatures that resulted in the balance ofiumber of AC data points within each hourly interval within
the heating and cooling rates were found for each drift ve-the considered gate of the 110 km altitude. Next, for all daily
locity and these are shown by the red circles in P@y.The  intervals all “high7e” points at 110 km were identified and
same points are shown in Fgp as the solid blue curve. Also counted. These were defined as AC data points With
shown are model trends taken from three other studies as irB00 K. A number of highFe points in a sequence was also
dicated on the diagram. There is some difference between theounted.
current model trend and the trends taken fri@obinson and An AEH event was defined as a period with (1) the total
Honary (1993 andBahcivan(2007), but this is entirely due  number of high?e points exceeding a certain critical number
to a different magnetic field magnitudused in our calcu- n¢ dependent on time resolution, (2) the total number of se-
lations at MLAT =6% (5.4 x 10 °T vs. 50 x 10~°T). This quential highT, points being greater or equal than a certain
is because heating rates depend on the ion gyrofrequenagritical numbemseq (3) median time between highspoints
Q; (or, more specifically, on the ratia,/ ;) even though  not exceeding a critical valug,, and (4) the total duration
cooling rates are independent®f The same modelling con- of an event not exceeding 6 h. The 3 critical values adopted
ducted withB = 5.0 x 10~> T shows a perfect match of the were: 2, 2, and 20 min for IPY17 data at 15 min resolution
3 models at/z = 400-1800 msl. (in year 2010); 5, 3, and 15 min for IPY17 data at 5min (in
One can see that the current model trend is approxiyear 2011); and 3, 2, and 10 min for all THEMIS data. The
mately linear between 800-1800 m's However, at larger  different selection for the 3 critical numbers were needed be-
drift speedsVy > 1800ms?, the rates ofl increase with  cause of the different time resolutions. In all cases, the iden-
Ve become significantly smaller so that the solid curve devi-tified events were “true” AEH events, that is high-mea-
ates from the linear trend. The reason for this change in thesurements occurring in sequences, rather than spufigus
rates of increase is the earlier-noted change in the coolingnhancements that were separated in time and observed over
due to vibrational excitation. an extended period. This was verified by manually examin-
Finally, two trends are shown for the model l§likh and ing all daily plots of the electron and ion temperatures and
Dimant (2003. The upper (lower) dashed line is for non- convection electric fields during the 22 unique AEH events.
Maxwellian (Maxwellian) electron distribution. The upper In all 22 events, th& enhancements were observed in other
trend yields a generally higher rate of increase than any otherange gates within the E region (not just at 110 km). They
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were also accompanied by tlieenhancements in the Fre-  All 22 AEH events are shown by the diamonds (IPY)
gion and strong electric fields at the MLATSs of interest. and asterisks (THEMIS) in Figla and b and by the colour
Figure 3 illustrates 2 examples of AEH events found. bars in Fig.4c and d. The enhanced convection drift peri-
It shows the PFISR data collected in the field-alignedods (Vz > 1000 ms1) close in time to AEH events are also
beam 64157, Fidl. The AEH interval (defined as described shown by the red bars in Figic and d. The AEH occur-
above) is shown by the blue bar and black vertical lines.rence probability is shown in the top of Fidgc and d sep-
In both top panels it encompasses flieenhancements at arately for the IPY and THEMIS modes and for all modes
110km (white horizontal line) as well as associafaden- combined. The probability was calculated as the total num-
hancements at other heights. The pink line shows the timéer of hours within AEH events divided by the total number
variation of 7 at 110 km in arbitrary scale which is the same of hours when PFISR operated either in the IPY or THEMIS
for both events. The maximum value in K is given near the mode.
peak of each line. The overall rate of AEH occurrence was0.3%. The
Both events were accompanied by strong convection veAEH events were only observed near equinoxes and at
locity, as shown in the middle-row panels. The convection00:00-08:00 UT or 14:00-20:00 UT (13:00-21:00 MLT or
drifts were estimated as described in S&tthey were in ~ 02:00-09:00 MLT). The distribution was fairly symmetric
excess of 1000 mg during the entire AEH interval for the  with respect to 00:00 MLT in 2011. In 2010 however, all
1st event (these periods are shown by the red bars at the bo&EH events found were in the evening sector, which is a puz-
tom of middle-row panels) and for a significant fraction of zling discrepancy. One factor is lower solar and geomagnetic
the 2nd event interval roughly coinciding with the times of activity that was observed throughout 2010; the other factor
peakTe. The time variation ofVg at 66.0 is shown by the is well-known differences in morphology between eastward
pink line in arbitrary scale. This was the first MLAT bin with (pre-midnight) and westward (post-midnight) electrojets and
consistently good’r data and even though the MLAT @§ associated E region wave activity (e.g. reviewHsjer and
measurements was somewhat smahe65.3°, Fig. 1b), the Kelley, 1980.
correlation analysis presented in Sécshowed that this was All AEH events were associated with the periods of en-
the best possible conjunction between ffaeand Vr mea- hanced convection shown by the red bars in Bggand d, as
surements in this mode. As such, the time evolution§of expected. Interestingly though, the occurrence of enhanced
and Vr were quite similar, with the maiff, and Vz peaks  convectionVr > 1000 ms! appears to be a necessary con-
observed at the same time. dition but not sufficient, as in many cases red bars started
The bottom-row panels show the electron denafigyn the earlier than blue or green bars; the same feature was also ob-
same format as the electron temperature plots. The 1st eveserved in Fig.3 for a small sample of events. One should
shows a deep drop iVe accompanying thd, and E en- also bear in mind that in this presentation the blue and green
hancements, a clear example of the expected anti-correlatiobars indicate AEH intervals from start to finish rather than
betweenNe and E. In the 2nd event, a drop iNe was also  actual7e enhancements which may refer to a smaller frac-
observed, but here tHg peaks were observed at the begin- tion of the AEH interval (e.g. event 20110926). This is in
ning (~ 16:00 UT) and at the end«(17:00 UT) of the inter-  contrast with the red bars of enhanced convection that show
val with depleted density. In both events, the stron@esin-  actual Vg enhancements. This further strengthens the above
hancements were observed between the regions of enhancadyument about enhanced convection being only a necessary
density which, in this time sector, were likely to be causedcondition.
by strong electron precipitation. From Fig. there appears The value of V; =1000ms? is well above both the
to be a positive correlation observed betw@gand Vg and MTSI threshold velocity and the minimum drift velocity at
negative correlations betwe&pandNe and betweetvy and which AEH was observed in the past (eWilliams et al,
Ne. 1992. In fact, this drift value closely corresponds to fhe=
Figureda and b shows the time periods covered by PFISR800 K value from Fig2b which was selected for AEH iden-
in either IPY or THEMIS mode by the yellow stripes. The tification in the current study. For this reason, one generally
total percentages covered were 45 % and 30 % in 2010 in thexpects the periods with > 800K andVg > 1000ms? to
IPY and THEMIS modes, respectively. The overall coveragestart at approximately the same time for exactly coincidgnt
was 74 % in 2010 and 75% in 2011. Figdieand d presents andVg data. The absence of exact spatial match between the
a similar analysis but in UT (with both modes combined). T, and Vg data may be responsible for some temporal shifts
These diagrams show that the coverage by PFISR was apietween the high and high¥x periods, but one should still
proximately uniform both in season and in UT. There was asee a general agreement. The events showifigiacrease
small bias towards daytime observations in 2011, but nightwell within the period of highVg in both Figs.3 and4 may
time coverage was still in excess of 60 %. The only 2 gaps oftherefore indicate that some other condition(s) must be satis-
more than 10 days were in 7—20 July 2010 (PFISR maintefied for T to increase in line with the expected model trend
nance period) and in 1-11 August 2011 (D region focussedllustrated in Fig.2b.
runs).
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Fig. 3. Examples of anomalous electron heating (AEH) events. The three rows represent (from top to bottom): AC electron temperatures in
the field-aligned beam 64157 versus UT and altitude, LP ion velocity for various MLAT bins, and AC electron density in beam 64157. The
colour bars are shown to the right of each row. The black-white line shows an altitud& X km for theTe and Ne datasets and a MLAT

of 66.0° for the V¢ dataset. The pink line shows time variation of the corresponding parameter at the bin shown by the black-white line in
arbitrary scale. The maximum parameter value is shown by the digits near the peak. The dark red horizontal lines at the bottom of the middle
row show intervals with/z > 1000 ms . Black vertical lines and colour stripes show the AEH intervals.

This is further investigated in Fi¢.that shows occurrence As discussed above, one expects a reasonable match be-
probabilities of (a) high convection velocity at MLAF 66°, tween periods of highVg and T, in terms of their diurnal
(b) high electron temperature at 110 km in beam 64157, andvariations and typical probability values and this is what is
(c) AEH hourly intervals versus MLT. The occurrence prob- observed in the first two panels, where the red histograms
abilities of highVg and T, were estimated by counting all show very similar values and variations with MLT. The in-
PFISR measurements in 2011 that were above a certain lowdormation aboutVg distribution and occurrence of highg
limit for each hourly bin and dividing by the total number measurements is important not only for the current study but
of measurements in that MLT bin. Similarly, the AEH prob- also for the E region irregularity studies in general. This is
ability was estimated as the number of AEH hourly inter- because electric fields in excess of 20-30 mM#n{Vy =
vals in 2010-2011 divided by the number of hourly intervals 400-500 ms?) are required for generation of the primary
covered by PFISR. The overall AEH occurrence probability MTSI waves and these estimates can be therefore used as a
was also estimated and for this combined dataset it was 0.3 %irst-order approximation for the occurrence of irregularities
(dotted line in Fig5c), which agrees well with the more rig- generated directly by the MTSI. This information is rarely
orous estimates given in Fidgc and d. available and nearly-continuous PFISR observations provide

www.ann-geophys.net/31/1163/2013/ Ann. Geophys., 31, 116B#§ 2013



1170 R. A. Makarevich et al.: PFISR observations of electron heating

100
AEH Occ : :0.123%
2010 74% (a) 90 | AEH Occ IPY: 10.161% (C)
9 :
45% 80 3
. J——|—|_L|—‘L'—|_L|_"|—'_'
S 60 :
[}
g 50
< il ’g) : MMDD
z :
o 40 - 0406
30 IPY17 0529
I-i Vi > 1000 m/s 0530
20 L ] 1012
10 :
00 MLT
| | . s s N N N s 108 P S S
10.267%
2011 |75% ) omme  (d)
0 :
66% 80
70
o - - ! 0311
°\, 60 : - 0406
& L b : 0420
L g 50 { - :
< LoiiR e > ¢ < [ : - 0909
8 40 I E 0910
-+ : 0913
30 : - 0926
20 e | 1005
0@ — ! : 1025
- 1101
. . . A . . . . . 0 P S S R S
0 30 60 90 120 150 180 210 240 270 300 330 360 0 2 4 6 8 10 12 14 16 18 20 22 24
Day of Year Universal Time

Fig. 4. PFISR coverage in 2010-2011 vergayand(b) time from start of the year an@) and(d) universal time. The vertical dashed line
in (c) and(d) shows magnetic midnight. The yellow areagafpand(b) show PFISR operating in the IPY or THEMIS mode. The diamonds
(IPY) and asterisks (THEMIS) in the middle show identified AEH events. The percenta¢gsand (b) represent total coverage by both
modes combined (top, red), by the IPY mode (blue, middle), and by the THEMIS mode (green, bottom). If@aared¢d), the colour
stripes show the AEH intervals in UT, while the red lines show intervals of elevidted 1000 msL. The AEH events in the MMDD
format are given at the right of pandts and(d). The percentages {i¢) and(d) show occurrence probability of AEH events for both modes
combined and for each of the two modes.

important context for predicting when these irregularities areemploying multi-beam observations with PFISR it is possi-
expected. ble to achieve this by matching the AC range gate with the
Comparing occurrences of highiy and T, with that of  closest MLAT bin. Analyses of matched observations in mul-
AEH events, one can notice a general agreement in terms dfple points would then provide a useful 2-D context for AEH
their diurnal variations, i.e. AEH events were observed neaiinvestigation, and in this section the results of this analysis
the peaks of high/g occurrence, as expected. One impor- are presented.
tant exception was however, that no AEH events were ob- Figure 1 shows that different PFISR beams have differ-
served on both sides of 00:00 MLT. Occurrence of both highent nominal MLAT bin matches with the AC range gate of
Vg andTe was reduced in this time sector, but certainly not 110 km. To investigate whether these nominal bins were also
to the same extent as the AEH occurrence was. The morthe bins with largeste—E correlation, the rank correlation
striking difference was that the AEH occurrence was at leastoefficients were calculated for each event betwEemea-
one order of magnitude smaller than relevant occurrences afurements in each beam at 110 km a@haneasurements at
PFISR measurements wilty > 1000ms? or 7, > 800 K. various MLAT bins. The data in the first two MLAT bins
The possible reasons for these discrepancies are discussedvirere not considered here as those bins had large errdis in
Sect.6.1 because of the pointing geometry of ion drift velocity vectors
that fall into those bins. The correlation analysis (not shown
here for brevity) generally confirmed that the nominally-
5 Multi-point observations of electron heating events matched MLAT bin from experiment geometry was also the

) MLAT bin with the bestTe—E correlation. In the following
In analysing the electron temperature dependence on the COBnalyses of thde-vs.-E relationship we therefore used the
vection electric field itis essential to achieve the best possibleg 4ata from these MLAT bins only.

spatial match between these two types of measurements. By
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Fig. 5. Occurrence probabilities versus MLT f¢a) high convection velocitWg, (b) high electron temperaturgs, and(c) AEH hourly
intervals. The overall AEH probability of 0.3 % is marked by a dotted line in péel

Figure 6a and b presents the measured relationship be{standard deviation) values for each bin. The 3 model de-
tweenTe andE in the IPY mode in 2011 for beam 65066 (az- pendencies from Fi@ are also given, as well as the current
imuth 75.03 N, elevation 65.58, Fig. 1). Out of 3 datasets model results at 108 km. Figurés and d present fractions
for different modes, this was the most extensive dataset withof points that were, within uncertainty, in agreement with
10 AEH events and 1560 points including 35 points with (green), below (blue), or above (red) the model trend for two
extreme fieldsE > 120 mvnt L. Out of 4 IPY beams, this  of these models.
beam had the large§t—E correlation (0.76 for all points The majority of points lie in the sector roughly centred at
and 0.6 forE > 40mVnr1). As mentioned in Sec®, both  the expected linear trend shown by the dotted line, Big.
the AC data onle and Ne and LP electric fields were ob- There is no clear pattern in points based on their background
tained from re-analysed AEH dataset at 2 min time resolu-electron density represented by the colour, although one can
tion. Following Williams et al.(1992), all points with elec-  perhaps see that many points with the lowest densities (blue)
tron densities below810'°m—3 were excluded. In addition, ~ are located farther away from the model trends. If the above
points with very largdle uncertainties were excludedi7 > limitation of Ne > 3 x 101°m~2 is removed, then even more
1000K; 8Te/ Te > 100 %). Figureba also presents informa- points appear in these areas away from the trends, which
tion about the electron density by the colour-coding, while may imply that higheiVe threshold is needed in some cases.
Fig. 6b shows the data binned in incremefts= 10 mV 1. Since results of this analysis conducted with a higher density
The grey circles (vertical bars) in Figb show the mean
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Fig. 6. (a)and(b) Electron temperatur&e versus electric fieldZ in beam 65066 for all AEH events identified in the IPY mode dataset in
2011. In pane(a), all individual points are colour-coded in the electron denaigin the same range gate &s, while in panel(b) the grey

circles and bars show the binned data at 10 n}imcrements. The selected model dependencies are given by the dark red lines (the same
models as in Fig2b). In addition, the current model results at 108 km are given by the thin(ih@nd(d) The green bars in the bottom
panels show the fraction of points in agreement, within uncertainties, witfcjtsalid and(d) upper dashed model trends. The blue (red)
bars also show fraction of points below (above) the trend.

threshold were largely unchanged and for consistency wittb00-1000K than the linear trend. While for binned points
previous studies, the limiVe > 3 x 101°m—3 was leftasis.  atE = 100-130 mV ! this is still within their uncertainty,

The grey binned trend in Figb is in general agreement, this is not so at the 3 highest bins with significant number
within uncertainty, with both dotted and solid trends. One of points which are all below the linear trend, within uncer-
can notice however, that the average binned values repreainty. The two of these points @ = 130-150 mVm? are
sented by the grey circles are more consistent with the solidtonsistent with the solid trend, while the rightmost point at
trend. Moreover, the overall shape of tiflgvs.-E depen- E =160-170mVnr!is below both dotted and solid trends,
dence represented by the grey circles is not linear and mor€ig. 6b. Finally, the same model results but at 108 km appear
similar to that of the solid trend. This is due to points at high to match the binned measurements at high electric fields even
electric fieldsE > 100 mV nT! being, on average, lower by better; this is further discussed in Se&2
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The fraction of points consistent with the solid trend showswith the previously-found common features of AEH events:
a general decrease with an increasihgFig. 6¢, so that at (1) strong electron temperature enhancements peaking near
large electric fieldsZ > 80 mVm1 points below the trend 110km, but extending over several range gates, (2) elec-
start to dominate; blue bars are the highest and in many casesc field enhancements near the nominally-coincident MLAT
> 50 %. This feature becomes even more pronounced if thdin, and (3) F region ion temperature enhancements. We are
same analysis is conducted for the linear dotted trend (notonfident therefore, that the identified AEH events were a
presented here for brevity). This feature is also most obvi-result of the true electron heating processes rather than a col-
ous at the highest electric fields> 150 mV nt 1 in Fig. 6c. lection of random strong perturbations in the electron tem-
Even though the number of points at these very high valuegperature in one location.
is low, the uncertainties are small enough to conclude that In studying AEH processes it is important to consider the
all points at these extreme electric fields are below the trendnagnetic latitudes of observations. In the polar E region,
within uncertainty, Fig6c. the electron temperature enhancements are primarily caused
Finally, Fig. 6 also shows that the upper dashed line rep-by the MTSI wave heating under conditions of strong elec-
resenting non-Maxwellian case in the modelMilikh and tric fields with little contribution from particle precipitation.
Dimant (2003 appears to bound the points from above, be-Such events are observed during geomagnetic storms when
cause only~ 5% of points are above the upper dashed lineelectric fields are enhanced over extended periddiskh
at E = 40-80 mVnt1, within uncertainty, and all points are et al, 2006. In the auroral region, some electron heating is
below it atE > 100 mV nT 1, Fig. 6d. This suggests that the caused by precipitating particles and one expects AEH events
model accounting for non-Maxwellian deviations in the elec- to be more transientilliams et al, 1992, i.e. to occur as
tron energy distribution can be regarded as an absolute upp€L) isolated bursts or (2) their sequences. The results of the
limit on the electron temperature for a given electric field.  current study were consistent with this expectation as all 22
events fell into these 2 major categories: an isolated burst was
shown in Fig.3 (left) and a sequence of bursts was presented
6 Discussion in Fig. 3 (right).
The AEH events were found to occur predominantly near
In this study, the anomalous electron heating processes igquinoxes and near 06:00 and 18:00 MLT, F#gand5. One
the auroral E region were re-examined using an extensive 2can attribute the first finding to the Russell-McPherron ef-
year dataset collected with the new-generation ISR systenfiect and elevated geomagnetic activity near equinoRes{
at Poker Flat, Alaska. The quasi-continuous nature of PFISRsell and McPherrgri973. One would expect however, some
operations allowed us, for the first time, to estimate the overgeomagnetic activity away from equinoxes, albeit at reduced
all AEH occurrence probability and address the fundamentapccurrence levels, and in this sense the total absence of AEH
question of what local conditions are conducive to AEH oc- events in summer or winter is not easy to interpret. In terms
currence. The fundamental dependence of the electron ten®f MLT occurrence trends, the total absence of AEH events
perature on the convection electric field was re-examined fonear magnetic midnight and the fact that all events were ob-
cusing on departures from the expected linear trend. Belowserved either earlier than the peak in substorm occurrence of
the two groups of issues are discussed in relation to the majo?2:00 MLT or much later indicates that substorms were not

objectives of the current study. the primary geophysical drivers of AEH.
The absence of AEH events in the noon sector was consis-
6.1 Anomalous electron heating occurrence tent with the lack of highk and high7e events based on the

PFISR data statistics, Fig. This is most likely due to the au-
This study employed the PFISR data collected in 2010-roral zone (within which highe events normally occur) po-
2011 and developed an automatic algorithm to identify AEH sitioned poleward of MLAT = 65in this MLT sector. In con-
events as described in Sedt. To keep computational re- trast, occurrence of high- and high7, events was greater
quirements at a manageable level, in searching for AEHnear 00:00 MLT, Fig5. In particular, occurrence of highes
events we focused on the electron temperature observatiorevents only showed a small decrease near 00:00 MLT. From
in the magnetic-field-aligned beam 64157, Figand at the  this one would expect at least a few AEH events in the mid-
range gate nearest to a 110 km altitude, where strongest AEHight sector. The complete lack of such events observed in
effects are expected both from past observations and modhe current study may imply that high-events in this sector,
els (e.g.Schlegel and St.-Maurigel981 Williams et al, while still present, are too short-lived to cause any sustained
1992 Robinson and Honaryl993. Once the AEH events Tg increase.
were found however, the entire range of PFISR data prod- The overall AEH occurrence probability was found to be
ucts was employed for further analysis including data col-low, ~ 0.3 %, although it increased from 0.12 % in 2010 to
lected in other PFISR beams and other E region rang®.27 % in 2011. We have also run the same search algorithm
gates. The developed set of criteria for AEH identification in 2009 and found no AEH events. These two observations
resulted in 22 unique events which were fully consistentsuggest an increase with the solar activity. The hourly AEH
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occurrence was found to be substantially higher in the dawr6.2 Relationship between electron temperature and
and dusk sectors, Figpc, which was consistent with statis- electric field
tics of high£ and high7g events, Fig5. However, the AEH
occurrence was at least one order of magnitude smaller thaAccording to most models, the convection drift velocity
relevant occurrences of highi-and high7, events, Fig5. Vg =1000ms?t would result in the electron temperature
The low overall occurrence indicates that AEH remains aTe increase to~ 800K (at 110 km), Fig2b. One can ex-
relatively rare event. Overall, the results of AEH occurrencepect therefore, periods witlf, > 800K (a condition used
analysis suggested that elevated electric field, by itself, is nofor AEH search) to occur at the same time as periods with
a sufficient condition. Vg > 1000 msL. An interesting finding from analysis of in-
The low AEH occurrence probability prompts an impor- dividual events was however, that AEH events were observed
tant question of whether specifics of the PFISR data fittingwithin the periods withVx > 1000ms, Figs.3 and4, but
could have affected the occurrence analysis results. The twaot matching them exactly or even approximately. Similarly,
relevant factors in this context are the fitting model and in- occurrence of events withiy > 1000 ms* was much larger
tegration period. One complication is that the standard analthan AEH occurrence, Fig. One possible interpretation for
ysis assume%. = 7; below~ 114 km altitude. This is not a these features is that, in addition to enhanced electric field,
problem for a reasonably limited subset of data that can be resome other condition(s) must be satisfied for the electron
analysed without this assumption (as was done in the seconemperature to increase in line with the expected linear trend.
part of the current study). It is not feasible however, to do this  The results of our modelling analysis showed that some re-
for the entire dataset and one has to rely on the standard datiuction in the rate of temperature increase with the drift ve-
products. To address this issue, we have manually examineldcity is expected, as compared with previous studies. First,
daily T, plots near equinoxes in 2011 looking for enhancedthe model heating rates depend on the ratio of collision fre-
Te between 100-120 km rather than just at 110 km. No addi-quency and gyrofrequency, with the latter depending on the
tional AEH events were found, which strongly suggests thatmagnetic field magnitud& and hence MLAT of observa-
the employed dataset and approach yielded the bulk of (if notions. The differences in the model electron temperatures due
all) AEH events that occurred within the period of interest. to changes in MLAT and3 were estimated to be 100K,
In developing the AEH search criteria, we have also en-Fig. 2b. The second and more significant effect occurs at
sured that the PFISR datasets at all time resolutions resultedery large drift valued/z > 1800 ms1, Fig. 2b. Above this
in true AEH events that all had the same morphology (invalue, the model predicted a somewhat weaker AEH effect,
terms of thely, T; and E variations). In combination with the  with the solid curve deviating from the linear trend in R2g,
fact that AEH occurrences in MLT were very similar for the due to a much stronger vibrational cooling, F2g.
THEMIS and IPY datasets in the pre-midnight sector (when Implicit in the current AEH model was a wave-induced
the THEMIS mode was run), this indicates that different time increase in the anomalous collision frequengy (Sudan
integrations were not a major factor in finding AEH events. 1983 Robinson 1986. Although this quasi-linear approach
In addition, for one THEMIS event (20 May 2010), the data has been largely successful in explaining radar observa-
has also been post-integrated with a longer period of 15 mirtions of the E region electron temperatures and irregular-
(the same as for the IPY mode in 2010) and the search algaty phase velocities, a complete, self-consistent description
rithm has identified this AEH event with only a small differ- of the nonlinearly-saturated MTSI turbulence, particularly
ence in start and end times. This provides additional supporat high electric fields, is still lacking (see, e.g. discussion
to the above assertion that time integration had little effect onin Dimant and Milikh 2003. One should therefore, bear
occurrence trends. in mind that none of the existing AEH models employ this
Finally, the “large-scale” AEH events analysed in the cur- self-consistent MTSI theory, although some promising re-
rent study is what has traditionally attracted much of the re-sults have been obtained using a heuristic model of turbu-
search interest, particularly using ground-based observationience Dimant and Milikh 2003 Milikh et al., 2006 Dimant
of the E region as was described in SelctHowever, itis  and Oppenhein2011ab; Oppenheim and Diman2013.
very likely that the AEH phenomena also include more local The fundamentalz-vs.-E relationship measured with the
heating processes operating at scales smaller than a typicakw-generation ISR system at Poker Flat was found to be
radar cell. As such the AEH occurrence probability analysedvery similar to those established with other ISR facilities.
in the current study is likely to be an underestimate since itln the current study, these previously-measured relationships
refers to a relatively narrow part of a broader spectrum of thewere represented by a dotted linear trend taken from the most
AEH phenomena. recent study on the issue Bahcivan(2007). This trend
also matched really well the representative model trend taken
from Robinson and Honarf 993. The PFISR-measured re-
lationship was found to be linear between 40—100 mVm
and in close agreement with the linear trend represented
by the dotted line in Fig6b. The averagd, values were
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~ 100K smaller than those given by the linear trend, but thismore AEH events, including observations at extreme electric
was likely to be due to the above-mentioned decrease in théelds, which will allow to further verify the presented results.
heating rate with an increasing magnetic fi&d The gen-

eral consistency between the PFISR and other observations

of AEH at moderate electric fields provided additional and 7 Summary and conclusions

independent validation of PFISR measurements, particularly

of its electron temperature and electric field products. ByStatistical analysis of the anomalous electron heating (AEH)
the same token, the presented PFISR observations of AERrocesses observed by PFISR in the auroral E region showed
events strengthened conclusions derived from previouslyfhati

reported observations, while also pointing towards poten- i
P P 9 P 1. The overall occurrence of AEH events observed with

tially important differences as discussed below.

At larger valuesE > 100mVnr?, the differences be-
tween the measurede and the linear trend were much
more pronounced. At thesg values, the binned? val-
ues in Fig.6b were, on average, below the linear trend by
500-1000K. At the highest available electric fields>
150 mVn11, both the binnedy values and individual points
were all below the linear trend within uncertainty, Fig—c.

As noted above, the AEH model extended to extreme elec-
tric fields showed a considerable change in the ratg afi-
crease withVg at a drift valueVg ~ 1800 ms1, Fig. 2b. At
this point, the empirical vibrational cooling starts to increase
more sharply withT,, Fig. 2a, and this may help explain at
least some of the deviation from the linear trend at extreme
electric fields.

: 2
A possibly related feature was that the general shape of

the measured,-vs.-E relationship was quite similar to that
given by the solid model trend, Figb. This may indicate
two possibilities. First, the neutral densities were higher than
those used in our modelling calculations, even after correc-
tions described in SecB. Second, the altitude where max-
imum AEH effects were observed was not 110 km, but 1—
2 km lower. Unfortunately, the range resolution of PFISR is
limited by its pulse length and for the considered data prod-
ucts and observational conditions the practical lower limit
was 4.5km. This makes it impossible to directly confirm
the second assertion by using PFISR observations. Neverthe-
less, additional modelling results for an altitude of 108 km
showed a much better agreement with observations6big.

One should also note here that in the considered beam 65066

PFISR is below 1%, which suggests that a number
of conditions must be satisfied for radar signatures of
AEH to be observed. Diurnal variation of AEH events
is broadly consistent with occurrences of high-electric-
field and high-electron-temperature observations, ex-
cept for much smaller AEH occurrence and lack of AEH
events near magnetic midnight. Presence of strong elec-
tric fields therefore, appears to be a necessary condition
for AEH, but not sufficient. The best chance to observe
AEH in the auroral region is near equinoxes and in the
dusk and dawn sectors, away from typical times of sub-
storms. The strongest AEH events occur between auro-
ral precipitation regions.

The relationship between the electron temperature and
convection electric field measured with PFISR is mostly
linear and consistent with previously-reported observa-
tions at moderate electric fields = 40-100 mVnr?,

At higher electric fieldsE > 100 mVnt 1, the electron
temperatures are lower than expected from extrapolat-
ing the previously-obtained linear trend, possibly an in-
dication of AEH saturation. Some of this deviation from
the linear trend may be due to a larger increase in vi-
brational cooling at very large temperatures and electric
fields. An absolute upper limit on the electron temper-
ature for a given electric field may be associated with
non-Maxwellian distribution of the electron energy.
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all points were below both dotted and solid trends in Big.
As noted earlier, there were only a few points at these ex-
treme E values so one has to be careful in interpreting this
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