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Joule heating hot spot at high latitudes in the afternoon sector
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Abstract The afternoon Joule heating hot spot has been studied statistically by using the EISCAT
Svalbard Radar (ESR) measurements at 75.4° Corrected Geomagnetic latitude (CGMLAT) and the OMNI
solar wind data base. For a small subset of events, the Active Magnetosphere and Planetary Electrodynamics
Response Experiment (AMPERE) field-aligned current distributions have been available. The main results are
as follows. Afternoon Joule heating hot spots are associated with high values of ionospheric electric fields
and slightly enhanced Pedersen conductances. The Joule heating hot spot values are larger in summer
than in winter, which can be explained by the higher Pedersen conductances during summer than winter.
The afternoon Joule heating hot spots are located close to the reversals of the large-scale field-aligned
current systems. The most common location is close to the Region 1/Region 2 boundary and those events
are associated with sunward convecting F region plasma. In a few cases, the hot spots take place close

to the Region 1/Region 0 boundary and then the ionospheric plasma is convecting antisunward. The hot
spots may occur both during slow (<450 km/s) and high (>450 km/s) speed solar wind conditions. During
slow-speed solar wind events, the dominant interplanetary magnetic field (IMF) direction is southward,
which is the general requirement for the low-latitude magnetic merging at the dayside magnetopause.
During high-speed solar wind, also northward IMF conditions appear, but those are associated with large
values of the IMF |B, | component, making again the dayside magnetopause merging possible. Finally,

the measured afternoon hot spot Joule heating rates are not a linear function of the solar wind energy
coupling function.

1. Introduction

A major part of the solar wind energy deposited in the magnetosphere-ionosphere system goes to Joule heat-
ing in the high-latitude ionosphere during geomagnetic storms, substorms, and quiet periods [e.g., @stgaard
etal., 2002; Tanskanen et al., 2002; Turner et al., 2009; Guo et al., 2011; Tenfjord and @stgaard, 2013]. The heating
represents mainly the ion-neutral frictional heating [Vasyliinas and Song, 2005; Strangeway, 2012]. The local
Joule heating causes upwelling of the neutrals, which enhances the neutral density and temperature [Liihr
et al., 2004], produces pressure gradients [Kwak and Richmond, 2007], and may excite traveling atmospheric
disturbances [Richmond, 1978]. This heating can strongly affect the global circulation of the thermosphere.
Hence, the distribution of Joule heating in the high-latitude ionosphere is one of the essential questions in
the research of the coupled the magnetosphere-ionosphere-thermosphere system.

The global pattern of Joule heating has been studied by theoretical simulations [e.g., Thayer et al., 1995; Lu
etal., 1995; Deng and Ridley, 20071 and empirical models [e.g., Weimer, 2005; McHarg et al., 2005]. Those stud-
ies have revealed that Joule heating rates have maxima in two broad regions on the duskside and dawnside,
which are associated with large convection electric fields within the auroral oval. Ground-based incoherent
scatter radars have been used to study the statistical properties of the electromagnetic energy input and the
resulting Joule heating [e.g., Fujii et al., 1999; Thayer, 2000; Aikio and Selkdld, 2009; Aikio et al., 2012; Cai et al.,
2013]. Based on the measurements by the EISCAT Tromsg radar (TRO, 66.7° CGMLAT), Aikio et al. [2012] and
Cai et al. [2013] have shown that with increasing geomagnetic activity Joule heating rates increase and the
evening maximum shifts to an earlier magnetic local time (MLT). Cai et al. [2014] (hereafter CAN14) inves-
tigated the solar wind effect on Joule heating based on the EISCAT measurements both in Tromsg and on
Svalbard (EISCAT Svalbard radar, ESR, 75.4° CGMLAT). They showed that the Joule heating rates at TRO are
enhanced in the evening and morning sectors for southward interplanetary magnetic field (IMF) conditions
and for large solar wind electric field. Moreover, an afternoon “hot spot” in Joule heating was found by the ESR
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radar around 15 MLT and at 75.4° magnetic latitude, which appeared both during southward and northward
IMF conditions.

The afternoon hot spot was earlier discussed in the framework of optical aurora. A bright spot was observed
close to 15 MLT and 75° magnetic latitude (MLAT) [Cogger et al., 1977; Murphree et al., 1981]. Moen et al. [1994]
found transient auroral arcs within 75° - 76° invariant latitude and 14-15 MLT. The hot spot was also visiblein a
statistical study [Liou et al., 1997]. It was shown that the auroral hot spot is mainly due to electron precipitation
with energies less than 3 keV, and it is also associated with FACs [Evans, 1985; Newell et al., 1996; Kozlovsky
etal.,, 2009].

To date, only a few studies have shown the afternoon hot spot in Joule heating or in the electromagnetic
energy input. Waters et al. [2004] studied the global distribution of Poynting flux in two events during south-
ward IMF conditions, by utilizing the magnetic field measurement by the Iridium satellites, and the electric
field measurement by the Super Dual Auroral Radar Network (SuperDARN). The Poynting flux hot spot was
observed in the afternoon sector at 75° CGMLAT, and it was located between an enhanced field-aligned
current (FAC) pair. Knipp et al. [2011] investigated the Poynting flux derived from the Defense Meteorolog-
ical Satellite Program (DMSP) F-15 spacecraft during 2000—2005 and found that the downward Poynting
flux is often intensified in the dayside near-cusp region for the northward IMF with large B, component.
Simulations showed that the intense Poynting flux in those events was associated with an enhanced FAC pair
and magnetic reconnection at the high-latitude cusps [Li et al., 2011; Wilder et al., 2012].

The observations of the afternoon hot spot at 75.4 CGMLAT in CAN14 were based on 39 days of data
obtained by two long EISCAT Common Program 2 (CP2) experiments during 11-19 November 2003 and 1-30
September 2005. In this study, we extend the database in CAN14 by collecting all the CP2 measurements
at ESR between 2000 and 2014. The larger database allows us to study the effect of the seasons, the IMF
orientation, and the solar wind speed on Joule heating at 75.4° CGMLAT. In addition, we will show the rela-
tionship between the hot spot events and the local distribution of the FACs by analyzing the simultaneous
observations from the Active Magnetosphere and Planetary Electrodynamics Response Experiment (AMPERE)
project data during 2010-2013.

2. Measurements and Data Analysis

The EISCAT CP2 experiment is designed to have a three- or four-direction scan with high elevation angles in
order to yield the electric field. At ESR (geographic: 78.15°N, 16.02°E and corrected geomagnetic: 75.43°N,
110.68°E), the 42 m antenna is fixed in the field-aligned direction and the 32 m antenna movesin a cycle of two
or three positions, which results in a cycle length of 4—6 min. The measurements by the two antenna alternate
so that the shorter cycle contains two 42 m antenna measurements in the field-aligned direction and two
32 m antenna measurements in two different directions and the longer cycle contains three measurements
by both of the antennas. During 2000-2014, the ESR radar has in total 233 days of CP2 runs covering the MLT
times in the afternoon sector.

The most probable values of the electric field with errors are estimated by the means of stochastic inversion
[Nygrén et al., 2011] (see more details in CAN14). The estimate is based on the assumption of a homogeneous
plasma flow within the region covered by the radar beams, which corresponds to a distance of 90 km in the
north-south direction and 180 km in the east-west direction. The neutral wind in the E region can be also
estimated by using the method. However, since the analysis of the neutral wind is reliable only in some of the
altitudes and MLT sectors, the neutral wind estimates are not used to calculate the Joule heating rate in this
paper. The electric field is calculated at 6 min steps utilizing data over 12 min period.

In this study, we use only the field-aligned measurement by the 42 m antenna to calculate the height-
integrated Pedersen and Hall conductivities. The calculation is based on the standard equations with two
dominant ion species [Brekke and Hall, 1988; Moen and Brekke, 1990]. The ion-neutral and electron-neutral
frequencies are calculated according to Brekke and Hall [1988], and the required neutral densities and temper-
atures are taken from the NRLMSISE-00 model [Picone et al., 2002]. The actual F,, 5, F4 74, and Ap indices are
used as input to the NRLMSISE-00 model. The errors of the calculated conductivities are mainly determined by
the electron density measured by the ESR radar. Since the real altitude profiles of the neutral parameters are
not well known, this is a source of unknown error for the conductivity altitude profiles. The height-integrated
conductances are calculated by integrating the conductivity profiles from 80 km to 330 km.

CAIETAL.

AFTERNOON JOULE HEATING HOT SPOT 7136



@AG U Journal of Geophysical Research: Space Physics 10.1002/2016JA022432

The 42 m antenna stays in the field-aligned direction for about 30 s and the measurement is repeated every
1.5-2 min. During one electric field estimate six to eight conductance estimates are made and to achieve the
same time resolution, the average value of the conductances is calculated. The Joule heating rate is estimated
by the expression Q; = Z,E2, where X, is the Pedersen conductance and E is the estimated electric field. The
errors in the Joule heating rate are calculated using the estimated errors for the electric field and Pedersen
conductance, which have been discussed above.

Field-aligned currents (FACs) are provided by the Active Magnetosphere and Planetary Electrodynamics
Response Experiment (AMPERE) project. The project uses nearly 70 low-Earth-orbit satellites to measure the
magnetic disturbance at the altitude of 780 km. The derivation of magnetic perturbations from the raw data
and evaluation of the FACs from the perturbations are described by Anderson et al. [2000] and Waters et al.
[2001]. The FAC maps are produced every 10 min. The AMPERE data for this study come from 2010 to 2013.
During that period, we have mostly winter time CP2 runs during 21 days.

The solar wind parameters at the Earth’s bow shock are provided by the OMNI database with 1 min resolu-
tion. It takes usually 1-2 min for the solar wind to travel from the bow shock to the dayside magnetopause.
Typically, the global ionospheric convection responds to the solar wind conditions within 10-15 min [e.g.,
Lockwood et al., 1986; Ridley et al., 1998; Khan and Cowley, 1999]. In this paper, we calculated the aver-
age of solar wind parameters over a time interval starting 20 min before and ending at the time of radar
measurement.

3. Statistical Results of Afternoon Hot Spots

3.1. Seasonal Variation and the Role of Electric Field and Conductivity

The seasonal effect on Joule heating at ESR is studied by organizing the data into three seasons: summer,
equinox, and winter. The equinox season includes 60 days centered at the spring equinox and another 60 days
centered at the autumn equinox. The summer season and the winter season include 120 days centered at the
summer solstice and the winter solstice, respectively. In each season, the data are sorted in 1 h MLT bins and
four IMF clock angle quadrants in the y—z plane of the geocentric solar magnetospheric (GSM) coordinate
system: (a) 0°-90° (B,+/B,+), (b) 90°-180° (B,~/B,+), (c) 180° -270°(B,~/B,~), and (d) 270° -360° (B,+/B,~).

Figures 1-3 show the median values of Joule heating rates at ESR for the three seasons as a function of MLT
in the four IMF quadrants. The vectors indicate the plasma drift in the F region in the Earth-fixed coordinate
system. The average number of samples is shown in the bottom corner of each panel. One can see that the
smallest number of the measurements is made during summer. The plasma flow patterns show clear changes
for different IMF conditions, as expected. The velocities are clearly larger for southward IMF conditions than for
northward IMF conditions. A positive IMF B, component produces a more round cell in the afternoon-evening
sector and a negative IMF B, produces a more crescent dusk cell. Our results are in accordance with the
statistical models [see, e.g., Pettigrew et al., 2010; Cousins and Shepherd, 2010, and reference therein].

This larger data set confirms the result by Cai et al. [2014] that an enhancement in Joule heating in the after-
noon sector occurs statistically for all IMF quadrants. For southward IMF conditions, the maximum occurs
typically at 14—15 MLT but may take place between 12 and 17 MLT. For northward IMF conditions, the maxi-
mum takes place typically somewhat later, 16— 17 MLT, but may take place between 14 and 18 MLT. The Joule
heating rates are larger for southward IMF conditions than for northward IMF conditions, and a clear seasonal
variation can be seen as well. The winter values are smaller than during equinox or summer and therefore the
color scale in Figure 3 is different from Figures 1 to 2. The summer values of the afternoon Joule heating hot
spot are clearly the largest ones. One may notice that during equinox and winter, there is an enhancement in
Joule heating at about 09 MLT in specific for southward IMF conditions and B, +. At that location, the plasma
flows turn toward the pole, so the enhancement may be associated with the flow channels in the morning
sector during the IMF B, positive conditions [Sandholt and Farrugia, 2009]. However, at the more intense after-
noon hot spot the median flow directions are typically sunward. In the following, we will concentrate only on
the afternoon sector.

Based on Figures 1-3, the main factors affecting the magnitude of the afternoon sector Joule heating hot
spot are the IMF B, component and the season. To quantify the typical conditions during hot spot events, we
show Figure 4. We have taken all data from the afternoon sector 12-18 MLT. To find hot spot events from the
data, we have set a criterion that the values of the Joule heating rate should be greater than its upper quartile
for each season and IMF B, conditions. To characterize the background conditions, we set a criterion that the
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Summer

Figure 1. Median values of the Joule heating rates Qg in the summer at ESR within 1 h MLT bins for the four IMF clock
angle quadrants. The positive B, and B, directions are shown in the middle. The median values of F region plasma drift
velocities are shown by vectors in each bin and the scale is indicated by the v; vector. The average number of samples
(N) in the bins is shown in the bottom corner of each panel.

Equinox

Figure 2. Median values of the Joule heating rate Q during equinoxes in the same format as in Figure 1.
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Winter

Figure 3. Median values of the Joule heating rate Q¢ in the winter in the same format as in Figure 1.

Joule heating rate values should be smaller than the lower quartile for each season and IMF B, conditions.
Figure 4 (first to fourth columns) shows the median values of the electric field, its northward component,
the Pedersen conductance, and the Joule heating rate for the three seasons and for northward (blue color)
and southward (red color) IMF conditions. The bright color indicates hot spot events and the dark color the
background events. The upper and lower quartile values are indicated by the error bars.

By definition, the Joule heating hot spots require large electric fields. For northward IMF conditions, the
median values are about 28 mV/m and for southward IMF about 42 mV/m, with no significant seasonal varia-
tion. The upper quartile values during southward IMF go to about 55 mV/m. The background values are about
5 mV/m for the northward IMF and 9 mV/m for the southward IMF, which are much smaller than the hot spot
values.

The large electric field for the hot spot events is mostly contributed by its northward component so that the
average value is about 25 mV/m for northward IMF and about 40 mV/m for southward IMF (Figure 4, second
column).

Because of the high geographic latitude, the dayside conductances on Svalbard are not large even during the
summer time. The difference in Pedersen conductances for northward and southward IMF conditions during
hot spot events is small but shows a seasonal variation (Figure 4, third column) with the largest values in
summer (average 7.2 S), second largest during equinox (average 6.2 S), and the smallest values in winter (3.5 S).
The values of Pedersen conductances are roughly in agreement with Ridley [2007]. The background values
compared to hot spot event values are somewhat smaller during summer and equinox, but during winter
the background values are only about half of the values during hot spot events. Conductances show great
variability, in specific during equinox and northward IMF conditions. It is known that during northward IMF
conditions cross-polar arcs may appear, which may partly explain the observations [e.g., Kullen et al., 2002].

Figure 4 (fourth column) shows the Joule heating rates. During summer and southward IMF conditions, the
median value for hot spots is about 9 mW/m? and the upper quartile value is 18 mW/m?. Because of the
seasonal change in the Pedersen conductance, both the southward and northward IMF conditions experience
a similar seasonal change in hot spot Joule heating rate values with median values as follows: 3.5-8.9 mW/m?
in the summer, 2.5-7.2 mW/m? in the equinox, and 1.8-3.8 mW/m? in the winter. The hot spot values are
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Summer Equinox Winter

60

EF (mV/m)

EN (mV/m)

Bz+ Bz- Bz+ Bz- Bz+ Bz-

Figure 4. Median values of ionospheric parameters during afternoon Joule heating hot spots (bright bars on the right)
and during background conditions (dark bars on the left) for summer, equinox, and winter seasons. Northward IMF
conditions are shown in blue color and southward IMF conditions in red color. Error bars indicate the upper and lower
quartile values. (first to fourth columns) The total electric field, the northward component of the electric field, the

Pedersen conductance, and the Joule heating rate.

more than 2 times larger for southward IMF conditions than for northward IMF conditions in all three seasons,
which is mostly caused by the larger electric field for southward IMF conditions. The background values are
smaller than 0.2 mW/m? in all seasons due to not only the weak electric field but also the small Pedersen

conductance.

3.2. Low and High Solar Wind Speed Events

Low-speed winds present the background conditions in the solar wind, whereas high values of solar wind
speeds may be associated with coronal mass ejections or with high-speed stream (HSS) events originating
from the coronal holes [see, e.g., Richardson et al., 2000; Tsurutani et al., 2006]. Our study spans both the solar
cycle maximum years as well as the declining phase of the solar cycle, when the HSS events usually occur.
Therefore, itis interesting to investigate if we find different characteristics for the events during these two solar
wind conditions. We set the limit for slow and high speeds at 450 km/s, since it divides the data set roughly
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Figure 5. The two-dimensional probability density function of IMF By and B, for (left) all data and the (right) hot spot events during the low solar wind speed
conditions. The histograms show the marginal distribution of B, (left) and By (bottom) as counts.

B, (nT)

into two equal parts and is in accordance with values used by others [e.g., Richardson et al., 2002; Bruno and
Carbone, 2005]. Those data for which Q; values are larger than 3 mV/m are classified as Joule heating hot spots.

Figure 5 (left) shows the two-dimensional probability density function (PDF) for IMF B, and B, components and
for all ESR radar data utilized in this study during slow-speed solar wind conditions. We have checked that if all
the IMF data during 2000-2013 would be included, the density function would be symmetric about B, = 0,
but since the amount of data is limited, the background data show some small asymmetries. The marginal
distribution of B, (on the left side of the left panel) is rather symmetric for positive and negative values of B,.
The marginal distribution of B, (on the bottom side of the left panel) shows a small bias for positive values,
even though there is also an enhancement in small negative values of B, .

Figure 5 (right) displays the solar wind IMF probability density function for Joule heating hot spot events
during slow solar wind speeds. The distribution of B, has lost almost all positive (northward) values and the

High speed events
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Figure 6. The probability and marginal density functions of IMF B, and B, during the high solar wind speed conditions in the same format as in Figure 5.
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Figure 7. Median values (bars) and the lower and upper quartiles (shown as error bars) of the (top row) Newell solar
wind coupling function and (bottom row) Joule heating rates for slow solar wind (left column) and fast solar wind (right
column) in the same format as in Figure 4.

peak of the distribution has shifted away from zero to —2 nT. The peak of the B, distribution is at +4 nT.
The two-dimensional PDF shows clearly the dominance of southward IMF conditions and preference for
positive B,. Positive B, produces a more round dusk cell in the convection pattern [e.g., Ruohoniemi and
Greenwald, 2005].

Figure 6isin the same format as Figure 5 but for high solar wind speed events. For all high-speed data (Figure 6,
left), the PDF shows again some small asymmetries so that there is a bias toward B, negative and B, positive.
The distributions are also slightly wider than for low-speed data. For Joule heating hot spot events during
high-speed solar wind (Figure 6, right), the shape of B, distribution does not change significantly compared to
background conditions, meaning that hot spot events occur also during northward IMF conditions. However,
the distribution of B, experiences a drastic change so that it becomes a two-peaked function with maxima at
—4and +3.5nT.

To further to quantify the effect of the slow- and high-speed solar wind on Joule heating hot spots we show
Figure 7. Figure 7 (left column) corresponds to slow-speed solar wind conditions and Figure 7 (right column) to
high-speed conditions. Figure 7 (top row) shows the Newell coupling function in the same format as Figure 4.
The Newell solar wind coupling function d®/dt is a newly derived coupling function that represents the inter-
action between the solar wind and magnetosphere over a wide variety of magnetospheric activity [Newell
etal., 2007]

dd/dt = v B2 sin®3(6,/2), M
where v, is the solar wind speed, B; the IMF component transverse to the GSM x direction, and 6, the IMF
clock angle in the GSM y-z plane. Both for the southward (red) and northward (blue) IMF, the solar wind
coupling function values are roughly double for high-speed wind compared to the slow-speed wind. This
applies both for the Joule heating hot spot events (bright color) and background conditions (dark color). The
values of the solar wind coupling function for southward IMF conditions are more than double compared
to the northward IMF conditions, which is a natural consequence of the strong dependence of the coupling
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Table 1. List of Hot Spot Events During 2010-2013 and the Associated FAC Regions
(Column 3), the Direction of the lonospheric Electric Field (Ey Northward and Eg
Southward, Column 4), and the Directions of the IMF B, and By Components (Column 5)

Date Time (UT) FACs EF IMF

2010-01-18 12:50-13:40 R2/R1 En B, — /By+
2010-01-20 13:00-13:30 R2/R1 En B, — /By+
2010-01-20 14:20-14:40 R1/RO Eg B, — /By+
2010-01-21 11:45-12:10 R2/R1 Eyn B, + /B, +
2010-01-21 12:30-13:15 R2/R1 En B, + /By+
2010-01-21 13:15-14:30 R1 En B, — /By+
2010-01-22 12:00-13:20 R1 En B, — /By+
2010-01-23 11:00-13:30 R2/R1 Eyn B, — /By~
2010-01-24 09:20-10:50 R2/R1 En B, — /By—
2010-01-24 11:40-12:40 R1 Eg B, — /By—
2010-01-25 11:00-12:40 R1 En B, — /By+
2011-02-04 12:10-13:00 R1 Ey B, +/B,—
2011-02-05 09:10-10:40 R1/RO Es B, + /By—
2011-02-06 09:00-09:30 R2/R1 En B, — /By+
2011-02-06 09:30-12:20 R1/R0O Es B, — /By~
2011-12-18 09:40-12:00 R2/R1 Eyn B, — /B, +
2012-01-13 09:30-10:40 R2/R1 En B, + /By+
2012-01-14 12:00-12:50 R2 En B, + /By+
2012-01-14 12:50-14:20 R2/R1 En B, + /By+
2012-01-16 10:00-11:00 R2/R1 Ey B, — /By~
2012-01-16 12:20-14:20 R1/RO Es B, — /By—
2012-01-17 09:40-10:50 R2/R1 En B, — /By—
2012-01-18 10:00-11:20 R2/R1 Ey B, - /By~
2012-01-18 12:20-14:20 R2/R1 Ey B, +/B,—
2012-01-20 10:50-14:00 R2/R1 En B, — /By—
2013-01-10 10:00-11:30 R1 En B, — /By—
2013-01-11 11:00-12:30 R2/R1 Ey B, —/B,+

function on the IMF clock angle. An interesting feature is that during southward IMF conditions, the difference
between coupling function values during background conditions and Joule heating hot spots is small, though
the median values are slightly larger during hot spots.

Figure 7 (bottom row) shows the corresponding Joule heating values. The measured median values of Joule
heating for southward and, respectively, for northward IMF conditions do not change much between slow-
speed and high-speed conditions, even though the solar wind coupling function values are very different. The
upper quartile values for southward IMF show a slightly larger increase from slow- to high-speed events. The
weak dependence of Joule heating rates on the solar wind coupling function will be discussed in section 5.

3.3. Relationship to Field-Aligned Currents

The field-aligned currents (FACs) play a central role in the energy transfer in the coupled solar wind-
magnetosphere-ionosphere system. Typically, two concentric rings of current sheets can be identified in the
large-scale FAC system: the poleward Region 1 (R1) current and the equatorward Region 2 (R2) current [liima
and Potemra, 1978]. Region 1 currents flow into the ionosphere on the dawnside and out of the ionosphere
on the duskside. Region 2 currents have an opposite polarity to Region 1 currents at a given local time sector.
A pair of upward (prenoon) and downward (postnoon) currents forms poleward of R1 on the dayside during
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Sunward plasma flows Anti-sunward plasma flows
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Figure 8. The number of Joule heating hot spot events from Table 1 that are associated with Region 2 current (R2),
Region 2/Region 1 reversal (R2/R1), Region 1 current (R1), and Region 1/Region 0 reversal (R1/R0) for (left) sunward
plasma flows and (right) antisunward plasma flows.

northward IMF [lijima, 1984], but the term Region 0 currents is generally used for any currents poleward of R1
[Ohtani et al., 1995; Anderson et al., 2008; Juusola et al., 2014].

To investigate the FACs and the convection electric field associated with the Joule heating hot spots, we listed
all the hot spot events which were measured by the ESR radar in the winter during 2010-2013 in Table 1. The
hot spot events were picked out according to the winter criterion used in the section 3.1.

We checked the FAC maps at the times when peaks in Joule heating rates appear during 12-18 MLT. Four
types of FAC structures in the vicinity of the ESR radar were identified as follows: R2 downward current, R2/R1
reversal, R1 upward current, and R1/R0 reversal. In the afternoon sector, RO current is downward. The FAC maps
have a time resolution of 10 min, which is longer than the time interval of 6 min for the Joule heating data.
We selected the FAC map at the nearest time for the Joule heating peak and listed the FAC structure types
in column 3. The meridional component of the electric field at the time of the Joule heating peak is listed in
column 4, which is the dominant component of the large-scale electric field in the afternoon sector as shown
in Figure 4. The northward electric field (Ey) indicates a sunward plasma flow in the afternoon sector, and the
southward electric field (E;) implies an antisunward plasma flow. The corresponding IMF conditions during
the hot spot events are listed in column 5. If the IMF direction fluctuates during the time interval, we give an
averaged condition.

Figure 8 gives a summary of Table 1 for the relationship between the FACs and the meridional component
of the electric field during the hot spot events. Of the total 27 events, 22 events were observed for sunward
plasma flows (E,) and only five events for antisunward plasma flows. For the sunward flow events, a majority
of the events (73%) occur in the vicinity of the R2/R1 current reversal and 22% under the R1 current. Only one
event was associated with the R2 current. For the antisunward flow events, four of the events occur in the
vicinity of the R1/R0 current reversal, and one is associated with the R1 current.

The afternoon hot spot events associated with the sunward plasma flows (E,) favor the southward IMF con-
ditions (15 events) but appears during both B,+ and B,— conditions. Seven events were observed for the
northward IMF but mostly with the B, + conditions. Events associated with the antisunward plasma flows favor
the southward IMF and B, — conditions. The preference for Bz— and By— for antisunward plasma flows can be
explained as follows. A statistical study using the AMPERE data has shown that the Region 0 current in the
postnoon sector is strongly associated with the negative B, component [Anderson et al., 2008]. Since these hot
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Figure 9. The solar wind and IMF parameters on 16 January 2012. (first to fifth panels) B,, B,, the clock angle in the GSM
y-z plane, the solar wind speed, and the Newell solar wind coupling function.

spot events take place close to the R1/RO current reversal, negative B, is a natural condition. During south-
ward IMF, the polar cap and the large-scale FAC structures expand equatorward, so it is more likely that the
R1/R0 reversal moves overhead the ESR radar.

4, Afternoon Joule Heating Hot Spot Event on 16 January 2012

As Table 1 shows, many of the afternoon hot spot events occur in the vicinity of the R2/R1 large-scale current
reversal. We have selected one of the events to be shown in detail here. The event on 6 January 2012
shows the typical characteristics of ionospheric parameters during the southward IMF Joule heating hot spot
events in the winter time. In addition, the event takes place during strong coupling of the solar wind to the
magnetosphere.

Figure 9 shows the solar wind OMNI data propagated to the dayside bow shock in the afternoon sector. At
1010 UT (MLT = UT + 3.2 h at ESR) the IMF turns southward and remains in the southward direction for the
rest of the event. The B, component is negative except during two short time intervals in the beginning and

CAIETAL.

AFTERNOON JOULE HEATING HOT SPOT 7145



@AG U Journal of Geophysical Research: Space Physics 10.1002/2016JA022432

ESR, Jan 16, 2012

| |

[ AN 10

300

|
|
250 |

Tl |
BTN
< 2007 [0 'f"l i | 3

100 | RN |
10

Conductance (S/m)
(6}

501 —EFy
EF

Electric field (mV/m)
o
=

|
|
|
2 | r
|
|

T T T

|
|
— LY -
0900 1000 1100 1200 1300 1400 1500

uT
Figure 10. The ESR radar measurement of (first panel) electron density, (second panel) height-integrated Pedersen

conductance, (third panel) northward (black) and eastward (red) electric fields, and (fourth panel) height-integrated
Joule heating rate on 16 January 2012.

in the end of the period. B, reaches values down to —10 nT. The IMF clock angle is around 240° for most of the
time of interest (between the dashed lines). The solar wind velocity increases from 390 to 420 km/s between
10 and 13 UT, so the conditions are classified as slow speed, and only later at 14 UT the wind speed increases
above 450 km/s.

After the IMF southward turning until 13 UT, the Newell coupling function varies between 8000 and 12,000.
As can be seen from Figure 7, this range of the Newell coupling function values is clearly above the median
for slow-speed solar wind hot spot events but within the typical range of high-speed solar wind events.

Figure 10 shows the ESR radar data. Figure 10 (first panel) shows electron densities in the E and lower F region,
Figure 10 (second panel) shows the Pedersen conductance calculated from the electron density, Figure 10
(third panel) shows the northward (black) and eastward (red) electric field components, and Figure 10 (fourth
panel) shows the calculated Joule heating rates. The ionospheric electric field is small until 1010 UT, after
which there is a short gap in data. At 1030 UT when the IMF is already southward, the northward electric
field has increased to 50 mV/m. lonospheric conductances are rather low, but nevertheless, the Joule heating
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1000 m/s

1130 UT

Figure 11. Selected maps of the field-aligned currents from the AMPERE project data on 16 January 2012 at (a) 1040 UT,
(b) 1130 UT, (c) 1210 UT, and (d) 1310 UT. The red (blue) color indicates the upward (downward) current. The average
IMF conditions during the previous 20 min are shown in the upper right corner of each panel. The F region plasma flow
velocity measured by the ESR radar is shown by an arrow and the scale is given on the top.

rate Q; shows a local maximum because of the high electric field values. Between 1100 and 1145 UT electron
densities increase down to the E region indicating particle precipitation. This produces enhanced Pedersen
conductances. Inside the region of higher conductances, electric field values decrease and hence also the
Joule heating rates are decreased.

Figure 11 shows selected time intervals of the FAC distributions provided by the AMPERE project. Figure 11
(top left) corresponds to 1040 UT and this time has been marked by vertical dashed lines in Figures 9 and
10. At 1040 UT the IMF B, is negative (southward) and B, has just turned from a positive to a negative value.
In our analysis, 20 min averages of the IMF before each ESR measurement are calculated. Hence, this time
corresponds to IMF conditions with positive B,. Figure 11 shows a clear pattern of downward (blue) R2 and
upward (red) R1 FACs in the dusk sector. In addition, the FAC pattern has indeed the characteristics of B,+
conditions with the duskside downward R2 connecting to the dawnside downward R1 across midday
[Anderson et al., 2008].
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At 1040 UT, the ionospheric electric field is high in a region of low Pedersen conductance and the Joule heating
rate has a local maximum. The arrow shows the F region plasma flow measured at ESR. The northward electric
field corresponds to sunward convection and in addition the electric field has a smaller eastward component
corresponding to a poleward component of the plasma flow. One can also see that the ESR radar is located in
a close proximity of the R2/R1 current reversal.

At 1130 UT, the IMF B, has been negative for 50 min and the FAC pattern has adjusted to the typical B,—
conditions with the dawnside upward R2 connecting to the duskside upward R1 across midday (Figure 11, top
right). Because the dawnside downward R1 extends to the afternoon sector, three FAC sheets appear there.
This extension is identified as the RO current, since it is located poleward of the duskside R2/R1 current system.
Svalbard has rotated so that it is now below the R1 upward FAC. At this time the ESR radar measures particle
precipitation. As Figure 10 shows, the electric field reverses from the northward to the southward direction
inside the precipitation region close to 1130 UT. Because the electric field is small, also the Joule heating rates
are small.

At 1230 UT the upward R1 has expanded equatorward so that ESR is close to the poleward edge of the R1
region (Figure 11, bottom left). The electric field has turned in the southward direction, and hence, the plasma
flow is antisunward. The electric field is moderate (about 35 mV/m), but the Pedersen conductance is low, so
Joule heating rates are small.

At 1310 UT the ESR radar is under the R1/R0 current reversal (Figure 11, bottom right) and the plasma flows
in the antisunward direction with a poleward component. The Newell solar wind coupling function during
the previous 20 min has been 10,000-12,000 (the second dashed line in Figure 9 is drawn at 1310 UT). The
southeastward electric field has a local maximum of 78 mV/m producing a local maximum in Joule heating
rates in spite of the low Pedersen conductance.

In conclusion, in this case we find two enhanced Joule heating regions: one within the sunward flowing
plasma close to the R2/R1 FAC reversal and another in the antisunward flowing plasma close to the R1/R0 FAC
reversal.

5. Discussion

Figure 8 shows that the afternoon Joule heating hot spots are located close to the large-scale Region 1
field-aligned current reversals. In most cases, the location is within the sunward flowing plasma close to the
equatorward boundary of the R1 current, at the R1/R2 current reversal. This result also implies that the plasma
flow reversal from sunward to antisunward must take place under the afternoon sector upward R1 region.
This kind of a feature is well seen also in the statistical study combining data from the CHAMP satellite and the
SuperDARN radar by Juusola et al. [2014]. The plasma flow reversal under R1 was also visible in the individual
event discussed in section 4.

In a less typical situation with the antisunward plasma flow over the ESR, the Joule heating hot spots were
typically located at the poleward boundary of the R1 current, at the R1/R0 current reversal. Both under the
sunward and antisunward flowing plasma, some of the events were observed under the R1 current region.

The R2 current maps to the closed field line region of the magnetosphere, whereas the mapping of R1 is
more unclear. It has been suggested that the R1 current is on open field lines and connects to the magne-
topause current [e.g., Cowley, 2013] or that R1 is partly on open field lines and partly on closed field lines [e.g.,
Ohtani et al., 1995]. Wing et al. [2010] used DMSP particle data to identify the particle source populations of
large-scale FACs. They found that in the afternoon sector, R2 originates from the central plasma sheet (CPS), or
the boundary plasma sheet (BPS), or the inner magnetosphere, all of which are on closed field lines. The after-
noon sector R1 region shows different characteristics on the equatorward and poleward part. In the whole
R1 current region, BPS particles are seen, but on the equatorward part there are also CPS particles and on
the poleward part the low-latitude boundary region (LLBL) particles. Because the LLBL population contains a
mixture of low-energy magnetosheath-like particles and high-energy magnetospheric particles, at least part
of the LLBL is likely to be on open field lines. The RO current has BPS, LLBL, polar rain, and mantle particles of
which the two latter ones clearly originate from open field lines.

The majority of the events take place within sunward convecting plasma, which obviously connects to the
closed field line region of the magnetosphere. Also, the results by Wing et al. [2010] imply that the equatorward

CAIETAL.

AFTERNOON JOULE HEATING HOT SPOT 7148



@AG U Journal of Geophysical Research: Space Physics 10.1002/2016JA022432

part of the R1 current is located on closed field lines. The antisunward flowing plasma in the afternoon sector
close to the R1/R0 current reversal may map to the outer part of the LLBL, where the viscous interaction with
the magnetosheath plasma produces the antisunward flow.

All the high-latitude ionospheric regions respond to the changes in solar wind driving. The strong electric
fields located close to the boundaries of R1 current that we found responsible for the afternoon Joule heating
hot spots are a part of the high-latitude electrodynamical system. The response of large-scale convection to
various IMF conditions is rather well understood [Ruohoniemi and Greenwald, 2005; Weimer, 2005; Cousins and
Shepherd, 2010]. The magnitude and location of large-scale FACs also respond to IMF [Anderson et al., 2008;
Clausen et al., 2012; Juusola et al., 2014]. We found that some conditions of the IMF are favored for afternoon
sector Joule heating hot spots at ESR. For the slow-speed solar wind events, the favored IMF direction is south-
ward. In addition, positive IMF B, conditions, corresponding generally to a rounder evening cell convection,
are favored. During the high-speed solar wind, both southward and northward IMF may take place. However,
the northward IMF events are associated with large values of the |B, | component.

The coupling of the solar wind IMF and the terrestrial magnetosphere takes place at the dayside magneto-
sphere. During southward IMF, merging takes place on the low-latitude magnetopause and during northward
IMF poleward of the cusps [Dungey, 1961]. The IMF B, component changes the merging topology and dif-
ferent merging line locations are predicted by different models. However, in reality the reconnection takes
place in 3-D and then one can use the concept of a magnetic separator, which is the 3-D analog of the 2-D
X line [Glocer et al., 2016, and references therein]. Glocer et al. [2016] show a simulation for the 45° IMF clock
angle, which produces a tilted separator across the dayside magnetopause, and the reconnection rate has a
maximum near the subsolar point. One should also note that almost all of the solar wind coupling functions
depend on sin"(8/2), n typically 2-4, which does not go to zero at clock angles of 90° and 270° [Newell et al.,
2007, and references therein]. However, when the clock angle approaches 0°, the solar wind coupling func-
tions approach zero. Therefore, we can conclude that afternoon Joule heating hot spots are associated with
dayside magnetic merging and energy input in the magnetosphere.

As the event study described in section 4 shows, local Joule heating rates may vary a lot even though the
Newell solar wind coupling function remains at a high level. It is also well known that inside high-conductivity
regions electric fields tend to be small [e.g., Aikio et al., 2002]. So, even though enhanced dayside merging is
expected to increase the global cross-polar voltage, localized variations in Joule heating rate will remain large.
Our results indicate that for the ESR radar to observe afternoon Joule heating hot spot, it needs to be located
close to the Region 1 current reversal, either the R1/R2 or R1/R0 reversal. This explains the poor correlation of
the Newell solar wind coupling function with the locally measured Joule heating rates in Figure 7.

6. Conclusions

We have studied statistically the properties of afternoon Joule heating hot spots by utilizing the EISCAT
Svalbard radar (75.4° CGMLAT) observations in the CP2 mode from 2000 to 2014 and the OMNI solar wind
data base. For a subset of events, we have had the AMPERE field-aligned current distributions available. The
main conclusions are as follows.

1. Afternoon Joule heating hot spots are associated with high values of ionospheric electric fields and slightly
enhanced Pedersen conductances. The Joule heating hot spot values are larger in summer than in winter,
which can be explained by the higher Pedersen conductances during summer than winter. The equinox
values are between summer and winter. In addition, the Joule heating hot spot values are larger during
southward IMF conditions than during northward IMF due to larger convection electric fields, in accordance
with Cai et al. [2014].

2. Afternoon Joule heating hot spots are located close to the reversals of the large-scale field-aligned current
systems. The most common location is close to the Region 1/Region 2 boundary and those events are asso-
ciated with sunward convecting F region plasma (northward ionospheric electric field). In a few cases, the
hot spots take place close to the Region 1/Region 0 boundary and then typically the ionospheric plasma is
convecting antisunward.

3. Afternoon Joule heating hot spots may occur both during slow (<450 km/s) and high (>450 km/s) speed
solar wind conditions. During slow-speed solar wind events, the dominant IMF direction is southward,
which is the general requirement for the low-latitude magnetic merging at the dayside magnetopause.
In addition, positive IMF B, conditions, corresponding generally to a rounder evening cell convection, are
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favored. During high-speed solar wind, the IMF B, distribution contains both southward and northward val-
ues. The northward IMF events are associated with large values of the |B,| component, which makes again
the dayside magnetopause merging possible.

4. Underthe northward IMF conditions, the solar wind coupling functionis clearly increased during Joule heat-
ing hot spots compared to background conditions, but under the southward IMF conditions, the increase
in the solar wind coupling function is rather small compared to background conditions. The afternoon hot
spot Joule heating rates are not a linear function of the solar wind energy coupling function. Obviously, an
important factor affecting the measured Joule heating rates is the location of the measurement point with
respect to the plasma flow and field-aligned current patterns.

There are still several open questions related to the generation of the afternoon Joule heating hot spots, such
as the role of plasma velocity shears and the relationship to the afternoon auroral hot spot discovered by
Coggeretal.[1977] and Murphree et al. [1981]. The spatial extent of the afternoon Joule heating hot spot is not
known. If the Joule heating hot spot has a connection to the auroral hot spot, we expect the Joule heating
hot spot to be located outside of the auroral hot spot, since typically plasma convection is smaller inside
high-conductivity regions than outside of them [e.g., Aikio et al., 2002]. In this study, we are able to observe
the hot spot when it comes to the field of view of the ESR radar beam. An ideal experiment to study hot spots
would contain simultaneous optical images as well as 2-D observations of plasma flows and field-aligned
current distributions under known solar wind driving. Finding such an event is left for a future study.
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