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Abstract The impact of a high-speed solar wind stream (HSS) on the topside near-equatorial ionosphere
(Arecibo: 28.17°N, L = 1.3) is investigated for the first time. Although the HSS did not lead to any significant
geomagnetic storm activity, the ionosphere over Arecibo became hotter and expanded significantly in
altitude as compared to a non-HSS interval. The O*/H" transition height hy increased by ~200 km in the
daytime and by ~100 km at night. At the h, the peak ionospheric electron and ion temperatures increased by
~200-500 K during day and by ~50-70 K at night. While the O* ion concentration exhibited an overall
enhancement, deep penetration of the H" ions below hy are observed during the day. The noontime peak
electron density was ~4 times higher during the HSS event compared to the non-HSS interval. We present
three possible mechanisms to explain this topside ionospheric heating.

1. Introduction

The topside ionosphere, extending from the F layer peak (~200 km) up to the protonosphere (~3000 km),
mainly consists of oxygen (O"), hydrogen (H"), and helium (He") ions. The transition altitude or the base of
the protonosphere, where [0*] = [H*] + [He*], is an important characteristic parameter of the topside iono-
sphere [Titheridge, 1976; MacPherson et al., 1998; Heelis et al., 2009; Aponte et al., 2013; Kotov et al., 2015]. In
the above [X] indicates the number density of X species. The transition is known to be a highly dynamic
region that is sensitive to the variations of solar ionizing EUV flux and thermospheric neutral winds [e.g.,
Miyazaki, 1979; Heelis and Hanson, 1980; Antonova et al., 1992; Gonzdlez et al., 2004; Heelis et al., 2009;
Garzon et al., 2011; Aponte et al., 2013]. Most of the above references deal with climatological behavior of
the topside ionosphere focusing on solar activity and seasonal variations.

The goal of the present effort is to study the low-latitude or near-equatorial topside ionospheric response to
an interplanetary high-speed solar wind stream (HSS), or to “external solar wind forcing.” The HSSs emanate
from solar coronal holes [Krieger et al., 1973; Sheeley et al., 1976]. The HSSs interact with slow-speed solar wind
streams near the ecliptic plane, giving rise to compressed plasma and magnetic field regions. These appear to
corotate with the Sun and are thus called corotating interaction regions (CIRs) [Smith and Wolfe, 1976;
Tsurutani et al., 1995]. The CIRs and the following HSSs carry interplanetary Alfvén wave trains [Belcher and
Davis, 1971; Tsurutani et al., 1994]. The southward component of the Alfvén waves causes sporadic magnetic
reconnection at the Earth’s dayside magnetopause [Dungey, 1961; Tsurutani and Gonzalez, 1987; Tsurutani
et al., 1995], leading to substorms and convection events and energetic ~10-100 keV particle injections into
the nightside magnetosphere [DeForest and Mcllwain, 1971; Horne and Thorne, 1998].

In the present work we will explore the incoherent scatter radar (ISR) observations of the topside (~250-
1300 km) ionosphere at the Arecibo Observatory situated at a near-equatorial region (geomagnetic:
28.17°N, 5.88°E, dip: 46.7°, L = 1.3) during a HSS event. We will characterize the perturbations of the topside
ionosphere caused by this external (solar wind) driving. We believe that this is the first explicit study on the
effect of HSSs on the topside ionosphere.

2, Data Analyses and Results

The ionospheric ISR measurements at Arecibo Observatory are available since 1988 on a campaign basis. For
theoretical details of the ISR and methods of data extraction, we refer the readers to Gordon [1964], Farley
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[1970], and Gonzdlez and Sulzer [1996]. From this database, only one interval with suitable measurements
when a HSS hit the Earth was found. This was the HSS event during 4-8 April 2008. A “quiet period” with
no HSS is selected as a reference interval for comparison to the HSS event. The quiet interval selected is
24-26 March 2009. To ensure that the non-HSS interval would be a good baseline for comparison to the
HSS interval, we selected the interval to be in the same season (spring equinox) and the same average
F107 solar flux (solar activity conditions). The F1o, was 69.4 solar flux unit/sfu (1 sfu=10"22W m~2 Hz") dur-
ing the non-HSS and ~70.5 sfu during the HSS interval (http://www.drao.nrc.ca/icarus).

2.1. Topside lonosphere During a Non-HSS Period: 24-26 March 2009

Figure 1 shows the solar wind/interplanetary variations along with associated ionospheric conditions during
the non-HSS interval of 24-26 March 2009 (83-85 days of year/DOY 2009). The solar wind and interplanetary
data at ~1 AU are obtained from the OMNI database (http://omniweb.gsfc.nasa.gov/). The peak solar wind
speed V,,, during the interval was ~480 km s~', indicating a moderate/slow-speed solar wind stream
(Figure 1a). The variations of solar wind plasma density Ny, (peak ~7 cm™3), ram pressure Pg,, (~2 nPa), plasma
temperature Ty, (~3 x 10° K), interplanetary magnetic field (IMF) magnitude B, (~7 nT), and B, component
(—6 nT) indicate a moderate solar wind/interplanetary condition. Figure 1e shows the high-resolution (1 min)
symmetric ring current index SYM-H obtained from the World Data Center for Geomagnetism, Kyoto, Japan
(http://wdc.kugi.kyoto-u.ac.jp/). The auroral electrojet (SME, Figure 1f) and its westward component (SML,
Figure 1g) are constructed from ground magnetometer data from the SuperMAG network (http://supermag.
jhuapl.eduy), the latter consisting of more than 300 ground-based magnetometers [Gjerloev, 2009; Newell and
Gjerloev, 2011]. The variations of the SYM-H (peak —31 nT), SME (895 nT), and SML (—681 nT) indices indicate
moderate geomagnetic activity condition. No magnetic storms were in progress [e.g., Gonzalez et al., 1994].

Figures Th—1m display the topside ionosphere characteristics from ~1230 LT on 24 March to ~0700 LT on 26
March. From ~300 km, the electron density Ne decreases with increase in altitude (Figure 1h). At ~300 km, the
Ne variation is characterized by a minimum of ~3 x 10 cm > around 0600 LT followed by a gradual increase
until it attains a peak of ~3 x 10° cm™> at ~1600 LT before local sunset. After sunset Ne decreases at a faster
rate. At ~400 km, the minimum and peak densities are ~1.7 x 10* cm™> and ~1.9 x 10° cm ™, respectively.
Above the F layer peak, collisional losses of the electrons are insignificant owing to the lower concentration
of neutral molecular species. Thus, the ionospheric plasma distribution is mainly controlled by diffusion [e.g.,
MacPherson et al., 1998].

The diurnal profile of O* (Figure 1j) resembles that of Ne as described above. At an altitude of ~400 km, the O*
exhibits a diurnal peak of ~1.8 x 10° cm ™3 at ~1600 LT and a minimum of ~1.4 x 10* cm > at ~0600 LT. Above
400 km, O™ decreases gradually. The lighter ion H" is dominant in the protonosphere above ~450 km at night
(Figure 1i). The peak H* concentration of ~1-2 x 10% cm™3 is recorded at local midnight at an altitude
of ~620 km.

During the present (2008-2009) solar minimum case, the He* ion concentration is very low compared to
those of H" and O ions [see Aponte et al, 2013]. As a consequence, the transition height hy is essentially
equivalent to the height where [0"] ~ [H*] (Figure 1k). hy varies from a peak of ~950 km at 1245 LT (noontime
peak) on 24 March to a minimum of ~430 km recorded at 0447 LT (presunrise minimum) on 25 March. The red
curve in Figure Tk shows the variation of the H" peak altitude hy, which is always higher than hy under the
present condition.

The electron and ion temperatures T, and T; at different altitudes from 400 km to 1200 km are shown in
Figures 11 and 1m, respectively. During daytime, T, and T; have virtually the same values. At hy, T, and T; exhi-
bit their minimum values of ~700 K at the postmidnight hour (~0200 LT). After ~0530 LT the temperatures
increase gradually with time until they reach a peak of ~2500 K at ~0930 LT. The early morning period corre-
sponds to low ionospheric plasma densities. The corresponding ionospheric temperature increases are attrib-
uted to photoelectron heating. The temperatures remain more or less constant until ~1630 LT, after which
they decrease gradually.

2.2. Topside lonosphere During a HSS Event: 4-8 April 2008

Figure 2 shows the solar wind/interplanetary and ionospheric variations associated with a HSS event occur-
ring on 4-8 April 2008 (95-99 DOY 2008). The HSS emanated from a large solar coronal hole with positive
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Figure 1. A non-HSS interval during 24-26 March 2009. From top to bottom, the panels show (a) Vs, (km 5_1), (b) Now
(cm73, black) and Py, (nPa, red), (c) IMF By (nT, black) and Ty, (K, red), (d) IMF B, (nT), (€) SYM-H (nT), (f) SME (nT),

(g) SML (nT), altitudinal distributions of (h) Ne (cm73), (i) H" concentration (cm73), and (j) 0™ concentration (cm73), (k) ht
(km, black) and hy (km, red), and (I) Te (K) and (m) T; (K) at different altitudes shown on the right. In the Ne, H+, and 0"
density panels the color bars on the right gives the concentrations (in cm™3). The altitude is in the unit of kilometers, and
the time is in UT. The Arecibo local midnight (0000 LT) and noon (1200 LT) times are marked by vertical dashed and solid
lines, respectively (LT = UT — 4 h).

magnetic polarity (the magnetic field points away from the Sun). The coronal hole extended from ~ —25° to
~ —40° latitude around Carrington longitude ~115°-150° [see Echer et al., 2011]. The HSS interacts with a
slow-speed stream with a Vg, of ~400 km s~' on 4 April (Figure 2a). The CIR is present approximately
from ~1247 UT on 4 April to ~0340 UT on 5 April. The CIR is characterized by a peak N, of ~16 cm~3,
Pew ~8 nPa, IMF By ~12 nT, T, ~4 x 10° K, and IMF B, ~ —14 nT. The CIR is followed by the HSS proper
interval. The HSS has multiple peaks of ~650 km s~ at ~0458 UT on 5 April, ~740 km s~ at ~0937 UT
on 6 April, and ~770 km s at ~1840 UT on 8 April. The HSS proper is associated with an Alfvén wave
train that is identified by IMF B, fluctuations that oscillate between +8 nT and —7 nT (Figure 2d).
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Figure 2. A HSS event on 4-8 April 2008. The panels are in the same format as in Figure 1. The horizontal arrow in Figure 2b
shows the CIR interval.

The CIR/HSS event did not lead to a geomagnetic storm as defined by Gonzalez et al. [1994]. The variations of
the SYM-H index (—36 nT, Figure 2e), sporadic enhancements in the SME (~1200 nT, Figure 2f), and SML
(~ — 1200 nT, Figure 2g) are indicative of moderate geomagnetic activity such as substorms and convection
events [Akasofu, 1964; Rostoker et al., 1980; Newell and Gjerloev, 2011; Tsurutani et al., 2004, 2015; Hajra et al.,
2016]. The geomagnetic condition during this HSS interval is quite comparable to that during the non-HSS
interval depicted in Figure 1.

The topside ionosphere measurements, from ~1730 LT on 4 April to ~1145 LT on 8 April, are shown in
Figures 2h-2m. The period corresponds to the HSS proper interval after the passage of the CIR.
Unfortunately, measurements are not available during the CIR impact. During the HSS proper interval, the
ionosphere is observed to expand in altitude compared to quiet time (Figure 1). The electron density Ne
attains a diurnal peak of ~3.9 x 10° cm ™ during the local noon (~1300 LT) at an altitude of ~400 km
(Figure 2h). The diurnal peak occurs ~3 h earlier and is ~2 times larger than that during the non-HSS
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period at 400 km altitude (Figure 1h). During this HSS interval, another secondary Ne enhancement of
~2.8 x 10° cm™> is detected at ~2100 LT. The diurnal minimum of Ne is ~3.9 x 10 cm ™3 recorded at
~0600 LT.

The O* variation is well correlated to the Ne variation. At 400 km altitude, the diurnal peak and minimum O*
densities are ~3.8 x 10° cm™3 and ~2.7 x 10* cm™3, respectively (Figure 2j). Above ~450 km, the O* concen-
tration decreases gradually and H" dominates the nighttime protonosphere (Figure 2i). Around local mid-
night, H* has a peak concentration of ~1-2 x 10* cm™> at an altitude of ~570 km.

The diurnal minimum of the transition height hr is located at ~500-530 km, while the peak is at ~1150-
1180 km (Figure 2k, black curve). The minimum and maximum occur near local presunrise and noon hours,
respectively. The H* peak altitude hy, (Figure 2k, red curve) shows an interesting feature during the HSS inter-
val. During daylight hours, ~1-1.5 h before local noon, hy, falls below the hr. This is due to the fact that an H*
layer with a concentration of ~10* cm™ is formed at the altitude of ~570-600 km. The formation of addi-
tional H* below hy during day when the O* concentration is high may have its origin in the charge exchange
reaction: 0" + H «» O + H" [e.g., Garzdn et al., 2011].

Figures 2| and 2m show the altitude variations of the electron and ion temperatures T, and T;, respectively. At
ht, the postmidnight minima of the ionospheric temperatures are ~750-770 K. Both T, and T; increase gradu-
ally after 0530 LT. T, and T; attain peak values of ~2800 K and ~2700 K, at ~0930 LT, respectively. T, and T;
exhibit secondary maxima of ~3000 K at ~1630 LT, after which they decrease gradually.

In Figure 3 we compare different ionospheric parameters between the HSS (4-8 April 2008) and non-HSS (24-
26 March 2009) intervals. The significantly higher values, as discussed above, are noted during the HSS event.
The maximum and minimum hy are ~200 km and ~100 km (respectively) higher during the HSS event. At hy,
the ionospheric temperatures during the HSS event are ~200-500 K higher during day and ~50-70 K higher
at night as compared to the non-HSS interval. Thus, the ionosphere is warmer both during daytime and at
night during the HSS interval at hr.

Figure 4 shows a comparison of the average altitude profiles of Ne, H*, 0%, Te, and Ti at local postmidnight
(0200 LT) and afternoon (1600 LT) between the HSS and non-HSS intervals. The altitude profiles clearly indi-
cate larger electron and ion concentrations and ionospheric temperatures during the HSS interval compared
to the non-HSS interval. On average, the daytime and nighttime peak Ne densities are ~4 and ~3 times higher
during the HSS event. Above ~450 km, the gradual decrease of 0" and dominance of H* are clear. Large dif-
ferences in T, and T; between the two intervals at altitudes above ~600 km reveal topside ionospheric heat-
ing by the HSS.

Figure 5 shows the geomagnetic activity data during the HSS event on 4-8 April 2008. The dynamic spectra of
the ground-based magnetometer (H component) measurements are obtained from the Finnish observatory
chain (~65°-69°N geographic, L ~ 4.5-5.9) (http://www.sgo.fi/Data/archive.php). The strong magnetic pulsa-
tions observed in the frequency range of 0.1-2.0 Hz represent electromagnetic ion cyclotron (EMIC) waves
[Cornwall, 1965; Kennel and Petschek, 1966; Remya et al., 2014, 2015, 2017]. The EMIC waves are most promi-
nent during noon to postmidnight on 4 April, midnight to noon on 5-6 April, and on 6-7 April. It is interesting
to note that the wave outbursts are well-correlated to the southward excursions in the IMF B, (Figure 5c) and
the sporadic impulses in the SME and SML indices (Figures 5e and 5f).

3. Discussion and Conclusions

We report, for the first time, HSS impacts on the near-equatorial (Arecibo Observatory, geomagnetic: 28.17°N,
5.88°E, dip: 46.7°, L = 1.3) topside ionosphere (above the F layer). This was compared with the topside iono-
spheric condition during a non-HSS interval when the seasonal and solar flux conditions were nearly the
same as that for the HSS interval.

The 2008-2009 interval was characterized by the low number of equatorial and low-latitude coronal holes,
low IMF magnitudes, low solar wind speed and pressure, and low-energy transfer from solar wind to the mag-
netosphere [de Toma, 2010, 2012; Tsurutani et al., 2011; Echer et al., 2012; Hajra et al., 2013]. It was part of the
prolonged solar minimum phase of the solar cycle 23, when the Sun remained at a diminished radio flux (and
sunspot) level of activity. The thermosphere and ionosphere during this extreme solar minimum were
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Figure 3. Comparison between the HSS (4-8 April 2008) and non-HSS (24-26 March 2009) intervals. From top to bottom,
the panels show (a) Ne (cm73), (b) HT, and (c) O concentrations (cm73) at 400 km altitude, (d) ht (km), (e) Te (K), and (f) T;
(K) at ht. Different colors correspond to different dates shown on the top. The UT and LT are shown at the bottom.

suggested to be cooler and contracted compared to those during previous solar minima [see Heelis et al.,
2009; Coley et al., 2010; Emmert et al., 2010; Yue et al.,, 2010; Klenzing et al., 2011; Solomon et al.,, 2011;
Aponte et al,, 2013, and references therein]. The variations of O*/H" transition altitude, electron and ion
temperatures, and densities estimated on a non-HSS period in the present work are consistent with the
previous results. On the contrary, there is no study on the topside ionosphere response to a HSS during
this interval that we know of.

The present study reveals that the topside ionosphere over Arecibo expanded in altitude and became hotter
by the influence of the HSS. What is the source of this apparent ionospheric heating? At the present time we
do not fully understand this. Arecibo is at a location where magnetospheric particle precipitation is not
expected. There was not an intense magnetic storm (peak SYM-H was only —36 nT), so a storm dayside super-
fountain effect [Tsurutani et al., 2004, 2008; Mannucci et al., 2005] is not expected. Large fluctuations in IMF B,
may create fluctuations in the prompt penetration electric fields during the substorms that occurred [e.g.,
Nishida, 1968; Kelley et al., 1979]. This may possibly cause uplift of the ionosphere. Unfortunately, this cannot
be verified as the plasma speed (or electric field) measurements by Arecibo radars were not available for the
intervals in the study. However, since the location of Arecibo is so close to the magnetic equatorial region,
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Figure 4. Average altitude profiles of Ne, H', 0%, T, and T, respectively, at local postmidnight (0200 LT) and afternoon
(1600 LT). The red and blue plots pertain to HSS and non-HSS periods, respectively.

one has to consider a substorm superfountain as a possibility of the observed ionospheric uplift. Such a
mechanism transports the plasma from the lower to higher altitude by upward E x B drift leading to
plasma density increase in the F layer peak (see discussion in Tsurutani et al. [2008]). Relative enhancement
of the F layer peak is clear from the altitude variations of the plasma density between the HSS and non-
HSS days. Transport of the plasma content from lower apex height flux tubes to those at higher apex
height results in dramatic plasma reduction in the plasmasphere. This is because the higher flux tubes
have larger volumes. The topside electron temperature will increase due to the dramatic decrease in the
electron cooling rate during the HSS event. One has basically the same amount of plasma occupying a
larger volume, thus a lower plasma density. The input energy for heating is the same photoelectron
heating, while the electron cooling rate decreases. The electron temperature gradient observed in the
present study could be explained by a downward heat flux that heats the low altitude electrons.

Other possible ionospheric plasma heating mechanisms may be related to the plasmaspheric wave activity.
We note that plasmaspheric hiss is significantly enhanced at L = 1.1 and variable between L = 1.2 and 2.0 dur-
ing substorms [Tsurutani et al., 1975]. These electromagnetic waves were detected by a low-altitude satellite
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Figure 5. Pulsation magnetometer observations from Finnish ground magnetometer chain during the HSS event on 4-8
April 2008. From top to bottom, the panels show (a) Vs, (km 571), (b) Ngy (cm73, black) and Py, (nPa, red), (c) IMF B,
(nT), (d) SYM-H (nT), (e) SME (nT), (f) SML (nT), and geomagnetic pulsations (in Hz) at (g) Oulu (OUL), (h) Rovaniemi (ROV),
(i) Sodankyla (SOD), (j) Ivalo (IVA), and (k) Kilpisjarvi (KIL). The wave power in an arbitrary unit is shown by the color scale on
the right. The geographic latitude, longitude, and L values of the observatories are shown in the panels. The vertical dashed
and solid lines show the Finnish local midnight and noon in the unit of magnetic local time (MLT).

just above the ionosphere. Simple calculations indicate that Landau damping of these electromagnetic
waves could resonate with and energize E ~ 10-100 eV electrons. These precipitating electrons could be a
heat source for the topside ionosphere.

We also consider a third possible scenario for the observations, involving heating of thermal electrons by
EMIC (electromagnetic ion cyclotron) waves. The southward IMF B, component of the Alfvén waves within
the HSS event causes substorms and injection events [Tsurutani et al., 2004, 2016; Hajra et al., 2014, 2015a,
2015b] causing the injection of energetic ~10-100 keV ions (and electrons) into the nightside outer zone
magnetosphere. The substorm activity is indicated by the SML events shown in Figure 5f. The ions will gradi-
ent drift from midnight through dusk to local noon. The anisotropic ions will lead to the generation of EMIC
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waves [Cornwall, 1965; Kennel and Petschek, 1966] as detected by the Finnish ground magnetometers
(Figures 5g-5k). There is a second source of EMIC waves. The dayside compression of the outer magneto-
sphere by the HSS will lead to the compression of preexisting ~10-100 keV ions and dayside EMIC waves near
local noon will also be generated [Tsurutani et al., 2001, 2016; Remya et al., 2014]. Thus, we can expect EMIC
waves to be generated from local midnight through dusk to postnoon. This matches the EMIC wave local
time distribution shown in Figures 5g-5k.

However, we note that the Finnish observatories (L ~ 4.5-5.9) exhibiting EMIC waves are far from the lati-
tude of Arecibo (L = 1.3). How can waves generated at such high L reach Arecibo latitudes? Ray tracing
studies applied to electromagnetic whistler mode waves called chorus [Santolik et al, 2003, 2004;
Bortnik et al., 2009] may give us a clue. It has been shown that chorus generated in the outer zone mag-
netosphere can propagate to the plasmapause at high magnetic latitudes and enter the plasmasphere
there. The chorus becomes plasmaspheric hiss and can propagate to low L shells. This scenario has been
verified by Falkowski et al. [2017] who have shown that plasmaspheric hiss can reach L = 2 to 3 and farther
earthward in the magnetosphere (see above description). These inner zone waves do not necessarily reach
the ground. Can EMIC waves also propagate from the outer magnetosphere to the inner magnetosphere?
If the EMIC waves can enter and reach low L, Landau damping of the EMIC waves may also be a
possible solution.

The above latter two scenarios are consistent with and can explain the dramatic precipitation of low energy
eV to keV electrons from the inner magnetosphere to the ionosphere associated with storm time substorms
noted by the very interesting work of Shiokawa et al. [1996, 1997]. We urge scientists to study the propaga-
tion of both wave modes into the near-equatorial region of magnetosphere to better understand which sce-
nario is the most likely mechanism.
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