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Abstract. We study solar wind—ionosphere coupling through input into the auroral region associated with HILDCAAs.
the late declining phase/solar minimum and geomagneticThe 2008—-2009 HSS intervals werd5 % less intense than
minimum phases during the last solar cycle (SC23) — 200&he 2003 early declining phase event, with annual averages
and 2009. This interval was characterized by sequences dff daily infrared NO emission power of 3.3 x 101°W and
high-speed solar wind streams (HSSs). The concomitan2.7 x 101°W in 2008 and 2009, respectively. The roles of
geomagnetic response was moderate geomagnetic storngésturbance dynamos caused by high-latitude winds (due to
and high-intensity, long-duration continuous auroral activ- particle precipitation and Joule heating in the auroral zones)
ity (HILDCAA) events. The JPL Global lonospheric Map and of prompt penetrating electric fields (PPEFs) in the so-
(GIM) software and the GPS total electron content (TEC)lar wind—ionosphere coupling during these intervals are dis-
database were used to calculate the vertical TEC (VTEC)xussed. A correlation between geoeffective interplanetary
and estimate daily averaged values in separate latitude anglectric field components and HSS intervals is shown. Both
local time ranges. Our results show distinct low- and mid- PPEF and disturbance dynamo mechanisms could play im-
latitude VTEC responses to HSSs during this interval, with portant roles in solar wind—ionosphere coupling during pro-
the low-latitude daytime daily averaged values increasing bylonged (up to days) external driving within HILDCAA inter-
up to 33TECU (annual average 620 TECU) near local vals.
noon (12:00 to 14.:00 LT) _in 2008. In_ 2009 during the min- Keywords. lonosphere (lonosphere—
imum geomagnetic activity (MGA) interval, the response
to HSSs was a maximum @30 TECU increases with a
slightly lower average value than in 2008. There was a wea
nighttime ionospheric response to the HSSs. A well-studied
solar cycle declining phase interval, 10-22 October 2003,
was analyzed for comparative purposes, with daytime low-1 Introduction and brief review of high-speed stream
latitude VTEC peak values of up te58 TECU (event aver- effects in ionosphere and thermosphere
age of~55 TECU). The ionospheric VTEC changes during o _ _
2008-2009 were similar but60 % less intense on average. 1he solar (sunspot) declining phase is characterized by low-
There is an evidence of correlations of filtered daily averagedatitude coronal holes (Temmer et al., 2007; de Toma, 2011)
VTEC data with Ap index and solar wind speed. from which high-speed streams (HSSs) emanate (Sheeley et
We use the infrared NO and G@mission data obtained al., 1976, 1977; Tsurutani et al., 1995, 2006a). Luhmann et
with SABER on TIMED as a proxy for the radiation balance al. (2002), based on extensive database of solar observations,
of the thermosphere. It is shown that infrared emissions in1ave shown that maximum values of the solar wind veloc-

crease during HSS events possibly due to increased enerd}y associated with open flux tubes (coronal holes) are at-
tained during the declining and minimum phases of the solar

magnetosphere inter-
actions; lonospheric disturbances) — Magnetospheric physics
lgStorms and substorms)
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cycle. During the propagation of the HSSs from the Sun tosolar minimum (Gibson et al., 2009). Kozyra et al. (2006)
Earth, they interact with slow speed streams, forming coro-have found a higher total energy deposition into the auro-
tating interaction regions or CIRs. These CIRs interact withral atmosphere during HSS events than during solar max-
the Earth’s magnetosphere and cause moderate geomagnetisum intervals. Guarnieri (2006) has shown that average
storm main phases. The main difference of this type of ge-electron flux causing auroras (from POLAR images) during
omagnetic activity from those associated with interplanetaryCIR storms/high-speed streams is higher than during recov-
coronal mass ejections (ICMEs) during solar maximum isery phases of intense magnetic storms. Recently, a study by
its relatively moderate storm intensities (Dst rarely goes be-Turner et al. (2009) illustrated that, in general, CIR-driven
low —100nT). The HSS proper interaction with the Earth storms were somewhat more efficient at coupling solar wind
causes high-intensity, long-duration continuous auroral acenergy into the magnetosphere than ICME storms with the
tivity (HILDCAA) events (see the review by Tsurutani et efficiency of energy transfer from the solar wind to magne-
al. (2006a) and references therein). The long-duration storntosphere as 73 % t663 %. It is important to note that about
“recovery” phases associated with the HILDCAAs can last~50 % of the energy is converted into Joule heating alone.
from several to~25 days (Tsurutani et al., 2006c). In this An extensive study conducted by Emery et al. (2009) over
case there is continuous external forcing of the Earth’s magthree solar cycles showed thab0 % of the auroral electron
netosphere, thermosphere and ionosphere. power is associated with HSS structures (compared to 32 %
A connection between solar wind and the Earth’s iono-in transients and ICMES). Verkhoglyadova et al. (2011) esti-
sphere and thermosphere during CIRs/HSSs manifests itsethated that event-integrated energy of thermospheric infrared
in ~7 and~9 day periodicities of different physical param- radiation is higher during a sample HSS interval than during
eters. These periodicities have been shown to exist in thera CME-type storm.
mospheric density variations at CHAMP altitudesi00 km) It is known that the major source of heating at high lat-
(Thayer et al., 2008), thermospheric composition with GUVI itudes is direct solar EUV, which only occurs on the day-
on TIMED (Crowley et al., 2008), the thermospheric energy side atmosphere. The EUV level was extremely low during
budget (Mlynczak et al., 2008), the global mean ionosphericthe last solar minimum (Solomon et al., 2010). Here we will
total electron content (TEC) values (Lei et al., 2008), TEC focus exclusively on interplanetary (solar wind) drivers for
values above CHAMP (Pedatella et al., 2010), NeF2 the ionospheric and atmospheric activity. Analysis of ther-
in ionosonde measurements (Wang et al., 2011), and thenospheric heating in 1975-2003 based on the Dynamics
NmF2 andHmMF2 in electron density profiles at COSMIC Explorer had shown that Joule heating was the major con-
(Ram et al., 2010). Liu et al. (2010) reported the existencetributor to variability of the thermospheric power and domi-
of ~9 day oscillations in the topside ionosphere, further con-nated the auroral zone (Knipp et al., 2004). Recently, Knipp
necting the bottom ionosphere and the magnetosphere. Burret al. (2011) estimated the Poynting flux sorted by solar
et al. (2012) used NCAR TIE-GCM to simulate ionospheric wind flow type. Their result showed that energy influx into
response to HSSs in 2008. They showed positive, lastinghe high-latitude magnetosphere between transients (ICMES)
storm effects ofNMF2 in mid-latitude ionosphere. These and HSSs are about comparable. Huang et al. (2012), also
results underline the importance of heliospheric drivers forusing DMSP measurements, showed an increase in auroral
ionospheric and thermospheric dynamics in the decliningzone Joule heating with increased solar wind speeds.
phase of a solar cycle. The infrared energy budget of the thermosphere through-
A solar sunspot minimum is typically considered as havingout the solar cycle has been extensively studied by Mlynczak
low to moderate geomagnetic activity, with few or no major et al. (2007, 2008, 2010a) and Hunt et al. (2011). It has been
magnetic storms occurring during this time. CIRs and HSSsshown that the variability in solar ultraviolet radiation con-
are also considered the main drivers for geomagnetic activitytrols the long-term variability of the infrared radiation from
in the recent solar minimum, but their effects are significantly nitric oxide (NO), which cools the thermosphere. Occasion-
diminished (Tsurutani et al., 2011a). Our study will include ally, infrared radiation power exceeds solar radiation input
CIR/HSS intervals of the late declining phase and the sola(Mlynczak et al., 2008). These events were attributed to ad-
minimum (2008), and the minimum geomagnetic activity in- ditional energy input due to geomagnetic activity (Mlynczak
terval (2009) of the SC23 solar cycle. et al., 2010b). Lu et al. (2010) have shown that Joule heat-
Itis well known that energy input into the magnetosphere—ing dissipation is responsible for thermospheric temperature
ionosphere system during the solar declining phase, averageahd NO density increases and thus radiative emission by NO
over a year, can be comparable or even often higher thaim the thermosphere during geomagnetic storms. Geomag-
during solar maximum years when ICMEs dominate solarnetic/auroral activity in general is suggested to cause most of
(and geomagnetic) activity (Tsurutani et al., 1995, 2006a;the thermospheric radiated power variability (Solomon et al.,
Kozyra et al., 2006; Guarnieri, 2006; Turner et al., 2006,1999; Marsh et al., 2004; Mlynczak et al., 2010b; Verkho-
2009; Emery et al., 2009; Verkhoglyadova et al., 2011). Re-glyadova et al., 2011). Recurrent and continuous driving of
current HSSs were found responsible for elevated energetithe high-latitude magnetosphere and ionosphere by HSSs
electron flux in the Earth’s outer radiation belt during the lastleads to increases in NO temperature and density and causes
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multi-day oscillation of NO cooling rates (Qian et al., 2010). December 2008 (sddtp://www.swpc.noaa.gov/SolarCycle/
Kozyra et al. (2006) emphasized the importance of NO pro-index.htm).
duction by auroral electron precipitation to the atmosphere Figure 1 presents the daily averaged VTEC values in
during strong HSS activity. They mentioned consequence2008-2009. The top three panels show dayside (12:00 to
for coupling to the stratosphere and possible climate modi-14:00 LT) low-latitude (from—30° to 3¢°) VTEC (panel a),
fication (see also Marsh et al., 2004). In this paper we willthe northern middle latitude (from 40to 6C°) VTEC
use the daily averaged power of NO infrared thermospheriqpanel b), and the southern middle latitude (frevb5° to
radiation derived from SABER instrument measurements on—35°) VTEC (panel c¢) values. We chose somewhat lower
board TIMED as a proxy for auroral energy influx and high- latitude range for the Southern Hemisphere compared to the
latitude thermospheric heating. Northern Hemisphere to have similar data volumes (ground
We expect recurrent long-lasting moderate disturbance&PS coverage is poorer in subauroral southern latitudes).
in the ionosphere and the thermosphere during the declinThe near-midnight (22:00 to 24:00LT) VTEC values for the
ing phase and solar minimum when HSSs are impinging orNorthern Hemisphere for low latitudes (from30° to 3(°)
the Earth’s magnetosphere. The goal of this paper is twofoldand middle latitudes (from 4Qo 60°) are given in the pan-
to identify the effects of HSSs on the ionosphere and atmo-els (d) and (e), respectively. Latitudes are given in solar mag-
sphere during the solar minimum and geomagnetic activitynetic coordinates. Gray shading indicates standard deviations
minimum phases (2008-2009). These results then will beof the daily values. VTEC is shown in TEC units, where
compared to a short HSS interval during the early decliningTECU= 10'2el cm 2. The solar wind speed is shown in the
phase of the solar cycle (2003). Mechanisms for the thermopanel (f) and the geomagnetic Ap index in the bottom panel.
spheric enhanced radiation and for the enhanced ionospherithe data (panels f-g) are taken from the OMNI database
total electron content will be discussed. (with 5min data cadence). Vertical magenta lines indicate
several peaks in daytime low-latitude TEC (panel a) which
correspond to the solar wind speed and Ap increases (pan-
els f and g) to guide the eye.
2 Data analysis We discuss the daytime ionospheric behavior first. The
low-latitude range daytime VTEC (top panel, in black) is the
To study general dynamics of the vertical total electron con-highest among VTEC in all latitude ranges throughout two
tent (VTEC) we utilize measurements from upt@00 GPS  years (mostly due to contribution from equatorial ionization
ground sites in the GPS global network of receivers. We use @anomalies or EIAs) reaching45 TECU for individual mea-
three-shell ionospheric model to convert GPS satellite-to-sitesurements. Daily averages range frerh2 to 33 TECU with
measurements of line-of-sight TEC values to VTEC valuesthe annual mean values aroun@0 TECU. Daytime north-
above an ionospheric pierce point (Mannucci et al., 1998,ern (panel b, in red) and southern (panel c, in cyan) mid-
1999). Typical data cadence 1830s. Global data are di- latitude VTEC values are comparable to each other in mag-
vided into several sets within different local times and lat- nitude, providing annual mean valuesf0 TECU. Results
itude ranges. Resultant VTEC data sets are averaged ovdor the Northern Hemisphere are summarized in Table 1.
daily intervals. We use the following solar magnetic coor- Daytime data show pronounced semiannual variations with
dinate system (SM) to identify geomagnetic activity effects maxima around~DOY 80-100 and 280-300 for the low-
on the equatorial and mid-latitude ionosphere. The Z-axis idatitude daytime VTEC values (panel a, shown by wide black
chosen parallel to the north magnetic pole and the Y-axis isarrows) and for the middle-latitude daytime VTEC values
perpendicular to the Earth—Sun (local noon) line (Knecht and(panel b, shown by wide red arrows). Corresponding semi-
Shuman, 1985; Mannucci et al., 1998). The X-axis wobblesannual maxima in the Southern Hemisphere daytime middle-
back and forth byt11.5° once every 24 h. In this paper we latitude VTEC appear shifted from DOY 280-300 in 2008
consider day-to-day global changes of the ionosphere in reand 2009 (panel ¢, shown by wide turquoise arrows). It has
sponse to external solar wind driving. been suggested that semiannual peaks of Earth-based param-
Here we need to distinguish the late declining phase/solaeters are primarily controlled by the 13.5- and 27-day pe-
minimum of the last solar cycle SC23 (2008) and the ge-riodicities in the solar activity (due to solar rotation) and
omagnetic minimum phase (2009). Tsurutani et al. (2011aYheir peak values can change throughout a solar cycle with
have shown that a minimum in geomagnetic activity (MGA) the minima being around the solar cycle minimum (Emery et
is delayed relative to the solar cycle minimum to the mid- al., 2011). Daily temporal variability in the vicinity of each
dle to late part of 2009. They defined the MGA interval from ground GPS site as well as variability from one location to
the Ap index as being from DOY 97, 2008 to DOY 95, 2010, another (within the 2-h local time window) both contribute to
with a deep minimum starting around the middle of 2009. So-the daily standard deviation parameter (shown by gray shad-
lar wind speed and Ap index 27-day averages have minimang in the figure). This parameter is higher for low latitudes.
near the end of 2009/beginning of 2010 (see also Emery et Nighttime low-latitude VTEC (around~8 TECU) and
al., 2011). For reference, solar sunspot minimum occurred irits daily variability (or standard deviation of daily values)
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Fig. 1. Daily averaged VTEC values in 2008-2009 in different latitude and LT rar(@@sow-latitude (from—30 to 30), (b) northern

middle latitude (from 40 to 60, (c) southern middle latitude (from55 to—35°) ranges. Daytime values (panefsc) correspond to VTEC

values within the local time window 12:00 to 14:00 LT. Nighttime values for the Northern Hemisphere, near midnight (22:00 to 24:00 LT):
(d) low-latitude (from—30 to 3@), (e) northern middle latitude (from 40 to 8 Gray shading shows standard deviations of the daily values.
Panelgf) and(g) show the solar wind speed at 1 AU and Ap index correspondingly (courtesy of the OMNI database at NASA/GSFC). Vertical
thin magenta lines indicate selected peaks in daytime low-latitude TEC (@anbich correspond to the solar wind speed and Ap increases
(panelsf andg). The semiannual maxima in the pan@3¥—(c) are indicated by wide black, red and turquoise arrows around the equinoxes.

Table 1. Daily VTEC averages statistics for 2008 and 2009.

. 2008 2009 2003 HSS event
Northern Hemisphere
Min  Average Max Min  Average Max Min  Average Max
Low latitudes 12.36 19.70  33.03 12.93 19.51 29.37 51.76 5473 58.24
Middle latitudes 7.16 9.60 16.42 7.09 9.79 15.05 19.89 24.82 29.46

(panel d, in magenta) are somewhat higher than the nighttimd0, 70, 90, 110, 170, 190, 220, 230, 240, 250, 260, 280, 310,
middle-latitude VTEC (around-4 TECU, panel e, in green). 320 and 340 in 2008 and16, 30, 45, 70, 80, 100, 130, 155,
It is difficult to identify the semiannual variations in night- 200, 230, 260, 300, 340 and 350 in 2009. This indicates a
time VTEC. There are no visible peaks around the equinoxeslaytime low- and middle-latitude VTEC modulation of the
in panels (d) and (e). Note that at the solstice®QY 173 averaged values possibly associated with HSSs. The corre-
and 356) the daytime VTEC values (panels a and b) are comhation is less pronounced in the middle 2009 than in 2008
parable, or even slightly less than the nighttime values (panbecause of smaller HSSs and smaller disturbances in VTEC.
els d and e, correspondingly). Note that peaks in the gray-shaded areas indicate larger stan-
From Fig. 1f one can notice a continuous sequencedard deviation in daily values and not the average trend. On
of HSSs in 2008 with the solar wind speeds exceedingthe other hand, it is more difficult to determine if HSS events
~600kmst. HSSs slightly diminish in magnitude by the have observable effects on the nighttime VTEC. For instance,
middle of 2009 (in the middle of MGA). The Ap values in- at day~70, 2008 we observe increases in nighttime VTEC
crease during HSSs. Note a peak-to-peak correspondence fduring a HSS event, but decreases at ¢&9, 2008.
the average VTEC (central curves) in panels (a), (b), (c), so- From Fig. 1 one can also see that geomagnetic activ-
lar wind speed increase in panel (f) and geomagnetic activityity and HSS occurrences are diminished in 2009 in com-
in panel (g) (shown by vertical magenta lines) on deyist, parison to 2008. The first part of 2009 (within the MGA
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Fig. 2. Selected parameters for 2008—20089: and (b) show global power of infrared COand NO molecular line emission&;) daytime
low-latitude VTEC,(d) solar wind speedg) AE index and(f) Ap index.

interval) is characterized by extremely low levels of Ap  Figure 2 repeats the daytime low-latitude VTEC in
(mostly less than 10 units) and corresponding VTEC val-panel (c) and shows solar wind speed (panel d), and the
ues are nearly constant, with average daytime low-latitudeAE and Ap indices (panels e and f). Vertical black lines
VTEC ~19.1 TECU and maximum-26.3 TECU. For com- correspond to sample events from Fig. 1. Activity indices
parison the corresponding values in 2008 (solar cycle minshow continuous medium to low geomagnetic activity co-
imum) are 19.7 and 33.03 TECU (Table 1). By comparing inciding with the leading edges of the HSSs or CIRs. Sev-
years 2008 and 2009 it is found that the overall magnitudeseral examples for 2008 are around DOY 60, 90, 110, 170,
of daytime VTEC are lower during the MGA interval in 2009 250, 280 and 340 with maximum AE1200 and several
(up to ~260 DQY) than during solar minimum in 2008 for peaks at AE~ 1600. Minimum SYM-H value was- —50 nT.
the same season. However, the annual VTEC means are sim@Gontinuously elevated AE indices indicate auroral activity
lar. Figure 1 indicates that ionospheric daily variability (daily in the form of HILDCAAs (Tsurutani and Gonzalez, 1987)
standard deviation) was almost suppressed during the bewith maximum values at the leading/peak edges of HSSs (or
ginning and middle of 2009. Except for an active region in at CIRs) (Tsurutani et al., 2004a). In the MGA interval of
March 2008 during the Whole Heliospheric Interval (WHI), 2009 we observe maximum AE values decrease&60 to
from 20 March to 16 April 2008, the Sun was very quiet with 1200 (especially around DOY 100 to 170). Minimum SYM-
F10.7 andry having very low values (around 70 and 10, cor- H increased to~ —30nT. We will investigate further if the
respondingly) and not showing much variability (not shown CIR/HSS- driven activity causes changes in global VTEC.
here to save space). Figure 2a and b show global power of infrared £&nhd
Geomagnetic activity during storms is often described byNO molecular line emissions. The values shown are daily
the Dst index, which is a quantitative measure of distur-averages over the globe derived from SABER measurements
bances in the Earth’s magnetic field derived from measureonboard the TIMED satellite (Mlynczak et al., 2010a). One
ments at several middle-latitude geomagnetic observatoriesan notice a weak semiannual dependence in @0ission
In this paper we use the SYM-H index, a high-resolution power with decreases aroundDOY 200 (see a detailed
(1 min) measure of disturbances in the symmetric ring cur-multi-year analysis in Mlynczak et al., 2008; Hunt et al.,
rent, which is essentially the same as the Dst index (Mayaud2011) which may be related to solar rotational periodicities
1980; Wanliss and Showalter, 2006). The ASY-H index (Sug-(see Emery et al., 2011). No such anomaly is evident in NO
iura and Chapman, 1960) is a proxy for auroral-related activ-emission power. A careful examination shows a correspon-
ity and describes the partial ring current asymmetry duringdence between larger peaks in NO emission, small features in
geomagnetically disturbed conditions. daily low-latitude VTEC, onsets of HSSs (solar wind speed)

www.ann-geophys.net/31/263/2013/ Ann. Geophys., 31, 2836, 2013
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Table 2. Correlation between VTEC and NO emission power with Ap index and solar wind speed in 2008—-2009. See text for details.

2008 allAp allApand  Ap-15and Vsw>=500kms?! Vgy>=500kms?
filtered series filtered series and filtered series
Low-latitudes N daytime 0.54 0.49 0.81 0.41 0.91
Mid-latitudes N daytime 0.51 0.47 0.68 0.491 0.83
Mid-latitudes S daytime 0.49 0.49 0.78 0.35 0.87
Low-latitudes N nighttime  0.61 0.43 0.83 0.46 0.91
Mid-latitudes N nighttime 0.27 0.50 0.65 0.08 0.82
NO power 0.19 0.12 0.61 0.20 —0.02
2009
Low-latitudes N daytime 0.54 0.73 0.71 0.145 0.91
Mid-latitudes N daytime 0.51 0.62 0.94 0.29 0.83
Mid-latitudes S daytime 0.49 0.60 0.66 0.11 0.87
Low-latitudes N nighttime  0.61 0.68 0.98 0.09 0.90
Mid-latitudes N nighttime 0.27 0.56 0.90 0.14 0.78
NO power 0.19 0.51 0.86 0.18 —0.04

and level of geomagnetic activity in Ap. Several examplesNO emission power for the event was2.0 x 1011 W. Thus,
of this relationship are indicated by vertical black lines (re- the annual estimate of NO infrared emission for 2008—2009
peated from Fig. 1). The annual estimate of global NO in-is decreased by-85 % in comparison to 2003. The level of
frared emission for the solar minimum year 2008 and theauroral activity during the 2003 interval (Fig. 3g) was some-
MGA year 2009 are 3 x 101°°W and 27 x 10'°W, respec-  what higher (Ap was up te-70) than in 2008—2009 (Ap was
tively. up to~30). The minimum SYM-H was- —80 nT during the
Next we consider daily averaged ionospheric VTEC dur-2003 event.
ing one of well-studied HSS intervals: 10-22 October 2003 To quantify HSS effects of the average daily VTEC we
or Event 1 in Tsurutani et al. (2011b). Figure 3 has theestimated the correlation of VTEC in different latitude and
same format as Fig. 1. The storm main phase onset arounidcal time ranges (the panels a—e of Fig. 1) with Ap index
~DOY 286.5 was caused by the arrival and impingement ofand solar wind speed in 2008 and 2009 separately. The re-
a CIR onto the magnetosphere. The maximum Ap reachedults are shown in Table 2. The VTEC and Ap index (2nd
~70. Starting at DOY 288, a pure HSS with the peak velocity column) show modest correlations for daytime VTEC values
~770km s was observed. HILDCAA events occur during (up to 54 %) and~61 % for low-latitude nighttime VTEC.
the storm recovery phase (Tsurutani et al., 2011b). Averagdo isolate a component in the VTEC series with a temporal
daytime low-latitude and middle-latitude VTEC values dur- behavior similar to the Ap index we applied standard dig-
ing the 2003 event were54.7 and 24.82 TECU, correspond- ital filtering with the filter coefficients calculated from the
ingly. Because of large standard deviations, it is difficult to Ap series. After a convolution with the filter, we estimate an
determine when a maximum value was reached. Ap-like component in VTEC data which we refer as to the
By comparing HSS events occurring at the onset of the defiltered VTEC. Such a procedure is similar to applying the
clining phase of SC23 (Fig. 3), and the late declining phaseFourier transform to study a certain wave harmonic. Correla-
and the solar minimum (Fig. 1) one can conclude that thetion between Ap and the filtered VTEC did not improve the
daytime daily VTEC and its standard deviation (the width results much (3rd column) and this shows a weak signal in
of the gray ribbon) within a day especially in low latitudes is noisy data. Then we cut off the quiet-time background with
much higher in 2003 than in 2008—2009. Table 1 summarize#p < 15 and the resultant correlation coefficients (shown in
that the event-averaged daytime low-latitude VTEC in 2003red in the 4th column) showed a strong presence of Ap-like
is ~55 TECU (maximum value up t¢58 TECU) compared signal during moderately disturbed conditions. Alternatively,
to ~20TECU in 2008-2009. The nighttime low-latitude if we impose a solar wind velocity threshold of 500 ks
VTEC was somewhat higher and more variable in 2003 tharand calculate the correlation with the filtered VTEC (last
in 2008-2009, whereas nighttime mid-latitude VTEC was column, in red), again there is a correlation between HSSs
about the same. Since only one HSS occurred during the@nd filtered VTEC. It is interesting to note that there is no
2003 event (Fig. 3f) itis difficult to compare day-to-day vari- clear dependence of the correlation coefficients with filtered
ability. Annual average values of F10.7 wer€9 and 71 in  VTEC during disturbed intervals on local time or latitude
2008 and 2009, correspondingly. In comparison F10.7 avtange. However, we are cautious about the reliability of the
eraged over the 2003 event+isl12.5. The event-averaged nighttime VTEC results since the values are smaller than
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Fig. 3. The same format as in Fig. 1 but for the 2003 HSS event 1: 10-22 October 2003.

daytime values but have about the same standard deviation8, Discussion
i.e., the nighttime average data are noisy.

Filtered NO emission power (Fig. 2, panel b) shows
61 % and 86 % correlations with Ap during moderate|y dis- The behavior and Varlablllty of dally ionOSpheriC VTEC val-
turbed intervals (Ap- 15) in 2008 and 2009, correspond- Ues due to HSSs during 2008 and 2009 has been examined in
ingly. There is a poor correlation with the solar wind speed. Itthis paper. Next we will discuss the roles of the disturbance
is known that the NO emission power peaks during the CIRdynamo (DD) induced by Joule heating and prompt penetrat-
phase of CIR-type storms which occur before the HSS propeind electric field (PPEF) mechanisms in VTEC increases dur-
(Mlynczak et al., 2010b; Verkhoglyadova et al., 2011). Thus,ing HSS events. Tsurutani et al. (2006b) proposed that HILD-
it is reasonable to assume that this parameter should relate foAA events cause high-latitude heating and corresponding
an activity index increase rather than an increase in the solaflisturbance dynamo effects which in turn affect high-latitude
wind Speed_ We Specu]a’[e that a h|gher correlation with aC_\/TEC intensities. ngh-latltude thermOSpheriC heating inre-
tivity index in 2009 than in 2008 can be due to the absence ofPonse to different polarity of IMF Bz has been extensively
moderate flares and very flat F10.7 (see Fig. 2 of Hunt et al.studied by McHarg et al. (2005). They concluded that hemi-
2011) in 2009. Thus, thermospheric heating and cooling inspherically integrated Joule heating increases dramatically in

2009 could be almost solely determined by the geomagneti¢he post-midnight sector of the auroral zone during south-
activity. ward IMF intervals. This result, even though the authors did

not separate ICME and CIR events, supports the above sug-
gestion of efficient generation of disturbance dynamos dur-
ing HSS events. The physical mechanism is the extended
Alfv énic wave trains within the HSSs and explains the VTEC
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Table 3.Correlation between interplanetary parameters and activityfields (see a review by Fejer, 2011). We would like to note

indices in 2008-2009. that PPEF effects are LT dependent, with southward IMF Bz
causing geoeffective eastward ionospheric electric fields on
Vsw—Ey —SYM-H-Vsw —SYM-H-Ey  ASY-H-Ey the dayside and westward on the nightside (Tsurutani et al,
2008 0.980 —-0.103 —-0.104 —0.424 2004b, 2008). Thus, global VTEC averaging without LT sep-
2009 0.981 —0.045 —0.045 —0.305 aration (Lei et al., 2008) may not reveal PPEF effects.

The SYM-H index during CIR-type storms is highly vari-
able with the minima lined up with leading peaks in the so-
lar wind speed (CIRs), maximum AE indices, and Ap peaks.
increases in auroral and slightly subauroral regions. BasetHowever, a general correlation between the solar wind speed
on radar measurements of ionospheric temperatures, Sojkand SYM-H in 2008-2009 is low (Table 3, Fig. 4). This re-
et al. (2009) have shown that CIRs drive ionospheric heatingsult may indicate moderate and irregular (possibly nonlin-
in the northern polar and auroral regions. In a modeling studyear) ring current responses to southward IMF Bz throughout
by Lu et al. (2010), Joule heating/dissipation is shown to bethe “recovery” of the CIR storms or HSS proper. Soraas et
responsible for the enhanced thermospheric radiative emisal. (2004) observed sporadic night-side particle injection into
sion by NO during geomagnetic disturbances. On the otheouter shelld. > 4 during HSS events. No injection to deeper
hand, the disturbance dynamo mechanism does not accoushells was observed.
for the fast response (withitv1 h) of VTEC enhancements There is no correlation between SYM-H and IMF (Ta-
in low- to middle-latitudes noted during CIR/HSS events ble 3). However, there is a higher anti-correlation with ASY-
(Verkhoglyadova et al., 2011). Koga et al. (2011) showed aH index (Table 3, last column). According to Sugiura and
prompt (about 1 h) ionospheric response in the displacementhapman (1960), the partial ring current is most asymmetric
of the equatorial F-peak height during a HILDCAA event. in the main phase of a geomagnetic storm and becomes in-

Tsurutani et al. (2006b) and Verkhoglyadova et al. (2011)creasingly symmetric during the recovery phase. Thus, it is
suggested that during HSS events moderate intensity interpossible that this correlation captures a relationship between
planetary electric fields (IEFs) penetrate into low- to middle- main phase of the CIR storm and IMfy.
latitude ionosphere, causing increases in daytime VTEC. The HSSs proper (trailing CIRs) are associated with HILD-
PPEF mechanism was originally invoked to explain extremeCAAs which cause heating of the auroral ionosphere and
dayside VTEC increases and ionosphere uplifts during larggarticle precipitation. Previous studies (see a review in Tsu-
geomagnetic storms around solar maximum (Tsurutani et al.futani et al., 2004a) have indicated a high correlation between
2004b, 2008; Mannucci et al., 2005; Verkhoglyadova et al.,southward IMFB; in interplanetary Alfénic wave trains and
2006, 2008). Kelley et al. (1979, 2003) first noted similar oc- AE indices throughout the whole HSS intervals, which can
currences with substorms. According to this mechanism, thébe interpreted by efficient energy influx into the magneto-
IEF Ey component, if directed in a dawn-to-dusk direction, sphere and auroral ionosphere during reconnection events.
can cause a dayside ionospheric uplift. Figure 4 shows thif\nalysis of Polar UVI images during HSS intervals has
geoeffective component (as positive values) together with theshown moderate auroral activity at all local times, which can
solar wind speed and SYM-H index for 2008—2009. The con-spread up to the polar cap and last up to weeks (Guarnieri,
vection IEFEy is calculated with the solar wind flow velocity 2006). Thus, high-latitude energy deposition associated with
and the IMF (taken from the OMNI database). Note a generaHILDCAASs can cause efficient heating of the thermosphere
decline in the speed magnitude, magnetic storm intensity andespecially in auroral latitudes), onset of a DD and conse-
Ey magnitude from~4—-6 mV m1to~2mvm1through- quential cooling by the way of increased infrared emission.
out the interval from 2008 to 2009. There is a correspon-Mlynczak et al. (2003) proposed a mechanism of NO acting
dence between peaks Ky and HSS occurrences in Fig. 4, as an atmospheric thermostat during large magnetic storms.
seen for example for days5, 30, 40, 60, 110, 120, 170, This mechanism can be responsible for the modulation of
220, 230, 250, 300 and 340 in 2008 ar®0, 45, 70, 100, total infrared emission power by HSSs as well (Fig. 2, pan-
180, 200, 230 and 320 in 2009. The correlation coefficientels b, d and f). A detailed study of ionospheric VTEC and
between the geoeffective IEF component and the solar windhermospheric emission during WHI supports this assump-
speed is~98 % for both years (Table 3). By definition this tion (Verkhoglyadova et al., 2011). Extensive modeling by
result indicates a high occurrence of geoeffective IEF com-Solomon et al. (2012) has shown that southward IBY¥
ponent when the solar wind speed is high. Thus, there is & the most important factor in the thermospheric and iono-
possibility of efficient driving of the low- to middle-latitude spheric response to CIR and HSSs.
ionosphere by HSSs through moderate PPEFs. Another ex- Recent TIE-GCM simulation results demonstrate the im-
planation is that electric field and current perturbations causgortance of the DD mechanism to capture the main fea-
increases in magnetospheric convection and move the nightures of zonal drifts at dawn and dusk during HSS events
time shielding layer equatorward, causing temporary underin 2005 (Pedatella and Forbes, 2011). On the other hand,
shielding and dawn—dusk middle- and low-latitude electric both this modeling and observations of neutral density (Lei
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Fig. 4. Solar wind parameters for 2008-20@8) geoeffective IEFEy (as positive value)b) the solar wind speed ar(d) SYM-H index.
The convection IEFEy is calculated with the solar wind flow velocity and IMF.

et al., 2011) have shown ar0.5 to 1 day delay in response Wei et al. (2008) suggested that the interplanetary electric
to external forcing. It has been suggested that this could bdield (IEF) penetrates into the equatorial ionosphere dur-
a global response time of the thermosphere to CIR forcingng HILDCAA events via short-time<3 h) dawn—dusk IEF
(Pedatella and Forbes, 2011). We propose that the DD mectpulses without shielding (see also Kelley et al., 2003, for de-
anism is important to explain global thermospheric and iono-tails on the physical mechanism). We suggest that HILDCAA
spheric dynamics during long-duration and moderate forcingwith extended Alfenic wave trains and southward excur-
within CIR/HSS intervals by the way of direct energy trans- sions of IMF B, could drive observed global dayside VTEC
fer into the high-latitude ionosphere. However, it will take (Fig. 1) by the PPEF mechanism especially at low-latitudes.
several hours to a day to take place. PPEFs can be responsibleThe auroras and current systems during HILDCAAs are
for more prompt response (up to several hours), especially iifferent from other types of auroral activity. It was shown
the low- to middle-latitude ionosphere, for example observedthat AE increases in HILDCAAs and substorms are poorly
by Verkhoglyadova et al. (2011) for March—April 2008. correlated (Tsurutani et al.,, 2004a, 2006c), and can trans-
Figure 1 also shows larger responses in #8%° to 30° fer large amounts of energy to the auroral region (Guarnieri,
latitude range than in the 4o 60° range, which agrees 2006), thus efficiently starting the DD. Low and equa-
with the PPEF mechanism. During large magnetic stormstorial ionosphere studies performed during HSS intervals
PPEF can penetrate into the ionosphere for hours (Huang dtave shown complex longitudinal dependence of DD elec-
al., 2005). Observations during moderate geomagnetic activtric fields (Abdu et al., 2006; Sobral et al., 2006; de Siqueira
ity indicate that penetration can take place feone hour et al., 2011). The current understanding is that DD electric
(see Fejer, 2011, and references therein). Verkhoglyadova dield effects on low-latitude ionosphere during HSS are LT
al. (2011) estimated that geoeffective CIR/HSS can cause&lependent, moderate, long-lasting and can significantly mod-
a moderate (up to 10 times lower than a superstain)- ify the phenomenology of the ionosphere (inhibition of pre-
5mV m~1 with less than~1-2 h to create a response in the reversal enhancement, plasma instability development, etc.).
low-latitude ionosphere. Lai et al. (2011) provided an esti- However, since DD and PPEF act in an opposite way it could
mate of<1 mV m~! based on COSMIC observations of day- be difficult to separate both effects in dayside observations.
side VTEC. The HSS proper is highly variable and is char-More observations are needed to reconstruct the complete
acterized by low to moderate geomagnetic activity associpicture of the ionospheric response in this case.
ated with HILDCAA, which continues for weeks. Koga et  We would like to emphasize that in strictly physical terms,
al. (2011) concluded that there is an efficient coupling of thethe bulk solar wind plasma flow (V) determines IEF with the
IEF and the equatorial ionosphere during a HILDCAA event. MHD approximation ofE = % [V x B], whereB is the IMF.
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Thus, our description of the ionospheric response to exter- We have noted larger values (compare Figs. 1 and 3) and
nal forcing during magnetic storms in terms of electric fields daily data spread (gray-shaded regions) for the 2003 event
is merely convenient and traditional. In actuality, storm-time compared to the HSS intervals in 2008—-2009. The 2003 event
electric fields are generated through disturbances in plasmaas also more geoeffective (minimum SYM-H —80nT)
flows which in turn are determined by stresses acting onthan events in the late declining phase and the solar mini-
plasma (Vasylinas, 2001, 2011; Tsurutani et al., 2008). mum (SYM-H~ —50 to —30nT, see Fig. 4). STEREO ob-
servations showed that low-latitude coronal holes predomi-
nant for a declining phase of the solar cycle started to “close
4 Conclusions down” and disappear by 2009 (de Toma, 2011). Thus, the
early declining phase of 2003 and the late declining phase
lonospheric daily VTEC values averaged in several latitudeof 2008 (and the solar minimum of 2009) had remarkably
ranges during 2008-2009 (solar cycle minimum and MGA different solar conditions (see also Echer et al., 2011; Tsuru-
interval) were studied. Daytime low- and middle-latitude tani et al., 2011a). This effect can be responsible for different
VTEC values are highly variable during CIR-HSS intervals. ionospheric responses during HSS intervals in the solar and
We suggest that there is an ionospheric response caused lggomagnetic minima.
a moderate geomagnetic activity due to external forcing. Clear semiannual variation is seen in the daytime VTEC
There is a certain correlation between peaks in daytime av{Fig. 1). It is tempting to associate the maxima with the
erage VTEC, HSS events and elevated geomagnetic activequinoxes (Lal, 1998; Zhao et al., 2007; Lai et al., 2011).
ity (Fig. 1). There were nighttime ionospheric responses toHowever, the equinoxes occurred efDOY 80 and 266,
the HSSs during 2008—-2009, especially in the filtered VTECwhere the second date does not correspond to observed
data. However, we would like to note the high variability peaks. Moreover, the semiannual peaks in daytime low- and
(standard deviation) and low “noise-to-signal ratio” in night- southern hemispheric middle-latitude VTEC (panels a and c)
time VTEC, which makes it difficult to reach definite conclu- are shifted in relation to each other. The location and mag-
sions. nitude of the semiannual peaks could be due to changing
During 2008 the daytime (12:00 to 14:00LT) low- amplitudes in 13.5- and 27-day solar rotational periodicities
latitude VTEC reached up to 33TECU (annual average ofthat were shown to affect energy transfer down to the Earth
~20TECU). The maximum VTEC value was30 TECU (Emery et al., 2011). Detailed study of this phenomenon is
during the MGA interval of 2009. Averages of annual daily beyond the scope of this paper.
VTEC in 2008 and 2009 are similar, with the corresponding We used the daily averaged thermospheric NO emission
values being slightly lower in 2009 (Table 1). This may be power derived from SABER/TIMED measurements as a
due to inclusion of the deep MGA interval (a decline in geo- proxy for the radiation balance of the thermosphere. This
magnetic activity) and onset of the next solar cycle (a rise inevent-averaged power was2.0x 10 W for the 2003 event
EUV flux) in 2009. Our results show different levels of iono- (Fig. 2). The annual estimate of NO infrared emission for
spheric variability in 2008 and 2009. This effect could be the solar minimum year 2008 and the MGA year 2009 is
related to the decline in HSS magnitudes and the deep minidecreased by-85 % in comparison to 2003. The solar cy-
mum in geomagnetic activity in 2009 studied by Tsurutani etcle dependence of the thermosphere radiation balance and
al. (2011a). onset of the SC24 are discussed in Mlynczak et al. (2007,
A well-studied solar cycle declining phase interval, 10— 2010a) and Hunt et al. (2011). We note variability in NO
22 October 2003 (Fig. 3), was also analyzed. The maximunemission in connection with moderate geomagnetic activity
VTEC value during this interval (a single HSS) was up to during CIR/HSSs (Mlynczak et al., 2010b; Verkhoglyadova
~60 TECU (event average o6f55 TECU). Thus, ionospheric et al., 2011). Increased auroral energy input for HSS proper
VTEC during 2008-2009 was-60% less on average. To (reflected in AE indices) and associated heating are likely
estimate ionospheric response to external driving we calcudriven by HILDCAAs.
lated the difference between maximum and minimum daily To understand the mechanism of the solar wind-
averaged VTEC and normalized it by the average value. Durionosphere coupling during HSSs we analyzed the role of
ing the 2003 event, the response was onlyd % (8 TECU  the prompt penetrating electric field (PPEF) mechanism.
change), whereas the response during 2008—-2009 (multipl&here is a correlation between geoeffective IEF intervals
HSSs) was~90% (18 TECU) change in VTEC. However, and HSS occurrences (Fig. 4), and daytime VTEC variabil-
we cannot attribute this variability to HSSs alone. It is notedity (Figs. 1, 3). It is plausible to suggest that the PPEF is
that solar EUV radiation was different during these intervals.responsible for a prompt (within several hours) ionospheric
It declined from the event-averaged F10.7 value~df10 response during a CIR/HSS interval. HILDCAAs associated
in 2003 to the annual average of70 in 2008-2009. Fur- with HSSs can cause large and long-duration energy input
ther study is needed to provide enough statistics for comparinto polar and auroral regions. This suggestion is in agree-
ison between ionospheric responses to HSS during differentnent with a large body of previous studies on low-latitude
phases of the solar cycle. ionospheric response to moderate geomagnetic storms (Fejer,
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2011). There is evidence of prompt equatorial ionospheric during the Whole Heliosphere Interval (WHI): 20 March to 16
response and continuously penetrating IEF (Wei et al., 2008; April 2008, Solar Physdoi:10.1007/s11207-011-9739-2011.
Koga et al., 2011) during HILDCAAs. On the other hand, Emery, B. A., Richardson, I. G., Evans, D. S., and Rich, F. J.: So-
both PPEFs and DDs could contribute to a combined iono- lar wind structure sources and periodicities of auroral electron
sphere/thermosphere response during a long “recovery” HSS power over three solar cycles, J. Atmos. Solar Terr. Phys., 71,
phase several hours after the event onset. 1157-1175, 2009. . ,
It should be noted by the reader that we did not consider"¢"+ B+ A Richardson, 1. G., Evans, D. S., Rich, F. J., and Wil
. . . son, G. R.: Solar rotational periodicities and the semiannual vari-
other.possmlie mechanisms of the 'OnOSphere_the.rmosphere ation in the solar wind, radiation belt, and aurora, Solar Phys.,
coupling during prolonged moderate geomagnetic activity 574 399-425d0i:10.1007/511207-011-9758-2011.
in this study. Mechanisms involving neutral composition Fejer, B. G.: Low latitude ionospheric electrodynamics, Space Sci.
changes and disturbance winds can also cause variations of Rev., 158, 145-16@j0i:10.1007/s11214-010-9690-2011.
TEC during such activity intervals. To decide between pos-Gibson, S. E., Kozyra, J. U., de Toma, G., Emery, B. A., Onsager,
sible mechanisms, a study with a higher temporal (hours) T., and Thompson, B. J.: If the Sun is so quiet, why is the Earth
and spatial resolution is needed. Our goal was to show the ringing? A comparison of two solar minimum intervals, J. Geo-
external driving of TEC variability during a solar sunspot __ Phys. Res., 114, A09108pi:10.1029/2009JA014342009.
minimum interval and the relationship between CIR-HSSgGuarnieri, F. L.: The nature of auroras during high-intensity long-
features and global daily ionospheric and thermospheric re-
sponses.
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