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Abstract:

Sudden commencement (SC) induced by solar wind pressure enhancement can produce
significant global impact on the coupled magnetosphere-ionosphere (MI) system, and its
effects have been studied extensively using ground magnetometers and coherent scatter
radars. However, very limited observations have been reported about the effects of SC on
the 1onospheric plasma. Here we report detailed Poker Flat incoherent scatter radar
(PFISR) observations of the ionospheric response to SC during the March 17, 2015
storm. PFISR observed lifting of the F-region ionosphere, transient field-aligned ion
upflow, prompt but short-lived ion temperature increase, subsequent F-region density
decrease, and persistent electron temperature increase. A global Magnetohydrodynamic
(MHD) simulation has been carried out to characterize the SC-induced -current,

convection and magnetic perturbations. Simulated magnetic perturbations at Poker Flat
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show a satisfactory agreement with observations. The simulation provides a global
context for linking localized PFISR observations to large-scale dynamic processes in the

MI system.

Key points:
1. PFISR observed ionospheric plasma responses to field-aligned currents and
ionospheric convection vortices formed during sudden commencement.
2. lonosphere responses include F-region plasma lifting, field-aligned ion upflow,
density decrease, short-lived T; increase and long lasting T, increase.
3. Global MHD simulation reproduced the magnetic perturbation on the ground and

revealed SC-related FACs and convection evolutions.
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1. Introduction

A sudden increase of solar wind dynamic pressure associated with an interplanetary
shock or a discontinuity leads to a large-scale compression of the magnetosphere, and
such a compression is referred to as sudden commencement (SC) based on the ground-
based magnetometer observations. SC is usually used to describe a broad range of
phenomena, including sudden storm commencement (SSC) and sudden impulse (SI) [see
review by Curto et al., [2007] and references therein], and emphasizes the compression
effect associated with dynamic pressure enhancement regardless of whether or not a
geomagnetic storm follows the compression. The effects of sudden commencement on
the coupled magnetosphere-ionosphere system have been studied extensively by using
ground-based magnetometers and SuperDARN coherent radars [e.g., Nishida and Jacobs,
1962; Araki, 1977, 1994; Kikuchi et al., 2001; Shi et al., 2014; Tian et al., 2016].
Depending on the polarities of the magnetic field perturbation and the field-aligned
currents (FACs), the response of the coupled system can be characterized into two
phases, i.e., the preliminary impulse (P1) phase and the main impulse (MI) phase [Araki,
1994]. In general, during the PI phase, the field-aligned currents (FACs) are
downward/upward in the afternoon/morning sector and the associated Hall currents
inferred from ground-based magnetometers form a counterclockwise/clockwise vortex.
During the MI phase, the polarities of the FACs, the direction of the Hall currents and the

convection flows reverse.
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The formation mechanisms of the Pl and MI phases caused by the solar wind dynamic
pressure enhancement have been investigated through theoretical studies [e.g. Kivelson
and Southwood, 1991; Araki, 1994] and numerical modeling, mainly global
magnetohydrodynamic (MHD) simulations [e.g. Slinker et al., 1999; Fujita et al., 2003a,
2003b, 2005; Chi et al., 2006; Samsonov et al., 2010; Yu and Ridley, 2011; Sun et al.,
2015; Kubota et al., 2015; Tian et al., 2016]. In these studies, the solar wind dynamic
pressure front has been assumed to be of large scale and approach the magnetosphere as a
planar discontinuity. Smaller scale magnetic disturbances sometimes occur on the
dayside high-latitude magnetosphere, and they are often called magnetic impulse event
[Lanzerotti et al., 1991; Sibeck and Korotova, 1996], which are associated with smaller
scale ionospheric convection vortices (traveling convection vortices, or TCVs) and FACs
systems [Friis-Christensen et al., 1988; Glassmeier et al., 1989]. These smaller-scale
features are suggested to arise from localized solar wind dynamic pressure enhancement
or dynamic processes in the foreshock region [e.g., Moretto et al., 1997; Zesta et al.,
1999, 2002; Murr et al., 2002; Sibeck et al., 2003; Murr and Hughes, 2003; Kataoka et
al., 2003]. Kataoka et al. [2003] simulated the FACs systems associated with TCVs by
introducing a localized density perturbation and found that the FACs produced have the
same polarities as those induced by large-scale solar wind dynamic pressure enhancement

but with much smaller scale sizes.
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Despite numerous studies on the effects of SC on the coupled geospace system, there
have been only very limited studies on the effects of SC and the associated transient
FACs and convection flows on the ionospheric plasma. Doupnik et al. [1977] used
Chatanika incoherent scatter radar (ISR) and magnetometers in Alaska to study the
ionosphere response to three SCs within one day and founded that enhanced ionospheric
convection flows occurred during two of the three SC events. Using the EISCAT radar
and  magnetometers, Collis and Hé&ggstrom [1991] performed a case study of the
ionospheric plasma response to SC. They observed F-region electron density depletion,
ion temperature increase and increased horizontal convection flow, but no field-aligned
ion upflow event was observed in their case study. These two pioneer works showed the
possible effects of SC on ionospheric plasma, but could not connect the localized ISR
observations with either solar wind measurements or large-scale magnetospheric drivers.
Schunk et al. [1994] modeled the ionospheric response to a pair of FACs and ionospheric
vortices with spatial scales similar to TCVs using the Utah State University time-
dependent ionospheric model. Their simulation results revealed localized plasma
temperature enhancements, in particular ion temperature, ion composition changes, non-

Maxwellian ion distributions, and plasma upwelling.

The terrestrial ionosphere supplies plasma to the magnetosphere through the ion outflow
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process, in particular the heavy ions such as O*. The O" ions play an important role in
regulating the dynamics in the magnetosphere, such as changing the ion composition in
the ring current and thus its life time, affecting the reconnection rate both at the dayside
magnetopause and in the nightside magnetotail [e.g., Chappell, 2015; Lotko, 2007 and
references therein; Yau, 2007 and references therein]. Strangeway et al. [2005] suggested
that ion outflow usually occurs as a two-step process with ion upflow caused by increased
ion (so-called Type 1 upflow) and/or increased electron (so-called Type 2 upflow)
temperatures in the F-region and topside ionosphere as the first step. Recently, enhanced
F-region and topside ionosphere density within the storm-enhanced density (SED) region
[Foster et al., 2005; Zou et al., 2013, 2014] has been suggested to be a third mechanism
of contributing large ion upflow fluxes [Semeter et al., 2004; Yuan et al., 2008; Zou et al.,
2017]. The first two mechanisms described above arise from plasma temperature
increase, while the third one associated with SED is due to increased plasma source
population. lon upflow pumps the ionospheric plasmas to higher altitudes where they can
be further accelerated to velocities exceeding the escape velocity. It has also been
suggested that the initial ion upflow flux in the F region and topside ionosphere can
regulate the total flux of ion outflow [Nilsson et al., 2008]. Therefore, understanding the
generation mechanisms of the initial ion upflow under various interplanetary and
geomagnetic conditions is of great importance for understanding the ion outflow

processes. Statistical studies have shown that the ion upflow fluxes increase with
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increasing solar wind density and velocity [Ogawa et al., 2009]. However, there are only
very limited studies devoted to identifying the physical processes that generate the ion

upflow associated with solar wind pressure enhancement.

Ground-based coherent scatter radar requires field-aligned density irregularities in the F
region in order to scatter the radar signals back. There have been a few studies on the
effects of the SC on the radar performance [Kataoka et al., 2003; Kane and Macarevich,
2010; Gillies et al., 2012]. Kataoka et al. [2003] found enhanced F-region irregularities
excited due to local and strong F-region density gradient within the convection flow
vortex. Using a superposed-epoch analysis, Gillies et al., [2012] found that ionospheric
plasma drift and radar echoes both increase on the dayside due to the dynamic pressure
increase, while the coherent radar irregularities decrease on the nightside despite that the
flow speed continues to increase. Therefore, understanding the response of the
ionospheric plasma to solar wind dynamic pressure enhancement can help improve the
understanding of the related field-aligned irregularities and advance the forecast

capability of coherent radar coverage.

Instrument limitation is part of the reason why the ionospheric response to solar wind

dynamic pressure enhancement has not been studied extensively. Multi-parameter

vertical profiles of the ionospheric plasma can only be provided by ground-based ISR.
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Traditional ISRs need to mechanically shift the antenna steering direction, thus the
temporal resolution for covering multiple directions is limited. In recent years, the
advanced modular incoherent scatter radar (AMISR) [Heinselman and Nicolls, 2008]
utilizes phased array technique and enables high-resolution and multi-directional
observations of the ionosphere, which are particularly useful for studying the ionosphere

response to transient solar wind perturbations, such as dynamic pressure increase.

In this study, we present a detailed case study of the ionospheric response to the solar
wind dynamic pressure enhancement associated with the March 17, 2015 geomagnetic
storm sudden commencement (SSC), and the resulting FACs and ionospheric convection
flows by using data from Poker Flat incoherent scatter radar (PFISR) and ground-based
magnetometers. We have also carried out a global MHD simulation of the coupled
magnetosphere-ionosphere for this storm event to obtain a global context for interpreting
localized ISR observations. Results from the global MHD simulation and their

comparisons with ground-based measurements will be presented.

2. Observations and Modeling
2.1. Solar wind and IMF observations
The March 17, 2015 storm with the minimum Sym-H reaching -234 nT was caused by an

interplanetary coronal mass ejection (ICME) and has received much attention. The SSC
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at ~0445 UT on March 17, 2015 was initiated by the shock formed in front of the ICME.
Figure 1 shows the solar wind and IMF conditions propagated to the bow shock from the
OMNI database. The solar wind velocity elevated from ~400 to ~500 km/s, while the
solar wind proton number density increased from ~10 to ~35 cm™. As a result, the
dynamic pressure jumped from ~5 to ~18 nPa. The IMF Bz turned further northward
from ~10 nT to ~25 nT and lasted for more than an hour before rotated into a southward
direction. In this study, we focus on the response of the ionosphere to this solar wind
dynamic pressure enhancement. The bottom panel of Figure 1 shows the 1-min Sym-H
index, from which the compressional effect of the SSC can be seen clearly at ~0445 UT.
2.2. Magnetometer and PFISR observations

Figure 2a shows the 1-sec H-component perturbation measured by the Poker Flat ground-
based magnetometer from 0430 UT to 0530 UT on March 17, 2015. The perturbation
shown in this panel is obtained by subtracting a baseline value, which is taken as the
mean value between 0430 and 0440 UT. The perturbation shows a clear negative
perturbation, i.e., the preliminary impulse (PI), at ~0445 UT followed by a positive
perturbation, i.e., the main impulse (MI), which lasted much longer. This magnetic

perturbation is consistent with the classic magnetic signatures of SC.

PFISR was running in the four-beam international polar year (IPY) mode before 0500 UT

on March 17, 2015. There was one beam pointing in the direction parallel to the magnetic
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field (beam 2, UpB), one beam pointing vertically (beam 1), and two other beams
pointing to higher latitudes with lower elevation angles (beams 3 and 4). At the time of
the storm SSC, PFISR was located at ~17.7 MLT on the dusk side and its observations
from 0430 to 0500 UT are shown in Figure 2b-2d. The first three panels (2b-2d) show
the convection flow direction, magnitude, and vector as a function of UT and magnetic
latitude (mlat), respectively. Calculations of the ExB convection flow and the antiparallel
flow from AMISR data can be found in Heinselman and Nicolls, [2008]. In the Northern
hemisphere, the antiparallel direction is positive pointing to higher altitudes along the
magnetic field. Given a ~78° magnetic field inclination at PFISR, both the ExB
convection flow and the antiparallel flow can provide finite vertical flows, either positive
or negative, when projected to the geographic vertical direction [Zou et al., 2013, 2014].
A schematic illustration of the flow geometry is provided on the right of Figure 2f. Figure
2e shows the total plasma vertical flows calculated by combining the contributions from
the ExB convection flow and the antiparallel flow in the vertical direction. The
latitudinally averaged vertical flows contributed by the ExB convection flow (red) and
the antiparallel flow (blue) are illustrated in Figure 2f. The bottom panel (2g) shows the
altitude profiles of electron density measured by the vertical beam, i.e., beam 1. As one
can see, in general, before the SSC, the convection flows at PFISR were very weak and
the F-region ionosphere resembled the quiet time conditions. After the SSC, there were

large convection flow perturbations, F-region plasma lifting to higher altitudes and
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subsequent decrease of the F-region plasma density. As shown in Figures 2e-2f, strong
plasma vertical flows lasted about 4 minutes starting at the transition time from the PI to
the MI phase at ~0447 UT, and the flow speed reached > 200 m/s almost purely due to
the contribution from the ExB convection flows. Such vertical drift and lifting of the F-
region ionosphere have been frequently observed within the SED [Zou et al., 2013, 2014]
although the convection flows are associated with different magnetospheric dynamic
processes. These vertical drifts and F-region lifting have been suggested to play an

important role in preconditioning intense ion upflow fluxes [Zou et al., 2017].

Figure 3 shows the altitude profiles of (a) electron density N, (b) line-of-sight velocity
Vo, (€)-1on temperature T;, and (d) electron temperature T, from the 5-min integrated
long pulse measurement of the vertical beam. The 5-min integrated long pulse data are
chosen to show because they have better signal-to-noise ratio (SNR) and thus are less
noisy, while the 1-min integrated long pulse data have also been studied. Grey curves
show the measurements obtained during the three integration time (~ 15 min) prior to the
SSC, while colored curves show the values during the SSC and afterwards. The
integration time corresponding to each color curve is also denoted. The density profiles in
Figure 3a indicate that the height of the F-region peak density (hy,F,) rose from ~290 km
to ~330 km, resulting in a 40 km increase. At the same time, the peak density (NmF>)

decreased from ~7x10% to 4.5 x10* m™, a 36% decrease. The total electron content
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(TEC) calculated by integrating the density along the altitude up to the topside
ionosphere (~650 km) shows a > 7 TECU (1 TECU = 10'° electrons/m?) reduction when
comparing the averaged TEC between 0435-0440 UT, i.e, 5-10 min before the

compression and that between 0455-0500 UT, i.e., 10-15 min after the compression.

Figure 3b shows that the vertical flow velocity was, in general, around zero despite large
measurement uncertainties, but the flow velocity above 250 km altitude was clearly
upward immediately after the SSC, consistent with the lifting signatures in Figure 2e-f
and the electron density in Figure 2g. In Figure 3c, T; increased from ~1000 K to more
than 2000 K at all altitudes above ~ 150 km immediately after the SSC (blue curve), but
dropped back to quiet time values in the subsequent measurements ~ 5 min later (green
and red curves). The T; increase was particularly large below ~200 km albeit with
relatively large uncertainties because of the low electron density in this region. In
contrast, T, shown in Figure 3d increased from below 1500 K to above 2000 K above 200
km and lasted for at least three integration time (~15 min) until ~0500 UT, i.e., the end of

this experiment.

A field-aligned ion upflow/downflow event is defined when three consecutive field-

aligned velocity data are larger/smaller than 100/-100 m/s [Ogawa et al., 2009].

According to this criterion, we did not find any field-aligned ion upflow events in the
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UpB beam (beam 2) in the 5-min integrated long pulse data. We, therefore, turned to the
1-min integrated long pulse data of the UpB beam to examine whether there are
signatures of field-aligned ion upflow. Figure 3e shows the 1-min field-aligned line-of-
sight velocity measured by beam 2 from 0447:22 UT to 0449:42 UT (i.e., ~2 min
interval). Because of short integration time, the data become very noisy. Only data points
with measurement uncertainties smaller than the magnitude of measurement itself are
plotted here. Two dashed vertical lines at 0 m/s and 100 m/s are plotted to help identify
the upflow event. The averaged field-aligned ion upflow velocity from range gate 7 to
range gate 11 (i.e., from 274 km to 392 km) during 0447:22-0448:32 UT (red) reached
~190.7 m/s, while that from range gate 6 to range gate 8 (i.e., from 250 km to 321 km) at
0448:32-0449:42 UT (blue) reached ~133.5 m/s. Collis and HA&ggstrom [1991]
commented that they did not find field-aligned ion upflow during the SC event they
studied. To the best of our knowledge, this transient field-aligned ion upflow due to SC

have not been reported before.

The T increase occurred at the same time as the SC-related convection flow speed
increase , and therefore, this increase is likely due to enhanced frictional heating. Similar
but persistent T; and Vo increases due to frictional heating have also been observed
during the main phase of the same storm but in the subauroral polarization stream (SAPS)

region by the Millstone Hill radar [Zhang et al., 2017]. Significant and persistent
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frictional heating can also increase the neutral temperature and lead to neutral upwelling,
as found in the SAPS region by Zhang et al., [2017]. However, because the neutrals need
much longer time (tens of minutes to days) to respond to frictional heating [Schunk and
Nagy, 2009], it is unlikely to have such neutral upwelling formed within the first 5-10

minutes right after the onset of the strong horizontal flows due to the SC.

The cause of the long-lasting T, increase appears more complicated, and could be due to
a combined effect of electron density reduction and potential particle precipitations
associated with upward FACs related to the SC. Assuming no extra incoming energy, the
electron temperature and the density should be anti-correlated with each other [Schunk
and Nagy, 2009]. So if the electron density decreases, its temperature can increase. The
observed plasma temperature changes and their temporal variations are consistent with
the simulation results reported in Schunk et al. [1994], who showed short-lived T;

enhancement at the front of vortices and long lasting T, effect in the wake of vortices.

The blue curve in Figure 3c shows that T; was larger than T, and there was a temperature
bulge in the T; profile near ~200 km. This could be a signature of enhanced frictional
heating, but the retrieval of T; in ISR fitting is also subject to uncertainties with the
assumption of stationarity and with the assumed molecular ions concentrations

[Zettergren et al. 2011]. Rapidly varying line-of-sight velocities over the integration
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period can broaden the integrated spectrum, leading to an overestimation of ion
temperature after fitting, but in this case this effect is not expected to be significant
because the high temperatures are still observed when the data is reprocessed with a 1-
minute integration time. Intense frictional heating events will also increase the fractional
concentration of NO* since the O" + N, = NO® + N reaction is highly temperature
dependent [Schunk and Nagy, 2009]. The standard PFISR data fitting procedure uses the
FLIP chemistry model developed by Richards and Voglozin [2011], so the effect of the
chemical composition change has been considered here to within the limits of validity of
that model. After the convection flow enhancements and plasma temperature increases,
the concentrations of molecular ions NO* and O, increased to ~84% and ~12% at the
range gate of 197 km, respectively, and the O" concentration decreased to ~3%. In
addition, we have also explored the sensitivity of the estimated T; by investigating an
ensemble of composition profiles and assuming the original fitter correctly estimated the
density weighted average Ti/m; (see supporting information S1). While the T; temperature
bulge becomes less prominent when the transition height is lower, it still exists even with
the lowest transition height tested. This experiment suggests that the temperature bulge in
the T; altitude profile observed near 200 km is likely due to very strong frictional heating,
and not purely due to the ion composition changes.

As shown in Schunk et al. [1994], the perpendicular ion temperature is expected to be

much higher than the parallel temperature. PFISR observations show less T; enhancement

This article is protected by copyright. All rights reserved.



in the UpB beam and more T; enhancement in the two lower-elevation beams, as
expected if Tperp > Tparailer. However, we have attempted to derive the temperature
anisotropy by using different combinations of the 4 beams and assuming spatial
uniformity, and our analysis yielded different results, implying that the temperature
enhancements are not spatially uniform between the beams. Accurate determination of
the temperature anisotropy would require improved measurement techniques, such as
multiple ISRs [e.g. Ogawa et al., 2000] or bi-static measurements. In addition, non-
maxwellian ion distribution functions in the perpendicular plane can lead to systematic
overestimation of ion temperature when observed at large aspect angles and
underestimation of ion temperature when observed at small aspect angles [Wisner et al.,
1989]. None of the ISR spectra in any of the beams show the formation of a central peak
associated with non-maxwellian ion distribution functions; however, all of the beams in
this experiment have small aspect angles (<15°) and are not expected to be sensitive to
non-maxwellian distribution function signatures. The properties of the perpendicular ion

distribution function cannot be determined from the beam geometry in this experiment.

2.3. Global MHD simulation
To investigate the ground magnetic field perturbations associated with the TCVs due to
solar wind pressure enhancement, their propagation and the associated currents, we have

performed a global MHD simulation by using the coupled BATSRUS [T6th et al., 2012],
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Ridley ionosphere electrodynamic module [Ridley et al., 2004] and CRCM model [Fok et
al., 2001; Buzulukova et al., 2010; Glocer et al., 2013]. Solar wind and IMF observations
from the WIND spacecraft have been used as upstream conditions to drive the coupled
model. Because of the uncertainty of solar wind and IMF propagation from the spacecraft
to the upstream boundary of the simulation, the modeled results have been shifted 16 min

to match the observed compression time registered in the Sym-H index.

A virtual ground magnetometer [Yu and Ridley, 2011] at the location of Poker Flat has
been included in the simulation. The simulated H-component perturbations at Poker Flat
are shown in Figure 4a (blue), which agrees very well with the observation at Poker Flat
(red).-The good agreement between the observed and modeled magnetic perturbations
provides us confidence in using the global model to study the pressure induced FACs,

convection and their evolution and to interpret the PFISR observations presented above.

Besides the virtual magnetometer at Poker Flat, a total of 100 uniformly distributed
virtual magnetometers between 50° to 80° mlat and every 2 hours of MLT in the
Northern hemisphere have also been included in the simulation and their H-component
perturbations are shown as color contours in Figures 5b and 5c at the time of the dip of
the Pl phase and the peak of the MI phases. The location of Poker Flat is denoted by the

cyan dots. Contributions to the H-component perturbation from four different types of
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currents, including Hall and Pederson currents, FACs and magnetospheric currents, have
been quantified and compared (not shown). We found that the dominant contribution to
the total perturbation is the Hall currents, consistent with the Fukushima theory

[Fukushima, 1976].

At 0446 UT, the negative Pl phase observed at Poker Flat was part of a cloud of negative
perturbation surrounding the dayside (Figure 4b). The FACs superimposed with
convection contours on top are shown in Figures 5d and 5e. The FACs plot in Figure 4d
shows that around this time, Poker Flat was located close to the boundary between the
downward FACs associated with the P1 and the upward FACs associated with the MI.
Thus the negative perturbation can be understood to be due to the Hall currents flowing

northwestward between the two FAC systems.

The FACs continue to propagate with time from the day side to the night side as well as
moving poleward. Consequently, the positive H perturbation observed by the Poker Flat
magnetometer around 0448UT during the MI phase was part of the positive perturbation
cloud (Figure 4c) and was due to the Hall currents flowing southeastward between the MI

upward FACs and the weak downward FACs at lower latitudes.
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The polarities of FACs can also be inferred from the convection flow measurements from
PFISR in Figure 2. The results are consistent with the findings from our global
simulation. That is, the closure Hall currents poleward and equatorward of the upward
FACs passed PFISR during the Pl and MI phases sequentially. The F-region lifting
observed in Figure 2 happened mainly due to the poleward and northwestward

convection flows during the transition from the PI phase to the Ml phase.

3. ~Summary and Conclusions

SC due to the solar wind dynamic pressure enhancements have been studied extensively
using ground magnetometers and SuperDARN radars, while only very limited studies
have been reported about the effects of the SC on the ionospheric plasma. Here we report
detailed PFISR observations of the ionospheric responses to the solar wind dynamic
pressure enhancement during the SSC of the March 17, 2015 storm. The ground
magnetometer at Poker Flat was used to identify the Pl and MI phases. During the
transition from the Pl phase to the MI phase, PFISR observed lifting of the F-region
ionosphere, large and transient field-aligned ion upflow, prompt but short-lived ion
temperature increase. During the MI phase, PFISR observed F-region density decrease
and persistent electron temperature increase in the wake region of the ionospheric flow
vortices. The TEC calculated from PFISR density measurement shows a > 7 TECU

decrease within a couple of minutes. A global BATSRUS MHD simulation has been
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conducted for this event to put localized PFISR observations into a global context. The
simulation reveals the distribution of large-scale FACs during the Pl and MI phases and
their evolution and propagation through the polar cap. The simulated H-component
magnetic perturbations at virtual magnetometers placed in the simulation show
satisfactory agreement with the Poker Flat magnetometer observations. Based on the
simulation results, we demonstrate that the characteristic variations of the ionospheric
plasma observed by PFISR are indeed produced by the passage of SC-related current

systems.

Combining the observations and numerical simulations together, this case study suggests
that transient field-aligned ion upflow and F-region ionosphere lifting due to large
vertical flows can be generated due to the SC-related FACs and ionospheric convection
flows, providing a plausible explanation for why ion upflow and outflow fluxes increase
after the solar wind dynamic pressure increases. Such ionospheric plasma responses
should be expected to occur in regions to which the SC-related FACs propagate, and thus
may have a global impact, which will be a target of future research. In addition, these
observations, for the first time, provide a comprehensive observational confirmation of
previous ionospheric simulations on the effects of propagating ionospheric vortices and

FAC pairs. Moreover, a deeper understanding of the ionospheric plasma response to SC
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and the related FAC system and convection changes will advance our capabilities of

forecasting the ionosphere TEC and coherent radar coverage.
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Figure Captions

Figure 1. From top to bottom, IMF By, B, components in the GSM coordinates, solar
wind speed, proton number density, solar wind dynamic pressure and the Sym-H index
are shown for 03-07 UT on March 17, 2015. The vertical dashed line indicates the
beginning of the storm sudden commencement (SSC) signature in the Sym-H index at

~0445 UT.

Figure 2: The top panel shows the 1-sec magnetic perturbation in the H component
measured by the magnetometer at Poker Flat. The average value in the first 10 minutes
has been subtracted from the measured field. The vertical dashed line indicates the
beginning of the preliminary impulse (PI) phase at ~0445 UT. PFISR measurements from
0430 to 0500 UT on March 17, 2015 are shown in Figure 2b-2g. From top to bottom,
figure 2b-2g show (b) ExB convection flow direction, (c) flow speed, (d) flow vectors, (e)
calculated vertical plasma flows, (f) contribution of the vertical flows from the ExB
convection flows (red) and the antiparallel flow measured along the magnetic field line
(blue), (g) the raw electron densities with no correction for Te/Ti or Debye length effects

measured by beam 1, respectively. Beam 1 points vertically in the geographic
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coordinates.

Figure 3: Vertical profiles of (a) electron density, (b) line-of-sight velocity, (c) ion
temperature, and (d) electron temperature measured by the PFISR vertical beam 1. Grey
curves show the measurements prior to the SC-related FAC passage; Blue curves show
the measurements during the passage of SC-related FAC; Green and red curves show the
measurements after the SC-related FAC. Error bars indicate the measurement
uncertainties. (e) field-aligned line-of-sight velocities measured by beam 2, i.e., the field-
aligned beam, at 0447:22-0448:32 UT (red) and 0448:32-0449:42 UT (blue) are shown.
Only data points with measurement uncertainty smaller than the magnitude of
measurement itself are plotted. Field-aligned ion upflow event can be identified at both

time cadences.

Figure 4: (a) Comparison between the simulated magnetic perturbations in the H
component and the observations at Poker Flat. 1-min time resolution data are used here.
(b-c) 2D distribution of simulated magnetic perturbations in the H component at the dip
of the Pl phase and the peak of the MI phase in the northern hemisphere. (d-e) 2D
distribution of simulated field-aligned currents (FACs) and convection equipotentials in

the northern hemisphere. The open-closed field line boundary is shown as purple lines.
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