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Abstract Two interacting high-speed solar wind streams (HSSs) and associated stream interaction regions
(SIR) caused a moderate geomagnetic storm during 14-20 March 2016. The spatio-temporal evolution of the
total electron content (TEC) during the storm is studied by using Global Navigation Satellite System (GNSS)
data. The moderate storm caused significant and long-lasting changes on TEC within the polar cap (70°-90°

MLAT), at auroral and sub-auroral latitudes (60°~70° MLAT), and at mid-latitudes (40°-60° MLAT). A 25%—
50% depletion in TEC was observed for six days in the day, dusk and dawn sectors in the polar cap region and in
the day and dusk sectors at the auroral and sub-auroral latitudes. Sub-auroral polarization streams observed by
the Defense Meteorological Satellite Program satellite contributed to the sub-auroral dusk TEC decreases. At
mid-latitudes, TEC depletion was observed in all local time sectors 21 hr after the storm onset. It is suggested
that ion-neutral frictional heating causes the TEC depletions, which is further supported by the observed spatial
correlation between TEC depletions and ) 0/N, decreases at mid-latitudes observed by TIMED/GUVI. The

storm induced a prolonged positive phase at mid-latitudes lasting 9 hr. In the polar cap, enhancements of TEC up
to 200% were caused by polar cap patches. TEC increases were the dominant feature in the night and morning
sectors within the auroral oval because of particle precipitation and resulted up to regionally averaged 6 TECU
(200%) increases.

Plain Language Summary Interaction of solar wind with the Earth's magnetosphere can cause
perturbations to the geomagnetic field, known as geomagnetic storms. This study presents the ionospheric
response to a moderate geomagnetic storm during 14-20 March 2016 caused by high-speed solar wind streams,
characterized by its high velocity >500 km/s. Total electron content (TEC) maps from Global Navigation
Satellite System were used to study the electron density variations during the storm. With the commencement of
the storm, a 25%-50% decrease in TEC was observed on the dayside, duskside and dawn side in the polar cap
region. In the auroral and sub-auroral region, the storm caused a depletion on the dayside and duskside. Strong
auroral precipitation during the storm caused a 200% increase in TEC in the night side auroral oval. The initial
response at mid latitudes was a long duration enhancement in TEC that lasted for 9 hr followed by a decrease in
TEC that persisted till 20 March. The TEC depletion at mid latitudes shows spatial correlation with neutral
composition changes agreeing with previous studies. The composition change originates from high latitudes,
where the atmosphere is heated because of strong electric fields.

1. Introduction

The large-scale disturbances in the solar wind affect the coupling with the magnetosphere and can cause severe
impacts on the terrestrial ionosphere. During the declining phase of the solar cycle, solar wind high speed streams
(HSSs) emanate from coronal holes (Krieger et al., 1973; Phillips et al., 1995; Sheeley et al., 1976) with speeds
ranging from 500 to 800 km/s and lasting for at least two days (Grandin et al., 2019; Kavanagh et al., 2012). HSSs
catch up with the previously emitted slow solar wind (300-400 km/s) and form a compressed region in the
interplanetary medium called co-rotating interaction region (CIR) or stream interaction region (SIR) (Belcher &
Davis, 1971; Richardson, 2018; Smith & Wolfe, 1976). In this study, we use the latter term. Coronal holes can
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persist for several solar rotations, causing a periodicity of 27 days in the solar wind and resulting in recurring
geomagnetic activity (Crowley et al., 2008; Tsurutani et al., 1995).

It is known that when an HSS with a SIR interacts with the magnetosphere, typically a weak (Dst >—50 nT) to
moderate (—100 < Dst < —50 nT) geomagnetic storm is produced (Denton et al., 2006; Gonzalez et al., 1994;
Lakhina & Tsurutani, 2016; Tsurutani et al., 2006). Geomagnetic storms deposit large amounts of energy into the
magnetosphere—ionosphere—thermosphere system causing large scale variations in the ionospheric electron
density, typically referred to as ionospheric storms (Buonsanto, 1999; Prolss, 1980). Ionospheric storms are
manifested either as an increase or decrease in TEC, referred to as positive or negative storm phases, respectively
(Prolss, 1997). Geomagnetic storms and the related ionospheric storms have been extensively studied for decades,
but the focus has been on intense geomagnetic storms, typically caused by coronal mass ejections (CMEs).
Though some studies have been made on the HSS/SIR driven storm impacts on ionospheric parameters and
neutral composition in the mid and low latitudes (e.g., Buresova et al., 2014; Denton et al., 2009; Lei et al., 2011;
Verkhoglyadova et al., 2013; Wang et al., 2011), and on a global scale (e.g., Burns et al., 2012; Tulasi Ram
et al., 2010), very few studies have focused on the response of the high latitude ionosphere.

Grandin et al. (2015) studied the changes in ionospheric parameters using the high-latitude Sodankyl4 ionosonde
during HSS/CIR events in 2006-2008. They found that the F-layer critical frequency foF2, which is proportional
to the square root of peak electron density, was decreased in the 12-23 magnetic local time (MLT) sector for
several days. The strongest depletion occurred during equinoxes. The proposed driver was ion—neutral frictional
heating at high latitudes, discussed also in Marchaudon et al. (2018). A short-lived foF2 increase was visible
during all seasons near noon on the first day after the arrival of the HSS/CIR and several days long enhancement
in the morning sector during equinoxes and in winter. These enhancements were attributed to particle precipi-
tation effects.

As the geomagnetic storms perturb the ionosphere, the neutral atmosphere (thermosphere) is also affected. During
HSS/SIR driven storms the magnetosphere convection driven by solar wind interaction with magnetosphere is
enhanced, which leads to increase in the cross polar cap potential (CPCP) (e.g., Heelis & Sojka, 2011) and in the
Joule heating rate at high latitudes. This can effectively cause mass density (Lei et al., 2008; Thayer et al., 2008)
and composition variations in the thermosphere as observed in the Y, O/N, measurements (Crowley et al., 2008;
Zhang & Paxton, 2021; Zhang et al., 2004). Various studies have already shown that depletions of Y O/N, during
geomagnetically active periods can potentially cause negative ionospheric storms (Fuller-Rowell et al., 1994;
Zhang & Paxton, 2021).

In this paper, we will characterize the ionospheric response to a long-lasting HSS/SIR driven moderate
geomagnetic storm between 40° and 90° magnetic latitudes (MLAT) in the northern hemisphere, using the Global
Navigation Satellite System (GNSS) TEC data together with a comprehensive set of other measurements. The aim
is to study the time evolution of TEC separately within the polar cap, at auroral and sub-auroral latitudes, and at
mid-latitudes and cast light on the processes that cause decreases and increases in TEC at these regions within day,
dusk, night and dawn sectors. The TEC measurements are put in the context of global plasma convection and field
aligned currents (FACs) by using the SuperDARN radar and the AMPERE project data, respectively. We also use
the Global Ultra Violet Imager (GUVI) instrument of the TIMED satellite to observe the neutral composition
changes at mid-latitudes as characterized by Y O/N,.

The full data set and analysis methods used in this study are described in Section 2. Observed results are shown
Section 3 and the plausible mechanisms are discussed in Section 4. Conclusions are presented in the final section.

2. Data and Analysis Methods

The GNSS TEC, which is the column integrated electron density between the GNSS satellite and the receiver, is
analyzed during the storm event 14-21 March 2016. The Madrigal database provides TEC maps in the
geographical coordinate system with a latitude-longitude resolution of 1° by 1° and a time resolution of 5 min.
The TEC maps are derived based on the MIT Automated Processing GPS (MAPGPS) algorithm from dual
frequency data of over 140 GNSS satellites (Rideout & Coster, 2006; Vierinen et al., 2016). We have projected
the TEC maps from the geographic coordinate system to the Altitude-Adjusted Corrected Geomagnetic Co-
ordinate System (AACGM) (Shepherd, 2014) with the help of GeoSpaceLab (Cai et al., 2022).
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Quiet Time TEC, 00:10 UT TEC on 15.03.2016, 00:10 UT  DTEC on 15.03.2016, 00:10 UT
c) 12 MLT

TEC (TECU) DTEC (TECU)

Figure 1. Example of calculation of DTEC: (a) Background total electron content (TEC), (b) Observed TEC on 15.03.2016 at
00:10 UT, (c) DTEC after subtracting background TEC from the observed TEC. The TEC maps are presented in AACGM
MLT-MLAT coordinate system.

To reduce the spatial data gaps, 20-min averages of the TEC maps are calculated. As the time window for
averaging is extended, more satellite-receiver pairs are identified, resulting in a greater number of data points.
Because we are interested in seeing the changes in TEC produced by the storm, the quiet-time background is
subtracted from the 20-min average TEC maps, and the result is called DTEC in this study. The quiet-time
background is determined by averaging the TEC maps during the four quietest days of the month, which were
March 5, 13, 25 and 26. The mean Kp index during those days was 1~ and the Kp index maximum was 1. The
previous storm before the storm during 14-20 March reached the SYM-H minimum on 6 March and was
recovered by 11 March. The background is calculated for each 20-min time interval during 24 hr, corresponding
to one rotation of the Earth.

An example is shown in Figure 1 on 15 March 2016 at 00:10 UT. Figures la and 1b show the quiet time
background TEC and the measured TEC map at 00:10 UT (average over 00:00-00:20 UT), respectively.
Figure 1c shows the DTEC map, which is obtained by subtracting the background TEC in Figure la from the
measurement in Figure 1b. Positive DTEC values indicate enhancements in TEC and negative values indicate
depletions. The unit is TEC Unit (TECU), where 1 TECU = 10'° electrons/m?. The mean error in individual 1°x
1°bins during the event at 70-90° MLAT is 0.95 TECU, at 60-70° MLAT 0.64 TECU and at 40-60° MLAT 0.49
TECU.

The Active Magnetosphere and Planetary Electrodynamics Response Experiment (AMPERE) project provides
FAC maps every 10 min during this event. AMPERE is a constellation of 66 satellites having six polar orbital
planes, each circling the Earth at an altitude of 760 km. The FAC maps are derived from the magnetic field
perturbations measured by the onboard magnetometers (Anderson et al., 2000, 2014; Coxon et al., 2018). The
Super Dual Auroral Radar Network (SuperDARN) of coherent scatter radars at high latitudes in the Northern and
Southern hemispheres measure the line-of-sight plasma velocities in the F-region (Chisham et al., 2007; Ruo-
honiemi & Baker, 1998). Based on the measurements and a statistical model, the ionospheric electric potential
maps are derived (Ruohoniemi & Baker, 1998; Thomas & Shepherd, 2018) and used in this study. Both the
AMPERE and SuperDARN data provide a global view of the high-latitude electrodynamics affected by the solar
wind—magnetosphere coupling during the storm.

For thermospheric composition, we used the ratio of column-integrated atomic oxygen number density O to
molecular nitrogen number density N,, denoted as »,O/N,, obtained using the dayglow imager GUVI mea-
surements onboard the Thermosphere Ionosphere Mesosphere Energetics and Dynamics Mission (TIMED)
satellite (Christensen et al., 2003). The TIMED satellite has an orbital inclination of 74.1° and it encircles the
Earth in 97.3 minutes. During this event, the satellite's ascending and descending times were 20-22 local solar
time (LST) on the nightside and around 8-10 LST on the dayside, respectively. Hence, GUVI provided the
> O/N, ratio data in the pre-noon sector for this event.
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Figure 2. Solar wind parameters and geomagnetic variations for 14-20 March 2016. (a) Solar wind speed, (b) interplanetary
magnetic field (IMF) B, and (c) IMF B, in Geocentric Solar Magnetospheric coordinate system, (d) Newell coupling
function, (e) cross polar cap potential, (f) Auroral electrojet index and (g) SYM-H index. The sequence of shaded and non-
shaded periods indicate the days after the storm onset numbered D1-D7. The dashed vertical lines indicate the selected times
shown in Figure 3.

The Defense Meteorological Satellite Program (DMSP) provides us with the cross-track ion velocities from the
Special Sensor for Ions, Electrons, and Scintillation (Rich & Hairston, 1994) and auroral images are obtained
from the Special Sensor Ultraviolet Spectrographic Imagers (SSUSI, Paxton et al., 2002).

Data for the solar wind, interplanetary magnetic field (IMF) and geomagnetic indices were taken from the OMNI
database (King & Papitashvili, 2005) with a cadence of 5 min. In this study,the SYM-H index, a high resolution
version of Dst index with a temporal resolution of 1 min (Wanliss & Showalter, 2006) is used.

3. Observations and Results
3.1. Solar Wind and Storm Development

Figure 2 shows the solar wind conditions and the geomagnetic disturbance from 14 to 20 March 2016. As can be
seen in Figure 2a, the solar wind speed starts to rise from 380 km/s on 14 March at 17:25 UT and reaches 624 km/s
on 14 March at 23:05 UT, after which it gradually decreases, though it does not fully recover, reaching a local
minimum on 16 March. After 12:25 UT on 16 March, it again shows a gradual increase with the peak on 17
March.

Solar wind speeds exceeding 500 km/s are often used as one of the criteria to identify HSS (Grandin et al., 2019;
Kavanagh et al., 2012). Both of the solar wind peak velocities exceed this threshold, suggesting that the event is
caused by two interacting HSSs. Indeed, three to four days before March 14, the Sun hosted several extended and
long-lived coronal holes, which are known to be the sources of solar wind HSSs (Krieger et al., 1973;
Richardson, 2018; Sheeley et al., 1976).

Figures 2b and 2c show the B, and B, components in the Geocentric Solar Magnetospheric (GSM) coordinate
system respectively. When the first HSS hits the magnetosphere on 14 March, IMF B, component is first positive
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(northward) until 18:50 UT. The B, component remains negative for about 2 hr until 20:00 UT. Meanwhile, B,
rapidly fluctuates between 20 nT and —25 nT. During the later days of the storm, B, and B, components show
fluctuations with amplitudes smaller than 10 nT. A part of those fluctuations are likely to be Alfvénic fluctuations
that are observed within HSSs (Tsurutani et al., 2020, & references therein).

Figure 2d shows the Newell coupling function (NCF; Newell et al., 2006), which is used to estimate the strength
of solar wind-magnetosphere coupling. The NCF depends on the solar wind speed, magnitude of the transverse
magnetic field and the clock angle defined by the IMF B, and B, components. The NCF starts to increase when B,
turns southward on 14 March at 18:50 UT and reaches a peak value at 20:00 UT. After that, the NCF stays high
(above 10,000) on 15 March, though fluctuating and the second peak is observed on 17 March at 00:55 UT during
the second HSS. Increases of the southward component of the IMF produce the enhancements in NCF.

Figure 2e shows the SuperDARN cross polar cap potential (CPCP) (Ruohoniemi & Baker, 1998), which is the
difference between the maximum electrostatic potential in the dawn cell and the minimum potential in the dusk
cell of the ionosphere. The CPCP value and the size of the polar cap depend mainly on the solar wind velocity and
the IMF parameters, and they together determine the average plasma convection speed in the polar cap.
Comparing Figures 2d and 2e, the temporal variation of NCF and CPCP looks similar, despite the fact that
SuperDARN CPCP values relies on statistical model when measurements are scarce. Similar to NCF, CPCP starts
to increase at 18:50 UT on 14 March with the southward turning of B,. On 16 March 21:40 UT, CPCP reaches a
peak value of 92 kV with a daily maximum reaching 75 kV, except on D4 and D6.

Auroral electrojet (AE) index (Davis & Sugiura, 1966), shown in Figure 2f, starts to rise during the storm sudden
commencement (SSC) peak at 18:45 UT suggesting substorm onset. A series of substorms is observed during the
entire storm event. Note the good correlation between the NCF and the AE index, specifically during the first
3 days of the storm.

Figure 2g displays the SYM-H index. The first HSS reached the Earth's bow shock on 14 March at 17:20 UT,
causing a positive excursion in the SYM-H index known as a SSC, which marks the initial phase of a geomagnetic
storm and is caused by the increase of magnetopause current. The SYM-H index reaches a maximum of 50 nT at
18:45 UT and then slowly decreases during a total SSC duration of 3 hr. At 21:15 UT, SYM-H becomes negative,
marking the main phase onset and intensification of the ring current. It reaches a minimum of —61 nT on 15 March
at 07:20 UT and later recovers temporarily. On 15 March at 23:55 UT, SYM-H reaches a second minimum of
about —50 nT. The SYM-H reached a third, double minimum, on 16 March at 23:40 UT and on 17 March at 03:50
UT with values —69 nT and —63 nT, respectively, and the fourth, double minimum of —60 nT takes place on 19
March at 08:55 UT and 10:50 UT, respectively. During the storm, the minimum Dst value is —56 nT. According
to the classification of geomagnetic storms by Gonzalez et al. (1994), the range —100 nT < Dst < —50 nT is
considered a moderate geomagnetic storm. The SYM-H variations show that from 14 March to 20 March, a
prolonged moderate geomagnetic storm with four minima below —50 nT occurred. The SYM-H recovered later
on 21 March at 03:50 UT reaching —15 nT.

The 24-hr periods after the onset of the initial phase of the storm on 14 March at 17:20 UT are marked as Day 1
(D1), Day 2 (D2) ...and Day 7 (D7) and they are shown on the bottom of the last panel in Figure 2.

Figure 3 gives an overview of the DTEC variations at different stages of the storm, with the times marked by the
black vertical dashed lines with labels a—h in Figure 2. Below we will give a brief description and a more detailed
discussion of the DTEC time variations at different latitudes will be provided in the next sections. Movies for each
calendar day of the storm with 20-min resolution in the same format as Figure 3 are found in Movies S1-S7. In
addition to movies of DTEC, movies of the original TEC are provided in the Movies S8-S14. In each panel of
Figure 3, the left polar plot shows the DTEC as estimated by the method described in Section 2. Yellow-red colors
indicate enhancement in TEC and blue indicate depletion. The right polar plot shows the FACs estimated by
AMPERE, where the yellow-red colors show the upward FAC and blue the downward FAC. Overlaid on the polar
plots are the contours of electric potential from SuperDARN. The equi-potential contours show the plasma
convection streamlines in the F region ionosphere, as the plasma makes the £ X B drift.

Figure 3a depicts the DTEC, potential contours, and FAC on 14 March at 19:10 UT during the SSC peak, when
IMF B, is still northward but B, is fluctuating. During northward IMF B, conditions, the CPCP is small and the
FACs are concentrated on the dayside with a complicated structure of four current sheets. DTEC shows small
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Figure 3. Panels a-h showing DTEC (difference between the measured TEC and the quiet background value of TEC) on the
left side and AMPERE field aligned current on the right side, both presented in polar AACGM MLT-MLAT coordinate
system, at instances corresponding to the dashed vertical lines in Figure 2. Occurrences of SYM-H minima are indicated in
the panel title. Electrical equipotential contours are overlaid on both the panels with a step size of 5 kV and on the right
bottom corner of each panel the cross polar cap potential from SuperDARN is given. The lowest latitude shown is 40°
MLAT.

variations at high latitudes with a minor enhancement within the same region as the upward FAC, but no large-
scale significant changes in DTEC can be observed.

Figure 3b at 21:30 UT corresponds to the time when SYM-H turns negative in the beginning of the main phase.
The CPCP has increased to 78 kV and the convection pattern has expanded to lower latitudes. The FACs have
intensified and show a pattern typical for the observed IMF B, negative conditions (Anderson et al., 2008). The
midnight sector shows three sheets of currents, typical for substorm conditions. DTEC enhancement is seen
forming in the noon and dusk sectors at latitudes below the most equatorward plasma convection streamlines
corresponding to the storm positive phase at mid— latitudes. A significant increase of DTEC in the nightside
auroral oval is also observed during this time in association with the enhanced upward FAC and it is obviously
associated with auroral precipitation. Meanwhile, a depletion in DTEC is seen in the polar cap.
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Figure 3c is 80 min after panel b displaying the situation during the maximum of the mid-latitude positive phase.
The strong enhancement in DTEC in the noon to dusk sector has extended to the lowest latitudes shown, that is, to
40° MLAT. Development of a storm time enhanced density (SED) plume (Foster, 1993; Foster et al., 2005),
stretching from the dusk—side mid-latitudes toward the noon—time cusp at 12 MLT, is clearly visible in the figure.
TEC enhancement due to strong auroral precipitation continues in the night side auroral oval. The deep depletion
in DTEC prevails within the antisunward moving plasma in the polar cap and generally at high latitudes excluding
the night sector. Another region of depleted DTEC occurs near 18 MLT just poleward of the strong enhancement.
This region is embedded by the downward FAC.

The DTEC enhancements in the nightside auroral oval and at mid-latitudes remain only for some hours in the
beginning of the main phase on D1. During the second half of D1, DTEC enhancements weaken as seen in the
Movie S2 and discussed in Sections 3.3 and 3.4.

Figure 3d shows the DTEC and FAC on 15 March 07:30 UT during the latter part of D1, when the SYM-H index
has reached its first local minimum. The main feature during this time is the enhancement of DTEC in the middle
of polar cap, which is a polar cap patch (Carlson et al., 2004; Moen, Jgran et al., 2013; Weber et al., 1986) as
discussed more detailed in Sections 3.2 and 4.2. The IMF B, is southward and drives the relatively strong
convection and FACs and the associated dayside reconnection could be producing the polar cap patches.

Figure 3e shows the DTEC variations on 15 March at 20:30 UT (D2), when the SYM-H index has increased after
the first minimum on D1, but has not yet reached the second local minimum on D2. The AE index has a maximum
value of 1,280 nT and the CPCP is 66 kV. At high latitudes (auroral oval and polar cap), the dominant feature is
TEC depletion, though the effect of a polar cap patch on the nightside can be seen. At mid-latitudes, the positive
phase has changed to a negative phase as DTEC shows a decrease from the noon to the dusk sector. Interestingly,
on the west coast of the American sector, an enhancement in DTEC is seen.

Figure 3f shows 17 March at 00:10 UT (D3), close to the time of the third minimum in the SYM-H index, which is
also the deepest minimum during the whole storm. During this time the second HSS has hit the magnetopause and
the solar wind speed is high. The most significant feature is the latitudinally narrow depletion in DTEC in the dusk
sector at the equatorward boundary of the convection pattern. This kind of feature was observed several times
during the storm and it will be further discussed in Section 4.

In Figure 3g on 17 March at 17:10 UT (end of D3), the SYM-H index has recovered, but a strong depletion of
DTEC is observed globally, particularly in the noon sector. The AE index reached 800 nT 20 min earlier and the
CPCP is 58 kV.

Figure 3h shows the DTEC, potential and FAC during the fourth SYM-H minimum on 19 March 09:50 UT (D5)
when the solar wind speed has decreased after the two HSSs. However, the southward IMF B, has still kept the
Newell coupling function values high during the previous hours and the AE index is high as well. A strong
elongated polar patch as well as enhancements in the nightside and morning auroral oval are observed.
Furthermore, a DTEC enhancement near noon at mid-latitudes is seen, but whether that would be continued to the
afternoon and dusk sectors cannot be seen due to a lack of measurements in that sector.

3.2. Polar Cap TEC Variations

To obtain an overview of the complex latitude - local time variations in DTEC, we bin the data into three magnetic
latitude ranges and four MLT sectors and calculate the average values of DTEC in those. The ranges are 70°-90°
MLAT corresponding roughly to the polar cap, 60°— 70° MLAT corresponding roughly to the auroral and sub-
auroral latitudes, and 40°— 60° MLAT corresponding to the upper end of mid-latitudes. The local time sectors are
03-09 MLT (dawn), 09-15 MLT (dayside), 15-21 MLT (dusk) and 21-03 MLT (nightside). Since the number of
GNSS receivers is small in certain geographical regions, average values are shown only for those points, where
the number of data points is larger than 300. The TEC variations compared to the quiet time (DTEC) are presented
in units of TECU in Figures 4-6. Calculating the error propagation for the data shown in those figures, we find
that the mean values for DTEC error are 0.05 TECU in the polar cap, 0.04 TECU at auroral and sub-auroral
latitudes and 0.02 TECU at mid-latitudes. The same DTEC variations are presented in percentages in Figures
S1-S3 in Supporting Information S1.
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Figure 4. Parameters for 70°— 90° MLAT (polar cap). Panels from top to bottom: (a) PCN index. (b)-(e) DTEC (in unit of
TECU) in the dayside (09—15 magnetic local time (MLT)), dusk sector (15-21 MLT), night sector (21-03 MLT) and dawn
sector (03—-09 MLT) (f) SYM-H index. The date numbers refer to 00 UT. The sequence of shaded and non-shaded periods
indicate the days after the storm onset numbered D1-D7.

Figure 4 shows the mean DTEC over four MLT sectors for the polar cap. The polar cap north (PCN) index
(Troshichev et al., 1988) is shown in Figure 4a, which is a proxy for the CPCP based on magnetometer mea-
surements within the Northern polar cap (Troshichev et al., 1996).

The bottom panel shows the SYM-H index variations. Maximum values of the PCN are seen on D1 and D2
reaching approximately 8 mV/m, but also on D3 and D5 PCN reaches 6 mV/m, while D4 and D6 show smaller
values. Figure 4 panels b—e show the DTEC averaged over the four MLT sectors described above, and red color
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Figure 5. Same as Figure 4, but for the latitude range 60°- 70° MLAT (auroral and sub-auroral latitudes) and the top panel is
changed to the AE index.
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Figure 6. Same as Figure 4, but for the latitude range 40°— 60° MLAT (mid-latitudes). Also panel (a) is changed to the SYM-
H index and panel (f) to the Newell coupling function.

indicates an enhancement in DTEC and blue color indicates a depletion. The gaps in DTEC curves correspond to
the Siberian sector, where the number of GPS receiving stations is small. As the Earth rotates, a specific MLT
time sector contains a different geographic distribution and different number of stations. Therefore, for example,
within the 09—15 MLT (day) sector, right after the Siberian data gap, the MLT distribution has a bias toward 09—
11 MLT and Scandinavian sector. Just before the data gap, there is a bias toward 15 MLT and the Asian sector.
Therefore, this bias needs to be considered when interpreting in the diurnal variations at the different MLT
sectors.

From Figure 4b, it is very evident that over the entire course of the storm until D7, TEC over the polar cap in the
daytime (09-15 MLT) has decreased significantly from the quiet time level. The depletion starts to deepen with
the SSC onset reaching values < —4 TECU on D2-D5 during the main phase of the storm. These values
correspond to decreases of 25%-50% from the quiet time (see the supplementary Figure S1 in Supporting In-
formation S1, where the DTEC is shown in percentage). A short-duration increase in DTEC is observed on D5 (19
March), and that is related to a polar cap patch. The same patch can be observed in the dusk (panel ¢) and midnight
(panel d) sectors (see also the Movie S6).

Figure 4c shows the DTEC in the dusk sector (15-21 MLT), where a small enhancement in DTEC appeared in the
beginning of the storm on 14 March at 19:50 UT followed by depletion. The small enhancement is associated with
intense duskside Region 1 upward FAC and electron precipitation near 70° MLAT, possibly associated with
auroral oval expansion to latitudes higher than 70° MLAT, but deep in the polar cap there is depletion (see the
Movie S1). The dusk sector shows mostly depletions in DTEC on all days reaching < —4 TECU and 30%-50%
decrease (see Figure S1 in Supporting Information S1) in TEC compared to the quiet time. In addition, short-
duration DTEC enhancements are observed almost daily, which have a peak DTEC value of 6 TECU or 200%
(see Figure S1 in Supporting Information S1) on 18 March and they correspond to polar cap patches.

The enhancements in Figure 4c corresponding to polar cap patches seem to have an apparent periodic structure
repeating almost every day at about 06-08 UT. However, we remind the reader that Figure 4 contains data
averaged over 20° MLAT and 06 MLT. In the polar cap, the main effect on the dayside and afternoon is depletion
of TEC. However, patches produce enhancements in TEC. To produce an overall enhancement in this figure, the
enhancement needs to cover a large area and/or be very strong compared to depletion. As patches move from the
dayside toward the nightside, they tend to spread out, covering larger regions. At about 06-08 UT, the 15-18
MLT sector corresponds to the Siberian sector with very sparse data, whereas 18-21 MLT occurs within
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Western North America with good coverage of data, capturing patches that have spread out. One such occasion of
patch on 18 March will be discussed as an example in Section 4.2 and it is shown in Figure 9.

Figure 4d shows that in the midnight sector (21-03 MLT), increases in DTEC were more dominant than the small
decreases. The enhancement before SSC is due to the substorm activity (see 2d) well before the storm. After the
onset of the storm, a rise in AE index is observed and is reflected as an increase in TEC. During the substorm
expansion phase, the auroral oval expands to higher latitudes, even higher than 70° MLAT. Compared to 4c, it is
clear that some of the enhancements in TEC occurred at the same time as the enhancements due to polar cap
patches in the dusk sector. The anti-sunward motion of the polar cap patches reaching the nightside is a major
reason for these TEC enhancements in the night sector. Up to 200% (see Figure S1 in Supporting Information S1)
increase in TEC is observed in the midnight sector on 18 March during an anti-sunward motion of the polar cap
patch that was observed in the dusk sector.

DTEC in the dawn sector at (03—09 MLT) in Figure 4e shows again mainly depletions, except during the SSC.
The depletions in TECU units are smaller in the dawn sector than in the dusk sector, but in relative units may reach
50% (see Figure S1 in Supporting Information S1).

3.3. Auroral and Sub-Auroral TEC Variations

Figure 5 shows the MLT variations of DTEC in the latitude range 60°~70° MLAT, which on the night side
corresponds roughly to the auroral oval, but in the dawn to dusk sector may have a contribution from the sub-
auroral region. In the day sector, under northward IMF conditions when the auroral oval is contracted, these
latitudes correspond mainly to sub-auroral regions. Therefore, we have inspected the supplementary movies
containing additional information of the extent of the associated convection pattern and FACs to make the more
detailed interpretations discussed below.

Figure 5a shows the AE index variations during the storm. With the storm onset at 17:25 UT on 14 March, a
gradual rise in the AE index can be observed. The AE index remained at high values, above 500 nT, on most of the
days, indicating strong substorm activity during the geomagnetic storm. Our event also has some characteristics
of the high-intensity, long-duration continuous AE activity (HILDCAAs), which are believed to be caused by
large non-linear amplitude Alfvén waves in the HSSs (Tsurutani et al., 2020, & references therein).

Figure 5b shows the DTEC in the day sector (09—-15 MLT). Initially an enhancement in TEC is observed on 14
March at 19-24 UT. As can be seen from Figure 3b, in the beginning of the storm main phase, increase in TEC
takes place from mid-latitudes to latitudes up to 70° at midday, so the increase is a part of the storm positive phase.
Increase in DTEC at 23-24 UT can be attributed to the penetration of the SED plume from the dusk-side mid-
latitude to the high latitude in the post noon sector (see also Figure 3c).

After the onset of the main phase, mostly a deep depletion in DTEC is observed on the day side until D5. On D3,
DTEC reached a minimum of —4 TECU, corresponding to 50% reduction (see Figure S2 in Supporting Infor-
mation S1). On 19 March (D5), a positive enhancement is seen at 09—12 UT. Again, this is associated with a
positive phase of the storm extending to mid-latitudes, see also Figure 3h.

Figure 5c shows that an enhancement in DTEC is also observed in the dusk (15-21 MLT) sector in the beginning
of the storm on 14 March simultaneously with the dayside. A second enhancement takes place on 15 March (D1),
and it is associated with the effects of polar cap patches and auroral precipitation (see the supplementary material
Movie S2). DTEC showed a deep depletion on D2 to D6, reaching 50% decrease on D4 (see Figure S2 in
Supporting Information S1). The depletions were somewhat larger in the dusk (panel c) than dayside (panel b)
sector.

The DTEC variations in the night sector 21-03 MLT (Figure 5d) mostly show enhancements with a maximum of
6 TECU corresponding to 200% increase in TEC on 14 March (Figure S2 in Supporting Information S1) and are
well correlated with the AE index (Figure 5a). At least 50% increase in TEC is observed on all days during the
storm. This implies that the nightside DTEC enhancements are caused by strong auroral precipitation. Figures 3b,
3c, and 3h show examples how the auroral oval in the midnight and morning sectors is seen in global DTEC.
Because of the strong auroral activity, DTEC enhancements (more than 50%, see panel d in Figure S2 in Sup-
porting Information S1) are also observed in the dawn 03—09 MLT sector (Figure 5e). Only on the more quiet
days, namely on D4 and D6, a longer duration decrease in DTEC can be seen in the midnight sector. The midnight
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and dawn sectors DTEC increases and decreases mostly occur at the same times (see also Figure S2 in Supporting
Information S1), indicating a common source of origin.

3.4. Mid-Latitude TEC Variations

Figure 6 shows the DTEC variations at different MLT sectors at 40° —60° MLAT corresponding roughly to mid-
latitudes. During the SSC in the beginning of D1, there is a small enhancement in DTEC in the day (09-15 MLT)
and dusk (15-21 MLT) sectors. With the onset of the storm main phase on 14 March at 21:15 UT (Figure 6a), the
TEC increase reached 6 TECU corresponding to 50% (see Figure S3 in Supporting Information S1) increase of the
quiet time level near midnight in the day (09-15 MLT) and dusk (15-21 MLT) sectors, see Figures 6b and 6¢ and
supplementary Figure S3 in Supporting Information S1. This period of positive DTEC can be identified as a
positive ionospheric storm phase and it lasted until 03 UT on 15 March. The Newell coupling function reached the
highest values this time (see panel f). The positive phase is also visible in the night (21-03 MLT) and dawn (03-09
MLT) sectors, even though the increase in DTEC is smaller there.

The DTEC increase was followed by a short-duration depletion and again an enhancement, giving it a double-
humped structure on D1 (Figures 6b and 6¢). The second peak in DTEC at about 8 UT on D1 occurs close to
the first minimum < —50 nT in the SYM-H index.

Looking at the day sector (Figure 6b), we can see additional signatures of positive storm phases on D2, D3 and
D5, and all of them are associated with minima < —50 nT in the SYM-H index and a high Newell coupling
function. However, after D1, the day sector is dominated by negative storm phases. The depletions on the dayside
reach about 30% (see Figure S3 in Supporting Information S1) compared to the background TEC.

The dusk sector (Figure 6¢) shows a third maximum in DTEC in the end of D1. After D1, depletions dominate and
they reach 40% compared to the background TEC, in the beginning of D4 (Figure S3 in Supporting
Information S1).

Night (Figure 6d) and morning (Figure 6e) sectors also show a double positive peak in DTEC on D1, similar to
what is observed in the day and dusk sectors. However, this similarity is more evident for relative changes in TEC
shown in Figure S3 in Supporting Information S1 than for absolute values shown in Figure 6, since the percentage
changes are as large in the night and morning sectors as on the day and dusk sectors. On the later days of the storm,
mainly a depletion in TEC is observed in the night and morning sectors. The largest relative depletion in TEC
takes place in the end of 17 March/beginning of 18 March in the beginning of D4 with 50% (see Figure S3 in
Supporting Information S1) decrease in TEC in the night (21-03 MLT) sector. On D6 almost a similar decrease is
seen. Both on D4 and D6 the SYM-H index has recovered above —16 nT and the Newell coupling function has
only moderate values.

4. Discussion
4.1. Depletions in TEC

From Figures 4-6, it is clear that during the main and recovery phases of the geomagnetic storm, TEC depletions
dominate in most MLT sectors at high and mid-latitudes, with the following exceptions: the midnight 21-03 MLT
and morning 03-09 MLT sectors for auroral and sub-auroral latitudes, the midnight sector for polar cap, and the
positive phase at mid-latitudes covering the day and dusk sectors 09-21 MLT in the beginning of the main phase
on D1 (and two short-duration positive phases on D3 and D5). Each day after the storm onset until D6, TEC was
decreased at least by 25% and up to 50% as compared to the background conditions in the day, dusk and dawn
sectors of the polar cap, in the day and dusk sectors at auroral to sub-auroral latitudes, and in all MLT sectors at
mid-latitudes after D1. Possible mechanisms that can cause the negative ionospheric storm phase are discussed
below.

4.1.1. Role of Ion-Frictional Heating

Several studies have been previously conducted to understand the reason for the negative ionospheric storm
phase. Many of these studies supported the notion of dynamical effects due to electric fields and neutral
composition changes as the plausible mechanisms that cause the negative ionospheric storm (Prolss, 1976; Zhang
etal., 2004). An increase in the ion—neutral frictional heating due to intensified electric fields at high latitude plays
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a crucial role in the electron density variations during geomagnetic storms. Two important consequences of ion—
neutral frictional heating are: increases in ion temperature (7;) as well as neutral composition changes in the F
region due to transport of molecular-rich air from lower altitudes owing to elevated neutral temperature (7,,) . The
F-region composition changes will be discussed in more detail in the next Section 4.1.2.

An increase in the ion temperature affects the reaction rates to speed up the recombination rate of O ions and
thereby decrease the electron density (Grandin et al., 2015; Vasylitinas & Song, 2005; Winser et al., 1986). Sojka
et al. (2009) reported a one to one correlation between CIR events and ionospheric heating in the northern polar
and auroral regions using radar measurements. No global measurements of 7; are available, but a local mea-
surement by the European Incoherent Scatter Scientific Association (EISCAT) radars during the storm shows that
at high latitudes, roughly 50% of F-region electron density decreases were associated with 7; enhancements larger
than 200 K (Ellahouny et al., 2024). In most cases at high latitudes, we can expect to have the combined effect of
T; increases and composition changes. Furthermore, neutral winds can carry the composition changes to regions
void of frictional heating.

As Figure 2d shows, the CPCP estimate from SuperDARN exceeds 65 kV on most of the days, reaching a
maximum value of 90 kV on 16 March at 00:30 UT (D2), but having high values until D6. This indicates that due
to enhanced global convection electric field, we can expect the ion-frictional heating to play a major role for the
TEC depletions on the day and dusk sectors in the polar cap and at auroral latitudes as seen in Figures 4 and 5.

Sub-auroral polarization streams (SAPS, Foster & Burke, 2002), which in the dusk sector are associated with
strong westward plasma drifts (> 500 m/s), are often linked with electron density depletions in the dusk sector
(Aa, Erickson, et al., 2020; Pintér et al., 2006; Wang et al., 2012).

To study the role of SAPS in TEC depletion in the dusk sector, we searched for DMSP conjunctions with observed
TEC depletions in the dusk sector. Figure 7 shows two examples of SAPS and a simultaneous TEC depletion at
the location. SAPS is usually associated with a midlatitude trough (Aa, Erickson, et al., 2020), which is a
prominent plasma depletion in the F region, and lies typically between the footprints of the plasmapause and the
equatorward boundary of the auroral oval, spanning a few degrees in MLAT and several hours in MLT (Aa, Zou,
etal., 2020; Rodger et al., 1992). In each panel, the left plot shows the auroral emission in Lyman-Birge-Hopfield
Short (LBHS) from DMSP/SSUSI measurements and overlaid on it is the cross track ion velocity. On the right
side, the cross track ion velocity is overlaid on the DTEC map. In Figure 7a, the cross track ion velocity near 18
MLT equatorward of the auroral oval reaches 1,000 m/s, indicating a SAPS. In the DTEC map, TEC depletion is
seen to extend 60°~70° MLAT and the equatorward edge of the depletion region (60°-62° MLAT) is observed to
coexist with the SAPS. In Figure 7b near 19 MLT, the cross track ion velocity reaches more than 2,000 m/s at
57°-61° MLAT and is well outside the auroral oval as inferred from the SSUSI auroral emission. This time, a
wide depletion region in TEC extends from 57° to 80° MLAT in the dusk sector. Here as well, the SAPS coexist
with the equatorward part of the depletion. Hence, depletions in TEC coexist with SAPS in the dusk sector can
give a contribution to our auroral and sub-auroral latitude category (event in Figures 7a and 7b) and to mid-
latitude category (event in Figure 7b).

4.1.2. Neutral Composition Changes

A widely discussed mechanism for negative ionospheric storm is the neutral composition change due to increased
energy input in the high latitude ionosphere—thermosphere system during geomagnetic storms (Fuller-Rowell
et al., 1994; Prolss, 1997; Zhang et al., 2004). It is reported that atmospheric expansion under Joule heating can
affect the mass density at F-region (Deng et al., 2009; Richmond & Lu, 2000). Higher concentrations of N, and
0O, accelerate the recombination reactions in the F-region resulting in the depletion of electron density. Thus it is
important to study the thermospheric variations as well to understand their relative role in depleting F-region
plasma.

To examine the role of neutral composition changes in the electron density depletions during this event, we
compare the TEC variations with the ) ;O/N, ratio derived from the TIMED/GUVI dayglow measurements.
GUVI provides us with composition data near 8 MLT, which falls in the late morning MLT range.

Figure 8 shows the comparison of DTEC with GUVI Y O/N, ratio for 14-20 March. The Y O/N, estimates come
from the sunlit part of the orbit (Christensen et al., 2003), which has an orbital period of 97 min. In Figure 8 the
LST of the measurement, taken from the longitude where the TIMED satellite measurement crosses the 50°
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Figure 7. Instances showing SAPS and associated TEC depletion, both presented in AACGM MLT-MLAT coordinate
system. On both panels, left polar plot shows the cross track ion velocity measured by DMSP F18 satellite overlaid on SSUSI
LBHS emission measurements and the right plot shows the same cross track ion velocity overlaid on DTEC maps. The start
and end UT times of the DMSP orbit are labeled inside.

geographic latitude, is given and it varies from 08:30 to 07:20 LST during the period of 14-20 March 2016. In
each panel, the left polar plot shows the GUVI ) O/N, gridded data product measured during 24 hr, and the
corresponding UT times are given on the rim of the polar plot, where the UT time runs clockwise. Note that during
24 hr, the Earth makes one rotation, and hence each UT time corresponds to a certain geographic longitude. The
discontinuity observed in the GUVI panels indicates the start/end of the day's measurement. In order to compare
the TEC variations and the neutral composition changes, the polar plots of DTEC shown on the right-hand panels
of Figure § are created in a similar manner to cover 24 hr. For DTEC plots, 24° wide longitude sectors are created,
each one centered at one of the longitudes and UT times of the 15 daily GUVI overpasses. Both DTEC and
> O/N, are plotted in the geographical polar coordinate system with a latitudinal range 30°-9(P, but GUVI data is
available only below about 62° geographic latitude.

Figure 8a shows the DTEC and Y O/N, on 14 March. In this plot, 00-18 UT corresponds to the time before the
storm onset, and hence we can consider the Y O/N, values there as the background situation before the storm
showing that > O/N, has smaller values in the latitude range 62°-50° than at lower latitudes. After the storm
onset, at 21 to 24 UT, the region of small Y,0/N, covers narrower high-latitude region than before 21 UT and an
enhancement in Y O/N,, is observed at mid-latitudes below 60°. In the DTEC plot, an enhancement is observed in
the same 21-24 UT sector (over Japan) corresponding to the storm positive phase.

On 15 March in Figure 8b, the Y O/N, ratio shows a significant decrease in the American sector (12-15 UT)
compared to the previous day, which extends to 30° latitude. Correspondingly, a depletion in DTEC is observed in
the same sector with a sharp boundary on the west coast of America, similar to the boundary of low Y,0/N, ratio.
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Figure 8. Panels (a)-(g) show on the left a 24-hr observation of Y;0/N, from TIMED/GUVI measured at a fixed local solar
time and corresponding UT times are labeled outside, and on the right DTEC obtained by stacking sectors corresponding to
GUVI observations, both plotted in geographical coordinates with a latitude range of 30° —9(°.

The > 0/N, ratio has decreased also at other UT times at latitudes poleward of 50°, but the DTEC data is sparse
there.

On 16 March in Figure 8c, the > 0/N, disturbance covers a wider UT (and geographic longitude) region and
values have become lower in the American sector than on 15 March, though the decrease does not extend as low
latitudes as on the previous day. TEC depletion is observed in the corresponding region.

On 17 March in Figure 8d, the Y O/N, values reach their minimum values and the region of low values extends to
latitude of 30° on the east coast of America and west coast of Europe, with a depletion in TEC in the same region.
On 18 March (Figure 8e), the composition disturbance is somewhat weaker than on the previous day, but on 19
March (Figure 8f) the composition disturbance gets again stronger, with TEC depletion also being stronger in the
American sector than on the previous day. On 20 March (Figure 8g) both the composition disturbance and TEC
depletion start to weaken.

In addition to the decreases in ),O/N,, increases in »,O/N, are observed on several days. On March 14, as
mentioned above, this increase, along with a rise in TEC, was seen during the positive phase of the storm at 21-24
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UT at mid-latitudes near Japan. On March 15 (Figure 8b), the increase in Y,O/N, and increase in DTEC are
observed in the European sector. On each day after that, several hours long increase in ) O/N, takes place in the
Asian and Siberian sectors, but those regions are very poorly covered by TEC observations, clear enhancements
can be seen only occasionally near Japan. The increase in Y,O/N,, as observed in various other studies as well
(e.g., Lee et al., 2013; Mannucci et al., 2009; Mendillo, 2006), is mainly caused by downward vertical neutral
winds and could contribute to the increase in TEC by lowering the recombination rate in the F region due to
decreased N, and increasing the production rate due to more O in the sunlit ionosphere (Burns et al., 1995; Fuller-
Rowell et al., 1994; Pedatella et al., 2010).

In summary, the data shows that in the late morning sector, a decrease of >,0/N, and depletion in TEC occur
within the same regions during the storm main phase, verifying that the composition change plays an important
role in TEC depletions at geographic latitudes below 62°. Although there is some spatial correlation between the
increase in ), O/N, and the enhancements in DTEC, we cannot draw a strong conclusion about the dependence of
TEC enhancements on Y O/N, increases. This is due to the scarcity of data points in the DTEC maps in those
sectors.

4.2. Enhancements in TEC

Several sources for TEC enhancements exist and they are different for different latitudes and MLT regions. In this
section, we will discuss the polar cap patches, the auroral precipitation and the SED plume. The least understood
phenomenon during geomagnetic storms is the positive phase (e.g., Prolss, 2006), for which a very brief summary
is given here. We are carrying out a separate study of the positive phase of this storm with additional data.

In the polar cap, significant enhancements in TEC can be caused by polar cap patches. Typically, a polar cap patch
is identified as an isolated structure with at least double the plasma density relative to the ambient plasma in the F-
region with 100-1,000 km size (Carlson, 2012; Weber et al., 1984; Zou, Perry, & Foster, 2021). During the storm
event, patches are observed mainly in the dusk sector (15-21 MLT) on days D1, D3, D4, and D5 around 03-08
UT and on D7 between 18 and 20 UT, see Figure 4c and S1.

Figure 9 shows an example of the development and transport of one polar cap patch. To clearly demonstrate that
the identified structures are patches, which have clear TEC enhancements from the surrounding plasma, the
absolute TEC maps (left panels) are shown alongside the DTEC maps (right panels). On 18 March, a patch
becomes visible around 05:10 UT, as seen in both TEC and DTEC maps in Figure 9a on the dayside in the center
of the polar cap. During that time the IMF B_ is negative, which is a favorable condition for the formation of the
polar cap patch (Carlson, 2012; Jin et al., 2019). Both the IMF B, and B, components remain negative during the
transport of the patch from the dayside to the night side. The patch is observed to move antisunward following the
convection streamlines, as seen in Figure 9b (and in Movie S5). Figure 9c shows that the patch has started to move
back to the dayside on the dusk convection cell following convection streamlines. The enhancement seen in the
dusk sector has also some contribution from particle precipitation associated with the poleward movement of the
upward FAC (see Movie S5). As B, continues to be negative, a new patch is seen to be injected into the polar cap
and to trail behind the previous patch in Figure 9d. In Figures 4c and 4d, the effect of this patch on TEC is seen
both on the dusk and night MLT sectors on D4, corresponding to an increase of 3 TECU and 200% (Figure S1 in
Supporting Information S1). Polar cap patches are also observed on days D1, D3, D5, and D7.

In the night sector of the polar cap, increases in TEC are more dominant than decreases. Two factors contribute to
that, the polar cap patches discussed above and auroral precipitation. On 14 March, in the beginning of the storm,
an increase in TEC associated with the poleward expansion of the auroral precipitation is seen between 18 and 24
UT in the polar cap night sector (see Figure 4d and Movie S1). Increases in TEC due to the poleward expansion of
the auroral oval are seen on days D4 and D7 as well.

Within the auroral oval, we expect to see the effects of particle precipitation (Tesfaw et al., 2023, & references
therein). Figure 10a shows the relative variations in TEC compared to the background quiet TEC in night side
auroral oval. A significant enhancement in TEC, exceeding 50%, is observed on all days. On day D1, more than
200% increase in TEC is noted. Figure 10b shows the AE index, which shows a series of substorms during the
storm. To compare with the DTEC variations, AE index is only plotted for periods with enough DTEC data points.
It is clearly observed that the temporal behavior of the AE index is very similar to that of the relative TEC
variations in the night side auroral oval. During substorms, particle precipitation can increase the electron density
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Figure 9. Anexample of the development of polar cap patch on March 18 (D4) of the storm. TEC on the left panels and DTEC
on right panels, both presented in AACGM MLT-MLAT coordinate system. (a) Patch is located in the center of the polar cap.
(b) Patch has extended to the night side. (c) Patch has become elongated to the duskside convection stream lines. (d) Patch
has further spread and possibly a new patch has appeared to the center of the polar cap.

in the E-region (Aikio et al., 2002; Partamies et al., 2011; Tesfaw et al., 2022). As TEC is the column-integrated
electron density, this enhancement in the E-region will be reflected in TEC values as well. Ren et al. (2020)
simulated with TIEGCM an increase of TEC by 2 TECU in the nightside auroral oval owing to particle pre-
cipitation during the recovery phase of an HSS driven storm. In our case, we observe regionally averaged in-
creases up to 6 TECU (Figure 5) during the storm.

An interesting feature in Figure 10 is that during the AE minima on D2, D4 and D6, indicating less activity and
auroral precipitation, TEC values are decreased below the background (blue color). In the auroral oval, two
competing processes may be operating: ion-neutral frictional heating causing TEC decreases and auroral
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Figure 10. DTEC enhancements at 60°-70° (auroral and sub-auroral latitudes in the night sector (21-03 MLT)). (a) DTEC in
percentage, (b) AE index. For comparison, AE index is plotted only when there are sufficient data points in DTEC.
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precipitation causing TEC increases. The dawn sector (Figure 5) shows predominantly simultaneous TEC in-
creases with the night sector, but the dusk sector shows mainly decreases, suggesting that ion neutral frictional
heating in the dusk sector dominates over auroral precipitation.

In the beginning of the storm on D1 at auroral and sub-auroral latitudes on the dayside, 4 TECU and 30% increase
(Figure 5 and Figure S2 in Supporting Information S1) in TEC at 19-24 UT are observed, produced by the SED in
the post-noon sector during the storm positive phase (Foster et al., 2005). Later a SED plume (Figure 3c)
developed, which is formed by the transport of F-region plasma from mid latitudes in the dusk sector toward the
magnetic noon by convection streamlines (Foster, 1993; Foster et al., 2021). Zou, Ren, et al. (2021) also reported
the formation of SED plume during the positive phase of a CIR—generated storm.

A positive ionospheric storm observed at the mid-latitudes in the day and dusk sectors on D1 commenced around
19 UT, after the SSC peak and intensified with the onset of the main phase. This enhancement in TEC continued
for 9 hr until 03 UT on 15 March. Various studies have addressed the dayside positive ionospheric storm phase
during geomagnetic storms. Some potential mechanisms that can cause the positive ionospheric storms are:
uplifting of the plasma to altitudes of lower recombination rate by the southward neutral winds or eastward
electric fields, traveling ionospheric or atmospheric disturbances, and increase in oxygen density due to atmo-
spheric downwelling (Buonsanto, 1999; Mendillo, 2006; Prolss, 1995, 2006, 2008). A more detailed analysis has
to be done to understand the dominant mechanism that causes the dayside positive ionospheric storm phase and is
out of the scope of this paper.

5. Conclusions

The moderate (SYM-H minimum —65 nT) and long-lasting HSS/SIR-driven storm near spring equinox 14-20
March 2016 was studied by using GNSS TEC data and complementary measurements from other instruments
including Y O/N, from TIMED GUVI and DMSP ion drift. The storm commenced with SSC on 14 March 2016 at
17:20 UT, which is taken as the start of the first storm day D1. The storm lasted for almost seven days with four
SYM-H minima less than —50 nT. The background TEC, calculated by taking the mean of four quietest days of
the month, was removed from the observed TEC, yielding the storm-induced changes in TEC. Below, we
summarize separately the results for TEC depletions and increases.

5.1. TEC Depletions

o The storm caused daily 25%—50% depletions in TEC for six days in the day, dusk and dawn MLT sectors of the
polar cap, in the day and dusk sectors at auroral and sub-auroral latitudes, and after D1 in all MLT sectors at
mid-latitudes. As discussed in several earlier papers, depletions most likely are associated with ion-neutral
frictional heating causing ion temperature enhancements and neutral composition changes in the F region,
both increasing recombination of O* ions.

o TIMED/GUVI measurements in the late morning at about 8 LST showed Y O/N, decreases at mid-latitudes
that spatially correlated with TEC depletions, further supporting the suggestion that composition change is
important for the mid-latitude negative phase.

e At sub-auroral latitudes, SAPS produced localized TEC depletions. In this study, they were identified pre-
dominantly from the dusk sector and in the examples studied covered a narrow latitude region of a few
degrees.

5.2. TEC Enhancements

o In the initial phase and in the beginning of the main phase on D1, a strong (50%) and long-lasting (9 hr)
increase in TEC (the positive phase of the storm) was observed at mid-latitudes. It had a peak amplitude in the
day and dusk sectors and smaller amplitudes in the night and dawn sectors.

¢ In the day and dusk sectors an increase in TEC was observed at 60°~70° MLAT in the beginning of the main
phase on D1 for about 6 hr, simultaneously with the mid-latitude positive phase. The SED plume developed in
the post-noon sector as the convection pattern suddenly expanded and captured some mid-latitude plasma to
higher latitudes.

o Inthe polar cap, the polar cap patches originating from the dayside and moving with plasma convection toward
the night increased TEC up to 200%.
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main phase with locally averaged values reaching 6 TECU and 200%.
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