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Abstract The polar cap hot patch is an enhanced density structure which is associated with particle
precipitation, ion upflow and flow shears. Based on combined observations from DMSP satellites, EISCAT
radar, and all-sky imager at the Chinese Yellow River Station, the plasma characteristics and evolution of hot
dense plasma and classical polar cap patch are investigated. Both of them show enhanced F region density, but
the hot dense plasma is associated with higher electron temperature and enhanced E region electron density
caused by particle precipitation. Compared to the cold patch, the hot dense plasma is closer to the cusp region
and is associated with strong auroral emissions. Based on the joint observations, the evolution of the hot/cold
dense plasma is discussed. In the initial phase the dense plasma comes from the sunlit lower latitude region,
or from particle precipitation in the duskside auroral oval, and is heated locally by poleward moving auroral
structures in the dayside auroral oval. Next the patches move poleward into the polar cap where a decaying
electron temperature (i.e., less precipitation) gradually transform them into a cold patch.

Plain Language Summary The polar cap hot patch is a high-density ionospheric irregularity with
enhanced electron temperature and particle precipitation. The density source and associated auroral emission
of the hot patch are not clear. The relationship between the hot dense plasma (hot patch) and classical polar cap
patch (cold patch) is a lingering question. In this paper, we show two hot dense plasma and cold patch events
using multi-instrument observations. Two density sources are suggested: dense plasma in the lower latitude
sunlit region, and plasma ionized by particle precipitation in the duskside auroral oval. Our study shows the

hot dense plasma is associated with stronger aurora emissions and higher E region density in the cusp region,
followed by no auroral emission (colder electron temperature) as the hot dense plasma drifts poleward and turns
into a cold patch in the polar cap. It suggests that the hot dense plasma and cold patch may be different states of
the same irregularity structure.

1. Introduction

Polar cap patches are defined as high density ionospheric islands having densities at least two times that of the
surrounding background polar cap ionospheric plasma (Crowley, 1996; Zhang et al., 2017). The typical spatial sizes
of polar cap patches range from ~100 to 1,000 km (Carlson, 2012; Crowley, 1996; Moen, Qiu, et al., 2008; Zhang
et al., 2021). The density profile inside a patch typically shows a strong increasement between 200 and 600 km
altitude, and usually peaks in the F region around 300 km with densities of 10° cm=3 (Nishimura et al., 2021;
Zhang et al., 2011). Ionization by solar extreme ultraviolet radiation at the mid-latitude region and particle precip-
itation in the cusp region are believed to be the source of the high electron density in polar cap patches (Goodwin
etal., 2015; Lockwood et al., 2005; Moen, Qiu, et al., 2008; Oksavik et al., 2006; Zhang et al., 2013, 2015). The
formation mechanisms are therefore suggested to be the following: Interplanetary magnetic field IMF) modifies
the cusp convection flow pattern and causes periods of both dense and of low-density plasma from lower latitudes
to enter the cusp alternately (Milan et al., 2002); plasma depletion within flow-burst channels due to enhanced
recombination, associated with the rapid motion of newly opened magnetic flux tubes (Pitout & Blelly, 2003;
Rodger et al., 1994); transient periods of enhanced dayside reconnection that configures the open-closed field
line boundary (OCB) to expand equatorward into the lower latitude sunlit region, drawing the EUV ionized
plasma into the polar flow, which, when the OCB retreats poleward (Carlson et al., 2006; Lockwood et al., 2000;
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Zhang et al., 2011, 2013). MacDougall and Jayachandran (2007) suggested that plasma transport from the auroral
precipitation regions can also dominate polar cap patch production. In some cases, the patches can be generated
by PMAFs associated with auroral particle precipitation (Lorentzen et al., 2010; Nishimura et al., 2014).

The type/class of polar cap patches is usually identified/classified by their plasma characteristics using in-situ
observations from satellites or ground-based radars. With the European incoherent scatter radar (EISCAT) two
types of patches (type L and H) are found in the cusp region with different electron temperature and electron
density (Zhang et al., 2013). DMSP satellite observed a type of “hot patch” which is similar to type H (Zhang
et al., 2017). The hot patch is associated with strong particle precipitation, enhanced electron temperature and
field-aligned currents right near the dayside auroral oval. Particle precipitation is expected to be its density source
(Zhang et al., 2017). However, if type H patch is hot patch should be confirmed. The statistical results reported
by Zhang et al. (2022) show that the hot patch occurrence is not only associated with the precipitated electron
energy flux, but also associated with strong anti-sunward flow velocity. Thus, the density source of the hot patch
still needs to be studied, and the relationship between the hot and cold patches remain unclear.

In this paper, we combine observations from in-situ DMSP F16 satellite and ground-based instruments to eval-
uate two types of polar cap patches seen on 8 December 2013 and 9 December 2015. The ground-based instru-
ments include all-sky imagers at the Chinese Yellow River Station, the EISCAT Svalbard incoherent scatter
radar, total electron content data from the Madrigal database, and SuperDARN High-Frequency (HF) radar
observations. We will document the plasma characteristics of the two different types of patches as seen in the
multi-instrument observations and use this information to infer the density source of the different patches and
their physical relations.

2. Data Sources
2.1. DMSP

DMSP satellites operate in sun-synchronous polar orbits with ~100 min period at ~800 km altitude. Data from
DMSP F16 are used in this study, including: (a) the density, temperature and velocity data at 4 s time resolution
from the Special Senor for Ions, Electrons, and Scintillation (SSIES), (b) the differential energy flux of precipi-
tated ions and electrons at 1 s time resolution from special sensor for precipitating particles (SSJ/4) in the energy
ranges of 30 eV to 30 keV, and (c) the magnetic ficld data at 1 s time resolution from the spatial magnetic field
detectors (SSM) (Hardy et al., 1984; Rich & Hairston, 1994).

2.2. All-Sky Imagers

The all-sky imagers are installed at the Chinese Yellow River Station (YRS-ASI) (78.92°N, 11.93°E in geographic
coordinate) at Ny-/oklesund, Svalbard (Hu et al., 2009). These imagers offer optical observations at 427.8 nm,
557.7 nm, and 630.0 nm during winter months (November to February). In this paper we use 557.7 and 630.0 nm
all-sky images at 10 s time resolution to illustrate the evolution of cusp region auroral emissions and polar cap
patches.

2.3. EISCAT

The European Incoherent Scatter Radar (EISCAT) network offers ionospheric and atmospheric measurements
north of the Arctic circle. Data from the 32 m steerable antenna and 42m field-aligned antenna of the EISCAT
Svalbard Radar (ESR, 78.15°N 16.03°E in geographic coordinates) at Longyearbyen, Svalbard, is used in this
paper, including electron density, electron and ion temperature, and line-of-sight ion velocity. These parameters
are available at 1 min time resolution.

2.4. SuperDARN and GNSS-TEC

The Super Dual Auroral Radar Network (SuperDARN) consists of more than 30 low-power HF radars looking
into Earth's upper atmosphere and ionosphere at mid, high, and polar latitudes, which offers continuous moni-
toring of the ionospheric plasma motion. The fitted 2-min convection data is used in this paper. The Madrigal
database is a community resource for geospace data. Global Navigation Satellite Systems Total Electron Content
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(GNSS-TEC) data is obtained from that database with 5-min resolution, and median filtering is applied in a 1° in
latitude by 2° in longitude grid. We also use 1-min TEC data from four GNSS receivers operated by the Univer-
sity of Bergen (Oksavik, 2020a, 2020b, 2020a). The receiver geographic latitudes (GLAT), geographic longitudes
(GLON), and magnetic latitudes (MLAT, Altitude Adjusted Corrected Geomagnetic Coordinates (AACGM)
(Baker & Wing, 1989)) are Ny-f\lesund (78.9° GLAT, 11.9° GLON, 76.4° MLAT), Longyearbyen (78.1° GLAT,
16.0° GLON, 75.4° MLAT), Hopen (76.5° GLAT, 25.0° GLON, 73.3° MLAT), and Bjgrngya (74.5° GLAT,
19.0° GLON, 71.6° MLAT).

3. Observations
3.1. Event on 9 December 2015

On 9 December 2015, DMSP F16 crossed the polar region in the Northern Hemisphere at 11:49-12:14 universal
time (UT). The IMF conditions and in-situ plasma observations are shown in Figure 1, and each panel from top to
bottom is: IMF components with the time of the DMSP passage marked by black dashed lines, total ion and O*
number density (Ni, No), temperature of electrons and ions (Te, Ti), horizontal (cross-track) and vertical velocity
(Vior Vi) field-aligned current (FAC, J ), differential energy flux of electrons and ions. The IMF components
come from the OMNI dataset and a 7 min delay is applied. The DMSP F16 transit is marked by black dashed
lines. The horizontal velocity is positive pointing sunward. The field-aligned current is calculated by dividing
magnetic disturbance with satellite velocity, the details are described in Ma et al. (2020). IMF Bz turns southward
after 11:45 UT, and it is weak negative throughout the satellite transit. IMF Bx and By are steadily negative and
positive, respectively. The solar wind density (~4.2 cm~3) and solar wind velocity (450 km/s) do not change
throughout this time (Figure S1). A dense plasma structure is marked by the red dashed lines at 11:58-12:00 UT.
The ion density is about 0.5 — 1 x 10*cm™ and shows a sharp density gradient around its boundaries. Inside the
dense plasma structure, the convection first points sunward and then turns to anti-sunward at 11:59:20 UT asso-
ciated with soft electron (<103 eV) and ion (10?>~10* eV) precipitation, indicating it may be in the low latitude
boundary layer (LLBL) (Newell et al., 1991; Sandholt et al., 2002). Thus, in the following part, we will divide
this density structure into the “sunward moving part” and the “anti-sunward moving part” to describe the different
plasma characteristics between the two parts.

In the sunward moving part, the averaged ion density is ~ 0.6 x 10*cm™ and the electron temperature is around
1000 K higher than ion temperature; enhanced soft electron and <10 keV ion precipitation are observed at the
same time. In the anti-sunward moving part of the hot dense plasma, the electron temperature decreases to the
same level as the ion temperature after 11:59:30 UT, and both electron and ion precipitation reduce during this
period. However, the ion density (1 X 104cm‘3) is two times higher than within the sunward part until the satel-
lite leaves the dense plasma structure at 12:00 UT. The field-aligned current is first downward, then upward at
11:59:00-11:59:30 UT, and the upward current peaks right at the flow reversal region between these two parts.
Poleward of the dense plasma structure, convection becomes very weak before turning anti-sunward well within
the polar cap. In general, based on these observational features, although the sunward moving portion of the dense
structure is located within the auroral oval, the full structure shows similar plasma characteristics of the hot patch
(Ma et al., 2018; Zhang et al., 2017, 2021).

To investigate the formation and evolution of this hot, dense plasma (or hot patch for its dense and hot charac-
teristics), Figure 2 is given to show the sequences of multi-instrument observations. The YRS-ASI 630.0 nm
(red band) auroral emission and DMSP observations are given in the left panels, and the GPS-TEC map overlaid
by SuperDARN convection patterns are presented in the right panels. The ESR 42m antenna points along the
magnetic field line as indicated by a black triangle in the plots. The DMSP F16 or F18 orbit is shown in all
panels, where the colored dots and the magenta lines indicate the O* number density in log scale and the hori-
zontal velocity, respectively. Along the satellite trajectory, the location of the hot dense plasma on F16 and F18 is
marked by the black solid lines in panels b1 (it is not there anymore) and c1, respectively. Animations of the red
and green band emissions are given in supplementary movies S1 and S2 at 10 s cadence, respectively. The TEC
movie is given in Movie S3 at 5 min cadence.

Figure 2al shows the auroral oval crossed the middle of the YRS-ASI field-of-view (FOV), and an area of bright-
ened aurora observed in the western part of the FOV. At 11:45 UT, DMSP F18 crossed this area and observed
a westward flow with enhanced O* density, enhanced electron temperature and particle precipitation (Figure
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Figure 1. IMF data from OMNI and DMSP F16 data from a typical transit of the northern polar region on 9 December 2015 at 11:50~12:14 UT. The hot dense
plasma is marked with the red dashed lines. From top to bottom, the panels show: (a) IMF Bx, By and Bz, (b) number density of ions and O+, (c) the electron and ion
temperatures, (d) the horizontal velocity and vertical velocity, (e) the field-aligned current, and (f)—(g) the differential energy flux of precipitated electrons and ions.

S2). A clear trough is observed between dense plasma and the lower latitude high density region (Figure 1a2).
Around 11:52-11:53 UT (Figure 2b1) the bright aurora started brightening further and expanded north-westward
(Movie S1). The bright aurora continued to move northwest and became a PMAF (Oksavik et al., 2005, 2015;
Sandholt et al., 1998, 2004). Several minutes later (Figure 2c1), DMSP F16 (the red/black star) crossed the
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Figure 2. (al-cl) Sequence of 630.0 nm all-sky images from the Chinese Yellow River Station, which are overlayed with the DMSP F16 and F18 trajectories and
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Figure 3. Time-series of EISCAT Svalbard Radar 42m antenna observations. From top to bottom each panel shows: (a) electron density, (b) electron temperature, (c)
ion temperature, and (d) line-of-sight velocity. In each panel the altitude is shown along the left axis. The auroral intensity of 630.0 nm (red) and 557.7 nm (green) along
the beam direction is shown in the top panel as black and blue lines, respectively. Note: The green line intensity has been doubled in the figure, for easier comparison.

auroral oval and captured the high ion density of the hot dense plasma. Meanwhile the PMAF intercepted the
anti-sunward moving part of the hot dense plasma at 11:57-11:58 UT (Movie S1), indicating that these PMAFs
were associated with dense plasma (Zhang ct al., 2010). The ion and O* density in the anti-sunward part is much
higher than that of the sunward part, suggesting that the enhanced precipitation may contribute to the increased
density.

Although the PMAF expanded poleward after 11:53 UT, Figure 2b2-2¢2 and Movie S3 show that the TEC trough
always stayed between the hot dense plasma and the lower latitude dense plasma reservoir. Unfortunately, there
were several data gaps in the Madrigal TEC data, so we also looked at the University of Bergen 1-min TEC data
over Svalbard (Figure 2b3). These high-resolution data fill the data gap and confirm the TEC trough in the middle
of the ASI FOV, and the lower latitude dense plasma reservoir extended 2° further poleward than in Figure 2c2.
This suggests that the density source of the hot dense plasma should not be the lower latitude region.

To further investigate the plasma parameters and evolution of the hot dense plasma, ESR observations are shown
in Figure 3. The figure shows ESR 42 m observations as a function of altitude along its magnetic-field aligned
beam, with red and green line auroral missions overlaid as black and blue lines, respectively, in the top panel.
Since the ESR 42 m antenna is ~50 km from the hot dense plasma (at about 11:58 UT), the radar observations
make a close conjunction with the DMSP observation. At 11:48-11:54 UT, a low electron density, low elec-
tron and ion temperature region is observed associated with weak downward flow and weak auroral emission.
Following the low-density region, a dense F region enters the radar field-of-view (FOV) and is accompanied by
cold electron temperature and enhanced ion temperature at 11:55-11:58 UT. This cold and dense structure is not
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associated with strong auroral emission, but shows similar plasma characteristics with those plasma observed by
ESR 42 m at another MLT in auroral oval (such as 12:18 UT, 12:48 UT which is not shown). This suggest that
they may be generated by the particle precipitation inside the auroral oval. After 11:58 UT, significant electron
temperature and density enhancements are observed and are associated with enhanced auroral emission and
upward flow, indicating the presence of particle precipitation. The enhancement of electron density and elec-
tron temperature are both below 180 km altitude. At 12:02 UT, when the auroral emission reaches its peak, the
electron density between 140 and 180 km increases, but the electron temperature and the ion temperature seem
unchanged. Comparing with Figure 2b1, the dense, hot plasma after 11:58 UT is associated with the PMAFs, and
may be the equatorward part or the previous phase of the hot dense plasma. ESR 32 m antenna pointed toward
it and also observed continuous F region density enhancements between 78° and 81° MLAT associated with
electron temperature enhancement around 200 km during this time (not shown), which confirms the ESR 42m
observation.

Here we summarize the characteristics of this hot dense plasma: Enhanced density structure is observed in the F
region and at 800 km. The radar and satellite observed electron temperature enhancement when crossing the hot
dense plasma. The velocity shows that the hot dense plasma is located around the flow reversal near the cusp. Equa-
torward of, and inside of the hot dense plasma, strong red auroral emissions are observed that move poleward like a
PMAF. A clear TEC trough is observed between the lower latitude dense plasma reservoir and the hot dense plasma.

3.2. Event on 8 December 2013

On 8 December 2013 DMSP F16 crossed the polar cap region in the Northern Hemisphere at 10:29-10:52 UT.
The IMF and in-situ plasma observations are shown in Figure 4, which is in a similar format to Figure 1. IMF
By and Bz are weakly positive (<+2 nT), and IMF Bx is dominant and strong negative (around —5 nT); the solar
wind density and velocity are 3 cm™ and 620 km/s (Figure S1). A high-density plasma structure is highlighted
by the red dashed lines at 10:37:22—10:39:14 UT; the average O* number density is about 2.88 x 10*cm™ and
reaching up to 3.9 x 10*cm™ (Figure 4a). In the equatorward portion of this dense structure (before 10:38 UT),
the electron temperature is a slightly higher than the ion temperature and associated with strong soft electron
precipitation and fluctuating, mostly antisunward, horizontal flows. When the satellite moves further poleward
(after ~10:38:20 UT), the precipitation of electrons reduces and the electron temperature decreases to the same
level as the ion temperature, the horizontal velocity becomes continuously anti-sunward and ion precipitation
is not observed (Figures 4d and 4f). The FACs are much weaker than for the previous event. These parameters
suggest that this patch is a cold patch (Ma et al., 2018; Zhang et al., 2017).

To investigate the formation/evolution of this cold patch, Figure 5 is given in a similar format to Figure 2, but for
the cold patch case on 8 December 2013. In each panel, strong cusp aurora emissions are observed in the middle
of the ASI FOV which is crossed by the ESR 32m beam (black triangle and line). Dense along-track O* density
and anti-sunward flow is observed by DMSP F18 when crossing ASI FOV at 10:11-10:16 UT, meanwhile a
region of enhanced aurora is moving poleward. Enhanced electron temperature and strong particle precipitation
suggests it could be a hot dense plasma (Figure S3). Figure 5a2 shows that the continuous dense TEC is accom-
panied with poleward convection at 11-13 MLT. Later, the DMSP F16 satellite first transits the left (eastern)
part of the cusp aurora around 15 MLT, and then the satellite crosses the cold patch (marked by black lines) in
a region free from optical emissions (Figure 5b1). Animations of the red and green line emissions are provided
in Movies S4 and S5, respectively. From 10:13 to 10:38 UT, the northward moving aurora further expands pole-
ward (or brighten in sequence) at 14 MLT, forms a north-south aligned auroral arc (the contour given by black
lines) and finally connects with the equatorial edge of the cusp aurora (Movie S4), while the poleward expan-
sion can also be observed in the green emission but is much weaker (Movie S5). The dominant radial IMF (Bx
strongly negative) and its north-south orientation is characteristic of an auroral feature called throat aurora (Han
et al., 2016). This poleward expansion of aurora also matches well with the TEC movement in Figure 5a2-5c2
and Movie S6, which suggest the auroral precipitation and dayside dense plasma may both contribute. DMSP F16
is right in the head of the TOI and is associated with strong O* density comes from the dusk side. This is also
confirmed by 1-min University of Bergen TEC data in panel c3, indicating that the dayside solar EUV ionized
plasma is a likely source of the cold patch (Moen, Qiu, et al., 2008; Zhang et al., 2013).

Figure 6 is in a similar format to Figure 3 but for the cold patch case. Since the ESR 32m beam sweeps zonally
over the cold patch and the ESR 42m beam is far equatorward of the cold patch, only ESR 32m observations are
shown in Figure 6. Most of time, the antenna keeps pointing to the south-west and outside of the cold patch region.
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Figure 4. Similar format to Figure 1 but for the DMSP F16 transit on 8 December 2013 at 10:29~10:52 UT. The cold patch is marked with the red dashed lines.

The ASI and TEC map in Figure 5 suggest the ESR 32m antenna beam crossed the auroral oval and dense TEC,
as confirmed by dense E-region (~140 km) and dense F region (>280 km) which is associated with enhanced red
and green band aurora emissions (black and blue line in 6a). Meanwhile the electron and ion temperature are also
cnhanced to ~2,900 K and over 2,000 K, respectively. These hot plasmas move sunward (equatorward) toward
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Figure 5. Similar format to Figure 2 but for the cold patch case on 8 December 2013. The locations of the DMSP F16 satellite are marked by red/black stars.
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Figure 6. Time-series plot of EISCAT Svalbard Radar 32m antenna observations. From top to bottom each panel shows: (a) electron density, (b) electron temperature,
(c) ion temperature, and (d) line-of-sight ion velocity. In each panel the altitude is along the left axis, and the magnetic latitude MLAT is shown along the right axis.

the radar. The antenna points to the location of cold patch three times at 10:28, 10:33, and 10:38 UT, and the
DMSP crossing is marked by dash lines. During each of these periods strong anti-sunward velocity (poleward) is
observed with decayed E region, the red and green aurora is very weak, and the electron and ion temperatures are
cooler (less than 2000 K) compared with surrounding regions. Compare with the sequence plots in Figure 5, it
is suggested that this cold and dense plasma is the poleward part of TOI in the polar cap, and it had experienced
particle precipitation in auroral oval after being transported from the sunlit region. These parameters of this cold,
dense plasma is similar to those of the “polar cap patch” observed by the ESR 32m and Tromsg VHF radars
(Carlson, 2012; Zhang et al., 2011).

In summary, the cold patch is associated with enhanced ion/electron density above ~280 km, which may originate
from a lower latitude solar ionized reservoir. The cold patch is accompanied by anti-sunward flow in a region
equatorward of the cusp, where there is a lack of particle precipitation. The ion and electron temperatures of the
cold patch are at the same level as seen by the DMSP satellite at 800 km altitude, whereas the electrons are cooler
than the ions between 170 and 220 km but become warmer than ions at higher altitude.

4. Discussion

In the above two cases, both the hot dense plasma and cold patches are accompanied by auroral forms (PMAF
and throat aurora) in the cusp region. Their spatial extent is about 700-900 km (based on DMSP observation)
and are associated with anti-sunward flow between two widely distributed sunward flows. These phenomena
have strong flow shears that in magnitude are similar to the Reversed Flow Events (RFE) reported by Rinne
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Figure 7. Sketches of the evolution of TOI and polar cap patches. The pink region indicates the solar EUV ionized dense
plasma reservoir (dense and cold plasma) at middle latitudes. The dense and hot plasma associated with particle precipitation
is marked in red color. The plasma ionized by auroral precipitation is marked in purple color. The auroral oval is marked by
the green color.

et al. (2007), where the mesoscale plasma flow is in the opposite direction to the large-scale background flow
in a ~200 km wide region. RFEs have been suggested to be the ionospheric signature of a flux transfer event
(FTE) at the magnetopause and is also associated with a PMAF (Moen, Rinne, et al., 2008; Oksavik et al., 2011;
Southwood, 1987). Hwang et al. (2020) report a patch-like density enhancement when an FTE-associated PMAF
moves poleward and decays. The transient magnetic reconnection due to the FTE can lead to equatorward erosion
of the open-closed boundary into a lower latitude reservoir of higher density plasma. The intensified pole-
ward flows will transport high-density plasma into the polar cap in the form of a polar cap patch (Lockwood &
Carlson, 1992; Zhang ct al., 2011). Our observations (Figures 2 and 4) fully agree with this process where auroral
forms and patches are distributed in a low-to-high latitude sequence that propagates poleward into the polar cap.

In the past, the polar cap patch is defined as a dense structure in the polar cap and its class whether “hot” or
“cold” depending on the space/ground-based observations (Zhang et al., 2017). The statistics work done by Ma
et al. (2018) and Zhang et al. (2022) suggest the hot patch is located equatorward of cold patch, and suggest the
particle precipitation and transport process may dominate the hot and cold patch formation, respectively. This
study claim that these mechanisms can both contribute the formation of patches. In Figure 7 we show a sketch
of the formation and evolution of dense plasma across the auroral oval (green area) and into the polar cap. The
pink and red area indicate the hot-dense plasma and the cold-dense plasma, respectively. The convection lines
(blue solid and red dashed lines) are modified from the SuperDARN convection map at 10:36 UT on 8 December
2013. There are two evolution processes described in panel al-c1 and a2-c2, which correspond to 2013 case and
2015 case, respectively.

In the first stage of panels al-c1 (panel 7al), enhanced dayside magnetic reconnection will cause the open/close
boundary (OCB) to migrate equatorward into the solar EUV ionized plasma reservoir at lower latitudes. This will
result in the drag of the dense plasma into the anti-sunward convection, leading to its entry into the auroral oval
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(panel 7b1). As a result of auroral particle precipitation, the dense plasma will be heated and their electron density
will increase, transforming it into a warmer TOI than previous. Additionally, the equatorward boundary of the cusp
may display brightening of the poleward moving auroal forms (Carlson et al., 2004; Fasel, 1995; Han et al., 2017;
Hwang et al., 2020; Xing et al., 2012). The equatorward portion of the TOI is located within the auroral oval and
is characterized by particle precipitation and enhanced electron temperature resulting from the newly open flux.
Conversely, the poleward portion of the TOI is situated on old open flux in the polar cap and the precipitation is
in a state of decay, its electron temperature will gradually decease (Herlingshaw et al., 2019, 2020, 2022; Sandholt
& Farrugia, 2009). When the IMF By changes orientation, the modified convection will “cut off” the continuous
TOI (Zhang et al., 2013). The poleward part will remain in the polar cap and turns from hot dense plasma (or hot
patch) to cold patch after the precipitation runs out and electron temperature cools down. While the equatorward
part will be a warmer TOI/hot dense plasma due to the sufficient precipitation in the auroral oval (panel 7c1).

In panels a2-c2, dense plasma can be generated by particle precipitation within the auroral oval (panel 7a2),
and move sunward along the convection. When an auroral structure, such as throat aurora or PMAF, contact
with these dense plasma, the associated enhanced particle precipitation will heat, ionize the dense plasma and
pull them further poleward (Nishimura et al., 2014). Consequently, a hot similar to 7b1 is formed in panel 7b2.
The portions still within the auroral oval will be hot and dense, while those already within the polar cap will be
dense but less hot. If any cut-off process occurs, the poleward, less hot portion of the TOI will be segmented and
undergo the process of transforming from a hot patch to a cold patch.

5. Conclusions

In this study, we have analyzed two polar cap patch events consisting of DMSP observations at ~800 km, ESR
observations at 80-500 km, and ASI observations of 557.7 and 630.0 nm at the Chinese Yellow River Station in
Svalbard, in order to better understand the differences and similarities between the hot and cold patches. Our key
findings are the following.

1. Compared with surrounding regions, the plasma density and TEC were both enhanced in hot and cold patches.
For the cold patch, the electron and ion temperatures were at the same level, with no auroral emission and
in anti-sunward flow. For the hot dense plasma/hot patch, strong particle precipitation and auroral emissions
were observed and were associated with electron temperature enhancement, which is about ~1,000 K higher
than the ion temperature. A flow reversal was observed inside and the field-aligned current was enhanced.

2. Inside the cusp region, auroral forms (PMAF or throat aurora) were seen equatorward of both type of patches,
which were associated with narrow anti-sunward flows in between two regions of sunward flow. This suggests
that the formation or development of both types of patches may be associated with transient dayside reconnection.

3. Enhanced TEC was observed in both types of patches. The transport process of dense plasma from a lower
latitude sunlit reservoir, and particle precipitation in the auroral oval might both contribute to the formation or
development of cold/hot patch. The hot dense plasma was accompanied by local auroral emission and particle
precipitation, suggesting that the auroral particle precipitation also contributed to its development.

4. We propose that in some situations the cold and hot patches may be the same density feature but in different
phases of its development. When a transient auroral feature (PMAF or throat aurora) begins to form and propagate
poleward with dense solar EUV ionized plasma or dense ionized plasma in the auroral oval, it may first appear
as a hot dense plasma (or a warmer TOI). When the particle precipitation later reduces, the electron temperature
may drop to the same level as the ion temperature, which would qualify it to be classified as a cold patch.

Data Availability Statement

The DMSP velocity, density, temperature and energy spectrum data were obtained from National Centers
for Environmental Information (https://www.ncei.noaa.gov/data/dmsp-space-weather-sensors/access/). The
red band and green band aurora emission data of Yellow River Station all sky imager can be obtained from
https://doi.org/10.5281/zenodo.7672302 (Ma et al., 2023). We acknowledge the use of SuperDARN convection
data. The authors acknowledge the use of SuperDARN data. SuperDARN is a collection of radars funded by
national scientific funding agencies of Australia, Canada, China, France, Italy, Japan, Norway, South Africa,
United Kingdom, and the United States of America. SuperDARN convection map data is obtained from https://
superdarn.ca/ascii-download. The GPS-TEC and ESR 32m & 42m are obtained from the Madrigal database
(http://cedar.openmadrigal.org/ftp/). The 1-min TEC data over Svalbard is part of the University of Bergen
Global Navigation Satellite System Data Collection (Oksavik, 2020a, 2020b).
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