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Abstract By using a database of 4,634 cold patches (high density and low electron temperature) and 4,700
hot patches (high density and high electron temperature) from Defense Meteorological Satellite Program F16
in 2005-2018 winter months (October—March), we present a statistical survey of the distributions of polar cap
patches for different interplanetary magnetic field (IMF) orientations and ionospheric convection geometries.
We investigate the dependence of cold and hot patches on local plasma transport and soft-electron precipitation.
Our results indicate that: in winter, (a) more cold and hot patches occur in the stronger anti-sunward flow
organized by different IMF orientations. (b) cold patches are frequent near the central polar cap, while hot
patches are closer to the auroral oval. (c) enhanced anti-sunward flow (£ X B drift) mainly contributes to cold
patch occurrence under Bz < 0, and soft-electron precipitation contributes to hot patch occurrence both under
southward and northward IMF.

Plain Language Summary Polar cap patches are common phenomena in the polar ionosphere

and consist of high-density plasma. We use 4,634 cold patches and 4,700 hot patches observed by the Defense
Meteorological Satellite Program to investigate the distributions of polar cap patches for different interplanetary
magnetic field (IMF) orientations and ionospheric convection geometries. We find that more cold and hot
patches are distributed in areas of stronger anti-sunward flow in winter. The hot patches are more frequent

at lower magnetic latitudes, and located closer to the auroral oval than cold patches. Furthermore, in winter
months, higher anti-sunward flow velocity mainly contributes to a higher occurrence of cold patches under
southward IMF, and stronger soft-electron precipitation mainly contributes to a higher occurrence of hot
patches both under southward and northward IMF.

1. Introduction

Polar cap patches are common phenomena in the polar ionospheric F region. They are plasma structures whose
densities are at least twice that of the surrounding regions, with a typical size ranging from hundreds to thousands
of kilometers (e.g., Carlson, 2012; Coley & Heelis, 1995; Crowley, 1996; Weber et al., 1984; Zhang, Zhang, Hu
et al., 2013). Polar cap patches are usually formed near the dynamic cusp due to magnetic reconnection (e.g.,
Lockwood & Carlson, 1992; Zhang, Zhang, Lockwood et al., 2013) and move along the ionospheric convection
streamlines from the dayside across the polar cap, and then into the nightside auroral oval (e.g., Dungey, 1961;
Nishimura et al., 2014; Oksavik et al., 2010; Zhang, Xing et al., 2020; Zhang, Zhang, Hu et al., 2013, Zhang
et al., 2015, 2016). As polar cap patches move, strong electron density gradients can occur along at their edges,
which may cause strong scintillations of trans-ionospheric signals in the polar cap (Zhang et al., 2017). Under-
standing the key features of polar cap patches is thus of key importance for the space weather community.

Previous studies have found that polar cap patches can be divided into two groups based on their ion/electron
temperature (Ti/Te) (Ma, Zhang, Xing, Heelis et al., 2018): (a) cold patches (Ti/Te > 0.8) that are transported
from dayside sunlit areas in the midlatitude ionosphere; and (b) hot patches (Ti/Te < 0.8) that are stimulated by
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particle precipitation (e.g., Goodwin et al., 2015; Zhang et al., 2010, 2017). Both cold and hot patches are gener-
ated by dynamic solar wind-magnetosphere-ionosphere coupling processes (e.g., Carlson et al., 2004; Oksavik
et al., 2010; Zhang, Zhang, Lockwood et al., 2013). Their occurrence also depends on the IMF orientation (e.g.,
Jin et al., 2019; McEwen & Harris, 1996). Moreover, the cold and hot patches' statistical dependence on solar and
geomagnetic activity has been investigated (Zhang et al., 2021).

However, the specific influence of IMF orientations and ionospheric convection geometries on the key features
of cold and hot patches has not been systematically studied. Still, it is important for understanding and predicting
space weather effects in the polar ionosphere. In this study, we have surveyed a database of 4,634 cold patches
and 4,700 hot patches from the Defense Meteorological Satellite Program (DMSP) F16 for the years 2005-2018
winter months (October—March) (Zhang et al., 2021) to identify the distributions of polar cap patches for different
IMF orientations and ionospheric convection geometries. We discuss how cold and hot patches depend on local
plasma transport and soft-electron precipitation. Note that there are not enough patches observed in other months,
so we only consider the patches in winter months.

2. Data Sources and Methodology

The DMSP satellites are three-axis stabilized spacecraft in ~835-860 km altitude and with orbital periods of
~101 min. The Precipitating Electron and Ion Spectrometer (SSJ/4) (http://cedar.openmadrigal.org/list/) (e.g.,
Hardy et al., 1984) onboard the DMSP satellites offers the differential energy fluxes of precipitating electrons
and ions from 32 eV to 30 keV. The Special Sensor for Ions, Electrons and Scintillation (https://satdat.ngdc.noaa.
gov/dmsp/data/) (e.g., Greenspan et al., 1986) offers ion and electron densities (Ni and Ne), and ion and electron
temperatures (Ti and Te).

The IMF data, was obtained from the OMNI website (http://omniweb.gsfc.nasa.gov), which gives the IMF prop-
agated to the magnetopause. In this study, we apply 7 min delay (Hu et al., 2017) to all OMNI data to account for
the solar wind response time from the subsolar magnetopause to the dayside ionosphere.

We also use the high-latitude convection model developed by Pettigrew et al. (2010) to relate the spatial distri-
butions of polar cap patches to ionospheric convection. It is an empirical statistical model using line-of-sight
(LOS) horizontal plasma drift from the Super Dual Auroral Radar Network (SuperDARN). In the model the
high-latitude convection electric field is parameterized in terms of the IMF orientation/magnitude and dipole tilt
angle. The dipole tilt angle is calculated using the International Geomagnetic Reference Field model (Mandea &
Macmillan, 2000). Negative tilt (tilt < —10°) is winter in the northern hemisphere (NH), positive tilt (tilt > 10°) is
summer in the NH, and neutral tilt (—10° < tilt < 10°) is for equinox. In this study, we used the mode for magni-
tude of the transverse component of the IMF (By = \/m ) between 3 and 5 nT, and negative tilt (since
polar cap patches primarily occur in winter months (e.g., Spicher et al., 2017; Zhang et al., 2021)).

The auroral oval model used in this paper is developed by Yang et al. (2016) based on IMF, solar wind veloc-
ity (V,) and density (), and geomagnetic parameters (AE). This model gives the poleward and equatorward
boundaries of ultraviolet auroral oval. The Mean Absolute Deviation for the poleward and equatorward bound-
aries of the auroral oval is around 1.55 and 1.66° magnetic latitude (MLAT), which is superior to other similar
models. For better consistency with the convection model used in the current paper, we set the input parameter as
By =4nT, Vp=350km/s, N, = 4 cm~> and AE = 50 nT.

The paper by Zhang et al. (2021) describes the automatic identification and classification method of polar cap
patches in detail, which involves three steps: (a) The polar cap boundaries are identified based on the high-energy
particle precipitation cutoff and the convection reversal. (b) The regions where the densities are two times higher
than the averaged polar cap density are classified as patches (Ma, Zhang, Xing, Jayachandran et al., 2018). (c)
These patches are divided into cold and hot patches using the Ti/Te ratio of Ma, Zhang, Xing, Heelis et al., 2018:
cold patches, Ti/Te > 0.8; hot patches, Ti/Te < 0.8. Two typical patches observed by the DMSP F16 satellite
as it crossed the polar region are shown in Figure S1 (modified from Zhang et al., 2017; Zhang et al., 2021) in
Figure S1. The cold patch occurred in the central polar cap, and the hot patch occurred near the dawnside auroral
oval. In addition, the hot patch was associated with strong flow shears and particle precipitation, which were
different from the cold patch.
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Figure 1. The spatial MLAT-MLT distributions of the dayside cold (blue) and hot (red) patches superimposed on the statistical ionospheric convection patterns
(electrostatic potentials in kV, gray lines) for eight 45°-wide clock angles centered about 6 = (a) —45°, (b) 0°, and (c) 45°, and so on. The yellow lines highlight the
statistical poleward boundary of the auroral oval. The numbers of cold and hot patches are marked in the upper right corner of each panel.

3. Statistical Results

We consider the 4,634 cold patches and 4,700 hot patches in the DMSP F16 data in 2005-2018 winter months
of Zhang et al. (2021). Figure 1 shows the spatial MLAT-magnetic local time (MLT) distributions of the dayside
cold (blue) and hot (red) patches superimposed on the statistical ionospheric convection patterns (electrostatic
potentials, gray lines) for eight 45°-wide clock angle (6 = atan (By/Bz)) intervals centered about 8§ = (a) —45°,
(b) 0°, and (c) 45°, and so on. The IMF By and Bz are calculated by the median during the period each patch
was observed. The yellow dashed lines highlight the statistical poleward boundary of the ultraviolet auroral oval.
Only a small fraction of the identified polar cap patches (~1% cold patches, ~3% hot patches) lie equatorward of
the statistical auroral boundary, reflecting limitations of the boundary model and that some patches may occur
near the auroral oval, such as induced by poleward moving auroral forms (PMAFs) (e.g., Hosokawa et al., 2016),
which are very close to the auroral oval. The numbers of cold and hot patches are marked in the upper right
corner of each panel, and reveal that cold patches preferentially appear under southward IMF (Crowley, 1996).
Figure 1 indicates that the spatial distributions of cold and hot patches are well organized by the IMF convection
patterns, with highest occurrence around strong anti-sunward flow within the polar cap except for northward IMF.
However, a portion of the patches seems to appear outside of the area of anti-sunward flow, as is expected since
the statistical model is unable to capture transient events. Moreover, both cold and hot patches show an apparent
IMF By-related prenoon-postnoon asymmetry, and the hot patches tend to be closer to the poleward boundary of
the auroral oval than the cold patches.

Figure 2 shows the MLAT versus clock angle distributions of (al—a4) patch occurrence, (b1-b4) O* density, (c1-
c4) electron temperature (Te), (d1-d4) soft-electron (<1 keV) energy flux, and (el—e4) the cross-track velocity
(V osstrack)- These parameters are the medians of the values throughout each patch. The two columns on the left
correspond to cold patches, and the two columns on the right correspond to hot patches. To separate patches
between the dawn and dusk side, we divide the events in two groups: 6—12 MLT and 12-18 MLT. The data points
are binned with 1° MLAT and 10° clock angle. The black/magenta lines in panels al—a4 identify the MLAT with

the highest patch occurrence versus clock angle (the magenta dashed lines in panels al—a2 are overlaid from the
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Figure 2. Magnetic latitude (MLAT) versus clock angle distributions of (al—a4) patch occurrence, (b1-b4) O* density, (c1-c4) electron temperature (Te), (d1-d4)
soft-electron (<1 keV) energy flux, and (el-e4) the cross-track velocity (V. i)+ The two columns on the left correspond to cold patches, and the two columns on
the right correspond to hot patches. The distributions are binned over 1° MLAT and 10° clock angle. The black/magenta lines in panels al—a4 identify the MLAT with
the highest patch occurrence versus clock angle (the magenta dashed lines in panels al—a2 are overlaid from the magenta solid lines panels a3—a4 for easier comparison

between hot and co

1d patches).

magenta solid lines in panels a3—a4 for easier comparison between hot and cold patches). Figures 2al—-2a4 show
that the occurrence of both cold and hot patches is clearly dependent on IMF By. For IMF By < 0 the polar cap
patches have a preference for the duskside. For IMF By > 0 the patches have a preference for the dawnside. In
Figures 2al-2a4 the hot patches (magenta lines) seem to be observed at a lower MLAT than the cold patches
(black lines). Consequently, the hot patches occur closer to the poleward boundary of the auroral oval.

Table 1 shows the mean MLAT of the cold patches, the hot patches, and the poleward auroral boundary in the
dawnside and duskside sector for each of the eight different IMF orientations presented in Figure 1. On the dawn-
side, the hot patches are on average ~1.7° MLAT equatorward of the cold patches and ~5° MLAT poleward of
the auroral oval. On the duskside, the hot patches are on average ~1.8° MLAT equatorward of the cold patches
and ~3.5° MLAT poleward of the auroral oval.

Figures 2b1-2b4 show that the cold patches have slightly higher O* density than the hot patches (Zhang, Xing
et al., 2020). Figures 2c1-2c4 show that the hot patches have higher electron temperature than the cold patches
(e.g., Ma, Zhang, Xing, Heelis et al., 2018; Zhang et al., 2017). Figures 2d3 and 2d4 indicate that the hot patches
are associated with significant fluxes of soft-electron (<1 keV) precipitation around 76-82 MLAT when IMF
Bz is positive, which corresponds to high electron temperature in Figures 2¢3 and 2c4. Only a weak flux of
soft-electron precipitation is seen for the cold patches in Figures 2d1 and 2d2. Figures 2e1-2e4 indicates that the
cold patches generally have higher anti-sunward velocities than the hot patches (Zou et al., 2015).

To investigate the influence of local plasma transport and particle precipitation, we studied the relationship

between the patch occurrence, V. and the soft-electron energy flux. Figure 3 shows the occurrence of

cross-track?®
patches versus V. and soft-electron energy flux for cold patches (blue bars), for hot patches (red bars), and
for the background (gray bars). The blue and red dotted lines show the relative occurrence rate of the cold and

hot patches, respectively. Figures 3a and 3b correspond to southward IMF, and Figures 3¢ and 3d correspond
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Table 1
The Mean MLAT of Cold Patches, Hot Patches, and the Poleward Auroral Boundary in the Dawnside and Duskside Sector
for Each of the Eight Different IMF Orientations Presented in Figure 1
The mean MLAT of cold patches, hot patches, and the poleward auroral boundary in the dawnside and duskside sector
MF B: By-/B B By-/Bz+ Bz+ By+/Bz+ By+ By+/B:
MLT\ MLA Z- y-/BzZ- v y-/Bz Z y+/ bz v y+/bz-
6-12 82.85 83.41 82.90 81.58 82.20 82.15 82.67 82.74
Cold patch
12-18 81.64 82.37 81.70 82.32 82.37 81.22 82.09 82.73
6-12 79.95 80.20 80.15 80.32 80.78 81.98 81.54 81.98
Hot patch
12-18 79.75 80.31 81.37 80.02 80.65 81.30 79.71 79.11
Poleward 6-12 75.55 75.68 75.97 76.24 76.34 76.21 75.93 75.65
Auroral
Boundary 12-18 76.49 76.62 76.87 77.10 77.17 77.04 76.80 76.57
Note. MLAT, magnetic latitude (MLAT).
Background =—e= Cold patch/Background
I Cold patch ~ =—e=— Hot patch/Background
I Hot patch
Patch number Vs. V o5 track Patch number Vs. Electron energy flux
: T 0.8
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Figure 3. Occurrence of polar cap patches versus (a and c¢) anti-sunward velocity and (b and d) soft-electron energy flux.
Panels a and b correspond to southward interplanetary magnetic field (IMF) (i.e., more negative velocity), and panels ¢
and d correspond to northward IMF. Blue bars indicate cold patches, red bars indicate hot patches, and gray bars show the
background. The dotted blue and red lines show the relative occurrence rates of the cold and hot patches, respectively.
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to northward IMF. Figure 3a suggests that cold patches' occurrence is higher when the anti-sunward velocity is
from ~200 to ~1,000 m/s under southward IMF. Figures 3b and 3d show that hot patches' occurrence is higher
when the soft-electron energy flux is larger than 10° eV/eV cm? s sr both under southward and northward IMF.

4. Discussion

The spatial distributions of cold and hot patches respond well to the IMF convection patterns, and more patches
occur in the stronger anti-sunward flow as seen from Figure 1. Many studies have pointed out that patches move
along the ionospheric convection streamlines from the dayside to nightside after formation, which is related to
magnetic reconnection (Hosokawa et al., 2009; Oksavik et al., 2010; Zhang, Xing et al., 2020). During southward
IMF, magnetic reconnection takes place at the low-latitude magnetopause. The newly opened field lines rebound
to high latitudes due to the magnetic field tension forces and transport high-density plasma patches poleward
along convection streamlines (Zhang, Xing et al., 2020; Zhang, Zhang, Lockwood et al., 2013). Consequently,
both cold and hot patches occur most frequently in the stronger anti-sunward flow region of the IMF convection
patterns. For positive IMF Bz dominated patches seem to not only be in the regions of anti-sunward flow. This
may be due to the convection model limitations. We can see the convection pattern in Figure 1b has weaker elec-
tric field and reverse cells, which is similar to Figures 1a and 1c except that Figures 1a and 1c show some of the
By dependence seen for small and positive Bz. Moreover, the more patch regions in Figures 1a—1c also show the
similar By dependence seen for small and positive Bz. The patch occurrence regions in Figure 1b show enhance-
ments in both the region seen for negative By and in the region seen for positive By. This may result from weaker
anti-sunward flow associated with relatively small IMF By, while, the convection pattern in Figure 1b cannot
show these regions of enhanced flows, as in Figures 1a and 1c. This is likely because the convection pattern in
Figure 1b is built from both +IMF By (average By ~ 0).

Figures 2al—2a4 and Table 1 show that the hot patches occur at lower MLAT than cold patches and closer to the
poleward auroral boundary. There are two possible reasons: (a) The hot patches are mainly stimulated by parti-
cle precipitation. Transient structures like PMAFs represent enhanced particle precipitation and usually occur
near the auroral oval (e.g., Oksavik et al., 2015; Xing et al., 2013). The enhanced particle precipitation usually
increases the electron temperature, giving hot patches as have been observed to be induced by PMAFs (e.g.,
Hosokawa et al., 2016; Lorentzen et al., 2010). Such hot patches, which are associated with particle precipitation
close to the auroral oval, may thus lie close to the auroral oval. (b) Some hot patches may also be observed in their
initial creation phase with high electron temperature, but as they travel further into the polar cap, due to the lack
of a heating source, the electron temperature may fade toward that of the level of cold patches (e.g., Ma, Zhang,
Xing, Jayachandran et al., 2018; Zhang et al., 2017).

Figures 2al-2a4 also indicate a clear prenoon-postnoon asymmetry in the occurrence of both cold and hot
patches due to IMF By. When IMF By is negative, the newly opened tubes are pulled into the dusk sector in the
NH. For positive IMF By the flux tubes are pulled into the dawn sector (e.g., Jin et al., 2019; Southwood, 1987;
Xing et al., 2013). Moreover, some plasma features like the soft-electron (<1 keV) energy flux and V,
also respond to the sign of IMF By.

ross-track will

Figures 2b1-2b4 show that the cold patches have higher O* density than the hot patches. This may indicate the
different formation mechanisms of the two type patches: the cold patches are generated from midlatitude iono-
spheric plasma produced by solar extreme ultraviolet radiation (EUV); while the hot patches are associated with
local particle precipitation. The EUV plasma is typically denser than plasma generated through precipitation
(Zhang, Xing et al., 2020).

Figures 2d3 and 2d4 show enhanced soft-electron precipitation around 76-82 MLAT for hot patches when IMF
Bz is positive, which corresponds to high electron temperature in Figures 2¢3 and 2c4. The enhanced soft-electron
energy flux is a heat source for the topside electrons that will increase the electron temperature (Seo et al., 1997).
The enhanced electron precipitation for IMF Bz positive is likely associated with lobe reconnection resulting
in more particle precipitation in the polar cap (Lockwood & Moen, 1999; Xing et al., 2018; Zhang, Zhang
et al., 2020).

Figure 3 shows that cold patch occurrence is higher when the anti-sunward velocity is between 200 and 1,000 m/s
under southward IMF, or the soft-electron energy flux is lower than 10° eV/eV cm? s sr both under southward
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and northward IMF. Higher anti-sunward flow velocity facilitates easy transport of cold patches from dayside
sunlit areas. When the anti-sunward velocity exceeds ~1,000 m/s, it may also increase the electron temperature
(Kofman & Wickwar, 1984). Under northward IMF, the speed of background anti-sunward flow is low which
results in the highest occurrence of cold patches appearing in the flow regions of —300 ~ —600 m/s. It seems
that the enhanced anti-sunward flow also contributes to the hot patches. Due to the existence of the reverse cells
under northward IMF, the polar cap region appears more sunward flow, and the ionospheric convection patterns
are more complicated. This should be investigated in more depth in future studies. The hot patches are stimulated
by particle precipitation, so larger soft-electron energy flux is favorable for higher occurrence of hot patches.

5. Conclusions

We analyzed the winter patches of DMSP F16 database of Zhang et al. (2021) to investigate the relationship
between polar cap patch occurrence, IMF orientation, ionospheric convection, and particle precipitation. The
spatial distributions of cold and hot patches respond well to statistical IMF convection patterns. The hot patches
seem to occur closer to the auroral oval and at lower magnetic latitudes than the cold patches. There is a clear
correspondence between the enhanced soft-electron precipitation and high electron temperature in the hot
patches. The high anti-sunward flow (E X B drift) mainly contributes to increased occurrence of cold patches
under southward IMF, while the soft-electron precipitation mainly contributes to the occurrence of hot patches
both under southward and northward IMF.

Data Availability Statement

The SuperDARN data are obtained from http://superdarn.thayer.dartmouth.edu/models/PSR10.html. The NOAA
FTP and JHU/APL (https://satdat.ngdc.noaa.gov/dmsp/data/) and CEDAR Madrigal (http://cedar.openmadrigal.
org/list/) provide available DMSP data (by registering your personal information, and searching for “Satellite
Instruments” in the box of “Choose instrument category(s)” and “Defense Meteorological Satellite Program
[1982-2021]" in the box of “Choose instrument(s),” then clicking the “list experiments”). The NASA OMNI
(http://omniweb.gsfc.nasa.gov) provides available IMF data. The auroral oval model are obtained from http://
www.geophy.cn/article/doi/10.6038/cjg20160203. The event list of cold and hot patches is available in https://
doi.org/10.5281/zenodo.6511063.
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