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Abstract – In this study, we focus on plasma patches with very dense plasma in the southern hemisphere
during the main phase of 2015 St. Patrick’s Day storm. With in situ electron densities exceeding
1.5 � 1012 m�3 at 450–500 km altitude, the patches cause strong signal outages of the global positioning
system (GPS) receivers on board Swarm satellites. By using the field-aligned currents derived from the
Swarm magnetic measurements, we determined whether the satellites fly inside the auroral oval or not.
Different influences on the spaceborne GPS receiver are seen when these patches are located at different
latitude regions, e.g., inside the polar cap or auroral oval. The simultaneously measurements of 2 Hz elec-
tron density as well as 50 Hz magnetic signatures from Swarm show that when large-scale polar cap
patches transported from dayside lower latitude entering the cusp region, irregularities with much finer
scale-size are generated; associated with various instabilities inside the cusp region, the small-scale irreg-
ularities cause much more severe influence on the GPS signals. This is the first direct evidence to show that
when plasma patches are located inside the cusp region, the spaceborne receiver experiences stronger
outage of GPS signals.

Keywords: Polar patch / scintillation / spaceborne receiver / GNSS / auroral oval

1 Introduction

Polar cap patches are “islands” of dense plasma, with typical
horizontal extension from 100 to 1000 km at the high-latitude
F region ionosphere. Since the detection of polar cap patches
in the northern winter polar cap by using optical and ionosonde
measurements (Hill, 1963; Buchau et al., 1983; Weber et al.,
1984), other techniques such as the incoherent scatter radars
(e.g., Pedersen et al., 2000; Carlson et al., 2002; Stolle et al.,
2006a), in situ plasma density probed at altitude of low Earth
orbit (LEO) satellites (e.g., Coley & Heelis, 1995; Spicher
et al., 2017, Chartier et al., 2018), as well as the ionospheric
total electron content (TEC) measurements from the global
navigation satellite system (GNSS) receivers installed at ground
(e.g., Weber et al., 1986; Krankowski et al., 2006) or on board
the LEO satellites (e.g., Noja et al., 2013; Chartier et al., 2018)
are widely used for revealing the characteristics of polar cap
patches.

Most polar cap patches are thought to originate when day-
side solar illuminated ionospheric plasma to follow the flow
streamlines of plasma convection pattern at high latitudes, move
across the polar cap from the dayside to nightside, and some-
times they can exit the polar cap and enter the nightside auroral
latitudes (e.g., Lockwood & Carlson, 1992; Pedersen et al.,
2000; Zhang et al., 2013a, 2015). The storm enhanced density
(SED) (e.g., Foster, 1993) and related tongue of ionization
(TOI) phenomena are attributed to be the major sources of polar
cap patches (e.g., Foster et al., 2005; Hosokawa et al., 2010;
Carlson, 2012). The soft particle precipitations at the cusp
(Pinnock et al., 1993; Goodwin et al., 2015) or polar cap
(Oksavik et al., 2006) cause regions with less intense ionization
that sometimes have been also regarded as patches. In addition
to geomagnetic storm periods, TOI can also occur during
weakly disturbed or even geomagnetically quiet conditions,
independent of SED occurrence (Liu et al., 2015, 2016). In this
situation, the TOI tends to form during universal times when the
high-latitude two-cell convection patterns are closer to the solar-
produced middle-latitude plasma source region, facilitating the*Corresponding author: bear@gfz-potsdam.de
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poleward plasma transportation. The plasma enhancements can
present as a continuous TOI, or sometimes are segmented into
pieces by the cusp flow channels and presents as discrete polar
cap patches (e.g., Rodger et al., 1994; Valladares et al., 1994;
Zhang et al., 2013b).

During their life time, the plasma patches can live for
several hours and travel over thousands of kilometers. Accord-
ing to the observational location, the plasma patches have been
named differently (Coley & Heelis, 1998). For example, they
have been termed as polar cap patches if they occur within
the polar cap but as blobs if they occur outside the polar cap
(Crowley, 1996; Crowley et al., 2000). By using observations
from incoherent scatter radar as well as model simulations,
Robinson et al. (1985) reported that after exiting the polar
cap, the patches turned into blobs in the nightside auroral oval.
Similar observation of polar cap patches turned to auroral blob
during the geomagnetic storm on 21 March 1990 have also been
reported by Crowley et al. (2000). Jin et al. (2014) have used
auroral blobs for referring plasma patches inside the auroral oval
(closed field line region), while using polar cap patches when
occurring inside polar cap (open field line region). It is worth
to separate plasma patches when they are located at different
regions, as different mechanisms may be responsible for their
generation and development. In addition, the patches may have
different influence on the trans-ionospheric radio waves when
they are locating at different latitude regions. Jin et al. (2014)
provided a comparison of scintillation effect of global position-
ing system (GPS) related to three different types of structures at
high latitudes: auroral arcs, polar cap patches, and auroral blobs.
They found that the strongest phase scintillation is associated
with auroral blobs, followed by polar cap patches and auroral
arcs. Wang et al. (2016) found that the GPS phase scintillation
is always larger than amplitude scintillation at the edges of the
middle-latitude trough, SED, and polar cap patches, while inside
the auroral oval the amplitude scintillation is much stronger than
the phase scintillation. However, both studies revealed that
much severer GPS signal scintillations happen at the auroral lat-
itudes. The observations used in both studies are derived from
the ground-based TEC, which is the integration of electrons
along the line-of-sight (LOS) between GPS satellite and
ground-based receiver. Therefore, the exact location of plasma
irregularities along the LOS of upward-looking receivers is dif-
ficult to be identified. Instead, the LEO satellite provides contin-
uous in situ measurements along its orbit. When the satellite
flies through different latitude regions, for example, the auroral
oval or polar cap, different influence can be observed from the
onboard GPS receiver. Therefore, from this perspective the
satellite observations may provide more detailed information
of patches’ influences on the GPS signals than the ground-based
measurements.

Cherniak & Zakharenkova (2016) reported very intense
polar cap patches at the southern hemisphere during the 2015
St. Patrick’s Day storm. The peak electron density of patches
observed by the Swarm satellites reached as high as
1.5 � 1012 m�3, and as a result the number of tracked GPS
satellite has been reduced from eight to four for Swarm A at
450 km, and the GPS signals were totally interrupted at all eight
channels for Swarm B fling at 500 km altitude. However, our
previous statistics about the GPS signal interruptions of three
Swarm satellites showed that the plasma irregularities have

stronger influence on the Swarm lower pair satellites, Swarm
A and C, as the irregularities usually have larger absolute den-
sity gradients at 450 km than that at 500 km (Xiong et al.,
2016). Therefore, we are curious why for this specified event
as reported by Cherniak & Zakharenkova (2016), all satellites
observed very intense plasma patches, the influence was more
severe for the higher flying Swarm B rather than for Swarm
A. In addition, this is the only one event of Swarm B with
GPS signal interrupted at all eight channels at high latitude from
2014 to 2015 (see Fig. 2b of Xiong et al., 2016). Therefore, we
have checked further the other instruments on board the Swarm
satellites for this special event. The simultaneously magnetome-
ter measurements of Swarm showed that the patches encoun-
tered by Swarm A were located inside the polar cap, and they
have relative smooth variations in the plasma density; while
the patches encountered by Swarm B were partly located inside
the dayside auroral oval and were much more structured. The
associated small-scale (less than 10 km) irregularities with quite
large absolute density gradients observed by Swarm B are
possibly the reason to cause much more severe influence on
the onboard GPS receiver. In the rest we are going to provide
detailed comparison between the patches observed by the two
Swarm satellites. Following the convention, we use polar cap
patches when the plasma enhancements are observed inside
the polar cap, while use plasma patches when they are observed
outside the polar cap.

2 Dataset

The Swarm mission is composed of three identical satellites
that were launched on 22 November 2013 into a near-polar orbit
(87.5� inclination) with initial altitude of about 500 km. Then
the three satellites were maneuvered to the current constellation.
The lower pair, Swarm A and C, is flying side-by-side at an
altitude of about 470 km, with longitudinal separation of 1.4�
(about 150 km). And the third spacecraft, Swarm B, orbits the
Earth at about 520 km with an inclination of 88�. Swarm A
and C need about 133 days for covering 24 local time (LT)
hours, and Swarm B needs about 141 days.

The Langmuir probes (LPs) on board Swarm satellites
provide the in situ electron density and temperature measure-
ments with a time resolution of 2 Hz, and the data set from
December 2013 to June 2016 has been compared with the coin-
cident measurements of incoherent scatter radars, ionosondes, as
well as Constellation Observing System for Meteorology,
Ionosphere, and Climate (COSMIC) satellites (Lomidze et al.,
2018). The result shows that the Swarm LPs systematically
underestimate electron density by about 10%, while overesti-
mate the electron temperature by about 300–400 K and
700 K from the high- and low-gain LPs, respectively. In this
study we focus more on the relative variations of electron
density and temperature, therefore, the related issue of absolute
values will not affect our results and interpretation. The dual-
frequency GPS receivers on board the Swarm satellites are
developed by RUAG space (Zangerl et al., 2014), with eight
channels to receive signals from up to eight GPS satellites
simultaneously. During the earlier mission period, all three
Swarm satellites delivered GPS data with a time resolution of
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10 s, but on 15 July 2014 the receiver configuration was
changed and since then all Swarm satellites are delivering
1 Hz GPS measurements. More detailed information about the
technical updates of Swarm on board receivers was described
by van den Ijssel et al. (2016). In addition to the electron density
and GPS measurements, the field-aligned currents (FACs),
provided as one of the Swarm Level-2 products, have also been
used.

Besides the Swarm in situ measurements, the global TEC
map provided by the Madrigal database (Coster et al., 2003)
with a time cadence of 5 min, as well as the convection pattern
from the SuperDARN observations (e.g., Greenwald et al.,
1995; Chisham et al., 2007) are also used.

3 Overview of the 2015 St. Patrick’s Day
storm

The St. Patrick’s Day storm was so far the largest storm
occurring during the solar cycle 24 (minimum SYM-H value
reached �234 nT). The ionospheric responses as well as the
plasma irregularities and related scintillation at low latitudes
have been discussed by previous studies (e.g., Astafyeva
et al., 2015; Carter et al., 2016; Zhou et al., 2016). Focusing
at high latitudes, Liu et al. (2016) has compared the develop-
ment of SED and TOI between measurements of global TEC
map and model predictions. Strong scintillation on GPS signal
(Cherniak et al., 2015; Prikryl et al., 2016; Jin & Oksavik,
2018) and its consequences on precise point positioning (PPP)
in Norway (Jacobsen & Andalsvik, 2016) have also been
reported. Good agreement was found between the in situ plasma

irregularities at the LEO satellites altitudes and GPS scintillation
at ground at both high latitudes (Cherniak & Zakharenkova,
2016). Different to the above mentioned studies, we focus more
on the plasma patches when they are located in or outside the
polar cap, to see if different influence can be observed for the
spaceborne GPS receiver.

To give an overview of the storm, Figure 1 (from top to
below) shows the variations of solar wind speed (VSW),
SYM-H and global three-hour Kp indices, the Bx, By, and Bz
components of inter-planetary magnetic field (IMF) as well as
auroral upper (AU) and lower (AU) indices on 17–18 March
2015. The storm starts with a sharp increase in VSW from
420 km/s to about 500 km/s at 04:04 coordinated universal time
(UTC) on 17 March, and afterwards it gradually increases and
stays around 600 km/s during the remaining time of storm.
The sudden storm commencement (SSC) seen from SYM-H
index with amplitude of 67 nT appears at 04:48 UTC; then it
gradually reduces indicating the storm main phase and reached
the minima of �224 nT at 22:47 UTC; afterwards it starts to
increase indicating the recovery phase, and fluctuations with
smaller amplitudes are also seen in the IMF components. The
three-hour Kp index is always above four during the whole storm
period, and maximum value exceeds seven at the storm main
phase.

Abrupt changes are also seen in the IMF components on
17 March. Two intervals of strong southward Bz (red line) are
found between 05:00–09:00 and 12:00–24:00 UTC. With such
IMF orientation, rapid reconnections at the dayside magne-
topause are expected to happen. And following the Bz southward
turning, the AU/AL indices show also large fluctuations,
indicating the presence of substorms due to the magnetotail
reconnection. This transient reconnections happened on the

Fig. 1. Variations of solar wind, SYM-H index, three-hour Kp index, three components of IMF as well as the auroral upper (AU) and lower
(AL) indices on 17–18 March 2015.
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magnetopause/magnetotail provide favorable conditions for the
polar patch to enter/exit the polar cap (e.g., Lockwood &
Carlson, 1992; Pedersen et al., 2000; Zhang et al., 2013a). There-
fore, patches with enhanced plasma density are expected to be
observed during 12:00–24:00 UTC on 17 March, when long
time southward Bz persisted.

4 Observations and discussions

Figure 2 presents the ground-based TEC maps between
17:02–18:42 UTC on 17 March 2015. As the TEC enhance-
ments at the northern high latitudes are not prominent during
that time (not shown here, and readers are suggest to refer to

Fig. 2. Series of TEC maps as well as the ionospheric convection patterns in the geomagnetic latitude and magnetic local time coordinates. The
convection patterns are provided by the SuperDARN observations.
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the Figures 3 and 4 of Cherniak & Zakharenkova, 2016), we
focus on the southern hemisphere in the present study. At
17:02 UTC (Fig. 2a), feature of SED is observed originated
from the dayside middle latitude (below �50� MLAT) between
12:00–14:00 magnetic local time (MLT), and the SED is enter-
ing the polar cap from the narrow throat region of the two
convection cells. In addition, TEC enhancements of about
15–20 TECU are already found located inside the polar cap
(most prominent for the dawnside convectional cell above
�80� MLAT), which are possibly due to the previously formed
polar cap patches as the Bz persisting southward for the past a
few hours. Twenty minutes later (Fig. 2b), the SED are found
drifting deeper into the convection throat, and around
17:42 TUC (Fig. 2c) enhanced TEC is clearly seen entered into
the polar cap. At 18:02 UTC (Fig. 2e), the enhanced plasma are
seen totally separated from the SED at the convention throat,
and form several discrete polar cap patches inside the polar
cap with magnitude exceeding 35 TECU. In the rest evolution,
these patches continue to drifting towards the nightside. One
interesting feature of these discrete patches is that they are
confined mainly at the duskside convection cell but do not enter
the dawnside cell. Meanwhile, as the Bz persists southward for
long time, enhanced plasma are seen continuously entering into
the polar cap from the dayside convection throat.

However, due to the lower resolution and data coverage of
TEC maps in the southern hemisphere, we cannot see much
more details about the polar cap patches when they enter the
polar cap. In addition, as the TEC is the integration of electron
density along the LOS between GPS satellite and receiver, it is
difficult to identify whether the patches are already in or still
outside the polar cap. Xiong et al. (2014) used the FACs derived
from the Challenging Minisatellite Payload (CHAMP) satellite
with scale length less than 150 km for identifying the auroral
oval boundaries. Such an approach can also be applied to
the Swarm FACs data to determine the auroral oval boundaries.
Therefore, the simultaneous in situ measurements from
multi-sensors on board the Swarm satellites provide a good
opportunity for investigating whether the patches are located
at different plasma regimes (auroral oval or polar cap).

Such an example is provided in Figure 3. Around 18:22UTC
on 17 March, Swarm A flies across the polar cap, and its trajec-
tory (magenta dashed line) as well as the ground-based TECmap
are shown in Figure 3a. As indicated by the arrow, SwarmA flies
from the dawnside to duskside, and encounters TEC enhance-
ments at about �70� MLAT around MLT noon hours, and the
finest scale-size of TEC enhancements in the zonal extension
are about several hundreds kilometers. Figure 3b shows the
in situ measurements of Swarm A during 18:09–18:30 UTC.
The panels from top to bottom are the number of Swarm tracked
GPS satellites, Rate of Change of TEC Index (ROTI), electron
density and temperature, as well as the FAC signatures with
scale-length less than 150 km. Sust et al. (2014) found that
during GPS loss-lock incidents, the Swarm onboard GPS recei-
ver showed violent phase scintillation but with no discernable
fluctuations on the signal amplitude, therefore, here we show
only the ROTI index derived from carrier phases, which is
defined as the standard deviation of the rate of slant TEC with
a moving window of 1 min interval (Pi et al., 1997). The auroral
oval determined from the FAC signatures are indicated by shad-
owed rectangles on the dawnside and duskside, respectively.

Within the auroral oval at both pre-noon and afternoon
sides, the electron temperature is largely enhanced by more than
3000 K, due to the energetic particle precipitation (Weber et al.,
1989; Crain et al., 1994). We would like to note that the abso-
lute value of electron temperature derived from Swarm is still
under calibration (Lomidze et al., 2018), but here we are focus-
ing more on its relative fluctuations. The electron density inside
the auroral oval at pre-noon side shows also enhancements but
with very low absolute magnitude (around 1 � 1011 m�3),
while inside the auroral oval at the afternoon side, the electron
density are found to show some decreases (see the two electron
density reduction regions around 18:24 UTC), but also with
absolute magnitude of 1 � 1011 m�3. With such low density
gradients, the GPS signals are less disturbed at both auroral
regions and no clear reductions are seen in the tracked GPS
satellite number. However, a region with strong density
enhancement of about 1.5 � 1012 m�3 are observed around
18:20 UTC between the two auroral oval regions, indicating that
it is located right inside the polar cap. Such intense polar cap
patch is 10 times larger than the surrounding background elec-
tron density, and its outer shape has a scale-length of about
650 km along the satellite track. In addition, small-scale deple-
tions about tens of km are also seen embedded on both walls of
the polar cap patch. These small-scale irregularities are possibly
the reason to cause clear fluctuations of the ROTI values and
further result the tracked GPS satellites of Swarm A reducing
from eight to four. The electron temperature slightly reduces
by about 500 K within the density enhancement, indicating that
the density enhancement is caused by transportation but not due
to the particle precipitation (e.g., Coley & Heelis, 1995; Stolle
et al., 2006a; Zou et al., 2016).

Half an hour later, Swarm B flies through almost the same
region with enhanced TEC (Fig. 3c). Compared to Swarm A,
the trajectory of Swarm B is more aligned in the noon-midnight
direction. The in situ electron density of Swarm B shows also
intense enhancements around 18:51 UTC (Fig. 3d) and the
absolute magnitude exceeds 1.5 � 1012 m�3. The outer shape
of the patch-group covers about 1800 km along the orbit of
Swarm B, but the plasma show rapid fluctuations with scale-size
of a few km. The enhanced FAC signatures indicate that the
Swarm B observed plasma patch partly located inside the noon
side auroral oval (around 12:26 MLT, possibly in the cusp
region). A reduction of the electron temperature (by about
800 K) is first seen inside the polar patches, and then is largely
enhanced (over 4000 K) when Swarm is inside the cusp. It also
indicates that the plasma patch with such dense density is not
produced by the precipitation alone, but due to the photoioniza-
tion plasma from dayside lower latitudes been transported into
the cusp region, which is also evidenced from the TEC map.
As intense small-scale irregularities adding on the large-scale
plasma patch, strong fluctuations are also seen in the ROTI of
Swarm B, and the GPS signal interruptions happen at all eight
channels. The epochs with tracked GPS satellite less than four
are marked with red color. The total signal outage lasts for as
long as three minutes. It is worth noting that due to the precip-
itation induced failure of the Swarm onboard star cameras (used
for the satellite attitude determination), a short interruption is
resulted in the magnetometer measurements around 18:54 UTC.
Inside the polar cap and auroral oval at night side, no further
intense electron density enhancements are observed by Swarm B.
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The Swarm onboard Langmuir probe provides 2 Hz resolu-
tion. Assuming the vehicle orbital speed of 7.5 km/s and accord-
ing to the Nyquist sampling theorem, the measured in situ
electron density reflects the smallest structure of scale-size of
7.5 km. However, the 16 Hz electron density data measured
by the thermal ion imager of Swarm are not available during
the time of interest. A recent paper from Laundal et al. (2019)
found that the previously reported diamagnetic current at the
equatorial region (Lühr et al., 2003; Stolle et al., 2006b) appears
to be a ubiquitous phenomenon also at polar latitudes. They

showed that the small perturbations of the Swarm magnetic
measurements are anti-correlated with the plasma density mea-
sured by Langmuir probe. Therefore, we use also the 50 Hz
magnetic measurements from Swarm to check if structures of
scale-size less than 7.5 km can be observed associated with
the patches.

Figure 4 shows the detailed variation of 2 Hz electron den-
sity as well as 50 Hz magnetic residuals for Swarm A and B,
respectively, focusing only the regions of plasma patches as
shown in Figure 3. The geomagnetic field contributions from

Fig. 3. (a) TEC map as well as the ionospheric convection pattern around 18:22 UTC on 17 March 2015. The orbital track of Swarm A is
indicated by the magenta dashed line. (c) In situ measurements from Swarm A from 18:07 to 18:32 UTC, and the panels from top to bottom are
the total number of tracked GPS satellites, ROTI, in situ electron density and temperature, as well as the small-scale FACs signatures
(<150 km). (c) and (d) are in a similar format as for (a) and (b), but for Swarm B measurements around 18:52 UTC.
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the Earth’s core, crust, and magnetosphere have to be first
removed from the Swarm 50 Hz magnetic measurements. The
three sources of geomagnetic fields are represented by the
CHAOS-6 model (Finlay et al., 2015). By doing the subtraction,
we isolate magnetic field variations originating from the iono-
sphere. A high-pass filter with cut-off period of 60 s (corre-
sponds to 450 km) has been first applied to the magnetic
residual, in order to removes large-scale variations that are

possibly not related to the polar cap patches (Park et al.,
2012), and then the small-scale magnetic perturbations are seen.
The black line in the top panel of Figure 4a shows the 2 Hz elec-
tron density data, and the small-scale plasma variations of a few
tens km embedded on the large-scale polar cap patches are also
evidenced. We have also tried high-pass filter with cut-off
period longer than 60 s to the magnetic residual, however, no
equivalent scale-size diamagnetic perturbations can be observed

Fig. 4. (a) Detailed variations of 2 Hz electron density (black line) as well as the 50 Hz high-pass filtered magnetic residual within the polar cap
patches observed by Swarm A. Filters of different cut-off frequencies have been applied to the data. (b) As similar as in (a), but for the
observations from Swarm B.
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associated to the large-scale plasma structure (about 650 km),
even though the plasma density of polar cap patch is 10 times
larger than the background.

Lühr et al. (2003) used the currents flowing perpendicular to
the pressure gradient and the ambient magnetic field to explain
the diamagnetic effect of plasma. The pressure gradient driven
current, j, can be written as:

j ¼ �k=B2fr½nðT i þ T eÞ�g � B ð1Þ
where k is the Boltzmann constant, Te and Ti are the electron
and ion temperatures, n is the electron density and B the
magnetic field vector with its magnitude B. By assuming an
isotropic pressure and local thermodynamic equilibrium, the
magnetic variation dominated by the plasma density gradient
can be obtained (Laundal et al., 2019):

rB ¼ �kl0
T i þ T e

B
rn ð2Þ

where l0 is the vacuum permeability. From equation (2) we
see that the variation of magnetic residual depends not only
on the plasma density gradient, but also on the gradients of
electron and ion temperatures. As already shown in our
Figure 3b, the electron temperature within the polar cap patch
is reduced by about 500 K, which partly balance the pressure
caused by the enhanced plasma gradient, and as a result no
large-scale magnetic perturbation is seen within the polar
cap patches. While, for the example shown in the Figure 1
of Laundal et al. (2019), the electron temperature variation
is much smoother than that in our case, therefore, the mag-
netic residual is well anti-correlation to the plasma gradient.
From statistics, they also pointed out that the diamagnetic
effect at high latitudes mainly dominates magnetic residual
field intensity variations at scale-size of a few tens kilometers.

To focus on the smaller-scale magnetic field variations, a fil-
ter with cut-off period of 20 s has been applied to both the
magnetic residual as well as the electron density, and the result
is shown in bottom panel of Figure 4a. For some parts (see the
regions indicated by blue arrows), the DB is anti-correlated with
DNe, while from time to time the magnetic and plasma pertur-
bations show also in-phase variations (see the regions indicated
by green arrows), indicating that other processes (e.g., Heilig
et al., 2007), rather than the diamagnetic currents, dominate
the magnetic residual variations at these regions.

Another interesting feature seen here is that the polar cap
patch at the first edge around 18:20:00 UTC seems to have
smaller scale-size than that at the second edge around
18:21:00 UTC. As the Swarm A flies from the morning to after-
noon sector (see Fig. 3a), the first edge is located closer to the
noon-side auroral latitude, while the second edge is located dee-
per into the polar cap. Goodwin et al. (2015) reported an event
of polar cap patches with smaller amplitude caused by particle
precipitation, which show much finer scale-size structures at the
cusp region while following the convection further into polar
cap the small-scale structures become less structured. The exam-
ple showed in our study has similar characteristic, although the
polar cap patch observed by Swarm A is not caused by the
particle precipitation, but due to the dayside solar illuminated
ionospheric plasma being transported into polar cap. When
entering the cusp, particle precipitations will work on the
large-scale plasma patches, generating small-scale irregularities.

This assumption also explains well why parts of the
plasma patches observed by Swarm B are much structured
when they are located in the cusp region (after 18:50:25 UTC
in Fig. 4b); but for the parts (between 18:50:00 and
18:50:25 UTC) having not yet entering the cusp, the plasma
shows only smooth variation even although with strong absolute
gradient. It is also worth noting that inside the auroral oval, the
intensity of DB becomes almost 100 times larger than that in the
polar cap regions, due to the largely enhanced FACs and
horizontal currents at auroral oval; and as the thermodynamic
equilibrium condition is not satisfied inside auroral oval, the
magnetic perturbation is therefore not dominated by the plasma
pressure gradient.

Jin et al. (2014, 2016) pointed out that within the auroral
latitudes there are various instabilities driven by free energies,
e.g. the gradient drift instability, shear-driven (Kelvin-
Helmholtz) instability, etc. (Kersley et al., 1988; Keskinen
et al., 1988; Carlson et al., 2008; Moen et al., 2012). The
enhanced electron densities probed by Swarm B reach
1.5 � 1012 m�3 (as almost the same magnitude of Swarm A)
before the satellite flies inside the noon-side auroral latitude
(cusp), and the densities suddenly decrease to lower magnitudes
but with much finer structures when the satellite enters the cusp.
Carlson et al. (2008) proposed that the shear-driven instability
first rapidly structures the enhanced plasma when entering the
cusp, after which the gradient drift instability works on the
large-scale structures created by the shear-driven instability,
and produces smaller scale irregularities. The largest plasma
density gradient observed by Swarm B between 18:50:00 and
18:50:25 UTC probably corresponds to the edge of cusp, where
reconnections at the magnetopause lead to strong flow shears.
These strong flow shears in turn very rapidly pre-structure the
newly entering patches which then can cause severe scintillation
scale structures instantly within an order of a minute (Carlson
et al., 2008; Moen et al., 2012). As the plasma patch observed
by Swarm B is just entering the cusp region, the original pho-
toionization plasma with large-scale (see the sharp wall at the
equatorward edge of cusp but without small-scale irregularities)
is then possibly intensely structured by the strong flow shears.
St.-Maurice & Hanson (1982) as well as Carlson (2012) pointed
out that the enhanced plasma flow velocity during storm could
also cause strong ion-frictional heating and enhanced ion tem-
perature and the enhanced ion temperature can cause rapid
recombination of the ionosphere and deplete the electron den-
sity (Rodger et al., 1992). This may explain the reduced plasma
density inside cusp observed by Swarm B around 18:51 UTC.
The example shown in Figure 3d also suggests that at the cusp
region the plasma patch have sharper gradient at the auroral
equatorial boundary compared to poleward boundary.

In fact, the GPS signal interruptions at some channels of
Swarm satellites happened several times during the 2015 St.
Patrick’s Day storm. Taken Swarm A for example, Figure 5a
presents (top) the tracked GPS satellite number and (bottom)
the in situ electron density along its orbits on 17–18 March.
During most of the time, Swarm A keeps tracking with six or
more GPS satellites, but there are also periods when tracked
GPS satellites reduce to less than four (indicated by the red
asterisks and marked with “PA” to “PG”) or even total signal
interruption happened at all channels. Three periods, “PA”,
“PB”, and “PD” are found when Swarm A at low latitudes,
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Fig. 5. (a) Swarm A (top) tracked GPS satellite number and (bottom) in situ electron density measurements along its orbits on 17–18 March
2015. There are seven periods when Swarm A tracked GPS satellite number less than four, and they are indicated by red asterisks and marked
as periods PA to PG. The detailed variations of tracked GPS satellite number, ROTI, in situ electron density and temperature, as well as the
small-scale FAC profiles of Swarm A for four periods at high latitudes when tracked GPS satellite less four (indicated by red color in the top
frame) are observed.
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and the GPS signal interruption are caused by the post-sunset
equatorial plasma irregularities as already been reported by
Xiong et al. (2016, 2018). At high latitudes, there are also four
periods, marked with “PC”, “PE”, “PF”, and “PG”, when the
tracked GPS satellite numbers are less than 4. The much more
detailed observations are shown in Figure 5b–e, and we see the
epochs of reduced GPS satellite tracked are all associated with
enhanced small-scale plasma irregularities observed in the
in situ electron density of Swarm. When there are only polar
patches observed at the auroal oval but with very low absolute
magnitude (only caused by the particle precipitations), e.g.,
around 10:32 UTC of Figure 5b, 16:44 and 16:57 UTC of
Figure 5c, 19:48 and 20:00 UTC of Figure 5d, as well as
21:19 and 21:31 UTC of Figure 5e, ROTI values show really
small fluctuations and almost no reductions are seen in the
tracked GPS satellite number. Larger fluctuations of ROTI
and clear reduction of tracked GPS satellite are seen when
Swarm A encounters polar cap patches of large absolute
enhancement inside the polar cap, for example, around 10:39
UTC of Figure 5b, 16:48 UTC of Figure 5c, 19:51 UTC of
Figure 5d and 21:26 UTC of Figure 5e, and all these polar
cap patches are found with embedded small-scale (tens of
km) plasma irregularities. As shown in Figure 5b when the polar
patch has been transported inside the aurora oval at nightside
(around 19:34 MLT), GPS signal interruption at some channels
are also seen; around 10:45 UTC, when Swarm flies through the
middle latitude trough, large gradient due to sharp decrease of
electron density causes also significant phase scintillation of
the GPS signal, but due to a lack of small-scale irregularities
associated with the middle latitude trough, no prominent reduc-
tion of the tracked GPS satellite number is observed.

5 Summary

In this study, we focus on the polar patches of very dense
plasma when they are located inside the polar cap and auroral
oval. Their associated small-scale irregularities and impacts on
the GPS receiver on board Swarm satellites have been
discussed. The main findings are summarized as:

1. During the 2015 St. Patrick’s Day storm, the polar patches
at the southern hemisphere show values exceeding 35
TECU in the ground-based TEC, and the in situ electron
densities measured by Swarm satellites at 450–500 km
reach above 1.5 � 1012 m�3.

2. The polar cap patches encountered by Swarm A inside the
polar cap, cause the tracked GPS satellite number reducing
from eight to four; while with similar magnitude of dense
plasma, the plasma patches encountered by Swarm B at the
cusp region cause GPS signal loss at all eight channels.

3. The 50 Hz magnetic signatures from the Swarm satellites
show that the large-scale plasma gradient (hundreds of
kilometers) do not cause prominent magnetic perturba-
tions of equivalent scale-size, possibly due to the reduced
electron temperature inside the polar cap patches.

4. Our result shows that when the large-scale photoioniza-
tion plasma transported from dayside lower latitude to
the cusp region, irregularities with much finer scale-size

are generated; while following the convection further into
the polar cap, the small-scale structures become less struc-
tured. Associated with various instabilities at the cusp
region, they have much more severe influence on the
GPS signal.
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