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Abstract The polar ionosphere is often characterized by irregularities and fluctuations in the plasma

density. We present a statistical study of ionospheric plasma irregularities based on the observations from

the European Space Agency's Swarmmission. The in situ electron density obtained with the Langmuir probe

and the total electron content from the onboard global positioning system receiver are used to detect

ionospheric plasma irregularities.We derive the irregularity parameters from the electron density in terms of

the rate of change of density index and electron density gradients. We also use the rate of change of total

electron content index as the irregularity parameter based on the global positioning system data. The

background electron density and plasma irregularities are closely controlled by the Earth's magnetic field,

with averaged enhancements close to the magnetic poles. The climatological maps in magnetic

latitude/magnetic local time coordinates show predominant plasma irregularities near the dayside cusp,

polar cap, and nightside auroral oval. These irregularities may be associated with large‐scale plasma

structures such as polar cap patches, auroral blobs, auroral particle precipitation, and the equatorward wall

of the ionospheric trough. The spatial distributions of irregularities depend on the interplanetary

magnetic field (IMF). By filtering the irregularity parameters according to IMF By, we find a clear asymmetry

of the spatial distribution in the cusp and polar cap between the Northern (NH) and Southern Hemispheres

(SH). For negative IMF By, irregularities are stronger in the dusk (dawn) sector in the NH (SH) and vice

versa. This feature is in agreement with the high‐latitude ionospheric convection pattern that is regulated by

the IMF By component. The plasma irregularities are also controlled by the solar activity within the

current declining solar cycle. The irregularities in the SH polar cap show a seasonal variation with higher

values from September to April, while the seasonal variation in the NH is only obvious around solar

maximum during 2014–2015.

1. Introduction

Ionospheric irregularities are random structures in plasma density, which give rise to inhomogeneities in the

refractive index of the ionosphere. At certain spatial scales they can lead to radio wave scintillation and radar

backscatter, and hence, they can impact satellite‐based navigation and communication systems, which are

of growing importance for our modern society (see e.g., Carlson, 2012; Kintner et al., 2007; Yeh & Liu,

1982; Tsunoda, 1988; Basu et al., 2002). Such systems depend on the quality of the received signal. The signal

integrity is for example crucial for reliability and operations of global navigation satellite systems such as

GPS, GLONASS, Galileo, and Beidou (Jakowski et al., 2012; Moen et al., 2013).

The global morphology of ionospheric plasma irregularities has been obtained based on ground‐based obser-

vations of ionospheric scintillations (Aarons, 1982; Basu et al., 2002; Wernik et al., 2003; Yeh & Liu, 1982).

Scintillations are strong at high latitudes and in the equatorial region, but usually weak at middle latitudes

(Basu et al., 1988b; Basu & Groves, 2001). Compared to low andmiddle latitudes, studies of irregularities and

resulting scintillations at high latitudes are challenging due to difficult accessibility and limited numbers of

receiving stations. Recently, due to the increasing human activity in the Arctic in the last decades, the infra-

structure has been improved, which resulted in new studies of space weather effects in the Arctic regions

(Alfonsi et al., 2011; Clausen et al., 2016; Jin et al., 2014, 2015; Jin & Oksavik, 2018; Mitchell et al., 2005;

Oksavik et al., 2015; Prikryl et al., 2010; Smith et al., 2008; Spogli et al., 2010). However, observations in

the Antarctic region are still sparse and only a very few studies have been performed there (e.g., Kinrade

et al., 2013; Li et al., 2010; Ngwira et al., 2010; Prikryl et al., 2011).
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An important advantage of observations from polar‐orbiting satellites is the data coverage over all latitudes

in both hemispheres. This gives an opportunity to study plasma irregularities in a global perspective. Early

satellite‐based studies of plasma irregularities were mostly case studies (e.g., Basu et al., 1988a; Basu et al.,

1990; Cerisier et al., 1985; Dyson et al., 1974). For example, by using power spectral analysis of in situ ion

density and electric field data from the Dynamics Explorer (DE) 2 satellite, Basu et al. (1990) concluded that

at least two generic classes of instabilities exist in the high‐latitude ionosphere, that is, the gradient drift

instability and the velocity shear‐driven instability. Other studies focused on large‐scale structures, that is,

polar cap patches, and the associated smaller scale irregularities (Coley & Heelis, 1995, 1998b; Coley &

Heelis, 1998a; Kivanc & Heelis, 1997). A few other satellite and rocket campaigns have also provided valu-

able information about in situ plasma structuring (Cerisier et al., 1985; Kelley et al., 1980; Kelley et al., 1982;

Labelle et al., 1989; Moen et al., 2012b; Spicher et al., 2014). However, statistical studies providing global

maps of ionospheric plasma irregularities using in situ techniques with the focus on high latitudes are rare.

The first statistical spatial distribution of high‐latitude ionospheric plasma irregularities using a polar orbit-

ing satellite was presented by Kivanc and Heelis (1998), who showed the statistical properties of ion density

and velocity structures using eight months of observations from the DE‐2 satellite. The statistics were based

on a power spectral analysis where the power spectral density of plasma density fluctuations at ~1‐km scale

was found to be higher during the interplanetary magnetic field (IMF) Bz negative and local winter.

However, as they combined data from both hemispheres together by local seasons, they could not study

interhemispheric asymmetries of ionospheric irregularities. Furthermore, they did not present differences

in the spatial distribution with respect to the auroral oval and other related phenomena.

With the advent of the Swarmmission, several studies concerned with ionospheric structures have been con-

ducted with the focus on high‐latitude polar cap patches (Chartier et al., 2018; Goodwin et al., 2015; Spicher

et al., 2015) and equatorial plasma bubbles (Rodriguez‐Zuluaga et al., 2017; Wan et al., 2018; Xiong et al.,

2016a; Xiong et al., 2016b), where in situ electron density measurements as well as GPS measurements were

used. The GPS receiver onboard Swarm can provide the total electron content (TEC) between Swarm and

GPS satellites. At low latitudes, the Swarm‐based GPS TEC data have been used to characterize plasma den-

sity irregularities in the equatorial ionosphere and their influences on GPS signals (Buchert et al., 2015;

Xiong et al., 2016a; Zakharenkova et al., 2016). At high latitudes, Park et al. (2017) presented themorphology

of GPS TEC “perturbations”with emphasis on the orientation of plasma structures with respect to the line of

sight direction. However, the statistics of the GPS TEC data and the in situ electron density data were not

presented together and were not cross‐compared to characterize the irregularities at high latitudes. In the

present paper, we use both data sets to cross‐compare the distributions of ionospheric irregularities. We

define new irregularity parameters based on in situ electron density and GPS TEC data. With these

parameters, we present the first comprehensive statistical results of high‐latitude ionospheric plasma

irregularities and their dependence on IMF configurations.

2. Data Set and Methodology

Swarm is a constellation of three identical satellites (A, B, and C) with the primary goal to study the Earth's

magnetic field, upper atmosphere, and ionosphere (e.g., Friis‐Christensen et al., 2006; Friis‐Christensen

et al., 2008; Lühr et al., 2015; Olsen et al., 2013; Stolle et al., 2013). The Swarm satellites were launched on

22 November 2013 into a polar low Earth orbit at about 500‐km altitude. Between January and April

2014, Swarm B was raised to around 520‐km altitude, while Swarm A and C flew side by side at an altitude

of about 470 km with a difference in longitude of approximately 1.4° at the equator. Due to different preces-

sion rates, the orbital plane of Swarm B drifts gradually relative to those of Swarm A and C at a rate of

approximately 1.5 hr local time per year. Each of the Swarm spacecraft carries a set of identical scientific

instruments. In this study, we use data from the Electric Field Instrument and GPS receiver onboard

Swarm. Furthermore, we use the magnetic field and field‐aligned current (FAC) data product to derive

the auroral oval boundaries, to assign our observations to given ionospheric regions (e.g., auroral oval).

The GPS receiver onboard Swarm can track up to eight GPS satellites in dual‐frequency mode, and these

data can be used to calculate the TEC between Swarm and the GPS satellites (e.g., van den IJssel et al.,

2015). In this study, we use the Swarm Level 2 (L2) TEC data product, whose detailed description can be

found at the product definition page (Swarm L2 TEC Product Description, 2017). The sampling rate of the
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GPS TEC data was originally 0.1 Hz; however, the data rate was changed to 1 Hz from 16 July 2014, and thus

we use only the 1‐Hz GPS TEC data from that date. From the GPS TEC data, we derive parameters to char-

acterize the fluctuations of TEC along the raypaths from Swarm to the GPS satellites. These parameters

include the rate of change of TEC (ROT) and rate of change of TEC index (ROTI).

We use the vertical TEC, which we calculate from slant TEC (STEC) according to the following formula:

TEC ¼ STEC·M ϵð Þ

where M(ϵ) is a mapping function that is defined as

M ∈ð Þ ¼
H

Rsc þ H
cos sin−1 r⋅ cos∈ð Þ

� �

−r⋅ sin∈
� �

−1

r ¼
Rsc

Rsc þH

where Rsc is the radius of the Swarm orbit (i.e., from the Earth's center), ϵ is the elevation angle of the GPS

satellite as seen from Swarm, andH is assumed to be 400 km (Foelsche & Kirchengast, 2002; Swarm L2 TEC

Product Description, 2017).

ROT is the time derivative of TEC:

ROT tð Þ ¼
TEC t þ δtð Þ−TEC tð Þ

δt

where δt = 1 s, since we use the 1‐Hz GPS TEC data.

ROTI is the standard deviation of ROT in a running window of 10 s:

ROTI tð Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

N−1
∑

ti¼tþΔt=2

ti¼t−Δt=2

ROT tið Þ−ROT
�

�

�

�

2

v

u

u

t

and ROT is the mean of ROT(ti):

ROT ¼
1

N
∑

ti¼tþΔt=2

ti¼t−Δt=2

ROT tið Þ

where ∆t = 10 s, and N is the number of data points. For calculating ROT and ROTI, only the GPS satellites

with elevation angles larger than 30° are used.

The Electric Field Instrument consists of two Langmuir probes (LP) fromwhich the electron density (Ne) can

be measured at a rate of 2 Hz (Knudsen et al., 2017). The in situ electron density data have been used to

detect polar cap patches at high latitudes (Spicher et al., 2017). In the present study, we focus on ionospheric

plasma irregularities in a general sense, without limiting ourselves to polar cap patches. We characterize

ionospheric plasma irregularities with irregularity parameters derived from the electron density: the rate

of change of density (ROD), rate of change of density index (RODI), and the large‐scale electron density

gradient (∇Ne).

ROD is defined as the time derivative of the electron density:

ROD tð Þ ¼
Ne t þ δtð Þ−Ne tð Þ

δt

Since we use the 2‐Hz Swarm data for accounting for small‐scale fluctuations, we use here δt = 0.5 s.

RODI is the standard deviation of ROD in a running window of 10 s:

RODI tð Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

N−1
∑

ti¼tþΔt=2

ti¼t−Δt=2

ROD tið Þ−ROD
�

�

�

�

2

v

u

u

t

where ROD is the mean of ROD(ti):
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ROD ¼
1

N
∑

ti¼tþΔt=2

ti¼t−Δt=2

ROD tið Þ

where ∆t = 10 s.

Besides ROD and RODI, we also calculate the large‐scale density gradient (∇Ne) in a running window of 27

data points, which corresponds to a spatial scale of 100 km for Swarm. The electron density gradient is cal-

culated using a linear regression in the running window.

These parameters form the basis of the Swarm DISC (Data, Innovation, and Science Cluster)‐IPIR

(Ionospheric Plasma IRregularities characterized by the Swarm satellites) product, which is a high‐level glo-

bal data product based on the Swarm data at all latitudes. IPIR characterizes ionospheric plasma irregulari-

ties and fluctuations in terms of their amplitudes and gradients. The data product also assigns the

observations to predominant ionospheric plasma processes and regions (e.g., auroral oval, polar cap). It com-

bines level 1B data products for Swarm: plasma density, magnetic field, L2 data products from the onboard

GPS receivers, and also makes use of the L2 IBI (Ionospheric Bubble Index) product (Park et al., 2013) and

the Polar Cap Products (Spicher et al., 2017). IPIR can provide comprehensive information on the morphol-

ogy of plasma irregularities and fluctuations at all latitudes. This new data set makes it possible for extensive,

global studies of plasma irregularities and fluctuations. In this paper, we present an example of the statistical

study of high‐latitude ionospheric irregularities by using the long‐term Swarm IPIR data set.

3. Results

3.1. Example of High‐Latitude Ionospheric Irregularities

We start with providing an example of high‐latitude ionospheric irregularities based on the observations

from Swarm A during 19:45–20:10 universal time (UT) on 21 December 2014, summarized in Figure 1.

Figure 1a shows the ground‐based GPS TEC map in magnetic latitude versus magnetic local time (MLAT‐

MLT) coordinates. The ground‐based GPS TEC data, in bins of 1° × 1° with time resolution of 5 min, are

obtained from the Madrigal database (e.g., Rideout & Coster, 2006). The Feldstein auroral oval is overlaid

as solid magenta curves (Holzworth & Meng, 1975). Note that the Feldstein model only gives the statistical

location of the auroral oval, while the actual auroral oval is very dynamic and its boundaries vary with

respect to solar wind and geomagnetic conditions. In the example, there are several polar cap patches that

can be identified in the central polar cap as regions of high TEC (~25 TECU, 1 TECU = 1 × 1016 el/m2) in

contrast to the low background TEC (~10 TECU). The high‐density plasma at dayside subauroral andmiddle

latitudes is very obvious, where the TEC values reach the maximum of the color scale (>30 TECU). The orbit

of Swarm A is plotted as a black segment with timestamps annotated. As indicated by the red arrow, Swarm

A is moving from the postmidnight sector through the polar cap to the afternoon sector. According to the

GPS TEC map, Swarm A should encounter auroral blobs in the midnight to dawnside auroral oval near

19:50 UT, polar cap patches in the polar cap between 19:55 and 20:00 UT, low‐density ionosphere in the

afternoon side of the auroral oval, and high‐density subauroral ionosphere slightly before 20:05 UT.

The auroral oval location is essential in characterizing plasma measurements with respect to specific phe-

nomena and plasma processes. The aurora is associated with significant particle precipitation and FACs

from the magnetosphere, which provide free energy for the development of ionospheric irregularities

(Basu et al., 1990; Carlson, 2012; Clausen et al., 2016; Jin et al., 2016; Moen et al., 2012a; Tsunoda, 1988).

Iijima and Potemra (1976) revealed that the FACs appear at locations closely related to the auroral oval.

Therefore, by detecting FAC signatures, one can provide information about entering or exiting the auroral

oval and crossing the open/closed field line boundary. The data from the vector magnetometer can be used

to derive FAC, by assuming thin current sheets perpendicular to the spacecraft orbit (Lühr et al., 1996; Lühr

et al., 2015; Ritter et al., 2004; Wang et al., 2005). Xiong et al. (2014) used FACs with spatial scale less than

150 km, derived from the CHAllenging Minisatellite Payload (CHAMP) spacecraft, for identifying the aur-

oral oval boundaries and built an empirical model (Xiong & Lühr, 2014). Here we apply the same approach

to the Swarm L2 FAC product to detect the auroral boundaries. Figure 1b shows the FAC data in black while

the equatorward and poleward boundaries are marked with green and blue vertical lines for predawn and

afternoon sectors of the auroral oval. These auroral boundaries are also included as a part of the IPIR product

to assign the location of ionospheric irregularities with respect to the auroral oval. On the predawn side,
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Figure 1. An example of the derived irregularity parameters from Swarm A on 21 December 2014. (a) The GPS TEC map

in the northern hemisphere in a MLAT‐MLT coordinate system. Noon is to the top and dawn to the right. The orbit of

SwarmA is shown by a black segment and the timestamps are annotated in black dots in a cadence of 5 min. The Feldstein

auroral oval is plotted in solid magenta curves. (b) The small‐scale FAC derived from Swarm A (black) and the

large‐scale FAC derived from Swarm A and C (blue). The vertical green and blue lines show the equatorward and

poleward auroral boundaries that are derived from the small‐scale FAC. See text for more details. (c) The electron density

(red), background electron density (bNe; cyan), and 2 times the background electron density (2* bNe; magenta). A series of

polar cap patches are observed between 19:55 and 20:00 UT. (d) The rate of change of density (ROD; red) and the

rate of change of density index in 10 s (RODI; black). (e) The electron density gradients (∇Ne) in a running window

calculated via linear regression over 27 (5) data points for the 2‐Hz electron density data, which corresponds to a spatial

scale of 100 km (20 km) for Swarm. (f) GPS TEC from all available GPS satellites with the color key in the right side

showing the PRN code. Only GPS satellites above the elevation angle of 30° are plotted. (g and h) Rate of change of TEC

(ROT) and rate of change of TEC index in 10 s (ROTI). ROD, ROT, and∇Ne are rectified to show their absolute values. The

shaded regions present the dawnside and duskside auroral oval which are derived from the small‐scale FAC data.
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Swarm A passed the equatorward and poleward auroral boundaries at 19:48 UT and 19:53 UT, respectively.

Swarm A crossed the duskside auroral oval during 20:02–20:04 UT. The polar cap is defined as the region

between the poleward auroral boundaries, and for this case, during 19:53–20:02 UT.

The original 2‐Hz electron density (Ne), the derived background density (bNe), and twice the background

density (2*bNe) are presented in Figure 1c in red, cyan, and magenta, respectively. The background density

is defined as the 35th percentile in a running window of about 2,000 km in length (Spicher et al., 2017).

Several polar cap patches are observed inside the polar cap, where the electron density is higher than twice

the background density (e.g., Crowley et al., 2000). These patches are annotated by black arrows in Figure 1c.

It is clear that these high‐density patches are highly structured with significantly enhanced density fluctua-

tions.When plasma patches enter the auroral oval, they are called auroral blobs (e.g., Carlson, 1994; Carlson,

2012; Crowley et al., 2000; Jin et al., 2014). Note that auroral blobs can also be produced by soft particle pre-

cipitation which are usually associated with relatively mild density enhancements (see, e.g., Hosokawa et al.,

2016; Jin et al., 2016; Carlson, 2012; Zhang et al., 2013). Several auroral blobs are observed near 19:50 UT in

the postmidnight auroral oval (~3.5 MLT). By looking at the GPS TECmap from 18:30 UT to 20:00 UT (data

not shown), we can confirm that these blobs are transformed from polar cap patches when they exit the

nightside auroral oval. Although the density in these auroral blobs is lower than in the presented polar

cap patches, their density is still above twice the background and these blobs are also highly structured.

Near the afternoon side of the auroral oval, Swarm A measures a very low density plasma followed by a

sharp increase in density which marks the beginning of the relatively smooth subauroral ionosphere. The

low‐density region is likely to be themain ionospheric trough (annotated in Figure 1c), and the sharp density

increase is the equatorward wall of the trough. The equatorward wall is associated with a significant large‐

scale density gradient. This can be related to a study by Vo and Foster (2001), who investigated the density

gradients associated with the midlatitude trough and found that the largest density gradient is often found at

the equatorward wall of the trough. The ionospheric trough may be formed due to an intense sunward flow

(e.g., subauroral polarization streams), which erodes the subauroral plasma due to enhanced recombination

(e.g., Foster & Vo, 2002; Rodger et al., 1992; Vo & Foster, 2001). The ionospheric trough is also found to be

associated with significant ionospheric irregularities and scintillations (e.g., Basu et al., 2005; Keskinen et al.,

2004). In our case, the smooth subauroral ionosphere is likely structured by velocity shears and/or FAC, and

small fluctuations in the density are visible. There is also one small auroral blob in the trough, where the

density barely exceeds twice the background density.

Figure 1d shows ROD and RODI that were defined in section 2. Note that ROD is rectified to only show the

absolute values since the magnitude of fluctuations is important for our study. Significant enhancements in

both parameters are observed around auroral blobs, polar cap patches, and the equatorward wall of the iono-

spheric trough. This supports the use of RODI for characterizing the ionospheric plasma irregularities. At

high latitudes, the large‐scale (>100 km) ionospheric structures are the main sources of plasma irregularities

providing density gradients, where for example, the gradient drift instability can work on to develop small‐

scale irregularities (e.g., Jin et al., 2014; Tsunoda, 1988). Therefore, the large‐scale density gradient is also an

important parameter, and we show it in Figure 1e together with the mesoscale (20 km) density gradient. The

density gradient data are again rectified to show the absolute values. In the example, significant density

gradients are observed during the three intervals when different large‐scale plasma structures, namely,

the auroral blobs, polar cap patches, and the equatorward wall of the ionospheric trough, are present.

Figure 1f shows the vertical TEC from individual GPS satellites. The advantage of the TEC data is that sev-

eral (up to eight) GPS satellites can be tracked simultaneously. In Figure 1f, we only plot the TEC data with

elevation angle above 30°. About four to six satellites are above 30° during the time of interest. Note that the

TEC corresponds to plasma between Swarm (~470 km for Swarm A) and the GPS satellites (~20, 200 km).

Therefore, the TEC from Swarm only includes the plasma density in the topside ionosphere. This is different

from the usual ground‐based GPS data that contains the whole profile of the ionosphere. As show in

Figure 1, the TEC from the GPS receiver onboard Swarm can still reflect the variation of the ionospheric

electron density. The TEC data from all GPS satellites show similar trends as the in situ electron density

shown in Figure 1c, including the polar cap patches, auroral blobs, and the equatorward wall of the iono-

spheric trough. The three types of large‐scale structures are associated with clear TEC fluctuations, which

are best presented by ROT and ROTI in Figures 1g and 1h. ROT is rectified by using the absolute values.
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Again, the ROT and ROTI are significantly enhanced near blobs, patches, and the equatorward wall of the

trough. It should be noted that the equatorward wall of the trough is associated with very large ROT, while it

is relatively lower in ROD and RODI. This indicates that the ROT is more sensitive to the density variation

near the ionospheric trough.

3.2. Spatial Distribution

We first present the spatial distribution of selected irregularity parameters in geographic coordinates. The

data are binned in equal‐area cells in geographic latitude and geographic longitude. Each cell is approxi-

mately in size of 200 km × 400 km (about 2° in latitude × 4° in longitude at the equator). Figures 2A and

2B show the results from the LP and GPS data, respectively. The lines corresponding to MLAT (magnetic

latitude) of ±60°, ±70°, and ±80° are also overlaid to indicate the geometry of the Earth's magnetic field.

Due to the asymmetry of the Earth's magnetic field, the magnetic pole in the Northern Hemisphere (NH)

is inclined by 7°, while the magnetic pole in the Southern Hemisphere (SH) is inclined by 16°. Note that

the GPS and LP data are both from July 2014 to July 2018 to keep consistency of observations. The average

electron density at high latitudes is more homogeneous in the NH than in the SH. The electron density is

generally low at high latitudes except for the enhancements near the magnetic poles in both hemispheres,

where the density enhancement in the SH is stronger than in the NH. Although the offsets from the mag-

netic poles to the geographic poles are different for both hemispheres, it is clear that the Earth's magnetic

field controls the distribution of the electron density; that is, on average, the electron density is higher near

the magnetic poles.

Figure 2A (c and d) shows the geographic distribution of RODI in the NH and the SH, respectively. RODI is

generally low below 60° MLAT. In the NH, RODI is clearly enhanced above ~78° MLAT, while in the SH the

distribution of enhanced RODI extends over a larger area and RODI is in general stronger. The distribution

of the density gradient at 100‐km scale is similar to RODI; that is, the area of high RODI in the NH is located

above 78° MLAT, while it expands to as low as 70° MLAT in the SH.

The geographic distributions of the GPS TEC, ROT, and ROTI in Figure 2B show both similarities and dif-

ferences with respect to Figure 2A. The TEC distribution in the SH is similar to the electron density distribu-

tion, while in the NH, the TEC enhancements are more distributed over north Canada and away from the

NH magnetic pole as compared with Ne in the NH. ROT is largest around 80° MLAT in the NH, while it

is enhanced in the whole polar cap and extends to as low as 60° MLAT in the SH. The distribution of

ROTI in the NH is enhanced around 80° MLAT near longitudes close to North Canada, while it is higher

in strength and larger in area in the SH where it extends toward Australia. These differences may be due

to a different observation geometry, where Ne is taken from the in situ measurements at ~470 km while

TEC is integrated from ~470 km upward. Note that TEC also contains plasma that is not necessarily along

the same magnetic flux tube. A more detailed discussion on the geometry of GPS raypaths with respect to

different plasma structures can be found in Park et al. (2017).

Figure 3 shows the spatial distributions of the plasma density (Ne and TEC) as well as the irregularity para-

meters in the MLAT‐MLT coordinate system. The data are binned in equal‐area cells in MLAT and MLT

where each cell is approximately 200 km × 400 km in size (2° in latitude × 4° in longitude at the equator).

The Feldstein oval is plotted as magenta curves as a reference for the statistical location of the auroral oval

(Holzworth & Meng, 1975). The climatology of the electron density (Figure 3A (a and b)) is consistent with

the present knowledge of the high‐latitude ionosphere; that is, in both hemispheres, the electron density is

high in the dayside subauroral region due to solar EUV ionization (Clausen & Moen, 2015; Jin et al., 2015;

Kivanc & Heelis, 1998; Lockwood & Carlson, 1992). This high‐density plasma is transported into the polar

cap through the cusp throat, in agreement with the classical theory of the formation of polar cap patches

(e.g., Anderson et al., 1988; Lockwood & Carlson, 1992). In the polar cap, the electron density decreases

toward nightside due to slow recombination as the plasma is transported antisunward in the polar cap.

Note that in summer, the whole polar cap can be illuminated by sunlight. In this situation, the plasma den-

sity in the polar cap can also be locally ionized by solar EUV. However, due to different solar zenith angles,

there should still be a density gradient from the dayside toward the nightside. Note that the electron density

is low near and equatorward of the nightside auroral oval (18–06 MLT). This is likely associated with the

ionospheric trough, which is a region of high ion flow and low plasma density (Rodger et al., 1992).

Figure 3A (c and d) shows the statistics of RODI. Unlike the electron density, RODI is very weak in the
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Figure 2. The geographic distribution of ionospheric irregularities using data from the (A) LP and (B) GPS. In each panel, the geomagnetic pole is shown as a black

five‐pointed star, and the black circles show MLAT. Only data above 50° geographic latitude are shown.
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Figure 3. Climatology of plasma irregularities in MLAT‐MLT coordinates using data from the (A) LP and (B) GPS. In each panel, MLT noon is to the top and dawn

is to the right. The MLAT of 60°, 70°, and 80° (−60°, −70°, and − 80°) are annotated.
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dayside subauroral region. It suddenly intensifies near the dayside cusp, and the area of enhanced RODI

expands in local time from the cusp throat (around ±75° MLAT) to the central polar cap. RODI decreases

from the central polar cap toward the nightside auroral oval. Obvious enhancements are also visible in

the nightside auroral oval (20–03 MLT). The distribution of electron density gradients at 100‐km scale in

Figure 3A (e and f) is similar to the one of RODI. The average density, RODI, and ∇Ne are higher in the

SH when comparing to the NH. Furthermore, in the SH polar cap the distributions are much more extended

from the dayside cusp toward the nightside auroral oval.

Figure 3B shows the results from the GPS measurements. The features of the TEC distribution are similar to

the ones for Ne, that is, higher values in the dayside subauroral region and enhancements in the polar caps.

ROT values are large between the cusp and the central polar cap and they decrease toward the nightside

auroral oval. However, ROT distribution is different from RODI in the nightside auroral oval; that is, the

ROT enhancements near the equatorward part of the nightside auroral oval are more significant and they

are as strong as the enhancements in the polar caps. This is especially true in the SH, where ROT is enhanced

from 13 MLT to 06 MLT near the equatorward boundary of the statistical auroral oval. This distribution is

similar to the one of subauroral polarization streams (e.g., Foster & Vo, 2002), which can lead to fast recom-

bination and electron density decrease. Therefore, the ROT enhancement near the equatorward part of the

nightside auroral zone can be partially explained by the plasma structures near the ionospheric trough. The

distributions of ROTI in Figure 3B (e and f) are similar to the distributions of RODI and the density gradi-

ents. They are also similar to the distributions of ROT except for the region near the nightside auroral oval.

3.3. IMF By Dependence of the Spatial Distribution

The high‐latitude ionosphere is modulated by the coupling between the IMF and the Earth's magnetic field

through magnetic reconnection (Cowley & Lockwood, 1992; Dungey, 1961). For example, the IMF By com-

ponent controls the dawn‐dusk asymmetry of the high‐latitude convection pattern and it can influence the

formation and trajectories of plasma structures (Lockwood et al., 2000; Moen et al., 2008; Zhang et al., 2011).

We divide the selected parameters from Swarm according to the IMF By polarity, which we take from the 5‐

min averaged OMNI data set (King & Papitashvili, 2005). Before binning the Swarm data, the IMF data are

smoothed using a moving average over 30 min. This averaging method is chosen for consistency with the

previous published results (Coley &Heelis, 1998a; Moen et al., 2015; Spicher et al., 2017). The results are pre-

sented in Figures 4 and 5 for the LP and GPS data, respectively.

The subauroral plasma does not depend on the IMF By; that is, for each hemisphere, the distributions of Ne,

RODI, and ∇Ne in the subauroral region remain the same for IMF By positive and negative. It is very inter-

esting to see the asymmetry of the distribution in the cusp and polar cap in both hemispheres; that is, for IMF

By negative, Ne, RODI, and ∇Ne are higher in the postnoon (prenoon) sector in the NH (SH), and vice versa.

However, the distribution in the nightside auroral region seems to be independent of the IMF By polarity. We

obtain similar results from the GPS data. Figure 5 shows that in the polar cap, TEC, ROT, and ROTI are

higher in the postnoon (prenoon) sector in the NH (SH) for IMF By negative, while the distribution in the

dayside subauroral region and in the nightside auroral oval are independent of the IMF By.

3.4. Yearly and Seasonal Variations

The yearly variations in the spatial distribution of Ne, TEC,∇Ne, RODI, and ROTI are presented in Figures 6

and 7. Note that both LP and GPS data are from July 2014 to July 2018. The plasma density (Ne, TEC) shows

similar spatial distribution as in Figure 3 during 2014–2016. Due to the declining solar cycle, the plasma den-

sity decreases dramatically from 2014 to 2018. The plasma density is very low after 2016 where only the high‐

density dayside ionosphere is noticeable. Changing the colorbar to a log scale does not give a significantly

different result due to a significant decrease in ionospheric density from 2014 to 2018. We therefore keep

the linear scale in the colorbar to be consistent with the previous figures. The electron density decreases from

up to 2 × 105 cm−3 in 2014 to 0.5 × 105 cm−3 in 2018 due to very low solar activity after 2016, and TEC

decreases from 10 to 4 TECU. The distributions of RODI, ∇Ne, and ROTI are similar to Figure 3, which

shows enhancements around the cusp, within the polar cap and inside the nightside auroral oval. The irre-

gularity parameters (∇Ne, RODI, and ROTI) decrease at all locations (cusp, polar cap, and nightside auroral

oval) from 2014 to 2018 in a similar manner as for the background density. After 2016, irregularity

parameters are still enhanced in the dayside polar cap; however, they are only perceptible around the
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Figure 4. IMF By dependence of the spatial distribution for the electron density parameters. (A) IMF By negative and (B) IMF By positive. (a and b) The mean

electron density, (c and d) the mean RODI in 10 s, and (e and f) the mean density gradient at 100‐km scale. The first and third rows show the observation from the

northern hemisphere, while the second and fourth rows are from the southern hemisphere.
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Figure 5. IMF By dependence of the spatial distribution for the GPS parameters. (A) IMF By negative and (B) IMF By positive. (a and b) The mean vertical TEC,

(c and d) the mean ROT, and (e and f) the mean ROTI in 10 s.

10.1029/2018JA026063Journal of Geophysical Research: Space Physics

JIN ET AL. 1273



nightside auroral oval. The plasma density (Ne, TEC) in the SH during 2014 is more disordered, where the

high‐density regions can be found in the early morning and postdusk. This may be due to the fact that the

data in 2014 are from July to December and Swarm uses ~131 days to complete observations for all local

time sectors. See video ms01 in the supporting information for the orbital coverage of Swarm.

Swarm only covers a certain local time sector during one month, but the coverage near the central polar cap

(poleward of ±81° MLAT) is very good. See videos ms01 and ms02 in the supporting information for obser-

vations and coverage of Swarm during each month. We therefore present the monthly averaged density and

irregularity parameters in both polar caps in Figure 8. In the NH, the monthly averaged Ne and TEC show a

well‐defined semiannual variation during solar maximum in 2014–2015, that is, high ionization during

Figure 6. From top to bottom, the spatial distribution of the (first row) electron density, (second row) vertical TEC, (third row) density gradient at 100 km scale, and

(fourth row) RODI and (fifth row) ROTI from 2014 to 2018 in the northern hemisphere. Each panel is presented in MLAT‐MLT coordinates such that noon is to the

top and dawn is to the right. The unit of each parameter is the same as the previous figures.
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equinoxes and low ionization during winter and summer solstices. The seasonal variation becomes less

obvious when the solar activity is becoming very low after 2016 and the plasma density behaves more like

the annual variation with the high density during summer and low density during winter. The polar cap

ionosphere in the SH suggests annual variation with respect to local seasons, where Ne and TEC are

higher from August to April and they decrease to very low values near June solstices (local winter in the

SH). It is interesting to note the intersection of the NH and the SH data near the equinoxes (March/April)

when the NH and the SH have similar sunlight conditions and therefore similar ionization due to solar EUV.

Figure 8b shows the monthly averaged RODI (red) and ROTI (black). Surprisingly, RODI and ROTI in the

NH and the SH show different variations with respect to local seasons. In the NH, RODI and ROTI are high-

est from autumn equinox (September) to spring equinox (March) with a slight decrease near the winter sol-

stice. This variation is less pronounced when the solar activity becomes very low after 2016. The seasonal

Figure 7. The spatial distribution from 2014 to 2018 for the southern hemisphere.
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variation in the SH is clear during all solar activity levels, where RODI and ROTI are highest between

September and April. Note that RODI and ROTI in the SH follow the seasonal variation of the

background density in Figure 8a.

4. Discussion

For the first time, we present long‐term statistics of high‐latitude ionospheric plasma irregularities using

both in situ electron density and GPS TEC data from the Swarm mission. (A complete set of figures for

the other two Swarm satellites can be found in the supporting information where the three Swarm satellites

show similar spatial distributions.) The electron density and GPS TEC data give very consistent results; that

is, both of them reflect the density fluctuations of large‐scale structures such as polar cap patches, auroral

blobs, and the ionospheric trough. The climatological maps of Ne and TEC provide an average picture of

the high‐latitude ionosphere showing high density in the dayside subauroral region due to the solar EUV

ionization and low density in the nightside sector. Furthermore, the poleward transportation of the dayside

ionosphere through the cusp throat into the polar cap is clearly captured (cf. Figure 3). This is consistent

with the statistical studies based on the ground‐based GPS TEC measurements in the NH (see, e.g., Yang

et al., 2016; David et al., 2016; Clausen & Moen, 2015). Ground‐based observations in the Antarctic are

usually sparse due to a lack of ground instrumentation. However, polar orbiting satellites can observe both

hemispheres with similar coverage. The climatology in the SH shows a similar spatial distribution as in the

NH. However, the averaged density in the SH subauroral region is slightly disordered, where the high‐

density plasma spans a wider MLT range. The SH polar cap shows higher densities which extend to the

nightside auroral oval. These differences could be related to the different offsets between the geographic

and geomagnetic poles in the NH and the SH (e.g., Coley & Heelis, 1998a; Laundal et al., 2017; Noja

et al., 2013; Rodger & Graham, 1996). We note that the altitude of Swarm A in the SH is higher by

~15 km than that in the NH. However, this small difference in the orbital altitude may not contribute too

much to the interhemispheric asymmetry of the observations.

We are able to derive several irregularity parameters from the in situ electron density and GPS TEC data. The

validity of these parameters is demonstrated in section 3.1. The climatological study of spatial distributions

of the irregularity parameters shows enhancements around the dayside cusp, within the polar cap and in the

nightside auroral oval. These results confirm previous studies of ionospheric irregularities and scintillations

that were mainly based on the ground‐based measurements (Basu & Groves, 2001; Basu & Valladares, 1999;

Jin et al., 2014, 2015; Prikryl et al., 2015; Spogli et al., 2009). However, there are also differences between the

Figure 8. The seasonal variations of the ionospheric parameters from the LP (red, left axis) and GPS (black, right axis).

(a) The monthly averaged electron density and vertical TEC and (b) RODI and ROTI in the central polar cap (poleward of

±81° MLAT).
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distribution of irregularity parameters from Swarm and the ground‐based GPS scintillation measurements.

The climatology of GPS scintillations highlights regions of high scintillation occurrences in the dayside cusp

and the nightside auroral oval, and the scintillation occurrence is usually much lower in the polar cap

(Clausen et al., 2016; Jin et al., 2015; Prikryl et al., 2015). Jin et al. (2015) reported that the dayside scintilla-

tion region is closely collocated with the cusp aurora, and the dayside polar cap immediately poleward of the

cusp aurora is associated with much lower scintillation occurrences. However, the irregularity parameters

from the Swarm data sets (especially RODI and ∇Ne) are also elevated in the dayside polar cap (cf.

Figure 3).

The difference between the irregularity parameters derived from Swarm and ground‐based GPS phase scintil-

lation can be explained by the spatial scales of the ionospheric irregularities. As shown in section 2, RODI and

ROTI are the standard deviations of ROD and ROT over 10 s, respectively. Assuming a Swarm satellite speed

of 7.5 km/s, the window of 10 s corresponds to a spatial scale of 75 km. Therefore, RODI (2 Hz) characterizes

spatial scales of 7.5–75 km, and ROTI (1 Hz) characterizes spatial scales of 15–75 km. Furthermore, ∇Ne

corresponds to density gradients at 100 km. All these Swarm‐derived irregularity parameters are sensitive

to ionospheric irregularities ranging from mesoscales (10 km) to large scales (100 km), while the GPS phase

scintillations from ground‐based GPS receivers are sensitive to electron density irregularities of scales ranging

from hundreds ofmeters to several kilometers (Kintner et al., 2007). In a case study, Jin et al. (2017) found that

polar cap patches became less effective in producing GPS phase scintillations once they left the active cusp

inflow region. However, the patches poleward of the cusp are still associated with higher levels of ROT activ-

ity (high minutely ROT values from the ground‐based data). It is likely that the kilometer‐scale irregularities

quickly decay after they leave the cusp region, while mesoscale irregularities persist longer owing to their

longer lifetime (Kelley et al., 1982; Vickrey & Kelley, 1982). These mesoscale irregularities can be transported

a long way toward the nightside sector before they fade out (Kelley et al., 1982). Therefore, these mesoscale

irregularities are transported by the ionospheric convection which is controlled by the IMF.

The high‐latitude ionosphere is directly coupled to the solar wind and the polar ionosphere is affected by the

IMF configuration. We have presented the spatial distribution of irregularity parameters under the influence

of different IMF By configurations. The spatial distribution in the cusp and polar cap show a clear interhemi-

spheric asymmetry; that is, for IMF By negative, the spatial distribution in the NH (SH) shows enhancement

in the postnoon (prenoon) sectors, and vice versa. The interhemispheric asymmetry with respect to the IMF

By is similar to the spatial distribution of the occurrences of polar cap patches (Hosokawa et al., 2006; Moen

et al., 2015; Spicher et al., 2017). The asymmetry in the spatial distribution for different hemispheres with

respect to the IMF By can be explained as follows: the high‐latitude ionospheric convection pattern is con-

trolled by the polarity of the IMF By (e.g., Haaland et al., 2007; Ruohoniemi & Greenwald, 2005). Under

negative IMF By, the cusp throat is shifted toward prenoon (postnoon) in the NH (SH), and the dayside con-

vection velocity is duskward (dawnward) in the NH (SH). The convection likely carries the large‐scale

plasma structures (e.g., polar cap patches) and the associated irregularities into the polar cap (see schematics

in Figure 7 of Jin et al. (2015)).

Note that in the nightside auroral region, the spatial distribution is almost unchanged under different IMF By

configurations. This is probably related to time delays of the IMF data. In this study, the IMF is averaged over

30 min, as in several previous studies (Coley & Heelis, 1998b; Moen et al., 2015; Spicher et al., 2017). The

time delay from the upstream IMF to the dayside cusp is straightforward to estimate (Jin et al., 2015;

Khan & Cowley, 1999). However, in order to account for the time delay due to the transit time of irregula-

rities across the polar caps, detailed information about the convection velocity and the trajectory of irregu-

larities is needed. Therefore, the spatial distribution in the nightside auroral zone seems to be less dependent

on the IMF By in a statistical sense.

It is well known that ionospheric irregularities depend on the solar activity and season (Aarons et al.,

1981; Basu et al., 1988b; Wernik et al., 2003). Previous scintillation studies also show high scintillation

activity during the solar maximum and low activity during solar minimum (Aarons et al., 1981; Basu

et al., 1988b; Jin et al., 2018). The current study clearly depicts the solar activity dependence of the elec-

tron density and irregularity parameters (cf. Figures 6 and 7); that is, the ionospheric plasma density and

irregularity parameters decrease dramatically from 2014 to 2018 in response to the declining phase of the

current solar cycle.
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We also present the seasonal variation of irregularities in the NH and SH polar caps as monthly averaged

values since the data coverage of Swarm is good in the central polar caps (above ±81° MLAT) as compared

to other regions. The averaged electron density shows clear seasonal variation in the NH near the solar max-

imum during 2014–2015, being lowest near winter solstices and high during summer and equinoxes.

Different from the ionospheric density, RODI and ROTI in the NH are high from September to April with

an obvious decrease between December and February. The general trend is similar to the seasonal distribu-

tion of polar cap patches in the NH (Coley & Heelis, 1998a; Noja et al., 2013; Spicher et al., 2017), ground‐

based ionospheric scintillation studies (Basu et al., 1988b; Jin et al., 2018; Li et al., 2010; Prikryl et al.,

2015), and in situ irregularity power measurements by the DE‐2 satellite (Kivanc & Heelis, 1998). These dis-

tributions have been explained by the effect of the sunlight. In summer, the solar EUV ionizes the iono-

spheric E region, which can short‐circuit the F region irregularities very effectively. As a result, the F

region irregularities decay quickly in the presence of a conducting E region and the irregularity amplitude

is lower in the sunlit ionosphere.

In the SH, the results of ionospheric electron density and irregularity amplitude are different from the occur-

rences of polar cap patches in the SH (Spicher et al., 2017) and ground‐based GPS scintillation by Li et al.

(2010). Since the ground‐based instruments are very sparse in the Antarctic regions, very few studies on

ionospheric irregularities and scintillations have been conducted at high latitudes in the SH. However, from

our results, the results for the SH polar cap show the same trend with respect to the calendar year as for the

NH; that is, RODI and ROTI are highest from September to April and they are lowest near June solstices.

This means that the NH and SH show different behaviors with respect to local seasons. The SH has stronger

irregularities near a local summer (December) when the SH polar cap is illuminated by sunlight. This

contradicts the explanation that the solar EUV ionized E region in summer could quickly damp F region

ionospheric irregularities. It should be noted that the seasonal variation of irregularity parameters is similar

to the result in Rodger and Graham (1996), which showed using the Halley HF radar in Antarctica that the

occurrences of polar patches in the SH maximize during equinoxes. Around equinoxes, a tongue of

enhanced ionization can be transported into the polar cap which is then structured by the auroral processes

(Rodger & Graham, 1996). Furthermore, the results in the SH are also similar to the studies of polar patches

by Noja et al. (2013) and Chartier et al. (2018) since they used absolute variation of the GPS TEC to define a

patch (e.g., ∆TEC > 4 TECU) and our irregularity parameters are also in the absolute sense instead of

relative fluctuations. However, further studies are needed to complete the understanding of the seasonal

variation of ionospheric irregularities and the associated scintillation effects in the Antarctic region.

5. Summary and Concluding Remarks

From the in situ electron density and GPS TEC data based on Swarm satellites, we are able to derive several

irregularity parameters that characterize density fluctuations and irregularities, namely, ROD, RODI, ∇Ne,

ROT, and ROTI. In this paper, we have presented long‐term (four years) statistics of high‐latitude iono-

spheric irregularities based on these irregularity parameters. The climatological maps of the irregularity

parameters agree with previous studies that are mainly based on the ground‐based ionospheric scintillation

studies in the NH. The irregularities show higher occurrences near the dayside cusp, polar cap, and nightside

auroral oval. Furthermore, we show the spatial distribution of irregularities in the SH for the first time,

which is similar to the NH. However, the ionospheric irregularities in the SH are stronger and the enhance-

ment in the polar cap extends from the dayside cusp to the nightside auroral oval. This is likely related to the

large offset between the geomagnetic and geographic poles in the SH (16°), where the ionospheric convec-

tion in the polar cap can pull in more high‐density plasma.

When filtering irregularity parameters according to the IMF By component, we observe a clear interhemi-

spheric asymmetry in the spatial distributions. For IMF By negative, the ionospheric irregularities near

the cusp and in the polar cap are stronger in the postnoon (prenoon) sector in the NH (SH). The interhemi-

spheric asymmetry is consistent with the high‐latitude ionospheric convection pattern. This indicates that

the IMF regulated convection pattern plays an important role in the transport and the resulting spatial

distribution of ionospheric irregularities in the polar cap.

The ionospheric irregularities show a clear solar activity dependence as well as seasonal variations. Within

the current declining solar cycle, the strength of ionospheric irregularities decreases dramatically from 2014
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to 2018. The seasonal variations of irregularities in the polar caps show opposite results with respect to the

local seasons; that is, irregularities in the NH polar cap are stronger from September to April, and they are

weaker during the local summer (near June solstice), while irregularities in the SH polar cap are stronger

during the local summer (around December). This is in contrast with the previous ground‐based studies

of ionospheric scintillations (Li et al., 2010). Further studies are needed to achieve a complete understanding

on the spatial distribution and temporal variations of ionospheric irregularities in both hemispheres.

In this work, we derive irregularity parameters to characterize ionospheric irregularities globally using both

in situ plasma density and GPS TEC data from Swarm. These parameters form the basis for the IPIR product.

The new data set is now open to the community through http://tid.uio.no/plasma/swarm/IPIR_cdf/. This

new tool allows for achieving a more complete understanding of the global distribution (spatial and

temporal) of ionospheric irregularities and can take us a step forward toward space weather

nowcasting/forecasting using low Earth orbiting satellites.
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Erratum

In the originally published version of this article, the title incorrectly read “Warm Satellites”where it should

read “Swarm Satellites.” This error has been corrected, and this may now be considered the authoritative

version of record.
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