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Space weather – a global view.

• Interaction
between the Sun 
and the Earth (not 
only magnetically) 
drives a multitude
of physical
phenomena

• Some of these
phenomena affect
technological
systems, like 
global navigation
satellite systems 
or power grids

Image credit: NASA / J. Grobowsky



Plasma irregularities and ionospheric scintillations
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Swarm - orbit determination at high latitudes

Figure 3.5: Global distribution of the bin-wise RMS error of the residuals from kinematic orbit determi-
nation of Swarm-A (left column), Swarm-B (middle column), Swarm-C (right column) for ascending
(top row) and descending (bottom row) arcs in the period of days 320–365 of the year 2014 (Jäggi

et al., 2016).

drifting with the background convection. In a keogram, patches are then represented by
inverse integral signs of elevated auroral brightness. The lower panels show instataneous
(2nd panel) and average (bottom panel) phase scintillations as observed on the ground
underneath the auroral imager. It can be seen that the scintillations are particulalry large
when the patches connect with auroral precipitation (high intensity brightness in the lower
edge of the keogram). These examples show that it is imperative to study the formation
and transport of PCPs as well as the plasma instabilities occurring within them if one
desires to develop a polar ionospheric space weather forecast system.

Ionospheric scintillation in the polar regions not only a�ect the accuracy of satellite
positioning services on the ground, they can also impact the determination of terrestrial
gravity field models derived from precise satellite orbit measurements. This is illustrated
in Figure 3.5 which shows the global distribution of the RMS error in the kinematic pre-
cise orbit determination using data from the three satellite of the recent Swarm mission
(Jäggi et al., 2016). It can be seen that the rms error is particularly high in the northern
and southern polar regions. It is hypothesized that knowledge of the ionospheric plasma
structures in this region can reduce the error of precise orbit determinations.
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Swarm

All the three Swarm satellite are equipped with a set
of six instruments:

Absolute Scalar Magnetometer (ASM)
Vector Field Magnetometer (VFM)
Star Tracker (STR)
Electric Field Instrument (EFI)
GPS Receiver (GPSR)
Accelerometer (ACC)

Image credits: ESA



Swarm can detect polar cap patches

Goodwin et al. GRL 42, 996, 2015 Jin et al, JSWSC 4, A23, 2014



Spicher et al. GRL 42, 201, 2014

Polar cap patches observed with Swarm



Equatorial Bubbles – Swarm IBI 

8

Yokohama, Prog. Earth Plant. Sci. 4, 37, 2017

J. PARK et al.: SWARM L2-IBI 1335

Fig. 1. Illustration of the different processing steps for EPB detection: (a) residual strength, (b) filtered residual strength, (c) filtered/rectified residual
strength, (d) plasma density, (e) filtered plasma density, (f) Bubble Index and Bubble Probability, and (g) scatter plot of filtered residual strength and
filtered plasma density for the widest EPB in panel (f).

nT): see the upper dashed line in Fig. 1(c). Fluctuations ex-
ceeding the threshold are considered as an event. If two
events are separated by less than a certain time interval
(e.g., 60 seconds), they are merged to one event including
the interval in-between. An event can be considered as an
‘EPB’ if it first satisfies the following morphological criteria
(Stolle et al., 2006): fluctuations should not stand alone, but
be accompanied by similar fluctuations in the surrounding
(i.e. data points above the lower dashed line in Fig. 1(c)) as
well as by calm background (i.e. data points below the lower
dashed line in Fig. 1(c)). Our EPB detection approach goes
one step beyond that of Stolle et al. (2006) by considering
also the concurrent change in plasma density. In this final
step filtered residual strength (Fig. 1(b)) and plasma density

filtered in the same way (Fig. 1(e)) are correlated around
the detected events (Fig. 1(g)). If the square of the corre-
lation coefficient (the ‘Bubble Probability’: see Subsection
3.3 for details) is higher than a certain threshold (e.g., 0.5),
which confirms the diamagnetic effect, the event is deemed
a ‘Confirmed Bubble’. In Fig. 1(f) a ‘Confirmed Bubble’
appears with Bubble Index 1 with nonzero Bubble Prob-
ability: detailed descriptions of the Bubble Index and the
Bubble Probability will be given in Section 3. If (1) the
square of the correlation coefficient is lower than the thresh-
old, (2) there is no plasma density data, or (3) the morpho-
logical criteria are not satisfied, the event remains an ‘Un-
confirmed Bubble’. In Fig. 1(f) an ‘Unconfirmed Bubble’
appears with Bubble Index 1 and Bubble Probability 0. If

Park et al. EPS, 65, 1333, 2013



An example of relation between the plasma density variations and the slant-TEC (STEC) data for Swarm A and Swarm C. It is 
evident that in case of strong density gradients and irregularities in density, the GPS signal is lost (gray – shaded areas), while 
otherwise the STEC data variations follow the plasma density (Figure 6(a) from Xiong et al. Space Weather 14, 563, 2016).

Density vs. TEC



Density
• Rate of change of Density (ROD),

• Rate of change of Density Index in 10 seconds (RODI10s),

• Rate of change of Density Index in 20 seconds (RODI20s),

• filtered Ne fluctuations in 10 seconds (Delta_Ne10s),

• filtered Ne fluctuations in 20 seconds (Delta_Ne20s),

• filtered Ne fluctuations in 40 seconds (Delta_Ne40s),

• Ne gradient in 100 km scale (Grad_Ne@100km),

• Ne gradient in 50 km scale (Grad_Ne@50km),

• Ne gradient in 20 km scale (Grad_Ne@20km),

• Ne gradient near the edge of a polar cap patch 

(Grad_Ne@PCP_edge). 

TEC
• Rate of change of TEC (ROT), 

• Rate of change of TEC index (ROTI).

IPIR index 
++ IBI, PCP, foreground, background densities, etc.

IPIR – ca. 30 entries



manifesting as an enhanced density structure above the background density. In the southern polar cap,
several polar cap patches associated with significantly enhanced density were observed.

All these dynamical plasma structures associated with the low‐latitude plasma bubbles or blobs, polar cap
patches, and particle precipitation were characterized with density fluctuations. The fluctuations can be
quantified by ROD and RODI as shown in Figure 2d (for ROD we show the absolute values). ROD and

Figure 2. Observations by Swarm A during one pass from the north toward and over the South Pole. (a) The ground‐based GIM from CODE. Magnetic equator
and ±65° MLAT are displayed as white dotted lines. Black and yellow solid lines correspond to the solar zenith angles, and the white line presents the solar
terminator. The orbit of Swarm A is shown as a magenta line with timestamps annotated. (b) The electron density (unfiltered, red), background electron
density (bNe, cyan), and electron temperature (Te, black). (c) The field‐aligned current (FAC) fromthe single spacecraft (black) and dual spacecraft (Swarm A and
C, blue). The auroral region derived from the FAC dataset is shaded in green. (d) The derived irregularity parameter ROD in absolute values (red) and RODI
(green). (e) The MLAT and MLT of the Swarm satellite. GIM = global ionosphere map; CODE = Center for Orbit Determination in Europe; FAC = field‐aligned
current; ROD = rate of change of density; RODI = rate of change of density index; MLAT = magnetic latitude; MLT = magnetic local time.
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Observations by Swarm A during one pass from the 
north toward and over the South Pole. 

(a) The ground-based global ionosphere map from 
CODE. Magnetic equator and ±65°MLAT are 
displayed as white dotted lines. Black and yellow 
solid lines correspond to the solar zenith angles, 
and the white line presents the solar terminator. 
The orbit of Swarm A is shown as a magenta line 
with timestamps annotated. 

(b) The electron density (unfiltered, red), 
background electron density (bNe, cyan), and 
electron temperature (Te, black). 

(c) The field-aligned current (FAC) from the single 
spacecraft (black) and dual spacecraft (Swarm A and 
C, blue). The auroral region derived from the FAC 
dataset is shaded in green. 

(d) The derived irregularity parameter ROD in 
absolute values (red) and RODI (green). 

(e) The MLAT and MLT of the Swarm satellite. 
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6 Selected	Examples	
In this section, selected examples from the IPIR product results are shown. Figure 6.1. shows results for one 
full orbit South to North for Swarm A on 08 September 2017. This corresponds to a local time in the morning 
hours (10 LT). Equatorial ionosphere is very smooth (1745-1755 UT) while the high latitude ionosphere shows 
large irregularities visible both in ROD, ROT, and ROTI. The field aligned currents (FAC) are well detected. 
Small inlet to the right shows the trajectory of the satellite over a contour map with background TEC values 
representing the background density (taken from the ground-based measurements).  

Figure 6.2 shows another example of the data taken for the evening local time on the same day, this time at 
pre-midnight. As expected, the equatorial ionosphere is subject to bubbles (localised density depletions), and 
it is characterised by large irregularities. Irregularities in the high-latitude ionosphere are due to polar cap 
patches and auroral blobs.   

Finally, in Figure 6.3, we show an example of main IPIR parameters during one flight over the north polar 
region, as indicated in the inlet-map to the right. The irregular structures can be associated with localised 
enhancements in the plasma density - polar cap patches.  

 

 
Figure 6.1. Example of the parameters during one full orbit from the South to the North for Swarm A, for 08.09.2017 
around 10 hours LT.  

 

 

An example of the parameters during one full orbit from the South to the North. 
The equatorial ionosphere show smooth variation in the early morning (10 LT), 
while the ionosphere at high latitudes shows irregularities. 



An example of the parameters during one full orbit from the North to the South. The equatorial 
ionosphere is characterized by plasma bubble (density depletion region) during premidnight morning 
(22 LT). The high-latitude ionosphere is characterized by polar cap patches and auroral blobs. 



RODI show the largest variations associated with the plasma bubbles and polar cap patches—the
phenomena that can lead to large plasma structuring (e.g., Moen et al., 2013; Xiong et al., 2010). RODI is
a measure for the absolute fluctuations in the electron density, down to scales of ca. 7.5 km for
good‐quality data, as it is based on 2 Hz Swarm data, and it reflects plasma structuring due to different
ionospheric phenomena without differentiating them. RODI can be used as a proxy for a global measure
of ionospheric irregularities also in relation to the ionospheric scintillations, according to the scintillation
models.

For completeness, we show in Figure 2e the MLAT and magnetic local time (MLT) of the Swarm satellite
corresponding to this half orbit. The region within ±30° MLAT is shaded in pink. Note that for studying
ionospheric irregularities in the literature, different thresholds have been used for calculating the occurrence
probability (e.g., Kil & Heelis, 1998; Su et al., 2006; Xiong et al., 2010). However, in the following sections, we
use the averaged RODI at a certain location for representing the irregularity intensity.

3.2. Global Distribution in Magnetic Coordinates

Since RODI can effectively reflect plasma irregularities along the Swarm orbit, we carry out large statistics to
study the climatology of ionospheric plasma irregularities in years 2014–2019. Figure 3 shows the global dis-
tribution of RODI as a function of MLAT andMLT for the whole period of study. The data are binned into 2°
in MLAT and 20 min in MLT. Here, we use the quasi‐dipole magnetic coordinates (Emmert et al., 2010;
Richmond, 1995). We noted data anomalies in the raw electron density data from the Swarm satellites,
which affect the detection of ionospheric irregularities on the dayside at middle and low latitudes. The data
anomalies in the Swarm data appear as artifacts at the solar zenith of ca. 50°, occur around 9 and 15 local
time, and are likely connected to the orientation of spacecraft with respect to the Sun. They are not related
to ionospheric irregularities, and as we did not find a systematic way to remove these artifacts, we choose to
remove data between 7 and 17MLTwithin ±30° MLATwhen plotting Figure 3. For more details about these
artifacts in the Swarm data, see the supporting information.

Figure 3. Global distribution of RODI in MLAT/MLT coordinates. The Sun is to the left (12 MLT), and the globe is
shifted toward the northern hemisphere to show the northern polar area. A movie can be found in the supporting
information that presents RODI at other latitudes and local times. The magenta curves are the poleward and
equatorward boundaries of the auroral oval from the Feldstein model (Q = 3). MLAT = magnetic latitude;
MLT = magnetic local time.
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widely accepted view of the scintillation distribution has been obtained using only five ground‐based
receivers measuring very high frequency (VHF) scintillations and thus related to kilometer‐scale
irregularities. To date, only limited statistical studies have been performed (Prikryl et al., 2015; Spogli,
Alfonsi, Cilliers, et al., 2013; Spogli, Alfonsi, Romano, et al., 2013), and none have been thorough enough
to confirm that these statistics apply to both solar minimum and maximum and at all geographic latitudes
and longitudes. To confirm such statistics, a study would require utilizing satellite‐based measurements,
and it should emphasize interhemispheric asymmetries due to geometry of the Earth magnetic field. We
note that the radio occultation technique has also been used to study ionospheric irregularities (Ko &
Yeh, 2010; Uma et al., 2012). However, the studies of high‐latitude irregularities using radio occultations
are still rare (Hocke et al., 2019).

Plasma irregularities and corresponding plasma structuring at different latitudes are due to different
dynamic processes. At high latitudes, ionospheric irregularities are related to such phenomena as polar
cap patches (Jin et al., 2014; Mitchell et al., 2005), cusp aurora (Jin et al., 2015, 2017; Oksavik
et al., 2015), substorms (Hosokawa et al., 2014; Jin et al., 2014), or auroral blobs (Jin et al., 2016). At
low latitudes, the most prominent phenomenon that creates ionospheric scintillations is the equatorial
spread F (ESF), which is a hierarchy of ionospheric irregularities developing after sunset (Farley
et al., 1970; Woodman & La Hoz, 1976). Associated with ESF are equatorial plasma bubbles or equator-
ial plasma depletions (EPD)—low‐density regions as compared to the surrounding ionosphere, which
are associated with significant plasma structuring (Stolle et al., 2006; Woodman & La Hoz, 1976).
Another class of ionospheric structures often observed at low latitudes, and which can also lead to scin-
tillations, are plasma blobs that are plasma density enhancements with respect to ambient plasma
(Huang et al., 2014; Kil et al., 2019; Park et al., 2003; Wang et al., 2019). All these phenomena and asso-
ciated plasma structuring are widely accepted as main sources of scintillation of trans‐ionospheric radio
waves.

One can expect that the distribution of plasma irregularities is largely controlled by external drivers,
such as the solar wind conditions, and as such, they are also related to the solar activity. Local varia-
tions due to the geometry of magnetic field are also expected. However, to our knowledge, the global
climatology of ionospheric irregularities, which takes into account different latitudes and longitudes,
and their characterization that is derived from a single platform, has not been carried out in one study
so far. In this work, we address this problem with a new comprehensive dataset from the European
Space Agency's Swarm satellites.

Our advantage is that Swarm, as Low Earth Orbit (LEO) polar satellites, gives us an opportunity to study
plasma irregularities in situ, and the length of the mission can provide global statistics of plasma

Figure 1. The global characteristics of ionospheric scintillations during the solar maximum and solar minimum in terms
of the power fade as summarized by Basu, Mackenzie, and Basu (1988).
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Global distribution of RODI in MLAT/MLT coordinates. The Sun is 
to the left (12 MLT), and the globe is shifted toward the northern 
hemisphere to show the northern polar area. A movie can be 
found in the supporting information that presents RODI at other 
latitudes and local times. The magenta curves are the poleward 
and equatorward boundaries of the auroral oval from the 
Feldstein model (Q = 3). 

The global characteristics of ionospheric 
scintillations during the solar maximum and 
solar minimum in terms of the power fade as 
summarized by Basu, Mackenzie, and Basu
(1988). 
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energy input from the solar wind and magnetosphere (e.g., particle precipitations) into the ionosphere at
high latitudes, where the ionosphere is structured even at a low level of plasma density. However, due to
much lower background electron density, extreme events at high latitudes are much less frequent than
those at low latitudes.

3.3. Geographic Distribution of Ionospheric Irregularities

After presenting the climatology of irregularities in magnetic coordinates, we proceed with the distribution
in geographic coordinates. Figure 5 displays the global distribution of RODI in geographic coordinates. The
RODI data are divided into bins of 2° in geographic latitude and 5° in geographic longitude using the Swarm
data from April 2014 to April 2019. The longitudinal dependence of ionospheric irregularities at low lati-
tudes is often reported to vary with seasons (Burke et al., 2004; Stolle et al., 2006). To demonstrate the sea-
sonal effect, we divide the Swarm data into three seasons (June solstices, equinoxes, and December
solstices). To construct the statistics of June and December solstices, the data are averaged over 131 days

Figure 5. The global distribution of RODI for three different seasons in geographic coordinates. The magnetic latitudes
of 0°, ±20°, and ±65° are plotted as magenta dotted lines. The geomagnetic poles in the northern and southern
hemispheres are presented as black stars. Seasonal and longitudinal variations are observed at low latitudes.
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The global distribution of 
RODI for three different 
seasons in geographic 
coordinates. The magnetic 
latitudes of 0°, ±20°, and 
±65° are plotted as 
magenta dotted lines. The 
geomagnetic poles in the 
northern and southern 
hemispheres are presented 
as black stars. Seasonal and 
longitudinal variations are 
observed at low latitudes. 
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is also running averaged over 131 days. On the contrary to the low electron density at high latitudes
(poleward of ±65° MLAT), RODI is highest at high latitudes. Significant RODI is also obvious near the
EIA areas, but here the averaged RODI is lower in values and limited in areas. This is due to the
different characteristics of ionospheric irregularities at different latitudes. At low latitudes, ionospheric
irregularities tend to occur at certain local times (from postsunset to early morning) and at certain
longitudes (South America to Africa). On the other hand, the high‐latitude ionospheric irregularities can
occur at any given local times and any longitudes. Furthermore, even during the most disturbed conditions
(19–24 MLT), the majority of RODI is relatively low at low latitudes, while RODI at high latitudes is gener-
ally of moderate values (cf. Figure 4). This can explain higher averaged RODI values at high latitudes as com-
pared to the low latitudes. There are also clear solar cycle variations with highest RODI values during high
solar activity (before 2016) and low activity during the solar minimum (after 2016). Similar to the density in
EIA, RODI during the solar maximum (2014–2016) is high from September to March at both high and low
latitudes.

Finally, Figure 7 shows the yearly averaged electron density and RODI as a function of MLAT. For clarity,
we only show data at low latitudes. The EIA is very clear with crests around ±10° MLAT and a trough
around 0° MLAT. As the solar activity becomes lower from 2014 to 2019, the electron density decreases dra-
matically. Furthermore, the locations of the ionization crests shift toward the magnetic equator accordingly.
The latitudinal profiles of RODI also show two peaks near the crests of EIA. Similar to the EIA, RODI
decreases dramatically, and the peak locations of RODI shift toward lower latitudes with the declining solar
activity.

3.5. IMF Bz Dependence of Ionospheric Irregularities

The Earth's ionosphere is affected by the coupling between the upstream IMF and the Earth's magnetic field.
For example, at high latitudes, the IMF Bzmodulated magnetic reconnection affects ionospheric convection
patterns and the formation of polar cap patches (Cowley & Lockwood, 1992; Lockwood & Carlson, 1992). At
low latitudes, the IMF Bz affects the occurrence of plasma bubbles mainly by prompt penetration electric

Figure 6. (a) The P10.7 index that is running averaged in 31 days. The long‐term variations electron density (b) and RODI (c) as a function of day (November 2013
to September 2019) and MLAT. The vertical lines mark the equinoxes and solstices. The solar flux index P10.7 is given in the solar flux units (sfu), where
1 sfu = 10−22 W m−2 Hz−1. MLAT = magnetic latitude.
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field (e.g., Huang, 2011, and references therein). To test the impact of
the IMF on global distribution of ionospheric irregularities, we divide
the Swarm data according to the intensity of IMF Bz, which is taken
from the 5 min averaged OMNI data set (King & Papitashvili, 2005).
We smooth the IMF data using a moving average over 30 min before
binning the Swarm data (Jin, Spicher, et al., 2019). Figure 8 presents
the averaged RODI at high and low latitudes for Bz positive (left
panels) and Bz negative (right panels). To avoid the ambiguity around
Bz = 0 nT during the averaging process, we choose to present the
cases for Bz> 3 nT and Bz<−3 nT as positive and negative Bz by con-
sidering both significant IMF polarity and the number of data points.

In Figures 8a–8d, we also plot the Feldstein auroral oval as solid ma-
genta curves for reference (Holzworth & Meng, 1975). Figures 8a–8d
clearly demonstrate the impact of IMF Bz on the distribution of iono-
spheric irregularities at high latitudes in both hemispheres. When Bz
is positive, the region of intense irregularities is distributed at higher
latitudes than for the negative Bz condition. For example, the dayside
irregularities (6–12 MLT) are concentrated poleward of ±75° MLAT
for Bz positive, while the daytime irregularities extend to regions
equatorward of ±70° MLAT. This is also the case for the nightside
irregularities; that is, ionospheric irregularities are well confined
inside the polar cap and within the Feldstein auroral oval for Bz posi-
tive, while the region of intense irregularities extends to much lower
latitudes for negative Bz.

One interesting topic concerns the interhemispheric asymmetry of
ionospheric irregularities (Jin & Xiong, 2020). Comparison of

Figures 8b and 8d shows that ionospheric irregularities are more enhanced in the southern central polar
cap region and toward the dayside cusp in the northern hemisphere. At high latitudes, polar cap patches
and their associated deformation are associated with the most significant plasma irregularities due to their
high absolute density. One often observes very high‐density polar cap patches in the southern hemisphere as
shown in the example in Figure 2 (which is probably due to the large offset of the geomagnetic pole). As a
result, the anti‐sunward propagation of polar cap patches is better captured in the southern hemisphere than
in the northern hemisphere. Therefore, we observe more enhanced irregularities in the southern central
polar cap region. This also explains the clearer difference for negative IMF Bzwhen polar cap patches are
the dominant phenomenon in the polar cap.

The division of ionospheric irregularities at low latitudes by IMF Bz also gives very interesting result.
Figures 8e and 8f display the mean RODI during positive and negative IMF Bz, respectively. For Bz positive
condition, ionospheric irregularities start to grow at ~19 MLT and remain significant until 2 MLT. There is
also sporadically enhanced RODI around 4 MLT. For Bz negative, the MLT range of enhanced irregularities
is more concentrated; that is, irregularities increase sharply around 19:30 MLT and decay very quickly
around 23MLT. In addition, the intensity of irregularities for Bz negative is also stronger than for Bz positive.
This indicates that the development and maintenance of equatorial irregularities are more confined in MLT
during negative Bz, while the occurrence of irregularities is more sporadic and extended during positive Bz.

4. Discussion

In this study, we have presented the first climatology of ionospheric irregularities at all latitudes using
long‐term observations from the Swarm in situ data (2014–2019). The climatology identifies three main
regions of enhanced irregularities, that is, magnetic equator from sunset to early morning, along the auroral
oval and inside the polar caps (cf. Figure 3).

At low latitudes, there are two peaks of ionospheric irregularities around ±10° MLAT (corresponding to the
magnetic field line with apex height of ~662 km) and a trough at the magnetic equator. The irregularities
increase quickly from 19:30 to 20:30 MLT, with a plateau until 23 MLT followed by a slow decrease until

Figure 7. The distribution of electron density (a) and RODI (b) as a function of
MLAT for different years. Both Ne and RODI are shifted toward lower magnetic
latitudes during the declining phase of the current solar cycle.
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(a) The P10.7 index that is running averaged in 31 days. The long-term 
variations electron density (b) and RODI (c) as a function of day 
(November 2013 to September 2019) and MLAT. The vertical lines 
mark the equinoxes and solstices. The solar flux index P10.7 is given in 
the solar flux units (sfu), where 1 sfu = 10−22 W m−2 Hz−1. 

The distribution of electron density (a) and RODI (b) 
as a function of MLAT for different years. 
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