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Abstract

We present an investigation of polar cap plasma structure lifetimes. We analyze both simulated data from ionospheric models

(International Reference Ionosphere model and Mass Spectrometer Incoherent Scatter model) and in-situ data from the Swarm

satellite mission (the 16 Hz Advanced Plasma Density data set). We find that the theoretical prediction that E-region conduc-

tance is a predictor of F-region polar cap plasma structure lifetimes is indeed supported by both in-situ-based observations and

by ionospheric models. In-situ plasma structure lifetimes correlate well with the ratio of F- to E-region conductance. We present

explicit predictions of small scale (˜1 km) structure lifetimes, which range from less than 1 hour during local summer to around

3 hours during local winter. We highlight a large discrepancy between the observational and theoretical scale-dependency of

decay due to diffusion.
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Abstract
We present an investigation of polar cap plasma structure lifetimes. We analyze both
simulated data from ionospheric models (International Reference Ionosphere model and
Mass Spectrometer Incoherent Scatter model) and in-situ data from the Swarm satel-
lite mission (the 16 Hz Advanced Plasma Density data set). We find that the theoret-
ical prediction that E-region conductance is a predictor of F-region polar cap plasma struc-
ture lifetimes is indeed supported by both in-situ-based observations and by ionospheric
models. In-situ plasma structure lifetimes correlate well with the ratio of F- to E-region
conductance. We present explicit predictions of small scale (∼ 1 km) structure lifetimes,
which range from less than 1 hour during local summer to around 3 hours during local
winter. We highlight a large discrepancy between the observational and theoretical scale-
dependency of decay due to diffusion.

1 Introduction

In the high-latitude ionosphere, the primary source regions for plasma structuring
tend to be located in the dayside cusp and the nightside auroral oval, where electron pre-
cipitation is abundant (Kelley et al., 1982). The large-scale polar convection pattern then
causes the structured plasma to travel anti-sunward through the polar cap (Dungey, 1961;
Cowley & Lockwood, 1992). In fact, the transport of irregularities from particle precipitation-
driven source regions into the polar cap proper is an essential reason for the observed
polar cap plasma structures (Cowley, 2000), although alternative sources of structuring
inside the polar cap proper exist, such as the gradient drift instability mechanism (e.g.,
Tsunoda, 1988). Without an irregularity production source, the lifetime of a given plasma
structure entering the polar cap is an indicator of the effectiveness with which the plasma
structures are diffusing into the surrounding plasma. Indeed, Jin et al. (2017) found that
occurrence of plasma irregularities drops significantly when plasma leaves the cusp re-
gion.

The occurrence of plasma irregularities in the high-latitude regions is in general sub-
ject to strong seasonal dependencies (Heppner et al., 1993; Ghezelbash et al., 2014; Prikryl
et al., 2015; Jin et al., 2018). In general, local winter is accompanied by an increase in
observed plasma irregularities. Additionally, the occurrence rate for the large-scale po-
lar cap patches is higher during local winter (Foster, 1984; Schunk & Sojka, 1987; Co-
ley & Heelis, 1998; Wood & Pryse, 2010; Spicher et al., 2017), though conflicting evidence
exists for the southern hemisphere (Noja et al., 2013; Chartier et al., 2018). Recently,
Ivarsen et al. (2019) found clear evidence for the seasonal dependency plasma structure
diffusion, on average for scales < 5.8 km, concluding that local season is a powerful in-
dicator for the existence of plasma irregularity dissipation.

Pressure gradients in plasma cause plasma density structures to diffuse into the sur-
rounding plasma (Vickrey & Kelley, 1982). In radial structures, plasma distributed in
a long column with an axial external magnetic field applied — assuming rotational sym-
metry — is only subject to radial, or perpendicular diffusion. Theoretically, in this plasma,
ions and electrons diffuse individually (Moisan & Pelletier, 2012). This creates a charge-
induced (ambipolar) electric field, which in turn serves to decelerate the diffusion of the
faster-diffusing species, and accelerate the slower-diffusing species (Moisan & Pelletier,
2012). The value of the ambipolar electric field then controls the rate of diffusion of plasma
structures in the F-region. In a seminal article, Vickrey and Kelley (1982) showed that,
theoretically, the height-integrated ionospheric Pedersen conductivity controls the am-
bipolar electric field, and thus also the rate of F-region plasma diffusion. This mecha-
nism gives rise to the observed seasonal dependency of plasma structure abundance. The
equation expressing the height-integrated perpendicular diffusion coefficient in the F-region
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polar cap reads (Vickrey & Kelley, 1982),

D⊥ =
ΣFi

ΣFi + ΣFe + ΣEi + ΣEe
(D⊥,e −D⊥,i) +D⊥,i, (1)

where Σkj is the height-integrated Pedersen conductivity for the regions k = E, F ,
and D⊥,j is the height-integrated perpendicular diffusion coefficient, both for species j = i, e.
In reality, the Pedersen current is primarily carried by ions, and so the height-integrated
Pedersen conductivity can be defined in terms of the ion conductivity only, Σk ≈ Σki .

With this simplification, it is now instructional to write Eq. (1) as,

D⊥ =
ΣFD⊥,e + ΣED⊥,i

ΣF + ΣE
. (2)

Since the diffusion coefficient of species j is proportional to mass of that species, D⊥,i � D⊥,e.
Given that the ratio of E-region to F-region conductance is substantially greater than
D⊥,e/D⊥,i (an assumption that will be validated in the Results section), we can simplify
further,

D⊥ =
ΣE

ΣF + ΣE
D⊥,i. (3)

Physically, Eq. (1) illustrates that a strengthening of Pedersen conductivity in the E-region
as opposed to the F-region shorts out the ambipolar electric field, causing F-region plasma
to diffuse at the high ion perpendicular diffusion rate instead of the balanced ambipo-
lar diffusion rate [the applied magnetic field causes ion rates to be much higher than the
electron rates, the reverse of the situation without such a magnetic field (Moisan & Pel-
letier, 2012)]. As shown by Eq. (3), as long as the ratio of E-region to F-region conduc-
tance is not negligibly small, the electrons play no role in the perpendicular plasma dif-
fusion considered here. The electrons are frozen in the magnetic field lines, while, as men-
tioned, the ions carry the Pedersen currents. Incident sunlight photo-ionization, which
typically causes the E-region conductivity, and is thus the primary driver for fractional
factor in Eq. (3), displays a strong seasonal dependence in the polar caps. This is the
primary driver for observed seasonal dependencies in polar cap plasma irregularity dy-
namics (Basu et al., 1988; Kelley et al., 1982; Vickrey & Kelley, 1982; Kivanc & Heelis,
1998; Milan et al., 1999; Danskin et al., 2002; Jin et al., 2018).

Let us now turn to the subject of an observable quantity related to the perpendic-
ular diffusion coefficient: structure lifetime. In general, the time scale associated with
a diffusion process adheres to the following equation (Huba & Ossakow, 1981; Moisan
& Pelletier, 2012),

τ =
λ̂2

D
, (4)

where λ̂ is a characteristic scale length, and D is the mentioned diffusion coefficient. Plug-
ging Eq. 3 into Eq. 4, we can express an estimate for F-region polar cap perpendicular
plasma structure lifetimes τ⊥ as predicted by Vickrey and Kelley (1982),

τ⊥ =

(
1 +

ΣF

ΣE

)
λ̂2

D⊥,i
. (5)

Note that small-scale high latitude F-region plasma structures are believed to be gen-
erated through instability processes and be the result of the balance between produc-
tion and decay (Tsunoda, 1988). Consequently, the growth of plasma structures may also
effectively increase τ in Eq. (4).

Unfortunately, the subject of plasma structure lifetime is rarely explicitly addressed.
However, the lifetimes of polar cap patches has been documented in the literature. Due
to chemical recombination, the density of polar cap patches decay towards the ambient
plasma density (Wood & Pryse, 2010). Through the application of ionospheric modelling,
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Schunk and Sojka (1987) likewise concluded that the lifetime of a typical polar cap patch
during local summer is 4 hours, while during local winter the lifetime is 11 hours, with
lifetime defined as a decay of a patch from 10 times the ambient plasma density to a den-
sity 10% higher than the ambient plasma. Using all-sky imager data, Hosokawa et al.
(2011) calculated the decay time of polar cap patches due to chemical recombination,
in a case study of an equinox patch. They concluded that the lifetime of the patch in
question was highly altitude-dependent, with the shortest lifetime being 1 hour, at an
altitude near the F-region peak of 250 km, where lifetime was defined as a reduction to
1/e times the original patch density.

The driving force behind polar cap patch decay, chemical recombination, is not de-
pendent on plasma structure scale, and is a competing process to the ambipolar diffu-
sion [Eq. (3)]. The dominant ion is O+, and charge exchange collisions of O+ with neu-
tral species, which result in N+

2 and O+
2 , are the main processes through which ions dif-

fuse vertically (Johnsen & Biondi, 1980; Hosokawa et al., 2011). At altitudes above the
F-region peak at around 250 km, ambipolar diffusion will be faster than the decay time
due to chemical recombination, but the latter will impact plasma densities at the top-
side F-region through vertical diffusion. In the case of competing decay times τc (chem-
ical) and τ⊥ (diffusion), the combined decay time should be given by,

τ =
τcτ⊥
τc + τ⊥

. (6)

The present study is a follow-up investigation based on the findings in Ivarsen et al. (2019).
In the previous study, we found through an automatic detection of breakpoints in the
PSD of Swarm 16 Hz plasma density observations in the polar caps, that around 80%
of sampled local summer polar cap plasma exhibited direct evidence of plasma structure
dissipation due to plasma diffusion. The corresponding fraction for the local winter po-
lar caps were around 20%. We found that this seasonal dependency is highly predictable,
and is tightly connected to solar zenith angle, which in turn controls the amount of EUV
photoionization due to solar radiation. In the present study, we intend to investigate high-
latitude plasma structure lifetimes. By applying both state of the art ionospheric mod-
els, and by using data from in-situ satellite missions, we find that the theoretical pre-
dictions put forth by Vickrey and Kelley (1982), namely that E-region conductance con-
trols the F-region plasma structure lifetimes in the polar cap, is indeed supported by ev-
idence.

2 Methodology

There are two aspects to the methodology developed in the present study. First,
we make an estimate of plasma structure lifetimes in the polar caps based on in-situ data
from the Swarm mission. Second, we approach the perpendicular diffusion coefficient us-
ing ionospheric plasma models.

2.1 In-situ plasma structure lifetime estimate

Ignoring irregularity production and chemical recombination, we can assume that
a portion of plasma (e.g., a polar patch) is convecting anti-sunward through the polar
cap, that it only undergoes diffusion, and that it diffuses at a constant rate. Our cen-
tral assumption is then that a satellite orbiting through the F-region ionosphere plasma
will, at any given point along the sun-midnight line, encounter plasma that has under-
gone convection with a constant velocity, and diffusion without further irregularity pro-
duction.

Using high-resolution (16 Hz) in-situ plasma density from the Swarm mission (Friis-
Christensen et al., 2006; Knudsen et al., 2017), we can estimate small-scale plasma struc-
turing using the observed power spectral density of the measured electron density. With
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a sampling frequency of 16 Hz, we can probe fluctuations for a range of scales down to
about 1 km, assuming that the plasma velocity is much smaller than the satellite veloc-
ity. At high latitudes, Swarm orbit will be almost perpendicular to Earth’s magnetic field
lines, and so an orbiting satellite will sample plasma structures perpendicular to the am-
bient magnetic field.

We consider all polar cap passes between noon and midnight made by Swarm A
between 15 October 2014 and 1 July 2019, at an altitude of approximately 460 km. We
use data from Swarm A in this study, but the following analysis can be applied to data
from each of the three Swarm satellites with similar results. For each overpass, we trans-
late Swarm A travel time to the distance along a straight line connecting noon to mid-
night,

d = (t− t0)vS cosα, (7)

where d is the distance travelled by the convecting plasma, vS is the orbital velocity of
Swarm A, α is the angle made by the orbit with respect to the noon-midnight line, t is
Swarm A time, and t0 is the time at which Swarm A approaches the polar cap. We con-
sider polar cap passes where α < 30◦, and where the satellite is located poleward of
±82◦ at some point during the pass.

Next, we analyze the measured electron density n. In order to look at fluctuations
irrespective of the background density, we consider the unitless relative density pertur-
bations,

ñ =
n− n̄1m

n̄1m
, (8)

where n1m is a running median filter with a window size of 1 minute. We perform a power
spectral density analysis (PSD) on ñ. Here, we use a variant of Welch’s PSD method,
which consists of averaging modified periodograms over a logarithmically spaced spec-
tral range (Welch, 1967; Trbs & Heinzel, 2006). We use an overlapping bin size of 60 sec-
onds, with a temporal resolution of 1 second. For each bin, we integrate the PSD over
29 logarithmically spaced intervals, from 0.015 Hz down to the Nyquist frequency at 8
Hz. The integral of the PSD, given a stationary process, corresponds to the root-mean-
square (RMS), the square root of which is referred to as the standard deviation, σ. We
define the scale-dependent σλ as,

σλ =

√∫
∆λ

S(ω) dω, (9)

where S(ω) is the PSD, ω being the frequency, and λ is the midpoint of the scale inter-
val ∆λ. The integral is performed over the frequency interval ∆λ, where,

∆λ =
vS
∆ω

, (10)

assuming that the plasma velocity is much smaller than the Swarm orbital velocity vS .
In this framework, σλ represents the strength of fluctuations in the plasma density at
the scale λ. Some density fluctuation powerspectra made using Swarm 16 Hz plasma den-
sity exhibit noise in the highest frequencies (Ivarsen et al., 2019). As a precaution, we
impose upon the computed RMS values the requirement that, σλ > 6×10−4, a thresh-
old found after extensive testing.

Following from the assumptions laid down so far, plasma containing fluctuations
characterized by σλ will, once it enters the polar cap, diffuse at a constant rate D⊥. The
time evolution of a diffusion process on σλ with the time scale τS is characterized by the
following differential equation (e.g., Moisan & Pelletier, 2012),

dσλ
dtc

= − 1

τS
σλ, (11)

–5–



manuscript submitted to JGR: Space Physics

which has the solution,

σλ(tc) = σλ(0) exp

(
− tc
τS

)
. (12)

In Eqs. (11) and (12), tc is the plasma convection time and σλ(0) is the initial RMS value
at the point of entry into the polar cap. Now, to convert Swarm orbital distance d along
the noon-midnight line (Eq. 7) to plasma convection time, we write tc = d/vc, with
vc being the plasma convection velocity. In combination with Eq. (7), we then have for
the plasma convection time,

tc =
vS
vc

(t− t0) cosα. (13)

For each Swarm A orbit between noon and midnight, we store the plasma convection time
tc and the relative density fluctuations σλ for all 29 frequency intervals.

Note that we use τS to distinguish the structure lifetime from the theoretical de-
cay time τ — as we expect that structure lifetime as estimated in the present study will
deviate from the theoretical decay time. Nevertheless, we can apply Eq. (5) to express
the theoretically predicted structure lifetimes. As dictated by the Fourier analysis we
apply, the density gradients are associated with a wavevector k⊥ = 2π/λ, meaning
that the scale λ̂ in Eq. (5) is in fact λ divided by 2π,

λ̂ =
λ

2π
, (14)

and so,

τ⊥ =

(
1 +

ΣF

ΣE

)
λ2

4π2Di,⊥
. (15)

With the assumption that the convecting structures treated in the present section only
undergo perpendicular diffusion, τS in Eq. (12) will approach τ⊥ in Eq. (15).

The precise location of the cusp is known to vary both in magnetic latitude (MLAT)
and magnetic local time (MLT), based on conditions related to the ionosphere-magnetosphere
connection and the orientation of the interplanetary magnetic field (IMF). On average,
the cusp tends to be located at around ±75◦ MLAT, and slightly towards the pre-noon
sector (Lotko et al., 2014; Jin et al., 2019). Though varying, with the methodology out-
lined here, Swarm A will nevertheless on average orbit through the cusp, given that we
analyze a large number of orbits.

2.2 Modelling the effective perpendicular diffusion coefficient

Our goal is to evaluate Eq. (1). To this end, we need expressions for the field-perpendicular
diffusion coefficients and the Pedersen conductivity height profiles, both of which depend
on the collision frequencies between the plasma species. First, we use expressions from
Moisan and Pelletier (2012) for collisional plasma interactions (d⊥,j and σ⊥,j), which are
given below. Second, we use values for the collision interaction terms between all charged
particles associated with the ion species in the ionosphere, as presented in Schunk and
Nagy (1980). Third, we use the International Reference Ionosphere model (iri) for the
ionospheric ion species number densities and plasma temperatures (Bilitza & Reinisch,
2008; Bilitza et al., 2014), the Mass Spectrometer Incoherent Scatter model (msis) for
the neutral number densities (Picone et al., 2002), and igrf for the magnetic field strength
(Thbault et al., 2015). These models are not meant to offer accurate descriptions of highly
localized phenomena such as the cusp, which is sensitive to the ionosphere-magnetosphere
coupling. We nevertheless find that when aggregated, the simulated data offer insight
into the relationship between E- and F-region conductances.

The field-perpendicular diffusion coefficient (not height-integrated) from charged
particle collisions is defined as (Moisan & Pelletier, 2012),

d⊥,j =
d0,jν

2
j

ω2
j + ν2

j

, (16)
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Figure 1. Example of the data analysis performed on the Swarm 16 Hz plasma density data.

In panel a), we show Swarm A orbit across the northern polar cap during a 10 minute interval,

with α, the angle of the orbit against the noon-midnight line, indicated. The orbit in panel a)

is shown in an MLAT-MLT coordinate system. In panel b), the 16 Hz relative electron density

perturbations for a 12-minute polar cap pass is displayed, showing the cusp encountered around

23:38:00 UT, and in panel c) we show the RMS data plotted against the plasma convection dis-

tance d (Eq. 7). The RMS timeseries consists of the integrated PSD over 29 frequency intervals,

with a running 1-minute window, and a resolution of 1 second. In the lower panels we show the

specific analysis of a point in time centered on 20 January 2019, 23:38:01 UT. Panel d) shows

the collision frequencies (calculated using values of the interaction terms from Schunk and Nagy

(1980) and msis), and panel e) shows the resulting Pedersen conductivity height profiles, with

the values of D⊥ and 1 + ΣF /ΣE indicated above the plot. Panel f) shows the electron density

altitude profile. Panel g) shows the 1-minute relative density perturbation segment centered on

23:38:01 UT, while panel h) shows the PSD based on this segment.
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where, d0,j = kBTj/mjνj , with kB the Boltzmann constant, Tj the temperature, ωj = eB/mj

the cyclotron frequency, and mj is particle mass, all for species j. νj is the composite
collision frequency,

νi = νin, (17)

νe = νen + νei, (18)

where subscripts i, e, n denote ions, electrons, and neutrals respectively.

The ionospheric Pedersen conductivity is given by (Moisan & Pelletier, 2012),

σ⊥,j =
e2nj
mj

νj
ω2
j + ν2

j

(19)

where mj and nj is the effective mass and number density for species j respectively.

Next, we need expressions for the height-integrations of Eqs. (16) and (19). The
height-integrated perpendicular diffusion coefficient D⊥,j is defined as (Vickrey & Kel-
ley, 1982),

D⊥,j =
1

N

∞∫
z0

dz ne(z)d⊥,j(z), (20)

for species j, and where z signifies the altitude dependency. z0 is the lowest altitude of
the F-region, and N is the height-integrated plasma density, N =

∫∞
z0
dz ne(z). Fur-

thermore, the height integrated Pedersen conductivity, or conductance, ΣE,Fj , is defined
as (Vickrey & Kelley, 1982),

Σkj =

∫
k

dz σ⊥,j(z), (21)

for species j, and where k = E,F signifies the region, and σ⊥,j(z) is the altitude de-
pendent ionospheric Pedersen conductivity (Eq. 19).

Now we are in a position to evaluate Eq. (1). First, we compute the Pedersen con-
ductivity (Eq. 19) for altitudes from 60 km to 600 km, with a 10 km interval. Second,
we integrate the resulting height profiles, in addition to the electron density height pro-
files (from msis), and evaluate Eq. (20). Third, using the height-integrals in Eqs. (19, 20),
we evaluate Eq. (1). For each polar cap pass made by Swarm A, we then calculate and
store the values of 1 + ΣF /ΣE and D⊥ on a time grid covering the pass.

Fig. 1 documents the data analysis applied to the Swarm 16 Hz plasma density data,
along with the application of ionospheric models. Panels a), b) and c) show an entire ex-
ample polar cap pass, where the orbit, along with the value of α, is shown in panel a),
the relative density fluctuation (Eq. 8) is shown in panel b), and the 29 RMS timeseries
resulting from integrating the PSD over a running 1-minute window are shown in panel
c). An example 1-minute segment of the relative density perturbations, and the corre-
sponding PSD, are shown in panels f) and g). Panels d) and e) show height-profiles of
the collision frequencies (Eqs. 17, 18), and the Pedersen conductivity (Eq. 19), with the
values of 1 + ΣF /ΣE and D⊥ indicated.

3 Results

We perform a superposed epoch analysis on the Swarm A polar cap passes. To dis-
tinguish between different seasons, we use a 131-day window centered on the December
and June solstices, without specifying the year of the polar cap pass. During the period
between 14 October 2014 and 30 June 2019, we registered a total of 3366 passes in the
northern hemisphere, and 1698 passes in the southern hemisphere. The reason for the
large number discrepancy is due to Swarm orbital dynamics: the polar orbit of Swarm
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Figure 2. Plasma structure decay time estimates based on 16 Hz plasma density data from

the Swarm A satellite. The left panels show the superposed epoch analysis for 506 (a) and 550

(c) local winter passes, and the right panels show the superposed epoch analysis for 647 (b) and

598 (d) local summer passes, through the northern polar cap. Both seasons are defined by a 131-

day window centered on the relevant solstice. The curves for 29 frequency intervals are shown.

The top panels (a and b) show passes made during northward IMF (Bz > 0), while the bottom

panels (c and d) show passes made during southward IMF (Bz < 0). An exponential fit through

600 km of the assumed convection path of plasma through the polar cap is shown with dotted

black lines (Eq. 12). The x-axes show both the underlying data MLAT, and the plasma convec-

tion distance (Eq. 7). The data used spans a time period from 2 Oct 2014 until 30 June 2019.

–9–



manuscript submitted to JGR: Space Physics

Figure 3. Equivalent to Fig. 2. The left panels show the superposed epoch analysis for 153

(a) and 185 (c) local winter passes, and the right panels show the superposed epoch analysis for

173 (b) and 159 (d) local summer passes, through the southern polar cap.
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Figure 4. The scaling of the structure lifetime estimates, for local summer (orange) and local

winter (blue), for both the northern (panels a and b) and southern (panel c and d) hemispheres.

The left panels (a and c) show passes made during northward IMF (Bz > 0), while the right

panels (b and d) show passes made during southward IMF (Bz < 0). The structure lifetimes,

shown on the y-axes, correspond to the exponential fits displayed in Fig. 2. The vertical error-

bars are the result of a Bootstrap error analysis (see text). Fits of Eq. (22) are shown in orange

dotted lines, and the exponent m is indicated above (with error intervals corresponding to 90%

confidence intervals of the fitting procedures). For illustration purposes, a fit of Eq. (22) with

exponent m = 2 is shown in dashed black lines in each panel.

–11–



manuscript submitted to JGR: Space Physics

A is inclined 2.6 degrees from Earth’s geographic axis. Compared to the northern hemi-
sphere, the geomagnetic south pole is further away from the geographic south pole, lead-
ing to fewer noon-midnight passes occurring in the southern polar cap. Additionally, we
make a distinction between passes occurring during southward and northward orienta-
tion of the IMF. That is, we distinguish between a polar cap-crossing average value of
Bz > 0 and Bz < 0, Bz being the z component of the IMF, where we use observa-
tions from the bow shock, time shifted by around 15 minutes, as provided by omni (King
& Papitashvili, 2005). Whether Bz is positive or negative is known to have an impact
on polar cap plasma convection (Grocott et al., 2004), and a negative Bz in particular
is associated with stronger ionospheric plasma irregularities (Cowley & Lockwood, 1992;
Kivanc & Heelis, 1998). We found that sorting by the value of By had minimal impact
on the results.

In Fig. 2, we show the result of the superposed epoch analysis for the northern hemi-
sphere, for local winter (panels a and c) and local summer (panels b and d), and for Bz
positive (panels a and b) and negative (panels c and d). The equivalent is shown in Fig. 3
for the southern hemisphere. Each panel shows the superposed values of σλ for the 29
frequency intervals considered, with distance (Eq. 7) and magnetic latitude on the x-axis.
In all four panels, a prominent peak exists near the cusp regions, for all frequency in-
tervals. This peak is located between 200 and 500 km after the average location of the
cusp (±75◦ MLAT). The reason for this increase might be related to the time it takes
for precipitation events to be felt at the altitude of Swarm A (460 km), and the plasma
structures might be undergoing growth rather than decay.

To estimate structure lifetime as outlined in the Methodology section, we fit Eq. (12)
to each superposed σλ curve. That is, we fit an exponential curve through the polar cap,
starting from a point after the peak near the cusp region, extending 1000 km into the
central polar cap. Here, we assume a plasma convection velocity of 300 m/s for north-
ward IMF, and 450 m/s for southward IMF, to account for the effect of IMF BZ orien-
tation on polar cap flow patterns (Reiff & Burch, 1985), reasonable velocities for the cen-
tral polar cap (Grant et al., 1995; Thomas et al., 2015). Although this estimate might
not be valid at all times, and at different locations in the polar cap, the fairly long dis-
tance over which we fit Eq. (12), 1000 km, will serve to average out spatial and tempo-
ral variations in flow velocity. Cases where the coefficient of determination, or r2, of the
fit is less than 0.8 are discarded, which stops virtually all the structure lifetimes from
being evaluated in the southern hemisphere winter, where the superposed epoch anal-
ysis yields noisy curves. The characteristic time scale, τS , of the exponential fit reflects
the expected structure lifetime of the fluctuations over the frequency interval in ques-
tion, and is then the end-product of the superposed epoch analysis.

In Fig. 4, for the northern (panels a and b) and southern (panels c and d) hemi-
spheres, we plot the structure lifetimes τS against the scale length λ at which the life-
time estimate was calculated. Panels a) and c) show passes where average values of Bz
were positive, while panels b) and d) show passes where Bz on average was negative. λ
is calculated based on the assumption that the plasma convection velocity is negligible
compared to the velocity of Swarm A [Eq. (10)]. Local winter structure times are shown
in blue, while local summer is shown in orange. The vertical errorbars are constructed
from a Bootstrap routine. That is, we performed 5000 iterations of the analysis on a re-
sampled dataset, where we sampled the entire dataset uniformly at random, with replace-
ment. This provides 5000 individual estimates of each calculated quantity. The error-
bars then represent 90-percent confidence intervals for the respective quantity, and rep-
resents a statistical uncertainty.

We see that while the local summer structure times for the most part monoton-
ically increase with increasing length scale λ, the local winter structure times do not. The
very smallest scales additionally do not monotonically increase with increasing length
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scale. Also shown, in a dotted lines, is what amounts to a fit of Eq. (4). Here, we fit,

τS = τ0

(
λ

λ0

)m
, (22)

where τ0 and m are fitting parameters determined using linear regression, and λ0 is a
length scale equal to unity to ensure correct dimensionality in Eq. (22). The values of
the exponent m are given in the four panels of Fig. 4, with error intervals given by the
90-percent confidence interval of the fitting procedure. We now make an important ob-
servation: the values of the exponent m reported here are far from the m = 2 in Eq. (4).
Since the scaling difference between λ of Eq. (4) and λ of Eq. (22) will not affect the ex-
ponent m, the reported discrepancy is an unexpected result.

We see that the smallest scale, which corresponds to frequencies between 6.6 Hz
and 8 Hz and has a scale length of 1 km, exhibits the largest seasonal contrast. To bet-
ter understand this contrast, we construct a variable we refer to as wrapped day-of-year,
Dw,

Dw =

{
365 −D if D > 365/2

D otherwise,
(23)

where D is the number of days elapsed since 1 January in the relevant year (day of year).
We then make 9 overlapping bins with a window size of 65.5 days, from Dw = [0, 65.5]
to Dw = [117, 182.5]. For each bin, we repeat the superposed epoch analysis detailed
above. Motivated by Eq. (15), which shows that the theoretical value of τS should be
proportional to 1 + ΣF /ΣE , we calculate Eq. (21) for points during the polar cap pass
between ±78◦ and ±90◦ magnetic latitude. Then, for each Dw-bin we are left with an
average value of 1 + ΣF /ΣE .

To make a general prediction of 1 km-structure lifetimes in the polar cap, we cal-
culate D⊥ (Eq. 1), using the procedure outlined in the Methodology section. To gather
a consistent picture of the polar caps, we evaluate Eq. (1) systematically for a geographic
grid consisting of evenly spaced points poleward of ±77◦ magnetic latitude, for 1400 points
in time distributed throughout the years of 2015 throughout 2018, roughly equivalent
to the time period covered by the Swarm data used in the present study. All the result-
ing values of 1 + ΣF /ΣE and D⊥ for each snapshot of the polar cap are then aggre-
gated — a total of 154,000 (for the northern hemisphere) and 145,000 (for the southern
hemisphere) simulated data points are aggregated this way. We find that the lowest ra-
tio of E- to F-region conductance in this dataset is around 0.1, validating the assump-
tions leading to Eq. (3).

To make a comparison with the structure lifetime estimates, we use Eq. (4), with
λ̂ = 2π/k1km, to express the theoretical decay time of 1 km-scaled structures,

τ1km =
1

k2
1kmD⊥

, (24)

where D⊥ is the model-based field-perpendicular diffusion coefficient (Eq. 1).

In panels a) (northern hemisphere) and b) (southern hemisphere) of Fig. 5, we show
the result of this joint analysis: In color coded 2D-histograms, we show the distribution
of model-based D⊥ on the right y-axis, with the corresponding decay time (Eq. 24) on
the left y-axis, and the value of 1 + ΣF /ΣE on the x-axis, in a log-log representation.
The color scale refers to number of datapoints per pixel. In yellow circle markers (Bz > 0)
and green triangle markers (Bz < 0), we show the in-situ estimated 1 km-structure
lifetimes for 9 bins between December and June solstice, with the calculated value of 1 + ΣF /ΣE

for each bin along the x-axis. The errorbars along the x-axis are the lower and upper
quartile distributions of 1 + ΣF /ΣE in each bin, while the errorbars along the y-axis
are 90-percent confidence intervals from the Bootstrap error analysis described above,
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Figure 5. Color coded 2D-histograms show the distribution of the model-based D⊥ on the

right y-axis. On the left y-axis, we show the corresponding decay time (Eq. 24), and on the

x-axis, the value of 1 + ΣF /ΣE , for the northern hemisphere (panel a) and the southern hemi-

sphere (panel b) . The color scale refers to number of datapoints per pixel. In yellow circle

markers (Bz > 0) and green triangle markers (Bz < 0), the in-situ estimated 1 km-structure

lifetimes for 9 bins between December and June solstice. The errorbars along the x-axis are the

lower and upper quartile distributions of 1 + ΣF /ΣE in each bin, while the errorbars along

the y-axis are 90-percent confidence intervals from the Bootstrap error analysis described above,

performed on each Dw bin individually. Inset plots expand a tightly clustered rectangle indicated

in both panels. All axes are in a log10 representation. The in-situ data covers the period from

14 October 2014 until 30 June 2019, while the model-based simulated data covers the years from

2015 through 2018.
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performed on each Dw bin individually. An inset in the lower right corner of both pan-
els expand a tightly clustered portion indicated by a red rectangle. The in-situ based τS
estimates correlate well with the corresponding model-based 1 + ΣF /ΣE-number, with
a Pearson correlation coefficient of 0.99 (Bz > 0) and 0.97 (Bz < 0) for the north-
ern hemisphere, and 0.86 (Bz > 0) and 0.70 (Bz < 0) for the southern hemisphere.

4 Discussion

In Fig. 4, we make the following significant observation: The estimated structure
lifetime τS increases with structure scale for local summer, where a powerlaw with ex-
ponent around 1/4 accurately describes the scale-dependency of τS . The exponent de-
viates strongly from that of the theoretically predicted exponent of 2 [Eq. (4)]. As we
shall now show, this result is wholly unexpected.

Chemical recombination of O+
2 ions at the F-region peak will constitute a compet-

ing process to ambipolar diffusion by the decay of plasma density enhancements, and will
impact plasma structures at Swarm altitude by vertical diffusion. The inverse of Eq. (6)
implies that,

1

τS
=

4π2D⊥
λ2

+
1

τc
, (25)

where we use Eq. (4), again with λ̂ = λ/2π, to express τ⊥, and where we assume that
the structure lifetime τS is a combination of diffusion and chemical decay times. Eq. (25)
provides a possible explanation for the missing exponent m = 2 in Eq. (22); chemical
recombination could form a plateau, where large-scale decay time due to diffusion would
effectively be drowned out by the much faster scale-independent τc. However, no plateau
is clearly visible for the large scales in Fig. 4, where the m ≈ 1/4-fit describe the data
with sufficient accuracy for all scales. As a solution to this apparent discrepancy, recall
that we are analyzing the relative density fluctuations ñ, which are scaled by a 1-minute
(460 km) average plasma density. Chemical recombination being scale-independent, n
will decay at the same rate as n̄1m [Eq. (8)], and so ñ should be unaffected by chemi-
cal recombination.

Nevertheless, Eq. (25) opens up an opportunity, as a plot of reciprocal observed
structure lifetimes 1/τS against reciprocal scale squares 1/λ2 should reveal both the am-
bipolar diffusion coefficient D⊥ and the constant chemical recombination decay time τc,
from linear regression slope and intercept respectively. In Fig. 6 we show the result of
the analysis presented in Section 2.1 applied to the absolute density fluctuations n, us-
ing the local summer data, for the northern (panels a and b) and southern (panels c and
d) hemispheres, and for positive (panels a and c) and negative (panels b and d) IMF.
Shown in black dotted lines, a fit of Eq. (25) reveals the calculated values of D⊥ and τc,
values of which are inset, with error margins given as 90% confidence intervals of the lin-
ear fits. Dashed blue lines show a fit of Eq. (22) for comparison. In all four panels a plateau
can be inferred for scales roughly larger than 20 km, though for scales smaller than 8 km,
the linear fit of Eq. (25) does not describe the data better than Eq. (22), indicating that
the structure lifetimes under no circumstance scale with a theoretically predicted expo-
nent of 2. However, if accepting the linear fit (black dashed lines) on face value, the am-
bipolar diffusion coefficient is valued between 3 and 7 m2s−1, and the chemical decay rate
is valued between 2 and 3 hours. Though the ambipolar diffusion coefficient is in excel-
lent agreement with the values shown in Fig. 5, we believe a more thorough exploration
of the discrepancy between the exponents m = 1/4 in Eq. (22) and m = 2 in Eq. (4)
should be prerequisite to interpreting the results in Fig. 6.

Looking at Figs. 2, 3, and 4, we now make the observation that the local winter
structure times for the most part do not make the data correlation criteria, and thus al-
lude the analysis, with the exception of the larger scales in the northern hemisphere. A
possible explanation for this is that plasma diffusion during local winter is significantly
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Figure 6. The result of the analysis presented in Section 2.1 applied to the absolute density

fluctuations n instead of relative density fluctuations ñ, for the northern (panels a and b) and

southern (panels c and d) hemispheres, and for positive (panels a and c) and negative (panels b

and d) IMF. We show λ−2 along the upper x-axis and λ along the lower x-axis, and τ−1
S along

the y-axis. Orange diamonds are local summer structure lifetimes, with vertical errorbars the

result of a 5000-iterations Bootstrap error analysis. The black dotted lines show a fit of Eq. (25),

and the dashed blue lines show a fit of Eq. (22) fitted to the small-scale datapoint for compari-

son. The values of the parameters D⊥ and τc are given above the plots, with error margins given

by 90% confidence intervals from the fits.
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reduced, which can explain the reported increase in local winter plasma irregularities (Heppner
et al., 1993; Ghezelbash et al., 2014; Prikryl et al., 2015; Jin et al., 2017, 2018) In the
previous study (Ivarsen et al., 2019, where we similarly analyzed 60-second segments of
Swarm 16 Hz plasma density), we found that sampled local winter polar cap plasma tend
not to show a signature of structure dissipation due to diffusion. In fact, only 20% of lo-
cal winter plasma density segments exhibited evidence of plasma diffusion, while, con-
versely, 80% of local summer spectra did so. It is then not surprising that most ensem-
ble averages of winter polar cap passes in the present study failed the stated data cor-
relation requirement that the coefficient of determination be less than 0.8. Another fac-
tor that complicates local winter diffusion is the degree to which a conducting E-region
shorts out the ambipolar electric field (Vickrey & Kelley, 1982). In the absence of a con-
ducting E-region, anomalous currents could exist above the F-region, which could in turn
lead to the existence of anomalous, or Bohm, diffusion in the F-region (Braginskii, 1965).

In Fig. 5, the model-based estimate for 1 km-decay times, τ1km (Eq. 24), agree well
with the in-situ-based structure lifetime estimates, τS (Eq. 12), for both hemispheres.
However, the in-situ-based structure lifetimes are sensitive to the choice of plasma con-
vection velocity, with higher velocities leading to a lowering of the value of τS . Never-
theless, the apparent dependencies visible in both τ1km and τS of the 1 + ΣF /ΣE-number
show clear agreement: The in-situ-estimated structure lifetimes τS correlate well with
the simultaneous model-based 1 + ΣF /ΣE-number. They show correlation coefficients
of up to 0.99 for the northern hemisphere, and up to 0.96 for the southern hemisphere.
This is a strong indicator that the model first proposed by Vickrey and Kelley (1982)
is suitable, and that the ratio of F-region to E-region conductance to a large degree pre-
dicts F-region diffusion rates, and thus the occurrence of plasma irregularities in the po-
lar caps.

The reported agreement in how both the in-situ based structure time and the model-
based decay time respond to the 1 + ΣF /ΣE-number is largely only valid for the small-
est scales available to investigation using the Swarm 16 Hz plasma density data, after
which the seasonal contrast is much less pronounced. However, Keskinen and Huba (1990)
found that high-latitude plasma irregularities should transition to a fully collisional regime
around scales of 2-3 km, meaning there could be multiple scale-dependent regimes in the
observable plasma diffusion in the polar caps, with diffusion primarily being observed
on scales smaller than a threshold. Moreover, simultaneous growth might impact struc-
ture lifetimes, a topic that was explored recently in a paper by Lamarche et al. (2020).
We believe more careful attention to growth, in addition to the use of higher resolution
plasma density data, is necessary to further our knowledge about ionospheric plasma struc-
ture lifetimes. In addition, the analysis presented here is sensitive to the assumed po-
lar cap convection velocity. In future investigations of plasma structure lifetimes, spe-
cial care should be taken in treating plasma convection velocity, e.g. by using methods
of observing plasma drift velocity (Park et al., 2015).

5 Conclusion

In this study we have approached the subject of field-perpendicular plasma diffu-
sion and field-perpendicular plasma structure lifetimes from two angles. By using almost
5 years of in-situ data from Swarm A, and by applying ionospheric models, we have made
several new observations regarding structure lifetimes, decay time, and their seasonal de-
pendencies. Both the in-situ data and the ionospheric models support the claim that per-
pendicular diffusion in the F-region polar caps is highly dependent on the relationship
between E- and F-region conductances.

Our results indicate that we are able to observe the characteristics of local sum-
mer diffusion in both the northern and southern polar caps. This leads to, for the first
time as far the authors are aware, a systematic prediction of small-scale structure life-
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times in the F-region polar caps. We find that for the smallest scale investigated, which
corresponds to frequencies between 6.6 Hz and 8 Hz, with a scale length of 1 km, struc-
ture lifetimes range from 1 hour during local summer to around 3 hours approaching lo-
cal winter. Although the seasonal contrast in plasma structure time harmonizes with re-
ported seasonal dependencies in polar cap plasma irregularities, more work is needed to
estimate plasma structure times more accurately, e.g. by using higher resolution plasma
density data. There is a large discrepancy in the theoretical scale-dependency of decay
time due to plasma diffusion and the in-situ-estimated structure lifetimes, and future in-
vestigations into the matter is called for.
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