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Abstract The ability to understand and model ionospheric plasma flow on all spatial scales has important
implications for operational space weather models. This study exploits a recently developed method to
statistically separate large‐scale and meso‐scale contributions to probability density functions (PDFs) of
ionospheric flow vorticity measured by the Super Dual Auroral Radar Network (SuperDARN). The
SuperDARN vorticity data are first sub‐divided depending on the Interplanetary Magnetic Field (IMF)
direction, and the separation method is applied to PDFs of vorticity compiled in spatial regions of size 1° of
geomagnetic latitude by 1 hr of magnetic local time, covering much of the high‐latitude ionosphere in the
northern hemisphere. The resulting PDFs are fit by model functions using maximum likelihood estimation
(MLE) and the spatial variations of the MLE estimators for both the large‐scale and meso‐scale components are
presented. The spatial variations of the large‐scale vorticity estimators are ordered by the average ionospheric
convection flow, which is highly dependent on the IMF direction. The spatial variations of the meso‐scale
vorticity estimators appear independent of the senses of vorticity and IMF direction, but have a different
character in the polar cap, the cusp, the auroral region, and the sub‐auroral region. The paper concludes by
discussing the sources of the vorticity components in the different regions, and the consequences for the fidelity
of ionospheric plasma flow models.

Plain Language Summary The ability to accurately model the flow of ionized gases (plasma) in the
Earth's ionosphere (the ionized region of the Earth's upper atmosphere) has important implications for
operational space weather models. Large‐scale variations in this plasma flow are modeled well, but fluctuations
on the meso‐scale and small scale are typically ignored in these models. This study uses measurements from a
high‐latitude ground‐based radar network to measure the ionospheric plasma flow in terms of its vorticity (how
straight or curved the flow is). The measured vorticity is separated into components related to both the large and
meso‐scale fluctuations. The paper discusses the origins of the meso‐scale component, and what needs to be
done before it can be confidently added to ionospheric plasma flow models.

1. Introduction
The ability to accurately measure and model ionospheric plasma flow and its associated electric field is becoming
increasingly important for space weather applications (Lam et al., 2023; Liu et al., 2018; Orr et al., 2023). Flow
measurements and models are necessary for estimating Joule heating (Billett et al., 2018; Kalafatoglu Eyiguler
et al., 2018; Weimer, 2005), which is a key influence affecting the atmospheric drag on low‐Earth orbit satellites
(Bruinsma et al., 2023; Fedrizzi et al., 2012). They are also required to predict the motion of patches of enhanced
ionization in the polar cap (Eriksen et al., 2023; Fæhn Follestad et al., 2019; Zhang et al., 2013), which can result
in the disruption of GNSS (Global Navigation Satellite System) signals from spacecraft (van der Meeren
et al., 2015; Zhang et al., 2017).

The large‐scale (∼1,000 km) nature of ionospheric plasma flow is very well understood. The flow strength is
controlled by the magnetic reconnection rates at the Earth's magnetopause and in the magnetotail (Chisham
et al., 2008; Dungey, 1961). The size of the flow pattern is determined by the differences between dayside and
nightside reconnection, and the spatial patterns of ionospheric flow depend on the Interplanetary Magnetic Field
(IMF) direction (Cowley & Lockwood, 1992; Lockwood et al., 1990; Milan et al., 2012; Siscoe & Huang, 1985).
Ionospheric measurements of the large‐scale plasma flow can in fact be used to estimate the rates of this magnetic
reconnection (Chisham et al., 2008; Hubert et al., 2006; Milan et al., 2003).
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The last few decades have seen the development of empirical climatological models of the large‐scale ionospheric
plasma flow and its associated electric field in which the average measured flow is found at a given location for a
solar wind state and time of year. These models have exploited ionospheric plasma flow measurements from a
wide range of instrumentation, including incoherent scatter radar (Foster, 1983), coherent scatter radar (Pettigrew
et al., 2010; Ruohoniemi & Greenwald, 2005; Thomas & Shepherd, 2018), low‐altitude spacecraft (Hairston &
Heelis, 1990; Weimer, 2001, 2005), high‐altitude spacecraft (Förster et al., 2007), and ground‐based magne-
tometers (Ridley et al., 2000). Somewhat differently, a solar‐cycle Empirical Orthogonal Function (EOF)
reanalysis of ionospheric flow data measured by the Super Dual Auroral Radar Network (SuperDARN) (Shore
et al., 2021) has been exploited to develop a regression model of the ionospheric plasma flow, based on only a few
solar wind input parameters (Lam et al., 2023). Continuous observations from ground‐based networks of coherent
scatter radars, such as SuperDARN, have also been assimilated into climatological models to improve their
estimation of the large‐scale ionospheric plasma flow across the polar regions (Ruohoniemi & Baker, 1998).

Like the large‐scale flow, some meso‐scale (∼100 km) and small‐scale (<∼1–10 km) variations in the iono-
spheric plasma flow can also be causally related to magnetic reconnection or other solar wind‐magnetosphere
interactions. For example, meso‐scale vortical flows called Traveling Convection Vortices (TCVs) (Friis‐
Christensen et al., 1988; Glassmeier & Heppner, 1992; Lyatsky et al., 1999), are driven by pressure variations in
the solar wind impacting the magnetosphere. Other transient meso‐scale flow phenomena in the ionospheric cusp
region have been shown to be the ionospheric signatures of flux transfer events (FTEs) at the magnetopause
(Russell & Elphic, 1979). Some of these events have been observed to have a vorticity sense that is the same as the
background flow (so‐called ‘Flow Channel Events’ or ‘Pulsed Ionospheric Flows’) (Chisham et al., 2000;
Oksavik et al., 2004; Pinnock et al., 1993; Provan et al., 1998), whereas for others the vorticity sense is opposite to
the background flow (so‐called ‘Reverse Flow Events’ ‐ RFEs) (Moen et al., 2008; Oksavik et al., 2011; Rinne
et al., 2007; Spicher et al., 2016). More generally, meso‐scale and small‐scale flow variations are not deterministic
and need to be studied through statistical analyses across scales within the framework of MHD turbulence (Abel
et al., 2006, 2007, 2009; Chaston et al., 2008; Di Mare et al., 2021; Kintner & Seyler, 1985; Spicher et al., 2015).
Small‐scale fluctuations are often associated with meso‐scale variations in the flow, occurring in the region of
flow shears in the auroral oval (Basu et al., 1988) and cusp (Carlson et al., 2007).

Global ionospheric flowmodels have not yet adequately incorporated meso‐scale and small‐scale flow variations.
Determining the most appropriate model of turbulence for meso‐scale ionospheric flow measured by Super-
DARN has been attempted (Abel et al., 2006, 2007, 2009), but is complicated by the sensitivity of the model to
rare extreme fluctuations that are hard to measure. The results suggest a Kraichnan‐Iroshnikov (K‐I) model,
whose intermittency varies with location and IMF direction, but more work is needed to understand the spatial
variation of turbulent fluctuations. In turbulence, vorticity cascades from the large to meso to small scales, and
thus measurements of the vorticity in fluid flow are useful (Chorin, 2013). K‐I turbulence requires two‐
dimensional measurements of the fluid flow, but standard global two‐dimensional representations of iono-
spheric plasma flow are limited to the large‐scale variations (Ruohoniemi & Baker, 1998). However, methods
have been developed to locally measure vorticity in SuperDARN measurements of ionospheric plasma flow
(Chisham et al., 2009; Sofko et al., 1995), by measuring the flow around closed loops defined by the look di-
rections of overlapping radar fields‐of‐view, and exploiting Stokes' theorem. This has enabled the study of
ionospheric flow vorticity on both the large and meso‐scale, though small‐scale measurement remains elusive
with this instrumentation due to the typical 45 km range gate resolution of the SuperDARN radars.

Compilation of probability density functions (PDFs) of SuperDARN flow vorticity measurements, has improved
our understanding of the nature of meso‐scale flow variations in the northern hemisphere high‐latitude region.
These PDFs have been shown to be highly leptokurtic (higher kurtosis than a Gaussian) (Chisham &
Freeman, 2010), and their distribution shape and scale shown to vary with location and IMF direction (Chisham&
Freeman, 2021, 2023), qualitatively consistent with the results of Abel et al. (2006, 2007, 2009). The spatial
variation of the PDF shape and scale was shown to be ordered by the large‐scale flow vorticity and the magnetic
field‐aligned current (FAC) systems that couple the magnetosphere to the high‐latitude ionosphere (FAC is
proportional to vorticity in the limit of uniform ionospheric conductance). Coxon et al. (2022, 2023) have shown
that PDFs of FACs measured in the ionosphere are similarly leptokurtic, with a similar spatial variation in dis-
tribution shape and scale to the flow vorticity.
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Recently, Chisham and Freeman (2023) developed a new method to statistically separate the contributions of
large and meso‐scale variations in the measured flow vorticity PDFs. Their results suggested that there are regions
of the high‐latitude ionosphere where the effects of meso‐scale vorticity outweigh those of the large‐scale
vorticity. Hence, in these regions, present ionospheric flow models are severely lacking. However, Chisham
and Freeman (2023) only determined the separation of these components in two small high‐latitude regions, to
illustrate the potential of the methodology. In this paper, we extend this method to almost the whole of the
northern hemisphere high‐latitude region in order to study the spatial variation of these two vorticity components.
As in Chisham and Freeman (2010, 2021, 2023), we use maximum likelihood estimation (MLE) to fit model
functions to the PDFs at each location.

The paper is structured as follows. Section 2 presents the methodology, including details of the measurement of
ionospheric plasma flow vorticity and the compilation of the PDFs, an outline of the methodology used for the
separation of the vorticity PDFs into large‐scale and meso‐scale components, the methods used to model the
observed PDFs usingMLE, and examples of the PDF component separation and the MLEmodel fitting. Section 3
presents the results of the analyses, showing the spatial variation of theMLE fit estimators across the high‐latitude
ionosphere for both the large‐scale and meso‐scale vorticity components, for IMF By positive and IMF By negative
conditions. Section 4 discusses the observations, speculates about the causes of the observed spatial variation in
the plasma flow vorticity, and discusses how meso‐scale fluctuations could be introduced into models. Section 5
summarizes and concludes the paper. Henceforth, all references to vorticity in the paper refer to the vorticity of
the ionospheric plasma flow.

2. Methodology
2.1. Ionospheric Vorticity Determination

This study uses estimates of ionospheric plasma flow vorticity derived from line‐of‐sight Doppler velocity
measurements of plasma flow from SuperDARN. SuperDARN (Chisham et al., 2007; Greenwald et al., 1995;
Nishitani et al., 2019) is a ground‐based network of over 30 High Frequency (HF) radars that can measure plasma
flow variations in the mid‐ and high‐latitude ionosphere in both hemispheres. The radars transmit HF radio signals
in the range 8–20 MHz that are backscattered by magnetic field‐aligned density irregularities in the F‐region
ionosphere and received back at the radars (Greenwald et al., 1985). These irregularities move with the back-
ground ionospheric plasma flow (Villain et al., 1985), allowing the line‐of‐sight component of the flow to be
estimated from the Doppler shift of the received signal. The SuperDARN radars typically transmit in narrow
beams (of typical width ∼3.25°) (Greenwald et al., 1985) and typically sample at ∼70 to 150 range gates of size
45 km along the beams. The radars typically scan along 16 to 24 beam directions over an interval of 1‐min,
covering an azimuthal area of ∼52°–78° (Nishitani et al., 2019).

Chisham et al. (2009) developed a method to derive magnetic field‐aligned ionospheric plasma flow vorticity
from line‐of‐sight Doppler velocity measurements from SuperDARN radars with overlapping fields of view; the
method has many similarities with that proposed earlier by Sofko et al. (1995) in that they both use Stokes'
theorem to determine vorticity from measurements of the flow around closed loops. Full details of this technique
can be found in Chisham et al. (2009) and more concise descriptions in Chisham and Freeman (2010, 2021, 2023).
The vorticity data set used in this study (Chisham, 2023) covers the interval 2000–2005 inclusive, as used pre-
viously by Chisham and Freeman (2021, 2023). In this data set, a positive field‐aligned vorticity relates to a
clockwise rotation when looking in the direction of the magnetic field into the northern hemisphere ionosphere,
and a negative field‐aligned vorticity relates to an anti‐clockwise rotation.

The vorticity data used in this study are separated by the prevailing IMF conditions. We use the vorticity data from
two sub‐groups defined by the IMF clock angle in the Geocentric Solar Magnetospheric (GSM) Y‐Z plane. These
two sub‐groups are of size 45° in clock angle centered on the IMF By positive and IMF By negative directions,
which were previously shown to have significantly different influences on the vorticity PDFs (Chisham &
Freeman, 2023). We use IMF data for the interval from OMNIWeb, which is lagged from the spacecraft to the
Earth's bow shock. We restrict our analysis to stable IMF intervals, defined by 30‐min intervals within which 70%
of the measured clock angle values are within the same bin, as described in Chisham et al. (2009). As well as being
separated by the prevailing IMF conditions, the vorticity data are separated by their spatial location in the
Altitude‐Adjusted Corrected GeoMagnetic (AACGM) latitude and Magnetic Local Time (MLT) co‐ordinate
system (Shepherd, 2014).
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The vorticity PDFs are compiled in the following way: The PDF value ( f (ωi, xj)) for any vorticity bin ωi and
location bin xj is given by,

f (ωi, xj) =
n(ωi, xj)
N(xj)W

, (1)

where n (ωi, xj) is the number of vorticity values in vorticity bin ωi at location xj,

N(xj) =∑
i
n(ωi, xj), (2)

is the total number of vorticity values in all vorticity bins at location xj, and W is the vorticity bin width; we use
W = 1 mHz in this study, as in Chisham and Freeman (2021, 2023). The PDF uncertainty in each bin is given by,

σ(ωi, xj) =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
n(ωi, xj)

√

N(xj)W
. (3)

Chisham and Freeman (2023) only studied the PDFs measured in 4 small spatial regions which most
strongly demonstrated the IMF By influence; here, the 6 years of vorticity measurements are subdivided into
smaller spatial bins of size 1° of AACGM latitude by 1‐hr of MLT, covering much of the northern
hemisphere high‐latitude ionosphere. Vorticity PDFs are determined for every spatial bin, for both IMF sub‐
groups.

2.2. Separation of PDF Components

Ionospheric vorticity PDFs presented in previous papers have been shown to be typically asymmetric
(Chisham & Freeman, 2021, 2023). Hence, these studies have analyzed the positive and negative vorticity
portions of the PDFs independently. From a comparison of the PDFs observed during opposing IMF By

conditions, Chisham and Freeman (2023) concluded that this asymmetry was a result of different combina-
tions of the ‘large‐scale’ (LS) vorticity inherent in the ionospheric convection driven by magnetic recon-
nection, and the ‘meso‐scale’ (MS) vorticity associated with fluid processes, such as turbulence, and
measurement errors.

Chisham and Freeman (2023) separated the different contributions to the vorticity PDFs by making the following
assumptions.

1. On the spatial scales of the individual PDFs, the MS component is symmetric around zero (i.e., there is no
preferred sense to the MS vorticity in a single measurement cell).

2. On the spatial scales of the individual PDFs, the LS component is single‐sided (i.e., there is only a single sense
to the LS vorticity direction in a single measurement cell).

Following these assumptions, the two sides of the measured vorticity PDF at any location were treated in the
following way. The side with the lower number of observed vorticity values was assumed to contain wholly
MS vorticity values. These PDFs were always leptokurtic, and the vorticity data on this side of the PDF were
fit with a q‐exponential distribution using MLE. The q‐exponential has been shown to be a good model for
ionospheric vorticity (Chisham & Freeman, 2010, 2021, 2023), as well as for fluctuations in other space
plasmas (Burlaga et al., 2007; Esquivel & Lazarian, 2010). On the side with the higher number of observed
vorticity values the MS component of the PDF was assumed to be the same as the opposite side with the
lower number, and the LS component of the PDF was determined by subtracting the mirrored MS PDF values
from the total measured PDF values. Following the theoretical arguments presented in Chisham and
Freeman (2010), Chisham and Freeman (2023) decided that the LS vorticity PDFs would be better modeled
by a single‐sided Weibull function. As this LS component was only characterized by the binned PDF values,
Chisham and Freeman (2023) fitted the Weibull function to the binned LS PDF by eye rather than us-
ing MLE.
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Although these model distributions fitted very well to the observed vorticity PDFs, this ‘fit‐by‐eye’ method is not
practical for the more extensive analysis of the PDFs in multiple locations that is employed in this study. Fitting
using MLE is a much more accurate process as it uses all the individual vorticity measurements rather than solely
the binned PDF values. To facilitate MLE of the model parameters we use an automated algorithm for the PDF
separation as outlined below. This methodology is opposite depending on which side of the PDF contains the most
vorticity measurements. Here, we only outline the case where

N− (xj)>N+ (xj), (4)

where N− (xj) represents the number of vorticity measurements in all the negative vorticity bins (∑n− (ωi, xj)), and
N+(xj) represents the number of vorticity measurements in all the positive vorticity bins (∑n+(ωi, xj)). For this
analysis, we have to separate the observed negative vorticity data into the two separate MS and LS populations
that can then be fit with the different model distributions using MLE. For this separation we use the following
probability to estimate whether any individual measured vorticity valueω in theωi bin (ω ∈ ωi) is likely to be part
of the LS distribution. Otherwise, it is assumed to be part of the MS distribution.

We assess that the probability of any measured vorticity value ω being part of the LS distribution can be
approximated by,

PLS (ω∈ωi, xj) =
(n− (ωi, xj) + ϵn− (ωi, xj)) − (n+ (ωi, xj) + ϵn+(ωi, xj))

n− (ωi, xj)
, (5)

where the terms

ϵn+ (ωi, xj) ∈R Φ(0,
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

n+ (ωi, xj)
√

), (6)

and,

ϵn− (ωi, xj) ∈R Φ(0,
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

n− (ωi, xj)
√

). (7)

are random numbers selected from a normal distribution of mean 0 and standard deviation
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
n(ωi, xj)

√
to take into

account the statistical uncertainties in the measured vorticity occurrence numbers (n (ωi, xj)) in each PDF bin. To
select the population into which this vorticity valueω is placed, we determine a random number Rω between 0 and
1. If Rω ≤ PLS then the vorticity value is assumed to be part of the LS vorticity population. If Rω > PLS then the
vorticity value is assumed to be part of the MS vorticity population.

This analysis results in two separate vorticity populations for negative vorticity for which the binned PDF values
are fLS (ωi, xj) and fMS(ωi, xj), whereas positive vorticity is characterized by a single population and PDF that
includes all the measured positive vorticity values. The same equations are used for the case where there are a
larger number of positive vorticity measurements (N+(xj) > N− (xj)), but with the signs for n reversed.

2.3. Model Fitting of PDFs

Following the methods used by Chisham and Freeman (2010, 2021, 2023), we use MLE to model the measured
ionospheric vorticity PDFs. The MS vorticity populations are modeled by q‐exponential distributions of the form

fq,κ(ω) =
1
κ
(1 −

(1 − q)ω
κ

)

q/(1− q)

(8)

using theMLEmethod outlined in Shalizi (2007). Here, q and κ are the parameters that define the distribution, and
we use q̂ and κ̂ as their maximum likelihood estimators. In q‐exponential distributions, q describes the distribution
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shape whereas κ describes the distribution scale. The q‐exponential distributions tend toward exponential as q
tends toward 1 and become increasingly heavy‐tailed as q increases greater than 1.

The LS vorticity populations are modeled by Weibull distributions of the form,

fc,χ(ω) =
c
χ
(
ω
χ
)

c− 1

exp[− (
ω
χ
)

c

] (9)

using the MLE method of Qiao and Tsokos (1994), where c and χ represent the shape and scale parameters,
respectively, and where the function becomes an exponential when c equals 1. We use ĉ and χ̂ as their maximum
likelihood estimators.

Owing to the smaller area of the spatial bins used in this study, the typical number of vorticity values measured in
any particular spatial bin is reduced compared to Chisham and Freeman (2023). In previous studies (Chisham &
Freeman, 2010, 2021, 2023), we assumed that at least N = 100 vorticity values are required for an accurate MLE
determination of the q‐exponential and Weibull estimators but presented no assessment of how the level of
uncertainty in the estimators varied with N. To address this, we simulate a large number of q‐exponential and
Weibull samples with different occurrence numbers, apply the MLE process, and assess the accuracy of the
estimators. Specifically, we select sample sizes ranging from N = 10 to 10,000 points in equally spaced intervals
in logarithmic space. For each N, we simulate 1,000 different samples by randomly sampling either a q‐
exponential distribution with fixed q and κ, or a Weibull distribution with fixed c and χ. From these 1,000
samples we determine the median and interquartile range of the MLE estimators q̂ and κ̂, or ĉ and χ̂, depending on
the parent distribution.

Figures 1a and 1b present the results of these simulations for two fixed sets of q‐exponential parameters typical of
the ionospheric vorticity PDFs measured in this paper; q= 1.4 and κ = 0.0005 (red), and q = 1.05 and κ = 0.0025
(black). The square symbols represent the median values of the estimators from the 1,000 simulated samples, and
the vertical lines mark the extent of their interquartile range. The horizontal dashed lines represent the expected
values. As the simulated sample size increases toward N = 10,000, the MLE estimators become increasingly well
defined,with themedian valuesmatching those expected, andwith increasingly smaller interquartile ranges.As the
sample size decreases toward N = 10, the median values of q̂ become increasingly lower than expected, and the
interquartile range increases. This is because it becomes progressively harder to evaluate the tail of the distribution
(which has amajor influence on the value of q̂) as the number of points in the sample reduces. Themedian value of κ̂
increases from the expected value as the number of points decreases, leading to an overestimate of the mean of the
distribution. The median values of q̂ and κ̂ appear a reasonable match to the expected values q and κ down to N ∼
100, below which they are increasingly erroneous. Hence, this supports our previous decision to only present the
MLE parameters for samples that have more than 100 points and we continue to use that limit in this study.

Figures 1c and 1d present the results of these simulations for two fixed sets of Weibull parameters typical of the
PDFs observed in this paper; c = 0.8 and χ = 0.0015 (red), and c = 1.4 and χ = 0.005 (black). The layout of these
panels is the same as described above for panels a and b. Similar to the q‐exponential simulation, the MLE
parameters become increasingly well defined as the number of points increases toward N = 10,000, with the
median values matching those expected, and with increasingly smaller interquartile ranges. The MLE estimator ĉ
deviates from the expected value as the number of points decreases toward N= 10, whereas the median value of χ̂
stays close to the expected value of χ, although the interquartile range increases. Overall, the values of ĉ and χ̂ are
better estimated for lower numbers of data points than the q‐exponential estimators. However, for consistency, we
assume the same lower limit of N = 100 vorticity measurements in a sample as representing an adequate amount
for an acceptable model fit.

2.4. Examples of PDF Component Separation and Model Fitting

Figure 2 presents examples of the PDF component separation analysis method described above. Figure 2a presents
the analysis for the vorticity values measured between 0600 and 0700MLT and 73° and 74° AACGM latitude, for
the IMF By positive sub‐group. The observed variations are typical of those seen in the auroral region, and are very
similar to those presented in figure 5 of Chisham and Freeman (2023), although the uncertainty levels of the binned
PDFvalues are greater here due to the lower number of vorticitymeasurementsmade in the smaller spatial area. The
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black symbols and error bars represent the binned PDF values and un-
certainties when considering all the vorticity values measured in this spatial
region over the measurement epoch. In this example, the number of negative
vorticity values measured (N− ) is greater than the number of positive vorticity
values measured (N+). Hence, the positive vorticity values are fit solely with a
q‐exponential distribution (solid black line), representing the MS component,
assuming a complete absence of aLS component at this locationwith this sense
of vorticity. In this case the MLE analysis for the positive vorticity values
results in a q‐exponential function with q̂ = 1.17, and κ̂ = 0.0017.

For the negative vorticity values, we use the method detailed above to statis-
tically separate the measured vorticity values into two separate populations,
representing the LS andMS components of the vorticity PDFs. In Figure 2a the
blue symbols and error bars represent the binned PDF values and uncertainties
of the negative MS vorticity values. These vorticity values are fit with a q‐
exponential distribution (solid blue line). In this case the MLE analysis re-
sults in a q‐exponential function with q̂ = 1.16, and κ̂ = 0.0018, closely
matching that for the positive vorticity values, as expected given the as-
sumptions made in the methodology. In Figure 2a the red symbols and error
bars represent the binned PDF values and uncertainties of the negative LS
vorticity values. These vorticity values are fit with aWeibull distribution (solid
red line), with the MLE analysis resulting in values of ĉ = 1.62 and
χ̂ = 0.0045. This analysis is repeated for every spatial location xj, with the
spatial variation of the resulting estimators presented in the following section.

In Figure 2b we present an example of this analysis for the vorticity values
measured between 2000 and 2100 MLT and 68° and 69° AACGM latitude,
which is typical of those seen in the sub‐auroral region. The separation of
distributions in this region was not considered by Chisham and
Freeman (2023), and the major comments they made about the PDFs in this
region were that they were very heavy‐tailed, and that the distributions were
approximately symmetric, although the mode of the distribution was shifted
away from zero, the direction of the shift being dependent on whether the
vorticity measurements were made in the dawn or dusk sector. Studying the
typical large‐scale convection in these regions suggests that there are no
obvious shears or rotations in the large‐scale flow that would result in a
significant LS vorticity component. However, for consistency with the
analysis of the PDFs measured in other spatial locations, we undertake the
same separation analysis in these regions. The positive MS vorticity values
have been fit by a q‐exponential function with q̂ = 1.50 and κ̂ = 0.0011
(black line). The negative MS vorticity binned PDF values (blue symbols) are
very similar to the total binned PDF values (black symbols) for this example.
The negative MS vorticity values have been fit by a q‐exponential function
with q̂ = 1.37 and κ̂ = 0.0012 (blue line). The ‘LS’ component (red) is
reduced in magnitude in comparison to the other example, and has been fit by

aWeibull function with ĉ = 0.93 and χ̂ = 0.0013. The shape of the ‘LS’ component is of a different form to that in
Figure 2a, leading to a MLE Weibull fit with a value of ĉ< 1.0, rather than the more usual ĉ> 1.0. Weibull
distributions with c < 1.0 tend to infinity as ω tends to zero, whereas Weibull distributions with c > 1.0 tend to
zero as ω tends to zero. As a consequence of these differences, we cannot describe this ‘additional’ vorticity PDF
component as a ‘LS’ component in the sub‐auroral regions, and here we have labeled it as ‘Unknown’. We will
discuss the potential origins of this component later in the paper.

3. Results
In this section, we present the spatial variation of the MLE estimators for the LS and MS components of the
vorticity PDFs for both IMF By positive and IMF By negative conditions separately.

Figure 1. Results of a multiple Maximum Likelihood Estimation (MLE)
analysis of simulated q‐exponential and Weibull distributions of different
sample sizes (given by the number of points on the x‐axis). The square
symbols represent the median values of the MLE estimators: (a) q̂; (b) κ̂;
(c) ĉ; and (d) χ̂, from 1,000 different simulations of each sample size. The error
bars represent the interquartile range of the results. In panels (a) and (b) the
black symbols represent the results for simulated q‐exponential distributions
with q= 1.05 and κ= 0.0025 (highlighted by the black horizontal dashed lines);
the red symbols represent the results for simulated q‐exponential distributions
with q = 1.4 and κ = 0.0005 (highlighted by the red horizontal dashed lines). In
panels (c) and (d) the black symbols represent the results for simulated Weibull
distributions with c = 1.4 and χ = 0.005 (highlighted by the black horizontal
dashed lines); the red symbols represent the results for simulated Weibull
distributions with c = 0.8 and χ = 0.0015 (highlighted by the red horizontal
dashed lines).
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3.1. Large‐Scale Vorticity

Figure 3 presents the spatial variation of the Weibull fit estimators (ĉ, χ̂) for
the LS component during IMF By positive conditions. The left and right
columns show the results for the positive vorticity and negative vorticity
sides of the PDF, respectively. The LS component at any location can only
exist for one sense of vorticity, and so the observational regions for the two
senses of vorticity are mutually exclusive.

Figures 3a and 3b show the number of vorticity measurements contributing
to the PDF at every location. The largest densities of LS vorticity mea-
surements (∼200–2000 data points, colored green and yellow) are predom-
inantly in the auroral zone, on the duskside for positive vorticity PDFs, and
on the dawnside for negative vorticity PDFs; in these regions the MLE
analysis is acceptable, or better. A similarly large density of measurements is
found in the sub‐auroral region, but with the opposite vorticity sense, with
large values on the dawnside for positive vorticity PDFs, and on the duskside
for negative vorticity PDFs. The smallest number of measurements are found
within the polar cap and at low latitudes on the dayside (<∼100 data points).
In these regions there are not enough data points for an accurate MLE of the
fit parameters.

Figures 3c and 3d present the spatial variation of the ĉ estimator. To aid the
eye when interpreting the LS fit parameters, we have added equipotential
contours of the statistical large‐scale ionospheric plasma flow due to con-
vection (red solid lines). These contours are taken from the climatological
model of Thomas and Shepherd (2018) for neutral dipole tilt (− 10° ≤ tilt
≤10°) and moderate solar wind driving conditions (1.6 ≤ ESW ≤ 2.1 mV/m,
where ESW is the solar wind electric field), and only contours with the same
vorticity sense as the PDF fit parameters are shown, that is, contours of
positive electrostatic potential for negative vorticity, and contours of negative
electrostatic potential for positive vorticity. Figure 3c presents the variation
of ĉ for the locations for which the LS component is in the positive vorticity
sense. Here, the ‘melon’‐shaped convection cell (red solid lines) in the
duskside ionosphere has a positive vorticity. There is a LS vorticity
component related to the vorticity of this cell; here, the value of ĉ is quite
variable, typically being between 0.9 and 1.3. The only other LS component
for this sense of vorticity is located in the sub‐auroral region on the dawnside.
In this region, there is no large‐scale convection flow with the same sense of

vorticity, and as discussed above the use of the description ‘LS’ here is a misnomer, and hence, we label this
component ‘unknown’. Again, the value of ĉ here is quite variable, typically being between 0.7 and 1.1. The
potential source of this ‘unknown’ component is discussed later in the paper. Figure 3d presents the variation of ĉ
for the locations for which the LS component is in the negative vorticity sense. Here, the ‘banana’‐shaped
convection cell (red solid lines) in the dawnside ionosphere has a negative vorticity. There is a LS vorticity
component related to the vorticity of this cell; here, the value of ĉ is quite consistent, being∼1.2–1.4. Again, there
is an additional ‘unknown’ component in the sub‐auroral region, this time on the duskside, for which there is no
associated large‐scale convection flow with the same sense of vorticity. The value of ĉ here is between ∼0.6
and 0.9.

Figures 3e and 3f present the spatial variation of the χ̂ estimator. Again, in these figures we show the equipotential
contours of the large‐scale convection flow. Figure 3e presents the variation of χ̂ for the locations for which the
LS component is in the positive vorticity sense, the same as for the values of ĉ in Figure 3c. Here, the value of χ̂
for the LS region on the duskside varies systematically from values of ∼0.005 at lower latitudes in the auroral
zone to values of ∼0.001 in the polar cap. For the dawnside region that is unrelated to the large‐scale convection
flow, the value of χ̂ is ∼0.001–0.003. Figure 3f presents the variation of χ̂ for the locations for which the LS
component is in the negative vorticity sense, the same as for the values of ĉ in Figure 3d. Here, the value of χ̂ for

Figure 2. Example Probability Density Functions (PDFs) of vorticity
measured in the high‐latitude ionosphere and their Maximum Likelihood
Estimation (MLE) fits. (a) Example PDF from the auroral region, covering
the spatial bin between 0600 and 0700 MLT and 73° and 74° AACGM
latitude. (b) Example PDF from the sub‐auroral region, covering the spatial
bin between 2000 and 2100 MLT and 68° and 69° AACGM latitude. The
black square symbols represent the binned PDF values when considering all
data, with the black error bars representing the uncertainty in these values.
The black solid lines for positive vorticity values represent the q‐exponential
MLE fit to the positive vorticity data. The blue square symbols represent the
binned PDF values for the meso‐scale (MS) component, with the blue error
bars representing the uncertainty in these values. The blue solid lines for
negative vorticity values represent the q‐exponential MLE fit to the negative
MS vorticity data. The red square symbols represent the binned PDF values
for the large‐scale (LS) component (panel a), or the unknown component
(panel b), with the red error bars representing the uncertainty in these values.
The red solid lines represent theWeibull fits to the LS component data (panel
a), or the unknown component data (panel b).
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Figure 3. The spatial variation of the Weibull Maximum Likelihood Estimation (MLE) estimators (ĉ, χ̂) for the large‐scale
(LS) component during IMF By positive conditions. Panels (a) and (b) present the occurrence values (N) of the number of
vorticity measurements in each spatial bin, for positive vorticity and negative vorticity, respectively. Panels (c) and
(d) present the values of ĉ for each spatial bin, for positive and negative vorticity, respectively. Panels (e) and (f) present the
values of χ̂ for each spatial bin, for positive and negative vorticity, respectively. The estimators ĉ and χ̂ are only shown for bins
for whichN ≥ 100. The red solid lines represent equipotentials of ionospheric convection for IMF By positive conditions, and for
which the vorticity is in the same sense. These equipotentials are taken from the climatological model of Thomas and
Shepherd (2018) for neutral dipole tilt (− 10° ≤ tilt ≤10°) and moderate solar wind driving conditions (1.6 ≤ ESW < 2.1 mV/m),
and the contours are drawn at 6‐kV intervals.
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the LS region on the dawnside varies between ∼0.003 and ∼0.006, being lower before dawn. For the duskside
region that is unrelated to the large‐scale convection flow, the value of χ̂ is again ∼0.001–0.003.

Figure 4 presents the spatial variation of the Weibull estimators (ĉ, χ̂) for the LS component during IMF By

negative conditions. As with the LS estimators for IMF By positive presented in Figure 3, the LS component at any
location can only exist for one sense of vorticity, and so the observational regions for the two senses of vorticity
are mutually exclusive. The patterns observed in N (Figures 4a and 4b), ĉ (Figures 4c and 4d), and χ̂ (Figures 4e
and 4f), are very similar to the variations observed for IMF By positive in Figure 3, but mirrored around the noon‐
midnight meridian line, and for the opposite vorticity sense. This is to be expected as the large‐scale convection
during IMF By negative conditions is also an approximate mirror of that for IMF By positive conditions, as shown
by the differences in the solid red equipotential contours between Figures 3 and 4.

Figures 4a and 4b show the number of vorticity measurements contributing to each LS PDF for IMF By negative
conditions. The largest density of measurements are again in the auroral region, and again are on the duskside for
the positive vorticity PDFs, and the dawnside for the negative vorticity PDFs, matching the expected vorticity of
the convection cells in these regions. However, the size of the two regions has changed in contrast to the IMF By

positive results with the extent of the duskside positive vorticity region being much greater than that of the
dawnside negative vorticity region. Again, there is a large density of ‘unknown’ vorticity measurements in the
sub‐auroral region, again with large values on the dawnside for positive vorticity, and large values on the duskside
for negative vorticity. The observed variations in the sub‐auroral region are very similar to those observed for the
IMF By positive case in Figure 3, suggesting that they are independent of the prevailing IMF direction.

Figures 4c and 4d show the variation of the ĉ estimator for each LS vorticity PDF for IMF By negative conditions.
Again, the red lines show the statistical equipotential contours of the large‐scale flow from the model of Thomas
and Shepherd (2018). In Figure 4c, the ‘banana’‐shaped convection cell on the duskside is associated with large
values of ĉ (>∼ 1.2) on the dayside and at lower latitudes on the nightside, which transform into smaller values of
ĉ (∼0.8 to 1.0) at higher latitudes on the nightside. Similar to the sub‐auroral region results in Figure 3c, the value
of ĉ at lower latitudes on the dawnside varies between ∼0.7 and 1.1. In Figure 4d, the ‘melon’‐shaped convection
cell on the dawnside is associated with high values (∼1.3) at lower latitudes, gradually decreasing to values ∼0.9
to 1.1 at the edge of the polar cap. Similar to the sub‐auroral region results in Figure 3d, the value of ĉ at lower
latitudes on the duskside varies between ∼0.6 and 1.0.

Figures 4e and 4f show the variation of the χ̂ estimator for each LS vorticity PDF for IMF By negative conditions,
with the accompanying equipotential contours. In Figure 4e, the ‘banana’‐shaped convection cell on the duskside
is associated with large values of χ̂ (∼0.004 to 0.006) at lower latitudes in the auroral zone, transforming to lower
values (∼0.001 to 0.003) in the polar cap. Similar to the sub‐auroral region results in Figure 3e, the value of χ̂ at
lower latitudes on the dawnside varies between ∼0.001 and 0.003. In Figure 4f, the ‘melon’‐shaped convection
cell on the dawnside is associated with high values (∼0.005) at lower latitudes, gradually decreasing to values
∼0.002 to 0.003 at the edge of the polar cap. Similar to the sub‐auroral region results in Figure 3f, the value of χ̂ at
lower latitudes on the duskside varies between ∼0.0005 and 0.0025.

3.2. Meso‐Scale Vorticity

Figure 5 presents the spatial variation of the q‐exponential fit estimators (q̂, κ̂) for the MS component during IMF
By positive conditions. Again, the left and right columns show the results for the positive vorticity and negative
vorticity sides of the PDF, respectively. In contrast to the LS PDF results presented in Figures 3 and 4, the results
for positive vorticity (panels a, c, and e) appear very similar to those for negative vorticity (panels b, d, and f); this
is as expected owing to the assumption that theMS PDFs are symmetric in the methodology, and provides a check
that the methodology is separating the vorticity populations as expected.

Figures 5a and 5b show the number of vorticity measurements contributing to the PDF at every location. The red
regions highlight where there are the largest density of measurements (∼10,000 data points); this number peaks in
the auroral region in the nightside ionosphere. The darker blue regions highlight where there are the smallest
density of measurements (<∼100 data points); this number is small both at the highest latitudes, and at the lowest
latitudes on the dayside. In these regions there are not enough data points for an accurateMLE of the fit parameters.
The green regions (∼200–2000 data points) dominate the rest of the high‐latitude region.
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Figure 4. The spatial variation of the Weibull Maximum Likelihood Estimation (MLE) estimators (ĉ, χ̂) for the large‐scale
(LS) component during IMF By negative conditions. Panels (a) and (b) present the occurrence values (N) of the number of
vorticity measurements in each spatial bin, for positive vorticity and negative vorticity, respectively. Panels (c) and
(d) present the values of ĉ for each spatial bin, for positive and negative vorticity, respectively. Panels (e) and (f) present the
values of χ̂ for each spatial bin, for positive and negative vorticity, respectively. The estimators ĉ and χ̂ are only shown for bins
for which N ≥ 100. The red solid lines represent equipotentials of ionospheric convection for IMF By negative conditions, and
for which the vorticity is in the same sense. These equipotentials are taken from the climatological model of Thomas and
Shepherd (2018) for neutral dipole tilt (− 10° ≤ tilt ≤10°) and moderate solar wind driving conditions (1.6 ≤ ESW < 2.1 mV/m),
and the contours are drawn at 6‐kV intervals.
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Figures 5c and 5d present the spatial variation of the q̂ estimator. First, it is clear that the estimated value of q̂
rarely (almost never) dips below 1.0; this means that the MS PDFs are always heavier‐tailed than an exponential
(for which q = 1). However, there is a large region, shifted slightly dawnside of noon, where the value of q̂ is
consistently in the range 1.0–1.1; this location matches the ionospheric projection of the magnetospheric cusp

Figure 5. The spatial variation of the q‐exponential Maximum Likelihood Estimation (MLE) estimators (q̂, κ̂) for the meso‐
scale (MS) component during IMF By positive conditions. Panels (a) and (b) present the occurrence values (N) of the number
of vorticity measurements in each spatial bin, for positive vorticity and negative vorticity, respectively. Panels (c) and
(d) present the values of q̂ for each spatial bin, for positive and negative vorticity, respectively. Panels (e) and (f) present the
values of κ̂ for each spatial bin, for positive and negative vorticity, respectively. The estimators q̂ and κ̂ are only shown for bins
for which N ≥ 100.
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region where small‐scale turbulent flow is prevalent (Di Mare et al., 2021). Around the rest of the auroral oval the
value of q̂ is larger, being∼1.2 to 1.3. The largest values of q̂ (often >1.4), are found in the sub‐auroral region and
the nightside polar cap. This matches the more leptokurtic PDFs typically seen there, such as that in the example
presented in Figure 2b.

Figures 5e and 5f present the spatial variation of the κ̂ estimator. The largest values of κ̂ (>∼ 0.002) are found in
the dayside auroral oval and polar cap, including the cusp region; this indicates that the widest vorticity PDFs are
found in this region. Much of the auroral region at other MLTs is also characterized by relatively large values of κ̂
(>∼ 0.0015). The lowest values of κ̂ (<∼ 0.001) are found in the sub‐auroral region and the polar cap; these
regions are characterized by the thinnest vorticity PDFs.

Figure 6 presents the spatial variation of the q‐exponential fit estimators (q̂, κ̂) for the MS component during IMF
By negative conditions. As with the previous figures, the left and right columns show the results for positive
vorticity and negative vorticity measurements, respectively. Again, as with the IMF By positive MS vorticity
results (Figure 5), the results for positive vorticity (panels a, c, and e) appear very similar to those for negative
vorticity (panels b, d, and f), as expected. Not only this, they appear very similar to the MS results for IMF By

positive, as presented in Figure 5. The spatial variation of vorticity occurrence numbers (Figures 6a and 6b) again
show the largest density of values in the nightside auroral region (∼10,000), and the smallest density of values at
low latitudes on the dayside, and within the nightside polar cap (∼10 to 100). The spatial variation of the q̂
estimator (Figures 6c and 6d) is again lowest in the cusp region (∼1.0 to 1.1), increasing slightly within the auroral
region (∼1.2 to 1.3), and largest in the sub‐auroral region and the nightside polar cap (>∼1.4). The spatial
variation of the κ̂ estimator (Figures 6e and 6f) is again largest in the dayside auroral oval, polar cap, and cusp
(>∼0.002), slightly lower in the rest of the auroral region (>∼0.0015), and lowest in the sub‐auroral region and
the nightside polar cap (<∼0.001).

As discussed in relation to Figure 5, the similarities between the positive and negative vorticity results were
expected, due to the assumptions made in the methodology. However, the similarities between the results for
positive and negative IMF By are not due to the methodology and suggest that the spatial variation of the MS
vorticity component is independent of the prevailing IMF direction. Consequently, the sources of the meso‐scale
plasma flow vorticity may be dominated by processes unrelated to the direction of the prevailing IMF.

4. Discussion
Here, we present a summary of the typical LS andMS vorticity PDFs that we have observed in different regions of
the ionosphere, and discuss the potential origins of the vorticity in each of these regions. We also discuss the
consequences of not including the velocity variations associated with meso‐scale vorticity in ionospheric plasma
flow models, and how this component might be added to existing or future models.

4.1. Large‐Scale Vorticity

We start by considering the better‐understood sources of LS vorticity. Figure 7 presents representations of the
typical LS Weibull vorticity PDFs observed in different regions of the ionosphere. These are all one‐sided dis-
tributions, and are presented for the case of negative large‐scale vorticity. Similar (but reflected) distributions
exist for the case of positive large‐scale vorticity in other regions of the ionosphere.

Figure 7a presents the typical LSWeibull vorticity distributions that are observed in the ‘banana’ convection cells
for the auroral (black) and polar cap (red) regions. The auroral Weibull is defined here by c = 1.4 and χ = 0.005,
whereas the polar cap Weibull is defined here by c = 1.4 and χ = 0.002. The vertical dotted lines highlight the
median vorticity for each of these distributions. Although the shape of these Weibull distributions is the same, the
scale is significantly different, with much larger values typically observed within the auroral region. This is clear
from the increased width of the distribution as well as the larger median. To give some context for the observed
vorticity values, if the auroral region median value is assumed to be purely the result of a flow shear across the
measurement cell, then this median flow shear Δv ranges from∼400 to∼800 m/s, depending on the measurement
cell size.

Figure 7b presents the typical LS Weibull vorticity distributions that are observed in the ‘melon’ convection cells
for the auroral (black) and polar cap (red) regions. Here, the auroral Weibull is defined by c = 1.1 and χ = 0.004,
whereas the polar capWeibull is defined by c= 1.1 and χ= 0.002. The value of c is much lower than that seen in the
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‘banana’ cell, and is approaching unity, at which point the distribution would be exponential. Even though these
distributions are heavier‐tailed than those seen in Figure 7a, the median value, and hence, the typically observed
value is lower than those seen in the ‘banana’ cell. This is as would be expected as the ‘banana’ cell is typically
characterized by larger flow shears than the ‘melon’ cell. Again, for context, assuming that this auroral region

Figure 6. The spatial variation of the q‐exponential Maximum Likelihood Estimation (MLE) estimators (q̂, κ̂) for the meso‐
scale (MS) component during IMF By negative conditions. Panels (a) and (b) present the occurrence values (N) of the number
of vorticity measurements in each spatial bin, for positive vorticity and negative vorticity, respectively. Panels (c) and
(d) present the values of q̂ for each spatial bin, for positive and negative vorticity, respectively. Panels (e) and (f) present the
values of κ̂ for each spatial bin, for positive and negative vorticity, respectively. The estimators q̂ and κ̂ are only shown for bins
for which N ≥ 100.
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median vorticity is purely the result of a flow shear, then Δv ranges from∼300
to ∼600 m/s, again depending on the measurement cell size.

To help place the typical vorticity observations into further context, in Figure 8
we present a basic schematic representation of the different vorticity compo-
nents in the polar ionosphere. The different ionospheric regions are approxi-
mately identified; the cusp (dark‐gray shading), the auroral region (light‐gray
shading), and the polar cap and sub‐auroral region (white). The blue lines and
vortices in Figure 8 represent the LS sources of vorticity. The contours present
example equipotentials from the model of Thomas and Shepherd (2018) for
IMF By positive conditions.

The model contours represent a statistical average of the actual flow during
these conditions, and so the vorticity apparent in the equipotential flow con-
tours represents a highly smoothed version of reality. The PDFs presented in
Figures 7a and 7b clearly show that the typical LS flow vorticity in the auroral
region is much higher than that seen in the polar cap. The model contours are
suggestive that this is the case, with the largest flow shears being located to-
ward the poleward edge of the auroral oval, near the polar cap boundary.
Indeed, Heppner andMaynard (1987) combined spacecraft data in an adaptive
co‐ordinate system (Chisham, 2017) to develop empirical models of the large‐
scale flow. These clearly show regions of much larger vorticity in the auroral
region compared to the polar cap. This difference is not as immediately
obvious in most empirical models which usually use non‐adaptive geomag-
netic co‐ordinate systems, which tend to spatially smooth such features.

Figure 7c presents the typical ‘unknown’Weibull distribution that is observed
in the sub‐auroral region. This sub‐auroral Weibull is defined by c = 0.8 and
χ= 0.0015. The sense of this additional vorticity component is opposite to that
of the convection cell in that sector, for example, the additional vorticity is
positive on the dawnside in contrast to the negative vorticity convection cell
observed there. In Figure 8, this component is represented by the small blue
vortices. This vorticity is clearly not related to any large‐scale variations in the
convection flow (blue contours in Figure 8) and is likely to represent an
additional single‐sided meso‐scale component on top of the symmetric MS
vorticity PDFs that are also observed. Hence, our assumption of a symmetric
MS distribution may not hold in the sub‐auroral region. We discuss the po-
tential origin of this component with those of the MS components below.

4.2. Meso‐Scale Vorticity

Figure 9 presents representations of the typical MS q‐exponential vorticity
PDFs observed in different regions of the ionosphere. These are all symmetric

two‐sided distributions, following the assumptions made earlier in the paper. The four panels of the figure
represent typical distributions observed in (a) the cusp region, (b) the auroral region, (c) the polar cap, and (d) the
sub‐auroral region. It is also important to remember that a contribution to these distributions comes from
measurement and algorithmic errors and uncertainties (Chisham & Freeman, 2023).

The cusp q‐exponential PDF (Figure 9a) is defined here by q = 1.05 and κ = 0.0025. In this region, meso‐scale
vortices are predominantly directly driven by solar wind and IMF fluctuations in the form of the ionospheric
signature of FTEs (Provan et al., 1998), RFEs (Rinne et al., 2007), or TCVs (Friis‐Christensen et al., 1988). Given
the large value of the scale parameter κ for the MS vorticity PDF in the cusp, the MS vorticities observed there are
typically large compared to other regions, suggesting strong turbulent flow driven by solar wind‐magnetosphere
interactions. This is depicted by the thick red vortices in the schematic diagram in Figure 8, with the increased
thickness of the vortices representing an increase in the typical vorticity magnitudes. The vorticity PDFs observed
in the cusp are almost exponential in character due to the low value of the shape parameter q. This parameter is a
measure of intermittency, which describes the likelihood of the occurrence of extreme values compared to what

Figure 7. Examples of typical Weibull‐distribution ‘Large‐scale’ (LS)
Probability Density Functions (PDFs) observed in the polar ionosphere.
(a) Typical Weibull distributions observed in the ‘Banana’ convection cell.
The black line is typical of the auroral region (c = 1.4, χ = 0.005); the red
line is typical of the polar cap (c = 1.4, χ = 0.002). (b) Typical Weibull
distributions observed in the ‘Melon’ convection cell. The black line is
typical of the auroral region (c = 1.1, χ = 0.004); the red line is typical of the
polar cap (c = 1.1, χ = 0.002). (c) Typical Weibull distribution observed in
the sub‐auroral region (c= 0.8, χ= 0.0015). The vertical dotted lines in each
panel represent the median values of each distribution.
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would be expected from a normal distribution of values (Frisch, 2010). The
low q values, and less leptokurtic distributions, typically observed in the cusp
suggest a low level of intermittency. These observations are in contrast to
those of Abel et al. (2009) who suggested that intermittency in the cusp
plasma flow was inherited from the solar wind through solar wind‐
magnetosphere‐ionosphere coupling processes, such as magnetic reconnec-
tion. Given this low intermittency, the likelihood of very extreme values of
MS vorticity is much lower in the cusp than in other regions of the
ionosphere.

The auroral region q‐exponential PDF (Figure 9b) is defined here by q = 1.3
and κ = 0.002. Meso‐scale phenomena here are driven by turbulent plasma
flows in regions of large flow shear (Basu et al., 1988), and by features such as
auroral arcs (Moen et al., 2008) and omega bands (Wild et al., 2000), which
are driven indirectly by magnetotail processes. The more leptokurtic PDFs
observed here imply that MS vortical flows in the auroral region are more
intermittent than in the cusp. Combined with the wider nature of the observed
PDFs, the likelihood of extreme MS vorticity in this region is larger than any
other region in the high‐latitude ionosphere, as portrayed by the thicker red
vortices in the schematic diagram in Figure 8. To place the cusp and auroral
region vorticity values into context, if we assume that the vorticity is due
wholly to a vortical flow around the measurement cell, then a typical value of
ω = 0.005 Hz relates to a vortical flow speed of v ∼ 125–250 m/s, depending
on the measurement cell size.

Comprehensively characterizing theMS vorticity in the polar cap and the sub‐
auroral region is more challengingwith the present data set as the SuperDARN
vorticitymeasurements only partially cover these regions. There is a large hole
surrounding the AACGM pole where we have no vorticity measurements.
Similarly, at lower latitudes the measurements only extend partially into the

sub‐auroral region. Consequently, theMS vorticitymeasured in these regions should only be viewed as provisional
and only a limited interpretation is possible. Since the vorticity measurements made in this paper weremade (in the
years 2000–2005 inclusive), the SuperDARN network coverage has expanded significantly, and now enables the
measurement of plasma flows in both these regions (Nishitani et al., 2019). Hence, future work will expand the
vorticity analysis into these regions.

The polar cap region q‐exponential PDF (Figure 9c) is defined here by q∼ 1.4, κ∼ 0.001. This represents vorticity
observations most likely poleward of, but close to, the polar cap boundary on the nightside, and in the dawn and
dusk regions. It is possible that MS phenomena observed here are remnants of solar‐wind driven vortical flows
that have advected from the cusp region amongst the large‐scale convection flow. Field‐aligned current systems
associated with dayside reconnection events such as flux transfer events have been shown to advect into the polar
cap in this way (Milan et al., 2000; Nishimura et al., 2014; Sandholt et al., 1990), carrying MS vortical flow
regions with them. Comparing this typical polar cap PDF with that from the cusp region shows that the vorticity
values are much smaller, indicating that these current systems and the associated vortical flows will have
weakened while advecting into the polar cap, as represented by the relatively thinner red vortices in Figure 8.
However, the PDFs here are much more leptokurtic suggesting that the flow has become more intermittent as it
moves from the cusp into the polar cap. As these measurements are generally made close to the polar cap
boundary, it may be that this intermittency has been introduced by the motion of the boundary backward and
forward across the measurement location, in response to changing levels of magnetic reconnection. Future
expansion of the observation region, as discussed above, or analysis of the vorticity in an adaptive co‐ordinate
system (Chisham, 2017), should clarify this uncertainty.

The sub‐auroral region q‐exponential PDF (Figure 9d) is defined here by q ∼ 1.4, κ ∼ 0.0005. The meso‐scale
vortical flows in this region will be partially inherited from the nightside auroral zone, including those associated
with substorm processes. Other potential sources of vorticity in this region include: (a) Fragmented and fila-
mentary region 2 field‐aligned currents originating in the ring current, as discussed in Chisham and

Figure 8. Schematic visualization of large‐scale and meso‐scale vorticity in
the polar ionosphere. The white region at low latitudes represents the sub‐
auroral region. The light gray region represents the auroral region. The dark
gray region represents the cusp region. The white region at high latitudes
represents the polar cap. The blue contours represent typical equipotential
flow contours for IMF By positive conditions. The blue vortices are a
schematic representation of the ’large‐scale’ vorticity component observed
in the sub‐auroral region. The red vortices are a schematic representation of
the meso‐scale vorticity component seen in all regions. The thickness of the
vortices helps to visualize the different vorticity magnitudes typically
observed in different spatial regions.
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Freeman (2021, 2023); (b) TCVs driven by solar wind pressure fluctuations
on the dayside of the Earth (Moretto & Yahnin, 1998); and (c) flow shears or
gradients associated with fast sub‐auroral flows such as Sub‐Auroral Po-
larization Streams (SAPS) (Clausen et al., 2012; Sangha et al., 2020). The
much thinner PDFs observed in this region imply that MS vorticity mea-
surements will typically be much lower in these regions (as shown in
Figure 8), even though a similar value of q to that seen in the polar cap
suggests a high level of intermittency and hence, an increased probability of
extreme vorticity measurements.

The sub‐auroral region also contains the small ‘unknown’ vorticity popu-
lation with the single‐sided PDF presented in Figure 7c. This population is
most likely due to the fragmented and filamentary region 2 field‐aligned
currents, which are predominantly downward in the dusk sector (leading
to isolated anti‐clockwise flow vortices), and predominantly upward in the
dawn sector (leading to isolated clockwise flow vortices). To place this
additional sub‐auroral vorticity component into context, if we assume that
the vorticity is due wholly to a vortical flow around the measurement cell,
then the median vorticity value shown in Figure 7c relates to a vortical flow
speed of v ∼ 25 m/s for the measurement cell sizes in the sub‐auroral region.

The fact that we observe the same spatial variation in meso‐scale vorticity
characteristics for different IMF directions suggests that flow fluctuations on
these scales are dominantly driven by processes within the magnetosphere
and ionosphere, such as turbulence, rather than being directly driven by
changes in the IMF. The IMF is known to exert a significant control on the
large‐scale convection flow pattern, but its impact on the meso‐scale flow is
unclear. The IMF data in this study have been lagged to the Earth's bow
shock. The impact of these IMF changes on the dayside ionospheric flows is
expected to be relatively fast. However, there is an increased delay to any
impact on the nightside and sub‐auroral flows. This could provide another
explanation for why the meso‐scale flows in these regions appear invariant
with changes in the IMF By direction. Although this would not explain why
they appear invariant in the cusp and polar cap regions.

There are also other factors that may be controlling the meso‐scale flow that
we have not considered. As discussed in Chisham and Freeman (2023), large
vorticity on the nightside may be associated with short substorm intervals of
strong flows, which are interspersed with longer, quieter intervals. These
flows would not be directly ordered by the IMF direction. Future work needs
to consider organizing the ionospheric vorticity distributions on the nightside
by their relation to substorm occurrence. In addition, separating the data set by
season will help to determine if changing levels of ionospheric conductance
have a role in controlling the different characteristics observed in the dayside
and nightside ionosphere.

4.3. Consequences for Ionospheric Plasma Flow Models

As discussed in the Introduction, there are a large number of empirical models
of ionospheric plasma flow (and associated electric field) that have been
derived from both spacecraft and ground‐based measurements. As a result of

the methods used in the development of these models, they typically average out fluctuations below the large‐
scale. Similarly, in physics‐based models of ionospheric plasma flow, often only the large‐scale processes are
captured. Hence, these models do not accurately represent the fluctuations in the flow on both the meso‐scale and
the small scale. For many applications, this simplification is acceptable. However, for accurate estimation of Joule

Figure 9. Examples of typical q‐exponential‐distribution ‘Meso‐scale’ (MS)
Probability Density Functions (PDFs) observed in the polar ionosphere.
(a) Typical q‐exponential distribution observed in the cusp region (q = 1.05,
κ = 0.0025). (b) Typical q‐exponential distribution observed in the auroral
region (q = 1.3, κ = 0.002). (c) Typical q‐exponential distribution observed
in the polar cap (q = 1.4, κ = 0.001). (d) Typical q‐exponential distribution
observed in the sub‐auroral region (q = 1.4, κ = 0.0005).
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heating, and the electron density structure of polar cap patches, the effects of meso‐scale fluctuations are often
significant.

In order for operationalmodels of ionsopheric plasma flow to improve, they need to start to consider fluctuations on
both themeso‐scale and the small scale. The big question is how this can be achieved in a practical way. This paper
has provided a first attempt at assessing the potential contribution ofmeso‐scale fluctuations to the flow, in terms of
the vorticity associated with these fluctuations. However, how these vorticity fluctuations can be introduced into
plasma flow models needs to be a major area of future study.

There are many statistical aspects of vorticity that need to be understood before such fluctuations can be
confidently added to models. One important aspect is how persistent in time flow vorticity is in different lo-
cations? That is, are the vorticity measurements at a particular location random from one measurement to the
next, or does their sense and magnitude persist? The more random variations are likely to exist in regions where
there is a limited large‐scale component and the meso‐scale component is dominated by intermittent fluctuations.
Hence, these fluctuations may be more easily modeled in a probabilistic sense, using model distributions of
vorticity like those presented here. If the vorticity measured at a location is persistent, then there is a need to
understand the reason for this persistence to be able to model it. This may be particularly true of regions
dominated by the large‐scale flow or of meso‐scale fluctuations in the cusp region which appear to be directly
driven by interactions with the solar wind, with low intermittency. Hence, there is a need to study the temporal
variation of vorticity at different locations and over different time scales.

If meso‐scale vorticity fluctuations in the cusp are deterministic (and as a consequence, possibly in the polar cap
as well), then it is important to have a model for their occurrence following changes in the solar wind, whether
that is large changes in solar wind pressure, or the presence of FTEs following southward turnings of the IMF.
One way of achieving this would be to undertake a superposed epoch analysis of the meso‐scale vorticity PDFs
at different locations relative to large changes in solar wind pressure. Similarly, the effect of FTEs could be
studied initially by a superposed epoch analysis relative to southward turnings in the IMF. Similar studies may
be needed in the auroral region in response to substorms or other nightside reconnection events.

In regions of the ionosphere where the meso‐scale vorticity fluctuations are more intermittent, a study of the
temporal variation of vorticity may provide an answer as to whether it is suitable to represent the vorticity in these
regions in a probabilistic way. This may be particularly relevant to the vorticity that is observed in the sub‐auroral
and polar cap regions.

Small‐scale fluctuations in the ionospheric flow (on scales < ∼1–10 km) are difficult to measure in a
continuous and systematic way, being below the spatial resolution of most techniques and instrumentation
used to measure ionospheric plasma flow, such as SuperDARN. Understanding and modeling fluctuations on
these scales will require a different approach, as it is not presently possible to measure vorticity on these
scales, although the presence of small‐scale ionospheric turbulence and intermittency has been identified and
measured (Spicher et al., 2015, 2022). SuperDARN measurements of Doppler spectral width can provide an
indirect measure of the level of sub‐grid‐scale structure and turbulence (Spicher et al., 2022; Vallières
et al., 2004). It may be possible to use these measurements to provide a probabilistic parameterization of the
sub‐grid small‐scale fluctuations in the flow for modeling purposes. This would require a better understanding
of the factors that influence the measured spectral width, which include the small‐scale spatiotemporal
structure of irregularities in a grid cell, small‐scale turbulence, and time‐varying electric field variations due to
both wave activity and gradients in the large and meso‐scale structure (André et al., 2000; Villain et al., 2002).

5. Summary and Conclusions
In this paper we have used a method to statistically separate PDFs of vorticity into components related to the
large and meso‐scale components of the ionospheric flow. The large‐scale vorticity appears to be driven wholly
by the large‐scale convection flow resulting from magnetic reconnection, and is well‐represented in ionospheric
flow models. This component varies with changes in the prevailing IMF as expected. The spatial variation of
meso‐scale vorticity appears to be independent of the prevailing IMF, suggesting that it is driven by transient
solar wind phenomena and internal magnetospheric processes, such as turbulence. However, the character of the
meso‐scale vorticity component does vary systematically with location in the ionosphere.
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1. In the cusp, the meso‐scale vorticity is strongest and most likely driven by transient phenomena associated
with the coupling of the solar wind and IMF with the magnetosphere.

2. In the polar cap, the meso‐scale vorticity may be driven by remnants of the meso‐scale cusp structure that are
advecting with the large‐scale flow, but decreasing in strength with increased intermittency.

3. In the auroral region, the meso‐scale vorticity is strong and is most likely to be driven by nightside processes
such as substorms, and by increased turbulent flows associated with flow shears.

4. In the sub‐auroral region, the meso‐scale vorticity is smallest, but the most intermittent. It is likely to be driven
by fragmented and filamentary region 2 field‐aligned currents.

In order to be able to adequately represent these meso‐scale fluctuations in ionospheric flow models, we need to
be able to fully understand the sources of these flow components, and how they vary in time in different locations.

Data Availability Statement
The SuperDARN vorticity data used in this paper are available through Chisham (2023), https://doi.org/10.5285/
8EEDC594‐730B‐4AAD‐B9CE‐827912320C3A. The raw SuperDARN data are available through the BAS
SuperDARN data mirror (https://www.bas.ac.uk/project/superdarn/).
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