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Abstract The boundaries of the auroral oval and auroral electrojets are an important source of information
for understanding the coupling between the solar wind and the near‐earth plasma environment. Of these two
types of boundaries the auroral electrojet boundaries have received comparatively little attention, and even less
attention has been given to the connection between the two. Here we introduce a technique for estimating the
electrojet boundaries, and other properties such as total current and peak current, from 1‐D latitudinal profiles of
the eastward component of equivalent current sheet density. We apply this technique to a preexisting database of
such currents along the 105° magnetic meridian, estimated using ground‐based magnetometers, producing a
total of 11 years of 1‐min resolution electrojet boundaries during the period 2000–2020. Using statistics and
conjunction events we compare our electrojet boundary data set with an existing electrojet boundary data set,
based on Swarm satellite measurements, and auroral oval proxies based on particle precipitation and field‐
aligned currents. This allows us to validate our data set and investigate the feasibility of an auroral oval proxy
based on electrojet boundaries. Through this investigation we find the proton precipitation auroral oval is a
closer match with the electrojet boundaries. However, the bimodal nature of the electrojet boundaries as we
approach the noon and midnight discontinuities makes an average electrojet oval poorly defined. With this and
the direct comparisons differing from the statistics, defining the proton auroral oval from electrojet boundaries
across all local and universal times is challenging.

Plain Language Summary The global location of the northern and southern lights (aurora) holds
particular importance for understanding where energy from the solar wind and its coupling with the
magnetosphere is deposited in the upper atmosphere. The brightness of these lights and related electrical
currents also indirectly indicate the magnitude of the energy deposition. However, global imaging of aurora is
limited by sunlight, with generally fewer observations during summer months. Furthermore, global
observations are not possible from the ground, and space‐based global imaging has been missing for close to two
decades. In this study we investigate alternative methods, with particular emphasis on a technique exploiting
ground magnetometer data. Electrical currents have been robustly mapped for two decades over Fennoscandia,
without observational limitations due to season. We investigate how the average location of these currents
relates to the average location of the aurora and other related current systems. We use these results to discuss the
feasibility of finding the location of the aurora from a more abundant data source and increasing the
understanding of the underlying mechanisms.

1. Introduction
The boundaries of the auroral oval are natural points of reference for understanding and organizing polar
ionospheric electrodynamics (Andersson et al., 2004; Burrell et al., 2020; Kilcommons et al., 2017; Redmon
et al., 2010). The poleward boundary of the auroral oval is a commonly used proxy of the boundary between open
and closed magnetic field lines (OCB) and, therefore, can be used to determine the amount of open magnetic flux
contained within the polar cap and is commonly used to describe the magnetic energy stored in the magnetotail
(Milan et al., 2007, 2017). The equatorward boundary describes the extent of where this additional energy
translates into enhanced auroral activity (precipitation, strengthened auroral electrojets etc.) and is important in
understanding where space weather hazards are heightened (Carbary, 2005). The auroral electrojets are often
described as flowing within the auroral oval (Johnsen, 2013) and measurements of the electrojets are often
reduced to singular metrics to describe the state of polar ionospheric activity (i.e., Auroral Lower index, Auroral
Upper index, etc.) (Kamide & Akasofu, 1983; Rostoker et al., 1980).
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The auroral oval is typically phenomenologically defined by auroral emissions or through the populations of
energetic particle precipitation (Chisham et al., 2022; Decotte et al., 2023; Feldstein & Starkov, 1967; Holzworth
& Meng, 1975; Kilcommons et al., 2017; Longden et al., 2010; Zou et al., 2012). Thresholds of the total
precipitating electron energy flux are an often used proxy of the OCB (Boakes et al., 2008; Longden et al., 2010).
However, ground‐based auroral observations, which began prior to the advent of space‐based observations, are
limited by location and condition requirements, such as clouds, lunar illumination and solar illumination. A
number of satellite auroral observations are able to image the entire auroral oval and therefore can provide global
boundaries, however they are limited by the time when the satellite was in operation, satellite orbit and to some
extent solar illumination because of dayglow (Ohma et al., 2023). Particle detectors onboard satellites, such as the
Defense Meteorological Space Program (DMSP) satellites, have enabled routine determination of auroral oval
boundaries through identification of auroral particle precipitation populations (Kilcommons et al., 2017). An
advantage of these measurements is they are not restricted by dayglow and solar illumination but they are limited
to point observations along the satellite path. Decotte et al. (2023) have also shown that auroral boundaries
identified via DMSP Special Sensor J (SSJ) electrostatic analyzers are biased in some local time sectors due to the
trajectory of these satellites through the auroral zone.

Both field‐aligned currents (FACs) and the auroral electrojets can be estimated from their magnetic field sig-
natures using magnetometers onboard satellites such as CHAllenging Minisatellite Payload (CHAMP) and the
Swarm satellites and have been compared with the auroral oval (Feldstein et al., 1999; Xiong & Lühr, 2014).
Routines have been designed to find the FAC boundaries and electrojet boundaries, with advantages and dis-
advantages similar to those of boundary estimates made using satellite‐based particle instruments (Aakjær
et al., 2016; Juusola et al., 2006; Kervalishvili et al., 2020; Viljanen et al., 2020; Xiong & Lühr, 2014; Xiong
et al., 2014). Historically, however, estimates of the electrojets have predominantly been made using ground
based magnetometers (Harang, 1946). Like satellite magnetometers, ground‐based magnetometers are not
challenged by weather and solar illumination but additionally have the advantage of being fixed geographically
(i.e., can remain in and around the auroral zone and ionospheric interaction region). Such measurements have
generally been made at 1‐min cadence for the last few decades, and more recently 10‐s and even 1‐s cadence.
However, accurate background magnetic field estimates are required for baseline removal in order to retrieve the
real magnitude of perturbations. Additionally, ground magnetometers are limited by location and operation,
where more inaccessible sites generally experience more down time and areas of sea or completely inaccessible
areas of land produce gaps in the distribution of magnetometers. Furthermore, ground induced currents can
obscure the derivation of the ionospheric current particularly when it is assumed the magnetic field perturbations
are purely of ionospheric origin.

The clear advantages of ground based magnetometers, in terms of data coverage and reliability, make it important
to use the measurements to identify the boundaries of the auroral electrojets and understand their place in
describing the auroral oval. Thus enhancing our knowledge of the auroral oval when more typical measurements
are lacking and gaining a greater understanding of the links between ionospheric processes. To our knowledge,
three studies have used an algorithm based approach to identify the boundaries of the auroral electrojets on the
basis of ground magnetometer measurements (Feldstein et al., 1999; Johnsen, 2013; Kisabeth & Rostoker, 1971).
In all of these studies the radial component of magnetic field perturbations was primarily used for determination
of the latitudinal extent of the auroral electrojets, and in only one of these was a limited comparison with auroral
oval boundaries carried out (Feldstein et al., 1999). Kisabeth and Rostoker (1971) used a set of magnetometers
around the 302° magnetic meridian (Western Canada), and defined the boundaries of the auroral electrojet as the
location of the maxima and minima in the radial component that flank the zero point of the radial component or
the peak in the horizontal component. They investigated how the width and peak varied during a selection of
substorms. Johnsen (2013) modeled the auroral electrojet as a set of line currents, with amplitudes obtained from
fits to the ground magnetic field measured by ground magnetometers in Scandinavia. They then estimated the
electrojet boundaries algorithmically using the same criteria described by Kisabeth and Rostoker (1971). These
boundaries are then provided to real time tracking and alerts for auroral activity, such as the Advanced Forecast
For Ensuring Communications Through Space project (Bothmer et al., 2013).

In Section 2 we estimate the electrojet boundaries fromminute resolution electrojet current profiles along the 105°
magnetic meridian presented by S. Walker, Laundal, Reistad, Hatch, et al. (2023) (S. J. Walker et al., 2022),
which yields a database spanning a total of 11 years during the 21‐year period between 2000 and 2020 (S. J.
Walker, Laundal, Reistad, Hatch, et al., 2023). In Section 3 we compare these boundaries both in case studies and
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statistically with auroral electrojet boundaries estimated via satellite‐bourne magnetometers, auroral oval
boundaries found using particle precipitation measurements from DMSP satellites (Decotte et al., 2023; Kil-
commons et al., 2017), a merging electric field scaled model of the FAC boundaries (Xiong & Lühr, 2014; Xiong
et al., 2014) and auroral oval boundaries found using satellite based far ultra violet (FUV) measurements of the
aurora (Chisham et al., 2022; Longden et al., 2010). In Section 4 we discuss these comparisons and how the
auroral electrojet boundaries relate to the auroral oval both on average and on a case by case basis.

2. Data and Methodology
In this section we describe the different boundary data sets used in this study and the methodology behind them.
Table 1 summarizes these data sets. We also describe the parameters we use to bin our data.

2.1. Electrojet Boundaries From Regionally Constrained Divergence Free Currents

We now describe how we derive the database of electrojet boundaries and properties based on the minute‐
resolution sheet current density profiles produced by S. Walker, Laundal, Reistad, Hatch, et al. (2023).

2.1.1. Estimating the Electrojet Currents

The core component of S. Walker, Laundal, Reistad, Hatch, et al. (2023) and how they estimate the divergence‐
free ionospheric currents is the spherical elementary current systems (SECS) method. The superposition of an
appropriately scaled collection of SECS basis functions can recreate any two‐dimensional current system that
exists on a spherical shell, such as the divergence‐free ionospheric currents (Amm, 1997; Amm&Viljanen, 1999;
Vanhamäki & Juusola, 2020). Amm (1997) introduced divergence‐free SECS basis functions with this purpose in
mind, and described the current associated with each type of basis function. Amm and Viljanen (1999) then
derived analytic expressions for the corresponding magnetic field. These expressions for the magnetic field
enable estimation of the amplitude of each member of a collection of SECS basis functions frommeasurements of
the magnetic field via a linear inverse problem. Once these amplitudes are known, it is straightforward to calculate
the total divergence‐free current system that can represent the measured magnetic field. S. Walker, Laundal,
Reistad, Hatch, et al. (2023) used measurements made by a fixed set of 20 groundmagnetometers in Fennoscandia
to constrain their SECS model along with regularization of the east–west gradient and the amplitude of the model
vector. Using this model, the divergence‐free ionospheric sheet current density was estimated along the 105°
magnetic meridian for each minute when the magnetometers were available concurrently over the 20 year period
from 2000 to 2020 (S. J. Walker et al., 2022). Using the same magnetometers throughout the data set and only
estimating currents when all 20 are available produces gaps within the data set, reducing the size of the data set to
the equivalent of 11 years. Furthermore, the data set is poorly constrained at high latitudes (we return to how this
affects our electrojet boundaries in the next subsection) and does not extend beyond 81°MLat. The strict approach
to the magnetometers in S.Walker, Laundal, Reistad, Hatch, et al. (2023) appears limiting but it is essential for the
validity of the statistics in the study and it is essential for the work conducted within this study, which we describe
further in the next subsection. When changing the selection of magnetometers the estimated currents will change
without any change to the true current. This can invalidate statistical studies or comparisons between different

Table 1
The Data Sets Used in This Study, the Type of Boundaries They Identify, the Measurements Used to Derive Them and the Time Span of the Data That Is Used in This
Study

Boundary data set Boundary type Measurements Time span

Current Paper (GBM) (S. J. Walker, Laundal, Reistad,
Hatch, et al., 2023)

Auroral Electrojets Ground Based Magnetometers (S. J. Walker et al., 2022) (S. Walker,
Laundal, Reistad, Hatch, et al., 2023)

2000–2020

Swarm (SBM) (Viljanen et al., 2020) Auroral Electrojets Swarm Magnetometers (Kervalishvili et al., 2020) 2013–2023

SI12 (Chisham et al., 2022) Aurora Space Based Imager (IMAGE) 2000–2003

SI13 (Chisham et al., 2022) Aurora Space Based Imager (IMAGE) 2000–2003

DMSP (Kilcommons et al., 2017) Precipitation Space Based Particle Detector 2001–2016

CHAMP Model (Xiong & Lühr, 2014) Field Aligned Currents CHAMP Magnetometer (Xiong et al., 2014) 2000–2010a

aFor this case this is the range of data used to create the boundaries in Xiong et al. (2014) that are used to create the model in Xiong and Lühr (2014).
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times as we can no longer attribute changes in the estimated currents to a change in physical conditions (e.g.,
convection, dayside reconnection rate etc).

2.1.2. Electrojet Algorithm

We now describe the algorithm we use to estimate the boundaries and properties of the auroral electrojets. The
algorithm uses the latitudinal profile of the eastward component of the divergence‐free sheet current density
estimated by S. Walker, Laundal, Reistad, Hatch, et al. (2023). The estimation of these currents is briefly
described in the previous subsection and the data set is available at S. J. Walker et al. (2022). The middle right
panels of Figures 1 and 2 show examples of how the electrojet boundaries are estimated via the algorithm we will
describe. Figures 1 and 2 are two occurrences where DMSP and Swarm satellites are in close proximity to the
105° magnetic meridian. The current profiles shown in the middle right panels of the Figures are the median of the
eastward sheet current density data from S. J. Walker et al. (2022) that occurs between the times of the boundaries
detected by the satellites during the event. This leads to one profile per satellite involved in the event. Although
the focus of this study is the electrojet boundaries, the algorithm we employ estimates the poleward and equa-
torward boundary, the value and location of the peak sheet current, and the width and total current of multiple
current sections, and proceeds as follows.

Figure 1. Conjunction event between the 105° magnetic meridian, Swarm A, Swarm C and Defense Meteorological Space Program (DMSP) F17. The 105° magnetic
meridian goes from approximately 16.5 to 16.9 MLT and ϵ̄N ranges from 3.6 to 4.3. The left panel shows a map of Fennoscandia and the location of the 20
magnetometers used by S. Walker, Laundal, Reistad, Hatch, et al. (2023), the satellite trajectories and the 105° magnetic meridian. Magnetic latitudes and longitudes are
given in Apex coordinates. Top right panel: DMSP F17 proton and electron energy flux measurements integrated for particles with energy between 1.3 and 30 keV. Vertical
green lines show the auroral oval boundaries found via the Kilcommons et al. (2017) method, and the dotted horizontal orange line shows the associated integrated flux
threshold. Middle right panel: an application of the algorithm described in Section 2.1.2 to three median sheet current density profiles. Each median sheet current density
profile is constructed by finding the median of the eastward sheet current density in S. J. Walker et al. (2022) between the time of the boundaries found using DMSP F17,
Swarm A and Swarm C. The color of each median profile indicates which satellite boundary times are used for the window to determine the median profile, following the
same color convention as the left panel. The strongest east and west current sections found using the median profile associated with Swarm A are highlighted with their
corresponding color. Bottom right panel: the sheet current density profiles found using SwarmA and C and their associated electrojet boundaries (Kervalishvili et al., 2020;
Viljanen et al., 2020).
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1. Initial boundary estimates are identified as the points where the current profile crosses positive or negative
thresholds defined as the tenth percentile of the absolute current density or the latitude limits of the meridian
(shown as thick black horizontal lines in the right middle panels of Figures 1 and 2 as thresholds for the red
median profile). This procedure splits the current profile into different sections.

2. Since the current profiles quite often flatten just above the tenth percentile, in the next step the boundary is
moved closer to where a clear peak is formed. This point is defined as the closest point to the peak where the
gradient is still less than 60% of the mean absolute gradient in the electrojet section. The peak itself is excluded
by ensuring that the current magnitude is less than 40% of the mean of the particular section. If a new boundary
cannot be defined in this way, the initial estimate is kept. As such, the boundaries sometimes end up at or close
to the low‐ and high‐latitude edges of the meridian (respectively 49° and 81°). In such cases the full current
section may not have been resolved and the boundaries should not be used.

The boundaries (shown as vertical dashed lines in Figures 1 and 2), peaks, widths, and total integrated current of
the three strongest eastward and three strongest westward current sections are saved. In this study the strength is
defined by the total integrated current of the profile (the strongest east and west current sections are highlighted in
Figures 1 and 2, with their corresponding color, for the median profiles associated with the Swarm A satellite).
This data set is publicly available: S. J. Walker, Laundal, Reistad, Hatch, et al. (2023). In this study we use the
following criteria to deselect a number of boundaries deemed untrustworthy:

1. Boundaries occurring on first three (less than 50.5° MLat) and last three meridian data points (greater than
79.5°) are removed as the entire current section may not have been resolved

2. Eastward (westward) current sections must have peaks greater than 0.05 A.m.− 1 (less than − 0.1 A.m.− 1) for
their boundaries to remain. The thresholds are different because the westward electrojet is typically stronger
than the eastward electrojet.

Figure 2. Conjunction event between the 105° magnetic meridian, SwarmA and Defense Meteorological Space Program F18, occurring between 16:14:22 and 16:37:34
UT on 22nd of February 2014, in the same format as Figure 1. The 105° magnetic meridian goes from approximately 18.2 to 18.6 MLT and ϵ̄N has a range of 5.4–6.1.
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As we introduced in the previous subsection, the inclusion of additional magnetometers when estimating the
current in S. Walker, Laundal, Reistad, Hatch, et al. (2023) may appear beneficial, particularly in regard to
Equation 1. For example, the use of magnetometer data from the Station Nord would improve the latitudinal
extent whenever the magnetometer data is available. However, this would lead to the possibility of electrojet
boundaries at higher latitudes when we have measurements at Station Nord that would not be possible when we do
not. Consequently, an increase in the latitude of the electrojet boundaries can no longer be solely attributed to
physical changes. This can invalidate the use of statistics and temporal comparisons for investigating the physical
conditions that control the location of the electrojet.

2.2. Swarm

We now outline the methodology of Aakjær et al. (2016), which is based on the work of Olsen (1996), for
calculating sheet currents using Swarm magnetometers. This is the methodology used by Kervalishvili
et al. (2020) to produce the publicly available sheet current data set. That can be obtained from https://vires.
services/ using the code SW_OPER_AEJALPL_2F, SW_OPER_AEJBLPL_2F, and SW_OPER_AEJCLPL_2F
for SwarmA, B and C respectively. We also describe how Viljanen et al. (2020) and Kervalishvili et al. (2020) use
these sheet current profiles to create a data set of Swarm‐based electrojet boundaries (also available from https://
vires.services/ using the code SW_OPER_AEJAPBL_2F, SW_OPER_AEJBPBL_2F, SW_OPER_-
AEJCPBL_2F for Swarm A, B and C respectively).

Aakjær et al. (2016) represent the auroral electrojet as a series of line currents at an altitude of approximately
110 km separated by 113 km along and orientated perpendicular to the satellite track. Similar to the SECS
approach, the amplitude of each line current is obtained as an inverse problem in which the superimposed
magnetic field of the line currents is constrained by the magnitude of the magnetic field perturbations measured by
the Swarm satellites, where the contribution from FACs is minimal. In Viljanen et al. (2020) these line currents are
then transformed into the Quasi‐Dipole magnetic east direction before applying the following
electrojet algorithm:

1. Find the interpolated zero crossings of the current density curve.
2. Calculate the total current between crossings.
3. Define the electrojet as the series of current densities with the maximum total current or minimum in the case
of the westward electrojet.

The data set is also provided with a set of quality flags that allow for the removal of spurious boundaries. In this
study the quality flags were used to remove bad boundaries if any of the following conditions are true:

1. No eastward/westward currents detected.
2. The equatorward boundary occurs at the edge of the analysis area and the density is larger than 20% of peak
value.

3. The poleward boundary occurs at the edge of the analysis area and the density is larger than 20% of peak value.
4. The Swarm orbit does not fully cover the predefined oval latitude range. The latitude gap is 2° or larger.
5. The equatorward boundary occurs at the edge of the analysis area.
6. The poleward boundary occurs at the edge of the analysis area.
7. The peak value occurs at the edge of the analysis area.

As both an eastward and westward electrojet can be detected in one oval crossing and only the peaks of the
electrojets are provided, we choose the appropriate electrojet by the one with the largest peak magnitude.

2.3. Xiong FAC Boundaries

Xiong et al. (2014) use the magnetic field measurements made by CHAMP to estimate small‐ and medium‐scale
FACs. They then use these estimates to identify the boundaries of the FACs for each pass of the auroral oval.
Xiong and Lühr (2014) bin these boundaries based on MLT and time integrated merging electric field (Em), with
the latter defined in terms of the Newell coupling function (ϵN). We return to define the ϵN in Section 2.6, where
Equation 1 explains the function defined by Newell et al. (2007). For each Em bin an ellipse is fit to the mean
latitude of the poleward and equatorward boundaries across all MLT bins. Each ellipse parameter is represented
by a quadratic in terms of Em, with coefficients estimated using least squares, thus creating a model of the FAC
boundaries that is dependent on ϵN.
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2.4. Boundaries From Global Auroral Imagery

Longden et al. (2010) and Chisham et al. (2022) define an algorithm for identifying auroral boundaries in FUV
images from the Imager for Magnetopause‐to‐Aurora Global Exploration (IMAGE) satellite (Mende, Heetderks,
Frey, Lampton, et al., 2000). They apply this algorithm to all three imagers on the IMAGE satellite, SI12, SI13
and WIC, creating three data sets. For this study we focus on the boundaries found using the SI12 and SI13
imagers (Mende, Heetderks, Frey, Stock, et al., 2000), which measure emissions related to proton and electron
precipitation respectively, as they have a reduced influence from dayglow compared to theWIC imager (Longden
et al., 2010). The Chisham et al. (2022) auroral boundary algorithm proceeds as follows: (a) The locations of the
pixels of the raw image are found in AACGM (Altitude Adjusted Corrected Geomagnetic) coordinates. (b)
Measured intensities in the image are subdivided into bins of size 1 hr inMLT, the first bin being 0–1MLT, and 1°
MLat between 50° and 90° MLat. (c) A latitudinal intensity profile is constructed for each MLT segment. (d) This
profile is then fitted by two different functions: the sum of a Gaussian function and a quadratic, and the sum of two
Gaussian functions and a quadratic. The function with better goodness of fit is then chosen as the better fit. (e) In
the case of a single Gaussian being the better fit the poleward and equatorward boundaries are determined by the
peak of the Gaussian curve plus and minus the full width at half maximum (FWHM) of the Gaussian respectively.
In the case of the double Gaussian the poleward boundary is determined by the peak of the Gaussian curve with
the poleward maximum plus its FWHM and the equatorward boundary is determined by the peak of the Gaussian
curve with the equatorward maximumminus its FWHM. Additional acceptance criteria for a successful boundary
determination can be found in Longden et al. (2010) and Chisham et al. (2022).

2.5. DMSP (Kilcommons Algorithm)

The Kilcommons et al. (2017) algorithm estimates the auroral oval boundaries on the basis of precipitation
measurements made by the SSJ instrument onboard DMSP satellites. Decotte et al. (2023) use a portion of this
algorithm to produce auroral precipitation occurrence probability maps from the same measurements.

Using the total energy flux of electrons between 1.3 and 30 keV (JE), Kilcommons et al. (2017) identify candidate
auroral ovals as regions where JE is greater than 10

9 eVcm− 2s− 1sr− 1 for polar passes that cross the auroral oval in
two places. Using a figure of merit an auroral oval pair is selected from the candidates and the latitude limits
recorded as auroral oval boundaries. Examples of these boundaries can be seen in the top right panel of Figures 1
and 2 along with the JE latitude profile.

Decotte et al. (2023) used a similar approach however, they use a limit of 2× 109 eVcm− 2s− 1sr− 1. Furthermore, to
counter problems due to orbital bias and make a data set that can be statistically compared to the others mentioned
in the prior subsections, the threshold is used to create a binary data set of spacecraft locations (for several DMSP
satellites) defined as being within either auroral or non auroral precipitation. From this data set statistical maps of
auroral precipitation occurrence probability are then created.

2.6. Newell Coupling Function ϵN

We make use of the Newell coupling function

ϵN =
v4/3

1000
(

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

B2y + B2z
√

) 2/3 sin8/3 (θ/2), (1)

throughout this study. Here v, By, Bz, and θ = tan − 1 (By/Bz) are respectively the solar wind speed, the y and z
components of the interplanetary magnetic field (IMF), and the IMF clock angle, with all quantities given in
geocentric solar magnetic coordinates.

We use ϵN averaged over a two‐hour backward‐looking window, ϵ̄N , as an indicator of solar wind driving. This
quantity is calculated using solar wind and IMF measurements from the NASA OMNI database at one‐minute
resolution (King & Papitashvili, 2005). ϵN can range from 0 to over 160 and is highly correlated with the
auroral electrojet geomagnetic index. Typical values are within the range 0–5.1 which makes up around 50% of
the time.
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3. Results
3.1. Conjunctions

In this section we present two conjunction events between DMSP satellites, Swarm satellites and the 105°
magnetic meridian, on which the ground based magnetometer (GBM) electrojet boundary data set is located.

Figure 1 shows a conjunction between the 105° magnetic meridian, the Swarm A and C satellites and the DMSP
F17 satellite for the period between 14:33:00 and 14:53:00 on 13th March 2014. Figure 2 shows a conjunction
between the 105° magnetic meridian, the Swarm A satellite and the DMSP F18 satellite between 16:14:22 and
16:37:34 on the 22nd of February 2014. The middle right panel shows several sheet current density profiles, one
for each satellite in the event. Each profile is constructed by finding the median sheet current density in S. J.
Walker, Laundal, Reistad, Hatch, et al. (2023) occurring at times between when the two boundaries were
identified by the particular satellite. Thus there are three median profiles in Figure 1 and two median profiles in
Figure 2 each with associated boundaries.

In both conjunctions we find a clear similarity between the SECS derived eastward current, based on ground
magnetometers, and the line current derived eastward currents, based on Swarm magnetometers. Unsurprisingly,
we also see that the boundaries from the two electrojet data sets are very similar particularly if one considers the
separation of the data points for the GBM electrojet boundaries, approximately 0.65° MLat. In both conjunctions
we find the DMSP poleward boundary to coincide with the poleward electrojet boundaries, but the equatorward
boundary is situated close to the peak of the electrojet. The equatorward extent of the integrated ion flux above the
threshold matches well with the equatorward boundary of the electrojet, but the poleward extent only matches
with the poleward boundary of the electrojet in Figure 1. Despite the short time scale of the conjunctions, the
electrojet is not constant. In Figure 1 there is approximately 10 minutes separation between the boundaries
produced by Swarm A and C. Both the associated median GBM current and Swarm based magnetometer (SBM)
current show clear differences, but the GBM and SBM poleward boundaries are relatively stable over this time
period. However, the Swarm C and DMSP F17 boundaries are approximately two minutes apart which is why
they have near identical median GBM current profiles and the boundaries found from these current profiles are
identical. In Figure 2 the Swarm A and DMSP F18 boundaries are approximately 10 min apart which may
contribute to significantly different median GBM current profiles and clear differences in the equatorward GBM
boundary. But, once again, the poleward boundary shows stability over this period and is identical for the median
GBM current profiles associated with DMSP F18 and Swarm A.

3.2. Data Availability and Distribution

In the following section we present and describe a statistical investigation of the various boundary data sets.

To separate the data set by solar wind driving conditions for the purpose of statistics we bin the boundary data sets
by ϵ̄N , as described in Section 2.6. The ϵ̄N bins have been chosen so that the number of GBM electrojet boundaries
is similar in each bin. Six bins have been created: 0 < ϵN < 2.4, 2.4 < ϵN < 3.9, 3.9 < ϵN < 5.1, 5.1 < ϵN < 6.7,
6.7 < ϵN < 9.1 and ϵN > 9.1. The final bin (ϵN > 9.1) is omitted due to its large range and having comparatively
more anomalous data. The IMAGE boundaries are selected when there are at least four boundaries available for
an image, to avoid spurious boundaries. In addition to the algorithm described in Section 2.1.2, the GBM
electrojet boundaries are further screened to ensure confidence in the boundaries we present: (a) For each minute
of data in S. J. Walker et al. (2022) the electrojet boundaries are defined as the boundaries identified for the
strongest current section (where strength is defined as the absolute total current of the section). (b) The boundaries
of the electrojet are checked for their proximity to the edge of the meridian, those occurring on the first three data
points of the meridian (less than 50.5° MLat) and the last three data points (greater than 79.5° MLat) are removed
to ensure that the boundary of the electrojet can be seen in S. J. Walker et al. (2022). (c) When an eastward
electrojet is chosen the peak must be larger than 0.05 A/km and for a westward electrojet the peak must be below
− 0.1 A/km. (d) Finally, to make the boundaries comparable to those produced by Chisham et al. (2022) we bin the
electrojet boundaries using MLT bins of width 1 MLT, centered at half MLTs.

In this subsection we present how the amount of data from each boundary data set and how the median absolute
deviation (MAD) varies due to MLT. We focus on one bin: 5.1< ϵ̄N < 6.7, as it in general shows the features we
wish to highlight in this section. Furthermore, differences between the bins for the counts and the MAD is overall
minimal. We make it clear when this is not the case and carefully describe the differences between the bins.
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Figure 3 shows the number of poleward and equatorward boundaries that contribute to the 5.1< ϵ̄N < 6.7 bin for
all data sets. The normalization used in the Figure differs for each data set. This is necessary as there is a large
difference in the time span of each data set (see Table 1) and consequently greatly different amounts of total data.
The normalization allows us to more easily compare the MLT trends between the different data sets. The general
MLT trend is not greatly different between the different ϵ̄N bins and thus the following description of the Figure
can easily be applied to the other bins unless we state otherwise. There are many fewer SBM boundaries compared
to other data sets and all four data sets show a reduction in the number of boundaries pre‐noon, however this
reduction is much more significant with the FUV boundaries. The difference in the counts between the poleward
and equatorward boundaries is minimal for all data sets. There is also a reduction in the number of GBM
boundaries between 20 and 23MLT and, although we do not show these plots, a similar behavior can be observed
for weaker ϵ̄N for the SBM boundaries.

Figure 4 shows the MAD of the poleward and equatorward boundaries, as the radial value (in degrees), for the
same ϵ̄N range as used in Figure 3, in order to depict the spread of the distribution behind each statistic. In general,
including the bins not shown, the MAD of the poleward and equatorward boundary for the electrojet boundaries
are very similar, particularly in terms of the location of the peaks. The same cannot be said for the MAD of the
SI12 and SI13 boundaries which exhibit peaks at 15 and 18 MLT respectively for the equatorward boundary but
no clear peaks for the poleward boundary. Furthermore, the peaks in the MAD of the poleward boundary and
equatorward boundary for all data sets is consistent across all bins of ϵ̄N . Overall the FUV boundaries have a
smaller MAD than the other data sets, most significantly where the MAD peaks in GBM and SBM boundaries
between 9 and 12 MLT and 20 and 23 MLT. However the MAD of the equatorward boundaries is comparable
between 14 and 18 MLT and between 3 and 9 MLT and where the MAD of the FUV poleward boundaries peak
their MAD is the largest of the data sets.

In summary, Figure 4 shows that the MAD is less than 3° for all electrojet boundary data sets, with the exception
of the MAD for the poleward GBM electrojet boundary, which extends to nearly 3.5° around 21 MLT.

3.3. The Dependence of Average Boundaries on Solar Wind Coupling

We now present and describe the statistical maps (median values) of the different boundary data sets introduced in
Section 2.

Figure 3. Data coverage and distribution of the SI12, SI13, Swarm based magnetometer electrojet and ground based
magnetometer (GBM) electrojet boundaries within 5.1< ϵ̄N < 6.7. The radial value indicates the amount of data in eachMLT
sector and is normalized for each data set as indicated by the legend. The GBM data set can be expressed in terms of time by
incorporating its 1‐min resolution. The left panel shows the data distribution for the poleward boundary and the right panel
shows the data distribution for the equatorward boundary.

SpaceWeather 10.1029/2023SW003689

WALKER ET AL. 9 of 19

 15427390, 2024, 4, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023SW

003689 by B
ritish A

ntarctic Survey, W
iley O

nline L
ibrary on [08/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Figure 5 shows the median equatorward and poleward auroral boundaries using the SI12 and SI13 imagers on
IMAGE (Chisham et al., 2022) as blue and purple lines respectively, together with the median GBM electrojet
boundaries (this study) shown with orange lines. The auroral occurrence probability based on the SSJ instrument

Figure 4. The median absolute deviation (MAD) in each MLT sector for the SI12, SI13, Swarm based magnetometer
electrojet and ground based magnetometer electrojet boundaries within 5.1< ϵ̄N < 6.7. The radial value indicates the MAD in
degrees of MLat.

Figure 5. Median SI12, SI13 and ground based magnetometer electrojet boundaries in 5 bins of ϵ̄N (see Section 2.6) and in 24
MLT bins of size 1 hr, with the first bin being 0–1 MLT. The background color is used to show the auroral precipitation
occurrence probability found by Decotte et al. (2023) and using their spatial bins and additionally binned by our ϵ̄N ranges.
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onboard the DMSP satellites (Decotte et al., 2023; Kilcommons et al., 2017) is shown in gray‐scale. Each plot
within the Figure represents a different ϵ̄N bin, which we introduced in the previous subsection. Additionally, we
have used bootstrapping to calculate how well defined the median of the data sets are. This is done using the scipy
bootstrap function (Virtanen et al., 2020) where the use of default values creates 9,999 random realizations of the
data (all the data that contributes to one median data point in Figure 5) each the same size as the initial data. The
median is then found for each realization producing 9,999 realizations of the median and then the standard de-
viation is calculated using these medians which we refer to as the bootstrapped standard deviation of the median
from hereafter. We do not show the bootstrapped standard deviation of the median as the values are small. SBM
has the largest bootstrapped standard deviations of all the data set but, even so, the values do not exceed half a
degree and therefore the medians of each data set can be considered well defined. However this should not be
considered an indication of the spread of the distributions of the data sets, which is quantified by the MAD values
in Figure 4, and further explored in Section 4.

We see a remarkable similarity between the SI12 boundaries and the electrojet boundaries in most MLT sectors.
However, differences are apparent in the pre‐midnight sector and around 15 MLT. In general for both boundaries
SI12 is closer to the electrojets in comparison to the auroral occurrence probability and SI13. As ϵ̄N increases, the
difference between SI12 and electrojet boundaries reduces in a region centered around 15 MLT. The MLT extent
of this region also reduces as ϵ̄N increases. In the pre‐midnight sector there is a weak trend of increasing difference
between the SI12 and the electrojet boundaries with increasing ϵ̄N . In the pre‐midnight sector the SI12 boundaries
remain quasi circular but the GBM boundaries deviate to higher latitudes. This causes the boundaries to deviate
from a circular path toward a straighter one in Figure 5. This becomes more noticeable, and occurs on a larger
range of MLTs, as ϵ̄N increases.

Figure 6 shows median boundaries for the GBM electrojets and the SBM electrojets, as purple and orange lines
respectively, using the same MLT and ϵ̄N bins as in Figure 5. The same auroral occurrence probability maps are
also shown. The FAC boundary model (Xiong & Lühr, 2014) is shown as a blue dashed line, where the midpoint

Figure 6. Constructed the same as Figure 5 but using Swarm based magnetometer electrojet boundaries instead of SI12 and
SI13. Additionally, field‐aligned current boundaries are found for each ϵ̄N bin by using the midpoint of the bins as input for
the model (Xiong & Lühr, 2014).
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of the ϵ̄N bin is used as input for the model. As stated previously the bootstrapped standard deviation of the data
sets presented are small and thus the median boundaries in Figure 6 are well defined.

The different electrojet boundary data sets show a significant similarity for most MLT and ϵ̄N bins but the largest
deviations appear on the night side for the poleward boundary and increase with ϵ̄N . The equatorward boundary of
the FAC boundary model shows similarities with the electrojet boundary data sets, however much like FUV
boundaries in Figure 5 the FAC and electrojet boundaries are a poorer match in the pre‐midnight sector where the
shape of the electrojet boundaries change. In general the comparison is much worse between the FAC model and
the electrojet boundaries for weaker ϵ̄N , even more so for the poleward boundary than the equatorward boundary.

3.4. Seasonal Variability of Median Boundaries

Using satellite based FUV images and measurements of particle precipitation, previous studies have investigated
how season affects the auroral oval (Oznovich et al., 1993), the OCB (Laundal et al., 2010), and the equatorward
boundary of the diffuse aurora (Landry & Anderson, 2019). In this section we investigate how the different
boundary data sets used in this study vary with season. We define season using the tilt of the Earth's dipole axis
(ψ). This is the tilt of the dipole axis in terms of the Sun‐Earth line where 0° is when the dipole axis is at a right
angle with Sun‐Earth line. A positive tilt is toward the Sun and a negative tilt is away (Laundal & Rich-
mond, 2017). We define summer as ψ > 10° and winter as ψ < − 10°, since we only use data from the Northern
hemisphere.

Figure 7 shows the median of the poleward and equatorward boundary for each boundary data set, using the same
MLT binning used in Figure 5 and the 5.1< ϵ̄N < 6.7 bin from the same Figure. From left to right the panel
compares seasonal GBM electrojet boundaries with SBM electrojet boundaries, SI12 boundaries and SI13
boundaries respectively, where winter is defined as when the dipole tilt is less than − 10° and summer when the
dipole tilt is greater than 10°. We have also calculated the bootstrapped standard deviation for the median

Figure 7. Median SI12, SI13, Swarm based magnetometer (SBM) electrojet boundaries compared with the ground based magnetometer (GBM) electrojet boundaries
within one ϵ̄N bin from Figures 5 and 6 and using the sameMLT bins. Boundaries are additionally binned into summer and winter, where summer is defined as when the
dipole tilt is greater than 10° and winter is defined as when the dipole tilt is less than − 10°. The left panel compares the seasonally binned GBM and SBM electrojet
boundaries. The middle panel compares the seasonally binned GBM electrojet boundaries and the SI12 boundaries. The right panel compares the seasonally binned GBM
electrojet boundaries and the SI13 boundaries.
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boundaries shown, finding that they are typically less than 0.6° across all data sets for both summer and winter and
the poleward and equatorward boundaries. Once again the SBM boundaries have the largest bootstrapped
standard deviation but even the larger spikes do not exceed one degree. Since the GBM data set is from a fixed
geographic location, it has its own inherent dipole tilt relation for a given MLT location, leading to systematic
dipole tilt variations in MLT within the allowed summer/winter range. Additionally there exist biases within the
distribution of each magnetometer's availability per month that can shift the median month in summer and winter
away from the solstices. Hence, subtle seasonal differences should be interpreted with care. The GBM equa-
torward boundary shows little difference due to season at dawn and from 14 to 17 MLT. However, significant
differences can be seen from 8 to 14 MLT and pre‐midnight. The GBM poleward boundary shows seasonal
differences at all MLT sectors, being closest around 5 MLT and most different around 17 MLT.

In the left panel we can see how the GBM and SBM boundaries compare seasonally. The SBM equatorward and
poleward boundaries are similarly affected by season as the GBM boundaries are, in particular we see around 5
MLT that even the different data sets show little difference for both the poleward and equatorward boundaries. In
other sectors the data sets are not as good a match. However, the seasonal trend is much the same, where the
electrojet is more poleward during the summer in the pre‐noon sector and more equatorward from 18 to 24 MLT.
The pre‐noon sector shows a clear shift in the equatorward boundary of the electrojet during the summer,
deviating from the more circular path that is visible during the winter. There is a similar behavior for the SBM
poleward boundaries but not so clearly for the GBM poleward boundaries, an effect that could be attributed to the
latitudinal limit of the data sets as the median poeward boundary for the SBM data set is beyond the latitudinal
extent of the GBM data set.

In the middle panel there is minimal seasonal variation in the SI12 poleward and equatorward boundaries.
Therefore, although during summer the SI12 boundaries are similar to the GBM boundaries, in the winter they are
not. The biggest difference between the SI12 and GBM equatorward boundaries occurs pre‐noon and pre‐
midnight in both seasons. For the poleward boundary the biggest difference occurs between 11 and 20 MLT
during the winter and 13 to 20 MLT in the summer.

In the right panel we see that SI13 has a greater seasonal variation in both boundaries than for SI12. For the
equatorward boundary the greatest seasonal variation occurs from noon to midnight but frommidnight to noon for
the poleward boundary. Although the GBM boundaries do not match as well with SI13 as they do with SI12, there
are some MLT sectors where the seasonal trends agree. In the SI12 and 13 data sets in the summer the equa-
torward boundary pre‐noon exhibits a poleward shift and the poleward boundary has a poleward shift from 13 to
21 MLT and an equatorward shift between 1 and 6 MLT.

4. Discussion
Knowledge of the location of auroral oval boundaries is an important tool for understanding space weather and
solar wind ‐ magnetosphere coupling (Chisham et al., 2008). In particular, knowledge of the location of the OCB
is very useful (Chisham, 2017), and a global and continually available proxy of the OCB would be invaluable.
There are challenges associated with finding these boundaries through more conventional measurements such as
auroral images and particle precipitation measurements. Here, we have proposed the advantages of understanding
the auroral oval through the auroral electrojets due to the temporal and spatial prevalence of ground based
magnetometers. In this section we discuss the results presented in Section 3, with a focus on how our electrojet
boundary data set compares both statistically and in case studies to Swarm‐based magnetometer electrojet
boundaries (Kervalishvili et al., 2020; Viljanen et al., 2020) and other common means of estimating the auroral
oval (SI12, SI13 and auroral precipitation occurrence probability) (Chisham et al., 2022; Decotte et al., 2023;
Kilcommons et al., 2017).

In Figure 6 we presented the modeled FAC boundaries (Xiong & Lühr, 2014) together with the median electrojet
boundary and auroral occurrence probability maps. One must be careful when interpreting differences between
the FAC boundary model, the median boundaries and auroral occurrence probability because the ϵ̄N used to
constrain the model and the ϵ̄N used to bin the boundary data are calculated through different methods (Xiong &
Lühr, 2014). Despite this, the trend of increasing eccentricity of the poleward and equatorward boundaries as ϵ̄N
weakens remains a valid similarity between the FAC boundaries and the SBM and GBM electrojet boundaries.
Due to the latitude limit of the GBM electrojet boundaries the increase in eccentricity is clearer for the SBM
electrojet poleward boundary than the GBM electrojet poleward boundary. Excluding regions affected by the pre‐
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noon and pre‐midnight electrojet discontinuities, it is likely that an ellipse would represent an appropriate ge-
ometry for an electrojet boundary model and a similar approach to Xiong and Lühr (2014) could be a fruitful
endeavor.

The SBM and GBM electrojet boundaries are similar both statistically (Figure 6) and in the two conjunction
studies we present in Section 3.1 (Figures 1 and 2). However, at the electrojet discontinuities, around pre‐
midnight and pre‐noon (regions surrounding and including the location of convection reversal), the SBM and
GBM electrojet are dissimilar from each other and from the SI12 and SI13 boundary data sets. It is in these regions
that we also observe spikes in theMAD of both boundaries from the SBM and GBM data sets (Figure 4), and a dip
in the counts (Figure 3). Johnsen (2013) comments on the challenges of determining the electrojet boundaries at
these discontinuities due to the elevated complexity of the current systems, and omits these regions from their
boundary determination using three‐ and four‐hour universal time windows for the pre‐noon and pre‐midnight
discontinuities, respectively. However, we see in Figure 5 that the median electrojet boundaries deviate more
from the auroral oval (as defined by SI12) for an increasing range of MLTs with increasing ϵ̄N value. This
suggests that a fixed window is not suitable and that in many cases useful information about the boundaries is
likely discarded.

To understand how different boundary data sets are behaving in the discontinuity regions, we present in Figure 8
the full distribution of the boundaries in two MLT bins around magnetic noon (11–12 MLT and 12–13 MLT) and
two MLT bins around pre‐midnight (20–21 and 21–22 MLT) for a single ϵ̄N bin (5.1–6.7) from Figure 5. There
are two peaks in the distribution of GBM and SBM electrojet boundaries, most prominent in the distribution of
poleward boundaries, which suggests two distinct populations. Figure 9 is a simplified description of the east–
west vector of the divergence‐free currents in the auroral zone. In this Figure we depict what we believe is the
likely cause of the bimodal distribution in the GBM and SBM electrojet boundaries in certain MLT sectors. Either
side of the discontinuities the strongest current sections are in opposite directions. For the Harang Discontinuity
(HD) (green shaded region at 24 MLT), westward of the discontinuity the eastward section of the current is
strongest and our algorithm will describe the auroral oval using the boundaries of the eastward current section.
Eastward of the HD the westward section of the current is strongest and our algorithm will use the boundaries of
the westward current section. The opposite is the case for the dayside discontinuity (green shaded area at 12
MLT). Eastward of the discontinuity the eastward current section is dominant and westward of the discontinuity
the westward current section is dominant. In all these cases the dominant current section is the lower latitude of
the two current sections in Figure 9. With increasing proximity to the discontinuities the low latitude current
section becomes weaker on average and the high latitude current section becomes stronger on average. At the
discontinuity the eastward and westward current sections are on average of similar strength. This makes the
dominant current section ambiguous. In our boundaries we observe this as the boundary distributions becoming
more bimodal because the probability of selecting the high latitude or low latitude current section becomes
increasingly similar. In Figure 6 we observe this as the median boundary shifting poleward with increasing
proximity to the average location of the discontinuities due to the increase in the probability of selecting the high
latitude current section.

Given that ambiguity in the dominant current section causes a poleward shift in the average boundaries, we can
use the poleward shift in the GBM and SBM electrojet boundaries in Figures 5 and 6 to identify where and how
often the ambiguity occurs. SBM exhibits a greater poleward shift than the GBM data set and this is due to the
latitude limitations of the GBM data set; a consequence of the latitude distribution of magnetometers used by S.
Walker, Laundal, Reistad, Hatch, et al. (2023). We also see in Figure 6 that the ambiguity pre‐midnight covers a
greater range of MLTs than pre‐noon, something that can be the result of a difference in the size of the HD and the
dayside discontinuity or/and a difference in the distribution in the MLT location of the two discontinuities. The
MLT of the discontinuity on the dayside is expected to depend on the IMF By, which strongly controls the plasma
flow resulting from dayside reconnection (e.g., Laundal et al., 2018). Further separation by IMF By could shed
light on the effect of By on the GBM/SBM poleward boundary variation. As we can see in Figure 7, the poleward
shift in the boundaries at the dayside electrojet discontinuity is enhanced during the summer compared to the
winter. However, there appears to be no significant seasonal variation in the effect in the HD region. This dif-
ference in seasonal variation between the dayside and the nightside could be an effect of corresponding variations
in solar EUV produced conductance, which is more important on the dayside. In terms of the use of the GBM and
SBM electrojet boundary data sets as auroral oval proxies one must consider the proximity to the HD and dayside
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discontinuity, solar wind driving (ϵ̄N) and dipole tilt in order to determine the likelihood of dominant current
section ambiguity.

In the HD we suggest the dominant current section ambiguity is the result of plasma convection creating two
opposing current sections at different latitudes (as shown in Figure 9). Their similar strength makes the selection
of the dominant current section inconsistent creating the two boundary populations shown in Figures 8c and 8d.
The dominant current section ambiguity on the dayside could be explained in the same way. The two opposing
current sections may also be created by the high latitude DPY current and the low latitude convection driven
electrojet. The DPY current is known to be created by lobe reconnection and is consequently stronger during the
summer compared to the winter and when the IMF is northward (Friis‐Christensen &Wilhjelm, 1975). This could
explain the higher median electrojet boundaries in the summer compared to the winter that we see in Figure 7.
However, ϵN depends on the IMF clock angle. During a perfectly northward IMF ϵN = 0, it is highly improbable
that the solar wind conditions would be such that the IMF has a significant northward component and have
5.1 < ϵN < 6.7 (the bin presented in Figure 7). There is a possibility that we must consider that the averaging
scheme, used in Section 2.6, could result in boundaries being placed in the 5.1< ϵ̄N < 6.7 bin despite being

Figure 8. Distribution of the poleward boundary and equatorward boundary for the SI12, SI13, Swarm based magnetometer
electrojet and ground based magnetometer electrojet boundary data sets within one ϵ̄N bin from Figures 5 and 6. Four MLT
bins are selected from Figures 5, 6, 11, 12 MLT (a), 12 to 13 MLT (b), 20 to 21 MLT (c), and 21 to 22 MLT (d).
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influenced by a northward IMF with a much smaller ϵN. This may arise due to
a strong southward IMF also existing within the averaging window. An
argument against DPY currents being the cause of the bimodal distribution of
the GBM boundaries, in Figures 8a and 8b is the latitude limitations. We
discard boundaries that are above 79.5°, therefore it is unlikely that we can
resolve the full latitude extent of the DPY current in order to find the poleward
boundary of it. This does not have a significant effect on the equatorward
GBM boundary and may explain why we see a greater difference in latitude
from summer to winter for the median equatorward GBM boundary than we
do for the median poleward. The SBM boundaries support this as they do not
have this latitude limitation and show a similar shift in the median poleward
and equatorward boundaries from summer to winter. While DPY currents
may explain this seasonal variation in the boundaries it does not fully explain
the bimodal boundary distributions (Figures 8a and 8b). The bimodal distri-
bution is most visible in the poleward boundary for both the SBM and GBM
boundary data sets. If we assume that the DPY currents are responsible for the
seasonal variation in the electrojet boundaries and are responsible for the
bimodal distribution then the bimodal nature should be equally clear for both
poleward and equatorward SBM boundaries. For the GBM boundaries the
equatorward boundary distribution should be more clearly bimodal than the
poleward boundary. Neither of these situations is the case. Considering this
and our discussion about ϵN, we must conclude that it is unlikely that the
bimodal distribution on the dayside is solely or primarily due to the DPY
currents. Furthermore, without further information it is logical to assume that
the cause of the bimodal distribution on the dayside is the same as the cause of
the bimodal distribution in the HD. Although out of the scope of this study,
sorting by the polarity and strength of IMF By along with season and the
polarity of IMF Bz may shed light on the impact of the DPY currents on the
identification of the electrojet at the dayside discontinuity.

When analyzing Figure 5 we find that the GBM electrojet boundaries, in most MLT sectors, are as close to the
SI12 boundaries as they are to the SBM electrojet boundaries, particularly as ϵ̄N increases. On the other hand, the
SI13 boundaries are only close when the differences between SI12 and SI13 are small. Feldstein et al. (1999)
found that the eastward electrojet often extends equatorward of the auroral oval as defined by electron precipi-
tation; this is the same relationship that we observe between the electrojet boundaries and the SI13 boundaries and
the auroral occurrence probability. Given that SI12 measures the emissions related to proton precipitation and
SI13 measurements are dominated by emissions related to electron precipitation (Coumans et al., 2004; Frey
et al., 2001; Gérard et al., 2001), our results and the results of Feldstein et al. (1999) therefore support one another,
and contradict the notion that the electrojets must flow within the auroral oval as defined by electron precipitation
(Rostoker et al., 1996).

Although SI13 is related to the precipitation of auroral energy electrons, Figure 5 shows that the auroral pre-
cipitation occurrence probability maps do not everywhere align well with the SI13 boundaries, in particular in the
pre‐noon sector where the auroral precipitation occurrence probability extends far equatorward of all the
boundary data sets in this study. In general the SI13 boundaries and the auroral precipitation occurrence prob-
ability become more dissimilar for weaker ϵ̄N values but the opposite is the case in the pre‐noon sector. Figures 1
and 2 occur in theMLT ranges 16.5–16.9 and 18.2–18.6 and with ϵ̄N ranges of approximately 3.6–4.3 and 5.4–6.1,
respectively.

Although Feldstein et al. (1999) do not examine the latitude limits of auroral energy proton precipitation they do
comment on the peak in proton precipitation occurring close to the center of the eastward electrojet. Similarly, in
Figures 1 and 2 we find the center of enhanced auroral energy proton precipitation occurs around the center of the
eastward electrojet. Both in the median boundaries (Figure 5) and in the first conjunction (Figure 1) we observe an
extension of the relationship between the eastward electrojet and proton precipitation, where limits of the pre-
cipitation are close to or coincident with the eastward electrojet boundaries. Figures 1 and 2 show the same as
Feldstein et al. (1999) and the median boundaries, that the eastward electrojet can extend equatorward of the

Figure 9. A simplified schematic of the electrojet currents. Blue arrows show
the westward current and red arrows show the eastward current. In the red
box the eastward current is dominant and the region is easily be identified as
an eastward electrojet using the methodology described in this paper. In the
blue box the westward current is dominant and the region is easily identified
as a westward electrojet. The green shaded areas show the electrojet
discontinuities where the westward and eastward current are of similar
strength. In these regions the direction of the dominant current will vary and
the electrojet is not easily defined.
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electron precipitation defined auroral oval. However, the poleward limit of the electron precipitation occurring
close to the poleward boundary of the eastward electrojet that can be see in Figures 1 and 2 is not shown in
Figure 5 or in Feldstein et al. (1999) but is seen for the westward electrojet in Figure 5 and Feldstein et al. (1999).
Finally, in Figure 2 the latitudinal extent of the proton precipitation poorly reflects the electrojet boundaries.
Despite this, the equatorward boundary of the proton precipitation is much closer to the electrojet boundary than
for the electron precipitation. Feldstein et al. (1999) finds a large variation in the relationship between precipi-
tation regions and boundaries and the electrojet boundaries and centers; something that is also clear in this study
with the difference between patterns in the average boundaries (Figure 5), and the direct comparisons (Figures 1
and 2). A greater number of direct comparisons may be required to ensure the trends in the average boundaries are
representative of the true relationship between the different boundaries. In summation, with the results presented
one must be careful when interpreting the auroral oval boundaries derived from the electrojet boundaries based on
what is seen in the trends of the average boundaries.

5. Conclusion
Finding the boundaries of the auroral oval is of key importance in the study of the solar wind‐magnetosphere
coupling. The region they define informs us where the majority of the energy from this coupling is deposited,
which in turn can enable the development of improved models aiding the identification and mitigation of space
weather hazards. Of particular importance is the OCB which allows us to quantify the amount of open flux in the
polar cap and subsequently understand the amount of energy stored in the magnetotail. In this study we have
developed an algorithm that, among other properties, detects the boundaries of the auroral electrojets. Taking
advantage of the eastward sheet current density profiles produced by S. Walker, Laundal, Reistad, Hatch,
et al. (2023), we have created a data set through the use of our algorithm that spans 20 years and, due to data gaps,
totals 11 years with 1‐min cadence. We make this data set publicly available due to the large range of applications
that go beyond the scope of this paper.

The goal of our study was to understand the feasibility of an auroral oval boundary proxy based on our electrojet
boundaries. We have found that the auroral oval described through proton and electron precipitation, and their
associated FUV aurora, can be variable. Even the average electron‐defined auroral oval is shown to have sig-
nificant differences depending on if it is located using SI13 images or measurements of electron precipitation. We
find that the electrojet boundaries have a very different relationship with the proton auroral oval than they do with
the electron auroral oval: the proton precipitation auroral oval boundaries are more closely coincident with the
electrojet boundaries, while the auroral electrojets can flow outside the electron precipitation auroral oval as also
shown by Feldstein et al. (1999). However, as the auroral oval is more typically described by electron precipi-
tation (Feldstein & Starkov, 1967; Kilcommons et al., 2017; Newell et al., 1996), this fact is contrary the typical
description of the boundaries of the auroral zone.

If we move to the paradigm of describing the auroral oval through proton precipitation we can see that there is
indeed on average a close resemblance between the auroral oval and the electrojet boundaries. However,
determination of the auroral oval from the electrojet boundaries encounters three key challenges: (a) Increasing
dominant current section ambiguity with proximity to the electrojet discontinuities makes electrojet boundaries in
the pre‐noon and pre‐midnight sectors a very poor proxy of the auroral oval. (b) The similarities between the
electrojet boundaries and the auroral oval boundaries show a seasonal and reconnection rate (ϵ̄N value) depen-
dence. (c)While the auroral oval and electrojet boundaries are statistically similar, analysis of conjunctions shows
that even under favorable conditions and locations the truth does not always match the average.

Finally, while we are not the first to find the electrojet boundaries on a routine basis (Johnsen, 2013; Viljanen
et al., 2020), we are the first to provide a publicly available data set that is based on ground magnetometers with a
significant temporal advantage over those produced frommeasurements by the Swarm satellites. The global shape
of the electrojet and its relationship with the auroral oval shows to be an important property of polar ionospheric
dynamics and simply reducing the electrojet to singular values, such as the AL and AU indices, will significantly
hinder understanding of this field (Kamide & Akasofu, 1983; Rostoker et al., 1980) and limit the capabilities of
interpreting the auroral oval when global FUV images are not available or are ineffective.
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Data Availability Statement
The solar wind and interplanetary magnetic field measurements has been downloaded from the OMNI database:
OMNI Solar Wind Data (2023). The data set of divergence‐free sheet current density profiles used in the elec-
trojet algorithm to estimate the ground based magnetometer electrojet boundaries can be found at S. J. Walker
et al. (2022). The data set of electrojet boundaries and properties created in this study can be found at S. J. Walker,
Laundal, Reistad, Hatch, et al. (2023). The BAS‐derived IMAGE auroral boundaries can be found at Chis-
ham (2022). The data set of Swarm derived electrojet boundaries can be found through VirES for Swarm (2023)
(Viljanen et al., 2020).
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