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Abstract Ultra low frequency (ULF; 1 mHz - several Hz) waves are key to energy transport within the
geospace system, yet their contribution to Joule heating in the upper atmosphere remains poorly quantified. This
study statistically examines Joule heating associated with ionospheric ULF perturbations using Super Dual
Auroral Radar Network (SuperDARN) data spanning middle to polar latitudes. Our analysis utilizes high-time-
resolution measurements from SuperDARN high-frequency coherent scatter radars operating in a special mode,
sampling three “camping beams” approximately every 18 s. We focus on ULF perturbations within the Pc5
frequency range (1.6-6.7 mHz), estimating Joule heating rates from ionospheric electric fields derived from
SuperDARN data and height-integrated Pedersen conductance from empirical models. The analysis includes
statistical characterization of Pc5 wave occurrence, electric fields, Joule heating rates, and azimuthal wave
numbers. Our results reveal enhanced electric fields and Joule heating rates in the morning and pre-midnight
sectors, even though Pc5 wave occurrences peak in the afternoon. Joule heating is more pronounced in the high-
latitude morning sector during northward interplanetary magnetic field conditions, attributed to local time
asymmetry in Pedersen conductance and Pc5 waves driven by Kelvin-Helmholtz instability. Pc5 waves
observed by multiple camping beams predominantly propagate westward at low azimuthal wave numbers
(Jm] < 50), while high-m waves propagate mainly eastward. Although Joule heating estimates may be
underestimated due to assumptions about empirical conductance models and the underestimation of electric
fields resulting from SuperDARN line-of-sight velocity measurements, these findings offer valuable insights
into ULF wave-related energy dissipation in the geospace system.

Plain Language Summary Ultra low frequency (ULF) waves with frequencies from 1 mHz to
several Hz are important for transporting and distributing energy in the near-Earth space environment. Even
though scientists have been studying these waves for over a hundred years, there are still important questions
about how they affect the upper atmosphere. This study aims to determine how much energy from ULF waves is
deposited into the upper atmosphere, particularly in the Pc5 frequency range (1.6—-6.7 mHz). We use data from
special radars called SuperDARN, which can measure ULF wave-related electric field variations. By analyzing
the electric fields and conductivity in the ionosphere — an ionized layer of the atmosphere filled with charged
particles — we estimate the amount of heating caused by ULF waves. Our findings show that heating is stronger
in the morning and pre-midnight hours, even though most ULF wave activity occurs in the afternoon. In the
high-latitude morning region, heating is especially strong when the interplanetary magnetic field points north,
likely due to wave effects and uneven conductivity in the ionosphere. These findings provide new insights into
how ULF waves transfer and dissipate energy in the near-Earth space environment, improving our
understanding of space weather processes.

1. Introduction

Ultra low frequency (ULF; 1 mHz - several Hz) waves are ubiquitous in the solar-terrestrial environment. They
play important roles in transporting and coupling energy throughout the geospace system. Over the past few
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decades, significant advances have been made in understanding how external sources from the solar wind (e.g.,
Kelvin-Helmbholtz instability (KHI)) and internal sources in the magnetosphere (e.g., particle injections) drive
ULF waves. Extensive studies using both ground-based and space-borne measurements have improved our
understanding of ULF wave occurrence and driving mechanisms. For instance, band-limited Pc3 (22-100 mHz)
pulsations are commonly observed on the dayside, originating from the foreshock and magnetosheath regions
(Ponomarenko et al., 2002), while poloidal (radially polarized magnetic field perturbations) Pc4 (7-22 mHz)
waves are frequently detected in the afternoon sector, associated with energetic particle injections (Anderson
etal., 1990). In contrast, compressional Pc5 (1.6—-6.7 mHz) waves are usually observed on the nightside and flanks
of the magnetosphere, and they are often linked to local sources such as the drift mirror instability (A. Hase-
gawa, 1969) and KHI (Lin et al., 2014; Miura, 1984). Externally driven waves are primarily compressional and
toroidal modes with low azimuthal wave numbers (low-m), propagating anti-sunward. In contrast, internal
sources tend to generate high-m waves that are easily screened by the ionosphere and thus are not detectable by
ground magnetometers (Hughes & Southwood, 1976).

Ultra low frequency waves driven by external solar wind sources can accelerate particles in the ring current and
radiation belts through drift-bounce resonance (e.g., Zong et al., 2017). They can also be driven by unstable
particle distributions in the magnetosphere and dissipate their energy in the upper atmosphere through field line
resonances (FLRs) as Joule heating (e.g., Baddeley et al., 2005). However, major questions remain regarding the
spatial extent over which ULF waves occur, the conditions that influence their role in energy transport, and the
impacts of energy deposition through these waves on the ionosphere-thermosphere (I-T) system. Joule heating is a
significant energy source of the upper atmosphere and an important source of uncertainty in the thermosphere's
energy budget (Codrescu et al., 1995). Therefore, contributions to Joule heating from rapid or small-to meso-scale
fluctuations in ionospheric electric fields or ion drifts, including those induced by ULF waves, are crucial for
accurately estimating the thermosphere's energy budget, particularly at high latitudes (e.g., Cousins & Shep-
herd, 2012; Deng et al., 2009; Matsuo et al., 2021; Verkhoglyadova et al., 2018).

Joule heating occurs due to collisional interactions among electrons, ions, and neutrals (e.g., Richmond &
Thayer, 2000; Vasylitinas & Song, 2005). These species exhibit differential bulk motion, leading to frictional
momentum exchange and heating through collisions. The total Joule heating is the sum of the frictional heating
contributions from all species. The Joule heating rate can also be derived from magnetohydrodynamic (MHD)
equations using Q; = o), - E?, where o, is the Pedersen conductivity and E’ is the electric field perpendicular to
the magnetic field in the neutral wind reference frame. This is expressed as E/ = E + V, X B, where E is the
electric field perpendicular to the magnetic field in the inertial reference frame, V,, is the neutral wind velocity,
and B is the Earth's magnetic field. Both ground-based coherent and incoherent scatter radars have been utilized to
investigate thermospheric Joule heating in general (e.g., Kosch & Nielsen, 1995; Thayer, 1998), as well as its
contributions from ULF waves (e.g., Allan & Poulter, 1984; Crowley et al., 1985).

Table 1 summarizes previous research on energy deposition into the I-T system via ULF wave-induced Joule
heating using ground-based radar measurements, adapted from Table 2 of Rae et al. (2007). Greenwald and
Walker (1980) estimated that energy deposition through Joule heating by Pc5 toroidal mode pulsations could
account for up to 4% of the total energy deposition during a small substorm. In contrast, Rae et al. (2007) found
that Joule heating from a global FLR event could contribute 30% or more to the total energy deposition during a
substorm cycle. These estimates, which vary by five orders of magnitude as shown in Table 1, were mainly based
on case studies with limited spatial coverage (only auroral zone radars or a single satellite pass) and temporal
coverage (~1 min radar samples). Consequently, these studies required assumptions about wave lifetimes and
spatial extent and could not statistically examine higher frequency waves occurring at lower latitudes corre-
sponding to the core of the ring current/radiation belts. Of particular note, the limited case studies in Table 1 show
that the total energy deposition through typical high-m waves is on the order of 10'° J (Baddeley et al., 2005),
much less than through typical low-m waves. However, recent studies have identified a category of high-m
poloidal Pc4 waves with long lifetimes, ranging from several hours to days (see Table 1 in Shi, Baker,
et al., 2018). These waves, usually observed during the recovery phase of a magnetic storm, show a clear cor-
relation with the Dst index (Archer et al., 2018), suggesting energy transfer from energetic particles to the poloidal
ULF waves. These high-m waves can propagate to the ionosphere through FLRs and be detected by ground-based
radars and in ionospheric Total Electron Content (TEC) measurements (Shi, Baker, et al., 2018; Zhai et al., 2021),
but they are not detectable by ground magnetometers due to ionospheric screening effects (Hughes &
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Table 1
Energy Deposition Into the lonosphere-Thermosphere System via Ultra Low Frequency Wave Joule Heating From Previous Ground-Based Radar Studies
Previous work Event type Local dissipation rate [mW/m?] Total dissipation rate [W] Total energy deposition [J]
Greenwald and Walker (1980) low-m Pc5 4.84 6 x 10° 2 x 1013
Allan and Poulter (1984) low-m Pc5 = 1.7 x 108 6 x 10!
high-m Pc5 - 8.3 x 10° 3 x 10
Crowley et al. (1985) low-m Pc5 10 (peak value) - 4 x 102
Baddeley et al. (2005) high-m Pc5 0.075 2.7 x 106 ~10'0
giant pulsations 0.68 7.9 x 10° ~10!
Rae et al. (2007) low-m Pc5 1.3 9.9 x 10° 1.1 x 10
van Hazendonk et al. (2024) low/intermediate m-value Pc5 0.5-3 (base level) - 1.24 x 1013

Southwood, 1976). Given their long duration and wide azimuthal spatial extent, these waves likely contribute
significantly to Joule heating in the I-T system, especially during the storm recovery phase, when energy
deposition due to convection electric field and auroral precipitation is significantly diminished. However, few
studies have statistically quantified the wave energy budget in the coupled solar wind-magnetosphere-ionosphere-
thermosphere system due to observational limitations. Statistically quantifying the contribution of ULF waves to
the global energy budget will provide new insights into the role and relative importance of different types of ULF
waves in energy transfer and dissipation in the geospace system.

In addition to radar studies that measure ionospheric electric fields and Joule heating rates, satellite observations
have also been used to estimate Joule heating rates and energy deposition more broadly through measurements of
wave Poynting flux. Hartinger et al. (2015) estimated ULF wave energy flux into the ionosphere using Time
History of Events and Macroscale Interactions during Substorms (THEMIS) satellite observations and found that
ULF waves typically make a small contribution to global Joule heating. ULF wave Joule heating rates (integrated
over the 3-30 mHz band) generally range from 0.001 to I mW,/m?, but can be significant in extreme events (> 10
mW/m?). They also found that ULF waves routinely make significant contributions to local Joule heating rates
near the noon and midnight sectors. These results are generally consistent with the average Alfvénic Poynting flux
distribution derived from Polar satellite observations (Keiling et al., 2003) and MHD simulations (Zhang
et al., 2012). However, it is important to note that Poynting flux does not necessarily equal to Joule heating.
Although previous studies have shown that Joule heating is the dominant energy sink for ULF waves (Hartinger
et al., 2011; Rae et al., 2007), the energy of a standing Alfvén wave can be converted into particle kinetic energy
(e.g., Wright et al., 2003) or propagate down the magnetotail (Mann et al., 1999). Therefore, more direct mea-
surements of ionospheric heating rates using ground-based radars are essential to accurately assess the relative
importance of various mechanisms, including determining the extent to which Poynting flux associated with ULF
waves contributes to Joule heating.

Incoherent scatter radar (ISR) measurements, such as electron density, electron and ion temperatures, and ion drift
velocity, along with derived parameters like neutral wind velocity and Pedersen conductivity, can be used to es-
timate the Joule heating rate (e.g., van Hazendonk et al., 2024; Thayer, 1998). ISRs offer the advantage of providing
altitude profiles of these parameters, enabling the calculation of height-resolved Joule heating rates. However, ISR
measurements are limited by the small number of available radars, their restricted spatial coverage, and typically
low temporal resolution (e.g., >1 min). These constraints make it challenging to statistically quantify the Joule
heating rate across large spatial scales and capture high frequency ULF wave contributions. In this study, we
address these limitations by leveraging high-temporal-resolution camping-beam measurements from a global
network of coherent scatter radars to quantify the contribution of ULF waves to energy deposition in the I-T system.
Although numerous mechanisms have been proposed to explain the excitation of ULF waves, the relative
importance of these drivers in shaping the spatial distribution of waves and their role in energy transfer within the
geospace system remain poorly understood. This analysis aims to advance our understanding of the energy transfer
and dissipation processes associated with ULF waves, shedding light on their impacts on the geospace
environment.
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Figure 1. Left: Fields of view of radars operating in the Radiation Belt Storm Probes (RBSP) mode on 20 January 2016.
Right: Bar plot showing the time intervals when specific radars were operating in the RBSP mode on 20 January 2016. The
numbers on the right of each bar indicate the RBSP mode camping beams of specific radars.

2. Dataset and Models

The Super Dual Auroral Radar Network (SuperDARN) is an international network of over 30 low-power, high-
frequency (3—-30 MHz) coherent scatter radars located from middle to polar latitudes in both hemispheres that
monitor Earth's ionosphere (Chisham et al., 2007; Nishitani et al., 2019). These radars detect Doppler velocity
oscillations caused by wave-related electric fields when ULF waves pass through the ionosphere. In their standard
operating mode, SuperDARN radars sequentially scan across 16 to 24 beams, with an azimuthal separation of
~3° Each beam is subdivided into 75 (or 100) range gates, each spanning 45 km in distance. A full scan,
completed in 1-2 min, covers an azimuthal sector of 52° to 78° and extends over 3,000 km in range, providing
extensive spatial coverage. For this study, we utilize data from radars operating in the Radiation Belt Storm
Probes (RBSP) special mode. This mode, introduced in November 2012 after the launch of the Van Allen Probes
(formerly RBSP), utilizes three camping beams sampled at a higher rate of approximately 18 s by interleaving
soundings on the camping beams with regular azimuth scans at a 2 min cadence. The RBSP mode continued until
September 2017, except for special requests.

Typically, the RBSP mode is scheduled under two conditions: during conjunction with the Van Allen Probes
(referred to as rbspscan mode) or when triggered by the Dst index (referred to as rbspscan CT-trig mode). The
rbspscan mode is scheduled for SuperDARN radars whose fields of view (FOV) overlay with the ionospheric
footprint of one of the Van Allen Probes. The rbspscan CT-trig mode is activated when the Dst index drops below
—50 nT and ends when the Dst index rises above —30 nT. While the CT-trig mode may introduce a sampling bias
toward moderate to intense geomagnetic activity based on the Dst index, it accounts for only 18% of the total
RBSP mode data, with the remaining 82% from the conjunction-based rbspscan mode. Figure S1 in Supporting
Information S1 shows histograms of hourly averaged values of (a) Sym-H index, (b) Interplanetary Magnetic
Field (IMF) B,, and (c) IMF B, for all identified Pc5 wave events (see Section 3 for event detection details). This
analysis demonstrates that our database spans a range of geomagnetic activities and IMF conditions, making it
well-suited for statistical study.

For ULF wave event detection, we use SuperDARN Line-of-Sight (LoS) Doppler velocity data collected from the
three camping beams during the RBSP mode from 2013 to 2017. These measurements, taken from multiple
camping beams, can also be used to determine the azimuthal wave number (m-value). SuperDARN data are
typically unevenly sampled due to the dependence on backscatter. Sampling rates can vary based on different
operating modes and radar configurations. Therefore, pre-processing is necessary to remove noise, bad records,
and ground scatter, and to interpolate across data gaps (see next section for more details).
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Figure 1 (left) shows an example of the FOV of radars operating in the RBSP mode on 20 January 2016. The bar
plot on the right shows the time intervals during which specific radars were operating in the RBSP mode, with the
numbers on the right of each bar indicating the camping beams of the radars on that day. Detailed information
about the RBSP mode operation from all northern hemisphere radars between 2013 and 2017 is available in the
CSV format (see the Open Research section).

Eighteen radars were regularly scheduled to operate in the RBSP mode from 2013 to 2017. It is worth noting that a
few radars not operating in this mode on 20 January 2016, are not shown in Figure 1. We excluded data from the
Clyde River radar due to a velocity spike issue, possibly related to phase unwrapping caused by the radar's
azimuthal orientation. Despite this, the expanded radar coverage at mid-latitudes and high-time-resolution
sampling enabled by this mode across middle, high, and polar latitudes allow for new investigations into the
spatial extent of inner magnetosphere waves in the Pc4-5 frequency range (2-22 mHz), covering both high- and
low-m modes (e.g., Shi, Baker, et al., 2018). These waves could not be routinely studied in this way before due to
sparse satellite coverage and the screening of high-m waves in ground magnetometer data.

To estimate the ionospheric electric fields from the LoS velocity data obtained by the SuperDARN radars, the
International Geomagnetic Reference Field (IGRF) model (Alken et al., 2021) is used. After the ionospheric
electric fields are calculated, we use an empirical solar Extreme UltraViolet (EUV) conductance model (Brekke &
Moen, 1993) and the OVATION Prime auroral precipitation model (Newell et al., 2009, 2010) to determine the
ionospheric conductance for calculating the Joule heating rate.

3. Methodology

In this section, we outline the methodology used to detect Pc5 ULF waves and extract the associated parameters
from SuperDARN RBSP mode measurements. We developed an algorithm for detection of the SuperDARN
RBSP mode information including the operating time windows and camping beam numbers of the RBSP modes
across all SuperDARN radars located in the northern hemisphere, covering the period from 2013 to 2017. The
following steps were taken to identify Pc5 waves in SuperDARN LoS Doppler velocity data, estimate the cor-
responding Joule heating rates, and calculate the azimuthal wave numbers: (a) pre-processing the data by applying
filtering, interpolation, detrending, and generating power spectral density (PSD) using the Fast Fourier Transform
(FFT); (b) employing a narrowband wave detection algorithm on the PSD to identify Pc5 wave events; (c)
calculating the Joule heating rate for the detected Pc5 wave events by estimating the electric field based on
the LoS Doppler velocity and calculating the height-integrated Pedersen conductivity including contributions
from solar EUV and auroral precipitation; and (d) calculating the azimuthal wave numbers for the identified Pc5
events.

3.1. Data Processing

In this study, we utilize SuperDARN data from FitACF 3 files, processed using the SuperDARN data analysis
software, the Radar Software Toolkit (RST) (SuperDARN Data Analysis Working Group et al., 2022). Power
(signal-to-noise ratio), LoS Doppler velocity, and Doppler spectral width of the received backscatter are the
primary data products of SuperDARN, stored in FitACF files. These parameters are derived by fitting the
complex autocorrelation function (ACF) for each range gate to time lags generated using a multipulse sequence
(Greenwald et al., 1985). The spectral width, estimated from the ACF power decorrelation time, is widely used to
identify magnetospheric boundaries mapped onto the ionosphere and to distinguish between ionospheric and
ground backscatter (Ponomarenko & Waters, 2006). We pre-processed the SuperDARN measurements by
applying thresholds to power levels, Doppler velocity, spectral width, ground scatter flags, and errors in Doppler
velocity and spectral width, which is a standard procedure for selecting ionospheric backscatter and rejecting
ground scatter in SuperDARN data (e.g., Bland et al., 2014). Specifically, we discarded data if (a) the power was
below 3 dB, (b) the Doppler velocity was within the range of £50 m/s, the spectral width was below 50 m/s, or if
the ground scatter flag was set, and (c) the errors in Doppler velocity or spectral width exceeded 100 m/s. These
criteria remove most noise and ground scatter data so that our analysis can focus on good-quality ionospheric
backscatter data that can be used to estimate ionospheric electric fields (e.g., Bland et al., 2014; Shi, Ruohoniemi,
et al., 2018). To focus on the F-region ionosphere, approximately 300 km in altitude, where most ionospheric
backscatter originates due to field-aligned plasma irregularities, we excluded data with slant ranges less than
500 km (corresponding to the first seven range gate cells). The slant range refers to the distance along the radar
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beam from the radar site to the scattering volume in the ionosphere where the backscattered signal is detected.
This exclusion effectively removes near-range scatter from meteors and the E-region, allowing the analysis to
concentrate on the desired ionospheric region for Joule heating rate calculations.

Since ULF waves are expected to manifest in the LoS Doppler velocity, we detrended the Doppler velocity for
each range cell using a 10 min running average to remove the background convection velocity. The 10 min
window size was determined through trial and error by Ponomarenko et al. (2003) as the optimal effective
window for removing background drift, enhancing the visualization of ULF waves in SuperDARN data. Due to
the pre-processing steps outlined in the previous paragraph (e.g., removing noise, bad records, and ground scatter)
and the inherent uneven sampling of SuperDARN data caused by variability in backscatter availability, the
detrended LoS Doppler velocity data from each 1 hr interval for each range cell must be interpolated to a regular
18 s interval (resulting in 200 data points per hour). This ensures a uniformly sampled time series for subsequent
analysis. To further ensure data quality, we discard data from each 1 hr interval if they do not meet the following
criteria: (a) the interval contained more than 70% of the expected data points, adjusted for varying radar inte-
gration times (2.90-3.75 s); (b) the largest data gap within the hour was less than 6 min; and (c) there were fewer
than four data points classified as outliers, defined as being outside six times the median absolute deviation of
Doppler velocity in each 1 hr window.

The processed and interpolated LoS Doppler velocities for each 1 hr window once identified as a backscatter
event, is then used to calculate the PSD using an FFT. Prior to applying the FFT, a Hanning window was applied
to the data to minimize edge effects, smooth the PSD for peak power identification, and ensure reliable phase
information for estimating azimuthal wave number.

3.2. Wave Event Detection

After pre-processing and identifying all backscatter events, we apply a Pc5 wave detection algorithm, as
described by Takahashi and Ukhorskiy (2007), to identify Pc5 wave signatures in SuperDARN RBSP mode LoS
Doppler velocity data. To detect a wave event within each 1 hr interval, we first locate the largest peak in the PSD
within the Pc5 frequency band (1.6—-6.7 mHz). Next, we verify that the full width at half maximum (FWHM) of
the largest PSD peak, which measures the distance between the lower (ﬁ,,we,) and upper (ﬁ,,,,,e,) frequencies at half
of the PSD peak's maximum, is less than 2 mHz, and that both f,,,, and f, ,,,., fall within the Pc5 frequency band. If
these criteria are satisfied, we compute the Pc5 index (Ip.5) , defined as the ratio of spectral power integrated over
the Pc5 frequency range to the total spectral power. If Ip.5 exceeds 0.6, indicating that at least 60% of the total
integrated power lies within the Pc5 frequency range, the event is classified as a Pc5 wave event. Although the
majority (>60%) of the processed Doppler velocity is attributed to Pc5 waves, higher-frequency waves (e.g., Pc3-
4 waves with frequencies >6.7 mHz) also contribute to the ionospheric electric field and the Joule heating rate
derived from the Doppler velocity. Figure 2 presents an example of a wave event, demonstrating the algorithm's
effectiveness in detecting Pc5 wave events. The code also generates summary plots, such as those in Figure 2,
enabling visual verification of the algorithm's performance.

3.3. Joule Heating Rate Estimation

The Joule heating rate of each identified Pc5 wave event is calculated in three steps. First, we compute the root-
mean-square electric fields (E,,) using SuperDARN LoS Doppler velocity measurements (Greenwald &
Walker, 1980) and the IGRF geomagnetic field vector. Second, we calculate the ionospheric height-integrated
Pedersen conductivity (conductance, Xp) using the method described by Cousins et al. (2015), which employs
an empirical solar conductance model and the Robinson empirical relationship (Robinson et al., 1987). This
approach maps conductance as a function of total electron energy flux and average energy, accounting for three
auroral precipitation types (diffuse, monoenergetic, and broadband) based on the OVATION Prime 2010 model,
implemented in Python as OVATION Pyme (available at https://github.com/lkilcommons/OvationPyme).

Finally, we calculate the height-integrated Joule heating rates (Q;) for each identified Pc5 wave event using the

2
rms*

equation Q;, = X,-E,, . Here, E,,, represents the root-mean-square electric field during the Pc5 wave event
within the 1 hr interval, computed as (E,,m =4/ E7) where E; denotes the instantaneous electric fields. The

instantaneous electric fields E; are derived using E; = —V; X B, where V; is the SuperDARN LoS Doppler
velocity after processing and detrending, as outlined in subsection 3.1 Data Processing, and B is the IGRF
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FFT Analysis: 22-23 UT 7 January 2015, KAP/10/14

1000
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Velocity, ms~1

_1008200 9915 2930 9945 2300
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1074 1073 1072 1071
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Figure 2. An example event of Pc5 waves detected using the wave detection algorithm. Top: Re-sampled time series of the
LoS velocity data from beam 10 and gate 14 of the Kapuskasing (KAP) radar at 22-23 UT on 7 January 2015. Bottom: The
power spectral density of the time series shown in the top panel. The dashed black vertical line marks the frequency

(2.5 mHz) of a Pc5 wave event detected by the algorithm.

geomagnetic field vector. Note that, when calculating the Joule heating rate in this study, we ignore the effects of
the neutral wind (V,, X B) due to the lack of available wind measurements. Furthermore, we exclude the
contribution from the large-scale convection electric field, focusing instead on the electric field fluctuations
within the ULF wave frequency range. This approach aligns with previous studies that similarly omitted neutral
wind effects due to the absence of direct wind measurements (e.g., Baddeley et al., 2005; Rae et al., 2007). It
provides an estimate of the energy dissipation in the upper atmosphere during the 1 hr interval of an identified Pc5
wave event.

3.4. Azimuthal Wave Number Calculation

The azimuthal wave number (m-value) is calculated using a method similar to that described by James
et al. (2013). Specifically, for Pc5 wave events identified by the same radar during the same time interval but at
different locations (i.e., different range gates), we select measurements from similar L-shells (within 1° of
magnetic latitude (MLAT)) that are separated in the azimuthal direction (magnetic longitude separation >1°). To
calculate the m-value, we require that at least three events meet all criteria, including having the same wave
frequency. A linear fit is then applied to the wave phases and magnetic longitudes to determine the azimuthal
wave number. A negative m-value indicates westward propagation, while a positive m-value indicates eastward
propagation. This algorithm was applied to all Pc5 wave events detected by northern hemisphere SuperDARN
radars operating in the RBSP mode during 2013-2017.
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Figure 3. Magnetic latitude-magnetic local time maps of (a) Pc5 wave occurrence, (b) ionospheric backscatter occurrence, and (c) Pc5 wave occurrence rate.

4. Statistical Results
4.1. ULF Wave Occurrence Spatial Distribution

After identifying the Pc5 wave events and backscatter events using the methods described in the previous section,
we can analyze the statistics of ULF wave occurrence. Figure 3 shows the occurrence of (a) Pc5 wave events, (b)
backscatter events, and (c) the occurrence rate of Pc5 wave events, calculated as the ratio of (a) to (b), displayed in
MLAT and magnetic local time (MLT) maps. Each bin in the map represents 2° in MLAT and 1 hr in MLT. The
backscatter events indicate data coverage, shown in the middle panel, including events with at least 70% valid
ionospheric backscatter echoes after removing all noise, bad records, and spikes within a 1 hr interval. In addition,
we require a minimum of 10 backscatter events per bin to be included in the distribution analysis (Figure 3b),
leaving bins with fewer than 10 events blank, indicating insufficient data coverage. Figures 3a and 3b illustrates
the Pc5 event and data coverage provided by three tiers of radars at polar (MLAT >75°), high (75°> MLAT
> 65°), and middle latitudes (65°> MLAT > 50°), as shown in Figure 1(left). Ionospheric backscatter covers
most MLTs in the polar region and is predominantly observed on the nightside at midlatitudes, extending into the
afternoon sector at high latitudes, as shown in Figure 3b. The overall Pc5 wave event occurrence rate is 23% with
8,769 Pc5 wave events identified out of a total of 37,747 backscatter events. The highest occurrence rates are
observed at 60-70° MLAT in the afternoon sector as shown in Figure 3c, consistent with findings in Shi,
Ruohoniemi, et al. (2018) using 6 s SuperDARN THEMIS mode data. Although some bins with high occurrence
rates in this sector may be influenced by low counts of wave and backscatter events, the overall trend of elevated
occurrence rates in the afternoon sector remains consistent with expectations and is physically meaningful.

4.2. Wave Electric Field and Joule Heating Spatial Distribution

The root-mean-square electric field (E,,,) is calculated using the SuperDARN LoS velocity and the IGRF
geomagnetic field for the 8,769 identified Pc5 events. The mean value of the E,,; in each bin is shown in
Figure 4a. Due to limited coverage of Pc5 events below 60° MLAT (Figure 3a), we only present maps for regions

(b) Pedersen Conductance (c) Joule Heating Rate .
12 10

1
10t 10
E E
E 101 §
Ta . £
g
& 10 S
10° 107! 1072

Figure 4. Magnetic latitude-magnetic local time maps showing the mean values of (a) root-mean-square electric field (E,,,), (b) Pedersen conductance (Zp), and
(c) Joule heating rate (Q;) for all identified Pc5 wave events.
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above 60° MLAT in Figure 4. To calculate the mean value, we require at least 5 events in each bin, resulting in
more blank bins on the dayside where ionospheric backscatter and wave events are less frequent compared to
Figure 3. Comparing Figure 3c with Figure 4a, we observe that high wave occurrence rates do not always
correspond to large ionospheric electric fields. While the highest occurrence rates are observed at 60-70° MLAT
in the afternoon sector (Figure 3c), large wave electric fields are concentrated at 75-85° MLAT in the morning
sector and 70-80° MLAT in the pre-midnight sector (Figure 4a). The mean E,,,; of the 8,769 identified Pc5 events
is 5.2 mV/m, with a median E,,,; of 3.9 mV/m. For reference, the mean E,,,, of all backscatter events is 4.5 mV/m,
and the median is 2.9 mV/m. The spatial distribution of mean ionospheric electric fields is generally consistent
with the findings of Cousins and Shepherd (2012), who statistically characterized the small-scale spatial (45—
450 km) and temporal (2-20 min) electric field variability using SuperDARN data. They found that the mag-
nitudes of both temporal and spatial variability peak in the auroral zone (~70°-80°) and on the dayside near noon
in MLT. However, our study reveals a distinct local time asymmetry, with a preference for the morning and pre-
midnight sectors.

Figure 4b shows the mean height-integrated Pedersen conductivity (conductance) for all identified Pc5 wave
events in each MLAT-MLT bin. Blank bins in the morning sector indicate data gaps due to limited Pc5 wave
event coverage in that region. The highest Pedersen conductance appears in the dawn sector, centered around 70°
MLAT, with generally high conductance extending to the pre-midnight sector between 62 and 72° MLAT. Our
conductance map may differ from empirical conductance models (e.g., Hardy et al., 1987), as it represents a
mixture of different seasons, geomagnetic conditions, and periods of high Pc5 wave power observed by the
SuperDARN radars. If the conductance map is separated by season, higher Pedersen conductance is observed on
the dayside during summer (not shown). Additionally, SuperDARN data coverage (Figure 3b) is influenced by
ionospheric irregularities, which vary with local time and season, potentially introducing a bias by favoring
conditions that support ionospheric backscatter, especially during periods of low sunlight (e.g., more dayside
high-latitude events during local winter).

The spatial distribution of wave Joule heating rates (Figure 4c) is similar to the wave electric field distribution
(Figure 4a), with notable hotspots in the pre-noon and pre-midnight sectors. However, Joule heating rates are
more pronounced at slightly lower latitudes due to the Pedersen conductance distribution (Figure 4b), which is
generally stronger at lower latitudes in the auroral zone, particularly at night. The mean (median) Joule heating
rate for the 8,769 identified Pc5 wave events is 0.10 (0.02) mW/m?, consistent with the typical range of ULF
wave Joule heating rates (0.001-1 mW/m?) implied from THEMIS satellite observations by Hartinger
et al. (2015). Notably, there is a gap in data coverage on the dayside (white regions, primarily in the morning
sector) below 76° MLAT, above which both wave electric fields and Joule heating rates peak. This apparent peak
at 76-78° MLAT may not be real, as enhanced wave electric fields and Joule heating rates could extend to lower
latitudes on the dayside, where SuperDARN ionospheric backscatter coverage is limited. Additionally, many
large electric field events occur at very high latitudes (>80° MLAT), most likely within the polar cap region,
where Joule heating rates remain low due to low conductance in that region. Note that we also examined the
median value distributions of wave electric field, Pedersen conductance, and Joule heating rate. The spatial
patterns observed are similar to those of the mean value distributions presented in Figure 4.

Figure 5 further explores the dependencies on MLAT and local time by categorizing events into two MLAT
groups: MLAT >75° (high latitudes, Figures 5a—5d) and 65° < MLAT < 75° (middle latitudes, Figures Se—5h).
Figures 5a and 5e show the Pc5 wave occurrence as histograms, while Figures 5b—5d and 5f—5h display box-and-
whisker plots for Pedersen conductance (£p) , root-mean-square electric field (E,,,,) , and Joule heating rate (Q;),
organized into 2 hr MLT bins. The red line within each box represents the median value for each MLT bin. The
boxes represent the interquartile range (IQR), spanning from the 25th percentile (Q1) to the 75th percentile (Q3),
encompassing the central 50% of the data. Whiskers extend from the boxes to the smallest and largest values
within 1.5 times the IQR. The use of box plots effectively highlights the variability and distribution of each
parameter across MLT, offering a clear comparison of central tendencies and spread between the two latitude
groups.

In the high-latitude group (MLAT > 75°), the MLT coverage is generally good, except for the two post-midnight
bins (2-6 hr MLT) where fewer than 100 events are recorded (Figure 5a). The box-and-whisker plots in
Figures 5b—-5d indicate that dayside Pedersen conductance, wave electric fields, and Joule heating rates are
significantly higher than those on the nightside, with a pronounced morning-afternoon asymmetry where all three
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Figure 5. Magnetic local time (MLT) distribution of parameters associated with Pc5 wave events at MLAT >75° (left
column) and 75° > MLAT > 65° (right column). Panels (a/e) show histograms of Pc5 wave occurrences. Box-and-whisker
plots of (b/f) Pedersen conductance (Xp), (c/g) root-mean-square electric field (E,,,), and (d/h) Joule heating rate (Q;)
associated with Pc5 wave events are shown for each MLT bin. In the box-and-whisker plots, red lines mark the median values,
while the boxes represent the interquartile range (IQR), covering the 25th to 75th percentiles (Q1 to Q3). Whiskers extend to the
smallest and largest values within 1.5 times the IQR.

parameters are stronger in the morning sector, consistent with the patterns in Figure 4. For the middle-latitude
group (65° < MLAT < 75°), Figures 5e-5h reveal the MLT dependence of wave events, although many
dayside bins (6—14 hr MLT) have limited data coverage (Figure 5e). The Pedersen conductance at middle latitudes
(Figure 5f) is generally larger than at high latitudes (Figure 5b) across most MLT bins. Additionally, there is a
noticeable minimum around dusk in Pedersen conductance (Figure 5f), wave electric fields (Figure 5g), and Joule
heating rate (Figure 5h), followed by increasing values toward midnight and afternoon. However, due to
insufficient dayside data coverage (Figure 5e), the observed enhancement of Joule heating rate (Figure 5h),
characterized by a large IQR (indicating a large spread and variability in the middle 50% of the data), in the dawn-
to-morning sector (6—10 hr MLT) requires further verification.

4.3. IMF Dependence of ULF Wave Ionospheric Energy Deposition

The pre-midnight electric field and Joule heating hotspot is well-understood as being driven by magnetotail
dynamo processes (e.g., Lotko et al., 2014; Zhang et al., 2014), but the high-latitude morning sector hotspot
remains more enigmatic. Figures 4 and 5 indicate that this phenomenon results from the combined effects of
enhanced wave electric fields and Pedersen conductance in the morning sector. Initially, one might speculate that
the preference for strong electric fields and Joule heating in the morning sector may be related to IMF conditions.
To explore this, we analyzed high-latitude events (MLAT >75°) under different IMF conditions to assess their
relationship.
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Figure 6. Magnetic local time (MLT) distribution shown in box-and-whisker plots for (a) Pedersen conductance (Zp),

(b) root-mean-square electric field (E,,,) ., and (c) Joule heating rate for events at MLAT >75° during B, > 1nT conditions,
and for (d) Pedersen conductance (£p), and (e) root-mean-square electric field (E,,,), and (f) Joule heating rate for events at
MLAT >75° during B, < —1nT conditions. The red line within each box represents the median value for each MLT bin.
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The effect of IMF B, is presented in Figure 6, which presents the variations of Zp, E,,,,, and Q; for events at
MILAT >75°, displayed as a function of MLT in box-and-whisker plots for B, > 1nT (left column) and
B, < —1nT (right column). Pedersen conductance does not exhibit a significant change with the sign of IMF B_,

oy

with a prominent pre-noon enhancement evident in both conditions (Figure 6 top panels). However, Pc5 wave
electric fields are notably stronger during northward IMF (Figure 6b) compared to southward IMF (Figure 6e),
leading to a significant increase in Joule heating rates on the dayside during northward IMF conditions (Figure 6c¢)
compared to southward IMF (Figure 6f). Further analysis of IMF B, dependence (see Figure S2 in Supporting

Information S1) reveals that Pedersen conductance, electric fields, and Joule heating rates are enhanced in the pre-
noon sector under both IMF B, polarities (B, > 1nT and B, < —1nT), though the effect is more pronounced during
dawnward IMF (B, < —1nT). The enhancement of electric field in the pre-noon sector may be associated with
the positioning of the convection throat, typically located in this area regardless of IMF B, polarity (e.g., Heppner
& Maynard, 1987; Weimer, 1995). While IMF conditions mainly affect wave electric field distribution on the
dayside, the sustained enhanced Joule heating rates in the morning sector under various IMF conditions suggest
that increased conductance, likely due to diffuse auroral precipitation, plays a critical role.

4.4. Large Joule Heating Event Spatial Distribution

To determine the spatial distribution of large Joule heating events, Figure 7 presents scatter plots of events with
Joule heating rates exceeding 1.00 mW/m?. We identify 129 (~1.5%) large Joule heating rate events with a mean
(maximum) Joule heating rate of 2.35 (25.43) mW/m? and a mean (maximum) E,,,, of 19.17 (65.05) mV/m.
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Figure 7. Scatter plots of (a) E,,,, and (b) Joule heating rate (Q,;) in magnetic latitude-magnetic local time coordinates for
129 events with Joule heating rate greater than 1 mW,/m?.

These events are concentrated on the dayside at about 70-80° MLAT and in the pre-midnight sector at 65-70°
MLAT. The dayside high-latitude electric field (Figure 7a) and Joule heating (Figure 7b) enhancement is likely
associated with the cusp and low-latitude boundary layer regions, where downward particle precipitation and
Poynting flux occur, leading to enhanced ionosphere conductivity and Joule heating. The pre-midnight events
located at lower latitudes are most likely linked with substorm activity, where particle injections and internally
driven high-m waves are prevalent.

4.5. Wave Propagation and Azimuthal Spatial Scale

Ultra low frequency waves can be driven either externally by solar wind disturbances or internally by instabilities
within the magnetosphere. Externally driven waves generally propagate anti-sunward with low azimuthal wave
number (m-value) and have large spatial extent. In contrast, internally driven waves typically propagate sunward
with higher m-values and more localized spatial extents. A key advantage of SuperDARN RBSP mode data is its
ability to estimate the m-value, which is essential for understanding the driving mechanisms and spatial char-
acteristics of ULF waves. To calculate the azimuthal wave number, measurements must be taken at a roughly
constant L-shell but separated azimuthally (James et al., 2013). Using this method, we identified 391 events with
reliable m-value estimates, mostly range from —50 to 50, as shown in the histogram in Figure 8a. Negative m-

Eastward
70 . 100
(@) : N
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i 50
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25
40 .
° 2
301 c
=25
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04 -100
~100 =75 <50 2B 0 25 50 75 100 Westward
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Figure 8. (a) Histogram showing the distribution of azimuthal wave number (m-value), and (b) scatter plot representing the
m-value distribution in the magnetic latitude-magnetic local time coordinates. The dashed red vertical line indicates an m-
value of 0. Negative m-values (blue dots) indicate westward propagation, while positive m-values (red dots) denote eastward
propagation.
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Figure 9. Scatter plots of azimuthal wave number (m-value) versus (a) E,,;,and (b) Joule heating rate. The dashed red
horizontal line indicates an m-value of 0. The dashed blue horizontal lines mark m-values of +50.

values indicate westward propagation, while positive m-values denote eastward propagation. The histogram is
skewed toward negative m-values, indicating a higher occurrence of westward-propagating waves.

The spatial distribution of these events, color-coded by m-values, is shown in Figure 8b. Pc5 events detected by
multiple camping beams are concentrated in the afternoon and pre-midnight sectors at MLAT >65°, likely
observed by high- and polar-latitude radars (see Figure 1 for radar FOV coverage). Events at lower latitudes (<65°
MLAT) occur primarily on the nightside and are mostly detected by mid-latitude radars. Events below 70° MLAT
tend to have larger m-values (dark blue and red dots), compared to those at higher latitudes (light blue and red
dots). The westward-propagating (sunward in the afternoon-to-midnight sectors) events with negative m-values
(blue dots) may be driven by internal wave-particle interactions, possibly linked to particle injections from the
magnetotail. Some high-m events propagate eastward (red dots) in the afternoon and the night sectors, likely
driven by eastward-drifting electrons or external sources, such as magnetosheath high-speed jets or foreshock
transients (e.g., Wang et al., 2020).

To examine the relationship between azimuthal wave number and both wave electric field and Joule heating rate,
scatter plots of m-values versus (a) E,,,; and (b) Q; are presented in Figure 9. No clear dependence between the
wave electric field or Joule heating rate and m-value is observed, as both low- and high-m waves contribute to a
wide range of electric field strengths and Joule heating rates. It is interesting to note that most high-m (|m|> 50)
events are eastward-propagating (positive m-values), whereas low-m (Jm|< 50) events are predominantly
westward-propagating, consistent with the patterns observed in Figure 8. In addition, the contribution of high-m
Pc5 waves to local Joule heating rates remains relatively small (mostly < 1 mW/m?), in agreement with previous
case studies (e.g., Baddeley et al., 2005). However, some high-m waves exhibit long lifetimes and wide azimuthal
extents, persisting for hours to days during the recovery phase of geomagnetic storms (see Table 1 in Shi, Baker,
et al., 2018). While their local Joule heating rates may be small, these long-lived waves could contribute
significantly to global Joule heating in the upper atmosphere. To fully quantify their contribution, future studies
should include numerical simulations and detailed event analyses that integrate ULF wave properties constrained
by multi-point space-borne and ground-based observations.

5. Discussion

This study provides a statistical analysis of ULF wave energy deposition using SuperDARN data and empirical
conductance models, including their spatial distribution, dependence on local time, IMF, and azimuthal wave
number. Our findings indicate distinct patterns and drivers for ULF wave energy dissipation in the ionosphere,
emphasizing the role of Pc5 ionospheric electric fields under northward IMF conditions and their morning sector
preference at high latitudes.
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The prevalence of Pc5 waves during northward IMF and their morning sector preference in this study may be
attributed to the KHI (H. Hasegawa et al., 2003; Henry et al., 2017). Takahashi et al. (2012) noted Pc5 wave
occurrence and amplitude enhancement pre-noon with latitude dependence particularly during high-speed solar
wind streams, suggesting the KHI caused these features. However, the dependence of Pc5 wave electric fields and
Joule heating rates on solar wind speed in this study (not shown) is less pronounced compared to what has been
reported in prior studies. Besides wave electric fields, the Pedersen conductance plays a significant role. Newell
et al. (2009) identified the dominance of diffuse aurora, which accounts for 84% of energy flux into the ionosphere
under low solar wind driving conditions. They also highlight a dayside number flux dominance of diffuse aurora
during northward IMF conditions which can be linked to a thicker low-latitude boundary layer during northward
IMF (H. Hasegawa et al., 2004). Shue et al. (2001) observed a positive correlation between auroral brightness and
solar EUV-produced Pedersen conductance in the early morning sector. These studies indicate combined effects
of ionospheric electric field perturbations and diffuse aurora-induced conductance asymmetry in local time,
contributing to the observed morning sector enhancement of the Joule heating rate in our study.

Compared to earlier statistical studies on ULF wave occurrence or ionospheric electric field temporal and spatial
variability using SuperDARN data (e.g., Cousins & Shepherd, 2012; Shi, Ruohoniemi, et al., 2018), this study,
which focuses on ULF wave energy deposition in the upper atmosphere via Joule heating, reveals new insights
into the interaction between Alfvénic Poynting flux and ionospheric dynamics. Our results generally align with
satellite-based Poynting flux studies by Keiling et al. (2003, 2019), who reported ULF wave energy flux in the
Pc3-4 frequency range (6-167 mHz) and extreme Poynting flux also in the dayside high latitude region and
nightside. Hartinger et al. (2015) found that ULF wave energy flux, integrated over the 3-30 mHz band, peaks in
the postnoon sector based on THEMIS satellite observations. However, due to the high altitude of the spacecraft
orbit, it could not differentiate between electromagnetic and particle energy flux. Our study suggests that more of
the electromagnetic energy flux measured by THEMIS was probably converted to particle kinetic energy flux
before arriving at the ionosphere in the afternoon sector compared to the morning sector. Additionally, Hartinger
et al. (2015) only considered measurements when the satellite was inside the magnetopause, whereas this study
includes ionospheric regions mapping to locations both inside and outside the magnetopause. Damiano
et al. (2007) found that about 30% of a standing Alfvén wave's energy is converted to particle kinetic energy, with
the remaining energy contributing to Joule heating, depending on the perpendicular wavelength. Using Europen
Incoherent Scatter Scientific Association data, van Hazendonk et al. (2024) determined that kinetic and elec-
tromagnetic energy rates (Joule and frictional heating rates) are of similar magnitude and should both be included
in energy deposition by ULF waves in the upper atmosphere. It is crucial to emphasize the differences between
past studies in predicting where the energy flux “hot spots” should be. When comparing different studies, there are
notable differences depending on whether they report only the large amplitude events, averages across all events,
the wave frequency band used, and other factors. This variability underscores the complexity of accurately
determining energy flux distribution in the ionosphere. Our findings reinforce the importance of Pc5 ULF wave
energy deposition in the upper atmosphere via Joule heating, particularly during northward IMF conditions on the
dayside.

It is important to note that several factors could affect our results, including ionospheric conductivity, Super-
DARN radar geometry, and sampling bias. The height-integrated Pedersen conductivity, derived from empirical
solar irradiance and auroral precipitation models, may be underestimated, as these models might not fully capture
meso-scale or localized auroral features. Additionally, as demonstrated by Tu et al. (2011), thermosphere heating
is both dynamic and height-dependent, with heating rates potentially exceeding quasi-steady-state values by more
than a factor of two. Consequently, our Joule heating rate estimation, which relies on empirical height-integrated
steady-state conductance, is likely further underestimated. Besides, our analysis can only resolve wave events
with spatial scales larger than 45 km (one radar range gate) and temporal scales greater than 18 s (the sampling
rate), excluding contributions from smaller spatial and temporal scale waves. More importantly, our estimates of
ionospheric wave electric fields, derived from a single component of plasma velocity (LoS Doppler velocity),
represent a lower bound on the total electric field magnitude. This approach introduces a limitation in the
calculation of Joule heating, as the full vector nature of the electric field is not captured. While two-dimensional
ion drift measurements would enhance the accuracy of ionospheric electric field estimations, such data are
generally unavailable due to the inherent constraints of single radar systems, including both coherent and
incoherent scatter radars. It is also important to note that although our study spans the 2013 to 2017 period, which
falls within a solar maximum, the particular solar maximum was one of the quietest in recent times, with few
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major geomagnetic storms (e.g., Kp > 8). As aresult, the Joule heating estimates in this study are likely lower than
what would be expected during more intense geomagnetic storms (e.g., the May 2024 storm). Therefore, our Joule
heating rate estimates are conservative.

Furthermore, ionospheric backscatter, particularly on the dayside, tends to occur more frequently during equinox
and winter seasons, with reduced coverage in summer (Ruohoniemi & Greenwald, 1997; Shi, Ruohoniemi,
et al., 2018). Consequently, the high-latitude dayside results are more representative of conditions in seasons
other than summer, while the nightside results are less affected by this seasonal bias. This potential skew un-
derscores the need for caution when generalizing our findings across different seasons. However, despite these
conservative estimates and sampling limitations, our results suggest that the actual energy deposition from ULF
waves may be even more significant than reported here, underscoring the importance of continued research in
this area.

6. Conclusions

In this study, we examined the statistics of Pc5 ULF wave occurrence, electric field, and Joule heating using
5 years (2013-2017) of SuperDARN RBSP mode data. Our findings highlight the important role of ULF waves in
I-T energy deposition through Joule heating, particularly in the morning and pre-midnight sectors. Here are the
main conclusions from our study.

1. The occurrence of Pc5 waves peaks in the afternoon sector, but the most intense Pc5 wave-related electric
fields and Joule heating rates are found in the morning and pre-midnight regions.

2. The enhancement of the Joule heating rate in the morning sector is attributed to the local time asymmetry in
Pedersen conductance and the presence of Pc5 waves driven by the KHI.

3. The majority of Pc5 wave events have a Joule heating rate of less than 1.0 mW,/m?, with a mean value of 0.1
mW/m? across 8,769 identified events. Events with high Joule heating rate (> 1.0 mW/m?) are concentrated
in the dayside high latitude regions (70-80° MLAT) and in the pre-midnight sector at 65-70° MLAT.

4. Pc5 waves observed by multiple camping beams predominantly propagate westward at low azimuthal wave
numbers (|m| < 50), while high-m waves are mainly eastward-propagating.

These findings underscore the importance of Pc5 ULF waves in influencing the I-T dynamics. By enhancing our
understanding of the spatial and temporal distribution of wave-induced Joule heating, this study provides
observational implications for modeling of space weather impacts on Earth's upper atmosphere. Furthermore, our
results highlight the need for future research that incorporates more extensive measurements of these waves,
particularly during major geomagnetic storms and spacecraft-ground conjugate observations, to further improve
our understanding of their space weather effects.

Data Availability Statement

Super Dual Auroral Radar Network (SuperDARN) rawact data files are available at https://www.frdr-dfdr.ca/
repo/collection/superdarn. SuperDARN data has been processed using the RST (https://zenodo.org/records/
7467337) developed by the SuperDARN Data Analysis Working Group (SuperDARN Data Analysis Working
Group et al., 2022) and accessed by the pyDARN package (https://zenodo.org/records/6473574) developed by the
SuperDARN Data Visualization Working Group (Shi et al., 2022; SuperDARN Data Visualization Working
Group et al., 2022). The OVATION Pyme Python package is available at https://github.com/lkilcommons/
OvationPyme. The majority of analysis and visualization was completed with the help of free, open-source
software tools such as numpy (Harris et al., 2020), scipy (Virtanen et al., 2020), matplotlib (Hunter, 2007),
IPython (Perez & Granger, 2007), pandas (McKinney, 2010), and others (e.g., Millman & Aivazis, 2011). To
parallelize the code we have used Ray, which is a python-based distributed network (Moritz et al., 2018). Our
code is published in the Zenodo repository (Chakraborty & Shi, 2024), which contains the Python code, pa-
rameters in a Java Script Object Notation (JSON) file, and RBSP mode details from all Northern hemisphere
radars between 2013 and 2017 in CSV file format.
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