
1.  Introduction
Energetic Electron Precipitation (EEP) has been a topic of increased attention in recent years due to its effect on 
atmospheric chemistry. Medium-Energy Electrons (MEE) precipitating from the radiation belt with characteristic 
energies of ≥30 keV, will deposit their bulk energy in the mesosphere (Fang et al., 2008; Turunen et al., 2009). 
The associated ionization increases the production of odd Nitrogen (NOx: N, NO, NO2) and odd Hydrogen (HOx: 
H, OH, HO2). The relatively long lifespan of NOx during polar winter allows NOx to be transported downward to 
stratospheric altitudes and participate in catalytic ozone destruction (Damiani et al., 2016; Maliniemi et al., 2021; 
Sinnhuber et al., 2012; Solomon et al., 1982). HOx is relatively short-lived but depletes ozone at mesospheric 
altitudes (Andersson et al., 2012; Verronen et al., 2011; Zawedde et al., 2019; Zúñiga López et al., 2022). These 
processes have been linked to surface climate variability through their impact on atmospheric temperature, and 
dynamics (Baumgaertner et al., 2011; Maliniemi et al., 2019; Seppälä et al., 2009). As such, MEE precipitation 
is now considered a potentially important element of the natural forcing on the upper atmosphere and potentially 
the climate system (Matthes et al., 2017). Therefore, understanding MEE precipitation intensity and its latitudinal 
extent are important in quantifying the contribution of the Sun to the Earth's climate.

In the High Energy Particle Precipitation in the Atmosphere (HEPPA) intercomparison project, Nesse Tyssøy 
et al. (2022) compared eight different MEE precipitation estimates based on measurements of Medium Energy 
Proton Electron Detector (MEPED) onboard the National Oceanic and Atmospheric Administration (NOAA) 
Polar Orbiting Environmental Satellites (POES) and European Space Agency's Meteorological Operational 
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(MetOp) Satellites. This project revealed a large uncertainty in both the intensity and the latitudinal extent of 
the precipitation region. In the solar forcing recommended for Coupled Model Intercomparison Project (CMIP) 
6 (v3.2) (Matthes et al., 2017), the MEE precipitation is parameterized by Ap (van de Kamp et al., 2016). They 
apply O’Brien and Moldwin (2003)'s plasmapause model to determine the equatorward boundary of the MEE 
precipitation region. The Atmospheric Ionization Module Osnabrück applies 8 years of data to create a statistical 
representation of the precipitation region scaled by Kp. However, using the Bounce Loss Cone (BLC) estimate 
based on both the 0°and 90°telescope on MEPED (Nesse Tyssøy et al., 2016), Babu et al. (2022) finds that the 
pressure-corrected Dst index (Dst*) is the best predictor of the equatorward extent of precipitating electrons of 
energy >43, >114, and >292 keV in the Northern Hemisphere (NH). Babu et al. (2022) defines the equatorward 
boundary as the latitude at which the electron flux (as a function of latitude) crosses a background threshold with 
a positive gradient. A detailed explanation of this can be found in Section 3 of Babu et al. (2022). For >43 keV 
EEP, 80% of the equatorward boundaries predicted by the model are within ±2.2° CGM latitude over a full solar 
cycle (2004–2014).

Despite high accuracy, Babu et al. (2022)'s model suffered from a solar cycle bias. The model underestimates 
the equatorward boundary during the declining phase and overestimates the equatorward boundary during solar 
minimum years, causing a potential solar cycle bias of up to 3.35°CGM latitude. This systematic bias potentially 
arises because the quiet time baseline of the Dst index changes with time (Lühr & Maus, 2010; Olsen et al., 2005; 
Temerin & Li, 2015), which might hamper its use in long-term quantitative modeling. To address this challenge 
Olsen et al. (2014) introduced an alternative ring current (RC) index which has been shown to be a valuable alter-
native to Dst, as demonstrated for example, by Luehr et al. (2016).

Moreover, based on higher accuracy during High-speed Solar wind Streams (HSS)/Co-rotating Interaction 
Regions (CIRs), Babu et al.  (2022) speculate that selecting the solar wind driver as a dependent variable can 
improve the accuracy of a geomagnetic index-based model. The population in the radiation belt is primarily a 
result of Coronal Mass Ejections ((CME), HSS)/CIRs, and slow solar winds permeating the near-Earth space 
(Borovsky & Denton, 2006). The different driver characteristics and the subsequent magnetospheric processes 
determine the intensity of the MEE and the extent of the precipitation region (Asikainen & Ruopsa, 2016; Shen 
et al., 2017; Tyssøy et al., 2019; Yuan & Zong, 2012). As the frequency of the solar wind drivers is known to vary 
over the solar cycle, they might provide a tool to explain and remove the systematic solar cycle bias.

Furthermore, Laundal et al. (2017) shows the Earth's magnetic field structure deviates significantly from the dipole 
alignment at ionospheric heights leading to hemispheric asymmetries in the magnetosphere-ionosphere-thermo-
sphere coupling. This deviation implies hemispheric differences in atmospheric responses to MEE precipitation, 
suggesting a need to model them separately in both hemispheres.

This study is an update of Babu et al. (2022)'s model of the equatorial MEE boundary in the Northern Hemi-
sphere (NH). The original model parameterized by pressure-corrected Dst (Dst*) is extended by including the RC 
index and the solar wind drivers as dependent variables. The main objective is to remove the above-mentioned 
systematic solar cycle bias to make it more adequate for use in climatological studies and quantitative modeling. 
We also extend the investigation to the Southern Hemisphere (SH) to adapt it for global use. The overarching 
objective is to provide a key element for constructing a realistic estimate of EEP variability to be applied in 
atmosphere climate models. Moreover, the model can also be applied to examine the importance of the location 
of the plasmapause in moderating wave-particle interactions that lead to precipitation and how the precipitation 
boundaries might relate to the inner edge of the outer radiation belts.

2.  Data
2.1.  MEPED Observation of MEE Precipitation

The MEPED instrument is a part of the Space Environment Monitor package onboard NOAA/POES and 
EUMETSAT/MetOp satellites that have been operational since 1978. Their sun-synchronous polar orbit 
at 800–850  km altitude with a stabilized spatial orientation (Evans & Greer,  2000) allows them to moni-
tor trapped and precipitating particles near the foot of the field lines (Nesse Tyssøy et  al.,  2016; Rodger 
et al., 2010). The orbital period of each satellite is ∼102 min, and each orbit covers similar MLT sectors in the 
process. The second-generation SEM-2 instrument used in this study has been operational since 1998, having 
measured protons and electrons for two full solar cycles at present. It measures protons and electrons over 
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a broad range of energies through 0° and 90° solid-state detectors. We use the electron detectors that cover 
three energy channels that count electrons having energies from 30 keV to ∼1 MeV. This is done through 
their three integral electron flux measurement channels E1, E2, and E3 of nominal energy values >30, >100, 
and >300 keV (Evans & Greer, 2000). However, the detector's efficiency depends on the energy spectrum of 
the encountered electrons (Yando et al., 2011). Ødegaard et al. (2017) uses the simulated detector efficiency 
reported in Yando et al. (2011) to determine effective integral energy levels of >43, >114 and >292 keV and 
associated geometric factors, which we utilize. False proton counts are removed from the electron channels 
using the proton telescope (Nesse Tyssøy et  al.,  2016). The proton spectrum is adjusted for degradation 
due to radiation damage by applying correction factors derived by Sandanger et  al.  (2015) and Ødegaard 
et al. (2016).

The 0° MEPED telescope points toward the local zenith while the 90° telescope is aligned orthogonal to the 
0° telescope and anti-parallel to the spacecraft velocity vector. The 0° telescope is optimal for measuring MEE 
precipitating toward the center of the atmospheric BLC, the pitch angle range of electrons which will be lost to 
the atmosphere, at L-shells greater than ∼1.5, while the 90° telescope counts particles both inside and outside the 
atmospheric BLC (Evans & Greer, 2000; Meredith et al., 2011; Nesse Tyssøy et al., 2016; Rodger et al., 2010). 
Determining particles inside the atmospheric BLC presents a challenge since the 0° and 90° telescopes only 
observe parts of the pitch angle distribution. This causes the 0° and 90° telescopes to under- and overestimate 
precipitating MEE fluxes, respectively. Therefore, we use a combination of fluxes from 0° and 90° detectors 
alongside the theoretical Fokker-Planck solutions of pitch-angle distribution of electrons in the magnetosphere 
to obtain an estimate of BLC fluxes that precipitate. A detailed methodology of this calculation can be found in 
Nesse Tyssøy et al. (2016).

The Fokker-Planck solution is independent of the type of wave-particle interactions responsible for the pitch 
angle distribution (Kennel & Petschek, 1966). The limitation of this theoretical approach is related to the assump-
tion that the pitch angle distribution is in diffusive equilibrium where the particles being lost will be replenished. 
(L. Y. Li et al., 2013) applying a similar approach, however, has shown that without any strict criteria, the diffu-
sion coefficient estimated from the MEPED instrument was consistent with independent observations of chorus 
waves by the Van Allen Probes.

2.2.  Solar Wind Structure Identification

For analysis of the equatorward MEE precipitation boundaries with respect to different solar wind structures, 
we use the list created by co-author I. G. Richardson. This list uses solar wind parameters, geomagnetic indices 
retrieved from the NASA OMNIweb database, and observations of cosmic rays with energies between ∼0.1 and 
1 GeV, to separate solar wind structures into three categories: CME-associated, HSS/CIR, and slow ambient solar 
wind. A detailed description can be found in Richardson and Cane (2012).

2.3.  The RC Index Monitoring the Strength of the Magnetospheric Ring Current

The strength of the magnetospheric ring current is often described by the Dst index (e.g., Sugiura,  1964). 
However, the baseline of Dst is known to contain erroneous time variations and jumps (e.g., Kauristie 
et al., 2016; Lühr & Maus, 2010; Olsen et al., 2005; Temerin & Li, 2015) due to its determination in annual (or 
monthly) batches. This implies that a specific storm will have different Dst signatures dependent on when in the 
solar cycle it occurs. These errors hamper the use of Dst in climatological studies and quantitative modeling. 
Olsen et  al.  (2014) introduced an alternative index, called RC, which is derived via hour-by-hour spherical 
harmonic analysis of magnetic data from a number of (presently 14) worldwide distributed observatories at 
mid and low latitudes. RC was originally designed to account for the magnetospheric contributions during the 
geomagnetic quiet conditions used for deriving models of the Earth's main field. However, the index turned out 
to be a valuable alternative to Dst also during more disturbed conditions, as demonstrated for example, by Luehr 
et al. (2016).

Since details of its derivation have been modified since the introduction of RC by Olsen et al. (2014) we here 
provide a brief but complete description of its derivation.
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Magnetic data from 14 geomagnetic observatories (IAGA observatory codes ASP, BOU, CLF, FRD, GUA, HER, 
HON, KAK, KOU, LRM, ASC, NGK, SJG, SPT) between −34° and +52° dipole latitude are used and processed 
as follows:

1.	 �The time-dependent core field, as given by the CHAOS geomagnetic field model (Finlay et  al.,  2020), is 
subtracted from the hourly values of each vector component and each observatory;

2.	 �An estimate of the large-scale outer magnetospheric field, that is, the non-ring current magnetospheric contri-
bution as given by the CHAOS model, is subtracted (two different coordinate frames are used in CHAOS for 
modeling magnetospheric contributions: the Geocentric Solar Magnetospheric (GSM) coordinate frame is 
used for describing contributions from the tail and magnetopause, while the SM frame is used to model the 
magnetospheric ring-current; for deriving RC we only subtract the GSM-dependent part describing contribu-
tions from the outer magnetosphere);

3.	 �The static magnetic field, due to contributions from Earth's crust, is estimated separately for each vector 
component and each observatory as the robust mean during geomagnetic quiet times (defined as Kp ≤ 2 0, 
|dDst/dt| ≤ 2 nT/hr) and subtracted from the data;

4.	 �The horizontal vector components are rotated from the geodetic to the centered dipole coordinate frame using 
Equations 7–10 of Hulot et al. (2015);

5.	 �For each hour a spherical harmonic scalar potential model (up to spherical harmonic degree 1, corresponding 
to three coefficients) is fitted to the horizontal vector component data from as many as possible of the selected 
14 observatories. Only data between 18:00 and 08:00 local time (i.e., local night) are used in an effort to mini-
mize the impact of ionospheric contributions (e.g., Sq), and thus the number of observatories changes from 
hour to hour. The spherical harmonic fit is carried out in dipole coordinates using a robust estimation scheme 
with Huber weights (Constable, 1988).

6.	 �The RC index is defined to be the (negative) first expansion coefficient in a spherical harmonic expansion of 
the magnetic potential assuming external sources. The minus sign is introduced to make RC(t) compatible 
with the definition of Dst(t) as the southward component of the magnetic field at the dipole equator.

7.	 �Since RC(t) is derived from the horizontal components only, it consists of the sum of the magnetic 
field due to external, magnetospheric, and internal, Earth-induced electric currents. In the final step 
RC(t) = RCE(t) + RCI(t) is decomposed into external and induced parts, respectively, using a model of elec-
trical conductivity of the Earth's mantle, as described in the section “Treatment of induced fields” of Finlay 
et al. (2020).

In the following, we use RCE(t), the external part of the RC-index, as a measure of the strength of the magneto-
spheric ring current.

3.  Resolving the Solar Cycle Bias for the Existing MEE Boundary Model in the 
Northern Hemisphere
The pressure-corrected Dst index,

Dst
∗
= Dst −

(

15.8 × 𝑃𝑃
0.5
)

+ 20,� (1)

removes the magnetopause current induced by solar wind dynamic pressure (P) from the Dst index (Burton 
et al., 1975). Babu et al. (2022) found Dst* to be the best predictor of the equatorward boundary of MEE precipi-
tation in the NH, outperforming Kp, AE, Ap, Bz, By, Ey, solar wind flow pressure and solar wind flow speed (v) 
in their analysis (Figure 4 in Babu et al. (2022)).

However, the Dst*-based model by Babu et al. (2022) exhibits a systematic solar cycle bias resulting in an esti-
mate error of up to 3.35° Corrected Geomagnetic Latitude (CGMLat). This bias was speculated to be a conse-
quence of the variation of the quiet-time baseline of the Dst index (Temerin & Li, 2015). This quiet-time baseline 
variation results in Dst underestimating or overestimating the level of geomagnetic activity with respect to the 
variations in the solar cycle. Babu et al. (2022) also found days dominated by HSS/CIR had the smallest error 
compared to days with CME or days with ambient/slow solar wind. Since different solar wind structures domi-
nate different phases of a solar cycle (Richardson et al., 2001), Babu et al. (2022) postulated this might contribute 
to the solar cycle bias.
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After several unsuccessful attempts to correct the systematic solar cycle bias in the Dst* linear regression model, 
we became aware of the less-known RC index. The derivation of the RC index does not include a baseline correc-
tion. As illustrated in Figure 1, the pressure-corrected RC-index,

RC
∗
= RC −

(

15.8 × 𝑃𝑃
0.5
)

+ 20,� (2)

provides a marginally stronger linear dependence with the NH equatorial boundaries compared to the Dst*-based 
model with a correlation coefficient of 0.78 compared to 0.77. This supports the conclusion by Luehr et al. (2016) 
that the RC-index works well also during disturbed geomagnetic conditions.

Moreover, we find a multiple linear regression (MLR) model that includes both the Dst index and the RC index 
to be more accurate than a simple linear regression model that includes only one of these indices. By allowing for 
non-linear relationships in the model, the complex and dynamic nature of the magnetosphere can be captured to 
a greater extent. The use of interaction terms, polynomial terms, and correlated errors are also important in the 
model for a better fit and more accurate predictions. The MLR model is as follows,

Model Boundary = 𝑥𝑥0 + (𝑥𝑥1 × Dst
∗
) +

(

𝑥𝑥2 × RC
∗
)

+

(

𝑥𝑥3 × (Dst
∗
)
2
)

+

(

𝑥𝑥4 ×
(

RC
∗
)2
)

+
(

𝑥𝑥5 × Dst
∗
× RC

∗
)

,
� (3)

As an estimate independent of solar wind structures, we perform MLR on the full data set. In addition, to assess 
the contribution of each type of solar wind structure to the solar cycle bias, we perform MLR individually for days 
dominated by CME, HSS/CIR, and ambient/slow solar wind structures.

The y-intercept is x0, and the regression coefficients are x1–x5. The regression coefficients for the three energy 
channels and three solar wind structures are given in Table 1. To assess the performance of the MLR model, 
we calculate the model residual by subtracting the boundary predicted by the MLR model from each identi-
fied boundary (Equation 4). The procedure to identify the equatorward boundary has been described by Babu 
et  al.  (2022). It is essentially the same as the procedure followed for the boundary in the SH, which will be 
described in Section 4.1 of this paper. The residuals are shown in Figure 2. The first panel is a comparison of 
Dst* and RC* indices. The second panel represents the residual of the Dst* model from Babu et al. (2022). The 
third panel shows the residuals of the MLR model that is independent of solar wind structures. The residuals in 
the fourth panel depict the MLR model that is dependent on the solar wind structures.

Residual = Identif ied Boundary − Model Boundary� (4)

Figure 2 shows that the underestimation during the solar minimum has been resolved in the MLR model. Conse-
quently, 90th percentile lines have narrowed in panels 3 and 4 compared to panel 2. The MLR model dependent 

Figure 1.  A comparison between the RC* index (left) and Dst* index (right). The red line is the linear fit. The yellow and the 
black lines are the 10th and the 90th percentiles of the residuals, respectively, when the boundaries predicted by each index 
are subtracted from the identified boundaries. The color bar represents the number density of data points. The data is from the 
E1 (>43 keV) energy channel in the 0–3 MLT sector.
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on the solar wind structures in panel 4 slightly outperforms the MLR model independent of the solar wind struc-
tures. Overall, the error estimate has been reduced from approximately ±2.24° CGMLat in the Dst* model to 80 
percent of the residuals lying within 1.80° CGMLat to −1.77° CGMLat in the solar wind structure dependent 
MLR model. Over some periods (e.g., 2010–2013) the residuals seem to exhibit somewhat sinusoidal trends. 
The source of these trends is unclear, as neither the MEPED flux data nor the Dst and RC indices, evince such 
trends.

Figure 2.  [first Panel] Rc* (blue) and Dst* (orange) during 2004–2014. [second Panel] Residual plot for the Dst* model. 
[third Panel] Residual plot for the multiple linear regression (MLR) model without solar wind structure separation. [fourth 
Panel] Residual plot for the MLR model with solar wind structure separation. The red dashed lines above and below the 
0-line in the second, third, and fourth panels represent the 90th percentile values. The residuals are for the E1 energy channel.

x0 x1 x2 x3 x4 x5 R

E1 Channel

  CME 61.83 0.1145 0.1892 0.0005 0.0026 −0.0007 0.7638

  HSS/CIR 61.78 0.1000 0.2137 −0.0017 0.0014 0.0033 0.7902

  Slow Solar Wind 62.02 0.0645 0.1905 −0.0006 0.0032 −0.0009 0.7114

E2 Channel

  CME 60.75 0.0243 0.1915 −0.0002 0.0033 −0.0023 0.7421

  HSS/CIR 60.67 0.0268 0.1876 −0.0005 0.0038 −0.0024 0.7777

  Slow Solar Wind 60.66 0.0068 0.1786 0.0001 0.0039 −0.0031 0.6770

E3 Channel

  CME 59.64 −0.0321 0.1674 −0.0001 0.0031 −0.0023 0.6284

  HSS/CIR 59.86 −0.0023 0.1578 0.0012 0.0039 −0.0036 0.6429

  Slow Solar Wind 59.56 −0.0050 0.1542 0.0013 0.0036 −0.0031 0.5864

Note. Pearson correlation coefficients between RC* index and the identified boundaries are given by R.

Table 1 
y-Intercepts, Regression Coefficients, and Correlation Coefficients of the Three Energy Channels Used to Predict the 
Equatorward Boundaries of Medium-Energy Electrons Precipitation in the Northern Hemisphere

 21699402, 2023, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JA

031371 by U
N

IV
E

R
SIT

Y
 O

F B
E

R
G

E
N

, W
iley O

nline L
ibrary on [01/02/2024]. 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



Journal of Geophysical Research: Space Physics

BABU ET AL.

10.1029/2023JA031371

7 of 13

4.  The Southern Hemisphere MEE Equatorial Boundary Model
The MEPED fluxes in the SH are obtained from six different satellites during 2004–2014: NOAA15, NOAA16, 
NOAA17, NOAA18, NOAA19, and MetOp2 as shown on the right half of Figure  3. The SH data between 
90°W and 50°E geomagnetic longitude were removed in this study. This area corresponds to the South Atlan-
tic Anomaly (SAA), a region of weak geomagnetic field causing high radiation close to the Earth's surface 
(Heirtzler, 2002; Vernov & Chudakov, 1960), resulting in constant high counts of precipitating particles in detec-
tors onboard Low Earth Orbit satellites such as POES and MetOp (shown in Figure 4 of Rodger et al. (2013)). As 
seen in the left half of Figure 3, the satellites cover almost all MLT sectors. We take a daily average of electron 
fluxes and bin them into 180 latitudes and 8 MLT sectors resulting in a 1° CGMLat and 3-hr MLT resolution, 
respectively.

Figure 3.  [Left] Daily electron flux observation (>43 keV) and satellite ground-track over the Southern Hemisphere on March 25 of 2004, 2006, 2009, and 2014. 
[Right] Polar Orbiting Environmental Satellites and MetOp satellite coverage during the 11 years of this study.

Figure 4.  [Left] Sample electron flux observation (>43 keV) versus CGMLat with single peak over the threshold in the 
Southern Hemisphere. [Right] Same observation for a different day with a double peak over the threshold. The gray vertical 
lines are the equatorward boundaries identified by the algorithm. The black dashed box on the right panel represents the flux 
enhancement due to slot region filling events.
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4.1.  Boundary Detection in the Southern Hemisphere

Identifying the equatorward boundary of precipitating MEE in the SH is implemented following the procedure 
described in Section 3 of Babu et al. (2022), which is as follows: We calculate a background threshold value for 
each energy channel independent of MLT sectors. This threshold is mean plus 2 standard deviations of fluxes in 
50°–60° CGMLat range in the NH during days with slow/ambient solar wind conditions (blue horizontal line in 
Figure 4). Then we examine, at each day and each MLT zone, where the flux as a function of latitude crosses the 
threshold with a positive gradient within 45°–75° CGMLat. The point of this threshold crossing is identified as 
the equatorward boundary. Two examples of this procedure are illustrated separately in each panel of Figure 4, 
with the equatorward boundary indicated by the gray vertical line in each panel.

However, we face the challenge of enhanced fluxes at lower latitudes due to the filling of the slot region between 
the inner and outer radiation belts, identified by Kavanagh et al. (2018) as slot region filling events occurring 
during moderate to strong geomagnetic storm activity. The days in which slot region filling is observed are iden-
tified in Table A1 in the Appendix section. The fluxes associated with these events show a slow decay that lasts 
for a few weeks independent of any geomagnetic index or solar wind parameter. Therefore, they do not represent 
the dynamic MEE region we investigate and are discarded from this study. They represent 16% of the total days 
during 2004–2014 in the SH.

4.2.  Linear Regression and MLR Model

In the SH, the RC* index outperforms Dst*, Kp, AE, Ap, Bz, By, Ey, P, and v with a Pearson correlation coeffi-
cient of 0.83 indicating that the RC* index has more predictive power in the SH compared to the NH. A compar-
ison of the predictive capabilities of RC*, Dst*, and Kp indices are shown in Figure 5. The same MLR analysis 
described by Equation 3 in Section 3 is performed here to obtain the equatorward boundaries in the SH. The 
y-intercepts, regression coefficients, and Pearson correlation coefficients are given in Table 2.

As in the NH, the SH shows almost no difference in the median/mean value of precipitation boundaries across 
different MLT sectors. This suggests the >43 keV electrons, on average, complete multiple revolutions around the 
Earth per day before precipitating into the Earth's atmosphere. Although the MLR model gives higher correlation 
coefficients for the E1 channel in the SH, the residuals for the SH have a higher spread than in the NH, as seen 
in Figure 6. The reason for this is unclear, possibly associated with fewer data points associated with the removal 
of the SAA.

Similar to the NH residuals, the SH residuals exhibit an apparent sinusoidal trend. This apparent cyclic over- and 
underestimation are in phase at the two hemispheres which rules out potential seasonal biases in the MEPED flux 
data and/or the geomagnetic index parameters. Moreover, frequency analysis of the equatorial boundaries, the 
Dst*, and RC* indices do not explain these features.

Figure 5.  A comparison of the three best-correlated indices with the identified boundary in the Southern Hemisphere. [Left] RC*, [Center] Dst* and [Right] Kp. The 
red line is the linear fit. The yellow and the black lines are the 10th and the 90th percentiles of the residuals, respectively, when the boundaries predicted by each index 
are subtracted from the identified boundaries. The colorbar represents the number density of data points. The data is from the E1 (>43 keV) energy channel in the MLT 
sector 0–3.
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5.  Discussion
Past studies modeling the equatorward boundary of >30  keV electron precipitation such as van de Kamp 
et al. (2016) and van de Kamp et al. (2018) have used O’Brien and Moldwin (2003)'s plasmapause model, which 
depends on the Ap-index. Chorus waves are an important driver of MEE precipitation in the vicinity of the 
plasmapause (Lam et al., 2010; H. Li et al., 2016; Horne et al., 2005). We find O’Brien and Moldwin (2003)'s 
plasmapause location and the MLR model boundary have similar geomagnetic latitudes under quiet conditions, 
as seen in Figure 7. As the level of geomagnetic activity increases, however, the two models diverge for both 
hemispheres. A similar observation was made by Babu et al. (2022), whose Dst*-based model of the NH equa-
torward boundary also shows large discrepancies with the plasmapause model during days dominated by CMEs 
and HSS/CIRs.

x0 x1 x2 x3 x4 x5 R

E1 Channel

  CME −61.41 −0.0894 −0.2054 0 −0.0010 −0.0006 −0.8332

  HSS/CIR −61.30 −0.0925 −0.2183 −0.0002 −0.0009 −0.0005 −0.8367

  Slow Solar Wind −61.59 −0.0263 −0.2337 0.0007 −0.0014 −0.0003 −0.7696

E2 Channel

  CME −60.29 −0.0196 −0.2556 0.0004 −0.0015 −0.0001 −0.7733

  HSS/CIR −60.23 −0.0299 −0.2007 −0.0010 −0.0026 0.0034 −0.7819

  Slow Solar Wind −60.03 0.0179 −0.2083 0 −0.0022 0.0015 −0.6512

E3 Channel

  CME −58.98 0.0364 −0.1400 0.0009 0.0004 −0.0011 −0.7493

  HSS/CIR −59.21 0.0334 −0.1557 −0.0008 −0.0026 0.0035 −0.6551

  Slow Solar Wind −58.97 0.0329 −0.1819 −0.0010 −0.0037 0.0026 −0.5887

Note. Pearson correlation coefficients between RC* index and the identified boundaries are given by R.

Table 2 
y-Intercepts, Regression Coefficients, and Correlation Coefficients of the Three Energy Channels Used to Predict the 
Southern Hemisphere Equatorward Boundary of Medium-Energy Electrons Precipitation

Figure 6.  [first Panel] RC* (black) and Dst* (red) from 2004 to 2014. [second Panel] Residual plot for the Northern 
Hemisphere. [third Panel] Residual plot for the Southern Hemisphere. The red dashed lines above and below the 0-line in the 
second and third panels represent the 90th percentile values. The residuals are for the E1 energy channel.
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In the High Energy Particle Precipitation in the Atmosphere (HEPPA) III-based intercomparison study of 
different atmospheric ionization rate models due to MEE precipitation, Nesse Tyssøy et al. (2022) found that 
the van de Kamp et al. (2016) model estimates a narrower extent of the precipitation region compared to the 
other MEE estimates, including the BLC flux used in this study. This finding suggests that differences in the 
hemispheric energy deposition of MEEs are not solely attributed to variations in the intensity and duration 
of MEE events, but also to the underestimation of the spatial extent of MEE precipitation (Nesse Tyssøy 
et al., 2022). van de Kamp et al. (2016) is part of the solar input recommendation for the chemistry-climate 
models such as the Coupled Model Intercomparison Project Phase 6 (CMIP6). Therefore, if implemented in 
atmospheric chemistry-climate models, our MLR model will have a higher chemical impact due to its relatively 
larger spatial extent both in the Northern and the Southern Hemispheres. Additionally, Laundal et al. (2017) 
and Kilifarska (2017) show that interhemispheric asymmetries affect the magnetosphere-ionosphere-thermo-
sphere coupling and atmospheric response to particle precipitation. Hence, mutually independent models of 
the equatorward boundary for the Northern and Southern Hemispheres could increase the accuracy of global 
climate models.

The MLR model might also be applied to examine the importance of the location of the plasmapause in moder-
ating wave-particle interactions that lead to precipitation. This examination would be based on periods where the 
precipitation boundary is well defined, ignoring periods where the identification of the boundaries may be influ-
enced by slot region filling events. The MEE precipitation associated with the slot region filling events shows 
a slow decay that lasts for days independent of the geomagnetic activity level. Furthermore, applying the MLR 
model specifically during the slot region filling events can be useful to identify whether the MEE precipitation 
is mainly driven by factors such as chorus waves outside of the plasmasphere, or alternatively, by plasmaspheric 
hiss and whistler waves.

6.  Conclusion
A more accurate geomagnetic index-based model that predicts the equatorward extent of Medium Energy Elec-
tron (MEE) precipitation is obtained through a MLR model of RC* and Dst* indices. The model is developed 
from BLC estimates based on the MEPED instruments onboard the NOAA/POES and EUMETSAT/MetOp 
satellites from 2004 to 2014. This study resolved the systematic solar cycle bias observed in Babu et al. (2022)'s 
Dst* model through the incorporation of the RC* index. The MLR model is extended to the SH to address 
inter-hemispheric asymmetries in the atmospheric response to MEE precipitation. The MLR model, dependent 
on whether the near-Earth space is dominated by CME, HSS/CIR, or ambient/slow solar winds, slightly outper-
formed the MLR model independent of the solar wind structures. The solar wind-dependent MLR model can 
predict the equatorward boundaries in both the NH and SH in the geomagnetic latitude zone between ±45° and 

Figure 7.  A comparison of equatorward boundaries predicted by the multiple linear regression (MLR) model and the 
O’Brien and Moldwin (2003) plasmapause model in the Northern (left) and Southern (right) Hemispheres. Lpp is the location 
of the plasmapause represented by the blue circles and the equatorward boundary from the MLR model is represented by the 
red circles. The data are from the E1 energy channel in the MLT sector 0–3.
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±75° for precipitating electrons >43, >114, and >292 keV for all MLT sectors. In both the NH and SH, RC* 
gives the best correlation with identified boundaries, followed by Dst*, Kp, and AE, respectively.

Appendix A:  List of Days With Ambiguous Boundaries in SH
Table A1 represents days with ambiguous boundaries detected in SH. They do not represent the dynamic MEE 
region and are discarded from this study.

Data Availability Statement
The NOAA/POES MEPED data used in this study are available from the National Oceanic and Atmospheric 
Administration https://www.ngdc.noaa.gov/stp/satellite/poes/dataaccess.html. The MLT and CGMLat sorted 
MEPED data is available at Zenodo via https://doi.org/10.5281/zenodo.6590387 (Babu,  2022). Geomagnetic 
indices and solar wind parameters were obtained from NASA Omniweb at https://omniweb.gsfc.nasa.gov/form/
dx1.html. RC index is available at https://github.com/ancklo/ChaosMagPy/tree/master/chaosmagpy/lib.

2004 2005 2006 2007 2008 2010 2011 2012 2013 2014

1–37 1–32 27 2–6 7 95–96 46 15 146–159 71

42–49 38–41 78–81 18 33 99–105 61 59 166 230

60–62 50–54 97–114 30–31 61 124–127 78 71–80 170 244

70–81 57 118 46 70–76 151–155 156 117–120 181–201 295–298

88–90 65–74 124–129 113 87–90 216–219 159 145 228 301

94–103 78 132–133 120–121 99–100 190 158 240 343–344

115 96–110 158–161 147–149 115 219–222 164 278–281 357–358

122 120–123 176 219 120 244 169 288 363

128–129 130–180 205 277 123–125 271–274 184–186

133–136 190–229 209 323 127 299–304 193–197

153 238–270 232–240 327–329 133 200–203

167 281–283 247 218 233

191 308–311 261–262 251

199–200 346 267 277–280

205–227 362 342–362 284–286

230–236 291–294

245–252 329–330

258–268

278

288–290

295

299

313–343

348–353

356–358

364–366

Note. They account for 16% of the total number of days examined in this study.

Table A1 
Day of Year (DOY) With Ambiguous Boundaries Following the Slot Region Filling Events
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