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Abstract An outstanding issue in the general circulation model simulations for Earth's upper
atmosphere is the inaccurate estimation of Joule heating, which could be associated with the
inaccuracy of empirical models for high‐latitude electrodynamic forcing. The binning methods used to
develop those empirical models may contribute to the inaccuracy. Traditionally, data are binned through a
static binning approach by using fixed geomagnetic coordinates, in which the dynamic nature of the
forcing is not considered and therefore the forcing patterns may be significantly smeared. To avoid the
smoothing issue, data can be binned according to some physically important boundaries in the high‐latitude
forcing, that is, through a boundary‐oriented binning approach. In this study, we have investigated the
sensitivity of high‐latitude forcing patterns to the binning methods by applying both static and
boundary‐oriented binning approaches to the electron precipitation and electric potential data from the
DefenseMeteorological Satellite Program satellites. For this initial study, we have focused on themoderately
strong and dominantly southward interplanetary magnetic field conditions. As compared with the static
binning results, the boundary‐oriented binning approach can provide a more confined and intense
electron precipitation pattern. In addition, the magnitudes of the electric potential and electric field in the
boundary‐oriented binning results increase near the convection reversal boundary, leading to a ~11%
enhancement of the cross polar cap potential. The forcing patterns obtained from both binning approaches
are used to drive the Global Ionosphere and Thermosphere Model to assess the impacts on Joule heating
by using different binning patterns. It is found that the hemispheric‐integrated Joule heating in the
simulation driven by the boundary‐oriented binning patterns is 18% higher than that driven by the static
binning patterns.

1. Introduction

At Earth's high latitudes, the magnetosphere is closely coupled to the ionosphere and thermosphere (I‐T)
system. From a perspective of the energy exchange, most of the electromagnetic energy from the magneto-
sphere is deposited into the I‐T system as Joule heating (Lu et al., 1995; Thayer et al., 1995), which has sig-
nificant impact on the I‐T system, especially during geomagnetic storms (e.g., Fuller‐Rowell et al., 1994;
Prölss, 1995). For example, Joule heating can effectively increase the neutral temperature, which induces
the expansion and upwelling of the thermosphere, leading to an enhancement of the neutral density at
higher altitudes. Joule heating can also modify the global circulation and excite gravity waves, and both of
them can effectively broaden the impact of electromagnetic energy inputs on the I‐T system to the whole
globe. Therefore, an accurate estimation of Joule heating in general circulation models (GCMs) is crucial
to improve the GCM simulations of the I‐T system (Pedatella et al., 2018).

According to Lu et al. (1995), the Joule heating deposition rate (QJ) can be expressed as follows:

QJ ¼ σp EþUn×B0ð Þ2 (1)
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Here σp is the Pedersen conductivity, which is influenced by the solar irradiation and the particle precipita-
tion, and with the latter dominant on the night side (Wallis & Budzinski, 1981).E andUn are the ionospheric
electric field and neutral wind in the Earth's reference frame, respectively, and B0 represents the geomag-
netic main field. Specifications of the ionospheric electric field and particle precipitation are critical for
Joule heating estimation, because they not only explicitly contribute to Joule heating by changing E and
σp but also strongly influence the neutral winds (Un) through the ion‐drag force (Killeen & Roble, 1984).
Therefore, their specifications are the main focus of this study.

In spite of the dynamic nature of the high‐latitude electric field and particle precipitation, great efforts have
been made to advance our understanding of their morphologies under different conditions during the past
several decades, and their large‐scale pictures have been well established:

1. For the particle precipitation, it is known that intense particle precipitations mainly occur within a ring‐
shaped region encompassing the geomagnetic pole, namely, the auroral oval, which can be identified
from both in‐situ particle observations (e.g., Newell et al., 1991, 1996; Redmon et al., 2010; Kilcommons
et al., 2017) and auroral emission observations (e.g., Baker et al., 2000; Ding et al., 2017; Holzworth &
Meng, 1975). The shape and the location of the auroral oval and the intensity of the particle precipitation
change with the geomagnetic activity, season, and solar activity (e.g., Hardy et al., 1987; Liou et al., 2001;
Luan et al., 2018). Moreover, the more dynamic evolutions of the particle precipitations are frequently
found during substorms (e.g., Akasofu, 1964; Liou et al., 2006).

2. The ionospheric electric field is associated with the ion drifts in the ionosphere, which depends on the
interplanetary magnetic field (IMF) conditions, seasons, etc. It is found that the ion convection displays
a two‐cell pattern when the IMF is southward (Dungey, 1961). The relative sizes of the convection cells
on the dawnside and duskside are also dependent on the dawn‐dusk component of the IMF (Burch
et al., 1985; Reiff & Burch, 1985). Ions drift antisunward at higher latitudes and sunward at lower
latitudes. The location separating sunward and antisunward ion drifts is referred to as the convection
reversal boundary (CRB), which is well aligned with the open‐closed field line boundary (OCB)
especially when Bz is southward (e.g., Drake et al., 2009; Sotirelis et al., 2005). Variations of the CRB
under different conditions have been extensively investigated in previous studies (e.g., Bristow &
Spaleta, 2013; Chen et al., 2015; Chen & Heelis, 2018; de la Beaujardiere et al., 1991; Hairston &
Heelis, 1990; Koustov & Fiori, 2016).

Based on the climatological studies of high‐latitude ionospheric convection and particle precipitation obser-
vations, several empirical models have been developed during the past several decades that provide distribu-
tions of the ionospheric convection and particle precipitation under certain conditions. For example, several
particle precipitation models have been developed based on satellite observations (e.g., Fuller‐Rowell &
Evans, 1987; Hardy et al., 1987; Mitchell et al., 2013; Newell et al., 2009; Zhang & Paxton, 2008).
Meanwhile, ionospheric convection models have been developed based on both satellite observations (e.g.,
Haaland et al., 2007; Heppner &Maynard, 1987; Papitashvili & Rich, 2002; Weimer, 2005) and ground‐based
measurements (e.g., Cousins & Shepherd, 2010; Foster et al., 1986; Holt et al., 1987; Ruohoniemi &
Greenwald, 1996, 2005; Thomas & Shepherd, 2018; Zhang et al., 2007). Those models are highly valuable
for the GCM modeling since they can be utilized either to directly drive GCMs or to set up the base for the
data assimilation techniques, such as the Assimilative Mapping of Ionospheric Electrodynamics procedure
(Richmond & Kamide, 1988), which can also be used to drive GCMs for event studies (e.g., Lu et al., 2016).
However, a well‐known issue in the GCM simulations is the inaccuracy in the Joule heating estimationwhen
using models of large‐scale convection and particle precipitation. In particular, the Joule heating is inade-
quate to reproduce observed ionospheric and thermospheric features during geomagnetic storms (e.g.,
Codrescu et al., 1995; Emery et al., 1999). The inaccuracy in the Joule heating estimation could be associated
with a deficiency in empirical model specification of high‐latitude electrodynamic forcing, and the binning
methods used to develop those empirical models may contribute to this deficiency.

Typically, to develop an empirical model, the data from different times and under similar conditions are
binned according to their magnetic local times (MLTs) and magnetic latitudes (MLATs), that is, in fixed geo-
magnetic coordinates. Hereafter, such a method is referred to as “static binning” method. However, it is
likely that data from different source regions are combined in the same bin. For instance, the same geomag-
netic location with fixed MLT and MLAT can be either inside and outside of the auroral oval due to the
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dynamic nature of the auroral zone. Therefore, it is possible that particle precipitation measurements inside
and outside the auroral oval are combined into the same bin when using the static binning method.
Likewise, the electric field poleward or equatorward of the CRB can be mixed in the same bin. Therefore,
the climatological patterns obtained through the static binning method can be smoothed and smeared
(Chisham, 2017; Sotirelis & Newell, 2000).

To resolve the aforementioned issue caused by the static binning method, some studies have explored alter-
native binning approaches to process the ion convection and particle precipitation data (e.g., Chisham, 2017;
Rich & Hairston, 1994; Sotirelis & Newell, 2000; Weimer, 2005). In those studies, the data are organized and
binned according to certain boundaries instead of their MLATs and MLTs. In other words, the data are
binned through the “boundary‐oriented” binning method. For instance, Sotirelis and Newell (2000) binned
particle precipitation data from the DefenseMeteorological Satellite Program (DMSP) data set according to a
sophisticated auroral boundary system, and they asserted some improvements in comparison with static pat-
terns, although quantitative comparisons were lacking. As for the ion convection pattern, Heppner and
Maynard (1987) presented average convection/potential patterns, based onmanual alignment of DE‐2 cross-
ings. In their maps, the gradients near the CRB are much larger than in many modern models based on the
static binningmethod. Later, Rich andHairston (1994) organized the DMSP electric potential data according
to the equatorward auroral boundary and Weimer (2005) organized the electric potential data from the
Dynamic Explorer 2 (DE‐2) satellite according to a low‐latitude boundary. In those two studies, the location
of the boundary is given by an empirical formula, which is a function of geomagnetic activity. Again,
improvements have been claimed, but it is still unclear how significant the improvements are in terms of
the distribution and magnitude of the electric potential. Recently, Chisham (2017) binned ionospheric vor-
ticity data deduced from Super Dual Auroral Radar Network (SuperDARN) radars measurements according
to the OCB determined from IMAGE FUV data. Their routines used to convert the measurements from geo-
magnetic coordinates to the OCB‐oriented system are now available at a Python library (https://github.com/
aburrell/ocbpy). Chisham (2017) compared patterns organized according to the OCB with the static patterns
and found significant differences in the intensity and distribution.

While considerable efforts have been made to improve the accuracy of the specification of high‐latitude-
electrodynamic forcing, it is uncertain to what extent high‐latitude ion convection and particle precipitation
patterns differ between the static and boundary‐oriented binning approaches.Meanwhile, it is not well estab-
lished to what extent the Joule heating can be different if high‐latitude ion convection and particle precipita-
tion patterns obtained through different binning methods are utilized to drive a GCM. This study aims to
address these questions: For the first question, DMSP electric potential and particle precipitation data are
binned in both static and boundary‐oriented binning approaches, and the quantitative comparisons between
patterns obtained from both binning methods are provided. For the boundary‐oriented binning approach,
the particle precipitation data are organized according to the poleward and equatorward auroral boundaries
to avoid mixtures of data inside and outside of the aurora zone. In addition, the electric potential data are
organized according to the CRB to avoid mixtures of the ionospheric convection poleward and equatorward
of the CRB. To address the second question, both static and boundary‐oriented patterns are implemented in
the Global Ionosphere and Thermosphere Model (GITM) to evaluate the impacts on Joule heating.

2. Data and Model
2.1. DMSP Data

In this study, particle precipitation and cross‐track ion drift measurements from DMSP F16, F17, and F18
satellites from both hemispheres and during 2010–2014 are used. All three satellites flew in circular
Sun‐synchronous orbits at an altitude of ~840 km with an inclination of ~98.8°.

The particle precipitation data set utilized in this study is from the database created by Redmon et al. (2017)
based on the measurements of the Special Sensor for Precipitating Particles, version 5 (SSJ5) onboard the
DMSP satellites. The SSJ5 provides differential energy and number fluxes of precipitating electrons and ions
in 19 logarithmically spaced energy channels from 30 eV to 30 keV every 1 s (Hardy et al., 2008; Redmon
et al., 2017). The total energy (number) flux can be determined by integrating the differential energy
(number) flux over different energy channels and multiplying by the factor of π if the downward differential
particle energy (number) flux is assumed to be isotropic. The average energy is calculated from the ratio of
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the total energy flux to the total number flux. We focused on the total energy flux and average energy of
electron precipitation in this study.

The ion drift vector (V) is measured by the Special Sensor for Ions, Electrons, and Scintillation (SSIES)
every 1 s. After removing the spacecraft velocity with respect to the Earth and the velocity associated
with the upper atmosphere's corotation with the Earth, the SSIES data set provides three components
of the ion drift vector, Vx, Vy, and Vz, in the spacecraft coordinate system (i.e.,V¼Vx bxþVy byþVz bz, wherebx is along the satellite trajectory, bz is outward of the center of the Earth, and by completes righthanded
system). The cross‐track ion drift vector (V⊥) used in this study consists of the Vy and Vz components.
(i.e.,V⊥¼Vy byþVz bz). The SSIES is sensitive to the density and concentration of the O+ in the ionosphere,
and measurements are generally poor when the ionospheric O+ density is low or other ion species (such
as H+) are dominant. Therefore, only measurements with a relatively high background O+ concentration
(>90%) and density (>4 × 103 cm−3) are utilized in this study. In addition, cross‐track ion drift measure-
ments from DMSP F17 satellite in 2010 and 2011 and from DMSP F18 satellite in 2010 are not reliable
and are excluded in our data set. Since the CRB typically represents a large‐scale phenomenon, a 500‐km
sliding window is applied to the original Vy and Vz data to remove small‐scale structures at first. Then a
linear baseline correction is applied to the smoothed data to ensure Vy and Vz are zero at the ends of the satel-
lite pass (In this case,|MLAT|= 45°). The along‐track electric field Ex (Ex ¼ Exbx ) can be approximated

through Ex≈−V′

y×B0z , where Vy′ is the horizontal cross‐track ion drift vector after applying the baseline

correction and B0z is the vertical component of the geomagnetic main field (B0) from the International
Geomagnetic Reference Field‐12 (IGRF‐12) model (Thébault et al., 2015). The contribution of the vertical
ion drift to Ex is generally small and therefore be neglected in our calculation. The along‐track electric field
is then integrated over the satellite pass to determine the electric potential along that pass. However,
to obtain a reliable electric potential, the electric field and electric potential must both be zero at the ends
of the satellite pass. The aforementioned baseline correction ensures the electric field being zero at the ends
but does not necessarily lead to zero potentials at the ends. Thus, a correction proportional to ∣Ex∣
is applied to Ex, that is, E′

x ¼ Ex þ c∣Ex ∣, to ensure that the integration of E′

x along the whole polar pass
(i.e.,|MLAT|> 45°) is zero. The correction factor c can be calculated as follows:

c ¼ −
∫
f

sEx dx

∫
f

s Exj jdx
(2)

Here s and f denote the start and final points of the pass and dx is the distance between two consecutive
measurements. The tracks of which |c|> 0.4 are excluded in this study, in order to effectively remove the

passes during which the IMF conditions have a significant temporal change. Then it is assumed that E′

x is
only contributed by a corrected ion drift along theby direction, and the corrected Vy can be calculated accord-

ingly. Both the electric potential and ion drift Vy component calculated from the E′

x are utilized in section 3.

2.2. IMF Data

Two parameters of the IMF data are used to categorize the geomagnetic conditions: (1) the IMF transverse
component magnitude, Bt, which represents the strength of the IMF projection onto the geocentric solar

magnetospheric (GSM) Y‐Z plane, that is,Bt ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2
y þ B2

z

q
; 2) IMF clock angle (θ), which stands for the angle

between GSM north and the IMF projection onto the GSM Y‐Z plane and is given by θ= atan2(By,Bz). (Note
that the subscripts y and z have different meanings in this subsection than in the previous subsection.) The
IMF data used in this study are 5‐min‐averaged data from Space Physics Data Facility OMNIWeb interface
based on the measurements from ACE and WIND satellites. We shifted the IMF data by 30 min in order to
account for the time delay between IMF changes at the bow shock and geomagnetic effects in the
ionosphere. In this study, we have specifically focused on the dominantly southward IMF conditions, which
satisfy the following criteria during the polar crossing: the IMF clock angle is between 135° and 225° and the
average of available 5‐min Bt data during the crossing period is between 3 and 10 nT with the standard
deviation of available 5‐min Bt data during the crossing period smaller than 1.2 nT.
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2.3. GITM

GITM is a three‐dimensional spherical model for the Earth's thermosphere and ionosphere system (Ridley
et al., 2006). The density, velocity, and temperature of neutrals, ions, and electron can be solved self‐
consistently in GITM. The grid size option is flexible and the latitudinal and altitudinal grids can be
stretched. Moreover, by virtue of the relaxation the hydrostatic assumption, it can evaluate non‐hydrostatic
effects on the I‐T system (e.g., Deng et al., 2008, 2011; Lin et al., 2017; Zhu et al., 2017). More details about
GITM can be found in Ridley et al. (2006).

The Joule heating deposition rate in GITM is calculated by using equation (1). The electric field is
determined from the statistical binning analysis of the electric potential data, and the neutral wind is self‐
consistently calculated by GITM. The total electron energy flux and average energy are used to calculate
the ionization rate due to the particle precipitation by using the formulation described by Frahm et al.
(1997) and the partitioning of ionization rates among O+, O2

+, and N2
+ described in Rees (1989). The ioni-

zation due to the solar radiation in GITM is specified by chemical reactions in Rees (1989) or Torr et al.
(1979). With these, the electron and ion densities are calculated from the continuity equations and the
conductivity is calculated using the electron and ion densities, geomagnetic field, and collision frequencies.

3. Results and Discussion
3.1. Comparisons of Results Obtained From Different Binning Methods: Electron Precipitation
3.1.1. Auroral Boundary Identification
Figure 1a represents the electron energy spectrogram along a DMSP F16 polar pass in the Southern
Hemisphere. Overplotted red lines indicate the auroral boundaries identified along this track by using the
technique developed by Kilcommons et al. (2017) for the particle data, which is an improved version of
the technique developed by Redmon et al. (2010). The first step of this technique is to identify all aurora
region candidates on both dawnside and duskside that correspond to regions where the integrated energy
flux for electron above 1 kV is continuously above an empirical threshold (109 eV/cm2/s/sr). Then a figure
of merit (FOM) is used to rate the likelihood of a pair of the candidate regions (one on the dawnside and
the other on the duskside) being main auroral ovals, and the pair of regions with a highest FOM is defined
as themain auroral ovals. However, if the highest FOM is smaller than 3, the track is excluded. The poleward
and equatorward boundaries of the main auroral oval can be determined accordingly. More details about
how the FOM is calculated and how the main auroral ovals are selected can be found in Kilcommons

Figure 1. (a) The electron energy spectrogram from a DMSP F16 polar trajectory in the Southern Hemisphere and (b) the
horizontal cross‐track ion drift (Vy) measurements smoothed by a 500‐km moving average window along the same
trajectory. Vertical red lines in Figure 1a and vertical blue lines in Figures 1b denote the auroral boundaries and
convection reversal boundaries (CRBs) along this trajectory, respectively. Vertical magenta dashed line in Figure 1b
denotes the zero‐potential point of this trajectory.
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et al. (2017), and their codes are now available in Kilcommons and Burrell (2019). We have collected ~3,100
tracks with auroral boundaries identified under the IMF conditions considered in this study.

The top panel of Figure 2 shows distributions of the auroral boundaries that were identified in the data set as
a function of MLAT and MLT. Different colors correspond to different satellites. To achieve a better data
coverage, boundaries from both hemispheres and all seasons are combined. It is clear that themost poleward
auroral boundaries (PABs) are located within 70°~80°|MLAT|and most equatorward auroral boundaries
(EABs) are mainly located within 60°–70°|MLAT|. The bottom panel of Figure 2 displays distributions of
the median MLAT of the corresponding boundary in each 0.5‐hr MLT bin. Only medians in bins where
the number of boundaries is greater than 30 are calculated, as indicated by the red dots. For bins without
sufficient data, the median locations are obtained through an elliptical fitting based on the red dots, as
indicated by blue plus signs. The median PAB is close to a circle, of which the center has a small offset
(~1°) from the geomagnetic pole, while the median EAB tends to be more elliptical. Overall, the general
characteristics of the auroral boundaries are consistent with previous studies under moderately disturbed
geomagnetic conditions (e.g., Feldstein & Starkov, 1967; Sotirelis & Newell, 2000).
3.1.2. Boundary‐Oriented Binning Approach
In this study, similar approaches used in Kilcommons et al. (2017) and Redmon et al. (2010) have been
adopted to organize the particle precipitation data according to auroral boundaries. First, the high‐latitude
region is divided into three zones: (1) poleward of the auroral zone (PZ): |MLATPAB| ≤ ∣ MLAT ∣ ≤ 90°;
(2) auroral zone (AZ):∣MLATEAB ∣ ≤ ∣ MLAT ∣ < ∣ MLATPAB∣; and (3) equatorward of the auroral zone
(EZ): 45 ° ≤ ∣ MLAT ∣ < ∣ MLATEAB∣. Here MLATPAB and MLATEAB are MLATs of the PAB and EAB,
respectively. Second, we calculated the fractional distances of the measurements (L) in corresponding
regions, which can be expressed as follows:

LPZ ¼ MLATmj j−∣MLATm
PAB∣

90°−∣MLATm
PAB∣

MLATm
PAB

�� ��≤∣MLATm∣≤90° (3)

LAZ ¼ MLATmj j−∣MLATm
EAB∣

MLATm
PAB

�� ��−∣MLATm
EAB∣

∣MLATm
EAB∣≤∣MLATm∣< MLATm

PAB

�� �� (4)

LEZ ¼ MLATmj j−45°
∣MLATm

EAB∣−45°
45°≤∣MLATm∣<∣MLATm

EAB∣ (5)

Here MLATm represents the MLAT of a measurement, MLATm
PAB and MLATm

EAB are the MLATs of the
identified PAB and EAB on the side of the track where the measurement is taken, respectively.

The data are mapped latitudinally according to the statistical locations of the equatorward and poleward
boundaries of the region where the data is located and the fractional distance relative to those boundaries.
The modified magnetic latitude after mapping (MLATn) in different regions can be expressed as follows:

MLATs
PAB þ LPZ× 90°−MLATs

PAB

� �
; if in the PZ (6)

MLATs
EAB þ LAZ× MLATs

PAB−MLATs
EAB

� �
; if in the AZ (7)

45°þ LEZ× MLATs
EAB−45°

� �
; if in the EZ (8)

MLATs
PAB andMLATs

EAB represent medianMLATs of the PAB and EAB in the correspondingMLT bin. Then

the mapped data are binned according to its MLT and modified MLAT.
3.1.3. Static Versus Boundary‐Oriented Binning Results
Figure 3 summarizes the averages of the total electron energy flux and average electron energy in each bin as
a function of MLT andMLAT obtained through different binning approaches. The bin size is 1 hr in MLT by
1° in MLAT, and grey‐shaded areas indicate bins without sufficient data point (<400). Figures 3a and 3b
depict the static total electron energy flux and average electron energy patterns. The total energy flux shows
a horseshoe shape that is roughly symmetric about the 1–13MLTmeridian and is generally 2–3 erg cm−2 s−1

on the night side. Meanwhile, the maximum of the average energy is located on the morning side. The
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general behaviors are similar to those shown in previous studies under moderately disturbed conditions
(e.g., Fuller‐Rowell & Evans, 1987; Hardy et al., 1987; Newell et al., 2009; Zhang & Paxton, 2008).
Figures 3c and 3d exhibit the total energy flux and average energy patterns obtained from the boundary‐
oriented approach. The average energy pattern (Figure 3d) seems to be similar to the static pattern
(Figure 3b), where the maximum is still located on the morning side but its magnitude increases by
10%–20%. However, the peak total energy fluxes are more intense in the 14–24 MLT sector than the 2–12
MLT sector as shown in Figure 3c, which is not captured by the static pattern (Figure 3a). Our results are
consistent with the boundary‐oriented patterns shown in Sotirelis and Newell (2000) under moderately
disturbed conditions, although a more sophisticated boundary was utilized in their study. In addition, the
total energy fluxes in the statistical auroral zone (regions enclosed by red dashed lines) tend to be higher
in the boundary‐oriented pattern (Figure 3c) than those in the static pattern (Figure 3a). The
enhancements are more substantial in the 14–24 MLT sector than those in 2–12 MLT sector. More
specifically, the enhancements of the peak magnitude in the 14–24 MLT sector can exceed 50% of the
peak magnitude in the static binning results, while the enhancements of the peak magnitude in 2–12
MLT are smaller than 25% of the peak magnitude in the static binning results in general.

Figure 4 provides detailed comparisons of the latitudinal profiles of different parameters from different bin-
ning results at 5 and 6 and 17 and 18 MLT sectors. The difference in responses of the total energy flux to the

Figure 2. Scatters of (a) poleward auroral boundary and (b) equatorward auroral boundary identified under moderately
strong and dominant southward interplanetary magnetic field (IMF) conditions as a function of magnetic local time
(MLT) and magnetic latitude (MLAT). Different colors denote different satellites (Red: F16, Blue: F17, and Green: F18);
(bottom) distributions of the median MLAT of (c) poleward auroral boundary and (d) equatorward auroral boundary.
Red dots indicate bins with sufficient boundaries whereas blue plus signs suggest bins without enough boundaries and
represent fitted MLATs.
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binning methods on dawnside and duskside identified in Figure 3 can also be seen in Figures 4a and 4c.
Clearly, the changes in the latitudinal profiles on the dawnside (Figure 4a) are not as dramatic as those on
the duskside (Figure 4c). On the duskside, the full width at half maximum of the latitudinal profile
obtained from the boundary‐oriented binning approach is ~50% smaller than that from the static binning
approach, while the peak magnitude undergoes a ~80% elevation. Similar differences can also be
seen in the latitudinal profiles along other meridians (not shown here), indicating that the boundary‐
oriented binning method can lead to a particle precipitation pattern with significantly sharper
transitions near the auroral boundaries on the duskside. On the duskside, the relatively intense and
dynamic monoenergetic electron precipitation frequently occurs (e.g., Newell et al., 2009). The significant
increase of the peak total energy flux on the duskside from the boundary‐oriented binning method
suggests that the boundary‐oriented binning method may better represent the contribution of the
monoenergetic electron precipitations than the static binning method. Meanwhile, the fact that substorms
occur more frequently on the duskside and that the static binning method cannot well capture these rapid
expansions/contractions might also contribute to the larger differences between the static and boundary‐
oriented patterns on the duskside.

3.2. Comparisons of Results Obtained From Different Binning Methods: Electric Potential
3.2.1. CRB Identification
Figure 1b shows the smoothed and corrected horizontal cross‐track ion drift (Vy) measurements along the
same trajectory as shown in Figure 1a, which is utilized to identify CRBs. The technique used in this study
is similar to that used in Chen et al. (2015), which aims to search locations of the reversal points ofVy, as indi-
cated by blue lines in Figure 1b. The CRBs identified through the method developed by Chen et al. (2015) are
statistically found to be in good agreement with the OCBs identified through a recently developed method

Figure 3. (top) Static and (bottom) Boundary‐oriented binning results for (left) total electron energy flux and (eight) average electron energy. Red dashed lines
stand for statistical locations of the auroral boundaries. Grey shaded areas indicate regions without enough data. All plots are presented in geomagnetic coordinates.
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based on the Active Magnetosphere and Planetary Electrodynamics Response Experiment magnetic
perturbation observations (Burrell et al., 2019). Although the example shown in Figure 1b is quite
straightforward, it is worth noting that the configuration of the convection pattern and its relationship
with the configuration of satellite trajectory can bring in more complexities for CRB identification (Chen
et al., 2015). For instance, it is possible that more than two CRBs are encountered along a trajectory owing
to the appearance of a multicell convection pattern. It is also possible that no CRB can be identified along
a track since the convection pattern is relatively small and the satellite does not cross it. In this study, all
tracks with two CRBs identified are included and all tracks with no CRB identified are excluded. For other
cases, if a single zero‐potential point can be found between the potential maximum and minimum (also
should be extrema) and if a single CRB can be identified on one side of the zero‐potential point, the
corresponding part of the track is kept; otherwise, the whole track is discarded. We have collected
approximately 2,000 tracks with CRB identified under moderately strong and dominant southward IMF
conditions. In this study, it is not required that the CRBs and auroral boundaries are identified
simultaneously along the same trajectory; otherwise, the number of available trajectories would be
substantially reduced and would not have a good coverage near noon and midnight.
3.2.2. Boundary‐Oriented Binning Approach
In this and following paragraphs, we illustrate how to organize the electric potential data from a geomag-
netic coordinate to CRB‐oriented coordinate referenced to a reference CRB (obtained as described in
section 3.2.3) and to a reference zero‐potential line. Figure 5a shows the locations of zero‐potential points
of all the individual passes and the reference zero‐potential line fitted to these points. As in Hairston and

Figure 4. Comparisons of latitudinal profiles of (left) total electron energy flux and (right) average electron energy obtained
through different binning methods in (top) 5–6 and (bottom) 17–18 MLT sectors. Blue and red lines denote static and
boundary‐oriented binning results, respectively. Yellow‐shaded areas correspond to the auroral zone. The numbers in each
plot represent the values of the maximum magnitude of the static (blue) and boundary‐oriented (red) profiles.
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Heelis (1990), the reference zero‐potential line is defined as a parabola with the equation β= c1α
2 + c2. The α

axis is defined as a straight line fitted to the collection of zero‐potential points and the β axis is orthogonal to
this, passing through the pole. The constants c1 and c2 are found by least squares fitting to the points. Each
individual pass is then adjusted such that its zero‐potential point lies on the zero‐potential line and its
maximum or minimum potential lies on the dawnside or duskside reference CRB, respectively, in order to
avoid mixing data from the positive and negative potential cells.

With reference to Figure 5b, the adjustments are carried out as follows. First, each track included in our data
set is displaced by the minimum distance that brings its zero‐potential point (point A) to lie on the zero‐
potential parabola, with the displaced track (black dotted line) remaining parallel to the original. Next, we
draw a line (green dashed) from the extremum potential of the displaced track (point B) to the vertex of
the parabola (magenta star), which lies near the center of the convection pattern. We then displace the track
again and contract or elongate it such that its potential extremum (point D) lies on the intersection of the
green line with the statistical CRB (blue ellipse) and its zero‐potential point (point C) is shifted along the
reference zero‐potential parabola, with the displaced track (red dotted line) remaining parallel to the origi-
nal. The potential data on the mapped track are subsequently binned with respect to the modified MLAT
and MLT.
3.2.3. Static Versus Boundary‐Oriented Binning Results
Figures 6a shows the electric potential pattern obtained from the static binning method, which exhibits a
clear two‐cell pattern and is consistent with those obtained by previous studies (e.g., Thomas & Shepherd,
2018, and references therein). The red dashed ellipse in Figure 6a denotes the best‐fit ellipse of locations
of the maximum electric potential magnitude at different MLTs, which is used as the reference CRB for
the boundary‐oriented binning method as shown in Figure 5b. The electric potential pattern obtained from
the boundary‐oriented binning method is shown in Figure 6b, which does not exhibit significant changes
in the overall pattern. However, in comparison with the static pattern, the cross polar cap potential
(CPCP) increases from 65.07 to 72.47 kV (~11%). Moreover, as revealed by the latitudinal profiles of the elec-
tric potential on the dawnside and duskside (Figures 6c and 6d), the boundary‐oriented binning approach

Figure 5. (a) Distributions of the zero‐potential points identified under moderately strong and dominant southward interplanetary magnetic field (IMF) conditions
as a function of magnetic local time (MLT) and magnetic latitude (MLAT). Magenta dashed line indicates the best‐fit parabola of the zero‐potential points
and the magenta star denotes the vertex of the parabola. (b) An example to illustrate how to organize electric potential data according to the CRB. Blue dashed line
indicates the location of the reference CRB. The black dotted line indicates the trajectory after the minimum displacement that makes its zero‐potential point
lie on the parabola. The red dotted line indicates the mapped trajectory, involving a further displacement as well as a contraction or elongation to make the CRB for
that pass lie on the reference CRB. See text for more details.
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Figure 6. (top) Electric potential pattern derived from the (a) static and (b) boundary‐oriented binning methods, respectively. The potential maximum and
minimum for each pattern are labeled at the bottom right and left sides of plots (a) and (b), respectively. Red dashed line in Figures 6a and 6b denotes the location
of the reference CRB. Green triangles in Figure 6b denotes the unbiased CRB. Grey shaded areas indicate regions without enough data. Both plots are
presented in geomagnetic coordinates; (bottom) comparisons of latitudinal profiles of electric potential obtained through different binning methods in (c) 5 and 6
and (d) 17 and 18 MLT sectors. The grey dashed lines correspond to the convection reversal boundary. The numbers in both plots represent the values of the
maximum magnitude of the static (blue) and boundary‐oriented (red) profiles.

Figure 7. (a) Distributions of the magnetic latitudes (MLATs) of the unbiased CRB and average PAB as a function of magnetic local time (MLT) (b) MLAT offsets
between the locations of the unbiased CRB and average PAB as a function of MLT.

10.1029/2019JA027270Journal of Geophysical Research: Space Physics

ZHU ET AL. 11 of 16



also tends to increase the magnitude of the electric potential gradient (i.e., the electric field) near the CRB.
Therefore, it implies that the boundary‐oriented pattern may be better able than the static pattern to capture
the sharp transitions of the cross‐track ion drift near the CRB that are typically shown in the observations
(e.g., Figure 11c in Weimer, 2005).

From the boundary‐oriented binning pattern, the unbiased CRB can be determined by finding the MLAT of
the maximum electric potential magnitude at each MLT, as indicated by the green triangles in Figure 6b.
Figure 7 provides a comparison between the locations of the average PAB and the unbiased CRB on the
dawnside (2–10MLT) and duskside (14–22MLT). Clearly, the separation between CRB and PAB is generally
small, suggesting a good alignment between the PAB and CRB. More specifically, the separations are
relatively smaller on the dawnside (<2°) in comparison with those on the duskside (<3°) as shown in
Figure 7b. Previous studies based on ground‐based SuperDARN radar and DMSP particle precipitation
measurements (e.g., Newell et al., 2004; Sotirelis et al., 2005) indicate that there is a good alignment between
OCB and CRB. Given the good alignment between OCB and PAB (Newell et al., 1996), our results are
qualitatively consistent with previous results, although quantitative discrepancies could exist owing to the
differences in the CRB and auroral boundary identification techniques used in our study and previous
studies. For example, the auroral region identified in this study is dependent on a threshold total energy flux
level for electrons above 1 keV and may not well capture the low‐latitude boundary layer, of which the
poleward edge is usually found to be collocated with the OCB (Drake et al., 2009). Thus, while the auroral
boundary locations are useful to determine the impacts on the ionosphere and thermosphere, the location

Figure 8. (a) Distribution of the height‐integrated Joule heating from Run 1; (b) distribution of the height‐integrated Joule heating from Run 2. The
hemispherical‐integrated Joule heating is denoted at the left bottom of each plots. (c) Absolute difference of the height‐integrated Joule heating between Runs 2 and
1 (Run 2–Run 1); (d) percentage difference of the height‐integrated Joule heating between Runs 2 and 1 ((Run 2–Run 1)/Run 1 × 100). All plots are presented in
geographic coordinates.
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of particle sources in the magnetosphere may not be well identified with the auroral boundary identification
technique used in this study.

3.3. Impacts on Joule Heating by Using Patterns From Different Binning Methods

In sections 3.2.2 and 3.2.3, we have applied both static and boundary‐oriented binning approaches to bin the
particle precipitation and electric potential data. As compared with the static binning results, the boundary‐
oriented binning approach results in stronger changes in the particle precipitation on the duskside, whereas
the changes on the dawnside are relatively modest. Meanwhile, the CPCP as well as the magnitude of the
electric potential gradient (i.e., electric field) near the CRB increase on both dawnside and duskside. As
expected, changes in the localized Joule heating would occur if a GCM is driven by results from different
binning methods. However, it is still unclear to what degree the Joule heating peak values would change
on dawnside and duskside. Moreover, it still remains unknown whether the hemispheric‐integrated Joule
heating would undergo a significant change when a GCM is driven by results from different binning
methods. Quantitative investigations are provided in this subsection to shed light on those questions.

In this study, two simulations are carried out: Run 1 is a reference run, where the high‐latitude forcing of
GITM is specified by the static binning results (Figures 3a, 3b, and 6a); in Run 2, the high‐latitude forcing
of GITM is specified by the boundary‐oriented binning results (Figures 3c, 3d, and 6b). The data gaps
(grey‐shaded areas) at noon andmidnight arefilled by applying a linear interpolation based on values in adja-
cent bins. The patterns are then smoothed in MLT and MLAT directions. The spatial resolution for all simu-
lations is 5° in longitude by 1° in latitude and 1/3 scale height in altitude. The temporal resolution is 2 s. All
simulations are conducted under moderate solar activity (F10.7 = 120 sfu) and at the September equinox. In
addition, a 24‐hr prerun (00 UT on 22 September 2002 to 00 UT on 23 September 2002) has been carried out,
so that the neutral dynamics in GITM reach a quasi‐steady state when the simulations are conducted.

Figures 8a and 8b summarize outputs of the height‐integrated Joule heating from both runs at 10 min after
the prerun (i.e., 00:10:00 UT on 23 September 2002), As compared with the case whenGITM is driven by static
patterns (Figure 8a), the GITM simulation driven by the boundary‐oriented patterns (Figure 8b) shows larger
height‐integrated Joule heating peaks on both dawnside and duskside, although they tend to be located at
higher latitudes (Figures 8c and 8d). The peak values of Joule heating in Run 2 increases by 112% and 94%
as compared with Run 1 on dawnside and duskside, respectively. However, even though the regions with
intense height‐integrated Joule heating are located at higher latitudes in Run 2, the hemispheric‐integrated
Joule heating still increases from 29.29 to 34.76 GigaWatt (GW) (18%), which is not negligible.

4. Summary

In this study, electron precipitation and electric potential data from the DMSP satellites are analyzed under
conditions when IMF is moderately strong and dominantly southward. First, statistical MLATs of auroral
boundaries and CRB as a function of MLT have been investigated. Second, the particle precipitation and
electric potential data are binned through static and boundary‐oriented methods and the results are
compared quantitatively. Finally, both static and boundary‐oriented binning results are utilized to drive
GITM in order to assess the impacts of the electrodynamic forcing patterns obtained from different binning
methods on Joule heating. The primary findings are as follows:

1. The CRB is well aligned with the poleward auroral boundary (<3° separations in general).
2. In comparison with the static binning results, the boundary‐oriented binning method significantly

changes the morphology of the electron precipitation which is more predominant on the duskside. In
addition, the boundary‐oriented binning method increases the CPCP by 11% and the magnitude of the
electric potential gradient (electric field) near the CRB.

3. As compared with the case in which GITM is driven by static patterns, GITM simulation driven by the
boundary‐oriented patterns shows an 18% increase of the hemispheric‐integrated Joule heating, even
though the regions with intense height‐integrated Joule heating are more poleward.
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