
1.  Introduction
The aurora, also known as the northern lights, has fascinated people since ancient times. The area above the 
Earth's poles where auroras are visible is commonly referred to as the auroral zone. However, it was not until the 
early 1960s that scientists realized that this region has a distinct shape resembling a ring or an oval. As a result, 
it was given the name auroral oval (Feldstein, 2016, see review).

The aurora light emission is primarily caused by ions and electrons. These particles originate from the solar 
wind and the magnetosphere and interact with the neutral components of the upper atmosphere, causing them 
to ionize and excite. The majority of the precipitating particles on the dayside oval, including the cusp, mantle, 
low-latitude boundary layer (LLBL), open-field line LLBL (open-LLBL), and high-latitude boundary layer 
regions, come from the solar wind (Fujimoto et al., 1998; Lockwood et al., 1993; Lyons et al., 1994; Newell 
& Meng, 1992; Shi et al., 2013, 2009; Wing et al., 1996, 2001), while those at the equatorward portion of 
the oval such as boundary plasma sheet (BPS) and central plasma sheet (CPS) come from the magnetosphere 
(Newell & Meng, 1992; Newell et al., 2004). On the nightside oval, the majority of precipitating particles 
are magnetospheric in origin (Newell et  al.,  2004,  1991). The dayside and nightside particle precipitation 
regions have different characteristics, but there are similarities and connections between the two regions. For 
example, the particles in the BPS and CPS are the nightside plasma sheet particles that have curvature and 
gradient-drifted to the dayside and then precipitate (Newell & Meng, 1992; Wing et al., 2023). However, it 
should be noted that these magnetospheric particles whether on the dayside or nightside, originate from solar 
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wind plasma that has entered the magnetosphere several hours to over 15 hr earlier, depending on the location 
within the magnetosphere and the prevailing solar wind conditions (Berchem et al., 2014, 2016; Borovsky 
et al., 1998; Sorathia et al., 2019; Wing et al., 2014, 2006, 2005; Wing & Newell, 1998). Hence, the particle 
precipitation in the polar region, whether on open or closed field lines, should have dependencies on the solar 
wind properties.

The position, structure, intensity, and latitudinal width of the auroral oval can vary significantly due to fluctua-
tions in the solar wind. Previous studies investigating the drivers of auroral oval variability have primarily focused 
on the micro or mesoscale structures within the auroral oval, typically limited to a few magnetic local time (MLT) 
(Gabrielse et al., 2021; Johnson et al., 2021; Sergeev et al., 2004; Zhu et al., 2018). Fewer studies examined the 
global scale of electron precipitation within the entire auroral oval or polar region across all MLTs. For example, 
Wing et al. (2013) studied the evolution of the electron aurora oval as a function of the substorm phase at the 
global scale. Likewise, Newell, Sotirelis, and Wing (2009) studied the dependencies of the electron aurora on 
the strength of solar wind driving, as determined by solar wind-magnetosphere coupling functions, and seasonal 
variations at a global scale. Seasonal dependence of global-scale auroral particle precipitation has been studied 
both with models (Wiltberger et  al.,  2009) and with observations from the Defense Meteorological Satellite 
Program (DMSP) satellites (Newell et al., 2010). Finally, Liou et al. (2007) presented a case study of the auroral 
oval response to a long duration of high solar wind dynamic pressure.

The precipitating electrons are the field-aligned plasma sheet electrons that are in the loss cone and precipitate 
in the ionosphere. Most of these electrons would not mirror back to the magnetosphere. However, in the magne-
tosphere, the electrons in the loss cone can be replenished by pitch angle scattering of the non-field aligned elec-
trons through wave-electron interactions. Energy exchange between electrons and waves can occur when the wave 
frequency and the frequency of the electron periodic motion match, resulting in violation of adiabatic invariant 
and diffusion in phase space, which can effectively alter the electrons' pitch angles. Very low frequency (VLF) 
whistler-mode chorus waves have been proposed as a leading mechanism for pitch angle scattering of the plasma 
sheet electrons (Ni et al., 2016; Summers et al., 1998). Thorne (2010) showed that the VLF whistler-mode chorus 
waves are particularly active from midnight to noon (see their Figure 1). The local time distribution of these 
waves and their intensities should have an impact on the local time distribution and intensity of the precipitating 
electrons, particularly diffuse electrons.

The present study investigates statistically the global scale of the position, structure, intensity, and latitudinal 
width of the precipitating electrons within the entire auroral oval and polar cap due to solar wind velocity, density, 
dynamic pressure, and the Bz component of the interplanetary magnetic field (IMF).

2.  Data and Methodology
2.1.  DMSP Satellites and Data

The DMSP satellites are in Sun-synchronous nearly circular polar orbits at about 845 km altitude, with orbital 
inclinations of 98.7°. The areas with the least amount of coverage occur around post-noon and post-midnight 
local time, with the exception of regions at high magnetic latitudes where the coverage is more uniform. A signif-
icant number of measurements obtained from DMSP are concentrated within the intervals of 5–10 MLT and 
16–21 MLT (as seen in Figures A5–A8).

The SSJ/4 and SSJ/5 instruments (Special Sensor Precipitating Electron and Ion Spectrometer [SESS]) are 
respectively part of the Space Environment Monitor and SESS packages. They measure the flux of precipitating 
electrons and ions through a curved plate electrostatic analyzer for electrons protons and alpha-particles in the 
energy range 0.03–30 keV, with one complete spectrum each obtained per second (Hardy et al., 1984). The SSJ/4 
instrument was deployed on spacecraft belonging to the DMSP series, specifically from F6 to F15, while the 
SSJ/5 instrument was deployed on satellites F16–F19. The satellites are three-axis stabilized, and the detector 
apertures always point toward local zenith. At the latitudes of interest in this paper, this means that only highly 
field-aligned particles well within the atmospheric loss cone are observed.

Data from the SSJ/4 and SSJ/5 were used to highlight changes in polar auroras. The satellites (and correspond-
ing years and instrument) were available on the Coordinated Data Analysis Web (CDAWeb) interface of the 
Goddard Space Flight Center, spanning 17 different years as shown in Table 1. The data collected include the 
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1 s resolution total electron energy flux (in eV/cm 2/ster/s), which is obtained by integrating the differential 
energy fluxes measured by DMSP across the energy range. Data are displayed in AACGM coordinates (Baker 
& Wing, 1989).

As pointed out by Newell, Sotirelis, and Wing (2009), the operational lifespan of several detectors has led to 
degradation of sensitivity and consequently, decreased reliability in boundary identification in recent years. 
Furthermore, the low-energy ion head of certain SSJ/4 detectors has been launched in a sub-optimal condition, 
thereby diminishing the quality of ion precipitation data.

2.2.  Solar Wind Data

The solar wind data gathered on NASA's OMNIWeb database are not in situ measurements. They consist of 
high-resolution (1 min) solar wind and IMF data at the Earth's magnetopause: data from ACE, WIND, IMP 
8, and Geotail spacecraft that have been processed and time-shifted to the Bow Shock Nose (BSN) (King & 
Papitashvili, 2006). The solar wind and IMF data used in this paper are only the IMF Bz in GSM coordinates (in 
nT), the solar wind proton density (in cm −3), velocity, (in km·s −1), and ram pressure (in nPa and derived from 
particles' densities, speeds, and masses ∝ nv 2).

In this study, we combined the data from both the north and south hemispheres, as we considered it more appro-
priate for our research objectives. Therefore, we removed the X- and Y-components of the magnetic field, assum-
ing that their effects are symmetric in both hemispheres and will cancel each other out.

2.3.  Methodology

As previously mentioned, we combined data from the North and South poles (above and below 45° and −45° 
MLAT, respectively) and averaged it instead of subsampling to maintain a 1 min resolution. We obtained 1 min 
resolution solar wind, magnetic field, and plasma data from the OMNI interface at Earth's BSN and applied a 30 
min wide moving average. Specifically, we replaced each data point at time T0 with the mean value of all data 
points in the time window 𝐴𝐴 [𝑇𝑇0 − 29 ∶ 𝑇𝑇0] . We required a minimum of 10 points in the window for us to accept the 
average and discard other data points.

We binned the four solar parameters (solar wind flow speed, density, temperature, and dynamic pressure) into 
eight bins each, with each bin having specified limits. Here are the limits for each parameter:

•	 �IMF Bz in GSM coordinates: [−∞, −9, −6, −3, 0, 3, 6, 9, +∞] nT.
•	 �Solar wind pressure: [0, 1, 2, 3, 4, 5, 8, 15, +∞] nPa.
•	 �Solar wind proton density: [0, 2, 4, 6, 8, 10, 15, 20, +∞] cm −3.
•	 �Solar wind flow speed: [0, 300, 400, 500, 600, 700, 800, 900, +∞] km·s −1.

Note. Green cells indicate data availability.

Table 1 
This Table Shows the Available Data Years for Each Defense Meteorological Satellite Program Satellite
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In these limits, the right endpoint is not included. For example, the first bin for solar wind flow speed is from 0 to 
300 km·s −1, including all values between 0 and 300 km·s −1, but not including 300 km·s −1.

Finally, we grouped DMSP data falling into a given bin (e.g., all DMSP measurements for Bz between −9 and 
−6 nT). Then, we computed the median of these DMSP data for all given MLAT-MLT pairs. We plotted the 
resulting medians in a polar plot, where each compartment represents a 1°(MLAT) × 1 hr(MLT) area and shows 
the corresponding median value of DMSP measurements using a base-10 a logarithm for clarity. Essentially, we 
generated a polar plot of DMSP measurements for each instance where the average of a solar wind driver in the 
past 30 min fell within a particular range (e.g., when the average of Bz in the past 30 min was between −9 and 
−6 nT—see Figure 4b).

The outcome was one graph per solar wind parameter per bin, with each compartment on the polar graphs 
measuring 1°(MLAT) × 1 hr(MLT) and displaying the corresponding median value of DMSP measurements. To 
improve clarity, the graphs shown in Figures 1–4 display only MLAT values above 55°.

Throughout the following descriptions, when we refer to the electron energy flux, we are referring to the base-10 
logarithm of the total electron energy flux, which represents the amount of energy carried by the electrons and is 
measured in eV/cm 2/ster/s.

3.  Results
3.1.  Dependence of Electron Energy Flux on Solar Wind Speed

Figure  1 shows the base-10 logarithm of the total electron energy flux within the entire auroral oval as a 
function of solar wind speed. Several things are worth noting. First, the electron energy flux is higher around 
midnight to noon than from noon to midnight. This can be explained by the electron gradient and curvature 
drifts and the VLF whistler-mode chorus waves. Electrons coming earthwards following reconnections in the 
magnetotail would also curvature and gradient drift eastward toward dawn. Electrons that are field-aligned 
(pitch angle 0°) are quickly lost through precipitation, but the field-aligned electrons are replenished by 
pitch angle scattering. The leading mechanism for pitch angle scattering is the electron interactions with 
the VLF whistler-mode chorus waves, which have been shown to be active at midnight-noon local time (Ni 
et al., 2016; Reeves et al., 2009; Summers et al., 1998; Thorne, 2010). Once we enter the post-noon region, the 
whistler-mode chorus wave’s activity is reduced and we see less pitch angle scattering, and hence a reduction 
in electron energy flux. The MLT profile and the dawn-dusk asymmetry seen in Figure 1 are similar to those 
of the diffuse electron precipitation in Wing et al. (2013), which is not surprising because most of the electrons 
are diffuse electrons.

As the solar wind speed increases, the electron energy flux also increases, from the smallest velocities to the 
largest velocities. This relationship can be attributed to the increased occurrence of substorms and subsequent 
wave activities, which would increase with higher solar wind speeds (Newell et al., 2016). Substorm injections 
would energize and transport particles from the plasma sheet inward, resulting in ion temperature anisotropy and 
the growth of VLF whistler-mode chorus waves. These waves, in turn, can enhance electron pitch angle scatter-
ing. Additionally, Figure 1 shows that the auroral oval extends equatorward to smaller latitudes as the solar wind 
velocity increases.

Understanding the increase in the width of the auroral oval is more challenging since it is not consistent across 
different MLT regions. By setting the boundary of the oval to 10 eV/cm 2/ster/s, we can see that the approximate 
width of the auroral oval generally increases with as the solar wind velocity enhances, except for the 11–16 MLT 
region, where it appears to remain roughly the same and increase only in the last two panels. Note that whenever 
we mention MLT regions in the format X-X’, we include the X’ bin (meaning including the zone between line X’ 
and X’ + 1). Figure A1c in appendix confirms several trends: the oval width in 20–7 MLT region mostly displays 
a linear increase as the solar wind velocity enhances, the 17–19 MLT region somehow shows an exponential 
increase, and the 8–10 MLT region exhibits a rapid increase in the oval width from panel A to panel C, followed 
by a slower increase from panel C to panel F. Finally, computing the oval width over all MLT regions except for 
region 1 MLT (due to missing values), we observe an increase from an average width of 6.4 MLAT for a median 
speed of 288 km/s (panel A) to 11.7 MLAT for a median speed of 733 km/s (panel F), corresponding to an 83% 
increase.
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Figure 1.  Median of Log10 (JE,tot) [eV/cm 2/ster/s] for solar wind speed respectively between 0 and 300 km·s −1 (a), 300 and 
400 km·s −1 (b), 400 and 500 km·s −1 (c), 500 and 600 km·s −1 (d), 600 and 700 km·s −1 (e), 700 and 800 km·s −1 (f), 800 and 
900 km·s −1 (g), 900 km·s −1 and infinity (h).
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The configuration of the magnetic field lines within the polar cap (poleward of the auroral oval) is believed to 
be open, that is, connected to the solar wind. Also we set the boundary of the oval to 10 eV/cm 2/ster/s, the polar 
cap is the region of MLAT above the poleward boundary of the oval, extending from this limit to 90 MLAT. The 
electron precipitation in the polar cap, which is known as polar rain, originates from the suprathermal (strahl) 
component of the solar wind electrons (Fairfield & Scudder, 1985). Figure 1 and Figure A1b show that the polar 
rain electron flux appears to increase with the solar wind velocity, but this effect is not strong. However, we 
have taken great care to ensure the reliability of the data by retaining only the bins with a minimum of 10 data 
points. Additionally, we have computed the median of these data points to mitigate any influence from individual 
anomalous events.

In the polar cap, few solar wind ions can enter the magnetosphere and hence a parallel electric field or poten-
tial arises to prevent most solar wind core electrons from entering in order to maintain charge quasi-neutrality 
(Fairfield et  al.,  2008; Wing et  al.,  2015,  1996). However, the solar wind suprathermal electrons (strahl), 
having higher temperature/energy, can overcome the parallel electric potential and enter the magnetosphere. 
Borovsky (2021) showed that solar wind velocity is correlated with solar wind strahl. This correlation is consist-
ent with the increase of polar cap electron precipitation (polar rain) energy flux with solar wind velocity seen in 
Figure 1, although the trend is not strong.

3.2.  Dependence of Electron Energy Flux on Solar Wind Density

Figure 2 depicts the relationship between the base-10 logarithm of the electron energy fluxes and the solar wind 
density. Several observations are evident from Figure 2. First, the same asymmetry observed in Figure 1 is also 
evident in Figure 2. Specifically, the energy flux is higher at midnight-noon compared to noon-midnight. This 
can be attributed to the electron curvature and gradient drifts, as well as VLF whistler mode chorus waves, as 
discussed in Section 3.1.

Second, it appears that an increase in the solar wind density would increase the energy flux in the polar cap, 
but this effect is weak. When plotting this increase, it seems to behave as a logarithmic function. Figure 2 and 
Figure A2b show that the mean value of energy flux in the polar cap for panel A is lower than for panel H. When 
computing it, we see an increase from 8.82 to 9.09 log10(eV/cm 2/ster/s). Borovsky (2021) showed that solar wind 
density is correlated with solar wind strahl. The increase of polar cap electron precipitation (polar rain) energy 
flux with solar wind density seen in Figure 2 is consistent with Borovsky (2021) result. Riehl and Hardy (1986) 
analyzed 262 DMSP passes and found no correlation between polar rain flux and solar wind density. It is not 
clear why they found no correlation, but their study used a much smaller data set than the present study. One of 
the explanations given for the Riehl and Hardy (1986) result was that the origin of the polar rain is the solar wind 
suprathermal electrons, rather than the solar wind core electrons and hence little or no correlation can be expected 
(Newell, Liou, & Wilson, 2009). However, the positive correlation between solar wind density and strahl intensity 
found in the more recent study by Borovsky (2021) can help explain why the positive correlation between polar 
rain electron fluxes and the solar wind density can be expected albeit this effect is rather weak.

However, there is an anomaly. It can be seen that going from panels A (solar wind density 0–2 cm −3) to B (solar 
wind density 2–4 cm −3), the polar cap energy flux actually decreases slightly from 8.82 to 8.76 eV/cm 2/ster/s on 
average rather than increases. This seems to be due to the depression in energy flux in the polar cap observed in 
panel B between 20:00 and 02:00 MLT. It is not clear what causes this anomaly.

Third, as the solar wind density increases, the energy flux in the auroral oval also increases, but the change is not 
as significant as it is with the velocity. In the case of low density, as in panel A, there is already a high energy flux 
in the auroral oval. This can be explained by the fact that solar wind density is generally negatively correlated with 
solar wind velocity, so low solar wind density would correspond to high solar wind velocity (Borovsky, 2020; 
Maggiolo et al., 2017; Wing et al., 2016, 2022). However, high solar wind density can also result in high solar 
wind dynamic pressure, which can lead to storms and substorms, thus creating a competing effect that can be 
observed in this study.

Fourth, as the solar wind density increases, the behavior of the auroral oval width becomes more complex. 
While Figure 2 provides a visual representation, the full range of variations can be better understood by referring 
to  Figure A2c. Observations show that the 20–7 MLT region experiences a slight decrease in width, followed 
by an increase. The 8–13 MLT region also shows a small decrease in width. On the other hand, the width in the 
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14–19 MLT region appears to increase as the solar wind density enhances. Overall, the thickness of the auro-
ral oval seems to transfer from the morning-to-noon region to the evening-to-midnight region, as observed in 
Figure 2.

3.3.  Dependence of Electron Energy Flux on Solar Wind Dynamic Pressure

Figure 3 demonstrates that the electron energy flux increases almost monotonically as the solar wind dynamic 
pressure enhances. This result is expected as dynamic pressure (or so-called ram pressure) is proportional to nv 2, 
where n is the solar wind density and v is the solar wind velocity. This pattern for dynamic pressure is consistent 
with what we have observed for both density and velocity, as shown in Figures A1a and A2a in appendix. In 
particular, we can see in Figure 3 that the electron energy flux starts at higher values in panel A than in panel A of 
Figure 1, and does not reach the high values observed in panel H of Figure 1 for high solar wind velocity. Density 
and velocity anti-correlation can explain this trend.

The effect of dynamic pressure on the width of the auroral oval is also apparent in Figure 3, as we can observe an 
increase in width and a significant extension of the oval equatorward from panels A to H.

Finally, Figure 3 shows that the polar rain increases as the dynamic pressure enhances. This trend is even clearer 
than that for solar wind velocity (Figure 1) and solar wind density (Figure 2). This is perhaps unsurprising since 
the energy fluxes of polar rain increase with n and v, as discussed in Sections 3.1 and 3.2. This increase is further 
amplified by the dynamic pressure of the solar wind.

3.4.  Dependence of Electron Energy Flux on Bz GSM

Figure 4 displays the electron energy flux as a function of the southward component of the IMF Bz. Studies have 
shown that as the southward Bz increases, the magnetosphere can become more active due to substorms or storms, 
resulting in particle injections and energization of the particle population in the magnetotail (Kamide et al., 1977; 
Wing & Johnson, 2009). In Figure 4, a clear dependence can be observed between the north-south component 
of the IMF and the shapes of both the oval and the polar cap. The polar cap area is delimited by the open-closed 
field line boundary (OCB), and the Bz component of the IMF is often responsible for magnetic reconnections 
that impact the OCB's shape (Tulegenov et al., 2023). As demonstrated here, a large southward component of 
the IMF generally causes the boundary to move equatorward, while a northward component moves the boundary 
poleward (Tulegenov et al., 2023). Moreover, for positive Bz, a boundary layer can form poleward of the cusp 
(Shi et al., 2013, 2009), which can shift the poleward edge of the oval to higher latitudes. On the other hand, a 
large negative Bz corresponds to a lower-latitude average position for the oval (Burch, 1979) and a higher activity 
in the polar cap. The observations suggest that substorms occurring in isolation or during storms can increase 
the width and intensity of the oval, as shown in Figure 4, panel A. When the width of the oval is plotted from 
panels A to H (see Appendix A, Figure A4c), a “U” shape is suggested, with the exception of the 8–16 MLT 
region, which shows an increasing trend. On average, the width of the oval appears to decrease from panels A 
to D, with a reduction of the poleward boundary, and then increase again from panels E to H, with an extension 
of the poleward boundary. From panel A to panel H, the oval evolves from a very asymmetric shape with a thin 
oval on the dayside and a wide oval on the night side to an approximately symmetric and wide oval centered on 
the magnetic pole.

The peak value of electron energy flux, which is located between 22:00 and 06:00 MLT in panel A, gradually 
shifts to the interval between 05:00 and 10:00 MLT as the southward component of the IMF Bz increases from 
negative to positive values. This phenomenon may be analogous to the effect of solar wind velocity on substorm 
probability, where high solar wind velocity tends to increase the likelihood of substorms and shifts the peak 
substorm occurrence toward the nightside. One possible explanation for this behavior is that a strong southward 
IMF can enhance the generation of whistler mode waves in the magnetosphere, which tend to peak in intensity 
between 22:00 and 06:00 MLT during substorms. During quieter times, the peak of whistler mode waves may 
shift to the morning sector, although this cannot be confirmed without direct wave measurements which are not 
available in our study. The total electron energy flux in the oval exhibits a decreasing trend from panels A to D, 
corresponding to the shift of the poleward boundary toward lower latitudes. However, it appears that all MLT 
regions have relatively stable activity levels from panels E to H, on average. These observations are supported 
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by Figure A4a in appendix, which depicts the median electron energy flux as a function of MLT for various Bz 
intervals.

The polar cap activity exhibits a distinct V-shape pattern as a function of Bz, as shown in Figure A4b. Accord-
ing to Gussenhoven et al. (1984), the polar rain number and energy fluxes increase as the geomagnetic activity 
enhances and as IMF Bz reduces when IMF BBz < 0. However, their investigation of IMF Bz only used two bins: 
IMF Bz < −2.5 and 0 nT < IMF Bz < −2.5 nT. By using a smaller bin size and more data points, Figure 4 confirms 
that the polar rain energy fluxes indeed increase when IMF Bz < 0 and becomes more negative.

It appears that the polar rain energy flux increases with the |IMF Bz|. For the case of IMF Bz < 0, as IMF Bz 
becomes more negative, the reconnection strength and rate would increase, which would increase the polar rain 
electron flux (Newell, Liou, & Wilson, 2009), as shown in Figure 4. For the case of IMF Bz > 0, it appears that 
an electron flux also increases with increasing Bz perhaps for the same reason, but there could be other reasons 
as well. An increase in Bz can reduce the polar cap size (open-closed boundary moves to higher latitude) (Milan 
et al., 2004; Newell et al., 1997; Tulegenov et al., 2023). Moreover, an increase in IMF Bz can also increase the 
occurrence of the polar cap arcs, which could be considered an extension of the auroral oval and which have 
higher fluxes than polar rain (Newell et al., 1997; Troshichev et al., 1988). The effect of the polar cap arcs, 
whose locations can vary depending on solar wind conditions, would be smeared out in the statistical map 
shown in Figure 4. All these effects can complicate the determination of the electron flux in the polar cap in 
Figure 4.

4.  Summary and Discussion
In this study, we investigated the global-scale position, structure, intensity, and latitudinal width of the precipi-
tating electrons above 55° MLAT (within both the auroral oval and polar cap) due to solar wind velocity, density, 
dynamic pressure, and the Z-component of the IMF. Here is a summary of the observations made for each solar 
wind driver considered.

For solar wind velocity, density, and dynamic pressure, the electron energy flux is always observed to be 
higher from midnight to noon than from noon to midnight. This phenomenon can be attributed to the electron 
curvature and gradient drifts, as well as VLF whistler mode chorus waves. This is also true for positive Bz 
values. However, for negative Bz, this asymmetry seems to appear on either side of the 19:00–07:00 MLTs 
line.

As a consequence of increasing the solar wind velocity at the BSN:

•	 �The electron energy flux within the auroral oval increases by 83% on average, with the highest flux from 
midnight to noon. The increase is due to electron gradient and curvature drifts, as well as VLF whistler-mode 
chorus waves.

•	 �The auroral oval extends equatorward to smaller latitudes as the solar wind velocity increases.
•	 �The polar cap energy flux increases as the solar wind velocity increases, due to an increase in the strahl 

component of solar wind electrons entering the magnetosphere.
•	 �The approximate width of the auroral oval generally increases as the solar wind velocity enhances, except for 

the 11–16 MLT region, where it remains roughly the same and increases only in the last two panels.

As a consequence of increasing the solar wind density at the BSN:

•	 �The energy flux in the auroral oval also increases, but the change is not as significant as it is with the velocity. 
It is higher at midnight-noon compared to noon-midnight, attributed to electron curvature and gradient drifts, 
as well as VLF whistler mode chorus waves.

•	 �The energy flux in the polar cap increases as the solar wind density enhances, behaving as a logarithmic 
function. There seems to be a correlation between polar rain and solar wind density, as opposed to what 
Riehl and Hardy  (1986) found, explained by the positive correlation between density and strahl intensity 
(Borovsky,  2021). However, there is a small decrease when moving from panels A to B, mainly located 
between 20:00 and 02:00 MLT.
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Figure 2.  Median of Log10 (JE,tot) [eV/cm 2/ster/s] for proton density respectively between 0 and 2 cm −3 (a), 2 and 4 cm −3 (b), 
4 and 6 cm −3 (c), 6 and 8 cm −3 (d), 8 and 10 cm −3 (e), 10 and 15 cm −3 (f), 15 and 20 cm −3 (g), 20 cm −3 and infinity (h).
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Figure 3.  Median of Log10 (JE,tot) [eV/cm 2/ster/s] for solar wind pressure respectively between 0 and 1 nPa (a), 1 and 2 nPa 
(b), 2 and 3 nPa (c), 3 and 4 nPa (d), 4 and 5 nPa (e), 5 and 8 nPa (f), 8 and 15 nPa (g), 15 nPa and infinity (h).
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Figure 4.  Median of Log10 (JE,tot) [eV/cm 2/ster/s] for Bz GSM respectively below −9 nT (a), between −9 and −6 nT (b), −6 
and −3 nT (c), −3 and 0 nT (d), 0 and 3 nT (e), 3 and 6 nT (f), 6 and 9 nT (g), and above 9 nT (h).

 21699402, 2023, 9, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JA

031598 by C
ochrane France, W

iley O
nline L

ibrary on [07/11/2025]. 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

BOURIAT ET AL.

10.1029/2023JA031598

12 of 22

•	 �As the solar wind density increases, the behavior of the auroral oval width becomes more complex, with vari-
ations observed in different regions at different times.

As a consequence of increasing the solar wind dynamic pressure at the BSN:

•	 �Electron energy flux increases almost monotonically, as expected by the correlation between velocity and 
pressure.

•	 �Auroral oval width increases and extends equatorward.
•	 �Polar rain increases as the dynamic pressure enhances. The increase is even clearer than that for solar wind 

velocity and density.

Concerning the IMF Z-component:

•	 �As the southward component of the IMF Bz increases, the magnetosphere can become more active due to 
substorms or storms, resulting in particle injections and energization of the particle population in the magne-
totail. The peak value of electron energy flux gradually shifts to the interval between 05:00 and 10:00 MLT 
as the southward component of the IMF Bz increases from negative to positive values. Overall energy flux 
increases with |Bz| but large negative Bz means more intense oval than for large positive values.

•	 �A clear dependence can be observed with the shapes of both the oval and the polar cap. A large southward 
component of the IMF generally causes the boundary to move equatorward, while a northward component 
moves the boundary poleward. The oval width as a function Bz seems to have a “U” shape.

•	 �The polar cap activity as a function Bz has a “V” shape.
•	 �The polar rain energy fluxes increase when |Bz| increases.

These results can be useful for comparisons to electron precipitation models (Newell et al., 2014, 2002; Wiltberger 
et  al.,  2009; Zhu et  al.,  2021) and to electron precipitation reconstructions based on ionospheric simulations 
(Simon Wedlund et al., 2013). As a follow-up study, we will examine the effects of IMF By and Bx on the auro-
ral oval and polar cap (polar rain) electron precipitation, and we will investigate the dependence of solar wind 
clock angle (arctan(IMF-By/IMF-Bz)), cone angle (arctan(IMF-Bz/IMF-Bx)), and azimuthal angle (arctan(IMF-By/
IMF-Bx)) on the polar cap electron flux enhancements.

Appendix A:  Additional Figures
Figures A1–A4 presented in this appendix show line plots of three subfigures for each solar wind parameter 
considered. These subfigures depict the median of the total electron flux inside the auroral oval, the median of 
the total electron flux inside the polar cap, and the approximate width of the auroral oval. It is important to note 
that we defined the boundary of the auroral oval arbitrarily as 10 log10 (eV/cm 2/s/ster). In each of the line plots 
shown in the four figures presented in this appendix, the x-axis represents the median value of either the total 
electron flux inside the auroral oval or the approximate width of the auroral oval, depending on the subfigure. The 
y-axis represents the median value of the solar wind parameter considered in the bin considered, as described in 
the main text of the paper. Thus, each point on the line plots represents a specific combination of the solar wind 
parameter and the electron flux. By including these additional figures in the appendix, we aim to provide a more 
comprehensive understanding of the complex interactions between the solar wind parameters and the Earth's 
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magnetosphere. We hope these figures provide a clear and more detailed visualization of the relationship between 
the polar zone activity, the DMSP electron flux in LEO, and the solar wind parameters.

Figure A1.  These line plots depict three measures as a function of solar wind flow speed. Panel (a) shows the mean of all 
values observed in the polar plots, where MLTs were grouped in sets of three. Each point in the polar plot corresponds to the 
median total electron energy flux for a specific MLAT-MLT pair. Panel (b) displays the same average, but only for values 
located within the auroral oval. The auroral oval is defined as the region where values exceed 10 log10 (eV/cm 2/s/ster). 
Finally, panel (c) shows the approximate width of the auroral oval in terms of the number of MLAT.
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Figure A2.  These line plots depict three measures as a function of solar wind proton density. Panel (a) shows the mean of 
all values observed in the polar plots, where MLTs were grouped in sets of three. Each point in the polar plot corresponds 
to the median total electron energy flux for a specific MLAT-MLT pair. Panel (b) displays the same average, but only for 
values located within the auroral oval. The auroral oval is defined as the region where values exceed 10 log10 (eV/cm 2/s/ster). 
Finally, panel (c) shows the approximate width of the auroral oval in terms of the number of MLAT.
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Figure A3.  These line plots depict three measures as a function of solar wind dynamic pressure. Panel (a) shows the mean 
of all values observed in the polar plots, where MLTs were grouped in sets of three. Each point in the polar plot corresponds 
to the median total electron energy flux for a specific MLAT-MLT pair. Panel (b) displays the same average, but only for 
values located within the auroral oval. The auroral oval is defined as the region where values exceed 10 log10 (eV/cm 2/s/ster). 
Finally, panel (c) shows the approximate width of the auroral oval in terms of the number of MLAT.
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The last four figures are representations of the magnetic latitude/magnetic longitude grid for each of the four solar 
wind parameters studied in the article. However, unlike the figures in the main body of the article, these figures 
show the density of data available for each point on the grid. Specifically, each point on the grid is color-coded 
according to the number of data points available for that particular combination of magnetic latitude, magnetic 
longitude, and solar wind parameter. These figures can help identify any gaps or biases in the data set, which can 
inform future research and data collection efforts. Overall, these figures are an important complement to the main 

Figure A4.  These line plots depict three measures as a function of IMF Bz (in GSM coordinates). Panel (a) shows the mean 
of all values observed in the polar plots, where MLTs were grouped in sets of three. Each point in the polar plot corresponds 
to the median total electron energy flux for a specific MLAT-MLT pair. Panel (b) displays the same average, but only for 
values located within the auroral oval. The auroral oval is defined as the region where values exceed 10 log10 (eV/cm 2/s/ster). 
Finally, panel (c) shows the approximate width of the auroral oval in terms of the number of MLAT.
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body of the article, providing additional information about the data used in the study and helping to ensure the 
validity and accuracy of the research findings (Figures A5–A8).

Figure A5.  Number of data points available for solar wind speed (km·s −1) in the same ranges than for the polar plots.
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Figure A6.  Number of data points available for proton density (cm −3) in the same ranges than for the polar plots.

 21699402, 2023, 9, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JA

031598 by C
ochrane France, W

iley O
nline L

ibrary on [07/11/2025]. 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

BOURIAT ET AL.

10.1029/2023JA031598

19 of 22

Figure A7.  Number of data points available for dynamic pressure (nPa) in the same ranges than for the polar plots.
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Data Availability Statement
The 1 min resolution solar wind data are available at the OMNIWeb https://omniweb.gsfc.nasa.gov/. The DMSP 
data are available at CDAWeb https://cdaweb.gsfc.nasa.gov/.

Figure A8.  Number of data points available for Bz-component IMF (nT) in the same ranges than for the polar plots.
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