
1.  Introduction
The auroral emissions at the 14:00–16:00 magnetic local time (MLT) sector near 75° magnetic latitude 
(MLAT) are generally the most intense ones in the dayside oval, which are known as the auroral hot spots. 
The afternoon hot spots can be bright auroral arcs/spots or brighter auroral emissions than those in the 
dusk and noon region in the average auroral map. They have been detected by various instruments (e.g., 
Cogger et al., 1977; Hu et al., 2012; Liou et al., 1997; Newell, Lyons, & Meng, 1996). These afternoon au-
roral hot spots have been considered to dominate in summer and do not distinguish themselves much in 
winter, as compared to the brightness of the auroral oval (Frey, 2007; Liou et al., 1997; Newell, Lyons, & 
Meng, 1996). They have been revealed to originate from the plasma sheet or its poleward boundary rather 
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Plain Language Summary  The auroral emissions at 14:00–16:00 magnetic local time sector 
near 75° magnetic latitude are generally the most intense in the dayside oval, which are known as the 
afternoon auroral hot spots. These afternoon auroral emissions have been known to result from the solar 
wind-magnetosphere interaction, and hence they are closely related to interplanetary magnetic field, solar 
wind parameters and dynamic process in the dayside magnetosphere. They provide both qualitative and 
quantitative clues not only to the dayside magnetospheric structure but also to the dynamic processes such 
as magnetic field reconnection and Kelvin-Helmholtz instability. The afternoon auroral emissions have 
been observed by various instruments including ultraviolet imagers (UVIs) and in situ particle detectors. 
This study presents new findings about the afternoon aurora using the Polar UVI auroral observations. 
That is, in equinoctial seasons and under geomagnetically quiet conditions, the afternoon aurora has 
pronounced universal time (UT) variations. These UT variations are closely associated with variations of 
the solar zenith angle, dipole tilt angle and region 1 upward field-aligned currents. Such quantitative and 
statistical analysis for the UT variations of afternoon aurora is then carried out. This study demonstrates 
the effect of solar illumination on dayside aurora, and also provides physical insight into the process of 
aurora generation in the magnetosphere and ionosphere.
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than the Kelvin-Helmholtz (K-H) instability in the vast majority of events (Frey, 2007; Liou et al., 1999; 
Newell et al., 2005). In general, the afternoon auroral hot spots have been known to result from the solar 
wind-magnetosphere interaction, and their occurrence favors conditions of northward interplanetary mag-
netic field (IMF) ZB , negative IMF YB , high solar wind speed, and low solar wind density. Shue et al. (2001a) 
and Newell, Lyons, and Meng (1996) found that the afternoon auroral hot spots are distinct from the rest 
of the oval for the northward IMF using observations from the Polar UVI and in situ particle instrument 
aboard the Defense Meteorological Satellite Program (DMSP) satellite. It was reported by Vo and Mur-
phree (1995) that the afternoon auroral hot spots are common during high solar wind speed (>500 km/s) 
and low solar wind density (<7 cm−3). The intensity of afternoon auroral hot spots is also suggested to be in-
fluenced by interhemispheric field-aligned currents (FACs), which can be driven by the IMF YB  component 
and the hemispheric asymmetry of the ionospheric conductivity (Hu et al., 2013; Trondsen et al., 1999). 
Many surveys (e.g., Hu et al., 2014; Hu et al., 2012; Liou et al., 1998; Reistad et al., 2014; Shue, Newell, Liou, 
Meng, & Cowley, 2002) also showed that the intensity of afternoon auroral hot spots in the northern hem-
isphere is stronger under negative IMF XB  conditions than under positive ones, and the opposite occurs in 
the southern hemisphere.

The afternoon auroral hot spots have been mostly examined in case studies to investigate their correlation 
with the solar wind/IMF. However, they are rarely studied in a statistic manner, probably due to that the 
afternoon aurora are generally weak in the auroral oval and largely contaminated by much stronger day-
glow under sunlit conditions. Some basic information about the afternoon aurora is still unknown, such as 
how often the hot spot occurs and how the afternoon aurora varies diurnally. In addition, the responses of 
dayside aurora to solar illuminations are unclear. In recent years, many statistic works have revealed that 
the solar illumination affects the nightside auroral intensity and the consequent auroral hemispheric power 
due to the conductivity feedback or mechanisms involving plasma density altitudinal gradient (e.g., Cattell 
et al., 2013; Liou et al., 2011; Luan et al., 2016; Newell, Meng, & Lyons, 1996), besides the great impact of the 
solar wind and IMF conditions. According to these studies, the variations of the solar illuminations and the 
consequent solar EUV-produced conductivity can drive the diurnal (or UT/longitudinal), seasonal and solar 
cycle variations of the nightside auroral intensity. The effects of solar illuminations have been found to be as 
important as the geomagnetic activity on the nightside auroral intensity (Liou et al., 2011; Luan et al., 2011; 
Zhou et al., 2016). However, the relationship between the dayside auroral intensity and the solar illumina-
tion and the resultant ionospheric conductivity needs further study, especially for the afternoon auroras, 
which are supposed to be the strongest auroral emissions on the dayside. For example, Liou et al. (1997) 
showed that the afternoon auroral emissions are the strongest in summer and not distinguished in winter 
using the averaged auroral energy flux maps derived from the Polar UVI observations. Nevertheless, Liou 
et al. (2011) did not find an obvious dependence of the dayside auroral intensity within 09:00–15:00 MLT 
sectors on the solar zenith angle (SZA) and the solar EUV-produced Pedersen conductivity using Global 
Ultraviolet Imager (GUVI) auroral images aboard the Thermosphere Ionosphere Mesosphere Energetic and 
Dynamic (TIMED) satellite. Shue et al. (2001b) found from the Polar UVI auroral images that the auroral 
intensity at 14:00 MLT and 79° MLAT varies with the solar EUV-produced Pedersen conductivity nonline-
arly, with the highest intensity occurring for moderate conductivity and smallest intensity under both small 
and high ionospheric conductivity conditions.

Moreover, high correlations are found between the electron aurora and strong upward FACs carried 
mostly by downward electrons for nightside and for dayside in the southward IMF ZB  conditions (Korth 
et al., 2014), while clear correlation between upward FACs and the dayside aurora is not revealed for north-
ward IMF ZB  conditions. Also, the comparison between AMPERE currents and auroral imaging observa-
tions reveal a weak association between the auroras and region 1 FACs on average, especially in the dusk 
side (Carter et al., 2016). More recently, the spatially integrated strength of the FACs, which is determined 
by integrating both the intensity of the upward and downward FACs in the whole polar region, is suggested 
to vary with UT because of the variations of the SZA (Coxon et al., 2016). Liou and Mitchell (2020) have 
found that the afternoon aurora depends on the solar insolation both in the northern and southern hemi-
spheres. The afternoon auroral emissions are known to be colocated with the region 1 upward FACs (Iijima 
& Potemra,  1976,  1978), which are mostly carried by downward electrons. Thus, a statistic comparison 
between the afternoon aurora and the upward FACs is needed to investigate the possible contribution from 
the upward FACs.
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Further, some works suggest that the dipole tilt angle may contribute to the dayside aurora (e.g., Han 
et al., 2020; Newell et al., 2010; Shue, Newell, Liou, Meng, Kamide, & Lepping, 2002). The dipole tilt angle 
is suggested to modulate the strength of the merged magnetic flux or the size of the region of antiparallel 
magnetic field, and hence modifies the reconnection rate between the IMF and the geomagnetic field and 
energy deposits in the magnetosphere and ionosphere system, contributing to the region 1 current system 
(e.g., Crooker & Siscoe, 1986; Murayama et al., 1980; Russell et al., 2003; Zhu et al., 2015). On the other 
hand, the dipole tilt angle can modulate the K-H instability occurrence through the magnetic field geometry 
(Boller & Stolov, 1970; Kivelson, 1995), which might also affect the generation of afternoon aurora, thus the 
region 1 upward FACs. Also, the solar ions and electrons can easily access the ionosphere through the cusp, 
along with the constraints of charge quasi-neutrality when the dipole tilt angle is positive and large (Newell 
et al., 2010).

Note that quantitative analysis on the afternoon aurora is generally difficult to be conducted. Because the 
dayside auroral emissions are contaminated by photoelectron excited emissions (dayglow) in summer 
and equinoxes. The afternoon aurora are much smaller than the dayglow, especially in summer (Wang 
et al., 2018), although the afternoon auroral emissions can occur as the most intense emissions in the day-
side oval. In this work, we focus on the UT variations of the afternoon aurora in equinox, and compare it 
with the observational region 1 upward FACs in the afternoon sector, to explore the possible mechanisms 
involved. The relationship of the afternoon aurora with the upward FACs, the solar illumination variation 
and the dipole tilt angle is explored. The possible effects of the interhemispheric currents are also discussed. 
The auroral images from the Ultraviolet Imager (UVI) instruments on board the Polar satellite during 1997–
2000 in equinoxes are used in this study. The dayglow contaminations in the auroral images are removed 
by applying the improved dayglow model of Wang et al. (2018) for the UVI images, which considered the 
diurnal, seasonal, and solar cycle variations of the dayglow in the whole polar region. This dayglow model 
is beneficial to deriving the UT patterns of afternoon aurora, especially in the equinoxes, when the dayglow 
intensity is moderate and comparable to that of the afternoon aurora. Also, the present study is conducted 
under geomagnetically quiet conditions (Kp 1 ), which separates the influences of geomagnetic activity 
from those of the solar illumination and limits the impact from the solar wind and IMF. Under this condi-
tion, the afternoon auroral hot spot events often occur and the afternoon aurora can be retrieved more reli-
ably from the imaging techniques due to much lower dayglow contaminations in equinox than in summer. 
Thus, the huge number of images accumulated by Polar UVI provide a good opportunity to conduct the 
quantitative analysis of the afternoon aurora in equinoxes.

The present results could be a good reference for other observational database for dayside aurora in sun-
lit conditions. Understanding afternoon auroral variations will also help to provide physical insight into 
the process of aurora generation in the magnetosphere and ionosphere. In addition, the derived auroral 
patterns can be used as input to global circulation models dedicated to the study of the thermosphere-ion-
osphere coupling.

2.  Data and Analysis Methods
2.1.  Polar UVI Data Procession

The UVI aboard the Polar satellite provided numerous images beginning from February 24, 1996 (Torr 
et al., 1995). The images used in this study were observed by Polar UVI from 1997 to 2000. There are four 
major optical filters carried by the UVI to measure the auroral emissions from 1,300 to 1,900 Å: two atomic 
oxygen lines at 1,304 Å and 1,356 Å and two molecular nitrogen Lyman-Birge-Hopfield bands centered at 
1,500 Å (LBH-short) and 1,700 Å (LBH-long). The LBH-long band images are used in this study because 
the auroral brightness at this band is proportional to auroral energy flux (Germany et al., 1994; Strickland 
et al., 1983). The images observed every 5 min are used for this study. First, we remove the dayglow contam-
ination from the UVI auroral images by applying the improved dayglow model of Wang et al. (2018). This 
model is constructed on the basis of the Polar UVI auroral images from 1997 to 2000 and it deals with all 
dayglow emissions for both the poleward and equatorward sides of the auroral oval. A detailed description 
of the procedure to obtain the auroral emissions from the UVI observations has been provided by Wang 
et al. (2018). In this study, we use auroral images only when the Polar orbit altitude was greater than 6.5 ER  
(where ER  is the Earth radius), under which condition a generally good view exists over the auroral oval. The 
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equinoctial data during 1997–2000 are used, which are corresponding to the ascending solar cycle phase 
with the F10.7 index varying from 80 to 200.

In order to avoid interference from the solar wind/IMF effects, we binned the auroral images under geo-
magnetically quiet conditions, that is, the Kp 1  (Kp 0.7,1.0 and1.3 ) conditions. Data are collected in 
both the spring and fall equinoxes. Each season includes a period of 91 days centered around the equinoctial 
day. To obtain the averaged auroral variations in the afternoon sector, the auroral images are first binned 
by UT with a 2-h sliding window. Then the auroral emissions in the polar region are binned by a grid of 
1° × 1 h in MLAT and MLT in the geomagnetic coordinate of Apex (Richmond, 1995). Further, the hot spot 
events are recognized according to the absolute and relative auroral emission intensity in the afternoon 
sector. In these events, the afternoon auroral intensity is required to be either higher than the daily average 
or is at least 1.05 times larger than the peak intensity in the dusk side (MLT 17:00–19:00).

The average intensity ( CI ) of the aurora is calculated within the afternoon sector (MLT 14:00–16:00) and 6° 
in MLAT centered at the latitude of peak auroral intensity, since the afternoon auroral emissions are gen-
erally peaked at ∼15:00 MLT.

For a comparison, the SZA in the afternoon region for each observational auroral image was calculated. In 
addition, the height-integrated Pedersen conductivity due to the solar EUV radiation was also calculated 
using an empirical formula, as a function of the SZA, solar activity and geomagnetic field strength (Rasmus-
sen et al., 1988) which can be expressed as:

   2 24.5 1 0.85 1 0.15 0.05 ,P v
B

   � (1)

where  / 90v  ,  F10.7 / 90 , in which F10.7 is a proxy for solar flux in units of 2 1Wm Hz   and   is the 
SZA and B is the magnetic field strength in units of gauss. We used the International Geomagnetic Refer-
ence Field (IGRF) model (Finlay et al., 2010) to calculate B at 110 km altitudes. The Pedersen conductivity 
was set to be zero when  97.6 . In addition, the dipole tilt angle was also calculated with the following 
formulas (Nowada et al., 2009):

   2cos 172
365.25year Doy

 
  
  

� (2)

   2cos 16.72
24day UT

 
  
  

� (3)

  tilt year day � (4)

 Doy is the day of year. The dipole tilt angle ( tilt) was calculated by adding the annual dipole tilt angle 
component (year) to the diurnal component (day).

2.2.  The AMPERE Data

The Active Magnetosphere and Planetary Electrodynamic Experiment (AMPERE) infers maps of FAC den-
sity in the northern and southern hemispheres at a cadence of 10 min, fitting a spherical harmonic ex-
pansion to the horizontal magnetic perturbations measured by the Iridium® telecommunications satellite 
network (Anderson et al., 2000, 2014). The constellation of satellites comprises 11 spacecrafts in each of the 
six orbital planes for a total of 66 satellites in polar orbits of 780 km. Measurements are provided along 12 
meridians of magnetic local time. The mapped FAC data as provided by AMPERE team are in the form of 
images. It is a pity that the AMPERE observational data are more than one decade later than those from the 
Polar/UVI. Fortunately, we will show later that, in the afternoon sector, the FAC intensity depends little on 
the F10.7 index. Thus, its UT patterns from AMPARE should not vary obviously with years. In this work, 
we try to compare the AMPARE FACs and Polar/UVI aurora in similar geophysical conditions. The data 
from 2010 to 2014 are used in this study. During this period, the F10.7 index ranges from 80 to 160 in the 
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ascending solar cycle phase of this solar cycle. The AMPARE images have been processed in the same way 
as Polar UVI images, as described above.

3.  Results
Figure 1 shows the average energy flux maps over dusk-side for different UTs under Kp 1  conditions 
in the spring of year 1997. The UT variations of the corresponding averaged intensity of afternoon aurora 
are also presented. In Figure 1, the dusk-side auroral oval at each UT exhibits a pronounced double-peak 
feature, including the afternoon auroral emissions (e.g., Cogger et al., 1977; Frey, 2007; Newell, Lyons, & 
Meng, 1996) and the pre-midnight auroral bulge (e.g., Liou et al., 2001; Liou et al., 1997; Zhang & Pax-
ton, 2008). The afternoon auroral emissions are centered at around 15:00 MLT and 76° MLAT, as expected. 
The averaged afternoon aurora separates clearly from the pre-midnight aurora region, which is in agree-
ment with the result of previous study (Newell, Lyons, & Meng, 1996; Shue et al., 2001a). The afternoon 
auroral emissions are the most prominent in the auroral oval around 17:00 UT, when the solar illumination 
effects are the strongest and the pre-midnight auroral bulge reaches its minimum due to the conductivity 
feedback or other similar mechanisms (Atkinson, 1970; Cattell et al., 2013; Liou et al., 2011; Newell, Meng, 
& Lyons, 1996). The average auroral energy flux maps over dusk-side for the fall in 1997 are also derived, 
and they are generally similar to the results in the spring, thus are not shown.

Figures 2a–2c provide the detailed information about the afternoon aurora in the spring of year 1997 for 
the Kp 1 condition. The averaged energy flux of the afternoon hot spot events, non-hot spot events and 
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Figure 1.  Dusk-side auroral energy flux maps for different UTs under Kp 1  conditions in the spring of year 1997. The panel in the top right corner is the 
variations of the corresponding seasonally averaged intensity (< CI >) as a function of UT. The vertical line on the cross denotes the error bar. UT = universal 
time.
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the total afternoon aurora is compared (Figure 2a). Also, the total hourly observed afternoon auroral sam-
ples, the hot spot occurrence frequency and the peak latitude of hot spot and all auroral events are shown 
(Figures 2b–2c). The hot spot events are recognized according to the absolute or relative auroral emission 
intensity in the afternoon sector as described in Section 2.1. Figure 2a exhibits similar UT variations of the 
auroral intensity for both the hot spot and non-hot spot events. The UT variations of these two kinds of 
auroral maps are provided in the support information files. Figure 2b shows that the occurrence frequency 
of the hot spot is generally less than 50% and varies a little bit with UT time. In Figure 2c, the averaged 
magnetic latitudes of peak energy flux for hot spot (∼76–78° MLAT) are higher than those (∼76–77° MLAT) 
of all the events in the afternoon sector. Note that the auroral emission intensity for the hot spot events is 
much larger than that for the non-hot spot event, thus contribute largely to the averaged auroral emissions.
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Figure 2.  The variations of (a) the averaged energy flux for afternoon hot pots, non-hot spots and all events, (b) 
occurrence frequency of the hot spot events and the hourly observed auroral samples, (c) the magnetic latitude of peak 
energy flux as a function of universal time in the spring of year 1997. The averaged frequency of hot spots and magnetic 
latitude of peak energy flux are also provided in the figure.
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For a comparison with the afternoon auroral emissions, Figure 3 displays the dusk-side current density 
maps for different UT under the Kp 1  condition in the spring of year 2010 from AMPERE observations. 
The upward current is in red and the downward current is in blue. The average intensity of region 1 upward 
FACs in the afternoon sector is also provided as a function of UT. It is evident that stronger region 1 upward 
FACs occur roughly at the same location as the afternoon auroral emissions, and their UT variations are also 
quite similar to those of the afternoon auroral emissions. In the afternoon sector, the region 1 upward FACs 
peak at 17:00 UT and have minimal magnitudes during 23:00-03:00 UT. Therefore, in the afternoon sector, 
the UT variation of the auroral intensity is consistent with that of the upward FACs.

Figure 4 depicts the correlation of the average afternoon auroral intensity ( CI ) in equinoxes with (a) the 
SZA, (b) the dipole tilt angle, (c) the solar EUV-produced Pedersen conductivity (ΣP) and (d) the solar flux 
index F10.7 during 1997–2000 under the Kp 1  condition. To avoid possible effects from seasonal varia-
tions, data are only adopted within 60 days around the equinocial season in this Figure. And similar results 
(e–f) are exhibited for the afternoon region 1 upward FACs from the AMPARE during 2010–2014. All these 
parameters are 2-h averaged, except that the binned results as a function of UT are used for the comparison 
between the afternoon auroral and the upward FACs. The linearly (black lines) fitted curves are also given 
in each plot. Red crosses with error bar are binned results for the scattered points in each plot. As shown in 
the figure, the linearly fitted lines are generally in good agreement with the mean values of auroral intensity 
and region 1 upward FACs. In Figure 4a, the CI  decreases linearly with the increasing SZA, with a correla-
tion coefficient of −0.78 between the two. The maximum CI  is generally around 6 photons/cm2/s and the 
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Figure 3.  Dusk-side current density maps for different universal times (UTs) under Kp 1  conditions in the spring of year 2010 from AMPERE data with the 
upward current in red and downward current in blue. The variations of averaged upward region 1 field-aligned currents (FACs) (< CR >) in the afternoon sector 
is plotted in the top right corner as a function of UT. The vertical line on the cross denotes the error bar. They are averaged around the peak region 1 upward 
FACs in the afternoon sector, similar to the afternoon aurora.
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minimum one is lower than 2 photons/cm2/s, when the SZA is around 55° and 108°, respectively. Figure 4b 
shows the CI  is positively correlated with the dipole tilt angle with a coefficient of 0.77. Figures 4a and 4b 
indicate that the auroral intensity is closely related to the solar illumination and dipole tilt angle in the af-
ternoon sector. Figure 4c further shows that the CI  is positively proportional to the ionospheric conductivity 
with a correlation coefficient of 0.70. The CI  increases by three times when the conductivity increases from 
0 to 8 mhos. In Figure 4d, the CI  presents a weak solar activity dependence, with a correlation of −0.20. 
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Figure 4.  (a–d) The averaged intensity ( CI ) of auroral emissions in the afternoon sector versus the SZA, the dipole tilt angle, the solar EUV-produced Pedersen 
conductivity and the solar flux index F10.7 in equinoctial seasons during 1997–2000 under the Kp 1  condition; and (e–f) similar comparison between the 
average intensity ( CR ) of region 1 upward field-aligned currents (FACs) in the afternoon sector and various parameters during 2010–2014. The black lines 
are linearly fitted curves. Red crosses with error bars show mean variations of the auroral intensity and region 1 upward FACs with SZA grids of 2.5°, dipole 
tilt angle grids of 2.5°, F10.7 grids of 5 and auroral intensity grids of 0.5 photons/cm2/s. Note that the Figure 4g is obtained using the averaged universal time 
intensity of aurora ( CI ) and current ( R

C
) for all the auroral and current data. CI  is obtained from the average energy flux of auroral emissions around 

the peak aurora in the afternoon sector. CR  is calculated in the same way as CI . See more detail in the text. SZA = solar zenith angle; EUV = solar extreme 
ultraviolet radiation.
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Overall, the afternoon auroral intensity is closely associated with the SZA, the resultant solar EUV-pro-
duced Pedersen conductivity and the dipole tilt angle, while it is not well correlated with the solar activity.

Note that in Figure 4g, the CI  correlates well with the upward FACs from the AMPARE with a coefficient 
of 0.91. As shown in Figure 4e, the upward FAC intensity increases linearly with the decreasing SZA with 
a correlation coefficient of −0.64. It is also well correlated with the dipole tilt angle with a coefficient of 
0.66. These results suggest that the solar illumination, the resultant conductivity and the dipole tilt angle 
contribute largely to the upward FACs carried mostly by electrons, and in turn the auroral intensity in the 
afternoon sectors. It is interesting to find that in the present study, the intensity of upward FACs in the 
afternoon sector is not correlated well with solar flux (Figure 4d), which is in agreement with the result of 
Coxon et al. (2016). They showed that from the AMPERE observations, the total FACs of the entire polar 
region flowing in both hemispheres do not have a solar cycle dependence.

Figure 5 further compares the UT variations of the seasonally averaged (a) auroral intensity CI  (< CI >) dur-
ing 1997–2000, (b) region 1 upward FACs CR  (< CR >) during 2010–2014, (c) the dipole tilt angle and (d) solar 
EUV-produced conductivity ΣP in the afternoon sector in spring under the Kp 1  condition. The < CI > 
shows pronounced UT variations (Figure 5a). The maximum < CI > is observed at around 17:00 UT, whereas 
the minimum < CI > is observed at around 00:00-01:00 UT. The < CI > increases by 67% from 2.8 photons/
cm2 (minimum) to 4.7 photons/cm2 (maximum). The averaged region 1 upward FACs exhibit similar UT 
variations (Figure 5b), with maximal values occurring at around 17:00 UT and minimal values near 00:00 
UT. Similar to Figures 4 and 5 shows close associations of CI  with the dipole tilt angle and ΣP, with the 
peaks occurring at the similar UT hours. Thus, the UT variations of the afternoon aurora and upward FACs 
generally follow the UT variations of the dipole tilt angle and conductivity (Figures 5c and 5d). However, 
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Figure 5.  The universal time variations of (a) the seasonally averaged CI  (< CI >), (b) region 1 upward field-aligned currents CR  (< CR >), the dipole tilt angle 
and (d) solar EUV-produced Pedersen conductivity (ΣP) in spring under the Kp 1  condition. The standard deviations of each parameter are also provided.
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a clear minimum occurs at 03:00–05:00 UT in the dipole tilt angle and ionospheric conductivity, while it is 
not observed in < CI >.

4.  Discussion and Summary
Using the Polar UVI auroral observations, we have demonstrated clearly for the first time that in equinoctial 
seasons the afternoon aurora has pronounced UT variations, which are generally associated with the SZA, 
the consequent solar-EUV produced conductivity and the dipole tilt angle variations. The auroral UT vari-
ations are further confirmed by the region 1 upward FACs, which is mostly carried by downward electrons, 
in the afternoon sector derived from the AMPERE observations.

In the equinoxes, the solar EUV-produced ionization is a major source of the dayside ionospheric conduc-
tivity. Therefore, the SZA is important for the ionospheric conductivity variations on the dayside. Given the 
displacement of the geomagnetic pole from the rotational pole of the earth, there is a UT effect in solar illu-
mination received at fixed locations in the geomagnetic coordinate in the polar region. These UT variations 
are associated with the rotation of the geomagnetic pole around the geographic pole. On the dayside, the 
present study shows a positive correlation between the intensity of afternoon aurora and solar EUV-pro-
duced Pedersen conductivity, which is opposite to the mechanism of conductivity feedback (or other similar 
mechanisms) driving the nightside auroral intensity variations (e.g., Atkinson, 1970; Cattell et al., 2013; 
Liou et al., 2011; Newell, Meng, & Lyons, 1996). The UT variations of the dipole tilt are also consistent with 
those of the solar illumination, and the peak tilt angles occur nearly simultaneously with the maximum 
ionospheric conductivity and auroral emissions, thus can also contribute to the afternoon auroral peak. 
The dipole tilt angle is suggested to control the magnetopause shape and reconnection geometry, and thus 
change the solar wind-magnetosphere coupling efficiency (Crooker & Siscoe, 1986; Murayama et al., 1980), 
and contribute to the region 1 current system. This could help to build the afternoon aurora peaks. In ad-
dition, the large and positive dipole tilt angle favors the K-H instability occurrence (Boller & Stolov, 1970; 
Kivelson, 1995), which can provide additional contribution, since only a small part of the afternoon auroral 
hots spots are driven by the K-H instability (Liou et al., 1999). Note that the large positive dipole occurs 
simultaneously with the stronger solar illumination/ionospheric conductivity, and we consider that both 
the peak solar illumination and the dipole tilt angle help to build the peak intensity of the afternoon aurora.

The present results support the view that the afternoon aurora is largely contributed by the upward FACs, 
which are mostly carried by precipitating electrons. The average energy and number flux of precipitat-
ing electrons can contribute equally to the total energy deposition and hence aurora production (Liou 
et al., 2001). One may notice that in the afternoon sector the evident region 1 upward FACs in Figure 3 
is over broader longitude/MLT span than the auroral emissions in Figure 1. This result is consistent with 
the previous study, which showed that the agreement between the current and precipitation regions in the 
dusk sector is not good for northward IMF (Korth et al., 2014). They attributed this mismatch to insufficient 
energy flux carried by the precipitating electrons to produce observational LBH auroral emissions, when 
the intensity of region 1 upward FACs is small. The average region 1 currents at 05:00–09:00 UT are bumped 
up in comparison to the average intensity of afternoon auroral emissions in Figure 1. We suspect that this 
discrepancy may be caused by the auroral yearly variations, since we can see that in Figure 5a the intensity 
of afternoon auroral emissions over 4-year period increases during 05:00–09:00 UT, which is similar to the 
results of current intensity between 05:00 and 09:00 UT.

However, both the solar illumination and dipole tilt angle variations cannot explain the minimum auroral 
intensity. On one hand, this might be due to that in the dark condition and with large negatively dipole tilt 
angle and large SZA angle, the correlations became nonlinear between the afternoon aurora and the SZA, 
and between the afternoon aurora and the dipole tilt angle (not shown). This suggests different response of 
the afternoon aurora to the dipole tile angle between the sunlit and dark conditions. On the other hand, the 
variations of the magnetic field strength might contribute a little. As we know, the magnetic field strength 
can modulate the auroral intensity (Laundal et al., 2017; Stenbaek-Nielsen et al., 1973). Due to conservation 
of the first adiabatic invariant ( 2mv / 2B ), the kinetic energy of particles perpendicular to the direction of 
the magnetic field will increase with enhancement of the magnetic field strength, and the kinetic energy of 
particles parallel to the direction of the magnetic field will decrease. Thus, the pitch angle of particles will 
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increase, which may decrease the chance of the particles entering into loss cone, leading to less auroral ac-
tivity. The UT variations of magnetic field strength in the afternoon sector (MLT = 15:00) at March equinox 
was calculated by IGRF model at 300 km altitudes, and shown in Figure 6. At ∼78 MLAT, the maximum 
magnetic strength is around 0.52 Gauss, and the minimum one is about 0.48 Gauss. Thus, the UT variation 
can lead to around 10% variations in the magnetic field strength. For instance, the magnetic field strength 
is large (about 0.52 Gauss) at 20:00–02:00 UT, which helps to decrease the number of the precipitation par-
ticles and thus the auroral emissions.

The FACs are known to have both the magnetospheric and ionospheric driven sources (Benkevich 
et al., 2000; Lyatskaya et al., 2014). The FACs with the ionospheric sources are known to be the interhemi-
spheric currents. Benkevich et al. (2000) using modeling efforts produced the interhemispheric FACs driven 
by the ionospheric conductivity asymmetry between the northern and southern hemispheres, which rises 
significantly interhemispheric currents around the terminator region in the dark hemisphere and connects 
to the conjugate sunlit hemisphere. Besides in solstice conditions, they suggested these currents can oc-
cur in equinoxes as well because of the diurnal variation of the terminator position with respect to the 
geomagnetic poles and can result in auroral emissions in the upward FAC region. In more recent years, 
Lyatskaya et al. (2014) further modeled the interhemispheric FACs driven by the hemispheric asymmetry 
of the ionospheric conductivity, and found that in the sunlit hemisphere, there are obvious upward inter-
hemispheric FACs occurring in equatorward of the original upward FACs in the duskside. These model 
results showed that the interhemispheric currents are a result of redistribution of original three-dimension 
currents caused by hemispheric differences in the ionospheric conductivities. In addition, some conjugate 
auroral observations suggest the existence of interhemispheric currents and their effects on auroral inten-
sity. For example, Laundal and Østgaard (2009) showed completely asymmetric auroras from imaging ob-
servations in the dawn and dusk sides of the two hemispheres, and interpreted this asymmetry as being due 
to interhemispheric currents caused by conductivity differences in the two hemispheres. Similarly, Reistad 
et al. (2013) suggested that three of 17 non-conjugate nightside aurora events might be associated with the 
same mechanism. How the interhemispheric current accelerates the particles to form the aurora has been 
rarely discussed before. It is expected that when these particles flow through the magnetosphere, they can 
be accelerated in the same way as the magnetospheric origin particles. This might be supported by the fact 
that the magnitude of interhemispheric current can be comparable to that from the magnetosphere sources 
according to the above mentioned modeling results.
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Figure 6.  The variations of magnetic field strength calculated by International Geomagnetic Reference Field model 
at 300 km altitudes in the afternoon sector (MLT = 15:00) at March equinox as a function of magnetic latitude and 
universal time.
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Theoretically, the interhemispheric currents will have effects on the intensity of the upward FACs carried 
by the downward electrons and thus change the afternoon aurora (e.g., Laundal & Østgaard, 2009; Reistad 
et al., 2013). However, we found that these currents are probably not an important contributor to the af-
ternoon auroras at least in equinoctial seasons in the present results. Figure 7 exhibits a comparison of the 
averaged UT variations of the FACs from AMPARE in both the southern and northern hemispheres in the 
afternoon sector, as well as the corresponding SZA and northern auroral emissions from Polar UVI. Both the 
FACs and aurora data are binned within several years under Kp = 1 condition, to meet similar geophysical 
conditions between the two databases. As shown in Figure 7, during 03:00–08:00 UT the northern hot spot 
region is near the terminator with SZA greater than 85° and during 15:00–18:00 UT the southern hot spot 
region is in the terminator region with SZA of ∼95°. During these two periods, there is evident hemispheric 
ionospheric conductivity asymmetry. According to Benkevich et al. (2000) and Lyatskaya et al. (2014), the 
upward interhemispheric FACs could arouse in the conjugate sunlit hemisphere, that is, during 03:00–08:00 
UT in the southern hemisphere and during 15:00–18:00 UT in the northern hemisphere. These currents 
are expected to occur in the closed field line region and at relative lower latitudes than the one from the 
magnetospheric driven ones.

In Figure 7, the observational FACs from AMPARE do exhibit the expected FAC enhancement in the sunlit 
hemisphere, which suggests possible contribution from the interhemispheric FACs. However, during 13:00 
and 19:00 UT the large upward FACs occur in association with downward FACs (Figure 3). This suggests 
that the upward FACs can also be closed by downward FACs equatorward and poleward of them, besides 
flowing to the opposite hemisphere. It is revealed from the modeling results that the hemispheric asym-
metry of the ionospheric conductivity can cause a redistribution in the original FACs, thus part of them 
flows along the highly conductive magnetic field line into the conjugate hemisphere. And the strength of 
the interhemispheric FAC is suggested to depend on the hemispheric conductivity difference (Benkevich 
et al., 2000; Lyatskaya et al., 2014), thus are not significant in equinox. In the present study, it is expected 
that most of the upward FACs are closed by downward FACs. Further, the magnetic latitudes of these FAC 
peaks are high, and these peaks also correspond to higher ionospheric conductivities and larger dipole tile 
angle (Figure 5). It is therefore not likely that such interhemispheric currents, at least in equinoxes, contrib-
ute significantly to the UT variations of the upward FACs and the resultant afternoon aurora. Note that the 
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Figure 7.  The universal time variations of the average intensity of the field-aligned currents in the afternoon sector (a) in the southern and (b) northern 
hemispheres during 2010–2014 , and (c) the solar zenith angle in both the northern (red) and southern (blue) hemispheres. The average auroral energy flux in 
the northern hemisphere is shown in Figure 7d.
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UT variations of the average northern auroral emissions are consistent with that of the northern upward 
FACs, except for a slight shift in latitudes between the two databases. This might be due to different obser-
vational years between Polar UVI and the AMPARE instrument. Overall, the UT variations of the afternoon 
aurora follow those of the upward FACs quite well (Figures 1, 3 and 6). However, their minimum values 
cannot be explained by any of the effects discussed above, which needs further discussion.

The solar EUV-produced Pedersen conductivity depends on both the SZA and solar flux level (Rasmussen 
et al., 1988). According to the Equation 1, its dependence on the solar flux is small when the SZA is large 
(>60°). The rate of change approaches zero as the SZA reaches 97.6°. Our study is taken for equinoctial 
seasons with the SZA between 60° and 110° at the afternoon aurora latitudes, thus the solar EUV-produced 
Pedersen conductivity has a weak dependence on solar activity. This might explain the weak solar activity 
dependence of the afternoon aurora observed by the Polar UVI instrument. In addition, the region 1 upward 
FACs in the afternoon sector also presents little dependence on solar activities (Figure 4).

Shue et al. (2001b) showed that the auroral intensity at the afternoon hot spot edge location (14:00 MLT 
and 79° MLAT) varies with the solar EUV-produced Pedersen conductivity nonlinearly, with the highest 
intensity occurring for moderate conductivity. On one hand, this might be associated with different auroral 
source regions between the center and edge location of the afternoon auroral emissions, since the particle 
observations from the DMSP satellite show that the source region of aurora at 79° MLAT is in the low lat-
itude boundary layer (LLBL), whereas the aurora at the center of afternoon auroral emissions, originates 
from the boundary plasma sheet (BPS) (Newell et al., 2005). On the other hand, the geophysical conditions 
are different between the two works. Shue et al. (2001b) used the Polar UVI data for all seasons under either 
the southward or all IMF ZB  conditions. Further studies are needed to examine whether the dependence of 
the afternoon auroral emission on the solar illumination varies with different seasons or different magne-
tospheric sources.

It is generally agreed that the ultimate driver of auroral precipitations is the solar wind and IMF and its 
coupling with the magnetosphere-ionosphere system; thus, besides ionospheric conductivity, the afternoon 
aurora is also influenced by other factors, including solar wind parameters, IMF orientation, and dynam-
ic process in the dayside magnetosphere, such as magnetic field reconnection (e.g., Hu et  al.,  2014; Hu 
et al., 2012; Liou et al., 1998; Reistad et al., 2014; Vo & Murphree, 1995). However, it should be noted that we 
focused only on the UT variations of afternoon auroral emissions under geomagnetically quiet conditions 
(Kp 1 ) in this study, which reduces, to a great extent, the disturbances due to the solar wind/IMF on the 
afternoon aurora.

In summary, using the imagery observations from Polar UVI, we investigate the UT variations of afternoon 
aurora and the possible mechanisms involved in equinoctial seasons for the geomagnetically quiet condi-
tion (Kp 1 ). Under this condition, the afternoon auroral hot spot events often occur and the afternoon 
auroral emissions are easy to retrieve from the imaging techniques due to much lower dayglow contami-
nations than in summer. Thus, the huge images accumulated by Polar UVI provide a good opportunity to 
conduct the quantitative analysis of the afternoon aurora. It was found that the averaged afternoon auroral 
emissions vary consistently with the upward FACs measured by AMPERE in the afternoon sector, as a func-
tion of UT hours. Among all the afternoon auroral emissions, the hot spot events generally occur less than 
50% of the time, while the hot spots occur at relatively higher latitudes than the general afternoon aurora 
and they contribute largely to the averaged afternoon auroral intensity. The average afternoon aurora shows 
evident peak emissions around 17:00 UT, which is associated with large solar-EUV produced ionospheric 
conductivity and large dipole tilt angle caused by the displacement between the geomagnetic and geograph-
ic poles. High absolute correlation coefficients larger than 0.64 are found between the afternoon aurora 
and the SZA, solar-EUV produced ionospheric conductivity, the dipole tilt angle and the upward FACs. We 
consider that both the solar illumination and the dipole tilt angles contribute to the region 1 upward FACs 
and the consequent afternoon aurora. The occurrence time of the peak afternoon auroral emissions also 
matches that of the expected interhemispheric currents in the northern hemisphere. However, the peak 
auroral emissions occur at higher latitudes for the UT hours when the interhemispheric currents are ex-
pected, thus are not likely contributed much from the interhemispheric currents originated from the closed 
magnetic field line regions. The afternoon auroral emissions and the region 1 upward FACs in the afternoon 
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sector exhibit minimums during 23:00–03:00 UT, which is not well explained by any of the mechanisms 
discussed above.

Data Availability Statement
The Polar UVI data can be downloaded from the website https://cdaweb.gsfc.nasa.gov/pub/data/polar/uvi/
uvi_level1/. The F10.7 and Kp indices can be obtained from https://omniweb.gsfc.nasa.gov/.
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