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Abstract 

A number of recent studies have highlighted observational evidence of midnight brightness of the 630.0 nm night‑
glow, which is usually related to the midnight temperature maximum (MTM) effect. In this report, MTM-related 
enhancements of the 630.0 nm airglow around midnight are observed through images from the ISUAL/FORMOSAT-2 
satellite. The data statistics are classified into three specific types (no-peak, single-peaked, and double-peaked events) 
and separated into the different seasons. In order to understand the influences of geomagnetic conditions, the sta‑
tistical analyses are also separated into two regions. One is collected from the region whose geomagnetic equator is 
north of the geographic equator, and the other is collected from the region whose geomagnetic equator is south of 
the geographic equator. The results show that the single-peaked brightness often appears between the geographic 
equator and the geomagnetic equator. The double-peaked brightness appears simultaneously on the two sides of 
the region sandwiched by the two equators. Coupled with the summer-to-winter neutral wind generated by seasonal 
effects, one side of brightness could be enhanced or disappear due to the plasma moving along the field line. The no-
peak events mainly occur close to May–July, which may be due to the effect of ionospheric annual anomalies. Overall, 
the statistical results for the occurrence rate show strong seasonal variations with different cycles at different longitu‑
dinal regions for all three types of events.
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Introduction
The enhancement of the OI(1D) airglow at the charac-
teristic spectral line of 630.0 nm is typically observed at 
equatorial latitudes at midnight. The volume emission 
rate of the 630.0 nm nightglow in the F2 region (Sobral 
et al. 1993) can be expressed as follows:

where μD is the quantum yield of O(1D); γ is the rate coef-
ficient of the charge exchange process between O+ and 
O2; k1, k2, and k3 are the quenching rate coefficients of 
O(1D) by N2, O2, and O, respectively, and A1D and A2D 
are the transition coefficients for 630.0 nm and 636.4 nm 
emission, respectively. All the values of the parameters 
and the formulas for the rate coefficients can be found in 
Chiang et al. (2018).

It was found that the observed enhancement area of 
the 630.0 nm emissions moved poleward with time. It is 
known as the midnight brightness wave (MBW) (Her-
rero and Meriwether 1980; Colerico et al. 1996; Colerico 
and Mendillo 2002). Previous studies have also shown 
that these 630.0 nm-enhanced emissions are signs of the 
effects of the midnight temperature maximum (MTM) 
(Meriwether et al. 2008; Adachi et al. 2010; Chiang et al. 
2018), which is a large-scale neutral temperature anom-
aly in the low-latitude thermosphere at midnight.

(1)I630 =
A1DµDγ [O2]

[

O+
]

k1[N2]+ k2[O2]+ k3[O]+ A1D + A2D

,

Ground-based all-sky cameras have been widely used 
for airglow observations, of which MBW is one of the 
popular topics of study (Colerico et  al. 1996; Otsuka 
et al. 2003; Shiokawa et al. 2006). Ground-based imager 
observations (Burnside et  al. 1977; Chang et  al. 2015; 
Fukushima et  al. 2017) are suitable for obtaining long-
term observational data for local investigations. On the 
other hand, satellite imager observations (Mende et  al. 
1993; Chang et al. 2012; Chiang et al. 2018) are suitable 
for time-limited but global observations. It is important 
to investigate MBW on the basis of global distributions of 
midnight brightness.

Adachi et  al. (2010) showed the 630.0  nm nightglow 
observations around midnight obtained by the Imager 
of Sprites and Upper Atmospheric Lightning (ISUAL) 
science payload onboard the FORMOSAT-2 satellite 
(Chang et  al. 2012; Frey et  al. 2016). They studied two 
weeks of image data obtained from the Asian sector, 
where the tendency of the equatorial nightglow appeared 
to correspond to the MBW features. Chiang et al. (2013) 
investigated the long-term behavior of 630.0  nm mid-
night brightness, also using ISUAL side-viewing image 
data. They considered a data set that included all the 
regions covered by ISUAL over a duration of 21 months. 
They found that enhanced nightglow always appears near 
the equatorial regions, where significant seasonal varia-
tions in intensities were observed for the 630.0 nm emis-
sion. Their conclusion was that it is necessary to take into 
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account the locations and seasons in order to explain the 
enhanced nightglow mechanism.

However, Chiang et  al. (2013) only provided the sta-
tistical results on the probabilities of different types 
of brightness for all orbits. In order to understand the 
combined effects of locational and seasonal variations, 
it is necessary to separate the regions according to the 
relationship between the geographic equator and the 
geomagnetic equator. Thus, in this paper we report the 
midnight airglow enhancements for nearly 2 years’ obser-
vations and show the statistical results corresponding 
to the different longitudinal regions. As far as we know, 
this is the first study to provide the global distribution of 
equatorial midnight brightness.

Instrumentation and observations
The scientific payload ISUAL was placed onboard the 
FORMOSAT-2 spacecraft, which was launched on May 
21, 2004 and decommissioned in August 2016. The FOR-
MOSAT-2 spacecraft moved along a sun-synchronized 

orbit at 890 km altitude, making 14 revolutions per day. 
When ISUAL tracked from south to north with its east-
ward viewing configuration, it observed airglow emis-
sions around local midnight (~ 2330 LT). The possible 
observing local time range can be 2330 ± 7 LT through-
out the four seasons investigated in this paper. ISUAL can 
observe airglow emissions on the same orbit for about 
20 min, and one orbit covers about 60 degrees of latitude. 
The Charge Coupled Device (CCD) Imager provided a 
20° (horizontal) × 5° (vertical) field of view (FOV) with 
516 × 128 (pixel) image resolution.

Figure  1 features an example of one orbital observa-
tion. The footprints of the satellite and its FOV are shown 
in Fig.  1a, and some examples of the raw images are 
shown in Fig.  1b. Under the normal observation mode, 
the Imager took a picture every 30  s for 20  min during 
each orbit. Taking into account the overlap between adja-
cent snapshots in the ISUAL observations, we were able 
to integrate dozens of individual images into a wide-field 
picture for a given orbit. After the necessary calibration 

Fig. 1  a Ground projection of the satellite tracks (red stars) and the corresponding FOV (blue lines) for a typical observation in an orbit; b three 
typical ISUAL 630.0 nm images taken in the night of 14 Feb., 2007, corresponding to the FOV in a; c a combined image for the orbit shown in a 
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process (Chen et  al. 2012; Chiang et  al. 2013), the cali-
brated and combined latitude-altitudinal wide-range 
distributions are shown in Fig.  1c. The vertical black 
lines partition the contribution from each exposure of 
a given orbit. Chiang et al. (2013) and Tam et al. (2021) 
both presented the similar combined wide-range image 
plots and they explained the combined plots in detail. 
The image shows two different emission layers located 
at different altitudes. The higher emission layer is due to 
the OI(1D) airglow emission process, and the lower emis-
sion layer is due to the OH(9,3) airglow emission process 
(Mende et al. 1993). In this paper, we focus on the OI(1D) 

enhancements at altitudes of approximately 230  km in 
relation to plasma variations. It is noted that the esti-
mated peak altitude we showed here is lower than the 
actual peak of volume emission rate because of a side-
viewing integration effect (Tam et al. 2021).

Figure  2 shows three types of events based on the 
ISUAL wide-range observational results. Figure 2a shows 
an example where there was no-peak enhancement dur-
ing the period of interest, which is called a no-peak event. 
Figure 2b shows an example of the enhancement with a 
single peak near the geographic equator, which is labeled 
as a single-peaked event. Figure  2c shows an example 

Fig. 2  Three types of equatorial brightness events around midnight observed by ISUAL: a a no-peak event; b a single-peaked event; c a 
double-peaked event

Fig. 3  Global mapping of the brightness locations of all of the orbital observations, grouped by the season: The sequence of the seasons is as 
follows: a Feb.–Apr. 2007, b May–Jul. 2007, c Aug.–Oct. 2007, d Nov. 2007–Jan. 2008, e Feb.–Apr. 2008, f May–Jul. 2008, and g Aug.–Oct. 2008. 
Single-peaked events are shown as red circles, and double-peaked events are shown as solid blue triangles and green squares. The dotted lines 
indicate the geomagnetic equator, and the solid lines at 0° latitude correspond to the geographic equator

(See figure on next page.)
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Fig. 3  (See legend on previous page.)
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of the enhancement with double peaks, called a double-
peaked event.

Observation results
Based on the same criteria as those in previous studies 
for quiet-time periods (Chiang et al. 2013), we have col-
lected 535 orbital data from the ISUAL nightglow obser-
vations between February 2007 and October 2008 for a 
total of 21 months (7 seasons) for the analysis and statis-
tics in this study. In this study, we considered that when 
the brightness was above 2 kR (kilo-Rayleigh) and the 
brightness ranged no less than 5° in latitudes, a bright-
ness event occurred. The criteria we used have also been 
adopted in the work of Tam et al. (2021). Tam et al. (2021) 
carried out the retrieval of airglow emission rates for 
ISUAL images. Before the decommissioning of ISUAL, 
the only complete airglow observation period was from 
2007/01 to 2008/10. Therefore, we are unable to present 
the complete two-year ISUAL observation results. But 
we can still get enough information for analysis from the 
21-month observational data.

Figure  3 shows the global mapping of the observed 
brightness locations in each of the 7 seasons. The sea-
sons are shown in sequential order: Fig.  3a for Febru-
ary–April 2007 (single-peaked: 46, double-peaked: 9, and 
no-peak: 8), Fig. 3b for May–July 2007 (single-peaked: 25, 

double-peaked: 6, and no-peak: 18), Fig. 3c for August–
October 2007 (single-peaked: 47, double-peaked: 13, and 
no-peak: 10), Fig.  3d for November 2007–January 2008 
(single-peaked: 46, double-peaked: 21, and no-peak: 
5), Fig.  3e for February–April 2008 (single-peaked: 60, 
double-peaked: 20, and no-peak: 4), Fig. 3f for May–July 
2008 (single-peaked: 42, double-peaked: 14, and no-peak: 
32), and Fig. 3g for August–October 2008 (single-peaked: 
74, double-peaked: 10, and no-peak: 25). We can find that 
the no-peaked category cannot show up in this figure. 
Regarding their distribution in longitude, we can learn 
about them through the quantity we wrote here with the 
chapter of statistical analysis later. The red circles denote 
single-peaked events; the solid blue triangles denote the 
northern part of double-peaked events, and the green 
squares denote the southern part of the double-peaked 
events. In order to enable readers to clearly distinguish 
the pairing positions of double-peaked events, we add 
an additional English symbol next to the paired double-
peaked events to distinguish them. The dotted lines indi-
cate the geomagnetic equator, and the solid lines at 0° 
latitude correspond to the geographic equator. Note that 
the positive sign in the vertical axis represents the north 
latitude, and the positive sign in the horizontal axis rep-
resents the east longitude.

Fig. 4  Simulation results of the 630.0 nm nightglow based on the SAMI-2 model, plotted in the latitude-altitudinal plane at midnight on a March 
1, 2007, b June 1, 2007, c September 1, 2007, and d December 1, 2007 along the 50°E longitude. The white arrows indicate the geographic equator, 
and the red arrows indicate the geomagnetic equator
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According to the global distributions of the bright-
ness locations shown in Fig.  3, overall, the midnight 
brightness mostly appeared in the vicinity of the geo-
graphic equator, especially for the single-peaked 
events, which mostly occurred between the geographic 
equator and the geomagnetic equator. The brightness 
of double-peaked events tended to appear slightly far-
ther away from the geographic equator than that of 
single-peaked events. For the double-peaked events, we 
did not find any case during the northern summer in 
the region where the geomagnetic equator was to the 
north of the geographic equator. They were also not 
found during the northern winter in the region where 
the geomagnetic equator was to the south of the geo-
graphic equator.

Simulation results
In this study, we also calculate the volume emission rates 
of the 630.0  nm nightglow (Eq.  1) based on parameters 
generated by the SAMI-2 model from the Naval Research 
Laboratory (Huba et  al. 2000), and compare the results 
with the ISUAL observations. SAMI-2 is a two-dimen-
sional, first-principle model of the low to mid-latitude 
ionosphere. With latitudes and altitudes as its spatial 
domain, the model is very suitable for simulations of the 
latitude-altitudinal airglow distribution, as the results 
can be readily presented in the same way as the ISUAL 
observations for comparison. The simulation results of 

the 630.0 nm nightglow are plotted for the midnights on 
March 1, June 1, September 1, and December 1, 2007, 
and are shown in Figs.  4 and 5. The difference between 
Figs. 4 and 5 is that the results are for different longitudes. 
Figure 4 shows the results at 50° E longitude, and Fig. 5 
shows the results at 80°W longitude. The white arrows 
indicate the geographic equator, and the red arrows 
indicate the geomagnetic equator in these figures. The 
geomagnetic equator is to the north of the geographic 
equator for the locations in Fig. 4, but to the south of the 
geographic equator for the locations in Fig. 5.

Single-peaked enhancements appear in northern sum-
mer and autumn near the geographic equator at the 
longitude shown in Fig.  4. In northern spring and win-
ter, there are double-peaked enhancements with one 
peak on each side of the region sandwiched by the two 
equators. In contrast, at the longitude shown in Fig.  5, 
single-peaked enhancements appear in northern spring 
and winter near the geographic equator, with the more 
luminous single-peaked brightness occurring in north-
ern winter. As for northern summer and autumn, the 
enhancement appears fuzzy and extends from the geo-
graphic equator to the geomagnetic equatorial region.

In order to further understand whether the SAMI2 
simulation can explain the results of ISUAL observa-
tions, we compared the simulation results in Fig. 4 with 
the observation results of 50°E longitude (the fourth orbit 
from the right) shown in Fig.  3. We also compared the 

Fig. 5  The same as in Fig. 4, but along the 80° W longitude
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simulation results of Fig. 5 with the observation results of 
80°W longitude (the ninth orbit from the right) as shown 
in Fig. 3.

First, we compare the two results at 50°E longitude. 
Figure  3a shows that the locations of brightness in this 
orbit were distributed from the geographic equator to the 
geomagnetic equator and beyond. Figure  4a also shows 
a wider area of brightness by comparison. Figure  3b, c 
shows that the locations of brightness were distributed 
between the geographic equator and the geomagnetic 
equator. Correspondingly, Fig.  4b, c also shows that the 
centers of the brightness areas were between the geo-
graphic equator and the geomagnetic equator. Finally, 
Fig.  3d shows that the double-peaked brightness was 
located on the two sides of the region sandwiched by the 
two equators. It corresponded to the simulation result of 
Fig. 4d showing the same characteristics.

Next, we compare the two results at 80°W longitude. 
Figure  3a shows that the locations of brightness in this 
orbit were distributed between the geographic equator 
and the geomagnetic equator. Correspondingly, Fig.  5a 
shows that the center of the brightness area was mainly 
between the geographic equator and the geomagnetic 
equator, but tended to be close to the geographic equa-
tor. Figure  3b shows that the locations of brightness 
were mainly distributed between the geographic equa-
tor and the geomagnetic equator, and one event of dou-
ble-peaked brightness started to appear in this season. 
In Fig.  5b, the brightness area was relatively less con-
centrated than other single-peaked events, covering a 
wider area around the geomagnetic equator. Figure  3c 
shows that the double-peaked brightness started to 
cross the geomagnetic equator. Correspondingly, Fig. 5c 
also shows that the brightness area appeared expansive 
and its area exceeded the geomagnetic equator. Finally, 
Fig. 3d presents the same distribution as Fig. 3a, and the 
brightness was located between the geographic equator 
and the geomagnetic equator. This also corresponded to 
the simulation results shown in Fig. 5d.

Statistical analyses from observations
In order to understand the possible mechanisms for the 
occurrence of the three types of equatorial midnight 
brightness, we examine their occurrence rates in every 
3-month period. These occurrence rates are shown in 
Fig.  6 with bar plots, where single-peaked events are 
shown in red, double-peaked events in blue, and no-peak 
events in green. The numbers at the top of bar are event 
numbers. In order to understand the influence of geo-
magnetic conditions, the statistical analyses are separated 
into two zones: Fig.  6a shows the results for the region 
between the 0° and 150° longitudes (named Zone-N), 
and Fig.  6b features the region with longitudes ranging 
from − 75° to − 130° (named Zone-S). Before the decom-
missioning of ISUAL, the only complete airglow observa-
tion period was from 2007/01 to 2008/10. Therefore, the 
complete 2-year ISUAL observation results are not avail-
able. So we present the 21-month observational data in 
this study. From the results in Fig. 6, we found that the 
occurrence of the three types of events has strong perio-
dicity. First, it is found that no-peak events (green bar) 
frequently occur during the northern summer (May–
July) in both zones. Second, double-peaked events (blue 
bar) tend to appear during the northern winter in Zone-
N but during the northern summer in Zone-S. Third, sin-
gle-peaked events (red bar) exhibit a semi-annual cycle 
in Zone-N but tend toward an annual cycle in Zone-S. 
This is the first study that reports the differences between 
Zone-N and Zone-S in midnight brightness.

Fig. 6  Combined occurrence rates of the three types of brightness 
from all the orbits during the 7 seasons: a for the region between the 
0° and 150° longitudes (Zone-N); b for the region between the − 75° 
and − 15° longitudes (Zone-S). Single-peaked events are in red, 
double-peaked events are in blue, and no-peak events are in green. 
The numbers at the top of bar are event numbers
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Discussion
Colerico et  al. (1996) reported that the typical initial 
period of occurrence of MBW is between 23:00 and 01:00 
LT, and then it begins to spread toward the polar regions, 
forming the V-shaped MBW in a plot of latitude vs. LT. 
Since the ISUAL observation time in our study is close 
to midnight, such a local time falls within the initial gen-
eration window of the MBW. Therefore, it can explain 
why most of the events we observed, regardless of region 
or season, are mostly single peaked in brightness. The 
occurrence rates of single-peaked events are the highest 
in every combination of seasons and zones, as shown in 
Fig. 6.

Chiang et al. (2013) has found the locations of single-
peaked brightness tend to appear between the geographic 
and geomagnetic equators. This tendency is also clearly 
presented in the global mapping in this study, as shown 
in Fig.  3. In different seasons and longitudinal regions, 
the single-peaked brightness was mainly formed between 
the geographic equator and the geomagnetic equator. We 
speculated that the latitudinal locations of brightness are 
geomagnetic field dependent near the equatorial regions. 
Based on the volume emission rate of the 630.0 nm night-
glow in Eq. (1), O+ is the key variable factor for the emis-
sion and it can be controlled by the field lines. But the 
new observational results still need to be examined more 
specifically as a topic by more research in the future.

According to the studies by Meriwether et  al. (2008) 
and Adachi et  al. (2010), some double-peaked events 
represent a cross section of the two branches of the 
V-shaped MBW. In this study, regarding the occurrence 
rates of double-peaked events in different seasons, we 
believe that the summer-to-winter (trans-equatorial) 
neutral wind (Harper 1973) plays an important role. 
Neutral wind will not only cause the positions of double-
peaked events to be changed but it may also change the 
amount of brightness. Rishbeth (1972) and Torr and Torr 
(1973) reported that the winter anomaly was due to a 
summer-to-winter neutral wind that caused the F2-layer 
peak electron density (NmF2) to be higher in the winter 
than it was in the summer hemisphere. The winter anom-
aly also contributes to the observed results in our study.

Chiang et  al. (2018) has successfully proved that the 
influence of neutral wind effect on 630.0  nm nightglow 
is much greater than that caused by temperature changes 
based on their simulation and calculation results. Fur-
thermore, they also used simulation data to prove that 
the neutral wind has an absolute influence on the final 
position of the plasma clumps. Based on the nightglow 
simulation results in this study, we find that nightglow 
brightness does tend to appear near the geographic equa-
tor (white arrow) for most seasons, as shown in Figs. 4a–
c, 5a, c, d. In addition, the enhancement would extend to 

the geomagnetic equator or shift to the other side of the 
geomagnetic equator in the winter hemisphere, as shown 
in Figs. 4d, 5b. The appearance of the brightness locations 
is consistent with the results of seasonal plasma distribu-
tion presented by Chiang et al. (2018).

From the global mapping of brightness shown in 
Fig. 3, we can confirm that there were no double-peaked 
events for the following two situations, northern sum-
mer in Zone-N (Fig. 3b, f ), and northern winter in Zone-
S (Fig.  3d). However, based on the development of two 
branches of the V-shaped MBW, the double-peaked 
events should be observed in a certain chance in any sea-
sons and zones. The most likely reason is that the neu-
tral wind blows from the northern hemisphere to the 
southern hemisphere at northern summer (Fig.  3b, f ), 
the brightness is not easy to form on the north side of the 
geomagnetic equator in Zone-N. In contrast, the neutral 
wind blows from the southern hemisphere to the north-
ern hemisphere at northern winter (Fig. 3d), the bright-
ness is also not easily formed on the south side of the 
geomagnetic equator in Zone-S. Overall, the summer-to-
winter neutral winds could hinder the generation of dou-
ble-peaked events in the above two situations. Regarding 
the dynamic mechanism of the neutral wind on the posi-
tion of the brightness, we have a detailed explanation in 
the Appendix.

If we focus on the double-peaked events in Fig.  3 
(only Zone-N and Zone-S are calculated), we also found 
interesting results produced by the neutral wind effect. 
There is about 61.5% chance that one of the brightness 
of a double-peaked event could cross to the other side 
of the geomagnetic equator during the Equinox peri-
ods. But during the Solstice periods, this probability 
increases to 82.8%. This means that the effect of neutral 
wind not only inhibits the generation of double-peaked 
events but also makes it easier for the one of the bright-
ness of the previously existing double-peaked events 
to cross the geomagnetic equator. It all depends on the 
direction of the neutral wind and the movement of the 
MBW, as well as the relative position of the geomag-
netic equator.

Ideally, the double-peaked event formed by the 
V-shaped MBW should be symmetrical to the geographic 
equator. However, Herrero and Spencer (1982) reported 
that the initial position of MTM brightness may appear at 
any low latitudes in the summer hemisphere. As a result, 
most of the V-shaped MBW development may not be 
symmetrical to the geographic equator. Moreover, driven 
by the neutral wind, the plasma may move up or down 
along the field line away from the emission height of the 
airglow. Therefore, when we want to understand the gen-
eration mechanism of nightglow brightness, we not only 
need to know the number and location of brightness but 
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also need to make a correct explanation in accordance 
with the seasonal changes in statistics.

Another point to note is that, sometimes the equato-
rial ionospheric anomaly (EIA) crest is intensified by 

pre-reversal enhancement (PRE) after sunset. This is 
similar to a double-peaked event, which causes two 
peaks to appear on both sides of the geomagnetic equa-
tor. However, many studies in the past have shown that 

Fig. 7  Schematic diagram of single-peaked and double-peaked brightness behavior with neutral wind at Zone-N in the northern a spring, b 
summer, c autumn, and d winter season

Fig. 8  The same as in Fig. 7, but at Zone-S
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the strengthening effect caused by PRE only lasts 1 to 
2 h (Balan et al. 2018; Huang 2018; Ebenezer et al. 2021). 
In other words, the post-sunset EIA crests disappear 
after about 21 LT. This is far from the observation time 
of ISUAL. Therefore, we believe that the double-peaked 
events observed by ISUAL were unlikely a consequence 
of EIA.

Ionospheric annual anomalies have been thoroughly 
investigated in the literature. Su et al. (1998) found that 
the electron densities within the latitude range ± 25° are 
higher at the December solstice than at the June sol-
stice. Titheridge and Buonsanto (1983) measured at con-
jugate sites at ± 20° latitude and also found the lowest 
total electron content (TEC) occurs in the June solstice. 
These early findings suggested that brightness enhance-
ment would be less likely to occur in the northern sum-
mer. They could therefore explain the tendency of the 
occurrence rate of no-peak events in our observations, 
which on average feature relatively highest probability in 
the May–July season regardless of the zone (Zone-N or 
Zone-S), as shown in Fig. 6.

Overall, there are some very interesting features in 
Zone-N and Zone-S for the three types of events shown 
in Fig.  6. First, single-peaked events exhibited a semi-
annual cycle in Zone-N and an annual cycle in Zone-S. 
Second, double-peaked events exhibited an annual cycle 
in Zone-N and Zone-S, where the maximum number 
of events occurred in the northern winter and southern 
winter, respectively. No-peak events also exhibited an 
annual cycle in Zone-N and Zone-S, where the maximum 
number of events both occurred in the northern summer.

It is particularly worth mentioning that single-peaked 
events exhibit a semi-annual cycle in Zone-N and an 
annual cycle in Zone-S. We assumed that the probabili-
ties of single-peaked brightness generated by the MTM 
effect are the same in all seasons or regions. As explained 
above, the probability of no-peak events was likely to 
increase in the May–Jul. season due to the decrease 
in electron density. The double-peaked events tended 
to appear in the Nov.-Jan. season at Zone-N as well as 
the May–Jul. season at Zone-S because of the summer-
to-winter wind. Therefore, because of the increase of 
no-peak and double-peaked events, the probability of 
occurrence of the single-peaked events was reduced in 
the specific seasons mentioned above. As shown in Fig. 6, 
the final result of single-peaked event shows a semi-
annual cycle at Zone-N and an annual cycle at Zone-S.

In general, based on our observations and simulation 
studies, the MTM effect produces single-peaked bright-
ness at midnight between the geographic equator and 
geomagnetic equator. Then, the brightness slowly moves 
toward the two poles due to a pressure bulge (Colerico 
and Mendillo 2002; Niranjan et al. 2006; Fang et al. 2016), 

developing into a double-peaked event at the time. How-
ever, with the different geomagnetic field conditions at 
different locations, coupled with the summer-to-winter 
wind generated by seasonal effects, the plasma may have 
the opportunity to be blown to the other hemisphere 
along the magnetic field lines. Therefore, the location of 
the brightness can be changed, and even its emission rate 
can be changed.

In order to let readers better understand the influence 
of neutral wind on brightness, we made the schematic 
diagrams shown in Figs. 7 and 8. Figures 7 and 8, respec-
tively, show the changes in Zone-N and Zone-S in dif-
ferent seasons. The schematic diagrams show the same 
three-dimensional architecture. The vertical axis repre-
sents the height direction, the horizontal axis represents 
the latitude, and the axis perpendicular to the height-lat-
itude plane represents the longitude. The black solid line 
represents the geographic equator, the black dashed line 
represents the geomagnetic equator, and the blue solid 
line represents the structure of the magnetic field lines. 
The red blocks (named S) in the figures represent the 
single-peaked event and their projection points are also 
marked on the latitude axis. The yellow blocks (named 
D1 and D2) represent the double-peaked event and their 
projection points are also marked on the axis of latitude. 
The green solid arrows represent the directions of the 
neutral wind.

In Fig.  7a, c, the neutral winds in these two seasons 
are mostly symmetric to the geographic equator. The 
two wind fields blow in opposite directions, reducing 
the intensity of the overall wind. So whether it is a sin-
gle-peaked event or a double-peaked event, they tend to 
remain in the original state when they are observed. In 
Fig.  7b, the summer-to-winter neutral wind blows from 
the northern hemisphere to the southern hemisphere. 
The D1 brightness is not easy to move across to the north 
side of the geomagnetic equator. The plasma clump of 
D2 brightness tends to be taken to a lower height and 
get out of the emission layer. So when it is observed, it 
still appears in a single-peaked state. In Fig.  7d, the 
summer-to-winter neutral wind is blowing from the 
southern hemisphere to the northern hemisphere. The 
D1 brightness is more easily maintained on the north 
side of the geomagnetic equator. The D2 brightness is at 
most slightly moved. Therefore, D1 and D2 maintain the 
double-peaked state. This also means that double-peaked 
events are more likely to be found in this season.

Figure  8a, c shows the same wind field condition as 
Fig.  7a, c. The two wind fields blow in opposite direc-
tions, and therefore, both the single-peaked event and 
the double-peaked event tend to maintain the original 
states. The effect of Fig.  8b is similar to that of Fig.  7d. 
Double-peaked events are more likely to be found in the 
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season. Finally, the effect of Fig.  8d is similar to that of 
Fig. 7b. Brightness is not easy to move across to the other 
side of the geomagnetic equator, and therefore, only sin-
gle-peaked events appear.

Conclusion
In this study, we use ISUAL data to complete observa-
tional statistics over a nearly two-year period. The physi-
cal mechanism of midnight brightness is discussed and 
verified with the SAMI-2 model. The observation and 
simulation results are consistent. We believe this is the 
first time a complete statistical research report is pre-
sented without any bias in terms of observation. The key 
contributions of this study are as follows:

1.	 Single-peaked brightness is observed most easily 
near midnight, and it is mostly occurred between the 
geographic equator and the geomagnetic equator.

2.	 If MTMs occur earlier, it is possible to see double-
peaked brightness in the ISUAL observations. How-
ever, due to the influence of summer-to-winter neu-
tral wind, the secondary brightness cannot occur in 
the Zone-N area during the northern summer. Simi-
larly, the secondary brightness cannot occur during 
the northern winter period in Zone-S.

3.	 The rate of occurrence of no-peak events is relatively 
high in the period close to May–July. This may be 
due to the effects of ionospheric annual anomalies.

4.	 With combination of the above factors, single-
peaked events exhibit a semi-annual cycle in Zone-
N and an annual cycle in Zone-S. Double-peaked 
events exhibit annual cycles in Zone-N and Zone-S, 
where the maximum number of events occurs in the 
northern winter and southern winter, respectively. 
No-peak events also exhibit an annual cycle in both 
Zone-N and Zone-S, where the maximum number of 
events occurs in northern summer in both zones.
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