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Abstract 

Continuous observations at specified locations and chronicling of astronomical phenomena provide a good 
opportunity to study ancient space weather. There are 248 white, 125 red, and 44 blue color aurora-like descrip‑
tions, also known as aurora candidates, recorded in Chinese official historical records during the 1365-year period 
of 511–1876. Qualitative descriptions of the color, location, and appearance time of these candidates are quantita‑
tively denoted. The red, white, and blue aurora candidates occurred most frequently 34% in autumn, 32% in sum‑
mer, and 49% in summer, respectively. The white and red aurora as well as the overall candidates tend to appear 
during high solar activity periods. By contrast, the blue candidates frequently occur during low solar activity peri‑
ods. Statistical results with 90% confidence intervals further show that the relationship between solar activities 
and overall/red (white/blue) aurora candidates is significant (insignificant). The red aurora candidates that frequently 
occurred in autumn during the periods of high solar activity agree well with those of low/middle latitude auroras, 
while the white aurora candidates might be confounded by noctilucent clouds or other atmospheric optical events, 
such as airglows, moon halo, etc. The study of ancient space weather/climate based on historical records shows 
that aurora occurrences are related to solar activities, and in particular, red auroras frequently appear in low/middle 
latitudes during high solar activity periods.

Keywords  Aurora, Historical record, Confident interval

*Correspondence:
Jann‑Yenq Liu
jyliu@jupiter.ss.ncu.edu.tw
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40623-023-01897-2&domain=pdf
http://orcid.org/0000-0002-1468-8358


Page 2 of 9Lee and Liu ﻿Earth, Planets and Space          (2023) 75:138 

Graphical Abstract

Introduction
Aurora, named after the Roman goddess of dawn, is a 
remarkable astronomical phenomenon caused by col-
lisions between fast-precipitating electrons from space 
and the gases in Earth’s upper atmosphere (Siscoe 1978; 
Kázmér and Timár 2016). When these gases are excited 
by the collisions, they return to their normal state by 
emitting electromagnetic waves at several specific fre-
quencies, resulting in vibrant and colorful auroras (Gupta 
2020). Aurora sightings have been most common in 
the countries within the auroral oval, which traces a 
path across central Alaska and Canada, Greenland, as 
well as northern Scandinavia and Russia in 1983–2016 
(Zossi et al. 2021). They report that auroras can even be 
observed in middle latitudes, such as northern China, 
Japan, Korea, England, France, Italy, and elsewhere dur-
ing high solar activity periods. On the other hand, auro-
ras have been observed and recorded throughout history. 
Various lists of ancient observations of auroras in China 
(Schove 1979; Keimatsu 1976; Yau et al. 1995; Hayakawa 
et al. 2015, 2017a; Kawamaru et al. 2016; Tamazawa et al. 
2017), Japan (Matsushita 1956; Keimatsu 1976; Naka-
zawa et  al. 2004; Shiokawa et  al. 2005; Hayakawa et  al. 
2017b), and Korea (Keimatsu 1976; Lee et al. 2004; Wang 
et al. 2021a) have been published. Willis and Stephenson 
(2000) compare observations of aurora-like descriptions 

which display at more than one site in East Asia on the 
same night. The good level of agreement between the 
detailed auroral descriptions recorded in the differ-
ent oriental histories provides virtually incontrovert-
ible proof that auroral displays occurred on these special 
occasions. These records provide a conservative estimate 
of the intensity of magnetic storms and help reconstruct 
ancient magnetic fields or space weather (Hattori et  al. 
2019; Wang et al. 2021b). Notably, the Carrington event 
(Carrington 1859), the historically largest geomagnetic 
sudden commencement, was also recorded as a stun-
ning aurora in historical books from all around the world 
(Loomis 1860; Kimball 1960; Hayakawa et al. 2016, 2018).

Auroral emissions observed in mid- and low-lati-
tude regions, usually at geomagnetic latitudes below 
50 degrees, are commonly referred to as "low-latitude 
auroras" or "mid-latitude auroras" (Tinsley et  al. 1984; 
Rassoul et  al. 1993; Mendillo and Wroten 2019). The 
first recorded aurora-like descriptions were found in 
an ancient Chinese book, Bamboo Annals (竹書紀年: 
Zhúshū Jìnián), in the early tenth century BC (Before 
Christ) (Sluijs and Hayakawa 2022). Hayakawa et  al. 
(2015) find that the records of luminous phenomena, 
especially aurora-like descriptions, observed at night 
are potentially those of auroras, and are termed “aurora 
candidates”. Scientists (Hayakawa et  al. 2015, 2017a; 
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Kawamaru et  al. 2016; Tamazawa et  al. 2017) collect 
the records of luminous phenomena observed at night 
in the Chinese official histories during 511–1912 and 
study the relationship between aurora candidates and 
the moon phase, as well as the observation of sunspots 
with the naked eye in each dynasty. Meanwhile, Hay-
akawa et  al. (2017a) surveyed aurora candidates during 
1261–1644 and found that the peaks of records are con-
sistent with contemporary total solar irradiance (TSI). 
Abbott and Juhl (2016) examined the aurora candidates 
during 500–1770 and found that white aurora candidates 
are significantly more abundant during low solar activ-
ity periods, while red aurora candidates are the opposite. 
However, Tamazawa et al. (2017) investigated records of 
aurora candidates for the sixth–tenth century and show 
irrelevant to the long-term change in solar activity. To 
resolve the discrepancy, this paper integrates the data of 
Hayakawa et  al. (2015, 2017a), Kawamaru et  al. (2016), 
and Tamazawa et  al. (2017) to statistically rigorously 
examine the relationship between aurora candidates and 
solar activities over a millennium scale during 511–1876 
CE. Moreover, to have a better understanding of their 
connection to solar activity, seasonal variations of these 
ancient auroras are for the first time examined.

Materials and methods
Chinese astronomical records, which were compiled by 
trained experts in the field, are considered valuable scien-
tific data among historical records worldwide (Keimatsu 
1976; Hayakawa et  al. 2015). The first volume of the 
twenty-five official dynastic histories, Shiji, completed 
around 94 BC during the Han dynasty, documents vari-
ous astronomical phenomena, including auroras, sun-
spots, eclipses, and meteors (Sima 1961; Song, 1992). 
The consistent observations of these phenomena at 
specific locations, along with details about their move-
ments, shapes, and colors, offer a unique opportunity to 
explore ancient Chinese environments and even space 
weather (Keimatsu 1976). Hayakawa et al. (2015, 2017a), 
Kawamaru et al. (2016), and Tamazawa et al. (2017) study 
the relationship between auroras and the moon phase, as 
well as the observation of sunspots with the naked eye in 
each dynasty. Comprehensive datasets of aurora records 
in ancient China have been published by the above arti-
cles and are available in Database of Aurora/Sunspot in 
Chronicle (2015). Seven datasets summarize the observa-
tions of auroras in the Suí dynasty (511–619 CE), Táng 
dynasty (618–907 CE), Five Dynasties and Ten King-
doms (907–960 CE), Sòng dynasty (960–1279 CE), Yuán 
dynasty (1234–1368 CE), Míng dynasty (1368–1644 CE), 
and Qīng dynasty (1616–1912 CE). Each dataset pro-
vides the following information about aurora candidates: 
year, month, date, color, description (describing as vapor, 

cloud, or both), direction, length, counts, place, notes 
(i.e., near the moon, until morning, covered half the sky, 
etc.), moon phase, bibliography, and its original sentence. 
After combining all datasets, a total of 391 aurora events 
were identified between 511 and 1912 CE. To rigorously 
conduct the statistical analysis, the data are converted 
into the Boolean format by assigning "1" to years with 
auroras and "0" to those without. Additionally, if an event 
was recorded in multiple historical records or occurred 
in overlapping years, months, or locations, it was counted 
only once to avoid double counting. Moreover, if there is 
more than one color denoted in the same event, it would 
be counted once in each color separately. Overall, there 
were 215 event years (i.e., 1187 non-event years) in 391 
aurora candidates, 145 event years (i.e., 1257 non-event 
years) in 248 white candidates, 74 event years (i.e., 1328 
non-event years) in 125 red candidates, 31 event years 
(i.e., 1371 non-event years) in 44 blue candidates, as well 
as 31 event years (i.e., 1371 non-event years) in 32 candi-
dates of other colors (Fig. 1).

Solar activity is known to vary over time, with peri-
ods of high and low activity occurring throughout his-
tory. In this paper, the classification of the periods into 
solar minimums is based on delta 14C variations (Pang 
and Yau 2002), sunspot number reconstructed by 14C 
(Usoskin et  al. 2007), and total solar irradiance recon-
structed by 10Be and 14C (Steinhilber et al. 2009; Solanki 
and Krivova 2013). Seven distinct solar minimums that 
occurred between the years 462 and 1912 CE are under 
study. These minimums are known as the Fifth-Century 
Minimum (462–526 CE), Medieval Minimum (580–820 
CE), Oort Minimum (980–1070 CE), Wolf Minimum 
(1280–1350 CE), Sporer Minimum (1410–1590 CE), 
Maunder Minimum (1645–1715 CE), and Dalton Mini-
mum (1795–1825 CE) (Stuiver and Braziunas 1989; Pang 
and Yau 2002; Usoskin et  al. 2003; Knudsen et  al. 2009; 
Steinhilber et al. 2012; Liu et al. 2022). To better under-
stand the impact of these periods on auroral activity, we 
defined the time between two adjacent minimums as 
a period of high solar activity (HSA) and the minimum 
itself as a period of low solar activity (LSA). This allowed 
us to classify the years between 462 and 1825 CE into 
seven LSA and six HSA periods, as shown in Fig. 1.

To investigate the link between solar activities and 
aurora candidates, Fig.  2 depicts the proportions of 
aurora candidates during HSA and LSA calculated by 
dividing the aurora year counts by the year counts of the 
respective period. However, the proportion of the first 
LSA, which began in 462 CE, may be unreliable since 
the dataset only records observations after 511 CE. Thus, 
the proportion of the first LSA period is excluded from 
the subsequent analysis related to solar activities. To 
ensure the validity of our findings and not solely rely on 
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Fig. 1  Years and the 10-year moving average curve of 215 aurora candidates in China during 511–1876 CE. There are 7 solar minimums, low solar 
activities (LSA; blue bars), and 6 high solar activities (HSA; red bars). Years of the aurora candidates in all colors (cross symbols) as well as that in white 
(diamond symbols), red (red diamond symbols), blue (blue diamond symbols), and the other colors (black diamond symbols) are denoted

Fig. 2  Proportions of the aurora candidates in LSA and HSA periods. Overall, white, red, and blue in each solar activity period (bar chart on the left), 
and those during the whole periods (pie chart on the right). The proportion is computed by aurora year counts divided by the year counts 
of the period. The proportions of LSA (PLSA) and HSA (PHSA) periods are denoted
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comparing the proportions, the 90% confidence inter-
vals (CIs) for the differences between the proportions in 
the HSA and LSA periods are then constructed (Agresti 
1996). Let PH (PL) denote the proportions in the HSA 
(LSA) periods, and the critical value (CV) of the 90% CIs 
is 1.645. The true difference between the two proportions 
then could be given by,

Note that the numbers of years involved in the HSA 
and LSA periods (excluding the first LSA) are NH = 613 
and NL = 686, respectively. The 90% CIs are given in 
Table 1.

Results and interpretation
Figure 2 displays the proportions of various color aurora 
candidates in each HSA and LSA period. The propor-
tions yield very large counts in the Oort minimum and 
Maunder minimums together with their followed high 
solar activity period, and the proportion of the two 
minimums is respectively greater than their followed 
high solar activity period. However, for the entire study 
period, the proportions of aurora candidates are gener-
ally higher during the HSA period compared to the LSA 
period, except for blue aurora candidates, which yield an 
opposite trend. Table  1 depicts that when considering 
overall aurora candidates, the proportion during HSA 
periods ( PH=0.171) is higher than during LSA peri-
ods ( PL=0.134) with a corresponding 90% CI of [0.004, 
0.070]. In the case of white aurora candidates, the pro-
portion is higher during the HSA period ( PH=0.112) 
than during the LSA period ( PL=0.093), while the 90% CI 
of [–0.009, 0.047] shows that this difference is not statisti-
cally significant. By contrast, the proportion of red aurora 
candidates is significantly high during the HSA period, 
with nearly 70% of red aurora candidates appearing dur-
ing this period (Fig. 2). Table 1 reveals that the result is 
statistically significant under a 90% CI of [0.021, 0.062]. 
The result even meets the statistical significance of 95% 

[

PH − PL − CV ∗

√

PH (1− PH )

NH

+
PL(1− PL)

NL

, PH − PL + CV ∗

√

PH (1− PH )

NH

+
PL(1− PL)

NL

]

CI of [0.017, 0.066]. It is surprising to see that no red 
aurora candidates occurred in the Wolf minimum and 
Dalton minimum. The blue aurora candidates are rarely 
observed and are simply recorded during two HSAs adja-
cent to three LSAs of the Oort, Sporer, and Maunder 
minimums. Even though a 90% CI of [−0.025, 0.003] does 
not meet the statistical significance, the blue aurora can-

didates appear more frequently during the LSA period 
( PL=0.029) than in the HSA period ( PH=0.018). In short, 
the overall, white, and red aurora candidates occur more 
frequently during HSA periods, while the opposite is true 
for blue auroral candidates.

Figure 3 depicts the number and percentage of aurora 
candidates of all colors in each month. The percentage is 
computed by aurora candidates in each month divided by 
its total counts. It is found that 368 out of 391 events were 
denoted with their associated month information dur-
ing 511–1876 CE. Although the original description of 
occurrence time is based on the Chinese lunar calendar, 
the database provided by Hayakawa et al. (2015, 2017a), 
Kawamaru et al. (2016), and Tamazawa et al. (2017) have 
converted it into the solar calendar in Common Era. To 
examine the seasonal variations of aurora candidates, we 
further classify seasons as Spring (February–April), Sum-
mer (May–July), Autumn (August–October), and Winter 
(November–January). Overall aurora candidates appear 
approximately equivalent in four seasons (spring: 23%, 
summer: 26%, autumn: 26%, winter: 25%). In fact, July in 
summer, September in autumn, and December in win-
ter are greater than 10.0% (one standard deviation away 
from the mean) further supporting this idea. The high-
est occurrence of white aurora candidates is in summer, 
accounting for 32% of all observations. In contrast, the 
red aurora candidates occur the least frequently in sum-
mer, at 17%, but occur the most frequently in autumn, 
at 34%. The blue aurora candidates are most frequently 
observed during summer, accounting for 49% among the 
four seasons; the percentages in May and July are greater 
than one standard deviation of 15.0% and two standard 
deviations of 21.7%, respectively. These indicate that the 
blue aurora candidates significantly occur in summer. 
By contrast, no blue aurora candidates were observed in 
October.

Discussion and conclusion
Abbott and Juhl (2016) examined 1276 aurora candidates 
(66% of red, 20% of white, 6% of black, and 8% of other 
auroral colors) based on Chinese and Korean records 

Table 1  Proportions and confidence interval of PH–PL during 
511–1876

Aurora color PH PL 90% CI

Overall 0.171 0.134 [0.004, 0.070]

White 0.112 0.093 [−0.009, 0.047]

Red 0.075 0.034 [0.021, 0.062]

Blue 0.018 0.029 [−0.025, 0.003]
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from 500 to 1700 CE and applied bootstrapping tech-
niques (Menke and Menke 2016) to the comparison of the 
aurora candidates and the 14C production. To adequately 
compare the auroral data to the time series of estimated 
production of 14C, they process the auroral data using the 
errors in the time series of ± 5 years (Usoskin and Kromer 
2005), and program that adds each observation and its 
error in Gaussian to form a time series (Abbott and Isley 
2002a, b; Isley and Abbott 1999, 2002). The findings of 
Abbott and Juhl (2016) align with our statistical results 
regarding red aurora candidates (Fig.  2), indicating that 
they occur more frequently during HSA periods. How-
ever, their results regarding white aurora candidates differ 
from our study. They found that white aurora candidates 
are more abundant during times of high 14C production 
(i.e., lower solar activity) compared to periods of low 14C 
production (i.e., higher solar activity). This discrepancy 
may be attributed to the use of the Korean dataset in their 
study. It is worth noting that our study does not assume 
any errors and provides independent results.

Hayakawa et  al. (2017a) reported that the peaks of 
occurrence of aurora candidates are consistent with 
contemporary TSI, however, Tamazawa et  al. (2017) 
found that those are irrelevant to the solar activity. Fig-
ure 1 displays that data in 581–959 CE (379 years) used 
by Tamazawa et  al. (2017), 960–1279 CE (320 years) by 
Hayakawa et  al. (2015), 1261–1644 CE (384  years) by 
Hayakawa et al. (2017a), and 1559–1912 CE (354 years) 
by Kawamaru et  al. (2016) are relatively short, while 
the integrated data cover a period of 1365  years during 
511–1876 CE. It can be seen that the previous studies 
simply cover 2 pairs of HSA and LSA periods that might 
not be suitable to investigate long-term variations asso-
ciated with solar activities. We investigate the integrated 
data and find 90% confidence intervals (CIs) for the dif-
ferences between auroras and solar activities over a mil-
lennium scale during 581–1876 CE. Figure 2 and Table 1 
show that the aurora candidates occur more frequently 
during HSA periods, especially the red aurora candidate.

The statistical results of occurrences of aurora candi-
dates in different solar activities and seasons show that 

Fig. 3  Number and percentage of aurora candidates of various colors in each month and season. The percentage is computed by aurora year 
counts in each month divided by the year counts of study periods. The percentages of the four seasons and the mean value ( x , solid lines) as well 
as it plus/minus the standard deviation ( x±σ, dashed line) are denoted
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aurora candidates of varying colors might originate from 
distinct mechanisms. The red aurora candidates are likely 
a type of red low-latitude aurora, specifically stable auro-
ral red (SAR) arcs or type d auroras, which are produced 
by low-energy electrons (Collis et al. 1991; Rietveld et al. 
1991; Rassoul et al. 1993). Note that most of the aurora 
candidates were recorded in the capitals of ancient Chi-
nese dynasties (Keimatsu 1976; Hayakawa et  al. 2015), 
which meet the criteria of "low-latitude auroras" or 
"mid-latitude auroras" and usually observed at geomag-
netic latitudes below 50 degrees (Tinsley et al. 1984; Ras-
soul et al. 1993). The red aurora candidates significantly 
occurring more frequently during HSA is also consistent 
with observations of low-latitude auroras reported by 
scientists (Bellew and Silverman 1966; Abbott and Juhl 
2016; Hayakawa et al. 2017b; Mendillo and Wroten 2019; 
Gupta 2020). Moreover, the occurrence rates that show 
SAR arcs to be least observed during summer months 
(Mendillo and Wroten 2019), which has good agreement 
with Fig.  3. To sum up, the red aurora candidates are 
most probable to be considered as low-latitude aurora.

Meanwhile, probably, some of the white aurora candi-
dates recorded in the Chinese official histories could be 
attributed to atmospheric optical events such as moon 
halo, paraselene, sun dogs, parhelic circles, and 22° halo 
(Hayakawa et al. 2015; Kawamaru et al. 2016; Tamazawa 
et al. 2017). However, it is worth noting that these events 
do not show a clear association with solar activities or 
seasons. Interestingly, white aurora candidates were 
found to occur most frequently in the summer, which is 
similar to the occurrence of noctilucent clouds, since they 
are night-shining clouds consisting of ice crystals that 
form in a very high atmosphere and remain illuminated 
by the sun long after it has set at ground level (Gadsden 
and Schröder 1989). Note that, this phenomenon is fre-
quently visible in mid-latitudes during the summer, and 
might be recorded as an aurora-like description in his-
torical records. Gadsden and Schröder (1989) found that 
noctilucent clouds appear more frequently during LSA, 
while it has been known that auroras occur more fre-
quently during HSA. It might be confounded effects that 
the CI of white aurora candidates crosses zero. Therefore, 
some of the white aurora candidates might be partially 
attributed to noctilucent clouds, which occur in a similar 
location and season to the white aurora candidates.

As for the blue aurora candidates, Gupta (2020) 
reported that molecular nitrogen and ionized molecu-
lar nitrogen produce visible light emissions, and radi-
ate at a large number of wavelengths in both red and 
blue, especially 428  nm. Blue and purple emissions, 
typically at the lower edges of the "curtains", show up at 

the highest levels of solar activity. However, Fig. 2 and 
Table  1 show that the proportion of blue aurora can-
didates is oppositely higher during LSA periods, which 
suggests that the blue aurora candidates might be 
something else rather than auroras. In conclusion, this 
study examines the relationship between aurora candi-
dates and solar activities, as well as their seasonal varia-
tions during the millennium scale of 511–1876 CE. The 
statistical results show that the red aurora candidates 
occur significantly frequently during high solar activi-
ties, which most likely are low-latitude auroras. The 
white aurora candidates are probably related to atmos-
pheric optical events or noctilucent clouds.
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