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Abstract 12 

We report four low-latitude auroral events in 2024 as observed from Hokkaido, Japan (June 13 

28, August 4, September 12, and November 9). These auroral events occurred during 14 

moderately intense magnetic storms, with the peak Dst index of approximately −110 nT, 15 

accompanied by significant magnetospheric compression. We estimate the altitudes of these 16 

red auroras to be > ~500 km, via widespread citizen science efforts. During the red aurora 17 

appearances in Japan, the ASYM-H index increased significantly to around 150 nT, which was 18 

approximately 1.3–2.0 times larger than the SYM-H peak amplitude for all events, suggesting 19 

that the actual storm intensities were underestimated. We further propose that the very dense 20 

solar wind of >~30 /cc is a key for causing the majority of extended red auroras during 21 

moderately intense magnetic storms, possibly via the stronger-than-usual enhancement of the 22 

atmospheric Joule heat in the subauroral latitude.  23 

Keywords: aurora, magnetic storm, citizen science 24 

 25 

1 Introduction 26 

Satellite atmospheric drag is a critical issue in space weather forecasting, as manifested by 27 

the unexpected re-entry of Starlink satellites during not-unusual magnetic storms in February 28 

2022 (Hapgood et al., 2022; Kataoka et al., 2022). More recently, Grandin et al. (2024) reported 29 

that the orbiting altitudes of many Low Earth Orbit (LEO) satellites significantly dropped during 30 

the extremely intense magnetic storm on May 11, 2024. They highlight the urgent need for 31 

improved understanding and prediction of the thermospheric density and atmospheric drag 32 

enhancements due to Joule heat in the thermosphere, particularly at subauroral latitudes 33 

where many LEO satellites are orbiting. 34 

During magnetic storms, the auroral oval expands to subauroral latitudes, occasionally 35 

allowing red auroras to be observed from lower-latitude regions such as Japan (e.g., Shiokawa 36 

et al., 2005; Kataoka et al., 2017; Cliver et al., 2022). The equatorward expansion of the auroral 37 

oval correlates with the peak intensity of magnetic storms (Yokoyama et al., 1998). However, we 38 

have to admit that there is a large scatter in the correlation, and different theoretical curves can 39 

also be fitted (Kataoka and Nakano, 2021).  40 

Understanding the cause of deviations from the theoretical curves and the possible 41 

variations are important because the equatorward expansion of the auroral oval can provide 42 

indirect evidence of thermospheric density enhancements in subauroral latitudes. Kataoka et al. 43 

(2024b; 2025) emphasized the critical role of the Joule heat during the magnetic storms in 44 

forming exceptionally extended auroras. The high-altitude extension of red aurora can therefore 45 

be evidence of increased thermospheric density due to atmospheric heating.  46 

Recently, citizen science has played a significant role in visualizing the horizontal and vertical 47 

expansion of auroras (e.g., Case et al., 2016; Kosar et al., 2018; Grandin et al., 2024; Kataoka et 48 

al., 2024a, 2024b, 2025). Social media advancements have facilitated the use of aurora 49 

photographs posted online as valuable citizen science data. For example, Casa et al. (2015) 50 

analyzed aurora-related tweets and found that the number of tweets increased when auroras 51 
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were visible from lower latitudes, correlating with the auroral activity such as the Kp, AE and Dst 52 

indices. Furthermore, the global community has contributed to the rough mapping the 53 

equatorward expansion of auroral oval (Case et al., 2016; Kosar et al., 2018).  54 

As the beginning stage of the citizen science application on auroral study, it also led to the 55 

discovery of previously unknown auroral phenomena such as Strong Thermal Emission Velocity 56 

Enhancement (STEVE) and related structures like picket fences and the streaks (MacDonald et 57 

al., 2018; Archer et al., 2019; Semeter et al., 2020). Additionally, dunes—wave like pattern of 58 

green diffuse aurora —were also found through citizen science (Palmroth et al., 2020). 59 

Furthermore, the interaction between proton auroras and Stable Auroral Red (SAR) arcs was 60 

also documented through citizen’s photographs (Nishimura et al., 2022). 61 

Most recently, during the Solar Cycle 25, widely spreading citizen science activities make 62 

substantial contributions to auroral research. Advances in high-sensitivity cameras have also 63 

enabled citizen scientists to capture auroras by using their own smartphone cameras. Grandin 64 

et al. (2024) conducted a global citizen science study, analyzing 696 reports from 30 countries 65 

during the extremely intense storm on May 11, 2024. They found that the auroral oval 66 

expanded to much lower latitudes than expected by the empirical auroral oval model. 67 

Additionally, they highlighted that citizen scientists provided significantly large volume of the 68 

auroral data because conventional auroral observatories in the Northern Hemisphere were 69 

located at high latitude and nonfunctional due to continuous dusk under the midnight sun. 70 

The citizen-science auroral observations from midlatitude countries such as Japan are 71 

especially valuable for determining both the equatorward expansion of the auroral oval and the 72 

vertical extension of auroral heights (Kataoka et al., 2024a, 2024b, 2025; Nanjo and Shiokawa, 73 

2024). Note that the northern-most region of Japan, Hokkaido and Tohoku area, is located at 74 

around 32–39 MLAT (magnetic latitude), which is relatively low on average compared to the 75 

USA and Europe, where most auroral citizen science has been previously conducted. Thanks to 76 

the high population of Japan, the most intensive aurora observation network in the world can 77 

be realized based on the Japan’s citizen science during the May 2024 storm (Kataoka et al., 78 

2024b) and October 2024 storm (Kataoka et al., 2025). Kataoka et al. (2024a) also emphasized 79 

another importance of the dense citizen science network, as they do not tend to miss rare 80 

auroral events.  81 

Interestingly, the expansion of the auroral oval does not always correspond to the peak Dst 82 

index which reflects the ring current evolution and is commonly used to evaluate magnetic 83 

storm intensity. According to conventional theory, the appearance of low-latitude aurora 84 

correlates with the amplitude of the Dst index (Yokoyama et al., 1998; Kataoka & Nakano, 2021). 85 

However, red auroras have sometimes been observed from low latitudes, such as Hokkaido, 86 

Japan, during moderately intense magnetic storms with a peak Dst index around −100 nT (e.g., 87 

Shiokawa et al., 2005; Kataoka et al., 2024a). For example, Kataoka et al. (2024a) reported a red 88 

aurora observed from Hokkaido on December 1, 2023, during highly compressed 89 

magnetosphere conditions, with a peak Dst index of only −108 nT. They suggested that high-90 

density solar wind, which drives magnetospheric compression, played a crucial role in red 91 

aurora appearance. Ma et al. (2024) analyzed the same event and proposed that magnetic field 92 
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lines of the plasma sheet shifted toward low latitudes due to the magnetospheric compression, 93 

which expanded the precipitation region of low-latitude auroras.  94 

In fact, direct magnetospheric compression by intense dynamic pressure drives the 95 

equatorward expansion of the auroral oval and enhances auroral activity (e.g., Li and Wang, 96 

2018; Samsonov et al., 2021). During some magnetic storms, intense magnetospheric 97 

compression can lead to geosynchronous magnetopause crossing (GMC) events, which the 98 

magnetopause shifts inward of the geosynchronous orbit at 6.6 RE (e.g., Shue et al., 1998). 99 

Samsonov et al. (2021) noted that auroral activity becomes more active within one hour 100 

following the GMC onset.  101 

There is the possibility that both the magnetospheric size and the solar wind density can 102 

contribute to the appearance of low-latitude aurora in a different pathway. Recent studies have 103 

discussed the nonlinear effects of solar wind density on auroral energy deposition based on 104 

global magnetohydrodynamic simulations (Ebihara et al. 2019), SuperDARN observations 105 

(Khachikjan et al. 2008; Yang et al. 2020), machine learning techniques (Nakano and Kataoka 106 

2022), and citizen science (Kataoka et al., 2024a). However, no comprehensive multievent 107 

analysis has yet examined the possibly different roles or effects of magnetospheric size and the 108 

solar wind density on the low-latitude auroral appearance.  109 

This study aims to improve the predictability of low-latitude auroras during intense, but not 110 

necessarily major magnetic storms with the peak Dst ranging from −100 nT to −150 nT. We also 111 

differentiate the potentially different roles of magnetospheric size and the solar wind density on 112 

the auroral oval expansion. For that purpose, we conduct a multi-event analysis of storm-time 113 

auroral oval expansion as well as the vertical extension by using citizen science datasets and 114 

space weather datasets. 115 

In Section 2, we describe the datasets used in this study and provide an overview of the 116 

space weather context for five red aurora events. Section 3 briefly outlines the method of 117 

analysis, focusing only on the representative event. Applying the same analysis, Section 4 118 

reports the results for the four faint red auroras observed from Japan on June 28, August 4, 119 

September 12, and November 9, 2024. We also report an auroral event observed from 120 

Hokkaido, Japan on March 26, 2025 associated with corotating interaction region (CIR) in this 121 

section. In Section 5, we discuss the characteristic variabilities in space weather datasets during 122 

these storms compared to other storms without auroral appearance in Japan. Furthermore, we 123 

also compare the four events with CIR-related event on March 26, 2025 and other red auroral 124 

events occurred during Solar Cycle 23. In Section 6, we summarize our findings and propose 125 

directions for future research. 126 

 127 

2 Dataset and Event Overview 128 

2.1 Dataset 129 

The first author of this paper, Tomohiro M. Nakayama (TN hereafter), has conducted 130 

continuous observations as one of citizen scientists in Hokkaido since 2021, capturing auroral 131 

photographs during magnetic storms. As also shown by Kataoka et al. (2024b; 2025), the 132 
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second author Ryuho Kataoka (RK hereafter) and TN has posted basic space weather forecasts 133 

for auroral observations on X/Twitter, encouraging Japan’s citizen-science community to 134 

conduct auroral observations and share their results using a designated hashtag meaning 135 

“aurora-citizen” in Japanese. In addition, for this particular scientific work to summarize 136 

multiple Japan auroral events in 2024 and 2025, TN requested successful observers to provide 137 

their original auroral photographs and observation location data.  138 

Citizen science is a powerful approach for understanding the appearance of low-latitude 139 

auroras in Japan. Citizen science activities during the December 1, 2023 storm (Kataoka et al., 140 

2024a) and the May 11, 2024 storm (Kataoka et al., 2024b) sparked public interest in auroral 141 

observations in Japan. These activities led to a rapid increase in the number of “aurora-citizen”. 142 

Many of citizen scentists were looking forward to the next event, leading to another large-scale 143 

collaboration on October 10, 2024 (Kataoka et al., 2025). These new activities also realized the 144 

continuous and multipoint citizen science observation especially in Hokkaido. 145 

There are several advantages of citizen science, against a traditional measurement: 146 

Integrating multiple citizen science photograph can contribute to identify some details of low-147 

latitude aurora events. Thanks to the widely distributed citizen science network, rare low-148 

latitude auroras are not likely to be missed anymore and have been observed more frequently 149 

than with conventional observations from a few observatories. Citizen science observations can 150 

be done even during a relatively bad weather because they are eager to move at night, looking 151 

for relatively clear sky. In addition, citizen scientists capture auroras as color photographs or 152 

time-lapse videos with higher imaging resolution than conventional observations.  153 

The disadvantages of citizen science also exist. Different from professional measurements, 154 

camera setting and the recording accuracy are depending on individuals. Multiple citizen 155 

science photographs are therefore essential to double-check, and for excluding fake images, to 156 

improve the creditability of citizen science dataset. 157 

To identify the equatorward boundary of the auroral oval, we use the electron precipitation 158 

flux data from the NOAA18 and MetOp3 satellites which are the low altitude satellites orbiting 159 

at ~850 km altitudes. We determine the equatorward boundary of the auroral oval using 160 

electron differential flux data from each satellite, obtained directly from CDA Website  161 

(https://cdaweb.gsfc.nasa.gov/), focusing on cases where the 189 eV low-energy electron flux 162 

exceeds 10³ cm⁻²·s⁻¹·sr⁻¹·eV⁻¹ (Supporting Information, Figures 9, 10, 13,14, S1-S3). 163 

We use the OMNI2 5-min solar wind data (Papitashvili et al., 2020) as well as the 0.1-second 164 

resolution magnetometer data from GOES 16 and GOES 18 geostationary satellites to identify 165 

the GMC events. In the geocentric solar magnetospheric (GSM) coordinate system, the GMC 166 

event can be identified by the negative Z-component of the GOES magnetometer data 167 

(Supporting Information, Figure S5). Note that, there are favorable time interval for the GMC 168 

detection. GOES 16 and GOES 18 are located at 75.2°W and 137.0°W, respectively, and when 169 

these satellites are located in the dayside, they can detect GMC event. GOES satellites are on 170 

the nightside between 03 UT and 11 UT, corresponding to 12 LT to 20 LT in Japan.  Therefore, 171 

GOES satellites can cover almost of Japan’s night time. 172 

https://cdaweb.gsfc.nasa.gov/
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 173 

2.2 Event overview 174 

In this paper we describe the magnetic storms with the peak Dst ranging from −100 to −150 175 

nT as “moderately intense” storms because there is no proper classification of the storm 176 

intensity with the peak Dst index ranging from −100 to −150 nT.  There are some classifications 177 

of the storm intensities, for example, magnetic storms with the peak Dst ranging from −100 to 178 

−200 nT are “strong” defined by Loewe and Prölss, (1997), and with the peak Dst less than −100 179 

nT are “intense” defined by Gonzalez et al. (1994). 180 

As described in the previous section, low-latitude auroral appearances in Japan do not 181 

always correlate to the amplitude of the Dst index, i.e. low-latitude auroras occur even during 182 

moderately intense storms. To investigate the mechanisms of the auroral appearance during 183 

the moderately intense storms, we analyze nine magnetic storms in total described in Table1.  184 

We mainly focus on all moderately intense storms after an event on December 1, 2023 as 185 

this is when citizen science became more active and data from more events and locations 186 

became available. We categorize these nine storms into four groups. GROUP 1 consists of the 187 

four Japan aurora events driven by CMEs. GROUP 2 includes the November 4, 2021, and March 188 

24, 2024, magnetic storms, which were associated with high-speed solar wind, large ASYM-H 189 

index and no Japan aurora. GROUP 3 comprises September 17 and October 8, 2024, magnetic 190 

storms, which were associated with medium-speed solar wind and without large ASYM-H index 191 

and dynamic aurora during the nighttime of Japan. GROUP 4 includes March 26, 2025 Japan 192 

aurora event driven by CIR. We include this event as a complementary example against CME 193 

events to show that similar Japan aurora event can also appear associated with CIR. Note that, 194 

we excluded December 1, 2023 event which can be categorized as GROUP 1, because it has 195 

been documented by Kataoka et al. (2024a). In addition, we include an event from November 4, 196 

2021 because the first author TN contributed to the citizen science observations. Therefore, it 197 

was known that data existed that was relevant to the topic of this study and could be used to 198 

increase the sample size. 199 

We summarize the characteristics of these nine storms in Table 1. We note the minimum 200 

Dst, Pressure corrected Dst calculated by the equation from O’Brien and McPherron (2000) 201 

(Dst*) throughout the storm. We also note the minimum subsolar distance of magnetopause, 202 

minimum SYM-H and maximum ASYM-H indices throughout Japan’s nighttime (09−21 UT). In 203 

this study, we use the empirical model of Shue et al. (1998) to estimate the subsolar distance of 204 

the magnetopause, as an indicator of the possible size of the magnetosphere. We also noted 205 

the median values of solar wind density (N), speed (V) and dynamic pressure (Pd) throughout 206 

the main and/or recovery phases of each storm, in red and blue respectively. The 207 

corresponding time intervals are described by colored bars in Figures 1, 16,17. Additional 208 

details on these events are described in Supporting Information, Figures S6−S14. 209 
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Table 1 Overview of nine magnetic storms analyzed. Four red auroral events driven by CME 210 

are summarized in GROUP 1. Magnetic storms in GROUP 2 are associated with large ASYM-H 211 

index and small magnetopause distance, and without Japan aurora. Magnetic storms in GROUP 212 

3 are associated with moderate speed and moderate density, without large ASYM-H and 213 

dynamic aurora in Japan. The magnetic storm in GROUP 4 is associated with CIR and Japan 214 

aurora. The Dst, pressure corrected Dst (Dst*) are the minimum value throughout each storm. 215 

The minimum subsolar distance of model magnetopause, peak SYM-H and ASYM-H are 216 

calculated for the time interval of Japan’s nighttime (09 UT–21 UT). Solar wind density (N), 217 

speed (V) and dynamic pressure (Pd) are calculated for the corresponding main (red) and/or 218 

recovery (blue) phase of each storm. 219 

 220 

We firstly focus on GROUP 1 events to describe the auroral appearance during moderately 221 

intense storms driven by CME. The peak Dst index for GROUP 1 events ranged from −100 to 222 

−121 nT. These events were associated with intense magnetospheric compression as indicated 223 

by the small magnetopause distance (6−7 RE). These auroras were too faint to see with the 224 

naked eye. Note that, red auroras on August 4 and September 12 were not observed at Nagoya 225 

University’s aurora observatories in Rikubetsu (Eastern Hokkaido, 43.5° N, 143.8° E, 36.9° 226 

MLAT) and Moshiri (Northern Hokkaido, 44.4° N, 142.2° E, 37.9° MLAT) due to the bad weather.  227 

The solar wind profile indicates a particular pattern of high-density and moderate-velocity 228 

for all events. It is apparent that the high-density solar wind (16−56 /cc) or intense dynamic 229 

pressure (5−23 nPa), caused strong magnetospheric compression (5.9−7.1 RE). Interestingly, 230 

prolonged (>12 h) southward interplanetary magnetic field with Bz ranging from −5 to −20 nT, 231 

originating from coronal mass ejections (CMEs) contributed to storm developments 232 

(Supporting Information, Figures S6−S9). Note that, the speed of these CMEs ranged from 350 233 

to 600 km/s. Three of the four storms were associated with GMC events (Supporting 234 

Information, Figure S5), while the November 9 event was not. However, note that, there were 235 

strong magnetospheric compression events with the smallest subsolar magnetopause range of 236 

7 to 8 RE. 237 
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Figure 1 illustrates the variation in modeled subsolar magnetopause distance, solar wind 238 

dynamic pressure (Pd), density (N), and velocity (V) during the Japan aurora events.  Blue 239 

shaded regions denote modeled GMC events, green shaded regions denote GMC events 240 

observed by GOES satellites, and red shaded regions denote the periods when red auroras were 241 

observed by citizen scientists in Japan. The red auroras were associated with GMC events or 242 

under the compressed magnetopause conditions, during the period of the large difference in 243 

the |SYM-H| and ASYM-H indices. Additional background information, including the solar wind 244 

drivers and geomagnetic responses for each event is provided in the next subsection and 245 

Supporting Information, Figures S6−S9. 246 

SYM-H and ASYM-H indices are derived from ground-based magnetometer observations. The 247 

SYM-H index represents the development of the symmetric ring current with higher time 248 

resolution than the Dst index, and commonly used for storm intensity evaluation. In contrast, 249 

the ASYM-H index reflects the development of partial ring current caused by outflow of ring 250 

current particle from magnetosphere. Therefore, ASYM-H index is effective to evaluate the 251 

storm intensity during intense magnetospheric compression. The relatively large ASYM-H index 252 

against |SYM-H| is consistent with the small magnetospheric size and the significant outflow of 253 

ring current particles. 254 

 255 
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Figure 1 (a)~(d) The variation in the solar wind velocity (V), density (N), subsolar distance of 256 

the model magnetopause, dynamic pressure (Pd), SYM-H and ASYM-H during each Japan 257 

aurora event. The subsolar distance of the magnetopause was calculated using OMNI2 solar 258 

wind data using the model of Shue et al. (1998). Blue shaded regions denote modeled GMC 259 

events, green shaded regions denote observed GMC events by GOES satellites, and red 260 

shaded regions denote the time periods when red auroras were observed by citizen 261 

scientists in Japan. Red and blue bars describe the time interval of calculated median value 262 

of V, N and Pd described in Table1. 263 

 264 

2.3 Space weather context of red aurora events 265 

2.3.1 June 28, 2024 event: The Highest Density Event 266 

The June 28 event is "The Highest Density Event", having the highest maximum solar wind 267 

density among the four events. The solar origin of this magnetic storm was a moderate speed 268 

CME which shock’s peak velocity is approximately 470 km/s, associated with a C3.9-class solar 269 

flare in AR13720, which occurred near the Sun’s central meridian at 2200 UT on June 25, 2024. 270 

The interplanetary shock arrived at Earth around 1020 UT on June 28. Before the shock’s 271 

arrival, the SBZ (southward interplanetary magnetic field) of approximately −10 nT prolonged 272 

more than 20 hours, and it contributed the gradual development of the magnetic storm 273 

(Supporting Information, Figure S6). After shock’s arrival, highly compressed solar wind and 274 

strong SBZ of approximately −20 nT triggered further development of the storm. The Kp index 275 

reached 8− between 1200 UT and 1500 UT. Around 1200 UT, a high-density structure arrived, 276 

and the solar wind density increased to a high level of 60–70 /cc. During this period, the 277 

magnetopause experienced strong compression in the Shue model, with the minimum of 278 

approximately 6 RE, and GMC occurred between 1407–1426 UT at GOES 16 (Supporting 279 

Information, Figure S5a). The red aurora appeared during the GMC event (Figure 1). Further 280 

details are provided in Supporting Information, Figure S6. 281 

 282 

2.3.2 August 4, 2024 event: The Long GMC and Undefined CME Event 283 

The August 4 event is "Long GMC" and an "Undefined CME" event. This storm featured the 284 

longest GMC duration of the four events, lasting over two hours. The solar origin was a 285 

moderate speed CME, which shock’s peak velocity is approximately 400 km/s, and its exact 286 

source remains unclear. At approximately 0640 UT on August 4, a CME-related interplanetary 287 

shock arrived at Earth. The highly compressed solar wind and continuous SBZ (>12 h, ~−10 nT) 288 

downstream of the shock contributed to the storm development, with the Kp index reaching 7 289 

between 1500 and 1800 UT. As high-density structure (40–60 /cc) downstream of the shock 290 

passed, the magnetopause experienced strong compression in the Shue model, with the 291 

minimum of approximately 6.5 RE, and GMCs intermittently occurred between 1440 and 1700 292 

UT at GOES 16 (Supporting Information, Figure S5b). The red aurora appeared during GMC 293 

events (Figure 1). Further details are provided in Supporting Information, Figure S7. 294 

 295 
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2.3.3 September 12, 2024 event: The Akita Aurora Event 296 

The September 12 event is "The Akita Aurora Event" because it was the only case among the 297 

four in which a red aurora was observed from Akita prefecture, located in northern main island, 298 

Japan. This event involved two interplanetary shocks. The first interplanetary CME-related 299 

shock arrived at Earth around 0610 UT on September 12, followed by a second shock at 1200 300 

UT. One of the storm’s solar origins was a CME associated with a M1.2-class solar flare in 301 

AR13814, located in the northern part of the central solar meridian, at 0000 UT on September 302 

10, 2024. However, the source of the other remains uncertain. The highly compressed solar 303 

wind and strong SBZ (~−15 nT) downstream of the shock contributes to the storm development, 304 

with the Kp index reaching 7− between 0900 and 1500 UT, and 7, between 1800 and 2100 UT. 305 

After the second shock’s arrival, a high-density structure (~40 /cc) passed, and the 306 

magnetopause experienced strong compression in the Shue model, with the minimum of 307 

approximately 6 RE, between 0910 and 1020 UT. Additionally, GMC event occurred between 308 

1830 and 1920 UT at both GOES 16 and GOES 18 satellites (Supporting Information, Figure 309 

S5c). The red aurora appeared during intense magnetospheric compression events (Figure 1). 310 

Further details are provided in Supporting Information, Figure S8. 311 

 312 

2.3.4 November 9, 2024 event: Without GMC Event 313 

The November 9 storm is "without a GMC event," as it was the only event among the four 314 

that was not associated with GMC events (Supporting Information, Figure S5d). The solar origin 315 

of this magnetic storm was a faint, moderate speed CME, which shock’s peak velocity is 316 

approximately 400 km/s, associated with an X2.3-class solar flare in AR13883, located in the 317 

southern part of the central solar meridian, at 1300 UT on November 6, 2024. The associated 318 

CME was not visible in coronagraph images. The associated interplanetary shock arrived at 319 

Earth around 1100 UT on November 8. The prolonged SBZ (> 18 h, ~−10 nT) downstream of the 320 

shock led to the gradual development of a geomagnetic storm, with the Kp index reaching 5 321 

between 1200 and 1500 UT on November 9. At 0930 UT, the passage of a high-density structure 322 

(~30 /cc) compressed the magnetosphere, reaching approximately 7 RE in the Shue model by 323 

1000 UT. Between 1300 and 1400 UT, another high-density structure (30–40 /cc) passed, 324 

however, Bz remained near zero, and the magnetospheric compression stayed at about 8 RE. 325 

The appearance of the red aurora corresponded to strong magnetospheric compression and 326 

the passage of high-density structures (Figure 1). Further details are provided in Supporting 327 

Information, Figure S9. 328 

 329 

2.3.5 March 26, 2025 event: CIR driven event 330 

CMEs are usually dominant in producing large magnetic storms with low-latitude auroras. 331 

CIR-driven low-latitude auroral events are relatively rare, although CIRs can sometimes drive 332 

large storms (Richardson et al., 2006). Note that, Shiokawa et al. (2001; 2005) first reported a 333 

CIR-related low-latitude auroral event, which occurred on May 13, 1999. We report another red 334 

aurora event associated with CIR which occurred on March 26, 2025. The solar origin of this 335 
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storm is composed by two sources. One of the origins is the CIR associated with a coronal hole. 336 

The other is CMEs which passed the Earth on March 24, 2025. The peak Bt and Bz of this 337 

disturbance is strong (Bt ≈ 22 nT, Bz ≈ −20 nT), indicating that the CIR was affected by the 338 

aftermath of the CMEs. Furthermore, between 1332 UT to 1341 UT, GMC events intermittently 339 

occurred at the GOES 16 satellite (Supporting Information, Figure S5e), indicating that the red 340 

aurora appeared during the intense magnetospheric compression conditions. The GMC events 341 

were caused by the intense dynamic pressure due to the passing of the high-density solar wind 342 

(> 30 /cc). Further details are provided in Supporting Information, Figure S14. 343 

 344 

3 Method of analysis 345 

To roughly estimate the auroral altitude from the citizen science photographs, we must rely 346 

on several different assumptions. In this study, we firstly assume that the red aurora in the 347 

photograph approximately represents the altitude profile of the auroral emission at the 348 

equatorward boundary of the auroral oval. The actual emission distribution cannot be fully 349 

resolved because auroral photographs provide only two-dimensional, line-of-sight integrated 350 

information, while the auroral oval has latitudinal width. Secondly, since all of the auroral 351 

appearances were at low elevation angles, we treat the equatorward boundary as a “flat plane” 352 

that follows the local magnetic dip angle at the equatorward boundary, while neglecting the 353 

curvature of the magnetic field lines. 354 

Based on the International Geomagnetic Reference Field (IGRF) model (Alken et al., 2021), 355 

we identified the relevant magnetic field line at the satellite's position when it observed the 356 

equatorward boundary of the electron precipitation. We then calculated the magnetic dip angle 357 

individually for each event at the satellite's position (satellite’s latitude, 142°E, altitude of 850 358 

km). We approximated the magnetic field line as a straight line with this calculated dip angle, 359 

extending it upwards and downwards from the spacecraft position. Note that the satellite 360 

altitudes change only approximately 20 km, and the error caused by the variation can be 361 

negligible for this study. The solid black line in Figure 2a shows the magnetic field line for the 362 

representative event of August 4.  363 

Using this setup, we first measured the elevation angles of the auroral body from the 364 

photographs with reference to background stars. Next, we projected the lines-of-sight at the 365 

measured elevation angle onto the magnetic field line corresponding to the equatorward 366 

boundary of the auroral oval, as derived from satellite data (Figure 2a). Finally, we 367 

superimposed the grids representing the estimated altitude on the original photograph, and 368 

visualized the altitude distribution of auroral emission (Figure 2b).  369 

Note that, the auroral top boundary has gradual distribution tail, and the appearance of the 370 

auroras can be contaminated under moonlit conditions etc. Additionally, the actual auroral top 371 

is too faint to be detected by cameras. Therefore, we focus on visualizing the auroral altitude 372 

distribution by simply superimposing the scale onto the photograph. 373 



 

12 

 

 374 

Figure 2 Estimation of auroral altitude using photograph taken by citizen scientist and 375 

satellite-derived magnetic field line. (a) The magnetic field line of the satellite location (red 376 

marker) is shown by black solid line. The lines-of-sight of 0-, 10-, 20-, 30-degree elevation 377 

angles are shown by red, green, blue, magenta solid lines. Each estimated altitude is 378 

indicated by the corresponding dotted curve, with altitudes of 220 km, 480 km, 800 km, and 379 

1110 km. (b) The altitude distribution of auroral emission was visualized by superimposing 380 

an altitude grid on the photograph.  381 

 382 

At 1346–1350 UT, when auroras were observed in Hokkaido, the NOAA18 satellite was 383 

located at near Japan’s meridian, i.e. 48–65°N and 124–113°E at that time. At 1348 UT, the 384 

equatorward boundary of the auroral oval was located at is 57.9°N, 119.2°E. (Supporting 385 

Information, Figure S2). 386 

Using the magnetic dip angle along the 142 °E longitude line passing through central 387 

Hokkaido, and the magnetic field line identified at 57.9 °N from NOAA18 observations, we 388 

plotted the magnetic field line, as shown in Figure 2a. Consequently, we estimate that the 389 

auroral body at an elevation angle of 20° reached an altitude of ~800 km at 1659 UT.  390 

There are two primary sources of error for the altitude estimation. First, the altitude grids 391 

have uncertainties due to non-synchronous observations. The variation in auroral elevation 392 

angle within each photograph can cause uncertainties. The photographs analyzed in this study 393 

represent the timing of typical auroral conditions when the elevation angles of the auroral body 394 

was at its maximum for each event. However, the observation times of the aurora and the 395 

satellite passes are not exactly synchronized. Therefore, we have to consider the potential error 396 

caused by the time difference between photograph and satellite observations. In this case, the 397 

time difference is the largest, exceeding three hours, and the elevation angles of the auroral 398 

body roughly changed by approximately 15 degrees (from 20° to 5°) during the three hours 399 

time interval. Consequently, the estimated altitude of this case can be ~450 km lower. In 400 

contrast, the events on June 28, 2024; September 12, 2024; November 9, 2024; and March 26, 401 
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2025 had shorter time difference around 20 minutes. The variation in elevation angle of the 402 

auroral upper edge over these shorter intervals is limited to approximately 3 degrees (from 403 

~12° to ~9°), and their altitude can be about ~110 km lower.  404 

Second, the latitudinal width of the auroral oval can also cause uncertainties. We cannot 405 

definitively determine which rayed structure in the photograph corresponds to a specific 406 

magnetic field line. Auroral oval has a latitudinal width in the polar direction but the auroral 407 

photographs only serve two-dimensional information. If the selected rayed structure is located 408 

three degrees poleward, the auroral height can be about 170 km above at the elevation angle 409 

of 10° in this case. Similar uncertainties (~150 km, at elevation angle of 10°) were found in the 410 

other cases. 411 

 412 

4 Results 413 

4.1 June 28 event 414 

Between 1300 and 1530 UT on June 28, 2024, citizen scientists in Hokkaido successfully 415 

observed red auroras. At this time, the peak Dst index was −107 nT at 1300 UT, and the auroras 416 

appeared during both the main phase and the recovery phase of the magnetic storm. Based on 417 

photographs taken by TN, the aurora exhibited dynamically changing red aurora with faint 418 

longitudinal structure, which is the characteristic of storm-time substorms (Figure 3b). Note 419 

that, all photographs exhibited diffuse auroral emission, therefore there is a possibility of 420 

mixture of red aurora and SAR arc. Figure 3a shows the locations where citizen scientists 421 

observed the auroras, while Figure 3c and 3d present the representative photographs taken by 422 

citizen scientist and TN. Note that the number of citizen scientist who observed this aurora is 423 

the highest among the five events we report in this section. 424 
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Figure 3 The locations of observation by citizen scientists and the red aurora photographs. 425 

(a) The locations of observation of red aurora. (b) Yoichi, Hokkaido (43.3°N, 140.7°E; red 426 

marker), Japan at 1354 UT (2254 JST, Japan local time) on 28 June 2024. (Courtesy of TN); 427 

(c) Nayoro, Hokkaido (44.4°N, 142.4°E; blue marker), at 1410 UT (Courtesy of Y. 428 

Sano); (d) Yoichi, Hokkaido (43.3°N, 140.7°E; red marker), Japan at 1424 UT (2324 JST, Japan 429 

local time) on 28 June 2024. (Courtesy of TN).  430 

 431 

At 1448–1452 UT, when auroras were observed in Hokkaido, the NOAA18 satellite orbited at 432 

near Japan’s meridian, i.e. 50–64°N and 108–99°E. At 1450 UT, we estimate the equatorward 433 

boundary of the auroral oval to be located at 56.6°N, 104.2°E (Supporting Information, Figure 434 

S1). 435 

Consequently, we estimate that at 1424 UT, the upper portion of the aurora where the 436 

aurora transitioned from reddish-purple to blue— probably caused by resonant scattering (e.g., 437 

Kataoka et al. 2024b)—reached an altitude of ~650 km at an elevation angle of 14° (Figure 4). 438 

The figure of the workflow of the altitude estimation is provided in Supporting Information, 439 

Figure S4a.  440 

 441 

Figure 4 The estimation of the auroral altitude of June 28 event. The elevation angles of the 442 

auroral body were derived from the photograph, using stars as reference points, and then 443 

mapped onto the image. These angles were projected onto the magnetic field line at the 444 

equatorward boundary of the auroral oval, as estimated from satellite observation. As a 445 

result, the altitude of upper portion of the aurora was estimated to be ~650 km at an 446 

elevation angle of 14°. 447 

 448 
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4.2 August 4 event 449 

Between 1145 and 1800 UT on August 4, 2024, citizen scientists in Hokkaido successfully 450 

observed magenta auroras. At that time, the peak Dst index was −100 nT at 1800 UT, and the 451 

auroras appeared during the main phase of the magnetic storm. Based on the photographs 452 

taken by citizen scientists, the auroras displayed clear rayed structures. These auroras appeared 453 

due to storm-time substorms.  454 

Additionally, between 1650 and 1800 UT, tall blue auroras exceeding the elevation angle of 455 

30°, probably associated with N₂⁺ resonant scattering (e.g., Kataoka et al. 2024b), were also 456 

observed (Figure 5b). Figure 5a shows the observation locations of aurora in Hokkaido, and 457 

Figure 5b–5d present the magenta aurora photographs taken by citizen scientists. Although the 458 

number of observations by citizen scientists was the lowest among the five events due to bad 459 

weather, the observation was successful thanks to widely distributed citizen science network. 460 

As mentioned in Section 3, at 1659 UT, we estimate that the upper portion of the aurora 461 

where the aurora transit from reddish-purple to the gray sky background, at an elevation angle 462 

of 20 degrees, reached an altitude of ~800 km.  463 

 464 

Figure 5 The locations of observation by citizen scientists and the magenta aurora 465 

photographs. (a) The locations of observation of magenta aurora. (b) Nakagawa, Hokkaido 466 

(44.8°N, 142.1°E), Japan at 1702 UT (0202 JST, 5 August, Japan local time) on 4 August 467 

2024. (Courtesy of K. Tamura); (c) Shibetsu, Hokkaido (44.2°N, 142.5°E), at 1221 UT 468 
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(Courtesy of T. Kato); (d) Hobetsu, Hokkaido (42.8°N, 142.2°E), at 1704 UT (Courtesy of K. 469 

Uematsu).  470 

 471 

4.3 September 12 event 472 

Between 1300 UT and 1615 UT on September 12, 2024, citizen scientists in Hokkaido and 473 

Akita prefecture successfully observed magenta auroras. The peak Dst index was −121 nT at 474 

1500 UT, and the auroras appeared during the main phase of the magnetic storm. Based on the 475 

photographs taken by citizen scientists, the auroras exhibited dynamically changing red aurora 476 

with faint longitudinal structure (Figure 6b). In other photographs (Figures 6c to 6e), there are 477 

diffuse red auroras, indicating the possible mixture of red aurora and SAR arc. These auroras 478 

appeared due to storm-time substorms. Figure 6a shows the observation locations of aurora in 479 

the northernmost part of Japan, and Figure 6b–6e show the magenta aurora photographs 480 

taken by TN and citizen scientists.  481 

 482 

 483 

Figure 6 The locations of observation by citizen scientists and the auroral photographs. (a) 484 

The locations of observation of magenta aurora. (b) Setana, Hokkaido (42.5°N, 139.8°E), 485 

Japan at 1345 UT (2245 JST, Japan local time) on 12 September 2024. (Courtesy of T. 486 

Yamauchi); (c) Katagami, Akita (39.9°N, 140.0°E), at 1419 UT (Courtesy of Y. 487 

Kodama); (d) Otaru, Hokkaido (43.2°N, 141.0°E), at 1602 UT (Courtesy of TN); (e) 488 

Noboribetsu, Hokkaido (42.6°N, 141.1°E), at 1345 UT (Courtesy of R. Satoh).  489 

 490 
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Between 1358 UT and 1402 UT, when auroras were observed in Hokkaido, the NOAA18 491 

satellite was located at Japan’s meridian, i.e. 50–64°N and 120–112°E. The equatorward 492 

boundary of the auroral oval was estimated to be located at 58.0°N, 116.3°E at 1400 UT 493 

(Supporting Information, Figure S3).  494 

Consequently, we estimate that at 1345 UT, the upper portion of the aurora where it 495 

transitioned from magenta to gray reached an altitude of ~630 km at an elevation angle of 10° 496 

(Figure 7). The figure of the workflow of the altitude estimation is provided in Supporting 497 

Information, Figure S4b.  498 

 499 

Figure 7 The estimation of the auroral altitude of September 12 event. The elevation angles 500 

of the auroral body were derived from the photograph, using stars as reference points, and then 501 

mapped onto the image. These angles were projected onto the magnetic field line at the 502 

equatorward boundary of the auroral oval, as estimated from satellite observation. As a result, 503 

the altitude of the upper portion of the aurora was estimated to be ~630 km at an elevation 504 

angle of 10°.  505 

 506 

4.4 November 9 event 507 

Between 1210 UT and 1800 UT on November 9, 2024, citizen scientists in Hokkaido 508 

successfully observed red auroras. The peak Dst index was −101 nT at 1300 UT, and the auroras 509 

appeared during both the main phase and the recovery phase of the geomagnetic storm.  510 

Based on photographs taken by TN, the auroras displayed clear rayed structures, and appeared 511 

due to storm-time substorms. Figure 8a shows the observation locations of aurora in Hokkaido, 512 

Figure 8b, 8d presents the red aurora photograph taken by TN, while Figure 8c presents the 513 

diffuse red aurora photograph taken by citizen scientist. Therefore, possible mixture of red 514 

aurora and SAR arcs is present throughout the auroral occurrence period. 515 



 

18 

 

 516 

Figure 8 The locations of observation by citizen scientists and the red aurora photographs 517 

taken by citizen scientists. (a) The locations of observation of red aurora. (b) Otaru, 518 

Hokkaido (43.2°N, 141.0°E), Japan at 1222 UT (2122 JST, Japan local time) on 9 November 519 

2024. (Courtesy of TN); (c) Hobetsu, Hokkaido (42.8°N, 142.2°E), at 1359 UT (Courtesy of K. 520 

Uematsu); (d) Otaru, Hokkaido (43.2°N, 141.0°E), at 1428 UT (Courtesy of TN).  521 

 522 

Fortunately, MetOp3 and NOAA18 passed near Japan’s meridian during the beginning and 523 

the end of the substorm. MetOp3 observed the auroral oval before the substorm, while 524 

NOAA18 observed the expanded auroral oval after the substorm.  525 
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 At 1205–1210 UT, when the auroral appearance in Hokkaido started, the MetOp3 satellite 526 

was orbiting at near Japan’s meridian, i.e. 48–65°N and 132–121°E. We estimate the 527 

equatorward boundary of the auroral oval was located at 59.1°N, 126.0°E at 1208 UT (Figure 9). 528 

Figure 9 MetOp3 satellite TED and MEPED data across the auroral oval for the time interval 529 

from 1205UT to 1215 UT, November 9, 2024. The energies of TED electron differential fluxes 530 

are 189, 844, 2,595, and 7,980 eV as colored by black, blue, green, and red, respectively. 531 

The energies of MEPED proton differential fluxes are 39, 115, 332, 1105, and 2723 keV as 532 

colored by black, blue, green, red and yellow, respectively. The MetOp3 satellite was 533 

located at near Japan’s meridian, i.e. 48–65°N and 132–121°E at that time. The location 534 

where the flux of 189 eV electron (black line) exceeds 103 /cm²-s-sr-eV level is identified as 535 

the equatorward boundary of the auroral oval. In this case, the timing is 1208 UT, and the 536 

geographic coordinate is 59.1°N, 126.0°E. 537 
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Similarly, at 1328–1332 UT, when auroras were observed from Hokkaido, the NOAA18 538 

satellite was orbiting at near Japan’s meridian, i.e. 51–65°N and 128–119°E. We estimate that 539 

the equatorward boundary of the auroral oval was located at 57.3°N, 124.5°E at 1330 UT 540 

(Figure 10). 541 

Figure 10 NOAA18 satellite TED and MEPED data across the auroral oval for the time 542 

interval from 1328UT to 1332 UT, November 9, 2024. The energies of TED electron 543 

differential fluxes are 189, 844, 2,595, and 7,980 eV as colored by black, blue, green, and 544 

red, respectively. The energies of MEPED proton differential fluxes are 39, 115, 332, 1105, 545 

and 2723 keV as colored by black, blue, green, red and yellow, respectively. The NOAA18 546 

satellite was located at near Japan’s meridian, i.e. 51–65°N and 128–119°E at that time. 547 

The location where the flux of 189 eV electron (black line) exceeds 103 /cm²-s-sr-eV level is 548 

identified as the equatorward boundary of the auroral oval. In this case, the timing is 1330 549 

UT, and the geographic coordinate is 57.3°N, 124.5°E. 550 

 Consequently, we estimate that at 1222 UT, the upper portion of the aurora where it 551 

transitioned from red to blue was estimated to have reached an altitude of ~490–~570 km at an 552 

elevation angle of 8° (Figure 11).  553 
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 554 

Figure 11 Estimation of auroral altitude of November 9 event. (a) The magnetic field line of 555 

the MetOp3 satellite’s location (red marker) is shown by black solid line. Black dotted line is 556 

the magnetic field line at 57.3°N derived from NOAA18 satellite. The black marker is the 557 

location of the observation. The lines-of-sight of 0-, 4-, 8- and 12-degree elevation angles 558 

are shown by red, green, blue, magenta solid lines. Each estimated altitude is indicated by 559 

the corresponding dotted curve, with altitudes of 310 km, 440 km, 570 km, and 710 km. (b) 560 

The resulting auroral altitude (~490–~570 km) was visualized by superimposing an altitude 561 

grid on the photograph.  562 

 563 

4.5 CIR driven auroral event on March 26, 2025 564 

Between 1318 UT and 1420 UT on March 26, 2025, citizen scientists in Hokkaido successfully 565 

observed red auroras. The peak Dst index was only −62 nT at 2100 UT, and the auroras 566 

appeared during the beginning stage of the geomagnetic storm. Based on citizen science 567 

photographs, the aurora exhibited clear rayed structures which are characteristic of storm-time 568 

substorms. Figure 12a shows the observation locations of aurora in Hokkaido, and Figure 12b–569 

12d presents the red aurora photographs taken by citizen scientists.  570 
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 571 

Figure 12 The locations of observation by citizen scientists and the red aurora photographs 572 

taken by citizen scientists. (a) The locations of observation of red aurora. (b) Kushiro, 573 

Hokkaido (43.1°N, 144.5°E), Japan at 1334 UT (2234 JST, Japan local time) on 26 March 574 

2025. (Courtesy of K. Yajima); (c) Kitami, Hokkaido (43.8°N, 143.8°E), at 1338 UT (Courtesy 575 

of M. Hombo); (d) Teuri Island, Hokkaido (44.4°N, 141.3°E), at 1322 UT (Courtesy of K. 576 

Imahori)  577 

 578 

Fortunately, two satellites, MetOp3 and NOAA18, passed near Japan’s meridian before and 579 

after the red auroral appearance in Hokkaido. MetOp3 observed the auroral oval before the 580 

substorm, while NOAA18 observed the expanded auroral oval after the substorm.  581 
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At 1312–1317 UT, before the auroral appearance, the MetOp3 satellite orbited near Japan’s 582 

meridian, i.e. 50–67°N and 113–101°E. We estimate that the equatorward boundary of the 583 

auroral oval was located at 62.4°N, 107.0°E at 1315 UT (Figure 13).  584 

Figure 13 MetOp3 satellite TED and MEPED data across the auroral oval for the time 585 

interval from 1312UT to 1317 UT, March 26, 2025. The energies of TED electron differential 586 

fluxes are 189, 844, 2,595, and 7,980 eV as colored by black, blue, green, and red, 587 

respectively. The energies of MEPED proton differential fluxes are 39, 115, 332, 1105, and 588 

2723 keV as colored by black, blue, green, red and yellow, respectively. The MetOp3 589 

satellite was located at near Japan’s meridian, i.e. 50–67°N and 113–101°E at that time. 590 

The location where the flux of 189 eV electron (black line) exceeds 103 /cm²-s-sr-eV level is 591 

identified as the equatorward boundary of the auroral oval. In this case, the timing is 1315 592 

UT, and the geographic coordinate is 62.4°N, 107.0°E.  593 

 594 
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Additionally, in the end of auroral appearance, at 1430–1435 UT, the NOAA18 satellite 595 

passed near Japan’s meridian, i.e. 52–69°N and 112–98°E. We estimate that the equatorward 596 

boundary of the auroral oval was located at 58.6°N, 109.0°E at 1431 UT (Figure 14). To consider 597 

the expanding condition of auroral oval, we used both equatorward boundaries. 598 

Figure 14 NOAA18 satellite TED and MEPED data across the auroral oval for the time 599 

interval from 1430 UT to 1435 UT, March 26, 2025. The energies of TED electron differential 600 

fluxes are 189, 844, 2,595, and 7,980 eV as colored by black, blue, green, and red, 601 

respectively. The energies of MEPED proton differential fluxes are 39, 115, 332, 1105, and 602 

2723 keV as colored by black, blue, green, red and yellow, respectively. The NOAA18 603 

satellite was located at near Japan’s meridian, i.e. 52–69°N and 112–98°E at that time. The 604 

location where the flux of 189 eV electron (black line) exceeds 103 /cm²-s-sr-eV level is 605 

identified as the equatorward boundary of the auroral oval. In this case, the timing is 1431 606 

UT, and the geographic coordinate is 58.6°N, 109.0°E.  607 

We estimate that at 1334 UT, the upper portion of the aurora where the aurora transitioned 608 

from red to gray reached an altitude of ~550 to ~750 km at an elevation angle of 8° (Figure 15).  609 
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 610 

Figure 15 The estimation of auroral altitude of March 26, 2025 event. (a) The magnetic field 611 

line of the NOAA18 satellite’s location (red marker) is shown by black solid line. Black dotted 612 

line is the magnetic field line at 62.4°N derived from MetOp3 satellite. The black marker is 613 

the location of the observation. The lines-of-sight of 0-, 4-, 8-, 12-degree elevation angles 614 

are shown by red, green, blue, magenta solid lines. Each estimated altitude is indicated by 615 

the corresponding dotted curve, with altitudes of 300 km, 410 km, 550 km, and 700 km. (b) 616 

The resulting auroral altitude was visualized by superimposing an altitude grid on the 617 

photograph.  618 

 619 

5 Discussions 620 

5.1 The actual intensity of the storms 621 

We discuss possible mechanisms to explain the appearance of red auroras in Hokkaido, 622 

Japan during “moderately intense” magnetic storms. Specifically, we assess whether the 623 

amplitude of these magnetic storms was actually strong or not.  624 

Two primary possibilities exist. The first is the effect of magnetospheric compression. Since 625 

most auroral events observed in Japan are associated with intense magnetospheric 626 

compression (Table 1), it is necessary to evaluate or subtract the contribution of dynamic 627 

pressure in the Dst index. The Dst index includes a positive contribution due to the 628 

enhancement of the Chapman-Ferraro-type magnetopause current. If the magnetospheric 629 

compression is strong, the Dst index becomes less negative, making the storm amplitude look 630 

weaker than actual.  631 

The second possibility is the outflow of ring current particles due to a reduced 632 

magnetospheric size. When the outflow is occurring, the symmetric development of ring 633 

current is suffering, leading to an underestimation of storm amplitude based on the Dst and 634 

SYM-H indices. The actual development of the ring current is then better represented in the 635 

partial ring current rather than in the symmetric index. That aspect can be evaluated by 636 
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comparing the SYM-H and ASYM-H indices. Note that, Kataoka et al. (2024a) indicated the 637 

importance of the large difference between the |SYM-H| and ASYM-H indices during the storm, 638 

however multi-event analysis has never been conducted.  639 

To evaluate the contribution of the first possibility, we calculated the pressure-corrected Dst 640 

index (Dst*), with the results presented in Table 1. The Dst* values for GROUP 1 were 641 

approximately 4–15 nT greater than the Dst index, with the June 28 and August 4 events 642 

showing significantly larger differences. However, the amplitudes of the other two magnetic 643 

storms in GROUP 1 were not particularly large when considering only Dst*. The Dst* amplitudes 644 

of the storms of GROUP2 and 3 were comparable to their respective Dst values. More detailed 645 

information is provided in Supporting Information, Figure S15. 646 

To assess the contribution of the second possibility, we show the solar wind density (N), 647 

solar wind speed (V), dynamic pressure (Pd), subsolar distance of magnetopause, and the SYM-648 

H and ASYM-H indices for each storm in Figure 1 (GROUP 1 storms) and Figure 16 (GROUP 2 649 

and 3 storms). 650 

The actual storm amplitude shown by the ASYM-H index of GROUP 1 storms was significantly 651 

larger than it looked like from the amplitude of Dst* index. Also, the ASYM-H index of GROUP 1 652 

storms was approximately 1.5 times greater than the peak of |SYM-H|. The enhanced ASYM-H 653 

index reflects the development of the partial ring current due to the reduced magnetospheric 654 

size. In contrast, the value of ASYM-H minus |SYM-H| for GROUP 3 storms was small or even 655 

negative. These results suggest that the first possibility had only a marginal effect, while the 656 

second possibility, namely the outflow of ring current particles from the magnetosphere due to 657 

a reduced magnetospheric size, appears to be the primary factor.  658 
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 659 

Figure 16 (a)~(d) The variation in the solar wind velocity (V), density (N), subsolar distance 660 

of the magnetopause, dynamic pressure (Pd), SYM-H and ASYM-H during magnetic storms 661 

in GROUP 2 (a, b) and 3 (c, d). Blue shaded regions denote modeled GMC events, green 662 

shaded regions indicate GMC events observed by GOES satellites. Red and blue bars 663 

describe the time interval of calculated median value of V, N and Pd described in Table1. 664 

 665 

Additionally, we emphasize the need to examine the effect of dynamic pressure in more 666 

detail to see whether its primary driver is solar wind density or speed. In GROUP 1, the ASYM-H 667 

index remained high throughout the storm, and the appearance of red auroras corresponded to 668 

the significant difference between ASYM-H and |SYM-H| and the passing of high density 669 

structures. In contrast, red auroras did not appear during GROUP 2 storms with relatively low 670 

solar wind density even though the dynamic pressure is large due to the high speed. We further 671 

discuss this point in the following subsection.  672 

 673 

5.2 The effect of solar wind density on low-latitude aurora 674 

Here we attempt to highlight the potential importance of solar wind density, as a third 675 

critical parameter in monitoring magnetic storms to predict the low latitude auroral appearance 676 
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and the thermospheric density enhancement, alongside SBZ and solar wind speed. Our results 677 

shown in the previous subsection can underscore the significance of solar wind density which 678 

has often been overlooked. 679 

The process of auroral activity enhancement does not simply correlate with the intense 680 

magnetospheric compression. Samsonov et al. (2021) indicates that the intense compression 681 

can amplify both auroral and magnetospheric activities, with auroral activity intensifying 682 

approximately one hour after the onset of the intense compression. However, in GROUP 2 683 

storms, red auroras were not observed in Hokkaido throughout the night despite these storms 684 

were associated with the intense magnetospheric compression.  685 

To evaluate the effect of solar wind density, we compare GROUP 1 to GROUP 3 storms in 686 

Table 1. In GROUP 1 storms, the dominant factor contributing to the high dynamic pressure was 687 

the solar wind density (Figure 1). The peak density was high, ranging from 34 to 71 /cc, while 688 

the solar wind speed was moderate, ranging from 350 to 600 km/s. In contrast, in GROUP 2, the 689 

primary driver of intense dynamic pressure was high-speed solar wind, approximately 800 km/s 690 

(Figure 16). The peak density in GROUP 2 was about half that of GROUP 1, around 20 /cc. 691 

Similarly, in GROUP 3, the solar wind speed was comparable to GROUP 1, but the density was 692 

not high, only 10–20 /cc (Figure 16). Here we also note that Japan’s local time coincided with 693 

the recovery phase of the October 8 storm, during which no dynamic aurora was observed. 694 

Additionally, the peak Dst index of the October 8 storm was −148 nT, greater than that of the 695 

other storms discussed, indicating different conditions from the five Japan aurora events we 696 

reported. 697 

From the discussions above, we suggest the hypothesis that solar wind density can 698 

contribute to the enhancement of auroral activity. The storms in GROUP 1 with high-density 699 

and moderate speed were associated with Japan auroras. However, GROUP 2 storms, with the 700 

high-speed solar wind, was not associated with Japan aurora, despite the intense compression 701 

due to strong dynamic pressure. This suggests that the appearance of red auroras from 702 

Hokkaido area can correspond to the solar wind density greater than 30 /cc. 703 

 704 

5.3 Testing the hypothesis 705 

To test the “density effect hypothesis” proposed at the previous subsection, we compare the 706 

CIR event on March 26, 2025 with GROUP 1 storms in Table 1. Additionally, we compare 707 

GROUP 1 storms with all Japan aurora event with the peak Dst index weaker than −150 nT, 708 

which occurred during the Solar Cycle 23 as reported by Shiokawa et al. (2005).  709 

We propose that the hypothesis is consistent with the observation result of March 26 event, 710 

and can be applied to the low-latitude auroral event driven by CIR. Figure 17 shows the 711 

variation in the solar wind velocity, density and dynamic pressure obtained from OMNI2, and 712 

the SYM-H and ASYM-H indices on March 26, 2025. The solar wind density exceeded 30 /cc 713 

between 08 UT to 13 UT, and the peak density was approximately 45 /cc.  714 
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 715 

Figure 17   The variation in the solar wind velocity (V), density (N), dynamic pressure, the 716 

subsolar distance of modeled magnetopause, SYM-H and ASYM-H during magnetic storm on 717 

March 26, 2025. Red shaded regions represent the time periods when red auroras were 718 

observed by citizen scientists in Japan. Blue shaded regions show the time period of the 719 

subsolar distance of modeled magnetopause become smaller than 6.6 RE. Green shaded 720 

regions denote the time period of the GMC event observed by GOES 16 satellite. Red bar 721 

describes the time interval of calculated median value of V, N and Pd described in Table1. 722 

 723 

The appearance of red aurora in Japan corresponded to the passage of high-density 724 

structures originating from the CIR. Furthermore, GMC events occurred during the red auroral 725 

appearance in Hokkaido. Additionally, the ASYM-H index significantly increased to 124 nT at 726 

1408 UT during the auroral appearance. The ASYM-H amplitude was 1.7 times larger than the 727 

SYM-H index, and it is also consistent with the result of GROUP 1 events we reported. 728 

Next, we compare GROUP 1 storms with all of the Japan aurora event with the peak Dst 729 

index weaker than −150 nT as shown by Shiokawa et al. (2005). Shiokawa et al. (2005) reported 730 

20 red auroras observed from Japan during the Solar Cycle 23, and eight of them occurred 731 

during magnetic storms with the peak Dst index weaker than −150 nT. We check the solar wind 732 

density and velocity for these eight events. 733 

Consequently, we propose that the simple “density effect hypothesis” is incorrect, and the 734 

relationship between auroral appearance, solar wind velocity, and density is not 735 
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straightforward. The red auroral events that occurred on February 18, 1999, November 29, 736 

2000, and April 28, 2001, as reported by Shiokawa et al. (2005), were not associated with high-737 

density solar wind. The maximum solar wind densities for these events were 25 /cc, 12 /cc, and 738 

25 /cc, respectively. Moreover, these events were associated with high-speed solar wind 739 

exceeding 600 km/s. 740 

Nevertheless, we found a consistent tendency for red auroral appearances in Hokkaido to 741 

correspond with intense magnetospheric compression caused by moderate-speed and high-742 

density ejecta. Specifically, six events with a peak Dst > −150 nT during Solar Cycle 25, and four 743 

during Solar Cycle 23, were associated with high-density (>~30 /cc), low-velocity (<600 km/s) 744 

solar wind. Furthermore, in five of the events we reported, the altitudes of the red auroras 745 

extended to ~490–~800 km. Red auroras typically extend up to 400–600 km (Shiokawa et al., 746 

1997; Kataoka et al., 2024a), therefore these five auroras were extremely high.  747 

Moderate-speed and high-density ejecta can therefore trigger highly extended red auroras in 748 

midlatitude regions such as Hokkaido—even during relatively weak magnetic storms with the 749 

peak Dst index being only approximately −50 nT. These findings also suggest a possible 750 

influence of solar wind density on auroral altitudes, as all five high-altitude events occurred 751 

under slow-dense solar wind. We further discuss the possible mechanisms and directions for 752 

future studies in the next subsection. 753 

 754 

5.4 Extension of red auroras during intense magnetospheric compression 755 

We found that, despite the not unusual storm amplitudes, the red auroras extended to 756 

extremely high altitudes (~490–~800 km), accompanied by intense magnetospheric 757 

compression. The high altitude extension of red aurora is one of the contributing factors for the 758 

occurrence of red aurora in Japan. 759 

Although this observational link is clear, the physical mechanism connecting intense 760 

magnetospheric compression and high-altitude auroras remains unclear. We suggest that 761 

atmospheric density enhancement in the upper thermosphere is essential for allowing the 762 

aurora to extend vertically. We suggest one possible mechanism that could cause atmospheric 763 

density enhancement is Joule heating associated with the magnetic storms. Robinson and 764 

Zanetti, (2021) indicated that Joule heat can be the dominant mechanism of atmospheric 765 

heating, i.e., the energy from Joule heat is twice as large as the energy from particle 766 

precipitation heating during magnetic storms, on average.  767 

Furthermore, it is necessary to elucidate the mechanism of the rapid atmospheric heating 768 

that occurs during relatively weak magnetic storms. Understanding this mechanism is essential 769 

for predicting unexpected atmospheric drag enhancement on satellites. We emphasize that the 770 

highly extended red aurora on March 26, 2025 (~550 km–~750km) appeared in the early stage 771 

of the magnetic storm, with the Dst index of only −48 nT (14 UT). It is a different condition from 772 

the other four storms.  773 
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Kataoka et al. (2025) proposed that the appearance of red aurora in Japan during the early 774 

stage of the magnetic storm on October 10, 2024 corresponded to the super substorm with the 775 

peak AE index larger than 4,000 nT. However, the peak AE index during the auroral appearance 776 

on March 26, 2025 was only 600–1,000 nT, indicating the substorms were not so great.  777 

The preheating due to the previous magnetic storm may contribute to the thermospheric 778 

density enhancement and auroral appearance in Hokkaido during the early stage of the storm. 779 

In fact, 11 hours before of the red aurora appearance in Hokkaido on March 26, 2025, another 780 

weak magnetic storm with the peak Dst index of −60 nT occurred. However, it is not realistic to 781 

evaluate the contribution of preheating to auroral appearances due to the limitation of 782 

atmospheric heating model, therefore; this topic beyonds the scope of our study.  783 

The underlying mechanism behind the relationship between the high-altitude extension of 784 

red auroras driven by atmospheric heating and intense magnetospheric compression, which 785 

can lead to GMC events, remains unclear. We here suggest that more detailed, physics-based 786 

dynamic modeling studies are necessary not only for great storms but also for the relatively 787 

moderate storms. However, such a modeling is not straightforward because the upper 788 

boundaries of the simulation models are often set to be ~600 km. This is an urgent issue for the 789 

study of atmospheric drag on satellites, particularly for mitigating space weather hazards, such 790 

as the unexpected reentry of LEO satellites (Hapgood et al., 2022; Kataoka et al., 2022).  791 

 792 

5.5 Further discussions 793 

Note that there is another factor possibly contributing to the occurrence of red auroras in 794 

Hokkaido. While the yearly shift in the MLAT of Hokkaido’s meridian is small, it can be a 795 

contributing factor. In fact, the MLAT of Japan’s meridian has shifted approximately 0.4 degrees 796 

(~44 km) to higher latitudes, based on the rate of change in MLAT for Sapporo over the past 20 797 

years (Solar Cycle 23–25) using the Altitude Adjusted Corrected GeoMagnetic (AACGM) v2 798 

model (Shepherd et al., 2014). 799 

Finally, we repeatedly emphasize the advantage of citizen science. The super dense network 800 

over Japan, especially Hokkaido, ensures that aurora events are rarely missed. The extensive 801 

auroral observation network established by spreading citizen scientists can even capture 802 

irregular encounter of aurora. In fact, the red aurora events on August 4 and September 12 803 

were not observed by Nagoya University’s observatories in Rikubetsu and Moshiri, Hokkaido.  804 

 In addition to this spatial coverage, recent technological advancements have further 805 

increased the value of citizen science. High-sensitive and high-resolution auroral photographs 806 

provided by citizen scientists have enabled the estimation of auroral altitudes for multiple 807 

events. For comparison, Shiokawa et al. (2005) could not determine auroral heights due to the 808 

low resolution of available all-sky photographs.  809 

Although our findings contribute to the understanding of low latitude aurora, the underlying 810 

mechanism behind the relationship between extended red aurora and intense magnetospheric 811 

compression remains unelucidated. Further global modeling studies are needed to fully 812 
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understand the exact mechanisms. This multi-event study is of course far from the statistical 813 

study, and we wish further continuous and intensive observation activities of low-latitude 814 

aurora will enable a conclusive statistical study in future. 815 

 816 

6 Conclusions 817 

We reported four low-latitude auroral events observed from Hokkaido, Japan, on June 28, 818 

August 4, September 12, November 9, 2024. Additionally, we also reported one CIR-driven low-819 

latitude auroral event on March 26, 2025. All of these events occurred during moderately 820 

intense or weak magnetic storms, accompanied by significant magnetospheric compression. 821 

During the appearance of red auroras in Japan, the ASYM-H index increased approximately 1.3–822 

2.0 times larger than the SYM-H peak amplitude in all events, indicating that the actual 823 

development of these storms was larger than the implication by the Dst and SYM-H indices. We 824 

found that the altitude of the red aurora is extremely high (~490 km – ~800 km), accompanied 825 

by intense magnetospheric compression such as GMC events.  826 
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