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Abstract The substorm growth phase plays a critical role in magnetospheric energy storage through
magnetotail plasma sheet thinning and magnetic flux loading, and the study of auroral morphology and structure
helps us understand the process of magnetotail energy accumulation and release. This study focuses on
quiescent auroral arcs, which characterizes the growth phase of substorms and precedes the subsequent
expansion thereon; we utilize the observational data from Time History of Events and Macroscale Interactions
(THEMIS) all-sky imagers and obtain 47 substorm growth phase arcs from 2014 to 2022. We find that the
auroral arcs typically maintain structural stability, and most of them (~72.3%) move equatorward in the growth
phase during which a latitudinal minimum is recorded on the duskside. Statistical examination of the 47 distinct
substorm events confirms this dawn-dusk asymmetry in growth phase arc distribution. Such morphology of the
growth phase arcs may originate from the magnetotail current sheet that is thinner on the duskside, we propose
that this morphological characteristic likely reflects the dusk-favored magnetotail current sheet thinning
process, constituting a systematic duskside preference in magnetospheric dynamics that may originate from the
interplay between solar wind-magnetosphere coupling and the Hall current system in the magnetotail.

1. Introduction

Substorms are large-scale common disturbances in the magnetosphere, which are caused by the interaction be-
tween Earth's magnetic field and the solar wind (Akasofu, 1964). Substorms begin with a growth phase, which
typically starts from the abrupt southward turning of the interplanetary magnetic field (IMF) and lasts tens of
minutes until the onset of auroral expansion (Akasofu et al., 2010; Caan et al., 1977; Cowley & Lockwood, 1992;
Foster et al., 1971; Gjerloev et al., 2003; Kallio et al., 2000; Kamide & Kokubun, 1996; McPherron, 1970;
Motoba et al., 2015; Nishimura et al., 2010). In the substorm growth phase, solar wind entry and global con-
vection cause excess energy storage and magnetic field stretching in the magnetotail, which makes the magne-
totail current sheet thinner and the current density more intense (Caan et al., 1973, 1975; Fairfield et al., 1981).
Such a current sheet corresponds to an auroral arc through mapping of the field-aligned currents (Chen
et al., 2022; Nishimura et al., 2012; Pulkkinen et al., 1991).

As one of the most important characteristics of the substorm growth phase, the growth phase arcs are described as
east—west elongated stable structures, which can be observed in the midnight sector. They typically extend across
the all-sky imager (ASI) field of view (FOV) or at least a large part of it, with widths on the order of kilometers to
hundreds of kilometers (Borovsky, 1993; Kauristie et al., 2001; Knudsen et al., 2001). In the growth phase, the
magnetotail current sheet thins with the thickness decreases from several Earth radii to the sub-Earth-radius scale
(Baker et al., 1996; McPherron, 1979; McPherron et al., 1973; Nishida & Fujii, 1976; Sanny et al., 1994). At the
same time, the counterpart of the current sheet, that is, the growth phase arc, moves equatorward (Akasofu, 1964,
2010; Babu et al., 2024; Haerendel & Frey, 2021; Lessard et al., 2007). After the growth phase, the expansion
phase is further characterized by the formation of positive or negative magnetic bays in ground-based
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Figure 1. (a) Ground magnetometer data at GILL, (b) auroral intensity along the meridian of the GILL, (c) north—south
keogram near the central meridian of the GILL THEMIS ASI, (d) THEMIS ASI snapshot at 05:59 UT during the substorm on
18 August 2014, the red curve corresponds to the auroral arc at 05:29 UT.

magnetometer data (Murphy et al., 2022); substorm aurora usually breaks up on the auroral arc that emerges in the
growth phase in the premidnight sector, which sets the precondition for the substorm expansion phase (Liang
etal., 2008; Lyons et al., 2002). This breakup is characterized by a sudden intensification of the arc followed by its
fragmentation into multiple smaller structures. A prominent feature of the breakup is the westward surge—a rapid
expansion of auroral emissions moving westward along the aurora oval during substorm events, where variations
in auroral shape, intensity, and motion reflect changes in the magnetotail, such as energy accumulation during the
growth phase and subsequent release during the expansion phase (Akasofu et al., 1965; Haerendel, 2015; Lyons
et al., 2013; Ma et al., 2021), observing and characterizing these auroral features allows us to infer the timing,
location, and mechanisms of magnetotail processes, offering a powerful diagnostic tool for understanding energy
transport and conversion in the geospace environment.
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Figure 2. (a—c) The imager snapshot mosaics during the growth phase. The

blue vertical lines are the magnetic midnight line, and the blue, orange, and
green curves trace the arcs. (d) The blue curve corresponds to the auroral arc
at 05:28 UT, the orange curve corresponds to the auroral arc at 05:43 UT and

the green curve corresponds to the auroral arc at 05:58 UT.

In situ observations by spacecraft have shown that the magnetotail current
sheet is thinner on the duskside (Artemyev et al., 2011; Zhang et al., 2024),
which is caused by the Hall effect in the current sheet (Lu et al., 2016, 2018,
2019). The auroral substorm onset has also been observed to be located
preferentially in the premidnight sector (Frey et al., 2004). Such duskside
preference has also been shown in eastward-propagating auroral onset wave
events and the quiet auroral arcs (Gillies et al., 2014; Nishimura et al., 2016).
Therefore, it is important to examine the dawn-dusk morphology of the
growth phase arcs so that one can bridge the magnetotail and auroral signa-
tures of substorms from the growth phase to substorm onset. In this study,
using the Time History of Events and Macroscale Interactions during Sub-
storms (THEMIS) ASIs, we show that the growth phase arcs exhibit a
morphological asymmetry in the dawn-dusk direction. They are at lower
latitudes on the duskside, which is consistent with the thinner magnetotail
current sheet on the duskside and the preferential substorm onset on the
duskside.

2. Data and Methods

We use the THEMIS ASI data in 2014-2022 to observe the substorm growth
phase arcs. The THEMIS ground-based ASI array observes the white light
aurora over the North American continent from Canada to Alaska, the stations
are located at geomagnetic latitudes between ~60° and ~70° [for example,
Fort Simpson (FSIM, 67.30° magnetic latitude (MLAT) and 293.85° mag-
netic longitude (MLON)), Fort Smith (FSMI, 67.38° MLAT and 306.64°
MLON), Gillam (GILL, 66.18° MLAT and 332.78° MLON) and Sanikiluaq
(SNKQ, 66.45° MLAT and 356.99 MLON)]. The ASI array consists of 20
cameras covering a large section of the auroral oval with one-km resolution.
The ASIs are time synchronized and have an image repetition rate of 3 s
(Mende et al., 2008). Magnetometer data were obtained from both the
THEMIS ground-based magnetometer array (Russell et al., 2008) and the
Canadian Array for Realtime InvestigationS of Magnetic Activity
(CARISMA) network (Mann et al., 2008). Stations used in this study include
[for example, FSMI, GILL, and SNKQ] distributed across the auroral zone.
The THEMIS ground magnetometers (GMAG) measure the magnetic field
with 0.01 nT resolution at 2 samples/second, and we performed a 3-s
smoothing of the geomagnetic field data in this study. The Geographic lo-
cations and more details of ASIs and GMAGs can be found on the official
website (https://themis.igpp.ucla.edu). We use the ASI and magnetic field
data provided by the instrument teams. We used software capable of
measuring the smallest pixel point in the ASI image, the location of the edge
of the auroral arc, identified by a sharp gradient in pixel brightness in the ASI
image, and calculating a pair of geomagnetic latitude and geomagnetic
longitude coordinates at 1 longitude interval.

The events of the substorm growth phase arcs are selected according to the
following criteria: (a) clear, structurally stable auroral arcs distributed in both
the dawn and dusk sectors throughout the whole growth phase; (b) the
decrease in the ground magnetic field, the increase in the auroral intensity,
and the intensification of the optical auroral forms should be synchronized.

Following the above criteria, we screened the substorm events from 2014 to 2022 and obtained 47 substorm
growth phase arcs (see Table S1 for event list). To better visualize the dawn-dusk morphology of the 47 arcs,
precise latitude and longitude coordinates are extracted to analyze the exact location of the auroral arcs. We trace
the trajectory of all the auroral arcs, taking a point at every longitude and recording the coordinates of these points.
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Figure 3. (a) Ground magnetometer data at FSMI, (b) auroral intensity along the meridian of the FSMI, (c) north-south
keogram near the central meridian of the FSMI THEMIS ASI, (d) THEMIS ASI snapshot at 07:10 UT during the substorm
on 12 March 2019, the red curve corresponds to the auroral arc at 07:10 UT.

3. Results

Figure 1 shows a representative substorm event, which was detected at GILL and SNKQ of the THEMIS array of
ground-based observatories; the vertical line marks the initial rise of auroral intensity, that is, initial brightening
(Nishimura et al., 2016, 2022), which coincides with intensification of optical auroral forms and decrease of the
ground magnetic field (Figures 1a—1c). The geomagnetic field H component started to decrease around 05:59 UT
and developed a negative bay. Until late in the expansion phase, H decreased by ~220 nT, consistent with typical
westward auroral electrojet signatures observed during substorm expansion phases (Gjerloev et al., 2003; Kamide
& Kokubun, 1996; McPherron et al., 1973). Thus, it corresponds to the substorm growth phase before the
initiation of the auroral brightening. The auroral arc moved equatorward before 05:59 UT, and then the arc started
to brighten at ~05:59 UT. The auroral arc is shown in the ASI snapshot at 05:59 UT, it was fully covered by the
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Figure 4. (a—c) The imager snapshot mosaics during the growth phase. The
blue vertical lines are the magnetic midnight line, and the blue, orange, and
green curves trace the arcs. (d) The blue curve corresponds to the auroral arc
at 06:50 UT, 12 March 2019, the orange curve corresponds to the auroral arc
at 07:00 UT; and the green curve corresponds to the auroral arc at 07:10 UT.

THEMIS ASI FOV near the GILL and SNKQ ASIs, and an east—west arc that
spanned both the duskside and the dawnside can be seen clearly on the map
(Figure 1d).

We chose three moments in the growth phase of this representative event
(Figures 2a—2c¢), extracted the coordinates of the auroral arcs and plotted them
in Figure 2d. Figure 2a corresponds to the early stage of the growth phase at
05:28 UT, when the structure of the auroral arc was just formed, at magnetic
latitude of ~67.1°. At this time the auroral arc was at about the same latitude
in the dawn and dusk sectors. At 05:43 UT (Figure 2b), that is, 15 min later,
the auroral arc moved ~0.5° toward the equator, with slightly more equa-
torward displacement on the duskside. After another 15 min, at 05:58 UT
(Figure 2c), which was within 1 min before the auroral expansion onset, the
auroral arc already had a distinct latitudinal minimum and a greater curvature,
and the latitudinal minimum of the arc was in the dusk sector, ~0.33 MLT
from the meridian.

Similarly, another typical event occurred on 12 March 2019 shown in
Figures 3 and 4. This auroral arc spanned a larger longitude and was observed
in the field of view of four ASI stations: FSIM, FSMI, GILL and SNKQ.
Starting at ~6:50 UT, the auroral arc continued to move equatorward for
~20 min before brightening. In this event, a latitudinal minimum occurred in
the dawn sector. Of the 47 substorm events we selected, ~72.3% (34/47) had
equatorward motion characteristics during the growth phase (the other 13
events are also included in the statistic). Some of the other 13 arcs exhibited
clear poleward motion prior to onset, and some arcs didn't show apparent
movement.

All the 47 growth phase arcs are presented in Figure 5a. The arcs are selected
within the last 1 min of the growth phase. These arcs at the end of the growth
phase are distributed over a latitude range from ~64.7° to ~68.7°, the red dots
show the onset location of each auroral arc. It is evident that the location of the
auroral onset is biased to the duskside, which is consistent with the results
from the IMAGE mission (Frey et al., 2004). Figure 5b shows the occurrence
frequency distribution of the MLT difference between each onset location and
latitudinal minimum point (MLT difference = latitudinal minimum point
MLT—onset location MLT). About 87% of events have an MLT difference
value between —0.75 and 0.75 hr. The superposed growth phase arcs are
shown in Figure 6, with the MLAT corresponding to 0 MLT being taken as
the zero epoch MLAT (plots subtract the MLAT value at MLT = 0 of each
line, while set AMLAT = 0 at MLT = 0). The red line is the average of all the
arcs. The latitude of this averaged arc is a little lower in the dusk sector than in
the dawn sector. Similar to the above representative case study, the statistical
result also shows the dawn-dusk asymmetry of the growth phase arcs.

To quantitatively characterize the dawn-dusk asymmetry of the growth phase
arcs, we show the MLT of latitudinal minimum points of all the 47 arcs in
Figure 7a and the histogram in Figure 7b. The average of the latitudinal
minimum points is at ~23.64 MLT, and the median is at 23.60 MLT. Most of
the latitudinal minimum points of the growth phase arcs are located on the

duskside (~74.5%), and only ~14.9% of them are on the dawnside. The rest ~10.6% are at magnetic midnight
line. The duskmost point of the latitudinal minimum is at ~22.53 MLT, much farther than the dawn most point at
~0.87 MLT. The latitudinal minimum can be as low as ~65° on the duskside but is at higher latitude of above

66.5° on the dawnside.
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Figure 5. (a) Overview of the distribution of all the 47 growth phase arcs from 2014 to 2022. The black line is the magnetic
midnight line, and red dots show the onset location of each event. (b) The occurrence frequency distribution of the MLT
difference between each onset location and latitudinal minimum point. MLT difference = latitudinal minimum point MLT—
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Figure 6. The result after superposing all the growth phase arcs, the red line is the average arc.
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Figure 7. (a) Latitudinal minimum point of the arcs shown by red points. The vertical green line is the average MLT of the
points, and the vertical blue line is the median MLT. (b) Histogram of the MLT of latitudinal minimum for all arcs.

4. Conclusions and Discussion

The morphological characteristics and evolutionary patterns of auroral arcs during the substorm growth phase are
examined using THEMIS all-sky imager data of 47 substorm growth phase arcs from 2014 to 2022. Our findings
reveal that the majority of auroral arcs (~72.3%) move equatorward during the growth phase, followed by an
initial brightening in the midnight sector and then a substorm expansion onset. Based on a statistical study, the
auroral arcs are found to develop a clear dawn-dusk asymmetry at the end of the growth phase. The arcs in the
dusk sector are at lower latitudes, and most arcs have a latitudinal minimum preferentially on the duskside. This
study reinforces the role of auroral morphology as an indicator of magnetospheric activity. By analyzing the
evolution of auroral forms and their associated parameters, we gain valuable information about the state and
dynamics of the magnetotail.

The dawn-dusk asymmetry is also observed in the magnetotail quiet current sheet, that is, the magnetotail is
thinner on the duskside (Artemyev et al., 2011; Rong et al., 2011; Vasko et al., 2015; Zhang et al., 2024), and the
thinner current sheet may extend closer to the Earth on the dusk side as shown in the simulations by Lu
et al. (2016). More specifically, a recent statistical study by Zhang et al. (2024) showed that the magnetotail
current sheet is the thinnest on the duskside, at x~—22 Ry, y~7 Ry in the GSM (Geocentric Solar-Magnetospheric)
coordinate system. This location corresponds to ~23 MLT. In the study presented here, the minimum latitude of
the average preonset arc established in Figure 6 also in the premidnight sector at around 23 MLT. This indicates a
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distinct asymmetry which collaborates that found by Sergeev et al. (2020). Such dawn-dusk asymmetries are also
consistent with that of the substorm onset with a peak occurrence rate at ~23 MLT (Frey et al., 2004, and Figure
Sain the present study as well), showing that substorm onset occurs preferentially when the growth phase arc is at
lower latitude and the current sheet is thinner. This is also correlated to the higher occurrence rate of magnetotail
reconnection and transients on the duskside (e.g., Eastwood et al., 2010; Imber et al., 2011; Liu et al., 2013).
Moreover, there are also some geomagnetic asymmetric features associated with substorms. The MLT differences
observed in the statistical results may be attributed to the magnetosphere—ionosphere (M—I) coupling process. The
auroral initial brightening is not solely a consequence of local plasma dynamics; rather, it results from a globally
coupled system in which the field-aligned currents (FACs) are governed by shear flows between the magneto-
sphere and the ionosphere (Ebihara & Tanaka, 2015; Tanaka, 2015). The ground signatures of the magnetospheric
convection have specific asymmetry in MLT; the temporal variations of the ground magnetic field (dB/dt) show
an occurrence maximum in premidnight (22-23 MLT), which is related to the substorm expansion phase
(Apatenkov et al., 2004). Similar MLT distributions are observed for the geomagnetically induced currents (GIC)
caused by rapid magnetic field variations (Viljanen et al., 2014). Another structure with a clear dawn-dusk
asymmetry is electron isotropy boundaries (IBs) associated electron precipitation from the inner edge of the
thin current sheets (see details in Sergeev et al., 2012; and references therein). The latitudinally averaged pre-
cipitation energy flux associated with IBs and the contribution to total high-latitude precipitation power peaks
around 22 MLT (Wilkins et al., 2023), the peak electron IB emergence on the MLT and the precipitation energy
peak statistically collocated with the substorm onset MLT. The dawn-dusk asymmetries of the above phenomena
constitute the systematic duskside preference of the magnetospheric dynamics, which are also monitored on the
ionosphere by the auroral activities.

Data Availability Statement

THEMIS data used in this study can be obtained from http://themis.ssl.berkeley.edu as daily CDF files. Data
access and processing were performed using SPEDAS V4.1 (Angelopoulos et al., 2019).
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