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a b s t r a c t

Due to the altitudinal extent of an auroral arc, its observed width is different at different zenith angles
even when its real width is the same. For that reason, former measurements of arc widths were obtained
only for arcs located close to the geomagnetic zenith direction. A method to correct arc width is proposed
in the paper, which considers the altitudinal extent of auroral arc. Then, we apply this method to the
auroral arcs observed at the Chinese Yellow River Station, and analyze the widths of 17,571 dayside
auroral arcs. The distributions of the widths are almost the same at different zenith angles with an
average width of 18.5 km. Arc widths are narrower as MLT is close to midday.

& 2013 Published by Elsevier Ltd.

1. Introduction

The auroral oval appears as a continuous ring of emissions
encircling the geomagnetic pole (Yang et al., 2000), in which
complex forms of discrete aurora (Akasofu, 1976; Rostoker et al.,
1987; Murphree et al., 1987) are frequently found to be embedded
in a broader, less structured diffuse aurora (Lui and Anger, 1973).
Auroral arc is one of typical forms of discrete aurora in the
prenoon and postnoon sectors (Sandholt et al., 2002). It is the
typical track of the interaction between solar wind and the earth
magnetosphere, which is also an indicator of the activity of the
space weather. Spatial scale of the auroral arc is one of the most
important factors in understanding auroral morphology (Borovsky,
1993), which is associated with the scale of the various dynamic
processes in magnetospheric boundary layer.

Kim and Volkman (1963) found that the characteristic width of
the stable auroral arcs is of the order of 10 km after they analyzed
40 stable arcs, which were observed with wide-angle lenses. Later,
Maggs and Davis (1968), and Borovsky et al. (1991) identified
a population of arcs with a characteristic width of 100 m with
narrow-field TV cameras. However, Stenbaek-Nielsen et al. (1999)
noticed that a significant fraction of themwere in fact taken inside
the region of the diffuse aurora. Recently, Knudsen et al. (2001)

analyzed widths of 3126 stable auroral arcs observed by an all-sky
camera located in Gillam, Manitoba, and chose these mesoscale
arcs which were located within 751 of magnetic zenith, and
found that the average width is about 18 km with a standard
deviation of about 9 km.

However, all previous studies only considered the arcs near the
magnetic zenith, where the effect of the altitudinal extent of arcs is
negligible. This would reduce largely the available number of arc
samples and would be hard to study the evolution features of the
arc. In this paper, we propose a method to correct the effect of the
altitudinal extent of arcs. Therefore, the method can be used to
calculate the width of an arc in regions with much larger zenith
angles. At last, we analyze 17,571 dayside auroral arcs obtained at
the Yellow River Station in 2003 with this method and discuss
how arc widths varied with MLT.

2. Data and methodology

2.1. Observation data

The data used in this study were collected during 0600–1800
MLT from November 18, 2003 to January 31, 2004 with an all-sky
camera at the Chinese Yellow River Station (YRS), at Ny-Ålesund,
Svalbard. YRS is located at 78.921N in the geographic coordinate
with 76.241 geomagnetic latitude (MLAT), and MLT≈UT+3 h
(Hu et al., 2009). The camera uses a 512�512 square pixel array,
and the center of the field of view is geographic zenith. It has
single-pixel spatial resolutions from 1.1 km to 2.1 km as the zenith
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angle is from 01 to 451 with an average spatial resolution of
1.35 km (at 150 km). All-sky images (ASIs) are taken with a
7 s exposure time every 10 s, using a 5577 Å filter having a
bandwidth of 20 Å.

2.2. Data analysis method

The discrete and stable auroral arcs were identified in aurora
image sequences by eye. Although the surveyed interval was
limited to 0600–1800 MLT, the arcs we selected did not occur in
the midday sector because of the midday gap, and most of them
occurred in the postnoon sector. The normal direction to the arc
was determined, and then an intensity variation curve was drawn
by extracting along this direction to measure arc width. A first
estimation of the cross-arc direction was made interactively, and
then refined automatically by rotating the line passing through the
zenith to find the nearest point in the arc away from the zenith.
This point was the minimum zenith angle of the peak. When we
draw the intensity variation curve, the intensity was normalized
with the maximum value of ASI. In Fig. 1b, some small fluctuations
marked with red circles are not auroral arcs. In order to avoid the
effect of these small fluctuations, these small peaks would also be
ignored when the discrepancy between the peak and the valley
was less than 0.1. The peak satisfying the 0.1 peak-to-valley criteria
was corresponding to an arc. Thus, the observed arc width was
defined as the distance between two pixels with nearly equal
intensities at half maximum points.

Fig. 1a is a multiple arcs image taken at YRS, December 31,
2003, at 1330UT. From Fig. 1a, we can identify four auroral arcs, the
red point in the center is the geographic zenith, and the red line is
the normal direction to the fourth arc. The normal directions to the
other arcs are nearly the same. An intensity variation curve is
drawn in Fig. 1b by extracting along this line. In Fig. 1b, four peaks
represent four arcs, and the zenith angle of peak is defined to be
the zenith angle of the arc. The first arc is not considered, and the
reason will be described below. The widths of the other arcs are
the distance between arrows.

In all-sky image, every pixel has the same solid angle. Using the
trigonometric relations, the distance d away from the zenith and
the geocentric angle α varies with the corresponding zenith angle
θ and is given as

α¼ θ− sin −1 RE

RE þ h
sin θ

� �
ð1Þ

d¼ ðRE þ hÞα ð2Þ

where RE is the earth radius and h is the altitude of aurora
emission. In this study, RE is 6370 km and auroral altitude h is
assumed to be 150 km. Using Eqs. (1) and (2), we can find that
distance d varies approximately linearly with zenith angle θ when
the absolute value of the zenith angle is smaller than 451, but
becomes a non-linear relationship when zenith angle is larger
than 451. So we do not consider these arcs in this paper if the
absolute value of their zenith angle is larger than 451. When zenith
angle θ is 451, geocentric angle α is 1.31.

Because of the altitudinal extent of an arc, the observed arc
width is not the real width of the arc, especially for the arc away
from the zenith. The observed arc width w consists of two parts:
the real arc width w0 and an additional arc width Δw due to the
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Fig. 1. (a) Multiple arcs image with an all-sky camera (5577 Å, ASI) taken at the Yellow River Station, December 26, 2003, at 1330UT. The red point in the center of image is
geographic zenith and the red line is the normal direction to arcs. (b) The solid line is intensity variation curve along the normal direction to arcs. Any peak is corresponding
to an arc. The width of the arc is the distance between arrows. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 2. Sketch map of the correction method to calculate arc widths. θ is the zenith
angle of the arc, Δh is the altitudinal extent of the arc, and β is the angle between
the field-parallel direction and the direction of the line of sight.
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altitudinal extent Δh. Fig. 2a shows that Δw is given by

Δw¼Δhj tan θj ð3Þ
Considering that auroral particles precipitate into the polar

ionosphere along the magnetic field lines, zenith angle in Eq. (3)
should be changed to geomagnetic zenith angle

Δw¼Δhj tan ðθ−θmzÞj ð4Þ
where θmz is the angular distance from geomagnetic zenith to
geographic zenith.

We define angle β as the angular distance between the
magnetic field direction and the line-of-sight (LOS) direction.
Fig. 2b shows that we will overestimate the width because of
the effect of angle β. The relation can be given as

w¼w1 þ Δw¼w0= cos β þ Δw ð5Þ
where we assume that angle β varies linearly with the zenith angle
θ. This assumption is checked later in the article.

β¼ kðθ−θmzÞ ð6Þ
Because β is related to the magnetic field direction, k is different

for the positive and negative geomagnetic zenith.
Taking Eqs. (4) and (6) into account, the relationship between

observed width and real width (Eq. (5)) could be given as

w¼w0= cos kðθ−θmzÞ
� �þ Δhj tan ðθ−θmzÞj ð7Þ

w0 ¼ w−Δhj tan ðθ−θmzÞj
� �

cos kðθ−θmzÞ
� � ð8Þ

where the coefficient k and the altitudinal extent of aurora
emission Δh can be obtained from least square fitting to the data.
Using Eqs. (7) and (8), we can calculate the real width of an arc.

3. The distribution of the arc widths

Fig. 3 is a scatter plot of full widths at half maximum (FWHM)
for 17,571 arcs, organized according to the geographic zenith angle
along the normal direction to arcs. The upper and lower blue lines
are respectively the average FWHM and the minimum FWHM
curves as a function of zenith angle. The average FWHM is the
average of arc widths observed within 70.51 of the zenith angle.
The minimum FWHM is the average of three minimum widths of

arcs observed within 70.51. From Fig. 3, we find that the
narrowest arc is at nearly −8.91 geographic zenith angle corre-
sponding to the geomagnetic zenith. Average arc width increases
as the zenith angle moves away from this point. This trend is the
result of altitudinal extent of arcs. The real width w0 is assumed as
the observed value at geomagnetic zenith and Δh is assumed
independent on the zenith angle. Using Eq. (7) to perform least
square fit (LSF) on average and the minimum FWHM curve at the
positive and negative geomagnetic zenith, we could obtain altitu-
dinal extent Δh and k. In Eq. (7), Δh item has the same order of
magnitude as w0 item for the average FWHM, but Δh item is much
larger than w0 item for the minimum FWHM. Hence we used
average and minimum FWHM to obtain Δh but only used average
FWHM to obtain k. The detail step is: perform LSF on average and
the minimum FWHM curve at the positive and negative geomag-
netic zenith respectively, we could obtain four different values of
the altitudinal extent Δh; then we chose the altitudinal extent Δh
to be the average value of these four values and it is 30 km; and
after that, we used Eq. (7) and Δh¼30 to fit on the average FWHM
curve again, and we obtained k as 2.3 and 1.4 for the positive and
negative geomagnetic zenith respectively. The upper and lower
red lines are respectively the average width and the minimum
width calculated by Eq. (7). Comparing the red and blue lines, the
calculated values using Eq. (7) are roughly consistent with the
FWHM with correlation coefficients of about 0.87 and 0.94 for
the average and minimum width respectively. But, the correlation
coefficients are 0.99 and 0.97 and average errors on FWHM are
1.89 km and 1.63 km, if we only consider these arcs with zenith
angles between −381 and 421.

Then, we would discuss the specific applicable scope and error
of this method. For any zenith angle, data were taken from arcs
within 70.51 around this zenith angle. The widths of all arcs were
corrected using Eq. (8). Fig. 4 shows average width of auroral arcs
as a function of zenith angle (solid line). Average widths are nearly
the same and their mean value is 17.7 km (plotted with horizontal
dashed line) as the absolute value of zenith angle is less than 201.
The dotted lines indicate the pixel resolution away from this
average value. Although the average width is a bit larger near
zenith angle of 7301, the discrepancy away from this average
width is almost less than the pixel resolution as zenith angle varies
from −381 to 421 (between two vertical dashed-dotted lines). But
the discrepancy is too large when zenith angle is less than −381 or
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Fig. 3. The widths between intensity half maximum points for 17,571 auroral arcs,
plotted as a function of zenith angle along the normal direction to arcs. The upper
and lower blue lines are respectively the observed average width and minimum
width variation curves. The upper and lower red lines are respectively the average
width and minimum width variation curves calculated by Eq. (7). (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 4. Average width of auroral arcs as a function of zenith angle (solid line).
The horizontal dashed line indicates the mean value of average widths between
−201 zenith angle and 201 zenith angle. The dotted line shows the pixel resolution
away from this mean value. The vertical dashed-dotted line is corresponding to
−381 zenith angle and 421 zenith angle.
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it is larger than 421. So the confidence interval of this correction
method is between −381 and 421.

Fig. 5 shows distributions of arc widths. The dashed-dotted line
shows FWHM for all the observations, the solid line and dashed
line show widths corrected by Eq. (8) for data points taken
respectively within confidence interval, and those within 751 of
−8.91 zenith angle (near geomagnetic zenith). From Fig. 5, we can
find that the solid line is roughly consistent with the dashed line.
Comparing the dashed dotted line with these two lines, the
distribution is obviously different, the number of wider arcs is
larger and the average width is 37 km. It means that the width is
much bigger because the altitudinal extent of the arc is mixed with
arc width. It is worth noting that the average width for the arcs
taken within confidence interval and that of the arcs within 751
of geomagnetic zenith is18.5 km and 17.7 km with standard
deviations of 12.9 km and 12.6 km, which is consistent with the
full observation widths of 1879 km within 751 of geomagnetic
zenith reported by Knudsen et al. (2001). This suggests that the
widths calculated using Eq. (8) approximate well the real widths
and can be applied to larger zenith angles.

4. Arc widths variation in different MLT

In this section we would study the variation of corrected arc
widths in different MLT. Average and median arc width variation
curves with MLT are shown in Fig. 6a. No data were used at
midday because of midday gap. Distributions of arc widths in the
prenoon sector and in the postnoon sector were shown in Fig. 6b
and c respectively. From Fig. 6a, we can see that average width and
median width decreased with time progress in the prenoon and
increased in the postnoon. Average width is smallest as MLT is
close to midday. Auroral particles were precipitated from magne-
tospheric source region along magnetic field line. So arc width is
mapped according to flux conservation

BionLionWion ¼ BmagLmagWmag ð9Þ

where B is the magnetic induction, L is the length of the structure,
and W is the width of the structure, and where the subscripts “ion”
and “mag” denote where the values are taken, in the ionosphere or

in the magnetosphere (Borovsky, 1993). Wion is arc width

Wion ¼Wmag
Bmag

Bion

Lmag

Lion
ð10Þ

Most of arc auroral particles are precipitated from the same
source region, Bmag/Bion and Lmag/Lion are not much different in
different MLT, Wion would be decreased as Wmag decreased.
Magnetospheric source region of auroral arcs is maybe Boundary
Plasma Sheet (BPS). This boundary layer is narrower as MLT is
close to midday, so spatial scale of the auroral arc in magneto-
sphere Wmag would be smaller, and arc width Wion would be
smaller. But, distribution is more complex in the afternoon. In the
afternoon, some elongated arcs are extending into the evening/
nightside sectors (Meng and Lundin, 1986), and it has the activity
feature of nightside aurora. So the postnoon auroral arcs are
probably a mixture of dayside aurora and nightside aurora. The
distribution curve of postnoon auroral arcs will be like that as
shown in Fig. 6c, the number of wider arc (410 km) is increased.
These arcs might be the extensions of discrete auroras from
nightside auroral oval.
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Fig. 5. Distributions of arc widths. The dashed-dotted line shows FWHM for all
data, the solid line and dashed line show widths corrected by Eq. (8) for data points
taken respectively within confidence interval, and those within 751 of −8.91 zenith
angle (geomagnetic zenith).
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5. Discussion

ASIs are taken with a 7 s exposure every 10 s. What is the
influence of the exposure time on the measured FWHM? In Fig. 1b,
the zenith angle of a peak is the position of the arc. The drift
distance can be estimated by looking at the positions of an arc in
one image and in another one taken 1 min later. Average drift
distance in 1 min we calculated is 16 km giving an average moving
speed of 0.27 km/s. The drift distance during exposure time is
therefore about 1.9 km. It is less than the FWHM of most auroral
arcs. This influence would not modify the distribution of widths.

In this paper, the auroral altitude is assumed to be 150 km. But
auroral particles with different energies would precipitate at
different altitudes. We measured FWHM at altitude of 135 km.
Using least square fit, we obtained the altitudinal extent Δh as
28 km and k as 2.3 and 1.4 for the positive and negative
geomagnetic zenith respectively. And then we could calculate
the corrected width at altitude of 135 km. Comparing with the
corrected width at altitude of 150 km, we find it is mostly (90%)
0.5–3 km smaller giving the average value of 1.7 km. Fig. 7 shows
distributions of arc widths. The solid line and dashed-dotted line
show respectively widths corrected by Eq. (8) at altitude of 150 km
and those at altitude of 135 km. The dashed line shows the
distribution from Knudsen et al. (2001). Comparing with dashed-
dotted line (h¼135 km), the shape of solid line (h¼150 km) is the
same, but the position of the peak is 2 km larger. This distribution
is consistent with that of Knudsen et al. (2001) which corre-
sponded to arcs that were observed near the geomagnetic zenith
(for which observed widths are close to real widths). Thus, the
hypothesis, which angle β varies linearly with zenith angle θ
between −381 and 421, could be accepted. Hence Eq. (8) could be
used to obtain the real widths of the arcs from the observed ones.
Some work about altitude extent of arcs had been done (Harang,
1946; Chamberlain, 1995). In Harang's study, the upper value of l1/2
is the distance from luminosity maximum to the point where the
luminosity had decreased to 1/2 of the maximum value on the
upper part, and it is respectively 23.6 km and 30.8 km at altitude
of 135 km and 150 km. Since the altitudinal extent Δh (30 km) is
consistent with the upper value of l1/2 (30.8 km) at altitude of
150 km, the height of auroral maximum luminosity we used in this
paper is 150 km.

The altitude extent Δh in Eq. (3) is the topside emission scale
height. We did not consider the effect of bottomside emission
scale height Δhb to correct arc width. But it would still affect arc

width. It would add Δwb to the observed width

Δwb ¼Δhbj tan θ−θmzð Þj ð11Þ

Because intensity of auroral arc is the integral effect, we could
just consider the effect of altitude extent closed to geomagnetic
zenith. The factual added width is Δwb–w1. Combining Eqs. (5)
and (6), bottomside emission scale height Δhb would add dw
(¼Δwbcosβ)–w0 to w0 (Fig. 8). If dw4w0, dw would be thought to
be the real width of arc w0 by mistake. Here, Δhb is assumed to be
18 km (Harang, 1946). In Fig. 8, it had two maximum values of dw:
4.6 km at −301 zenith angle and 8.4 km at 301 zenith angle. That is
why average width near 7301 zenith angle is larger than that at
other zenith angle in Fig. 4.

6. Conclusion

The conclusions of this study are as follows:

1. The observed width of the arcs increases regularly as zenith
angle moves away from the geomagnetic zenith, because of the
altitudinal extent of arcs and the effect of the angle β between
the magnetic field and the LOS. A correction method is
proposed to obtain real width of the arcs by considering these
geometric effects.

2. The least square method was used to fit on the minimum and
average FWHM curve to obtain two important parameters: the
altitudinal extent Δh and the angle β.

3. The distribution curve of arc widths between −381 and 421 is
consistent with that corresponded to arcs that observed near
the geomagnetic zenith. The confidence interval is −38–421.
The width of the stable arcs taken within confidence interval is
18.5713 km.

4. The results suggest that the correction method for calculating
arc width is valid.

5. The widths of dayside auroral arcs are narrower as MLT is close
to midday. It is obvious in the prenoon sector. The postnoon
auroral arcs are mixed dayside aurora with nightside aurora.

In summary, we propose a correction method to calculate the
arc width, which can be extended to large zeniths, and more
samples can be analyzed to study the relationship of width and
intensity of arc. The evolution features of the arc width, distinction
between different auroral arcs in the postnoon sector and probably
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the acceleration mechanism in the magnetosphere, will be studied
in a later paper.
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