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Abstract

We studied the evolution of a butterfly-shaped coronal hole observed during its passage across
the solar disk from 2025 September 8 to 14. We used SDO/AIA 193 A images to identify the
coronal-hole boundary and measure its area and mean intensity, and SDO/HMI line-of-sight
magnetograms to examine the underlying photospheric magnetic field. The boundary was
identified using a fived intensity threshold of 100 DN, and the area, mean 193 A intensity,
and total unsigned magnetic flux were tracked from the eastern to the western limb. As the
coronal hole approached the central meridian, its measured area increased from approzimately
7.70 x 10'® ¢0 1.63 x 10'7 m? and its unsigned magnetic flux increased from 8.68 x 102! to
1.91 x 10?2 Mx, while the mean intensity decreased from approzimately 61 to 45 DN. The
area and unsigned magnetic fluz followed similar temporal trends, whereas the mean 193 A
intensity varied in the opposite direction. Near central-meridian passage, all three quantities
remained relatively stable for several days, suggesting that the coronal-hole properties did not
change abruptly during this interval. OMNIWeb observations detected a high-speed solar-wind
stream approzimately 24 days later, with speeds reaching 600-750 km s~'. The timing is
consistent with the butterfly-shaped coronal hole being the likely solar source. These findings
reveal a close relationship among coronal-hole area, 193 A intensity, and unsigned magnetic
flux, and support an association with the subsequent high-speed solar-wind stream measured
near Earth.
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1 Introduction rounding corona. They appear dark in extreme-
ultraviolet (EUV) and X-ray observations [1]. Their

) magnetic field is mainly open [2,3], allowing plasma
Coronal holes (CHs) are regions of the solar corona escape into interplanetary space. For this rea-
with lower density and temperature than the sur-
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son, CHs are important source regions of high-speed
solar-wind streams [4-6].

CHs are generally classified as polar or equatorial.
Polar CHs are large and long-lived structures com-
monly observed near the solar poles, especially dur-
ing solar minimum. They can produce solar-wind
speeds of about 700-800 km s~! [8,9]. Equato-
rial CHs occur at lower latitudes and can rotate
across the Earth-facing side of the Sun. Their
high-speed solar-wind streams can therefore influ-
ence the near-Earth space environment. The evolu-
tion of a CH is closely related to the photospheric
magnetic field. Although CHs are mainly unipo-
lar, they can contain small-scale mixed-polarity
magnetic features 2,10, 11]. Magnetic-flux emer-
gence, cancellation, transport, and reconnection
can change the CH boundary, area, and magnetic
structure. Studying these changes is important
for understanding how CHs evolve and how they
contribute to the solar wind. Identifying the ex-
act boundary of a CH remains difficult. CHs are
commonly detected from their low EUV intensity,
but the intensity boundary does not always match
the region of open magnetic field [1,12]. Mea-
surements of CH area and magnetic flux can also
depend on the selected intensity threshold, image-
processing method, and projection effects [8,12]. A
consistent boundary-detection method is therefore
needed when tracking a CH over time.

In situ observations provide direct measurements
of the solar wind and interplanetary magnetic field
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near Earth. High-speed solar wind from CHs usu-
ally has higher speed and temperature and lower
proton density than the slow solar wind [1,6,13].
Comparing these measurements with solar observa-
tions helps connect the evolution of a CH with its
effects in the heliosphere.

1.1 Data set

In this study, we investigate a long-lived, butterfly-
shaped CH observed in September 2025. We track
its area, AIA 193 A intensity, boundary structure,
and photospheric magnetic properties as it crosses
the solar disk. We then compare these changes with
near-Earth solar-wind plasma, interplanetary mag-
netic field, and geomagnetic observations to study
the connection between the CH and its heliospheric
signatures.

We investigated a long-lived, butterfly-shaped coro-
nal hole (CH) observed on the solar disk from 8
to 14 September 2025, Figure 1(a,b). This in-
terval captures its evolution during the disk pas-
sage, including its transit across the central merid-
ian. Observations were selected at eight times per
day—03:00, 06:00, 09:00, 12:00, 15:00, 18:00, 21:00,
and 23:59 UTC—providing an approximately three-
hour cadence for monitoring changes in the CH
morphology and magnetic properties. The analysis
was designed to examine how the temporal evolu-
tion of the CH area, boundary, and magnetic con-
figuration was related to the associated high-speed
solar-wind stream and its signatures in near-Earth
space.
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Figure 1: Reprojected AIA 193 A image and corresponding HMI magnetogram of the selected coronal
hole on 11 September 2025 at 15:00:34. Panel (a) shows the CH at disk center, while panel (b) displays
the associated line-of-sight magnetic field (Brog). The black dotted box marks the region of interest.
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1.2 Atmospheric Imaging Assembly
(AIA)

The Atmospheric Imaging Assembly (AIA) [14] on-
board the Solar Dynamics Observatory provides
near-simultaneous, full-disk observations of the so-
lar atmosphere in multiple wavelength channels. In
this study, we used images from the 193 A chan-
nel, which is primarily dominated by Fe XI1 emis-
sion formed at a characteristic temperature of ap-
proximately logT =~ 6.1. The AIA 193 A images
have a temporal cadence of 12 s and a pixel scale
of approximately 0.6” pixel~!. These observations
were used to follow the evolution of the coronal hole
throughout its disk passage and to quantify changes
in its projected area, boundary morphology, and
mean intensity. The derived coronal-hole properties
were subsequently compared with the correspond-
ing photospheric magnetic-field measurements.

1.3 Helioseismic and Magnetic Im-
ager (HMI)

The Helioseismic and Magnetic Imager (HMI) [15]
onboard the Solar Dynamics Observatory provides
continuous, full-disk observations of the solar pho-
tosphere using the Fe 1 6173 A absorption line.
HMI measures the polarization and wavelength de-
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pendence of this spectral line to derive photo-
spheric magnetic-field and Doppler-velocity data
products. In this study, we used the 45 s line-
of-sight magnetic-field data, Bros, with a pixel
scale of approximately 0.5” pixel”!. The HMI
observations were used to examine the photo-
spheric magnetic-field distribution associated with
the coronal hole and its temporal evolution during
the selected observing period.

1.4 In-situ data

Near-Earth  solar-wind  and  interplanetary
magnetic-field measurements were obtained from
the OMNIWeb database'. We analyzed the solar-
wind bulk speed, V, and its components (V, V,
and V), together with the proton number density,
N,, proton temperature, T, and dynamic pressure,
Pgyy. The interplanetary magnetic field (IMF) was
characterized using its Cartesian components (B,,
By, and B,) and total magnitude, B. The SYM-H
index was also examined to assess the corresponding
geomagnetic response. The OMNI measurements
are propagated to the nominal nose of Earth’s bow
shock, providing a time-consistent dataset for inves-
tigating the solar-wind and geomagnetic signatures
associated with the coronal-hole high-speed stream.
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Figure 2: Coronal hole boundaries identified using a single intensity threshold of 100 DN on 11 September
2025 at 15:00:34. Panel (a) shows the EUV image with the extracted boundary, and panel (b) shows the
corresponding magnetogram in gray with the same boundary overlaid.

2 Methodology

The AIA 193 A image shown in the left panel of
Figure 2 and the HMI 45 s line-of-sight (LOS) mag-
netogram shown in the right panel were obtained
from the Joint Science Operations Center (JSOC).
For each observing time, we selected an ATA image
and the HMI magnetogram closest in time. The

Thttps://omniweb.gsfc.nasa.gov/

ATA image was reprojected onto the HMI coordi-
nate system using the reproject package, placing
both data sets on the same spatial grid. We then
cropped the coronal-hole region from both obser-
vations, as indicated by the black dotted box in
Figure 2. The coronal-hole boundary was identified
from the ATA 193 A image using a fixed inten-
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sity threshold of 100 DN, following the method of
Katuwal and McAteer [10,16,17]. Pixels with inten-
sities below this threshold were classified as part of
the coronal hole. The same threshold was applied
at all observing times to identify the boundary con-

sistently. The detected boundary is shown on the
ATA 193 A image in the left panel of Figure 2 and
is overlaid on the HMI LOS magnetogram in the
right panel.

Table 1: Key characteristics of the remote-sensing and in-situ datasets used in this study

Instrument Data Type Observed Quantity Wavelength /Channel Cadence/Resolution
HMI (SDO) Remote-sensing  Photospheric magnetic Fe I 6173 A 45 sec; 0.5” per pixel
field
ATA (SDO) Remote-sensing  Coronal EUV intensity 193 A (Fe XII, logT ~ 12 sec; 0.6” per pixel
6.1)
OMNIWeb In-situ Solar wind plasma & — 5 min

IMF

The coronal-hole area was calculated from the num-
ber of pixels inside the detected boundary. We cor-
rected the pixel area for solar foreshortening using
u; = cosb;, where 6; is the heliocentric angle of
pixel 7. The corrected area was calculated as

A ix,7
Acm =Y M; =22, (1)

i

where M; is the coronal-hole mask, with M; = 1
inside the boundary and M; = 0 outside, and Apix;
is the projected area of pixel i. The area was ex-
pressed in units of M2.

The mean AIA 193 A intensity inside the coronal
hole was calculated as

> i Milvos i )
Zi M; 7
where I1g3; is the intensity of pixel . The total un-

signed LOS magnetic flux inside the same boundary
was calculated from the HMI magnetograms as

(I93) =

Apix,i
(I)unsigned - Z Mz |BLOS,i| %7 (3)

K3
7

where Byog,; is the LOS magnetic field at pixel 3.
The area correction accounts for the changing view-
ing angle as the coronal hole moves across the solar
disk [8]. We applied the same procedure at each
observing time to track changes in the coronal-hole
area, mean 193 A intensity, boundary shape, and
total unsigned magnetic flux.

Finally, we compared these remote-sensing mea-
surements with near-Earth in situ data from the
OMNIWeb database. We examined the solar-wind
speed, proton density, proton temperature, dy-
namic pressure, interplanetary magnetic-field com-
ponents, total magnetic-field strength, and the
SYM-H index. The related solar-wind signatures

reached Earth approximately 2-3 days after the
coronal hole was observed on the Sun. This com-
parison allowed us to study the connection between
the evolution of the coronal hole and the plasma,
magnetic-field, and geomagnetic changes measured
near Earth.

3 Results and discussion

3.1 Variation in (/j93) Across the So-

lar Disk

By measuring the average AIA 193 A intensity in-
side the extracted coronal-hole boundary, we iden-
tified variations in EUV emission as the coronal
hole moved across the solar disk.

As shown in Figure 3, the data demonstrates a
strong evolutionary pattern in intensity from 8-
14 September 2025, associated to the coronal hole
rotation. On September 8, with the coronal hole
located near the eastern limb, the average intensity
peaked at 61.23 DN at 03:00 UT before gradually
declining to 54.27 DN by 23:00 UT. This downward
trend continued until 10 September, reaching 45.14
DN at 23:00 UT as the feature rotated toward the
central meridian, obtaining a steady minimum of
44-45 DN from 11 to 12 September.

From 13 September onward, the plot indicates a
gradual increase, with values increasing back to
50.16-52.61 DN by 14 September as the feature
approached the western limb. Observations show
that, while the mean intensity remains constant
around the disk center, it changes dramatically
closer to the edges of limbs. Variations of this size
over such a short period are physically unreliable;
hence, these changes are most likely the result of
foreshortening effects driven by the partial visibil-
ity of coronal hole regions when projected near the
limb.
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Figure 3: Average coronal hole EUV intensity
({I193); DN) measured along the coronal hole
boundaries. The plot shows the mean intensity
within the 100 DN mask at a 3 hour cadence from
8 to 14 September 2025, reflecting variations as the
feature transits the solar disk.

We find that the average ATA 193 A intensity of the
coronal hole remains nearly constant near the solar
disk center. This nearly unchanged intensity indi-
cates that the coronal hole maintains a stable struc-
ture over several days, consistent with the morpho-
logical stability reported by [10].

3.2 Variation in ®,,ggeq across the
solar disk

To study how the magnetic field changed with in-
tensity, we estimated the total unsigned magnetic
flux within the coronal hole parts. As indicated
in Section 2, we detected the coronal hole borders
using a 100 DN threshold on AIA 193 A pictures
and overlaying these contours on corresponding
SDO/HMI line-of-sight magnetograms. At each
time step, we added the absolute value of the
line-of-sight magnetic field (BrLog) for each pixel
within the border. Hofmeister et al. [18] propose a
polarity-independent estimate of total photospheric
flux, capturing contributions from both positive
and negative magnetic signatures.

The temporal data in Figure 4 show a characteris-
tic three-phase evolution of magnetic activity: an
early spike, a stable period, and finally a fall. This
magnetic behavior closely reflects the spatial con-
tours given in Figure 2, allowing us to analyze how
the magnetic environment changes as the coronal
hole transited the solar disk.

On September 8, the unsigned flux began at
8.68 x 10%! Mx at 03:00 UT and gradually in-
creased to 1.25 x 10?2 Mx by the end of the day at
23:00 UT. This early spike occurred as new mag-
netic features appeared and existing flux rotated
into view from the sun’s eastern side. This growing
pattern remained until 10 September, with the flux

reaching 1.86 x 1022 Mx at 23:00 UT.

Between September 11 and 12, the coronal hole
reached relative magnetic equilibrium. The un-
signed flux remained stable, varying only slightly
between 1.79 x 1022 Mx and 1.91 x 10?2 Mx. How-
ever, the trend shifted to a slow fall beginning
on September 13. The flux declined from 1.83 x
1022 Mx at 03:00 UT to 1.72 x 10?2 Mx by the
end of the day at 23:00 UT, eventually reducing to
1.29 x 10?2 Mx on September 14th at 23:00 UT.
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Figure 4: Total unsigned magnetic flux (®) inte-
grated over the masked coronal hole area. The y-
axis is scaled in units of 1017 Mx. Data points repre-
sent the 3-hour average of SDO/HMI magnetogram
observations

From the above observation, we found that the total
unsigned magnetic flux remained remarkably stable
during the central meridian passage. According to
Katuwal et al. [10], this stability in an equatorial
coronal hole suggests a strong magnetic unipolar-
ity. Even in the presence of surrounding mixed-
polarity fields, the ’butterfly’ structure maintains
its integrity through a dominant open-field topol-
ogy, which prevents significant flux cancellation at
the boundaries.

3.3 Variation in Acy across the solar
disk

The evolution of the coronal hole (CH) was ana-
lyzed using ATA 193 A images from 8-14 September
2025. The CH area was determined by overlaying
the boundaries identified with a 100 DN threshold
on ATA 193 A images, as described in Section 2.
On 8 September, the measured area was 7.70 x 10'6
m? at 03:00 UT and increased steadily throughout
the day, reaching 1.11 x 10'” m? by 23:00 UT. This
initial growth indicates that the CH was expanding
and becoming more clearly defined as it rotated
onto the visible solar disk.

The expansion continued on 9-10 September, with
the area increasing from 1.15 x 10'7 m? to a maxi-
mum of 1.63 x 107 m? late on 10 September. This
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period represents the full development of the CH,
when its spatial extent was largest and the bound-
aries were most clearly detected.
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Figure 5: Temporal variation of the total coronal
hole area from 8-14 September 2025. Values are ex-
pressed in m? and represent the average of 3-hourly
measurements (8 datas per day) extracted using a
100 DN intensity mask.

From 11-12 September, the area remained rela-
tively stable, fluctuating slightly between 1.54x 107
and 1.63 x 10'7 m?, suggesting a temporary equilib-
rium. On 13 September, it decreased from approx-
imately 1.57 x 1017 m? at 03:00 UT to 1.45 x 107
m? by 23:00 UT, and by 14 September, it further
reduced to 1.07 x 10'7 m? at 23:00 UT. This reduc-
tion reflects the gradual weakening and dispersal of
the CH as it rotated toward the western limb, com-
pounded by projection effects near the solar limb.
Our analysis confirms a strong positive correlation
between these parameters i.e. Coronal Hole expan-
sion is characterized by a decrease in EUV intensity
and a concurrent increase in total unsigned mag-
netic flux.

3.4 Relationship between ([193),

q)unsigneda and ACH

The observations from 8 to 14 September 2025
show a clear relationship between AIA EUV in-
tensity ((I193); DN), total unsigned magnetic flux
(Punsigned; Mx), and coronal hole area (Acy; m?).
On 8 September, when a coronal hole was located
near the eastern limb, the coronal hole area started
at 7.70x 10'® m? at 03:00 UT and increased steadily
to 1.11 x 107 m? by the end of the day at 23:00 UT.
During the same period, ATA (DN) decreased from
61.23 DN to 54.27 DN, while HMI flux increased
from 8.68 x 10%' Mx to 1.25 x 10?2 Mx. This in-
dicates that as the coronal hole grew, the EUV
intensity decreased, while the magnetic flux in-
creased.

From 9 to 10 September, the coronal hole area con-
tinued to grow, reaching a maximum of 1.63 x 1017
m? on 10 September. AIA (DN) values continued

to decline to about 45.14 DN, while HMI flux in-
creased to approximately 1.86 x 10?2 Mx. Between
11 and 12 September, all three parameters remained
relatively stable: the coronal hole area fluctuated
around 1.54 x 1017-1.63 x 10'7 m?2, AIA (DN)
stayed near 44-46 DN, and HMI flux remained
around 1.79 x 10%2-1.91 x 10?2 Mx. This suggests a
temporary equilibrium in both EUV emission and
magnetic flux during the mature phase of the coro-
nal hole.

After 12 September, as the coronal hole moved to-
ward the western limb, its area gradually decreased
from 1.57 x 1017 m? on 13 September to 1.07 x 107
m? on 14 September. During the same period,
ATA (DN) increased from 46.62 DN to 52.61 DN,
while HMI flux decreased from 1.83 x 10?2 Mx to
1.29 x 10?2 Mx. This opposite trend indicates that
the reduction in coronal hole area is associated
with higher EUV intensity and lower magnetic flux.
These trends indicate a strong positive correlation
between coronal hole area and unsigned magnetic
flux (see Equation (3)), consistent with previous
studies [18-20].

3.5 In situ signatures of the high-
speed solar-wind stream

The coronal hole observed from 8 to 14 September
2025 was associated with changes in the solar wind
and interplanetary magnetic field measured at 1 AU
between 10 and 20 September 2025. The SDO ob-
servations show a well-developed coronal hole with
low ATA 193 A intensity, an unsigned magnetic flux
ranging from 8.68 x 102! to 1.91 x 10?2 Mx, and an
area ranging from 7.70 x 10'¢ to 1.63 x 1017 m?2.
These properties are consistent with an open-field
region capable of producing a high-speed solar-
wind stream. Solar wind typically requires ap-
proximately 2—4 days to travel from the Sun to
Earth [21]. A similar delay was observed between
the coronal hole’s central-meridian passage and the
arrival of the high-speed stream at Earth.

On 8 and 9 September, when the coronal hole was
near the eastern limb, the solar wind at 1 AU re-
mained close to background conditions. The solar-
wind speed was approximately 350-450 kms~!,
the proton density was about 5-10 cm ™3, and the
magnetic-field strength was around 5-8 nT. During
this period, the coronal hole was not yet well con-
nected to the Sun—Earth direction. Therefore, the
solar-wind stream associated with the coronal hole
was expected to reach Earth only after the source
region rotated closer to the central meridian [22].

Between 10 and 13 September, the coronal hole
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moved across the central part of the solar disk. Sev-
eral days later, the in situ measurements showed
a clear increase in solar-wind speed and proton
temperature. The solar-wind speed reached ap-
proximately 600750 kms—!, while the proton tem-
perature increased to about (4-7) x 10° K. The
magnetic-field strength also increased to approxi-
mately 10-18 nT, with strong variations in the B,,

By, and B, components. Enhancements in pro-
ton density, dynamic pressure, and magnetic-field
strength before the speed increase are consistent
with a compressed interaction region at the leading
edge of the high-speed stream. The decrease in the
SYM-H index below —50 nT indicates a noticeable
geomagnetic response [23,24].
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Figure 6: Panels (top to bottom) show B,, By, B., and |B|; solar wind speed V' and proton temperature
T,; proton density n, and dynamic pressure P; and SYM-H. Red dashed lines mark the constant high-
speed stream interval used for averaging. Data are from NASA GSFC OMNIWeb.

The coronal hole reached its largest measured area
and unsigned magnetic flux around 11-12 Septem-
ber. Its maximum unsigned magnetic flux was ap-
proximately 1.91 x 10?2 Mx. About four days later,
the solar-wind speed reached nearly 750 kms~! at
1 AU. This timing supports an association between
the central-meridian passage of the coronal hole
and the observed high-speed solar-wind stream.

By 14 September, the coronal hole had moved to-
ward the western limb. After 20 September, the
solar-wind speed decreased to approximately 400—
500 kms~!, and the magnetic-field strength re-
turned toward background levels. This behavior
indicates the end of the high-speed-stream interval
and a return to slower solar-wind conditions.

Overall, the observations show a consistent tem-
poral relationship between the evolution of the
butterfly-shaped coronal hole and the subsequent
arrival of a high-speed solar-wind stream at Earth.
These results support the established connection
between coronal-hole magnetic structure and high-
speed solar-wind flow [26].

4 Conclusion

In this study, we examined the ATA 193 A mean in-
tensity ((I193,); DN), total unsigned magnetic flux
(Punsigned; Mx), and coronal-hole area (Acw; m?)
of a butterfly-shaped coronal hole observed from 8
to 14 September 2025 as it rotated across the so-
lar disk from the eastern limb toward the western
limb. By combining these remote-sensing observa-
tions with in situ solar-wind measurements at 1 AU,
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we draw the following conclusions:

i The coronal hole remained most stable near
the disk center, where its area, total unsigned
magnetic flux, and mean ATA 193 A intensity
were nearly constant.

ii. The coronal-hole area and total unsigned
magnetic flux varied together, indicating a
strong relationship between the coronal-hole
morphology and its underlying magnetic field.

iii The mean AIA 193 A intensity varied in-
versely with the coronal-hole area and total
unsigned magnetic flux.

iv. A high-speed solar-wind stream and its lead-
ing compressed interaction region were subse-
quently detected at 1 AU, producing a sub-
stantial geomagnetic response.
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