
ar
X

iv
:2

40
5.

18
69

9v
1 

 [
as

tr
o-

ph
.S

R
] 

 2
9 

M
ay

 2
02

4

Solar Physics
DOI: 10.1007/•••••-•••-•••-••••-•

Correction for the Weakening Magnetic Field within

the Sunspot Umbra Observed by ASO-S/FMG

Haiqing Xu1,2
· Jiangtao Su1,2,3

·

Suo Liu1,2,3
· Yuanyong Deng1,2,3

·

Xianyong Bai1,2,3 · Jie Chen1,2
·

Xiaofan Wang1,2
· Xiao Yang1,2

·

Yongliang Song1,2

Received ; accepted

© The author(s) ••••

Abstract The magnetic field inside the sunspot umbra, as observed by the
Full-disk MagnetoGraph (FMG) onboard the Advanced Space based Solar Ob-
servatory (ASO-S), was found to be experiencing a weakening. To address this
issue, we employed a method developed by Xu et al. (2021) to correct the
weakening in the data of 20 active regions observed by FMG during the period
spanning December 29, 2022, to July 23, 2023. Research has revealed that the
onset of magnetic field weakening occurs at a minimum magnetic field strength
of 705 G, with the peak strength reaching up to 1931 G. We computed the
change ratio (R1) of the unsigned magnetic flux within the sunspot umbra,
considering measurements both before and after correction. The change ratio
(R1) spans from 26% to 124%, indicating a significant increase in the unsigned
magnetic flux within sunspot umbrae observed by FMG after correction. To
illustrate this, we selected four active regions for comparison with data from the
Helioseismic and Magnetic Imager (HMI). After correction, it is found that the
unsigned magnetic flux in sunspot umbrae measured by FMG aligns more closely
with that of HMI. This supports the effectiveness of the corrective method for
FMG, despite imperfections, particularly at the umbra-penumbra boundary.
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1. Introduction

The strong magnetic field of sunspots has been the focus of exploration for over
a century, dating back to its initial discovery by Hale (1908). A local relationship
between the continuum intensity and magnetic field (hereafter denoted as I−B)
in sunspot umbrae was established: the smallest intensity always corresponds to
the largest magnetic field (e.g., Mart́ınez and Vázquez 1993; Norton and Gilman
2004). Leonard and Choudhary (2008) studied the I−B relationship of sunspots
using 272 samples observed at the San Fernando Observatory and the National
Solar Observatory, Kitt Peak. They found that the I − B relationship is not
linear beyond a field strength of about 700 G. Moon et al. (2007) found that
the absolute value of the Michelson Doppler Imager (MDI) flux density had a
negative correlation with the MDI intensity for a high-intensity area larger than
about 900, for the remaining area, both quantities had positive correlations,
which were caused by the Zeeman saturation effect. Ulrich et al. (2002) provided
a comprehensive analysis of the underlying causes for saturation effects encoun-
tered in the Mount Wilson 150-foot tower telescope system. This instrument
utilized the spectral line Fe i λ 5250 Å (Landé factor g=3) for its observations.
They pointed out that most spectral lines used for magnetic measurements are
subject to the saturation effect for at least some parts of their profile. Sakurai et
al. (1995) emphasized that the large Landé factor of Fe i 5250 Å line can result
in strong magnetic signal saturation at high field strengths, while the Fe i 6302.5
Å line, characterized by a Landé factor g=2.5, is less susceptible to this effect.
Nevertheless, despite utilizing the Fe i 6302.5 Å line, the Solar Flare Telescope
at Mitaka, Japan, still observed a notable decrease in magnetic signals at high
field strengths. This finding implies that the Fe i 6302.5 Å line might not be as
resistant to magnetic saturation effects as was previously believed.

The saturation or weakening of magnetic signals at strong field strengths
is more severe in filter-type magnetographs compared to spectral-type magne-
tographs. It is well established that modern magnetographs primarily measure
solar polarized light, which can be described using the four Stokes parameters
(I, Q, U and V ). The Stokes Q and U parameters represent the linear polar-
ization related to the transverse magnetic field component, while the Stokes V
parameter represents the circular polarization corresponding to the line-of-sight
(LOS) magnetic field component. In this study, we are primarily interested in
the LOS component. Filter-type magnetographs observe circular polarization
at a single wavelength and calibrate the LOS magnetic field from images of
Stokes V under the assumption of a weak magnetic field, where the relationship
between LOS field strength and the Stokes parameter V/I is approximately
linear. In contrast, spectral-type magnetographs can obtain the spectral profiles
of the Stokes parameters and invert for the vector magnetic field by employing
the polarized radiative transfer equations within a specific atmospheric model.
The Solar Optical Telescope (SOT) on Hinode (Kosugi et al. 2007) comprises
two distinct types of polarimeters: the Spectro-polarimeter (SP) obtains Stokes
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parameters spectral profiles of Fe i 6301.5 Å (Landé factor g=1.667)/6302.5 Å
lines and the Narrowband Filter Imager (NFI) obtains Stokes I and V images at
a single-wavelength of Fe i 6302.5 Å. Chae et al. (2007) discovered a decrease in
Stokes V/I in sunspot umbral regions observed through the NFI. To rectify this,
they conducted cross-calibration between the NFI’s Stokes V/I measurements
and the LOS magnetic field data obtained by the SP. Meanwhile, Moon et al.
(2007) utilized concurrent MDI intensity and magnetogram data. They employed
a comparison between the SP and MDI flux densities to address saturation
issue in the magnetic field measurements obtained by MDI. The Solar Mag-
netic Field Telescope (SMFT) located at the Huairou Solar Observing Station
(HSOS) is a filter-type magnetograph that observes Stokes V at −0.075 Å off
the spectral line center of Fe i 5324.19 Å (Ai and Hu 1986). The Landé factor
g=1.5 and the equivalent width of the line is 0.33 Å. It was discovered in SMFT
data that the LOS magnetic field weakens in sunspot umbrae. Plotnikov et al.
(2021) conducted a cross-calibration between SMFT data and magnetograms
provided by the Helioseismic and Magnetic Imager (HMI: Schou et al. 2012),
which acquires a spectral profile with six wavelength points. They introduced a
non-linear relationship between the Stokes V/I and LOS magnetic field, aiming
to eliminate the observed weakening of magnetic field inside sunspot umbra. To
address this magnetic field weakening issue, Xu et al. (2021) developed a method
based on the correlation between the Stokes V/I and I/Im (Im represents the
maximum value of Stokes I) observed by SMFT. This approach relies solely
on data from a single instrument, thereby avoiding systematic errors associated
with cross-comparisons.

The Full-disk MagnetoGraph (FMG) is a payload onboard the Advanced
Space based Solar Observatory (ASO-S: Gan et al. 2019) designed to measure
solar photospheric magnetic fields (Deng et al. 2019). Routine observations with
the FMG are conducted at a single wavelength position of the Fe i 5324.19 Å
line, utilizing a linear calibration under the weak-field approximation (Su et al.
2019; Liu et al. 2023). Therefore, it is not surprising to discover a decrease in
the LOS magnetic field in sunspot umbrae. To rectify this issue and enhance
the quality of magnetic field data from the FMG, we will employ the method
developed by Xu et al. (2021). This paper is organized as follows: Section 2 pro-
vides a description of our methodology and data reduction procedures. Section 3
presents the primary results. Finally, Section 4 summarizes our main conclusions
and offers further discussions.

2. Method and Observations

Xu et al. (2021) developed a method that can automatically identify the thresh-
old of saturation in LOS magnetograms observed by SMFT and correct it. This
method relies on the relationship between Stokes V/I and I/Im to estimate
the saturation threshold and reconstruct Stokes V/I in strong magnetic field
regions to correct for saturation. Im represents the maximum value of Stokes I
for the whole intensity image of an active region, which varies with the active
region. The effectiveness of the algorithmwas demonstrated by comparing it with
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magnetograms obtained by HMI and a sample of 175 active regions observed by
SMFT. In this study, we adopt this method to address the weakening of magnetic
fields in sunspot umbrae observed by FMG. To illustrate the effectiveness of
correction, we introduce two parameters:

R1 =
Faf − Fbf

Fbf

× 100% , (1)

and

R2 =
|Fh − Faf |

Fh

× 100% , (2)

where Fbf and Faf represent the unsigned magnetic flux inside the sunspot umbra
observed by FMG before and after correction, respectively, and Fh represents the
unsigned magnetic flux in the same region as observed by HMI. Therefore, R1

represents the change ratio of unsigned magnetic flux after and before correcting
for the weakening of magnetic field in sunspot umbrae observed by FMG, while
R2 represents the ratio of unsigned magnetic flux differences between HMI and
FMG after correction. For comparison, we also introduce R3 which represents
the ratio of unsigned magnetic flux differences between HMI and FMG before
correction.

R3 =
Fh − Fbf

Fh

× 100% . (3)

We selected 20 active regions observed by FMG from December 29, 2022 to
July 23, 2023. Four of these active regions have been utilized in Xu et al. (2024)
and the same data reduction method was employed. The remaining 16 active
regions were chosen when they were closest to the solar disk center and had the
smallest satellite orbit velocity.

3. Results

3.1. Test of the Method

We take active region NOAA 13310 acquired by FMG as an example to test
the method. The relationship between the values of I/Im and |V/I| is given in
Figure 1(a), which is similar to Figure 2 in Xu et al. (2021). It is found that the
second-order polynomial (red line) gives a well fit when |V/I| > 0.01 and I/Im
≤ 0.75. The I/Im corresponding to the apex (green asterisk) is 0.428. I/Im
and |V/I| have a negative correlation for area I/Im > 0.428, and a positive
correlation for area I/Im < 0.428 which is inside the red contour in Figure
1(c). The weakening magnetic field is found for the area inside the red contour
in Figure 1(d), owing to the linear calibration is adopted by FMG. The I/Im
corresponding to the apex can be as the threshold (hereafter denoted as I0) for
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Figure 1. Panel (a) displays the I/Im−|V/I| relationship of NOAA 13310 observed by FMG.
The green asterisk presents the apex of the second-order polynomial fit (red line). The cyan
and blue asterisks present the ±1σ uncertainty of apex. The corresponding I/Im values are
marked using the same color as asterisks. Panel (b) displays the I/Im−|V/I| relationship after
correcting for the weakening magnetic field in sunspot umbra. Panel (c) is the map of Stokes
I and panel (d) shows the LOS magntogram before correction. The red contour represent
I/Im=0.428. Panels (e) and (f) show the corrected LOS magnetograms without and with
smoothing the data, respectively.
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Figure 2. Panels (a1)–(a4) display the original LOS magnetograms of four active regions
observed by FMG. Panels (b1)–(b4) represent the LOS magnetograms after correcting for
magnetic field weakening in sunspot umbrae observed by FMG. Panels (c1)–(c4) show the
LOS magnetograms observed by HMI.

occurrence of magnetic weakening. We reconstruct Stokes V/I for pixels where

I/Im < I0 using Equation 4 (Equation 3 in Xu et al. 2021).

V

I
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· sign

(

V

I
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, (4)

where (a1, c1) and (a2, c2) are linear fitting coefficients corresponding to area

I/Im < I0 and I/Im ≥ I0, respectively. a1 and a2 are slopes, c1 and c2 are

constants. After re-calculating, the relationship between the values of I/Im and

|V/I| is given in Figure 1(b), and a negative correlation is found.

The FMG LOS magnetic field BL can be re-calibrated from Equations 5 and

6:
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Table 1. The information regarding the four active regions that were simultaneously
observed by FMG and HMI

NOAA Location Date Time (UT) Bs (G)1 R1 (%)2 R2 (%)3 R3 (%)4

13173 N24W15 2022-12-29 18:58:49 958 60 5 41

13176 N19E12 2022-12-30 22:32:28 1015 57 5 33

13229 N25W05 2023-02-22 05:24:23 705 44 19 43

13282 N11E10 2023-04-17 03:18:52 1071 69 16 30

1The magnetic field strength at the point where it starts to decrease.
2The change ratio of unsigned magnetic flux after and before correcting the weakening of
magnetic field in sunspot umbrae observed by FMG.
3The ratio of unsigned magnetic flux differences between HMI and FMG after correction.
4The ratio of unsigned magnetic flux differences between HMI and FMG before correction.

BL = CL

V

I

s

,
I

Im
< I0 , (5)

and

BL = CL

V

I
,

I

Im
≥ I0 , (6)

where CL is calibration coefficient. FMG adopts 30000 G for routine calibration.
The re-calibrated BL map is shown in Figure 1(e). It can be seen that the weak-
ening magnetic field in sunspot umbra has been corrected. But the discontinuity
(yellow arrow) arises at the umbra–penumbra boundary. We applied a Gauss-
smooth function to smooth the corrected data by 4 pixels. The smoothed BL

map is displayed in Figure 1(f). It can be seen that the discontinuity has been
eliminated, however, the spatial resolution has also been reduced.

3.2. Correction for FMG Data

Figures 2(a1)–(a4) present the original magnetograms of four active regions
observed by FMG. Within the umbrae, a decrease in magnetic field strength
is observed. Figures 2(b1)–(b4) display the magnetograms after correcting for
magnetic field weakening in sunspot umbrae. It is evident that the magnetic field
strength increases within sunspot umbrae, aligning more closely with the HMI-
45s magnetograms in Figures 2(c1)–(c4). However, a discontinuity indicated by
yellow arrows at the boundary of umbrae and penumbrae is visible. To conduct
a detailed analysis, four slices passing through the sunspots were created, as
indicated by red lines in Figures 2(a1)–(a4). The distributions of magnetic field
along slices S1-S4 are depicted in Figures 3(a)–(d). It is observed that the mag-
netic field strength in sunspot umbrae significantly increases after correction, as
indicated by comparing the red and blue lines. Specifically for slices S2 and S3,
the magnetic fine structures of FMG align well with those of HMI (black lines).
However, we also identify discontinuities or errors at the positions where the
magnetic field starts to decrease. To eliminate this discontinuity, we applied a
Gaussian smoothing function to the corrected data. The cyan and green lines in
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Figure 3. Panels (a)–(d) are magnetic field distribution along slices S1–S4 as indicated in
Figure 2. The black and blue solid lines in each panel represent HMI and FMG, repectively.
The red, cyan and green solid lines represent the FMG magnetic field after correcting for
weakening of the magnetic field in sunspot umbra. The red line indicates that the corrected
magnetic field is not smoothed, while the cyan and green lines indicate that the corrected
magnetic field has been smoothed by 2 and 4 pixels. Panels (e)–(h) feature the scatter plots of
magnetic field (FMG vs. HMI) after correcting for the weakening of magnetic field in sunspot
umbra observed by FMG, no smoothing applied. C.C is the correalation coefficient of magnetic
field.

Figures 3(a)–(d) indicate that the corrected magnetic field has been smoothed
by 2 and 4 pixels, respectively. It is observed that the discontinuity has been
eliminated, but the magnetic field outside the umbrae was also altered. It is
evident that the more data is smoothed, the more effective the elimination
of discontinuities. The scatter plots of magnetic field (FMG vs. HMI) after
correcting for magnetic field weakening in sunspot umbra observed by FMG
are presented in Figures 3(e)–(h). The relationship is approximately linear. We
employed a linear fitting to the data with errors included. The error is 10.2 G for
HMI 45-s magnetograms (Liu et al. 2012) and 15 G for FMG in normal mode
(Deng et al. 2019). The correlation coefficients and slopes are all slightly higher
compared to those reported in Xu et al. (2024).

Additionally, we calculated the magnetic field strength Bs at the point where
it starts to decrease, as well as R1, R2 and R3. The results are summarized
in Table 1. The lowest Bs value is 705 G, while the highest is 1071 G. R1

ranged from 44% to 69%, indicating that the unsigned magnetic flux in sunspot
umbrae observed by FMG increased by 44%–69% after correction. Furthermore,
R2 was significantly smaller thanR3, indicating that the magnetic flux in sunspot
umbrae observed by FMG aligns more closely with that of HMI after correction.

For the other 16 active regions, we make the same analysis and find a similar
result. Table 2 gives the information and results of the 16 active regions. The
lowest Bs is 991 G and the highest is 1931 G. The lowest R1 is 26% and the
highest is 124%. Bs and R1 are different for different active regions, but we do
not find any relationship between Bs and R1.
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Figure 4. Panels (a1)–(b5) display the original LOS magnetograms of NOAA 13310 observed
by FMG from May 18 to 22, 2023. The weakening magnetic field persists inside the red
contours. Panels (c1)–(d5) exhibit the corrected LOS magnetograms of the same active region.
The yellow arrows mark the abnormal points. The pink arrows point out the uncorrected area.
The size of magnetograms is 192.5′′ × 192.5′′.

To investigate the effect of location on the correction algorithm, we selected a
relatively stable active region NOAA 13310 and traced it from east to the solar
disk center (from May 18 to 22, 2023). We used the FMG data when the satellite
orbit velocity was near zero to diminish its influence on magnetic field strength.
From Figures 4(a1)–(b5), one can see that the weakening of magnetic field per-
sists for all magnetograms. The red contours represent I/Im values calculated by
the algorithm, indicating the occurrence of magnetic weakening. It is found that
the algorithm is independent on solar disk location when detecting the weakening
magnetic field. Figures 4(c1)–(d5) show the magnetograms after correcting for
the weakening magnetic field. Some abnormal points (yellow arrows) are found
and the magnetic field in certain areas have not been fully corrected (pink arrows)
when the active region is far from disk center. The correction is more accurate
when the active region is close to the disk center. We calculated the unsigned
magnetic flux from the corrected magnetograms. From Figure 5, one can see
that the unsigned flux gradually increases from east toward the solar disk center
(black line). We employed a linear fitting to the data and then subtracted the
fitting result from the unsigned flux to remove the general trend. There is no
systematic variation in the residual flux (red line).
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Figure 5. The variation of magnetic flux with longitude of NOAA 13310 from May 18 to
22, 2023. The black and red lines represent the unsigned magnetic flux and the residual flux,
repectively.

4. Conclusions and Discussions

We conducted a study on the weakening magnetic field within the sunspot um-
brae of 20 active regions observed by FMG. It has been demonstrated that the
method developed by Xu et al. (2021) can be directly applied to FMG data, with
only minor modifications required for the range of Stokes V/I and I/Im when
performing polynomial fits. The thresholds for magnetic field weakening to occur
range from 705 G to 1931 G. After correcting for the magnetic field weakening,
the unsigned magnetic flux within sunspot umbrae observed by FMG increased
by 26%–124%, and the difference ratio of unsigned magnetic flux between HMI
and FMG decreased from 30%–43% to 5%–19%.

Despite its effectiveness, this method possesses certain limitations. While
smoothing the data eliminates the discontinuity at the boundary between um-
bra and penumbra, it also diminishes spatial resolution, thus compromising the
recognition of fine structures. The method relies on the relationship between
V/I and I/Im which is an extension of the I −B relationship that varies across
different umbrae (Norton and Gilman 2004). Notably, the correction’s accuracy
diminishes when active regions are situated far from the disk center. Therefore,
this method has not yet been integrated into the data production process, and
its use should be determined based on the specific research context.

The Fe i 5324.19 Å spectral line is the most commonly used to observe mag-
netic fields at HSOS. A numerical calculation by Zhang (2019) showed that the
Stokes parameters of the spectral line have different sensitivities in the quiet
Sun and sunspot atmosphere. The linear approximation for Stokes V can only
be used for relatively weak magnetic fields below 2000 G for the quiet Sun and
1000 G for the umbra. Our observations reveal that the magnetic field strength
at which magnetic field weakening begins ranges from 705 G to 1931 G (average
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Table 2. The information regarding the 16 active regions observed by
FMG

NOAA Location Date Time (UT) Bs (G) R1 (%)

13273 N10W11 2022-12-06 02:36:55 1532 35

13285 S17E04 2023-04-26 17:36:15 1626 58

13288 S22E10 2023-04-26 17:36:15 1135 26

13293 N13W07 2023-05-06 12:36:39 1769 36

13294 N08E03 2023-05-07 20:48:44 1931 66

13296 N08E03 2023-05-07 03:30:10 1696 27

13297 N08W04 2023-05-08 01:46:34 1616 32

13310 S20E02 2023-05-23 05:52:56 1257 96

13314 N15W04 2023-05-23 05:52:56 1817 124

13315 S16E05 2023-05-26 19:56:44 1259 34

13321 S15W01 2023-06-04 00:53:01 1347 99

13339 S18E01 2023-06-22 09:06:27 991 76

13340 S21E05 2023-06-22 09:06:27 1855 27

13354 S15W03 2023-06-28 02:28:02 1557 48

13373 N07W01 2023-07-19 01:34:25 1533 68

13377 S08W07 2023-07-23 03:13:18 1486 80

value ∼ 1400 G ). This suggests that the magnetic field range suitable for using
linear approximation varies depending on the sunspot. The calibration process
from polarized light to magnetic field is complex, and both numerical calculations
and observations suggest that different calibration coefficients should be used for
different regions of the Sun. Additional research is required for the calibration of
filter-type magnetographs measuring circular polarization at a single-wavelength
position.
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