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Abstract A longitudinal magnetic field often suffers the saturatiffiee in a strong magnetic field region
when the measurement is performed at a single-wavelength grad linear calibration is adopted. In this
study, we develop a method that can judge the threshold ofatain in Stokes//I observed by the
Solar Magnetic Field Telescope (SMFT) and correct it autizatly. The procedure is to first perform the
second-order polynomial fit to the Stok&31 vs. I/1,, (I, is the maximum value of Stoke§ curve

to estimate the threshold of saturation, then reconstrio&eSV/I in a strong field region to correct for
saturation. The algorithm is demonstrated to be effectyvedmparing with the magnetograms obtained by
the Helioseismic and Magnetic Imager (HMI). The accuratg td detection and correction for saturation
is ~99.4% and~88% respectively among 175 active regions. The advantaggslisadvantages of the
algorithm are discussed.
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1 INTRODUCTION to be carefully analyzedZzhang 2019 Svalgaard et al.

o (1979 found the magnetograph was saturated when
Study of the solar magnetic field has always been a corg,g magnetic field is very strondJlrich etal. (2002
topic in solar physics. Some major unsolved scientificyiscussed reasons and treatment of saturation effects in
problems in the study of solar physics, such as generatioe Mount Wilson 150 foot tower telescope system in
of th? solar cycle, coronal heating, the origin of 50|ar_detail. They pointed out that most spectral lines utilized
eruptions and so on, are all related to the solar magnetig,r magnetic measurements are subject to this saturation
field. The magnetic field of sunspots was first investigaterect for at least some parts of their profilsu et al.
by Ha!e (190§. It is known that generally cu_rrently_ (2007 found another type of saturation in sunspot umbrae
operating magnetographs measure solar polarized lighjserved by the Michelson Doppler Imager on the Solar
(presen_t as Stokes parametér.x{), U andV) _rather than  and Heliospheric Observatory (MDI/SOHO) caused by
magnetic fields. Under certain atmospheric models anghe 15-pit onboard numerical treatment used in deriving
assumptions, the solar magnetic field is obtained througihe MDI magnetograms. The saturation effect can be
inversion according to radiation transfer theory. The 1solag|iminated by considering information on the spectral
magnetic field has been observed for more than a centuj,e e.g., the Spectro-Polarimeter (SP) onboard Hinode
and many intgresting results have. been presgnted fr.O@P(osugi et al. 200yobtains the spectral profile with a wide
these observations. Yet, there are still some basic q‘"BSt'Ospectral range, and the Helioseismic and Magnetic Imager
on the measurements of solar magnetic fields waitingyhpoard the Solar Dynamics Observatory (HMI/SDO
Schou etal. 201)2obtains a spectral profile with six
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67-2 H.-Q. Xu et al.: Detection and Correction for Magnetic Saturation

wavelength points. The saturation effect needs to b&here Cp is the calibration coefficient inferred from
corrected by some supplementary methods if the polarizethe aforementioned calibration methods. This linear
light is measured in a single-wavelength point and linearcalibration will result in saturation when the magnetic
calibration is adoptedChae et al(2007) performed cross- field is strong.Plotnikov et al. (2019 made an attempt
calibration of Narrow-band Filter Imager (NFI) Stokesto improve the routine magnetic field measurements of
V/I and longitudinal magnetic field acquired by the SP,SMFT by introducing a non-linear relationship between
and proposed utilizing two different linear relationshipsthe StokesV/I and longitudinal magnetic field. They
of longitudinal magnetic field and Stoke®/I from  performed cross-calibration of SMFT data and magne-
Hinode/NFI to correct for saturatiodoon et al. (2007 tograms provided by HMI to determine the form of the
used a pair of MDI intensity and magnetogram datarelationship. They found that the magnetic field saturation
simultaneously observed, and the relationship from thénside a sunspot umbra can be eliminated by using the non-
cross-comparison between the SP and MDI flux densitieknear relationship between Stok&%7 and longitudinal
to correct for saturation in magnetic field obtained by MDI. magnetic field. They also discussed the influence of
Guo et al.(2020 explored a nonlinear calibration method saturation effect on solving the 180 degree ambiguity of
to deal with the saturation problem, which relied on athe transverse magnetic field. They manually chose the
multilayer perceptron network. threshold for separating pixels into two subsets of strong
The Solar Magnetic Field Telescope (SMFT) atand weak magnetic field, which is not convenient for
Huairou Solar Observing Station (HSOS) of Nationaldealing with a large data sample.
Astronomical Observatories, Chinese Academy of In this paper, we attempt to develop a method which
Sciences is a 35 cm vacuum te|escope equipped with @an judge the threshold of saturation in SMFT |Ongitudinal
birefringent filter for wavelength selection and KD*P field and correct for saturation automatically. One purpose
Crysta]s to modulate po]ariza’[ion Signa|s_ The | Fe of this StUdy is to correct for saturation in Iongitudinal
5324.19 A line is used for measurements. A vector magnetic field obtained by SMFT since 1987. Another
magnetogram is built utilizing four narrow-band (0.125pPurpose is to prepare a calibration technique for the
A) StokesI,Q,U andV maps. The center wavelength Full-disk vector MagnetoGraph (FM®eng et al. 201p
of the filter can be tuned and is normally a0.075 A Wwhich is one payload onboard the Advanced Space-based
for the measurements of longitudinal magnetic fieldsSolar Observatory (ASO-S3an et al. 201pthat will be
and at the line center for the transverse magnetic fieldiunched in early 2022. Routine observations for the FMG
(Ai & Hu 1986). It has been observing vector magneticWill be taken at one wavelength position of the Fe |
fields for more than 30 years. The theoretical calibratiorP324.179A (Su et al. 2012 The magnetic field will suffer
for SMFT vector magnetogram was first made bythe saturation effect if linear calibration is adopted.
Ai et al. (1982. Several different methods of the magnetic
field calibration under the weak-field assumption have2 OBSERVATIONS
been done since theiwang et al. (1996 employed an
empirical calibration and a velocity calibration method
to calibrate the longitudinal magnetogran®i & Zhang

The raw data registered by SMFT are left and right
polarized light. The Stoke¥/I and are calculated as

) ) o follows
(20049 considered 31 points of the F8324.19A spectral vV V-V
line profile to derive vector magnetic field by the non- T Vi+V’ 2)
linear least squares fitting techniquBai et al. (2019 I=V,+V,,

improved the calibration process by fitting the observed Ly v
full Stokes information using six points of the profile of WhereV, = =7 andV, = ‘5= represent modulated
the Fa 5324.19A line. and the analytical Stokes profiles filtergrams. After this process, the influence of a flat field is
under the Milne-Eddington atmosphere model, adoptingliminated. The pixel size of SMFT data is approximately
the Levenberg-Marquardt least-squares fitting algorithm(.)'29” x 0.29” since 2012 and the Spat'fil resolution is
However, the routine measurements of Stokeg), U/ approximately2” produced by local seeing effect. We
and V parameters by SMFT are being performed at sSelect nine active regions (ARs) that were identified
single-wavelength point. The longitudinal magnetic fieldP€tween 2013 and 2015 for case study and 175 ARs in
is reconstructed by Equatiof)( 2013 for a statistical study. The data were performed by
4 x 4 pixel median filtering to reduce the noise.
e To check the effectiveness of the correction method for

BMFT — Crr, (1)  saturation, we downloaded the co-temporal magnetograms
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Table 1 Threshold of Detecting Magnetic Saturation for the median value of Stokeswithin the rectangle region
Nine ARs Observed by SMFT in Figure 1(a). I,, is the maximum value of Stokes
within the whole AR.|V/I] first increases with Stokes

NOAA Date Positon I/I. I/Im ) _ .
11658 2013.0L19 SI1IWI0 0602 0497 decreasing (going to sunspot center), i[hen dec_rease;. Itis
11899  2013.11.18 NO6WO3 0.420 0.382 found that the second-order polynomial (red line) gives
11960  2014.01.25 ~ SI14E01  0.661  0.585 a good fit when|V/I| > 0.02 andI/I. < 0.8 (/I

12027  2014.04.06 N13W01 0.579  0.492 <07\ M | (2007 found il lationshi
12055 2014.05.12 NI1OW02 0.664 0.557 < 0.7). Moon et al. (2007 found a similar relationship
12149  2014.08.27 N10OE1l 0.543 0.472 between MDI flux density and intensity in magnetic
12158 = 2014.09.10  N15E10  0.496  0.444 saturation regions, and used a second-order polynomial
12305  2015.03.27 S08W04 0577  0.529 : i
12325 2015.04.19 NO4EO2 0.638 0.582 to separate the strong and weak field area. The pixels

are separated into two parts by the apex. It is easy to
calculate coordinates of the apex by fitting coefficient.
of the selected nine ARs from HMI/SDO. HMI is a full- \we find that the correspondingy/I, is 0.496 andl/I,,,
disk filtergraph that measures the profile of photospheri¢s g 444 which are marked in Figu(c) and (d) by
Fe | 6173 A line at six wavelength positions in tWo pjye and red contours respectively. Although the values
polarization states to derive the longitudinal magnetidfie I1/1. and I/I,, are different, the region in Stoke&
The spatial resolution of the instrumentli$ with 0.5” x 54 |V/I| maps is the same. WhelfI, < 0.496 (I/I,,
0.5” pixel size. In order to perform a detailed pixel by - g 444), it corresponds to the sunspot umbra where the
pixel comparison, HMI magnetograms are rotated for tth/I| suffered from saturation. So, we may regard this
p-angle correction and reduced in spatial resolutiodto \51ye as the threshold to detect the saturation regions in
by a 2-D Gaussian smoothing function. Both data are rey longitudinal magnetic field.

scaled to the pixel size 6f5” x0.5”. Then the same region We performed the same analysis for NOAA 12305

that inc_ludes t_he maximized size of sunspots is S_e'eCte\g/hich includes multiple sunspots. We used the observation
and shifted with respect to each other to determine thg, 515 \ar 27. A similar relationship was found between
optimal registration. \V/I| and I/I, (I/I,,) as NOAA 12158 whenV/I| >
0.02 andl/I. < 0.8 (/I, <0.75). Thel/I. (I/1,) is
0.577 (0.529) corresponding to the apex of the second-
Studies affirm that there is a relationship between thé@rder polynomial (red line in Fig3(a) and (b)), which is
continuum intensity and magnetic field, and the smallestepresented in Figuic) and (d) by blue and red contours
intensity always corresponds to the largest magnetigespectively. The region of saturation can also be detected
field (e.g.,Martinez & Vazquez 199orton & Gilman  accurately for multiple sunspots.
2004 Leonard & Choudhary 2008 Figure 1(a) and We listed the thresholds for detecting saturation
(b) displays the maps of Stokes and V/I for AR obtained by the above method for nine ARs in Table
NOAA 12158 observed on 2014 September 10 by SMFTIt can be seen that the thresholds are different for each
Figure 1(c) and (d) features the distribution of StokesAR. So, it is necessary to calculate the threshold for
I and V/I along the red line. The Stokek decreases individual ARs. There is no difference in detecting the
to its minimum in the sunspot center, but the Stokessaturation region utilizing/I. and/1,,, butI/1,, has
V/I stops increasing at the points marked by greernore advantages thdii /. in automatic detection.
lines (asterisks) corresponding to sunspot umbrae. This
phenomenon is called magnetic saturation. If performing.2 Correction Algorithm for Magnetic Saturation
linear calibration, the longitudinal magnetic field will
get weakened in sunspot umbrae compared with it
surrounding area.

Next, we will showcase two examples to give a

detailed description for the detection and correction> 85 follows: ) )
method for the saturation effect (1) The threshold, for occurrence of magnetic saturation

is determined by the above algorithm, which corresponds
to green asterisks in Figuga) and (d).

(2) The pixels are separated into two parts by threshold
The relationship betweefV’/I| and I/1. (I/I,,) for I,. Those withI/I,, < I, suffer from the saturation
NOAA 12158 is illustrated in Figure(a) ((b)). I. is effect. Both linear (green lines in Fig(b) and (e)) and

3 METHOD

¥Ve take the above two ARs as examples to show how to
correct the saturation effect. We re-p|dt/I| vs.I/I,, in
Figure4. The correction procedure for magnetic saturation

3.1 Detection Algorithm for Magnetic Saturation
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Fig.1 Panels (a) and (b) are maps of StoesndV//I observed on 2014 September 10 by SMFT. Sipgare region
in panel (a) is used to calculafg. Panels (c) and (d) show the distributions of StokesdV'/I along thered line. The
green linesindicate the saturation locations markedasterisks.

the second-order polynomial functions (yellow lines4 COMPARISON BETWEEN SMFT AND HMI

in Fig. 4(b) and (e)) are used to fit the scatter plots DATA

for saturation data. The green and yellow lines almost o o

overlap. For their simplicity, we finally choose the IinearTh? SMFT Iong'tUdm'fll magnetic fiel7"" can be re-
functions to fit the scatter plots for both saturation anocallbrated from Equatiord]

good data. The fitting coefficients are;( ¢;) and @,

¢2) corresponding to green and blue lines in Figd(e) BYMET — {
and (e), respectively;; andas are slopesg; andc, are

constants. Applying Equatior8) to calculate Stoke¥/I  \where(, is the calibration coefficient. We adopt 8381 G
for pixels wherel / I,,, < Io, as proposed b$u & Zhang(2004).

v The comparison between longitudinal magnetic field
2 (1]-o)-o

- sign (%) . (3) observed by SMFT and HMI for NOAA 12158 is displayed
in Figure 6. It can be seen that the distributions of

(3) After re-calculating, the Stoké§/ I maps are displayed B?MFT and HMI longitudinal magnetic field3H™M! are
in Figure 5(a) and (c). It can be seen that the saturatiorvery similar (Fig.6(a) and (b)). The scatter plots 8™
in sunspot umbrae has been eliminated. However, thand BI™! before and after correcting saturation effect are
discontinuity at the boundary of umbrae and penumbrashown in Figure(c) and (d), respectively. Th&FMFT
is visible. To eliminate this discontinuity, we compute starts to decrease whé#™! is larger than 1300 G before
the +10 uncertainty of I, corresponding to the cyan correcting the saturation effect. The linear correlation
(I.,) and blue {_,) asterisks in Figurd(a) and (d). For coefficient is 0.86. After correcting the saturation effiect
pixels wherel _, < I/I,, < I,,, V/I is calculated by B3MFT, the relationship oB3MFT and BHM! is closer
interpolation, then the data are smoothed by a Gaussidn linear. The linear correlation coefficient increases to
smoothing function. The new/I maps are featured 0.96. Such good correlation indicates that the proposed
in Figure 5(b) and (d). It can be ascertained that thecorrection method for saturation BT is effective for
discontinuity has been eliminated. The scatter plots ofhis AR.
|V/I| vs.1/I,, are depicted in Figurd(c) and (f). The Figure7 shows the comparison @$MFT and BHM!
relationship is approximately linear. for NOAA 12305. It is also found that th83MF'T starts

Vs I
Cot » 1= <l

m
v /
Cot 1.2,

(4)
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Fig.2 Scatter plots ofV//I|vs.I/I. (panel (a)) and /1L, (panel (b)) for NOAA 12158. Theed lineis the best-fit second-
order polynomial and/I.. (I/I,,) marked in panels (a) and (b) corresponds to the apexré&handblue contoursin
panels (c) and (d) represeht/.=0.496 and /I,,,=0.444 respectivelyl// I uses the absolute values in the plots, similarly
hereinafter.
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Fig. 3 Similar to Fig.2, but for NOAA 12305.

to decrease wheB!™M! is larger than 1300 G before is found. The linear correlation coefficient increases to
correcting the saturation effect. The linear correlation0.96, which indicates that the proposed correction method
coefficient is 0.88. After correcting the saturation effiect for saturation inB?MFT is also effective for an AR that
BIMFT " a good correlation betweeR?MFT and BEM!  includes multiple sunspots.
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Fig.4 Scatter plots ofV/I| vs. /I, for NOAA 12158 (panels (a)—(c)) and NOAA 12305 (panels (§)-The green
asterisksin panels (a) and (d) represent the apex of the second-ootigrgmial fit (red line). Thecyan andblue asterisks
indicate thet1o uncertainty of the apex. The correspondihg,, values are marked using the same color as those
asterisks. Thgreen andblue (yellow) lines are the linear (the second-order polynomial) fit to the dafaanels (b) and
(e). Panels (c) and (f) feature the scatter plotdofi| vs.I/1,, after correcting magnetic saturation.
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Fig.5 Maps of Stoked’/I after correcting magnetic saturation for NOAA 12158 (parfe) and (b)) and NOAA 12305
(panels (c) and (d)). The data in panels (b) and (d) are psedasith Gaussian smoothing.

We performed such pixel by pixel comparison for calibrate the longitudinal magnetic field in the strong field
nine ARs and listed the correlation coefficients in Tehle region observed by SMFT.
The correlation of BPMFT and BHM! is much better
after eliminating magnetic saturation in;BT. So, the 5 TESTING FOR A LARGE SAMPLE

detection and correction algorithms can be applied to re- _ .
The algorithm was demonstrated to be completely effective

by comparing the results with HMI data for an individual
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saturation in (d). C.C is the linear correlation coefficient
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Fig.8 Scatter plots ofV/I| vs.I/I,, andV/I maps. (a) and (b)f; = I. x 1%. (c) and (d):I; = I. x 5%. (e) and (f):
I, = I. x 8%. In panels (a), (c) and (e), thied line is the second-order polynomial fit and the marki¢d,,, corresponds
to the apex. Thélue contoursin V/I maps represent the/ I,,, apexes marked in panels (a), (c) and (e).

Table 2 Correlation Coefficient ofB;, for Nine ARs

Observed by SMFT and HMI

NOAA Date Position  C.C (before) C.C (after)
11658 2013.01.19 S11W10 0.79 0.94
11899 2013.11.18 NO6WO03 0.84 0.93
11960 2014.01.25 S14E01 0.89 0.95
12027 2014.04.06 N13wO01 0.85 0.95
12055 2014.05.12 N10wWO02 0.79 0.93
12149 2014.08.27 N10E11l 0.88 0.94
12158 2014.09.10 N15E10 0.86 0.96
12305 2015.03.27  S08wW04 0.88 0.96
12325 2015.04.19 NO4E02 0.88 0.94

C.C (before) and C.C (after) represent the linear coraati

coefficient before and after correcting magnetic satunatio

BIMFT, respectively.

saturation generally occurs in a strong field region.
Considering this actual situation, we set the following
restrictions:

(1) Only pixels whergV/I| > 0.02 and/I,, < 0.7 are
used for second-order polynomial fitting.

(2) To ensure the rationality of the fitting result, we set
Inin < Iy < 0.7. Iy is the minimum value of /1,,,. If
considering the & error range, we can séf;, < I_, <

Iy < I, <0.75.

Forty-two ARs were detected with magnetic satura-
tion. By manual testing, the detected ARs are all correct.
Only one AR with magnetic saturation was not detected by
our method. So, the accurate rate of detection99.4%.

If we adjust thel/I,, range, the above undetected AR

AR. To check the applicability of the algorithm for a large can also be detected. It is found that magnetograms of
sample, we tested it with 175 longitudinal magnetogramséive ARs (the total is 42) were wrong after correcting the
of 175 ARs observed in 2013 by SMFT. Magnetic saturation effect, which indicates that the accurate rate o
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correction is~ 88%. These five ARs are either relatively systematic error caused by cross-comparison. In particula
small or include the projection effect. The projection effe it can be applied to correct the saturation effect in
is complex, and we need to do a further analysis of itdongitudinal magnetic fields in the past 30 years taken

influence on saturation. by SMFT. This method can be utilized for FMG. The
disadvantage of this method is that the correction for
6 CONCLUSIONSAND DISCUSSIONS saturation is not very accurate when the ARs are far from

the disk center. This may be caused by the projection

We developed an automatic detection and correctioRgact \We will improve the method by considering the
algorithm for saturation in longitudinal magnetic field projection effect in the future.

observed by SMFT based on the relationship between
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