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Abstract The magnetic field of the umbrae is sometimes found to be aafiin
the magnetograms taken by the Michelson Doppler Imager jMBboard the Solar
and Heliospheric Observator$8@HO). It is suggested that the combination of the
low intensity of sunspot umbrae and the limitation of thekienboard numerical
data acquisition leads to this saturation. In this paperprepose to use the MDI'’s
intensity data to correct this saturation. This method seblaon the well-established
relationship between the continuum intensity and the miéagfield (the so-called-B
relationship). A comparison between the corrected magfietd and the data taken
by the Stokes-Polarimeter of the Solar Optical Telesco@T(SP) onboardHinode
shows a reasonable agreement, suggesting that this ¢onreceffective.
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1 INTRODUCTION

The primary observable of the Michelson Doppler Imager (MDloppler velocity, is derived from
four filtergrams, F1-4, taken at four wavelengths equalcsd by 75 across the Ni spectral
line at 67687 (Scherrer et al. 1995). These four filtergrams are usedrgpee a ratio of differences
of the intensities, and then this ratio is calibrated by aboamd lookup table to yield the Doppler
velocity. A line-of-sight magnetogram is determined ugimgdifference between two Dopplergrams
from the left and right circular polarizations. All the pexsing is done onboard. The final products
are transmitted to the ground, while the original filtergsaane discarded unless they are part of
some special observational campaign programs.

It is sometimes observed that the magnetic field in the umbrseturated in the magnetograms.
It has been shown that the low intensity of sunspot umbradlantimitation of the 15-bit onboard
numerical treatment lead to this saturation (Liu et al. 200fus, the reason causing this saturation
is different from the general saturation. Hereafter, wé itdhe MDI-saturation in order to avoid
any confusion. Although it is impossible to re-do the datacpssing to overcome this problem
because, in most cases, the original filtergrams are nosrivited to the ground, it may still be
worthwhile to explore other possibilities to correct the Méaturation. As the intensity data do
not suffer such saturation, it may be possible to use thetefdathe correction from the well-
established relationship between the continuum intemsitythe magnetic field/{ B relationship)
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(see e.g. Gurman & House 1981; Kopp & Rabin 1992; MartindetR& Vasquez 1993). Martinez
Pillet & Vasquez (1993), in an analysis of eight sunspaianfl no discrepancies between thé
distributions of different sunspots. This is the basis tatuse to build up our empirical model
for the MDI-saturation correction. The methodology we takeo use the non-saturation data from
MDI observations to establish an empiridaB3 relationship. This relation is used later for the MDI-
saturation correction.

The paper is organized as follows. In Section 2, we descrive to establish the empirical
model. We present an example for MDI-saturation corredtid@ection 3. Also shown in that section
is a comparison between the corrected data and the mageé&tiddita taken by the SOT/SP (Tsuneta
et al. 2008) onboarHinode (Kosugi et al. 2007). We summarize the results in Section 4.

2 I-BEMPIRICAL RELATION FOR MDI DATA

From MDI intensity images and magnetograms, we first seferstinspot umbrae data that do not
show the MDI-saturation. To avoid the complex configuratibthe magnetic field and projection
effects, the selected active regions have well-defineddistructures, and are also near the Sun’s
disk center. We then use these data to derive the paramétbesie B empirical relation]og(B) =
a+ b xlog(I/1y), whereB is the magnetic field, is intensity,l, is the intensity in the quiet Sun,
anda andb are constants to be determined from the data. Stray liglrigcted using an algorithm
developed by Mathew et al. (2007). To avoid the effect of gginthe instrumentation, we calculate
the parametera andb for each year during the solar maximum and for a couple ofs/daring the
solar minimum.

Figure 1 is an example showing how to determine the paraselée data used are from 15
non-saturated umbrae taken from 1996 to 1999. The magrsticind intensity are both calculated
using the logarithm. The parameterandb in the empirical model are derived by fitting a linear
function to the data, as shown with the solid line in Figur@ley are 3.1 and —0.429, respectively.
This empirical model is thus used to correct the MDI-satargin the MDI magnetograms taken in
1996-1999 using the simultaneous intensity data. Here|smenant to point out that this correction
is not very accurate. We can see a little bit of scatteringgufe 1, which is implied by a low Pearson
correlation coefficient of —0.52. The parameters for otlegiquls are listed in Table 1.

Table 1 Parameters for thé-B Empirical Relation
(log(B) = a + b x log(I/Ic), wherea = 3.1)

Period b

1996-1999 -0.429
2000-2000 -0.327
2001-2001 -0.404
2002-2002 —-0.306
2003-2003 -0.289
2004-2004 -0.273
2005-2008 -0.430

3 CORRECTION FOR THE MDI-SATURATION

We use thel-B empirical relation established in the previous sectiondiwect the MDI magnetic
field saturation.

3.1 Identifying the MDI-saturation Areas

First, we need to identify the MDI-saturation areas. We cniify those areas from the intensity
images by defining a threshold value under which an MDI-gditom occurs. This threshold value
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can be roughly estimated by simulating the MDI observatidmre simulation was done using ar-
tificial line profiles with different intensity levels. Thak profiles are Gaussian profiles. The line
depth is 58% and the Full Width Half Maximum (FWHM) is 13GmWe plot in Figure 2 the true

velocity versus the measured velocity. It is seen that thd-BHburation occurs when the intensity
drops to 700. It worsens as the intensity further declin@sxesan MDI magnetogram is obtained

log(B)

L +
3.9 [y=31-0.429xx Pearson CC = —0.52

B i e ]
—0.70 -0.65 —-0.60 —-0.55 —0.50 —-0.45 —-0.40 -0.35
log(l/1c)

Fig.1 Scatter plot of vertical magnetic field strength and thetredantensity from 15 non-saturated
umbrae taken from 1996 to 1999. Both th@xis andy-axis use a logarithm scale. The vertical field
is converted from the observed line-of-sight field assuntivag the field is purely radial. The solid

line is the result of a linear fitting to the data. The lineardtion and Pearson correlation coefficient
are also shown in the figure.
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Fig.2 Simulation of MDI observations with different intensitykds. The MDI-saturation occurs
when the intensity level drops to 700, and becomes much vesrggfurther declines.
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Fig.3 Original magnetogramdeft), and the same magnetograms with the MDI-saturation areas
marked by the black masks ght) for the active region AR8804 from 1999 December 20 to 22. The
masked areas are identified by applying a threshold valugetodrresponding intensitygrams.

from the difference between two velocity fields measuredieyéft and right circular polarizations,
saturation of velocity field measurements will lead to sation in the magnetograms.
The MDI intensity!, is computed by

1. =21+ Idepth/2 + Iaveragea (1)

where,
Taepth = V2[(I1 — 13)2 + (I — 11)?], )
Iaverage = (Il + Iy + Is + 14)/4. (3)

If we take I;_4=700 and the difference of intensities is 96 (Liu et al. 2Q0Q%)turns out to be
2.2 x 103, This is the threshold value of intensity for the MDI-satioa.

We have applied this value to the MDI intensity data. Showigure 3 is an example for iden-
tifying the MDI-saturation areas for the active region AR88rom 1999 December 20 to 22 (from
the top to the bottom), when the region moved from 25 degrastsan December 20 to the central
meridian on December 22. This active region was also andliyzeur 2007 paper (Liu et al. 2007).
In the left panels are the original magnetograms. The ifledtMDI-saturation areas are marked by
the black masks on the right. We can see that the MDI-saturatieas in the magnetograms are well
identified.
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3.2 MDI-saturation Correction

We apply this algorithm to an active region AR10822 whichwgbmbvious MDI-saturation in its

umb

ra. The magnetogram was taken at 17:36 UT of 2005 Noveh@when the active region was

near the Sun’s disk center. The original and corrected ntagrems are shown in the left and middle
panels of Figure 4. The fields along the white lines are pdoittethe right panel. The dotted and
solid curves represent the fields from the original and @beckdata, respectively. The solid curve
appears fairly smooth, implying that this correction islfaeffective. Surface plots of the original
and corrected magnetograms are also shown in Figure 5. Tier bietplay the MDI-saturation area,
we multiply —1 to the data so that the field in the MDI-satwatarea becomes positive.

Not every MDI magnetogram can be corrected for the MDI-sdtan using this method. For a

routi
day.

arcsec

ne observational program, MDI takes 15 magnetogramst just takes 3 intensitygrams each
To correct the MDI-saturation, we need both the intggsam and magnetogram to be taken at
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Fig.4 Original magnetic field datd€ft), saturation-corrected field datmifidie) of active region
AR10882, and the field strength along the lines in the Httéd line) and middle ¢olid line)(right).
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Fig.5 Distributions of the magnetic field of AR10882 from the onigi data [eft) and the saturation-
corrected datar{ght).
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almost the same time. Thus the maximum number of correctemhetagrams is three per day. The
I-B relationship is established here based on well-definedaligctive regions. The sunspots are
mature. Thus this correction may not be suitable to applasbdvolving sunspots, such as emerging
spots. Itis planned to carry out a further study to inveséigender what condition(s) this correction
can be applied. The result will be shown in another paper.

3.3 Comparison between Corrected Data and Hinode Data

As a test, we compare the corrected MDI magnetograms witimidngnetic field data taken by the
SOT/SP ofHinode. The data used here are the line-of-sight magnetic fieldfefattive region
AR10930 from 2006 December 11 to 14. The SP magnetic field ikate been degraded to the
MDI resolution of 2 arcsec by a convolved 2-D Gaussian fuamctlThe width of this Gaussian func-
tion is 2 arcsec. Shown in Figure 6 are the degraded SP magaeidleft panel), the cutoff of the
MDI full disk magnetogram (middle panel), and the cutofflwihe MDI-saturation corrected (right
panel). The SP data were taken at 13:50:03 UT of Decemberdtlidhy, it was the start time of the
measurement. It took about 109 minutes to finish scanning/ttwde region.), while the MDI mag-
netogram was taken at 16:00 UT. The region was near the dig&ro@v01S03). We did not correct
the effect of solar rotation. The alignment between these was done by applying a cross corre-
lation method developed by Fisher & Welsch (2008) to the.dait@wn in Figure 7 are the scatter
plots between the SP magnetic fielddxis) versus the original MDI magnetogramdxis) (left),
and the corrected MDI magnetogram (right). We can see tledidhd in the MDI magnetogram be-
comes saturated when the field exceeds 2000 G (left). Thisaan has been corrected fairly well,
as shown in the right panel; there is a smooth transition filoenunsaturated region (weak field)
to the corrected region (strong field). The slope of a lineacfion that fits the data (solid line) is
1.014, implying that the magnetic flux density measured byMIDI is very close tdHinode's mea-
surement. A bigger discrepancy can be seen in the very stregative field (less than —3000 G). It
may be due to imperfections in the stray light correctioe: $kray light strongly contaminates the
darkest areas in the umbrae. The intensity there becomes higirer than it should be.

In Figure 8, we also plot thelinode magnetic field data versus the MDI magnetic field data
for this active region for the other days when it moved to thestimb. The plots in the first three
columns are for the data from December 12, 13 and 14, respBctiThe locations of the active
region on those days are W16S07, W27S07, and W40S07, andrteealifferences between the
Hinode data and the MDI data are 6.5, 7.0 and 3.6 h, respectivelyladheolumn is for all the data
from December 11 to 14. The panels in the top row are for thggreal MDI data, while in the bottom

Fig.6 Line-of-sight magnetograms frontinode (left), MDI (middle), and MDI with the saturation
being correctedr{ght). TheHinode magnetogram has been degraded to the MDI full disk resalutio
(2 arcsec) by convolving it with a 2-D Gaussian function. Width of the Gaussian function is
2 arcsec.
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Fig.7 Scatter plots between thtinode magnetograny-axis) and the original MDI magnetogram
(z-axis) (eft) and the MDI magnetogram with the MDI-saturation correctfaght).

12/13/2006 AR10930 (position: W27507)
T T T T

12/14/2006 AR10930 (position: W40S07)
T T T T

11-14 Dec. 2006 AR1093Q
T T T Ty

12/12,/2006 AR10930 (position: W16507)
T T T T

2000
Too0f + E I3 4 +
1000
= + = =
oo + 1 F o + P
H & H
3 vooof EI o 100
i 17 ek e
+ +
ﬂgg s o0
e, L R s S
. . , . . . ] , . . ] , . [ . , .
o T o e a0 T R T BT T I T S T
MDI Bos (Mx/crm2) MDI B_los (Mx/cm2) MDI Bos (Mx/crmz) MDI B_los (Mx/cm2)
12/12/2006 AR10930 (position: W16507) 12/13/2006 AR10930 (position: W27507) 12/14/2006 AR10930 (position: W40S07) 11-14 Dec. 2006 AR10930
Y = —0.06 + 0.954 7 Y = —4.00 + 0.936 * X Y = —4098 + 0.923 %Jr
1000
To0of El
oo E %
H H
B i B
o0} E|
3000 E|
L L L L 5 L L L

L
—3000 2000 1000

L
—ioo0 o
MOI Bos (Mx/em2)

L
2000

L L
1000 o 1000

NDI Blos (Mx/crm2)

L
2000

il
2000

1000 o
MDI Bos (Mx/em2)

1000

L L
—3000 -2000 -1000 O 1000 2000

L
DI Blos (x/crm2)

Fig.8 Same as in Fig. 7 but for the magnetograms, from left to rigtken on December 12, 13
and 14, respectively. The right panels show all the data fbmoember 11 to 14. The scatter plots
between thédinode data and the original MDI magnetograms are shown in the upgeels, while

in the bottom panels are the data from Hti@ode magnetograms and the MDI magnetograms with
the MDI-saturation corrected. A linear fitting is done foetHinode data and the MDI corrected
data, which is shown with the solid lines in the bottom pané&lse location of the active region
was W16S07 on December 12, W27S07 on December 13, and W4@9D&ember 14. The time
differences between thdinode data and the MDI magnetograms are 6.5, 7.0 and 3.6 h, regglgcti
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row are those for the corrected MDI data. A linear fitting imddoased on thElinode data and the
corrected MDI data, which is shown in the bottom panels whith golid lines. The slopes of these
fitting lines are consistent and independent of the centdirtb position of the region. This agrees
with the result found by Wang et al. (2009), though the slopthéir study is smaller than what we
obtain here.

We notice the significant scattering for the positive maigrféix density for the December 12
data (left panels in Fig. 8). This discrepancy is probablysea by the dramatic evolution of this re-
gion on that day: quickly emerging and fast spinning seehérpositive field patch on December 12
(see, e.g., Zhang et al. 2007; Schrijver et al. 2008). Thesl@tonary behaviors lead to significant
differences and mis-alignments between the magnetogiaa by the instruments at the instants
which were 6.5 h apart. We also notice the big offset of the fleix between these two data sets,
and the offset appears to decrease with the increase of titverde-limb angle. This might suggest
that the solar rotation signal leaks to either of the magrfetld measurements. Evolution of the
magnetic field in the active region might be an alternatiterjretation because the compared data
were taken at different times. It needs further investayati

4 CONCLUSIONS

In this study, we propose an algorithm to correct the MDI neigrfield saturation sometimes seenin
the umbrae in MDI magnetograms. This method, on the bastseoifvell-established- B empirical
relation, makes use of the MDI intensity for the MDI-satizatcorrection. We demonstrate here
with an example how to use the MDI intensity data to identifg MDI-saturation areas and to
correctthe saturation. Finally, we present a comparisomden the magnetic fields from the SOT/SP
measurement and the corrected MDI magnetograms. The n@afogtdensity measured from the
MDI and corrected by the MDI intensity data is consistentwtite SOT/SP measurement, indicating
that the magnetic field result in the MDI magnetograms isildé and this MDI-saturation correction
algorithm is effective.
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