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Abstract. We compare vector magnetograms of active region NOAA 5747 observed by
two very different polarimetric instruments: the imaging vector magnetograph of Huairou
Solar Observing Station (HSOS) and the Haleakala Stokes Polarimeter of Mees Solar
Observatory (MSO). Unlike previous comparative studies, we concentrate our attention
on differences in observations and data reduction techniques that can affect the helicity
computation. Overall, we find a qualitative agreement between the HSOS and MSO vector
magnetograms. The HSOS data show slightly higher field strength, but the distribution
of inclination angles is similar in measurements from the two instruments. There is a
systematic difference (up to ~20°) in the azimuths of transverse fields, which is roughly
proportional to the longitudinal field strength. We estimate that Faraday rotation in the
HSOS magnetograms contributes ~12° in the azimuth difference if possible sources of
error are taken into account. :

Next, we apply two independent methods to both data sets to resolve 180° azimuth
ambiguity and to compute two helicity measures—the force-free field parameter ampest
and the current helicity fractional imbalance pn. The methods agree reasonably well in
sign and value of the helicity measures, but the HSOS magnetograms show systematically
smaller values of pn and apes; in agreement with an expected contribution of Faraday
rotation.

Finally, we discuss the role of Faraday rotation in computation of apest and pn and
conclude that it does not affect the strength of the hemispheric helicity rule. The strength
of the rule appears to be related to a helicity parameter: anesy shows weaker hemispheric
asymmetry than pp.

1. Introduction

Recent work on the helicity of magnetic fields observed at the solar surface
demonstrated a preferred sign of helicity, or chirality, in each hemisphere.
Based on the Mees Solar Observatory (MSO) data Pevtsov, Canfield, and
Metcalf (1995) studied the linear force-free field factor o for 69 active
regions, and found that 76% of regions in the northern hemisphere had nega-
tive o and 69% in the southern hemisphere had positive a. An extended HSP
dataset, using 203 active regions, showed that 62% of regions in the northern
hemisphere had negative @ and 66% in the southern hemisphere had positive
a (Longcope, Fisher, and Pevtsov 1998). Using the Huairou Solar Observing
Station (HSOS) vector magnetograms, Bao and Zhang (1998) computed the

P‘:‘ © 2000 Kluwer Academic Publishers. Printed in the Netherlands.
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fractional imbalance of current helicity (py) for 422 active regions. In their
dataset, 84% of the active regions in the northern hemisphere had negative
current helicity, and 79% in the southern hemisphere had positive py.

The strength of the hemispheric helicity rule is important for understand-
ing the origin of helicity on the Sun. Still, two data sets reveal a slightly
different tendency. The hemispheric asymmetry in the sign of helicity seems
to be stronger in the HSOS data. What causes it? Can the differences in the
observations and the data reduction explain it, or it is mostly due to the
different helicity parameters used in the two studies?

The HSOS magnetograph is a filter-based polarimeter. It observes si-
multaneously a large spatial area in a single wavelength band (0.125 A),
selectable within a limited range by tuning the filter. Similar (in princi-
ple) filter vector magnetographs operate at Marshall Space Flight Center
(MSFC) and Big Bear Solar Observatory (BBSO). The MSO Haleakala
Stokes Polarimeter is a spectrograph-type magnetograph, which observes an
extended spectral range with high spectral resolution at a single spatial point
at a given moment. It scans the solar image to build a magnetogram. Several
studies compared these two types of magnetographs and showed qualitative
agreement between magnetograms derived from them (e.g., Ronan et al.
1992; Wang et al. 1992). Recently, Hagyard and Pevtsov (1999) compared
the linear force-free field a coefficient for several active regions observed
by the MSFC and MSO magnetographs and found no significant difference.
They also pointed out potential problems in filter vector magnetograph data
that could affect the calculation of helicity. Leka and Skumanich (1999)
tested three different methods to calculate the parameter o and discussed
the influence of data noise on the results. The value of o was computed
(1) using moments of the distribution of a(z,y), (2) as the slope of linear
function J,(z,y) = aB,(z,y) and (3) as the constant-o force-free field most
closely matching the observed horizontal field. All three methods were found
to be consistent within the uncertainties.

Thus, in principle, both the observational technique and the data analysis
method may contribute to the above-mentioned disagreement between the
HSOS and MSO data sets on a strength of the hemispheric helicity rule.
In the present paper, we study the relative importance of these factors via
direct comparison of magnetograms and the helicity parameters computed
from them using different methods. Section 2 describes the instruments and
the data sets. Sections 3 and 4 compare magnetic field, electric current and
helicity computed using the HSOS and MSO data. Section 5 summarizes
the results of our study and the discussion.



8 S.D. BAO ET AL.

2. Polarimetric Observations

2.1. HUAIROU VECTOR MAGNETOGRAPH

The Solar Magnetic Field Telescope at HSOS of Beijing Astronomical Ob-
servatory was developed by Ai and Hu (1986) and has made valuable vector
magnetic field measurements for more than one decade. The current system
consists of a 35 cm vacuum telescope, a 1/8 A Lyot birefringent filter with
three sets of KD*P crystal modulators, a CCD camera with 512 x 512 pixels,
and an image processing system controlled by a computer. It uses the Fer
5324.191 A line with a total half-width of 0.334 A (Landé factor g, = 1.5).
The spectral line is formed approximately at 180 km in the solar photosphere
(e.g., Lin, Zhang, and Zhang 1996). Because the line is strong and broad,
magnetic saturation and Doppler shifts are disregarded. The effective field of
view is 5.23' x 3.63. The temporal and spatial resolution of the HSOS vector
magnetograms depends on the number of video frames that are added to
produce them. Each magnetogram used in this paper is the sum of 256
individual frames for both line-of-sight and transverse fields, corresponding
to a temporal resolution of about 5min and a spatial resolution of about
2 arcsec. :

A complete vector magnetogram is built up using four narrow-band im-
ages (filtergrams) of Stokes I, V, @ and U parameters. I is derived from the
sum of two images, either linearly or circularly polarized. V is a difference
between the left and right circularly polarized images taken at —0.075 A
from the line center. Q and U are the differences between two orthogonal
linearly polarized images in a certain azimuthal direction. When images
for determination of @ and U are taken, the filter is normally switched to
the spectral line center to achieve maximum sensitivity. Thus, the observed
transverse and longitudinal fields correspond to slightly different heights in
the solar photosphere with the longitudinal field originating approximately
50 km lower than the transverse field (Wang et al. 1996).

The line-of-sight (B)) and transverse (B;) components of magnetic field
are given by

1
vV QQ U2\ 2
312017, Bt:Ct(I_2+F> ) (1)

where Cj and C; are the calibration coefficients. The azimuthal angle of the

transverse field is
1 4 (U

A more detailed description of the instrument and the observational tech-
nique may be found elsewhere (e.g., Wang et al. 1996).
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2.2. HALEAKALA STOKES POLARIMETER

The Haleakala Stokes Polarimeter of Mees Solar Observatory (Mickey 1985)
is a spectrograph-based magnetograph which registers full Stokes I, @, U,
and V profiles of the Fe1 6301.5, 6302.5 A doublet (gr.=1.67, 2.5) with high
spectral resolution (0.025A) and constructs a magnetogram by spatially
scanning over the active region targeted. A magnetogram is recorded with
a 6" aperture and either 2.8” or 5.6" spatial steps. It takes about an hour to
complete a typical magnetogram of 60 x 40 pixels in spatial extent. The
MSO magnetograms used in the present study were obtained with 5.6"
spatial steps. The Fe1 6301.5, 6302.5 A spectral lines are formed at approx-
imately 200km in the solar photosphere (e.g., Bruls, Lites, and Murphy
1991).

The magnetic field is computed by combining two inversion techniques.
When the fractional polarization in a given pixel is above 1% (corresponding
to a field strength > 100 G), a nonlinear least-squares fitting technique
developed by Skumanich and Lites (1987) is used. The method fits the
observed Stokes profiles to the analytical Unno-Rachkovsky solution of the
radiative transfer equation. The routine takes into account magnetic filling
factor, magneto-optical (e.g., Faraday rotation) and scattered light effects,
making a first-order correction for unresolved magnetic structures. In areas
of polarization below 1% the field values are determined using integrated
properties of the Stokes profiles (Ronan, Mickey, and Orrall 1987). The
integral method is based on the same weak-field approximation as Equations
(1) and (2), so its accuracy decreases for fields above ~ 1000 G (Canfield et
al. 1993).

2.3. THE DATA SETS

We use six vector magnetograms of a single active region NOAA 5747. The
region is a complex (-§ spot group with strong magnetic fields and high
magnetic shear, which helps to study possible effects of Faraday rotation.
The region was well observed by both MSO and HSOS from 19 to 22 October
1989, although there were no simultaneous observations. The smallest time
difference between the HSOS and MSO magnetograms is about 8hours.
Table I lists the dates of the observations for both instruments. For each
magnetogram, we conduct a transformation to the disk center and resolve
the 180° azimuth ambiguity using two independent methods (HSOS and
MSO methods, thereafter). In the MSO method the azimuth ambiguity is re-
solved following Canfield et al. (1993), starting from a constant-c« force-free
field and minimizing change between adjacent pixels, minimazing electric
currents in a quiet photosphere. In the HSOS method the ambiguity reso-
lution is done following Wang, Xu, and Zhang (1994) by comparison with a
potential field. Both methods are used on both data sets.
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3. Magnetic Field and Electric Current

First, we compare three pairs of magnetograms on pixel by pixel basis
(HSOS—MSO): 20-Oct/01:37 UT —20-Oct/17:41 UT, 21-Oct/02:15 — 20-
Oct/17:41, and 21-Oct/02:15 —21-Oct/19:20. For each pair we co-register
the HSOS and MSO magnetograms and interpolate the HSOS magnetogram
to match the coarser 5.6” pixel spacing of the MSO data. The interpolation
was done by averaging the HSOS magnetograms over the MSO pixel size.
All three pairs show similar correlations. Below we demonstate our findings
using the second pair of magnetograms.

3.1. MORPHOLOGICAL COMPARISONS

Figures 1-3 show vector magnetic field, vertical electric current density
J; = (V x B), and current helicity density (uoJ,B;), observed by the two
instruments. Despite significant time difference (8 hours) between the two
observations one can see close similarities in the distribution of magnetic
fields and electric currents. In both cases, the orientation of the transverse
field (arrows) exhibits a clockwise rotation in the positive (white) polarity
field, and counterclockwise rotation in the negative (dark) polarity (upper
part of Figure 1). The sense of rotation implies left-hand twist and, hence,
negative current helicity density. Indeed, Figure 3 obviously shows that the
current helicity density is negative in most of the active region. From this
figure, we also see that the distribution of current helicity density is similar
between the HSOS and MSO magnetograms.

3.2. QUANTITATIVE ANALYSES

Figure 4 presents a quantitative comparison of two magnetograms shown
on Figures 1-3. The scatter plots confirm the results of the morphological
comparison. The longitudinal fields correlate quite well, although the HSOS
magnetograms exhibit systematically larger longitudinal field strength. In
weak field (] B;| < 500 G) the regression coefficient is near 1., and for stronger
fields (| By | > 500 G) it is 0.61. Such a difference is mainly caused by the
calibration procedure employed at HSOS (Ai, Li, and Zhang 1982; Wang, Ai,
and Deng 1996). For very strong longitudinal fields, the calibration becomes
inaccurate. Similarly, the transverse field (Figure 4b) is also systematically
larger in the HSOS magnetograms. It is therefore not surprising that the
inclination angles of the two magnetograms are in good agreement. The
noise level in transverse field measurements, judging from quiet Sun areas,
is comparable in the two data sets (200 G for HSOS and 140 G for MSO). In
fact, the disagreement in the transverse field strength between HSOS and
MSO was also found in other comparisons, as shown in Figure 3b of Ronan
et al. (1992).
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B oct. 21

%

A\ ‘E 02:15 UT

3 i A ; A

SR b B A i | BT T
Figure 1. Comparison between a pair of vector magnetograms of AR NOAA 5747 obtained
at MSO and HSOS. The MSO magnetogram (left) was recorded with a scan starting at
17:41 UT and ending at 18:37 UT on 20 October 1989. The interpolated HSOS magne-
togram (right) was recorded at 02:15 UT on 21 October 1989. The white contours in both
maps denote longitudinal field (levels = £50, 200, 500, 1000, 1800, and 3000 G); solid
and dashed lines show positive and negative fields, respectively. The grey-scale continuum
image also shows the intensity of the longitudinal field. The black line segments with
arrows indicate the strength and direction of transverse field. The pixel spacing is 5.6".

Figure 4d shows the difference in azimuths of the transverse field as a
function of the HSOS longitudinal field strength. The linear fit to the data
(dashed line) reveals a tendency for the difference in azimuths to be negative
for the negative longitudinal field and to be positive for the positive field.
This tendency may be related to the Faraday rotation effect. In addition,
an average offset ~20° in azimuths can also be seen in the figure.

The random scatter of the magnetic field parameters may be the result
of many factors including atmospheric seeing effects, difference in spatial
resolution, non-simultaneous observations, and the inability to co-register
the two magnetograms perfectly. However, it is difficult to establish how
the scatter is apportioned between all the sources of error. The helicity
parameters, averaged over all the active region should not be significantly
affected in a systematic manner by these random factors. We speculate that
Faraday rotation acts in a systematic way, which might alter the helicity
computation.

A difference in line formation between the HSOS and MSO data might
result in some discrepancies in the azimuths as well. In the MSO data, mag-
netic field represents a weighted average over the depths of the spectral line
formation with the polarized contribution function as weight. In the HSOS
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MSO Vertical Currents HSOS Vertical Currents

Oct. 20 | I Oct. 21
17:41 UT ' S | 02:15 UT

Figure 2. Comparison of vertical current systems derived from two magnetograms of
Figure 1. In both maps the vertical currents are contoured at levels of 3, 6, 9, 12, and 150j,
where oj = 1.60mA m~2 for the MSO magnetogram (left) and oj = 1.81 mAm™? for the
HSOS magnetogram (right). The grey scale also shows vertical currents (white — positive,
black — negative).

data, observed magnetic field is the field averaged over the depths covered
by the Lyot filter bandpass (0.125 A). The typical width of the contribution
functions is about 150 km for Fe1 5324.191 A and Fer 6301.5, 6302.5 A and
it is much larger than the difference in the effective depths of formation
of these lines. Hence, we expect that the discrepancies in azimuths due to
the difference in depths of formation of the spectral lines will be small. To
estimate this discrepancy we use the HSOS magnetogram (21-Oct-89, 02:15
UT) and compute a constant-a« force-free field. For each pixel we calculate a
difference in azimuths at two levels (0 km — observed magnetogram and ~
60 km — extrapolated field). For 98% of all pixels the difference is less than
2° and the average is 0.08° £ 0.77°.

3.3. FARADAY ROTATION

To further explore the action of Faraday rotation, we overlay the HSOS and
MSO magnetograms on Figure 5a. Careful analysis of Figure 5a rules out a
constant 20° offset between the two magnetograms, since in many areas the
HSOS and MSO azimuths are in a good agreement. On the other hand, one
can see a tendency of positive difference in azimuths for positive longitudinal
field and negative difference for the negative field — further indicates that
Faraday rotation is present in the HSOS magnetograms. However, there
is another possible source of the difference in azimuths between these two

e
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MSO Current Helicity HSOS Current Helicity

Figure 8. Distribution of the current helicity density he = poJzB; for the magnetograms
shown on Figure 1. h¢ is shown as the grey-scale image with contours. The contours are
drawn at levels of 3, 9, 27, 81, and 24301, where oy, = 2.32 x 1072 G2 m™! for the MSO
magnetogram and o = 2.75 x 1072 G m™? for the HSOS magnetogram.

magnetograms. Figure 5b shows an overlay of two HSOS magnetograms
observed about 5 hours apart. The white and black line segments represent
the transverse fields recorded at 02:15 and 07:00 UT, respectively. Examining
the orientation of transverse field in area of strong positive flux (central part
of Figure 5b) one can notice a tendency of counterclockwise rotation. The
average rotation of the azimuths between the two magnetograms is about 5°
over 5 hours. Assuming that the same rotation rate has been present during
a period between the MSO and HSOS observations shown on Figure 5a, one
can infer that as much as ~8° difference in azimuths might be caused by
this type of evolution of the sunspot. Remaining ~ 12° should be the result
of Faraday rotation. Indeed, comparison of transverse field observed in the
center of the spectral line and its blue wings indicates that about 10° in
azimuth difference can be caused by the Faraday rotation effect (e.g., Wang
et al. 1996). This result is in agreement with those estimated by Wang et
al. (1992).

4. Helicity Parameters

Our next step is to compare helicity parameters computed using two dif-
ferent methods of the ambiguity resolution. For this study we compute
three helicity measures: Qpest, pn and ay,/p,. The HSOS magnetograms
were interpolated to the MSO grid as described in the previous section
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Figure 4. Correlations between magnetic field parameters of the two magnetograms shown
on Figure 1. (a) longitudinal field (in G); (b) transverse field (in G); (c) inclination angle
(relative to a direction toward observer, degrees); (d) the difference in azimuths as a
function of the longitudinal field. Only pixels with transverse field larger than 300 G are
included in these correlations. In all the panels, the solid line represents the loci of perfect
agreement.

prior to calculating the helicity parameters. apesy is computed following
Pevtsov, Canfield, and Metcalf (1995), by minimizing the difference be-
tween an observed magnetogram and the computed linear force-free field
parameterized by apest- pn 1S a fractional imbalance of poJ, B, over an active
region (Bao and Zhang 1998). In addition, we define ay, /B, as the regression
coefficient for the relationship between vertical components of the electric
current density (poJ;) and the magnetic induction (B,). Pevtsov, Canfield,
and McClymont (1997) found a good correlation between J, and B, for
this active region, suggesting that the linear force-free field model is a good
approximation. All three parameters are computed using only pixels with
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Figure 5. Azimuths of the transverse field of two pairs of magnetograms. (a) MSO and
HSOS magnetograms, white segments correspond MSO data (e.g., Figure 1, left), black
segments show HSOS magnetogram (e.g., Figure 1, right); (b) two HSOS magnetograms,
white segments show the transverse field at 02:15 UT, and the black line segments show
the transverse field at 07:00 UT.

value of transverse field B; >300G and longitudinal field B, >20G. The
results are summarized in Table I. apesy and pp computed using different
methods of the azimuth ambiguity resolution are in good agreement within
each set of magnetograms (HSOS or MSO). Thus, for this active region,
the results are relatively insensitive to the method of resolution of the 180°
azimuth ambiguity. On the other hand, Hagyard and Pevtsov (1999) have
shown that for a highly non-potential active region, the azimuth ambiguity
resolution method used might affect the value of apest-

In the framework of our present comparison, it is important to note that
the MSO data give a more robust result since the data are less affected by
Faraday rotation. Hence, we compare the HSOS data with the MSO data
assuming that the latter give more “correct” answer.

The helicity parameters computed using the HSOS magnetograms are
systematically smaller than those using the MSO data. This is an expected
contribution of Faraday rotation. Figure 4d (or Figure 5a) demonstrates
that Faraday rotation has a stronger effect in the positive polarity field.
The effect of Faraday rotation introduces right-hand twist (positive helicity)
in positive flux and, hence, decreases the overall negative current helicity
density of this active region. ‘
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Table I. ampest and pn in AR 5747.

Date Time (UT) olvest  pn (%)  alvess  pn (%) o'u/ms
HSOS method MSO method
HSOS data |
19 Oct., 1989 02:42 —4.16 —58.9 —3.52 —57.9 —3.75
20 Oct., 1989 01:37 —3.25 —66.7 —3.99 —74.8 —4.54
21 Oct., 1989 02:15 —4.46 —71.6 —3.65 —69.0 —3.69
MSO data
20 Oct., 1989 17:41 —6.29 —82.6 —6.33 —82.3 —5.87
21 Oct., 1989 19:20 —b.64 —79.5 —5.15 —79.2 —5.32
22 Oct., 1989 18:27 —-4.97 —69.0 —4.84 —-T72.3 —4.58

Lin units 1078 m™?!

5. Discussion

In the previous section we have shown that the presence of Faraday rotation
reduces the value of the helicity parameters for a given active region. An
important question is how it affects the sign of helicity.

Figure 6 demonstrates the effect of Faraday rotation in a bipolar active
region represented by a twisted flux tube. The vertical box plotted by the
dashed lines encompasses an “active region”. The two upper panels represent
an active region of positive helicity (« > 0, right-hand twist). The two lower
panels show an active region of negative helicity (o < 0, left-hand twist).
The middle column represents a twist introduced by Faraday rotation and
the last column depicts the combined effect of the original distribution of
azimuths and that resulting from Faraday rotation. From this cartoon, one
can see that whether its current helicity is positive (o > 0) or negative
(a < 0) for a bipolar active region, the twist in one polarity (panel a or d)
strengthens due to Faraday rotation while that in another opposite polarity
(panel b or c) weakens. This means that the effect of Faraday rotation
will not change the original sign of current helicity in such a region. Now
let us assume that the panels a, b, ¢, and d respectively represent four
unipolar active regions with different twists. In the case of a or d, the current
helicity sign is not affected by the Faraday rotation effect, even if their values
increase to a great extent. For the panel b or ¢, however, if the magnetic
field is current-free (no original twist) or just slightly twisted, the resulting
twist will be determined primarily by the action of Faraday rotation.

On the other hand, Hagyard and Pevtsov (1999) argue that Faraday
rotation may affect the helicity computation of even bipolar active regions,
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Figure 6. Sketches showing the influence of Faraday rotation action on twisted magnetic
flux tubes. The four circles in the first column represent possible configurations of twisted
flux tubes. The curves with arrows denote magnetic field lines. The patterns of the second
column indicate the sense of the spiral configuration due to Faraday rotation. The sketches
of the last column indicate the net effect resulting from the original twist modified by
Faraday rotation. The final configuration on panels (b) and (c) depends on the amount of
original twist and the Faraday rotation and may be opposite in sign to the original twist.

since the leading polarity sunspot has stronger (and more compact) mag-
netic field and tends to live longer. Hence, the effect of Faraday rotation will
be determined mostly by a leading polarity sunspot. Moreover, because the
leading sunspots have opposite polarities in opposite hemispheres (Hale-
Nicholson polarity rule) the Faraday rotation may, in fact, influence the
hemispheric helicity rule.
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Table II. Signs of pn and apest for 422 active regions.

Hemisphere - Total of ARs Ph Qbest

Negative chirality
Northern 199 168 (84%) 152 (76%)

Positive chirality
Southern 223 177 (79%) 159 (71%)

However, it is not that simple. Table I shows that Faraday rotation
affects both helicity parameters — apest and pp. Although we studied only
one active region, we may speculate that the Faraday rotation has similar
effect on both helicity parameters for all active regions. Hence we expect
to see the same hemispheric asymmetry in pp and apest for the same data
set. Table II shows the sign of those two parameters computed for the data
studied by Bao and Zhang (1998). Clearly, the hemispheric asymmetry is
weaker in apes; and stronger in py. The strength of the hemispheric helicity
rule in MSO and HSOS data sets seems to agree when the same helicity
parameter (apest) is used.

Thus, despite that Faraday rotation may affect the hemispheric helicity
rule, Table II does not support that. It appears that the strength of the
hemispheric helicity rule may be determined by a choice of helicity param-
eters. Authors could not reach a consensus on either there are physical
reasons for that (e.g., relation to the different physical processes on the
Sun), or that the reasons are methodological in nature (e.g., one parameter
is more susceptible to local variations of azimuths than another). Before the
contradiction between apest and py, is solved we think that both parameters
should be used in studies of helicity of the photospheric magnetic field on
the Sun.
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Abstract. We choose two different current helicity param-
eters (i.e., apesy and H¢) to compute their signs for 87 active
regions during the rising phase of solar cycle 23, using the vec-
tor magnetograms from the Solar Magnetic Field Telescope of
Huairou Solar Observing Station of Beijing Astronomical Obser-
vatory. We find that 59% of the computed active regions in the
northern hemisphere have negative apes; and 65% in the south-
ern hemisphere have positive apest. This result is consistent with
that of the cycle 22. However, the helicity parameter H. shows a
weaker opposite hemispheric preference in the current solar cycle.
Possible reasons are discussed.

Key words: Sun: activity — magnetic fields — photosphere

1. Introduction

In the last decade observations have revealed that a hemispheric preference
of magnetic chirality (handedness) exists throughout the solar atmosphere,
such as sunspot whirls (Hale 1927; Richardson 1941), signs of current helicity
in active regions (see Table 1), quiescent filaments (Martin et al. 1992, 1994;
Mackay et al. 1998), sigmoid coronal loops (Rust and Kumar 1996; Pevtsov
and Canfield 1998; Canfield et al. 1999) and interplanetary magnetic clouds
(Bieber et al. 1987; Rust 1994; Smith 1999). Table 1 shows that the hemi-
spheric asymmetry in sign of current helicity seems to be stronger in the
Huairou Solar Observing Station (HSOS) data (Abramenko et al. 1996, Bao
and Zhang 1998) than in the Mees Solar Observatory (MSO) data (Pevtsov
et al. 1995, Longcope et al. 1998). Bao et al. (2000) studied the origin of
this phenomenon and concluded that it is mostly due to a choice of two dif-
ferent helicity parameters (apes; and H.) used in these studies, rather than
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a disagreement between the two data sets. The interpretation of all these
patterns and their possible connection to the dynamo are open to question.
In addition, current helicity of magnetic fields also plays an important role
in solar flare evolution (Bao et al. 1999). However, the purpose of this paper
is to examine whether the hemispheric sign rule—most active regions in the
northern/southern hemisphere have negative/positive current helicity, does
not change with the solar cycle number.

2. Data Analysis and Results

We chose 87 active regions observed with the vector magnetograph at HSOS
during the rise of cycle 23 to compute their signs of current helicity. All data
used in our study were acquired with favorable weather and seeing condi-
tions during the time in which active regions were located near the central
meridian. Considering that the noise level of transverse field measurements
is generally higher than that of line-of-sight field measurements by an order
of magnitude, we did not transform our data into disk-center heliographic
coordinates to avoid dirtying of the vertical components by the projection
correction. We therefore take the line-of-sight component of magnetic field
B|| as B,. 180° azimuth ambiguity is resolved following Wang et al. (1994).
A detailed description of the HSOS instruments and observational technique
may be found elsewhere (e.g., Wang et al. 1996).

Table 1. Signs of photospheric current helicity computed by different groups.

Group Hemisphere Qbest H, Total
Negative  Positive  Negative Positive
Peutsov et al. Northern  25(76%) 33
(1995) Southern 25(69%) 36
Longcope et al. Northern 58(62%) 93
(1998) Southern 73(66%) 110
Abramenko et al. Northern 15(79%) 19
(1996) Southern 18(86%) 21
Bao and Zhang Northern 168(84%) 199
(1998) Southern 177(79%) 223

Table 2 shows the signs of both apest and H, for the selected active
regions during the rise of cycle 23. The value of the parameter opes; is
determined by the best match between the x and y components of the com-
puted constant-a force-free and observed horizontal magnetic field in the
sense of a minimum least-squares difference (Pevtsov et al. 1995), and the
other parameter H, is given by computing B, - (v x B), (Bao and Zhang
1998). From this table, we find that 59% of active regions in the northern
hemisphere have negative apest, and 65% in the southern hemisphere, posi-
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tive. This is consistent with those results of cycle 22. However, H. appears
to show a weaker opposite hemispheric preference, in disagreement with this
cycle. Moreover, the variation of current helicity with solar latitude for all
87 active regions is displayed in Figure 1. Each plus symbol marks the value
of apest or He and the latitude (of magnetogram center) for one active re-
gion. As a comparison, we give here the variation of apegy and H. with solar
latitude for the data of cycle 22, shown in Figure 2. These results further
demonstrate that current helicity has a maximum at about 15°-25° latitude
and decreases toward both the equator and the poles (Pevtsov et al. 1995).
On the other hand, we can more clearly see that the consistency of the two
- dashed lines in Figure 2 is not shown in Figure 1. This means that H: no
longer follows the hemispheric sign rule in the present cycle.

Table 2. Distribution of hemispheric helicity signs for the two cycles.

Cycle Hemisphere Qbest H. Total
Negative Positive Negative Positive
22 Northern 152(76%) 168(84%) 199
Southern 159(71%) 177(79%) 223
23 Northern 26(59%) 14(32%) 44
Southern 28(65%) 21(49%) 43

3. Discussion

We know that the hemispheric sign rule of photospheric current helicity in
active regions was established for the cycle 22 (see Table 1). We expect to see
the same hemispheric asymmetry for both apeg; and H, in a new solar cycle.
However, our observations indicate that the helicity parameter H. does not
obey such a hemispheric rule during the rising phase of cycle 23, unlike orpest-
How to explain it? Our views are that: (1) Although such a primary result
is interesting, it would be premature to make a serious conclusion based
on our data. More samples are required to answer this question. (2) Since
Faraday rotation will produce a counterclockwise rotation of the azimuth for
a line-of-sight field of positive polarity, and during cycle 23 the polarity of
leading sunspots is positive in the northern hemisphere, some active regions
with negative current helicity in the northern hemisphere due to the effect
of Faraday rotation may reverse their original twist configuration to have
positive helicity. For all the active regions in which the original twist is
right-hand (positive helicity) in the northern hemisphere, their signs will
not be influenced by Faraday rotation. On the other hand, H, may be more
susceptible to Faraday rotation than ayes; because it is mainly related to the
areas where the line-of-sight field is strong. H,, therefore, has a lower
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Figure 1. Variation of both apest and H. with solar latitude for 87 active regions
observed during the rise of cycle 23. The dashed line shows a linear fit to the data.
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Figure 2. Variation of apest and H. with solar latitude for 422 active regions
studied by Bao and Zhang (1998). A linear fit to the data is shown by the dashed
line.
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percentage of helicity sign in the northern hemisphere during the cycle 23
than apest. Since the leading sunspots have negative polarity in the northern
hemisphere during 22 cycle, H, should have a higher percentage in sign
than apes; (see Table 2). (3) The cause of the hemispheric tendency is still
uncertain. Perhaps these two parameters reflect different physical nature
of subphotospheric origin. (4) A single sign of opest or H¢ averaged over a
whole active region is not appropriate. It ignores the small-scale patterns of
oppositely directed twists which are known to exist inside active regions.
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Abstract. We éxamine the spatial and temporal relation-
ship between chromospheric Hg flares and photospheric
current helicities in active regions. All of the data were
obtained by the vector magnetograph system at Huairou
Solar Observing Station of Beijing Astronomical Observa-
tory. We focus our analysis on NOAA Active Region 6233,
which was observed on 30 August 1990. The result shows
that rapid and substantial changes of distribution of cur-
rent helicity in an area or in its vicinity are most likely to
trigger flares, but no compelling correlation between peaks
of current helicity and flare sites. Furthermore, we study
the influence of flares on helicity for several other active
regions. We find that the time variations of current helic-
ity in the active regions with highly productive flares are
more significant than that of the poorly flare-productive
active regions, and that the magnitude of current helicity
does not always decrease after flares. Therefore we con-
clude that the rate of variation of current helicity may be
considered as an indicator of flare activity.

In this paper we describe the specifics of the instru-
mentation and data used, and we describe the methods
for computing helicity. The noises and errors in our data
are estimated to be at the 2-3 o level.

Key words: Sun: activity — Sun: flares — Sun: magnetic
fields

1. Introduction

The source of energy of solar flares is generally believed to
be due to an excess of energy in non-potential magnetic
structures. Storage of this energy is perceived as a result
of an increasing deformation of magnetic loops initially in
a more potential configuration in the upper atmosphere.
However, from the observational point of view, how to
extract the non-potential component, how to describe the
non-potentiality more accurately, are still open questions.

While studying variations of magnetic structures con-

lected with a flare, magnetic shear is of special interest.
R O ATes T
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This concept was firstly recognized from the twisted ap-
pearance of H, fibrils or filaments observed during flare
activity (Zirin & Tanaka 1973). A quantitative evaluation
of the shear in magnetic fields along the polarity inversion
lines was achieved by defining the angular shear, A¢, as
the azimuth difference at the photosphere between the po-
tential magnetic fields, which fit the boundary conditions
imposed by the observed line-of-sight fields, and the ob-
served transverse fields (Hagyard et al. 1984). The buildup
of magnetic shear should be expected to be associated with
the overall development of a whole active region, such as
different types of photospheric motions and new flux emer-
gence. So it appears desirable to develop a method for
describing the overall regional shear, not restricting the
angular shear analysis to the magnetic inversion lines. A
number of papers were devoted to exploring this research
field (Gary et al. 1987; Wang 1992; Ambastha et al. 1993;
Fontenla et al. 1995; Zhang 1995; Wang et al. 1996), but
examples of angular shear increase or decrease after major
flares had equal shares.

Moreton & Severny (1968) made pioneer observations
of the relationship between H, emission in flares and ac-
tive region electric currents. Thirty flares were studied,
and it was found that about 80% of the initial brighten-
ings in H,, coincided with the principal sites of vertical cur-
rents, to within the 6" coalignment accuracy of their data
sets. With greatly improved observations in quality, vec-
tor magnetograms in the photosphere were then used to
further examine such a spatial relationship between flares
and vertical currents (Lin & Gaizauskas 1987; Canfield et
al. 1993; de La Beaujardiére et al. 1993; Leka et al. 1993;
Metcalf et al. 1994; Wang et al. 1994; Zhang 1995, 1997).
Unfortunately, such an attempt failed to give any final
conclusions.

Gorbachev & Somov (1988) were the first who studied
a quantitative link between observed chromospheric flare
kernels and the magnetic topology of the host active re-
gion. Since then, there has been a broad interest in the
study of magnetic topology in terms of separatrices and
separators (Mandrini et al. 1991, 1993, 1995; Démoulin et
al. 1993, 1994; van Driel-Gesztelyi et al. 1994; Bagala et al.
1995; Wang 1997; Wang et al. 1999). In all these studies,
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flare kernels were found at the intersection of the separatri-
ces with the chromosphere, the kernels being magnetically
connected to each other and to a common region around
the separator.

We do know that helicity is a topological parameter
which describes the complexity of an object and that it is
relevant to the effects of twist, writhe and linkage. Mag-
netic helicity characterizes the topological complexity of
a magnetic field. The main advances in magnetic helic-
ity of the solar atmosphere were presented in recent re-
view papers (Ricca & Berger 1996; Low 1996; Canfield
& Pevtsov 1998). The most interesting result is the so-
called hemispheric handedness rule — various magnetic
patterns (e.g., photospheric net helicity in active regions,
sunspot whirls, chromospheric filaments, sheared coronal
loops, and interplanetary magnetic clouds) in the northern
hemisphere show predominantly a left-handed twist while
in the southern hemisphere they show a right-handed twist
(see Seehafer 1990; Pevtsov et al. 1995; Zirker et al. 1997;
and references therein). Bao & Zhang (1998) computed
the current helicities in 422 active regions, and found that
about 80% of the regions in the northern (southern) hemi-
sphere have negative (positive) helicity. This result con-
firms the above hemispheric sign asymmetry. The hand-
edness shown in all these large-scale patterns seems to sup-
port the solar dynamo operating in the interface between
the solar convection and radiation zones. More recently,
Zhang & Bao (1998, 1999) also studied the latitudinal
variation of current helicity of active regions and the lon-
gitudinal distribution of the active regions with a reversed-
sign helicity during the solar cycle 22. In the present paper,
our primary purpose is to study magnetic activity before
and during solar flares from the viewpoint of helicity.

In the next section, the instrumentation and analy-
sis procedures for this study are described. In Sect. 3, we
describe the definition of magnetic and current helicity,
as well as the methods for computing them from vector
magnetograms. In Sect. 4, the spatial and temporal rela-
tionship between flare occurrence and current helicity is
examined in detail. Finally, the results are discussed in
Sect. 5.

2. Observational techniques

The database used in our study was obtained with the So-
lar Magnetic Field Telescope (SMFT), an imaging vector
magnetograph (Ai & Hu 1986) installed at the Huairou
Solar Observing Station (HSOS) of Beijing Astronom-
ical Observatory. The SMFT consists of a 35 cm vac-
uum telescope, a 1/8 A Lyot birefringent filter with three
sets of KD*P crystal modulators, a CCD camera with
512 x 512 pixels, and an image processing system con-
trolled by a computer. It works in either of two spec-
tral lines: Fer 5324.19 A (photosphere) and Hp 4861.34
A (chromosphere). The field of view is about 5.23' x 3.63'.
The temporal and spatial resolution of the HSOS vector

magnetograms depends on the number of video frames
that are added to produce them. Each magnetogram used
in this paper is the sum of 256 individual frames for both
line-of-sight and transverse fields, corresponding to a tem-
poral resolution of about 5 min and a spatial resolution of
2 arc sec.

The inference of vector magnetic fields in the photo-
sphere is on the basis of narrow-band images (filtergrams)
of the four Stokes parameters I, V, @ and U. I is al-
ways the direct intensity, derived from either the sum of
two circularly polarized images used for line-of-sight field
measurements, or the sum of two linearly polarized im-
ages used for transverse field measurements. V' is the dif-
ference between the left and right circularly polarized im-
ages taken by shifting the bandpass at —0.075 A from the
line center. @ is the difference between two orthogonal lin-
early polarized images in a certain azimuthal direction. U
is the same as @, but with a 45° change in the azimuthal
direction. When @ and U are taken, the filter bandpass is
switched to the line center for achieving maximum sensi-
tivity. The line-of-sight component B; and transverse com-
ponent B; of magnetic fields are given by

1% 2 2 %
Bl=Cl7; BtZCt<ﬁ+%-> ) (1)
where C; and C} are calibration coefficients relating the
line-of-sight and transverse components of magnetic fields
to the circular and linear degree of polarization, respec-
tively. Determining the coefficients is very complicated
and difficult. Both theoretical and empirical methods are
used to calibrate the HSOS vector magnetograms. Some
details have been described by Wang et al. (1996). The
azimuthal angle of the transverse field is

1, (U

<p—2tan <Q> (2)

It should be mentioned that the magneto-optical effect
(Faraday rotation) has been evaluated by theoretical cal-
culations and found to be insignificant (Wang et al. 1996;
and references therein). Several tests were made partic-
ularly to compare the measured field azimuth for a few
sunspots when switching the bandpass from line center to
line wings, and the differences in the observed azimuth
were less than 10°. The contamination of the relatively
weak linear polarization signal by the stronger circular
polarization signal (cross-talk) for the HSOS vector mag-
netograms is not significant. From joint vector magneto-

graph observations at Big Bear, Huairou, and Mees So-

lar Observatories, Wang et al. (1992) concluded that the
cross-talk in the HSOS magnetograms is only about 2%.
In addition, the Fer 5324.19 A line used by the SMFT
is a broad line with a width of approximately 0.334 A,
and its Landé factor is 1.5. For such a strong and broad
line, not only the Zeeman saturation and Doppler shift are
not important, but also this line is not very sensitive to
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temperature. Numerical simulations show that when B; is
3000 G, the saturation effect can only cause a 3% relative
error for the bandpass location of —0.075 A to the line
center (Ai et al. 1982). For the transverse field measure-
ments, as long as the field strength is less than 2000 G, the
linear relation in Equation (1) will hold when the band-
pass is less than 0.03 A from the line center. Although it is
impossible to completely eliminate all these errors, some
corrections have been made by adjusting the calibration
coefficients of magnetic fields.

The 180° azimuthal ambiguity in determining the
transverse field direction is an intrinsic defect of Zeeman
effect (Harvey 1969). The only way to resolve this problem
at present is to introduce an additional constraint on the
field azimuth either from independent observations, such
as the history of the field evolution and the orientation
of chromosphere fibrils, or from other theoretical consid-
erations, such as the potential field approximation. For
each magnetogram, we resolved this ambiguity following
the method described by Wang et al. (1994).

To reduce the noise, a 3 x 4 smooth average of V, @
and U parameters was made. The noise level in all the line-
of-sight magnetograms shown is 10 G. For the transverse
field measurements, the blending of 7 and ¢ polarization
components over the spectral bandpass used diminishes
the linear polarization signal; this limits the sensitivity of
Bt to ~ 100 G.

All vector magnetogram data used in this paper were
taken with favorable weather and seeing conditions during
the time in which active regions were located near the cen-
tral meridian. The projection effects of high-latitude ac-
tive regions were removed according to the formulae given
by Gary & Hagyard (1990).

3. Magnetic and current helicity
3.1. Helicity definition
The density of magnetic helicity is defined as

hm=A-B, (3)

where A is a vector potential for magnetic field B (Moffatt
1978). In general, h,, determines the number of linkages
of magnetic field lines. The total magnetic helicity in a
domain D is

Hm:///Dhde. | @)

If space is divided into a collection of flux tubes, the helic-
ity integral contains contributions from internal structure
within a flux tube, such as twist and writhe, and from ex-
ternal relations between flux tubes, such as knotting and
linking. Consider a thin tube T with local B(r,8,2) de-
fined by its axial component B, = (0,0, B;(r)) and merid-
ional component B,, = (0,By(r),0), Moffatt & Ricca
(1992) showed that the total helicity of the thin tube

Hy = fffT A, B, dV+2fffT A,,-B,, dV, where first in-
tegral represents writhe ¥V and second represents twist 7.
For two untwisted closed flux tubes linked, the total mag-
netic helicity is given by H,, = £2&; $3, where $; and
&, measure the magnetic flux of the tubes, and the sign
of H,, depends on the sense of linkage (Berger & Field
1984).

For a closed magnetic system (B, = B -f|,= 0), the
variation of magnetic helicity with time is readily derived
from the Maxwell equations, and can be written in the
final form

%@:—2///7377.1.%1/, (5)

here 7 is the resistivity and J is the electric current density.
Clearly, the total magnetic helicity is conserved in ideal
MHD (n = 0). Equation (5) may be rewritten as

dH,, 27

dt = _QHCa (6)

Hc:// hch; hc:MOJB:B(VXB)’ (7)
D

where pg is the vacuum permeability, h. is the current
helicity density, and H, is the total current helicity. With
analogy to the magnetic helicity, H. describes the linkages
of electric currents.

3.2. Measure of current helicity

The direct computation of magnetic helicity H,, is hin-
dered by the fact that the magnetic vector potential A is
unmeasured. However, under the assumption of a linear
force-free field

v xB=aB, (8)
the magnetic helicity density will become
hm =a tB%. (9)

Here « is the force-free field parameter, which can be
observationally estimated (Seehafer 1990; Pevtsov et al.
1994, 1995). These authors suggest that the parameter o
is a plausible helicity proxy to characterize the twist in ac-
tive region magnetic fields. Similarly, the current helicity
density may become also

he = aB?. (10)

There is, indeed, no reason to believe that the mag-
netic fields at photospheric levels are force-free. In this
case we are unable to compute the magnetic helicity, but
we can in principle determine the current helicity den-
sity according to Equation (7). Unfortunately, our vector
magnetograms observed only at a single height allow us to
compute only the vertical component of current heélicity,
i.e., B, - (v x B),. This quantity may be expressed by

he = poB2J-, (11)
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(a) AR 6233 on August 30, 1990

(b)r H, filtergram

01:58 (UT

() Hg filtergram

04:34 (UT)

Fig. 1. (a) A photospheric image of NOAA Active Region 6233 on 30 August 1990. (b, c) Hg filtergrams of this region at 01:58
UT and 04:34 UT on the same day. The dark patches are sunspots, while the bright patches are flare kernels. North is at the

top, and West is to the right.

Table 1. Characteristics of selected active regions

NOAA/AR Date Coordinate  Mag-class  Spot-class  Area(10~° Hemi)
Flare-productive regions
6233 30 Aug., 1990 N13 W05 BGD FKC 700
6891 27 Oct., 1991 S12 E18 BGD FKC 2100
7321 25 Oct., 1992 S24 E06 BGD EKC 1200
7773 05 Sep., 1994 S08 E05 B EKO 470
Flare-poor regions
5612 03 Aug., 1989 S17 Wo1 B DKI 560
5738 13 Oct., 1989 N11 E05 B DKO 460
7496 09 May , 1993 N14 E06 BG DAI 300

7903 30 Aug., 1995 N03 E10 B CSO 120
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(a)

00:57 (UT)

02:07 (UT)

(c)

04:00 (UT)

(d)

05:04 (UT)

(e)

06:28 (UT)

29

—— BN N S R G TR A o i e oSS0

sk

Fig. 2. Time sequence of the distribution of current helicity density in NOAA Active Region 6233 on 30 August 1990. The
solid (dotted) contours correspond to positive (negative) current helicity of 0.07, 0.12, 0.20, and 0.40 G2?m™!. The bold contours

represent two flares occurred at 01:58 UT and 04:34 UT respectively.
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and
7= 1 /0B, 0B,

© ko < Oz Oy > ’
where B,, B, and By are the vertical and horizontal com-
ponents of magnetic fields in heliographic coordinates,
which are derived from both the observed line-of-sight field
B, and transverse field B; (Venkatakrishnan et al. 1988).

In this paper we choose the formula (11) to compute

current helicity, considering that, since only the vertical
component of electric currents enters the solar upper at-
mosphere and determines its helicity, uoB,J, should play
a leading role in current helicity (Bao & Zhang 1998). We
estimate errors by computing the standard deviation o,
of the current values in the set of pixels whose transverse
fields are within the estimated uncertainty in By; an elec-
tric current is considered to be significant only if its mag-
nitude exceeds 3 o,. Note that our analysis, in which we
determine a single average value <h.> for a whole active
region, greatly decreases the influence of noise compared
to that of a single-pixel measurement of h.. On the other
hand, our choice to use the average value < h,> has a
physical justification because there is often a pronounced
overall twist in the active region.

(12)

4. Relationship of flare occurrence to current
helicity

4.1. Current helicity and flare kernels in AR 6238

Active region 6233 was a flare-productive region which
was located near the disk center (N13, W04) on August
30, 1990. Observations of this region, including a study
of the morphological relationship between vertical elec-
tric currents and chromospheric flare phenomena, can be
found in Wang et al. (1996) (also see de La Beaujardiére et
al. 1993); while the correlation of its magnetic separatrices
with flare manifestations has been studied by Mandrini et
al. (1995).

In this section we discuss how the distribution of cur-
rent helicity in AR 6233 changes in the areas where flares
occurred. To illustrate its general configuration, a pho-
tospheric image of the active region is shown in Fig. 1a;
while Fig. 1b and 1c are Hg filtergrams of two flares to be
discussed, a SN/M1.2 flare at 01:58 UT and a SN/M1.0
flare at 04:34 UT on August 30. Fig. 2 shows a time se-
quence of the distribution of current helicity from 00:57
UT to 06:28 UT on the day. Note that only significant
current helicity densities (> 10 o5,) are displayed in Fig.
2. Thus, any little changes shown are thought to be due
to a true change of current helicity itself rather than from
noise or error. The bold contours in Fig. 2b and Fig. 2d
represent the brightenings of the flare F; and the flare Fy,
respectively. The Hp filtergrams of these two flares can be
seen in Fig. 1b and lc. For a convenient description, the
active region is partitioned into three parts, panels A, B
and C (see Fig. 2a).

From Fig. 2a—2e we see that the distribution of cur-
rent helicity in panel A hardly varies with time. Panel
A is a sunspot region where very strong magnetic- fields
are observed. Correspondingly, the values of current helic-
ity in panel A are the maximum, but no flare kernel was
observed in the panel. This indicates that sites of high
current helicity density in active regions do not coincide
with flare kernels.

For panel B, the distributions of current helicity in
all figures except Fig. 2b are almost the same, as shown
in panel A. The only difference among them is that the
distribution of positive current helicity (solid contours) in
panel B disappears in Fig. 2b. We infer that this phe-
nomenon may be related to the flare (F;), which occurred
near panel B at 01:58 UT. Such a relationship between
significant changes of current helicity and flare occurrence
is also found in panel C. From Fig. 2a-2d, we can see that
the distribution of current helicity in panel C has obvious
changes. During the course of the changes there is two
flares occurring in panel C. One of them, the flare F,, is
shown in Figure 2d, and it occurred at 04:34 UT. On the
other hand, we find that the distribution of current helic-
ity in panel C has almost no changes between Fig. 2d and
2e, while from 05:04 UT to 06:28 UT no flare was observed
in panel C. In other words, this panel is quiet in the in-
terval. Therefore, we conclude that rapid and substantial
changes of current helicity distribution in an area or in its
vicinity seem to be associated with flare eruptions, but in
no-flaring regions, such changes are insignificant.

4.2. Changes of current helicity in productive and poor
flare regions

In order to have sufficient evidence for the above conclu-
sion, we further analyze some active regions whose char-
acteristics are enumerated in Table 1. These active regions
are divided into two groups. One group is flare-productive,
and the other shows little flare activity. Note that, com-
pared to typical active regions, the selected flare-poor re-
gions are relatively complicated.

Fig. 3 shows the time series changes of current helicity
imbalance, py, in four flare-productive active regions. The
quantity py is defined by

= Zheliud)
> e, )]

where h.(i,7) is the value of current helicity at a given
pixel (4,7), and the denominator represents the sum of
the absolute values of all h.(4,7) in the active region. pp
is actually a measure of imbalance of current helicity sign
over a whole active region (Abramenko et al. 1996; Bao &
Zhang 1998), and its significant changes undoubtedly re-
flect that the distribution of current helicity density in an
active region does vary with time. Along with the obvious
variations of pj in Fig. 3a-3d, some flares occurred in suc-
cession (see the arrows in Fig. 5). Similarly, Fig. 4 shows

100% , (13)
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Fig. 3. Maps of the evolution of current helicity imbalance py, in four flare-productive active regions (NOAA 6233, NOAA 6891,
NOAA 7321 and NOAA 7773). Solid triangles indicate the times of magnetograms recorded. Obvious variations of current

helicity for a whole active region are shown.

the time series changes of pp in poorly flare-productive
active regions. By comparing these two figures, We find
that the variations of pj, are much more significant in Fig.
3 than that in Fig. 4. From this, we may infer that for
any active regions, even complicated, if the temporal vari-
ations of current helicity are insignificant, the frequency
of flaring activity is very low; on the contrary, even if for
ordinary active regions, if their pj is changeable, corre-
sponding to the frequency is high.

Note that the average current helicity <h.> for a
whole active region changes as obviously as the current
helicity imbalance py, in flare-productive active regions, as
shown in Fig. 5. From this figure, we can clearly see that
the magnitude of current helicity does not always come
down after a flare. Flaring activity seems to be globally

associated with the rate of variations in <h.>. However,
there is not a one to one relation between flare activity and
variation of <h.>. This result does not agree with that
of Pevtsov et al. (1995). We argue that the rate of vari-
ation of current helicity in active regions is more closely
related to solar flares, and it may better characterize the
non-potentiality of active regions rather than the values
of current helicity.

5. Conclusions and discussion

The above observations and analysis lead us to believe
that, (1) rapid and substantial changes of current helicity
distribution in an area or in its vicinity probably lead to
flare eruptions; (2) active regions in which average cur-
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Fig. 4. Maps of the evolution

of current helicity imbalance pp, in four flare-poor active regions (NOAA 5612, NOAA 5738,

NOAA 7496 and NOAA 7903). Solid triangles indicate the times of magnetograms recorded. In these regions, variations of pp

are insignificant.

rent helicity has a significant change show more flare ac-
tivity than typical active regions; (3) no clear correlation
between the peak values of current helicity and flare ker-
nels; (4) the rate of variation of current helicity may bet-
ter characterize the non-potentiality of active region mag-
netic fields, perhaps it can provide us more information
than other parameters, such as angular shear or vertical
current.

We know that the magnetic helicity in the solar atmo-
sphere comes mainly from the deeper layers of the Sun,
and is accumulated during the course of magnetic activity.
The accumulation will increase the magnetic complexity
and magnetic free energy in the lower corona, and lead to
flare eruptions. Taylor (1974) predicted that as a magne-
tized plasma relaxes, its magnetic field will evolve toward a

force-free state, conserving total magnetic helicity. If Tay-
lor’s postulate is applicable for the solar atmosphere, the
magnetic energy stored in the solar atmosphere evolves to-
ward small spatial scales and dissipates much faster than
magnetic helicity, which cascades toward larger spatial
scales. However, this conservation of magnetic helicity is
only in a global sense, it may be redistributed locally be-
tween magnetic systems as a result of reconnection. Such a
helicity exchange may lead to instability in a system with
higher helicity. Therefore, solar flares may be understood
in the framework of current helicity change processes. Of
course, photospheric shear motions besides reconnection
may also cause gradual buildup of twist in active regions.
Which of these two processes prevails on the Sun? This is
beyond the scope of this paper.
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Fig. 5. Variations of the average current helicity <h > of the photospheric magnetic fields as a function of time in four
flare-productive active regions (NOAA 6233, NOAA 6891, NOAA 7321 and NOAA 7773). Arrows indicate start times of flares.

In fact, many solar observations (e.g., the soft X-ray
images and chromospheric filaments) imply that twist is
found in magnetic structures that show a tendency to
erupt. In the present paper, we try to discuss how the
non-potential structures of photospheric magnetic fields
in active regions change before and after flares, from the
viewpoint of helicity. The results obtained here are pre-
liminary since we do not have 3-dimensional observation
data and study changes of current helicity distribution
only in the photosphere. Although the helicity approach

* has not yet been widely applied in the study of flares, we
think that the study of the influence of flares on helic-

ity is very important for understanding the magnetic field
structure and dynamic processes in the solar atmosphere.
One should further research this topic, using a much larger
sample.
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Abstract. An attempt to extract maximum information on signatures of the alpha-effect
from current helicity and twist density calculations in the solar photosphere is carried out.
Possible interpretation of the results for developing the dynamo theory is discussed. The
analysis shows that the surface magnetic current helicity is mainly negative/positive in
the northern/southern hemispheres of the Sun. This indicates the actual alpha-effect at
the photospheric level to be positive/negative, respectively. However, at the bottom of
the convection zone we may assume this effect to change the sign to negative/positive.
We reveal some quantities related to the alpha-effect and discuss its spatial and temporal
distribution.

It is also found that there is a minor number of active regions where the the sign
of the alpha-effect is indicated opposite to the one in the most of active regions. Such
exceptional acive regions with respect to current helicity are seen to localise at certain
active longitudes. We compare the determined regularities with theoretical predictions of
the alpha-effect distribution in the solar convection zone.

1. Introduction

The role of the alpha-effect is very important for the mean-field dynamo
theory. This effect along with the differential rotation provides regenera-
tion of magnetic fields in astrophysical bodies from mechanical turbulent
convective motions of cosmic plasmas. For the solar convection zone, the
differential rotation is quite well studied by means of helioseismology (e.g.,
Schou et al. 1998), while knowledge of the alpha-effect is still very little
because it cannot be quantitatively observed directly.

The alpha-effect was introduced by Steenbeck, Krause and Rédler (1966)
as a quantity linked with the mean kinetic helicity of turbulent motions. Fur-
ther theoretical advances of Keinings (1983), Seehafer (1994a), and Gruzinov
and Diamond (1995) opened an opportunity to gain knowledge on the alpha-
effect studying the current helicity of the solar magnetic fields. This became
possible with the present level of observational resolution on the basis of re-
cent systematic studies of magnetic fields (Canfield and Pevtsov 1994, 1995),
also carried out by Beijing Astronomical Observatory team at Huairou Solar
Observing Station (Bao and Zhang 1998; Zhang and Bao 1998, 1999; Bao
et al. 1999). Therefore, the studies of strong magnetic fields in the solar
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active regions provide very useful information on the magnetic fields at the
bottom of the convection zone, and thus they can be used as signatures of
the alpha-effect.

The theoretical problem is how to extract such information. The main
difficulty is that the values of the magnetic current helicity of small scale
fields are highly dispersed over the solar photospheric level in Active Regions
(ARs). The dynamo theory interpretation of the data on the alpha-effect in
the solar photosphere should take into account the knowledge of convection
processes which link the photosphere with the bulk of the Solar Convection
Zone (SCZ). The dynamo is believed to operate in the depth of the SCZ,
even perhaps at the bottom or beneath (the so-called overshoot layer).

2. Alpha-effect and Turbulent Dynamo Action

2.1. PARKER’S DYNAMO. THE ROLE OF THE a- AND Q-EFFECTS

In the simplest dynamo models of magnetic field generation there are two
main factors which provide positive feedback between the toroidal and poloidal
components of the magnetic field: the so-called a- and Q-effects. They cause
regeneration of magnetic fields from mechanical energy of turbulent con-
vective motions of plasma in the SCZ. The magnetic field manifestations
calculated in such models appear in the form of a traveling wave which
possesses the main properties of the observable magnetic activity of the
Sun. The dynamo waves are seen over the butterfly-diagrams of sunspot
migration and over other tracers and solar indices. '

On the mathematical viewpoint the Parker’s dynamo equations (Parker
1955) have the following form:

LA =aB (1)

o o0} 0A

LB = DCOSGE@G (2)
where A, B are azimuthal components of the large-scale mean magnetic
potential and field, differential operator [, = 0/0t — 0%/06%, « is the alpha-
effect (rescaled), 2 the angular velocity, D the dimensionless dynamo num-
ber, the regeneration rate, generally large parameter for supercritical oscil-
latory dynamos. Latitude 6 is measured from the equator.

The large-scale mean fields are introduced to represent statistical prop-
erties of MHD processes in turbulent media. T hey are quantities averaged
over large enough spatial and temporal scales. The scale should be in accord
with our interest for studies of the large scale phenomena. This approach is
based on the ideas of mean field dynamo theory (Krause and Rédler 1980).
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Unfortunately, as concerned with available observations, there is no distinct
scales over the Sun apart of its radius. However, this is often too large
for observable temporally-spatial structures of the solar magnetic fields.
Therefore, below we consider a few smaller scales regarding to the observable
structures of turbulence in the SCZ.

The equations above are significantly one dimensional case which is a
rough simplification of a multidimensional one. However, as it was found
in many numerical experiments (Moss et al. 1990; Brandenburg 1994), also
supported by asymptotic analysis of, e.g., Kuzanyan and Sokoloff (1995,
1996), this simplification does not crucially change the general behavior
of the solution. One can see that the solution of egs. (2) has a form of a
traveling dynamo wave (Parker’s migratory dynamo). In order to obtain the
equatorward waves one can show that quantity o 92/9r should be negative
in the Northern and positive in the Southern hemisphere of the Sun.

The Q-effect is mainly associated with the gradient of angular velocity
G = 8Q/0r which can be studied from helioseismology data (see, Basu
1997; Kosovichev et al."1997; Schou et al. 1998) and appears positive in
the deep enough convection zone over most of low latitudes in both of the
hemispheres. This is perhaps different in the radiative transfer zone or over
high latitudes. The dynamo might work in a thin layer at the bottom of the
convection zone, where the differential rotation is strong but the alpha-effect
is assumed to exist due to turbulent convective motion.

In contrast with the Q-effect, the a-effect which is responsible for regen-
eration of the poliodal field from the toroidal one, can be associated with
mean kinetic helicity of turbulent motion (e.g., Krause and Réidler 1980) as

e = =3 (b 3)

where 7 is the turbulent correlation time (characteristic convection time),
hi = v - V x v denotes the kinetic helicity, and v the small scale velocity.
Unfortunately, a.f is not available for direct determination. Therefore, var-
ious theoretical and numerical attempts have been carried out to estimate
this factor.

Krause (1967) gave an estimate of the kinetic alpha-effect in terms of
rotation €2, convection velocity v.(r,0), and density distribution functions
p(r, 0) based on the ideas of the mixing length theory with account of Coriolis
forces. This reads the following

16
Qef = —T¢ v} Q- Vlog(pve)- (4)
One can conclude that under quite general assumptions on the convection
in the SCZ the a-effect is proportional to the factor sin#.
There is no confidence on the sign of the alpha-effect in the SCZ. The

observations of the global magnetic activity are not sensible to this sign
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but to the sign of the product of the a- and Q-effects. In order to obtain
the observable equatorward migration of the main dynamo wave we should
provide the differential rotation and the a-effect to possess opposite signs
somewhere in low latitudes of the Northern hemisphere. Two realizations
of such condition are possible. In the earlier studies the most or researchers
assumed that G < 0, and o > 0. Later taking into account some results
of helioseismology studies of the internal rotation of the Sun they changed
their mind to G > 0, @ < 0. There are different ideas on how the alpha-
effect is distributed over the depth of the SCZ and how it relates to the
domain where the maximum generation takes place. There is an extensive
discussion on the thickness of the generation layer in the convection zone
(cf., Moss et al. 1990; Brandenburg 1994). This concept of the generation
layer is based on the idea of the overshoot layer dynamo (e.g., Skaley and
Stix 1991; Ridiger and Brandenburg 1995). The effective kinetic alpha-effect
versus the magnetic field strength was studied in the complete system of the
MHD equations by, e.g., Brandenburg and Donner (1997).

Glatzmaier (1985) found numerical evidence that the alpha-effect changes
sign with depth. This is linked with that the upward flows diverge in top
layers of the convective zone but the downward ones in the bottom. Corre-
spondingly, the upward/downward flows converge in the bottom/top of the
SCZ. Although, in a MHD system with extremely high Reynolds numbers
like in the SCZ the convection is significantly turbulent, and one can hardly
see such prominent divergent/convergent flows at all. Krivodubskij and
Schultz (1993) and Krivodubskiy (1998) developed a theory of the alpha-
effect distribution over the depth of the SCZ which is large closely below
the surface, and zero at the certain level near the bottom of the SCZ. Below
this level it changes sign to the opposite one. This is consistent with recent
numerical studies of Brummell et al. (1998).

Schlichtenmaijer and Stix (1995) considered a phase shift between the
toroidal and the poloidal fields in the framework of dynamo models. This
quantity can be an independent tracer of particular signs of the a- and Q-
effects. This work needs to be developed to further comparison with available
solar indices. The location of the main magnetic field generation in the SCZ
and the actual values of signs and magnitudes of the a- and Q-effects still
remain unclear. This puzzle causes serious problems in application of the
dynamo theory to the solar case.

In the light of what is said above one can see, that alternative estimates
of the alpha-effect would significantly benefit the solution of the dynamo
problem. In solar ARs there are strong magnetic fields which arise mainly
from the depth of the SCZ. These fields contain information on the MHD
flow at the locations where they arise from and through ( cf., Melrose
1991). The tilt of sunspots (Longcope et al. 1998; Canfield and Pevtsov
1997; Pevtsov and Canfield 1998; Seehafer 1990) and the magnetic current
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helicity (Seehafer 1990; Pevtsov et al. 1994, 1995) could be useful tracers
of this factor. This paper is dedicated to analysis of the magnetic current
helicity and twist measurements as tracers of the alpha-effect in the SCZ.

2.2. MAGNETIC AND CURRENT HELICITIES. OBSERVATIONS OF THE
SOLAR PHOTOSPHERE.

The helicity of magnetic fields may be characterized by several different
parameters. The density of magnetic helicity can be defined as

hm=A-B, (5)

where A is a vector potential of magnetic field B (Moffatt 1978). In general,
h,, -determines the number of linkages of magnetic field lines. The total
magnetic helicity in domain D is

Hm=/[/hde. (6)
: D

If space is divided into a number of flux tubes, the helicity integral contains
contributions from the internal structure of flux tubes, such as twist and
kink, and from external relations between flux tubes, i.e., knotting and
linking.

Let us consider an isolated magnetic system (B, = B -1i|,= 0). Then
variation of magnetic helicity with time is readily derived from the Maxwell
equations, and can be written in the form

f%’l:-z///nJ-BdV, (7)
D

here 7 is the resistivity and J is the electric current density. For the ideal
MHD (5 = 0), the magnetic helicity is apparently conserved. Equation (7)

can be rewritten as J g
= =g, (8)

di Fo
Hc=///hcdv, he= B )
D

where g is the vacuum permeability, H. is the total current helicity, and
h¢ is the current helicity density.
Therefore,
he=B-V x B. (10)

Separating h. into two parts — parallel (||) and perpendicular (1) to the
line of sight — one can write

hc=B“'(VXB)“—I—B_L-(VXB)L. (11)
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The both parts of helicity h. can be linked with each other in the framework
of the force-free field theory (see Section 3.1 below).

Unfortunately, because we have magnetic measurements at a single height
in the solar atmosphere, we can determine only the first part of current
helicity density, i.e., Al = By - (V x B); (see Bao and Zhang 1998). This
quantity may be expressed by

h'cl = Hlo B.J, = Ho B, - (V x B)z’ (12)
where
1 (8B, 0B,
z =) o= . 1
’ Ko ( oz 0Oy ) o)

Then we may calculate the twist factor

Rl I

= — =pUp—-. 14

or

Here B;, B, and By are the vertical and horizontal components of magnetic
fields in local Cartesian coordinates (with the z-axis upwards), which are
derived from both the observed line-of-sight field B) and transverse field
B (Venkatakrishnan et al. 1988).

We choose formula (12) to calculate the current helicity in our approach,
taking into account that only the vertical component of the electric current
enters the solar upper atmosphere and determines its helicity. We assume
the value pgB,J, to contribute the main impact to the value of the current
helicity. The database of active regions used in our study of the current
helicity were obtained with the Solar Magnetic Field Telescope (SMFT),
a vector video magnetograph system installed at Huairou Solar Observing
Station (HSOS) of Beijing Astronomical Observatory. We have considered
data for 422 ARs taken within the period of 10 years (1988-1997). They
are a quite representative sampling of the total solar surface activity, where
there were about 3,000 ARs for the time considered.

Important issues of the studies are criteria of selection of pixels in the

magnetograms for calculation of helicity parameters hﬂ and a;. In order to
reduce the level of noise which does not normally exceed in determination
of the line-of-sight (longitudinal) field B) the level of 20 G, and for the
transverse field B; 100 G, the pixels where the fields observed is lower such
levels were eliminated for calculation of parameters h. and ay and further
ignored for averaging procedures. Correspondingly, the noise level for J, was
calculated of about 1 mA m~2. Further details of the observational technique
and data reduction are described by Bao and Zhang (1998).
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3. Magnetic helicity and the alpha-effect

3.1. THE FORCE-FREE FIELD FACTOR

Relatively small domains of the solar atmosphere under certain assumptions
can be considered within the framework of the force-free field theory. This
theory provides description of magnetic fields for which the following relation
is valid (Woltjer 1958)

V xB=aq;B, (15)

where a; is a scalar function of position. Assuming that solar ARs are such
domains, we can calculate this coefficient from the observational data. Thus
we have

(VxB)) B2

B” ’ and he = gﬁ- (B“ . (V X B)“) = afBz. (16)

ap =
There is, however, no reason to believe that the magnetic field at photo-
spheric level is force-free. In this case a part of the current helicity density,

Kl = By (V x B)j|, can still be calculated, and ratio ay can also be formally
calculated using formula (14).

3.2. KEININGS-SEEHAFER FORMULA (KSF)

As it was found by Keinings (1983) and Seehafer (1994a, 1994b, 1995, 1996),
see also Ridler and Seehafer (1990), Gruzinov and Diamond (1995), that
under certain assumptions on the turbulent plasma motion the alpha-effect
can be expressed in terms of the magnetic current helicity:

I /
Qof = _n(b_V_><2L) g —Uﬂc-)—z- (17)
((B)) ((B))
Here we assume B = (B) + b/, where (B) denotes the mean magnetic field,
b’ the small scale one. The main assumption made here is that fluctuations
of the magnetic field are considered statistically stationary and homoge-
neous on the scales of averaging, which are small compared to the scales of
the mean field variations. This is a quite natural assumption. Notice, that
following Seehafer’s papers cited above we do not require this condition in
a strict sence on the scales of the entire SCZ, which would not be a correct
assumption as there is an anisotropy of turbulence due to rotation.
However, we do not assume that the turbulence is homogeneous and
isotropic. Notice that estimates of the a-effect in terms of magnetic and
kinetic helicities are considered by e.g., Pouquiet et al. (1976) and Field et
al. (1999), as well as by Gruzinov and Diamond (1995).
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The both parts of helicity h. can be linked with each other in the framework
of the force-free field theory (see Section 3.1 below).

Unfortunately, because we have magnetic measurements at a single height
in the solar atmosphere, we can determine only the first part of current
helicity density, i.e., = B (Vx B)“ (see Bao and Zhang 1998). This
quantity may be expressed by

hl;l = Ko Bsz = Ko Bz : (V X B)z’ (12)
where
1 (6B, 0B, ‘
2= "\ .~ : 1
J 140 ( oz dy ) (13)

Then we may calculate the twist factor

Al J,

= — = Up—-. 14
Bg NOBz ( )

af

Here B;, B; and By are the vertical and horizontal components of magnetic
fields in local Cartesian coordinates (with the z-axis upwards), which are
derived from both the observed line-of-sight field B and transverse field
B, (Venkatakrishnan et al. 1988).

We choose formula (12) to calculate the current helicity in our approach,
taking into account that only the vertical component of the electric current
enters the solar upper atmosphere and determines its helicity. We assume
the value poB,J, to contribute the main impact to the value of the current
helicity. The database of active regions used in our study of the current
helicity were obtained with the Solar Magnetic Field Telescope (SMFT),
a vector video magnetograph system installed at Huairou Solar Observing
Station (HSOS) of Beijing Astronomical Observatory. We have considered
data for 422 ARs taken within the period of 10 years (1988-1997). They
are a quite representative sampling of the total solar surface activity, where
there were about 3,000 ARs for the time considered.

Important issues of the studies are criteria of selection of pixels in the

magnetograms for calculation of helicity parameters hﬂ and ay. In order to
reduce the level of noise which does not normally exceed in determination
of the line-of-sight (longitudinal) field B the level of 20 G, and for the
transverse field B; 100 G, the pixels where the fields observed is lower such
levels were eliminated for calculation of parameters h. and a; and further
ignored for averaging procedures. Correspondingly, the noise level for J, was
calculated of about 1 mA m~2. Further details of the observational technique
and data reduction are described by Bao and Zhang (1998).
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3. Magnetic helicity and the alpha-effect

3.1. THE FORCE-FREE FIELD FACTOR

Relatively small domains of the solar atmosphere under certain assumptions
can be considered within the framework of the force-free field theory. This
theory provides description of magnetic fields for which the following relation
is valid (Woltjer 1958)

VxB=asB, (15)

where a; is a scalar function of position. Assuming that solar ARs are such
domains, we can calculate this coefficient from the observational data. Thus
we have

V xB B2
(—)ﬂ, and hc === (B” e (V X B)“) = afBz. (16)
By B||

There is, however, no reason to believe that the magnetic field at photo-
spheric level is force-free. In this case a part of the current helicity density,
hl = By|-(V x B);, can still be calculated, and ratio ay can also be formally
calculated using formula (14).

af=

3.2. KEININGS-SEEHAFER ForMULA (KSF)

As it was found by Keinings (1983) and Seehafer (1994a, 1994b, 1995, 1996),
see also Ridler and Seehafer (1990), Gruzinov and Diamond (1995), that
under certain assumptions on the turbulent plasma motion the alpha-effect
can be expressed in terms of the magnetic current helicity:

/ /
Qef = _n(b__sz_b) ~ _nﬁf)_z_ (17)
((B)) ((B))
Here we assume B = (B) + b/, where (B) denotes the mean magnetic field,
b’ the small scale one. The main assumption made here is that fluctuations
of the magnetic field are considered statistically stationary and homoge-
neous on the scales of averaging, which are small compared to the scales of
the mean field variations. This is a quite natural assumption. Notice, that
following Seehafer’s papers cited above we do not require this condition in
a strict sence on the scales of the entire SCZ, which would not be a correct
assumption as there is an anisotropy of turbulence due to rotation.
However, we do not assume that the turbulence is homogeneous and
isotropic. Notice that estimates of the a-effect in terms of magnetic and
kinetic helicities are considered by e.g., Pouquiet et al. (1976) and Field et
al. (1999), as well as by Gruzinov and Diamond (1995).



42 K.M. KUZANYAN ET AL.

Another important assumption which we made in formula (17) is that
introducing the mean current helicity (h.) we neglect the helicity of the mean
field (B) -V x (B) and treat further the average helicity of the observable
magnetic field (h.) as helicity of the small scale fields in formula (17). This
assumption is reasonable as the magnitude of large-scale fields in the depth
of the Sun is believed to be small compared with the magnitude of small
scale fields, and so the impact of helicity of the mean field was estimated
small by other studies, e.g., Rddler and Seehafer (1990).

This formulation of the alpha-effect is alternative but complementary to
another one which uses terms of kinetic helicity (3). This opens a prospective
to use the magnetic current helicity data calculated from observable mag-
netograms (e.g., Abramenko et al. 1996; Bao and Zhang 1998) for probing
the alpha-effect at the solar surface.

In formula (17) 7 is the molecular magnetic diffusivity. We assume this
to be a not very much changing function of position over a given AR. This
assumption is definitely crude for the whole SCZ. The value of the alpha-
effect used for the dynamo theory is based on estimates in the depth of
the SCZ. However, it is believed that the signatures of the alpha-effect at
the solar surface can also be useful for revealing the structure of the alpha-
effect at the locations further deeper in the solar interior where the dynamo
operates. The convection processes cause the active regions to represent a
certain fraction of the whole MHD flow and, therefore, the magnetic fields
from the deep interior of the SCZ (e.g., Melrose 1991). Thus, we may assume
that the a-effect along with current helicity and magnetic helicity are con-
served for turbulent convective motions in the SCZ (Berger and Field 1984).
Therefore, the surface values of these quantities are likely to be positively
correlated with their values in the depth of the SCZ.

The main problem for realization the idea of probing the alpha-effect is
quantity (B). Normally in ARs this value is negligible as compared with the
current values of B. Perhaps at the present state the observational resolution
does not allow one to reveal this quantity reliably.

The analysis of observational data show that the Keinings-Seehafer for-
mula (17) can be used only for observational data taken at large spatial
scales, over which the flow is believed to possess some of the mean field
properties. This scale should be of order the size of a giant cell. However,
the typical time of turbulent motion of such objects is of order one month
(Hoyng 1992) while the most of available observations are taken for a few
consequent days. One can see from analysis of magnetograms that oy is
highly dispersed over the solar photosphere (e.g., Zhang and Bao 1998).
The available data of magnetograms enable us to calculate this factor pro-
vided appropriate reliability only over a small fraction of the area of ARs.
Therefore, we can hardly use Keinings-Seehafer formula directly, but treat
it as an instrument for estimates.
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On the contrary with the alpha-effect, the force-free field coefficient o
can be calculated from available observations over a certain part of area of
ARs and is probably the most reliable signature the alpha-effect in the SCZ.
Another important signature is twist and, therefore, the current helicity ke,
studied for our collection of magnetograms by, e.g., Bao and Zhang (1998),
Zhang and Bao (1998, 1999), and Bao et al. (1999).

Indeed, assuming in the limit of small scale turbulent motion inside a
given AR, and that the energy of the mean field ((B))? is roughly propor-
tional to the energy of the observable field B? (but much smaller in absolute
values), the mean force free coefficient oy is somehow related to the alpha-
effect with the opposite sign according to Keinings-Seehafer formula (17),
cf., Seehafer (1995):

Olef ~ — <%c§> = —({ay). (18)

Notice that if instead of large volumes of the size of a giant cell (~ 10° km)
we consider smaller volumes of the size of supergranula (1 — 2 - 10*km)
the level of noise and uncertainty caused by the observational resolution
does not allow us to reveal any significant spatially-temporal dependence
as values of ay are very highly dispersed for such scales (see, Zhang and
Bao 1998, 1999). This quantity is appeared to be very different from one
to another location. Due to turbulent fluctuations there is no regularity in
its distribution. Furthermore, in this case we are reluctant to consider any
temporal evolution as the typical time of turbulent motion of supergranula
is of order of one day while the most of available magnetograms of ARs of
our collection are taken within just a few consequent days, and very rarely
a few magnetograms per day are available.

The further smaller scale is the size of granula (~ 10 km) which is at
the limit of spatial resolution of observational data. The turnover turbu-
lence time is now of order a few minutes, and neither spatial, nor temporal
behavior of a; over such structures is available for now.

4. Spatially-temporal average of mean (ay)

The averaging procedure employed in order to reveal mean-field properties of
the observable magnetic fields should operate with large enough structures.
They should not exceed the order of giant cell scales: distances of order
10° km and times of order one or a few months (106 — 107s).

Proper spatially-temporal averaging procedure is necessary to reveal the
properties of the global alpha-effect. The most of active regions which con-
tain areas with strong magnetic fields contain also weak field domains (e-g.,
Zhang and Bao 1998, 1999). Considering such small enough regions as well
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as some active elements separately from each other would not yield any
valuable result due to high dispersion of the quantities. Averaging over the
scales smaller than the size of supergranula (1 — 2 - 10*km) and the times
less than at least one Carrington rotation would cause very low spatially-
temporal resolution and would not give any regularly changing quantity
upon averaging. Therefore, we must use intermediate scales which are con-
sistent with the main actual scales of turbulence in the solar convection
zone.

We worked with the data calculated by Bao and Zhang (1998), Zhang
and Bao (1998, 1999). First the data on « ¢ were spatially averaged over a
given magnetogram (which is comparable with the size of an AR) of order
10° km. Then the data were sorted by time with periods of 27 days (almost
Carrington rotations). Spatially they were sorted by latitudinal belts of 5
degrees solar latitude, which corresponds to about 6 - 10 km (comparable
with scales of an AR). After that averaging the data became a rather sparse
array which still needs to be interpolated and extrapolated in order to reveal
a physically consistent function. The results obtained seem to be optimally
consistent with available observations.

The properties of the spatial and temporal structure of mean (h.) are
described in Bao and Zhang (1998). We can see below that factor (o) has
sometimes similar but still quite different properties from the ones of current
helicity density (see Zhang et al. 2000).

5. Properties of the helicity and oy distribution

There are a few phenomena which are revealed by analysis of observational
data by Bao and Zhang (1998), Zhang and Bao(1998, 1999), and Bao et al.
(1999). Magnetic, current and kinetic helicities and the alpha-effect contain
one inverse length less than magnetic energy. Therefore, they are dissipated
slower than the energy during Taylor relaxation. They may be more sensitive
to the fine structure of the magnetic fields rather than just energetic level
tracers like sunspots. They reveal temporally-spatial properties of the solar
magnetic fields like short period oscillations (semi-biennial variations, cf.,
Benevolenskaya 1998, 1999) likely linked with North-South Asymmetry of
the magnetic filed manifestation at the solar surface (e.g., Zhang et al.,
2000).

5.1. LATITUDINAL DISTRIBUTION OF MEAN (af). ANTISYMMETRY OVER
LATITUDES

The temporal average of the aj indicates that this is an antisymmetric
function of latitude. Indeed, from Figure 1 you can see that this function
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is almost zero at the equator and have almost constantly different signs
in different hemispheres (cf., Bao and Zhang 1998; Zhang and Bao 1998).
The mean force-free alpha coefficient is mainly negative in the Northern
and positive in the Southern hemisphere. Correspondingly, the alpha-effect
should be positive/negative in the Northern/Southern hemispheres. Poly-
nomial and running average approximations of this quantity show that this
function behaves in a similar way to sine of latitude (Fig. 1). Such behavior
is related to ones predicted by theories (Krause 1967; Zeldovich et al. 1983).
Indeed, we may expect the alpha-effect to possess such structure as it is
influenced by Coriolis forces.

Notice, that the level of antisymmetry of this function may significantly
depend on the technique of calculation and inferring of the hc and oy
data from available magnetograms. The criteria of selection of pixels in the
magnetograms refereed in Section 2.2 (see also Bao and Zhang 1998) and
the averaging procedure above make the data appropriate to reveal such
regularity.

5.2. LONGITUDINAL DISTRIBUTION OF MEAN (ayf). ACTIVE LONGITUDES
AND DEEP INTERIOR ORIGIN OF THE ARS. ANOMALOUS SIGN
(REVERSED SIGN) AVERAGE HELICITY PHENOMENON

Some longitudes have ARs which persist over long time periods. Some of
them often possess the twist (current helicity) opposite to what is seen over
the most ARs in a given hemisphere. Such ARs are ARs with anomalous
twist (Zhang and Bao 1998, 1999) which is a signature that the alpha-
effect in such regions is mainly of opposite sign with respect to the others.
The number of such ARs is relatively small, it does not often exceed 30%
level for both of parameters (o) and (hc) for the studied sampling of
magnetographic data.

Such ARs often correspond to some specific active longitudes, and they
rotate mostly with the radiative transfer interior of the Sun. One can suggest
that such ARs capture the flow from very deep layers of the SCZ, where
the alpha-effect has probably the sign opposite to the one at the surface
(Krivodubskij and Schultz 1993; Krivodubskiy 1998; Brummell et al. 1998).
Under this assumption we can interpret the phenomenon of such reversed
sign helicity ARs as an evidence of that the alpha effect changes its sign
in deep interior of the SCZ. Such depth is normally associated with the
so-called overshoot layer (e.g., Glatzmaier 1985) where the solar dynamo is
believed to operate.

According to the models the alpha-effect changes sign with the depth.
Hence, we can conclude that the alpha-effect in the overshoot layer is neg-
ative/positive in the Northern/Southern hemispheres. The acceptance of
such explanation would explain at least in part the so-called ‘Solar dynamo
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dilemma’ (Parker 1987) concerning the consistency of the signs of the o-
and Q-effects with the direction of the solar dynamo wave propagation.

5.3. TEMPORAL VARIATIONS OF MEAN (ay)

Temporal dependence of mean (ay) as a signature of the alpha-effect has
similarities with the temporal dependence of the current helicity density
obtained by Bao and Zhang (1998). Upon smoothing this reveals a short-
term period of about 2-3 years (Fig. 2). One could try to interpret this
period as the period of exchange of a part of magnetic energy between the
Northern and Southern hemispheres of the Sun. Such oscillations may be
likely linked with energetic magnetic activity and can be considered in the
framework of interaction between odd and even, as well and mixed parity
modes of generated magnetic fields (e.g., Sokoloff et al. 1995; Tobias 1997;
Knobloch et al. 1998).

The dependence of (o) on time could be compared with available ob-
servations of the solar magnetic activity versus other indices and theoretical
predictions. Thus, over the time of one solar magnetic half-cycle (1988-1997)
the magnetic current helicity is noticed to be modulated by an oscillation
with one remarkable period of about 3 years (Bao and Zhang 1998). The
detailed analysis of the latter results and the results presented in Fig. 2
revealed that both quantities (h.) and (o) oscillate with a short period
of about 2 — 3 years. On the contrary to that of the current helicity, the
alpha-factor o is not noticed to have remarkable oscillations with longer
periods. The dependence of the alpha-effect on the magnetic field is rather
complicated. There is a simplified treatment of this problem, considering a
simple quenching of the alpha-effect.

Under certain assumptions such properties of the temporal behavior may
be in agreement with theoretical studies. Indeed, let us assume that the
alpha-effect depends on the magnetic field amplitude as the simplest form
of quenching given by series a(B?) ~ ag — asB? + ayB* + ... (ag, az, and
a4 constants). If we imagine the signature of the alpha-effect oy has such
form then h. ~ a(B?) B2. If the period of oscillation of B is 22 yr., then «
would have a period of 11 yr and 5.5 yr, and h, 5.5 and 2.75 yr etc., cor-
respondingly. This is, however, not clear how such oscillations interact with
each other and whether they are reliably to explain a short term oscillation
with period of about 2-3 yr. Such treatment is based on some imaginations
and should account that the alpha-effect was suggested to be quenched by
the small scale rather than large scale fields (e.g., Vainstein and Cataneo
1992; Gruzinov and Diamond 1994). There are different theories concerning
the dependence of the alpha-effect on the magnetic fields, e.g., Kleeorin and
Ruzmaikin (1982), Kulsrud and Anderson (1992), Riidiger and Kitchatinov
(1993), Cataneo and Hughes (1996).




PROBING SIGNATURES OF THE ALPHA-EFFECT IN CONVECTION ZONE 47

Averaged alpha

cl

101 UOIbuIB) "a Wl |
09 o 02

08

001
i

=3
Ny —
o

Figure 1. Five point running average interpolation of the mean value (o) averaged over
the total time 1987-1996 versus latitude (dotted line). Averages over ARs sorted by specific
5-degree latitudinal intervals are shown by asterisks. The polynomial interpolation of
order 3 is shown as a dash-and-dotted line. This distribution is similar to sine function of
latitude.
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Figure 2. Five point running average interpolation of the mean value (o) averaged over
all latitudes versus time. Crosses indicate averages over individual ARs in the Northern
hemisphere, and squares in the Southern. The total sum over the Northern (short dashed
line), Southern (dash-and-dotted line) and both the hemispheres (solid line) are shown.
Time is given in Carrington rotations numbered starting since rotation 1797 (January 1,

1988).
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Thus, we can see here a signature of the so-called semi-biennial cycle.
Other signatures of this cycle are also seen by other tracers (Benevolen-
skaya 1998, 1999; Hoyng 1993; Hoyng et al. 1994; Makarov et al. 1997).
Nevertheless, to reveal the global temporal evolution of these quantities one
must collect data for the following 11 yr cycle, and so we could carry out such
analysis earliest in 2010. We also expect that both of the current helicity
and the alpha-factor ay may be somehow influenced by the main 11 yr cycle
(cf., Ruzmaikin 1996).

6. Discussion

Thus, in our analysis we obtained that the force-free alpha-coefficient oy
is negative/positive over the Norther/Southern hemispheres at the photo-
spheric level. Its interpretation as a signature of the a-effect for dynamo
mechanism suggests the latter one to have the sign opposite to the first one.
Besides that, we found that the values of the o slightly vary with time with
typical period of 2-3 years irrelatively on the phase of the solar cycle.

We may try to consider a dynamo wave near the surface of the Sun.
Although the most of dynamo models assume that the sources of the dynamo
mechanism are situated in the depth of the SCZ, we could imagine a surface
dynamo as a hypothetical case, which is in accord with recent modelling of
the double magnetic cycle with 22 and 2-3 years periods (Benevolenskaya
1999). This hypothetical surface dynamo would require the radial gradient
of angular velocity © to be negative near the surface of the Sun in or-
der to obtain an equator-ward dynamo wave, which is in agreement with
helioseismological studies.

We may suggest that with depth in the SCZ the alpha-effect changes
its sign and becomes negative/positive, respectively. This property is in
accord with theoretical treatment of, e.g., Glatzmaier (1985), Krivodubskiy
(1998), and also recent numerical simulations of Brummell et al. (1998). The
phenomenon of the reversed sigh helicity and twist active regions could be
considered as an evidence of that.

Indeed, it is also found that there is a minor number of ARS where the
the sign of the alpha-effect is indicated opposite to the one in the most of
active regions. Such exceptional ARs with respect to current helicity are
seen to localise at certain active longitudes, which rotate mostly with the
same agnular velocity as the radiative interior of the Sun. One can suggest
that such ARs capture the flow from very deep layers of the SCZ, where the
alpha-effect has presumably the sign opposite to the one at the surface.

Then we must suggest that 9Q/9r is positive in the depth of the SCZ
for the case of an equator-ward wave. This conclusion is in agreement with
recent helioseismology results (e.g., Kosovichev 1997; Schou et al. 1998) at
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least in low latitudes. Therefore, we must conclude that the dynamo gener-
ation of magnetic fields may take place in the depth of the convection zone
but not necessarily in the overshoot layer. This conclusion means that the
direction of propagation of the hypothetical surface dynamo wave coincides
with the one at the bottom of the SCZ.

We must stress that numerous assumptions made for interpretation of
the mean value (o) as a signature of the a-effect are crude and should
be understood as a first theoretical outlook on the available observational
data on the twist and helicity in the solar photosphere. Further progress in
observational technique and new theoretical treatment of the fine structure
of the magnetic field would open new perspectives for understanding the
mechanism of the solar magnetic activity.
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Abstract. In this paper we study the twist properties of photospheric magnetic fields in
solar active regions, using the magnetographic data from Huairou Solar Observing Station
of Beijing Astronomical Observatory. We calculate the average force-free field factor af of
active regions and compare it with the average current helicity density he = B - (v xB)j
of same active regions. The results demonstrate that, as a whole effect, the average twist
of the magnetic field oy in active regions does not significantly vary with the solar cycle.
The distributions of both oy and h. show the hemispheric tendency — negative/positive
sign in the northern/southern hemisphere, although such a asymmetry is stronger for the
helicity parameter h.. In some active regions the average ay and hec disobey this trans-
equatorial sign rule. We found that the active regions which disobey this rule with respect
to ay have no obvious tendency to cluster at certain longitudes, on the contrary to those
of hec.

1. Introduction

The configuration of solar magnetic fields and their evolution in the solar
surface are important problems. It is believed that the magnetic field is
generated by the dynamo operating near the base of the convection zone
and emerges into the solar surface. The strong twist of the photospheric
magnetic field normally occurs in the solar active regions and may contain
information about the mechanism of the solar dynamo. Recently, the concept
of magnetic helicity was employed to describe the twist of magnetic field in
solar active regions. Several previous investigations of the trans-equatorial
change of the sign of the magnetic helicity have been carried out (Seehafer
1990; Pevtsov et al. 1995; Abramenko et al. 1996; Bao and Zhang 1998;
Kuzanyan et al. 2000). The longitudinal distribution of magnetic helicity
in active regions was analyzed by Canfield and Pevtsov (1998) and Zhang
and Bao (1999). Bao and Zhang (1998) found a correlation between the
monthly averaged sunspot numbers and the current helicity during solar
cycle 22. Temporal dependence of the averaged force-free coefficient was
studied also (Kuzanyan et al. 2000).

The magnetic twist can also be indirectly inferred from the chromospheric
Ha structures around sunspots (Hale 1927; Richardson 1941), the distribu-
tion of quiescent filaments (Martin et al. 1994) and a pattern of soft X-ray
images (Rust and Kumar 1996). These observations provide information on

"ﬁ © 2000 Kluwer Academic Publishers. Printed in the Netherlands.
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the twist of the magnetic field above the solar photosphere. The question is
what twists the magnetic field in the solar surface. The a-effect, introduced
in dynamo theory (e.g., Krause and Radler 1980), is an important quantity
to characterize the properties of turbulent convection in the solar convective
zone. This effect is believed to enable regeneration of the magnetic field
according to the dynamo mechanism. Its original estimate is

Qep = v 7 xV), e

where 7 is the turbulent correlation time and v is the velocity of turbulent
fluctuations. There is no reliable estimates of this effect based on observa-
tions. Therefore, the a-effect was extensively studied theoretically. Some
authors suggest that the dynamo a.; quantity increases with magnetic
field strength (e.g., Brandenburg and Donner 1997; Brandenburg, Saar and
Turpin 1998). An expression for c.y in terms of the current helicity [see
formula (9) below]| was derived by Keinigs (1985), who used the first order
smoothing approximation, and rederived without this approximation by
Seehafer (1994). Using this (or similar) relationship, some properties of the
solar dynamo mechanism can probably be traced by photospheric vector
magnetograms.

2. Helicity on the Solar Surface

2.1. EXPRESSIONS FOR THE HELICITY AND TWIST

With B denoting the magnetic induction, the density of current helicity is
defined as
he=B:-57 % B. (2)

Separating h. into two parts, which are determined by parallel (]|) and
perpendicular (L) to the line-of-sight component of magnetic fields, one can
write

he =B+ (VxB)+BL- (Vv xB).1. (3)
Within the limits of one active region we can impose the assumption of
the force-free field (e.g., Woltjer 1958). For the force-free field we have
Vv X B= leB, (4)
where the constant o can be calculated as

By - (v xB)

7 (5)

af =
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Then
2

B
he=asB? = (-Bﬁ> By - (V x B));, (6)
where B is the absolute value of the magnetic field. Note that oy has only

dimensions of inverse length but not of magnetic field strength explicitly.

2.2. OBSERVATIONAL DETERMINATION OF CURRENT HELICITY

The presently existing solar vector magnetographs enable us to measure
three components of the photospheric magnetic field B = {By; By; B, }-
Let B, be the component of the magnetic field along the line-of-sight, and
B, and B, are vertical (transverse) ones of the magnetic field relative to
the line-of-sight direction. As the active regions are not located near the
center of the solar disk, the projection effect of the magnetic field in active
regions probably becomes a notable but not a crucial problem for analyzing
configuration of the magnetic field at relatively high latitudes.

The current helicity parameters h, (a part of the current helicity hc) and
ay can be calculated from observational photospheric vector magnetograms
as follows

0B 0B
h, =B -(V xB) = B; ('8—;1‘—-51;), (7)
and ( )
B-(vxB 0B, OB
_ 2 v I _ y 90z
o - AL (P -5 ) /- ®

We can find that the two parameters also do not provide any real infor-
mation on the horizontal component of the electric current in the current
helicity calculations. The horizontal component of the electric current may
sometimes contribute an important impact to the total helicity in the pho-
tosphere, because the approximation of force-free field is unsuitable in the
entire domain of an active region.

The observational data reduction technique was discussed in the previous
papers (e.g., Wang et al. 1994; Bao and Zhang 1998). To calculate the
helicity parameters we used only selected domains of active regions which
are far beyond the magnetic neutral lines (e.g., Abramenko et al., 1996).
For this we applied some selection criteria to the values of the magnetic
field components and the current (Bao and Zhang 1998). In order to reduce
the level of noise which does not normally exceed in determination of the
line-of-sight field B| the level of 20 G, and for the transverse field B, 100 G,
the pixels where the fields observed is lower than such levels were eliminated
for calculation of parameters h. and aj and further ignored for averaging
procedures. Correspondingly, the noise level for J, was calculated of about
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1 mA m~2. Thus we keep accuracy of determniation of values of o 7 and h
of order 20-25%.

It is interesting to notice that intensity distributions of both parameters
h, and oy are different, but these parameters have same signs in same
areas of active regions (Zhang and Bao 1999). For understanding the basic
properties of the current helicity parameters h, and oy, we show a vector
magnetogram of an active region (NOAA 6659 on June 9, 1991) and cor-
responding values of h, and oy which are calculated by the magnetogram
(Figure 1). We can find that the distribution of current helicity parameters
h, and ay is much the same as that obtained in another time in the previous
paper by Zhang and Bao (1999). This means that the distributions of the
both current helicity parameters of the active region is relatively similar to
each other, even if the intensity values of the current helicity parameters in
an active region are normally spread over a relatively wide range, such as
in the active region 6659 in Figure 2.

2.3. STATISTICAL REDUCTION OF THE CURRENT HELICITY DATA

For understanding the statistical properties of the current helicity, we calcu-
late the mean helicity parameters of active regions. Under the assumption
of the force-free field by the formula (8), we can obtain the mean (ay) of
active regions, where brackets () indicate spatial average. Neglecting the
contribution of the transverse component of the electric current, taking into
account formula (7), we calculate mean density of the current helicity (k)
in the photosphere.

Both quantities (o) and (h.) have been previously used to study the
helicity properties of active regions, although they were analyzed separately
from each other. In the present study we compute both (ay) and (h.) using
the same dataset and compare their spatial and temporal structure.

We use photospheric vector magnetograms of solar active regions ob-
served by the Vector Magnetograph at Huairou Solar Observing Station.
The dataset covers the period 1988-1997 and includes most of large active
regions in the past decade. For 422 active regions (one magnetogram per
region), we computed both (o) and (h.) as described above (Abramenko
et al. 1996; Bao and Zhang 1998). For the sake of simplicity we omitted
() in further description. Figure 3 shows the latitudinal distribution of o
and h.. Although the definitions of the two helicity parameters are different,
both show similar hemispheric tendency — the magnetic fields in opposite
hemispheres are mainly twisted in opposite directions. The dotted-dashed
lines in the figure show the average values of helicity computed by averaging
over the scale 0.05 in the sine of a latitude. Figure 4 shows histograms of
the mean current helicity parameters oy and he.
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For he = By|- (v x B)|| 84% of active regions in the northern hemisphere
have negative mean current helicity density, and 79% of active regions in
the southern hemisphere have the positive one. For a; the percentage of
active regions following the rule is lower. Only 74%/62% of active regions
in the northern/southern hemisphere obey the rule. This is consistent with
the result of Pevtsov et al. (1995), although our definition of the oy is
different from that used by Pevtsov et al. The most of active regions were
observed within the belt £30°, with a few exceptions. Maxima of the average
current helicity density occur near the belt sinf = £0.25, where 6 (solar
latitude) is about +15°, in agreement with Zirker et al. (1997). Although,
one can see that these figures are consequence of the specific samlpling of
the active regions under consideration and the fact, that the current helicity
parameters are visualisated over regions of strong magnetic fields which
normally appear in such latitudes.

Figure 5 shows relation between h. and af. There are about 40% of active
regions where the mean current helicity parameters k. and oy have opposite
signs. The current helicity density h, is influenced by the magnitude of the
magnetic field as a weight factor when averaging over a given active region.
This can explain the difference between the properties of he and ay. In
Figure 5b we show the latitudinal dependence of correlation of h, and af
upon averaging over latitude. The correlation decreases with increase of the
heliocentric distance, e.g., the correlation is about 70% near the heliocenter
and about 50% near the latitude £25°. It is also found a slight difference in
the two hemispheres.

3. Evolution of the Mean Helicity Density

Figure 6 shows temporal variation of h.. The data show significant scatter
during 1989-1993, and much lower values between 1994-1997. Accordingly,
the solar activity was much higher during 1988-1993 and lower during 1994
1997. The link between the averaged current helicity density and the number
of sunspots was briefly analyzed by Bao and Zhang (1998). Comparing our
Figure 6 with Figure 3 of Bao and Zhang (1998), one can find that the
amplitude of By - (7 x B)| changes with time. This implies that the current
helicity density of active regions depends on the phase of the solar magnetic
cycle. It is perhaps due to the fact that the magnetic field strength varies
with the solar cycle and h, is the function of magnetic field.

Figure 7 shows the evolution of o factor during the same period. It
shows no significant difference between the solar maximum and minimum
years. This implies that the mean twist density of active regions does not
significantly depend on the solar activity. Moreover, it is noticed that oy
factor in active regions looses information on the magnetic field strength,
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even if the convection flow in the solar subatmosphere has probably stronger
influence on weak magnetic fields rather than on strong fields. From, statis-
tical point of view, over a studied sampling of active regions, it is difficult
to find a distinct dependence of mean oy on the phase of the solar cycle.

4. Longitudinal Evolution of oy and A,

Figure 8 shows longitudinal distribution of the factor a; versus time mea-
sured in solar rotation cycles in both the hemispheres. We found that the
regions, where the sign of factor oy disobeys the trans-equatorial rule, are
distributed over longitudes quite uniformly. On the other hand, Zhang and
Bao (1999) found a tendency for the active regions with reversed signs of h,
to cluster in some longitudes.

We should, however, notice that Canfield and Pevtsov (1998) also ana-
lyzed the longitudinal distribution of a; and found a tendency for active
regions for which the helicity distribution disobeys the trans-equatorial rule
to cluster at certain longitudes for many rotations.

5. Discussion and Conclusions

The alpha-effect in the solar dynamo theory was suggested to be connected
with the current helicity of the fluctuating magnetic field, as indicated by
Keinigs (1985) and Seehafer (1994). Under certain assumptions we have

Qof = ~#<B’-va’>, 9)

where 7 is the molecular magnetic diffusivity, (B) is the mean field and B’
is the fluctuating field. The magnetic field in active regions is assumed to be
mainly the fluctuating field, and one can suggest the magnetic fluctuations
to be statistically stationary. Other assumptions are discussed in the above
cited papers. We may expect that the functions of helicity density and twist
have positive correlations with the a-effect. Thus, the statistical distribution
of current helicity density actually provides some qualitative information on
the alpha-effect. Moreover, there is no explicit criterion whether the observed
active-region fields are mean or fluctuation ones in the sense of the mean-field
dynamo theory (Seehafer 1998), but in any case the statistical distribution
of current helicity can provide information on the a-effect in dynamo theory
(although if the relationship between the current helicity and the dynamo a-
effect is a complex problem). We also notice that other opinions are proposed
by some authors, such as an important alternative study on the generation
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of the magnetic helicity the solar turbulent convection made by Longcope,
Fisher and Pevtsov (1998).

One can find from the equation (4) that o describes degree of twist of the
magnetic field. It is normally believed that the twist of magnetic lines of force
is caused by the action of the Coriolis force, the differential rotation etc., as
magnetic lines of force arise up from the bottom of the convection zone and
form active regions at the solar surface. If the magnetic field is generated by
the solar dynamo actjon and the magnitude of the photospheric large-scale
magnetic field depends on the phase of the solar activity cycle, the mean
intensity of the current helicity density should contain information on both
the twist and strength of the magnetic field. However, the oy factor is related
to the twist of the magnetic field of active regions and does not depend on
the intensity of the magnetic field, so that the calculated o factor probably
contains mainly information on the Coriolis force and differential rotation,
which do not significantly change with the phase of the solar cycle. On the
other hand, in each hemisphere there are about 30% of the total number
of active regions, for which the sign of factor ay is opposite to that of the
majority of active regions over a given hemisphere. This probably reflects
some statistical means of the generation of solar magnetic fields. In such
active regions, the mean twist of the magnetic field is different from the one
caused by the Coriolis force.

Various properties of twist of the photospheric magnetic field can be
found from magnetograms of active regions. The twist of the magnetic field
is linked with the magnetic (current) helicity. Because the total helicity
B - (v x B) can not be obtained by the photospheric magnetographs until
now, the study of the By - (v x B)) and B - (V X B)||/B|2l (i.e., af factor)
becomes important and necessary. By analysis of the helicity parameters
in detail, we can find that they not only obey the trans-equatorial rule
(i.e., in the northern/southern hemisphere the average current helicity and
twist density of active regions mainly have negative/positive sign), but also
contain slightly different information on the twist properties of the magnetic
field.

The results of this study show that two different helicity quantities oy
and h, have different properties. The trans-equatorial rule is stronger for
the h, distribution and weaker for the oy one. The h. distribution shows
clear dependence on the level of the solar activity (phase of the solar cycle),
while oy does not. The active regions with ‘reversed’ sign of h. disobeying
the trans-equatorial rule cluster at some specific longitudes. We can see the
indication of such ‘reverse sign longitudes’ for h. and do not see it for oy
significantly. One possibility is that the s lost information on the magnetic
field strength and contains mainly information on the magnetic shear near
the magnetic neutral lines, which was discussed by Zhang and Bao (1998,
1999), and where the influence of the projection effect of the magnetic field
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is significant due to the difference of inclination angles of the field to the
solar surface in the active regions, because the active regions are normally
located at non-zero latitude.

Although some properties of helicity in solar active regions were discussed
above, we also need to point out that some difference between the distribu-
tions for ay and h. is influenced by the observational and data reduction
technique and other factors, for instance, the projection effect of the vector
magnetic field in the solar surface and measurement errors of the transverse
magnetic field. However, this can not probably cause that much as about
40% of active regions have opposite signs of the mean helicity parameters
he and ay. :

The basic agreement between the transverse magnetic field in the Huairou
magnetograms and the fine structures of the Ha and Hpf filtergrams is
confirmed by a series of papers, such as Zhang et al. (1991) and Zhang
(1994). The influence of the measurement errors of the transverse field to
the difference in calculation of the current helicity between the Huairou and
Mees datasets was recently analyzed by Bao et al. (2000). It is found that
such a influence is insignificant in the most areas of active regions. While, we
also notice that the resolution of the 180° ambiguity of the highly sheared
transverse magnetic field is often difficult in areas near the magnetic neutral
line in active regions. The mean oy factor is probably more influenced by
calculation errors near the magnetic neutral lines in active regions rather
than h.. To overcome such difficulties we have taken into account only the
pixels of magnetograms which are far from magnetic neutral lines.

After the analysis, the main results are as follows:

(1) The average ay and h, = By - (v x B)| both providé information on
a twist of the magnetic field lines. The difference is that oy does not contain
information on the magnetic field strength, but h, does.

(2) ay and h. show similar longitudinal distributions. The current helic-
ity density h. distribution in active regions shows stronger trans-equatorial
regularity rather than aj.

(3) About 40% of active regions have ay and h. of opposite signs. This
may be explained by the fact that the magnetic field strength enters the
expression for h. as a weight factor.
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Figure 1. (a) A vector magnetogram of active region (NOAA 6659) at 05:29 UT on
June 9, 1991. The solid (dashed) contours indicate the positive (negative) longitudinal
magnetic field distribution of +20, 160, 640, 1280, 1920, 2240, 2560 and 2880 Gauss. (b)
The current helicity parameter By - (7 x B)|. The solid (dashed) contours indicate the
positive (negative) regions of the current helicity distribution of £0.25, 0.5, 1.0, 1.25, 1.5,
1.75, 2.0, 2.5(x10"*G®*M ™). (c) The « factor of force-free field in the areas where the
longitudinal field is larger than 100G. The solid (dashed) contours indicate the positive
(negative)  factor distribution of £0.5, 1.0, 2, 2.5, 3.0, 3.5, 4.0, 5.0(x107"M ). The
north is top and the east is at left.
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Figure 3. Latitudinal distribution of the mean current helicity and twist density parame-
ters (as) (a) and (B - (v x B)) (b) for 422 active regions. Each point represents a single
active region. The dotted-dashed lines show the average values.
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Figure 5. The relationship between the mean current helicity parameters ay (alpha) and
By- (v x B); (helicity) for 422 active regions. (b) The correlation between current helicity
parameters h. and o over latitudes after averaging of the data.
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Distribution of current helicity
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Figure 6. (a) Variation of By - (7 x B), with time. (b) Variation of absolute B} - (7 x B);
with time. The dotted-dashed lines show the average values and the solid line is the linear
fit.
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ABSTRACT

Using a 1988-1997 data set of original photospheric vector magnetograms from the Solar Magnetic Field
Telescope (SMFT) of the Huairou Solar Observing Station of Beijing Astronomical Observatory, we computed
the local current helicity B, - (V X B), for 422 active regions. We found that any given active region contained
mixed signs of current helicity, but in most cases current helicity with a particular sign was dominant over a
whole region area. In our data set, 84% of the active regions in the northern hemisphere have negative helicity,
and 81% in the southern hemisphere have positive helicity. It is estimated that the noise and error in our calculation

are at the 2 o level.

In addition, we have studied the evolution of the large-scale surface current helicity during the cycle 22, which
is a running mean of absolute current helicity of the active regions observed over a Carrington rotation period.
By comparing with monthly mean sunspot number, we found that the average current helicity has a good correlation

with solar activity.

Subject headings: Sun: activity — Sun: magnetic fields — Sun: photosphere

1. INTRODUCTION

In surveys of magnetic activity on the solar surface, vortex,
magnetic, and current helicities have played an important role.
With V, A, and B denoting fluid velocity, magnetic vector
potential, and magnetic induction, the densities (per unit vol-
ume) of vortex, magnetic, and current helicity are defined by

H =V-(VxV),
Hlll =A .(V XA)’

H,=B-(V X B). 1)
Topologically, they are a measure of the structural complexity
of the corresponding fields (Berger & Field 1984). For instance,
if the magnetic field consists of an ensemble of flux tubes, then
H,, determines the number of linkages of the magnetic field
lines, and the total magnetic helicity (volume-integrated) con-
tains contributions from the internal structures of the tubes,
such as twisting, and from the external intertwining of the tubes.

It is also interesting to study the solar dynamo from the
viewpoint of helicity. Over the last two decades, two repre-
sentative models of solar dynamo have been developed (De
Luca & Gilman 1991). The kinematic mean-field dynamo the-
ory in the bulk of the convection zone argues that the helicity
should be negative in the northern hemisphere and positive in
the southern. To accomplish the migration of toroidal and po-
loidal field patterns toward the equator requires that the radial
differential rotation rate increase significantly with depth in the
convection zone, namely, dw/dr <0 (w is the angular velocity
of the solar rotation, and r is the radial variable of the Sun).
On the contrary, the global convection theory, in which the
dynamo operates in the thin overshoot region at the base of
the convection zone, predicts the opposite sign of helicity in
the two hemispheres compared with the bulk of the zone above
s0 that the magnetic field migrations should be toward the
equator in low latitudes, and toward the poles in higher lati-

' Beijing Astronomical Observatory, Chinese Academy of Sciences, Beijing
100080, China.

* Department of Astronomy, Beijing Normal University, Beijing 100875,
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tudes, and correspondingly, dw/dr > 0. Though the analysis of
the global oscillations of the Sun provides information on the
internal rotation, a clear decision from observations whether
the angular velocity increases or decreases with depth is pres-
ently not possible. Therefore, attention should be given to other
observations related to helicity on the solar surface.

Seehafer (1990) studied signs of current helicity of active
regions by comparing a variety of images with magnetograms
extrapolated assuming constant-o force-free field. For all but
two of the 16 active regions, he found negative helicity in the
northern hemisphere and positive in the southern. Martin et al.
(Martin, Marquette, & Bilimoria 1992; Martin, Bilimoria, &
Tracada 1993) found that the vortex structures of 72 quiescent
filaments tended to have an opposite sense across the equator,
but the 80 filaments in active regions did not. In a study of the
helicity of 16 interplanetary magnetic clouds associated with
filament eruptions and solar flares, Rust (1994) found that 13
showed helicity whose sign agreed with Seehafer. Adopting
the linear force-free field parameter « taken as the ratio between
the vertical current and the vertical magnetic field, Pevtsov,
Canfield, & Metcalf (1995) studied the local helicity of 69
active regions and obtained the result that 75% of active regions
in the northern hemisphere have negative helicity, and 69% in
the southern hemisphere have positive helicity. Abramenko,
Wang, & Yurchishin (1996) calculated current helicity
B. - (V X B). of 40 active regions and found that in 82% of
cases the helicity in the northern (southern) hemisphere was
negative (positive). However, the results are not conclusive.

Observations are needed to establish firmly the conclusion
that the sign of the helicity is dependent on hemisphere. This
is the main motivation for our work.

2. OBSERVATIONS AND DATA REDUCTION

We have chosen to study 422 active regions observed from
1988 to 1997, spanning about a sunspot cycle. All vector mag-
netic field data included in our study were acquired with fa-
vorable weather and seeing conditions during the time in which
active regions were located near the central meridian. The pro-
jection effects of high-latitude active regions were removed
according to the formulae given by Gary & Hagyard (1990).
Although the number of 422 active regions is much less than
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Fi6. 1.—Distribution of the imbalance p, of current helicity over an active
region area against heliographic latitude for 422 active regions. Each dot
represents an active region.

the sum of all active regions in the cycle 22, our study still
reflects some important information on current helicity because
our data contain the large active regions during the period.

The vector magnetic fields in the photosphere were obtained
on the basis of measurements of four Stokes parameters I, O,
U, and V. The longitudinal component of magnetic field (pa-
rameter V) was measured at 0.075 A from the line center of
Fe 1 N\5324.19, and the transverse components (Q and U) were
measured at the line center. The field of view of the SMFT is
about 4’ x 6'. The pixel resolution on the CCD is about
074 x 077. The spatial resolution of our data is actually
2" x 2" after a smoothing average of 3 x 4 pixels to the Stokes
parameters Q, U, and V. The magnetic field calibration and
more details have been described by Wang et al. (1996) and
Zhang et al. (1994).

The direct calculation of magnetic helicity has been hindered
by the fact that the magnetic vector potential A is not measured,
but practical observations of current helicity may be charac-
terized by the force-free field parameter o (Pevtsov et al. 1995)
or the measure B, * (V X B), (Abramenko et al. 1996). We chose
to calculate the latter. The measure may also be written as

hc = /“‘OBZ‘]Z’ (2)

where gy = 47 x 107> G m A7}, and the vertical current den-
sity J, can be expressed by

1 (0B, 0B,
J = (—‘- — ——) 3)
T polox ay

We resolved the 180° ambiguity of the transverse field and
computed J, using the techniques described by Wang, Xu, &
Zhang (1994) (see also Abramenko et al. 1996).

It is important to understand the influence of noise in these
data. The noise level in the original magnetograms is usually
less than 20 G for the longitudinal field and about 100 G for
the transverse field. The noise level of J, in our calculations
was about 0.001 A m~2. To minimize the influence of noise,
we calculated the current helicity h.(i,j) only for pixels for
which B, > 20 G, B,,..> 100 G, and J,>0.001 A m™2. Even-
tually, we determined an average of current helicity for each

Time (yr)

FiG. 2.—Two-dimensional distribution (time and latitude) of the sign of
current helicity in the two hemispheres during the cycle 22. There are 199
active regions in the northern hemisphere, and 31 of them have positive helicity.
There are 223 active regions in the southern, and 46 of them are negative.

active region, and it showed a sign difference at the 2 ¢ level
in the opposite hemispheres.

3. PATTERNS OF CURRENT HELICITY
3.1. Distribution of Current Helicity Sign

In our calculation, the average current helicity of per active
region always contained a mixture of positive and negative
helicity. To reveal whether there exists a predominant sign, we
calculated the quantity p, defined by

2 (i, j)

= ——— 100%, 4
SATX)] N

P

where X represents the sum for a whole active region. The
quantity p, is called the imbalance of current helicity over an
active region (Abramenko et al. 1996).

The distribution of the imbalance p, of 422 active regions
is shown in Figure 1. It can be seen that in most cases the
absolute values of p, are much more than zero. In other words,
a significant excess of current helicity of a certain sign within
an active region is indeed an universal phenomenon. We found
that 84% of active regions in the northern hemisphere have
negative helicity (the points located in the second quadrant),
and 81% in the southern hemisphere have positive helicity (the
fourth quadrant); the active regions located in the first and third
quadrants break the sign rule, and their values of p, are com-
paratively smaller. We think that the presence of these active
regions (less than 20%) is not entirely due to systematic and
random errors, and the true cause remains to be studied.

Figure 2 shows the two-dimensional (time and latitude) dis-
tribution of signs of current helicity. From this pattern, we may
more clearly see that the sign of helicity is dependent on hem-
isphere. Again, the “reversed-sign” regions do not show any
particular tendency to form at high or low latitude or at any
particular time. The diagram contains more information than

- the butterfly diagram of sunspot.

Hale (1927) found that active regions in each hemisphere
retain the same sense of vorticity from one cycle to the next.
The observations related to current helicity now span three solar
cycles (20-22). Some observations (Seehafer 1990; Pevtsov et
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al. 1995) corroborate this result on the hemispheric preference
for a fixed sign of the helicity independent of solar cycle (see
also review of Low 1996). Similarly, at the beginning of cycle

23 the current helicities of several active regions were calcu-

lated, and we found that the helicity signs in the new cycle do
not break the above sign rule (see Fig. 2).

3.2. Evolution of Average Current Helicity

Solar activity is usually associated with an 11 yr sunspot
cycle and other surface phenomena, such as the variations in
the flare count, the total magnetic flux, the strength of Ca 11
emission, the 10 cm radio flux, and even the evolution of the
large-scale fields patterns. Each of these quantities exhibits a
slightly different pattern of variation, and the investigation of
the various time series can provide insights into the nature of
the solar cyclic activity. Considering that the strong twisted
magnetic fields and large-flare activity normally occur in the
years around sunspot maximum, and their relationship to the
current helicity, the evolution of the large-scale surface current
helicity in active regions offers the possibility of a new indicator
of activity.

This large-scale evolutionary pattern of average current he-
licity during cycle 22 is shown in Figure 3, where 1 o error
bars are indicated for our calculation of the average of absolute
values of current helicity of the active regions observed during
a complete Carrington rotation. The resolution of the plot is
one Carrington rotation. For comparison, we also give the var-
iation of monthly mean sunspot number in the cycle (Fig. 3,
dotted line). The figure shows a high correlation between them,
such as the general trend of variation and two peaks during
the first half of this cycle. A slightly different pattern of var-
iation, however, can be seen in Figure 3: the maximum of the
average current helicity occurs in late 1991, almost 2 yr fol-
lowing sunspot maximum in 1989 June. Again, the values of
average current helicity in 1990 are much less than expected.
Although only 422 active regions were selected during the
period 1988-1997 and some uncertainties exist in our approach,
we believe that the basic result can not be changed.

4. CONCLUSIONS

On the basis of vector magnetic field measurements we cal-
culated the current helicity B, (V X B), in the photosphere for
422 active regions and obtained the following results:

1. 84% of active regions in the northern hemisphere have
negative helicity, and 81% in the southern hemisphere have
positive helicity. The point is consistent with other observa-
tions. It provides favorable evidence for the kinematic o-w
dynamo theory in the bulk of the convection zone. Hence, this
result excludes the possibility that the helicities on the solar
surface contain contributions from the large-scale shearing mo-
tions in the photosphere due to the differential rotation of the
Sun and from the interface dynamo operating in the thin over-
shoot region at the base of the convection zone, since they
both generate positive helicity in the northern and negative
helicity in the southern hemisphere. They do not play a leading
role in contributing to the surface current helicity of the Sun.

2. Each active region contains a mixed sign of current he-
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FiG. 3.—Solid curve represents the evolution of the large-scale surface
current helicity in active regions for Carrington rotations 1801-1922. The
monthly mean sunspot number during the cycle 22 provided by SGD is also
shown (dotted line). Note the similarities and differences between two curves.

licity, but in most cases the so-called imbalance p, of current
helicity over a whole region is extreme; namely, most active
regions show a predominant sign. This indicates that a pre-
dominant twisting (left-handed or right-handed) of magnetic
flux tubes in an active region may be general. In other words,
there occurs a predominant twisting of magnetic structures not
only for unipolar spots with obvious vortex structure (Rich-
ardson 1941) but also for active regions of different types.

3. We found that the evolution of the surface current helicity
in active regions has a good correlation with monthly mean
sunspot number during the cycle 22. The trend of their vari-
ations with time is consistent, and they all show two peaks
around 1990. This indicates that the current helicities of active
regions on the solar surface also reach the maximum near sun-
spot maximum, as do other activities (such as the flare counts
and the total magnetic flux). We think that their differences
(see § 3.2) are probably caused by two quantities involved in
the current helicity, the longitudinal component B, of magnetic
field and the vertical electric current J.. When the longitudinal
magnetic field is strong over a given area, the vertical electric
current of this area need not be big simultaneously. Therefore,
we suggest that the current helicity may be a better indication
of the magnetic nonpotentiality of solar active regions. To un-
cover the relation between current helicity and the magnetic
activities (the magnetic energy storage, transport and release),
we must study the current helicity on a small scale with high
temporal resolution.
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DISTRIBUTION OF PHOTOSPHERIC ELECTRIC CURRENT HELICITY AND SOLAR ACTIVITIES
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ABSTRACT

In this paper, we describe the distribution of photospheric current helicity of active regions in the
‘'solar surface. The sign of helicity is mainly negative in the northern hemisphere of the Sun and positive
in the southern hemisphere. We also discuss the relationship between the current helicity parameter
B - (V x B); and the a-factor of the force-free field. Our observations show that active regions with
current helicity signs opposite to most others in the same hemispheres occur normally at some helio-
graphic longitudes and persist over long periods.In addition, we analyze a possible mechanism of the
sign rule of current helicity that shows opposite signs in both hemispheres.

Subject headings: MHD — Sun: activity — Sun: magnetic fields — Sun: photosphere

1. INTRODUCTION

Our observations demonstrate that strong magnetic
fields in the solar atmosphere are normally concentrated in
the active regions. This provides information on magnetic
helicity in the solar atmosphere that has been transported
from the solar interior. Solar dynamo theories have been
around for a long time. The two major factors in cyclic
dynamo models (Parker 1955) are differential rotation,
which generates toroidal magnetic fields from poloidal
magnetic fields, and the helicity of convective motion, which
generates poloidal fields from toroidal fields. Helioseismic
data have shown that the Sun’s deep interior may rotate
much more rapidly than the surface (Goode, Frohlich, &
Toutain 1992). It is generally believed that magnetic fields
are generated by a dynamo operating at or beneath the
bottom of the convection zone and that magnetic flux rises
through the convection zone to the solar surface and forms
active regions. Photospheric vector magnetograms of active
regions provide such information only for the solar surface.
The magnetic helicity of active regions can provide informa-
tion on twisted magnetic lines of force in the sub-
atmosphere. Several previous investigations have implied
that there is a transequatorial change in the sign of mag-
netic helicity in the photosphere (Seehafer 1990; Pevtsov,
Canfield, & Metcalf 1995; Abramenko, Wang, & Yurchi-
shin 1996). The distribution of current helicity in solar cycle
22 was preliminarily demonstrated by Bao & Zhang (1998),
who have calculated 422 active regions in last 10 years and
have provided a “butterfly diagram ” of the electric current
helicity of active regions.

In this paper, we present some properties of the magnetic
helicity of active regions. In § 2, we discuss the relationship
between different observational parameters of magnetic hel-
icity, such as the current helicity parameter B * (V x B),
and the a-factor of the force-free field. In § 3, we discuss the
longitudinal distribution of current helicity. In § 4, we
discuss our results .

2. THE RELATIONSHIP BETWEEN DIFFERENT PARAMETERS
OF THE ELECTRIC CURRENT HELICITY

The linkage of the magnetic field can be represented in
several ways using magnetic helicity (Moffatt 1978; Berger

.‘ Beijing Astronomical Observatory, Chinese Academy of Sciences,
Beijing 100080, China. .

* Department of Astronomy, Beijing Normal University, Beijing
100875, China.
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& Field 1984). The electric current helicity can be written in
the form

HC=B’VXB=BL'(VXB)J_+B”‘(VXB)”. (1)

The second term in equation (1) is observable and can be
inferred by the photospheric vector magnetogram
(Abramenko et al. 1996). In the approximation of the force-
free magnetic field, the electric current helicity can also be
written as

H, = aB? = (B/B,)*B - (V x B); , @)

and we set B = Bb, where b is the unit vector along the
magnetic field, then

a=b-Vxb. 3)

This means that « is a factor reflecting the twist of the unit
force lines along themselves. We can find that the a-factor is
the helicity of the unit magnetic field. The o-factor was
introduced by Pevtsov et al. (1995) to define magnetic heli-
city. In the case of strong magnetic fields in active regions,
the approximation of the force-free field is normally correct.

Figure 1 shows the distribution of the current helicity
parameter B - (V x B); and the a-factor of the force-free
field in active region NOAA 6659. The 180° ambiguity of
the transverse component of the field is normally resolved
by the approach of the potential field, and the continuity of
the transverse field sometimes is used in the vicinity of
highly sheared magnetically neutral lines. We find that the
a-factor shows the same sign distribution in the active
region as does the observational parameter B - (V x B); of
current helicity and that the difference between the current
helicity and a-factor can be found easily. The maximum
values of the current helicity parameter B - (V x B); nor-
mally occur near the peaks of the longitudinal magnetic
field, but those of the a-factor occur near the magnetically
neutral lines of the active regions, where the photospheric
transverse magnetic field shears significantly. Analyzing the
helical properties of the whole active region, we conclude
that these two parameters probably contain different
means. The highly sheared transverse magnetic field nor-
mally connects with newly emerging magnetic flux near the
magnetically neutral line in the solar active regions and also
probably provides information about the interaction of
magnetic main poles of opposite polarities near their inter-
face in the photosphere. The twist of the transverse mag-
netic component of the field near high-intensity areas of the
longitudinal field mainly reflects a property of the whole
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active region. This difference should cause the signs of the
average values of two such parameters of the current heli-
city in some complex active regions to be opposite.

Figure 2 shows the latitudinal distribution of the mean
current helicity parameter B - (V x B), and the mean o-
factor over time. Included are 422 large solar active regions
that were selected from magnetograms obtained over the
last 10 years. The magnetograms are used to calculate the
parameters of current helicity of solar active regions located
near the center of the solar disk. We notice that these are
normally large active regions. This provides information on
the solar activity cycle by means of current helicity. The sign
rule is the following: a negative sign of current helicity nor-
mally occurs in the northern hemisphere and a positive one
in the southern hemisphere. This was found by Seehafer
(1990) and means that the twist of magnetic lines of force
shows a global property, even if some reversed- sign (to the
sign rule) regions occur in both hemispheres. Possible twists
of the magnetic field lines in both hemispheres are shown in
Figure 3. In Figure 2, we find that the two helicity param-
eters show different distributions of relative intensity. This
means that some small-mean.helicity regions probably have
large values of a-factor. We also find that the reversed-sign
regions of mean current helicity By - (V x B); to the
normal ones, following the sign rule, is less than 20% in
both hemispheres, while that of the a-factor is about 30%.
The value for the a-factor is consistent with the results
obtained by Pevtsov et al. (1995). From the above dis-
cussion, we can find that the character of transequatorial
change in the sign of the mean current helicity parameter

B, - (V x B), of active regions is more obvious than the
mean a-factor of the force-free field.

3. LONGITUDINAL VARIATION OF ELECTRIC CURRENT
HELICITY

The longitudinal distribution of active regions and solar
flares has been studied for a long time. It provides informa-
tion on the solar activities and on the internal magnetic field
in the solar subatmosphere. A subsequent problem is the
longitudinal distribution of current helicity of active
regions.

Figure 4 shows the longitudinal distribution of the elec-
tric current helicity parameter B - (V x B), of active
regions in both hemispheres with solar rotation cycles over
about the last 10 years. (The latitudinal distribution of the
current helicity parameters of these active regions was
shown in Fig. 2.) Carefully analyzing the distribution of the
electric current helicity, we find that in solar active regions
longitudinal distribution tends to be uniform (even if the
intensity is not distributed uniformly). However, the
reversed helicity active regions show a tendency that occurs
in some specific longitudes, such as the A, B, C regions in
the northern hemisphere and the E, F, G, H regions in the
southern hemisphere. In these longitudes, the reversed mag-
netic helicity of such active regions, which are dispersed
over the solar surface, discontinuously keep long periods of
time (20-40 solar rotation cycles, or about 1.5-3 years). This
provides information on the generation of reversed current
helicity in the subatmosphere brought up by emerging mag-
netic flux. We also notice that the existence of solar-active
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FiG. 3.—Possible schematic representation of helical twisting of magnetic field lines in convection zones

longitudes was proposed many years ago (Warwick 1965).
These intense solar-active phenomena are normally related
to some large (long-lived) active regions that have strong
current helicity. If we analyze the distribution of current
helicity with the heliographic longitudes, we conclude that
there is no evidence of a statistical relationship between the
distributions of the reversed helicity and the intensity of
current helicity. This means that the “solar active
longitudes” do not have an immediate relationship with the
distribution of reversed helicity.

Figure 5 shows an example of a reversed current helicity
region in the southern hemisphere. We show a vector mag-
netogram and corresponding maps of the electric current
and current helicity parameter B - (V x B); of a sunspot
region (NOAA 5698) on 1989 September 24 and those for
the same region at the next solar rotation cycle (active
region NOAA 5747) on 1989 October 21. The 180° ambi-
guity of the transverse component of the field is normally
resolved by the approach of the potential field. Analyzing
the vector magnetic field, we find that a magnetic shear
formed in the southern side of the magnetic main pole (N )
of positive polarity in the active region on 1989 September
24 and that the configuration of the magnetic field changed
on 1989 October 21. The magnetic shear occurred with the
emergence of a magnetic flux on the northern side of the
magnetic pole (N}) of positive polarity (Wang, Xu, & Zhang
1994). Even if we cannot follow the long-term evolution of
this sunspot group and detail the relationship between
active .regions NOAA 5698 and 5747, we notice that the
transverse magnetic field twisted around the magnetic pole
of the positive polarity clockwise. The electric current heli-
city of this sunspot group has had a negative sign for a long
time, despite our sign rule of global helicity.

4. DISCUSSION AND RESULTS

It is known that the photospheric current helicity
B, - (V x B), of solar active regions can be inferred by
photospheric vector magnetograms, which connect the

ZHANG & BAO

Northern Hemisphere:
left-handed magnetic helicity

Southern Hemisphere:
right-handed magnetic helicity

)

local shear or twist of the transverse magnetic field and the
intensity of the longitudinal field. A similar parameter is the
o-factor, introduced in the framework of force-free field
theory. The difference between these helicity parameters has
been discussed above, although it may not be important for
analyzing the normal global properties of the twisted mag-
netic field in active regions. ‘

The problem is how current helicity, which in active
regions most often follows the transequatorial change in
sign, is generated. Several possible models of the generation
of the electric current helicity have been proposed:

1. Electric current helicity is generated by the Coriolis
force, because, as helioseismological measurements have
shown, much more rapid differential rotation occurs in the
base of the convection zone. The radial contribution to the
kinetic helicity is mainly the result of rotation and density
stratification. The Coriolis forces resulting from the expan-
sion of rising fluid cause it to twist as it rises, producing
negative (positive) helicity in the northern (southern) hemi-
sphere (Glatzmaier 1985).

2. The current helicity is caused by the subphotospheric
differential rotation in the convection zone. This process is
part of a larger scenario in which helicity emerges into the
solar atmosphere as a twisted magnetic field and appears as
coronal mass ejections and magnetic clouds (Rust & Kumar
1994).

It is generally believed that Joy’s law of sunspot bipoles is
caused by twisting of the magnetic bipole as it emerges, as
was proposed by D’Silva (1991). If the magnetic field is
generated near the base of the convection zone, the contri-
bution of the Coriolis force to emerging magnetic flux tubes
is that it twists the flux bipoles in each hemisphere in the
opposite direction and the current tends to flow along the
toroidal direction. Thus the current helicity has a positive
(negative) sign in the northern (southern) hemisphere
(Gilman 1983; Glatzmaier 1985). This is the opposite of the
observational sign rule of the current helicity parameter
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F1G. 6—Possible model of current helicity near the solar surface in the northern hemisphere. (@) Transverse magnetic field twists clockwise around the
magnetic main pole in the northern hemisphere viewed from the top. (b) Configuration of the magnetic field viewed from the side. Thick arrows indicate the

direction of the magnetic lines of force.

By - (V x B); in the photosphere (Seehafer 1990). These
results demonstrate that the shear of the photospheric
transverse magnetic field (the local vertical electric current)
in active regions is connected to the arrangement of newly
emerging magnetic flux relative to the preexisting magnetic
field (Zhang 1995). This means that small-scale magnetic
features (bipoles) contribute to the observational current
helicity as they emerge, i.e., that Coriolis forces cause the
magnetic flux to tilt away from the magnetic main pole in a
radial direction and to show a sign current opposite to that
inferred by Gilman (1983) and Glatzmaier (1985) in the
line-of-sight direction. The transverse magnetic field twists
to the left (right) hand in the northern (southern) hemi-
sphere. The configuration of the magnetic field is shown in
Figure 6. Moreover, Evershed flow and the outward motion
of magnetic features in the vicinity of sunspots (Wang et al.
1989; Zhang et al. 1992) are also probably important to the
formation of current helicity under the action of Coriolis
forces (Seehafer 1990). From the above discussion, one
understands that the observational current helicity of active
regions in the direction of the line of sight reflects a local
property of the photosphere; this can probably provide
information about the magnetic helicity normally defined in
solar dynamo theories.

Another problem is how the reversed signs of current
helicity of active regions in the same hemispheres are gener-
ated, because these reversed current helicity regions tend to
occur at particular longitudes. This means that in these
regions of the Sun, the Coriolis force probably does not
dominate the magnetic flux twist as it emerges from the
bottom of the convection zone and it is not caused by the

random twisting process of the emerging magnetic flux.
Analyzing the active regions with observational reversed
current helicity, we find that they are often associated with a
complex distribution of magnetic fields, as in the active
region NOAA 5698 (or 5747). These regions tend to occur
often in preexisting large-scale background magnetic fields.
Thus, there are two mechanisms that could possibly cause
the observational reversed helicity. The first is the inter-
action of emerging and preexisting magnetic flux, which
deforms the arrangement of the photospheric transverse
field in the vicinity of the emerging magnetic flux in active
regions. The second is that the reversed helicity is brought
up from the deep atmosphere caused by the solar dynamo.
In either case, we find that accounting for the distribution of
the observational helicity is a complex problem.
The main results of our analysis follow:

1. Mean B -(V x B); of the active region contains
information from mean a-factor for the study of the current
helicity. Naturally the current helicity will depend on the
intensity of the magnetic field, while o does not.

2. The reversed sign of the current helicity tends to occur
in particular heliographic longitudes. This reflects the
complex configuration of the photospheric magnetic field
brought up by the emerging magnetic flux.

We wish to thank T. J. Wang for the discussion and kind
help on computer programs. This research is supported by
the Chinese Academy of Sciences and National Science
Foundation of China.
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Abstract. In this paper, we analyze the latitudinal distribution
of the photospheric current helicity for 422 active regions, in-
cluding most of the large ones observed in the last ten years.
Observations show that most active regions in the northern hemi-
sphere have negative helicities and in the southern hemisphere
have positive ones. The negative maximum values of current
helicity occurred in 1989 and 1991, while those positive around
1992. It is evident that the observational current helicity of active
regions is normally brought up by emerging magnetic flux from
the subatmosphere and probably acted by the moving mass. The
result observed shows that less than 20 % of active regions have
the sign opposite to that of most ones in the same hemisphere.
These reversed sign regions of the current helicity are obviously
related to abnormal distribution of the vector magnetic field in
the active regions, due to emergence of new magnetic flux of
opposite polarities.

Key words: Sun: activity — Sun: magnetic fields — Sun: photo-
sphere

1. Introduction

A graph of the range in latitude of sunspots as a function of
cycle phase (Butterfly diagram) was discovered many years ago
(cf. Wilson 1994). It supplies information on the distribution of
strong magnetic field regions on the solar surface within solar
cycles. The evolution of the large-scale longitudinal magnetic
field in the solar surface was provided by synthetic analysis
with a series of full-disk photospheric magnetograms, which
contains the information on the origin of large-scale magnetic
fields on the solar surface and the reversal of polar magnetic
field with solar magnetic cycles. Observations show that strong
twisted magnetic fields on the solar surface normally occur in
active regions, which relates to properties of the helicity of the
magnetic field. Several previous investigations indicate trans-
equatorial change in sign of the helicity of active regions in the
photosphere (Seehafer 1990; Pevtsov et al. 1995; Abramenko et
al. 1996). If the magnetic field consists of an ensemble of flux
tubes, the helicity of the magnetic field depends on the configu-
ration of the flux tubes. By analyzing the twisted magnetic field
in the electric current picture, it is found that the formation of

the electric current in the active regions obviously relates to the
emergence and the evolution of new magnetic flux (Wang et al.
1994; Zhang 1995b, 1997).

The dynamo for the global magnetic field is normally as-
sumed to operate at the base of the convection zone. A possible
mechanism is the turbulent alpha effect (Parker 1955), which
generates from small-scale velocity fluctuations in electromo-
tive force parallel or anti-parallel to the mean magnetic field.
The helicity of the convection motions relates to the generation
of poloidal fields from toroidal fields. As the magnetic flux on
the solar surface emerges from the deeper layers of the Sun,
some information of the alpha effect can be inferred by the pho-
tospheric vector magnetic field. The problem is how to link the
distribution of the helicity of the magnetic field on the solar
surface with solar cycles and the relationship with individual
current helicity regions.

In this paper, we pay attention to studying the latitudinal
distribution of current helicity of active regions-and their rela-
tionship with solar activity, especially for some typical active
regions.

2. Definition of current helicity

Helicities are topologically a measure of the structural complex-
ity of the corresponding fields (Moffatt 1978; Berger & Field
1984; Seehafer 1990). The helicity of magnetic fields may be
characterized by several different parameters. The magnetic he-
licity density h,,=A - B, with A the vector potential for mag-
netic field B, measures the linkage of magnetic lines of force.
The total magnetic helicity is

H, = /A.Bd%, 1)

which may not be conserved when finite resistivity is present
(Berger & Field 1984). However, the magnetic helicity is un-
measurable in the solar atmosphere until now. Assuming a linear
Ohm’s law,

1
E-“Bxv=nl, )

the helicity-dissipation rate is

dH,,
—d— = —26/ 'I]J .Bd®z. 3)
t v ;
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The current helicity density is

he = %B-J:B-va
=B, (v xB)L+Bj-(vxB), 4

which describes the linkage of electric current. The simple rela-
tionship between h,,, and h. can be inferred in the approximation
of the force-free field (Pevtsov et al. 1995), and thus the current
helicity density may be written in the form

he = (B/B})*By - (v x B)j. )

The current helicity, however, is measurable in the solar photo-
sphere. The mean density of current helicity in the local area of
the solar surface is

E:%//B-vads,

e.g. this is an average value of the current helicity density h.
in the observing region S. Because the transverse component
of the electric current cannot be inferred by the observational
photospheric vector magnetograms, we will only refer to the
second term B - (7 x B)) of the current helicity in Eq. (4) in
the following.

In the last ten years, many of vector magnetograms for active
regions were observed at Huairou Solar Observing Station of
Beijing Astronomical Observatory, which allows us to compute
the distribution and the evolution of the current helicity. The
data reduction of vector magnetograms, calculating the longi-
tudinal electric current and the corresponding current helicity,
was described by Wang et al. (1994) and Bao & Zhang (1998).
For analyzing the distribution of the electric current helicity in
the solar latitude, we consider 422 active regions in the last ten
years. Most of the active regions belong to solar cycle 22 and a
few of them belong to solar cycle 23.

©

3. Latitudinal variation of current helicity

The latitudinal distribution of current helicity in active regions
is shown in Fig. 1. We can see that most current helicities in
sunspot groups in the northern hemisphere show negative sign,
while positive in the southern hemisphere, which is consistent
with Seehafer’s result (Seehafer 1990). The distribution of cur-
rent helicity in active regions also shows the Butterfly pattern
if comparing the distribution of current helicity through the so-
lar cycle. This means that the positions of high electric current
helicities are firstly in the middle latitudes at the beginning of a
new solar cycle, then shift to high latitudes towards the equator
with time, giving rise to the characteristic Butterfly pattern. We
see that less than 20% of the active regions do not follow the gen-
eral trend, but have a positive sign of the current helicity in the
northern hemisphere and negative in the southern hemisphere.

The regions of high negative current helicity occurred in
1989 and 1991 which includes active regions NOAA 5395, 6659
(two super-active regions) and 6619 in the northern hemisphere,
and NOAA 6615 in the southern hemisphere. The high helic-
ity regions of positive sign occurred between the end of 1991
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and the beginning of 1993. They included active regions NOAA
6891, 7321 and 7440 in the southern hemisphere. That the max-
imum values of current helicity in the northern hemisphere oc-
curred in 1989 and 1991 and that in the southern hemisphere
around 1992 are consistent with the configuration of two peaks
of the solar activity in the solar cycle 22, which is well-known.

The imbalance of electric current helicity in an active region
is defined by

[ [ heds

=TT .

The sign of the electric current helicity may not be the same at
each position in an active region. In other words, a given active
region probably contains mixed signs of current helicity. The
imbalance py of current helicity in an active region does not
immediately relate to the amplitude of current helicity, because
the total helicity of a solar active region sums the local helicities
(sometimes with mixed signs) over the whole region in Eq. (7).
The latitudinal distribution of imbalance pj, of current helicity
in active regions is shown in Fig. 2.

By comparing between Figs. 1 and 2, we can find that some
sunspot groups, which show low current helicity, have relatively
strong imbalance of current helicity between the positive and
negative signs in an active region, i.e. these regions have a pre-
dominate twisting direction of the magnetic field.

In addition, the average values of the intensity and imbal-
ance of current helicity in active regions calculated by us are
shown in Fig. 1 after data smoothing. Their distributions are a
little different from one other, but show the same tendency. This
means that the statistical average of the current helicity regions
normally corresponds to that of the imbalance of the helicity.
The average values of current helicity in 1989 occurred in the
northern hemisphere, while that in 1992 in the southern hemi-
sphere. Because most large active regions in the last ten years
are included, these probably reflect the real tendency of current
helicity in active regions in both hemispheres.

4. Current helicity and magnetic shear in active regions

According to the second term of Eq. (4) and Eq. (5), we can see
that the density of current helicity depends on the twist of the
transverse magnetic field and the intensity of the longitudinal
magnetic field. The observational results of the photospheric
magnetic field demonstrate that the formation of the twisting
magnetic field (electric current) obviously relates to the arrange-
ment of the magnetic field in the active regions (Zhang 1995b,
1997).

To analyze the global properties of current helicity of active
regions, we define the normal current helicity which follows
the global sign rule of the current helicity (i.e. in the northern
(southern) hemisphere the sign of helicity is negative (positive))
and the reversal current helicity which shows the sign oppositely
to the global rule. We present some examples of current helicity
in the following.
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4.1. Normal current helicity

Fig. 3ashows a vector magnetogram in the active region (NOAA
6659) on 9 June 1991. This active region was a super-active re-
gion and occurred in high latitude (N32) in the solar cycle 22.
The relationship between the flares and the configuration of
the magnetic field was analyzed by Zirin & Wang (1992) and
Zhang (1995a, 1996) etc. The transverse magnetic field rotates
counter-clockwisely towards the center of the active region and
a series of highly sheared magnetic flux successively emerges
near the magnetic neutral line. As comparing with the vertical
electric current map (Fig. 3b), we may guess that the electric
current flows up from the center of the active region towards the
surrounding areas. The large-scale current helicity shows neg-

10, 30, 50, 70 (%).

ative sign, even though a positive area is located at the north of
the active region. This is a good evidence of the current helicity
due to the twist of the transverse magnetic field in the northern
hemisphere, which coincides with the normal sign rule of the
distribution of current helicity (Seehafer 1990). By analyzing
the evolution, we find that it was a mature active region and
gradually drawn away by the different rotations (Schmieder et
al. 1994), even though a series of highly-sheared magnetic flux
emerged near the magnetic neutral line to trigger flares.

Fig. 4 shows a vector magnetogram in active region (NOAA
6772) on 12 August 1991. This active region was located at the
southern hemisphere (S24) and consisted of an unipolar spot.
The transverse magnetic field shows counter-clockwise vortex.
The vertical electric current flows up from the center of the
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sunspot and returns to the surrounding areas. A similar case can
be found in the active region (NOAA 6767) in Fig.5, which
was also located in the southern hemisphere (S26.5) on 9 Au-
gust 1991. They are decaying active regions and show obvious
single sign of current helicity, which coincide with the general
rule of global helicity. These are not significant trails of newly-
emerging magnetic flux in these active regions. The rotation of
the photospheric transverse magnetic field probably reflects the
original properties of the sunspot magnetic field, which pattern
may be partly distorted in some complex active regions.

4.2. Reversal current helicity

Fig. 6 shows the active region (NOAA 7070) on 25 Feb. 1992.
This active region was located in the northern hemisphere
(N5.6). From daily vector magnetograms, we find that the mag-
netic field in this active region consists of two main parts. One is
magnetic poles (N7 and S7), another is (N2 and S3). The mag-
netic shear occurs near the magnetic neutral line between the
magnetic poles (/N7 and S7) of opposite polarity. Newly emerg-
ing magnetic flux occurs near the magnetic neutral line between
magnetic poles (N5 and S2) of opposite polarity and pushs them

Fig.3. a A vector magnetogram of active region (NOAA 6659) on
9 June 1991. The solid (dashed) contours indicate the positive (nega-
tive) longitudinal magnetic field distribution of £20, 160, 640, 1280,
1920, 2240, 2560 and 2880 Gauss. b The corresponding vertical
electric current distribution of +0.2, 0.4, 0.8, 1.0, 1.2, 1.4, 1.6 and
2.0(x1072)Am ™2 and c the electric current helicity distribution of
+0.5,1.0,2.0,2.5,3.0,3.5,4.0,5.0 (x10~!)G?*m ™. The north is top
and the east is at left.

apart. Thus, this active region relates to two electric current sys-
tems and contains opposite signs of the helicity, which does not
completely coincide with the normal rule of the current helicity
due to the emergence of magnetic flux. The development of the
magnetic field in this active region is provided in a subsequent
paper.

Fig.7 shows a vector magnetogram in the active region
(NOAA 6615) on 7 May 1991 and the corresponding elec-
tric current and helicity maps. This active region located in the
southern hemisphere (S11.2) shows opposite sign of current he-
licity to the sign rule of most of the active regions in the southern
hemisphere. We analyze the distribution of the vector magnetic
field in the active region and its evolution, and we can find that it
was a newly-growing active region. From a series of daily mag-
netograms, we find that two magnetic bipoles (N3, S3) and (N4,
S4) emerge in the active region, and their transverse component
of the magnetic field rotates clockwisely. The distribution of
the vertical component of the electric current provides the in-
formation that the electric current flows towards the center of
the active region from the surrounding areas.

From the results in active regions (NOAA 6615 and 7070),
we find that the emergence of the magnetic flux of opposite
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Fig. 4. a A vector magnetogram of active region (NOAA 6772) on 12 August 1991. The solid (dashed) contours indicate the positive (negative)
longitudinal magnetic field distribution of 420, 160, 640, 1280, 1920, 2240, 2560 and 2880 Gauss. b The corresponding vertical electric current
distribution of 0.2, 0.4, 0.8, 1.0, 1.2, 1.4, 1.6 and 2.0(x 10'2)Am_2 and ¢ the electric current helicity distribution of £0.5, 1.0, 2.0, 2.5, 3.0,
3.5,4.0,5.0 (x107*)G?*m ™. The north is top and the east is at left.
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Fig. 5. a A vector magnetogram of active region (NOAA 6767) on 9 August 1991. The solid (dashed) contours indicate the positive (negative)
longitudinal magnetic field distribution of 420, 160, 640, 1280, 1920, 2240, 2560 and 2880 Gauss. b The corresponding vertical electric current
distribution of 0.2, 0.4, 0.8, 1.0, 1.2, 1.4, 1.6 and 2.0(x 10_2)Am~2 and c the electric current helicity distribution of £0.5, 1.0, 2.0, 2.5, 3.0,

3.5,4.0,5.0 (x1071)G?*m ™. The north is top and the east is at left.

polarity influences the distribution of the electric current in the
photosphere (Zhang 1995b, 1996). The current helicity in these
emerging flux regions trend towards the opposite sign relative
to the general ones.

5. Discussion and results

The study on distribution of the current helicity and its rela-
tionship with the solar cycle is an important topic, because it
provides information on the transportation of the twisted mag-
netic field (electric current) from the subatmosphere, which is
different from that of the sunspot groups and the large-scale
pattern of the longitudinal magnetic field.

The observational helicity of active regions provides a
chance to analyze the twist of the strong magnetic field in the
solar surface. We find that the areas of strong current helicity
of opposite-sign first occur in the middle latitudes of the both

hemispheres at the beginning of a new solar cycle and gradu-
ally migrate from high latitude to low latitude. The signs of most
current helicity in active regions coincide with the normal rule
(i.e. in the northern (southern) hemisphere the sign of helicity
is negative (positive)). If the atmospheric currents are generated
in the (subphotospheric) region of dynamo operation before the
flux ropes from which active regions result have broken away
from the toroidal field belt, these currents should be generated
by the alpha effect (Seehafer 1990).

The statistical results demonstrate that the distribution of
current helicity in both hemispheres also connects with the solar
activity, e.g. most of the powerful flare producing regions show
strong current helicity, such as the active regions 5395 and 6659.
This means that the helicity is an important index of the reserved
magnetic energy in active regions.

We also find that the imbalance of the current helicity in
the unipolar active regions (decaying active regions) is obvious,
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while the values of current helicity normally are not large. Ever-
shed flow in the sunspots is probably an important reason of the
twisted transverse magnetic field proposed by Seehafer (1990),
due to the action of Coriolis force on the magnetic field lines.
The decaying process of the magnetic main pole, which is due
to the outward movement of the broken magnetic fragments,
and the relationship with Evershed flow in a similar active re-
gion were demonstrated by Wang et al. (1989) and Zhang et al.
(1992).

It is noticed that the signs of current helicity in some ac-
tive regions reverse to the normal rule. The observational re-
sults demonstrate that the intrinsic twisting character of newly-
emerging magnetic flux tubes is probably insignificant in some
active regions (Zhang & Song 1992; Zhang 1995b), or hard to
detect in the unresolved size. The magnetic shear in active re-
gions is obviously caused by the emergence of magnetic flux of
opposite polarities, such as in the active active regions NOAA
6615 and 7070. This means that the emerging magnetic flux of
opposite polarity not only carries up the new current helicity
from the subatmosphere, but also interacts with the pre-existing
magnetic field and breaks up the distribution of former cur-
rent helicity in active regions in the photosphere, although the

Fig.6. a A vector magnetogram of active region (NOAA 7070) on
25 February 1992. The solid (dashed) contours indicate the positive
(negative) longitudinal magnetic field distribution of +20, 160, 640,
1280, 1920, 2240, 2560 and 2880 Gauss. b The corresponding verti-
cal electric current distribution of +0.2, 0.4, 0.8, 1.0,1.2, 1.4, 1.6 and
2.0(x1072)Am~2 and c the electric current helicity distribution of
+0.5,1.0,2.0,2.5,3.0, 3.5,4.0,5.0 (x 10~1)G%m 1. The north is top
and the east is at left.

current helicities brought by newly-emerging magnetic flux for
most of the active regions coincide with the sign rule in both
hemispheres. :

From the above discussion, we find that the configuration
of the current helicity of active regions and its change in the
photosphere comes from two possibilities. One is caused by the
emergence of new magnetic flux, which brings the new helicity
into the photosphere from the subatmosphere. Another comes
from the mass motion, such as the Evershed flow in sunspots
near the photosphere, which changes the arrangement of the
magnetic field in the action of the Coriolis force. These progres-
sively change the distribution of the global helicity. Moreover,
the twisted magnetic fields are probably ejected as CMEs and
magnetic clouds, which transport the current helicity from the
solar atmosphere into interplanetary space. On the other hand,
even though the current helicity in active regions is interperted
by us, many questions on the understanding of global properties
of the helicity remain to be answered, such as we do not clarify
the relationship between the helicity in active regions and that
of the large-scale global field on the solar surface.
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After the analysis, the main results are as follows:

1. The average current helicity of active regions normally
shows opposite signs in the two hemispheres. The maxi-
mum negative values occurred in the northern hemisphere
in 1989 and 1991, while the positive ones in the southern
hemisphere in about 1992 in the solar cycle 22.

2. The reverse signs of the current helicity of active regions
to the normal rule in the same hemispheres are related to
abnormal distribution of the vector magnetic field of active
regions, due to the emerging magnetic flux of opposite po-

larities, which probably brings new helicity of opposite sign

from the subatmosphere or breaks the sign distribution of
current in both hemispheres.
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Fig.7. a A vector magnetogram of active region (NOAA 6615) on
7 May 1991. The solid (dashed) contours indicate the positive (nega-
tive) longitudinal magnetic field distribution of 420, 160, 640, 1280,
1920, 2240, 2560 and 2880 Gauss. b The corresponding vertical
electric current distribution of +0.2, 0.4, 0.8, 1.0, 1.2, 1.4, 1.6 and
2.0(x1072)Am~2 and c¢ the electric current helicity distribution of
40.5, 1.0, 2.0, 2.5, 3.0, 3.5,4.0, 5.0 (x 10~*)G*m ™. The north is top
and the east is at left.
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