
Astronomy Reports, Vol. 46, No. 5, 2002, pp. 424–434. Translated from Astronomicheskĭı Zhurnal, Vol. 79, No. 5, 2002, pp. 469–480.
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Abstract—We study the twist properties of photospheric magnetic fields in solar active regions using
magnetographic data on 422 active regions obtained at the Huairou Solar Observing Station in 1988–
1997. We calculate the mean twist (force-free field αf ) of the active regions and compare it with the
mean current-helicity density of these same active regions, hc = B‖ · (�×B)‖. The latitude and longitude
distributions and time dependence of these quantities is analyzed. These parameters represent two different
tracers of the α effect in dynamo theory, so we might expect them to possess similar properties. However,
apart from differences in their definitions, they also display differences associated with the technique used
to recalculate the magnetographic data and with their different physical meanings. The distributions of
the mean αf and hc both show hemispherical asymmetry—negative (positive) values in the northern
(southern) hemisphere—although this tendency is stronger for hc. One reason for these differences may be
the averaging procedure, when twists of opposite sign in regions with weak fields make a small contribution
to the mean current-helicity density. Such transequatorial regularity is in agreement with the expectations
of dynamo theory. In some active regions, the average αf and hc do not obey this transequatorial rule.
As a whole, the mean twist of the magnetic fields αf of active regions does not vary significantly with
the solar cycle. Active regions that do not follow the general behavior for αf do not show any appreciable
tendency to cluster at certain longitudes, in contrast to results for hc noted in previous studies. We analyze
similarities and differences in the distributions of these two quantities. We conclude that using only one of
these tracers, such as αf , to search for signatures of the α effect can have disadvantages, which should be
taken into account in future studies. c© 2002 MAIK “Nauka/Interperiodica”.

1. INTRODUCTION

The configuration of magnetic fields at the solar
surface and their evolution are important problems in
solar physics. It is believed that the magnetic field is
generated by a dynamo operating near the base of the
convection zone, then emerges to the solar surface. A
strong twist of the photosphericmagnetic field is often
observed in solar active regions, which may carry
information about the α effect as a driver of the solar
dynamo. Recently, magnetic helicity was employed to
describe the twist of the magnetic fields in solar active
regions. Several previous studies of the transequato-
rial change in sign of the magnetic current helicity
have been carried out [1–5]. The longitude distribu-
tion of the magnetic helicity in solar active regions
was analyzed in [6, 7]. Bao and Zhang [4] found a
link between the monthly averaged sunspot number
and current helicity during the 22nd solar cycle. The
temporal and spatial dependences of the mean force-
free coefficient are analyzed in [5].

The magnetic twist can also be indirectly inferred
from chromospheric Hα structures around sunspots
[8, 9], the distribution of quiescent filaments [10], and

soft X-ray images [11]. These observations provide
information on the twist of the magnetic field above
the solar photosphere. The question is: what it is
that twists the magnetic field at the solar surface?
We hope that studies of the magnetic-field twist will
reveal information about the properties of solar tur-
bulent convection, and thereby the mechanism for the
generation of the solar magnetic field. Both the twist
and current helicity have been independently analyzed
previously.

In the present study, we compute both of these
quantities using the same data and compare their
spatial and temporal structures. These parameters
represent two tracers of the α effect in dynamo theory,
so we might expect them to possess similar proper-
ties. The aim of this paper is to establish how similar
or different these quantities are.

In Section 2, we describe how the α effect in
dynamo theory may be related to observed quantities.
In Section 3, we describe the observational data and
observing technique. In Sections 4–6, we report sim-
ilarities and differences between the derived properties
of the quantities under investigation.
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2. THE α EFFECT IN DYNAMO THEORY

The α effect in dynamo theory (see, for example,
[12]) is an important quantity used to characterize
turbulent convection in the solar convective zone.
This effect is believed to enable regeneration of the
magnetic field via the dynamo mechanism. The α
effect is estimated in [13] to be

αef = −τ
3
〈v · � × v〉, (1)

where τ is the turbulent correlation time and v is
the velocity of turbulent fluctuations. There are no
reliable estimates of this effect based on observations.
Therefore, the α effect has been extensively studied
theoretically. Some authors have suggested that the
dynamo quantity αef increases with magnetic-field
strength (for example, [14, 15]).

An expression for αef in terms of the current helic-
ity [see formula (9) below] was derived using a first-
order smoothing approximation in [16] and without
this approximation in [17]. Using this (or a similar)
relationship, some properties of the solar dynamo
mechanism can be traced using photospheric vector
magnetograms. It has been suggested that the α
effect in solar dynamo theory is connected with the
current helicity of the fluctuating magnetic field [16–
17]. Under certain assumptions, we have

αef = − η

〈B〉2 〈B
′ · � ×B′〉, (2)

where η is the molecular magnetic diffusivity, 〈B〉 the
mean field, and B′ the fluctuating field. The magnetic
fields in active regions are believed to be made up
primarily of the fluctuating field, with the magnetic
fluctuations being statistically stationary. Other as-
sumptions are discussed in the references presented
above. There is no explicit criterion for identifying
observed active-region fields as mean or fluctuating
in the sense of mean-field dynamo theory [18], but we
suggest that theα effect has a definite correlation with
the twist and current helicity of the magnetic fields in
active regions. Thus, the current-helicity distribution
contains some qualitative statistical information on
the α effect in dynamo theory. While the relationship
between the current helicity and the dynamo α effect
is a complex problem, we expect that functions of the
helicity density and twist have positive correlations
with the α effect. We also note that other opinions
have been expressed in some studies, such as [19],
which is dedicated to the generation of magnetic he-
licity under the action of solar turbulent convection
[19].

3. HELICITY AT THE SOLAR SURFACE

3.1. Expressions for the Helicity and Twist

WithB denoting the magnetic induction, the den-
sity of the current helicity is defined to be

hc = B · � ×B. (3)

Separating hc into two parts determined by the par-
allel (‖) and perpendicular (⊥) components of the
magnetic field to the line of sight, we can write

hc = B‖ · (�×B)‖ + B⊥ · (�×B)⊥. (4)

We can assume that the field is force-free within a
single active region (see, for example, [20]). We then
have for the force-free magnetic field

�×B = αfB, (5)

where the constant αf can be calculated as

αf =
B‖ · (�×B)‖

B2
‖

. (6)

Thus,

hc = αfB
2 =

(
B2

B2
‖

)
B‖ · (�×B)‖, (7)

where B is the absolute value of the magnetic field.
Note that αf has only dimensions of inverse length
and not explicitly of magnetic-field strength.

3.2. Observational Estimates of the Current Helicity
and Twist

Existing solar vector magnetographs can be used
to measure the three components of the photospheric
magnetic fieldB = {Bx, By, Bz}. LetBz be the com-
ponent of the magnetic field along the line of sight
and Bx and By be vertical (transverse) components
of the magnetic field relative to the line of sight. Since
active regions are usually not located near the center
of the solar disk, the effect of projection becomes
important for magnetic fields in active regions but is
not the main problem in analyses of the magnetic-
field configurations of active regions at relatively high
latitudes. Most of the active regions were observed at
latitudes ±30◦.

The current-helicity parameters hz (part of the
current helicity hc) and αf can be calculated from
observed photospheric vector magnetograms:

hz = B‖ · (�×B)‖ = Bz

(
∂By
∂x
− ∂Bx

∂y

)
, (8)

and

αf =
B‖ · (�×B)‖

B2
‖

=
(
∂By
∂x
− ∂Bx

∂y

)
/Bz. (9)
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Fig. 1. (a) Vector magnetogram for the active region NOAA 6659 at 05:29 UT on June 9, 1991. The solid (dashed) contours
indicate positive (negative) values of the longitudinal magnetic field of ±20, 160, 640, 1280, 1920, 2240, 2560 and 2880 G.
(b) Electric-current helicity parameter B‖ · (�×B)‖. The solid (dashed) contours indicate 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 (×10−1 G2/m). (c) Force-free field αf in areas where
the longitudinal field is larger than 100 G. The solid (dashed) contours indicate positive (negative) values of the αf distribution
of±0.5, 1.0, 2, 2.5, 3.0, 3.5, 4.0, 5.0 (× 10−7 m−1). North is up and East is to the left.
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Both of these parameters likewise do not provide
any real information on the horizontal component of
the electric current in current-helicity calculations.
The horizontal component of the electric current can
sometimes make an important contribution to the
total helicity in the photosphere, since the force-free
field approximation fails throughout the solar con-
vective zone. However, this approximation is believed
to be acceptable for small enough areas in an active
region.

The instruments and data-reduction technique
have been discussed in previous papers [21, 4]. We
resolved the 180◦ ambiguity in the transverse field and
computed it using the techniques described in these
papers.

To calculate the helicity parameters, we used only
selected domains of the active regions and took into
account only pixels far from magnetic neutral lines
(e.g., [3]). For this purpose, we applied selection cri-
teria to the magnetic-field components and current
[4]. Namely, in order to reduce the influence of noise,
which in the original magnetograms does not nor-
mally exceed 20 G for the line-of-sight (longitudi-
nal) field B‖ and 100 G for the transverse field B⊥,
we removed pixels in which the observed fields were
lower than these values before calculating hc and αf
and further neglected these pixels in the averaging.
The resulting noise in Jz was calculated to be about
1 mA/m2, and the accuracy in αf and hc was about
20–25%. Thus, we removed pixels in the vicinity of
magnetic neutral lines when determining the aver-
ages.

It is interesting that, although the intensity dis-
tributions of hz and αf are different, as a rule these
parameters have the same signs in the same areas
of the active regions [7]. To best illustrate the basic
properties of the current helicity parameters hz and
αf , we present a vector magnetogram of the active
region NOAA 6659 on June 9, 1991, and the corre-
sponding values of hz and αf calculated using this
magnetogram (Fig. 1). We find that the distributions
of the current helicity hz and twist αf are similar to
those obtained in [7]. This means that the distribu-
tions of these parameters over the active region are
relatively similar, even if the intensities of the current-
helicity parameters in an active region are normally
spread over a relatively wide range, as for NOAA 6659
(see Fig. 2).

3.3. Statistical Reduction of the Twist and
Current-Helicity Data

To study the statistical properties of the current
helicity, we calculated the mean helicity parameters of
the active regions. Assuming a force-free field using
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Fig. 2. Distributions of the (a) twist αf (10−7 m−1) and
(b) current-helicity density hc (10−2 G2/m) for pixels in
the magnetogram of NOAA 6659 at 05:29 UT on June 9,
1991.

(8), we can obtain the mean value 〈αf 〉 for the active
regions, where the angular brackets denote a spatial
average. Neglecting the contribution of the transverse
component of the electric current, taking into account
relation (7), we calculate the mean density of the
current helicity in the photosphere 〈hc〉.

Both 〈αf 〉 and 〈hc〉 have been used earlier in
studies of the helicity properties of active regions,
although they were analyzed separately from each
other. In the current study, we computed 〈αf 〉 and
〈hc〉 using the same data and compared their spatial
and temporal structures.

We used photospheric vector magnetograms of
solar active regions obtained with the vector magne-
tograph of the Huairou Solar Observing Station. The
data cover the period 1988–1997 and include most
large active regions present in these ten years. We
computed 〈αf 〉 and 〈hc〉 as described above (see, for
example, [3, 4]) for 422 active regions (one magne-
togram per region). For the sake of simplicity, we omit
the angular brackets 〈 〉 below.
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Fig. 3. Latitude distributions of the (a) mean current-
helicity density 〈B‖ · (�×B)‖〉 and (b) the mean twist
〈αf 〉 for 422 active regions. Each point represents a single
active region.

4. LATITUDE DISTRIBUTION
OF THE TWIST AND CURRENT HELICITY.
INFLUENCE OF THE PROJECTION EFFECT
ON THE MAGNETIC-FIELD ESTIMATES

Figure 3 shows the latitude distributions of αf
and hc. Although the definitions of the two helicity
parameters differ, they show similar behavior—the
magnetic fields in opposite hemispheres are mainly
twisted in opposite directions. Figure 4 presents the
distributions of αf and hc averaged over latitude in-
tervals with representative numbers of observational
data points. Figure 5 shows histograms of hc and αf
for the active regions.

For hc = B‖ · (�×B)‖, 84% of the active regions
in the northern hemisphere and 81% in the southern
hemisphere have negative and positive mean current-
helicity densities, respectively. The percentage of ac-
tive regions following this tendency is lower for αf .
Only 74% (62%) of active regions in the northern
(southern) hemisphere show this tendency. This is
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Fig. 4. Values of the (a) mean current-helicity density
〈B‖ · (�×B)‖〉 and (b) twist density 〈αf 〉 averaged over
latitude intervalswith representative numbers of observa-
tions. We used five intervals between latitudes of 0◦, 8◦,
12◦, 16◦, 24◦, and 32◦ in each hemisphere. The vertical
bars show 95% confidence intervals.

consistent with the results of [2], although our def-
inition of αf is slightly different from that used by
Pevtsov et al. [2]. With few exceptions, most of the
active regions were observed in the range ±30◦. The
maxima of the mean current-helicity density occur
near sin θ = ±0.25, where θ (the solar latitude) is
about ±15◦, in agreement with [22]. However, these
patterns could be a consequence of our selection of
the active regions for study, as well as of the fact
that the current-helicity parameters were probably
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Fig. 5. Histograms of the distributions of the mean
(a) current-helicity density hc (G2/m) and (b) αf (m−1)
for the 422 active regions. The distributions with (with-
out) asterisks show the current-helicity parameters in the
northern (southern) hemispheres.

analyzed over regions of strongmagnetic fields, which
are usually present at such latitudes.

Figure 6 shows the relation between hc and αf .
In about 40% of the active regions, the mean hc
and αf have opposite signs. The magnitude of the
magnetic field acts as a weight factor when averaging
the current-helicity density hc over a given active
region. This may explain the different properties of
hc and αf . Figure 6b shows the latitude dependence
of the correlation of hc and αf upon averaging in
latitude. The correlation decreases with increasing
heliocentric distance; for example, the correlation is
about 70% near the disk center and about 50% near
latitude ±25◦. This difference can be ascribed to the
influence of the effect of projection on estimations of
the magnetic field, which is more important at higher
latitudes and for larger inclinations of the field to the
solar surface. There is also a slight difference between
the two hemispheres.
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Fig. 6. (a) Relationship between the mean current-
helicity parameters αf and B‖ · (�×B)‖ for 422 active
regions. (b) Relationship between the correlation coeffi-
cient for hc and α and the latitude after averaging over
the sine of the latitude in steps of 0.05.

5. EVOLUTION OF THE MEAN HELICITY
DENSITY

Figure 7a shows the time variations of hc. The
data show appreciable scatter in 1989–1993 and
much lower values in 1994–1997. Accordingly, the
solar activity was much higher in 1988–1993 and
lower in 1994–1997. The relation between the mean
current-helicity density and the number of sunspots
was briefly analyzed in [4]. Comparing our Fig. 7a
with Fig. 3 of [4], we find that the amplitude of
B‖ · (�×B)‖ changes with time. This implies that
the current-helicity density of active regions depends
on the phase of the solar magnetic cycle. This may
be due to the fact that the magnetic-field strength
varies with the solar cycle, with hc somehow being
proportional to the magnetic field.
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Fig. 7. (a) Time evolution of B‖ · (�×B)‖; the vertical axis is in 10
−3 G2/m. (b) Time evolution of αf ; the vertical axis is in

10−8 m−1. The active regions in the northern and southern hemispheres are denoted by diamonds and filled circles, respectively.
The solid line the 11-point moving average over the northern (southern) hemispheres.

Figure 7b shows the evolution of αf during the
same period. There is no significant difference be-
tween years of solar maximum and solar minimum.
This implies that the mean twist density of active

regions does not significantly depend on the solar
activity. Moreover, the parameter αf in active regions
loses information about the magnetic-field strength.
From a statistical point of view, it is difficult to find
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Fig. 8. Longitude distribution of αf as a function of time (in terms of Carrington rotations) in the (a) northern and (b) southern
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a clear dependence of the mean αf on the phase of
the solar cycle based on the studied sample of active
regions.

6. LONGITUDE DISTRIBUTIONS
OF αf AND hc

Figure 8 shows the longitudinal distribution of
αf as a function of time (measured in solar rotation

periods) in both hemispheres. The regions where the
sign of αf does not follow the transequatorial rule are
distributed quite uniformly in longitude. On the other
hand, Zhang and Bao [7] found a tendency for active
regions with opposite signs of hc to cluster at certain
longitudes. Note, however, that Canfield and Pevtsov
[6] also analyzed the longitudinal distribution of αf
and found some tendency for active regions whose
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helicity distribution did not follow the transequatorial
rule to cluster at certain longitudes over many rota-
tions.

7. DISCUSSION

Various properties of the twist of the photospheric
magnetic field can be derived from magnetograms of
active regions. The twist of themagnetic field is linked
with the magnetic (current) helicity. Because the total
helicityB · (�×B) cannot be obtained using photo-
spheric magnetographs, the study of B‖ · (�×B)‖
and B‖ · (�×B)‖/B2

‖ (i.e., αf ) becomes important
and necessary. By analyzing the helicity parameters
in detail, we find that they not only obey the transe-
quatorial rule [i.e., the mean current helicity and twist
density of active regions usually have negative (posi-
tive) sign in the northern (southern) hemisphere] but
also contain slightly different information on the twist
properties of the magnetic field.

We see in (4) that αf describes the degree of the
twist of the magnetic field. It is normally believed
that the twist of magnetic lines of force is due to the
action of the Coriolis force, differential rotation, etc.,
as magnetic lines of force rise from the base of the
convection zone and form active regions at the solar
surface. If the magnetic field is generated by solar-
dynamo action and themagnitude of the photospheric
large-scale magnetic field depends on the phase of
the solar activity cycle, the mean intensity of the
electric current-helicity density should contain some
information about both the twist and strength of the
magnetic field. However, αf is related to the twist
of the magnetic field of active regions and does not
depend on the intensity of the field, so the calculated
value of αf probably contains information primarily
on the Coriolis force and differential rotation, which
do not significantly change with the phase of the solar
cycle.

On the other hand, in about 30% of the total num-
ber of active regions in each hemisphere, the sign of
αf is opposite to that of the majority of active regions
in that hemisphere. In such active regions, the mean
twist of the magnetic field differs from that determined
by the Coriolis force. This probably reflects some
statistical effects associated with the redistribution of
solar magnetic fields, although this difference could
also be partially due to the averaging procedure when
twists of opposite sign for regions of weak fieldmake a
small contribution to the mean current-helicity den-
sity. Our results show that the two different helicity
quantities αf and hc have different properties. The
transequatorial rule is stronger for the hc than for the
αf distribution.

The hc distribution shows a clear dependence on
the level of solar activity (phase of the solar cycle),
while αf does not. The active regions with reversed
sign of hc (disobeying the transequatorial rule) cluster
at certain longitudes. We can clearly see indications
of such reverse-sign longitudes for hc, but not for αf .
One possibility is that αf has lost information about
the magnetic-field strength and contains mainly in-
formation on the magnetic shear near magnetic neu-
tral lines, as discussed in [23, 7].

Although some properties of the helicity in solar
active regions are discussed above, we should also
point out that some differences between the distribu-
tions forαf and hc could be due to uncertainties in the
observational data and reduction technique, as well
as other factors, such as the effect of projecting the
vector magnetic field onto the solar surface and errors
in the measurements of the transverse magnetic field.
However, it is hardly likely that such factors could
cause about 40% of the active regions to have oppo-
site signs for hc and αf (cf. Fig. 6a).

The basic agreement between the transverse mag-
netic fields determined from Huairou magnetograms
and the fine structures in Hα and Hβ filtergrams
has been confirmed by a number of studies [24, 25].
The influence of errors in the transverse field mea-
surements on the difference in the current helicities
calculated using the Huairou and Mees datasets was
recently analyzed in [26]. It was found that this is
probably not important for determining the signs of
the current helicity in most active regions. However,
it is not clear if such measurement errors contribute
a systematic bias to the statistical properties of the
current helicity of active regions. We also note that
resolving the 180◦ ambiguity in the highly sheared
transverse magnetic field in areas near magnetic neu-
tral lines in active regions is associated with certain
difficulties, which will be analyzed in forthcoming pa-
pers.

Thus, in this paper, we have studied the distribu-
tions of observational tracers of the α effect. Allowing
for the qualifications about the applicability of the
Keinings–Seehafer formula noted above, this is the
first measurement of the α effect. Knowledge of the
latitude and spatial distributions of the α effect is very
important from the point of view of dynamo theory. If
this theory is to explain Maunder butterfly diagrams,
the dynamo waves [27] must propagate toward the
equator at low latitudes. For this reason, the sign of
the product of the radial gradient of the differential
rotation and the α effect should be negative (positive)
in the northern (southern) hemispheres. Earlier, in-
sufficient knowledge of the value of the α effect led
to uncertainty and created grounds for speculation
about the direction of propagation of the dynamo
wave.
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Here, we suggest the following interpretation of
the results of dynamo theory. The values of αf and
hc are mainly negative (positive) in the northern
(southern) hemispheres. These quantities are linked
with the magnetic fields near the Solar surface.
We expect these quantities to change sign deep in
the solar convective zone (see, e.g., [28, 29]) so
that they become positive (negative) in the north-
ern (southern) hemispheres. Then, according to the
Kainigs–Seehafer formula (2), the sign of the α effect
near the convection-zone base is negative/positive
in the northern/southern hemispheres. Taking into
account the positive radial gradient of differential
rotation (e.g., [30]) this leads to dynamo waves [27]
propagating toward the equator, as required to explain
Maunder butterfly diagrams.

We see that both hc and αf are equally important
for identifying signatures of the solar α effect. We
conclude that approaches based only on one of these
tracers, such as αf , even one having the same dimen-
sions as the α effect, could have some shortcomings.
Therefore, both of these tracers of the α effect should
be taken into consideration in future studies. The pa-
rameter hc is relevant for investigations of the sign of
the α effect, while αf is more suitable as an indicator
of the magnitude of the α effect. Nevertheless, the use
of data only for αf [5] can reveal the main structure of
the α effect in the solar convective zone.

8. CONCLUSION

Thus, the main results of the paper are the follow-
ing.

(1) The average αf and hc = B‖ · (�×B)‖ both
provide information on the twist of magnetic-field
lines. The difference is that αf does not contain infor-
mation on the magnetic-field strength, while hc does.

(2) αf and hc show similar latitude and longitude
distributions. However, the distribution of the mean
current-helicity density hc of active regions shows
a stronger transequatorial regularity than does that
of αf . The distribution of active regions that do not
follow the transequatorial rule for the sign of αf is
more uniform in longitude than the corresponding
distribution for hc and reveals no clustering at par-
ticular longitudes. This transequatorial sign rule for
αf and hc corresponds to the general expectations of
dynamo theory.

(3) About 40% of the active regions have αf and
hc with opposite signs. This may be due to the fact
that hc depends on the magnetic-field strength as a
weight factor.
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