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We propose a new concept that considers the global complexes of activity as a combination of global and local fields. Traditionally,
the complexes of activity have been identified from observations of active regions (ARs). Here, we show that a complex of
activity comprises both (AR) and coronal holes (CHs). Our analysis is based on observations of magnetic fields of various scales,
SOHO/MDI data, and UV observations of CH. The analysis has corroborated the existence of complexes of activity that involve
AR and equatorial CH. Both AR and CH are embedded in an extended magnetic region dominated by the magnetic field of one
sign, but not strictly unipolar. It is shown that the evolution of CH and AR is a single process. The relationship between the fields
of various scales in the course of a cycle is discussed.

1. Introduction

The study of complexes of solar activity has quite a long
history. It began, most likely, with the work by Gnevyshev
[1], who proved that besides the 11-year cycles of solar
activity there were shorter periods when the level of activity
increased. He called them “pulses of activity.”

These results were presented later by Eigenson et al. [2].
The following step was associated with Mt. Wilson mag-

netographic measurements covering the entire surface of the
Sun. It was then that a more adequate term, “complexes of
solar activity,” was proposed in [3–5] to characterize long-
term (from months to years) enhancements of solar activity
in a certain range of heliolongitudes. These authors actually
claimed that the complexes of activity must comprise not
only AR, but also unipolar magnetic regions and, hence, CH,
which suggested their global nature.

In [6], Obridko and Shelting introduced the notion of a
“global complex of activity,” combining both local and global
field structures.

The study of such a complex feature requires the use
of large volumes of data, including characteristics of local
and global fields and information on processes in the pho-
tosphere, chromosphere, corona, and even heliospheric and
geomagnetic disturbances, covering a long time interval.

This is one of the reasons why the notion of the complex
of activity has lately fallen into disuse. At present, the authors
often prefer to consider instead the “complexes of active
regions” (or even the “complexes of sunspot groups”). These
do not require the use of extensive databases and, most
importantly, are not supposed to live long.Many authors (e.g.,
see [7–11]) consider the complex of active regions as two or
more ARs connected by a common magnetic field, whose
components or parts interact in the course of evolution.

The analysis of global complexes of activity is additionally
complicated by the need to take into account the interactions
of fields differing in their both spatial scales and intensity.
Large-scale fields are, obviously, connected with the global
magnetic field [12], and their evolution is controlled by pro-
cesses deep under the photosphere, probably, at the bottom
of the convection zone. On the other hand, the structure of
a complex must depend strongly on the evolution of intense
fields of AR, which are shallow features (5–10Mm deep).

As a rule, large-scale fields are associated with open field
regions (OFRs), that is, the field whose force lines extend
into interplanetary space and are carried away by the solar
wind. These are the regions where CHs arise. Wang et al.
[13] identified CH with OFR. Ever since, these terms have
been used interchangeably to refer to CH observed in UV
and X-rays on the disk and at the limb. Of course, this is
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a purely statistical coincidence. The open field regions are
calculated in a complex way within the concept of the source-
surface potential field with a lot of additional assumptions.
The occurrence of CH depends not only on the magnetic
structure, but also on the relative contribution of various
heating mechanisms, which may somewhat differ in different
CH.

If the relationship between OFR and CH is quite under-
standable and the equal use of both terms is physically
justified, another analogy that is frequently drawn is not as
evident. Some authors identify large quasi-unipolar regions
(UR) with open field regions and define CH boundaries
simply as the boundaries of UR. Such an approach is phys-
ically groundless. Large quasi-unipolar regions may be the
remnants of AR.Then, their field is shallow, and the field lines
close inside the same region. Such regions do not form OFR,
and their unipolarity index differs much from unity [6].

In the course of evolution, the OFR, CH, and AR form
a single complex. Its properties are as follows. Magnetic
fields in the chromosphere and corona that depart from the
radial direction by less than 20∘ are the sites of occurrence
of CH [14]. Despite the physical identity of these objects,
their boundaries may not fully coincide and CH may occur
somewhat later than OFR.

Two or three rotations after the occurrence of a CH, its
shape and size begin to change affected by the AR located
between the conjugate CH. As a result, a saddle-type feature
appears in the transversal field in the photosphere close to the
CH boundaries.

Outside the photometric CH, the magnetic vectors con-
verge to the conjugate active regions to form a single complex
of activity. This effect is pronounced best of all in large AR.
A relationship between large AR and CH was noted earlier
[15, 16] in spite of the well-known fact that the source of
the large-scale magnetic field lies deep at the bottom of the
convection zone [17], while sunspots and AR occur much
closer to the surface.

The lifetime of CH ranging from 2 to 3 rotations to 1.5
years, exceeding the lifetime of the associated AR. A decrease
or disappearance of AR leads to corresponding changes in
CH.

Obridko and Shelting [6] analyzed two typical time
intervals in Cycle 23: from October 1999 to March 2001
(Carrington rotations 1954–1974) and from December 2002
to December 2003 (Carrington rotations 1997–2010). The
former covers the entire period of maximum of Cycle 23 and
the latter covers the period of reversal of the polar field. The
second period is characterized by a specific, stable structure
of the quasi-equatorial dipole, which is often observed at the
decline of the cycle.

These intervals differ significantly by the structure of the
large-scale field. In the first interval, the field structure is not
completely stable. Its typical variation time is 2-3 rotations.
In the second one, a stable two-sector structure is maintained
throughout 14 rotations. Such a structure can be described by
equatorial dipole with the axis in the vicinity of the equator.

Comparison of the positions of CH and AR on the
disk involves certain difficulties, because it is not clear a
priori what we must take for the boundary of a CH even if

observed at one and the same wavelength. Therefore, in the
first part of our work, we compare the positions of AR with
the position of the open magnetic field region (OFR) inside
a complex (Section 2.) Then, in Section 3, we analyze the
relative positions of OFR and AR. The analysis in Section 4
includes CH, for which purpose we discuss again the problem
of CH photometric characteristics (Sections 4.1 and 4.2) and
consider the mutual position of CH, AR, andmagnetic fields.

2. Comparative Analysis of Evolution of the
OFR Total Area and the Number of Sunspot
Groups in a Complex

To begin with, we have analyzed the evolution of the OFR
area and the number of sunspot groups. The analysis is
based on OFR calculations. The position and structure
of OFR were determined from WSO photospheric data
(http://wso.stanford.edu/) by the standard method described
in our earlier work [18, 19]. First, we calculated the Legendre
polynomial coefficients by the least square method under
potential approximation and, then, all magnetic field compo-
nents in a spherical layer from the photosphere to the source
surface. Calculations were fulfilled for the source surface at
2.5𝑅
⨀

from the center of the Sun. The first ten harmonics of
the expansion were taken into account. This method is quite
similar to themethod applied byHoeksema [20, 21].Then, the
field lines were traced from the nodes of the uniform grid on
the source surface, where they are open by definition, down
to their intersection with the chosen spherical surface.

The shape and positions of OFR on the synoptic map for
each rotation determined in such a way were, then, compared
with SOHO/MDI data on AR andmagnetic fields in the pho-
tosphere (http://soi.stanford.edu/magnetic/index5.html and
http://soi.stanford.edu/magnetic/index6.html). The area and
position of each AR were taken at the peak of its evolution.

The number of field lines emerging from the grid with
a uniform distribution of nodes (72 × 30) on the source
surface and concentrated in a given region of open magnetic
field can serve as a measure of the area of this OFR. The
number of ARs in a complex increases with the increase of
the OFR area. Although the correlation coefficient is not high
(0.39 ± 0.13 in the first case and 0.47 ± 0.15 in the second
one), the positive trend is evident. This positive correlation
corroborates a genetic link between OFR and sunspot groups
at the early stage of evolution. One or two rotations after an
OFR is formed, a CH arises over it and, somewhat later, a
sunspot group appears at its periphery.

3. Relative Positions of OFR and AR

As shown in [14], a CH arises in the open field region, where
the field lines are mainly radial. While moving away from the
region of strictly radial field, the filed lines in the ambient
photosphere become more and more inclined. Up to the
inclination of 20∘, the CH still exists, but its contrast decreases
gradually creating a kind of “CH penumbra” until, at the
inclination of 50∘, it merges with undisturbed photosphere.
The region, in which the inclination of field lines is more than
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Table 1

All AR AR in the vicinity to OFR
Sum of all AR areas 198324 147733/198334 = 0.745
Sum of AR areas >600msh 93096/198334 = 0.469 76756/93096 = 0.824
Sum of AR areas <600msh 105238/198238 = 0.531 70977/105238 = 0.674
Total number of ARs 470 324/470 = 0.689
Number of ARs with areas >600msh 89 73/89 = 0.820
Number of ARs with areas <600msh 381 251/381 = 0.659
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Figure 1:Heliographicmaps of the Sun image in the lines 195 A (a) and 284A (b).Thefigure shows contour lines of equal brightness, including
the lines of double mean brightness (magenta) and tenfold mean brightness (red). The area shaded blue is the region where the brightness is
lower than the average on the given day. The black circles are sunspot groups.

20∘ but less than 50∘, is precisely where the AR conjugates
with CH arising.

To quantitatively estimate the vicinity of sunspot groups
to OFR, we have analyzed the entire set of data. In doing so,
we assumed that a sunspot group is located close to CH (or,
in our case, OFR) if its center lies at less than 10 heliographic
degrees from the CH boundary.

For the period under consideration, 470 ARs were
observed, whose total area was 198324msh. We analyzed the
number of sunspot groups and their total area depending
on their proximity to CH boundaries. It turned out that 324
sunspot groups (i.e., 68.9%) appeared in the vicinity of CH
boundaries. And although there were only 89 groups with the
area at the peak of evolution >600msh, the absolute majority
of them (82%)were located close toCHboundaries.The same
is true for the index of the total sunspot area. The area of
sunspot groups located in the vicinity ofOFRwas 74.5%of the
total area.Note that themain contribution (82.4%) to the total
area of sunspot groups in the vicinity of CH is made by the
>600msh groups.Thus, both large and small sunspot groups
are observed in the vicinity of CH, but the relative number of
large ones is greater (see Table 1).

4. Relative Positions of
Photometric CH and AR

We analyzed CH images in two wavelengths 195A and 284A
taken on the day when the complexes under consideration

were at the center of the visible disk. Each image was
corrected for projection and, then, represented in the form
of a rectangular heliographic map. Two ov such maps are
presented in Figure 1.The figure shows contour lines of equal
brightness, including the lines of double mean brightness
(magenta) and tenfold mean brightness (red). The area
shaded blue is the regionwhere the brightness was lower than
the average on the given day. The black circles are sunspot
groups.

In Figure 1, the area shaded blue is the coronal hole, which
we identify as the region where the brightness is lower than
the average on the given day. One can see that transition
from CH to AR systems of photometric contour lines occurs
between the lines of mean and double mean brightness. In
this case, the accuracy of the boundary does not really matter.
Despite the general similarity, the coronal holes observed in
the lines mentioned above differ essentially. On the image
taken in the 284A line, the CH is somewhat smaller and its
boundary is much more indented than on the 195A image
obtained on the same day.

4.1. Comparison of the Minimum, Mean, and Maximum CH
Brightness in Two Spectral Lines. Since the CH photometric
boundary is referenced to the mean brightness of the disk on
a given day, it can be determined, in principle, by sunspot
activity. In [14], we analyzed data for a long time interval
and showed that the mean disk brightness in the 284A line
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Figure 2: Comparison of the maximum and mean brightness values.

depends on the phase of the cycle, but it is not determined by
sunspot activity.

In the database used in this work, we have found the
minimum, maximum, and mean brightness on each image.

In Figure 2, we compare the maximum and mean bright-
ness values in both wavelengths for 64 days of CH observa-
tion. If AR contributed significantly to the calculated mean
disk brightness, we could expect a noticeable relation between
themean andmaximum brightness. Figure 2 shows that such
a relation is lacking.

Even more representative is Figure 3, which compares
all three calculated brightness values. There is a fairly good
correlation (0.758) between the minimum brightness values
in bothwavelengths. It should be borne inmind that these are
direct observational data without any additional calculations.
We just find a single pixel in which the brightness is minimal.

The correlation between the mean brightness values is
clearly pronounced, the correlation coefficient amounting to
0.951. If we remove two points standing apart (days when
solar flares occurred), the correlation coefficient will increase
to 0.982.Themaximumbrightness values are virtually uncor-
related. The red line is plotted taking into account all points,
and the correlation coefficient is 0.56. The blue line plotted
without the two flare-related points gives the correlation
coefficient of 0.27.

4.2. The Problem of Photometric Boundaries. Since our task
is to study the AR position with respect to CH, the problem
of correctly marking the boundaries of the latter arises
again. The CH boundaries are often defined by the visual
contrast without estimating the boundary brightness numer-
ically. We might introduce a standard value for the ratio
between the minimum CH brightness and the brightness at
the boundary. Unfortunately, this method sometimes yields
uncertain result, because, unlike the mean brightness, the
minimum brightness is determined with a significant error
(see Figure 3). We also used standard values for the “umbra”
and “penumbra” in fractions of the mean disk brightness
on a given day. These methods are valid for the statistical
study of CH occurrence rate and relation to high-speed

streams (see [14] and references therein). However, it is
inadequate for comparing the positions of individual CH and
AR. In the previous sections where we compared OFR and
AR, the boundaries were determined automatically from the
footpoints of the field lines. Studying CH boundaries requires
an additional numerical value to be introduced.

To find the photometric boundaries, we have assumed
that the area 𝑆 within the closed isophotes IP normalized to
the mean brightness will increase with increasing isophote
value.The growth rate of the areamust also increase gradually
reaching its maximum as the isophote equals the CH bound-
ary value. With further increase in the isophote value (i.e., in
the quasiuniform, undisturbed medium), the increase of the
area is expected to slow down.Thus, inside a CH, the area will
increase by a certain quantityΔ𝑆with each isophote step.The
increase is supposed to be maximal at the CH boundary.

This procedure was applied to all CH (the summary
picture is shown in Figure 4).

Figure 4 illustrates the increase in the relative areaΔ𝑆with
increasing isophote value IP. IP is normalized to the mean
brightness on a given day, and 𝑆 is normalized to the total
disk area on the same day corrected for projection. A stepΔIP
equals 0.025. The relative area is seen to reach its maximum
at 0.725 for 195A and at 1.075 for 284A. A slight bend of the
curve for 284A at IP = 0.2–0.4 is likely to be associated with
the darkest part (“umbra”) of CH.This means that the umbra
boundary is at IP = 0.2–0.3 and the outer boundary of the
penumbra is at ∼1.0.

Figure 5 represents a CH observed on 11 July 1999 at the
wavelengths of 195A (Figure 5(a)) and 284A (Figure 5(b)).
On both panels, one can see the umbra of CH.

The values of the photometric boundaries found above
(1.075 for 284A and 0.725 for 195A) were used to calculate
the areas and internal mean brightness of 64 CH.The results
are compared in Figure 6. It should be remembered that the
values of the internal mean brightness are normalized to the
mean brightness of the disk at the selected wavelength on
the day of observation. One can see a pronounced negative
correlation between the area and brightness. In larger CH,
the contrast is higher (as it should be).The relative brightness
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In
cr

ea
se

 in
 th

e r
el

at
iv

e a
re

a

0.010

0.008

0.006

0.004

0.002

0.000

Isophote value IP
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.82.6 3.0

195 A 284 A

Figure 4: The increase in the relative area Δ𝑆 with increasing
isophote value IP.

value in 284A is somewhat larger (contrast lower) than in
195A. The areas of reasonably large CH within the selected
boundaries virtually coincide at both wavelengths.

4.3. Comparison with the Location of Sunspot Groups. In
Section 3, we compared the areas and location of AR with

respect to OFR. Since the open field regions were identified
from synoptic maps for one rotation, the AR data were also
taken once, at the peak of their evolution, and all sunspot
groups were included independent of their lifetime. In our
further consideration, we are using the images of 64 CHs
corresponding toOFRat the time of their passage through the
central meridian. The coordinates and areas of AR are taken
for the same day. The data are converted into a Cartesian line
grid, a sample of which is shown in Figure 1.

The concentration of sunspot groups in the vicinity of CH
(see Table 2) is approximately the same as in the case of OFR.
In the second period, it is somewhat higher, probably, because
the structure of the large-scale magnetic field was then more
stable.

The number of AR decreases gradually as the distance
from CH increases (see Table 2 and Figure 7). At 10 helio-
graphic degrees, their number decreases by a factor of 1.5–2.0.
This effect is particularly noticeable for large sunspot groups
(>100msh).

4.4. Magnetic Field Structure in the Vicinity of CH. As shown
earlier by Obridko and Shelting [14], the direction of the
magnetic field in the vicinity of CH changes rapidly. At the
center of CH (in the umbra), the field departs slightly from
the normal. The angle between the field lines and the normal
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Figure 5: CH observed on 11 July 1999 at the wavelengths of 195A (a) and 284A (b).

M
ea

n 
br

ig
ht

ne
ss

0.65

0.60

0.55

0.50

0.45

0.40

Area
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

195
R = −0.648

A
re

a2
84

0.35

0.30

0.25

0.20

0.15

0.10

Area 195
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

R = 0.852

M
ea

n 
br

ig
ht

ne
ss

0.90

0.85

0.80

0.75

0.70

0.65

0.60

0.90

0.85

0.80

0.75

0.70

0.65

0.60

Area
0.10 0.15 0.20 0.25 0.30 0.35

0.40 0.45 0.50 0.55 0.60 0.65

284
R = −0.640

M
ea

n 
br

ig
ht

ne
ss
28
4

Mean brightness 195

R = 0.787

Figure 6: Comparison of CH areas and brightness in two lines.



Advances in Astronomy 7
Re

la
tiv

e f
ra

ct
io

n

0.40

0.35

0.30

0.25

0.20

0.15

0.10

0.05

Distance
5 10 15 20 25

Figure 7:The relative fraction of AR of different areas as a function
of distance from CH (circles are all AR, squares are groups of areas
more than 100msh, and triangles are groups of areas less than
100msh).

Table 2

First period:
rotations 1954–1974

(Sept. 1999–Dec. 2001)

Second period:
rotations 1997–2010

(Nov. 2002–Dec. 2003)

All AR AR near
CH All AR AR near

CH

Total area 41804 24462
(63.3%) 21034 17049

(81.1%)
Total number
of ARs 284 186

(65.5%) 147 111 (75.5%)

to the surface does not exceed 20∘. As the distance from CH
increases (in the penumbra), the field lines begin to diverge
rapidly, and their angle with the normal at CH boundary
reaches 50∘. The calculations were performed with the use
of the classical PSFF model with all inherent restrictions
[20]. Figure 8 illustrates the CH observed at the center of
the disk on 18 April 2000. Figure 8(a) represents an original
SOHO image in the instrumental reference frame without
processing and without regard to projection distortions with
only some contrasting performed. One can readily see a
coronal hole at the center of the disk. Figures 8(b) and 8(c)
were plotted in the Cartesian coordinates with the longitude
and latitude values corrected for projection. The blue areas
on Figure 8(b) correspond to the brightness lower than the
mean value. Figure 8(c) shows the structure of the tangential
magnetic field calculated from the PSFF model [20]. The
black contours on Figure 8(c) outline the regions where the
brightness is lower than themean value.The size of the arrows
is proportional to the strength of the field. It is evident that the
CH is located exactly at the point from which the lines come.

The dependence of angle 𝛾 between the magnetic field
vector and the normal to the solar surface on the distance
to the CH photometric boundaries is shown in Figure 9. One
can see that this angle increases up to 50∘ already at a distance
of 7–10∘.

4.5. Relationship between the Number of Sunspot Groups in
the Vicinity of CH and Its Area. If we compare the number
of ARs with CH area within the zone of ±40∘ from the
visible disk center, the result will differ fromwhat is observed
when comparing the number of ARs with OFR (see Section 2
above). The situation is rather uncertain, unlike the previous
case when we had a weakly pronounced upward trend in the
number of ARs with increasing OFR area.

Two complexes of activity were analyzed in rotations
1954–1974.

In the first one (18 points, 16 degrees of freedom), the
correlation coefficient is 0.086 ± 0.081. The Student’s 𝑇-
criterion for the angular coefficient is 0.34549; that is, the
correlation is absent completely.

In the second complex (18 points, 16 degrees of freedom),
the correlation coefficient is 0.599 ± 0.452. The Student’s 𝑇-
criterion for the angular coefficient is 2.989; that is, we have a
low negative correlation, but the trend is clearly pronounced
with the reliability >99%.

Twomore complexes were studied in rotations 1997–2010.
In the third complex, (14 points, 12 degrees of freedom)

the correlation coefficient is 0.025 ± 0.023. The Student’s
𝑇-criterion for the angular coefficient is 0.345; that is, the
correlation is absent completely.

In the fourth complex (13 points, 12 degrees of freedom),
the correlation coefficient is 0.549 ± 0.425. The Student’s 𝑇-
criterion for the angular coefficient is 3.831; that is, we have
a negative correlation with a low, not too reliable correlation
coefficient; however, the trend is clearly pronounced with the
reliability >99%.

In general, one can see weak negative correlation.
On the one hand, this may be due to different criteria

in selecting sunspot groups. However, it is most probably
the result of different generation mechanisms of OFR and
CH.The open field regions are determined completely by the
deep magnetic field, while the occurrence of CH is largely
controlled by the heating mechanisms. Thus, sunspot groups
are not passively located in the vicinity of CH but affect the
brightness and photometric structure of the latter owing to
the lateral heating. AR arisemainly in the vicinity of OFR and
CH, but they decrease the CH area and shift its boundaries by
heating.

5. Conclusion

Thus, we have shown that open field regions and CH form
the basis of a global complex of activity. A complex of
activity is not a random cluster of AR characterized by a
common position on the disk and similar evolution during
several solar rotations. It appears that the complexes of
activity are a necessary part in the general scheme of large-
scale organization of solar activity on both spatial and long
temporal scales.Their formation and evolution are controlled
not only by the surface local fields, but also by the global
processes.

The mechanisms responsible for the solar activity on a
global scale are the large-scale solar dynamo and meridional
flows.
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Figure 8: CH observed at the center of the disk on 18 April 2000. Panel (c) shows the structure of the tangential magnetic field.

Today it is clear that the second condition for the
occurrence of CH at midlatitudes, apart from the open
configuration of the global magnetic field, is the presence
of AR with strong local field in their neighborhood. The
relationship between CH and AR was revealed in earlier
work based on Skylab data [13, 22, 23]. The appearance
of the open field of CH is usually accompanied by the
formation of two systems of closed field lines. Later it was
shown [24, 25] that, sometimes, the change of boundaries
and energy balance in CH is largely determined sporadic
and pulse flows of hot plasmas (X-ray “jets”) and regular
flows of energy from the surrounding AR. AR in the vicinity
of CH may be coupled with the latter dynamically or
energetically.

Magnetic field is generated at the base of the convection
zone as a result of interaction of the toroidal magnetic
field and differential rotation (Ω-dynamo). The generated
field emerges from the tachocline in the equatorial zone

presumably in the form of individual tubes and appears at
the surface as AR. In the process, a feature often arises in the
vertical field, which looks darker than the surroundings in X-
rays and UV, that is, a CH. At its periphery where the field
lines depart from the radial direction, there appears AR. The
physical mechanism responsible for concentration of active
regions in the vicinity of CH is still unknown. Perhaps, it is
due to different role of the deep and subsurface dynamo. In
the open magnetic configuration, the vertical field associated
with deep layers suppresses the subsurfacemechanismof filed
intensification. In the regions where the vertical field departs
from the normal and its connectionwith deep layersweakens,
the surface field is intensified, and an active region is formed.
Thus, the two types of dynamo interact at the periphery of
OFR. Besides, the coronal condensation overARmay, in turn,
distort the photometric contour of CH. Note that the AR
rotation somewhat differs from that of the deep field. The
surface fields rotate at Carrington velocity. The rotation of
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Figure 9:Angle 𝛾 as a function of distance from theCHphotometric
boundary. The grey area shows the 95% confidence interval.

the deep field is more similar to the solid-body rotation and
has a period of 27 days.

After a few rotations, the ARs usually decay. Their
influence on the deep-field tube ceases gradually, and the
structure of open field lines is restored. A new CH appears.
However, it is not formed of the remnants of AR but is
connected with the deep field.
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