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In the paper the results of investigations on ten solar active regions are presented. The main results are as follows:
firstly, the total down-flow velocity exceeds the up-flow velocity by about two orders of magnitude in all the active
regions; secondly, no correlation was found between the mean integral velocity flux and the mean integral magnetic
flux for all the active regions; thirdly, it was found that, besides a direct correlation between the total sunspot area and
the total magnetic flux in active regions, occasionally there is an inverse correlation between these parameters, and
the inverse correlation times often corresponded to the structural and topological rebuilding of magnetic flux in the
active regions; fourthly, a good correlation was found between some parameters of integral fluxes (magnetic and
velocity) and X-ray flux variations.
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1 INTRODUCTION

The main idea of this investigation is to construct a few physical substantial integral state

variables (SVs) for a solar active region (AR), which could be determined from observation

data and allows us to define the current physical state of an AR region in real time quantita-

tively and uniquely. This problem has important practical meaning as such parameters can

allow us to present all essential information about the current states of ARs in compact

and quantitative form in order to achieve quantitative monitoring of them. Together with geo-

magnetic, meteorological and global solar indices, the SVs can be used as a part of the solar–

terrestrial database. Such a database provides the possibility of applying modern time series

analysis methods to designing geophysical and solar activity forecasts on short and medium

time scales. Artificial intelligence technology (see for example the books by Murray (1995),

Bishop (1995) and others) is very helpful for this purpose in our opinion, as this technology

provides high-quality real-time geophysical forecasts for a short-time series.
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The problem also has theoretical importance because statistical analysis of the quantitative

parameters with clear physical meaning allows us to reveal some empirical rules, which

describe a solar AR as a whole. Such empirical rules can be useful for providing a physical

theory of ARs as non-equilibrium magnetoplasma structures arising and present in higher

levels in the Sun and stars.

We have constructed here numerous time series of SVs. Each of these SVs has a clear

physical sense and represents some property of an AR as a system in its current state. The

time series analysis allows us to investigate the time variations in the state parameters of

these ARs. Further, on the basis of the simple quantitative identification of the current status

of ARs, the problems of the classification of ARs are discussed. As shown below, this

problem has great importance for establishing the correspondence between the current

physical status of an AR and its flare activity. In connection with this problem, some features

of the variations in the magnetic and velocity fields before flares, during flares and after flares

are discussed.

The main focus of this paper is the determination of the SVs of ARs and consideration

of their time variations and cross-correlations. It is the principal feature of this investigation.

All the local and fast changes in an AR are considered in close connection with its

current physical state. We determine here the current physical state of an AR as a current

combination of the values of the SVs.

Such a statement of the problem is the main idea of this investigation; namely the exam-

ination of solar ARs as open physical systems. At the same time this point of view corre-

sponds to regarding a solar AR as an individual star. So such an approach makes it

possible to compare some observational results for solar ARs with some corresponding

results for stars, if the active processes in these stars have similar natures.

2 THE OBSERVATIONAL DATA

This investigation is based mainly on the magnetometric and Doppler observational data for

the ten solar ARs obtained in 1989 at the Huairou Solar Observatory Station (HSOS) of the

National Astronomical Observatory, Chinese Academy of Sciences. These data were received

with a hardware-assisted solar video magnetograph. This instrument is used to receive

regular data of the magnetic and velocity fields of ARs. Regular observations on this instru-

ment are made using the Fe I (l ¼ 5324:19 Å) and Hb (l ¼ 4861:34 Å) spectral lines. The

device is similar to that at the Big Bear Solar Observatory (Wang et al. 1998). All informa-

tion about the device can be obtained from the Internet site http://bao.ac.cn. We mention here

only some features of the device. It is necessary to change the angular measurement units into

linear measures.

One frame (the telescope field of vision in the charge-coupled devices (CCD) plane pro-

jection) corresponds to 40 � 50 (more exactly, 30:63 � 50:23). It allows us to observe most of

solar ARs not only partly but also as a whole in the frame. As the CCD consist of

512 � 512 pixels, therefore a CCD pixel corresponds to 000: 425 � 000: 613 or

1:373 � 1011 m2 ¼ 1:373 � 105 km2 ¼ 0:046 million parts of Solar hemisphere (MPHs) if

observations are made near the centre of the Sun’s disc. For computing convenience we gath-

ered into 12 neighbouring pixels into one discrete area. Each discrete area corresponded to

the middle value of the observed physical quantity. Every frame consists of

ð512 � 3Þ � ð512 � 4Þ ¼ 171 � 128 ¼ 21 888 such discrete areas. The area on the Sun

corresponding to a frame is equal to approximately 3:6 � 1016 m2 or about 12 000 mph.

336 O. CHUMAK et al.
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The time resolution of the data used in this paper does not exceed 1 min. Measurement

precision is equal to �10 G for longitudinal magnetic field and to �15 G for the transverse

magnetic field. The measurement precision for the velocity field is equal to �5 m=s�1.

For this paper, about 670 magnetic and velocity maps which were obtained mainly under

excellent and good visibility were selected. The maps with satisfactory visibility were added

only where necessary and consisted of not more than 5–7% of the total number. All data are

distributed very irregularly with respect to time and the ARs. This led to difficulties when

analysing the time variations in the parameters and when comparing the results for various

ARs. More detailed information about the observational data used is given in the summary

data in Table I, which includes only radial velocity maps and longitudinal magnetic field

maps. The total number of such maps is 545. The first column contains the numbers N of

ARs. The second and third columns contain number of ARs obtained by the HSOS and

by NOAA respectively. The fourth and fifth columns gives the dates of the start and the

end of the AR observations. The sixth and seventh columns include the numbers of the mag-

netic field data files and velocity files respectively. The eighth column gives the Carrington

coordinates of the ARs. The last column contains some comments.

3 STATE VARIABLES FOR SOLAR ACTIVE REGIONS

The method for investigating current physical conditions in local parts of the upper layers of

the Sun by using integral SVs was proposed by Chumak and Chumak (1987) and then was

developed by Chumak (1992). In addition to the SVs proposed in the above-cited papers we

introduce here some new SVs. So it is hoped that they are sufficient (Gilmore, 1981) for a

quantitative description of the non-steady processes in local regions of the solar photosphere.

The definitions, computing algorithms, physical meanings and dimensions of all these inte-

gral SVs are discussed below.

3.1 Areas

The first six of these variables, namely Nhs
, Nhn

, Nha
, Nvb

, Nvr
, and Nv, have the following

simple geometrical meanings: Nhs
, number of discrete areas (N ) with magnetic field

h > 10 G of south polarity; Nhn
, number of discrete area (N ) with magnetic field h > 10 G

of north polarity; Nha
, discrete number of both polarities with jhj > 10 G (so,

Nhn
þ Nhs

¼ Nha
).

TABLE I Summary data.

Number
of ARs Dates of observation Number Number

of of Carrington

N HSOS NOAAa Start End H files V files coordinates Comment

1 36 5354 6 February 1989 15 February 1989 25 38 31.7 284.3
2 65 5395 7 March 1989 16 March 1989 49 81 38.3 252.5 Second pass,

N ¼ 36
3 83 5441 7 April 1989 15 April 1989 25 38 35.5 232.6 Third pass,

N ¼ 36
4 192 5629 7 August 1989 16 August 1989 18 �17.5 74.3
5 199 5634 7 August 1989 17 August 1989 25 �14.0 42.5
6 202 5643 13 August 1989 22 August 1989 53 15.8 327.5
7 220 5669 1 September 1989 13 September 1989 58 33 �15.8 90.5
8 225 5680 7 September 1989 13 September 1989 88 23 15.2 2.5
9 226 5686 8 September 1989 19 September 1989 10 4 11.8 340.2

10 258 5747 17 October 1989 23 October 1989 37 67 �26.0 213.5

aNOAA, National Oceanic and Atmospheric Administration.

INTEGRAL PROPERTIES OF SOLAR ACTIVE REGIONS 337
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The parameters Nvb
, Nvr

, and Nv have similar meanings for the velocity ðvÞ field. Nvr

corresponds to the red shift (i.e. sinking or downward movement), and Nvb
corresponds to

the blue shift (i.e. rising or upward movement). The ‘noise level’ was taken to be equal to

�10 G for the magnetic field and to �10 m s�1 for the velocity field. These levels were taken

to determine local AR fields from global fields, as the latter have values within these limits.

So, if we multiply the values of these parameters in the one discrete area in absolute units, we

obtain the whole area of corresponding features in an AR, that is area of south polarity, the

area of the north polarity and so on, in absolute units.

It is evident that the ‘magnetic fields determined’ areas and ‘velocity fields determined’

areas can differ for the same AR. It is important to find out whether there is any interdepen-

dence between these state parameters or not. What is a typical variation scale of these param-

eters during the life of ARs? Are there any correlations between the time change in these

parameters and short-time-scale active processes in ARs or not? Answers to these questions

are interesting from a theoretical point of view and we shall discuss them later. Note also that

the values of each of these parameters cannot exceed the value 21 888, the number of discrete

values in a frame.

3.2 Fluxes

The next six parameters, Hs, Hn, Ha, Vb, Vr and Va, also have clear physical meanings. Hs and

Hn are the total flows of the longitudinal (along the line of sight) vector component of the

magnetic field for Nhs
and Nhn

respectively. If we make the simple assumption that the mag-

netic field vectors in ARs have mainly a radial distribution, then, from a statistical-average

viewpoint, the modulus of the magnetic field vector is rather more than the modulus of its

longitudinal components. So low estimations of the magnetic fluxes are those used below.

As the discrete area is equal to about 2 � 1016 cm2 � 2 � 1012 m2, then the magnetic flux

for one discrete area is equal to about H � 2 � 108 Wb, where H is the value of the magnetic

field in gauss. We omit these constants below and give values of the magnetic fluxes in rela-

tive units. To convert these into absolute units we must multiply the afore-mentioned relative

units by constants. Ha is defined as a sum of the modulus of Hs and Hn: Ha ¼ jHsj þ jHnj.

The parameters Vb and Vr for the velocity field are defined in a similar way, and Va is also

given by Va ¼ jVbj þ jVrj. The difference consists in the value and dimension of the constant

for converting the relative units of hydrodynamic flow into absolute units. If we take the

photosphere density (the level where the optical thickness in the Hb line is equal to 1) as

about 2 � 10�4 kg m�3 (Allen, 1973), then for the conversion constant we have a value

equal to approximately 4 � 108 kg s�1, where V is the longitudinal velocity in metres per sec-

ond. So to obtain hydrodynamic flow values in absolute units it is necessary to multiply Vb,

Vr and Va by this constant. It should be noted also that such hydrodynamic flow values give

only a rough estimation of the order of magnitude for these values.

Is there any interdependence between these SVs or not? What is a typical variation scale of

these parameters during the life of ARs? Are there any correlations between the time change

in these SVs and the short time scale of physical processes in ARs or not? These are the same

questions that were asked above for the first six parameters, but answers to these questions

in this case are more interesting and more important as they can be easily linked to current

theoretical ideas about solar plasma under photosphere dynamics and physical models of the

generation of strong local magnetic fields in the upper layers of the Sun.

3.3 Energies

The following six parameters were determined for energy estimations: Ehs
, Ehn

, Eha
, Evb

, Evr

and Eva
. Energy, as is well known, is an extensive variable. So it is defined as a sum over the

338 O. CHUMAK et al.
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corresponding numbers (Nhs
, Nhn

, etc.) of squared moduli of the longitudinal components of

the magnetic field. For example Ehs
is a sum (of the discrete values of the south polarity) of

squared moduli of the longitudinal components of the magnetic field. The other parameters

of this group were computed similarly. It is clear that Eha
¼ Ehs

þ Ehn
, and Eva

¼ Evb
þ Evr

.

The physical meanings of this group of parameters are clear. The first three parameters (the

Eh parameters) allow us to obtain the estimations of the magnetic field energy in a layer of

unit thickness with equal areas for the south polarity area, for the north polarity area and for

all AR areas. The second three parameters (the Ev parameters) allow us to obtain the estima-

tions of the energy of the hydrodynamic motion in the layer of unit thickness for the red-shift

area, the blue-shift area and all AR areas. The values of all parameters in this group are repre-

sented below in relative units. To convert these values into absolute values we must multiply

all h parameters by a constant which is equal to approximately 2:4 � 1015 erg and all v

parameters by a constant equal to approximately 2:1 � 1015 erg. As one can see, these con-

stants have very close values and this allows us make a quantitative comparison between the

energy of the magnetic fields and the energy of hydrodynamic motions in relative units.

We should make some remarks about such energy estimations that seem to be important.

The kernel of the problem is in the essential dependence of these parameter values on the

discrete area (area that the cell covers). This is because the dimensions of these cells deter-

mine the scale of averaging of the magnetic and hydrodynamic fields. So in this paper a cell

dimension equal to approximately 1:700 � 1:8400 or about 1:65 � 106 km2 neutralizes all mag-

netic and hydrodynamic flows with cross-sections less then these dimensions. We do not

know the energy distributions of flows of various cross-sections and, if on a small scale

the flows have considerable energy (which is quite possible), then we can underestimate

the energy values. Otherwise it must be remembered that the lower values of the energy para-

meters cited here represent their lower bounds.

However usually there is no need to know the total energy values. It is often important to

know the dynamics of their changes and in these cases our energy parameters can be very

useful. So the sum F ¼ Eha
þ Eva

gives us an estimate of the free energy of an AR. The

change in F relative to the change in area gives (see for instance the book by Landau and

Lifshits (1976) an estimate of the equivalent pressure in an AR. Therefore it appears possible

to develop thermodynamic models of ARs, which are based on only the observational data.

Such empirical phenomenology could become the starting point for the theory of ARs as dis-

sipative structures arising and existing in the thermodynamically non-equilibrium plasma of

the upper layers of the Sun. For realization of this idea it is important to be in a position to

derive from observations more such parameters (the more the better) with clear thermo-

dynamic meaning.

3.4 Entropies

In this connection let us consider the following group of parameters: Shs
, Shn

, Sha
, Svb

, Svr
and

Sva
. These are the Shannon structural entropy parameters defined for the magnetic and velo-

city fields of the ARs. The values of these parameters can be easily obtained from observa-

tions in the following way. Let, for instance, hs be the value of the longitudinal component of

the magnetic field with a discrete south polarity. The ratio pðiÞ ¼ hsðiÞ=Hs can be interpreted

as the probability density of distributions of the elementary fluxes in discrete areas. Then the

value of entropy of south polarity can be computed from (Klimontovich, 1987)

Shs
¼

XNhs

i¼1

pðiÞ ln
1

pðiÞ

� �
:

All six parameters of this group were computed by similar formulae.

INTEGRAL PROPERTIES OF SOLAR ACTIVE REGIONS 339
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The range of variation in entropy values depends on the number of discrete areas over

which we obtain the sum. So, if all flux is concentrated in one discrete area, then the entropy

of such a flux distribution is equal to zero. If, in another singular case, Hs is uniformly dis-

tributed over all corresponding discrete areas, then the entropy reaches its maximum value

equal to lnðN Þ, where N is the number of discrete areas over which we obtain the sum. In

all real cases the value of entropy lies between these two bounds. So this group of parameters

can be useful as quantitative characteristics of the degree of flux concentration.

As in the case with energies, the direction (sign) and rate of time variations in these param-

eters are more important than its absolute values, which, as was noted above, depend on the

cell dimensions. From the time series of these parameters we can estimate at any instant in

time the entropy production in every polarity and in the AR as a whole to obtain their differ-

ences dS=dt. It is clear that, if dS=dt < 0, then an increase in the field concentration takes

place at a rate dS=dt. If dS=dt > 0, then the AR exhibits a relaxation tendency to smooth

its fields concentration.

3.5 Coordinates

The next group of parameters uses the information on coordinates. Time variations in these

parameters allow us to obtain quantitative information about the main kinematic tendencies

in ARs and even to make some classification of ARs by their kinematic properties. These

parameters are as follows: Xhs
and Yhs

are the average coordinates of the south polarity centre

weighted by the magnetic fluxes; Xvb
and Yvb

are the coordinates of the blue-shift area centre

weighted by the velocity fluxes; Xhn
and Yhn

, Xvr
and Yvr

are the north magnetic polarity and

the red-shift area corresponding coordinates centres respectively; Xha
, Yha

, Xva
and Yva

are the

average coordinates weighted by the modulus of the magnetic fluxes ‘magnetic centre’ and

by the modulus of the velocity fluxes ‘velocity centre’ of an AR respectively.

In this paper all these coordinates were computed as relative and delineated by discrete

numbers from the top left corner of the frames. There is no need to consider the correspond-

ing absolute solar coordinates in this paper although observational data allow us to obtain

these. So the last four parameters cannot be used for analysis of the centre of gravity of

an AR. They are used here only to calculate the motions of the polarity centres relative to

the centre of the AR. From these parameters we calculate the distance between the weighting

centres of fluxes, Rsn
and Rbr

, and the angles between these axes and the local parallel, Asn
and

Abr
.

We calculated also the length of field inversion lines: Lh for the magnetic field and Lv for

the velocity field. Along both of these lines we summed normal to the field gradients Gh and

Gv and calculated their line densities from dGh
¼ Gh=Lh and dGv

¼ Gv=Lv. The last six

parameters give us some additional quantitative information on the structure features of ARs.

3.6 General comments

The parameters in Sections 3.1–3.5 are the basic parameters required. Below, in the paper,

other parameters appear which were calculated from these basic parameters. They will be

determined as they appear in the text.

4 SOME INTEGRAL PROPERTIES OF MAGNETIC FIELDS AND VELOCITY

FIELDS IN SOLAR ACTIVE REGIONS

In this section we shall discuss the most common properties of solar ARs in terms of the

average values of several of their parameters. The average (over the total observation time)

340 O. CHUMAK et al.
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values of parameters for each of the ARs were calculated from the observational data

described above. We also use daily average values of the sunspots areas of the ARs and

the flare indices according to Solar Geophysical Data, 1989, Apr. P2, May P2, Jun. P2,

Oct. P2, Nov. P2, Dec. P2.

In Figure 1 we can see average (over the total observation time) fluxes in the longitudinal

velocity component for six ARs. From the ten ARs considered, we obtain only six of them

because for the other four (see Table 1) we had no data velocity. The open rectangles pointing

down from zero correspond to downward flow (red shift, Vr) fluxes, and the full rectangles

pointing up from zero the upward flow (blue shift Vb) fluxes. The numbers of ARs according

to NOAA are shown along the abscissa axis. Values of the hydrodynamic flows are repre-

sented in Figure 12 in relative units. In order to obtain the estimate of the flow values in abso-

lute units (kilograms per second) one should multiply the ordinate values by a factor of about

4 � 1014. From this figure we can see that (for the Hb level) the downward flow fluxes are a

few orders of magnitude greater than the upward flow fluxes for all the ARs. The mean

square deviation for these values has the same order of magnitude as the values of the upward

flow fluxes.

The ‘disbalance’ Dv between the downward flow and upward flow for every AR was

calculated from the formula

Dv ¼
Vb þ Vr

jVbj þ jVrj
:

Taking into account that Vr is negative by definition we conclude that Dv can possess a value

in the interval between þ1 and �1. The value þ1 corresponds to the case when one can

observe upward flow only, and the value �1 when one can observe downward flow only.

The case when Dv ¼ 0 corresponds to exact balance of upward and downward flows.

For the six ARs shown in Figure 1, the mean observation of this parameter is equal to

�0.8. The minimum value Dv ¼ �0:4357 has a superactive region NOAA 5395 (March

7–17, 1989) and the maximum value Dv ¼ �0:997 also has a region that is very active,

NOAA 6569 (September 1–12, 1989). Some other ‘disbalance’ parameters were calculated

in a similar way. Among these are the magnetic flux ‘disbalance’ Dh and the entropy ‘dis-

balances’ Dsv and Dsh due to the velocity flows and magnetic fluxes respectively. All these

‘disbalances’ parameters are important as they allow us to obtain numerical estimates of

FIGURE 1 Average (over the total observation time) hydrodynamic fluxes in six ARs (in relative units): u, Vr;
j, Vb.

INTEGRAL PROPERTIES OF SOLAR ACTIVE REGIONS 341
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the degree of openness of the AR as a physical system. In this sense they are similar to the

Trieste numbers, which were proposed by Veselovsky (1999) for a scaling description of the

heliospheric plasma.

Figure 2 shows the average (over the total observation time) total hydrodynamic (Va) and

total magnetic (Ha) fluxes for each of six ARs in comparable units. Values of the hydro-

dynamic and magnetic flows are represented on Figure 2 in a similar way to Figure 1 in

relative units. In order to obtain the estimate of the flow values in absolute units, one should

multiply the ordinate values by a factor of about 4 � 1014 kg s�1 for hydrodynamic flows and

by factor of about 2 � 108 Wb for magnetic flows. One can see a total lack of any correlation

between these parameters. This fact (in particular) testifies against any connection between

the magnetic field sources and the plasma motions on a photospheric level.

Figure 3 shows the average (over the total observation time) Shannon entropies of the velo-

city fields for the same six ARs. From this figure one can see that structure of the downward

flow Svr
is more complicated and smooth than that of the upward flow Svb

. There is also the

interesting fact that the average entropies of the downward flow plasma are almost equal to

each other independently of both the total sunspot areas S and the total flare indices F of the

ARs (Figure 4). The entropy ‘disbalance’ DSv for velocity field is equal to 0.23� 0.07.

Figure 4 represents the average (over the total observation time) total sunspot areas S and

the average relative flare indices F for seven ARs in dimensionless units: the sunspots areas S

in MPHs were divided by MS (the average S value for the seven ARs) and the relative flare

indices were divided by MF (the average F value of the seven ARs). One can see a good cor-

relation between these parameters.

FIGURE 2 Comparison between the magnetic and the hydrodynamic fluxes: , Ha; u, Va.

FIGURE 3 Shannon entropies of the velocity fields: u, Svr
; , Svb

.

342 O. CHUMAK et al.
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Figure 5 represents the average (over the total observation time) values of magnetic fluxes

for north and south polarities in all ten ARs in dimensionless units in a similar way to Figure

4. MHa
is the average of the distribution of Ha. From this figure we can see that these fluxes

are more balanced than plasma flows (see Figure 1). The average (over all ten ARs)

‘disbalance’ value Dh for magnetic fluxes is equal to þ0.15 with a standard deviation of

�0.18. For plasma flows the ‘disbalance’ value Dv is equal to �0.80 with a standard devia-

tion of � 0.20. Both the maximum value Dh ¼ þ0:75 and the minimum value Dh ¼ þ0:014

of the magnetic flux ‘disbalance’ were found to be in the regions that are least active (of the

ten regions): NO 5441 and NO 5686 respectively. Figure 6 represents the average (over the

total observation time) Shannon entropies of north and south magnetic fluxes for all ten ARs.

We can see that the average values of this parameter for all ten regions do not have significant

differences and the ‘disbalance’ of fluxes is also very small. In contrast, in the case of the

velocity fields it should be recalled that a very different picture was encountered.

5 RELATIONSHIP BETWEEN THE TOTAL SUNSPOTAREAS AND THE TOTAL

MAGNETIC FLUXES IN SOLAR ACTIVE REGIONS

In this section we discuss some features of the time behaviour of the total magnetic flux Ha

and the total sunspot area Sa for four solar ARs (NOAA 5395, 5629, 5643 and 5680). In

FIGURE 4 Relative total average sunspot areas S=MS ( ) and relative average flare indices F=MF (u) for seven
ARs.

FIGURE 5 Average values of magnetic fluxes for north (Hn=MHa
) ( ) and south (Hs=MHa

) (u) polarities in ten
ARs.
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Figures 7–10 the total magnetic flux and the total sunspot area are presented in dimensionless

units: Sa=MSa
and Ha=MHa

, where MSa
and MHa

are the averages (over the total observation

time) of Sa and Ha for the corresponding AR. Figures 7–10 are representative examples of

time variations in the total relative (i.e. normalization by the observation time average) sun-

spot areas and total relative (in the same sense) magnetic fluxes for four ARs. One can see

from these plots the correlations between these two parameters, from a high positive (normal)

correlation (Figure 10) to a high negative correlation (Figure 7). Between these two extreme

FIGURE 6 Entropies of magnetic fluxes of north and south polarities: , Shs
; u, Shn

.

FIGURE 8 Similar to Figure 7: s, Ha=MHa
; e, Sa=MSa

.

FIGURE 7 Time variations in the total sunspot area (Sa=MSa
) (�) and the total magnetic flux (Ha=MHa

) (s) for
NOAA 5629.
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cases, one can see the shifts in the curves from each other. The ARs with positive correlations

between the total sunspot area and the total magnetic flux showed low and moderate flare

activity while the ARs with anticorrelations showed high flare activity. So from Figure 7

we can see that for March 10–11, 1989, a high increase in magnetic flux has occurred at

the same time as minimization of the total sunspot areas. The decrease in the magnetic

flux during March 12–14, 1989 coincided with an increase in sunspot area. Thus, on these

dates, flares were observed in this AR.

6 TIME VARIATIONS OF DAILY AVERAGE INTEGRAL PARAMETERS

Besides the total sunspot area and the total magnetic flux there are some other integral para-

meters in ARs with interesting features in their time variations. As in theprevious section we

use here only the daily averages of the parameters.

Simultaneous time variations in the total magnetic flux in the north polarity, Hn, and its

area, Nhn
, are shown in the Figure 11. Similar to the variables in the previous section the

area and flux are given in dimensionless units. This is presented as a typical case. In

particular, one can see a sharp increase in magnetic flux under a simultaneous decrease in

its area during September 3–4, 1989. The case is similar to the situation on March 10–11,

FIGURE 9 Similar to Figure 7: e, Ha=MHa
; u, Sa=MSa

.

FIGURE 10 Similar to Figure 7: s, Ha=MHa
; �, Sa=MSa

.
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1989, in NOAA 5695 (see Figure 8). Such a relationship between the flux and area is possible

when the flux increase is large.

In Figure 12 the logarithm of the daily average of the total length of the magnetic field

inversion line for three large ARs (NOAA 5629, 5634 and 5643) is shown by open circles.

These regions could be observed almost simultaneously from August 7 to August 22, 1989.

Two curves in this plot show the logarithm of the daily average solar X-ray flux power

(W m�2) obtained from NOAA Bolder data; curves XL and XS are the upper and lower limits

respectively. It can be seen that the correlation between these parameters is fair. The point for

August 18, 1989, moved away from curve XS owing to neglect of data for some small ARs

which were observed at this time and could contribute to the total X-ray flux.

Figure 13 shows the time variation in F ¼ Eha
þ Eva

mentioned in Section 3.3. It is

assumed that F had a sufficiently simple correlation between the derivative of the free energy

of an AR area, with respect to P ¼ dF=dNha
, and the pressure. Each point on the chart repre-

sents the daily average of the F parameter in NOAA 5395.

FIGURE 11 Time variations in the area Nhn
and flux Hn of the north polarity for NOAA 5669.

FIGURE 12 Logarithm of the total length of the inversion field line for three ARs in August 1989 (s) and X-ray
fluxes (XL and XS values (——)).
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Figure 14 shows the time variation in P in the same AR (solid curve with open squares)

and electron and proton time variations at the same time obtained from NOAA–NGDC

Bolder data (http://www.sel.noaa.gov/Data). We can see that the correlation between these

parameters could be obtained and the time changes in P correspond to the changes in particle

fluxes.

7 SHORT-SCALE TIME VARIATIONS IN THE INTEGRAL PARAMETERS OF

ACTIVE REGIONS

We can see that there are high correlations between the integral parameters of some ARs and

X-ray fluxes; this is also true for data with an even better time resolution. So, for example in

Figures 12–14, the time variations in the velocity flow in the AR NOAA 5395 for March 11

and 13, 1989, are given. The time series of observation data for these dates have sufficient

FIGURE 13 Time variation in the F parameter in NOAA 5395.

FIGURE 14 Time variations in P in NOAA 5395.
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time resolution for them to be compared with the 5 min average NOAA–NGDC Bolder data

for X-ray fluxes (http://www.sel.noaa.gov/Data). During these dates there was only one

superactive region on the Sun disc. A few other ARs were small and of low activity. So

we can suppose that almost all X-ray flux was due to the superactive region.

Figures 15 and 16 show the time variations in the red-shift and blue-shift fluxes respec-

tively in the AR of NOAA 5395 for March 11, 1989. The curves without open symbols

show 5 min averages of the logarithm of Sun X-ray power fluxes (W m�2); curves XL and

XS are the upper and lower limits respectively. The curves with open symbols correspond

to velocity flow in the AR. In Figures 15–20 the time (x axis) is given in parts of days. At

11.145 and 11.220 days (Figure 15) we can see a sharp degradation in red-shift flow and

a simultaneous sharp increase in the blue-shift flow. The corresponding points are very pro-

nounced in the Figures. That is, at these moments, we can see the beginning of the X-ray

flares at the M ¼ 2:0 and M ¼ 2:3 points correspondingly. The maximum values of the

X-ray flux were observed with some delay (about 10–15 min) after velocity bursts. Similar

situations can also be seen in the figures for March 13, 1989 (Figures 17 and 18). From

these two last figures one can see that the X-ray flare with X ¼ 1:2 (see the date interval

FIGURE 15 Red-shift flux and X-ray flares in NOAA 5395 (March 11, 1989).

FIGURE 16 Blue-shift flux and X-ray flares in the same AR and in the same times.
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from 13.12 days to 13.17 days) was preceded by a sharp increase in the blue-shift flow and a

sharp decrease in the red-shift flow. The time delay in the X-ray flow maximum relative to the

maximum value of the velocity flow was about 15 min, as in the previous cases. Not only do

the velocity time variations have a close correlation with X-ray flares but also we discovered

that time variations and other parameters that can be obtained from velocity maps show good

correlations with X-ray flares. So we can state definitely that the velocity field pattern was

sharply changed before the X-ray flow increases and further during all the time of the X-

ray flare.

Figure 19 shows time variations in the structure parameter X (curve with open diamonds)

and X-ray flux variations. The structure parameter X was specified by Chumak (1992). We

can see from this figure that the fast and considerable changes in the velocity field structure

preceded and followed X-ray flares.

Figure 21 shows time variations in the line velocity inversion length and time variations in

the X-ray flux. We can see from this figure that X-ray flares preceded and followed essential

variations in the field velocity inversion line length.

FIGURE 17 Red-shift flow and X-ray flares in the same AR on March 13, 1989.

FIGURE 18 Blue-shift flux and X-ray flares in NOAA 5395 on March 13, 1989.
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FIGURE 19 Time variations in the structure parameter X during the time of X-ray flares in NOAA 5395 on March
11, 1989.

FIGURE 20 Time variations in the length of the velocity field inversion line during the time of X-ray flares in
NOAA 5395 on March 13, 1989.

FIGURE 21 Correlation between the sunspot area (in MPHs) and flare index for seven ARs.
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8 SOME BINARY CORRELATIONS OF INTEGRAL PARAMETERS; PROBLEM

OF NUMERICAL IDENTIFICATION OF THE CURRENT STATES OFACTIVE

REGIONS

The time variations that we considered in the last section give us important information about

individual peculiarities of ARs. This information can be interesting from a practical point

of view, for forecasting geomagnetic events for instance. However, from the viewpoint of

physical theory of solar ARs the correlations between various integral parameters, which

are independent of time, seem to be more important. Let us consider initially two such

invariant correlations for example.

Figure 21 shows the correlation between the daily average flare index and the daily average

sunspot area for seven ARs. This figure provides in another form the data that we have

examined in Figure 4. From Figure 21 we can see a good linear correlation between these

parameters (reliability of the approximation, R2 ¼ 0:945).

Figure 22 shows us a sufficiently high correlation of the flare index with the daily average

magnetic field gradient calculated along the inversion line for NOAA 5629.

We can give more examples of good correlations between the flare index and some param-

eters of the magnetic field or velocity field in solar ARs. For instance in the paper by Bao

et al. (1999) a temporal relationship between chromosphere Hb flares and photosphere cur-

rent helicities in ARs has been obtained. These examples are sufficient to illustrate the idea

that flare activity in an AR depends on their current status and that the number of AR integral

parameters shows strong correlations with the relative flare index.

So we can consider some of our AR integral parameters as the AR state parameters. From

the theory point of view, binary correlations of such state parameters are of specific interest.

For example Figure 23 shows the correlation between two such state parameters for the AR

NOAA 5395; namely the above-mentioned parameters P and Nha
. If we suppose that the

volume of the AR differs from the area Nha
by some constant multiplier factor, then we

can regard the correlation shown in Figure 23 as the analogue of the familiar thermodynamic

(P, V ) diagram.

The next example is given in Figure 24. In this figure the correlation between the Shannon

entropy and total magnetic flux area for the AR NOAA 5629 is shown. We can regard this

correlation also from a thermodynamics point of view.

FIGURE 22 Correlation between the flare index and the average (along the inversion line) gradient of the magnetic
field (in gauss per discrete area).
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FIGURE 23 Correlation between P and the area for the AR NOAA 5629.

FIGURE 24 Correlation between the entropy and the magnetic flux area for the AR NOAA 5629.

FIGURE 25 Correlation between the entropy and the magnetic flux area for NOAA 5629.
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The last correlation of this kind is given in Figure 25. Here one can see the correlation

between the Shannon entropy and magnetic flux area for all ten ARs. This correlation is

also of some interest for the thermodynamics of ARs. We can see from Figure 25 that

ARs have different positions on the plot. So a comparison of Figures 24 and 25 shows

that an extension of the AR NOAA 5629 has been located in the top right corner of the

plot during the total AR observation time.

9 DISCUSSION

In this paper we analyse the problem of obtaining the minimum number of quantitative

parameters, which are necessary and sufficient for unique identification of the current state

of an AR. It is possible to propose many such parameters as can be seen. The problem is

to select from this large quantity of parameters the minimum number of necessary and suffi-

cient for our purposes. In principle we could obtain a solution of the problem with the help of

a physical model of the AR if such a model exists. As is known, there are no strong physical

models of an AR. There are only a few reliable scenarios, which ambiguously interpret the

origin and development of this magnetohydrodynamic structures. Uncertainties in the theory

do not allow us to solve our problem uniquely.

Conventionally one can consider all magnetoplasma models on three levels: thermo-

dynamic or virial level; that is a simple model giving a very overall and averaged description;

magnetohydrodynamic level, that is a more complete model giving a more detailed picture of

the dynamics of magnetic and velocity fluxes; kinetic level corresponding to a very complete

and detailed model. One can see a good interrelation between theory and observations when

the detailed theory corresponds to accuracy of observations.

So kinetic models are good for understanding the physical processes in interplanetary

plasma and solar corona. Magnetohydrodynamic models of physical processes and mag-

netoplasma structures above the photospheric level and many highly accurate observations

agree well now and, as a result, we can see an advanced understanding of physical processes

in this region.

On the contrary, we have very poor information about the regions lying under the photo-

spheric level, and it is these levels that produce the ARs and control their dynamics and

development. We can draw conclusions about the physical state and physical processes in

subphotospheric layers only from observation of the photosphere level and from a few helio-

seismological results. So we have only a few direct and accurate observations of these layers.

Under these conditions, one can propose using magnetohydrodynamic theory many essen-

tially different scenarios that do not contradict all these observational data. Therefore the

quantity and quality of these observational data for subphotosphere layers are not sufficient

to construct a strong and single-valued magnetohydrodynamic model for ARs.

It is quite possible that a less detailed and more widely applicable model of thermo-

dynamic type could be better than the more challenging models under these conditions.

As long as the subphotosphere plasma is an inhomogeneous and non-equilibrium medium,

then we can discuss ARs in terms of non-equilibrium structure theory, and non-equilibrium

thermodynamics can be regarded as a meta-theory, suitable for the design of AR models.

Such models of ARs can be based on common physical techniques such as conservation

laws, virial proportions and scaling evaluation. In such an approach some invariant propor-

tions between integral parameters of an AR can be interpreted as dependences between

thermodynamic state functions. The determination and examination of such dependences

can allow us theoretically to find the state equations and to construct the closed phenomen-
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ological theory of ARs completely, based on observational data. Such a closed theory can in a

natural way solve the problem concerning the number of parameters necessary and sufficient

for unique identification of the current states of the AR. So the non-equilibrium thermo-

dynamics of solar ARs can be constructed by extracting from observational data the exten-

sive and intensive parameters having a thermodynamic sense. We considered some of these

parameters in this paper. Such parameters as the magnetic polarity areas, the red-shift and

blue-shift region areas, the Shannon entropies of magnetic and velocity fluxes, the total mag-

netic fluxes of different magnetic polarities, the total velocity fluxes in the red- and blue-shift

regions and the total energies of the magnetic field and velocity field are extensive param-

eters. Examples of intensive parameters are the average magnetic fields of different polarities,

the average red and blue shifts and the parameter P can analogue of pressure. It should

be noted that a few nondimensional intensive parameters define the ‘disbalance’ of exten-

sive parameters and thus quantitatively characterize the level of openness of an AR as a

thermodynamic system.

The invariant correlation between the parameters (see Figures 23–5, for instance) can be

regarded as a basis for searching for the state equation for ARs as thermodynamic systems.

This state equation could be based only on observational data and so it could be a good basis

for theoretical developments in the construction of AR models as open thermodynamic

systems.

However, we should note a few peculiar properties of solar ARs as thermodynamic

systems. The first is the high degree of their openness. For some of these ARs the ‘dis-

balance’ of the indices reaches large values. In the light of this fact the current states of

these systems can be very dependent on external conditions. One such condition could be

the hydrodynamic situation in the region where an AR arises and develops. As can be

seen from the observations, the motion of the magnetic flux tubes is very complicated some-

times and its statistical parameters can be very different for different ARs. As a result, a situa-

tion is possible where ARs with nearly the same total magnetic fluxes can demonstrate

essential differences in activity levels. It has been shown (Chumak et al., 1987) that two para-

meters mentioned above, namely distance between the polarity centres in an AR and the cor-

ner between the magnetic axis of the AR and the local parallel, in most cases are sufficient to

describe the kinematic peculiarities of ARs. The number of correlations between these

parameters and other properties of ARs have been discussed by Tian et al. (1999).

The second feature of solar ARs as thermodynamic systems is the presence of some exten-

sive and intensive parameters of non-thermodynamic type but very effective for describing

the current state of ARs. They include the following parameters: the length of the magnetic

field inversion line, the length of the velocity inversion line, the maximal and average gradi-

ents along the inversion lines mentioned in this paper, and the current helicity discussed

by Bao et al. (1999). The mutual relations between these parameters and parameters of

thermodynamic type are vague at the present time.

There are questions also about some thermodynamic parameters, which should be clari-

fied, for example whether our parameter F represents the free active region energy suffi-

ciently well. Another question is whether the informational entropy mentioned in this

paper has a thermodynamic sense or not. Now we can assert that it has (Ebeling, 1976;

Klimontovch, 1987, 1990). However, it is clear that statistical and canonical distributions

should correspond to the system, which creates the considered structures and for which

free energy and entropy are determined as state functions. If, as in our case, these functions

are magnetic fluxes, then it should be the statistics and distributions of those magnetoplasma

elements from which these magnetic fluxes were constructed.

We discussed above the high correlation between the total magnetic fluxes and the total

red-shift fluxes in the ARs. This observational result has been discussed in a number of
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papers (see for example Bonacini et al. (1989)). It is a very interesting problem. The fact that

an AR boundary depends on the method of observation and even the concept of boundary is

very relative. An AR in white light is a sunspot group. In that case we have a multilinked area

equal to the total sunspot area. In magnetometric observational data for the same AR we can

see that the region with a magnetic field greater than the background value has an essentially

larger size than the total sunspot area. Observing the ‘disbalance’ index for velocity fields

(�0.8, i.e. the red-shift flux is 80% of the total flux) means that the hydrodynamic flux

space associated with an AR is larger then magnetic flux space. So we can assume that either

ARs as dynamic systems are more extensive objects than the corresponding sunspot groups

and magnetic fluxes, or that ARs arise in downward flow regions. In both cases the problem

of coordination of that observational fact with the scenario of magnetic flux tubes floating to

the surface (Parker, 1958, 1979) does not have a good solution at present.

From a practical point of view there are interesting results on the correlations of various

AR integral parameters with particles and X-ray flow variations (see Figures 12–20).

These results could be used for space weather forecasting.

From a theory point of view there is the interesting fact that changes in the total sunspot

areas and total magnetic fluxes in some ARs have an irregular character (see Figures 7–9).

This effect is associated with the magnetic y pinch well known in plasma physics; this occurs

where an increase in magnetic flux in the magnetic flux tube correlates with a reduction in its

cross-sectional area. Plasma ejection from the magnetic flux tube is one of the corollary fact

of this effect. Something similar may take place in solar ARs from time to time.

The main result of this paper from our point of view consists of the fact that investigation

of time variations and mutual correlations of the AR integral parameters is very promising

from both theoretical and practical points of view. We hope to offer the results of examina-

tions of some special questions from this field in subsequent papers.
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