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ABSTRACT

The study aims to analyze the magnitude and dynamics of the full electric current, as well as its components – the
vertical and horizontal electric currents – in active regions (ARs) with different levels of flare productivity. To calculate
the magnitude of the electric current, we used data from the Helioseismic and Magnetic Imager (HMI) on board the
Solar Dynamics Observatory (SDO) on the spatial distribution of the magnetic field vector components at the level
of the solar photosphere. Twelve ARs were studied: three ARs with low, three ARs with moderate, and six ARs with
high flare productivity. Each AR was monitored within 30–35 degrees relative to the central solar meridian, which
corresponds to a time interval of 3–5 days. The preliminary results are as follows: (1) In most of the considered cases,
the average unsigned density of the horizontal electric current is 1.5–4.5 times greater than the density of the vertical
electric current; the magnitude of the full electric current is thus determined mainly by the horizontal electric current.
(2) In NOAA AR 11283 and 12297, the time intervals of several tens of hours were revealed; within these intervals the
average unsigned density of the vertical electric current is approximately equal to or greater than the average unsigned
density of the horizontal electric current. (3) In NOAA AR 11158 and 12673 of the analyzed sample, in which the
emergence of new magnetic fluxes was recorded during the monitoring time, an increase in the magnitudes of the
vertical, horizontal, and full electric currents is observed 18–20 hours before the first solar flares of high X-ray classes;
the time of increase in the electric current is significantly less than the time interval of increase in the magnitude of
the total unsigned magnetic flux. (4) There is no explicit relationship between the magnitude of the full electric current
and the flare productivity of an AR determined by the flare index. (5) The highest absolute values of the full electric
current density are characteristic of ARs with moderate flare productivity.
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1 Introduction

Electric currents play a significant role in the evolution of
active regions (ARs). In the early work of Alfven, Carlquist
(1967), it was noted that “the description of a series of pro-
cesses in the solar atmosphere in terms of the electric current
is often more interesting than in terms of the magnetic field.”

The full electric current has two components: vertical
and horizontal. The vertical electric current is easier to cal-
culate: it requires data on the transverse magnetic field at
a given level of the solar atmosphere. There are two ap-
proaches to calculating the vertical current: the differential
method, which can be considered classical as it was used in
the early studies of electric currents in the solar atmosphere
(see, e.g., Severnyi, 1965); and the integral method, which
began to be applied in the 1980s (Abramenko, Gopasyuk,
1987).

The situation is significantly worse for calculating the
horizontal electric current, as it requires information about
the vertical component of the magnetic field at two lev-

els of the solar atmosphere. Although dual-channel mag-
netographs were developed in their time (Stepanov, Severny,
1962; Ioshpa, Mogilevskii, 1965; Kuznetsov et al., 1966;
Severny, 1966; Livingston, 1968), they have not been widely
adopted to this day. Moreover, systematic measurements of
magnetic fields at two heights with good temporal and spa-
tial resolution are entirely absent. This makes it impossible
to directly calculate the horizontal electric current using ob-
servations in two spectral lines formed at different heights,
as was done in the 1960s and 1970s (see, e.g., Kotov, 1970,
1971). Consequently, alternative and often indirect methods
for calculating the horizontal current must be sought. For ex-
ample, Hofmann and Staude (1987) estimated the azimuthal
component of the electric current by assuming a specific ge-
ometry of a highly inclined magnetic flux tube forming an
isolated sunspot. Pevtsov and Peregud (1990) assumed az-
imuthal (cylindrical) symmetry to derive three components
of the electric current. In the late 1990s, Chinese astronomers
proposed a rather interesting method for estimating horizon-
tal electric currents. Their approach uses real vector magne-
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tograms at one level of the solar atmosphere, which serve as
boundary conditions for calculating the magnetic field vector
components at the second level (Ji et al., 1998). A method
for calculating the horizontal current was also proposed by
Abramenko (2008). In this case, by considering a thin layer
and applying straightforward mathematical calculations and
some assumptions, it is possible to estimate horizontal cur-
rents in the solar photosphere. This method was later refined
and tested (Fursyak, Abramenko, 2017). It is this approach
that is used in this work to calculate the horizontal electric
current. It should be noted that the values of horizontal elec-
tric current density obtained using the above methods are in
good agreement with each other not only by order of magni-
tude but are close in absolute values, and they correlate with
the results of earlier works (e.g., Kotov, 1970).

This work aims to study the dynamics of the full electric
current and its components (vertical and horizontal currents)
and to identify patterns and features of the temporal varia-
tions of the electric current in regions with different levels of
flare productivity. Given the current lack of systematic mea-
surements of horizontal electric currents and, consequently,
the inability to study their dynamics, as well as the dynamics
of the full electric current, the tasks addressed here represent
a new direction of research, and the presented results are
unique in their kind.

2 Data

The main body of the work (calculation of magnetic field pa-
rameters and electric currents) is based on magnetographic
data from the Helioseismic and Magnetic Imager (HMI,
Scherrer et al., 2012) on board the Solar Dynamics Observa-
tory (SDO, Pesnell et al., 2012). We used the Space-Weather
HMI Active Region Patches (SHARP, Bobra et al., 2014)
magnetograms of the magnetic field vector components at
the level of the solar photosphere in cylindrical coordinates
with a temporal resolution of 12 minutes and a spatial res-
olution of 0.5′′ pixel−1 (data series hmi.sharp_cea_720s),
available on the Joint Science Operations Center (JSOC)

website1. Along with magnetographic data from the JSOC
website, we additionally downloaded a bitmap mask (allow-
ing the selection of an AR with a unique National Oceanic
and Atmospheric Administration, NOAA, identifier on a rect-
angular SHARP magnetogram) and a conf_disambig mask
(allowing the selection of pixels on the magnetogram where
the 𝜋-ambiguity of the azimuth of the transverse magnetic
field has been resolved with high confidence).

To plot graphs exhibiting the dynamics of the X-ray
flux in the 1–8 Å range in Earth’s orbit, we additionally
used data from the GOES-15 spacecraft2, as well as data
from the catalog of the magneto-morphological classifica-
tion (MMC) of ARs3 developed by Abramenko et al. (2018)
at the Crimean Astrophysical Observatory and modified in
2021 (Abramenko, 2021), which, in addition to information
about the type of an AR, also contains data on the most
powerful flares recorded in the region and its flare index.

3 Targets

We examined 12 ARs of solar cycle 24. The basic param-
eters of the studied regions are presented in Table 1. The
second column of the table lists the region number accord-
ing to the NOAA classification; the third column shows the
monitoring time of an AR (corresponding to the time inter-
val during which the region was within ±35◦ relative to the
central solar meridian). The fourth column provides the time-
averaged value of the total unsigned magnetic flux (averag-
ing over time is denoted by an overline). The total unsigned
magnetic flux of an AR was calculated using the formula
Φ = 𝑠pix × ∑ |𝐵𝑧 |bitmap+575, where 𝑠pix is the pixel area on
the HMI/SDO magnetogram, and

∑ |𝐵𝑧 |bitmap+575 is the sum
of the absolute values of the magnetic field strengths at a

1 http://jsoc2.stanford.edu/ajax/lookdata.html
2 https://www.ncei.noaa.gov/data/goes-space-environment-monitor/
access/full/
3 https://sun.crao.ru/databases/catalog-mmc-ars

Table 1. Basic parameters of the analyzed ARs.

№ AR Monitoring Φ, AR type Most powerful Flare < | 𝑗𝑧 | >, < | 𝑗⊥ | >, < |𝐽 | >,
number time 1022 Mx (MMC) flare index mA m−2 mA m−2 mA m−2

(NOAA) (FI)

1 2 3 4 5 6 7 8 9 10

1 11158 12-15.02.2011 0.76 B2 X2.2 15.02.2011 59.26 4.10 7.07 8.18
2 11283 04-07.09.2011 0.39 B2 X2.1 06.09.2011 45.61 3.12 3.99 5.10
3 11302 27-30.09.2011 1.49 A2 X1.9 24.09.2011 78.79 3.53 6.57 7.47
4 11711 04-07.04.2013 0.29 A1 C1.7 03.04.2013 0.17 2.35 5.50 5.99
5 11890 07-10.11.2013 1.48 A2 X3.3 05.11.2013 55.63 3.23 9.88 10.40
6 12297 11-14.03.2015 0.83 B3 X2.2 11.03.2015 46.32 4.62 4.40 6.43
7 12305 25-29.03.2015 1.08 B1 C8.7 25.03.2015 1.33 2.69 4.84 5.57
8 12339 10-13.05.2015 2.17 B2 M1.9 06.05.2015 8.80 2.83 6.86 7.43
9 12443 02-05.11.2015 1.87 B2 M3.7 04.11.2015 11.84 2.78 12.40 12.71
10 12473 25-30.12.2015 1.20 B2 M4.7 23.12.2015 9.02 2.89 9.19 9.65
11 12673 02-05.09.2017 0.92 B3 X9.3 06.09.2017 223.83 3.99 8.75 9.63
12 12674 03-06.09.2017 1.40 A1 C5.2 30.08.2017 0.76 2.49 4.76 5.38

http://jsoc2.stanford.edu/ajax/lookdata.html
https://www.ncei.noaa.gov/data/goes-space-environment-monitor/access/full/
https://www.ncei.noaa.gov/data/goes-space-environment-monitor/access/full/
https://sun.crao.ru/databases/catalog-mmc-ars
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level of > 575 G (see Norton et al., 2017) within the bitmap
mask. The fifth column of the table indicates the region type
according to the MMC, where regions are divided into three
main types: U – unipolar, A – regions that follow the basic
empirical patterns established for sunspot groups, and B – re-
gions that violate the basic empirical patterns established for
sunspot groups. In the analyzed sample, there are no regions
of type U, four regions of type A, and eight regions of type
B. The sixth column of the table contains information about
the X-ray class of the most powerful flare recorded in the
studied AR and the date on which it was recorded. It is by the
maximum X-ray class of flares recorded in the AR during its
presence on the visible solar disk that its flare productivity is
determined here. Low flare productivity implies the record-
ing of only C flares; moderate productivity, the recording of
C and M flares; and high productivity, the recording of at
least one X flare in the AR, in addition to others. The sev-
enth column shows the value of the flare index (FI) of an AR
(Abramenko, 2005): FI = 1

𝜏
× (∑C + 10

∑
M + 100

∑
X),

where 𝜏 is the time (in days) the AR is on the visible so-
lar disk;

∑
C,

∑
M,

∑
X are the total importance of flares

of X-ray classes C, M, and X, respectively, recorded in the
AR. The flare index of an AR will be 1.0 (100.0) if one
flare of X-ray class C1.0 (X1.0) is recorded daily in the AR.
The analyzed sample includes three ARs with low flare pro-
ductivity (NOAA AR 11711, 12305, and 12674), three ARs
with moderate flare productivity (NOAA AR 12339, 12443,
and 12473), and six ARs with high flare productivity, three
of which (NOAA AR 11158, 11283, and 12673) had evo-

lutionary features during their monitoring time (emergence
of a new magnetic flux or intense movements of individ-
ual sunspots in a group). As can be seen from the data in
Table 1, the flare index of ARs with low flare productiv-
ity does not exceed a few units, that of ARs with moderate
productivity reaches values of about ten units, and that of
ARs with high flare productivity has values of several tens
of units, and in some cases (NOAA AR 12673) several hun-
dred. Columns 8–10 of the table contain information about
the average unsigned values of the density of the vertical, hor-
izontal, and full electric currents in the AR, averaged over the
monitoring time (4–5 days with a cadence of 12 minutes, i.e.,
averaging over time is performed over 400–600 points). More
details about these parameters are provided in Sections 4 and
5.

4 Methods for calculating analyzed
parameters

As noted in Introduction, to calculate the full electric current,
it is necessary to know the values of its components – the
vertical and horizontal currents.

There are two methods for calculating the vertical electric
current: differential and integral. Here, the integral method is
used. It is described in detail in Fursyak (2018). The approach
is based on the integral form of the Ampère law:

|jz|

|j
⊥
|

|J|

AR NOAA 11158 00:00UT 15.02.2014

|J| - |j
⊥
|

Fig. 1. Maps of the distribution of the modulus of the vertical (top left), horizontal (bottom left), and full (top right) electric current density in
NOAA AR 11158 at 00:00 UT on February 15, 2011 (approximately two hours before the X2.2 flare). The bottom right panel shows a map of
the difference between the values of the horizontal and full electric current density. The maps are scaled as follows: top left – from 0 (black)
to 0.01 A m−2 (white), bottom left and top right – from 0 (black) to 0.04 A m−2 (white), bottom right – from 0 (black) to 0.005 A m−2

(white). The white contour denotes the bitmap mask; the red contour, the conf_disambig mask. Blue contours denote sunspots in the AR with
an absolute magnetic field strength of more than 1000 G. The image scale is 270 × 137 Mm.
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(𝐼𝑧)𝑖, 𝑗 =
1
𝜇0

∫
𝐿

B𝑡𝑑𝑟, (1)

where 𝜇0 = 4𝜋 × 10−7 H m−1 is the magnetic constant; B𝑡 ≡
(𝐵𝑥 , 𝐵𝑦) is the vector of the transverse magnetic field of an
AR; 𝑑𝑟 is the integration element, equal in magnitude to the
pixel size on the HMI/SDO magnetogram (363 km); 𝑖 and 𝑗

are the coordinates of the pixel on the magnetogram where the
value of the vertical electric current is calculated. The integral
on the right side of expression (1) is calculated approximately
using Simpson’s method. The integration contour 𝐿 has a
rectangular shape and dimensions of 5 × 5 pixels. Averaging
the current over the area of the contour 𝐿 gives the value of
the vertical current density in its central pixel ( 𝑗𝑧)𝑖, 𝑗 .

The calculation of the horizontal electric current is per-
formed using the method described in Fursyak, Abramenko
(2017). The primary formula is Ampère’s law in differential
form:

𝜇0j = ▽ × B, (2)

and the final formula for estimating the square of the hori-
zontal electric current density is

𝑗2⊥ =
1
𝜇2

0

[(
𝜕𝐵𝑧

𝜕𝑥

)2
+
(
𝜕𝐵𝑧

𝜕𝑦

)2
]
. (3)

As can be seen, expression (3) allows only the absolute
value of the horizontal electric current density vector to be
determined, but not its direction. Thus, the direction of the
full electric current vector also cannot be determined. How-
ever, it is possible to calculate the full electric current density,
knowing the values of the vertical and horizontal current den-
sity in each pixel of the original magnetogram:

𝐽 =
√︁
( 𝑗𝑧)2 + ( 𝑗⊥)2. (4)

Examples of maps of the distribution of absolute values
of the horizontal, vertical, and full electric current density, as
well as a map of the difference between the full and horizontal
current density, are shown in Fig. 1.

5 Results

Based on the obtained maps of the vertical, horizontal, and
full electric current density distributions, the average un-
signed densities of the vertical < | 𝑗𝑧 | >, horizontal < | 𝑗⊥ | >,
and full< |𝐽 | > currents were calculated for all regions of the
analyzed sample. Temporal variations of the electric current
parameters were plotted for each AR over the monitoring
time. Examples of these plots are shown in Fig. 2 (typical
cases are presented).

As seen from the presented plots, the average unsigned
vertical electric current density < | 𝑗𝑧 | > significantly differs
for ARs with different levels of flare productivity: higher val-
ues of this parameter are characteristic of ARs with higher
flare productivity. Meanwhile, similar behavior is not ob-
served for the average unsigned horizontal and full electric
current densities. Thus, it can be concluded that the vertical

electric current is associated with flares in ARs, whereas the
horizontal current is involved in other processes.
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Fig. 2. Dynamics of the average unsigned density of the vertical
(green curve), horizontal (blue curve), and full (red curve) electric
currents in ARs with low (top), moderate (center), and high (bottom)
flare productivity. The black curve shows the dynamics of the total
unsigned magnetic flux of ARs; the gray curve, the solar X-ray flux
in the 1–8 Å range at the Earth orbit (according to GOES-15 data).
The X-ray classes of the most powerful flares recorded in the studied
ARs are indicated. Typical cases are presented.

It is also evident from the plots in Fig. 2 that the hori-
zontal current density is 1.5–4.5 times greater than the corre-
sponding vertical current density values. Thus, the horizontal
current contributes predominantly to the absolute values of
the full electric current. However, in the analyzed sample
of ARs, for two cases (see Fig. 3) – NOAA AR 11283 and
12297 – we found time intervals during which the average
unsigned vertical electric current density is approximately
equal to or even greater than the average unsigned horizontal
current density. For NOAA AR 11283, this time interval is
approximately 35 hours, while for NOAA AR 12297, it is
64 hours. The current data volume is insufficient to draw any
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conclusions, but if a similar pattern is observed in a larger
dataset, it will be necessary to further investigate such ARs.
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Fig. 3. Dynamics of electric current parameters in NOAA AR 11283
(top) and 12297 (bottom). The notation is the same as in Fig. 2.
The gray shaded area marks the time interval during which the
average unsigned vertical electric current density is approximately
equal to or greater than the average unsigned horizontal current
density.

The dynamics of electric current parameters in
NOAA AR 11158 and 12673, where additional magnetic
flux emergence was observed during the monitoring time
(see Fig. 4), are of particular interest. First, it is important to
note significant fluctuations in the horizontal and full electric
current densities even before the onset of magnetic flux emer-
gence. In NOAA AR 11158, these fluctuations are detected as
early as 16 hours before the magnetic flux emergence, while
in NOAA AR 12673, they are observed approximately two
hours before. Meanwhile, no significant changes in the av-
erage unsigned vertical electric current density are observed
during these time intervals. A substantial and relatively rapid
increase in < | 𝑗𝑧 | > above the critical value of 2.7 mA m−2

(see Fursyak et al., 2020) begins in NOAA AR 11158 ap-
proximately six hours after the onset of magnetic flux emer-
gence, while in NOAA AR 12673, it starts 17 hours later,
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Fig. 4. Dynamics of electric current parameters in NOAA AR 11158
(top) and 12673 (bottom) with additional magnetic flux emergence.
The notation is the same as in Fig. 2. The gray shaded area marks
the time interval of the total unsigned magnetic flux increase, and
the vertical dashed lines indicate the time interval of rapid increase
in the average unsigned vertical electric current density above the
critical value (2.7 mA m−2).

lasting about six hours in both cases (this time interval is
marked by vertical dashed lines in Fig. 4). This may indicate
a rapid redistribution of magnetic energy in the ARs. Almost
simultaneously (with a delay of no more than an hour), an
increase in < | 𝑗⊥ | > and < |𝐽 | > begins, but the rise time
for these parameters is longer (approximately ten hours for
NOAA AR 11158 and more than a day for NOAA AR 12673).
These results further support the earlier suggestion that the
components of the full electric current – the horizontal and
vertical currents – are associated with different processes in
the solar atmosphere. It should also be noted that the increase
in the average unsigned vertical, horizontal, and full electric
current densities is detected approximately 18–20 hours be-
fore the first flares of high X-ray classes, and that the growth
of the total unsigned magnetic flux in the ARs occurs on a
significantly longer timescale than the growth of the electric
current parameters.

Table 2. Average values of the flare index (FI) and electric current parameters for regions with different levels of flare productivity.

<FI> << | 𝑗𝑧 | >>, << | 𝑗⊥ | >>, << |𝐽 | >>,
mA m−2 mA m−2 mA m−2

1 2 3 4 5
Regions with low flare productivity 0.75 2.51 5.03 5.65
Regions with moderate flare productivity 9.89 2.83 9.48 9.93
Regions with high flare productivity 84.91 3.77 6.78 7.87
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Fig. 5. Relationship between the averaged mean unsigned vertical
electric current density << | 𝑗𝑧 | >> and the average flare index
(<FI>) for regions with low (blue dot), moderate (green dot), and
high (red dot) flare productivity.

Averaging the analyzed electric current parameters over
regions with low (NOAA AR 11711, 12305, 12674),
moderate (NOAA AR 12339, 12443, 12473), and high
(NOAA AR 11158, 11283, 11302, 11890, 12297, 12673)
flare productivity revealed the following (see Table 2 and
Figs. 5–7):

– The relationship between the averaged mean unsigned
vertical electric current density << | 𝑗𝑧 | >> and the aver-
age flare index (<FI>), shown in Fig. 5, is quasi-linear:
the greater the vertical electric current, the higher the
flare productivity of an AR.

– The relationship between the averaged mean unsigned
horizontal electric current density << | 𝑗⊥ | >> and the
average flare index (<FI>) is significantly more complex
(see Fig. 6). It is evident that for ARs in the analyzed
sample with moderate flare productivity, the value of
<< | 𝑗⊥ | >> is almost 1.5 times greater than for regions
with high flare productivity. However, this may be due
to a selection effect: the analyzed sample itself is small.
The observed effect might be explained by the com-
plexity of the magnetic configuration of ARs: as follows
from the data in Table 1, the regions selected for analysis
with moderate activity belong to type B2 according to
the MMC, i.e., they violate the main empirical patterns
established for sunspot groups.

– The relationship between the averaged mean unsigned
full electric current density << |𝐽 | >> and the aver-
age flare index (<FI>) is similar to that for the pair
<< | 𝑗⊥ | >> – <FI> (Fig. 7). This is explained by the
fact that, as mentioned earlier, the mean unsigned hori-
zontal electric current density in most cases exceeds the
mean unsigned vertical current density, and thus, this
parameter contributes predominantly to the full electric
current density.
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Fig. 6. Relationship between the averaged mean unsigned horizontal
electric current density << | 𝑗⊥ | >> and the average flare index
(<FI>). The notation is the same as in Fig. 5.
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Fig. 7. Relationship between the averaged mean unsigned full
electric current density << |𝐽 | >> and the average flare index
(<FI>). The notation is the same as in Fig. 5.

6 Conclusions

The study of the dynamics of the vertical, horizontal, and
full electric currents in a small sample of 12 ARs from solar
cycle 24 reveals several features that require further statistical
investigation for confirmation:

1. In most cases examined, the average unsigned density of
the horizontal electric current is 1.5–4.5 times greater
than the density of the vertical electric current. Thus, the
magnitude of the full electric current is predominantly
determined by the horizontal electric current.

2. In two cases (NOAA AR 11283 and 12297), time inter-
vals were identified during which the average unsigned
density of the vertical electric current was approximately
equal to or greater than the average unsigned density of
the horizontal electric current. For NOAA AR 11283,
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this time interval was 35 hours, and for NOAA AR 12297,
it was 64 hours.

3. In NOAA AR 11158 and 12673 from the analyzed sam-
ple, with the emergence of new magnetic fluxes during
the monitoring time, an increase in the magnitudes of
the vertical, horizontal, and full electric currents was de-
tected 18–20 hours before the first flares of high X-ray
classes. The rise time of the electric current is signifi-
cantly shorter than the time interval of the increase in the
total unsigned magnetic flux.

4. No clear correlation was found between the magnitude
of the full electric current and the flare productivity of
the ARs determined by the flare index.

5. The highest absolute values of the full electric current
density were recorded in ARs with moderate flare pro-
ductivity.
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