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One of the most widely used indices of geomagnetic activity is the K-index. It was proposed
in 1938 by Julius Bartels as a measure of the influence of solar corpuscular radiation on the

variations of the Earth’s magnetic field. Among the essential requirements to indices of this

type is its stationarity, i.e., stability of the rules by which it is calculated. Therefore, despite
the known disadvantages of the K-index, it is still being calculated according to the method,
proposed by Bartels. Historically, at Russian geomagnetic observatories, the K-index has been
calculated using simplified methods. In this paper we compare the K-index calculation routine

at Russian observatories with the standard K-index and planetary Kp-index calculation

technique.
Kp-index; K9 limit.
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Introduction

Indices of geomagnetic activity were designed to
describe variations in the Earth’s magnetic field in-
duced by irregular causes [Mayaud, Zabolot-
naya, . The K-index characterizes variations
in the horizontal component of the geomagnetic
field over a 3-hour time interval at a specific ob-
servatory, being a measure of the range of irregular
and rapid, storm-time magnetic activity [Bartels,
Bartels et al., Love and Remick, 2007].
It is a quasilogarithmic index (it increases by one
unit with approximately double increase of ampli-
tude) and takes values from 0 to 9 for each 3-hour
interval of Universal Time. To calculate the in-
dex, variations of the geomagnetic vector D and H
components (previously Z was also used) are con-
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sidered. The regular part (Sr) is subtracted from
these variations and for each component in the re-
maining part the minimum and maximum values
are determined. The maximum difference of these
values is transferred into the K-index according to
a special table, which is individual for each obser-
vatory. Thus, in order to calculate the K-index
value, it is necessary to determine the scale and
the regular part of variation Sr.

2. K-Index Calculation Methods

Bartels believed that the observed magnetic vari-
ations are divided into two parts — those induced by
solar radiation that are not included in the K-index
and magnetic field disturbances induced by parti-
cle precipitation. The latter were included in the
K-index. Unfortunately, even now no clear and for-
mal criteria for the division of these types of varia-
tions have been formulated. Initially, the technique
for separating variations was gained experimentally
through long practice and circulated within the
observatory community at various seminars. In
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1957 Bartels formulated the rules for calculating
the K-index [Bartels, [1957], and then Mayaud in
[Mayaud, (1967 generalized a detailed instruction
for determining the K-index, which was adopted
by the International Association of Geomagnetism
and Aeronomy (IAGA). Nevertheless, the formu-
lated rules remained only as general guidelines and
observatory operators personal experience played a
decisive role.

The Sr variation, which is not considered by the
K-index, is called the daily solar variation and, un-
like the solar Sq variation, which is determined for
a whole month, determined for each day individu-
ally. Many observatories (in particular, almost all
Soviet and now Russian) were not able to adopt the
original methodology and used a simplified tech-
nique for K-index determination. According to the
recommendations [Zabolotnaya, the Sq vari-
ation was used instead of the Sr variation. This
does not correspond to the standard IAGA method
that emphasizes that the Sr variation must be cal-
culated for each day individually and the use of
Sq variation, defined for the whole month, is unac-
ceptable [Mayaud, . The necessity to deter-
mine Sr for each day caused great difficulties in the
development of computer methods for K-index de-
termination. This issue was actively researched in
1970s and discussed at the special ITAGA symposia.

During manual determination of the K-index us-
ing analog magnetograms, operator, based on his
experience, corrects the obtained values by means
of a special Sq pallet, removing long-period trends
in magnetic variations, considered beyond the K-
index [Zabolotnaya, . This description, be-
ing not strict from the mathematical point of view,
caused significant difficulties for the development of
computer programs for K-index calculation. Mainly
because the primary requirement to the K-index
calculated by a computer program using digital
data was its maximum similarity to the one, man-
ually calculated by operator.

To solve this problem IAGA formed a special
working group, which compared manual and var-
ious automated methods on a large geomagnetic
dataset and recommended a few methods [Coles
and Menwvielle, Menwielle, Menvielle et
al., . Programs that implement these meth-

ods are available at http://isgi. unistra.fr/softwares.

php. It was shown that these methods do not al-
ter the statistical properties of the K-index long-
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term distribution and do not distort the homogene-
ity of K-index timeseries. They were approved
by the Working Group on Indices at the TAGA
General Assembly in Vienna in 1991 as accept-
able for practical use. The most popular method,
based on linear estimation approach, was proposed
by the Finnish Meteorological Institute (widely
known as the “FMI-method”) [Menvielle, [1990].
The other three methods are: Hermanus algo-
rithm, developed at Hermanus Magnetic Observa-
tory (South Africa) [Hattingh et al.,[1989]; KASM-
method, developed at the Institute of Geophysics,
Polish Academy of Sciences (Poland) [Nowozyriski
et al., ; and USGS-method, developed at the
US Geological Survey (USA) [Wilson, [1987].

3. Determination of the K9 Limit Value

The scale for conversion of geomagnetic varia-
tions into the K-index value for any observatory
is compiled using the same approach. The scale is
built on the basis of the accepted minimum value
for K =9, i.e. geomagnetic variations exceeding
this threshold are assigned the value of K = 9.
This value is called the K9 limit. The upper limit
of variation amplitude for K=0 is obtained by mul-
tiplying the lower limit of amplitude for K = 9 by
the coefficient 0.01. Amplitude limits for K values
from 1 to 8 points are obtained by multiplying the
upper limit of amplitude of K = 0 by coefficients:
2,4, 8, 16, 24, 40, 64, 100. The preliminary value
of the lower limit for K = 9 is estimated based
on the latitude of the observatory. Observatories,
even those at the same latitude, may differ in the
orientation of the magnetometers’ sensors, inten-
sity of induction current, etc. Due to the regional
peculiarities of the observatory location, the rela-
tion between the observatory latitude and the scale
is not well-defined by latitude and is finally deter-
mined only experimentally [Zabolotnaya, [2007).

The K9 limit threshold is finally determined af-
ter several years of the observatory operation by
comparing the K-index values of a given observa-
tory with the ones of the nearest observatories. It
is assumed that the values of the K-index at any
given time may differ from one observatory to an-
other, but they all reflect the global geomagnetic
disturbance and should provide the same statisti-
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Figure 1. Distribution histogram of occurrence
of different K-index values for 2005-2016 calcu-
lated with limit value of K9 = 500 nT (black) and
600 nT (grey). Borok observatory (BOX).

cal distribution of the geomagnetic variations over
a long period of time. It is better to make such
a comparison within a full solar cycle or at least
during the years of maximum solar activity, when
large K-index values are observed more often.

In addition to the K-index of individual observa-
tories, a global or planetary magnetic disturbance
index Kp is calculated to estimate the overall state
of the magnetic disturbance on a global scale from
the data of 13 medium-latitude observatories. The
method of its calculation is described in publica-
tions [e.g., Bartels, Menwielle and Berthelier,
and we will not focus on it here.

Since there are no observatories with TAGA-
approved K9 limit values for most of the Russian
observatories, comparison with the planetary Kp-
index will be made. In order to understand how
the changes in the K9 limit are reflected in the
statistical distribution of the K-index values, the
K-index values for 2005-2016 were calculated for
the K9 limit of 600, 650, 700 and 800 n'T, based on
the 1-minute data of the Borok observatory (BOX)
[Chulliat and Anisimov, . The time interval
was selected in the way so as to include the maxi-
mum and minimum years of the solar cycle.

shows the occurrence of different K-
index values at K9 = 500 and 600 nT. The his-
togram shows that with the increasing accepted
value of K9 also increases the number of cases
with low K-index values (0 and 1), but the number
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Figure 2. Correlation of K-index values calcu-
lated with K9 values equal to 500 and 600 nT.

of cases with the K-index values of 2 and higher,
on the contrary, decreases. In this situation, the
higher is the K value, the more significant is this
decrease. At K = 2 the number of cases Kggg is
less than the number of cases K59 approximately
by 5%, and at K = 6 by 50%. The same pattern
is observed when comparing K distribution with
respect to other K9 values.

shows the connection of K-index val-
ues calculated with K9 equal to 500 and 600 nT.
For this purpose, for each 3-hour interval, the value
calculated with K9 = 500 nT was plot along the
X-axis, while the K value for the same moment cal-
culated with K9 = 600 nT was laid off along the
Y-axis. Apparently, there are not too many visible
points on the chart, but in fact the total number
of points on the chart reaches 35,000 (they just
overlap each other). It is obvious that mathemati-
cal operations, like calculating the average, for K-
index (which is a logarithm actually) do not make
much sense, but the regression coefficient and aver-
age values have been calculated for the qualitative
estimation of influence. The regression coeflicient
between values K5q9 and Kggg is equal to 0.89, av-
erage value K5qp is equal to 2.17 and Kgog is 1.90.
This result is quite natural, as with large K9 values
the same magnetic field variation gives lower values
of K-index and average value of K-index within the
given data array.
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Figure 3. Correlation of ax-index values calcu-
lated with K9 values equal to 500 and 600 nT.

Figure 3|shows a similar chart, but instead of the
K-index the ag-index values are used. The ag-
index is a linear index that represents the normal-
ized magnetic disturbance amplitude correspond-
ing to the given K-index value for a conventional
station with the limit K9 = 250 nT. Mathemat-
ical operations with ax-index are physically fea-
sible. The regression coefficient between the val-
ues of asgp and aggp is 0.80, the average value of
asop 18 12.09 and agog is 9.95. The average of eight
daily values of ax-index is A, which is the index,
equivalent to the daily perturbation amplitude for
a given observatory. Ap is the linear equivalent to
the planetary Kp-index.

Similar ratio is also observed with the compar-
ison of K-index values calculated with other K9
limit. Generally, all these examples show a signifi-
cant difference in the distribution of K-index values
calculated with different K9 limits. The regression
coefficients for K and ag-indices is less than one
(0.89 and 0.80 respectively), average values of K
and ayg also decrease with the increase of the K9
limit value. Thus, any of these approaches makes
it possible to determine whether a given K9 limit
value is overestimated or underestimated. Then
which approach gives better result? The ratio of
K9 limits was set as 500/600 = 0.83, the regression
coeflicients are 0.89 and 0.86. The ratio of average
K values is 0.87 and the ratio of average ax values
is 0.82. Thus, to calculate the new K9 limit value,
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Figure 4. Histogram of the distribution of occur-
rence of different values of the planetary Kp-index
(black) and K-index for the Borok observatory cal-
culated with the limit K9 = 600 nT (grey) for
2005-2016.

the ratio of average ax-index values gives the best
estimate.

When calculating the K-index for the Borok ob-
servatory the limit value K9 = 600 nT was used.
To validate this choice, the statistical distribution
of the Borok K-index values was compared with
the planetary Kp-index. presents a his-
togram of the distribution of occurrence of differ-
ent values of the planetary Kp-index (black) and
K-index for the Borok observatory calculated with
the limit K9 = 600 nT (grey) for 2005-2016.

From the histogram we can see that the num-
ber of cases with K = 0 at Borok observatory
is much smaller than the number of cases when
Kp = 0. With K > 1 the occurrence of the given
K value at Borok is always larger than the oc-
currence of the given Kp, and with increasing K
this ratio also increases. The average value of K
and ag indices for Borok (1.90 and 9.96 respec-
tively) is noticeably larger than the correspond-
ing values for the planetary indices Kp and Ap
(1.60 and 8.41). The regression coefficient Kp to
Kpox is equal to 1.066, and Ap to Agox is equal
to 1.02. All these data agree that the values of
the K9 limit for the Borok observatory should be
greater. It was shown above that the best estimate
for the necessary K9 limit correction is the ratio
of average values of the ax-index. In this case,
we get that the best correspondence between the

4 of 7



ES6008

N
12000

10000

8000

6000

4000

2000

4 6 8
K-index value

Figure 5. Histogram of the distribution of occur-
rence of different values of the planetary Kp-index
(black) and K-index for the Borok observatory cal-
culated with the limit K9 = 700 nT (grey) for
2005-2016.

Borok K-index with the Kp-index should be with
the value of K9 = 600 x 9.96/8.41 = 710 nT. To
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increase in the K9 limit, the difference between
distributions and average values increases again.
Thus, for the Borok observatory, the limit value
of K9 = 700 nT ensures the best correspondence
of the Borok K-index with the planetary Kp-index.

A similar comparison has been made for sev-
eral Russian observatories, for which representative
series of continuous K-index values are available.

The results are given in

4. K-Index Calculation at Russian
Geomagnetic Observatories

[Table 1| was compiled by comparing the manually
calculated K-index (except for Borok observatory)

and the planetary Kp-index. At the same time,
for all observatories, a much smaller occurrence of
low values of the K-index (0, 1, and sometimes 2)
as compared with the Kp-index was found. Some-
times this difference exceeded 100%. There could
be 3 reasons for this difference: high level of in-
dustrial noise, incorrect choice of the K9 limit or
inaccurate calculation of the Sr variation.

validate this new limit, the values of the K-index [ure6lshows the difference between the values of the

were calculated for the Borok observatory with the
accepted K9 = 700 nT.

presents a histogram of the distribution
of occurrence of different values of the planetary
Kp-index and K-index for the Borok observatory,
calculated with the limit value of K9 = 700 nT
for 2005-2016. The difference between the distri-
bution of Kpox and Kp has decreased with K in
the range of 2—4, while with K > 5 it has practi-
cally disappeared. The difference between the av-
erage values of K and Kp (1.68 and 1.60, respec-
tively) decreased, and the difference between the
average values of Ap and ax (8.41 and 8.40, respec-
tively) also practically disappeared. With a further

Moscow observatory (MOS) K-index calculated us-
ing one of the IAGA-approved programs, based on
the FMI-method [Sucksdorff et al., , and a
simplified method based on the Sq variation.

We can see that the error can reach 3 points
and is not symmetric, the Kg, more often exceeds
Kpwmr, i.e., on average, the use of the simplified
method leads to a systematic overestimation of the
K-index. The same result was obtained in [Anisi-
mov et al., Mandrikova et al., [2012]. This
effect, in general, is similar to the effect of the in-
correct choice of the K9 limit. The use of Sq varia-
tions is inevitable when calculating the K-index in
real time, because all the IAGA-approved methods

Table 1. Adopted and Recommended K9 Limits for Russian Geomagnetic Observatories

Observatory TAGA-code Time interval Adopted K9 limit, nT Recommended K9 limit, nT
Arti ARS 2001-2013 550 425
Borok BOX 2005-2016 600 700
Novosibirsk NVS 2005-2016 500 400
Paratunka PET 2002—-2013 450 380
Yakutsk YAK 1979-1991 550 600
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Figure 6. Histogram of the difference in distribu-
tion of the Moscow observatory (MOS) K-index,
calculated using the Sq variation and the FMI-
method.

require data beyond the considered moment, which
is not available in real time. However, the K-index
calculated using Sq variations instead of Sr can-
not be considered as the classical Bartels K-index
and can only be used as a preliminary one. In
IZMIRAN such indices are presented together with
real time data (http://serv.izmiran.ru), but with a
delay of 3—6 hours they are recalculated according
to IAGA-approved methodology and only these in-
dices are archived for further use (http://serv.izmir
an.ru/out/KindMOS/Kind-mos.html).

The scales for calculating the K-index for most
Russian observatories were determined in the
1930-40s. Comparison of K-indices calculated us-
ing these scales with the Kp index shows that they
need to be updated, and sometimes they are sim-
ply selected incorrectly. Thus, to ensure the com-
parability of the K-index of Russian observatories
with the world network, it is necessary to switch
to the IAGA-approved standard methodology and
update the K9 limit. The indices calculated on
the basis of Sq variations should be considered as
only preliminary. Since the application of methods
based on the S¢ variation leads to the same effect
as the incorrect choice of the K9 limit, it is nec-
essary to update this limit only using the digital
K-index data calculated in accordance with one of
the TAGA-approved methods. K-index data avail-
able in the World Data Center for Solar-Terrestrial
Physics (http://www.wdcb.ru/stp/index.en.html)
were calculated mainly from analog magnetogram
data using the Sq variation [Zabolotnaya,
which is not suitable for this purpose.
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5. Conclusion

K-index, introduced more than 80 years ago, is
still a widely-used simple measure of geomagnetic
activity. Modern data repositories for geomag-
netism (such as the World Data Centers for Ge-
omagnetism in Edinburgh or for Solar-Terrestrial
Physics in Moscow) provide vast sets of data on
K-index obtained within a long period of time.
This makes K-index an indispensable instrument
for retrospective analysis.

One of the pivotal aspects of creating an ade-
quate K-index at geomagnetic observatories is the
correct choice of the K9 limit value. This paper
presents a feasible approach to correct determina-
tion of this value.

The K9 limit for most of the Russian observato-
ries has not been reconsidered for several decades.
To ensure the comparability of the K-index of Rus-
sian observatories with the international geomag-
netic observational network, it is necessary to im-
plement the TAGA standard methodology and up-
date the value of the K9 limit. The indices calcu-
lated on the basis of Sq variations should be con-
sidered only as preliminary.
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