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Abstract. Digital recordings obtained by Wingst Observa-
tory for the year 1981 are investigated by methods which
are essentially based on the application of numerical filters,
in order to derive the non-K-variations and to estimate
the K-values of terrestrial magnetism. The best result of
the methods presented in this paper is an 81.8% agreement
between the K-values estimated from digital recordings and
the K-values estimated by an observer using analog record-
ings of the same time interval. At the same time the deriva-
tion of the non-K-variations by this method is attempted
in a reasonable way.
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Introduction

The K-index was introduced by Bartels (1938). It should
measure the intensity of solar particle (P) radiation effects
(called K-variations) at any station for each of the intervals
00-03, 03-06, ..., 21-24 h UT (Bartels, 1957).

Originally the solar particle radiation was not consid-
ered to be responsible for a regular variation of the magnetic
field. However, after the discovery of the continuous solar
wind a regular variation caused by solar particle radiation
was found (e.g. Mead, 1964). Therefore, K-variations are
defined as the irregular disturbances due to solar particle
radiation (Siebert, 1971).

Each station has a K-scale of 10 grades, K =0-9, chosen
once and for all from a limited number of standard scales.
This choice is governed, in general, by the geomagnetic lati-
tude of the station (Bartels, 1957).

In practice, a major difficulty of K-scaling is the elimina-
tion of the solar wave (W) radiation effects (called non-K-
variations). The non-K-variations can be directly observed
in the magnetograms, solely on quiet days. Furthermore,
they not only vary with season and sunspot cycle (as well
as with the lunar phase), but they may also vary irregularly
from day to day, in which case irregular and systematic
variations can be of the same order of magnitude (Siebert,
1971). For the derivation of the non-K-variations, an ob-
server is required to make a subjective judgement based
on special knowledge of their local shape. Riddick and
Stuart (1984) showed that trained observers only reached

an 85% agreement, measuring independently over a 6-
month period, using the same records.

A practical procedure for estimating the K-index is “to
plot on the magnetogram, for a particular field component
and for the 3-h interval considered, two parallel smooth
curves representing the non-K-variation, the one touching
the actual trace from below, the other one touching it from
above: the vertical distance of these two smooth curves,
multiplied by the scale-value, gives the range for that field
component” (Bartels, 1957). The larger of the two ranges
found for the components H and D (or X and Y) is used
nowadays to decide on the index K-by means of a quasi-
logarithmical scale which is well defined for each observa-
tory. In recent years digital data acquisition has come more
and more into use and is now supplementing or replacing
the old standard photographic systems at most of the obser-
vatories. In connection with that change, certain questions
arise. How precisely can the K-values of terrestrial magne-
tism be estimated when digital data acquisition is used?
Can these estimations, which are based on numerical algo-
rithms, be made by computers?

At some digital observatories K-indices are handscaled
from digital data (Loomer et al., 1984). Computer methods
for obtaining digital K-are described by several authors
(Alldredge, 1960; Alldredge and Saldukas, 1964; Rangar-
ajan and Murty, 1980). Some methods were tested at UK
observatories (Riddick and Stuart, 1984). In the following
sections, results of K-scaling and deriving non-K-variations
for Wingst Observatory are presented and discussed. They
have been reached by the max-min method, by numerical
filters or by methods which chose the most appropriate
filter considering the activity, the season and the eight inter-
vals of the day.

Data sampling

At Wingst magnetic observatory, the components H, D and
Z are recorded in analog form and, simultaneously, X, Y
and Z are recorded digitally. The digital data have a sam-
pling rate of 1 min; variations with a range of 1000 nT can
be recorded with a remaining uncertainty of + 1 nT (Schulz,
1983). The methods represented were applied to digital re-
cords obtained from 349 days of the year 1981. Before ap-
plying a method, the digital X and Y values were converted
into H and D values. For 14 days no K-values were estimat-
ed, as on those days 180 or more minute values were not
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recorded. The K-scaling for the first and the last day of
1981, which is possible to a certain degree, has been omitted.

Criteria for the quality of a method

The K-indices which have been estimated by a method are
compared to the K-values an observer has found using re-
spective analog records (usual estimation). The agreement
reached by a method U (K) for a certain K-value (e.g. K=3)
is the ratio of the number A4,(K) of correctly estimated
values (K =3) based on digital records and the number
An(K) of values (K =3) estimated in the usual way:
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The total agreement reached by a method for all K-values
is defined by
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U(K) and ) U(K) can both be taken as a measure of agree-
ment. Which one is meant can easily be seen from the con-
text.

A scale for the quality Y U(K) of a method is the 85%
agreement which Riddick and Stuart (1984) discovered ana-
lysing values estimated in the usual way by two observers.
As a result of the underestimation of the peaks by digital
records, the frequency distribution of the digital K-indices
should be shifted to smaller values in comparison with the
frequency distribution of analog K-values. Besides, the trace
of the non-K-variations found numerically should not differ
too much from the trace found in the visual way.

Application of the maximum-minimum method

The max-min method has already been applied to UK ob-
servatory records (Riddick and Stuart, 1984). Using the
max-min method, the maxima and minima of the records
are determined for every 3-h interval. The K-values are then
estimated from the differences between the maxima and
minima of the most disturbed component (Fig. 1). When
the max-min method is applied the non-K-variations are
not eliminated, so that the K-values estimated this way are
higher than handscaled values. Figure 2 shows that K-
values higher than 3 can be well estimated by the max-min
method. Actually, in the case of very strong magnetic distur-
bances, the observatories refrain from deriving non-K-varia-
tions, which corresponds to an application of the max-min
method.

In 1981 a 55.4% agreement was reached for Wingst with
the max-min method. Table 1 shows that in the 3-h intervals
E3 and E4, when the S, trace is particularly strong, the
agreement is bad; whereas in the intervals E1 and E8, an
agreement of more than 80% is reached.

Application of numerical filters

In this paper low-pass trapezoidal filters are used to deter-
mine the non-K-variations. The ideal frequency response
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Fig. 1. Application of the max-min method to a recording of the
H component
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Fig. 2. Comparison between indices found by the max-min method
and handscaled K-indices for 2782 3-h intervals in 1981. The
numbers in circles are the absolute frequencies of the handscaled
values. h shows the relative frequencies with which the numerically
scaled values are estimated correctly (0), too small (—1, —2,...)
or too large (+1, +2,...)

function of a low-pass trapezoidal filter with a cut-off fre-
quency fo=(f1+/2)/21s
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The filtering procedure is undertaken in the time domain,
the length of the filter being t=2N-A4t, where At is the
sampling rate and N +1 is the number of filter coefficients.
As the filter length is finite, the frequency response function
will generally deviate from the ideal shape described by
Eq. (1), especially w(0)# 1.

Using the additional condition w(0)=1, Schmucker
(1978) calculates special filter coefficients which produce tra-
pezoidal filters of almost ideal shape. These filters have a
length t1=gq/f,, where g is a positive integer. The quality
of the filters is improved with increasing g which, on the
other hand, affords a large number of filter coefficients.

The choice of filter parameters f, and g depends on
the estimated influence of the first four solar and lunar har-
monics on the analysis. The amplitudes of these harmonics
have already been found by Gupta and Chapman (1968).

Trapezoidal filters of quality g=35 and with cut-off peri-
ods of 3-7 h yielded agreements between 70.3% and 80.9%
during the seasons JFND, MASO, MJJA and for 1981
(Fig. 3). In all four cases, the best results are obtained with
a filter with a cut-off period of T,=5h. However, agree-
ments reached by a filter method differ from season to sea-
son, influenced by seasonal changes of activity.

Whereas small values are well estimated by a filter with
cut-off period T,=3 h, the filter with T, =5 h is better for
finding large values (Fig. 4). One can generally say that K-
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Fig. 3. Agreement between K-values estimated by filters with cut-off
periods of 3-7 h and handscaled values for JFND, MASO, MJJA
and 1981
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Fig. 4. Results of comparisons between digitally derived indices
using a filter with cut-off period Ty=3h, and a filter with cut-off
period Ty =5 h, and the handscaled indices for 2782 3-h intervals
in 1981
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values <2, found in the usual way with filters with cut-off
periods from Ty,=3h to Ty=7h, are estimated correctly
more often if a lower cut-off period is chosen. For K-
values > 2, this is true for larger cut-off periods. The usually
scaled values K=2 are found most correctly with a filter
with cut-off period T, =5 h. Table 1 shows the agreements
in the different 3-h intervals which were reached using differ-
ent filters. The max-min method is understood as a filter
with a cut-off period Ty > 12 h.

When the activity is low, the filter with cut-off period
To=3h is the best for deriving the non-K-variations
(Fig. 5a). For higher activity this is no longer the case
(Fig. 5b). The disturbances in the intervals E6, E7 and E8
(there is a loss of data in E5 and at the beginning of E6)
are much too closely approached by the trace of the non-K-
variations which have been found by the filter. In the pro-
cess of filtering, both disturbed and undisturbed values are
used and, due to the low-pass filter, a smoothing of the
record takes place. As long as the parts of the K-variations
above and below the trace to be eliminated are approxi-
mately the same, a filtering process offers reasonable results.
When disturbances occur, e.g. as in interval E 8 or especially
with bay disturbances, one finds the above-mentioned dis-
agreements between the digitally derived trace and the actu-
al trace of non-K-variations. So the digital method leads
to values which are smaller than the real ones.

With longer cut-off periods, the undesired approach is
considerably less pronounced (Fig. 6); now one finds a verti-
cal shift between the whole derived trace and the actual
trace of the non-K-variations. The shape of the two traces,
however, is approximately the same, which is solely decisive
for the scaling of K-values.

This means that for the actual derivation: although the
phenomenon of the undesired approach cannot be avoided,
its effect can be diminished by choosing an appropriate
filter. Therefore, the effect of the systematic scaling errors,
which is connected with the filtering procedure, depends
on the choice of cut-off period. For every activity there
can be found an appropriate cut-off period. Therefore, filter
methods can be used for K-scaling.

Combination of different filters depending
on the time of day or the activity

As filters with different cut-off periods yield variable results
for different times of day and with altering activity, one
can try to improve the result of the filtering (3. U (K)=79%
for 1981, T, =5 h) by a skilful combination of several filters.
If one uses for each 3-h interval the filter which is empirically
found to have the most suitable cut-off period for that time
(Table 1), one reaches an 80.4% agreement for 1981. If in

Table 1. Agreements ) U(K) in the day’s eight 3-h intervals reached by several methods in the year 1981 (in %)

Method T, [h] E, E, E, E, Eq Es E, Eq

Filter 3 68.2 739 76.5 72.5 71.1 66.8 69.3 76.2
Filter 4 75.6 78.2 76.8 759 71.9 73.4 75.6 82.5
Filter 5 77.1 79.1 77.1 79.4 71.7 77.9 79.4 84.5
Filter 6 759 75.1 70.2 76.2 79.4 80.5 75.6 84.8
Filter 7 754 713 63.6 74.5 73.9 75.1 78.8 84.2
Max-min >12 82.8 52.7 26.6 17.8 458 57.0 75.6 85.1
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Fig. 5a and b. Application of a filter (T, =3 h) to recordings of the H component. The dashed lines show the traces of the non-K-variations
which have been found by the filter. a The non-K variations are well derived when the activity is low. b For higher activity, this is

no longer the case
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Fig. 6a and b. Application of a filter (T,=5 h) to recordings of the H component. There exists a very good correlation between the
derived and actual traces of the non-K-variations, except for a shift of the basis

addition to that one takes the season into account, deciding
upon the most appropriate cut-off period, one reaches
agreements of 80.5% for JFND, 83.5% for MASO, 79.8%
for MJJA, and thus an 81.8% agreement for the year 1981.

The activity is a further criterion for the selection of
the method to use. The best results for 1981 in the range
K <1 were reached by a filter with cut-off period T, =4 h,
in the range 3<K <4 by a filter with T,=6 h and in the
range K >6 by the max-min method. The first method is
used for estimating the values K=0 and K =1, the second
one for the values K=3 and K =4 and the third method
for values K>5. This way, however, there remain some
intervals of no particular K-value. They get either the index
K=2 or K=5; K shall equal 2 if the second method has
estimated a value K <3 for that interval, and K shall equal
5 if the second method has estimated a value K > 4. If there
are several indices for one interval, that index is chosen
which has been estimated by the second method.

With this combination one reaches an agreement of
Y U(K)=80.1% for 1981. The computing time of this com-
bination is approximately 3 times longer than that of a
filter with cut-off period T, =5 h.

A second procedure takes the activity into account and
chooses the method according to the terrestrial magnetic
activity in that interval for which the K-value shall be esti-
mated and also in its surrounding intervals. First of all,
the filter with To=>5 h is applied. For each interval a sum
of five K-values (SK) is formed, consisting of the interval’s
K-value and the K-values of the two preceding and the

two following intervals. Then, depending on SK, the method
of index determination for intervals is chosen. By applying
a filter with cut-off period Tp=4 h for SK <11 and T,=6h
for 11 <SK <22 and the max-min method for SK >22, an
agreement of 80.3% for 1981 has been reached. The comput-
ing time of this combination is twice as much as that of
a filter with cut-off period T, =5 h.

Discussion and conclusions

The max-min method and numerical filters were applied
to digital registrations of Wingst Observatory in order to
derive the index K. The use of a filter with a cut-off period
of T,=5h provided the best result; namely a 79% agree-
ment with the usual handscaled values for 1981.

It has been shown that for higher activity the non-K-
variations and thus the indices can be derived in a better
way by filters with longer cut-off periods because K-varia-
tions and non-K-variations cannot be distinguished well
when using filters with lower cut-off periods. In the case
of lower activity, the non-K-variations and the indices can
be found in a better way with filters with lower cut-off peri-
ods. This is probably due to the influence of higher solar
harmonics which are not suppressed by filters with longer
cut-off periods; their existence, however, may — in spite of
the low amplitudes — lead to incorrectly estimated values
in the case of lower activity. The different results which
were reached when methods were used for different times
of the day and for changing activity implied the use of criter-
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Fig. 7. Results of comparisons between digitally derived indices
using the max-min method, the best filter (T, =S5 h) and one combi-
nation (activity) and the handscaled indices for 2782 3-h intervals
in 1981

ia considering these influences to choose the most appro-
priate scaling method. A filter combination which takes the
time of day into account had the best result of 81.8% agree-
ment, and a combination which considers the activity
reached an 80.3% agreement. Figure 7 shows a comparison
between the result of the max-min method, the best result
of the filtering procedures and the best result of a filter
combination which takes activity into account. Values
which are estimated by the max-min method and which
are too large compared with handscaled values usually oc-
cur in the case of low activity, as there is no elimination
of non-K-variations. The incorrectly estimated values of the
filter with cut-off period T,=5h, however, are too small
(exceptions are, naturally, those values estimated for inter-
vals where a handscaled value yields K =0) and are distrib-
uted among all ranges of activity, which is a basic require-
ment for an acceptable method. Compared to that filter,
the combination of methods leads to an improvement in
scaling, especially in the case of low (K <2) and high (K >4)
activity. Besides, the combination can provide a satisfactory
estimation of the non-K-variations.

The mere performance of a filtering procedure needs
a lot of computing time. The combinations, which take ac-
tivity into account, need 2 or 3 times as much computing
time as a filtering procedure with a cut-off period T, =5 h.
Therefore, the practical application of those methods might
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exceed the capacity of small computers. However, as the
described filters use every minute value for the derivation
of the non-K-variations, a lot of computing time could be
saved using every tenth minute value.

The methods introduced in this paper yield reasonable
results, except the max-min method. It cannot be said which
of them is the best. Firstly, the investigated time series was
too short; secondly, the results derived for Wingst Observa-
tory might not be reached when applying the methods to
other stations. Therefore, for each station it is recommended
to test the methods before using one of them for K-scaling.

Similar results can probably be expected by applying
the scaling methods to observatories at middle latitudes
which have similar amplitudes of solar and lunar harmonics
as Wingst. Because of the increase of activity from the equa-
tor to the auroral zones, which is considered by a suitable
value classification, respectable results can also be expected
when filter methods are used at higher latitudes. In the
case of larger amplitudes of the solar harmonics, the results
for observatories at lower latitudes, however, will certainly
be of poorer quality because of the narrow classification.
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