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Abstract. The complete, existing, time series of K-indices from Norwegian observatories in Tromsg (TRO), Dombas (DOB)
and Bear Island (BJN) has been digitized. The digitized time series are continuous spanning from 1939 (DOB) and 1947 (TRO)
until 1998. Today, Tromsg Geophysical Observatory manages geomagnetic observations throughout Norway and K-indices are
calculated in real-time with a fully automatic, in-house method. In this-this paper, the old, hand-scaled, and new, automatic,
time series of K-indices are reviewed and compared for the intervals were they overlap. Our analysis confirms that the digital
K-index series is a valid continuation of the old series, at least in the auroral zone. Since 1939, three K-index derivation
methods have been applied to Norwegian magnetic observatory data. These are traditional hand-scaling, the method developed
by the Finnish Meteorological Institute and an in-house method. Here, we compare the tree methods. It becomes clear that each
method beth-have-has both strengths and weaknesses. Importantly, differences arise when calculating the quiet-day variation,
especially during periods of consecutive disturbed nights at auroral latitudes. By analysis of the K-index frequency distributions
for six stations in mainland Norway and on Svalbard, it arises that the lower limit for K = 9 of 2000 nT is too high for TRO
and K =9 of 750 nT possibly too low at DOB. The assumption that X-the variation in H > ¥D, which makes it possible to
calculate K for only the magnetic X-H component is investigated, and it is shown that the assumption is indeed only valid
for auroral stations. In total, this paper presents all K-indices derived from Norwegian observatories since the nineteen-thirties

until today, the used derivation methods and the long, historic time-series as a whole, and thus, enables a critical use of the

indices for future scientific work. Finally, we present the complete Ak time-series for the Norwegian observatories as well as
an spectral analysis.
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1 Introduction

Today, Tromsg Geophysical Observatory (TGO) at UiT the-The Arctic University of Norway takes care of geomagnetic obser-
vations throughout Norway, spanning stb-aureratsub-auroral, auroral and polar cap latitudes. The first systematic geomagnetic
measurements in Norway started with Kristoffer Hansteen and the establishment of the Kristiania Magnetic Observatory in
1843 (Wasserfall, 1941). The time series from this observatory does not include continuous registrations of the magnetic el-
ements, but rather two absolute measurements every day. Kristian Birkeland introduced variometers in geomagnetic work in
Norway. Such instruments were installed during both his expeditions to Northern Norway in 1899-1900 (Birkeland, 1901) and
1902-1903 (Birkeland, 1908).

From 1912 the Haldde Observatory in Alta was operated as a permanent "magnetic-meteorological" observatory under
the leadership of Ole Andreas Krogness, one of Birkeland’s former students. The Haldde observatory performed continuous
magnetic registrations until it was closed down in 1926 (Krogness and Tonsberg, 1936). The Haldde time series was continued
at the Auroral Observatory in Tromsg (TRO) from 1928, after a temporary period at the Geophysical Institute nearby. For
acquiring context to the work at Haldde from a sub-auroral station, the Dombas Magnetic Observatory (DOB) was established
in 1916. This is today the oldest magnetic observatory in operation in Norway.

During the International Polar Year (IPY) 1932-33, Polish researchers set up a magnetic observatory on Bear Island (BJN).
The measurements were continued by the Auroral Observatory in Tromsg with the assistance of the Meteorological Institute.
With an intermission during World War II (1941-1945), the measurements still continues today.

Thus, measurements at Norwegian stations DOB, TRO and BJN are closing in on a century of magnetic measurements
stretching from sub-auroral to auroral latitudes. Prior to the digital era, efficient ways of providing measurements were needed,
to allow workers to study and combine data from multiple locations away from their own. The efficient way to do this was to
compile indices from the raw magnetic measurements and disseminate them via yearbooks and exchange networks of these. A
wide range of indices have been used for various purposes and analysis aims. Still, today, even with full access to sub-minute
resolution geomagnetic data over the internet, indices have maintained their popularity. Even if the true data usually give a more
accurate and physical interpretable picture of the geomagnetic activity, and studies such as e.g. Menvielle et al. (2011) warns
about the validity at high latitudes, owing to considerations regarding the magnetic energy density of the magnetic variations,
the K-index in particular is widely used.

Bartels et al. (1939) introduced the K-index and through his and co-workers’ efforts it became the de-facto standard measure
for local geomagnetic disturbances among magnetic observatories worldwide. In this paper we present efforts made to digitize
time series of geomagnetic activity (K-index) at three magnetic observatories in Norway as far back in time as possible. We
document the sources of where these data have been found, and based on these, present the time series including a time series
analysis. We analyse the transition from manual to automatic scaling of the K-index to ensure that the time series can be
assumed to be continuous. Furthermore, we investigate the difference between the IAGA endorsed FMI method for K-index
scaling and an in-house method, termed the TGO method. We find that, at least for the-Jatitudesin-question-hereauroral latitudes,
the TGO method does not perform worse than the FMI method.
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Table 1. Information on the geomagnetic observatories and stations in Norway. Corrected geomagnetic coordinates and L-values from the
2022 IGRF/DGRF model (NASA Goddard Space Flight Center, Corrected Geomagnetic Coordinates and IGRF/DGRF Model Parameters,

https://omniweb.gsfc.nasa.gov/vitmo/cgm.html))

Code Name GCS coord. CGM coord. L Type Start year
NAL Ny-Alesund 7892N 1193E 76.84 106.59 N/A  Calibrated variometer 1966
LYR  Longyearbyen 7820N 15.83E 7592 107.96 N/A  Calibrated variometer 1993
HOP  Hopen 76.51N 2501E 73.81 112.06 13.06 Calibrated variometer 1988
BIN  Bear Island 7450N 19.00E 72.04 104.82 10.68 Observatory 1932/1948
NOR  Nordkapp 71.09N 2579E 6834 107.17 7.45  Calibrated variometer 2007
JAN  Jan Mayen 70.90 N 87W 70.16 79.57 8.82  Variometer 1928-1936/1988
SOR  Sgrgya 70.54N  2222E 6790 103.85 7.17  Calibrated variometer 2001
TRO  Tromsg 69.66 N 1894E 67.11 100.55 6.71  Observatory 1928
AND  Andenes 6930N 16.03E 66.86 97.93 6.57  Calibrated variometer 1996
RST  Rgst 6753 N 12.10E 65.16 93.55 5.75  Calibrated variometer 2017
JCK Jackvik (Sweden) 6640N 16.98E 63.77 96.90 5.20 Calibrated Variometer 2010
DON Dgnna 66.11N 1250E 63.63 93.06 5.15  Calibrated variometer 2007
RVK  Rgrvik 6495N 1099E 62.46 91.21 475  Calibrated variometer 1998
DOB Dombas 62.07 N 9.11E 5941 88.31 3.92  Observatory 1916
SOL  Solund 61.08 N 484E 58.50 84.37 3.72  Calibrated variometer 2004
HAR  Harestua 60.21N 10.75E 57.30 88.92 3.48 Calibrated variometer 2017
KAR  Karmgy 5921 N 524E 56.38 83.95 3.31 Calibrated variometer 2003

Through the work presented in this paper, we make the complete, historic time series of geomagnetic activity as described
using the K-index, available to the scientific community. By discussing and analysing-analyzing the methods that have been

used and the transition to the digital areaera, we pave the way for critical, scientific application of the time series.
1.1 Magnetometer stations in Norway

Currently, TGO operates a total of 17 variometer stations and observatories, from Karmgy in the south-western part of Norway
to Ny-Alesund on Svalbard. All 17 stations are listed in Table 1, along with their coordinates, the station type and the first
year(s) of operation. A map of the station locations is shown in Figure 1. The map also indicates the location of the historic

observatory at Halddetoppen, marked in whitegreen.
1.1.1 The K index

The K index (Bartels et al., 1939) is a station-specific measure of the geomagnetic disturbance, or rather disturbance range,
over a 3 hour interval. The K index only includes the geomagnetic disturbance and not quiet day variations (Matzka et al.,

2021). It ranges from K =0 to K =9 on a quasi-logarithmic scale. The value is calculated for intervals 00-03, 03-06, ..., 21-24


https://omniweb.gsfc.nasa.gov/vitmo/cgm.html
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Figure 1. Map of Norwegian magnetic stations. K-index stations are marked with red crosses. Remaining stations are market with blue

triangles. The historic observatory at Halddetoppen is marked with a green circle. CGM latitudes in orange dashed lines. See Table 1 for

details.

UT. Previously, all components D, H and Z were used when calculating K. Today, only D and H is used, partly to remove
the effect of induced underground currents (Mayaud and IAGA, 1967). Before a complete set of directions for calculating K
was published by Mayaud and IAGA (1967), different methods for hand-seating-hand-scaling K had been used at different
observatories. A rigorous description of the method for hand-scaling is given by Mayaud and IAGA (1967), but in short the
steps can be described as follows.

The first step is to estimate the quiet day variation Sy or Quiet Day Curve (QDC). When the QDC is found, the K values

for components H and D, or X and Y, on each 3h interval is found directly by using a customized gauge. The gauge is made
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Table 2. Lower limits (nT) for each K value for the Niemegk observatory (Mayaud, 1980) and frequency distribution (Matzka et al., 2021).

Lower limit (nT) 0 5 20-10 20 40 70 120 200 330 500
K value 0 1 2 3 4 5 6 7 8 9
Frequency, [%] 7.116 2442 2942 2315 10.62 4.06 0966 0.188 0.0418 0.019

Table 3. Conversion table for K to the ak index.

K 0O 1 2 3 4 5 6 7 8 9
Akvalue 0 3 7 15 27 48 80 140 240 400

to fit the ranges for each K value for the observatory —(See e.g. Figure 5 in Mayaud and IAGA (1967) for such a gauge).
The resulting K indices, and especially the estimated QDC, will vary somewhat based on the observers, their experience and
knowledge of the quiet day variation at their observatory. However, Matzka et al. (2021) notes that it is expected that the
agreement between K indices derived by different experienced observers generally would be at least 80 %.

Depending on the geomagnetic latitude and therefore the amount of geomagnetic disturbance experienced at each station,
the ranges for each station are adjusted to the latitude. This is done by scaling the Niemegk-ranges, shown in Table 2, by a set
lower limit for K =9, the K9-limit.

The ak index is derived from K, converting K to a linear scale (Bartels and Veldkamp, 1954; Van Sabben and IAGA, 1972).

The conversion values are shown in Table 3. It is therefore possible to compute averages: daily Ak, monthly Ak and yearly Ak.

These indices are useful when investigating long-term variation of geomagnetic disturbances {e-g—-Nevanlinna;2004; Nevanlinna-et-al520

P-(e.g. Nevanlinna, 2004; Nevanlinna et al., 2011).

The K index is routinely calculated for 6 stations in Norway. These 6 stations are, sorted from south to north, Dombas
(DOB), Andenes (AND), Tromsg (TRO), Bear Island (BJN), Longyearbyen (LYR) and Ny-Alesund (NAL). The stations are
marked in red on the map in Fig. 1. K indices were first published in Norway in 1939, from the DOB observatory. From 1947
K indices were also published from the TRO observatory. K indices from TRO and DOB are calculated to this day. K indices
were calculated for BJN during a short interval from 1951 to 1965 and also for the International Polar Year (1932-33). In more
recent years, namely in 1986, 1993 and 1996, calculation of the the K index was started at LYR, NAL and AND, respectively.
The calculations of K indices at LYR and NAL were started based on popular request.

Due to the large spread in geomagnetic latitude among the Norwegian K index stations, 3 different K9-limits, spanning
from 750 nT to 2000 nT are used. The limits are presented in Table 4.

Norwegian K indices have been used in numerous studies, especially since the TGO method was implemented and the K
indices were made available digitally. The studies include, to name a few, work on the aurora (Nanjo et al., 2022), work on
Polar Mesospheric Summer Echoes (Bremer et al., 2000, 2001; Zeller and Bremer, 2009), GNSS disturbances and scintillation
(Andalsvik and Jacobsen, 2014), thermal structures in the ionosphere, thermosphere and mesosphere (Kurihara et al., 2010)

and dynamic instabilities and their relationship to geomagnetic activity (Nozawa et al., 2023).
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Table 4.K 9-limts for the NorwegiarK index stations.

Code Name K 9 Limit (nT)
NAL  Ny-Alesund 1800
LYR  Longyearbyen 1800
BIJN  Bearlsland 2000
TRO Tromsg 2000
AND Andenes 2000
DOB Dombas 750

2 The data set, digitization andK derivation methods

2.1 K indices

no. 12 (available at International Service of Geomagnetic Indices, IAGA at http://isgi.unistra.friiaga_bulletin.php) and in (2)
yearbooks from the observatories in Dombéas and Tromsg. All yearbooks have been scanned and published on the TGO web
site (https://www.tgo.uit.no/ScanRap/GeoPhysRap.htklindices from Tromsg were submitted to IAGA from 1947 &hd

indices from Dombas were submitted from 1946.indices from Bear Island were submitted only on a short interval from

late 1957 to mid 1959, as a contribution to the International Geophysical Year (IGY). Indices from the International Polar year
(1932-33) were also submitted to IAGA for all three stations.

The yearbooks from Tromsg were published by the Norwegian Institute of Cosmic Physics from 1930 to 1965 and by the
Auroral Observatory, the University of Tromsg from 1966 to 1998. The Observations from Bear Island are published in the
Tromsg yearbooks. The yearbooks from Dombés were published by the Norwegian Institute of Cosmic Physics from 1916 to
1958, by the Geophysical Institute at the University of Bergen, Norway from 1959 to 1988 and the Institute of Solid Earth
Physics and Geomagnetism at University of Bergen, Norway from 1989 to 1998. No yearbook was made for DOB on the
interval 1949-1951. In this period the observatory was in the process of being moved (Gjellestad et al., 1957).

The K indices from all three observatories were digitized by typing the published values into plain ASCII- les. When
digitizing data manually, by "human hand", it is impossible to completely safeguard against errors such as typing the wrong
number. However, for this data set it was the most convenient way owing to the large number of different table formats and
page layouts in both the yearbooks and the IAGA Bulletin no. 12. Table B1 show weke tlsues were published. The
digitized K values were retrieved from the observatory yearbooks whendices were included in the yearbook for that

were obtained from the IAGA Bulletin no. 12.

The digitization of historic data and dissemination over the internet has gained an increased popularity over thésdgcades


http://isgi.unistra.fr/iaga_bulletin.php
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is important in order to make valuable, historic, and often high quality, data available to a wider scienti ¢ public than only those
with direct access to the original material. Therefore the digitized, Norwdgiamdices have been made public through the
TGO web pages next to the more recently generated geomagnetic data (available at https:// ux.phys.uit.no/Kindice/).

2.2 Digital derivation methods used in Norway

Traditional hand-scaling of magnetograms (Bartels, 1957; Mayaud and IAGA, 1967) was used for derfagngRO from
1947-1991, for BJN from 1951-1965 and for DOB from 1939-1994. In additiea;threedigital derivation methods have

three methods are presented in the following sections.
2.2.1 The FMI method

The FMI method, developed by Lasse Hakkinen at the Finnish Meteorological Institute (Sucksdorff et al., 1991), was in 1993
of cially recognized as a method for derivirl§ by the International Association of Geomagnetism and Aeronomy (IAGA

News, December 1993 addition,it wasfoundto besuperioramongstheothermethodg:onsideredMenvielle et al., 1995)

The FMI method was used between 1995-1998 for deriirgt DOB (Institute of Solid Earth Physics, Geomagnetism, 1997).
The FMI method FORTRAN code is available from The International Service of Geomagnetic Indices (ISGI) (The Interna-

is availablefrom the FMI.webpageghttps://space.fmi. /MAGN/K-index/FMI_methodl/ The C versionis newer and has been

The FMI method is an iterative scheme based on linear elimination for calculating trsues, where th& values and
QDC for one day is found based on magnetograms from the previous, current and next day. Descriptions of the method
is given in Sucksdorff et al. (1991); Menvielle et al. (1995) and also by detailed examples on the FMI web pages (https:
lIspace.fmi. IMAGN/K-index/FMI_method/). In short, the method can be summarized as follows. First, prelirfinadices
are calculated for all 8 intervals without rst subtracting a QDC. These prelimiKaigdices arehenusedin-caledlationef
the-rst—tted-Usedto adjustthe sizeof anaveraginghatis appliedto the databefore tting _of a_fth orderharmoniccurveto

interval is then selected.
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The TGO method, an automatic algorithm, was developed by Truls Lynne Hansen at the Auroral Observatory (today; TGO),
as a light-weight and simpler alternative to the FMI method especially aimed at real-time generation (Truls Lynne Hansen,
personal communication). The TGO method is used on all six Norwdgianex stations, it calculates the values in real-time

and therefore in principle applies to any data where digital data exist. This means that K-indices are available by the TGO
method for NAL since 1986, TRO since 1987, AND since 1995, LYR since 1993, BJN since 1987 and DOB since1993.

A adto
v O c a1 O O oo

yearbookdrom-1992t0-1998.The TGO method is described below.

The TGO method uses the fact that the quiet day variation is regular and therefore should be relatively trivial to predict owing

averages of the hourly quiet day values, of the horizontal component (H), covering the entirety of solar cycle 22, resulting
in 12x24 correction values. Using the means over an entire solar cycle removes the possible problem of subjectivity when
selecting quiet days for use in the estimation of the QDC (Valach et al., 2016); the QDC is simply predetermined. However,
the variation in amplitude over the solar cycle, owing to varying solar irradiance, will introduce an uncertainty of about +/- 10

The QDCs for TRO and DOB are shown in Fig. 2. The quiet day values that have been averaged over are published in the
yearbooks from 1987 to 1999, from TRO and DOB. TRO and AND is correcte@iby-QDC from TRO because they are

BJN, LYR and NAL are uncorrected. At these high latitudes, omitting QDC correction will only introduce a small uncertainty
owing to the large disturbances generally experienced from the auroral electrojets, and correspondingly small QDC amplitudes,
here.

Because all the Norwegiaf index stations are at relatively high latitudes, only the H-component is used when deriving K.

After the H-component is corrected (if applicable), the ramgef the variation over each 3h interval is calculated then
matched tK following the K-bins resulting from scaling the Niemegk bins (Matzka et al., 2021) to t the K9-limits at each
station, given in Table 4. A perk of the TGO method, compared to hand-scaling and the FMI method, is that K-values can be
calculated in near real-time. This is because the method does not rely on the next day of magnetograms (like the FMI method)
or even the full day (like HS).

In the TGO method, all data gaps are allowed and the gaps are never interpolated. This works well because the TGO methoc
only uses the H component data in simple operations, that is subtracting the QDC and nding the maximum pange
interval. From a technical viewpoint, missing data is therefore not a problem. However, this will only yield represé&htative



Figure 2. Quiet day values@BVQDC) for a) TRO and b) DOB.

185 values if the data gaps on an interval are small. If larger gaps occur, it is likely that the TGO method will assigni& lower
value. However, larger gaps will never lead to a too lafgealue. This means that, in the event of abundant datagaps, we
should expect thad values derived by the TGO method is slightly smaller than those hand-scaled.

190 The early versionof the methoddiffers only from the TGO methodin what QDCsareestimated.The QDCsweremanually

createdby identifying the most quiet day(s)eachmonth and

195 standarK -index observatory in Niemegk (NGK). Also, valueskf= 2, 3 and 4 should account for50 % of cases. See
Matzka et al. (2021) for further details on the ideal distribution. An appropKea@dimit will result in well- tting bins for
eachK -value, meaning the bins are a good t for representing the K-variation experienced at the station in question. Figure 3
show distributions of K-values for all siX index stations in Norway, AND, TRO, DOB, BJN, LYR and NAL. All availat{e
indices for each stations are used in the corresponding histograms. The frequency distributions are also presented in Table Al
200 There are several points of interest concerning the distributions. We note that the distributions for BIJN, LYR and NAL are
similar in shape. All three distributions are well tapered in both ends of the rangé #nd have the maximum frequency
atK =3. This is close to the Niemegk-distribution. It is also expected that the distribution for LYR includes slightly lower
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frequencies for lovK values and higher frequencies of highvalues than NAL. NAL is further into the Polar Cap than LYR,
and it is reasonable to expect that LYR therefore experiences more geomagnetic variation due to the position closer to the
auroral oval. This direct comparison is only possible because LYR and NAL share theKsadhirait (1800 nT). The DOB
distribution is clearlyeg-nermat-esetng-normal-like with a peak frequency kt = 2. However, the distribution includes a
very large frequency dk =9 which requires further investigation.

The distribution for AND is drastically different from the remaining distributions. The same shape is seen for TRO on
the same interval as AND, 1996-2021. The frequencies are descreasing with incieasirgmost frequeni value being
K =0. Even though th& = 0-frequency is large, we still have low, expected frequencigs ef 9. The histogram for TRO
improves when the whole interval is included. However, the skewed shape for TRO and AND cannot be ignored. The interval
1998-2021 includes only TGO derivéd indices. As discussed in section 2.2.2, it is expected that the TGO method will assign

lower values folK than HS. It is therefore of interest to, in more detail, inspect the overlapping peridvafues for TRO

in uenced by the included years and therefore the solar activity of the period 1947-1996 versus 1996-2021. This option will
also be investigated.
In addition the the distribution features shown and discussed here, the distributions also exhibit expected seasonal and di-

urnal variation. That is, the frequencies of lardfervalues maximize during spring and autumn, which is consistent with the

Figure 4 and Table A2 show distributions fir for TRO on the overlap interval 1988-1991 and for DOB on the overlap
interval 1993-1998K values derived by HS/FMI are shown in blue, TGO deriedalues are shown in orange. For TRO, the
shapes of the two distributions are similar. We note, as expected, that the TGO method includes a higher fre¢fuen@y of
However, the distributions show no indication that the skewness for TRO and AND in Fig. 3 is a feature solely of the TGO
method.

The general shapes of the distributions are also similar for DOB. However, we note somewhat larger differences between the
two distributions. The differences are not systematic, but they are clearly larger for skhalddues (<4). It is not immediately
clear why these differences occur, but a possible explanation is that due to tKedldmit of only 750 nT, resulting in small
bins of e.g. 0-7.5 nT and 7.5-15 nT, the estimation of QDC is of greater importance than for TRO. Due to the small bins there
is a larger probability that a difference in QDC of only a few nT will move the ranigeo a different bin. Because of this, it is
also possible that the deviations are a result of the over and under-correction owing to tigERGQDC being averages over
an entire solar cycle with the accompanying 10 nT uncertainity, which is bigger than the bin-size. For both DOB and TRO, the
presented distributions will be complemented by one-on-one comparisons of the derindides by the overlapping methods

in a later section.

10



Figure 3. Histograms oK values for a) AND, b) TRO, c) DOB, d) BJN, e) LYR and f) NAL. The exact frequencies are shown in Table Al.

The interval for each histogram is shown in each legend.

Figure 4. Distributions ofK during overlaps in HS/FMI derive and TGO deriveK for a) TRO (96861980, 1988-1991) and b) DOB
(1993-1998).

To_betterquantify the similarity of the distributionsof hand-scalecaind TGO-derivedK-indices, we have calculatedthe

Pearson'gorrelationcoef cientsfor TROandDOB. Thisyielded0.978and0.893 respectivelyshowinggoodlinearcorrelation

11



Figure 5. Distributions of TGO derived during a solaminimaminimum (2008-2010) and during a declining phase (2001-2003) for a)
AND, b) TRO, c) DOB, d) BJN, e) LYR, f) NAL.

240 3.2 Distributions during maximum and minimum solar activity

Itis a well known fact that geomagnetic activity peaks during the declining phase of the solar cycle and during solar maximum,
and that the activity is at its lowest during solar minimum. It is therefore of interest to investigate the distributiéns of
especially for TRO and AND, but also for the other stations during solar minimum and maximum, to nd to what extent the
distributions in Fig. 3 are in uenced by the solar activity during the included years. Figure 5 shows histogtantsiohg a
245 solar minimum (2008-2010) and during a solar maximum (2001-2003).
It is of course expected that the shape of the distribution&favill change with the degree of solar activity. We expect a
shift toward higheK values during maximum and a shift toward lowervalues during solar minimum. This is exactly what
we see in the Fig. 5 and Table A3 for BIN, LYR and NAL. The general shape of the distributions do not change signi cantly,
but we see the expected shift. Even thotigithere are shifts in the distributions, the distributions for both low and high solar
250 activity are well tapered. We note zero frequenciesdor 9 for all three stations, but this is not unreasonable for quiet years
as the average frequency is about 0.01 % for the three stations.

12
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We see the opposite in the distributions for TRO and AND. The frequencies during solar minimum &f bothandK
= 8 are zero, and the frequency ¥f = 0 is almost 40 % for both stations. This skewed shape is not unique to this specic
minimum, but reoccurs during other minima for both AND and TRO in the TGO delveddices. The same skewed shape
is also present during most minima in the series of HS detdddices for TRO, covering many solar cycles. It is therefore
likely that the shape of the skewed distributions for TRO and AND as seen in Fig. 3 is a feature of this strong solar activity
dependence, and not a result of some problem with the TGO method. This notion is strengthened also by considering the lower
than usual levels of activity during solar cyéé{showninig-14).24.

The distribution for DOB, shown in Fig. 5c), shows the expected shift towards hi§hesilues during solar maximum.
However, we see too high frequencieskof= 9 during solar maximum, and also during the solar minimum. These relatively
highK =9 frequencies in DOB might indicate that ted-limit is set too low. A too low limit will yield a higher-than-expected
frequency of largek values. The possibility that the K9-limit is too low was discussed as early as 1943 by Wasserfall during
the rst study ofK indices calculated for the DOB observatory (Wasserfall, 1943), and the discussion is clearly still relevant.

Similarly, the zero-frequencies &f = 8, 9 in AND and TRO might indicate that th€9-limit for AND and TRO is too
high. This assumption is also strengthened by the fact tha€ @¥imit of 2000 nT is shared between AND, TRO and BJN. It
is not unreasonable to assume that BJN experiences a higher level of geomagnetic disturbances. This is also evident from th
distributions for BJN shown in both Fig. 3 and Fig. 5. The limit of 2000 nT represents the variation at BJN well. Therefore it
reasonable to assume that AND and TRO would bene t from a lower limit.

3.3 Lower/higher limit for K =9

Figure 6 shows the results of an experiment where distributions for DOB and TRO are recalculated2imgs of 1500 nT
and 1000 nT, respectively. This was done by rescaling digitally stored magnetograms with the new lower limits, using the TGO
method. In Fig. 6a) it is clear that the distribution shape for TRO is very different, with peak frequenkies aandK = 3.
The new limit of 1500 nT has not resulted in a too large frequeney &f9, and the frequency &€ = 0 is reduced. This clearly
indicates that the new limit is a better t for the variation experienced at TRO. The fact that the change in the distribution is
most signi cant forK =0 means that this adjustment would not negatively affect the reasonable distribution shape for the entire
series, shown in Fig. 3.

It is dif cult to conclude whether the new limit for DOB is a better t that the original limit. The frequencyKof 9
is slightly reduced, and the frequency kf = 0 increases. However, this increasekin= 0 is undesirable compared to the
Niemegk distribution (Table 2). In addition, the frequencykof=9 is still higher than we would expect. For comparison,
Fig. 6¢) shows the distribution &€ from 1993 to 2021 from Lerwick (LER), Shetland (retrieved from BGS Geomagnetism
at http://www.geomag.bgs.ac.uk/data_service/data/magnetic_indices/k_indices.htrif)9imeit-K9-limit for LER is 1000

, and LER is only south from DOB by a few degrees in geomagnetic latitude. The distribution for LER is skewed toward low
K -values. However, the frequency iif = 9 is similar to that for DOB with & 9-limit of 1000 nT. We cannot say that the
K9-limit in DOB is too small, as the distribution does not necessarily improve with a higher limit. This is also indicated in Fig.
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Figure 6. Histograms of K-values for apoBTRO, K9-limit = 7562000 (original) andTRO, K9-limit = +66€1500 (adjusted)b)
FRODOB, K9-limit = 2000750  (original) andFRO;K9-limit = $50€1000 (adjusted)and c) LER, K9-limit = 1000 (original).

5, where it is clear that the distribution shape is robust to changes in solar activity, and therefore to changes in geomagnetic
activity if we do not include the higK 9-frequency.

It is shown that 1500 limit is a better t for the variation experienced at the TRO station. However, the limit cannot be
replaced. For the sake of continuity from the manually deridegtalues and preservation of the historic assignment of the

valuable as it explains the unexpected distribution shape with the high denkity-df and the sensitivity to which years, and
therefore which part of the solar cycle, is used when calculating tufistribution. It also means thit-values from TRO and,

say, DOB, does not necessarily correspond to the same level of relative variation. In turn this means that the K-values cannot
be used as a tool for directly comparing variation between the stations. Finally, an ill- tting K-scale will not affect the validity

of the K-series as measures of the time-variation of geomagnetic activity at each observatory. Therefore derived index ak and
yearly Ak are still good measures of the time variation at each obseryatemi-be shewntater{Fig-—14)-.

4 Comparisons ofK derivation methods

During the overlap periods betweeld and newseries for TRO and DOBK indices are derived by various methods. For
DOB the overlap period (1993-1998) includes three methods, which includes overlaps bEtviegices derived by the the

TGO method and both HS and the FMI-method. For TRO the overlap period (1988-1998) also includes 3 methods, which
are betweerK indices derived by the the TGO method, an early version of the TGO method@Be TGOemethod) and

in sections 4.1 and 4.2.
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Figure 7. Comparison of a) HS deriveld indices and TGO derivel{ indices and bK indices derived by the FMI method and TGO
derivedK indices for DOB. The black crosses denote every pair with a density that is nonzero. Unmarked location have a density of zero.

The frequencies of perfect matches, deviations by one unit and deviations by more than one unit are shown above each plot.

We have seen that the TGO method provides a good match with the HS and FMI dérivades in the theld andnew
series for TRO and DOB (Fig. 4). However, it is also interesting to compare the performance of the TGO method against an
acknowledged method. For this we chose the FMI method (Sucksdorff et al., 1991). The FMI isettiotbwiedgedhy-AGA-

nsideredMenviellee oo

FheFMimethodhas been applied to the same data as the TGO method for this study. A comparison of rEsitiihges is
presented in section 4.4.

4.1 ComparingK derivation methods during overlap periods: DOB

For DOB, the TGO method and HS derivation overlap on the interval 1993-1994. The FMI method and the TGO method over-
lap during 1995-1998. Figure 7 shows the densities of all possiblea- KoK ns,K To)-pairs and bY+wvi—KrcoK gmi,K 160)-

pairs during the overlap periods. For teindices derived by the FMI method, the yearbook for 1995 (Institute of Solid Earth
Physics, Geomagnetism, 1997) notes thatkhéndices for this year are primarily calculated by the FMI method, but that

omagnetism, 1998), 1997 (Institute of Solid Earth Physics, Geomagnetism, 1999) and 1998 (Institute of Solid Earth Physics,
Geomagnetism, 2000).

In general, the agreement between the methods in both comparisons are good, with clear abundances of perfect matche:
However, aboutwe-thirdsgnethird of the pairs deviate by one unit, and only 3 % of deviations by two or more units in both
comparisons. In Fig. 7b) there is a large count of outliers. The most severe disagreement is seen in the upper left corner, where
severakrcoK r6o= 9 is paired with+y—K rvi={0, 1, 2}. However, all three points corresponds to the same day, that is the
25th of September 1998. On this date the digital DOB magnetogram clearly exhibit stormy conditions. The same conditions
are visible in the digital TRO magnetogram. During this overlap period the DOB station operated two digital variometer
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systems (Institute of Solid Earth Physics, Geomagnetism, 2000). The magnetograms that are stored digitally today at TGO, are
results from the primary variometer system. The publiskethdices are calculated from magnetograms from the secondary
variometer system. It is therefore plausible thatthey—K rmi={0, 1, 2}, which are recorded in the DOB 1998 Yearbook
(Institute of Solid Earth Physics, Geomagnetism, 2000), are erroneous possibly due to a fault in the secondary variometer
system or due to a human error.

The outliers wherérwy—K pvi=9 andkrco K r60=4 in Fig. 7b), which occurred on the 4th of May 1998, can be explained
by looking at the stored, digital magnetogram from the same day. As explained in section 2.2.2, the TGO method will calculate
K based on any interval containing data, no matter the size of the potential data gap. This can lead to erroneds, small
values. This is the case for the 4th of May 1998. The H component for this date is plotted in Figure 8. A large gap in the data
has affected the second (3-6 UT) and third (6-9 UT) intervals. In the second interval the variation is larger knh@Hithi of
750 nT, and the TGO method therefore correctly assigswalue of 9 despite the missing data. In the third interval, the TGO
method assigns i value of 4 based on only the 25 minutes of data on the interval, even though the value could be larger
based on size of the data gap. However, the FMI deri¢edhlue, based on the secondary variometer system which likely did
not include this data gap, assigls=9. Itis therefore likely that th& 1o=4 is wrong and a result of the TGO method allowing
any data gap. This is also seen in other cases where the TGO method assigns a signi cantly lower value than both the FMI

method and HS derivation.

Figure 8. H component for DOB 4th of May 1998. The top row of indices are derived by the TGO method and the second row is deived by
the FMI method.

The allowance of any size of data gap leads us to expect a tendency in which the TGO method assigns lower values for
K than HS deriveK . However, the opposite tendency can be seen in Fig. 7a), especially fét lomlues. This is possibly
a result of the correction values being averaged over a solar cycle. This leads terdeeebrrectionrunder-correctiorof
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magnetogram will be slightly larger than what should be expected. This has possibly resulted in the TGO method assigning
largerK values than the H& values, especially for the smallkr values where the QDC have a larger in uence on the range

r and therefore the assignéd. It is possible that it is necessary to implement less sirgie/QDC that account for solar

cycle variation of thesqcurrent system and therefore the Quiet Day Variation. Another explanation for the shift toward larger

values. This is explored in section 4.4.3.
The deviations of one unit are symmetric between the FMI method and the TGO method (Fig. 7b). The yearbook from DOB
1995 (Institute of Solid Earth Physics, Geomagnetism, 1997) notes that the agreement betweam K g, is generally
good, with 75 % perfect matches. They also note that for the deviations of onK gpit> K ys in 15 % of cases and that
Kemi <K psin 10 % of cases. The comparison is performed for only a few months.

4.2 ComparingK derivation methods during overlap periods: TRO

From gure 9ab) it is clear that the agreement betwemdices derived by the two methods, during their overlap periods,

is good. There is also a low number of outliers in all the comparisons, and the distributions are narrow, including less than

explained by (1) likely wrongk value reported in the yearbook or (2) large data gaps leading the TGO method to give too low
K values.

All three distributions are asymmetric, showing clearly that for TRO the TGO method is prone to assigning lower values
for K thanK s, as is expected when data gaps are large in the TGO method. The signature of ouedantbrrection
under-correctionthat was visible in the DOB comparison in Fig. 7a), are not visible for TRO in Fig. 9a). It is likely that over

affect the assignment &f .

In Fig. 9¢), where the TGO method is applied to the digitized magnetograms from 1980, the asymmetry is stronger towards
lowerK tgo. This is possibly a feature of the digitization of the magnetograms. The digitization was performed by human hand
and it is therefore likely that a bias is introduced.

matches and virtually no deviations above one unit. This is reasonable as the methods are identical expect the exact the
correction values. The asymmetry towdtgcoe>K-—rcoK 160e > K 160 indicates a systematic difference betwéepsoo



380

385

390

395

Figure 9. Comparison of a) HS deriveld indices and TGO derivel indices, b)K indices derived by th@G&OT GO-method and TGO
derivedK indices and c) HS deriveld indices andK indices derived by applying the TGO method to digitized magnetograms for TRO.
The black crosses denote every pair with a density that is nonzero. Unmarked location have a density of zero. The frequencies of perfect

matches, deviations by one unit and deviations by more than one unit are shown above each plot.

4.3 Summary of the compared methods

Generally, all ve comparisons presented in Fig. 7 and Fig. 9 show good agreement. It is also evident that the agreements are
better for TRO than for DOB. However, it is important to recall gedistributions and the too higk 9-limit for TRO. This

We can see this in Fig. 9¢). In 1980, neitlker= 8 andK =9 are used. This means that the variation is only between 8 bins.

Itis also important to note that it is not clear whether these overlapping years are representative for all years. The overlaps are
short and should ideally cover at least a solar cycle to be representative. It is therefore not possible to say if these comparison:
produce results that are worse or better than for an average year.

from this tendency being a result of the TGO method assigning Iéwealues to intervals with large data gaps, this is also
likely a result of the transition froniK determination based on analogue magnetograms to applying the TGO method to 1
minute resolution data. Sampling in a digital system and computing 1 minute resolution data acts as a low pass Iter. The

recordings on the analogue systems.

18



400

405

410

415

420

425

430

TRO: Itis possible that this is a feature of the>-Y—-erH >D assumption that is applied in the TGO method. It is possible
that the the assumptions is not valid for DOB since DOB is a sub-auroral station. In cases where the variatio in

calculated by the TGO method.

When evaluatindg< derivation methods, IAGA accepted methods that achieved at least 69.9 % agreement with HS derived
K (Matzka et al., 2021) and less than 2 % deviations of more than one unit. Following these criteria, the TGO method is
clearly an acceptable method when used at TRO. For DOB the two criteria are not met for the TGO method. However, the
short overlaps and the fact that we cannot say whether the comparisons presented in this paper are representative for an avera
yeat, it is possible that the criteria could be met. It is also highly likely that adjusting the method, e.g. by including a max data
gap length would increase the accuracy.

To summarize, we can con dently say that the TGO derikeare a valid continuation of the HS deriv&d for TRO. For
DOB the same conclusion cannot con dently be madewe veraswill-beseen orbothDOB-andTRO(Fig-14)thatYea

4.4 The TGO and FMI methods

The FMI method has only been used in Norway during the short interval of 1995-1998 at DOB. For this study, the FMI method
was applied to the digital TGO data. This was done, as mentioned, to compare the TGO methockageattnowledged

K derivation method, which the FMI method is. In this section we compare the FMI method to the TGO method, with and

of 1 unit and deviations of 1 unit. Generally, it is clear that the agreement betweeiKtliedices derived by the TGO method

and the FMI method is good. For DOB the agreement is slightly worse than for the rest.

The distributions for BIJN, TRO and AND are clearly asymmetric, with a shift towards deviations one unitkvhgse

Kemi- It is not obvious why this is the case. However, Sucksdorff et al. (1991) notes that the FMI method is sensitive to
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disturbances during the night when estimating QDC. They show that the tted QDC often follows the disturbances during the
night, leading to a erronous QDC that also inclulesariation. For BJN, TRO and AND there are usually disturbances during

the night, since they are all located in the auroral zone and the auroral electrojet is observed practically every night. These
erreneduserroneous)DCs can result in smallé¢ values sinc&K variation is subtracted with the QDC. This can explain the

435 strong asymmetry, and especially that we see the same asymmetry for both large ad,smmadhh is different for the under

Figure 10. Comparison ofrwi—K rvi KooK 160)-pairs for a) NAL, b) LYR, c) BJN, d) TRO, e) AND and f) DOB. The colors gives
the density of each=w—K rwi KooK T60)-pair occurring on the interval given in the title. The black crosses show every pair that have
occurred. The percentages over each plot are the percentages of perfect match Ketweet evi andreoK reo, deviations of 1 unit

and deviations of 1 unit.

4.4.1 ThexH> ¥-D assumption
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in the auroral zone. For NAL and LYR there is a slightly higher increase in the percentage of perfect matches then when the
assumption is not applied. We also note that the distributions are clearly asymmetric. The deviations towakidyighave
almost disappeared when comparing to the distributions shown in Fig. 10. This meaghsthase deviations were caused by
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4.4.2 Individual case comparisons between the TGO and FMI methods

Figure 12 shows three sets of three-day intervals of magnetoetedy-H andD componentsK values derived by both the

FMI and the TGO method, as well as the range of the TGO method quiet curves and the QDCs tted by the FMI method. The

subtracting their means for easier comparison with the magnitudes of the TGO QDCs. Figure 12a) shows TRO data from center
date 10-11-2022. This date is remarkably quiet. Under these conditions we see that both the FMI method and the TGO method
assign onhK =0 and that their QDC are highly comparable. Figure 12b) shows another quiet, but somewhat more disturbed,

Next, Figure 12¢) shows a magnetogram from TRO. For the three dates covered, 04-10-2022, 05-10-2022 and 06-10-2022
there are clear disturbances during nighttime. As mentioned above, a known limitation of the FMI method is the sensitivity
to disturbances during the night when tting the QDC. This is clearly visible inftiggiregure; the tted QDC is clearly

are smaller thaiK tgo by one unit, likely due to the too large QDC which has been subtracted. Disturbances during several

successive nights is highly common at auroral latitudes, and this is not unique to the presented case.

4.4.3 Differences in theK variation

Figure 13 shows magnetogram H compone@BC rv andQBV1soQDC 1o, and calculate& variation for a) DOB 10-
11-2022 and b) TRO 05-10-2022. These dates show two important cases when calcula{ingptition.

Figure 13a) shows a possible problem when dealing with fgig/QDC. 10-11-2022 is clearly a quiet day for DOB when
looking at the magnetogram. However, due to a phase shift in the quiet day variation on this date, there is a shift between the

H component an@®bV1s5-QDC 160 leading toK =2 in the 9-12 UT interval. This example is a "worst case", and shifts this
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Figure 12. Magnetogram<-H and¥-D componentsK derived by the TGO and FMI methods, TGO method correction values and FMI
QDCs for a) TRO 10-11-2022, b) DOB-06-202110-11-2022and c) TRO 05-10-22.
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12ab)-BDOB-10-11-202qmiddle);and TRO 05-10-22 (bottom, as Fig. 12c)

severe, leading to an error of more than one unit, are rare. However, errors of one unit occurs regularly. This error is likely a
contributing factor the asymmetry towards lardferso for lower K values in DOB, as seen clearly in Fig. 7a), and to why
the agreement between the FMI and TGO methods is worse for DOB than for the remaining Norwegian stations. Shifts in the
quiet day variation in TRO also occurs. However, due to the larger bins for thK lealues for TRO, the assignmentiéfis
rarely affected.

Figure 12b) shows the&k variation whereQDCry is affected by disturbances during the night. The magnetograms of the
previous and next days are shown in Fig. 12b). Owing to the large magnit@e ©fy,, theK variation differs by up to 120
nT. For the intervals 9-12 UT and 12-15 UT the FMI method assigrs2, one unit lower than the TGO method. This effect
is likely a contributing factor for the portion of deviations whétgso = Kgw +1 in Fig. 10.
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4.4.4 Summary of the comparison of the TGO and FMI methods

We have seen that for all the NorwegiEnindex stations except DOB the agreement between the FMI method is good and
the expectation of at least 70 % correlation is met. For all stations except DOB and BJN the deviations above one unit are less
than 2 %. For BJN the percentage is slightly higher, but due to its extremely remote location this observatory is more prone
to signi cant data gaps which likely have affect&dy, . For DOB, LYR, NAL we have seen that the assumption thatY—

the assumption.
Several causes for differences betw&egso andK gy are summarized as follows. Disturbances during the night can result

in large QDC gy and thereforK gy < K 16o. Both shifts in the quiet day variation with respect to time and overwarebr

5 TheAk time series

Figure 14 shows the complete series of the yearly averadethdex for Bear Island (BJN), Dombas (DOB) and Tromsg
(TRO). Note that for the curves to be more easily distinguishable, BJN and TRO are plotted with offsets of 15 and 7.5 nT,
respectively. The solid lines show the series obtained from the yearbooks and IAGA bulletins. For DOB and TRO these series
include a transition period from HS derivationkfto automatic derivation, as has been discussed earlier. The series for DOB
includes a short interval where the FMI method was used, from 1995 to 1998. The dashed lines show the series resulting from
the TGO method. The points for BJN and TRO in 1980 denotélamesulting from applying the TGO method on digitized
magnetograms that were digitized for a study by Walker et al. (1997). The yearly sunspot number (retrieved from WDC-SILSO
Sunspot Number, Royal Observatory of Belgium, Brussels https://www.sidc.be/silso/data les) is shown as grey shading.

The series from all three observatories generally express the same variation with time. All three series show expected local
maxima during the declining phases of the solar cycle, and smaller local minima in the beginning of solar maxima. The yearly
Ak shows a clear global minimum in 2009, for all three stations, the most quiet year on record. The global maximum is reached
in 2003 in TRO and BJN, but in 1991 for DOB. The global minimum in 2009 and global maximum in 2003 is shared with the
observatory in Sodankyla (SOD), Finland (Nevanlinna et al., 2011) which is closer to TRO than DOB in magnetic latitude.

The shape of the curve at BIN strongly deviates from the shape of the curves at TRO and DOB in 1958. The 1958 yearbook
(Norwegian Institute for Cosmic Physics, 1960) makes no note of anomalies at the BIJN observatory during the year 1958.
Upon closer inspection of the monthly averageé—Ak values for TRO and BJN it was revealed that there is a clear and
systematic deviation between the two stations, only from January 1958 to June 1959. It is likely that this systematic deviation
is of non-physical origin. The scale values used at TRO are unchanged during this period, while the scale values for BJN are
changed by only 0.1 nT (Norwegian Institute for Cosmic Physics, 1959, 1960, 1961). It is possible that the deviation is caused
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