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Abstract

To understand long term variability of solar activity, homogeneous time series are re-
quired. However, proxies like the Zurich sunspot number or cosmogenic isotopes suffer
from discontinuities. Naked eye observations of aurorae, however, might be used to bridge
discontinuities in solar activity indices in order to approach a homogeneous solar activity
record. With information derived from aurora observations like observing site, time of au-
rora sighting and position on sky we can reconstruct the auroral oval. Since aurorae are
correlated with geomagnetic indices like the Kp index, it is possible to obtain information
about the terrestrial magnetic field in the form of the position of the magnetic poles as
well as the magnetic disturbance level.

Here we present a Bayesian approach to reconstruct the auroral oval from ground-
based observations by using two different auroral oval models. With this method we can
estimate the position of the magnetic poles in corrected geomagnetic coordinates as well
as the Kp index. The method is first validated on synthetic observations before it is ap-
plied to four modern geomagnetic storms between 2003 and 2017 where ground-based
reports and photographs were used to obtain the necessary information. We have shown
that we are able the reconstruct the pole location with an accuracy of ~ 2° in latitude and
~ 11° in longitude. The Kp index can be inferred with a precision of one class.

The future goal is to employ the method to historical observations.

1 Introduction

Aurorae occur in oval like zones around the geomagnetic poles as was first noticed
by Feldstein [1964] after analysis of all-sky camera images. Due to the interaction of the
earth’s magnetosphere with the interplanetary magnetic field carried by the solar wind the
oval has complex shape. There are several models describing the position, size and shape
of the auroral oval and linking it to different parameters, like solar wind parameters in the
case of the Ovation Prime Model [Newell et al., 2009], which is mostly used for aurora
forecasting. Other models connect the oval size to the level of geomagnetic disturbance
described by the Kp index [e.g. Holzworth et al., 1975; Zhang and Paxton, 2008]. The Kp
index is a 3-hour index derived as the mean value of the Ks indices of 13 magnetic ob-
servatories describing the global level of geomagnetic disturbance on a quasi-logarithmic
scale [Bartels et al., 1939]. Since the magnetic indizes like the Kp index or the closely re-

lated aa index also show the solar cycle [Sabine, 1852], they can be used to study present
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and past solar activity. Siscoe and Verosub [1983] pointed out that in case of 100 % ac-
curate observations of all aurorae it would be possible to derive the temporal evolution of
the solar activity and the position of the geomagnetic pole. Until now, solar activity de-
rived from aurora sightings is only based on aurora frequency, meaning that aurorae are
more likely to occur in phases of high solar activity (Neuhduser and Neuhdiuser [2015a],
Neuhduser and Neuhduser [2015b], Bekli and Chadou [2019]). In this work, we present

a method to reconstruct the position and size of the auroral oval from ground-based ob-
servations. The extent of the oval provides the Kp index, whence information about solar
activity. This is in particular of interest for pre-instrumental times, where reconstructing
the auroral oval from ground-based observations yield information about the position of
the geomagnetic pole as well as the magnetic activity.

Siscoe and Verosub [1983] narrowed down statistically the longitude of the geomag-
netic pole by using the auroral frequency in Japan and China between the 800 and 1400
A.D. Again, only the auroral frequency is used, in contrast to the reconstruction of the
oval, which is the aim of this work. Korte et al. [2016] used a circular approximation of
the auroral oval together with reconstructions of solar activity and the Earth’s magnetic
field to limit the range of possible aurora sightings in the last millennia. A comparison
with known observations provided a good agreement. Unlike the model of Korte et al.
[2016], neither the Kp index nor the position of the pole is predefined in the present work.
Furthermore, models of the geometry of the oval are used instead of a circular approxima-
tion, which, depending on the magnetic local time, yields differences in the auroral oval
latitude of ~10°.

The main goal of this work is to develop a method to reconstruct the auroral oval
from ground-based aurora sightings for eventual use with historical data, which also de-
livers the Kp index providing information about solar activity. This information can be
used for comparison with other reconstructions of solar activity, for example from sunspot
numbers [Clette et al., 2014] or cosmogenic isotopes like '*C and '"Be [Usoskin, 2017].
An independent activity measure from aurorae may be helpful in understanding inhomo-
geneities in the sunspot or isotope records.

The position of the magnetic pole is reconstructed from the position of the oval and
can be compared with the results from different paleomagnetic field models as described

in Korte et al. [2018].
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This paper is structured as follows: Section 2 briefly discusses Bayesian inference,
introduces the auroral oval models from Holzworth et al. [1975] and Zhang and Paxton
[2008] used here and describes the implementation. The method is first tested on synthetic
observations before it is applied to four modern geomagnetic storms between 2003 and
2017 in Section 3. There we also explain how ground-based observations in form of pho-
tographs and reports are utilized to obtain all the necessary information to successfully
apply the developed method. In Section 4 we summarize our findings and give a short

outlook.

The method and results described in this paper are based on the PhD thesis by Wag-

ner [2020].

2 Bayesian method for auroral oval reconstruction

We use Bayesian inference for reconstructing the auroral oval from ground-based
observations employing either of two auroral oval models. The free parameters which are
inferred are the coordinates of the pole in corrected geomagnetic (cgm) coordinates and
the Kp index. A posterior probability density distribution is calculated from which we can
obtain confidence intervals for the desired parameters. Bayesian statistics describes the
probability of a model under the given data, in contrast to classical statistics where the
probability of the data is calculated under a given model.

The method is first tested on synthetic observations for which the parameters are
known. Afterwards we apply the method to four modern geomagnetic storms between

2003 and 2017.

2.1 Bayesian inference

Bayesian inference is based on Bayes’ theorem [Bayes, 1764; D’Agostini, 2003],
stating that the probability of obtaining certain data given external circumstances (the
“mode”) can be converted into a probability of certain circumstances given the data. Hence,
we calculate the likelihood of a parameter set of an auroral oval given the data obtained
from reports and photographs of the aurora. The parameter estimation (latitude and longi-
tude of the cgm pole as well as Kp index) is then based on the posterior distribution over
the whole parameter space which provides directly the confidence intervals. Monte Carlo

Markov Chains (MCMC) are used, which are algorithms sampling a probability distribu-
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tion and converging to the posterior distribution [Robert, 2016] without actual integra-
tion. The Metropolis-Hastings formalism used here was first described by Hastings [1970].
Dependent on the current position of the Markov Chain a new value in the proximity is
proposed. If the new value has a higher probability, it usually is accepted. With a certain
probability, however, the old value is maintained. This ensures that the Markov chain is
not limited to a local maximum. The distributions of the individual parameters is obtained
by marginalisation over the other parameters (see appendix A: Figure A.2).

The code performing the Bayesian inference is based on the implementation by
Fréhlich et al. [2012] and Corsaro et al. [2013] and is directly derived from Arit et al.

[2013] who inferred sunspot positions from historical observations.

2.2 Models of the auroral oval

The theoretical description which contains the free parameters of interest involves
a model linking the Kp index to the oval size. First we use the model presented in Holz-
worth et al. [1975], which was later connected to the Kp index by Starkov [1994]. The
second model was developed by Zhang and Paxton [2008]. Both use three input param-
eters, the latitude and longitude of the cgm pole and the Kp index. The oval expansion
from both models increases linearly with Kp as shown by Wagner and Neuhdiuser [2019].

Since, the model of the auroral oval presented in Holzworth et al. [1975] was devel-
oped using ground-based all-sky camera images, it is expected that the oval boundaries are
consistent with naked-eye ground-based observations. It uses a circular approximation of
the auroral oval boundaries with an additional Fourier component [Korte et al., 2016]. As
shown in Holzworth et al. [1975] the AL index is calculated from the Kp index with a set
of coefficients. The latitude of the auroral oval boundaries is then obtained from a Fourier
series in an amplitude-phase form, were again several coefficients are required. These co-
efficients are given in the work from Holzworth et al. [1975] as well as Starkov [1994] and
Sigernes et al. [2011].

The second model used in this paper was developed by Zhang and Paxton [2008]
and is based on UV images taken with the Global Ultraviolet Imager (GUVI) onbord the
Thermosphere Ionosphere Mesosphere Energetics and Dynamics satellite (TIMED). Ob-
servational data from 2002 to 2005 led to an empirical model (hereafter ZP model), which

describes the electron energy flux Q [ergs/s/cm?] of precipitating electrons. The bound-

aries of the oval are defined as the locations where the electron energy flux is 0.25 ergs/s/cm?.
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Again, the position of the cgm pole and the Kp index are free parameters. Since this
model is based on UV satellite data caution is due here, as the boundaries may not co-
incide with the aurora positions observed from the ground. Kosar et al. [2018] compared
ground-based amateur observations of the aurora with the equatorward boundary of the ZP
model at 0.2 ergs/s/cm? and found a 1-o- agreement with observations from the ground.
The definition of a different boundary flux of 0.05 ergs/s/cm” has very little effect on the
geographical position of the boundary (~ 0.5°). Sigernes et al. [2011] examined the ex-
tent to which both models agree with each other. They found that the agreement decreases
with increasing Kp, whereby the ZP model describes a larger oval than the model pre-
sented in Holzworth et al. [1975]. It should be mentioned that both models are less accu-
rate for large magnetic activity, since high activity occurs much less frequently and there-
fore the data available in these cases is limited. Nevertheless both models are applied to
moderate as well as strong geomagnetic storm, because only such storms provide a suffi-

cient number of observations for auroral reconstruction.

Both models describe the position of the poleward and equatorward boundary in
corrected geomagnetic coordinates. Since the ground-based observations are given in geo-
graphical coordinates a transformation of the boundary positions is necessary. In order to
calculate geographical from cgm coordinates, the tracing of field lines is necessary [Laun-
dal et al., 2017]. The cgm coordinates of any point Py are calculated by tracing the field
line, according to a geomagnetic reference field, intersecting the point Py to the equato-
rial plane of the geomagnetic coordinates. To find the latitude Jcgy, in cgm coordinates,
one earth radius Rg is used as a reference, ¥¢gm = + arccos \/W-Fheq), where hegy
is the height at which the field line intersects the equatorial plane of the geomagnetic co-
ordinates. The longitude ¢cgn, is the longitude of the intersection. Thus, for correct con-
version between cgm and geographic coordinates in which the observational data is given,
a magnetic field model, which indicates the position and shape of the field lines, is re-
quired. However, the aim of this work is to actually determine the position of the cgm
pole. Using a field model would already predefine the position of the cgm pole, which
would contradict the goal. Furthermore, the method shall be extended to historical geo-
magnetic storms for which no sufficiently accurate reference field model (analogous to the
International Geomagnetic Reference Field (IGRF-12) [Thebault et al., 2015]) is available.

Therefore, in the context of this work a restriction to the transformation given in Sigernes
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et al. [2011] is necessary. Here it is assumed that the models use the cgm pole as refer-
ence point, but a simple rotation of the coordinate system from the cgm pole at longitude
¢o and co-latitude ®,, towards the geographic pole is performed. The cgm positions of the
oval boundary from any of the models are converted into the geographical longitudes and

latitudes, ¢, and ;.

2.3 Calculation of the auroral oval and the elevation of the aurora

For any geographical location and moment in time, any presumed Kp index and
position of the cgm pole, we need to compute the theoretically expected elevation of the
aurora above the horizon. Each set of model parameters is evaluated by comparing the
theoretical elevation angle o’ with the observed elevation angle a, which is given in au-
rora photographs or reports. First, we compute the boundary of the auroral oval. Only the
equatorward boundary of the oval is used, since observers at mid-latitudes are more likely
to see and report this boundary.

In detail, we determine the theoretical elevation angle ¢’ for an altitude of 7 =
500km [Akasofu, 2009]), since observers in mid- and low-latitudes most likely witness
this part of the auroral oval. However, the lowest part of the aurora is at an altitude of
around 100km [Akasofu, 2009], so a different altitude might effect our results. With Equa-
tion 7 we determine the difference between the observer and aurora location. Changing
the altitude of the aurora between 100 km and 500 km results in a similar variation as
keeping the altitude fixed and changing the elevation angle in a + 10° interval as per-
formed in Section 2.5. Since there are no significant differences in the results with and
without an additional variation of the auroral elevation angle (see Section 2.5), we con-
clude that changing the altitude within the aforementioned interval will have no significant
effects on our results. If the determined position of the equatorward boundary is south of
the observation site (in the northern hemisphere), it is assumed that the theoretical eleva-
tion angle is @’ = 90°. An observer in this scenario would be located within the auroral
oval and observations should have been possible in the zenith. If we do not implement
this assumption the theoretical elevation angle would again be in an interval between 0°
and 90°. However, since the oval boundary is now closer to the equator than the observer
this would indicate an observation in southern direction on the northern hemisphere. The
code in this case is not able to distinguish between an observation to the north and south,

though. This will be implemented in further steps. We do not expect any significant ef-
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fects on our results in a + 10° interval for the elevation angle. For the Holzworth model
we do not see any differences in the results of the four investigated geomagnetic storms
when implementing this assumption. Since the oval described by this model is much
smaller than the oval from the ZP model, none of the observations is within the equator-
ward boundary. When using the ZP model, however, the code fails to produce consistent
results if the assumption is not taken into account. In our method only a single point on
the oval is calculated, which leads to a drastic minimization of the calculation time. The
magnetic local time (MLT) must first be calculated taking into account the geographical
position of the cgm pole, the position of the observer and the local time of the observa-
tion. For this purpose the observation location is converted into corrected geomagnetic
latitude and longitude using the corresponding inverse spherical transformation. The MLT

is then calculated through

(¢0 + ¢mB - ¢B) - 24

MLT = LT + ,
360°

(D

where ¢,,p and ¢p are the magnetic and geographic longitudes of the observer. The sec-
ond term in Equation 1 describes the time difference between the geographical and cgm
system, which is added to the local time LT of the observer. Our free parameters are
again needed here in terms of the geographical longitude ¢¢. This means for each itera-
tion of the parameters, the MLT is part of the theoretical description and not a property of
the observation.

The final theoretical elevation @’ is obtained through the geocentric angle

d = arccos[sin(Foya)) sin(Ig) + cos(Fovar) cos(Is) cos(dg — dovar) - 2)

between the point (Joval, Poval) On the aurora oval and the position of the observer (Jg,
¢B). This means that an observer looking in magnetic north direction sees this point of
the aurora oval (see Figure 1), where point 1 describes the location of the equatorward
boundary of the oval. Note that we speak of “magnetic north direction” for the magnetic
pole in the northern hemisphere in order to avoid confusion. If an observer looks in a di-

rection DIR other than north, point 2 is seen for example.

The theoretical elevation angle a’ follows from
cos(d) — % ) -

’_ t
@ arc an( Sin(d)
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Figure 1. Left: Relations for converting between geographical and cgm cardinal direction. The difference

in geographical longitude between observer and cgm pole is described with ¢p — ¢g. The co-latitude of the

cgm pole and the observer is described with @ and ®p, respectively. The angle y is sought. Right: The
equatorward boundary is shown in green, simplified as a circle at the corrected geomagnetic co-latitude. In

addition, an observing site and the cgm pole are shown. In the magnetic north direction, an observer sees

point 1 of the oval which has the same MLT as the observer and which is the closest oval point to the observer

at distance d. In a different direction DIR, point 2 of the oval is seen, which is further away from the observer

than point 1.

where # is the height above sea level of the upper limit of the aurora curtain (2 = 500 km).
For observations in magnetic north direction the theoretical elevation angle of the aurora
can be calculated immediately.

If the observation took place in another direction, given by the azimuth of the au-
rora, the distance ¢ in Figure 1 needs to be determined. In addition, the information about
the cardinal direction given in reports uses the geographical system as reference. There-
fore, an additional conversion of the geographical direction into the magnetic direction
(DIR) is necessary. Again knowledge about the position of the cgm pole is required, which
is a free parameter within the program. The conversion of the cardinal direction in both
systems is done by geometrical relations of the spherical triangle shown in Figure 1 on the
left side, consisting of the geographic pole, the cgm pole and the observer. The spheri-
cal triangle has been simplified for illustration purposes. We are looking for the angle v,

which indicates the difference between the cardinal direction in the geographical and cgm
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system. Using angular relationships in spherical triangles we get

sin @ - sin(¢p — ¢o)
sin[arccos(cos @p - cos @y + sin@p - sin O - cos(dp — ¢p))] |’

y = arcsin

where ®p is the geographic co-latitudes of the observer. Addition of y with the given car-
dinal direction in geographic coordinates yields the magnetic cardinal direction DIR. Once
DIR is known, the distance ¢ can be calculated. To make this possible, the aurora oval,

as shown in Figure 1 right, must be locally assumed to be circular (so a = ®). Other-
wise, the MLT of the place of the oval where the observer sees the aurora would be re-
quired. However, it is impossible to determine this MLT with the given information, be-
cause in the irregular triangle consisting of observer position, cgm pole and point 2 in
Figure 1 right only the angle DIR and the adjacent distance ® + d are known. It is nev-
ertheless useful to use the above mentioned models of the auroral oval, because they give
the correct co-latitude in magnetic north direction, which is dependent on the local time
due to the complex shape of the auroral oval. If the entire oval were approximated with

a circle, this dependence would be eliminated. The law of sines first delivers the angle

B = m — arcsin[sin(® + d) sin DIR/sin ®]. Then ¢ can be calculated using the Napierian

equations.
tan (@) cos (W)

DIR-B
COS(——i——)

The elevation @’ can now be calculated using (3) where ¢ replaces d. The difference be-

¢ =2 arctan

tween the theoretical elevation angle and the observed elevation angle (@ — @) is our test
quantity for the model parameters.

The elevation angle given in the observations is subject to measurement uncertain-
ties. The model with its parameters has a likelihood A to have created the data set, which
is the product of all likelihoods to have created individual data points. Since we are deal-
ing with observational uncertainties, the likelihood is not a sharp function, but a distri-
bution defined by a measurement variance o->. The exact measurement uncertainties are
extremely difficult to assess; we therefore use Gaussian distributions for practical reasons.
The likelihood given a set of parameters is then

- 1
A(¢o, ©o, Kp) = 1_[(27“)'2)’% exp [—r‘_z (i - a/lf)Z}
i=1

n 1 n ,
=(27ro?) 77 exp I_F Z (@i - ai)2l ,

i=1

where the o/ are functions of ¢y, ®9, and Kp and o is assumed to be 10°. The latter

value is estimated from the accuracy with which the elevation angle can be obtained from

—10-

“4)

(&)

(6)
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the photographs. The values for the root mean square deviation calculated in Section 3.2
are in a similar range, meaning that a o of 10° is a good estimate for the measurement
uncertainties. The free parameters can be constrained. The longitude of the cgm pole

¢o can have values between —r and n. The latitude was limited to the interval between
sin(50°) and sin(90°). The sine ensures a uniform distribution of random points on the
sphere. The lower value is derived from the paleomagnetic field models discussed in [Ko-
rte et al., 2018]. These suggest that the latitude of the geomagnetic pole has never been
less than ~ 76° over the last 10000 years. However, in order not to limit the interval too
much and to allow further freedoms, a latitude of 50° was chosen. The Kp index has a
range from O and 9+ [Bartels et al., 1939]. Since no further information about these pa-
rameters is known and since it is assumed that the pole is considered equally probable for
all positions and that all Kp values are equally probable, an prior distribution in the form

of a continuous uniform distribution is chosen which is restricted to an interval.

The full integration of the likelihood over three parameters is numerically challeng-
ing. Monte Carlo Markov chains (MCMC) are therefore used to explore the parameter
space. Certain step parameters control the “wiggle room” of the Markov chains and are
chosen in such a way that the parameter space is efficiently explored. A value of 0.1 in
radians is assumed for the geographical longitude, 0.08 for the sine of the latitude, and 0.5
for the Kp index. If these sigmas are too large, the resulting probability density distribu-
tions are very broad and overestimate the confidence intervals; if they are too small, the
parameter space may not be fully explored. The step values are means, while the actual

implementation uses adaptive step values.

If the data quality or quantity is poor, we can reduce the freedom of the model by
setting fixed values for the parameters, meaning that the position of the cgm pole can be
fixed to determine the Kp index exclusively. Since 1900, the position of the cgm pole is

available from the IGRF [Thebault et al., 2015].

2.4 Limits of the method

For the method developed here, it is important that the auroral oval models can
be used to determine a theoretical elevation angle of the aurora for each observation. In

some cases, however, where the observer has looked in a direction very different from the

—11-
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magnetic north, this is not possible. In these cases, according to the model, the observer
should not have been able to see the aurora at this point. These cases are less frequent
when using the model from Zhang and Paxton [2008] which describes a larger oval than
the model from Holzworth et al. [1975]. Nevertheless, they may be an indication that both
models underestimate the extent of the auroral oval for large Kp indices. It is likely that
both models are fairly accurate when it comes to weak and moderate geomagnetic storm
(see Section 3.3). As shown in Wagner [2020] the difference in both models becomes
larger as the Kp index increases. For a Kp index of 9+ the difference in the maximum
oval expansion is around 20°, indicating that the Holzworth model has an uncertainty of at
least 20° for strong magnetic activity. Since even the ZP model underestimates the auroral
oval size for extreme events, the error is probably even lager. For now we are limited to
the possibility to alleviate the problem for instance by neglecting the given cardinal direc-
tion and to assume that the observation was made in magnetic north direction. This vari-
ant leads to a solution for all observations, but ignores known information. Alternatively,
the observations for which there is no solution according to the model could be neglected,
but this limits the amount of data. A compromise is to include the direction for all obser-
vations for which the models provide a solution and to assume magnetic north as direction
only in the remaining cases. We have tried these three variants.

In a completely different approach, we do not compare theoretical and observed el-
evation angles, but use the physical distance of the observed aurora in the atmosphere to
the nearest point on the theoretical oval to determine the likelihood of any parameter set.
The aurora position is calculated based on the observational data in 3D Cartesian coordi-
nates. The disadvantage is that we used derived quantities instead of observed ones, which
violates the idea of Bayesian inference. We determine the position of the aurora from an
observed elevation angle @ and azimuth az through the geocentric angle g between the

observer and the aurora can be determined by

g =90° — a — arcsin ( . cos(a')) . @)

E
Re+h
The aurora was then observed approximately above the geographical position

A¢ = g - sin(az), A% =g - cos(az), 3

where A¢ and A describe the differences in longitude and latitude to the observer’s ge-
ographical position. Afterwards a conversion to 3D Cartesian coordinates is performed

with the Matlab routine ell2xyz from the “Geodetic Toolbox Version 2.99.0.0” by Mike

—12—-
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Craymer! using WGS84 [Deparment of Defense, 1991]. The distance between the resulting
position of the aurora and the vector (xg, yg, zg) of the nearest oval position from the mod-
els determines the likelihood of any parameter set of the given model. By this procedure a
solution can be generated for each observation, since an intersection with the actual oval is
not necessary. Again, both oval models mentioned above can be used.

In total, there are now four different methods and two approaches available to re-
construct the auroral oval. Either the observed elevation angle is compared with the the-
oretical elevation angle calculated from the models (Approach A), or the 3D location of
the aurora is calculated from the observations and is compared with the closest location of
the aurora from the models (Approach B). The different approaches and methods are sum-
marised in Table 1. All the different methods are applied to the investigated geomagnetic

storms.

Table 1. Overview over the different methods and approaches. The grey-shaded methods use the model
according to Zhang and Paxton [2008], whereas in the other cases the model according to Holzworth

et al. [1975] is used. In addition, the two comparison approaches are given (A: elevation angle, B: atmo-
spheric distance of the aurora). The third column describes whether the direction (azimuth) given in the

reports/photographs has been included.

Nr. | Approach | Direction | Description
1 A no all observations in magnetic north direction
2 yes if no solution in given direction — obs. in magnetic north
3 A yes ignore observations without solution
4 B yes calculate aurora position in Cartesian coordinates, compare with models
5 A no all observations in magnetic north direction
6 A yes if no solution in given direction — obs. in magnetic north
7 A yes ignore observations without solution
8 B yes calculate aurora position in Cartesian coordinates, compare with models

2.5 Testing the method on synthetic observations

Synthetic observations were created for which the Kp index and the position of the

cgm pole is known. For this purpose random observing sites were generated in a prede-

Thttps://de.mathworks.com/matlabcentral/fileexchange/15285-geodetic-toolbox
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fined geographical latitude range. We randomly assigned a time and an azimuthal direc-
tion, corresponding to the magnetic cardinal direction, to each auroral observation. In the
case of the time, the interval was limited to 21:00 to 03:00 local time, whereas directions
between —45° and 45° with respect to the magnetic north direction were allowed. Subse-
quently, the above mentioned models were used to assign an elevation angle to each “ob-
servation” representing the angle given in reports or photographs. The Kp index and the
position of the pole were predefined. In the following example, 40 observations between
40° and 60° northern latitude were created. We used an uneven distribution in longitude
to mimic the observating site distribution during actual geomagnetic storms. The corre-
sponding elevation angles were generated once from the Holzworth and once from the ZP
model. The Kp index for these observations is 6 and the cgm pole was located at a geo-
graphic position of 83.1° N and 84.0° W. As a result, the different methods should return
the given parameters. Figure 2 shows the geographical positions of the synthetic observa-

tions (blue) and the given cgm pole (red).

Figure 2. Geographical distribution of 40 synthetic observations (blue) as well as the position of the prede-

fined cgm pole (red).

The derived parameters are consistent with the given values (see appendix A: Ta-
ble A.1). Here method 2 is discussed more detailed. For the cgm pole, method 2 results

in a geographical position of (83.1+0.1)° N and (84.1 +£3.5)° W. The obtained Kp index is
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6.0+ 0.4, so the calculated Kp index is given as a decimal number. The quasi-logarithmic
scale of the Kp index can also be represented by decimal numbers. The minus behind the
Kp value is equivalent to a reduction of the index by 0.33 (e.g. 6— = 5.67). The plus on
the other hand describes an increase of 0.33 (e.g. 6+ = 6.33). Figure A.2 in appendix A:
shows the probability distribution of all three parameters. A clear peak is visible in each

case.

In order to simulate further inaccuracies in the observations, the calculated eleva-
tion angles of the synthetic sightings were randomly varied in a 10° interval around the
previously determined value. We used a value of 10° since this is the typical uncertainty
of the elevation angle obtained from the images. Again, results could be obtained which
were in agreement with the specifications (method 2: cgm pole at (83.2+0.1)° N and
(83.0+3.7)°W, Kp = 6.1£0.5).

In the next step, the East Asian observations were neglected for the calculation, as
sightings in East Asia are often missing in real storms. This left 34 synthetically gener-
ated observations in North America and Europe. We performed this step to check whether
this has an effect on the result. The determined position of the cgm pole using method
2 is (83.1£0.1)° N and (84.2 +3.6)° W. The calculated Kp index is 6.0 +0.5 The results
do not change significantly and the given parameters can still be determined. Since the
synthetic observations were generated using the models, the oval expansion is not underes-
timated in these cases, which is why consistent results were obtained even for high Kp in-
dices. The results of the different methods using the Holzworth and ZP model are shown
in appendix A: Table A.1. The table is structured analogously to Table 1. As mentioned
above, all calculations were repeated with an additional variation of the elevation angle to
check whether consistent results can be achieved even with larger deviations in the given
elevation. An overview of these results can be found in appendix A: Table A.2.

While all methods reproduce the original values, it is noticeable that the longitude
of the cgm pole has larger error ranges, when multiplied with cos(latitude), than the lati-
tude. This behaviour is also shown later when investigating modern geomagnetic storms.
Despite the larger error, the calculated value corresponds to the specifications. It becomes
further clear that the methods with approach A and under consideration of the given direc-
tion (methods 2,3,6 and 7) deliver results which are closer to the original position, espe-

cially for the longitude of the cgm pole.
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As a measure of the accuracy of the reconstructions, we compute the root mean

square deviation (RMSD),

RMSD =

where lower values mean better reconstructions. Methods 4 and 8 are based on a differ-
ent approach and are therefore not comparable with the other methods, but only with each
other. The RMSD values again show that the calculations give better results when the di-
rection of the auroral display is taken into account. In addition, method 3 gives the low-
est RMSD values. Here observations which do not deliver results according to the oval
models are neglected, which is done by limiting the azimuthal interval, here from —35°

to 35°. This resulted in the loss of six observations. The oval reconstructed with method
3 therefore reflects the observation data best. Methods 1 and 5, in which the direction of
observation is not included, provide results that only agree with the specifications within
2 0. The deviation is also reflected in a higher RMSD value. If possible, the directions of
observation should therefore be included.

After neglecting the East Asian sightings, a similar picture emerges, with the RMSD
values being somewhat higher overall. According to this, the reconstruction deteriorates
with a more uneven global distribution, even if only minimally. In practice, this implies
that auroral sightings with good global coverage should be sought if possible.

Similar to the Holzworth model, the Zhang Paxton model was tested using synthetic
observations. It was found that, as before, the given parameters could be derived again.
However, the calculated values usually only agree with the specifications within 2 0. The
RMSD values are in the same range as for the calculations using the Holzworth model,
with method 7 (analogous to method 3 from the Holzworth model) again providing the
best results. Since the synthetic observations were generated using the respective model,
no estimation can be made here as to which model better reflects the distribution of obser-
vations. This comparison is only possible in the further course of the study on the basis of
true observation distributions.

In appendix A: Table A.2 the results of the calculations after additional variation of
the elevation angle within a 10° interval are shown. It can be seen that there is no signif-
icant change compared to the values shown in appendix A: Table A.l1. Within the mea-
surement uncertainties, the values are consistent with both the predefined values and the
results without the additional variation. In addition, the RMSD values are also in the same

order of magnitude and the developed methods provide good results even for larger un-
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certainties in the observed elevation angle, but there are no significant differences in the
methods. We confirmed in all cases that the developed methods provide very good results
for artificially generated observations. In the next step, modern geomagnetic storms for
which the parameters are known from direct measurements, but the observations are real,

will be investigated.

3 Reconstruction of the auroral oval

To validate the developed methods for the reconstruction of the auroral oval, four
modern geomagnetic storms were used, for which the respective position of the cgm pole
and the Kp index are known with good accuracy, while the data are real observations. In
particular, amateur photographs of the auroras on the respective date were used to recon-
struct the auroral oval. We are limited to only a small number of modern geomagnetic
storms, since a sufficient number of observations is required in order to reconstruct the
oval. We mainly relied on the number of observations given in the aurora archive of An-
dreas Moller [Moller, 2021] and identified the four modern storms, which are discussed in

this chapter.

3.1 Data and data reduction

All-sky cameras are used to take aurora photos worldwide and provide elevation of
azimuth of the events. But cameras installed for other purposes can also yield informa-
tion. A good example is the all-sky camera of the university observatory of the Friedrich
Schiller University of Jena in Gro3schwabhausen monitoring weather conditions for as-
tronomical observations. Such cameras, as in this case on March 17, 2015, can also ran-
domly record northern lights.

In addition to professional data, amateur recordings are an important source of in-
formation. Databases are also available for such reports. For observations in Germany
and Central Europe the aurora archive of Andreas Moller was used 2. The archive is con-
stantly updated and sightings are documented with reports as well as photos. In addition,
information on solar activity and geomagnetic activity for the respective storm is stored.
Another important archive is Aurorasaurus [MacDonald et al., 2015], a citizen science

project where on-purpose and serendipitous aurora sightings can be reported. This data is

2http://www.polarlicht-archiv.de/
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verified and made available online. In addition, Twitter posts are selected for certain key-
words and checked for accuracy by users of the network. This constitutes a comprehensive
database of aurora observations that can be used to improve forecasts and models.

In photographs, we determine the position of the aurora by using Stellarium 0.16.1
[Zotti et al., 2017] after identifying the background stars shown in the images (see ap-
pendix A: Figure A.1). If an aurora does not end at the edge of the image, the maximum
extension shown was used. In cases where the aurora ends in certain areas of the image,
the position at which the aurora can no longer be perceived is estimated. This is some-
what subjective, as it depends on the camera settings and also on the screen on which the
photograph is viewed. To take this into account, sufficiently large error bars were assumed
when reconstructing the oval (+10° for elevation and azimuth). For the following calcula-
tion the mean value of elevation and azimuth was used. The time of recording can also be
constrained using Stellarium for photographs without details, using the background stars.

Figure A.1 in appendix A: shows an image of the Aurora Borealis in Hartenholm
(53.900° N and 10.060° E) on March 17, 2015 at 23:30 LT. One can see the typical colours
of the aurora, which change from green in the lower part to a red shade in the upper part.
Also a slight ray-like structure, which is typical for active curtains, can be recognized.
The lower panel of Figure A.1 shows the same section of the sky at the same location and
local time in Stellarium. In the west, the aurora extends to the star 8 Tau, with an azimuth
of 281°. In the east, the aurora ends near 6 Her (AZ = 75°). The upper end of the auroral
curtain can be seen in the area of Polaris, which has an elevation angle of 52°. Both the
azimuth and elevation are then averaged to obtain the position which is later used in the

calculation of the auroral oval.

3.2 Reconstruction of four geomagnetic storms

Here we present the results of the analysed storms. Table 2 gives an overview of
important storm parameters: date, Kp index and position of the geomagnetic pole accord-
ing to the IGRF-12 [Thebault et al., 2015]. By using the apexpy 1.0.1 code from Laun-
dal and van der Meeren, which is based on a Fortran code from Emmert et al. [2010], we
were able to determine the position of the cgm pole for the respective year. We calculated
the Dst index from the geomagnetically equator-nearest aurora position [Yokoyama et al.,

1998] by using the following equation

Dst o L°, (10)
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where L, is related to the geomagnetic latitude ¢ of the equatorward boundary of the au-
roral oval via L, = 1/cos>® and L, is the geomagnetic latitude of the electron precipita-
tion boundary. The geomagnetically equator-nearest auroral position for a given storm can
thus provide information about the Dst index. In order to derive the Dst index, the posi-
tion of the aurora must first be calculated. First the distance g between the observer and
the aurora is determined by equation 7. Using equation 8 the difference between observer
and aurora in longitude and latitude (A¢ and AJ) can be calculated. Addition of the ob-
server position with A¢ and A gives the position of the aurora. With the known position
of the geomagnetic pole from the IGRF-12 the determined positions were converted into
geomagnetic coordinates. Effects due to the changing dipole moment of the Earth’s mag-
netic field, as discussed in Kataoka and Kiyomi [2017], were not included. These play a
role especially over larger time scales. Furthermore, the position of the aurora at 500 km
altitude was taken as reference. This position would still have to be converted with the in-
formation about inclination and declination of the local magnetic field to the foot point of
the field line on the Earth’s surface. Since the calculation of the Dst index is not the main
focus of the present work, these steps were omitted and it was shown that even a simpli-
fied estimation gives good results. The Dst indices for the 2016 and 2017 storm were ob-
tained from the Data Analysis Center for Geomagnetism and Space Magnetism at Kyoto
University (DAC Kyoto).

For all the different methods presented in Table 1 the respective RMSD values were

calculated in order to determine which auroral oval model is the preferred one.

Figure 3 shows the used sightings (red) and unused observations (blue), which were
not included since some of the important information is missing. Furthermore the calcu-

lated cgm pole (red triangle) as well as the true cgm pole location (green star) is given.

3.3 Results
In this paragraph we discuss the results presented in Table 2 in more detail by look-

ing at each geomagnetic storm individually.

3.3.1 The geomagnetic storm on March 27 and 28, 2017

On March 27 and 28, 2017 the coronal hole 798 produced a G2 geomagnetic storm

with aurora activity in Europe and North America [Moller, 2021].
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Table 2. Details of the four investigated geomagnetic storms between 2003 and 2017. Besides the date, the

cause (AR - active region, CH- coronal hole), the NOAA classification as well as total number of observa-

tions and the number of sightings with all necessary information. Furthermore the maximum and average Kp

indices are given together with true position of the cgm pole. The Table also contains the mean calculated

parameters for the different storms.

Halloween storm St. Patrick’s Day storm 2016 storm 2017 storm
date Oct 29 - 30, 2003 Mar 17 - 18, 2015 May 8-9,2016 | Mar 27 - 28,2017
cause AR 486 AR 12297 CH 733 CH 798
class G5 G4 G2 G2
total nr. obs. 207 235 104 68
nr. used obs. 128 186 78 53
KpPmax 90 8— 6+ 6+
Kp 8+ 7- 5- 5
calc. Kp index 82+0.6 53+1.1 49+0.7 3.1+09

cgm pole

calc. cgm pole

82.1°N, 83.2° W
(82.6 + 2.2)°N
(95.6 £ 7.4°W

83.1°N, 84.6° W
(83.7 £ 0.4°N
(76.4 £ 2.6)°W

83.2°N, 84.7°W
(759+3.3)°N
(96.5+15.4)°W

83.3°N, 84.9°W
(82.6+2.2)°N
(95.6+7.4)°W

Dst index [nT]

—400 [Pulkkinen et al., 2005]

—223 [Maurya et al., 2018]

—88 [DAC Kyoto]

=74 [DAC Kyoto]

calc. Dst index [nT] -599 -269 =73 -33

We performed the methods presented in Section 2.4 and calculated the position of
the cgm pole as well as the Kp index. The results for the different methods are listed in
the appendix in Table A.3. In the case of the 2017 storm there was no need to limit the
azimuthal interval to perform method 3 and 7.

As seen from Table A.3 the geographical latitude of the cgm pole is very similar in
the different methods. Only method 4 and 8, which are based on another approach, yield
different values. Nevertheless the mean calculated latitude of the cgm pole is (82.6 +2.2)° N
and is therefore consistent with the true position. However, the deviations in the longi-
tude are larger and vary in a range between 68.3° W and 125.1° W. The mean value of
(95.6 +7.4)° W is within twice the confidence interval consistent with the true location.
The distance between the true and the calculated pole is just (167 +97) km. When looking
at the Kp index it is obvious that the auroral oval described by the ZP model is larger than
the one described by the Holzworth model. The Kp values which were calculated by using

the ZP model are smaller than the values obtained from the Holzworth model. The mean

-20-



534

535

536

537

558

559

560

562

563

564

565

90°

ows‘zﬁf( ows‘sz(

Figure 3. Distribution of the observations for the four investigated geomagnetic storms (red: used sight-

ings, blue: sightings which could not be used, since some required information is missing). The green star
shows the true position of the cgm pole according to the IGRF-12 model. The mean calculated cgm pole is

shown as a red triangle.

Kp index is 3.1 +£0.9 which is consistent with the measured daily mean Kp index within
three times the confidence interval.

The RMSD values obtained from calculations with the Holzworth model are smaller
than the values from the ZP model. This indicates that in cases of a weak to medium geo-
magnetic storm the Holzworth model yields better results.

The geomagnetically equator-nearest observation was made in Webster (NY, USA)
with a geomagnetic latitude of 61.29° N. This results in a Dst index of —33 nT. The min-

imum measured Dst index, however, was —74 nT as reported by the World Data Center
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for Geomagnetism in Kyoto. The discrepancy can be explained by assuming that there are

observations at even lower geomagnetic latitude which were not identified so far.

3.3.2 The geomagnetic storm on May 8 and 9, 2016

The coronal hole 733 produced a G2 geomagnetic storm on May 08 and 09, 2016
with aurora activity in North America as well as Europe. Aurorae were visible by naked-
eye even in the Alps [Moller, 2021].

The results from the different methods are shown in the appendix in Table A.4.

For method 3 the azimuthal interval was restricted to [-35°,35°]. For method 7, how-
ever, where to oval is calculated in the same way as in method 3, no restriction of the az-
imuthal interval was necessary, since the ZP model describes a larger auroral oval. Like in
the case of the 2017 storm the latitudinal positions from the different methods are con-
sistent. Only the results obtained with approach B are different. The calculated mean
latitude of (75.9 +£3.3)° N is therefore only consistent with the true position within three
times the confidence interval. The longitude of the cgm is again varying in a large range
between 49.8° W and 161.0° W. Nevertheless the mean calculated longitude of the pole
((96.5 £15.4)° W) is consistent with the measured one within the confidence interval. The
absolute distance between the calculated and the true cgm pole is (847 +£272) km. The
calculated mean Kp index of Kp = 4.9 + 0.7 agrees well with the daily average of 5—.

The RMSD values for this particular storm are identical for both auroral oval mod-
els, so non of the models can be preferred in this case.

The observation in Manvel (ND, USA) was, with a geomagnetic latitude of 56.61° N,
the equator-nearest observation. From this position we derived a Dst index of —73 nT,
which is very close to the measured Dst index of —88 nT. Again there is a difference of
15 nT, which can be explained if there are not yet identified observations at lower geomag-

netic latitudes.

3.3.3 The St. Patrick’s Day storm 2015

On March 15, 2015, active region (AR) 12297 produced a fast coronal mass ejection
(CME), which eventually led to a G4 geomagnetic storm, the strongest in cycle 24 [Wang
et al., 2016]. On March 17 (St. Patrick’s Day) and March 18, 2015, strong auroral activity

occurred over Europe and North America.
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Table A.5 in the appendix shows the inferred positions of the cgm pole and the Kp
indices based on the procedures described in Table 1. As mentioned before, the calcula-
tions with methods 3 and 7 ignore the observations for which no solution could be de-
termined according to the respective model. In these cases, the azimuth was limited to
the range —18° to 18° and to the range —40° to 40°, leading to the omission of 37 and
9 observations, respectively. As expected, more observations are compatible with the ZP
model.

It can be seen from Table A.5 that the positions of the cgm pole from all methods
(except method 8) are consistent with each other. Deviations are within a few degrees. All
methods have in common that they reflect the geographic latitude of the pole well, which
is on average (83.7 + 0.4)° N. The mean longitude, however, deviates by about 8° from the
true position and is located at (76.4 + 2.6)° W. In high latitudes, the absolute distance (see
penultimate column in Table A.5) between true pole and the calculated mean cgm pole
of all methods is only (124 + 6) km. The deviations can be caused by the simplified trans-
formation between the coordinate systems described in section 2.2. Furthermore, it is con-
ceivable that the combination of different substorms could lead to inaccuracies. Therefore,
the observations were divided into the different substorms and then the reconstruction was
performed individually. After averaging the individual results, however, there was no sig-
nificant improvement. This applies to the storm of 2015 as well as to the storms of 2003
discussed below. In the case of the Kp index, clear differences can be seen, meaning that
the results from the calculations with the model according to Zhang and Paxton [2008] are
significantly smaller than those from the calculations with the model according to Holz-
worth et al. [1975]. This is to be expected in the case of a moderate storm like the St.
Patrick’s Day storm, since the oval described by the ZP model is significantly larger than
the oval from the Holzworth model. On average, however, the Kp index is Kp = 5.3 + 1.1
and is within less than 1.5 times the confidence interval consistent with daily average of
Kp ~ 7- (Kp = 6.67).

When looking at the RMSD values, it is noticeable that the results obtained with
approach A are in the same range (RMSD ~ 23). In contrast to the calculation from syn-
thetic observations, there are no significant deviations from methods 1 and 5. In the case
of methods 4 and 8, the auroral position is used for the calculation. The conversion into
Cartesian coordinates results in clearly different values here, so that these two methods are

only comparable with each other. The RMSD values show no clear differences between
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the two oval models. Therefore, neither of the two models can be classified as more prob-
able at this point.

The geomagnetically equator-nearest observation for the St. Patrick’s Day storm was
made with a geomagnetic latitude of 46.78° N in Hokkaido (JPN). By means of equation
10 this results in a minimum Dst index of —269 nT. This is very close to the measured

value of Dst = =223 nT from Maurya et al. [2018].

3.3.4 The Halloween storm 2003

At the end of October 2003 in solar cycle 23 AR 486 produced a series of strong
eruptions. With a size of about 13 Earth radii, AR 486 was the largest observed active re-
gion since 1990. On October 28, 2003, AR 486 was near the center of the solar disk and
produced an X17 eruption at 11:10 UT followed by the fourth strongest CME since mea-
surements began in 1976. This CME reached the Earth on October 29, 2003 at 06:13 UT
and caused a violent G5 geomagnetic storm, accompanied by extremely high auroral activ-
ity. This was the sixth strongest geomagnetic storm since 1932 [Balch et al., 2004].

The results in the appendix Table A.6 show larger deviations than for the 2015 storm.
In the case of method 3 and 7 observations were neglected due to the limited azimuth in-
terval. This concerns 49 observations in the third method (-33° < az < 33°) and 47
observations in method 7 (=35° < az < 35°). The calculated latitude of the cgm pole
is on average (76.2 +£2.5)° N and thus deviates from the true latitude by about 6°. Within
3 times the confidence interval, however, the values are consistent with each other. For
the longitude, with an average of (59.9 +7.5)° W, the average deviation is much greater
at about 23°. Here both values are not consistent within 3 times the confidence inter-
val. This results in an absolute distance of the true pole to the calculated cgm pole of
(810 + 336)km. The mean calculated Kp index is Kp = 4.2 + 0.6 and is therefore not
consistent with the measured daily mean of 8+. The RMSD values show a similar picture
as for the St. Patrick’s Day storm in 2015. Again, using approach A, the RMSD values
are in a similar range of magnitude, with the values for the 2003 storm being higher than
for the 2015 storm. This is consistent with the greater deviation between the calculated
and true cgm pole. Again, neither of the two models can be preferred on the basis of the
RMSD. The difference between the St. Patrick’s Day and the Halloween storm lies in the
availability and quality of the data. The few photographs of the Halloween storm are of

much worse quality, so that in several cases it was not possible to determine the position
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of the aurora. In addition, in many cases only written reports were available which are
less accurate in providing the required data compared to photographs.

The latitude for the Halloween storm remains consistent only within 3 times the con-
fidence interval. Deviations in the position of the pole therefore also lead to inaccuracies
in the Kp index. The calculated cgm pole is shifted to lower latitudes. Therefore a smaller
oval is consistent with the aurora sightings which leads to a decreased Kp index. Hence,
if the data is insufficient or the number of observations is small, a simplification of the
program should be considered in the sense that the position of the pole is given and only
the Kp index is calculated. By specifying the above mentioned position of the cgm pole
from IGRF-12, this leads to a mean Kp index for the 2003 storm of 8.2 + 0.6, which cor-
responds very well with the measured mean Kp index of 8+.

During this storm the geomagnetically equator-nearest auroral position is at a lat-
itude of 38.54° N and belongs to an observation from Orlando in Florida (USA). This
results in a Dst index of —599 nT. After Pulkkinen et al. [2005] the lowest Dst-index is
—400nT, which in this case differs quite strongly from the value calculated here. The rea-
son for this are the simplifications in the estimation of the Dst index listed in section 3.2,
why the Dst index presented here is a lower limit. This is consistent with the findings in

Hayakawa et al. [2018].

4 Conclusion

We reconstructed the auroral oval from ground-based observations using Bayesian
inference, which allows statements about the position of the pole in cgm coordinates as
well as the magnetic activity of the terrestrial field described by the Kp index. Two mod-
els of the auroral oval were used for this purpose, the one by Holzworth et al. [1975] and
a somewhat larger oval described by Zhang and Paxton [2008]. With these models it is
possible to calculate a theoretical elevation angle of the aurora for each observation. The
obtained theoretical value is then compared with the elevation angle derived from reports
or photographs.

To test the method, artificial observations were created for which the position of the
cgm pole and the Kp index are known. It could be shown that the different methods could
determine the given parameters for observations with an nonuniform longitudinal distribu-

tion mimicking real observations. Even after a random variation of the observed auroral
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elevation angle within a 10° interval the given values could be determined. The differ-
ences between the calculations with and without variations are negligible.

On the basis of synthetic observations as well as the St. Patrick’s Day storm, the
2016 and 2017 geomagnetic storm, it could be shown that the method developed in this
paper can precisely calculate the position of the cgm pole and the Kp index for good data
quality, with a deviation in longitude already occurring in the case of the 2015, 2016 and
2017 storm (~ 10°). If the data are less accurate, i.e. if the position of the aurora is less
well determined, larger deviations occur especially in the longitude of the pole. This is
seen in the Halloween storm 2003 where larger longitudinal deviations occur. There are
several reasons for this behaviour.

The auroral oval models from Holzworth et al. [1975] and Zhang and Paxton [2008]
are empirical models. Since strong and extreme storms occur significantly less frequently,
the models are less accurate, especially for those cases. Further inaccuracies result from
the simplified coordinate transformation between cgm and geographic coordinate system
as presented in Sigernes et al. [2011]. Furthermore, inaccuracies could be caused by the
merging of different substorms, which could be excluded. On the other hand, both oval
models, due to the underestimated oval extension, do not provide results for some obser-
vations, so that these observations must either be neglected or the assumption must be
made that these observations were made in magnetic north direction. Another possibility
to circumvent this problem is to calculate the auroral position in 3D Cartesian coordinates
from the information given in the reports or obtained from the photographs. This can then
be compared with the nearest oval position. This approach provides a solution for all ob-
servations. However, a manipulation of the data in the form of the calculation of the au-
rora position is necessary. Derived quantities from observations are usually not desired in
Bayesian inference as they possess reshaped error distributions which need to be tracked
carefully. If, as before, the theoretical aurora position is compared with the true elevation
angle of the aurora, the information from the reports can be used directly.

On average we found a difference between the true and calculated cgm pole loca-
tion of (2.3 +1.7)° in latitude and (10.8 +£0.9)° in longitude. For the Kp index the derived
values are off by around 0.9 + 0.4, if the corrected value for the 2003 storm is used, and
1.7 £ 0.7, if the uncorrected value is taken into account. This indicates, that the method
is capable of determining the latitude of the cgm pole very accurate, but on average there

is a discrepancy in longitude of around 10°, which arises most likely from missing East
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Asian observation in case of the 2016 and 2017 storm and from an underestimation of the
auroral oval in both models in case of the strong 2003 Halloween storm. The Kp index
can be obtained with an accuracy of around =+ 1.

The RMSD was calculated for all methods to see how well the resulting auroral oval
fits the data. The RMSD values are similar for both auroral models, meaning that non
of both models can be preferred. Furthermore the RSMD values are comparable to the
assumed standard deviation of the likelihood, indicating that our uncertainties are neither
over- nor underestimated.

The next step is to apply the presented method to storms before 1900 to determine
Kp and Dst indices and possibly also the location of the cgm pole. The aurora catalogue
from Fritz [1873] lists 46 geomagnetic storms with a sufficient number of observations
during the last 400 years. We will show in a following article, that there is large number
of observations for those historical storms, where the original reports are available and can
be analysed in order to derive the required information. For example, we have identified
532 observations for the Carrington event in 1859, with 168 observation containing the
necessary information. The obtained data can first be used for comparison with the po-
sition of the geomagnetic pole from different paleomagnetic field models. Secondly, the
calculated Kp index can help to study past solar activity, since the magnetic activity of the

terrestrial field is linked to solar activity.
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A: Appendix

Table A.1.

Results of the calculations based on synthetic observations using the Holzworth model (white

rows) and the ZP model (grey rows). The upper half shows the results of all 40 generated observations. The

lower half was obtained without the East Asian observations. The original position of the cgm pole was

83.1° N and 84.0° W, the Kp index was 6.

nr. | approach | geo. latitude [°] | geo. longitude [°] | Kp index | distance [km] | RMSD
1 A 82.8+0.1 —88.6+3.8 53+05 71+35 4.21°
2 A 83.1+0.1 —-84.1+3.5 6.0+04 1+1 2.58°
3 A 83.1+0.1 -84.2+4.0 6.0+0.5 3+2 2.14°
4 B 83.6+0.1 -86.9+9.2 57+1.0 67 +38 350km
5 A 82.9+0.1 -89.0+ 1.7 59+0.1 71+17 4.64°
6 A 83.2+0.1 —85.1+2.2 59+0.1 18+17 2.21°
7 A 83.0+0.1 —84.2+1.7 6.0+0.1 11+2 0.73°
8 B 83.5+0.1 -86.7+9.1 59+0.3 57+36 270km
nr. | approach | geo. latitude [°] | geo. longitude [°] | Kp index | distance [km] | RMSD
1 A 82.9+0.1 -88.9+4.0 54+0.6 70+42 4.26°
2 A 83.1+0.1 —-84.2+3.6 6.0+0.5 3+2 2.68°
3 A 83.1+0.1 —-84.4+4.1 6.0+0.6 5+5 2.17°
4 B 83.9+0.2 -91.9+13.8 62+14 133+ 94 360 km
5 A 84.1+0.1 -92.5+5.0 6.4+0.3 153 +48 4.71°
6 A 83.1+0.1 —-84.3+4.0 6.1+1.7 4+4 2.98°
7 A 83.1+0.1 —84.4+4.1 6.0+1.9 5+5 1.83°
8 B 83.9+0.2 -93.6+15.0 6.1+0.5 150+ 113 290 km
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Table A.2. Results of the calculations based on synthetic observations. The calculations using the Holz-
worth model are highlighted in white, while the lines with a grey background show the results using the ZP
model. The upper table shows the results of all 40 generated observations. The lower table contains the results
obtained when the East Asian observations are neglected. The given position of the CGM pole is 83.1° N and

84.0° W, where a Kp index of 6 was chosen.

nr. | approach | geo. latitude [°] | geo. longitude [°] | Kp index | distance [km] | RMSD

1 A 82.9+0.1 -87.5+3.8 53+05 52+33 4.25°
2 A 83.2+0.1 -829+33 6.0+04 18+ 11 3.17°
3 A 83.2+0.1 -83.0+3.7 6.1+0.5 17+ 11 3.08°
4 B 83.4+0.1 —87.7+9.1 5.0+09 59+51 370km
5 A 82.9+0.1 —-89.0+1.7 59+0.1 71+£17 5.50°
6 A 83.1£0.1 —-84.6+2.2 5.9+0.1 8+7 3.34°
7 A 82.9+0.1 -83.7+3.0 6.0+0.1 23+9 3.12°
8 B 83.5+0.1 —86.6+9.1 59+03 56 +38 290 km

nr. | approach | geo. latitude [°] | geo. longitude [°] | Kp index | distance [km] | RMSD

1 A 83.0+0.1 —87.7+3.8 54+0.5 51+39 5.24°
2 A 83.2+0.1 -83.1+3.5 6.0+0.5 16+9 3.03°
3 A 83.2+0.1 -83.3+3.8 6.1+0.6 157 2.87°
4 B 83.3+0.3 -98.0+£27.5 59+20 185+172 390km
5 A 84.0+0.1 -91.7+43 6.3+0.3 139 +43 5.26°
6 A 83.4+0.1 —86.5+4.1 6.0+0.2 47+33 3.27°
7 A 82.7+0.1 —-83.9+6.2 6.0+0.2 45+7 3.66°
8 B 83.6+0.2 -91.2+14.7 6.0+0.5 108 +92 300 km
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754 Figure A.1. Top panel: Photograph of the Aurora Borealis in Hartenholm (courtesy of Hartwig Liithen)
755 on March 17, 2015 at 23:30 LT. The positions of bright stars were used to estimate the elevation angle and
756 azimuth of the aurora in the sky by using Stellarium (bottom panel)).
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Figure A.2. Results of method 2 for the longitude and latitude of the cgm pole and the Kp index. Clear
peaks in the probability distribution of all parameters can be identified. The thin lines denote the confidence

intervals of the parameters, while the thick line is the average parameter value. The given values were repro-

duced.
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Table A.3. Results of the geomagnetic storm in 2017. All results are given together with the 68 %

confidence intervals. The penultimate column describes the distance between the calculated and true

position of the cgm pole in km, with the last column indicating the RMSD. The methods using the ZP

model are marked in gray. The last row contains the mean position of the cgm pole from all calcu-

lations and the mean Kp index together with the 1 o standard errors. The distance given here is the

distance between the mean calculated pole from aurorae and true cgm pole at 83.3° N and 84.9° W. The

measured daily mean Kp index was 5.

nr. | approach | geo. latitude [°] | geo. longitude [°] | Kp index | distance [km] | RMSD
1 A 88.7+0.6 -854=+1.8 49+0.3 603 + 63 20.05°
2 A 88.8+£0.5 -99.6+7.2 29+0.5 620 +58 16.68°
3 A 82.3+0.1 —-100.7 +5.8 3.0+04 21371 11.81°
4 B 71.3+1.3 -68.3+7.7 24+1.0 1381 + 186 871 km
5 A 86.1 +0.4 —-83.3+32.1 83+0.6 310+9 26.58°
6 A 83.7+0.1 -124.9+25.1 1.3+£0.7 496 + 290 14.87°
7 A 83.8+0.1 —125.1+25.1 1.3+£0.7 498 + 289 14.87°
8 B 752+ 1.1 =77.7+17.8 0.3+0.3 910+ 171 725 km
82.6+2.2 -95.6+74 3.1+£09 167 +97
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Table A.4. Results of the geomagnetic storm in 2016. All results are given together with the 68 %

confidence intervals. The penultimate column describes the distance between the calculated and true

position of the cgm pole in km, with the last column indicating the RMSD. The methods using the ZP

model are marked in gray. The last row contains the mean position of the cgm pole from all calcu-

lations and the mean Kp index together with the 1 o standard errors. The distance given here is the

distance between the mean calculated pole from aurorae and true cgm pole at 83.2° N and 84.7° W. The

measured daily mean Kp index was 5—.

nr. | approach | geo. latitude [°] | geo. longitude [°] | Kp index | distance [km] | RMSD
1 A 81.7+0.1 -93.7+6.6 45+0.6 210+46 16.73°
2 A 81.8+0.1 -90.5+5.4 4.6+0.5 174 +25 15.27°
3 A 82.4+0.1 -96.2+9.6 52=+1.1 185+97 15.67°
4 B 604+1.3 —-49.8+29 69+1.6 2701 + 165 1168 km
5 A 69.1+4.2 —65.5+26.7 8.0+0.7 1624 + 610 28.01°
6 A 82.8+0.1 -160.9+7.1 47+04 961 +72 15.78°
7 A 82.8+0.1 -161.0+7.1 4.7+04 962 +71 15.78°
8 B 65.8+2.2 -542+7.7 0.9+0.7 2080 + 306 1022 km
759+3.3 -96.5+154 4.9+0.7 847 +£272
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Table A.5. Results of the St. Patrick’s Day storm in 2015. All results are given together with the 68 % con-

fidence intervals. The penultimate column describes the distance between the calculated and true position of

the cgm pole in km, with the last column indicating the RMSD. The methods using the ZP model are marked

in gray. The last row contains the mean position of the cgm pole from all calculations and the mean Kp index

together with the 1 o standard errors. The distance given here is the distance between the mean calculated

pole from aurorae and true cgm pole at 83.1° N and 84.6° W. The measured daily mean Kp index was 7—.

nr. | approach | geo. latitude [°] | geo. longitude [°] | Kp index | distance [km] | RMSD
1 A 82.4+0.1 -72.9+2.0 7.0+0.6 181 +30 22.90°
2 A 84.3+0.1 -76.6+1.7 85+0.6 165+38 23.54°
3 A 83.5+0.1 -733+2.1 8.1+0.7 152 +25 26.03°
4 B 83.3+0.1 -73.1+4.0 8.3+0.7 159+ 10 550km
5 A 82.8+0.1 -733+22 23+0.1 161+ 13 22.94°
6 A 83.2+0.1 -73.5+2.8 2.5+0.1 148 +37 22.86°
7 A 84.1+0.1 -75.5+3.1 2.6+0.1 153 +11 23.39°
8 B 85.9+0.1 -929+17.4 32+0.5 324 +50 490 km
83.7+04 -76.4+2.6 53+1.1 124 +6
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Table A.6. Results of the 2003 Halloween storm. All results are given together with the 68 % confidence

intervals. The penultimate column describes the distance between the calculated and true position of the cgm

pole in km, with the last column indicating the RMSD. The methods using the ZP model are marked in gray.

The penultimate row contains the mean position of the cgm pole from all calculations and the mean Kp index

together with the 1 o standard errors. The distance given here is the distance between the mean calculated

pole from aurorae and true cgm pole at 82.1° N and 83.2° W. The last rows shows the mean calculated Kp

index with the cgm pole position fixed at the true value. The measured daily mean Kp index was 8+.

nr. | approach | geo. latitude [°] | geo. longitude [°] | Kp index | distance [km] | RMSD
1 A 743+0.2 -513+1.2 46+0.3 1104 +35 23.49°
2 A 76.0+0.2 -492+14 4.8+0.3 964 + 38 24.24°
3 A 78.9+0.2 -53.7+1.3 6.4+04 640 + 35 27.92°
4 B 69.9+0.8 —-47.0+3.5 48+1.1 1614 + 128 100km
5 A 79.6 £0.1 -60.0+ 1.6 29+0.2 487 +32 22.96°
6 A 84.0+0.1 —78.7+2.6 4.7+0.2 218+4 23.81°
7 A 81.2+0.1 -96.3+3.5 42+0.3 235+44 30.23°
8 B 65.6+0.9 —429+42 1.4+0.5 2122 + 149 110km
76.2+2.5 -599+7.5 42+0.6 810+336
fixed fixed 82+0.6
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