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Abstract

Understanding global space weather effects is of great importance to the international scientific community, but more localised
space weather predictions are important on a national level. In this study, data from a ground magnetometer at Valentia
Observatory is used to characterise space weather effects on the island of Ireland. The horizontal component of magnetometer
observations and its time derivative are considered, and extreme values of these are identified. These extremes are fit to a
generalised extreme value distribution, and from this model return values (the expected magnitude of an observation within a
given time window) are predicted. The causes of extreme values are investigated both in a case study, and also statistically
by looking at contributions from geomagnetic storms, substorms, and sudden commencements. This work characterises the
extreme part of the distribution of space weather effects on Ireland (and at similar latitudes), and hence examines those space

weather observations which are likely to have the greatest impact on susceptible technologies.
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Key Points:

» Extreme observations at Valentia MaglE station are identified; more are observed
in the premidnight sector

e Return values of extreme Valentia observations at given return periods are pre-
dicted

« Implications of space weather phenomena on extreme observations at Irish lati-
tudes are examined

Corresponding author: Alexandra Ruth Fogg, arfogg@cp.dias.ie



20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

Abstract

Understanding global space weather effects is of great importance to the interna-
tional scientific community, but more localised space weather predictions are important
on a national level. In this study, data from a ground magnetometer at Valentia Obser-
vatory is used to characterise space weather effects on the island of Ireland. The hor-
izontal component of magnetometer observations and its time derivative are considered,
and extreme values of these are identified. These extremes are fit to a generalised ex-
treme value distribution, and from this model return values (the expected magnitude of
an observation within a given time window) are predicted. The causes of extreme val-
ues are investigated both in a case study, and also statistically by looking at contribu-
tions from geomagnetic storms, substorms, and sudden commencements. This work char-
acterises the extreme part of the distribution of space weather effects on Ireland (and
at similar latitudes), and hence examines those space weather observations which are likely
to have the greatest impact on susceptible technologies.

Plain Language Summary

Space weather describes the effects of the interaction between the Sun’s solar wind
and the Earth’s magnetic field, and can have dramatic impacts on human technology.
Space weather can be characterised both globally, and on a local level. In this study, space
weather over the island of Ireland is characterised using an Irish ground based magne-
tometer at Valentia Observatory. Extreme observations from this magnetometer are de-
tected, and these are used to predict future extreme observations. Additionally, the con-
tributions of different types of space weather phenomena to extreme observations are de-
termined. Understanding extreme observations on a national level will help to enhance
space weather resilience which is increasingly important as society becomes more and
more dependent on technology.

1 Introduction

Ground based magnetometers measure deflections in the magnetic field as a result
of changes in overhead currents, which can be used to infer variations in geomagnetically
induced currents (GICs, Blake et al., 2016, 2018), geoelectric fields (Campanya et al.,
2019; Malone-Leigh et al., 2023), and the overhead currents themselves (e.g. auroral elec-
trojet indices, Davis & Sugiura, 1966). Ground based magnetometers have been used for
over a century to characterise space weather effects. As the amount of data recorded at
stations builds up over time, a wealth of information can be unravelled from these ex-
panding datasets using new and/or more computationally intensive data analysis tech-
niques.

Space weather impacts a breadth of human technology, and some technology is more
susceptible than others. For example, recently 38 starlink satellites were lost to a minor-
moderate size geomagnetic storm (Fang et al., 2022), while infrastructure like power grids
are more robust to all but the most extreme events (Bolduc, 2002). As we move to an
increasingly technologically-reliant society, these space weather risks become of greater
importance, and indeed space weather is listed on national risk registers in, for exam-
ple, the United Kingdom. Therefore the motivation for understanding, and indeed pre-
dicting the most extreme space weather events is of the utmost importance.

In this study, observations from an Irish magnetometer station will be characterised
using Extreme Value Analysis (EVA). By using this technique, extreme observations will
be identified, and after fitting a model, return values of these extreme observations will
be extracted. These return values describe the value that will be observed at least once
in a given return period. Characterisation of return values enables understanding of what
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is (or indeed, isn’t) an extreme observation, and how regularly these might occur. Un-
derstanding this is a fundamental part of interpreting space weather at Irish latitudes,
and in relation to specific Irish geology.

Although it’s an emerging technique in space science, EVA is used more commonly
in other fields to predict the return periods of e.g., earthquakes or extreme weather (e.g.,
Finkel et al., 2023). EVA has also been used by some authors to predict the return pe-
riod or probability of extreme Space Weather events. A limitation of the technique is
the fitting of a model to detected extremes: a large amount of data is needed to result
in a large number of extremes for the fitting. For example, Siscoe (1976) extracted the
three largest events from each solar cycle in 91 years of aa index, and calculated statis-
tical characteristics for the extreme values. Subsequently, Silbergleit (1996) identified
sudden storm commencements between 1957 and 1980, and by fitting a Gumbel distri-
bution predicted that a |Dst| value above 400 nT would be observed within the 17 (£3)
years that followed 1980. Similarly, Silbergleit (1999) utilised the aa index between 1868
and 1992 (124 years), separating between odd and even solar cycles to account for Hale
cycle affects. They predicted that a geomagnetic event equalling the March 1989 event
(e.g., Bolduc, 2002) would occur within the next 8 odd or 13 even solar cycles.

Koons (2001) determined return values using 66 years of geomagnetic index Ap,
as well as proton and electron fluxes. Additionally, Tsubouchi and Omura (2007) iden-
tified geomagnetic storms from 44 years of Dst data, and calculated that the return pe-
riod of an event such as the March 1989 storm is approximately 60 years. Riley and Love
(2017) also detected storms in the Dst index, and by fitting a power law estimated the
probability of extreme events in Dst. Recently, Elvidge (2020) used EVA on aa index data,
which spans 150 years; they first removed a strong solar cycle variation from the data
using a Hilbert-Huang transform, and then predicted return values with periods up to
1000 years, separating data into solar cycle minimum and maximum. Bergin et al. (2023)
performed EVA on Dst, SYM-H and SMR and compared the differences between the re-
turn values of these similar indices. These analyses can provide answers towards under-
standing one of the key questions in the field of space weather: when will the next dra-
matic space weather event be?

Similarly to this study, Thomson et al. (2011) estimated return values at magne-
tometer stations across Europe, including Irish station Valentia (51.93°N, 349.75°E ge-
ographic, with data from 1995-2010). Despite only using 15 years of data to fit the model,
they estimated 100 and 200 year return values of both the horizontal component of the
magnetic field and its time derivative. From their Figures 5 and 6, they predict a 100
year return value of 2000 nT for H and 1000 nT minute™! for %. Rogers et al. (2020)
takes a similar approach, and examines trends with latitude and magnetic local time.
Uniquely in this study, a larger amount of data will be used, and the model will not be
extrapolated beyond the bounds of the length of the data. Additionally, unlike these pre-
vious papers, an in depth analysis of one station will be presented, including specific re-
turn values, and an investigation of the causes of extreme values.

Finally, the causes of high values at an Irish magnetometer station will be inves-
tigated by considering the contributions of storms, substorms and sudden commence-
ments (SCs). Geomagnetic storms are generated when solar wind - magnetosphere cou-
pling is strong and prolonged; this results in enhancements in geomagnetic activity, and
ultimately the storm itself. Geomagnetic storms are characterised by three phases (e.g.,
McPherron, 1995; Hutchinson, Wright, & Milan, 2011; Walach & Grocott, 2019): ini-
tial, main, and recovery. During the main phase, a large amount of energy is deposited
in the ring current, leading to a characteristic decrease in the ring current index, SYM-
H.

Following the onset of magnetic reconnection at the dayside, open magnetic flux
is pulled across the polar cap and builds up in the magnetotail. As a result, the mag-
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netotail flares and presents a larger surface area to the solar wind, increasing the pres-
sure within the magnetotail. This increased pressure cannot be maintained and magnetic
reconnection begins in the magnetotail, resulting in a large deposition of energy into the
nightside ionosphere, and effects are seen across a range of phenomena including iono-
spheric convection (e.g., Bristow et al., 2001, 2003; Bristow & Jensen, 2007), field-aligned
currents (FACS, e.g., Sangha et al., 2020), aurorae (e.g., Nishimura et al., 2020), auro-
ral kilometric radiation (e.g., Waters et al., 2022), and increased magnetic activity (Freeman
et al., 2019). First characterised by McPherron (1970), substorms are generally divided
into three phases: growth, expansion and recovery, and exhibit intense variability of the
phenomena listed above.

Sudden commencements (SCs, Araki, 1994) are swift compressions of the Earth’s
magnetosphere driven by rapid increases in solar wind dynamic pressure known as pres-
sure pulses. A characteristic step change signature is seen in the ring current index SYM-
H (e.g., Araki, 1994; Gillies et al., 2012; Hori et al., 2015) as a result of an increase in

the geomagnetic field in the equatorial plane. In this paper, SCs are divided into two phases:

‘onset’ defines from the start of the step change in SYM-H (as detected by an event list
described later) to the end of the step change. The ‘height’ phase is then the period 10
minutes after the end of the step change. SCs effects span the magnetosphere-ionosphere
system, and can include ULF waves (e.g., Oliveira et al., 2020) and enhancements in iono-
spheric convection / aurorae / FACs (e.g., Fogg et al., 2023). SCs can be further divided
into events rapidly followed by a geomagnetic storm, known as sudden storm commence-
ments (SSCs), and those not followed by a storm, known as sudden impulses (SIs). For
the purpose of this study, only the duration of the SC increase and the 10 minutes that
follow will be considered. Although some differences are seen between SSCs and SIs by
(e.g., Smith et al., 2019, 2021), this will not affect answering the question of whether SCs
can drive extreme events in magnetometer observations.

2 Data
2.1 Magnetometer Data

The Magnetometer Network of Ireland (MaglIE, https://www.magie.ie/), includes
stations across the island of Ireland, and has been used to model the effects of geomag-
netically induced currents (Blake et al., 2016, 2018) and geoelectric fields (Campanya
et al., 2019; Malone-Leigh et al., 2023). Most recently, Malone-Leigh et al. (2023) used
the MaglE network to nowcast geoelectric fields. Of course, MaglIE is one of many mag-
netometer networks across the world, and the Valentia station in the southwest of Ire-
land (51.93°N, 349.75°E geographic) is a contributing station to the INTERMAGNET
network, which itself contributes to the SuperMAG dataset (Gjerlov, 2012). In this study,
data from the MaglE Valentia station is used, as it provides a broad parameter space
of two solar cycles; data from 1991-2021 is extracted via the SuperMAG interface at one
minute resolution.

Key to this study is the horizontal component of the magnetic field, B, which is
calculated using Equation 1:

B=+/N2+ E? (1)

from the magnetic north (IN) and magnetic east (E) components of the magnetic
field observations. The rate of change of the horizontal component, ‘Z—f, is also calculated
similarly to Smith et al. (2019) using Equation 2:

aB  \JIN(t+dt) = N O] +[E(t+dt) - E(1)]
dat dt
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where N and E are as defined previously, and dt is the time elapsed between mea-

surements at ¢t and ¢ + dt. Both B and %—? are calculated at 1 minute resolution.

2.2 Event lists

In order to compare predicted return values with geomagnetic phenomena, event
lists of these phenomena are utilised, which will be described here. The geomagnetic storm
list compiled by Walach and Grocott (2019) is used in this manuscript to compare storm
time values to the predicted return values. Storms are detected in a manner similar to
that of Hutchinson, Wright, Milan, Grocott, and Boakes (2011), by searching for a char-
acteristic shape in SYM-H observations. In this manuscript, 314 geomagnetic storms from
this list are utilised from 1991-2019 inclusive, as this overlaps with Valentia data avail-
ability described above. The effects of geomagnetic storms captured by this list has been
studied extensively (e.g., Wharton et al., 2020; Sandhu et al., 2021; Orr et al., 2023).

In this manuscript the Substorm Onsets and Phases From Indices of the Electro-
jet (SOPHIE, Forsyth et al., 2015) substorm list is used to identify substorm phases in
Valentia data. The SOPHIE detection algorithm identifies characteristic substorm sig-
natures in SML, the SuperMAG equivalent of the lower envelope of the auroral electro-
jet index. Two additional processing steps are applied to the SOPHIE event list to pro-
duce a list of individual substorms with three phase start times, in a similar sense to Waters
et al. (2022). Firstly, any expansion phase onsets which may be attributed to steady mag-
netospheric convection are removed; this is flagged directly in the event list. Secondly,
individual substorms with growth directly followed by expansion and recovery phase are
extracted; all other identified phases are removed. This results in over 26,000 substorms
being extracted from the 75% EPT (Expansion Percentile Threshold) list, covering 1996-
2014. Similarly to the Walach and Grocott (2019) storm list, the SOPHIE list has been
used extensively to study the effects of substorms on the terrestrial magnetosphere (e.g.,
Waters et al., 2022).

Additionally, a list of SCs is compiled by the Observatori de I’Ebre (hereafter OE
events, Observatori de 'Ebre, 2020). In this study, 432 positive SCs between 1995 and
2020 inclusive are extracted from the OE event list, and used to characterise to what ex-
tent SCs contribute to extreme observations. This window gives a broad parameter space
of two solar cycles. The OE event detection algorithm searches for rapid variations in
the traces of magnetometer stations at roughly equatorial latitude (= 33°N). Any in-
crease with a gradient of at least 3 nT min~! is recorded as an SC. This event list was
commissioned by the International Association of Geomagnetism and Aeronomy (IAGA),
and is part of its International Service of Geomagnetic Indices (ISGI), and has been used
by authors to characterise the propagation of SC effects through the magnetosphere (e.g.,
Gillies et al., 2012; Fogg, 2021; Fogg et al., 2023).

2.3 IMF, solar wind and geomagnetic indices

Finally, upstream observations and geomagnetic indices are extracted from the OMNI
(Weimer et al., 2002, 2003; Weimer & King, 2008; King & Papitashvili, 2005) dataset
to analyse the causes of an example extreme observation in B. All these data are retrieved
from OMNIWeb (https://omniweb.gsfc.nasa.gov/hw.html) at 1 minute resolution.
The Bz and By components are used to characterise the interplanetary magnetic field
(IMF), along with the solar wind dynamic pressure (Psw ), proton density (Nsw ) and
solar wind velocity (Vsw ). Additionally, geomagnetic indices SYM-H, PCy, AE, AU and
AL are retrieved from OMNIWeb. The ring current index SYM-H is provided by the World
Data Center for Geomagnetism Kyoto (Iyemori, 1990) and is derived from near equa-
torial latitude magnetometer stations; SYM-H shows signatures characteristic of geomag-
netic storms. Analogous to SYM-H, SuperMAG index SMR (Newell & Gjerloev, 2012)
is derived from all available magnetometer stations between -50° and +50° geomagnetic
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latitude. Similarly, the auroral electrojet indices (AE, AU and AL, World Data Center
for Geomagnetism Kyoto et al., 2015; Davis & Sugiura, 1966) are derived from auroral
latitude magnetometer observations and demonstrate activity in the auroral zone; AL
shows characteristic substorm signatures. SuperMAG equivalents SME, SMU and SML
(Newell & Gjerloev, 2011) are also used in this manuscript, which are derived from all
available magnetometer stations between 40° and 80° geomagnetic latitude. Finally, the
polar cap index PCy (provided by the World Data Center for Geomagnetism, Copen-
hagen, Troshichev et al., 1979; Troshichev & Andrezen, 1985; Stauning, 2013) is derived
from the variation in the trace of a polar latitude magnetometer and information from
the solar wind and IMF variability; PCy is an indicator of the speed of flux transport
across the polar cap.

3 Extreme Value Analysis

In this manuscript, Extreme Value Theory is used to both extract extreme events
from Valentia observations, and then use these events, fitting to a model, to estimate the
return values of Valentia observations. This analysis will be called extreme value anal-
ysis or ‘EVA’ in the text, and will allow quantification of the baseline conditions at Valen-
tia. This allows understanding of what is, or indeed isn’t, an unusually elevated value
at the station, and indeed at similar stations at this latitude. In turn, this will enhance
interpretation of magnetometer observations at this latitude, allowing characterisation
of whether an event is unusual. Indeed, this work will describe the likelyhood of extreme
events within a given time frame, and characterise the rarity of previous events at Irish
latitudes.

To conduct the EVA| the python package pyextremes is used, along with the pack-
age emcee (Foreman-Mackey et al., 2013) for Markov Chain Monte Carlo (MCMC) fit-
ting. pyextremes is used to extract the extremes, fit them to a model (described below)
using emcee (used previously by Smith et al., 2018), and use the fitted model to predict
return values. Unlike in Elvidge (2020), in this paper the Valentia B and % data are
not corrected for solar cycle variations before the EVA is performed. When B and %
were plotted along with sunspot number, no significant variation with solar cycle was
observed. Therefore it was deemed that the EVA could be performed on the data directly,
without removing solar cycle variations. It is important to note that because the data
spans a broad parameter space of two solar cycles, the results may be applicable to both
past and future events.

3.1 Detecting Extremes

The first stage of the EVA is to detect extremes from the dataset. In this manuscript
extremes are detected using the block maxima method (as opposed to peaks over thresh-
old, to avoid user bias in choosing a threshold). Similarly to Elvidge (2020), the data
are divided into calender years, and the highest observation within that calender year
is detected as an extreme value; note that full calender years of Valentia data are used
from 1991-2021, including years with any operational data gaps. The effect of the cho-
sen block size (i.e. calender year in this case) on the distribution of the detected extremes
was tested. For three different block sizes (calender year, 180 days, and 90 days) the dis-
tribution of the detected extremes was plotted. The distributions were very similar across
all block sizes, even though more extremes are detected for shorter block sizes. Since the
distribution of extremes was the same across different block sizes, a calender year was
chosen as the block size for this study as it will capture the full cycle of ionospheric sea-
sonality, and therefore a broad parameter space of observations. Extremes are detected
in this manner for both B, and %.

Firstly, an example of an extreme in Valentia B observations will be presented. In
Figure 1, the third highest B extreme (the highest with continuous IMF and plasma data)
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is presented across a variety of geomagnetic indices and IMF and plasma data. In panel
1(a), Valentia B and % observations are presented in black and red respectively. B comes
to a peak of 634 nT at 22:28 UT on 15" July 2000, with smaller peaks shortly before

and after. Interestingly, % comes to a local peak about twenty minutes later, although
the detected extreme for that year occurs at 14:48 UT on the same day. Indeed, in 43.75%
(14 in 31) of calender years investigated, the detected B and % extreme occur within

1 day of each other. This suggests that these extremes may be driven by some shared
driver, perhaps a geomagnetic storm.

Presented in panel 1(b), the ring current index SYM-H is well below the quiet level
of -15 nT described by Walach and Grocott (2019), and reaches below -200 nT at the
time of the peak; this likely indicates an ongoing geomagnetic storm. SMR is similar to
SYM-H in this interval. PCy is highly elevated above the average values of 0.79 mV m™!
(Fogg et al., 2022), reaching beyond 15 mV m~!. This indicates strong polar electrody-
namics, and likely rapid transport of magnetic flux antisunwards across the polar cap.
Although no obvious substorm signatures are present in AL (green curve in panel 1(c)),
all of the auroral electrojet indices are highly elevated above average values (66 n'T for
AU, and -77 nT for AL (Fogg et al., 2022)), indicating strong activity in the auroral zone
and potentially bright auroral emission. Given the strong driving in the interval, it is
possible that the auroral oval has expanded beyond the range of magnetometers contribut-
ing to AE/AU/AL, so SuperMAG indices SME/SMU/SML are included as they cover
a larger range in latitude. For all three indices comparisions (e.g. AE versus SME etc),
the traditional auroral electrojet index is underestimating the value of the auroral elec-
trojet as measured by SuperMAG indices (as characterised statistically by Bergin et al.,
2020). However the interpretation in this interval is similar: strong driving in the au-
roral zone with no clear substorm signatures.

IMF By (yellow) and Bz (purple) are presented in panel 1(d), along with the to-
tal IMF magnitude (By = \/B% + B% + B%, grey). At the start of the interval, IMF
By is strongly southwards, with values reaching -50 n'T, while By has a slightly lower
magnitude, but is strongly positive. Although the balance of Bz and By changes, and
By becomes dominant, there is strong negative Bz throughout the interval. This sug-
gests that there is strong solar wind - magnetosphere coupling at the subsolar point in
the form of magnetic reconnection, resulting in a large amount of energy being commu-
nicated into the magnetosphere. Additionally, the solar wind dynamic pressure, which
is presented in panel 1(e), varies greatly throughout the interval, sometimes exceeding
25 nPa (over 10 times the average of 1.83 nPa presented by Fogg et al. (2022)). The pres-
sure curve is dominated by the shape of the proton density (blue in panel 1(e)), which
sometimes exceeds 10 cc™!, over double average values presented by Fogg et al. (2022).
Finally, the solar wind velocity is also highly elevated, sometimes exceeding 1100 km s~ 1,
over double average values of 439 km s~! presented by Fogg et al. (2022).

Combining these observations, it is clear that in the lead up to the observed ex-
treme, the magnetosphere is being strongly driven by negative By, with a strong By com-
ponent (By has also been shown to increase reconnection rates by altering the position
of the reconnection site (e.g., Grocott et al., 2003, 2004, 2008)), and high solar wind dy-
namic pressure resulting in a compressed magnetosphere. This results in storm activ-
ity in the ring current index SYM-H (strongly negative) and enhanced activity in po-
lar and auroral electrodynamics, although this may not be directly driven by the solar
wind. Additionally, it is important to note that the Valentia station is around 23 mag-
netic local time (MLT) at the time this extreme is observed; the MLT dependence of the
observed extremes will be examined next.

A histogram of the extremes detected in both B and % with respect to the MLT
of the Valentia station at detection time is presented in Figure 2 (B extremes in grey,
dB more extremes are detected in the premid-

<7 extremes in purple). For both B and ‘fi—]f,
night sector than elsewhere, although the difference is particularly stark for B. This may
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Figure 1.

Timeseries of (a) Valentia B (black) and 42 (red) (b) SYM-H (black), SMR

(grey/dashed) and PCx (pink) (c) auroral electrojet indices (solid) and SuperMAG equiva-
lents (dashed) (d) IMF By (yellow) and Bz (purple) components, with total IMF magnitude

Br = /B% + B% + B (grey) (e) solar wind pressure (black), proton density (blue) and solar
wind velocity (gold). Centred on the detected B extreme at 22:28 UT on 15/07/2000, vertical

dashed line indicates this time in all panels. The universal time is indicated on all axis ticks, and

for panel (e) the magnetic local time of Valentia is also indicated.
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Figure 2. Histogram of the number of detected extremes with respect to the MLT of the
Valentia magnetometer at the time of detection. Bins are 1 hr MLT in width, and are centred on

each hour of MLT; radial length of the bar indicates the amount of extremes detected in that bin.

Dark grey for extremes in B, purple for extremes in ‘fi—]f.

relate to Valentia being in the region where substorm onset is most often occurs. How-

ever, % changes may also be driven by step changes relating to compressional wave prop-

agation through the magnetosphere, for example as a result of SCs (e.g., Araki, 1994;
Hori et al., 2015; Fogg et al., 2023); this may be why more 4B extremes are seen at day-

dt
side MLT's than for B.

3.2 Modelling the distribution of B extremes

Having extracted the extremes using the block maxima method described above,
these are used to fit a Generalised Extreme Value Distribution (GEVD). The GEVD is

defined in terms of:
G (2) = exp (—1 IEX: (T‘)]) 3)

using the same notation as Elvidge (2020), where u is the location parameter, o
is the scale parameter, and £ is the shape parameter. The model is fitted using MCMC
fitting as implemented in the emcee python package; for full details, the reader is directed
to Foreman-Mackey et al. (2013).

In the limit where £ goes to 0, the GEVD distribution becomes the Gumbel dis-
tribution:

g

G (z) = exp <—exp {_““D (4)

with parameters defined as for equation 3. pyextremes automatically selects be-
tween the GEVD and Gumbel distributions depending on which fits the data better. Best
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fit is characterised using the Akaike Information Criterion (AIC, Akaike, 1974): whichever
distribution has the smaller AIC is chosen as it has a more optimal fit.

Figure 3 presents several ways of assessing the fit of the GEVD distribution for the
B extremes. Firstly, in panel 3(a), the observed extremes are plotted as a function of their
return period (triangles), with the modelled extremes overplotted as an orange curve,
with 50% confidence interval as a grey shade. The model fits the data best where there
are most observed extremes: at the the lower end of the y axis. However, around 20-40
years return period, the fit of the model strays away from the data. At the high end of
the extremes, the extremes do not fall within the confidence interval. Overall, this sug-
gests that the model is better at predicting the lower extremes, i.e. those with lower re-
turn periods; this will be independent of block size, since the distribution of extremes
is.

In panel 3(b), the probability distribution functions for the observed and modelled
extremes are compared, with observations in grey and the model in orange. The model
follows the general shape of the observed distribution, but does not reach the same peak
as the observations, and over/under estimates in areas, particularly towards higher B.
Note the location, scale and shape parameters are recorded on this panel for repeata-
bility. Finally, the distributions of observed and modelled B are compared in a quantile-
quantile (or QQ) plot, allowing examination of the relative shape of the distributions.
For each observed extreme B, the modelled B of the same probability is extracted, and
these two B values are plotted against each other. Where the values lie on the y=x line,
the distributions agree, otherwise, they differ. In some places, the points lie on or very
close to the y=x line, but as the distributions extend to higher B (where there are less
observed extremes), the model differs from the observations. Again, this suggests that
the model is better at predicting the lower extremes, likely as that is where more obser-
vations are seen.

The fitted GEVD model is then used to predict return values (this is similar to read-
ing off the y value of the orange curve as a function of return period in panel 3(a)). These
predicted return values are presented in Figure 3(d) as a function of return period, and
with 50% confidence interval widths recorded. Return values describe the magnitude of
B which will be exceeded at least once within the associated return period. For exam-
ple, Valentia B observations will exceed 701 nT (50% CIL: -41, +191) at least once in a
20 year period.

3.3 Modelling the distribution of dB/dt extremes

The fitting of the GEVD model to the % extremes is analysed in Figure 4 as it

was for B values. In panel 4(a), the model fits the observations mostly within the con-
fidence interval, except for one outlier at high %. Again in panel 4(b), the model fits
the data well at lower ‘Z—lf, and this is also true from examination of the QQ plot in panel
4(c). In each of the assessment figures, the GEVD model tends to fit ‘Z—’f data better than

it did for B data.

The return values for % are presented with 50% confidence intervals in the table

in panel 4(d). For example, Valentia %2 observations will exceed 183.73 nT min~! (50%

CI: -11.98, +53.53) at least once in a 20 year period.

4 Contributions to extreme values

In this section, the values observed at Valentia during geomagnetic storms, sub-
storms and SCs will be compared with the return values extracted from the EVA. The
values of B recorded at Valentia during different phases of storms, substorms and sud-
den commencements are recorded in Figure 5 (an equivalent plot for % is presented in

—10—
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Extreme value analysis for B. (a) Observed extremes as a function of their calcu-

lated return periods (triangles), modelled extremes as a function of return period (orange line)
with 50% confidence interval (grey shade). (b) Normalised distributions of the detected B ex-
tremes (grey bars) and the fitted GEVD model (orange line), with the fitted parameters defined

as for Equation 3 noted in the top right. (c) Quantile-quantile plot comparing the distributions

of the modelled (x) and observed (y) extremes. (d) Return values (‘value’) as a function of return

period (‘period’ in years), with the width of a 50% confidence interval.
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Figure 4. Extreme value analysis for 22. (a) Observed extremes as a function of their calcu-

dt
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with 50% confidence interval (grey shade). (b) Normalised distributions of the detected 22 ex-
tremes (grey bars) and the fitted GEVD model (orange line), with the fitted parameters defined
as for Equation 3 noted in the top right. (c) Quantile-quantile plot comparing the distributions
of the modelled (x) and observed (y) extremes. (d) Return values (‘value’) as a function of return

period (‘period’ in years), with the width of a 50% confidence interval.
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Figure 5. Valentia B values during different event phases. For storms, the maximum value
in the labelled phase of each Walach and Grocott (2019) storm between 1991 and 2021. For
substorms, the maximum value in each phase (where recovery phase is the 30 mins following
recovery start time) for Forsyth et al. (2015) SOPHIE substorms between 1996 and 2014. Fi-
nally, for SCs, the onset value is the maximum value between onset time and the end of the SC
increase, whereas the height value is the maximum value from the end of the SC increase to 10
minutes afterwards. Only B measurements greater than the 2 year return value of 222.0 nT are
plotted. Vertical lines indicate 2, 5, 10, 15, 20 and 25 year return values. Number of points for

each category is recording in the legend. Horizontal axis is in log scale.

Figure 6). For storms, the maximum value during initial, main and recovery phase is cal-
culated using the Walach and Grocott (2019) storm list. Similarly for substorms, the max-
imum value during growth, expansion and recovery phase (where these phases are de-
fined in section 2) from the Forsyth et al. (2015) SOPHIE substorm list. Finally, for SCs,
the maximum recorded value for the period between onset and height of the step change
(‘onset’) and the height of the step change and the 10 minutes that follow (‘height’) are
extracted. For all thre; event types, only observations which equal or exceed the 2 year

B

return value for B or 2 are plotted.

For B values presented in Figure 5, storms contribute a larger number of observa-
tions above the 2 year return value than substorms or SCs (notably there are no SC on-
set observations that exceed the 2 year return value). This is particularly interesting given
that there are many more substorms observed than storms: only 314 storms, but over
26,000 substorms. Despite this, all three phases of storms and substorms contribute to
high B observations. SC onset does not contribute to high B observations, perhaps since
this is the start of the step change that forms an SC, and so the horizontal component
of the magnetic field will be at its lowest for this event. Conversely, at SC height, where
the magnetic field should be the highest (within the SC time frame), there are three ob-
servations above the 2 year return value.

Figure 6 shows the % values recorded by Valentia during the storms, substorms
and SCs which equal or exceed the two year return value. Again, all three phases of storms
and substorms contribute to these unusual ‘Z—Jf values, while storms however contribute
more high ‘Z—Jf than substorms. Unlike for B, SC onset rather than height contribute to
high % values. This is likely as the onset period represents the beginning of the step
change, so will contain high values of % due to the nature of the change. The height
portion comes from values following the step change, so may not contribute to high %

values. It is important to note at this point that ULF waves or related field-line reso-
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Figure 6. Valentia % values during different event phases. For storms, the maximum value

in the labelled phase of each Walach and Grocott (2019) storm between 1991 and 2021. For
substorms, the maximum value in each phase (where recovery phase is the 30 mins following
recovery start time) for Forsyth et al. (2015) SOPHIE substorms between 1996 and 2014. Fi-
nally, for SCs, the onset value is the maximum value between onset time and the end of the SC

increase, whereas the height value is the maximum value from the end of the SC increase to 10

dB

minutes afterwards. Only %7 measurements greater than the 2 year return value of 53.88 nT

min~?! are plotted. Vertical lines indicate 2, 5, 10, 15, 20 and 25 year return values. Number of

points for each category is recording in the legend. Horizontal axis is in log scale.

nances may contribute to high % values, but the minute resolution of Valentia data is
not fine enough to capture these rapid changes; further investigation with higher reso-
lution data is necessary to determine to what extent wave activity contributes to high
dB

S values.

An interesting point to consider in this analysis is that substorms may occur dur-
ing storms, and so some of the B and % values in the storm and substorm phases may
come from similar intervals. However, the aim of this analysis was to characterise the
contributions different events make to extreme values, and separating events into storms
with/without substorms is out of the scope of this study.

Finally, the extreme value analysis technique (as applied to B and ‘fi—’f) is applied

to various IMF, solar wind characteristics and geomagnetic indices, using data between
1991 and 2021 inclusive. These results are summarised in Table 1. Rather than an in
depth analysis as for B and %, for brevity the distribution and fit parameters are pre-
sented, along with the return values for 2, 5, 10, 15, 20 and 25 years. These return val-
ues will be used to assess the rarity of the conditions that generate the extreme B value
presented in Figure 1. Guided by the distributions presented by Fogg et al. (2022), the
EVA is run over block minima (i.e. negative maxima) for AL and SYM-H. This also links
to negative signatures in AL generated by substorms, and negative signatures in SYM-
H relating to geomagnetic storms. Finally, it is important to note that solar cycle vari-
ations in solar wind, IMF and geomagnetic indices have not been removed in this anal-
ysis: the purpose of this analysis is to assess the rarity of observations in Figure 1, and
hence which parameters are driving the observed B extreme.

Note that the EVA was not applied to By, Bz or PCy as these parameters are
roughly equally likely to be positive or negative (following on from the distributions pre-
sented by Fogg et al. (2022)), and the geophysical meaning of these different signs is sig-
nificant. For example, positive PCy indicates Dungey driven dual cell convection, whereas
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Table 1. Fit parameters and return values for EVA analysis of various IMF, solar wind charac-
teristics and geomagnetic indices; left hand column denotes the parameter. Distribution indicates
whether the GEVD or Gumbel distribution was fitted; both are fitted using MCMC as for B and
%. 1, o and & denote the free parameters in the fitting. Columns 2, 5, 10, 15, 20 and 25 denote

the return values for the titular return period in years.

Distribution 1 o I3 2 5 10 15 20 25
Brorar (nT)  Gumbel 30.8 11.5  0.00 35.0 48.0 57.0 62.0 65.0 68.0
Vsw (km s™')  Gumbel 833.4 96.5 0.00 869.0 978.0 1051.0 1091.0 1120.0 1142.0
Psy (nPa) GEVD 28,5  12.0 -0.37 33.0 52.0 70.0 83.0 93.0 102.0
AE (nT) Gumbel 2345.7 641.0 0.00 2581.0 3307.0 3788.0 4059.0 4250.0  4396.0
AU (uT) Gumbel 819.4 314.1 0.00 935.0 1291.0 1526.0 1659.0 1752.0 1824.0
AL (nT) Gumbel -247.7 646.6  0.00 -2339.0 -3072.0 -3557.0 -3831.0 -4023.0 -4170.0
SYM-H (nT) Gumbel 1370 914 0.00 -181.0 -284.0 -353.0 -391.0 -419.0 -439.0

negative PCy may indicate reverse convection or a severe asymmetry in the convection
pattern. Although different signs of By relate to opposite asymmetries in magnetospheric
and ionospheric signatures, some magnitude of either sign may increase energy input from
the solar wind (e.g., Grocott et al., 2003, 2004, 2008); however interpretation of, for ex-
ample, the return period of the magnitude of By would be non-trivial. Finally, for IMF
B, the difference between positive and negative represents a fundamental difference in
the energy transfer between the solar wind and magnetosphere - the difference between

a Dungey cycle-driven magnetosphere prone to storms and substorms, and a magneto-
sphere moving towards a more closed state (e.g., Milan et al., 2020, 2022). Due to the
necessity for a long and approximately continuous dataset, the timeseries cannot be split
into two positive and negative counterparts.

In the example presented in Figure 1, Broray is fairly steady around 50 nT through-
out the interval, driven by a dominant IMF By ; according to the return values presented
in Table 1 this is between a 5 and 10 year event. The solar wind flow speed is greater
than 1050 km s~! at the time of the B extreme, between a 10 and 15 year event accord-
ing to Table 1. The flow pressure varies between 10 and 30 nPa through the presented
interval surrounding the B maximum. The 2 year return value of flow pressure is 33 nPa,
so since the pressure is often below this value it is likely not driving the extreme obser-
vations in B.

Both AL and AE do not reach the their two year return values in the presented
interval, observed at around -500 and +1000 nT respectively. AU however exceeds the
2 year return value, suggesting that perhaps this interval is dominated by moderate-strong
dayside driving, rather than nightside substorm driving characteristic of AL. Finally, in
Figure 1, SYM-H is around -300 nT, between the 5 and 10 year return values, and far
below the quiet threshold (Walach & Grocott, 2019). Bergin et al. (2023) performed EVA
on Dst, SYM-H and SMR, and the calculated 5 and 10 year return values are within their
confidence intervals for the same return values (see Table 2 of Bergin et al. (2023)).

In the B extreme presented in Figure 1, IMF Brorar, Vsw, and SYM-H are ex-
hibiting between 5 and 10 year values. Considering the lack of characteristic substorm
signatures in AL, and a long period of southward IMF, results from Table 1 suggest the
B extreme is driven by a once in 5/10 year geomagnetic storm, incorporating strong so-
lar wind driving in particular from Vg .
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5 Conclusion

Investigation of space weather effects on Ireland is at an early stage when compared
with other geographical areas, with the majority of this research utilising the MaglE net-
work of magnetometers. In this study, extreme events at the MaglE station at Valen-
tia have been identified as the peak value observed in a calender year. A GEVD model
was fitted to these data via MCMC fitting, and from this model return values at given
return periods are extracted. This process was repeated for both the horizontal compo-
nent of the magnetic field, B, and its time derivative, %. Understanding the return val-
ues at Valentia provides a window onto space weather effects at Ireland, which is becom-
ing increasingly important as the world moves towards a more technologically dependent

society.

Additionally, the MLT distribution of the detected extremes was examined. As Ire-
land moves from day to night, the Valentia magnetometer rotates in and out of view of
different regions of the magnetosphere, which can be dominated by different phenom-
ena. More extremes were detected at premidnight MLTs, linking back to the dominance
of substorm dynamics in the premidnight sector, and the dramatic bay-like features ob-
served in magnetometer observations. Also presented in this study was an extreme in
B, in a period with a strong Brorar, and dominated by a 5-10 year storm.
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