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Abstract — Originally complied for 1868-1967 and subsequently continued so that it now covers
150 years, thea index has become a vital resource for studying space climate change. However, there
have been debates about the inter-calibration of data from the different stations. In addition, the effects
of secular change in the geomagnetic eld have not previously been allowed for. As a result, the compo-
nents of the “classical’aa index for the southern and northern hemispheess, Gndaay) have drifted

apart. We here separately correct batly andaay for both these effects using the same method as used to
generate the class&avalues but allowingl, the minimum angular separation of each station from a nom-

inal auroral oval, to vary as calculated using the IGRF-12 and gufm1 models of the intrinsic geomagnetic
eld. Our approach is to correct the quantizagvalues for each station, originally scaled on the assump-
tion thatd values are constant, with time-dependent scale factors that allow for the diiffims requires
revisiting the intercalibration of successive stations used in making#égend aay composites. These
intercalibrations are de ned using independent data and daily averages from 11 years before and after
each station change and it is shown that they depend on the time of year. This procedure produces
new homogenized hemispheraa indices, aays and aayn, Which show centennial-scale changes that

are in very close agreement. Calibration problems with the classicdex are shown to have arisen from

drifts in d combined with simpler corrections which gave an incorrect temporal variation and underesti-
mate the rise iraa during the 20th century by about 15%.

Keywords: Space climate / Space weather / Geomagnetism / Space environment / Historical records

1 Introduction meeting in GrenoblelfAGA, 1975). It was made possible by
o _ _ the availability of magnetic records from two old observatories,
1.1 The derivation of the classic  aa index Greenwich in southern England and Melbourne in Australia.

. , . , These two stations are almost antipodal, roughly at the same

In his book Mayaud, 198]) Pierre-No&l Mayaud attributes  geomagnetic latitude and 10 h apart in local time. To make a
the origins of the idea for th@a index to the 1969 IAGA | data sequence that extends from 1868 to the present day,
(International Association of Geomagnetism and A€ronomy} s necessary to use 3 stations in each hemisphere. In England
meeting in Madrid, where a request for an effort to extend 980hey are: Greenwich (IAGA code GRW, 1868-1925,
magnetic activity indices back in time was made by Syd”e%;eographic latitude 51.47X, 0.000E), Abinger (ABN,
Chapman on behalf of the Royal Society of London. Mayaudsjgo5_1956 51.185 359.613E), and Hartland (HAD
subsequent work resulted in an index somewhat different fro 957—presént, 50_99’5, 355.516E5. In Australia they are:
that which Chapman had enVisaQEd, but which covere elbourne (MEL, 1868-1919, 37.830N, 144975E),
100 years between 1868 and 198afaud, 197} and has Toglangi (TOO, 1920-1979, 37.533N, 145.467E) and
become a.kt'ay component of research into space climatenperra (CNB, 1980—present35.315N, 149.363E).
change. This index, termeah, was adopted at the 1975 IAGA  The aaindex is based on thi values for each station, as
introduced byBartels et al. (1939)These are derived from the
"Corresponding authom.lockwood@reading.ac.uk range of variation observed at the station in 3-hour intervals.
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The formal procedure for deriving is: the range (between have a different origin from that seen at higher latitudes, closer
minimum and maximum) of the irregular variations (that is,to the auroral oval.
after elimination of the regular daily variation) observed over  To account for the latitude variation of the range response,
a 3-hour interval in either of the horizontal componentsthe value ofL used to set th& band limits is set by the min-
(X northward orY eastward, whichever gives the larger value)imum distance between the station and a nominal auroral oval
is ranked into 1 of 10 classes (using quasi-logarithmic bangosition. Because of the offset of the auroral oval towards the
limits that are speci c to the observatory) to whichkavalue  nightside, this minimum distance (quanti ed by the geocentric
of 0-9 is assigned. The advantage of this procedure is thaingle between the station and the point of closest approach of
the scale of threshold values used to convert the continuouhe nominal auroral ovald) is set using a nominal oval at
range values into the quantizédvalues is adjusted for each corrected geomagnetic latitule-g = 69 , which is an average
station to allow for its location and characteristics such thabval location in the midnight sector where substorm expansions
theK value is a standardized measure of the geomagnetic actieccur.
ity level, irrespective of from where it is measured. In practice, A key point is that in compiling the class&a index, the
the range limits for alK bands are all set by just one number, L values have been assumed to remain constant over time for
L, the lower limit of theK = 9 band because the same relativea given station, which means that the effects of secular changes
scale is used at all stations and so the thresholds fdf ttends  in the geomagnetic eld ord have not been accounted for.
1-8 are scaled frorh, the lower limit for theK = 0 band being Mayaud was aware of the potential for secular changkvial-
set to zero Klenvielle & Berthelier, 1991 The derivation of ues but discounted it as small stating “note that the in uence of
the K values (and from them thax value andaay andaas)  the secular variation of the eld on the distances to the auroral
is illustrated schematically ifrigure 1 zone is such that the resulting variations of the lower limits for
The value ofL used for a station is set by its closestK = 9 are practically negligible at a scale of some tens of
proximity to a nominal auroral oval. To understand this, weyears” (Mayaud, 1968 Hence, in part, his view arose because
note that mid-latitude range indices respond most strongly tsawaa as being generated to cover the previous 100 years and
the substorm current wedge (eSpba et al., 19971.ockwood, did not foresee its continued extension to cover another
2013, resulting in very high correlations with auroral electro- 50 years. Being aware that the effect of secular change in the
jet indices such a®AE and AL (e.g. Adebesin, 2016 For intrinsic eld could not be ignored inde nitely,Chambodut
example, the correlation coefcient between the availableet al. (2015)proposed neva;s indices, constructed in a way
coincident 50 annual means of the standard auroral electrojétat means that the secular drift in the magnetic latitude of
AE(12) index and theap index (based on th& values from the observatories used is accounted for. In additdorsula
a network of stations) is 0.98 (signi cant at the 99.99% level),& Martini (2007) also noted the potential effect of the secular
and the correlation between the 17461 coincident daily meanshange on thé&-values from the Sodankyla observatory.
of AE(12) and Ap (Ap being daily means ofap) is 0.84 The approach taken to generate is that the range data
(signi cant to the same level). This means that the rangewere scaled int&-values using the band limits set by assigned
response of a station is greatest in the midnight Magnetit. values for the stations used to generate the northern and
Local Time (MLT) sector Clauer & McPherron, 1994 As  southern hemisphere indices. The valued.afised by ISGI
well as the response being smaller away from midnight, théo de ne theK-band scales are 500 nT for ath stations except
typical time variation waveform also varies with MLTC&an Canberra (CNB) for wherk = 450 nT is used, because of its
et al.,, 1978 The range variation in a substorm is generallygreater distance from the auroral oval. Th&sealues are then
greatest in the auroral oval and decreases with decreasimgnverted intoax values using a standard scale called “mid-
latitude. This is mainly because the response of high-timeelass amplitudes’, K2aKNlayaud, 198} given by Figure 1
resolution geomagnetic measures (such asHheomponent However, in order to achieve intercalibration of the data from
at the ground or the equivalent currents at 1-minute resolutiorgifferent stations, theyx values from each station were multi-
show a marked decrease in amplitude with increasing distangdied by a constant correction factor for that station to give
from the auroral oval (an example of the former is presenteday andaag for the northern and southern hemisphere, respec-
by Rostoker (1972and a statistical survey of the latter during tively. The correction factors took into account two things: a
116 substorms seen from 100 geomagnetic stations is preenstant magnetic latitude correction and an induction effect
sented byGjerloev & Hoffman (2014) This means that the correction. The correction factors adopted were: 1.007 for
range in theH values in 3-hour intervals also shows a decreas&reenwich; 0.934 for Abinger; 1.059 for Hartland; 0.967 for
with increasing distance from the auroral oval. However, weMelbourne; 1.033 for Toolangi; and 0.976 for Canberra (using
note that at lower latitudes the variation becomes rather more = 450 nT for Canberra). Note that this has an effect on the
complex.Ritter & Luhr (2008) surveyed the effects of 4000 allowed quantization levels of the indices. Without the correc-
substorm responses statistically at 4 stations, the most poléen factors there would be 10 allowed levels for batiy, and
ward of which was Niemegk. They found (their Fig. 8) thataas. Averaging them together to gaiwould give 19 possible
the initial response to substorm expansion phase onset iralues. Using the scaling factors means that at any one time
1-minute H values is actually almost constant with latitude there are still only 19 possible quantized levels, but those levels
at these low and middle latitudes, but at the higher magnetichange a little with each station change (i.e. at 1920, 1925,
latitude stations there was a faster subsequent decay in ti®57, and 1980).
substorm perturbation thl. The resulting effect on the values Having the twoaa stations roughly 10 h of local time apart
of the range inH during 3-hour intervals is again a tendency means that one of the two is on the nightside at any time. This
for them to decrease with decreasing latitude, but it appears tmeans that we cannot expect the two stations to agree at any
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Fig. 1. Schematic illustration of the generation Kfanday indices. lllustrative variations of the two orthogonal horizontal eld components
measured at one site are show(toward geographic north, in blue) aivdtoward geographic east, in orange). These variations are after the
regular diurnal variation has been subtracted from the observations. In the xed 3-hour UT windows (00—-03 UT, or 03—-06 UT, and so on up to
21-24 UT), the range of variation of both components between their maximum and minimum values i©kkedDY. The larger value of

the two is kept and scaled according to a standard, quasi-logarithmic scale (illustrated by the black and mauve bands to the right) for which al
K-band thresholds are set for the site in questior_pthe threshold range value for tie= 9 band. The value df for the site is assigned
according to the minimum distance between the site and a nominal ( xed) auroral oval positiorK Valele is then converted into the
relevant quantised value af (in nT) using the standard “mid-class amplitudes” (K2aK) scale. In the schematic s, DY, thus theX
component gives & value of 8 (whereas th¥ component would have giventk of 5). Thus for this 3-hour intervaby value would be

415 nT. In the case of the classia indices, the hemispheric indeady or aas, for the observatory in the northern or southern hemisphere,
respectively) i - ak, wheref is a factor that is assumed constant for the observing site.

given time. However, ideally there would be no systematicGeomagnetic Indices (ISGI). The magnetometer data are now
hemispheric asymmetries and, on average, the behavior sfipplied by British Geological Survey (BGS), Edinburgh for
aay andaas should be the same. It has long been recognizethe northern hemisphere and Geoscience Australia, Canberra
that this is not the case for the classia index. Bubenik &  for the southern hemisphere. We here refer to tregg aag
Fraser-Smith (1977%tudied the overall distributions aiay ~ andaadata as the “classical’ values, being those that are used
and aas and found that they were different: they argued thatto derive the of cialaaindex by EOST, as available from 1SGI
the problem was introduced by using a quantization scheméhttp://isgi.unistra.fiy and data centers around the world.
a potential problem discussed bylayaud (1980) Love It can be seen that althougta, andaas agree well during
(2011)investigated the difference in distributions of teval-  solar cycles 14-16 (1900-193®@ay is progressively larger
ues on whichaay andaag are based. This asymmetry will be thanaag both before and after this interval. The vertical lines
investigated in Paper 2 of this seriekotkwood et al., mark station changes (cyan for MEL to TOO; green for
20188 using a model of the time-of-year and time-of-day GRW to ABN; red for ABN to HAD; and blue for TOO to
response functions of the stations, allied to the effects of secul@NB). There has been much discussion about possible calibra-
change in the main eld (and associated station intertion errors between stations at these times. In particular,
calibration issues) that are the subject of the present paper. Svalgaard et al. (2004)ointed out that the class&ay values
showed a major change across the ABN-HAD join. These
1.2 Hemispheric asymmetry in the centennial-scale authors argued from a comparison against their “inter-hour
change of the classic aa index variability” index, IHV, that this was responsible for an extre-
mely large (8.1 nT) step ima, such that all the upward drift
Figure 2aillustrates another hemispheric asymmetry in thein aa during the 20th century was entirely erroneous. However,
classicaaindex. It shows annual meansad (in red) andaas  the early version ofHV that Svalgaard et al. had employed to
(in blue). These are the values averaged together in the genelraw this conclusion came from just two, nearby, Northern
ation of the of cial aa index by LEcole et Observatoire des Hemisphere stations, Cheltenham and Fredricksburg, which
Sciences de la Terre (EOST), a joint of the University of Straswere intercalibrated using the available 0.75 yr of overlapping
bourg and the French National Center for Scienti c Researclata in 1956. This calibration issue only in uencedy and
(CNRS) institute, on behalf of the International Service ofLockwood (2003)pointed out that, as shown iRigure 2a
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Fig. 2. Variations of annual means of various forms of tieindex. (a) The published “classic” northern and southern hemisphere indices
(aay andaas in red and blue, respectively). Also shown (in green) is 1.8k, derived from theK-indices scaled from the Niemegk data.
The vertical dashed lines maga station changes (cyan: Melbourne to Toolangi; green: Greenwich to Abinger; red: Abinger to Hartland; and
blue: Toolangi to Canberra). (b) The homogenized northern and southern hemisphere iadigeandaa,s in red and blue, respectively)
generated in the present paper. The thick green and cyan line segments are, respectiely trelamindex values used to intercalibrate
segments. (c) The classha data seriesaa = (aay + aag)/2 (in mauve) and the new homogene@aslata seriesaay = (aayn + aays)/2 (in

black). The orange line is the correctad data seriesac generated by.ockwood et al. (2014py re-calibration of the Abinger-to-Hartland

join using theAp index. (Note that before this joiraa andaac are identical and the orange line is not visible as it is underneath the mauve
line). The cyan line and points show annual means oftinéndex. The gray-shaded area in (c) is the interval used to calibegte andaays

(and henceaay) againstam

aag also showed the upward rise over the 20th century, albeit off interplanetary parameters to range datackwood, 2013
slightly smaller magnitude than that &y (and hence, by def- Recent tests with other range indices suchApgLockwood
inition aa). Using more stationdyiursula et al. (2004jound et al., 2014 Matthes et al., 200)6con rm that an upward skip
there was an upward drift ilHV over the 20th century, but it of about 2 nT at 1957 is presentaa (about one quarter of the
depended on the station studied; nevertheless, they inferred thaiginal estimate of 8.1 nT). However, it is important to stress
the upward drift inaa was probably too large. As a result, that this calibration arises for data which do not contain any
Svalgaard et al. (20033ubsequently revised their estimatesallowance for the effects of the secular change in the geomag-
of a 1957 error inaa down to 5.2 nT (this would mean that netic eld (in the present paper, we will show that the rise in the
64% of the drift inaa was erroneous). Howeve¥jursula &  classicaa between 1902 and 1987 is indeed slightly too large,
Martini (2006) showed that about half of this difference was but this arises more from neglecting the change in the intrinsic
actually in thelHV estimates and nata, being caused by the geomagnetic eld than from station intercalibration errors).
use of spot samples by Svalgaard et al., rather than hourly The argument underpinning the debate about the calibra-
means, in constructing the ealV data. This was corrected tion of aawas that the minimum annual mean in 1901 (near
by Svalgaard & Cliver (2007)who revised their estimate of the 6 nT) was much lower than any seen in modern times
aaerror further downward to 3 nT. Other studies indicated tha{14 nT in 1965) and so, it was argued, erroneous. This argu-
aa needed adjusting by about 2 nT at this dateryis, 2004 ment as shown to be specious by the low minimum of 2009
Martini & Mursula, 2008. A concern about many of these when the annual meaaa fell to 8.6 nT. Furthermore, subse-
comparisons is that they used hourly mean geomagnetic datment to that sunspot minimum, solar cycle 24amhas been
which has a different dependence on different combinationguite similar to cycle 14 (1901-1912) and so the rise in average
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aa levels between cycles 14 and 22 has almost been matchettd these were employed byockwood et al. (2017)to
by the fall over cycles 23 and 24. This does not necessarilgompute the variation in annual mean power input into the
mean that the classiaa for cycle 14 is properly calibrated, magnetosphere and byockwood et al. (2018ajo estimate
but it does mean that the frequently-used argument that it mugtie variation in geomagnetic storm and substorm occurrence
be in error was false. since before the Maunder minimum. Tha index data were
An upward 2 nT calibration skip inaimplies a 4 nT skip also used by the CMIP-6 project (the 6th Coupled Model
in aay andFigure 2ashows that after 1988a, exceed®agby  Intercomparison Project) to give a comprehensive and
approximately this amount. Hence it is tempting to ascribe thisletailed set of solar forcing reconstructions for studies of
difference betweeraay and aas to the one calibration skip. global and regional climate and of space weathdatthes
However, inspection of the gure reveals, grows relative et al., 2018. Vennerstrom et al. (2016)sed theaa index to
to aag before the ABN-HAD change in 1957. Figure 2aalso  investigate the occurrence of great geomagnetic storms since
plotted (in green) are annual meagy values based on the 1868.
K-index data from Niemegk (NGK, 1880—present). These have Hence theaa index has been extremely valuable in
been scaled using the same mid-class amplitudes (K2aK) teconstructing space climate, and in taking the rst steps
give anck and then multiplied by a best- t factor of 1.5 to bring towards a space weather climatology that covers more general
it into line with aas. It can be seen that 1&gk andaas are  conditions than do the direct satellite observations (which were
very similar in all years, implying that the upward drift&a,  almost all recorded during the Modern Grand Maximum
is too large, even if it is not the ABN-HAD change that is (Lockwood et al., 2009. In addition, theaa data have been
solely responsible. hugely valuable in facilitating the exploitation of measured
abundances of cosmogenic isotopedC, %Be and **Ti
1.3 Studies of space climate change using the  aa index (Usoskin, 201Y. These records of past solar variability, stored
in terrestrial reservoirs such as tree trunks, ice sheets and fallen
Feynman & Crooker (1978gconstructed annual means of meteorites, do not overlap much (or at all) with modern space-
the solar wind speed/sy from aa, using the fact thaaa, like  craft data. For examplef“c cannot be used after the rst
all range geomagnetic indices, has an approxima¥ély”  atomic bomb tests, and receflBe data is less reliable as it
dependence pckwood, 2013 However, on annual timescales, is taken from the rn rather than the compacted snow of the
aaalso has a dependence on the IMF eld stren@hwhich  ice sheet, wherea®Ti accumulates in meteorites over very
contributes considerably to the long term driftie. Lockwood  long intervals. The extension of spacecraft data by reconstruc-
et al. (1999)removed the dependence @ on Vsy using its  tions based oraa has given an overlap interval since 1868
27-day recurrence (which varies with me&f,y, on annual  which can be used to aid the interpretation of the cosmogenic
timescales) and derived the open solar ux (OSF, the total magdata (\svestari & Usoskin, 20160wens et al., 2016
netic ux leaving the top of the solar corona) using “‘the
Ulysses result’ that the radial component 8f is largely 1.4 Making a homogeneous aa index
independent of heliographic latitudSrhith & Balogh, 1995
Lockwood et al., 20040wens et al., 2008 This variation From Section 1.3it is apparent that thaa index is very
was modelled using the OSF continuity equationSlanki  important to studies of past space climate. The issues (such
et al. (2000) who employed the sunspot number to quantifyas hemispheric asymmetries and calibration glitches) in the
the OSF emergence rate. This modelling can be extended baak index discussed here and other limitations (such as the
to the start of regular telescopic observations in 1832al-  strong artefact diurnal variation caused by the use of just 2 sta-
gaard & Cliver (2005noted that different geomagnetic indices tions) will not invalidate the space climate work that has been
have different dependencies on the INB=and the solar wind done usingaa, although they may call for some corrections.
speed,Vsw and therefore could be used in combination toHowever, the increasing use and importanceaafmakes it
derive both. This was exploited bRouillard et al. (2007) timely to take a comprehensive look at these issues. In Paper
who usedaain combination with indices based on hourly mean2 (Lockwood et al., 2018bwe study how the compilation of
geomagnetic data to reconstruct annual meanB, &fsyyand the aa index inuences its time-of-day and time-of-year
OSF back to 1868Lockwood et al. (2014used 4 different response and, as far as is possible, we make corrections for this
pairings of indices, including an extendad data series (with and explain and correct the north-south asymmetries in the dis-
a derived 2 nT correction for a presumad calibration skip  tributions of 3-hourlyaavalues. In the present paper, we study
in 1957) to deriveB, Vsyand OSF, with a full uncertainty anal- the difference in the long-term drift of the northern and south-
ysis, back to 1845l ockwood & Owens (2014xtended the ernaaindices. We show that the intercalibration glitcheam
modelling to divide the OSF into that in the streamer beltparticularly that between Abinger and Hartland, were actually
and in coronal holes and so computed the streamer belt widthot just errors, but were also necessary to compensate for the
variation which matches well that deduced from historic eclipselrifts introduced into the data by the secular change in the
images Qwens et al., 201)7 The streamer belt width and OSF intrinsic geomagnetic eldFigure 2bshows the end result of
were used bydwens et al. (2017plong with 30 years’ of out- the process detailed in the present paper — a process that makes
put from a data-constrained magnetohydrodynamic model ddillowance for the effects of these drifts on e, andaag val-
the solar corona based on magnetograph data, to reconstruss and then re-calibrates the joins between data from the dif-
solar wind speed/sy, and number densitilsyy and the IMF  ferent stations. It can be seen frdfigure 2that the resulting
eld strengthB, based primarily on sunspot observations. Using'homogenized” aa,y andaays indices obtained from this pro-
these empirical relations, they produced the rst quantitativecess are much more similar to each other than are the chessic
estimate of global solar wind variations over the last 400 yeargdices,aay andaas,
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Fig. 3. The variation of the scale fact&d) derived from threshold range vallethat de nes theK = 9 band, with the minimum angular
separation of the station from a nominal auroral odalT his empirical variation is scaled froMayaud (19681972 and is the basis of thie
values used to scalé-indices from observed range for all mid-latitude stations. The scale fagdpnormalizes to the idealized Niemegk
station for whichd = 19 andL = Lo = 500 nT (ideal static Mayaud values).

Note that in this paper, we do just two things. Firstly, wea continuous data sequence: he did not do calculations that
correct Mayaud's derivation to allow for secular drift in the showed that althoughay and aas are different, the sites are
main geomagnetic eld — a factor which he understood butin somehow special such that the difference betwagpand
decided could be neglected. Indeed, part of the brilliance o true global value (that would be detected from an extensive
Mayauds formulation was to use the minimum distance toglobal network) is equal and opposite to that fass — a
the auroral oval, which is less subject to secular change thazondition that would guarantee that on averaging one gets a
the geomagnetic latitude of the station. This is because botalid global mean. This being the case, the only rationale for
the geomagnetic latitude of the station and the geographic latveragingaay andaas to get a valid representation of a global
itude of the average auroral oval drift with the secular change imean is that they should the same. Note that this does not alone
and, although the two do not change in precisely the same wagplve the asymmetry between the distribution of &g and
there are similarities and so part of the secular drift is cancelledas values which is investigated in Paper¢kwood et al.,
out by taking the difference between the twlo(Of course they 2018H.
do not cancel completely and that is why there is still a require-
ment to correct for the secular change in the main eld).

Secondly we revisit the inter-calibration of the stations which .

becomes necessary when the station data has been corrected 1€ effgct of secular change in the

for the effect of the secular eld change. We take the opportu- magnetic eld

nity to calibrate the reviseda to modern data from tham

index which is derived from a global network of 24 stations.  Figure 3 shows the variation of the scale facts(d),

As a test of the validity of our approach we show that it makeslerived from the threshold range vallethat de nesK = 9,

the variations of the annual means of the northern and southewith the minimum geocentric angular separation of the station
hemisphereaa indices, aay and aas, much more similar from a nominal auroral ovatl. The oval is de ned to be along
although we make no changes that were designed in advantgpical corrected geomagnetic latitud€ds) of the nightside

to make them similar. The reason why this is a useful improveaurora of 69. This empirical variation is taken frorvlayaud
ment to the index comes from the rationale for averaging  (1968)and is the basis of thie values used to scalé-indices
andaag together to get an indexag) that is hoped to be global from observed range for all mid-latitude stations. The scale fac-
in its application and implications. In derivinga, Mayaud tor S(d) normalizes to an idealized Niemegk station (for which
selected the sites to be as close to antipodal as possible and give 19 and L = L, = 500 nT, the constant reference values
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established by Mayaud). The curve is described by thaathese factors are constants over time, we here vary them to
polynomial: allow for the secular change in the intrinsic geomagnetic eld.
B ) ) i ) 2 Therefore we divide classi&ay andaag values by thes(d) that
sadb ¥4 8=LoP ¥4 3:8309 0:32401d p 0:01369d applies for that station at that date. From the above, we stress

. i A3 . - that this type of correction is already employed in the classic
8 2771110 “Rd” p 82:166710 "Rd ap aadata, as it is the same principle as adopted when applying
whered is in degrees. Equatiofil) applies over the range the scale factors for the station. The only difference is that here
11 <d <40 which requires that the station be at mid- we use the IGRF-12/gufml model spline to apply time-
latitudes (the relationship not holding for either equatorialdependent scale factors(d), rather than the constant ones
or auroral stations). for each station used in deriving the clasai

In this paper, corrected geomagnetic latitud&sd), and Introducing these time-dependent scaling factors reduces
Magnetic Local Times (MLT), are computed using thethe rise inaay by 4.11%, over the interval of the Greenwich
IGRF-12 model Thébault et al., 201)5for dates after 1900. data (compared to a constant factor) — a rate of drift of
For dates before this (not covered by IGRF-12) we employ.0721% p.a.; by 0.83% over the interval of the Abinger data
the historical gufm1 modellackson et al., 20Q00values being (0.0258% p.a.) and by 5.37% over the interval of the Hartland
scaled using linear regression of values from IGRF-12 for adata (0.0895% p.a.). On the other hand, they increase the rise in
overlap intercalibration interval of 1900-19Zlgure 4ashows aas by 4.77% over the interval of the Melbourne data
the variations ofK ¢ for the various stations used to generate(0.0917% p.a.); by 5.28% over the interval of the Toolangi data
aa, plus that of Niemegk (NGK, in orange). The vertical lines (0.0880% p.a.); but decrease the risadg by over the interval
show the dates of transfer from one station to the next, usingf the Canberra data by 1.84% (0.0497% p.a.). Thus allowing
the same color scheme Bigjure 2 It can be seen that for much for the secular change in the intrinsic magnetic eld reduces
of the 20th century the geomagnetic latitude of the northerthe disparity in the long term-drifts imaay and aas that can
and southern hemisphere stations changed in opposite dirdge seen irFigure 2a
tions, with the northern stations (GRW, ABN and HAD) drift- Figure 5summarizes the differences between the computa-
ing equatorward and southern (MEL and TOQ) driftingtion of the classicaa index and that of the new homogenized
poleward. This changed around 1984 when CNB began to drifndices presented in this paper. The left-hand plots compare
equatorward, the same direction as the northern hemisphetige variations in the minimum angular distance of the stations
station at that time, HAD. to the auroral ovatl and compares them to the constant values

These changes in thé-¢ of stations were accompanied by used in generating the classi index. The right-hand plots
changes in the geographic latitude of the nominal aurora oval &how the corresponding scale factosél). The (constant)
Keg = 69 . To computed or a given date, we use the geomag- correction factors used in constructiagwere derived account
netic eld models to calculate th&cg = 69 contour in the for several factors in addition td and their reciprocals are
elevant hemisphere in geographic coordinates and then sphesihown in the right-hand plots as dot-dash lines. (Reciprocals
cal geometry to nd the angular great circle distances betweenre plotted because the correction factors were multiplicative
the station in question and points on this contour: we then itewhereas we divide by thg(d) scale factors).
ate the geographic longitude of the point on the contour untii The Mayaud latitude correction formulation has also been
the minimum angular distance is found, whichdisThe varia-  used to generate tham anandasindices since their introduc-
tions of d derived this way for each station are shown intion in 1959. In generating new 15-minute indices in four local
Figure 4b Using equatior(1), this gives the variation of scale time sectorsChambodut et al. (201%jsed a different approach
factorsg(d) in Figure 4cfor each station. It can be seen that theemploying a polynomial in the stations’ geomagnetic latitudes.
secular change in the intrinsic eld has caused a considerablalthough the purpose of the two schemes is the same, a
drift in the threshold value for th& = 9 band,L, that should comparison cannot be made between them because the new
have been used. In compiling the origina index, it was Chambodut et al. (2015ndices are 15-minute range values,
assumed that(d) for each station remained constant (the scaleas opposed to the 3-hour rang¢ icdex) values used by the
factors given irSection 1.1lbeing 14(d) and assumed constant). aa, am as andan indices. There are four separate indices in
Remember also that largsfd) means a higher which would  the Chambodut et al. (201%et, one for each of four Magnetic
give a loweraa value. We could consider reanalyzing all the Local Time (MLT) sectors whereas the Mayaud formulation is
range data using-scale band thresholds that varied accordingdesigned to account predominantly for the midnight sector by
to Figure 4c correcting the band thresholds would changetaking the minimum geomagnetic latitude offset to the auroral
many K-values, but would also leave many unchangedoval (which occurs in the midnight sector). The advantage of
However, there are now 150 years a& data which gives using geomagnetic latitude is that greater precision can be
0.87 million 3-hourly intervals to analyse from the two stations,obtained (because there is no need to employ a nominal oval
many of which are not available as digital data. Clearly thislocation) but the station calibration factor needs considerable
would be a massive undertaking but it would also be a changannual updates because of the secular drift in the station’s
in the construction philosophy becausea values have been geomagnetic latitude. On the other hand, the Mayaud formula-
scaled using constant values (500 nT for all stations except tion has the advantage of being less inuenced by secular
Canberra for which 450 nT is used). The station correctiorthange in the main eld, as discussed above.
factors applied in constructing the classia values include We here use Mayauds formulation to correct for secular
an allowance for the fact that tHe values used are not opti- change via division by thexd) factors. However, was also
mum for the station in question: however, where in the classitaking the opportunity to re-calibrate (via linear regression)
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Fig. 4. Analysis of the effect of secular change in the geomagnetic eld orathmagnetometer stations using a spline of the IGRF-12 and

the gufm1 geomagnetic eld models (for after and before 1900, respectively). (a) The modulus of the corrected geomagnetidlatifude, |

the stations; (b) the angular separation of the closest approach to the station of a nominal nightside auroraKewhld9 ), d; and (c) the

scale factors(d) = L/L, whereL is given as a function ofl by Figure 3andL, = 500 nT, the reference value for the Niemegk station (for
which d is taken to be 19 except for Canberra which, because of its more equatorward location, is scaled ysirgh0 nT. The northern
hemisphere stations are Greenwich (code GRW, in mauve), Abinger (ABN, in green) and Hartland (HAD, in red). The southern hemisphere
stations are Melbourne (MEL, in black), Toolangi (TOO, in cyan) and Canberra (CNB, in blue). Also shown is Niemegk (NGK, in orange:
data available since 1890). Vertical dashed lines naalstation changes.
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Fig. 5. Variations of (left) the minimum angular distance to the auroral ostaknd (right) the scalefactors(d), for the aa stations. The

colours used are as Figure 4(namely mauve for Greenwich, green for Abinger, red for Hartland, black for Melbourne, cyan for Toolangi
and blue for Canberra). The thin lines are the variations showigiare 4and the thick lines are constant values used in generating the classic

aa. The dot-dash lines in the right-hand panels show the reciprocals of the standard multiplicative correction factors and the thick lines the
factors corresponding to the constahtalues in the left-hand panels.

theaaindex against thamindex which is based on 14 stations stations. The scalefactos&d) used inFigure 6vary with time

in the northern hemisphere and 10 stations in the south. Thand location between a minimum of 0.896 (for Gangara/
recalibration is carried out irSection 3.1for the Hartland Gingin) and maximum of 2.298 (for Sodankyld). The range
and Canberra data using linear regression over 2002—20@®vered by theaa stations is 0.940 (for Melbourne in 1875)
(inclusive), and then passed back (“daisy-chained”) to earlietrand 1.102 (for Greenwich in 1868) — hence our test set of sta-
stations (from Hartland to Abinger and then Greenwich intions covers all of the range dffor the aa stations, plus a con-
Sections 3.2and 3.3 and from Canberra to Toolingi and then siderable amount more. The bottom panelFadure 6shows
Melbourne inSection 3.4 Figure 6demonstrates how well this the root-mean-square (rms) deviation of the individual station
approach works by (top panel) comparing the results of applyvalues from themindex, g, For most Bartels’ rotations this
ing this procedure to modeay data from a range of stations at is around 5%, but in the low solar minimum of 2008/2009 rises
different geographic latitudeskg: (mauve) Sodankyld, SOD, to consistently exceed 15% and in one 27-day interval reaches
kg = 67.367N; (brown) Eskdalemuir, ESKkg = 55.314N;  almost 50%. This is partly because these are percentage errors
(orange) Niemegk, NGKkg =52.072N; (red) Hartland, and the values cimare low, but also because by averaging 24
HAD, kg = 50.995N; (blue) Canberra, CNBkg = 35.315S;  stationsamhas much greater sensitivity at low values tlagn

and (green) a spline of Gangara, GNKg = 31.780S and values from a single station. For these 27-day intervals the
nearby Gingin, GNGkg = 31.356S, Gingin is the replace- meangnsis 9.2% and this is reduced to 3.1% in annual mean
ment for Gangara after January 2013 and the spline was madata. Hence the procedure we deploy makes modern stations
using the overlap data between August 2010 and January 201dive, to a very good degree of accuracy, highly consistent cor-
this station pair is chosen as they are in the same southeractedayx values, even though they cover a much wider range of
hemisphere longitude sector as Melbourne but are at lower ged; and hence correction factas&l), than are covered by trea
magnetic latitude (see below). The black line shows d@he  stations since the start of tla@ data in 1868. We estimate that
index data, the linear regression against which over the calibrder the range o§(d) involved in the historicaa data, the latitu-

tion interval (2002—2009 inclusive) gives the slomeand an  dinal correction procedure for annual means is accurate to
intercepti for each station. The data are means over 27-dapetter than 1% on average.

Bartels solar rotation intervals and cover 1995 to the present As discussed in the introduction, a major application of the
day for reasons discussed in later in this section. It can be se@aindex is in reconstructing the near-Earth interplanetary con-
that the level of agreement between the station data processdiions of the past and so it is useful to evaluate if the errors
this way and theam calibration data is very close for all shown inFigure 6are signi cant in this context. The data in
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and so accounts for all three near-Earth interplanetary parame-
ters with one free t parameter, the coupling exponentThis

is much preferable to forms such B&/gw(MsNew)© Which

have three free t parameters and so are much more prone to
“over tting”.

In evaluatingP,, great care is here taken in handling data
gaps because the often-used assumption that they have no
effect on correlation studies can be a serious source of error.
As pointed out byLockwood et al. (2018¢)the much-used
Omni2 interplanetary dataset gives an hourly mean value even
if there is just one sample available within the hour. This is ade-
quate for parameters such ¥g,y, that have high persistence
(i.e. long autocorrelation timescales) but inadequate for param-
eters such as the IMF orientation factor that has and extremely
short autocorrelation timescale. Another complication is that,
although coupling functions made by averaging interplanetary
parameters and then combining them are valid and valuable,
it>t1ey are not as accurate as ones combined at high time resolu-
fion and then averaged. Hence we here start from 1-minute
Omni data (for after 1995 when data gaps are much fewer
and shorter). Hourly means of a parameter are then constructed
only when there are suf cient 1-minute samples of that param-
ter to reduce the uncertainty in the hourly mean to 5%. The
equired number of samples for each parameter was obtained

Fig. 6. Top: Scaled variations of moderay values from various
stations using the station location correction procedure used in th
paper. For all stations, the obsenagdvalues have been corrected for
any secular magnetic eld change by dividing by t(€) factor and
then scaled to thamindex using the linear regression coef ciemts
andi obtained from the calibration interval (2002—2009, inclusive).
The plot shows 27-day Bartels rotation means for data from: (mauve

Sodankyla, SOD; (brown) Eskdalemuir, ESK; (orange) Niemegk - -
. . . from the Monte-Carlo sampling tests carried outlimckwood
NGK; (red) Hartland, HAD; (blue) Canberra, CNB; and (green) aet al. (2018c) From these data, hourly means R are con-

spline of Gangara, GNA and nearby Gingin, GNG (see text for .
details). The black line is theamindex. Bottom: the rms. t residual structed (for a range od values between 0 and 1.25 in steps

of the re-scaled statioac indices compared with themindex, s, of 0.01). Note that a data gap in tfg sequence is formed if

for the 27-day means. The average . for the whole interval any of the required parameters is unavailable. These_hourly
shown (1995-2017), i&md = 9.7% ° P, samples are then made into 3-hourly means (matching the
— ) m - .

8 time-of-day intervals of the geomagnetic range indices) only
when all three of the required hourly meandRgfare available.
Lastly, as used byinch & Lockwood (2007) each geomag-
Figure 6are restricted after 1995 because this allows to makeetic index data series is masked out at times of the data gaps
comparisons with near-continuous data from near-Earth intein the 3-hourlyP, samples (and th€, data correspondingly
planetary space.ockwood et al. (2018chave shown that gaps masked out at the times of any gaps in the geomagnetic data
in the interplanetary data series render most “coupling funcit is being compared to) so that when averages over a longer
tions” (combinations of near-Earth interplanetary parameterénterval are taken (we here use both 27-day Bartels solar rota-
used to explain or predict geomagnetic disturbance) highlyion intervals and 1-year intervals) only valid coincident data
inaccurate if they are derived using data from before 1995are included in the averages of both data sets to be correlated.
By introducing synthetic data gaps into near-continuous datajMe nd this rather laborious procedure improves the correla-
these authors show that in many cases differences betweéans and removes many of the apparent differences between
derived coupling functions can arise because one is tting tahe responses of different geomagnetic observatories.

the noise introduced by the presence of many and long data Figure 7shows the resulting correlograms for the Bartels
gaps. After 1995 the WIND, ACE and DISCOVR satellites giverotation (27-day) means for the stations also useBigure 6
much more continuous measurements with fewer and mucFhhe correlation coef cient is shown as a function of the cou-
shorter data gaps. Because of the danger of such “over tting’ pling exponent,a. The peak correlations for these 27-day
Lockwood et al. (2018cjecommend the power input into the means are of order 0.93 and rise to over 0.98 for annual means.
magnetosphereP, as the best coupling function. This is Using the three separate exponemts andc (discussed above)
becauseP, uses the theoretical basis Byasyliunas et al. causes only very small increases in the peak correlation that are
(1982) to reduce the number of free t variable to just one, not statistically signi cant when one allows for the additional
the coupling exponerd, and yet achieves almost as high cor-number of degrees of freedom. The optimum exponent for
relations with range geomagnetic indices as coupling functionam for the 27-day means ia = 0.45 + 0.07 (sed.ockwood

that have separate exponents for different solar wind variablest al. (2018c)for description of the two error estimation
which, if they do achieve a slightly higher correlation, tend totechniques that are used to generate theseuhcertainties)

do so by over tting and with reduced signi cance because ofgiving a peak correlation of 0.93. For annual means the peak
the increased number of free t parameters. The equation focorrelation foram is 0.99 ata= 0.44 + 0.02 lockwood

P, shows a dependence & Ve ">?(My,Ne)@>? (where et al., 2018} The optimum values for all but two of thax

B is the interplanetary magnetic elt/sy is the solar wind stations tested fall in, or close to, this range (shown by the
speed andnk,WNsy) is the mass density on the solar wind) coloured dots and vertical dashed lines). The optimauror
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Fig. 7. Correlogams showing the correlation between 27-day Bartels solar rotation means of power input into the magnefaspligréhe
correcteday indices,ax/s(d), as a function of the coupling exponeiat, The colours are for the same data as use#figure 8 (mauve)
Sodankyla, SOD; (brown) Eskdalemuir, ESK; (orange) Niemegk, NGK; (red) Hartland, HAD; (blue) Canberra, CNB; and (green) a spline of
Gangara, GNA and nearby Gingin, GNG (see text for details). The black line ianttindex. The coloured dots and vertical dashed lines
show the optimuna that gives the peak correlation. The horizontal bars show the uncertainty in the optminich is the larger of the two

1-r uncertainties computed using the two procedures describeéatiywood et al. (2018c)

Sodankyla (0.42 + 0.10, in mauve), Niemegk (0.46 £ 0.09, irby 4.41%. Given that the averagey value was 24.6 nT for
orange), Hartland (0.42 + 0.09, in red), Canberra (0.42 1956 and 31.6 nT for 1957, this makes a difference of
0.11, in blue), for Gangara/Gingin (0.49 + 0.12, in green)1.6 nT which is approximately half that required to explain
and Eskdalemuir (0.56 + 0.16, in brown) all agree with thatthe apparent calibration skip between the Abinger and Hartland
for am to within the estimated uncertainties and all showdata. This throws a new light on the calibration “glitch” at the
considerable overlap in estimated uncertainty range with thaABN-HAD join which can be regarded as being as much a
foram Note that the peak correlation coef cient is also consid-necessary correction to allow for the effect of the drift in the
erably lower for ESK and we nd, in general, that increasedintrinsic magnetic eld as a calibration error.
geomagnetic station noise, and in particular lower instrument If we knew the precise dates for which the classidndex
sensitivity, increases the optimuan(and its uncertainty range) (constant) scalefactors applied, we could generalize them using
as well as lowering the peak correlation. We nd no consistenthe (d) factors and so employ Mayaud’s original station inter-
variation with magnetic latitude nor with the minimum distancecalibrations. However, these dates are not clear and so the
to the auroral oval,d and effectively the same coupling corrected indicesay/s(d) andaag/s(d) need new intercalibra-
exponent applies at Sodankyla (considerably closer to the aurtiens, which is done in this section using independent data.
ral oval than any of th@a stations at any date) as at Gangara/We take the opportunity to make calibrations that can also
Gingin (further away from the auroral oval than aag sta-  allow for other potential factors, such as any change in the sub-
tions at any date). Hence this test shows that the changirtgaction of the regular diurnal variation associated with the
magnetic latitudes of thaa stations is not introducing long- change from manual to automated scaling. For both the two
term changes into the response of the index to interplanetaryorthern hemisphere station changes we use data from the
conditions. Niemegk (NGK) station in German¥ indices from where
are available from 189CFigure 4cshows that thex(d) factor
] ) . is relatively constant for NGK (orange line) but there are nev-
3 Recalibrating the stations ertheless some small changes (the range of variatisfujrfor
NGK in Figure 4cis 1.8%). Hence we usayck/s(d), where
The drift in the scaling factors will have in uenced the aygk is scaled from the NGKK values using the standard
intercalibration of the stations. Consider the Abinger-Hartlandnid-class amplitudes scale (K2aK). For the southern hemi-
join in 1957, which has been the cause of much debate, aphere we have no independ&aindex record that is as long,
discussed irBection 1.2By end of the interval of the Abinger nor as stable, as that from NGK. For the Toolangi-Canberra
data, the use of a constant scale factor means that the cassicjoin, we use theamindex (compiled for a network of stations
was givingaay values that were too high by 1.44/2 = 0.72%, in both hemispheredflayaud 1980 Chambodut et al., 20}3
compared to the mean value for the Abinger interval. On théut nd we get almost identical results if we use the southern
other hand, for the start of the Hartland data, claasigvalues hemisphere component afn as or its northern hemisphere
were too low compared to the average for the Hartland intervatomponentan, or evenaygk/s(d). For the Melbourne-Toolangi
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join we have no other data of the duration and quality ofthe station location, the Universal Time, and the activity level,
Niemegk and so we use usgQgk/s(d). but also depend on the time of year. Bartels employed 4 inter-
The procedure used is to take 11 years'data from each sidals in the year with three calibration categories (summer,
of the join (roughly one solar cycle). For both the “before” and winter and equinox).
‘after” interval we compare theaa station data with the By virtue of its more extensive network of stations in both
calibration station data. We employ daily means, therebyhemispheres, and its use of area-weighted groupingsarthe
averaging out the diurnal variations. As discussed in the nexhdex is, by far, the best standard available to us for a global
paragraph, we carry out the calibration separately for eightange index. Starting in 1959, it is coincident in time with all
independent equal-length time-of-yedf) (ranges in which the Canberra data and almost all of the Hartland data. It there-
we regress the correctexh station data against the corrected fore makes good sense to scale bothdhg/s(d) andaag/s(d)
calibration set (for the 11 years before and after the joindata to recenamdata, and then “daisy-chain’ the calibration
respectively). This means that each regression is carried obick to the prior two stations. As noted in the case of the sun-
on approximately 500 pairs of daily mean values {1365/  spot number data compositeackwood et al., 201); there are
8). All regressions were tested to ensure problems did not arisgways concerns about accumulating errors in daisy chaining;
because of lack of homoscedacity, outliers, non-linearity, interhowever, we note that the calibration is here passed across only
dependence and using a Q-Q test to ensure the distribution tfo joins in each hemisphere and the correlations with inde-
residuals was Gaussian (thereby ensuring that none of theendent data used to calibrate the joins are exceptionally high.
assumptions of ordinary least squares regression, OLS, aFarthermore, we have an additional check (of a kind not avail-
violated). The scatter plot was also checked in the 11 annuakble to use when making the many joins needed for the sunspot
mean data points because the main application of the regresumber composite), namely that we have independent data
sions in this paper is to annual means. The “before” andfrom other stations (and equivalent data in th&/ index) that
“after” regressions were then compared, as discussed below.continues through much of the sequence and across all four
There are a number of reasons to be concerned abojdins. Strictly-speaking, the Niemegk data are also a compos-
seasonal variation in magnetometer calibrations. These maie, the data series coming from three nearby sites that are
be instrumental, for example early instruments were particuwithin 40 km of each other: Potsdam (1880-1907), Seddin
larly temperature and humidity sensitive. In addition, induced1908-1930), and Niemegk (1931—present). The site changes
Earth currents can depend on the height of the water tablere made to eliminate the in uence of local electrical noise.
(although their effect is predominantly in the vertical ratherOf these site changes, only that in 1930 falls within the 11-year
than the horizontal components). In the case of Hartland, itsalibration periods (either side of @a station change) that are
coastal location makes ocean currents, and their seasonal vadieployed here, being 5 years after the Greenwich-Abinger join
ation, a potential factor. All these may differ at different sites.and 10 years after the Melbourne-Toolangi join. We note there
The conductivities of the ionosphere, and their spatial distribuare probably improvements that could be made to the Potsdam/
tion above the station, and between the station and the auror@eddin/Niemeglaygk composite, particularly using data from
oval, will have a strong seasonal component and again thielatively nearby observatories, such as Swider (SWI), Rude
factor may not be exactly the same at different sites. Possiblgkov (RSV), Lovo (LOV) and Wingst (WNG) (e.¢lobylinski
the largest concern is the quiet-time regular variatigg,that and Wysokinski, 2006 Using local stations is preferable
must be subtracted from the data before the range is evaluatbécause the more distant they are, the larger the difference in
and this correction may vary with season as fepattern  the change in theig(d) factors and hence the more they depend
moves in location over the yea¥l(rsula et al., 2000 We note  on the main eld model used. Some calibration jumpajsk
that Matthes et al. (2016Jsed theAp index, derived from a have been discussed around 1932 and 1996: the latter is not in
wider network of mid-latitude magnetometers, to re-calibratean interval used for calibration in this paper, but 1932 does fall
the Abinger-Hartland join in th@ay data and found that the within the 22-year spline interval used to calibrate the
calibration required varied with time-of-year. For this reason Greenwich-Abinger join in 1925.
the calibrations were carried out separately in the 8 independent To test the suitability of the Niemegd index data for use
time-of-year F) bins: the number oF bins was chosen as a as a calibration spline, we search for long-term drifts relative to
compromise between resolution of any annual variation anthdependent data. Given that uctuations within the 11-year
maintaining a high number of samples in each regressioribefore” and “after” intervals will be accommodated by the
Although, there was general agreement between the resultslevant regression with thea station data, our only concern
from the differentF bins, there were also consistent differencess that the mean over the before interval is consistent with that
at some times of year. Note that this procedure allows us tover the after interval. One station that providésndices that
re-calibrate not only instrumental effects but also any changesover all theaa calibration intervals is Sodankyla (SOD) from
in the background subtraction and scaling practices used twwhereK-index data is available since 1914 and the SOD data
derive theK-indices. Scaling has changed from manual to autohave been used to test and re-calibeden the past Clilverd
mated and although the latter are repeatable and testable, tbeal., 200%. The correlation between daily meansapfsx and
former are not; however, it helps increase homogenity that mostsop exceeds 0.59 for the calibration intervals and the corre-
of the classicaa data up to 1968 was scaled by Mayaud him-sponding correlation of annual means always exceeds 0.97.
self. Lastly, we note that Bartels recognized the need to alloiHowever, this is not an ideal site (geographic coordinates
for changes during the year in the intercalibration of station®7.367N, 26.633 E) in that it is closer to the auroral oval than
because the conversion factors that he derived (and are stihe mid-latitude stations that we are calibrating:dtflls from
used to this day to derive th€p index) not only depend on 6.11 in 1914 to 4.69 in 2017 and thedealues are below the
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range over which Mayaud recommends the use of the polynastandard. We use th@m index as it is by far the best range-
mial given in Equation(1). Figure 3 highlights why this a based index in terms of reducing the false variations introduced
concern, as it shows that the effects of secular changes in thy limited station coverage and being homogeneous over time
geomagnetic eld on the required scaling factor are increasin the distribution stations it has taken data from. However, it
ingly greater at smalled. Equation(1) predicts thats(d) for ~ contains no allowance for the effects of long-term change in
Sodankyla (SOD) will have risen from 2.302 to 2.586 overthe geomagnetic eld and therefore we carry out scaling of
the interval 1914-2017, which would make the correctedhap/S(d) and acne/s(d) data (from Hartland and Canberra,
SOD data more sensitive to the secular change correction thaaspectively) againsam for a limited period only. We employ
the data from lower-latitude stations. However, at this point wedaily means Am Acng and Ayap) to average out the strong
must remember that in applying Equati¢l) to the SOD data diurnal variation in theak indices caused by the use of just
we are using it outside the latitude range which Mayaudne station and the (much smaller) residual diurnal variation
intended it to be used and also outside the latitude range of daita am caused by the slightly inhomogeneous longitudinal cov-
that Mayaud used to derive it. Howevétigure 6shows that erage (particularly in the southern hemisphere) ofahesta-
using Equation(1) with SOC data over two solar cycles has tions. We use an interval of 7 years because we nd that it is
not introduced a serious error into tagoy/s(d) and so it does the optimum number to minimise estimated uncertainties: we
supply a valuable additional test of the NGK intercalibrationemploy 2002—2009 (inclusive) because that interval contains
data (which also covers 2 solar cycles). the largest annual meagm index in the full 150-year record
Nevertheless, because of these concerns ovaaghgs(d)  (in 2003) and also the lowest in modern times (in 2009), which
data, we have also used data from other stations, in particulés only slightly larger than the minimum in the whole record.
the K-indices from Lerwick (LER) and Eskdalemuir (ESK) Hence this interval covers almost the full range of classic
for the 22 years around the Abinger-Hartland join. We nd it values. The correlation of the daily means in this interval
is important to correct thé-indices from these stations to (23376 in number) are exceptionally high being 0.9784an
allow for effect of changingl because otherwise one nds false andAyap/s(d) and 0.969 foAmandAcne/S(d). Linear regres-
drifts relative to Niemegk, where the change dnhas been sions (ordinary least squares) between these pairs of data series
much smaller (seéig. 4). The procedure employed here is pass all tests listed above and yield the scaling factors given in
to linearly regres$anck/s(d)i s=1yr andhaxxx/s(d)i s=1,, Where  Table 1 In all regressions between data series we use both the
XXX is a generic IAGA code of the station used (giving regres-slope (i.e. a gain terng.) and the intercept (an offset tericy,)
sion slopea and intercepb) then compare the ratio because, in addition to differences in instrument sensitivity,
b _ e noise levels and background subtraction means that there
M /s P =S0PiS, a1 =GBl Bxxx =SaPiSyanye p DP - @P may, in general, also be zero-level differences. Hence we scale
for the 1l-year intervals before and afteWid and Ma,  apap/S(d) from Hartland using:

respectively). The ideal result would Bé,/Mg = 1, which 1 v A i i
would mean that any change across the joinajisk/s(d) B3N ap ¥4 0:9566: ag,p=50dP  1:3448
andaxxx/s(d) was the same. Because it is highly unlikely that For 1957 presenip ab

Neimegk and station XXX share exactly the same error at )
precisely the time of the join, this would give great con - and we scalecng/s(d) from Canberra using:

dence in the intercalibration. _ aus g ¥4 0:9507 acys=sdP p 0:4660
The steps taken to generate the “homogencasindices,
aayn, aays and aay, are given sequentially in the following &or 1980 presenip ap
subsections. It should be noted that we are using daisy chaining
of calibrations which was partially avoided in the clasa® Over the interval 1980—present, this gives a distribution of

index only because it was assumed that the station scale factg¥dourly (@ain]nap  [@8nglcns) values with a mode value
were constant, an assumption that we here show causes its o@hzero, which means there is no systematic difference between
problems. Even then, the use of the station scale factors was, the re-scaled indices from the two sites.
effect, a form of daisy chaining.

3.2. Inter-calibration of the Hartland and Abinger

3.1. Scaling of the Hartland and Canberra data ) . ) ] ]
to the am index Figure 8details the method by which the Abinger data is

calibrated to provide a backwards extension of the Hartland
The rst step is to remove the constant scale factors usedata which is as seamless as possible. As discussed above,

in the compilation of the classi@a index to recover the the calibration was separated into 8 independent, equal-
3-hourly ax indices, i.e. for Greenwich we compute duration bins of the fraction of the yeaF. Bin 1 is for
acrw = [aan]erW/1.007, and similarly we useaxgy = 0 F <0.125; bin 2 is 0.125 F < 0.25; and so on, up to
[aan]aen/0.934, apap = [aan]hap/1.059, ave. = [aag]we/  bin 8 for 0.875 F 1. The left hand column oFigure 8
0.967, atoo = [aagt00/1.033, and acng = [aag]cne/1.084.  shows scatter plots between tlaggn/S(d) values (i.e. the
Given that the major application of thea index is to map classicaa values from Abinger after removal of the original
modern conditions back in time, it makes sense to scale scalefactor correction and allowance for the effect of the
new corrected version to modern data. Hence we start the prohanging intrinsic eld) against theaygk/(d) values (the
cess of generating a new, ‘homogeneows data series by similarly-corrected values from the Niemedk indices) for
scaling moderra/s(d) data (i.e. theax values corrected for the 11-year period before the join and the middle column gives
the secular change in the geomagnetic eld) against a moderthe scatter plots of the corrected and re-scal@thdex values
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Table 1. The correlation coef cientsrg andr, for daily means in 11 years before and after the joins, respectively) and the slepel
interceptc, for recalibrating stations for the 8 time-of-yed¥)(bins employed.

Correlations

(s =1 day)
Correction Date Fraction of yeaF, F bin Before ry After, r, Slope,s. Intercept,c. (NT)
Northern hemisphere
Scaleayap to am 2002-2009 0 F<1 All 0.978 0.9566 1.3448
Scaleapgn/s t0 [aaqn]HAD 1957 0 F<0.125 1 0.977 0.981 0.8629 0.3828
0.125 F<0.25 2 0.973 0.980 0.8381 0.9176
0.25 F<0.375 3 0.980 0.982 1.0112 1.8577
0375 F<05 4 0.961 0.968 0.8073 0.7078
0.5 F<0.625 5 0.966 0.987 0.8274 0.5914
0.625 F<0.75 6 0.974 0.980 0.8744 0.0868
0.75 F<0.875 7 0.965 0.987 0.8820 0.2354
0875 F«<1 8 0.961 0.962 0.9315 1.1993
Scaleagrw/S 10 [@aHn] AN 1925 0 F<0.125 1 0.958 0.968 0.8247 1.0065
0.125 F<0.25 2 0.968 0.967 0.9650 0.2352
0.25 F<0.375 3 0.972 0.975 1.1505 2.4545
0375 F<05 4 0.962 0.980 0.9074 0.4653
0.5 F<0.625 5 0.895 0.943 0.8210 2.6866
0.625 F<0.75 6 0.968 0.962 0.9297 0.4328
0.75 F<0.875 7 0.969 0.979 0.8442 0.9568
0875 F<1 8 0.959 0.971 0.9537 0.7122
Scaleacyg to am 2002-2009 0 F<1 All 0.969 1.0994 0.0176
Scalearoo/s to [aangcene 1980 0 F<0.125 1 0.960 0.975 0.9630 1.6383
0.125 F<0.25 2 0.970 0.985 0.9625 0.7734
0.25 F<0.375 3 0.973 0.965 0.9236 1.7372
0.375 F<05 4 0.954 0.961 0.9844 0.4578
0.5 F<0.625 5 0.975 0.968 0.8295 2.0492
0.625 F<0.75 6 0.974 0.973 0.8942 1.2822
0.75 F<0.875 7 0.970 0.973 0.9565 1.0986
0875 F«<1 8 0.964 0.971 0.9573 0.8425
Scaleayg, /s to [aang]too 1920 0 F<0.125 1 0.923 0.933 0.8934 0.8032
0.125 F<0.25 2 0.928 0.949 0.8589 0.8115
0.25 F<0.375 3 0.909 0.963 0.7325 2.5553
0375 F<05 4 0.912 0.915 0.8085 0.8432
0.5 F<0.625 5 0.945 0.968 0.9564 0.0702
0.625 F<0.75 6 0.908 0.950 0.8264 0.5843
0.75 F<0.875 7 0.915 0.959 0.7737 1.8538
0875 F«<1 8 0.928 0.905 0.9100 0.6631

from Hartland, fan]naps @S given by Equatiorf2), for the  the calibration data and the rezd index before the join is the
11-year period after the join, again against the simultaneousame as that after the join) we can calibrate the Abinger data
anck/9(d) values. In each case, the grey dots are the scatter pl¢torrected for secular drift) with that from Hartland (rescaled
for daily values and black dots are the annual means (for theo am as discussed in the previous section) for a giversing:
range ofF in question). The correlation coef cients for the

daily values are given iable 1(we do not give the corre- ‘A poy & P V&I RapendPsadb pe.Eb - 8P
sponding correlations for annual means as they all between
0.99 and 0.999 but of lower statistical signi cance, coming  The rst group of values inTable 1gives thes, andc; val-
from just 11 samples). The red lines are linear least-squarages in eaclir bin for this join between the HAD and ABN data.
regression ts to the daily values and all tests show that thidVe here ascribe these values to the centre of the respéctive
is appropriate in all cases. The third column plots the best linbin and used PCHIP interpolation to get the value required
ear t of anek/9(d) in the interval after the join (*t 2") as a  for theF of a given pay]asn data point. The annual variations
function of the best linear t obygk/(d) in the interval before in both s, andc are of quite small amplitude but are often not
the join (*t 1”). The dashed line is the diagonal and would of a simple form. This is not surprising considering the variety
apply if the relationship of the data before the joinagek/  of different factors that could be in uencing the variations with
9(d) were identical to that after the join. The red lines in theF, and that they are not generally the same at the two stations
right-hand column have slopg and interceptc,. Assuming being inter-calibrated nor at Niemegk.

that there is no discontinuity imyck/S(d) coincidentally at We use the variation witlr of both the scaling factos,

the time of the join (which means that the relationship betweemand the offsetc,, because at least some of the variation of

Page 14 of 27



40

20

a GK/s

\

40

20

A K/s

\

40

20

a GK/s

\

40

a GK/s

\

20

40

20

a GK/s

\

40

20

a GK/s

\

40

a GK/s

\

20

40

20

ag K/s

\

Fig. 8. The intercalibration ofhay data across the join between the Hartland (HAD) and Abinger (ABN) observations in 1957. The data are
divided into eight equal-length fraction-of-yed¥f)(bins, shown in the 8 rows, with the bottom row being bin 1 (OF < 0.125) and the top

row being bin 8 (0.875 F < 1). The left-hand column is for an interval of duration 11-years (approximately a solar cycle) before the join
and shows scatter plots of tiaa data from Abinger (after division bg(d) to allow for secular changes in the geomagnetic eld) against the
similarly-corrected simultaneous NGK datg,gk/s(d). The middle column is for an interval of duration 11-years after the join and shows the
corresponding relationship between the already-homogemiaeidta from Hartlandday]nap and the simultaneousck/S(d) data. All axes

are in units of nT. The grey dots are daily means to which a linear regression gives the red lines which are then checked against the annue
means (for theé= bin in question) shown by the black dots. The right-hand column shows the tted lines for the “before” interval, 1, against
the corresponding tted line for the “after” interval, 2: the red line would lie on the dotted line if the two stations had identical responses at
the F in question. The slope and intercept of these lines, giving the intercalibration of the two stations Btatagiven inTable 1
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the intercalibration with- will be associated with the seasonal i.e. 6 years rather than the 11 years used for other joins). The
variation in the regular diurnal variations at the two sites andtorrelations for all & bins were indeed found to be marginally
the background subtraction, which could give offset as wellower if the full 11 years (1926—1936) were used but the regres-
as gain (sensitivity) differences between the two sites. sion coef cients were hardly in uenced at all.

Inspection ofFigure 8andTable 1show that there is a vari- The corrected Sodankyl&-indices giveMa/Mg = 0.943
ation with F in the relationship between the two sites and ourfor this join which could imply a 6% problem with the
procedure takes account of this. Note that the intercept valudsiemegk spline. However, we note that Sodankyla gave a lower
are all small and that the red lines are actually shifted from thealue than the average for the Abinger-Hartland calibration
diagonal by the ratio of the classi@ scalefactors. This empha- interval which is likely to be a consequence of its close
sizes that the data from these two stations is, after allowangaroximity to the auroral oval. As for that join, we here use
had been made for the secular geomagnetic drift through ththe Niemegk data as a calibration spline without correction,
g(d) factor, similar. This reinforces the point that the large “cal- but will test the result inrSection 5
ibration skip” between the Hartland and Abingaa, values The Greenwich data are intercalibrated using the equivalent
that has been widely discussed in the literature was, in thequation to Equatioii):
main, a necessary correction step to allow for the effects of
the secular chanélles in the intrirf)sic eld. Hence making a B3 gy P V& Racrnd-Psiib pedrb - 6P
correction for this apparent calibration error, without rst cor- using the appropriatg. andc. values given iffable 1and the
recting for the temporal variation in the scaling fact), is  interpolation inF scheme described above.
only a rst order correction and will give somewhat incorrect
results in general. 3.4. Inter-calibration of the southern hemisphere

As discussed above, we use Equafi@)to check the inter- stations
calibration data from Niemegk, where station XXX is SOD, i . o
LER and ESK for this join. If we do not correct for the effect ~ Figures 1(and11are the same as féigure 8for the joins
of changingd on the scaling factos(d) for these stations, we between, respectively, the Canberra and Toolangi stations and
obtain values oM/Mg of between 1.018 and 1.052, which between the Toolan_g| a|_1d Melbourne stations (note that the col-
implies there is drift in the average Neimegk data (to value®urs of the regression lines matches the colours used to de ne
that are slightly too low) of between about 3% and 5% oveithe joins inFig. 2). The Toolangi and Melbourne data are cor-
the intercalibration interval. However, after correcting therected using the corresponding Equationg4joand(5) to give
change in the stationsl (in the same way as done for taa  [@81slToo and Rais|ver- _
stations and Niemegk ifig. 4 we get anMa/Mg of 1.053,  Figure 10uses theamdata to make the Canberra-Toolangi
1.022 and 0.946 for LER, ESK and SOD, respectively. Givingntercallbratlon bpt, as .mentlon(.ed above, almost identical
these 3 estimates equal weight gives an average of 1.007, whifgsults were obtained if either tlsindex orayek/s was used.
implies the Niemegk calibration is stable to within 0.7% for our USing anci/s did increase the scatter in the daily values
purposes. We note that this is not a test that we can repeat §ightly, but the regression ts remained almost exactly the
such detail for all station joins. Hence we do not attempt to corsame. In the case of the Toolangi-Melbourne join, the best
rect the NGK intercalibration data, beyond allowing for the cOmparison data available are the Niemegkindices, but
effect of the drift ind on s(d). However, note that we will test based on the above experience of using it for the Canberra-Too-
this approach in the level of agreement in the nal fati,,  'andijoin, itis not a major concern that the intercalibration data
and aa,s data sequences and in section 5, we will comparére from the opposite hemisphere, although, as expected, it
the long-term variation of these newa indices with the does increase the scatter between the daily means.

equivalentIHV index as well as withang/S(d), agsds(d) ~ Note that the only operation to makeyy andaays similar

andagop/s(d). is the scaling of b_oth team over the interval 2002—2009,
achieved by Equation$2) and (3). Thereafter the northern

3.3 Inter-calibration of Abinger and Greenwich and southern data series are generated independently of each

other. Therefore the degree to which the two hemispheric

Figure 9corresponds t&igure § but is for the join between indices agree with each other over time becomes a test of the
the Abinger and Greenwich data. Note that because the “aftermtercalibrations and the stability of the datasets.
data in this case are the corrected and re-scaled Abinger data,
[aayn]aen given by Equation(2), the slope and intercept )
values & andc,) for this join are in uenced by both the scaling 4 The homogeneous composite
of the Hartland data tamand by the Abinger-to-Hartland join.
Hence the calibration of Hartland agaimshis passed back to We can then put together 150-year compositeaafy
Greenwich, as is in the nature of daisy-chaining. Given the dat@using Baun]crw [284n]asns @Nd Bagn]nap) and the red line
are taken from older generations of instruments and the faéh Figure 2bshows the resulting variations in annual means.
that this second join is in uenced by the rst, we might have The blue line is the corresponding compositeaaf;s (using
expected the plots to show more scatter thaRigure 8 Infact  [aaqglmeL, [@8nsltoo and Baygcng). Comparison  with
this is not the case anthble 1shows the correlations are actu- Figure 2ashows that the calibrations described in the previous
ally slightly higher for this intercalibration than the one dis- section have produced hemispheric data series which agree
cussed in the last section. Because concerns have been raisadch more closely with each other than dey and aag
about a potential skip in the calibration of thggk composite  To quantify the improvemenEigure 12compares the distribu-
in 1932, we use an “after” interval of 1926-1931 (inclusive, tions of the differences in daily means of northern and southern
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Fig. 9. The same a&igure 8for the join between the Greenwich and Abinger data.
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Fig. 10. The same a&igure 8for the join between the Toolangi and Canberra data.

hemisphere indices in 50-year intervdlys. The top row is for
the classicaa indices (soDys = aay
is for the homogeniseda indices (soDys = aaqn
The left column is for 1868-1917 (inclusive); the middle

aag). The bottom row

adys)-

column for 1918-1967; and the right-hand column forfor (aaqn
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Fig. 11. The same ag&igure 8for the join between the Melbourne and Toolangi data.

the mean of the distributions has been reduced to zero (tdassical index, but also the upward drift in the mean value
within 10 3) in all three time intervals by the homogenized Dys has been removed. This improvement in the mean differ-
index. Not only is this smaller than for the correspondingence quanti es the improvement that can be seen visually by
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Fig. 12. Distributions of the differences in daily means of northern and southern hemisphere imdjigefr 50-year intervals. The top row

is for the classi@aindices, so thaDys = aay  aas. The bottom row is for the homogenisad indices, so thaDys = aayy  aays. Parts

(a) and (d) are for 1868—-1917 (inclusive); parts (b) and (e) are for 1918-1967; and parts (c) and (f) are for 1968—2017. In each panel, the
vertical orange line is dys = 0, the vertical cyan line is the median of the distribution, the vertical red line the niBagi{, and the green

lines the upper and lower deciles. Note they are plotted in the order, orange, cyan, then red and so the mean can overplot the others (th
particularly occurs in the bottom row). In each panel the distribution mHagsi and the standard deviationpys, are given.

comparingFigures 2aandb. Secondly, the width of the distri- agy ¥a @an P adush=2 orp
bution in @ayn  aays) is always lower than for the corre- with the classi@aindex and the correcteshindex,aac, that
sponding distribution ofday  aag): this can be seen in the was generated biockwood et al. (2014py correcting the
given values of the standard deviation,nys and in the separa- classic aa index for the Hartland-Abinger intercalibration
tion of the decile values (which are given by the vertical greerusing theAp index. The black line is thea, index from
lines). Thirdly theDys distributions for the classic index show a Equation(6) and so contains allowance for the secular drift
marked asymmetry: this can be seen by the fact that the median the main eld and for the re-calibration of stations
of the distributions (vertical cyan line) is consistently smallerpresented inSection 3 The mauve line is the classiaa
than the mean and that the modulus of the lower decile valuidex. It can be seen that, because of the scaling to the recent
is always less than the upper decile value. This asymmetrgm index data, theaa, index values are always a bit lower
has been removed completely in the homogenized data seriisan aa. The cyan line and points show annual means in
after 1917. (For 1868-1917 therlpoints are symmetrical the am index. It is noticeable that as we go back in time
but the mode is slightly lower than the mean.) Lastly the distritowards the start of these data, thesa means follow the
butions for the classic index show a tendency for quantizedlassic aa rather well and so become slightly larger than
levels (particularly for 1868—-1917) and more kurtosis in shapehe corresponding annual meansda,. This indicates that
than for the homogenized indices. On the other handhe secular drift in the intrinsic geomagnetic eld is having
(aayn  aays) shows very close to a Gaussian form at allan in uence on everam over its lifetime. The orange line
times. If there is a physical reason why the distribution shoulds the correctedaa data seriesaac. By de nition, this is
diverge from a Gaussian, it is not clear. Hence, agreemenhe same aaa before the Abinger-Hartland join 1957: hence
between the northern and southern hemisphere indices has behs orange line lies underneath the mauve one in this interval.
improved, in many aspects, by the process described in thBetween 1957 and 1984ac is slightly larger tharaa, most

paper. of the time, but after 1981 the orange line can no longer be
Lastly, Figure 2ccompares the annual means of the homoseen because it is so similar #@,. Hence correcting for
genisedaa index derived here, de ned by the Abinger-Hartland join, without correcting for the effects
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of the secular drift in the intrinsic eld have caused correctedwhereas the correcteda index and gaver = 0.961 with
indices such asac (and others like it) to underestimate the n = 1.7 + 0.8. The difference in the exponents small (and
upward rise inaay. not statistically signi cant) and so we would expect the long-
Taking 11-point running means to average out the solaterm and solar cycle variations &m and IHV to be very well
cycle, aa, aac andaay all give smoothed minima in 1902 of, correlated. Indeedsvalgaard & Cliver (2007jound that even
respectively, 11.66 nT, 11.77 nT and 10.87 nT. The maximan Bartels rotation period (27-day) meatdV and the range
for aa andaay are both in 1987, shortly after the peak of theamindex were highly correlated & 0.979).
sunspot grand maximunb.¢ckwood & Frohlich, 200Y, being Figures 13af compare annual means of the new homoge-
27.03 nT and 24.25 nT, giving a rises of 15.37 nTamand  nised indicesaay, asyn andaays to the IHV index. The left-
13.38 nT inaay over the interval 1902-1987. The correctedhand plots show the time series and the best- t linear regression
index, aac, is somewhat different with a value of 24.51 nT in of IHV. The right plots so scatter plots of the new indices
1987, but a slightly larger peak of 24.80 nT in 1955. OveragainstiHV and the least squares best- t linear regression line
the interval 1902-1987 the rise @&c is 12.73 nT. in each case. For comparison, the bottom panel compares the
hemispheric homogenized indicasyy andaays. The agree-
ment is extremely good in all cases: fagys and IHV the
5 Companson of the homogenlzed aa |ndex coef cient of determination igz = 0937, fora.aHN and IHV

2 . 2 .
. . re = 0.962; foraay and IHV, r“ = 0.958; and foraa,y and
with the 1HV index and corrected ~ ax values aays > = 0.992. This level of agreement is exceptionally high,

from Niemegk, Eskdalemuir and Sodankyla consideringHV is constructed in an entirely different manner,
and from different data and with different assumptions (e.g. it

The development of the Inter-Hour VariabilittHV) index  assumes an equinoctial time-of-day/time-of-year pattern). In
was discussed irsection 1.2 The most recent version was particular, note thatHV is not homogeneous in its construction
published bySvalgaard & Cliver (2007)It is based on hourly as the number of stations contributing decreases as we go back
means of the observed horizontal magnetic eld at each statioim time: this would increase random noise but not explain
and its compilation is considerably simpler than, and comsystematic differences. Als¢tHV only uses nightside data
pletely different to, that of the range indices suchaaslt is  whereask indices use data from all local times; howevkr,
dened as the sum of the unsigned differences betweeidices respond primarily to substorms (ssepplementary
adjacent hourly means over a 7-hour interval centered on locahaterial le of Lockwood et al., 2018cwhich occur in the
midnight (in solar local time, not magnetic local time). The midnight sector. Also shown ifigure 13are the correspond-
daytime hours are excluded to reduce the effect of the regulang comparisons with the correcteg indices from Niemegk,
diurnal variation and UT variations are removed assuming asodankyla, and Eskdalemuilangk/s(d), asod/s(d) and
equinoctial time-of-day/time-of-year pattern, which reducesagsy/S(d) (parts g/h, i/j, and k/l respectively). The coef cients
the requirement to have a network of stations with full longitu-of determination 1) are 0.945 and 0.958 and 0.914,
dinal coverage. Using data from 1996-2008yalgaard respectively.

& Cliver (2007) showed thatHV has major peaks in the auro- HenceFigure 13is a good test of the intercalibrations used
ral ovals, but equatorward dk¢g| = 55 it could be normal-  in constructingaayy and aays in the context of annual mean
ized to the latitude of Niemegk using a simple ad-hocdata. There are differences between all the regressed variations
function of Kce. Note thatiHV does not allow for the changes but they are small. The internal correlation between the hemi-
in the stationsKg due to the secular change in geomagneticsphericaaindices is now greater than that with other equivalent
eld. This will be a smaller factor folHV than for the range data series: the worst disagreements areghat exceedsayg
indices as the latitude dependence is weaker. However, iaround the peak of solar cycle 17 (around 1940) ands

IHV this effect will also be convolved with that of the changing exceedsaa.y around the peak of solar cycle 14 (around
distribution and number of available stations. This is becaus&907). In both cases, the independent datéigure 13indicate

the number of stations contributing to the annual médx  that the error is in botaa,y andaays as these data folloaway
values tabulated bgvalgaard & Cliver (2007yaries, with just more closely. In the case of the largest error (around 1940),
one for 1883-1889, two for 1889-1900, rising to 51 in 1979HV, anck/(d), asod/(d) and agsi/(d) all also suggest that
and before falling again to 47 in 2003. Although the removalaa,sis an underestimate by slightly more thaa,y is an over-

of the diurnal variation (by assuming an equinoctial variation)estimate and saa is very slightly underestimated, but only by
and the removal of th& ¢ variation (by using the polynomial less than 0.5 nT. It should be noted that this largest deviation
t to the latitudinal variation in the 1996—2003 data) allows the betweenaayy and aays occurs when the data are supplied
IHV index to be compiled even if only one station is available,by the Abinger and Toolangi observatories, respectively and
such an index value will have a much greater uncertaintghat Figure 2bshows thataayy and aays agree more closely
because it will not have the noise suppression that is achievdibth earlier and later in the interval 1925-1956 when these
by averaging the results from many stations in later yeargwo stations are used. Hence the deviation is caused by relative
It must be remembered, therefore, that the uncertainties idrifts in the data from these stations and not by the inter-cali-
the IHV index increase as we go back in time. brations developed in this paper.

Lockwood et al. (2014%3how that in annual mean ddtaV The grey areas in the left-hand panels-afure 13show the
correlates well (correlation coef cient,= 0.952) withBVsy,/,  estimated #A uncertainty in annuaka, estimates, where
whereB is the IMF eld strength,Vsy is the solar wind speed r = 0.86 nT is the standard deviation of the distribution of
and n=1.6 + 0.8 (the uncertainty being at ther llevel), annual éayn aays) values.
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