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Abstract. Svalgaard (2014) has recently pointed out that thethe IDV(1d) index and the reconstructed IMF (interplanetary
calibration of the Helsinki magnetic observatorfiscompo-  magnetic field). We also analyse the relationship between the
nent variometer was probably in error in published data forderived near-Earth IMF and the sunspot number and point
the years 1866-1874.5 and that this makes the interdiurnabut the relevance of the prior history of solar activity, in addi-
variation index based on daily means, IDV(1d), (Lockwood tion to the contemporaneous value, to estimating any “floor”
et al., 2013a), and the interplanetary magnetic field strengttlvalue of the near-Earth interplanetary field.

derived from it (Lockwood et al., 2013b), too low around Keywords. Geomagnetism and palaeomagnetism (time
the peak of solar cycle 11. We use data from the mOd?rWariations, secular and long term; instruments and technique)

Nurmijarvi station, relatively close to the site of the origi- . S e
L ' ) ) " —interplanetary physics (interplanetary magnetic fields
nal Helsinki Observatory, to confirm a 30 % underestimation P y phy ( p y mag )

in this interval and hence our results are fully consistent with
the correction derived by Svalgaard. We show that the best
method for recalibration uses the Helsid(H) andaain- 1 Introduction
dices and is accurate t810 %. This makes it preferable to
recalibration using either the sunspot number or the diurnalThis paper employs a number of different geomagnetic ac-
range of geomagnetic activity which we find to be accuratetivity and sunspot indices which are listed, and briefly de-
to £20%. In the case of Helsinki data during cycle 11, the scribed, in Appendix A. A review of the reconstruction of
two recalibration methods produce very similar correctionsconditions in the solar corona and heliosphere from geomag-
which are here confirmed using newly digitised data from thenetic activity was recently presented by Lockwood (2013): a
nearby St Petersburg observatory and also using declinatiopentral assumption of all such reconstructions is that a geo-
data from Helsinki. However, we show that the IDV index is, magnetic index has, in the past, always responded to varying
compared to later years, too similar to sunspot number beinterplanetary conditions in the same way as it has been ob-
fore 1872, revealing independence of the two data series haserved to do during the space age. Consequently, Lockwood
been lost; either because the geomagnetic data used to corat al. (2013a) compiled the interdiurnal variation geomag-
pile IDV has been corrected using sunspot numbers, or vicenetic index based on daily means, IDV(1d), with the aim of
versa, or both. We present corrected data sequences for bothaking the construction as homogeneous as possible, such
that its response to variations in the near-Earth interplanetary
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368 M. Lockwood et al.: Improved representation of solar cycle 11

magnetic fieldB at all times before the space age was asThis was confirmed to be the case for cycle 9 by the IDV(1d)
similar as possible to that in modern times. Lockwood etvariation derived from the St Petersburg data, IDVERg)
al. (2013b) subsequently used this index to reconstBict (the three-letter IAGA observatory code for St Petersburg is
with the first full analysis of reconstruction errors, carried out SPE). In the light of this finding, Lockwood et al. (2013a)
using a Monte Carlo technique. This homogeneous construceoncluded that the difference betweeand IDV(1d) at the
tion was achieved by using just three magnetic observatoriegpeak of solar cycle 11 could have arisen for a lower than av-
in the same latitude band and the same longitude sector, terage solar wind speed at that time and so was not necessarily
generate the IDV(1d) composite and by using a model of thedue to an instrumental error in either data series.
secular change in the geomagnetic field to allow for the drift However, Svalgaard (2014) noted that, although the diur-
of the observatories in geomagnetic coordinates. The probnal range in annual means of the Helsinki horizontl) (
lem with this approach is that unknown errors in the datacomponent data was similar to that from other stations for
from a station used would be reproduced in the compositemost of years for which that station operated (giving us-
As a check against this possibility, Lockwood et al. (2013a)able annual means for 1845-1897), for 8.5 of those years
compared the IDV(1d) composite against similarly derived (1866—-1874.5) it was lower. Furthermore, using a linear re-
values from other nearby stations. This check was necessarilgression of group sunspot number with IDV(1d), values were
poorer for the data from the 19th century when fewer stationdound to be low at this time, whereas for all other years the
were available for comparisons. Specifically, agreement wasgreement was considerably better. He concluded that poor
found to be very good in comparisons with data from Wil- calibration of the “horizontal force” variometer at Helsinki
helmshaven (commencing 1883), Parc St Maur (commencwas causing thél component (and hence the IDV(1d) val-
ing 1883) and Ekaterinburg (commencing 1887). In addition,ues based on it) to be low in these years. Previously, Nevan-
after 1880 agreement was shown to be close with the IDV in-dinna (2004) had noted that the range indé&H )y s, scaled
dex, derived from a global network of a variable number of from the three-hourly rangeindex derived from thé/ data
observatories (Svalgaard and Cliver, 2010). Before 1863, thérom Helsinki (the IAGA code for Helsinki is HLS) were
IDV(1d) composite data were compared with observationslower than the linearly regressesh range index (derived
from St Petersburg and the agreement was again very goodrom a Northern Hemisphere and a Southern Hemisphere
Between 1863 and 1883 the only two data sets available fostation) at this time which could also have been caused by
comparisons were from Greenwich and Bartels’ interdiurnalthe same calibration problem. Nevanlinna (2004) also noted
daily mean variability index which, like IDV, was compiled thatAk(H )y s at this time was also systematically lower than
from a variable mix of stations. Agreement between IDV(1d) Ak(D)H.s (scaled from the station’s three-hourly rarigm-
andu was good after about 1880 but Lockwood et al. (2013a)dex derived from the declination dat®). The H data re-
noted that before then it was partly based on Greenwich datguire a temperature correction and this was implemented by
for which both they and Bartels had noted considerable staNevanlinna and Ketola (1993) and, in the absence of any data
bility problems and could only be readily corrected for tem- to check against, a constant sensitivity of tHevariometer
perature variations in a statistical manner. In addition, Lock-was applied throughout. These authors also noted that, be-
wood et al. (2013a) were concerned abouttliedex before  cause theD measurements require no temperature correc-
1872 because it was based on diurnal range proxies and gtn and employed a simpler observing geometry, they may
was not a homogeneously constructed index. As a result, debe the more reliable of the two in the historical data. From
spite good correlations with IDV over a period of overlap, it his analysis, Svalgaard (2014) proposed that the Helginki
could have different general responses to solar wind and IMFAk(H)yLs and IDV(1d) data all need recalibration for the
(interplanetary magnetic field) properties. period 1866-1874.5 with an increase of around 30 %. Lock-
This concern was shown to be well founded. Because ofvood et al. (2013a, b) were reluctant to make such a recali-
the stability issues with the Greenwich data, Bartels gavebration for a number of reasons: (1) there was considerable
them half weighting and so his interdiurnaldata largely  variability betweemAk(H)yLs, AK(D)nLs andaain all inter-
came from the Colaba Observatory, Bombay (now Mum-vals; (2) using sunspot numbers to recalibrate destroys the in-
bai), and daily mean interdiurnal variation data for moderndependence of the geomagnetic and sunspot data sequences;
stations at such a low geomagnetic latitude station show @and (3) if the uncertainties in the recalibration were suffi-
(BVsw)" dependence on solar wind spelégly with an esti-  ciently large, they could make the IDV(1d) variation appear
mate ofn of —0.440.9 (Lockwood et al., 2013a), the uncer- unwarrantedly similar to the group sunspot data record. This
tainty being at the 95 % significance level, derived by apply-last concern is shown to be well founded in the next section.
ing Fisher'sZ test to the correlograms with (as described Subsequent sections study the accuracy and validity of the
by Lockwood, 2002). A result of a negativés thatu would proposed cycle 11 recalibrations.
be depressed in intervals of enhanced solar wind speed and
this is particularly clear during the declining phases of solar
cycles 9 and 10 when is compared to IDV(1d) which was
designed to depend on the IMF strength only (zes 0).
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2 Analysis of the relationship of IDV and IDV(1d) to 0.95 .

sunspot number ogp A-IDVAER
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Figure 1 presents an analysis of the dependence of the annual os=—"— 4 | b.IDV&R" I
means of the geomagnetic indices IDV (right-hand panels) o7
and IDV(1d) (left-hand panels) on the simultaneous annual [ ¢ —wswn a
means of the international sunspot numberFor IDV(1d), o0t
results for before 1872 are given for both the original index @ 05 HodsTaeTE conected //

as presented in Lockwood et al. (2013a, b: hereafter “Paper
1" and “Paper 2") (black line) and using the correction de- 9
rived in the present paper (green line). The top panels (a and
b) show the correlations witlR", as a function of the ex-
ponentn. The data have been divided into three intervals:
1844-1872, 1873-1945 and 1946—-2012 (inclusive), shown
by the black, red and blue lines, respectively. The division % 05 1 150 05 1 15
on 1 January 1946 was implemented because there has been " :
discussion about a potential discontinuity fnaround this  Fig. 1. The dependence of the IDV(1d) (corrected and corrected,
date (e.g., Svalgaard, 2012), the division on 1 January 187%ft panels) and IDV (right panels) on international sunspot num-
occurs because after this date IDV and IDV(1d) agree closelyer, R, to the powen, as a function of the exponent (a) and (b)
but less so than before then (see Paper 1). It can be seen thgitow the correlation coefficients for the interval 1845-1872 (black
after 1872, both indices agree quite closely on the optimuntine), 1873-1945 (red line) and 1946-2012 (blue line). In the case of
n value and the level of correlation it yields (the red and blue'PV(1d) the black line is uncorrected and the green line shows the
lines). effect of |mplen_1ent|_ng _the correction derived in the present paper.
The fact that correlations are almost as high for IDV(1d) The COIO‘.”efj.C"Cle 'nd'cates. the peak of each correlogtajand
. . . .. . (d), the significance of the differences between the peak correla-
as for IDV'is, at f'rSt, sight, surprl'smg F’ecause IDVis basedtions and those at general(e) and(f), the probabilityA S that the
on a number of stations that varies with date from 1 t0 overgependence or before 1872 is the same as after that date (see text
60, whereas IDV(1d) is based on just one station at any ongyr details).
time. However, IDV uses just one hourly mean value per day,
whereas IDV(1d) uses all 24. If we regard data taken by the
same station at different Universal Time (UT) as differing two geomagnetic indices, with peak correlation at somewhat
only in their UT-dependent calibration, we have a suppresHower n for IDV(1d) but considerably higher for IDV. The
sion of geophysical and instrument noise by an additionalblack lines in Fig. 1e and f show the probabiliti#s that the
factor in IDV(1d) of 24> = 4.89, which is only achieved truen is the same before 1872 as after it: for IDV(1d) this
using 24 stations for IDV. Hence although noise suppressiorpeaks at 87 % whereas for IDV it peaks at just 62 %. Figure 1
in IDV(1d) is better for later years (when more than 24 sta-therefore shows that neither index is behaving consistently
tions are available), it is poorer in early years. In addition, asbefore 1872. In the case of IDV, the correlation wRhs far
discussed in Paper 1, the point of IDV(1d) is that it is, un- higher than for after 1872 (peaking at 0.942) and is for an
like IDV, homogeneously constructed to ensure its responsesptimum value ofn that is close to unity. Hence it is clear
to solar wind parameter variations were as similar in pastthat the sunspot number and the IDV geomagnetic index are
epochs to those in the space age as it is possible to makeo longer independent data before 1872, making IDV far too
them. similar to R in this interval. This may be because the sunspot
The peak correlations in Fig. 1 for post-1872 data are number has been used to correct and/or calibrate the geomag-
all in the range 0.821-0.848 and foin the range 0.5-0.75. netic data, or vice versa, or both. Hence the concerns about
The middle panels (c and d) show the variation of the sig-usingR to correct geomagnetic indices expressed in Paper 2
nificance S of the difference between the peak correlation are well founded. That having been said, the IDV(1d) index
and that at general, as determined by Lockwood (2002). before 1872 is also not behaving in the same way \Riths
It can be seen that the differences between$he vari- it does in later years, indicating that it too is in error. In the
ations are not statistically significant after 1872. However,present paper, we derive a correction that does not depend
for neither IDV(1d) or IDV is the same true before 1872. on sunspot number, thereby avoiding the inhomogeneity that
For (uncorrected) IDV(1d), the peakis 0.806 atn = 0.29 Fig. 1 shows that the IDV index suffers from. For complete-
(the black line in Fig. 1a). For IDV, however, the peals ness, the green lines in Fig. 1a, ¢ and d show the results for
0.942 atn = 1.18 (the black line in Fig. 1b). These discrep- IDV(1d) after that correction has been applied. In this case,
ancies could denote problems with either the geomagnetithe n giving a peak correlation of 0.68 is not significantly
indices or with the sunspot number record, or both. Howeverdifferent to that for the intervals after 1872. The peak corre-
it is noticeable that the error is in the opposite sense for thdation coefficientris lower (0.782), which is to be expected
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given the increased uncertainties in both the geomagnetic and eo
sunspot data for the earliest years. The green line in Fig. 1e
shows that the probability that the behaviour witHor the sr 1
corrected IDV(1d) is different before 1872 to that after 1872
is just 0.003.
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3 Retrospective recalibration techniques
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3.1 Using the diurnal range of geomagnetic data from

R 30
other observatories

annual mean diurnal range,

251
Svalgaard (2014) makes use of the measured diurnal varia- /
tion in annual means Of thH Component tO recalibrate the 0 15;55 19‘60 19‘65 19;70 19‘75 19‘80 19‘85 19‘90 19‘95 20‘00 20‘05 2010
H variometer. He points out that the average diurnal range year
(the difference between the maximum and minimum vaIuesFi ) .
. L - g. 2. The annual, mean diurnal range for modern day stations Nur-

ofthe average diurnal variation, overan extendeq per_loq sucrﬂﬂj‘,ﬂvi (in green) and Eskdalemuir (in red)Hur and A Hesk
as a year) is very well correlated with sqlar activity indices for the period 1953-2008. Also shown (in black) are the best fit lin-
such as group sunspot number. That being the case, the a¥y regression ta Hyyr of the annual means of the group sunspot
erage diurnal range should be the same at all stations (praqumberrg taken from the Royal Greenwich Observatory observa-
vided they are removed from the influence of auroral cur-tions up to 1976 and the USAF/NOAA SOON network thereafter.
rents) and so comparing measured diurnal ranges from dif-
ferent stations allows one to intercalibrate those stations and
comparing to group sunspot number provides a second tesgroup sunspot numberBg, are used rather than the interna-
However, the term “very well correlated” is subjective and tional sunspot numbeR.
does not quantify the uncertainty inherent in adopting this ap- Figure 3 shows the best linear regression fits of the di-
proach. Correlation coefficientsare typically 0.9 meaning urnal range variations from a large number of stations (in
that (172) ~ 0.2 of the variation at one station is not matched grey). These were evaluated for a total of 81 stations. How-
at another and hence calibration using these correlations wilever it was found auroral stations correlated badly and so
typically be accurate to about 20 %. all stations poleward of the corrected geomagnetic latitude

The red and green lines in Fig. 2 show the annual meamA = 60° were excluded. This left 67 stations and of these a
diurnal range of thed component observed by modern-day further 5 were removed because the correlation Withur
stations Nurmijarvi and Eskdalemuit {yyr and A Hesk). was below 0.65, indicating possible calibration problems.
Nurmijarvi is the closest magnetometer to the old Helsinki The green and mauve lines show the variations of the 5th
Observatory and Eskdalemuir and Helsinki are the primaryand 95th percentiles of the distribution for each year and it
observatories contributing to the IDV(1d) index (the coordi- can be seen that there is considerable spread. Some of this
nates of all three stations are given in Table 1 of Paper 1)arises from intercalibration problems, but there may also be
Also shown (in black) is the linearly regressed group sunsposite changes, noise interference and genuine differences in
number, Rg, as observed by the network coordinated by the behaviour at different sites: in particular, sites near the
the Royal Greenwich Observatory (RGO) until 1976 and,upper limit of A = 60° will be subject to greater auroral ef-
thereafter, from the US Air Force (USAF) and US National fects and this includes Nurmijarvi itself (corrected geomag-
Oceanic and Atmospheric Administration (NOAA) Solar netic latitudeA = 56.91°).
Optical Observing Network (SOON). These data have been The top panel in Fig. 4 presents the total distribution of
homogenised into a single data set (see Hathaway, 2010). Thibe fit residuals inherent in the fits shown in Fig. 3, for all
correlations are indeed good, betweiyyr and A Hesk years and all 62 stations, as a percentage of the simultane-
it is 0.972 (significant at >99.999 % level by comparison ous A Hyyr value. The vertical red lines mark the 5th and
against the AR1 red-noise model), betweeH\yr and Rg 95th percentiles which are at percentage deviatiorsl® %
itis 0.897 (significant at the 75 % level) and betweeHgsk and+19 %. Thus even for modern stations, using data from
andRg it is 0.935 (significant at the 78 % level). However it one other station gives a calibration that is accurate for any
can be seen that there are differences between the two diusne annual mean t&-19 % (at the 2 level). This value is
nal range variations, potentially due to site differences butconsistent with the expectations from the magnitude of the
also due to calibration uncertainties. In particular, agreementorrelation coefficients. For the 19th-century data, there are
between the diurnal ranges and sunspot numbers during sol&ery few stations available and if their data have been, at any
cycle 20 (peaking around 1970) is notably poor, especially ifpoint, intercalibrated using the diurnal range, these stations
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Fig. 3. Annual, mean diurnal range variations from 62 mid- and
low-latitude stations (in grey)A Hx (whereX is the observatory 1ok
code), linearly regressed against the variation for Nurmijarvi (in =
black), AHNyur. The green and mauve lines are the 5th and 95th
percentiles of the distribution for each year. The 62 stations selected
from the total of 81 analysed are those that gave a correlation with o ‘ ‘ ‘
A HNUR exceeding 0.65 and were at a corrected magnetic latitude 50 -4 -30  -20  -10 0 0 20 30 40 50
A below 60. fit residuals, F (%)

-9 % 4

Fig. 4. Distributions of percentage, linear-regression fit residuals.

. T . . . (Top panel) For the linear regression fits afHy (where X is
will not be providing independent calibration. It is important the observatory code), ta HyUg for the 62 variations shown in

to note that, because it is at a higher Iatlt.udfa,.there IS an aLﬁg. 3. (Middle panel) For the linear regression fits of group sunspot
roral component to the response of Helsinki, indeed that re,; mper to theA Hyur and A Hesy variations. (Bottom panel) For

sponse is important in the development of IDV(1d) as it giveSthe finear regression fits of thea range index toAk(H)Nur and
a dependence on IMB rather than the3V ~%4 of lower lat-  Ak(H)gsk. In each panel the vertical, red lines give the 5th and

itude stations (see Paper 1). Thus at least some o180 95th percentiles of the distribution, the values of which are given in
uncertainty arises from the latitude of Helsinki. red.
Importantly, Svalgaard’s (2014) estimate of a 30 % error

during the period 1866—-1874.5 is outside th&9 % uncer-
tainty inherent in the recalibration procedure he adopte
confirming the Helsinki data are indeed too low in this inter-
val and potentially correcting the error in IDV(1d) also iden-
tified in Fig. 1.

q 33 Using geomagnetic three-hourly-rangé values

Figure 5 compares th&k(H) series obtained from the range
k values from the horizontal field componeHAt measured
at Eskdalemuir and Nurmijarvi with thaeec index, also de-
rived fromk values. Theaac index is based on the standard
aaindex of Mayaud (1971, 1972, 1980) with some correc-

Svalgaard (2014) also tests diurnal range estimates again§@ns devised by Lockwood et al. (2006) by comparison with
group sunspot numbers. However, Fig. 2 shows that althougk@ngek indices and/or the Ap index based on thendices

the correlation is high, the inherent errors in this recalibra-from a network of midlatitude stations. The biggest differ-
tion can also be quite high. The middle panel in Fig. 4 showsence betweenaandaac is a 2.5nT shift around 1957 asso-
the distribution of percentage residuals obtained by fittingciated with the move of the Northern Hemisphegeistation

the Nurmijarvi and then the Eskdalemuir data with group from Abinger to Hartland. The correction &ato yield aac
sunspot number. The largest error seen is agdid %. Note is discussed further in Paper 4 (Lockwood et al., 2014). The
this is a much smaller sample than in the top panel, usingtorrelation betweeAk(H)nur andAk(H)esk is 0.948 (sig-
just two data series rather than 63, however, the overall errofificant at the 85.3 % level), betwedtk(H)esk andaac it

appears to be similar to that obtained in the previous sectionis 0.980 (95 %) and betweekk(H)nur andaac it is 0.975
(91 %). From these levels of correlation we would expect the

use of Ak(H) andaac to give calibrations that are accurate
to the order of 5-10 %.

3.2 Using group sunspot numbers

www.ann-geophys.net/32/367/2014/ Ann. Geophys., 32, 3884 2014
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Fig. 5. The variations of theAk(H) indices derived from the hor-  Fig. 6. Revised version of Fig. 14 of Lockwood et al. (2013a) (Pa-
izontal field observed at NurmijarvAk(H)NuR (green, available  per 1). Annual means of the IDV(1d) composite are shown with
until 2001), and Eskdalemuik(H)gsk (red) and the linearly re-  data originating from ESK in red, NGK in blue and HLS in green,
gressed correcteghindex,aac (black). surrounded by a grey area showing the band of uncertainty that
arises from the two regression fits. The HLS data shown by the

Th ttom nel in Fia. 4 shows th istribution of 9reen line have been corrected in cycle 11 as discussed in the text.
e bottom pane 9 shows the distribution o The black line bounding the filled orange area is the IDV index,

percentage fit residuals of the linear regressioraag o scaled using the regression for the period 1880-2013, as shown in
AK(H)nur and AK(H)esk. As in the other two panels, the Fig. 12 of Lockwood et al. (2013a). IDV(1d) derived from vari-
vertical red lines mark t_he 5th and_ 95th percentiles which are, ;o early data sets are also shown: from St Petersburg, IDyd)
at —9% and+12%. This spread is close to half that found (plack triangles); from Ekaterinburg, IDV(1gla (cyan stars);
using the diurnal range and the group sunspot number. Thuom Parc St Maur, IDV(1dgy (mauve squares); from Wil-
we find comparing wittaato be preferable to comparing di- helmshaven, IDV(1dy y (yellow diamonds); and from Green-
urnal ranges or diurnal range with group sunspot number. wich, IDV(1d)grw (White circles). The blue diamonds are derived
Looking at the 19th-century data from Helsinki, the using theD component observed at Helsinki, IDV(}d)s p. The
correlation betweemAk(H)nLs and aac for the interval Greenwich values are compiled using the daily mearg tifiat are
of available data (1868-1897, inclusive) is 0.85 (signif- uncorrected for temperature varia_tti_ons, with annual IDV@)/
icance >99.99 %). However, this contains the interval for means subsequently corrected (giving the shown uncertainty bands

. . . . . caused by the temperature effects). Solar cycle numbers are shown
which Svalgaard (2014) finds the calibrations of the hori across the base of the figure. The green-and-black dashed line in

zontal component in_Strumem to be poorly calibrated (1366—Fig. 6 is the variation of IDV(1d) derived Paper 1 from the un-
1874.5), and removing these data causes the correlation tQ,yrected Helsinki magnetometer data. The mauve line shows the

rise to 0.92 (however the significance falls to 99 % due to thegata series with the 30 % upward recalibration for the period 1866—
lower number of data points). The best-fit linear regression1874.5 derived by Svalgaard (2014).
for this second fit is

Ak(H it = 0.843x aac — 0.039 1
OIS & @ 4 The corrected IDV(1d) data series

Note that for the modern Nurmijarvi data (1953-2011) the

corresponding slope is 1.026 with an intercept of zero toThe green-and-black dashed line in Fig. 6 is the variation of
within seven decimal figures. The ratio of the regressionIlDV(1d) derived in Paper 1 from the uncorrected Helsinki
slopes withaac for the modern Nurmijarvi data and the his- magnetometer data. The mauve line shows the data series
toric Helsinki data (0.843/1.026) implies that the sensitivity with the 30% upward recalibration for 1866—-1874.5 de-
of the 19th century Helsinki instrument is 82 % of that for rived by Svalgaard (2014). The green line uses the correc-
the modern Nurmijarvi instrument and this is consistent withtion described in Sect. 2.3, derived from the obseraag

the intercalibrations used to generate IDV(1d), as describedhdex for the period 1868—1899, which yieldS{ H )L s]fit

in Paper 1. The ratipAk(H)nLslfit/AK(H)uLs from Eq. (1) from Eq. (1) and hence the correction factor #ovalues
gives us a correction factor which we can apply to the datal Ak(H)nLslsit/AK(H)HLs from Eq. (1) (which Fig. 4c shows
from 1868 (wheraac is available) and Fig. 4c indicates that to be accurate to withia=10 %). This correction cannot be
this recalibration can be expected to be accurate to withirapplied before the start of theac data in 1868 and for the
about+10 %. period 1866-1867, the correction of Svalgaard (2014), based

Ann. Geophys., 32, 367381, 2014 www.ann-geophys.net/32/367/2014/



M. Lockwood et al.: Improved representation of solar cycle 11 373

on diurnal range, is applied and in Fig. 4a is shown to be ac-good agreement found in this cycle encouraged Lockwood et
curate to withind=20 %. The green and mauve lines are par-al. (2013a) to think it may be useful, for all its limitations,
ticularly close for the period 1868-1870 which means thatin cycle 11. Figure 6 shows us that this is not the case and
this procedure does not introduce a discontinuity into the corthe Greenwich values in cycle 11 are too low. It is not clear
rection. if this is because of an over-correction for the stability prob-
lems, because of the statistical temperature correction used or
because of changes in the observing procedure and/or equip-
5 Comparison with St Petersburg and declination data ~ ment at Greenwich.
The poor reliability of the Greenwich data in cycle 11,
We have recently completed digitising hourly means of calls into question its use as a check on the variation between
H component data in the yearbooks from the St Peterseycles 11 and 12. This being the case, the St Petersburg data
burg observatory (Kupffer, 1853—-1865; Wild, 1872-1895; are the best test and support the slightly deeper minimum in
Rykatchew, 1896—-1898, 1899-1908). The black triangles inDV. At the peak of cycle 11, the available IDV(Ighe data
Fig. 6 show the annual means derived from daily means 0f{1870 and 1873) are closer to the Svalgaard correction than
these data, IDV(1dpg presented here for the first time. the one implemented here, but given they are intrinsically ac-
Absolute H-component data are available for 1870 and curate to about-20 % andt-10 %, respectively, these differ-
1873-1906, inclusive. Note that in Fig. 6, no scaling of the ences are not significant and either variation is equally valid.
IDV(1d)spedata for 1870 and after has been carried out. Af- For cycles 9 and 10, the St Petersburg data provide a test
ter 1883, agreement is very good with other data from Wil- of the Helsinki data. Svalgaard notes the Helsifkidata
helmshaven, Parc St Maur and Ekaterinburg (IDV{Ld), are consistent with the group sunspot data but, as shown in
IDV(1d)psw, and IDV(1dgka — shown by the yellow dia-  Fig. 4b, this test is only accurate to 20 %. The St Petersburg
monds, mauve squares and cyan stars, respectively). Theskata match well after rescaling with a linear regression factor
data have also not been scaled. The good agreement of aif 1.1 which is well within the uncertainty of the sunspot test.
these stations with the Helsinki data (IDV(Ld} — green The St Petersburg data show the major declining phase
line) is good confirmation that the fit of the calibrations de- peak in cycle 9 is real. This peak is absent completely in
rived in Paper 1 to the Eskdalemuir data (using the NiemegKDV which, at this time, is based on a best-fit diurnal proxy
data) is broadly correct. Note that the earlier St Petersburgnd not on interdiurnal variation. This strong suppression ap-
data (for up to 1863) has required an upward rescaling ofpears to be due to an inverse dependence of the proxy on so-
11 % to fit the amplitude of the variation seen in the Helsinki lar wind flow speed. This being the case, the diurnal-proxy
data. This factor is derived from comparing thiH) data  data used to extend the IDV into cycles 8-11 (Svalgaard and
for Helsinki and St Petersburg (Nevanlinna and Hékkinen,Cliver, 2010) must be used with great caution and recognis-
2010), but we have, at least up to the time of writing, no ing that it does not have the dependenceBaaone which is
absolute independent calibration of either the Helsinki or Stthe important characteristic of interdiurnal variation indices.
Petersburg? variometers at this time.
As a further test we have computed IDV(1d) using the dec-
lination data from Helsinki. The results for IDV(1d)s,p 6 Revised reconstruction of the near-Earth IMF
are shown by the blue diamonds in Fig. 6. These data have
been scaled by linear regression to the standard IDV(1d) datsVe have reapplied the analysis of Lockwood et al. (2013b)
from Helsinki (which, using the same notation, would be (Paper 2) to the corrected IDV(1d) to reconstruct the IMF
IDV(1d)nLs, &) to allow for the differences betweett and B from 1845 onwards. The result is shown in Fig. 7. The
D. Figure 6 shows that the correctéfl and D values are  dark grey band shows the uncertainty associated with the re-
give very similar variations at all times. The worst deviations gression and the joins between data from different stations,
being for the period 1865-1867, for which the correction isand so is the corrected version of the error band shown in
most uncertain. Fig. 7 of Paper 2. The light grey area in Fig. 7 of the present
During solar cycles 12 and 13, the various stations are alpaper shows this uncertainty combined with that in the raw
giving broadly similar results. All the stations imply IDV is data from which IDV(1d) is compiled, obtained by compar-
slightly too high during the declining phase of cycle 13, but ing Ak(H) and Ak(D) with data from nearby stations (for
all the data agree well on the first peak of cycle 13 (1892).the earliest data this is from St Petersburg only). The major
The station data suggest that the second peak (1894) idifference from the variation presented in Paper 2 is that the
slightly too large in IDV but slightly too small in IDV(1d). peak of cycle 11 is considerably higher such that reconstruc-
Agreement of all stations and with both IDV and IDV(1d) is tions based on IDV(1d) and IDV are no longer different at
better in cycle 12. The correction of the Helsinki data usingthis time to within the uncertainties. In addition, the mini-
aac has slightly reduced the peak of this cycle in IDV(1d) mum before cycle 11 is much less deep, which is consistent
so it now agrees better with the data from the other stationswith the cycle to cycle growth of open solar flux, reflected
The white circles show the Greenwich data, and the relativelyin the near-Earth IMF, which gave the large peak in in cycle
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11 ; ; ; : : Table 1. The full data series with corrected data for the period
&= polynomial fit to IDV(1d)', r = 0.947 1866-1875. Annual IDV(1d) composite and derived IMFvalues

10f 7'é'::ef(;ﬂ;g’a'r'?l\t’g‘:é\;:rgggl 1 are given with 2 uncertainties.
of \/ . IDV(1d) (nT) IMF B (nT)
4 \ \ \ Year best min. max. best min. max.
| I
81 WA \ 1 1846.5 499 4.87 540 6.01 582 6.37
‘ " 18475 8.04 7.38 894 7.78 733 841
\

i 18495 573 555 6.16 6.47 6.27 6.82
\ 18505 5.25 5.12 565 6.18 599 6.52

. | | 18515 6.78 6.37 745 7.10 6.78 7.57
\ 18525 6.90 6.49 757 7.16 6.85 7.64

‘ “1 1 18485 7.26 6.79 799 736 7.02 7.89
|

reconstruction of IMF, B (nT)
~

- - ‘\ 1853.5 6.96 6.55 764 7.20 6.88 7.68

A —* in-siu data 'y 18545 5.66 545 6.15 643 621 681
1855.5 4.55 4.46 493 571 553 6.08

1840 1860 1880 1900 1020 1940 1960 1980 2000 18565 3.83 3.76 426 521 500 5.65

year 1857.5 5.62 5.39 6.13 6.41 6.17 6.80

1858.5 6.76 6.37 742 7.09 6.77 7.56

Fig. 7.Corrected version of Fig. 7 of Lockwood et al. (2013b) which 18595 8.39 7.68 9.36 7.97 7.48 8.64
gives reconstructions of the near-Earth IMF, from geomagnetic 18605 7.98 7.31 892 7.75 7.29 8.40
data. The black line uses the corrected geomagnetic activity com- 18615 6.69 6.31 734 7.04 674 751
posite, IDV(1d) and the polynomial fit t&8 derived in Lockwood 18625 6.97 651 769 720 6.86 771
et al. (2013b). The dark grey area surrounding this black line is the 18635 6.36 6.07 693 6.85 6.60 7.27
uncertainty band associated with using this polynomial fit derived 18645 6.29 599 6.84 68l 655 7.22

18655 6.10 583 6.65 6.70 6.45 711
1866.5 5.69 5.57 6.27 6.34 6.08 6.88
18675 494 484 554 590 563 6.46

using a Monte Carlo technique (see Lockwood et al., 2013b) and
the light grey area convolves this uncertainty with the measurement
:'Jncert?tm% The redl_llne shhowst:]hesbceis(t) reconsttructtlpn u;:ng ;hetlr 18685 677 659 743 694 663 758
inear fit. The green line shows the reconstruction. Blue dots 18695 873 834 954 792 734 894
show the annual means of the observed IMF. 18705 920 855 1022 8.13 742 9.39

18715 9.5 854 10.16 811 7.41 9.35
18725 9.39 873 1045 822 747 953
11. However, we note these values are corrected using the 18735 7.32 711 7.95 723 6.86 791
diurnal range method and that correction is only accurate to 18745 6.02 590 651 653 6.26 7.03
+20%. Table 1 gives the full, corrected data sequences for 18755 370 365 405 506 476 554

: : ; : 1876.5 4.27 422 470 546 521 595
IDV(1d) and IMF B with their associated uncertainty bands. 18775 439 431 482 554 527 603

1878.5 3.64 3.59 4.06 501 471 555
18795 3.60 3.51 4.04 498 465 5.53

7 Relationship of near-Earth IMF to group sunspot 1880.5 4.62 447 509 569 538 6.19
number 18815 4.54 443 495 564 535 6.11
18825 6.08 584 6.63 656 6.23 7.10

. . 18835 6.42 597 713 6.75 6.30 7.40

Svalgaard and Cliver (2005) notg a correlation between the 18845 533 501 588 613 574 666
IMF and Fhe square root of the smgltanegus group sunspot 18855 5.75 5.61 6.25 638 6.10 6.87
number (in annual mean data). In this section, we investigate 18865 5.99 583 6.52 6.51 623 7.03
this correlation in the reconstructed IMF shown in Fig. 7. 18875 528 520 571 6.10 585 6.56
The top panel in Fig. 8 shows correlograms of group sunspot 1223-2 j-g; 1-2‘5‘ 2-23 2-22 2‘212 g-;g
numbelr (to po;ven), RhG, against tr;ehnear Ealrth IMB fof;_ _ 18905 387 378 420 523 502 567
a;mua mean data. T e square of the correlation coefficient 18915 479 479 503 588 577 614
r< is shown as a function of from 0 to 3 for (in red) IMF 18925 751 7.5 822 750 7.39 801
observations (1964-2012, inclusive), (in black) the recon- 18935 6.57 6.2 719 6.98 6.67 7.43
structed IMF (1845-2012) from the IDV(1d) index, and (in 18945 6.71 633 736 7.06 6.75 7.52
blue) the modelled IMF (1612—2012). The modelled IMF is gggg ggé 555; 2%2 ggﬁ 2555, 223
based on the modelling of open solar flux (OSF) by Owens 18975 435 434 452 558 544 582
and Lockwood (2012) from the cont.inuity equation, using 18985 488 487 514 594 582 621
the group sunspot number to quantify the OSF emergence 1899.5 3.83 3.78 395 520 502 5.43

rate (Solanki et al., 2000), and a loss rate that depends on the
current sheet tilt (Owens et al., 2011). This is converted into
B using the empirical relationship by Lockwood et al. (2009)
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Table 1.Continued.

IDV(1d) (nT) IMF B (nT)
Year best min. max. best min. max.
19005 3.74 369 3.84 514 495 536
19015 299 289 3.01 455 428 474
19025 3.11 3.02 3.13 465 440 484
19035 425 419 445 551 533 577
19045 4.18 415 433 545 530 5.69
1905.5 5.10 5.09 54 6.08 597 6.37
1906.5 4.43 442 463 564 550 5.88
19075 5.12 512 541 6.09 599 6.37
19085 554 554 591 6.36 6.27 6.67
19095 523 523 554 6.16 6.07 6.45
19105 4.74 474 498 585 573 6.11
19115 443 443 444 563 551 577
19125 324 324 324 475 458 492
19135 273 273 273 433 414 452
19145 329 329 329 479 462 496
19155 479 479 479 587 576 599
19165 589 589 589 6.58 6.49 6.66
19175 6.67 6.67 6.67 7.03 6.94 7.12
19185 6.68 6.68 6.68 7.04 6.95 7.13
19195 733 733 733 740 730 750
19205 6.17 6.17 6.17 6.74 6.66 6.82
19215 514 514 514 6.11 6.01 6.21
19225 439 439 439 561 548 573
19235 375 375 375 515 5.00 5.30
19245 375 375 375 515 500 5.30
192555 459 459 459 574 562 586
19265 832 832 832 793 7.79 8.07
19275 567 567 567 6.44 6.35 6.53
19285 7.07 7.07 7.07 726 7.17 7.35
19295 6.01 6.01 6.01 6.65 6.56 6.73
19305 6.07 6.07 6.07 6.68 6.60 6.77
19315 432 432 432 555 542 568
19325 4.17 417 417 545 532 559
19335 3.78 378 3.78 517 5.02 531
19345 366 366 3.66 508 493 523
19355 445 445 445 565 552 577
19365 4.85 485 485 592 581 6.02
19375 8.40 840 840 797 7.83 8.12
19385 8.12 812 8.12 783 7.70 7.96
19395 833 833 833 794 7.80 8.08
19405 830 830 830 792 7.78 8.06
19415 8.16 8.16 816 785 7.71 7.98
19425 587 587 587 656 6.48 6.65
19435 557 557 557 6.38 6.29 6.47
19445 480 480 480 588 577 599
19455 526 526 526 6.18 6.08 6.28
19465 9.88 988 9.88 8.71 850 892
19475 9.17 9.17 9.17 8.36 8.18 854
19485 6.34 634 6.34 684 6.76 6.93
19495 9.29 929 929 842 8.24 860
19505 8.32 832 832 793 7.79 8.07
19515 7.22 722 722 734 725 7.44
19525 6.92 6.92 692 7.17 7.08 7.26
19535 510 510 5.10 6.08 5.98 6.18
19545 4.13 4.13 413 542 528 555
19555 471 471 471 582 571 594
1956.5 8.83 883 883 8.19 8.03 835
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Table 1.Continued.
IDV(1d) (nT) IMF B (nT)
Year best min. max. best min. max.
19575 12.29 1229 1229 9.80 9.47 10.14
19585 10.49 1049 1049 8.99 8.75 9.24
1959.5 9.97 9.97 9.97 875 8.54 8.97
1960.5 11.02 11.02 11.02 9.24 897 9.51
1961.5 7.18 7.18 718 7.32 7.23 7.42
1962.5 5.06 5.06 5.06 6.06 5.95 6.16
1963.5 5.55 5.55 555 6.36 6.27 6.45
1964.5 4.00 4.00 400 533 519 5.47
1965.5 4.08 4.08 4,08 5.38 5.25 5.52
1966.5 4.91 491 491 596 585 6.06
1967.5 7.57 7.57 757 754 7.43 7.65
1968.5 5.84 5.84 584 655 6.46 6.63
1969.5 5.92 5.92 592 6.59 6.51 6.68
1970.5 6.05 6.05 6.05 6.67 6.59 6.75
1971.5 4.91 491 491 596 5.85 6.07
19725 5.94 5.94 594 6.61 6.52 6.69
19735 5.28 5.28 528 6.20 6.10 6.29
1974.5 5.60 5.60 560 6.40 6.31 6.49
1975.5 4.82 4.82 482 589 578 6.00
1976.5 4.78 4.78 478 5.87 5.76 5.98
1977.5 5.13 5.13 5.13 6.10 6.00 6.20
1978.5 7.66 7.66 766 758 7.47 7.69
1979.5 6.69 6.69 6.69 7.05 6.96 7.13
1980.5 6.21 6.21 6.21 6.77 6.68 6.85
1981.5 8.68 8.68 8.68 812 7.96 8.27
1982.5 9.31 9.31 9.31 843 8.25 8.61
1983.5 7.39 7.39 739 7.44 7.33 7.54
1984.5 6.20 6.20 6.20 6.76 6.67 6.84
1985.5 5.07 5.07 5.07 6.06 5.96 6.16
1986.5 4.87 4.87 487 593 582 6.04
1987.5 4.62 4.62 462 576 5.64 5.88
1988.5 5.57 5.57 5,57 6.38 6.29 6.47
1989.5 9.65 9.65 9.65 859 8.40 8.79
1990.5 7.83 7.83 783 7.67 7.55 7.79
1991.5 9.79 9.79 9.79 866 8.46 8.87
1992.5 7.57 7.57 757 753 742 7.64
1993.5 6.35 6.35 6.35 6.85 6.76 6.93
1994.5 5.13 5.13 5.13 6.10 6.00 6.20
1995.5 5.03 5.03 5.03 6.04 5.93 6.14
1996.5 3.48 3.48 348 494 4.78 5.10
1997.5 4.46 4.46 446 565 553 5.78
1998.5 6.58 6.58 6.58 6.98 6.90 7.07
1999.5 5.97 5.97 597 6.62 6.54 6.71
2000.5 7.84 7.84 784 7.68 7.56 7.80
2001.5 8.51 8.51 851 803 7.88 8.18
2002.5 6.38 6.38 6.38 6.87 6.78 6.95
2003.5 7.49 7.49 749 749 7.38 7.60
2004.5 5.71 5.71 571 6.46 6.37 6.55
2005.5 6.04 6.04 6.04 6.66 6.58 6.75
2006.5 4.38 4.38 438 5.60 5.47 5.72
2007.5 3.25 3.25 3.25 476 4.59 4.93
2008.5 2.95 2.95 295 452 434 4.70
2009.5 2.70 2.70 270 430 411 4.49
2010.5 3.48 3.48 3.48 494 4.78 5.10
2011.5 4.12 412 412 541 5.28 5.55
2012.5 5.28 5.28 528 6.19 6.10 6.29
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12

IMF, B (nT)

AS (%)
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Fig. 8. (Top) Correlograms of group sunspot number, (to power Rg“

R{, against the IMRB for annual mean data. The square of the cor-

relation coefficient2 is shown as a function affrom Oto 3for: (in ~ Fig. 9. Scatter plot of near-Earth IMB as a function ofR%* for

red) IMF observations (1964—2012, inclusive), (in black) the recon-three data series: (red triangles) in situ observations; (black dots) the
structed IMF (1845-2012) from the IDV(1d) index, and (in blue) reconstructed IMF from the IDV(1d) index, as presented here (with
using modelled IMF (1611-2012). (Bottom) The significarcé uncertainties irB as shown in Fig. 7); (cyan squares) the modelled
of the difference between the peak correlation and the correlation atMF since 1845; and (yellow diamonds) the modelled IMF before
agenerah. The horizontal dashed grey line is the 90 % significance 1845.

level.

the modelled variation after 1845 all show a linear variation.
and the resulting time series is shown in Fig. 1 of Lockwood This appears to show a limiting minimum value or “floor”
and Owens (2014). The plot shows that for the modelled andn the IMF of around 4 nT when the group sunspot number
observed IMF data series, the correlations peak-at0.4, Rg falls to zero. The only data in Fig. 9 which fall below
and for the geomagnetically reconstructed IMF it peaks atsuch a floor is the modelled data for before 1845 and so one
n = 0.5. The peak correlation coefficientsand their signif-  might be tempted to dismiss these modelled values as an er-
icanceS (computed against the AR-1 auto-regressive “red-ror, even though the modelling is very successful after 1845
noise” model) are = 0.837 (§ = 96.3 %) for the IMF data, (the cyan squares match the reconstructed values well, giving
r = 0.835 (§ = 99.98 %) for the geomagnetic reconstruction » = 0.810, §>99.99). Note that there are unknown uncer-
andr = 0.729 (§ > 99.99 %) for the modelled data. Hence for tainties in the early group sunspot data and these will have
the observations and geomagnetic reconstruction of the IMFadded to the scatter in Fig. 9 for the early data.
R explains about 70 % of the IMF variation, bR only ex- In this context, it is important to realise that the corre-
plains 53 % of the modelled variation. The bottom panel inlation is only with the simultaneous group sunspot number
Fig. 8 shows the significanc& S of the difference between and that the prior history of the solar activity is not a fac-
the peak correlation and the correlation at a generading tor. This is contradicted by a number of pieces of pertinent
Fisher'sZ test as described by Lockwood (2002). The dashedevidence. Firstly the observed and reconstructed IMF varia-
grey line is the 90 % significance level and at this confidencetions clearly show some long-term persistence with the vari-
level the uncertainty in the peakis lower for the longer data  ation over one cycle being an evolution of that seen during
series. The length of the data series means that the upper linthe previous cycle. This has been confirmed quantitatively
itston are 2, 1.5 and 1 for the IMF, geomagnetic and modelby Lockwood et al. (2011), who show significant autocorre-
data series; for all three cases the lower limitis near0.2. lation (and predictability) over several solar cycles in open
Given this large uncertainty in the peakestimates (at the solar flux and cosmic ray modulation potential. Another in-
90 % confidence level), the difference in the behaviour of thedicator of this persistence is the success of precursor meth-
reconstructed IMF and the other two is not significant. Fig- ods, whereby the level of geomagnetic activity, the solar po-
ure 9 explains why the correlation for the modelled sequencédar field or the near-Earth IMF are used to predict the size of
is lower. This is a scatter plot df as a function ong'4 for the subsequent maximum in sunspot number (Svalgaard et
the three data series: the in situ observations are shown bgl., 2005; Lockwood and Owens, 2014). Lastly, we note the
red triangles, the reconstructed IMF by black dots (with un-importance of the prior history of solar activity in the success
certainties inB as shown in Fig. 7), the modelled IMF since of continuity models in explaining the reconstructed OSF
1845 by cyan squares and the modelled IMF before 1845 byariation, as initially demonstrated by Solanki et al. (2000)
yellow diamonds. The observations, the reconstruction andind as shown by the cyan squares in Fig. 9.
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This means that it is not just the contemporaneous sunspot 10
number that determines the open solar flux and near-Earth
IMF (and related parameters such as the heliospheric modu-
lation parameter), but its prior history also has an influence.
It is not immediately obvious over how long a prior period 70
this history matters, but the success of the precursor method§€
tells us that the polar solar fields half a solar cycle in advance ¢

—~

have an influence and Lockwood et al. (2011) show there is 3 sr
some (non-zero) persistence in sunspot humbers up to two= 4
solar cycles in advance and a much stronger persistence irg
open solar flux and heliospheric modulation potential. This

provides an explanation of why the behaviours before and -

after 1844 are so different in the modelled data in Fig. 9:

the data after 1844 containing persistently high sunspot num- io ¢ |
bers (and a grand solar maximum) whereas before 1844 they 9, o1 02 03 04 05 06 07
contain lower sunspot numbers and both the Dalton and the axRy + Br<R > +y

Maunder minima. Here we demonstrate the effect of prior

history by using the mean of the group sunspot number ovefi9- 10. A modified version of Fig. 9 withf (Vsw)B shown as a
the previous 11yr, Rg>11, in addition to the simultaneous function of B, =a x R+ px < Rg >7; +y (whereRg is the

annual valueRg. We also make a small second correction to simultaneous annual mean group sunspot number by is

. - the mean value over the preceding 11 yr) with best-fit coefficients
allow for the known effect of the solar wind speed using the '~ 0.462, 1 — 0.454, f — 0.090, m — 0,668 andy — 0.006. The

theory of the Parker spiral. We use a simple combination Of?actorf(vsw) allows for the effect on IMEB of the solar wind

Re, and <Rg>11, given by speedVsyy using Eqg. (2), based on Parker’s spiral theory.
Bp=aRg+ B < Rc >4 +y. 2

This simple form has been chosen to introduce some depenl

N . 868 onwards for the reconstructed data using the solar wind
dence on the prior history of the sunspot number (viatheterm _ -~ . . .
AR . : variation derived by Lockwood and Owens (2014), using the
B<Rc>7): itis in no way an optimised form and is used

: . combination of the correctezhindex,aac, and the corrected
here purely for demonstration purposes. Using the N(alder_lDV(ld) index discussed in previous sections of the present
Mead search method (Nelder and Mead, 1965; Lagarias et P P

al., 1998), the maximum correlation between the predicteopaper. For the model, the correction term is unity b_ec_ause the
B, By (given by Eq. 2) and3 is obtained for the coefficients modelled values were generated from OSF predictions and

o =462 —0.454,) =080 —OSGRary —0008, " SOEES S consttsolr e e,
Using these coefficients and Eq. (2) to compBje Fig. 10 9 9 P 9.

shows the plot of3 as a function ofB, for the same data the same linear relation betwe@nhand By, is shared by alll

sets as shown in Fig. 9 (using the same symbols). In addighree data sets. The correlation coefficient for the 167 annual

tion, Fig. 10 makes allowance for the effect on near-Earthmanng 305f :’r\l’ﬁeggg;n%%r':ﬁgftLeeCEZZt;unCr:f;;Br?]ﬁ;a?gIing FIIS 0
IMF of variations of the solar wind speeUgw, via Parker’s =109, g.

. . . . is r = 0.833. Allowing for the number of fit variables, the
spiral theory. This allowance is relevant because increased. . .
: . ; isherZ test gives that the difference between these two cor-
solar wind speed causes the spiral to unwind and so lowers

AR ) o
the near-Earth IMF: as a result, for a given OSF, a higherrelatlons is significant at just 4.5 %. For the 49 observed IMF

Vew gives a lower near-Earth. The factor f (Vey) used in annual means the correlations are 0.837 and 0.843, respec-

; ) : ' ively, a difference that is significant at only the 5.5 % level.
Fig. 10 gives a correction to a constant solar wind speed o . )
O owever, for the 399 modelled data points the correlation
V, and is given by

rose from 0.729 to 0.861 which is a significant increase at

F(Vsw) = sin(@)/sin(e,), (3)  over the 99.99% level. Furthermore, all data sets are now
giving very similar correlations. Note that the dependence of

where the garden-hose angle for solar wind spégg, is the term in Rg>11 is relatively weak with the coefficierg

¢ =tam1(Vsw/wR) and for the solar wind speed,, is being roughly a fifth of the corresponding coefficienfor

v, =tanm1(V,/wR1), w is the angular velocity of the solar Rg and the exponents = 0.454 andm = 0.668, meaning

corona in the frame of the fixed stars aRgl is one astro-  that the termx R¢; is typically twice g <RG>T).

nomical unit. The average solar wind velocity over recent Thus, making a relatively small and simple allowance

cycles (470kms?) is used forV,. This correction for the for the prior history of the sunspot number explains how

effect of solar wind speed on the IMF can been made usthe modelled values can be below the apparent floor value

ing observed annual means\ayy for 1964 onwards and for before 1845, whilst matching the data and reconstruction
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after 1845. Making this simple allowance for the prieg to several cycles in advance (Lockwood, 2010; Barnard et
history makes no significant difference to the fits to data af-al., 2011). The applications of such predictions in the area of
ter 1845 (for which we have geomagnetic reconstructions)space weather are well documented and include satellite orbit
or after 1964 (for which we have in situ observations). This prediction, integrated radiation dose prediction for electron-
directly demonstrates that the available IMF data and reconics on spacecraft and aircraft, corrosion maintenance plan-
struction do not extend into a wide enough range of condi-ning on long pipelines, and many more. Although the influ-
tions to differentiate between the two sunspot number fits andnce of future changes in solar activity on global mean tem-
hence allow detection of the dependence on the prior historyperatures is predicted to be small (Feulner and Rahmstorf,
of Rg. Thus one has to look very carefully at the assumptions2010; Jones et al., 2012) there are interesting indications of
inherent in a linear regression fit before using it to derive ansome regional influences, particularly in winter (Lockwood
estimate of any floor value to the near-Earth IMF. et al., 2010; Lockwood, 2012; Woollings et al., 2010), in-
creasing the importance of making predictions of the level of
solar activity.
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Appendix A (A) normalisation is also slightly different, using an empiri-
cally derived ¥ co€7(A) dependence.
Glossary of indices and acronyms used IDV(1d) index. A variant of the IDV index introduced in

Paper 1, which returns to using daily means, as used by Bar-
tels to generate theindex, which gives suppression of noise.

aaindex. Three-hourly indices developed by Mayaud (1971)lt is referred to as IDV(1d) rather thanas it uses stations in
and derived from thé values at two near-antipodal stations: a band of geomagnetic latitude chosen to ensure the in-
one in southern England, one in Australia. In both hemi-dex has no dependence on solar wirigly (in particular it
spheres, three different stations were needed to give a coravoids low latitude stations for which there is a dependence
tinuous index: in the north they are Greenwich (1868—1925),0n VS_V?,A).
Abinger (1926-1956), and Hartland (1957—present) and in IDV(1d)p test values. These are derived in the same way
the south they are Melbourne (1868—-1919), Toolangi (1920-as the standard IDV(1d) index but using the declination data
1979), and Canberra (1980—present). This yieldatheand rather thanH . The results, for example, for Helsinki station
aas indices for the Northern and Southern hemispheres andre termed IDV(1d).s p
aais defined as the arithmetic mean of the two. IMF: interplanetary magnetic field. Unless otherwise

aac index. A corrected version of thea index that al-  stated, this refers to the near-Earth field.
lows for a putative calibration error in 1957 associated with a International sunspot numbet, (Also known as the Wolf
move of the Northern Hemisphereia station from Abinger  number, the relative sunspot number, or the Zirich number).
to Hartland. The correction taa to yield aac is discussed This is defined ag(10G + N), whereG is the number of
further in Paper 4 (Lockwood et al., 2014). sunspot groups on the visible disc of the Siyis number

ak(H) index. A three-hourly “equivalent amplitude” index of individual spots, and is an observer calibration factor
of geomagnetic activity for a specific station or network of that varies with location and instrumentation. Here we use
stations expressing the range of disturbance in the horizontahe data series extending back to 1749 published by the Solar
magnetic field,H: ak(H) is scaled from the standard three- Influences Data Analysis Center (SIDC), Belgium.
hourly rangek indices such that it equals 0, 3, 7, 15, 27, 48, k index. Three-hourly indices introduced by Julius Bar-
80, 140, 240, and 400 fdr= 0-9, respectively. Multiplying tels in 1938 to quantify disturbances in the horizontal com-
by constant factor for each station converts into nT where  ponent of Earth’s magnetic field4() at a given station with
equals the lower limit of the range for the= 9 band, divided  an integer between 0 (quiet) and 9 (severely disturbed). The
by 250. k values are determined by the range of variation in 3h in-

Ak(H) index. A daily index of geomagnetic activity for tervals, after subtraction of the quiet-day variation, using a
a specific station or network of stations, being the averagejuasi-logarithmic set of thresholds specific to each station to
of the eight, three-hourlyk(H) indices for that day. The normalise them to the values seen at the Niemegk station.

Ak(H) for Helsinki, Ak(H)HgL, was used to extend tlaain- u index. Theu index was developed by Bartels (1932). It
dex series from 1868 back to 1844 by Nevanlinna and Ke-was based on the absolute value of the difference between
tola (1993). the mean values aff for a day and for the preceding day (an

AK(D) index. The same a8k(H), but instead of being effective way of removing quiet-time variation). Théndex
based on the variation range of the horizontal compofgnt is the weighted mean of data from a collection of stations.
it is based on that in the field declinatioD, (the angle be-  Prior to averaging the data from the various stations, each
tween geographic and geomagnetic north). was normalised to the magnetic latitude) (of Niemegk us-

Diurnal range A H. The difference between the maximum ing an empirical 1cogA) dependence.
and the minimum of the horizontal field componeiitde-
tected at one station in 1 day.

Group sunspot numbeRg. Originally generated by Hoyt
and Schatten (1998) and extending back to 1610, this sunspot
index is based on the number of sunspot gra@igs the visi-
ble disc of the Sun, scaled to match the international sunspot
number in later years. Here we deploy the corrections pro-
posed by Usoskin et al. (2003) and Vaquero et al. (2011).

IDV index. The interdiurnal variation index introduced by
Svalgaard and Cliver (2005) based on Bartelshdex. The
main difference between IDV andis that instead of using
daily mean values off, the hourly mean (or spot value) clos-
est to solar local midnight is employed as a means of elimi-
nating the diurnal variation. As far, the difference between
values on successive days is taken. The geomagnetic latitude
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