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Abstract. In the concluding paper of this tetralogy, we here 1 Introduction

use the different geomagnetic activity indices to reconstruct

the near-Earth interplanetary magnetic field (IMF) and so-This is the fourth in a series of papers using historic geomag-
lar wind flow speed, as well as the open solar flux (OSF)netic activity data to reconstruct solar and near-Earth inter-
from 1845 to the present day. The differences in how the varplanetary behaviour since 1845. The aim of the paper is to
ious indices vary with near-Earth interplanetary parametersbring together all the data and techniques developed in the
which are here exploited to separate the effects of the IMFprevious 3 papers to generate the optimum reconstructions
and solar wind speed, are shown to be statistically signifi-of near-Earth IMF, solar wind speed and open solar flux and
cant at the 93 % level or above. Reconstructions are madéheir uncertainties. In the first paper of the series (Lockwood
using four combinations of different indices, compiled using et al., 2013a, hereafter Paper 1) a new interdiurnal range in-
different data and different algorithms, and the results are aldex IDV(1d) was introduced, designed to be homogeneous
most identical for all parameters. The correction todhén- in its construction such that its response to solar wind and
dex required is discussed by comparison with Apeindex  the interplanetary magnetic field (IMF) variations was at all
from a more extensive network of mid-latitude stations. Datatimes as similar to that in the space age as possible. In the
from the Helsinki magnetometer station is used to extend thesecond paper (Lockwood et al., 2013b, hereafter Paper 2), the
aa index back to 1845 and the results confirmed by com-reconstruction of the IMF and its uncertainty from IDV(1d)
parison with the nearby St Petersburg observatory. The opwas studied in detail and a Monte Carlo technique to quan-
timum variations, using all available long-term geomagnetictify all uncertainties developed. In the third (Lockwood et
indices, of the near-Earth IMF and solar wind speed, and ofal., 2014, hereafter Paper 3), a correction to IDV(1d) data
the open solar flux, are presented; all watBo uncertainties  for seven years during solar cycle 11 was discussed, checked
computed using the Monte Carlo technique outlined in theagainst newly analysed independent data from St Petersburg
earlier papers. The open solar flux variation derived is showrand implemented. A list and brief explanation of the various
to be very similar indeed to that obtained using the methodgeomagnetic indices used in the present paper is given in Ap-
of Lockwood et al. (1999). pendix A of the accompanying Paper 3 and a glossary of the
mathematical terms used here is given in Appendix A of the
esent paper.

The development of reconstructions of coronal and helio-
spheric magnetic fields from geomagnetic activity data has
recently been reviewed by Lockwood (2013). In recent years
a considerable degree of consensus has been achieved on
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some parameters, although there were some outstanding dibe dominated by noise. Lockwood et al. (2009c) established
ferences (Lockwood and Owens, 2011). As discussed in Pathat theaa andm indices were indeed significantly differ-
per 2, it has been known for many years that range indicegnt in their dependence on the interplanetary parameters. In
such asaa and Ap depend on both the near-Earth IMF, Sect. 3 of the present paper we use four combinations of
and solar wind speed/syy, with a dependency of approxi- long-sequence geomagnetic activity indices and show that all
matelyB VSZW(Feynman and Crooker, 1978; Finch and Lock- four meet the requirement for statistically different depen-
wood, 2007). This has been explained by the work of Finch etdence on interplanetary conditions. In Sect. 4 we discuss the
al. (2008), who showed the dependenceViayy arises from  extension of indices back to 1845. We then use these com-
the nightside auroral electroject, and by Lockwood (2013),binations to derive annual values of baghand Vs (and

who explained this in terms of the effect of solar wind dy- associated uncertainties) since 1845 (Sect. 5) and hence de-
namic pressure on the near-Earth tail of the magnetosphereive the variation in the signed OSF (Sect. 6). However, we
This result is also consistent with the conclusions of Martini begin by discussing data calibration in Sect. 2. As discussed
etal. (2012). On short timescales (seconds to days), geomagn papers 1 and 2, in all geomagnetic reconstructions it is
netic activity depends on the southward component of thetacitly or explicitly assumed that any index used responded
IMF (in the frame of the geomagnetic field) but, as noted by at times before the space age in the same way that it has been
Stamper et al. (1999), on annual timescales the orientatiolmbserved to do in modern times. Therefore it is vital to con-
factor of the IMF averages to an almost constant quantitystruct all indices in the most homogeneous manner possible
so that the dependence becomeshonn fact, the orienta- to make sure that this is the case. This entails more than en-
tion factor is not quite constant for averaging on even annuakuring that all instrument calibrations are correct, it requires
timescales and this limits the maximum possible correlationthe use of a spatial distribution of stations and an index pro-
with B to 0.95 and withB VSZW to 0.97 (Lockwood, 2013). duction algorithm that remain, as far as possible, constant so
The first attempt to separate the effectBadindVswwas by  that the response to interplanetary conditions also remains as
Cliver et al. (1998), who combined tliarange geomagnetic constant as possible. Because in the earliest years there are
index with sunspot numbeR. AlthoughR does have arela- very few stations from which we now have useable data, this
tion to B, as discussed in Paper 3, it can only explain 70 %generally makes it necessary to use a small number of sta-
of the variation in annual means Bfsince in situ space ob- tions throughout the interval covered by the reconstruction
servations began (see Paper 3). Thus the uncertainties of thighich, naturally, increases vulnerability to instrument cali-
first separation ofB and Vs were large. In their compu- bration errors. In Sect. 2 we investigate an important calibra-
tation of the open solar flux (OSF) variation, Lockwood et tion issue in relation to the widely used and homogeneously
al. (1999) used thaaindex and Sargent's 27 day recurrence constructedaindex.

index (RI), derived from the autocorrelationaf at a lag of

27 days (Sargent Ill, 1968). The rationale for this is that the

intersection of Earth with fast solar streams rarely lasts for2 Correcting the aaindex

whole 27 day solar rotation periods and so, in addition to rais-

ing the annual mean dfsy, these streams raise Rl through The aa index was devised and compiled by Mayaud (1971,
the formation of co-rotating interaction regions and their sub-1972, 1980). Itis a “range” index, being based on the range of
sequent effects on geomagnetic activity. The accuracy of usvariation in the horizontal field componeht (after subtrac-

ing aa and RI to compute OSF is discussed later in thetion of the background, quiet day variation) during 3 h inter-
present paper. Svalgaard et al. (2003) generalised this conals, giving eight values per day. Data are taken from just two
cept by noting thaB3 and solar wind speetsw could both  midlatitude stations selected to be close to antipodal, with
be derived from any combination of geomagnetic indicesthe Northern Hemisphere station in southern England and
that had different dependencies on near-Earth interplanethe Southern Hemisphere station in Australia. In both hemi-
tary conditions and this has been exploited by Svalgaardspheres, three different stations were needed to give a con-
and Cliver (2007), Rouillard et al. (2007), Lockwood et tinuous index: in the north they are Greenwich (1868-1925),
al. (2009c) and Lockwood and Owens (2014). An impor- Abinger (1926-1956), and Hartland (1957—present) and in
tant contribution was made by Svalgaard and Cliver (2005the south they are Melbourne (1868-1919), Toolangi (1920—
2010), who developed Bartels’ concept of interdiurnal vari- 1979), and Canberra (1980—present). The Southern Hemi-
ation (hisu index) to generate the IDV index and showed sphere and Northern Hemisphere composites are teaaed
that it varied mainly withB, with very little dependence on and aas, respectively, anda is defined as the arithmetic
Vsw. Independently, Lockwood et al. (2006a) had also de-mean of the two. Data from the two hemispheres agree very
veloped the median indewm, to have a different dependence closely, aay and aag giving a correlation of 0.94 for the

on solar wind speed to theaindex. However, as pointed out 27 day (solar rotation period) means and 0.98 for the annual
by Lockwood et al. (2009c) it is important to check that the means. The most interesting featureaafis an upward drift
difference between the dependencies are statistically signifiin the mean level during the first half of the 19th century (e.g.
cant, otherwise the resultaBtand/orVsy variations would  Feynman and Crooker, 1978) which is accompanied by an
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increase in magnetic storm occurrence (Clilverd et al., 1998)was actually in the IHV estimates naa and was caused
Several authors have argued this rise is not real but causedly the use of spot values rather than hourly means in con-
by instrument calibration problems (Svalgaard et al., 2003 structing the early IHV data. This was corrected by Svalgaard
2004; Love, 2011). However, the similarity aby andaas and Cliver (2007), who revised their estimate of tHeeer-
and comparisons with equivalent range indices from long-ror further downward to 3 nT. Independently, Lockwood et
lived stations such as Niemegk and Sodankyla make thigl. (2006a) carried out tests af using the rangé\p index
unlikely (e.g. Lockwood, 2001, 2003; Clilverd et al., 2002, which has been constructed since 1936 from 11-13 North-
2005; Cliver and Ling, 2002; Lockwood et al. 2006a). Fur- ern Hemisphere stations, and rarkgadices from a number
thermore, Lu et al. (2012) have used a time domain filteringof other stations. They also found a step-like change around
decomposition procedure to show that like other geomag- 1957 but estimated it to be only 2nT in magnitude. Because
netic indices and sunspot numbers, shows secular changd®57 was only 11yr before the end of the data series avail-
rather than the discreet jumps expected of station intercaliable to Mayaud, and because in that time solar cycle 20 was
bration problems. However, there may well be one notablerather unusual, this discontinuity @&awas not as apparent at
exception that is discussed in this section. that time as itis now. Other studies also indicate #zateeds

Svalgaard et al. (2004) pointed out that #eeindex, as  adjusting by about 2 nT at this date (Jarvis, 2004; Martini and
stored in most data centres at the present time, is probMursula, 2008).
ably not well calibrated across the move of the Northern Lockwood et al. (2006a) introduced a correctadindex
Hemisphere’s station from Abinger to Hartland at the startby introducing a zero-level offset change of about 2 n@an
of 1957. These authors deduced this by comparisoaaof on 1 January 1957. We here re-evaluate that correction in the
against the “interhour variability” index, IHV, which was de- light of more recent data, including that from the recent pro-
vised and introduced by Svalgaard et al. (2003) and develtracted and low solar minimum between solar cycles 23 and
oped by Svalgaard and Cliver (2007) and uses only night24. We use thé\p index to make this correction. Mayaud
side data to minimise the effect of the diurnal geomagneticdesigned thea index to be, as far as possible, the same as
variation. IHV for a given station is defined as the sum of Ap in annual means and Paper 2 shows that there is no sig-
the absolute values of the difference between hourly meansificant difference between the response@fandAp to in-
for a specified geomagnetic component from one hour to theerplanetary parameters. The left panel in Fig. 1 compares
next over the 7 h interval around local midnight. The varia- the time variations of the standard (uncorrectaindex (in
tion with the corrected magnetic latitude shows strong peaksed) andAp (in blue). The blue curve actually showsy,
in the auroral oval, indicating it responds most to the vari- which is Ap linearly regressed ontaa using monthly mean
ability in the nightside westward auroral electrojet. Becausedata for before 1 January 1957 (the date marked by a vertical
the variation with corrected geomagnetic latitude is flat equa-dashed line). The correlation of the 200 monthly means of
torward of 5%, only stations equatorward of this were em- aaandApfor 1 January 1932-1 January 1957 is 0.9750 (sig-
ployed in the global IHV index developed by Svalgaard andnificance exceeding (1-18), meaning that the probability
Cliver (2007). Paper 2 demonstrates that there is only a slighthat this correlation is a chance occurrence is less thah; 10
difference in the responses to solar wind and IMF variationsnote that all correlation significances quoted in this paper are
of aa and IHV, and it is not significant, and hence IHV is obtained by comparison to a red-noise AR-1, autoregressive-
a valid check of theaa index. Svalgaard et al. (2004) ar- noise model)Ap is given by

ued that the 1957 intercalibration between #eg data
?rom Hartland and Abinger was responsible for an 8.1 nTAp( = 1.132Ap+5.427(nT). (1)
step inaa, such that all the upward drift inaa during the  Note the correlation for after 1 January 1957 is 0.9745 and
20th century was erroneous (even thoughahgedata, which  for the whole interval is 0.966, thus although the correlations
are from Toolangi for both before and after 1957, were notfor before and after this data are almost identical, that for
consistent with this idea). However, the early version of IHV the whole period is somewhat lower because of a disconti-
that Svalgaard and Cliver employed to draw this conclusionnuity in one or both data sequences. Given thptis de-
came from just two, nearby, Northern Hemisphere stationsrived from a basket of stations (rather than just the two for
Cheltenham and Fredricksburg, which were intercalibratedaa) and previous studies have questioned the calibration of
using the available 0.75 yr of overlapping data in 1956. Us-aa across this date, we attribute the discontinuita#o The
ing more stations, Mursula et al. (2004) found there was up-ight-hand panel in Fig. 1 shows a scatter plot of the monthly
ward drift in IHV values over the 20th century, but it de- aa values as a function oAp/, with values for before and
pended on the station studied; nevertheless they inferred thatfter 1 January 1957 in green and mauve, respectively. The
the upward drift inaa was probably too large. As a result, plots show that after 1957, the uncorrecteds consistently
Svalgaard et al. (2003) subsequently revised their estimategreater tharAp’ indicating that there is indeed a calibration
of the 1957 error irmadown to 5.2 nT (this would mean that problem in the standaraa data with a discontinuity around
64% of the drift inaa was erroneous). However, Mursula 1957. Lockwood et al. (2006a) noted that with the exception
and Martini (2006) showed that about half of this difference of the annual mean for 1966 (whexa and Ap' were very
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Fig. 1. (left) Annual means of the standard (uncorrectaajndex

(inred) and ofAp, theApindex, linearly regressed against the stan- Fig. 2. The effect of recalibrating the standaadindex after 1 Jan-

dardaa index using regression coefficients determined using datauary 1957 with (left panels) an offset fac®eand (right panels) an

taken before 1957 (in blue). (right) Monthly meansaafas a func-  amplification factorg. (a andb). The root mean square deviation

tion of Ap’ for (green dots) before 1957 and (mauve dots) for 1957 of monthly meamp (Ap linearly regressed ontaa using the data

and after. before 1957) and monthly mean correctaifor data after 1 Jan-
uary 1957 as a function @) § and(b) g. The horizontal dashed
line gives the corresponding value for 1 January 1932-31 Decem-

similar), the data available to them were consistent with aber 1956. ¢ andd) The correlation of monthlyaaandAg for the
! full data sequence (1 January 1932—-31 December 2012) as a func-

zero-level offset shift of 2nT. The exception of 1966 takes tion of (¢) § and(d) g. The horizontal dashed line gives the value for

on additional significance after the recent minimum betweery jan,ary 1932-31 December 1956afidf) The significances, of
solar cycles 23 and 24 during whieta is actually slightly  the difference between the best correlation and that at gehéral
lower thanAp/, indicating a change in instrument gain is a the case o) or g (in the case of) from a FisheiZ test. The dashed
more appropriate correction than a zero level offset changeline shows the 0.9 significance level. The vertical dashed lines in
which can also be seen by comparing the green and mauv&, ¢ ande) are the optimund = —2.24+ 1.8, the uncertainty band
points in the right-hand panel in Fig. 1. To quantify this im- (at the 90 % uncertainty level) being shown by the vertical dot-dash
pression, we take means @é over the ranges 10Ap <25 lines. The corres_ponding lines for the optimum g and uncertainty
and 25 <Ap’ < 40, for both before and after 1 January 1957; Pand are shown ib, d andf atg = 0.910+0.066.

the means are 18.575 and 19.763 nT for the logrange

and 29.930 and 32.692 nT for the upper range, for the before

and after intervals respectively, giving increases of 1.188 andoth implemented on data for 1 January 1957 and after. The
2.762nT for after 1 January 1957 compared to before thenhorizontal dashed line shows the value for data from before
Using Welch’st test (for unequal sample sizes and unequall January 1957 in both panels. The middle panels show the
variances) the probability that the difference in the means forcorrelation betweenac andAp for monthly data for the full

the lowerAp range is actually as large as the 2.762 nT founddata series (1932-2012, inclusive), also as a functiof of
for the upperAp range (i.e. that that a constant offset ap- andg (for panels ¢ and d, respectively). Note that this cor-
plies to both) is found to be.3 x 10~4. On the other hand, relation is taken for the full data sequence (comprising the
the means of ratiaa/ Ap' were 1.003 and 1.002 for the upper uncorrected first half and the corrected second half) so that if
and lowerAp ranges, respectively, before 1 January 1957 butthe correction (be it gain or offset) is not optimum this corre-
1.104 and 1.093 after it, giving changes by factors 1.091 andation will be slightly degraded. The horizontal line shows

1.101, which are the same to within 1 %. Hence dlaecal- the correlation coefficient for the pre-1957 data only. The
ibration error is a sensitivity change rather than a zero levebottom panels show the significangeof the difference be-
offset change. tween the peak correlation and the correlation at general val-

Figure 2 is a detailed comparison of the effect of the ues; i.e. the significance of8)max—r () is shown in Fig. 2e
two recalibrations (namely, a change in zero level offset andand r (g)max— r(g) in Fig. 2f : this is calculated using the
a change in instrument sensitivity) to generate a correctedrisherZ transform using the procedure described by Lock-
aa (termedaac). The top panels show the rms (root mean wood (2002). The horizontal dashed lines in panels e and f
square) deviationA, of aac from Ap for data after 1 Jan- are theS =90 % significance level. In all panels, the ver-
uary 1957 using (a) a zero level offset change of magnituddical dashed lines are at the peak correlation and the ver-
8 and (b) an instrument sensitivity gain change of fagtor tical dot-dash lines mark the uncertainty band at the 90 %
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level (corresponding to a 1.65uncertainty). For the zero influence the geomagnetic activity response, such as the ef-
offset correction this is at = —2.24+1.8nT. From Fig. 2e, fect of Earth’s dipole tilt on the solar-wind magnetosphere
for s =0, S = 98.6 % and hence there is only a 1.2 % chance coupling efficiency and on the relevant ionospheric conduc-
that a correction t@a is not required. However, the proba- tivities.
bility that the correction required is 8.1 nT, as originally esti-
mated by Svalgaard et al. (2004), is less than’16hat is it
is alarge as 5.2 nT, as estimated by Svalgaard et al. (2003), 8 The dependencies of different geomagnetic activity
5x 107°; thatitis as large as 3nT, as estimated by Svalgaard indices on interplanetary parameters
and Cliver (2007), is 0.29; whereas the correction of 2nT
proposed by Lockwood et al. (2006a) has a probability of Figure 1 of Paper 2 shows the correlation of various com-
0.983. monly used geomagnetic indices with/’g,,, as a function
However, close inspection of Fig. 2, shows that the opti- of the exponent:, whereB is the near-Earth IMF andsw
mum gain correction factog(= 0.910+0.066), as expected, is the speed of the solar wind impinging upon the Earth. In
performs very slightly better than the optimum zero offset order to reconstruct botB and Vsy, it is nhecessary to use
correction. Atg =1, S = 99.46 % and hence the probability pairs of indices that have significantly differentHere we
that a gain correction is not needed is only 0.54 %. In Fig. 2ause two long-duration interdiurnal variation index data se-
it can be seen thak at optimums (the minimumA) is very ries (IDV and IDV(1d) for whichn ~ 0) and two indices
slightly larger for the post-1957 data than for the pre-1957for which n ~ 2 (aac and IHV) giving four usable combi-
data, whereas in Fig. 2b the minimutnis the same as the nations: IDV-aac; IDV(1d)-aac; IDV-IHV; and IDV(1d)-
pre-1957 value. Thus, using the optimum gain factor correcdHV. The IHV index used is as compiled by Svalgaard and
tion results in the fit ofAp to aa after 1957 to be as good as Cliver (2007) which extends over the period 1890-2006.
for the pre-1957 data (the same is not quite true for the opHowever, when making comparisons of correlations with in-
timum offset correction§). Similarly, when comparing the terplanetary parameters we have found that it is important
peak correlation coefficiemtfor the full data set (Fig. 2c, d), that all the geomagnetic data cover the same interval and,
it only completely matches the pre-1957 value for the opti-in particular, all cover the recent solar minimum which sets
mum gain correction. the lower limit to the range of variation in observed annual
Here we implement the optimum gain correction by mul- means for botftB andVsw. As a result, we have updated the
tiplying all standardaa values after 1 January 1957 by Svalgaard and Cliver (2007) IHV index using, as far as pos-
0.91. This produces a corrected versioraaf termedaac, sible, the same mix of stations as used for 2006, the final full
that corelates very highlyr (= 0.985) with that generated year of their data set.
by Lockwood et al. (2006a) (and as used, for example, by In this section we show that the difference of the best-fit
Lockwood et al., 2009c). Note however, a different philoso- n for these four combinations is indeed statistically signif-
phy is adopted here with the post-198& data being cor- icant, before using the combinations to derive béttand
rected rather than the pre-1957 data. This has the advar¥sy in Sect. 5. Correlations use annual means of both IMF
tage that earlyaa data are unchanged so that comparisonand geomagnetic data for the period 1966—2012, inclusive.
with earlier studies such as Nevanlinna and Kataja (1993)Data gaps in the IMF data are allowed for by piecewise re-
Nevanlinna and Ketola (1993) and Nevanlinna (2004) aremoval of geomagnetic data that are simultaneous (allowing
made easier. Annual means of the corrected data sedes, for the satellite-to-Earth propagation lag) with tReand/or
are given in the Supplement to this paper. Vsw data gap before taking the annual means (see discussion
The correction tcaa has been made here using monthly by Finch and Lockwood, 2007).
data to keep sample numbers high. However, it should be The time series of the four geomagnetic indices are shown
noted that hereafter we use annual means of all data foin Fig. 3. In each panel, the variation Bf¢g,,, for the expo-
all reconstructions. There are a nhumber of reasons for thisnentn that yields the peak zero-lag correlation, is shown by
The most important is the fact that geomagnetic activity in-the orange and black dashed line. The peak correlations, and
dices respond to the southward component of the IMF in thethe exponents that yield them, are given in Table 1.
GSM (geocentric solar magnetospheric) frame of reference. Figure 4 analyses the differences between these correla-
On short timescales the IMF orientation varies rapidly (ontions. The top panel shows the correlation coefficientir
timescales down to seconds) and these variations must bidne four geomagnetic indices as a functionnofusing the
averaged out if we are to obtain the IMF magnitude. Stam-same line colours as in Fig. 3. The large uncertainties in
per et al. (1999) showed that the IMF orientation factor isin Table 1 arise from the “flat-topped” nature of these cor-
almost completely averaged to a constant value in annualelograms. The coloured dashed lines mark the peak correla-
means. The suppression of this factor as a function of avtions in each case, again using the same colours. The middle
eraging timescale, and the residual uncertainties it causepanel shows the significancs, of the difference between
has been studied in Paper 2 and by Lockwood (2013). Takthe peak correlation and the (lower) correlation at any other
ing annual means also removes other annual variations that, computed in the same way as the bottom panels in Fig. 2
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35 1 - Table 1. The peak linear correlation coefficients,and the opti-
£ & H 1 mumn values for the geomagnetic indices wiBiv'g,,, for the pe-
E s AR riod 1966-2012, inclusive. In all cases the correlation significance
E ' \\/\ i / i1 level exceeds the (1-18) level. The errors in the values are at
5 f g \\ \) 1 the 1.6% level; i.e. there are where the correlation is lower than at
g 15 : /ASE \ the peak by a difference that is significant at the 90 % level.
B 4| (a) bestfitaa, BV (). best fit iV~ * \k
' Index r n
5 5
~as as h N aac 0961  17+08
2 . yU ﬁﬁ IDV(ld) 0919 —014+11
o [ \ a5l M / \/ A IDV 0.908 —-01+11
S Y A /\’“\/ Ny IHV 0952  16+08
> - A N v
R Y/ i \
25 \V} 25 \
(c). best fit IDV(1d) (c). best fit IDV
2
1970 1980 So0 000 FI0 1970 980 100 20002010 on Bartels’ diurnal range proxy which does not have the

same dependence on solar wind parameters as a true interdi-
Fig. 3. The variatio_ns of_ fc_Jur geomagnetic ind_ices over the spaceurnal variation index. Thus although here we present results
age and the best-fit variation &Vg,,, whereB is the near-Earth  from the IDV index of Svalgaard and Cliver (2010) for 1845
IMF and Vsy is the near-Earth solar wind speed. The optimum gnwards, we follow Bartels’ advice (see Paper 1) and regard
values ofr and the correlation coefficientsare givenin Table 1. In 4 o5 ynsatisfactory before 1872: it is especially unreliable in
each panel, the coloured line IS th? geomagnetic activity index anc{he declining phases of solar cycles when the inverse depen-
the orange and bla.Ck dashed line is the best-fit .Vanatmqw' dence on solar wind speed of the diurnal range proxy causes
(a) The correctecdaindex,aac (blue).(b) The IHV index (mauve). . . L
(c) The IDV(Ld) index (cyan)(d) The IDV index (black). IDV to be too small. Mayaud'aaindex data series begins in

1868, but has been extended back to 1845 using the Helsinki

data by Nevanlinna and Kataja (1993). In the present paper
(Lockwood, 2002). It can be seen the optimumalues for ~ We test and use this extension. The IHV index of Svalgaard

IDV and IDV(1d) are almost identical and those for IHy 2and Cliver (2007) extends back to 1890.

andaac are also very similar (1.6 and 1.7, respectively). The Nevanlinna (2004) has generated the radgeH) and
bottom panel evaluates the probability that two indices withAK(D) indices from both thé7 and D component data (hor-
greatly different optimun in reality have the same depen- izontal anq declination) from' the Helglnkl stathn' (1845-
dence on solar wind speed; by plotting§i{1-S») as a func- 1912). Reha_ble data are available _untll 1899, giving 3lyr
tion of n where Sy and S are the probabilities that the two Of Overlap withaac that offers good intercalibration oppor-
indices have a dependencerothat is different from the op-  tunities. As discussed in Paper 8k(f) from Nurmijarvi
timum value for that index (so they are tevalues shown ~has & correlation witlagc of 0.975 (significance 0.91) and
in panel 2). The four combinations studied are colour-codedn® Peak correlation with the interplanetabys, is for n

with black denoting IDV(1d)aac; red for IDV-aac; orange ~ Of 1.7, the same as faac. Hence theAk indices from the

for IDV=IHV and green for IDV(1d)—IHV. In all four cases Helsinki station (IAGA code HLS and close to the Nurmi-

the probability that the indices in reality share the same del@rvi site) are suitable for homogeneously extendingaae
pendence oivsy peaks fom around unity, but the peak val- data series such that the extension has the same responses to
ues are around 0.05-0.07aiéc is used and 0.08-0.10 if IHy B andVsw as the moderaac data, a conclusion also reached

is used: the lower values faac being a consequence of the PY the study by Nevanlinna and Ketola (1993). In Paper 3,
slightly larger difference in the optimumvalues: thusiac ~ AK(H)HLs and AK(D)ns data were compared @ac as a

is slightly better for separating the effects®indVsy (and ~ Means of cahbratl_ng the e_arly Helsinki data._ Uncorrgcted,
also extends back further in time). Usiagc with IDV, the  the linear correlation coefficient k(H)nis with aac is

confidence level that thevalues are really different exceeds = 0-919 (after the correction, naturally= 1) whereas for

95 9% and foraac with IDV(1d) it exceeds 93 %. AK(D)HLs, r = 0.984, both correlations having a significance
better than (1-10P). Use of the best-fit linear regressions
yields extensions taac for the period 1845-1868 shown by

4 Extending theaaindex back to 1845 mauve and blue lines fokk(H)nLs andAK(D)His, respec-
tively, in the top panel in Fig. 5. The values frofk(H)us
4.1 Theaaindex show an upward drift with time over the interval that is not

seen usingAk(D)yLs. This should be compared to the re-
The IDV(1d) index extends back to mid-1844, making the sults for the IDV(1d) index for the period 1845-1867 which,
first complete year of data 1845. Although the IDV extendsas shown in Fig. 5 of Paper 3, were very similar for the
back to 1835, as discussed in Paper 1, the early data are baséthnd D components. Because it is a simpler measurement
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Recurrence Index, RI
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IDV & aa 4
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. . 2

Fig. 4. (Top) The zero-lag correlation of annual mean geomag-

netic indices withBVg,,, as a function of the exponent for the  Fig. 5. The extension of thaa index back to 1845 using Helsinki
correctechaindex,aac (blue), the IHV index (mauve), the IDV(1d)  data. (Upper panel) The corrected index, aac. (Lower panel)
index (cyan) and the IDV index (black). All data are for the period sargent's recurrence index from daily valuesaag, RI. In both
1966—2012, inclusive. Peak correlation is marked by the Verticalpane|s annual means are shown: the black lines are for the cor-
dashed line of the same colour. (Middle) The significasc@f the  yected indexaac, the blue and mauve lines are for, respectively,
difference between the peak correlation and that at gendraim the AK(D)ps andAk(H s indices derived for Helsinki data by
the FishelZ test. (BOttom) The pI’ObabllIty that correlations for two Nevanlinna (2004) and the points shown by ye”ow circles and Cyan
different indices have the same (1-S1)(1-S2), as a function of: triangles are from thé\k(D)spg and Ak(H)spg indices for St Pe-
whereS; and S, are theS values for the two geomagnetic indices: tersburg data derived by Nevanlinna and Hakkinen (2010).

for IDV(1d) and aac (black); IDV andaac (red); IDV and IHV

(orange); and IDV(1d) and IHV (green). Theandr of peak corre-
lations are given in Table 1. values from St Petersburg data. Note that Sargent’s original
formulation of Rl used 12 h means of geomagnetic activity
. . . . data whereas we are here using 1day means for &ath
and because it does not require any correction to agree W'tlandAk(D)HLs because they are what is available for the lat-
aac, we here use the declination-based indD)uis 10 o Tegts withaac show this change has no discernable influ-
extendaac, the best fit linear regression being ence on the resulting RI. The correlation coefficient between
aac = 1.0805x Ak(D)HLs + 0.837(nT). ) the recurrence indices derivgd frqac andAk(H)uLs (hgre
termed Rl and RY_s, respectively) is 0.902, for the available
Figure 5 compares the results with linearly regressed val-overlap data (1868-1896) which is significant at the 0.977
ues from the nearby St Petersburg observatory (IAGA coddevel. The two are intercalibrated using the linear regression
SPE),Ak(H)spe and Ak(D)spg as derived by Nevanlinna
and Hakinnen (2010). Agreement is very good with the re-
sults usingAk(D)nLs from Helsinki. This extension taac  \wjth these extensions, both the annaat and Rl data se-
using Ak(D)nLs is consistent with the work of Nevanlinna quences begin in 1845.
and Kataja (1993) and Nevanlinna and Ketola (1993).

1o

0 | | |
1850 1900 1950 2000
date

Rl =1.1927x Rly.s + 0.0045 3)

4.2 The Recurrence Index, RI 5 Reconstructions of the near-Earth solar wind

. . and IMF
The method used to derive the open solar flux fromeihm-

dex by Lockwood et al. (1999) removes the effect of the solars 1 Basic equations

wind speed using Sargent’s recurrence index, Rl (Sargent lll,

1986). Hence it is also useful to also reconstruct RI for theThe bottom panel in Fig. 4 shows four pairings of geomag-
period 1845-1867. The recurrence index has been derivedetic indices which have statistically significant different re-
using 1day means &&k(H)yLs by Nevanlinna (2004). Re- sponses to solar wind speed. Hence, using the linear regres-
sults usingAk(D)HLs are almost identical because the effects sions for the peak response exponemtas given in Table 1,

of the slow drift in zero level offset are removed by taking both the IMFB and the solar wind speedky can be com-

the correlation coefficient over two successive 27 day peri-puted for each pairing.

ods. The results are shown in the bottom panel of Fig. 5 and In general, let us consider two magnetic indidesand

are again confirmed by comparison with the correspondingl> which correlate best witiB Vg\}v andBVé’&v such that the
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linear regression fits are

ng\:}v—S]_Ij_-FC]_ 4)
and 0.
BVé’&v:szIz—i-cz. (5)

Rearranging Egs. (4) and (5) gives solar wind speed, as pre-~
dicted from the geomagnetic activity indicég,, of g

L LA l e
N AT Y AM, % J«W%
k +observed

_ 1/(n1—n2) _ ~
Vi = [(s1l1+c1)/(s2l2+ ¢2)] (6) — g:gg 1) & :g‘\;ﬂd) | Wiy
and an IMF, as predicted from the geomagnetic activity in- M f ] 9.
dices,B12, of Al L

| V\,\\/ \/ vV
Bia = [(s1]1+ c1)"?/(s2l2 4 c2)" 1Y 1772 (7 ‘ Y ‘ ‘
. o ] . %1850 1900 1950 2000 0 05 1
Hence using the individual regression coefficientscs, s2, year normalised pdfs

andcz and the known exponentg andnz, both B12 and Vi,

. Fig. 6. The left-hand Is show ti iati f |
can be computed provided—n, does not tend to zero. '9 € 'eT-nand pane's snow time variations of annua means

for the period 1845-2012 (inclusive) the right-hand panels show
normalised probability distribution functions of annual means (in
blue) and hourly values (in grey) from in situ observations (1966—

s .. N 2012). (Note the distributions for annual means are shown on
The results for individual pairings are shown in Fig. 6b and . .
a halved scale for clarity.ja) International sunspot numbegr.

d using the same colour coding as in Fig. 4; i.e. black for(b) and (c) near-Earth IMF,B. (d) and (€) near-Earth solar wind

IDV(1d)-aac, red for IDV-aac, orange for IDV-IHV, and  gpeedys,y. (f) and(g) the kinematically corrected signed open so-

green for IDV(1d)-IHV. Results are so similar for the dif- |ar flux, Fg. In (b), (d) and(f) the reconstructions are based on the

ferent pairings in many years that all four lines are oftenfour combinations of pairs of geomagnetic activity indices analysed

not visible. For bothB and Vsy, annual means from satel- in the bottom panel in Fig. 4: IDV(1d) anaac (black); IDV and

lite data are shown by the blue dots connected by the thimac (red); IDV and IHV (orange); and IDV(1d) and IHV (green).

blue line. Agreement between reconstructions and the in siti'he blue dots give annual means from satellite observations.

space observations is good in all cases, despite the effect of

data gaps. (Remember that the regressions used to derive the

reconstructions allowed for data gaps, but their effect will bethis time, IDV employs Bartels’ diurnal range proxyrather

presentin the blue dots shown in Fig. 6). The right-hand panthan true interdiurnal range data and this does not have the

els in Fig. 6 show the corresponding distributions of annualsame response 8 and Vsyw as modern IDV data. As a re-

(in blue) and hourly (in grey) means from the in situ satellite sult, we take seriously Bartels’ classification of these data as

data set (1966-2012, inclusive; note that the scale has beamsatisfactory (see Paper 1). Thus for before 1872 the only

halved for the annual data for clarity). Figure 6a shows thereliable reconstruction is from IDV(1d) arabc (the black

international sunspot number for the same interval. line). Both these indices come from the Helsinki station be-
What is noteworthy about Fig. 6b and d is how similar the fore 1868, but both have been verified using data from the

four curves are in each case. This is important as it meansearby St Petersburg observatory.

that no one feature of the variation can be attributed to an

error in the geomagnetic data. In particular, the use of IHV5.3 Monte Carlo analysis of the optimum

or agc after 1890 makes no systematic difference to either of reconstructions and their uncertainties

the two reconstructions. Given that the construction of these

two indices is different in almost event respect (stations usedThe great similarity of the curves in Fig. 6 provides the pos-

processing algorithm, index compilation), we can be sure thasibility that we can combine all four sequences and estimate

both cannot be in error in a way that makes bothBhand  the net uncertainty. This is done in this section using a variant

Vsw estimates the same. Given the high correlation betweemf the Monte Carlo method used in Paper 2. The fitted data

IDV(1d) and IDV after 1872, as reported in Paper 1, it is sequences are perturbed by errors (such that after the total of

no surprise that these two indices also produce very similatt0 000 such fits have been made, the distributions follow a

variations over this interval. Before 1872 IDV and IDV(1d) Gaussian fit to the observed error distribution). For each fit,

are also quite similar, but there are differences. In particu-the Nelder—Mead simplex search method (Nelder and Mead,

lar, IDV gives a lowerB and exceptionally larg&sw (larger ~ 1965; Lagarias et al., 1998) is used to find the optimum set

than any annual means during the space age) in the decliref four regression coefficients, c1, s2, andcz in Egs. (4)

ing phases of cycles 9 and 10. As discussed in Paper 1, a&nd (5) for a given pair of indiceg and /> (with the known

5.2 Reconstructions from various index pairs
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| 1007
aa & IDV(1d)
aa & IDV

both B1> and V12 from their respective observed valug ( 007l
andVsy) are minimised. Specifically, each fit minimises the /
quantitye given by

e= [(< sz—BZ >O'5)/ <B >]

+ [<< V122_ VSZW >0'5>/ < Vsw >] . (8)

best-fit exponents; andn2) such that the rms deviation of ‘ f\b\ ‘ ‘ 016

0.14r
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The errors are added randomly, as described in Paper 2. Th 0.06)

distributions they follow forB and IDV(1d) are as used in
Paper 2. The standard deviation for the erroViy mea-
surements is taken to be 2.5 km's(King and Papitashvili, 0.01f 1 ool
2011). Those for IHV and IDV are taken to be 0.25 and \
0.2nT from an analysis of the distribution of values from 0558 & 62 o O s 10 415 4
individual stations during the regression period (by way of B (nT) kms ™)
comparison that for IDV(1d) is 0.45nT).

Figure 7 demonstrates how the results from the four pair-Fig. 7. An example of probability distributions (for the year 1907)
ings of indices are combined. Each one of the 10 000 fits fordenerated by application of the Monte Carlo regression techniques
a given pairing yields the four coefficients, c1, s2, andc; Il;Sred':]r;I F;?)%i;é (Lo(i,‘;";]’goqrﬁ; ?lts i?.?’n?,sfgrﬂ']'\fi(éerfgaﬂg ds?r-ns

- . wi sw (ri . i inimi i
from which, using Egs. (6) and (7), both the IMF and solar deviation of the fits from the data on both IMB, and solar wind

wind can he computed from the observed index values in aspeed,VSW. A total of 10000 fits for each pairing of geomagnetic

given year. Figure 7 shows the distributions for one ex""mpleactivity indices were carried out, with random errors added (drawn

year, 1907, with IMF on the left and solar wind speed on thefrom measured distributions). The resulting distributions are shown
right. The probability distributions for the four pairings are for aa: and IDV(1d) (black)aac and IDV (red), IHV and IDV(1d)
colour-coded using the same coding scheme as in Fig. 6. Th@range), and IHV and IDV (green). The blue probability distribu-
(normalised) sum of the four is shown in blue and the mediantion function is the sum of these four for which the grey band shows
of that total distribution is taken as the best estimate (showrthe 2 points (between which are 95% of values) and the black
by the vertical black line) and the uncertainty is taken at thevertical line shows the median.

20 level and shown by the grey shading (i.e. 95 % of the to-

tal of 40 000 fits lie within that band). It can be seen that for

1907, all four pairings give almost identical distributions of the regression fit uncertainty with geomagnetic index uncer-
the IMF (left panel). Tests show that in this case the widthtainties of-£10 %, estimated by comparison of the relevant
of the distributions is set by the IMF orientation factor un- indices with data from thé/ variometer at St Petersburg and
certainty (the variability in annual means of the southwardcomparing with the declination’) data from both Helsinki
component of the IMF, in the GSM frame, for a given an- and St Petersburg.

nual mean IMF field strength), as discussed in Paper 2 and by Figure 8 gives the time series of the best estimates and un-
Lockwood (2013). In other words, the total uncertainty is setCertainty ranges for each year, for both IMF (top) and solar
by th|s unknown IMF orientation factor and not by any mea- W|nd Speed (bOttom) eVaanted as i”ustrated in F|g 7 fOI‘ the
surement errors or any data gaps in either the geomagnet@xample of 1907. Note the uncertainties are at thelével
indices or the in situ data. However, agreement is not so clos@&nd allow for both regression uncertainty and the uncertain-
in the case of the solar wind speed distributions (right panelfi€s in the geomagnetic data. In the case of the IMF estimate,
and the total distribution of all 40000 values (in blue) is the dominant uncertainty in most years is set by the IMF ori-
broadened by the differences between the distributions comentation factor. Without an independent way of estimating
pared to the width of each of the four composite distribu- this from historic data, the uncertainty in reconstructed IMF
tions. By taking the sum of the four pairings we use all four cannot be further reduced. Only before 1872 do uncertainties
with equal weight. Thus our uncertainty band includes bothin the geomagnetic data exceed that due to the unknown IMF
the regression errors and the uncertainty due to difference8rientation factor.

between the indices. Note that before 1890, IHV is not avail-

able and before 1872 we have concerns about IDV because

of the analysis presented in Fig. 1 of Paper 3. Hence betweeB Open solar flux

1872 and 1890 the best estimate and uncertainty band is set

by just two pairings:aac—IDV and aac—IDV(1d). Before =~ We make use of the Parker spiral theory of the heliospheric
1872, the best estimate comes from #dae—IDV(1d) pair- magnetic field based on the frozen-in flux theorem (Parker,
ing alone and the uncertainty band obtained by convolvingl958, 1963). This yields the following equation for the

proba@lity distribution function

o

o

N
T

0.041

Vaw
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which it is worth clarifying here. In particular, Smith (2011)
has argued that the excess flux is an artefact of using the
modulus of the radial field|B,|. However, Lockwood and
Owens (2013) point out that the alternative advocated by
Smith, namely defining the source sector boundaries in the
near-Earth spacecraft data and then averaging over the in-
ferred source sectors, has inherent limitations and will only
reproduce the true OSF if the source surface sector bound-
aries are correctly identified. In particular, the averaging must
be done over the sectors at the source boundary and not those
seen at the spacecraft location (or, as shown by Lockwood
and Owens (2013), the result is exactly the same as using
the modulus and an excess flux correction would still be re-

quired), and the existence of folded flux means that unknown
errors in OSF will be incurred by placing boundaries at the

Fig. 8. Time series of (top) IMFB predicted by geomagnetic ac- WrON9 location. Proper_ identification of folded flu>_< and thg
tivity indices and (bottom) solar wind speeidsyy. The black lines ~ Source sector boundaries at the spacecraft location requires
are the best estimates and the grey bands show the uncertainty &reful analysis of electron streams (or the heat flux that they
the 20 (95 %) level as derived from plots like Fig. 7. All four index ~ carry) and there is no known way to do this using historic or
pairings @ac and IDV(1d),aac and IDV, IHV and IDV(1d) and  palaeodata. Hence for reconstruction of past solar variations
IHV and IDV) contribute to both the best estimates and the uncer-we have no alternative but to use Eqg. (10) and the modulus
tainties after 1890. Before 1890 IHV is not available. In addition, of B, which means allowance for excess flux is essential:
the problems highlighted with IDV before 1872 in Paper 3 mean it Qwens et al. (2008) have shown directly that using the mod-
is not used in this interval and the reconstruction is basedaen  jys means that the total flux threading a heliocentric sphere
and IDV(1d) alone and the uncertainties are derived from those esg¢ o i\ 57 increases withi — i.e. there is a heliospherically
timated for these two geomagnetic indices by comparison with data
from nearby stations (principally St Petersburg). |mpose_zd component of folded flux. Lockwqod et al. (2009b,
c) devised a method that allows calculation of the excess
flux E from near-Earth satellite data such that the OSF de-
rived (from Eq. 10) matches the values obtained from solar
magnetograph data using the potential field source surface
(PFSS) modelling. This “kinematic correction” can be ap-
plied to satellite observations and uses the observed magnetic
field tangential to the solar wind flow and the observed tem-
4 . ; S poral gradients in the solar wind speed on short timescales.
fixed stars and/ is the heliocentric Q|stancei(= Au fgr Lockwood and Owens (2009) showed that this method gives
Eqrth—baseq measurements, whlig is one astronom|call results in excellent agreement with the observed latitudinal
unit). The signed open solar flux (hereafter, OSF) ,threadmgconstancy in the modulus of the radial heliospheric field (for
the coronal source s_urface (@t =2.5Ro, yvhereR® 1S t_h_e fmeans over one or more solar rotations to remove Carrington
mean solar rgdlus) is then computed using the definition Olongitude effects) on which Eq. (10) is based (Lockwood et
excess flux given by Lockwood et al. (2009a, b): al., 2004).

Applying the kinematic correction to allow for excess flux,
using Eg. (10), yields the OSF values shown by the blue dots
in the bottom panel in Fig. 6. Given the kinematic correc-
the source surfacgB,|,—r is the modulus of the radial tion is not possible from historic data, we need a regression
field threading the sphere at= Ay and E is the excess in terms of the annual mean parameters that we can retrieve
flux formed by phenomena between the coronal source surfrom geomagnetic activity data. A linear regression fit using
face and the point of observation such as longitudinal flowannual mean data gives a fit to the kinematically corrected
structure and Alfvén waves. These phenomena cause “foldedpen solar flux of the form
flux” (Owens et al., 2013) — field lines that only thread the
coronal source surface once but thread a surface at greaté:IS ~ (11)
heliocentric distancel three (or five or even a larger odd (SOSE X 10‘24)(2;1A6)B sin(tan {Vsw/(@R)}) + cosk
number) times, resulting in the flux threading the surface
atd being larger than that threading the coronal source surwhereFs is in 102> weber (Wb),B is in nanotesla (nT)y is
face (Owens et al., 2008). There has been some debate afmlradians per second (rad, Vs is the solar wind speed
considerable misunderstanding about the excess flux termn metres per second (m¥), Ay is in metres, andosr and

. . . .
1850 1900 1950 2000
year

modulus of the radial component of the IMF:
|B,| = Bsiny = Bsin(tan* {Vsw/ (wd))), 9

wheren is the IMF garden-hose angle,is the sidereal an-
gular velocity of the solar atmosphere in the frame of the

Fs=|B,|ssx (41d39)/2=|B,|au x (471 A2)/2— E, (10)

where |B,|ss is the modulus of the radial field threading
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cosr are the best-fit linear regression coefficients. Using an-
nual means of the in situ observations, the correlation coef- —e—in-situ observations
ficient between the kinematically corrected OB&and the 06/ _:Zci:zz(m)

right hand side of Eq. (11) is 0.937, meaning that 88 % of o an &R |
the variation is explained by the approximate form given by 05t _LEAog:aaz and m N :
Eq. (11). The fit residuals are always less tHal6 %. This

level of agreement should be compared to#i® % differ- 04l ‘

ences between the kinematically corrected in situ data and 3 ||| [ * , TYRRY)
estimates from solar magnetograms using the PFSS methodz 03] | ‘ { \ IV ' ﬂ \ \V e |
(see Lockwood et al., 2009b). The coefficiesssrandcosk A ‘ 1 |
are given in Table 2, along with those obtained using annual | ‘

meanB andVsy obtained from the four pairings of geomag- ' ‘ \ i

netic activity indices.

The signed OSF variations obtained from the four combi-
nations using Eq. (11) are shown in Fig. 6f. Again the results 1850 1900 1950 2000
are almost independent of the geomagnetic data used except year
for the prg-1872 data when the differences betwee_n IPV _anq:ig. 9. Variations of annual means of the kinematically corrected
IDV(1d) discussed above become apparent. The distributiongigned open solar fluts, Reconstructions use IDV(1d) amdc
for annual and hourly in situ OSF values are given in Fig. 69. (black); IDV andaac (red);aac and Rl using the method of Lock-

Figure 9 compares the signed OSF variation @ae- wood et al. (1999) (orangejac and them index as derived by
IDV(1d) in black, foraac-IDV(1d) in red) to that obtained Lockwood et al. (2009c) (grey-green). The blue dots give annual
from aac and its recurrence index RI using the method of means from satellite observations and the grey band showsothe 2
Lockwood et al. (1999) (in orange). Again the results areuncertainty band determined from the Monte Carlo analysis, as ap-
very similar indeed. The major differences occur in the de-Plied toB andVsw.
clining phases of solar cycles 9 and 10 when the method
of Lockwood et al. (1999) produces results very similar to
those fromaac and IDV(1d) but significantly different from
those foraac and IDV which, as discussed previously, we
attribute to the inappropriate use of Bartels’ diurnal range
proxy u in the early IDV composite. Note that the orange

line uses the methoc_i of Lockwood et al. (1999) but is dif- Figure 10 studies the relationship betweBnand the
f_erent from the v_arlatlon they ge_nerated because two Correcéigned OSF (allowing for excess flux) inherent in the recon-
tions have been implemented. Firstly, Lockwood et al. (1999)Structions shown in Fig. 9. Comparison is made with that

used the uncorrecteah index rather tharmac and secondly o ced by Lockwood et al. (2009¢) and Lockwood and
they did not make the kinematic correction to allow for the Owens (2011), given by their best-fit polynomial:

excess flux generated between the source surface and the

Earth. As shown by Lockwood et al. (2009¢c) and Lockwood [Bin nT] = — 218F& + 3339F3 — 17202F2

and Owens (2011), these two factors have opposite effects + 47.386Fs, (12)

in the data before 1957, making the OSF variation for the

period 1868-1957 in the original Lockwood et al. (1999) whereFs is in units of 13°Whb. This polynomial fit is valid

reconstruction very similar indeed to that shown in Fig. 9, in the ranges & B < 12nT and O< Fs < 0.6 x 10°Whb. To

but did result in their post-1957 values being too high. Nei- make the inverse conversion, frabnto Fs, we recommend,

ther factor was considered by Svalgaard and Cliver (2010¥or reasons of consistency, evaluating Eq. (12) for closely

when they re-scaled the Lockwood et al. (1999) OSF reconspaced values ofs and then using spline interpolation to

struction in terms of the IMF B (using a variation that they the required value(s) aB. The grey band in Fig. 10 is the

assumed to be linear and that they then rescaled), therebyomputed uncertainty in the polynomial fit. The solid black

making the Lockwood et al. (1999) reconstruction appear secircles show the values from annual means of in situ satel-

riously in error. However, they failed to mention that they lite data and the open circles are from the four geomag-

had re-scaled the reconstruction. A fair and proper comparnetic reconstructions shown here. The values from all four

ison of the OSF sequences had been given by Lockwoodeconstructions have been collected together and ordered by

et al. (2009c¢) and of the IMF reconstructions was given bytheir value of B before the averages of 25 samples (adja-

Lockwood and Owens (2011). cent in B) are taken for bothB and Fs. The open circles
Figure 9 also shows the variation fraaac and the median  show these means and the error bars are plus and minus

m index by Lockwood et al. (2009c) (grey-green line). Again one standard deviation in each case. It can be seen that the

agreement is very good except in solar cycle 14 (1901-1912)econstructions agree very well with the relationship given

F (10" Wb)

flux

Open so%

01l ' +20 uncertainty

when theaac—m combination yields OSF values that are per-
sistently too low compared to the other reconstructions. We
attribute this to the inhomogeneity of the construction of the
m index which is based on more than 50 stations in the space
age but data from just one site (Potsdam) in cycle 14.
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Table 2. The correlations and best fit linear regression coefficients between OSF values derived from Egs. (4) and (5) from geomagnetically
reconstructed and Vsyy, but uncorrected for excess fluk & 0) with kinematically corrected OSF values from in situ observations. The
top line is for in situ data, treated in the same way as the geomagnetic reconstructions.

Confidence Intercept,

Line level forn Significance, Slope COSF
Index1 Index2 colour  difference rosge S (%) sosp (101°Wb)
B Vsw Blue - 0.937 99.46 0.675 —0.099
aac IDV(1d) Black 93% 0.890 98.98 0.651 —0.091
aac IDV Red 95% 0.886 98.98 0.648 —0.088
IHV IDV(1d) Orange 89% 0.889 98.97 0.640 -0.081
IHV IDV Green 92% 0.891 98.98 0.637 —0.079

by Eq. (12). Lockwood et al. (2009c) ensured the polyno- 068
mial fit passed through the origin because the only source
of the near-Earth IMF is the OSF, hence if the OSF were to 05F
fall to zero then so wouldB. (Self-evidently, this is likely

to be a hypothetical situation but it nevertheless is relevant
to the required mathematical form of the variation). Equa-
tion (12) also allows us to compute the OSF corresponding
to the value ofB inferred from cosmogenic isotopes for the
end of the Maunder minimum by Steinhilber et al. (2010)
(B =1.8+0.6nT, shown by SEA MM in Fig. 10), yielding

a value of Fs = (0.484+ 0.29) x 1014 Wb which is of order
one-tenth of the average value for recent solar cycles. This
value is consistent with models of open solar flux that al-
low for the inferred time constants of OSF loss (Owens et _ ‘
al., 2011), as shown by Owens and Lockwood (2012) and 0 z
Owens et al. (2012).

0.4r

0.3F

0.2r

0.1r

Open Solar Flux, F (10 Wh)

4 6 é 1‘0 12

IMF field strength, B (nT)
Fig. 10. Plot of signed, kinetically corrected OSFg, as a func-
tion of the near-Earth IMFB. The filled circles are annual means

7 Conclusions of in situ satellite observations. The open circles are means of 25
samples from all four geomagnetic index combinations (grouped

This paper has demonstrated that the differences between ttff SCrt€dB) with error bars in boths and £ of plus and minus
one standard deviation. The black line is the polynomial fit used

dependencies of so'm.e geomagnetic indices on interpla.nEta% Lockwood et al. (2009c) and the surrounding grey area is the
parameters are statistically significant and can be exploited t?mcertainty band. The band marked SEA MM is the mean value
give valid information on the near-Earth interplanetary con-of g for the end of the Maunder minimum deduced from cosmo-
ditions before the start of the space age. We have exploitegenic isotopes by Steinhilber et al. (2010) from which the best es-
four pairings that give significant differences to yield recon- timate of the mean for the end of the Maunder minimd is
structions of both IMFB and solar wind speetfsy from (0.48+0.29) x 10 Wh.
historic geomagnetic data. The four reconstructions are very
similar indeed, giving great confidence that errors have not
been introduced by errors in the geomagnetic data. A besfand hence the reconstructions®find Vsy) back to 1845.
composite of all four, with uncertainties at the 2evel com-  We have used the correction to the cycle 11 data discussed in
puted using a total of 40 000 fits by the Monte Carlo tech- Paper 3. The quality of the extensions has been checked by
nigue outlined in Paper 2, has also been presented. comparisons with historic data from the nearby St Petersburg
We have updated the correction required for the standarebservatory and we have demonstrated that Helsinki had, as
aaindex in 1957, as the comparison between the behavioufar as we can tell, the same response to interplanetary condi-
of the two in the recent low solar minimum reveals a gaintions as in modern times using data from the nearby Nurmi-
correction that is slightly more appropriate than a zero leveljarvi station from the space age.
offset change. The effect is very small but the level of agree- Using Parker’s spiral theory, and making the necessary ad-
ment between the corrected (aac) and theApindex after  justment for heliospherically imposed excess flux, we have
1957 is now essentially identical to that before 1957. Datacomputed the (signed) OSF for all four sets of reconstruc-
from the Helsinki Observatory have been used to extegd  tions. Again agreement between them is excellent and all
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Table 3. Maximum and minimum of 11 yr running means of annual signed open solar flux estinfaies;<from the four combinations of
geomagnetic activity indices and from in situ satellite observations (top row). The last column gives the percentage cheivgsen the

minimum and the maximum. The first row is for in situ spacecraft measurements.

Date of Min.  Date of Max. Percent of
Dates min. F5>11 max. <Fs>11 change,

Index1 Index2  covered Rs>11  (101°Wb)  <Fg>1; (10 Wwb) A

B Vsw 1966-2013 2007 0.262 1986 0.413 58
aac IDV(1d) 1845-2012 1902 0.206 1955 0.451 119
aac IDV 1845-2012 1902 0.206 1955 0.433 110
IHV IDV(1d) 1890-2012 1902 0.217 1955 0.455 109
IHV IDV 1890-2012 1902 0.218 1955 0.448 105

Table 4. Maximum and minimum of 11 yr running means of annual near-Earth IMF estim&teg;<rom the four combinations of geomag-
netic activity indices and from in situ satellite observations (top row). The last column gives the percentage)chzetgeen the minimum

and the maximum. The first row is for in situ spacecraft measurements.

Date of Min. Date of Max. Percent of

Dates min.  8>14 max. <B>11 change,
Index1 Index2  covered B>11 (nT) <B>14 (nT) A
B - 1966-2013 2007  5.346 1986  7.556 41.3
aac IDV(1d) 1845-2012 1902 5.214 1955  7.963 52.7
aac IDV 1845-2012 1902 5.186 1955  7.626 47.0
IHV IDV(1d) 1890-2012 1902  5.230 1955  7.976 52.5
IHV IDV 1890-2012 1902  5.202 1955  7.640 46.9

four agree very closely with reconstructions using the orig-which is 2007) gives a value (by Eq. 8) of 58 %, hence the
inal method (based on thea index and its recurrence) by rise between 1902 and 1955 is roughly twice the fall that has
Lockwood et al. (1999). All four reconstructions are in excel- been directly observed between 1986 and the present. Hence
lent agreement with the relationship between OSF and neatthe rate of decline since 1986 is comparable to (but somewhat
Earth IMF B that was derived by Lockwood et al. (2009c) larger than) the rate of rise found for the period 1901-1955.
and so the estimate that the OSF w@48+0.29) x 10 Wb Note also from Fig. 9 that in annual means, the value seen
at the end of the Maunder minimum (deduced using cosmoin 2008 is only marginally higher than the lowest value de-
genic isotopes and this relationship) remains valid. rived by the Lockwood et al. (1999) procedure (which was
Lastly, there has been some debate about the finding bjor 1901).
Lockwood et al. (1999) that the OSF doubled during the Lockwood et al. (2006b) pointed out that some of this dis-
20th century because they reported a rise of 130% beerepancy between the results of Lockwood et al. (1999) and
tween 1900 and the mid-1950s). For example, Svalgaard an8valgaard and Cliver (2005) was caused by the difference
Cliver (2005) contrasted the doubling with a 25% rise thatbetween OSF and near-Earth IMF and that the latter was not
they deduced in the IMB over the same interval. Table 3 proportional to the former (as demonstrated by Fig. 10 of
gives the minimum and maximum values of the 11 yr run- the present paper) and hence Svalgaard and Cliver's compar-
ning means of signed OSF, £>11]min and [<Fs>11]max; ison was inappropriate. However, Lockwood et al. (2006b)
from the four reconstructions (as shown in Fig. 6d) and thealso noted that roughly half of Svalgaard and Cliver's un-
percentage changedefined as derestimation arose from non-robustness of their regression
fits, from the way they treated data gaps and from an in-
A= (13) correct summary of their own results — all of which acted
to reduce the size of the drift that they deduced. Svalgaard
. and Cliver (2006) did not accept these arguments but Ta-
Table 3 reveals that the four estimates range from 105% e 4 (which corresponds to Table 3 but is for the near-Earth
to 119%, confirming that the OSF did indeed double, evenr gy directly confirms the conclusions of Lockwood et
if the fractional drift is sllghtly Iowgr than estimated by 4 (2006b): the rise in 11yr running means Bf(<B>11)
Lockwood et al. (1999). It is interesting to note that the fall i, {he years 1902-1955 from the four reconstructions shown
in these 11yr means seen during the space age (from a may; rig. 6b are between 46.9 and 52.7 %. Note that the fall in
imum value in 1986 to a minimum in the last available year

100x ([< Fs>11lmax— [< Fs >11lmin)/[< Fs >11lmin.
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directly observed values & between 1986 and 2007 is al- Jarvis, M. J.: Observed tidal variation in the lower thermo-
ready 41 % and looks set to continue (Barnard et al., 2011; sphere through the 20th century and the possible implica-
Lockwood, 2010; Lockwood et al., 2011, 2012). Hence we tion of ozone depletion, J. Geophys. Res., 110, A04303,
find the drift in the near-Earth IMF was twice as large as that d0i:10.1029/2004JA010922004.

deduced by Svalgaard and Cliver (2005). King, J. gnd Papitashvili, N.: OMNI 2 P_reparation, availabléngtp:
/lomniweb.gsfc.nasa.gov/html/omni2_doc_old.html#soiast

access: 2 January 2014), 2011.
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Appendix A

Table Al. Glossary of mathematical symbols.

aa
aac

aan

aag

AK(H)
AK(H)xxx
AK(D)

Ap

Ap

Ay

B
<B>11
Bi12

Br

| By |SS|
| Brlau
c1

€2
COSF
d

dss

D

e

E

Fs
<Fs>11
4

H

Iy andlp
IDV
IDV(1d)
IHV

m

n

ni

na

RlyLs
51

52
SOSF

geomagnetic activity index (see Appendix A of Paper 3), the arithmetic mezencdndaag
version ofaawith corrections as given in the text of the present paper
aafrom the Northern Hemisphere station

aafrom the Southern Hemisphere station

geomagnetic activity index (see Appendix A of Paper 3)

Ak(H) for a station with designated IAGA code XXX

geomagnetic activity index (see Appendix A of Paper 3)

geomagnetic activity index, which is available from 1932 onwards. It is a three-hourly planetary index compiled ukiing the
dices (see Appendix A of Paper 3) from 11-13 longitudinally spaced midlatitude stations, mainly in the Northern Hemisphere
Ap scaled taaa using a linear regression fit (see text)

astronomical unit (the mean Sun—Earth distance)

the near-Earth interplanetary magnetic field (IMF) magnitude

11 yr running mean of annual meansf

B predicted from generic geomagnetic indices 1 and 2

radial (heliocentric) component &f

| Br| at coronal source surfacé & dgg)

|Br| at Earth @ = Ay)

linear regression intercept wimvgl for generic geomagnetic inddx
linear regression intercept with Vg, for generic geomagnetic index
linear regression intercept for allowance for excess flux in OSF calculation
heliocentric distance

d of the coronal source surface @.5Rc)

magnetic declination (the angle between magnetic and true north)
parameter minimised to obtain optimum fits to b@ttand Vsyy (see text)
excess open magnetic flux

the signed open solar flux (OSF) threading the coronal source surface
11 yr running mean of annual values 6§

sensitivity (gain) correction taafor after 1 January 1957

horizontal component of surface geomagnetic field

generic geomagnetic indices designated index 1 and index 2
geomagnetic activity index (see Appendix A of Paper 3)

geomagnetic activity index (see Appendix A of Paper 3)

geomagnetic activity index (see Appendix A of Paper 3)

geomagnetic activity index (see Lockwood, 2013)

the exponent in the functioB Vg,,,

n for the generic geomagnetic index designated index 1

n for the generic geomagnetic index designated index 2

correlation coefficient

international (also called Wolf or Zurich) sunspot number

mean solar radius

27 day recurrence index applieddac

27 day recurrence index appliedA&(H )y s

linear regression slope witBVé’l for generic geomagnetic inddx

linear regression slope with Vgy, for generic geomagnetic inde

linear regression slope for allowance for excess flux in OSF calculation
significance of difference of a correlation from its peak value (given here as a probability<i.€.01)
S for the geomagnetic index designated index 1

S for the geomagnetic index designated index 2

geomagnetic activity index (see Appendix A of Paper 3)

the near-Earth solar wind flow speed

Vsw predicted from generic geomagnetic indices 1 and 2

zero-level offset correction taa for after 1 January 1957

rms (root mean square) deviationasc from Ap’

IMF garden-hose angle

percentage change inf§>11

sidereal angular velocity of the solar atmosphere
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