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Abstract. We present a new reconstruction of the interplan-
etary magnetic field (IMF,B) for 1846–2012 with a full
analysis of errors, based on the homogeneously constructed
IDV(1d) composite of geomagnetic activity presented in
Part 1 (Lockwood et al., 2013a). Analysis of the depen-
dence of the commonly used geomagnetic indices on solar
wind parameters is presented which helps explain why an-
nual means of interdiurnal range data, such as the new com-
posite, depend only on the IMF with only a very weak in-
fluence of the solar wind flow speed. The best results are ob-
tained using a polynomial (rather than a linear) fit of the form
B = χ · (IDV(1d)−β)α with best-fit coefficientsχ = 3.469,
β = 1.393 nT, andα = 0.420. The results are contrasted with
the reconstruction of the IMF since 1835 by Svalgaard and
Cliver (2010).
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1 Introduction

This paper is the second of a series of three. As discussed
in Part 1 (Lockwood et al., 2013a), for many years, the only
available long-term record of geomagnetic activity was the
aa index, compiled for 1868–1968 by Mayaud (1971, 1972,
1980) and subsequently continued to the present day. It was
also extended back to 1846 by Nevanlinna and Kataja (1993).
The aa index shows long-term changes that cannot be at-
tributed to site changes, nor to the intercalibration of stations,
nor to changes in the sensitivity of the stations in both hemi-

spheres (Cliver et al., 1998; Lockwood, 2003; Love, 2011).
Stamper et al. (1999) analysed all the potential factors that
could have induced the solar cycle variations and long-term
drift in the aa index since the start of the space age and
concluded that the only viable explanation was variation in
near-Earth interplanetary space caused by changes in the so-
lar corona.

Because theaa index derived during the space age cor-
relates with both the southward component,Bz (in a frame
aligned to Earth’s magnetic field) of the near-Earth interplan-
etary magnetic field (IMF),B, and the solar wind speed,V ,
observed by interplanetary spacecraft, Feynman and Crooker
(1978) noted that the upward drift in theaa index over the
first half of the 20th century reveals that averages of either
Bz or V had probably changed, or both. The first paper to
separate the influences ofBz andV on theaa index was by
Cliver et al. (1998) who used a combination of theaa index
and sunspot number data on 11 yr timescales. Although it is
the southward component of the IMF,Bz, that drives geo-
magnetic activity, on annual timescales the IMF orientation
effect averages to an almost constant factor (Stamper et al.,
1999), such that the variations are controlled primarily byB.
The uncertainty that this introduces into reconstructions ofB

will be discussed later in this paper. Separation onB andV

on hourly timescales using only theaa index was achieved
by Lockwood et al. (1999) who employed the recurrence in-
dex of Sargent III (1986) (derived fromaa) to remove the
effect of solar wind speed. This can be done because recur-
rent fast streams in the ecliptic plane (emanating from either
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isolated low-latitude coronal holes or low-latitude extensions
to polar coronal holes) elevate the annual meanV but also in-
crease the 27 d recurrence in geomagnetic activity by gener-
ating co-rotating interaction regions (CIRs) on their leading
edge. Lockwood et al. (1999) used theaa index to recon-
struct the signed “open solar flux” (or “coronal source flux”),
FS , which is the total magnetic flux of one polarity leav-
ing the top of the solar corona and entering the heliosphere.
Svalgaard and Cliver (2006) have argued that the recurrence
index method ceased working after 2003 but this argument
has been shown to be incorrect because the methods con-
tinue to accurately reproduce both the observed near-Earth
IMF and open solar flux up to 2012 (Lockwood and Owens,
2011; Lockwood, 2013).

It is important to compare like-with-like when discussing
centennial reconstructions of coronal and heliospheric mag-
netic fields and, in particular, to recognise that the open solar
flux is not linearly related to the near-Earth IMF (Lockwood
et al., 2009a). A linear fit of observedFS (derived from either
in situ magnetometers from the radial component of the IMF,
Br, or from remote-sensing solar magnetograms) againstB

generates an intercept such that the open solar flux falls to
zero at a non-zero value ofB. This has, we believe, some-
times been confused with a “floor” value of the near-Earth
IMF B (Svalgaard and Cliver, 2007, 2010) (hereafter SC07
and SC10, respectively). However, this is inherently illogi-
cal as no source for the near-Earth IMF other than the coro-
nal source flux has ever been suggested. This being the case,
when FS falls to zeroB must also fall to zero and, given
the values observed during the space age, we therefore know
thatB andFS cannot be linearly related. As pointed out by
Lockwood et al. (2009a) the required non-linearity between
B andFS is very well explained by a small rise in average
solar wind speedV with increasing averageB which, as pre-
dicted by the Parker spiral theory of the IMF (Parker, 1958,
1963), will cause the heliospheric field spiral to unwind (i.e.
B to fall for a givenFS), thereby increasing the ratioFS/B.
Using combinations of geomagnetic indices that respond dif-
ferently toB andV , Rouillard et al. (2007) showed that the
rise in averageB over the 20th century was indeed associ-
ated by a weak rise in averageV . When the same parameters
are compared there is considerable agreement between the
various reconstructions of the IMF (Lockwood and Owens,
2011), the main differences being for early years when data
sources are sparse and the sequences are more susceptible
to errors in the data from one site and how they have been
processed.

As discussed in Part 1, several new geomagnetic indices
have been produced from hourly means of data or from
hourly samples (“spot values”) which were often recorded
in observatory yearbooks. Three examples of this are the me-
dian indexm, as implemented by Lockwood et al. (2006b)
and used by Rouillard et al. (2007); the inter-hour variability
(IHV) index designed by Svalgaard and Cliver (2007); and
the interdiurnal variation (IDV) index introduced by Sval-

gaard and Cliver (2005) (hereafter SC05), and developed by
Svalgaard and Cliver (2010) (hereafter SC10). These indices,
and IDV in particular, have opened up the application of
many historic data such that theaa index is no longer the
only centennial record of geomagnetic activity. Comparisons
of IDV from different stations show a considerable degree of
agreement, increasingly so after about 1910 as instrumenta-
tion improved and clean and stable magnetic sites were found
and protected. IDV was therefore a major and important new
index which is usefully simple to construct. However, Part 1
highlights some limitations in the way IDV was constructed.
Firstly SC05 and SC10 moved from Bartels’ original for-
mulation, which was based on the difference between daily
means of the horizontal field componentH , to using only the
near-midnight value. The advantage of this is that it can re-
duce the effects of variations in the regular diurnal variation
of H . However this advantage is outweighed by the loss of
suppression of instrumental and geophysical noise achieved
by averaging 24 samples together and also by introducing
a strong influence of the auroral electroject of the substorm
current wedge (Lockwood, 2013). In addition, there are vari-
ations with station location of the dependence of IDV on the
solar wind velocity. We refer to IDV as not being “homo-
geneously constructed” because it employs a mix of stations
with different responses and that mix changes with time as
the spatial distribution of stations available changes. This
means the index response derived in the space age will be
different to that in earlier years because it is not compiled us-
ing the same mix of stations. Similarly them index was not
homogeneously constructed. The derivations ofm and IDV
are discussed in Part 1.

The annual means of the version of IDV generated by
SC05 for the space age correlate strongly with IMFB (cor-
relation coefficient,r = 0.862,r2

= 0.743, significanceS =

99.37 %) and only very weakly withV (r = 0.094, r2
=

0.009, S = 55 %). (Note in this paper, the significance,S,
of each correlation is computed using the AR1 noise model,
i.e. allowing for the autocorrelation functions of the time se-
ries at a lag of one time step, and also allowing for the de-
grees of freedom of the fit.) The version of IDV generated by
SC10 uses more stations and raises this quoted correlation
coefficient withB to r = 0.932 (r2

= 0.869,S = 99.84 %).
In Sect. 2 we show that the variations in IMF orientation in
annual mean data limits the maximum possible correlation
to 0.957 and hence the percentage of the variation ofB that
is not reproduced by the IDV of SC10 is 100(1− 0.9322) =

13.1 % and of this 100(1−0.9572) = 8.4 % is due to the IMF
orientation factor. In Sect. 2 below we confirm that IDV cor-
relates withB only (i.e. with a negligible dependence onV )
by correlating with withBV n for a range ofn and showing
that the peak correlation is at ann value which is not signifi-
cantly different from zero. This means that the separation of
the effects ofB andV required for range indices such as the
aa index (and achieved by Lockwood et al., 1999 using the
recurrence index) is not required for IDV. Hence IDV offers

Ann. Geophys., 31, 1979–1992, 2013 www.ann-geophys.net/31/1979/2013/



M. Lockwood et al.: Part 2: A new reconstruction of the interplanetary magnetic field 1981

−2 −1 0 1 2 3 4

0.5

0.6

0.7

0.8

0.9

1

exponent of V
SW

, n

co
rr

el
at

io
n 

w
ith

 [B
V

S
W

 n
]′

Ap′
−AL′
AU′
−Dst′
−Dst

1
′

aa′
IDV(1d)′
IDV
m
Am′

Ap′
−AL′
AU′
−Dst′
−Dst

1
′

aa′
IDV(1d)′
IDV
m
Am′
IHV

Fig. 1. Linear correlation coefficients of annual means of various
geomagnetic indices withBVn, as a function ofn, the exponent of
the solar wind speed,V (B is the IMF field strength). The primes
denote the fact that data have been omitted in calculating either set
of annual means if any ofV , B or the geomagnetic index are miss-
ing because of data gaps exceeding 1 h duration. Values ofBVn are
computed hourly and then averaged. Table 2 gives the peak corre-
lation rp, the n value giving peak correlationnp, and the signifi-
cance of the peak correlation,Sp. Correlograms are shown for AL
(red line), AU (green line),−Dst (blue solid line), the negative part
of Dst, −Dst1 (where Dst1 is the same as Dst but intervals when
Dst> 0 are treated as data gaps) (blue dashed line),aa (cyan),Ap

(orange), IDV (black dashed),Am (mauve),m (yellow), IHV (red
dashed), and the IDV(1d) index described in Part 1 (black solid
line). For indices which are increasingly negative for increasing ac-
tivity (Dst, Dst1 and AL) the index has been multiplied by−1.

a way of directly determiningB which can be readily applied
to a great deal of recorded historic data.

Part 1 discusses how the quality of both IDV andm is nat-
urally lower in early years when fewer stations contribute.
This contrasts with the philosophy adopted by Mayaud
(1971, 1972, 1980) in generating theaa index, which was
to use a constant data type throughout (i.e. from one North-
ern and one Southern Hemisphere station at all times) and so
generate an homogeneous sequence. In Part 1 an new homo-
geneous composite index of interdiurnal variability, termed
IDV(1d), was generated that extends from 1845 to the present
day. In Sect. 2 of the present paper we compare the response
of various geomagnetic indices to interplanetary parameters
and show that, like IDV, the new IDV(1d) composite depends
primarily on the IMFB and can be used to reconstruct the
IMF back to 1845. Section 3 presents the first full analysis
of uncertainties in IMF reconstruction using a Monte Carlo
technique. In Sect. 4, the results of this reconstruction are
contrasted with that by SC10 using IDV, revealing that the
results are very similar except for the early data. The conclu-
sions and implications are discussed in Sect. 5.

2 The dependencies of different geomagnetic indices on
solar wind parameters

Because the Biot–Savart law contains an inverse-square de-
pendence on the distance between the moving charges and
the point in question, the effects of closer currents domi-
nate over more distant ones but all contribute. As a result,
although the deflections seen by ground-based magnetome-
ters usually reflect changes in the closer large-scale currents
in the magnetosphere–ionosphere system (for example, the
auroral electroject for nightside stations in the auroral oval
or the ring current for equatorial stations), there will also
be some effects of other currents flowing elsewhere. Thus
it is not, in general, accurate to ascribe geomagnetic activ-
ity seen at any one station, or combination of stations, to
one current system alone. One well-recognised example of
this is the Dst index which shows large, long-lived negative
deflections in storms caused by ring current enhancements
but also shows positive deflections associated with magne-
tospheric compression by CME (coronal mass ejection) im-
pacts, which reveal it also responds to the Chapman-Ferarro
currents flowing in the magnetopause.

The above discussion means that we should expect differ-
ent geomagnetic indices to show different dependencies on
solar wind parameters because they are influenced by differ-
ent combinations of current systems and these current sys-
tems respond differently to changes in the solar wind forc-
ing. Figure 1 studies the correlations between all the com-
monly used geomagnetic indices andBV n whereB is the
IMF, V is the solar wind speed andn is an exponent that is
here varied between−2 and 4. The correlations are for an-
nual means between 1966 and 2012, inclusive. The parame-
ters are marked with a prime to denote the fact that in each
case data have been omitted in computing both sets of annual
means if any of the simultaneous (allowing for the predicted
solar wind propagation lag) hourly means ofB, V or the ge-
omagnetic index are missing due to a data gap. In the case
of the 3 h range indices such asaa, Am andAp, the pro-
cedure adopted by Finch and Lockwood (2007) is followed
to ensure only simultaneous geomagnetic and IMF data are
included in the annual means. In the case of IDV(1d), each
daily value contains information onH from two whole days:
in order to be included in the annual meansB ′ and IDV(1d)′,
we here require that there be 75 % coverage of the IMF ob-
servations over those two days. The value of 75 % is chosen
as a compromise between not eliminating too much of the
data and removing data for which the IMF means could be
misleading because the data coverage is low. The effects of
not carrying out this piecewise removal of data from both
sets during data gaps were studied by Finch and Lockwood
(2007): effectively, one is assuming that annual means are
representative, even when large fractions of the data are miss-
ing (as they are in some years for the IMF data). We here only
employ annual means that have data availability exceeding
50 %. In the study presented in Fig. 1, all the correlations
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Table 1.Details of the correlation at the peaks of each correlogram in Fig. 1.

geomagnetic line type n at peak, peakr, r2
p significance of

index in Fig. 1 np rp rp, Sp (%)

AL red 2.0 0.956 0.914 > 99.999
AU green 1.1 0.969 0.940 > 99.999
−Dst blue 0.4 0.795 0.631 99.17
−Dst1 blue dashed 0.1 0.905 0.818 98.48
aa cyan 2.0 0.965 0.931 > 99.999
Ap orange 1.6 0.948 0.898 99.994
IDV black dashed −0.1 0.919 0.845 98.70
Am mauve 1.8 0.817 0.668 99.80
m yellow 0.3 0.891 0.802 99.69
IHV red dashed 1.9 0.943 0.890 > 99.999
IDV(1d) black −0.1 0.933 0.871 99.24

are somewhat improved by taking these steps and, impor-
tantly, then of peak correlation,np, is sometimes also af-
fected. Table 1 givesnp, the peak correlationrp, the frac-
tion of the variation explained by the peak correlationr2

p ,
and the significance of the peak correlationSp, for each case.
Note that we only have annual mean data for IDV and the
way m is constructed only yields annual values so no al-
lowance for gaps in the interplanetary data can be made in
these cases (hence there is no prime symbol attached to IDV
orm in Fig. 1). The coupling functionsBV n have been calcu-
lated in hourly data and then averaged, i.e. <BVn>1yr is used
rather than <B>1yr(<V >1yr)

n. The AL auroral electrojet in-
dex (red line) shows peak correlation atn = np = 2, i.e. it has
a BV2 dependence. The AU index (green line) gives a peak
at np = 1.1 (i.e. it has close to aBV dependence and hence
varies with the interplanetary electric field). The Dst index
shows a peak atnp = 0.4 (blue line) but some of this de-
pendence onV arises from the compression of the equatorial
field by solar wind dynamic pressure: if we use Dst1 (which
is the same as Dst but treats all intervals where Dst > 0 as
data gaps and so only contains intervals when Dst is dom-
inated by ring current effects), we get the dashed blue line
with a higher correlation coefficient peak atnp = 0.1. This
peak is flat and hence the peakn is not significantly differ-
ent from zero (i.e. a dependence onB alone). The cyan line
is for theaa index and peaks atnp = 1.9 (very close to the
BV2 dependence of AL) and the orange dashed line is forAp

and peaks atnp = 1.6. The black line is for the IDV(1d) in-
dex which is described in detail in Part 1 and which peaks
at np = −0.1. Hence IDV(1d), like Dst1, is not significantly
different from having a dependence onB alone. Thus, this
agrees with the assertion by SC10 that the negative part of
Dst (i.e. ring current enhancement) is closest to explaining
the behaviour of the interdiurnal variability indices on these
annual timescales. The range indices,aa, Am and Ap re-
spond in a manner similar to the high-latitude ionospheric
currents controlling AL and AU, as does the IHV index.

An important insight into these differences in the peak cor-
relation “coupling functions” comes from the work of Finch
et al. (2008), who showed that aV 2 dependence is introduced
into the variability of hourly mean magnetometer data only
within the auroral oval on the nightside – i.e. it is associ-
ated specifically with the auroral electrojet and the substorm
current wedge. Consideration of the effect of solar wind dy-
namic pressure on the geomagnetic tail shows that this is
to be expected because the current in the near-Earth cross-
tail current sheet (that is deflected into the auroral electrojet
during substorm expansion phases in the substorm current
wedge) depends onV 2 (see review by Lockwood, 2013).
Lastly we note that Rouillard et al. (2007) and Lockwood
et al. (2009a) find them index correlates withBV0.3, despite
it being a variant of an interdiurnal variation index. This ap-
pears to be because it uses a larger fraction of high latitude
stations which, as shown by Finch et al. (2008) introduces
some dependence onV .

The larger differences in the responses of the various ge-
omagnetic indices to mean solar wind speed shown in Fig. 1
have been shown to be statistically significant by Lockwood
et al. (2009a) and Lockwood (2013). They are extremely use-
ful as they mean that bothB and V can be derived using
different combinations of the indices (Svalgaard and Cliver,
2007; Rouillard et al., 2007; Lockwood et al., 2009). How-
ever, it should be noted that the correlograms in Fig. 1, par-
ticularly those with largernp, are somewhat flat-topped and
so some differences innp are not statistically significant. For
example, the difference in the peaks for AL and AU do not
have great statistical significance and so cannot be used to
make robust reconstructions. The difference that has been ex-
ploited most is between interdiurnal variation indices (with
np ≈ 0) and range indices influenced by the substorm current
wedge (withnp ≈ 2). Lockwood et al. (2009a) have demon-
strated that the chance that this distinction is not real is low:
but even in this case we can only reject the null hypothesis
that the two actually share the same response toV at the 87 %
confidence level.
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3 Analysis of uncertainties and regression fits

All the geomagnetic indices shown in Fig. 1 result from so-
lar wind–magnetosphere coupling which is dominated by the
process of magnetic reconnection. As a result, all show a
strong dependence on the southward IMF in the geocentric
solar magnetospheric (GSM) reference frame. Many cou-
pling functions have been used to quantify the solar wind
energy, mass or momentum transfer into the magnetosphere
and several use a termBsin4(θ/2), whereB is the IMF
field magnitude andθ is the IMF clock angle in the GSM
frame (see review by Finch and Lockwood, 2007). Figure 2a
shows a scatter plot ofBsin4(θ/2) as a function ofB for all
hourly means of IMF data for 1966–2012 (inclusive), using
the Omni-2 data set obtained from NASA’s Omniweb service
(http://omniweb.gsfc.nasa.gov/). There is a great deal of scat-
ter because of the IMF orientation factor, sin4(θ/2), which
varies between 0 for northward IMF in the GSM frame (giv-
ing the points on thex axis) and 1 for a purely southward
field in GSM (giving the points on the line of slope 1). Tak-
ing annual means of these data we get Fig. 2b. Here the IMF
orientation factor has averaged out to an almost constant fac-
tor and the annual means ofBsin4(θ/2) are approximately
proportional toB. The need to average out the sin4(θ/2) fac-
tor is why reconstructions of interplanetary conditions from
geomagnetic activity must be restricted to annual or longer
timescales. We note a small discontinuity in <Bsin4(θ /2)>1yr
at around 1.75 nT (<B>1yr ≈ 5 nT) in Fig. 2. There is no
known reason why this might occur and the number of an-
nual mean samples in Fig. 2b is quite low. Using Student’s
t test we find no evidence that it is statistically significant
and so we use a single linear regression on the whole data
set. If the discontinuity were to persist in future data, it would
become statistically significant and a polynomial fit, or sep-
arate linear regressions for above and below <B>1yr = 5 nT,
may become more appropriate than the single linear fit used
to date.

Figure 2b shows that the orientation factor is not quite con-
stant, even on annual averaging timescales, and this gives
some scatter which is the principle uncertainty in any recon-
struction ofB from any geomagnetic data. The linear cor-
relation between <Bsin4(θ/2)>1yr and <B>1yr is 0.957 and
this sets an upper limit to the correlation that can be obtained
between annual means of the IMF and any geomagnetic in-
dex. If a geomagnetic index responds toBsin4(θ/2), in order
to derive the IMFB, we are effectively multiplying the in-
dex by the ratiof = B/[Bsin4(θ/2)] (either explicitly or im-
plicitly). The distribution of this ratio for annual mean data
is shown by the histogram in Fig. 3. Here, as elsewhere in
this paper, we have required that data coverage exceed 50 %
before an annual mean is considered valid. The mean value
of the factorf is <f >= 3.251 and its standard deviation is
σf = 0.369. Hence multiplying byf is introducing an un-
certaintyσf /<f > (i.e. just over 11 % at the 1σ level even in
annual means). The dashed line shows the best-fit Gaussian

Fig. 2. Scatter plots of the IMF factorBsin4(θ/2) as a function of
the IMF field strengthB for (left) hourly mean data and (right) an-
nual means. Data are for 1966–2012, inclusive.

distribution of the same mean <f > and standard deviation
σf as the observed distribution off . In addition, there will
be some (small) measurement uncertainty inB. Analysis by
King and Papitashvili (2011) used comparisons between data
taken by different craft to place a maximum systematic error
of 0.2 nT on the measurements ofB, we here take±0.2 nT
to be the 2σ points of that error distribution.

We also need to consider the uncertainties in the IDV(1d)
index, which at this time, comes from the Eskdalemuir sta-
tion (see Part 1). Figure 4 shows the distribution of the fit
residuals for 1966–2012 derived from fitting SC10’s IDV
index to IDV(1d) (see Figs. 12 and 13 of Part 1). Because
IDV is generated from a large number of stations at this time
(> 50), we here assume that all of the fit residuals arise from
errors in the IDV(1d) data and so we take the distribution in
Fig. 4 to give an estimate of the uncertainty in the IDV(1d)
values.

Figure 5 shows a scatter plot of annual means of the
IDV(1d)′ values against annual means of the IMFB ′. The
primes denote the fact that, as in Fig. 1, allowance has been
made for data gaps in the IMF data sequence by removing
both the IMF data and simultaneous geomagnetic data when
the other is missing. The linear correlation of the annual
means over the interval 1966–2013 betweenB ′ and IDV(1d)′

is r = 0.933 (explainingr2
= 0.871 of the variation and with

significance,S = 99.98 %) whereas betweenB and IDV(1d)
(without allowance form data gaps) it is 0.914 (explaining
r2

= 0.835 of the variation, and withS = 99.91 %). Hence
the piecewise removal of data corresponding to gaps in the
interplanetary data series has made a (small) improvement in
this case, raisingr2 and explaining an additional 3.6 % of the
variation inB. However, note that only data from 1966 on-
wards were used because before then the interplanetary data

www.ann-geophys.net/31/1979/2013/ Ann. Geophys., 31, 1979–1992, 2013
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wheres andc are the best-fit linear regression coefficients derived
from Fig. 12 in Part 1. The regression fit givings andc is for 1880–
2012 whereas the above distribution is for 1966–2012. Neverthe-
less, the mean of the distribution is 0 nT to within 5 decimal places.
The standard deviation is 0.459 nT. The dashed line is the best-fit
Gaussian distribution of the same mean and standard deviation.

has many long data gaps and the difference would have been
somewhat greater otherwise. These correlation coefficients
should be compared to the value ofr = 0.841 (r2

= 0.708,
S = 99.37 %) for the corresponding correlation with the first
version of IDV (SC05) and ther = 0.932 (r2

= 0.839,S =

99.84 %) for the IDV version of SC10.
The red line in Fig. 5 shows the best linear fit betweenB ′

and IDV(1d)′. The effect of removing outliers on the regres-
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Fig. 5. Scatter plot of annual means of the near-Earth IMF,B ′, as a
function of the simultaneous mean of the new composite geomag-
netic index IDV(1d)′. The plot covers 1966–2012 (inclusive). The
effect of the drift in the magnetic latitudes due to the secular change
in the geomagnetic field has also been accounted for. The primes
denote that before taking annual means, both IDV(1d) andB data
have been removed if there is less than 75 % coverage of IMF moni-
toring during the relevant 2 d IDV(1d) interval and annual means are
only considered if there is at least 50 % data coverage in a year. The
red line is the best linear fit and grey area defines the 2σ uncertainty
band on this fit, derived using a Monte Carlo technique, allowing for
the uncertainties introduced by the IMF orientation factor sin4(θ/2)
and the experimental uncertainties in both the IMF and IDV(1d)
index. The linear correlation coefficient of fitted and observed pa-
rameters isr = 0.933 and 10 of the 32 values (31 %) lie outside the
predicted uncertainty limits.

sion fit is very small and the residual and Q-Q plots show
the residuals to be homoskedastic, drift-free and normally
distributed (see Part 1 and Lockwood et al., 2006a). Passing
these tests is necessary to determine if a regression fit is valid.
However, we note a slight non-linearity in the data, particu-
larly in the lowest values which were observed during the last
solar minimum, which was the lowest and longest seen dur-
ing the space age (Lockwood, 2010). It is instructive to con-
sider the implications of a linear fit given that it predicts that
geomagnetic activity, as quantified by IDV(1d), will fall to
zero if the IMFB falls through a threshold (in annual means)
of about 3 nT. We know of no theoretical reason why this
should be the case in that the magnetic reconnection between
the geomagnetic field and the IMF (which drives geomag-
netic activity and is ultimately responsible for the observed
correlation betweenB and IDV(1d) on annual timescales) is
not predicted to cease below any such threshold value. How-
ever, we would expect that IDV(1d) might asymptotically
approach a small base-level value (set by phenomena such
as solar wind buffeting or Kelvin–Helmholtz waves) if the
IMF fell towards zero (when the magnetic reconnection that
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gives solar wind energy and momentum access to the magne-
tosphere would cease). We here fit a polynomial, constrained
to pass through a base-level IDV(1d) activity levelβ when
B = 0. This therefore has the form

B = χ · (IDV(1d) − β)α. (1)

We then used the Nelder–Mead search method to find the
best-fit coefficientsχ , β, andα. Using this polynomial form
and with piecewise removal of data during data gaps (i.e. us-
ing IDV(1d)′), the correlation between observed and best-
fit B values predicted from IDV(1d) is raised torp = 0.947
(r2

= 0.896,S = 96.88 %), meaning that 90 % of the varia-
tion in annual means of IMFB is predicted by the simul-
taneous IDV(1d) (and of the remaining 10 %, 8.1 % is at-
tributable to by the IMF orientation factorf ). The best fit
to the data has coefficientsχ = 3.469, β = 1.393 nT, and
α = 0.420. Note that the improved fit is achieved by using
more fit parameters which increases the degrees of freedom
by three and so the significanceS is decreased (such that
whereas there is only a 0.1 % chance that the linear fit is a
chance occurrence this is raised to a 3 % chance for the poly-
nomial fit). Comparison of Figs. 5 and 6 shows that over the
range ofB and IDV(1d) seen during the space age, the dif-
ference between the linear and polynomial fits is very small.
In fact, the recent low minimum between cycles 23 and 24
means that the range of the composite IDV(1d) since 1845 is
now only marginally greater than that seen during the space
age and hence the difference between the polynomial and
linear fits is not significant. However, there is no published
physical quantification that shows this range cannot be ex-
ceeded at either end and hence we here adopt the polynomial
fit as it gives the higher correlation and would not generate a
discontinuity if annual meanB fell below 3 nT.

The grey bands in Figs. 5 and 6 show the uncertainty
ranges of these fits at the 2σ level derived by a standard
Monte Carlo technique. The fits are carried out a very large
number of times,N (in fact N = 100000 were used), and
each time each of the IDV(1d)′ values are perturbed by an
individual error which is randomly selected from the normal
distribution shown in Fig. 4. TheB values are similarly per-
turbed by a factor to allow for the variability in the factor
f = B/[Bsin4(θ/2)], these are selected by a random num-
ber generator to obey the distribution shown in Fig. 3. The
B ′ values are also perturbed by a small second error ran-
domly selected from a normal distribution of standard de-
viation σ = 0.1 nT to account for observational error inB.
For each IDV(1d)′ value the distribution of theN fitted B

values is investigated and the 5 and 95 percentiles (the 2σ

points) of that distribution are used to define the uncertainty
band in fittedB for a given IDV(1d). These uncertainty bands
are shaded grey. The red and blue lines in Figs. 5 and 6, re-
spectively, are the medians of allN fits made with random
errors introduced. Note in Fig. 6 that this yields a slightly
lower base-level IDV(1d) of aboutβ = 0.7 nT in the case of
the polynomial fit. The best-fit base-level value is caused by
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Fig. 6. Same as Fig. 4 but showing the results of a polynomial fit
of the functional form given by Eq. (1). The blue line is the best
polynomial fit and grey area defines the 2σ uncertainty band on
this fit, derived using a Monte Carlo technique, allowing for the
uncertainties introduced by the IMF orientation factor sin4(θ/2) and
the experimental uncertainties in both the IMF and IDV(1d) index.
The linear correlation coefficient of fitted and observed parameters
is r = 0.974. The error bars are based on the data coverage in the
year and are taken from a Monte Carlo study in which the effect
of data gaps was quantified by inserting them at random into the
continuous IMF data available after 1996.

what has been termed in the past “viscous-like” solar wind–
magnetosphere interactions.

The uncertainty band grows very large at the lowest
IDV(1d), especially for the non-linear fit. This is because the
N fits diverge considerably around this value given it is not
well constrained by the data. However, this is not a great con-
cern here as 2009, within the fit period, is the lowest IDV(1d)
value in the composite (since 1845). However, it does mean
that even if good proxy data for IDV(1d) became available
for the Dalton or Maunder minima, then the associated un-
certainty in any reconstructedB would be large. Similarly,
the spread of uncertainties grows somewhat larger at IDV(1d)
values larger than seen during the space age. This is relevant
because such larger IDV(1d) values were observed during
cycle 19, before the start of the space age. Uncertainties in
the reconstructed IMF at the peak of cycle 19 are larger as a
result.

In theory, if we have accounted for all the uncertainties
correctly, then only 10 % (5 % in both tails of the distribu-
tion) of all the data points in Figs. 5 and 6 should lie outside
of the 2σ values delineated by the grey areas. This is not the
case. For the linear fit, this is true for 10 out of the 32 valid
annual means (that meet the 50 % data coverage criterion),
which is 32 %. For the non-linear fit, this falls to 7 of the
32 (22 %). This tells us that there is a least one other fac-
tor influencing the fit other than those we have accounted for
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(which are the IMF, its measurement error, the IMF orienta-
tion factor and the experimental uncertainty in the IDV(1d)
index). There are a number of possibilities: large differences
between the IMF impacting the spacecraft and the Earth, in-
fluence of other solar wind parameters, solar EUV and/or
thermospheric winds and densities modulating ionospheric
conductivities and currents, measurement errors in IDV (re-
member the errors in IDV(1d) were computed assuming IDV
is error-free) and data gaps in the interplanetary data. Al-
though the effect of the last of these has been minimised
by piecewise removal of geomagnetic data during such gaps,
thereby ensuring only simultaneous data are used in annual
means, there is still a subtle problem because the effect of
a data gap depends on what time of year (and, in case of
short gaps, time of day) it occurs at. There are (semi)annual
and UT variations in the geomagnetic activity response to a
given set of interplanetary conditions due to the effects of
Earth’s dipole tilt. If we have full data coverage, these vari-
ations are not a factor as they are averaged out in annual
means. However, data gaps mean they will have an effect,
depending on the UT and time-of-year at which those data
gaps occur. To simulate this, the ratio of annual means ofB ′

andBp (the predicted value from IDV(1d) using the best-fit
polynomial regression given by Eq. 1) was evaluated for the
continuous interplanetary data after 1995 but with data gaps
synthetically introduced at random into both data sets in such
a way as to reproduce the observed distribution of gap dura-
tions in the OMNI2 data set. Repeating this many (100 000)
times over allows statistical evaluation of the uncertainty in
Bp caused by gaps in the IMF data, as a function of the to-
tal data coverage. Using the observed coverage, uncertainties
due to this effect can be assigned to annual means and these
are shown by the error bars in Fig. 6. Allowing for these er-
ror bars, 27 of the 30 (90 %) are consistent with the grey band
and this meets the 2σ design criterion.

Lastly, we note that we did not retain any data to act as
an independent test of our regression. This was because we
did not want to exclude recent data in deriving the fit since it
includes the recent low minimum which extends the range of
the correlated data considerably, nor did we want to use the
early interplanetary data as a test set because it has greater
uncertainties and more data gaps. Tests of the regression will
be available in a few years’ time as new data accrue. We note
that there are reasons to expect the current decline in solar
activity to continue (Barnard et al., 2011), such that the next
solar minimum may provide a test of data that is outside the
range covered by the present data.

4 Reconstruction of the IMF since 1845

These fits can then be used with the IDV(1d) composite to
reconstruct the IMFB and compute the uncertainty in that
reconstruction. The fact that IDV(1d) is a homogeneously
constructed index (unlike IDV orm) is very important be-

cause the regression uncertainty analysis presented above
can reasonably be applied to the past data as well as the
space-age data. This is not true if errors have changed be-
cause the type and quality of the geomagnetic data used have
changed. Because it yields a higher correlation, we concen-
trate on the polynomial fit, but we also briefly show that re-
sults are very similar for the linear fit. The best-fit recon-
struction is obtained by applying the best-fit polynomial line
shown in Fig. 6 with the best composite in annual means of
IDV(1d) shown in black in Fig. 11 of Part 1 (which allows
for the drift in geomagnetic latitude of the stations). Min-
ima/maxima are obtained by applying the lower/upper limit
of the uncertainty band of the fit shown in Fig. 6 to, respec-
tively, the upper/lower composite limits shown in Figs. 13
and 14 of Part 1. This means that the uncertainty band for the
reconstructedB contains both the uncertainty arising from
the fit of IDV(1d) withB and the uncertainty associated with
joining the data from the three magnetometer stations into a
single composite (as carried out in Part 1). Note these uncer-
tainties do not include those associated with any erroneous
drifts in the IDV(1d) values from the stations used in the ge-
omagnetic activity composite. However, Part 1 shows that
comparison with other stations (STP, NER and BAR) indi-
cates very low errors in the earliest data (1850–1862) and the
very high agreement with the many stations contributing to
IDV after 1880 shows even lower errors. Hence the most un-
certain part of the reconstruction is 1863–1879 when corrob-
orating evidence is very sparse and usually of lower quality
than the Helsinki magnetometer data used in the composite.

The best-fit reconstruction ofB using the polynomial fit is
the black line shown in Fig. 7. The grey area surrounding this
black line is the 2σ uncertainty band associated with this, as
discussed above. Table 2 gives the annual mean values of the
composite IDV(1d) and reconstructedB and their uncertain-
ties. The red line in Fig. 7 shows the result of using the linear
fit, and as expected, it is very similar to the results of the poly-
nomial fit for the observed range of IDV(1d) over the interval
of the reconstruction. The green line shows the SC10 recon-
struction. The blue dots show the annual means of the IMF
observations. Note that these lie outside of the uncertainty
band of the fitted IDV(1d) more often than in Fig. 6: this is
because all annual means are shown in Fig. 7, irrespective
of whether they meet the 50 % data coverage requirement or
not. The peak correlation for the polynomial fit isr = 0.947
(r2

= 0.896), meaning that just 10 % of the variation in an-
nual means of IMFB is not reproduced by the simultaneous
IDV(1d) value (and 8.1 % of this is the unavoidable uncer-
tainty introduced by the IMF orientation factorf ).

5 Discussion and conclusions

We have used the new composite of geomagnetic activity de-
scribed in Part 1 to reconstruct the interplanetary magnetic
field variation between 1845 and 2012. By piecewise removal
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Fig. 7.Reconstructions of the near-Earth IMF,B, from geomagnetic
data. The black line uses the new geomagnetic activity composite,
IDV(1d) and the polynomial fit toB. The grey area surrounding
this black line is the uncertainty band associated with using this
polynomial fit derived using a Monte Carlo technique (see text for
details). The red line shows the best reconstruction using a linear fit.
The green line shows the SC10 reconstruction. Blue dots show the
annual means of the observed IMF.

of data from one data series corresponding to gaps in the
other, by allowing for the secular change in the geomagnetic
latitude of the stations used, and by using a polynomial fit,
we can reproduce 90 % of the variation in annual means of
IMF B using the simultaneous IDV(1d) data; of the unex-
plained part, 8.4 % is due to the unavoidable error associated
with the IMF orientation factor. Thus the fit is very close to
being as good as it can theoretically be. The above compares
to the 71 % obtained by SC05 for a linear fit to their ver-
sion of IDV and the 84 % obtained by SC10 for their version
of IDV that employs more stations. Thus using the IDV(1d)
composite we can reconstruct the IMF variation back to 1846
with some considerable confidence. Because the composite
was constructed as homogeneously as possible, we can carry
out a full uncertainty analysis that apples to historic data as
well as modern data. Uncertainties (allowing for both the fit
uncertainties and the effect of joining data series to gener-
ate the composite) have been estimated using a Monte Carlo
technique. Uncertainties given are at the 2σ level.

The reconstructed IMF is in excellent agreement with that
derived from IDV by SC10 after 1880. This is not surprising
as Part 1 shows that IDV(1d) and IDV are very similar indeed
over this interval. However before 1880 there are consider-
able differences and we here find smaller amplitude cycles
and lower mean values than SC10. As discussed in Part 1,
the Russian stations give strong support to the IDV(1d) com-
posite, and hence theB reconstruction presented here, for

Table 2.Annual IDV(1d) composite and derived IMFB values with
2σ uncertainties.

Year IDV(1d) (nT) IMFB (nT)

best min max best min max

1845 4.543 4.463 4.984 5.647 5.377 6.135
1846 4.979 4.882 5.416 5.928 5.659 6.389
1847 8.030 7.394 8.952 7.566 6.961 8.518
1848 7.248 6.807 8.008 7.183 6.714 7.925
1849 5.713 5.557 6.173 6.363 6.074 6.824
1850 5.237 5.126 5.663 6.084 5.814 6.531
1851 6.766 6.380 7.462 6.936 6.515 7.589
1852 6.888 6.504 7.577 6.999 6.576 7.662
1853 6.947 6.557 7.651 7.030 6.600 7.706
1854 5.643 5.455 6.158 6.322 6.015 6.816
1855 4.530 4.471 4.942 5.639 5.383 6.109
1856 3.819 3.764 4.269 5.139 4.840 5.681
1857 5.609 5.397 6.144 6.303 5.981 6.808
1858 6.748 6.375 7.428 6.927 6.513 7.568
1859 8.377 7.693 9.374 7.729 7.076 8.784
1860 7.966 7.321 8.931 7.536 6.932 8.505
1861 6.673 6.314 7.345 6.887 6.482 7.517
1862 6.952 6.524 7.701 7.033 6.586 7.738
1863 6.347 6.074 6.935 6.713 6.361 7.272
1864 6.273 5.998 6.850 6.673 6.321 7.223
1865 6.088 5.835 6.659 6.571 6.232 7.107
1866 4.375 4.287 4.822 5.535 5.252 6.035
1867 3.801 3.727 4.261 5.125 4.807 5.676
1868 4.882 4.753 5.356 5.868 5.576 6.354
1869 6.296 6.015 6.885 6.686 6.330 7.243
1870 7.576 7.039 8.418 7.345 6.815 8.181
1871 7.256 6.768 8.052 7.187 6.696 7.952
1872 7.513 6.980 8.356 7.314 6.790 8.142
1873 5.485 5.324 5.958 6.231 5.936 6.701
1874 4.973 4.870 5.381 5.924 5.651 6.370
1875 4.451 4.388 4.870 5.586 5.325 6.065
1876 4.189 4.143 4.611 5.406 5.145 5.903
1877 4.348 4.270 4.776 5.517 5.240 6.006
1878 3.808 3.755 4.251 5.131 4.832 5.669
1879 3.78 3.692 4.243 5.110 4.776 5.663
1880 4.878 4.718 5.367 5.865 5.552 6.361
1881 4.946 4.829 5.396 5.907 5.625 6.378
1882 5.827 5.599 6.359 6.428 6.098 6.933
1883 7.622 7.081 8.466 7.367 6.834 8.213
1884 6.917 6.512 7.635 7.015 6.580 7.697
1885 5.209 5.081 5.662 6.067 5.786 6.531
1886 5.227 5.090 5.688 6.078 5.792 6.546
1887 4.691 4.623 5.078 5.745 5.488 6.192
1888 4.640 4.569 5.071 5.711 5.450 6.188
1889 4.294 4.254 4.688 5.480 5.229 5.952
1890 3.851 3.787 4.301 5.163 4.860 5.703
1891 4.800 4.800 5.039 5.816 5.606 6.168
1892 7.519 7.511 8.235 7.317 7.007 8.065
1893 6.562 6.207 7.206 6.828 6.430 7.433
1894 6.697 6.336 7.368 6.900 6.493 7.531
1895 5.698 5.519 6.166 6.353 6.052 6.820
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Table 2.Continued.

Year IDV(1d) (nT) IMFB (nT)

best min max best min max

1896 5.334 5.210 5.751 6.142 5.866 6.582
1897 4.358 4.347 4.529 5.524 5.296 5.851
1898 4.886 4.876 5.148 5.870 5.655 6.234
1899 3.833 3.781 3.950 5.149 4.855 5.463
1900 3.742 3.693 3.842 5.081 4.776 5.389
1901 2.996 2.893 3.013 4.480 3.865 4.801
1902 3.113 3.027 3.138 4.581 4.070 4.890
1903 4.254 4.196 4.451 5.452 5.186 5.801
1904 4.182 4.154 4.337 5.401 5.154 5.726
1905 5.106 5.094 5.408 6.005 5.794 6.385
1906 4.441 4.427 4.632 5.579 5.353 5.916
1907 5.126 5.123 5.420 6.017 5.812 6.392
1908 5.549 5.547 5.922 6.268 6.068 6.681
1909 5.231 5.231 5.545 6.081 5.879 6.464
1910 4.744 4.742 4.977 5.778 5.568 6.131
1911 4.426 4.426 4.445 5.569 5.352 5.796
1912 3.237 3.237 3.237 4.683 4.328 4.961
1913 2.726 2.726 2.726 4.240 3.559 4.595
1914 3.290 3.290 3.290 4.727 4.386 4.999
1915 4.787 4.787 4.787 5.807 5.597 6.013
1916 5.891 5.891 5.891 6.463 6.263 6.663
1917 6.666 6.666 6.666 6.883 6.650 7.112
1918 6.681 6.681 6.681 6.891 6.657 7.121
1919 7.326 7.326 7.326 7.222 6.934 7.505
1920 6.166 6.166 6.166 6.615 6.409 6.820
1921 5.143 5.143 5.143 6.027 5.825 6.230
1922 4.392 4.392 4.392 5.547 5.328 5.762
1923 3.750 3.750 3.750 5.088 4.828 5.325
1924 3.752 3.752 3.752 5.089 4.830 5.326
1925 4.587 4.587 4.587 5.677 5.464 5.888
1926 8.316 8.316 8.316 7.700 7.295 8.116
1927 5.672 5.672 5.672 6.339 6.141 6.537
1928 7.071 7.071 7.071 7.093 6.829 7.351
1929 6.011 6.011 6.011 6.530 6.328 6.731
1930 6.067 6.067 6.067 6.561 6.358 6.764
1931 4.315 4.315 4.315 5.494 5.273 5.712
1932 4.174 4.174 4.174 5.396 5.169 5.617
1933 3.777 3.777 3.777 5.108 4.851 5.344
1934 3.661 3.661 3.661 5.020 4.749 5.262
1935 4.449 4.449 4.449 5.585 5.368 5.799
1936 4.849 4.849 4.849 5.846 5.637 6.052
1937 8.405 8.405 8.405 7.741 7.324 8.173
1938 8.120 8.120 8.120 7.610 7.229 7.995
1939 8.331 8.331 8.331 7.708 7.299 8.126
1940 8.298 8.298 8.298 7.693 7.288 8.105
1941 8.157 8.157 8.157 7.627 7.242 8.018
1942 5.873 5.873 5.873 6.453 6.253 6.652
1943 5.567 5.567 5.567 6.277 6.080 6.476
1944 4.795 4.795 4.795 5.812 5.603 6.018
1945 5.258 5.258 5.258 6.097 5.896 6.298
1946 9.881 9.881 9.881 8.396 7.766 9.107
1947 9.168 9.168 9.168 8.085 7.567 8.652

Table 2.Continued.

Year IDV(1d) (nT) IMFB (nT)

best min max best min max

1948 6.343 6.343 6.343 6.711 6.497 6.924
1949 9.294 9.294 9.294 8.140 7.604 8.733
1950 8.319 8.319 8.319 7.702 7.296 8.118
1951 7.222 7.222 7.222 7.170 6.894 7.442
1952 6.915 6.915 6.915 7.014 6.763 7.261
1953 5.102 5.102 5.102 6.002 5.799 6.206
1954 4.126 4.126 4.126 5.362 5.133 5.584
1955 4.710 4.710 4.710 5.757 5.547 5.966
1956 8.826 8.826 8.826 7.931 7.462 8.438
1957 12.292 12.292 12.292 9.353 8.347 10.675
1958 10.489 10.489 10.489 8.651 7.928 9.503
1959 9.973 9.973 9.973 8.436 7.790 9.168
1960 11.023 11.023 11.023 8.869 8.060 9.846
1961 7.185 7.185 7.185 7.151 6.879 7.419
1962 5.062 5.062 5.062 5.978 5.774 6.183
1963 5.546 5.546 5.546 6.266 6.068 6.465
1964 4.003 4.003 4.003 5.273 5.038 5.500
1965 4.078 4.078 4.078 5.327 5.095 5.551
1966 4.911 4.911 4.911 5.885 5.677 6.090
1967 7.574 7.574 7.574 7.344 7.031 7.659
1968 5.842 5.842 5.842 6.436 6.236 6.634
1969 5.918 5.918 5.918 6.479 6.277 6.679
1970 6.048 6.048 6.048 6.550 6.348 6.752
1971 4.915 4.915 4.915 5.888 5.680 6.092
1972 5.944 5.944 5.944 6.493 6.291 6.693
1973 5.284 5.284 5.284 6.112 5.912 6.313
1974 5.601 5.601 5.601 6.298 6.099 6.496
1975 4.816 4.816 4.816 5.826 5.616 6.031
1976 4.776 4.776 4.776 5.799 5.590 6.006
1977 5.126 5.126 5.126 6.017 5.814 6.220
1978 7.658 7.658 7.658 7.386 7.063 7.711
1979 6.693 6.693 6.693 6.898 6.663 7.128
1980 6.213 6.213 6.213 6.641 6.433 6.847
1981 8.682 8.682 8.682 7.866 7.417 8.348
1982 9.312 9.312 9.312 8.148 7.609 8.746
1983 7.388 7.388 7.388 7.252 6.959 7.543
1984 6.197 6.197 6.197 6.632 6.425 6.838
1985 5.071 5.071 5.071 5.984 5.780 6.188
1986 4.867 4.867 4.867 5.857 5.649 6.063
1987 4.618 4.618 4.618 5.697 5.484 5.907
1988 5.574 5.574 5.574 6.282 6.084 6.480
1989 9.646 9.646 9.646 8.296 7.702 8.959
1990 7.829 7.829 7.829 7.471 7.126 7.816
1991 9.789 9.789 9.789 8.357 7.741 9.050
1992 7.570 7.570 7.570 7.342 7.029 7.657
1993 6.346 6.346 6.346 6.712 6.498 6.925
1994 5.135 5.135 5.135 6.023 5.820 6.226
1995 5.032 5.032 5.032 5.960 5.754 6.164
1996 3.484 3.484 3.484 4.884 4.587 5.137
1997 4.460 4.460 4.460 5.592 5.376 5.805
1998 6.578 6.578 6.578 6.837 6.610 7.060
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Table 2.Continued.

Year IDV(1d) (nT) IMFB (nT)

best min max best min max

1999 5.970 5.970 5.970 6.508 6.306 6.708
2000 7.839 7.839 7.839 7.476 7.130 7.822
2001 8.514 8.514 8.514 7.790 7.360 8.243
2002 6.384 6.384 6.384 6.733 6.518 6.948
2003 7.490 7.490 7.490 7.303 6.998 7.606
2004 5.706 5.706 5.706 6.359 6.160 6.556
2005 6.038 6.038 6.038 6.544 6.342 6.747
2006 4.379 4.379 4.379 5.538 5.319 5.754
2007 3.251 3.251 3.251 4.696 4.344 4.971
2008 2.950 2.950 2.950 4.440 3.955 4.757
2009 2.696 2.696 2.696 4.211 3.495 4.573
2010 3.483 3.483 3.483 4.883 4.586 5.137
2011 4.116 4.116 4.116 5.355 5.125 5.577
2012 5.278 5.278 5.278 6.108 5.908 6.309

the years 1845–1862. However, these years do not cover the
solar cycles during which IDV and IDV(1d) diverge most.

In reviewing this paper, L. Svalgaard (referee communi-
cation, 2013) has argued that the HelsinkiH values, and
hence IDV(1d), are too low by about 30 % between 1866
and 1873 (covering the peak of solar cycle 11) and argues
that this should be corrected. This raises a very important
discussion point. The argument for a correction is based on
comparing the range of the mean diurnal variations with the
group sunspot number. We strongly disagree, as a matter of
principle, that group sunspot number should be used to cor-
rect the geomagnetic data in this way, for it will cause the ge-
omagnetic data to lose independence from the sunspot data
and the former will inevitably follow the latter. Indeed we
are extremely concerned that this sort of correction may have
been applied in the past to other geomagnetic data because,
although the correlation between average diurnal range and
group sunspot number is high (typically 0.9 for stations at the
latitudes used to generate the IDV(1d) index), we note that
agreement can be persistently poor (differences exceeding
50 %) in some solar cycles. In terms of this specific example,
one has to ask what could have changed in 1866 and then (ex-
actly) reversed in 1873, such that the error was only present
between these two dates? The Helsinki data were compiled
using the same instrumentation and procedures throughout.
The same error would have reduced the rangeAk(H) vari-
ation derived by Nevanlinna (2004) and Fig. 1 of that paper
shows that although it is a few percent lower than the linearly
regressedaa index in these years the difference is roughly
the same in magnitude as other years. As shown in Part 1,
IDV(1d) is considerably smaller than the Bartelsu index in
this interval but Bartels himself consideredu to be unsatis-
factory before 1872. Physically, Svalgaard argues that such
a correction is valid because the average diurnal variation
range is set by thermospheric winds driven by EUV heat-

ing and that EUV mainly emanates from active regions and
hence the range of the diurnal variation depends only on the
group sunspot number. However, thermospheric winds, glob-
ally, are also modulated by auroral energy deposition (which
has a UT variation, for example caused by dipole tilt effects,
introducing diurnal variation at a given location) and for the
higher latitude stations used in IDV(1d) (chosen to keepn

in BVn near zero) there is an influence of auroral currents
which will also have a diurnal variation. This suggests the
sunspot number or sunspot group number is very unlikely to
be an adequate metric on which to base calibration. To test
this out we have derived the range of the average diurnal vari-
ation ofH values from Nurmijärvi (close to the Helsinki site)
and compared them to sunspot number and group sunspot
number derived from the Greenwich/USAF data. The corre-
lations are very good (near 0.9) but there are considerable
deviations. Specifically, for solar cycles 19 and 23, agree-
ment is almost perfect, for 21 and 22 it is very good but for
cycle 20 it is very poor (the regressed sunspot number is over
50 % higher than the observed average diurnal range). The
same test applied to Eskdalemuir generated almost identical
results. Using the international sunspot number instead of the
group number, the difference for cycle 20 is not as great but
deviations persisting over a sunspot maximum of up to 25 %
are found. We conclude that sunspot numbers should not be
used to correct or evaluate the geomagnetic data (because
corrections can be in error and because the data sets would
no longer be independent). We therefore do not apply any
correction to the Helsinki data, either here or in Part 1. The
only valid tests of IDV(1d) in solar cycle 11 (and hence of
the IMF constructed from it) would come from IDV(1d) val-
ues from stations nearby to Helsinki (such that they have the
same response to solar wind and IMF parameters). Tests us-
ing proxy geomagnetic data (such as diurnal range) should
be avoided because, as for the group sunspot data, there are
considerable uncertainties.

The range of annual means of the best-fit reconstructed
B during the full interval (1845–2012) is 4.21–9.34 nT (al-
lowing for the estimated uncertainties this could be 3.34–
10.72 nT) whereas the range observed from in situ data dur-
ing the space age (here meaning 1966–2012) is 3.90–9.20 nT.
The higher maximum in the reconstructedB is because the
space age data do not cover the most active sunspot cycle
known to us, which is cycle 19. The minimum is set for both
intervals by the year 2009 during the “exceptional” low min-
imum between cycles 23 and 24 (Lockwood, 2010). Figure 7
shows that the difference between the linear and polynomial
fits is not great over the interval of the reconstruction and the
linear fit always remains within the uncertainty range of the
polynomial fit. An important point about these ranges of vari-
ation is that the reconstructed IMF does not extend back in to
the Dalton minimum in sunspot activity (ca. 1790–1820), let
alone the deeper Maunder minimum (ca. 1650–1700). The
relationship between IMF and sunspot number is a complex
one: the peak correlation for space age data is forR0.1 and
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this gives a peak correlation ofr = 0.823 (r2
= 0.677) so

sunspot numbers can, at best, only explain 68 % of the vari-
ation in the IMF. The extreme limitations in trying to use
sunspot number to directly predict IMF are exposed by the
fact that linear regression with the optimumR0.1 variation
yields essentially zero IMF in even the Dalton minimum.
Models of the open solar flux have used non-linear functions
of sunspot number to quantify the emergence rate (Solanki et
al., 2000, 2002; Vieira and Solanki, 2010; Owens and Lock-
wood, 2012) but the open flux loss rate has been related to
the current sheet tilt by Owens et al. (2011), which means it
evolves over the solar cycle. Furthermore, the effect of so-
lar wind speed on the Parker spiral means that the near-Earth
IMF B is not linearly related to the open solar flux (Lock-
wood et al., 2009a, b). Therefore the simple linear relation-
ship between near-Earth IMFB and sunspot number pro-
posed by SC10 must be simplistic. Nevertheless, the models
do predict a monotonic relationship (e.g. Owens et al., 2012),
such that the range ofB predicted over a solar cycle falls
when the average sunspot number falls. Therefore it seems
inconceivable to us that the lower average sunspot numbers
seen during the Dalton minimum and even lower numbers
seen during the Maunder minimum, did not produce lower
annual mean values ofB than were measured in 2009.

Thus we do not agree that the fact that 2009 gave the low-
est annual meanB since 1846 means that this is any form
of meaningful minimum or “floor” value, as has been pro-
posed by SC10. This is not to say that there is not a mini-
mumB below which the IMF would never, in practice, fall
(unless the solar dynamo somehow switches off completely).
SC07’s initial floor estimate of a minimum near-Earth IMF
of 4.6 nT in annual means was actually 0.6 nT larger than was
subsequently observed just two years later. SC10’s subse-
quently revised estimate of 4.0 nT means that the IMF would
never go lower than was seen during the recent solar min-
imum, even though the surrounding solar cycles are more
active than a grand solar minimum (such as the Maunder
minimum) or even a less-deep minimum (such as the Dal-
ton minimum). Cliver and Ling (2011) have produced an es-
timate of about 2.8 nT in annual means, but because this is
obtained by extrapolation this has considerable uncertainties.
This estimate is still somewhat larger than 1.80± 0.59 nT in
22 yr means derived for the end of the Maunder minimum
from cosmogenic isotopes by Steinhilber et al. (2010). The
numerical modelling by Owens et al. (2012) predicts that
the signed open solar flux in the Maunder minimum fell to
an average of aboutFS = 0.5× 1014 Wb which, using the
non-linear variation of Lockwood et al. (2009a) and Lock-
wood and Owens (2011) corresponds to aB of about 2.2 nT.
Hence there is some convergence in these estimates of the
likely minimum annual meanB, but note that annual val-
ues from the predictions of Owens et al. (2012) consistently
fall to 0.5 nT during the Maunder minimum. Furthermore,
the modelling of Owens et al. (2012) gives some real insight
as to what sets the minimum value. These authors postulated

that a base-level CME rate persisted throughout the Maunder
minimum at the rate seen during the recent low solar cycle
minimum giving a base-level emergence rate of open flux
that persists even when sunspot numbers fall to zero over
a prolonged period. Using this postulate, they were able to
not only explain why cosmogenic isotopes continue to cy-
cle during the Maunder minimum, but also why the phase
of these oscillations is shifted by 180◦. Hence it is not that
we consider it at all unlikely that there is value of the annual
mean IMF which is very unlikely to ever be undercut: how-
ever, we do think that any minimum seen during the interval
1845–2012 is not setting any meaningful minimum estimate
for times of lower solar activity.

Lockwood et al. (1999) noted that means of the open solar
flux over the solar cycle doubled over the 20th century be-
fore a decline that began in about 1956. Because this caused
some debate (e.g. Svalgaard and Cliver, 2005; Lockwood
et al., 2006a, b), it is worth investigating how the present
reconstruction compares with that finding. The open solar
flux, FS, derived using kinematic correction of Lockwood et
al. (2009b) has been computed for 1966–2012. Because the
11 yr running mean <FS>11yr is a minimum in 1903 and a
maximum in 1956, the fractional change is quantified by the
parameter

λ={ [<FS>11yr]1956−[<FS>11yr]1903} /[<FS>11yr]1903. (2)

Annual means ofFS cross correlate with the IDV(1d) com-
posite with correlation coefficientr of 0.816 (r2

= 0.667,
S = 95.82 %). Applying the same fit procedure as used pre-
viously to B allows us to reconstruct theFS, but with con-
siderably larger uncertainties due to the lower correlation:
the maximum value ofλ derived is 1.25 (at the 2σ level)
as well as a minimum value of 0.44, with a most probable
value of 0.8. The uncertainty is so large because of the great
sensitivity ofλ to the value of [<FS>11yr]1903 and the rela-
tively poor correlation between IDV(1d) andFS. This would
suggest that the doubling (λ = 1) may be a slight overesti-
mate but is well within the uncertainty band. However, we
note that Parker’s spiral theory predicts this simple corre-
lation will give an underestimate because the rise in solar
wind speed deduced between 1903 and 1956 (Rouillard et al.,
2007) will have caused the average spiral configuration of the
field to unwind, i.e. the value ofB for a givenFS will have
fallen. Allowing for this effect we find the IDV(1d) values
give λ ≈ 1.3, meaning the doubling was an underestimate,
but still within the uncertainty band.

It should be noted that all geomagnetic reconstructions
only give us information on the near-Earth heliosphere, i.e. in
the ecliptic plane. The Ulysses result tells us that the radial
component of the IMF applies to all heliographic latitudes
and we can use this to compute open solar flux (Lockwood
et al., 1999). However, the different solar wind speeds out of
the ecliptic and the latitudinal effect in Parker’s spiral theory,
mean that the field magnitudes at other latitudes will not be
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the same as derived within the ecliptic plane. Because cos-
mic ray fluxes at Earth can be modulated by the heliospheric
field at all latitudes, this point must be remembered when
comparing geomagnetic reconstructions with the measured
abundances of cosmogenic isotopes; it means that although
general agreement is expected, it will not always be perfect.

Part 3 (Lockwood et al., 2013b) of this series will use a
new range index composite to also reconstructB from 1845
to present, but using a variant of the method of Lockwood et
al. (1999) which uses the 27 d recurrence to eliminate the ef-
fect of solar wind speed. (Lockwood and Owens, 2011, have
adapted the method of Lockwood et al., 1999, to predict IMF
B rather than open solar flux.) This reconstruction will also
allow the solar wind speed to be reconstructed over the same
interval, given that the range indices have a dependence on
BVn, with n near 2 (as shown in Fig. 1).
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