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Abstract The past two decades have witnessed significant changes in our knowledge of
long-term solar and solar wind activity. The sunspot number time series (1700-present) de-
veloped by Rudolf Wolf during the second half of the 19th century was revised and ex-
tended by the group sunspot number series (1610–1995) of Hoyt and Schatten during the
1990s. The group sunspot number is significantly lower than the Wolf series before ∼1885.
An effort from 2011–2015 to understand and remove differences between these two series
via a series of workshops had the unintended consequence of prompting several alternative
constructions of the sunspot number. Thus it has been necessary to expand and extend the
sunspot number reconciliation process. On the solar wind side, after a decade of controversy,
an ISSI International Team used geomagnetic and sunspot data to obtain a high-confidence
time series of the solar wind magnetic field strength (B) from 1750-present that can be
compared with two independent long-term (> ∼600 year) series of annual B-values based
on cosmogenic nuclides. In this paper, we trace the twists and turns leading to our current
understanding of long-term solar and solar wind activity.

Keywords Sunspot number · solar wind magnetic field strength

1 Introduction

Schwabe’s discovery of the “decennial” sunspot cycle based on his 1826–1843 observa-
tions (Schwabe 1844) led Wolf to compile sunspot observations for earlier years and thus
extend the 11-yr solar cycle back to 1700. More recently, the impulse to extend solar and
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solar-terrestrial time series back in time, or to re-examine existing long-term series, has been
manifest in attempts to determine solar wind B prior to the space age and to recalibrate the
sunspot number. Both efforts involve considerable uncertainty. For the sunspot number, the
primary challenge is to normalize differences in telescopes, visual acuity, observing con-
ditions, and reporting practices between modern sunspot counters and those from earlier
epochs. The challenge for solar wind reconstruction is to deduce values of solar wind pa-
rameters from indirect observations, viz., sunspot number, geomagnetic variability, and con-
centrations of cosmogenic nuclides in tree rings (14C) and polar ice cores (10Be). Research
on long-term reconstructions of both the sunspot number and solar wind B was spurred by
the Lockwood et al. (1999) report of a doubling of the Sun’s coronal magnetic field during
the 20th century. This paper led to a prolonged contentious debate on long-term solar wind
B that was recently largely resolved (Owens et al. 2016a, 2016b) while, at the same time,
an equally animated discussion sprang up surrounding the sunspot number time series.

In this paper, we trace the evolution of research on the sunspot number (Sect. 2) and
long-term solar wind B (Sect. 3), including recent developments for the Maunder Minimum
(Sect. 4). Section 5 contains a summary and a list of lessons learned.

2 Sunspot Number

2.1 Schwabe and Wolf

Sunspots were first observed telescopically in 1610 and 1611 by Galileo and others but it
is fair to say that little progress was made in their understanding before Schwabe’s (1844)
report of the sunspot cycle. Within the following 20 years, Schwabe’s discovery triggered
several key advances: Earth’s magnetic variability was found to track the 11-yr solar cycle
(Sabine 1852; Wolf 1852a, 1852b; Gautier 1852); Carrington discovered the latitude vari-
ation of sunspots over the cycle (1858) and used sunspots to deduce the Sun’s differential
rotation (1859a, 1863); and the first solar flare and first confirmed solar-terrestrial event
were recorded (Carrington 1859b; Hodgson 1859; Stewart 1861; see Bartels 1937). Prior to
Schwabe’s discovery, the prevailing view of sunspots among astronomers was that voiced
by Delambre (1814; see Clerke 1902), the Director of the Paris Observatory, “It is true that
the sunspots are more puzzling than really useful.”

With von Humboldt’s help (Hufbauer 1991), Schwabe changed this perception and set
Swiss astronomer Rudolf Wolf on the scientific direction that he would take until his death
in 1893. Wolf’s definition of the sunspot number (1851, 1856),

WSN = k(10 × Ng + Ns) (1)

where WSN = Wolf sunspot number for a given day,1 k = normalization factor for a sec-
ondary observer relative to the primary Zürich observer, Ng = Number of sunspot groups,
Ns = Number of sunspots. Wolf intended his relative sunspot number to be an indicator of
the total spotted area of the Sun. In the 1856 article, he wrote, “I was relying on the fact
that the level of spottedness must be given primarily by the number of groups, but also by
the number of spots as a reflection of the size of a group”... [I] “selected the number 10 that

1The Wolf number is also referred to as the Zürich number because of the long period during which it was
made in Switzerland, and, more recently, as the international sunspot number following the transfer of the
curatorship to the Royal Observatory of Belgium (ROB) in 1981 (Clette et al. 2007; Stenflo 2016).
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Fig. 1 Evolution of Wolf’s time series, with revisions made (primarily to the pre-1848 record) by Wolf in
1861, 1874, and 1880, and by Wolfer for cycle 5 in 1902 (adapted from Svalgaard 2010)

seemed to fit a large number of cases and also was more convenient than other values near
it [for ease of calculation]”. . . “I had preferred that my relative number would have been
proportional to the actual area of the spots, but that would have necessitated too much work
with data that I most often didn’t have”. In practice, it turned out that on average a group has
approximately 10 spots, e.g., see Fig. 60 in Clette et al. (2014), so the WSN gives approx-
imately equal weight to Ng and Ns. Over time, Wolf realized that the historical records of
sunspot counts he acquired, predominantly from Europe, needed to be scaled up to be com-
mensurate with his own series of observations initiated in late 1848. Thus in 1861, 1874, and
1880, he made (almost exclusively) upward adjustments to the pre-1848 series with only mi-
nor adjustments (in 1880) for years after 1848 (Fig. 1, from Svalgaard 2010). It appears that
at least some of these adjustments were made with reference to the daily variation of geo-
magnetic activity (Loomis 1873; Hoyt and Schatten 1998a, 1998b; Cliver et al. 2015). The
last adjustment to the Wolf series, a downward revision to cycle 5 (1798–1809) was made
by Wolf’s successor early in the 20th century (Wolfer 1902).

2.2 The Maunder Minimum

The next key development regarding the sunspot number time series was Eddy’s (1976)
rediscovery of the prolonged sunspot drought during the second half of the 17th century,
which he termed the Maunder Minimum (MM). Wolf had been stymied in his effort to
extend the sunspot number time series back in time by the relative absence of reported
sunspots before 1700. Subsequently Spörer (1887, 1889) and Maunder (1890, 1894, 1922)
called attention to this episode of apparently anomalous behavior, but few astronomers paid
attention until Eddy’s landmark paper. Eddy bolstered the case for an interval of unusually
low sunspot activity from 1645–1715 with cosmogenic nuclide data (14C) and chose the
alliterative name “Maunder Minimum” (vs. Spörer Minimum; see the transcribed interview
of Jack Eddy by Spencer Weart at https://history.aip.org/climate/eddy_int.htm) to describe
it. In addition, he extended Wolf’s annual time series of sunspot numbers back to 1610,

https://history.aip.org/climate/eddy_int.htm
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Fig. 2 Comparison of the Wolf sunspot number (WSN) with the Hoyt and Schatten (1998a, 1998b) group
sunspot number (GSN), 1610–1995 (adapted from Clette et al. 2015)

with many years during the 1645–1700 core of the Maunder Minimum (Vaquero and Trigo
2015) having sunspot numbers of zero. The highest average sunspot number Eddy calculated
for any year during this ∼50 year period was 11 (in 1684) vs. annual values ranging from
∼150–190 at the maxima of cycles 18, 19, 21, and 22, spanning the ∼1945–1995 interval.
Eddy’s paper and supporting work, notably that of Ribes and Nesme-Ribes (1993), Beer
et al. (1998), and Berggren et al. (2009) established the Maunder Minimum, the persistence
of the 11-yr cycle during the MM, and long-term variability in the envelope of 11-yr solar
maxima as basic tenets of solar physics.

2.3 The Group Sunspot Number

In his landmark paper, Eddy (1976) commented that, “Past counts of sunspot numbers are
readily available from the year 1700 [. . . ], and workers in solar and terrestrial studies often
use the record as though it were of uniform quality. In fact, it is not. Thus it is advisable from
time to time, to review the origin and pedigree of past sunspot numbers, and to recognize
the uncertainty in much of the early record.”

In 1994, Hoyt et al. took up Eddy’s challenge in Geophysical Research Letters, titling
their paper: “The one hundredth year of Rudolf Wolf’s death: Do we have the correct recon-
struction of solar activity?” Their answer, given in Hoyt and Schatten (1998a, 1998b), was
in the negative. Their revised sunspot number time series, based solely on the daily number
of sunspot groups (Ng in Eq. (1)), was significantly lower than the Wolf series before 1882
(see blue line in Fig. 2). The new Hoyt and Schatten “group” sunspot number (GSN) was
defined as

GSN = 12.08k′ × Ng (2)

where the factor of 12.08 scaled group counts to the Wolf number and k′ was the nor-
malization factor used to scale secondary observers to the primary Royal Greenwich
Observatory (RGO; Willis et al. 2013a, 2013b, 2016a, 2016b; Erwin et al. 2013) ref-
erence series (1874–1976). In deriving the GSN, Hoyt and Schatten (1998a, 1998b)
greatly expanded the data base that Wolf and his successors at Zürich had compiled,
achieving, e.g., an increase of 80% in the number of individual daily observations of
sunspot groups for years before 1874. Moreover, they digitized the entire data base, mak-
ing it accessible to all through the World Data Centers (https://www.ngdc.noaa.gov/stp/
space-weather/solar-data/solar-indices/sunspot-numbers/group/). The new GSN time series

https://www.ngdc.noaa.gov/stp/space-weather/solar-data/solar-indices/sunspot-numbers/group/
https://www.ngdc.noaa.gov/stp/space-weather/solar-data/solar-indices/sunspot-numbers/group/
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was used to support the notion that the recent period of intense solar activity from ∼1945–
1995 was the strongest in several thousand years (Solanki et al. 2004; Usoskin et al. 2007;
Usoskin 2017) and represented a Modern Grand Maximum, a counterpoint to the Maunder
Minimum and an earlier Grand Minimum (Spörer, 1390–1550: Usoskin 2017) identified in
the 14C record by Eddy (1976).

2.4 The Sunspot Number Workshops

For more than a decade following the publication of the Hoyt and Schatten (1998a, 1998b)
GSN, the solar community lived with two disparate solar activity time series, both widely
used, with no consensus as to which was more correct. The choice of which sunspot num-
ber to use became a free parameter in solar and solar-terrestrial physics. Some argued that
because the WSN and GSN had different prescriptions, it should not be surprising that their
time series differed. This prompted the rejoinder: Why should series which agree reasonably
well after ∼1885 (see Fig. 2) part company for earlier times? Clearly further scrutiny was
in order. In 2011, Frédéric Clette, who had shortly before become the Director of the World
Data Center responsible for the production of the sunspot number, initiated an effort to ad-
dress this unacceptable situation. A series of sunspot number workshops from 2011–2014
(Cliver et al. 2013a, 2015; Clette et al. 2014), co-organized by Clette, Ed Cliver of the US
Air Force Research Laboratory, and Leif Svalgaard of Stanford University, examined the
two discordant time series in Fig. 2 in an attempt to understand the cause of the differences
between them and achieve a reconciliation, if possible.

In the course of the workshops, discontinuities were discovered in both the WSN and
GSN time series. The Wolf series exhibited four inhomogeneities: (1) ca. 1850, at the
join of the Schwabe and Wolf series (Leussu et al. 2013); (2) ∼1865, change of ob-
servers/telescopes at Zürich (Clette and Lefèvre 2016); (3) after 1946, reflecting the change
in directorship at Zürich from Brunner to Waldmeier near that time (Lockwood et al. 2014c;
Clette et al. 2014; Clette and Lefèvre 2016; Lockwood et al. 2016a, 2016d, 2016e;
Friedli 2016; Svalgaard et al. 2017); and (4) after 1980, resulting from the transfer of
production of the sunspot number from Zürich to Brussels in that year (Clette et al.
2014, 2016a). The third of these discontinuities, uncovered by Svalgaard (2010, 2012),
was caused by Waldmeier’s decision to break from previous procedure by weighting in-
dividual sunspot numbers according to their size. Thus the standard definition of the
WSN given in Eq. (1) and all solar physics textbooks or monographs (e.g., Zirin 1988;
Foukal 2004) was not followed after 1946.2 Equally surprising, the post-1980 inhomogene-
ity was due to a complex drift in the group counts of the Locarno station, the reference ob-
server for the international sunspot number, that was not apparent in the group count time se-
ries of other long-term observers during this period. The GSN was found to be too low before
∼1885 because of an inhomogeneity in the early years of the group count time series from
RGO that Hoyt and Schatten (1998a, 1998b) used as a reference observer (Clette et al. 2014;
Cliver and Ling 2016; Cliver 2017; cf., Willis et al. 2016a, 2016b; Lockwood et al. 2016e)
and the flawed and somewhat opaque procedure Hoyt and Schatten used to normalize ob-
servers who did not overlap with RGO (Cliver and Ling 2016; Cliver 2017).

The end products of the sunspot number workshops, viz., a revised WSN series and an
independently-derived GSN time series, are shown in Fig. 3(a). The modified WSN series,

2This practice may have been implemented on a trial basis before Waldmeier (Friedli 2016; Svalgaard et al.
2017) but the effect is not apparent until after 1946. The weighting was stopped with the publication of the
new WSN (Clette et al. 2015). Thus the formula in Eq. (1) is correct again.
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Fig. 3 (a) Comparison of the two new time series produced during the sunspot number workshops—SN*
(= 0.6 × SN), where SN is the corrected WSN series of Clette and Lefèvre (2016), and GSN(S), the
newly constructed GSN series of Svalgaard and Schatten (2016)—plotted along with the original WSN
series that they resemble. (b) Sunspot number time series produced independently of the sunspot number
workshops—GSN(U) Usoskin et al. (2016), GSN(C) Chatzistergos et al. (2017), GSN(W) Willamo et al.
(2017), WSN(L) Lockwood et al. (2014c, 2014d; revised in Lockwood et al. 2016d, 2016e), WSN(F) Friedli
(2016)—plotted with the Hoyt and Schatten (1998a, 1998b) GSN time series they resemble. All series in
(a) and (b) are scaled to WSN over the 1916–1946 interval

designated SN (version 2.0; Clette and Lefèvre 2016 (red line)), employed corrections for the
inhomogeneities 1–4 noted above. The independently-derived GSN-type series was based
on a “backbone” approach that used multiple reference observers in order to minimize the
uncertainty that results from the daisy-chaining needed to link distant secondary observers
to a single primary observer (Svalgaard and Schatten 2016 (light-blue line)). The two new
series in Fig. 3(a) track each other reasonably well and adhere more closely to the original
WSN (black line) than to the Hoyt and Schatten GSN. The reconciliation sought by the
sunspot number workshops was achieved but it proved to be short-lived.

2.5 Unintended Consequences and the Path Forward

The new SN series was published on the website of the World Data Center for the Solar
Index and Long-term Solar Observations (WDC-SILSO; http://sidc.oma.be/silso/) at ROB
(Clette et al. 2015) and a Topical Issue in Solar Physics (Clette et al. 2016b) called for
papers to both document and comment on the new time series. In a classic case of unin-
tended consequences, the results exceeded expectations of the sunspot number workshop
organizers. Criticism of the new GSN of Svalgaard and Schatten (e.g., Lockwood et al.
2016a, 2016b, 2016c, 2016d) was accompanied by the introduction of alternative GSN

http://sidc.oma.be/silso/
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(Usoskin et al. 2016) and Wolf-type (i.e., based on the formula in Eq. (1)) time series (Friedli
2016) which more closely resembled the Hoyt and Schatten GSN than the original WSN.
Earlier, Lockwood et al. (2014c, 2014d; revised in Lockwood et al. 2016d, 2016e) had in-
troduced a new Wolf-type series that was somewhat intermediate between the two new time
series that resulted from the sunspot number workshops (Clette and Lefèvre 2016; Sval-
gaard and Schatten 2016) and those of Usoskin et al. (2016) and Friedli (2016). Detailed
comparisons/critiques of these various new sunspot number series are given in Lockwood
et al. (2016e) and Cliver (2016). Recently, Chatzistergos et al. (2017) introduced another
GSN time series that is similar to that of Usoskin et al. (2016) which itself has been updated
by Willamo et al. (2017). Figure 3(b) shows the time series of Usoskin et al. (2016; light
blue trace), Chatzistergos et al. (2017; green), Willamo et al. (2017; light purple), Lockwood
et al. (2016d, 2016e; light orange), and Friedli (2016; red), along with that of the original
Hoyt and Schatten (1998a, 1998b; black) GSN.

Comparison of Fig. 3(a) and Fig. 3(b) indicate that the circumstance of the existence of
two discordant time series (WSN and GSN) for long-term solar activity that motivated the
sunspot number workshops has been exacerbated. Now, instead of two disparate series, the
solar community has, to first order, two classes of series, with both WSN- and GSN-type
series in each class. Moreover, the various new time series differ widely in their choices
of standard or reference observers (e.g., RGO vs. Wolfer) and the techniques used to scale
secondary observers to the standard observer (e.g., linear regression vs. a non-linear non-
parametric probability distribution function). A key schism among the new proposed series
involved the central problem of comparing of secondary observers with non-overlapping
primary or reference observers. In the traditional daisy-chaining approach of Hoyt and
Schatten (1998a, 1998b), secondary observer C who does not overlap with primary ob-
server A is scaled to A through observer B who does; then D is linked to C, and so forth.
In the backbone method (Svalgaard 2013; Clette et al. 2014; Svalgaard and Schatten 2016;
Chatzistergos et al. 2017), the error propagation/accumulation inherent in daisy-chaining is
reduced by designating several primary or backbone observers, scaling all overlapping sec-
ondary observers to them, and then linking the backbones together. In effect, the number of
links between non-overlapping observers is reduced in such a scheme, providing fewer op-
portunities for error to creep in. Alternatively, the innovative active day fraction method pro-
posed by Usoskin et al. (2016; and refined by Willamo et al. 2017) eliminates daisy-chaining
altogether by scaling all secondary observers (regardless of overlap or non-overlap) directly
to RGO by a comparison of the fraction of days per month the secondary observer reported
(non-zero) spot groups (a measure of observer quality) with the corresponding fraction for
RGO. The Usoskin et al. (2016), Willamo et al. (2017), and Chatzistergos et al. (2017)
time series employ advanced non-linear techniques to scale secondary observers to primary
observers vs. the combination of linear and non-linear regression used by Svalgaard and
Schatten (2016) and criticized in, e.g., Lockwood et al. (2016c; cf., Svalgaard and Schatten
2017).

The situation facing the solar community in 2016 was thus scientifically complicated and,
on a human level, becoming increasingly contentious. The danger was that the proliferation
of new disparate series, if left unaddressed in a systematic fashion, would render the sunspot
number meaningless as a measure of solar activity. How to proceed?

Matters came to a head at the Space Climate 6 Symposium in Levi, Finland in April 2016.
Following a lively scientific session devoted to the sunspot number, developers of the new
sunspot series held an informal meeting and agreed to work together to examine the causes
of their differences and to reconcile them, in so far as possible—in other words, to continue,
on a broader scale, the effort that was begun under the sunspot number workshops. The end
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Fig. 4 Pierre-Nöel Mayaud
(1923–2006), creator of the
geomagnetic aa time series.
Mayaud was a Jesuit who wrote
the “bible” (Mayaud 1980) on
geomagnetic indices. After he
left geophysics, he became an
authority on the interaction
between the Catholic church and
Galileo

goal is the creation of community vetted and accepted versions of both the GSN and WSN
time series (with stated uncertainties, e.g., Dudok de Wit et al. 2016) and the establishment
of a procedure for publication of further revisions as warranted. This work is underway, first
involving small teams that are examining each series separately, to be followed by larger
group meetings that will identify/implement best practices for series construction, with a
targeted release date of 2019 for the new versions of the two series.

3 Solar Wind B Time Series

Fortunately, solar scientists have recent experience in dealing with a situation similar to that
which has arisen for the sunspot number. The long-term time series in question previously
was that for the solar wind magnetic field strength (B). We will spend some time recounting
the evolution of that time series. It contains the various elements—conflicting findings, error,
insight, miscommunications, confusion, emerging consensus and resolution—characteristic
of scientific debate. The positive outcome of the work on solar wind B underwrites the
present effort to reconcile the various sunspot number time series. For recent independent
accounts of the evolution of thinking on long-term solar wind activity, see Usoskin (2017)
and Lockwood et al. (2017).

3.1 Doubling of the Sun’s Open Magnetic Flux During the 20th Century

Because geomagnetic activity is driven by the solar wind, solar wind parameters—first avail-
able directly from space observations in the early 1960s (Neugebauer and Snyder 1962;
Snyder et al. 1963)—can be extracted from geomagnetic observations for earlier years. In
1972, P.-N. Mayaud, pictured in Fig. 4, published a new long-term (1868–1967) geomag-
netic index, termed aa (Mayaud 1972), based on sequences of geomagnetic stations in the
UK and Australia, that significantly extended the objective, easily accessible, record of ge-
omagnetic activity, more than doubling the length of ap series (available from 1932) at the
time. Following Russell (1975), Feynman and Crooker (1978) used the empirically-derived
dependence of aa (∼ V 2BS; where BS is the magnitude of the southward-pointing compo-
nent of B and V is the solar wind speed) on solar wind parameters to constrain the range
of BS to 0.65–1.75 nT and V to 240–400 km s−1 for the solar minimum year of 1901, at
the depth of a minimum of the ∼100-yr Gleissberg cycle. Because aa depends on both B

and V , a second relationship involving either B and/or V is needed for further specificity.
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Fig. 5 Top: Modeled open solar
flux (gray-shaded plot) from
1868–1996 with observed values
(dark blue line). Bottom: sunspot
number. (From Lockwood et al.
1999.)

Approximately two decades after Feynman and Crooker’s pioneering paper, Lockwood et al.
(1999) used Sargent’s (1986) recurrence index, which is a measure of the 27-day repeata-
bility of geomagnetic activity, as a proxy for solar wind speed and thus were able to deduce
from the aa index an annual time series for the open solar open flux (OSF), based on the
radial component Br of the solar wind magnetic field, from 1868 to the present.3 Lockwood
et al. (1999) found a doubling (increase by 131% from 1901 to 1992) of the coronal mag-
netic field over the 20th century (see Fig. 5). In the same paper, these authors reported a
41% increase in OSF between the solar minima in 1964 and 1996. In a key development,
Solanki et al. (2000) introduced a model for the long-term time evolution of the open solar
flux with which they were able to reproduce the doubling of the OSF during the 20th cen-
tury reported by Lockwood et al. (1999). However, Arge et al. (2002), using a potential field
source surface model and solar magnetogram data from three different observatories found
no evidence for an increase in the open flux between the minima of 1976 and 1996. They
wrote, “Thus the Lockwood et al. claim that open solar flux has increased by 41% from
1964 to 1995 would require that the entire increase must have occurred over the twelve-year
period between 1964 to 1976, which does not seem credible.” At the same time, Wang and
Sheeley (2002) obtained a record of the OSF similar to that of Arge et al. (2002) but noted
that the fact that the open flux was higher on average during strong cycles 21 and 22 than
in weaker cycles 20 and 23 tended to support the finding of Lockwood et al. (1999) of a
secular increase in the open flux over the last century, given the overall increase in sunspot
activity since 1900.

Although both Svalgaard (1977) and Cliver and Ling (2002) noted evidence in the ge-
omagnetic record that was consistent with a doubling of the open solar flux during the
20th century, they disputed the Lockwood et al. (1999) result in a paper submitted to Na-
ture in 2003 entitled “No Doubling of the Sun’s Coronal Magnetic Field During the Last
100 years”. The “no doubling” paper was based largely on a newly-derived inter-hourly
variability (IHV) long-term geomagnetic index (Svalgaard et al. 2004; first presented at
CoSpaR 2002). For a single station, IHV is defined to be the sum of the [unsigned] dif-
ferences between each hourly-averaged value and the next of the horizontal component
of the geomagnetic field for the 6 h around local midnight, divided by 6. A key attribute

3Lockwood et al. (1999) also employed the “Ulysses result” (Balogh et al. 1995; Smith and Balogh 1995;
Lockwood et al. 2004; Lockwood and Owens 2009) that Br (normalized to 1 AU) is independent of lati-
tude when averaged over a rotation cycle or more, thus permitting the determination of OSF from a point
measurement of Br .
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of the IHV index is its objectivity and ease of construction from early geomagnetic data
which often is readily available only in the form of hourly values (Svalgaard et al. 2004;
Svalgaard and Cliver 2005). Comparison of the IHV index with aa indicated that the aa

index was significantly too low (by ∼5–10 nT) for the early years of the 20th century and
was thus responsible for the inferred doubling of the coronal magnetic field reported by
Lockwood et al. (1999). Fortunately, the “no doubling” paper was rejected for publication
because the referees were not convinced that the aa index rather than the new IHV index
was the principal source of the discrepancy. Subsequently, it was found that aa was artifi-
cially low by ∼2–3 nT before 1957 (Jarvis 2005; Lockwood et al. 2006, 2009a; Svalgaard
and Cliver 2007b), but that the principal cause of the difference between IHV and aa that
underpinned the no doubling claim was an error in the interpretation of the raw geomagnetic
data used to construct IHV. This error, detected by Svalgaard, was corrected in a note added
in proof to the 2004 IHV paper which read: “IHV calculated for Cheltenham before 1915
should be reduced by 30% because it was based on a single reading per hour rather than on
the average for an hour. This increases the variability and thus IHV. Values after 1915 are
not affected.” This change in recording from “spot” to hourly-averaged values at individ-
ual stations, occurring for British stations in 1912 and all American stations in 1915, is a
common feature in long-term geomagnetic archives (Svalgaard and Cliver 2005, Sect. 2.1;
2007b, Appendix A2; Love et al. 2010).

The early geomagnetic data contained other station-unique artefacts, e.g., the records in
the World Data Centers for the long-running Eskdalemuir (ESK) station were affected by
two-point averaging of observed hourly values from 1911–1931 (Martini and Mursula 2006;
Svalgaard and Cliver 2007b, Appendix A4.1; Macmillan and Clarke 2011). The net effect of
this “post-processing” was to inflate 20th century increases in IHV and aa indices obtained
by Mursula et al. (2004) and Clilverd et al. (2005), respectively, that were based in part on
ESK observations.

3.2 Interdiurnal Variability of Geomagnetic Activity

In his 1977 paper on geomagnetic activity and solar wind parameters, Svalgaard wrote, “It
would be very desirable to infer the interplanetary magnetic field strength independently
from the solar wind speed from geomagnetic data.” Twenty-six years later, in 2003, he
achieved this goal with the realization that the geomagnetic u-index is not sensitive to the
solar wind speed, but only to the IMF magnitude. The daily u-index (at a given station)
developed by Bartels (1932), who termed it the interdiurnal variability, was the difference,
regardless of sign, between successive daily means of the magnetic horizontal intensity.
Svalgaard et al. (2003) retained the interdiurnal variability name but used the descriptor IDV
to distinguish it from the u-index because IDV is based on only the single hour (taken to
start 1 hour after the UT hour closest to local midnight) for consecutive days.4 As shown
in Fig. 6, IDV “has the useful property that its yearly averages are highly correlated with
the solar wind magnetic field strength (B) and are independent of solar wind speed (V )”
(Svalgaard et al. 2003). Thus the IDV index yields solar wind B directly and, in conjunction
with IHV, solar wind V from hourly data for the second half of the 19th century. Sval-
gaard and Cliver (2005) showed that IDV is highly-correlated, on average, with the negative
component of the Dst index.

Svalgaard and Cliver (2005) used IDV to construct a time series for B from 1872–2004.
Based on this time series and a proportional relationship between Br and B (Br = 0.53B)

4For IDV, as well as IHV, restriction to night time hours removes contamination by the EUV-driven regular
ionospheric variation.
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Fig. 6 Scatter plot showing the
correlation between solar wind
magnetic field strength at 1 AU
(B) and the IDV geomagnetic
index from 1965–2003 and the
negligible dependence of IDV on
solar wind speed (V ) during this
period (adapted from Svalgaard
and Cliver 2005)

in Lockwood et al. (1999), they reported that, “solar cycle average B increased by ∼25%
from the 1900s to the 1950s and has been lower since”, consistent with a Gleissberg-
type (∼100-yr) cycle (Gleissberg 1939; Feynman and Ruzmaikin 2011; Hathaway 2015;
Le Mouël et al. 2017) during the 20th century. This paper prompted a comment by Lock-
wood et al. (2006; response in Svalgaard and Cliver 2006) who argued that the estimate of
∼25% was too low and determined an increase of 38% based on the ratio of 11-yr running
means in 1956 (near sunspot cycle maximum) and 1903 (near minimum) for the B values
given in Table 3 of Svalgaard and Cliver (2005). Moreover, Lockwood et al. argued that for
a more valid averaging interval for B of one-day vs. the one hour averages used in Lock-
wood et al. (1999), the proportional relationship between B and Br should be replaced by a
linear relationship with an offset (Br = 0.55B–0.91), implying a 54% increase in smoothed
Br from 1903–1956 based on the Svalgaard and Cliver B series. Lockwood et al. (2006)
questioned the method used by Svalgaard and Cliver (2005) to treat gaps in the observed
solar wind data and their B vs. IDV regression analysis. Using an alternative technique for
data gaps and a least median of squares regression method for a correlation between IDV
and Br , Lockwood et al. (2006) obtained an 85% increase in 11-yr averaged Br from 1903
to 1956.

3.3 Stumbling in the Dark

The exchange between Lockwood et al. (2006) and Svalgaard and Cliver (2006) was ac-
companied by a related debate on the long-term reconstruction of solar activity based on
cosmogenic radionuclides. In that field, Solanki et al. (2004), from an analysis of the GSN
and the record of 14C concentration in tree rings, calculated that the interval of solar activ-
ity from ∼1940–2000 was the strongest in the last ∼8000 years. Following Usoskin et al.
(2007), this ∼60-yr interval came to be called the Modern Grand Maximum (MGM). In
contrast, Muscheler et al. (2005) used a 14C-based reconstruction of the solar modulation
parameter (empirically related to B; e.g., Fig. 12 in Cliver et al. 2013b) and deduced high
levels of this parameter during the second half of the 18th century that were comparable
to those during the MGM. They noted that Bard et al. (2000) had earlier reported similar
results based on 10Be measurements from the South Pole. In response, Solanki et al. (2005)
argued that the Muscheler et al. (2005) result was in conflict with other independent proxy
time series for long-term solar activity such as that based on the 44Ti cosmogenic nuclide
(Bonino et al. 1995).

In short, long-term behavior of solar wind activity was a controversial topic in the mid-
dle of the last decade, with no resolution in sight. This scientific turbulence and confusion
continued during 2007. From comparisons of their IDV-based B with the yearly-averaged
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Fig. 7 Reconstructions of solar open flux (OSF) and solar wind B: OSF from Lockwood et al. (1999) based
on geomagnetic data; B from Svalgaard and Cliver (2005) based on IDV; OSF from Solanki et al. (2002)
based on the sunspot number; and B from McCracken (2007) based on 10Be. All plots are 11-yr running
averages. (Adapted from McCracken 2007.)

sunspot number, Svalgaard and Cliver (2007a) concluded that there was a “floor” in annual
averages of solar wind B of 4.6 nT below which B would not drop. In the same month
(April) that the paper was published, monthly-averaged B dropped below 4.6 nT and re-
mained there for 30 of the next 32 months. Annual averages of B were 4.5 nT, 4.2 nT, and
3.9 nT for 2007, 2008, and 2009, respectively. In May 2007, Rouillard used a newly de-
vised, mid-latitude range index (similar to aa, ap, and IHV), designated the m-index (for
median), in conjunction with a corrected (for the pre-1957 deficit discussed in Sect. 3.1) aa

index aaC, to obtain time series of both B and V . Using a Bayesian least squares regression
technique, they found an increase of 87% in the open solar flux between 11-year running
means in 1903 and 1956. Their Fig. 6 indicated an anomalous spike in V near the 1901
minimum of cycle 14 which would lead to an under-estimate of the open flux at this time
(and a corresponding over-estimate in the increase of this parameter between cycles 14 and
19). Generally, however, their series for B resembled that of Svalgaard and Cliver (2005). In
September, however, McCracken (2007) published a long-term time series for solar wind B

based on 10Be that re-emphasized the differences between the time series of Lockwood et al.
(1999) and Svalgaard and Cliver (2005). Figure 7, taken from McCracken’s paper, contains
plots of 11-yr running averages of time series for: solar open flux from Lockwood et al.
(1999) based on geomagnetic data, solar wind B from Svalgaard and Cliver (2005) based
on IDV, solar open flux from Solanki et al. (2002) based on the sunspot number, and solar
wind B from McCracken (2007) based on 10Be. McCracken wrote that, “The agreement
between curves 1 [Lockwood et al. 1999], 3 [Solanki et al. 2002], and 4 [McCracken 2007]
in Fig. 7 provides confidence in the overall validity of these three independent methods.”
He added, “It is important, however, that the disagreement between curve 2 [Svalgaard and
Cliver 2005] and the other three be resolved.”
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Fig. 8 Comparison of three reconstructions of solar wind B (left-hand y-axis) from Steinhilber et al. (2010;
key in upper left corner) with other reconstructions and observation (lower right corner). Calculated Br is
given on the right-hand y-axis. The Steinhilber et al. plots are 40-yr running means (�St08) and 25-yr running
means (�PCA). The comparison plots (Svalgaard and Cliver 2005; Rouillard et al. 2007; McCracken 2007;
OMNI2) are 11-yr running means. (From Steinhilber et al. 2010.)

3.4 Approaching Consensus

Lockwood et al. (2009a) used the aaC index and the m-index to derive a time series for
B that, other than for a few years in cycle 14 (from 1905, when the reconstruction began,
to ∼1910) was quite similar to the Svalgaard and Cliver (2005) series. In this reconstruc-
tion, they employed a correction for Br that makes allowance for the kinematic effect of
longitudinal structure in solar wind flow speed (Lockwood et al. 2009b). Subsequently, a
10Be-based reconstruction of B from Steinhilber et al. (2010) reproduced in Fig. 8 repre-
sented a marked departure from the McCracken (2007) time series for this parameter and
agreed reasonably well with that of Svalgaard and Cliver (2005). Things were beginning to
converge, at least for the post-1870 time period. Regarding the longer-term level of solar ac-
tivity, Steinhilber et al. (2010) published the long-term reconstruction of B shown in Fig. 9
which indicated that the Svalgaard and Cliver (2005) floor at 4.6 nT, already violated by
direct observations from 2007–2009, was also breached on numerous occasions in the past,
including the Maunder (1645–1715) and Spörer (1390–1550) Grand Minima.

Svalgaard and Cliver (2010) updated their IDV-based B series and called attention to the
increasing convergence of the various geomagnetic-based time series of B (see Fig. 10(a)).
Lockwood and Owens (2011) concurred, reminding, however, that Lockwood et al. (1999)
computed the variation of the open flux rather than B . Figure 10(b), taken from their paper,
shows that a proper reconstruction of B from the OSF, taking into account the role of V

(Eq. 5 in Lockwood et al. 1999), agreed more closely with subsequent reconstructions than
had been indicated in Fig. 10(a). As further evidence of convergence, Cliver and Ling (2011)
used the B values from Svalgaard and Cliver (2010) and IHV-based V values from Sval-
gaard and Cliver (2007b) to deduce an increase of 84% in the open solar flux between the
sunspot minimum years of 1901 and 1954, comparable to the values obtained by Lockwood
et al. (2006) and Rouillard et al. (2007) from 11-yr running means for 1903 and 1956.

3.5 ISSI International Team

Bolstered by the results shown in Fig. 8 and Fig. 10, Svalgaard, Lockwood, and Beer pro-
posed to ISSI in 2011 that an International Team be convened to systematically examine
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Fig. 9 Reconstruction of 40-yr running means of solar wind B for the past 9300 years. The solid-blue
(dotted-black) curve assumes a constant (varying) solar wind speed. The dashed-green line shows the floor
of Svalgaard and Cliver (2007a). Note the multiple excursions to B = ∼0 nT, including during the Spörer
minimum, ca. 1500 (adapted from Steinhilber et al. 2010)

geomagnetic, solar, and cosmogenic radionuclide data to derive a consensus long-term se-
ries for solar wind B. Quoting from the proposal abstract,

After a decade of vigorous research, reasonable agreement has been achieved be-
tween IMF strength (and open flux) estimates based on geomagnetic data and the
inversion of the paleo-cosmic radiation data for the last ∼100 years. [. . . ] The [pri-
mary] purpose of the workshop is . . . ] to [. . . ] extend/substantiate the geomagnetic-
based reconstruction of solar wind parameters from ∼1840–2010 and to resolve the
remaining discrepancies among the geomagnetic-, cosmic-ray-, and sunspot-based
reconstructions [. . . ]

The principal results of the resulting ISSI team meetings are summarized here.

3.5.1 Long-Term B Series Based on the IDV Index and on the Sunspot Number

Owens et al. (2016a, 2016b) obtained three separate time series for B based on the three
types of data considered (geomagnetic, sunspot, and cosmogenic radionuclides), and their
correlations with directly observed solar wind B , B[OBS]. Of these three time series, the
one based on geomagnetic data (1845–2013) is considered to be the “gold standard”. It is a
composite of IDV-based B series from Lockwood et al. (2013a, 2013b, 2014a, 2014b; see
Fig. 11(a)) and (Svalgaard 2014; Fig. 11(b)). The Svalgaard et al. series considers data from
all stations at corrected geomagnetic latitudes � |50°| for only the hour taken to start 1 hour
after the UT hour closest to local midnight. The Lockwood et al. approach considers only a
single chain of magnetometers but all 24 hourly-observations, similar to Bartels’ u-index. As
a measure of the robustness of IDV, the results produced by both methods are very similar as
can be seen in (Fig. 11(c)). Following Lockwood et al. (2013b, 2014b), the B[GEO] compos-
ite and uncertainty bands in Fig. 11(c) are based on a Monte Carlo technique that considered
∼17,000 realizations of correlations of the two IDV-based series with actual observations,
weighted approximately 3:2 toward the Svalgaard method. A similar approach was used to
obtain a sunspot number based time series for B from 1749 to present (Fig. 12). In that case,
time series for B , based on two separate methods, were constructed from B[OBS] for the
space age and the sunspot number time series of Lockwood et al. (2014c, 2014d; Fig. 12(a)),
Clette and Lefèvre (2016; Fig. 12(b)), Svalgaard and Schatten (2016; Fig. 12(c)), and
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Fig. 10 (a) Figure from Svalgaard and Cliver (2010) showing emerging consensus in reconstructions of
solar wind B . The plots of annual averages of B are from Lockwood et al. (1999; L1999), Svalgaard and
Cliver (2005; IDV05), Rouillard et al. (2007; R2007), Lockwood et al. (2009a; L2009), and Svalgaard and
Cliver (2010; IDV09). Filled black circles are annual means of directly observed B . (b) A figure similar to (a)
from Lockwood and Owens (2011). Plots are from Rouillard et al. (2007; REA07), Lockwood et al. (2009a;
LEA09), and Svalgaard and Cliver (2010; SC10). The yellow curve is the correct reconstruction of solar wind
B based on Lockwood et al. (2009) (cf., yellow curve in panel (a)), and solid black circles are annual means
of observed B

Usoskin et al. (2016; Fig. 12(d)). In the first method, designated B[SSN1/2], B is assumed
to be linearly correlated to the square root of sunspot number (Wang and Sheeley 2003;
Wang et al. 2005; Svalgaard and Cliver 2005). The second method (B[OL2012]) used the
model of Owens and Lockwood (2012) which assumes that open solar flux generation varies
with the coronal mass ejection (CME) rate (with the sunspot number used as a proxy for the
CME rate before the advent of coronagraph observations) and employs an OSF loss term
that varies with the observed tilt angle of the heliospheric current sheet over the solar cycle
and is assumed to be invariant from cycle to cycle. The resulting eight B series were then
compared with IDV-based B (1845–2013) and a composite [B(SSN)], shown in Fig. 12(e),
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Fig. 11 Annual means of near-Earth solar wind B , 1845–2013. Black symbols show observed B , B[OBS]
from OMNI (https://omniweb.gsfc.nasa.gov/) for the 1963–2013 interval. (a) Geomagnetic-based reconstruc-
tion of B from (Lockwood et al. (2013b; B[LEA2013], red). (b) Geomagnetic based reconstruction of B

from Svalgaard (2014; B[S2014], blue). (c) B[GEO] (green), a composite based on a weighted average of
B[LEA2013] and B[S2014]. Correlation coefficients (r) and mean square errors (MSE) relative to B[OBS] are
given. Shaded areas represent 90% confidence intervals. Subscripts “95” indicate values over the 1995–2013
interval. (From Owens et al. 2016a.)

was formed with slightly higher weights given to the series of Svalgaard and Schatten (2016)
and Clette and Lefèvre (2016).

3.5.2 Long-Term Series of Solar Wind B Based on Cosmogenic Radionuclides

In Owens et al. (2016b) two independent cosmogenic based series for B (1750–∼1990) were
compared, using different methodologies, the first from McCracken and Beer (2015) and
the second from Usoskin and colleagues (Usoskin et al. 2002; Alanko-Huotari et al. 2006;
Kovaltsov and Usoskin 2010; Usoskin et al. 2015). Both series employ 10Be concentrations
from the Dye 3 and North GRIP Greenland ice cores. A key aspect of the McCracken and
Beer (2015) time series is the correction (upward adjustment of B) necessitated by several
large solar cosmic ray enhancements, either observed (1942–1956) or inferred (1816–1938),
as well as by high-altitude nuclear explosions in 1962. It includes clusters of upper limit
values of 2.5 nT for years near the depths of the Spörer, Maunder, and Dalton (ca. 1800)

https://omniweb.gsfc.nasa.gov/
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Fig. 12 Sunspot number based reconstructions of B over the period 1750–2013 compared with the
1845–2013 B[GEO] composite from Fig. 11(c; black lines). Blue lines show the results of the B[SSN 1/2] re-
construction method, while red lines show reconstructions based on B[OL2012]. (a–d) Estimates of B based
on: (a) WSN(L), (b) SN*, (c) GSN(S), and (d) GSN(U). (e) B[SSN], weighted composite of the eight individ-
ual B estimates. Correlation coefficients (r) and mean square errors (MSE) relative to B[GEO; 1945–2013]
are given (adapted from Owens et al. 2016a)

minima.5 Figure 3 in Owens et al. (2016b) shows that the Usoskin series lays consistently
below the McCracken and Beer (2015) series from 1750 to ∼1900.

The McCracken and Beer (2015) annual time series for B extends from 1391–1983
and can be compared over this interval with the long-term (0–2000) series of the mod-
ulation potential (φ) obtained by Muscheler et al. (2016) based on annual measurements
of 14C concentrations in tree rings to 1950 and neutron monitor measurements thereafter.
The modulation potential has units of MV and is a measure of heliospheric resistance to
incoming cosmic rays (see, e.g., Herbst et al. 2010, 2017; Beer et al. 2012). The time se-
ries of magnetic field strength by McCracken and Beer (2015) and of the solar modulation
potential by Muscheler et al. (2016) are based on numerical models to describe the 10Be
and 14C measurements, respectively. The results strongly depend on the Local Interstellar

5Spörer (1412.0, 1420.0, 1421.0, 1436.0, 1442.1, 1448.4, 1450.3, 1451.1, 1560.1, 1461.9, 1531.6); Maunder
(1681.0, 1692.7, 1693.6, 1694.6, 1696.0, 1697.0, 1697.8, 1698.7, 1704.6, 1705.9); Dalton (1809, 1810).
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Spectrum (LIS) on which the computations are based. Since the end of 2013, after Voy-
ager 1 crossed the outer boundary of our solar system, at least four new LIS have been
proposed in the literature. The choice of the LIS model leads to differences in the produc-
tion rate values of the cosmogenic radionuclides of up to 20% (see Herbst et al. 2017).
Thus, in order to compare the McCracken and Beer time series of B with the Muscheler et
al. φ-series, it is necessary to base both records on the same LIS model. Here we use the
LIS from Herbst et al. (2017), which updates the LIS model of Potgieter et al. (2014) used
by Muscheler et al. (2016), by taking the Voyager 1 measurements (see Stone et al. 2013;
Webber and McDonald 2013) into account.

In order to describe the modulation of galactic cosmic ray (GCR) transport in the helio-
sphere, we use the Force-Field approximation of Gleeson and Axford (1968). The transport
can be described as a quasi-steady-state balance between radially inward diffusion through
interplanetary magnetic field irregularities with a diffusion coefficient κ , and a radially out-
ward convection with the solar wind speed vsw, depending on only one free parameter, the
solar modulation parameter φ. As discussed in Caballero-Lopez and Moraal (2004), φ can
be given by φ(r, t) = ∫ rb

r
( vsw(r ′,t)

3κ(r ′,t) )dr ′. By assuming κ ∝ BIMF
−α according to Steinhilber

et al. (2010) the interplanetary magnetic field strength can be given by:

BIMF(φ, t) = BIMF,0

(
φ(t)

φ0

) 1
α

·
(

vsw(t)

vsw,0

)− 1
α

, (3)

where BIMF,0, vsw,0, and φ0 represent the mean values of the magnetic field strength, solar
wind speed, and solar modulation parameter during the instrumental era. Thereby, the time-
dependent solar wind speed vsw(t) can be described by a linear relation between solar wind
speed and φ : vsw(t) = mφ(t) + q, with m = 0.23 km s−1 MV−1 and q = 303 km/s. Using
this equation, φ-reconstructions by different groups can be used to reconstruct the temporal
variation of BIMF . Based on OMNI2 data from 1963 to 2008, Steinhilber et al. (2010) used
φ0 = 615 MV, BIMF,0 = 6.6 nT, vsw,0 = 446 km/s and α = 1.8 ± 0.3 in order to convert
the φ-reconstructions of Steinhilber et al. (2008) into B . Note, however, that all parameters
strongly depend on the time interval over which the measurements were taken, and that in
particular φ0 and α also strongly depend on the LIS model on which the φ-reconstructions
are based. Thus, only BIMF records which include the most recent measurements and which
are based on same LIS model should be compared with each other.

We update the investigations by Steinhilber et al. (2010) by (a) including OMNI2 data
from 2008 to 2016 and (b) converting φ-reconstructions to the LIS model of Herbst et al.
(2017), in the following denoted as φHE17, in order to achieve comparability among the
existing BIMF records.

The following steps were performed:

1. Based on the measurements from 1963 to 2016 the mean values of the interplanetary
magnetic field and the solar wind speed change to BIMF,0 = 6.4 nT and vsw,0 = 438 km/s,
respectively. The mean value of the updated solar modulation parameter is given by
φ0 = φHE17 = 678 MV. The exponent α is the only free parameter in the model by Stein-
hilber et al. (2010). By fitting Eq. (3) to the OMNI2 observations via least square re-
gression we found α to be in the order of 1.25 ± 0.3. The connection between φ and
BIMF (measurements: filled triangles; computations using Eq. (3): red line) is shown in
Fig. 13(a).

2. To validate our results, we compare a B time series derived from a φ-reconstruction
based on the Oulu Neutron Monitor measurements (see e.g., Usoskin et al. 2011) with a
corresponding series based on the φ-reconstruction of Muscheler et al. (2016). In order
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Fig. 13 (a) Scatter plot of BIMF (IMF = Interplanetary Magnetic Field) as a function of the solar modulation
parameter φ for 1963–2016, with red regression line (see Eq. (3)). (b) Comparison of the temporal variation
of BIMF based on monthly NM data (Usoskin et al. 2011; blue line) and annual 14C data (Muscheler et al.
2016; red line). Black triangles represent 27-day averages of the OMNI2 BIMF data for 1963–2017

to do so, we first converted the two φ-records, which depend on different LIS models,
to φHE17. The φ-record of Usoskin et al. (2011) is based on the LIS model of Usoskin
et al. (2005, φUS05), while the record of Muscheler et al. (2016) is based on the LIS
model of Potgieter et al. (2014, φPG14). To make the conversions, we used the linear
regression functions φHE17 = 1.025 · φUS05 + 24.18 MV and φHE17 = 1.025 · ((φPG14 −
28.0 MV)/1.029)+24.18 MV (see Herbst et al. 2017). Based on these new φ-values and
Eq. (3), a reconstruction of BIMF for both records can be performed. The good agreement
between the measured BIMF time series (filled triangles; 27-day averaged OMNI2 data)
and those calculated from the Oulu NM data (Usoskin et al. 2011; blue line) and 14C
measurements (Muscheler et al. 2016; red line) is displayed in Fig. 13(b).

3. The 10Be based B record of McCracken and Beer (2015) uses the LIS model by Castag-
noli and Lal (1980). To scale this record to reconstructions based on the LIS by Herbst
et al. (2017), we performed step 1) and 2) for a BIMF reference proxy based on the LIS
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Fig. 14 Plots of solar wind B from 1390–2016 based on 10Be (McCracken and Beer 2015; 1391–1983),
14C (Muscheler et al. 2016; 1390–2002), sunspot number (Owens et al. 2016a; 1750–2013); geomagnetic
IDV index (Owens et al. 2016a; 1845–2013), and spacecraft observations (1965–2016). The trace for the 14C
based B series is made thicker to facilitate comparison. For the 10Be time series, values corrected for solar
cosmic ray events during the 1775–1983 interval (and also for the effects of nuclear tests in 1962) are used,
and upper limit values of 2.5 nT for years listed in Footnote 5 are not plotted. The times of the Spörer and
Maunder Grand Minima are indicated along with those of subsequent Gleissberg-type minima

by Castagnoli and Lal (1980) with φ0 = φCL80 = 611 MV and α = 1.52 ± 0.3. With the
resulting difference between BIMF,CL80(φ, t) and BIMF, HE17(φ, t), a rescaling is possible.

Figure 14 contains the independently-constructed time series for solar wind B of Mc-
Cracken and Beer (2015; light-blue line) and Muscheler et al. (2016; gray) that are based
on 10Be and 14C, respectively, over the ∼1400–2000 interval. For comparison, we have
also added the ∼170-yr composite sequence of B based on geomagnetic data (B[GEO],
Fig. 11(c); dark blue line) and the sunspot number based ∼260-yr series of B (B[SSN],
Fig. 12(e); red); and the 1965–2016 record of direct observations (B[OBS]; black). The
nominal dates of the Spörer and Maunder Grand Minima, based on the sunspot number, are
indicated along with those of the less-pronounced Gleissberg-type minima ca. 1800 (Dalton
minimum, 1798–1823), 1900 (Gleissberg minimum, 1900–1913), and 2010 (Eddy mini-
mum; 2008–?). We have thickened the trace of the 14C based series to increase its visibility.
Compared to the other plotted series, its peak values are significantly lower than those of
the other series from ∼1850–1950. Also noteworthy are the higher values of B for the
McCracken and Beer (2015) series during the two Grand Minima. The large year-to-year
variability of the 10Be based series reflects in part the ∼20% uncertainty for any given year
(Owens et al. 2016b). As McCracken and Beer (2015) point out, increasing the number of
long-term ice cores from two to five, with two of the new cores coming from the Antarctic,
will result in a considerable reduction of noise in the 10Be-based record for B . The more
gradual year-to-year variation of 14C-based B reflects the extended and complex path from
creation to sequestration of 14C in tree rings vs. the more rapid deposition of 10Be in ice
cores (Beer et al. 2012).

3.5.3 Composite B Series (1391–1983)

In Fig. 15, we have concatenated the following time series for solar wind B: direct obser-
vations (1965–2016), geomagnetic-based (1845–1964; Owens et al. 2016a); sunspot-based
(1749–1844; Owens et al. 2016a); cosmogenic-nuclide based (1391–1748; McCracken and
Beer 2015; Muscheler et al. 2016). This figure represents the state of the art in our knowl-
edge of the last ∼600 years of solar wind B . Uncertainties increase for each link of the
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Fig. 15 Composite plot of solar wind B , with uncertainties, from 1390–2016 based on cosmogenic 10Be
(McCracken and Beer 2015; 1391–1748), 14C (Muscheler et al. 2016; 1390–1748), sunspot number (Owens
et al. 2016a; 1749–1844), geomagnetic data (Owens et al. 2016a; 1845–1964), and from observations in space
near-Earth (1965–2016). Upper limit values of 2.5 nT in the McCracken and Beer (2015) for ∼20 years (total)
during the Spörer and Maunder Minima are not plotted (see Footnote 5). The times of the Spörer, Maunder,
Dalton, Gleissberg, and (proposed) Eddy minima are indicated

chain as one goes back in time—from directly observed B , through time series based on
geomagnetic data, sunspot number, and cosmogenic nuclides, in turn.

4 Recent Developments on the Maunder Minimum and the Floor in Solar
Wind B

The low inferred values of sunspot activity and solar wind B during the Maunder Minimum
mark it as a particularly important epoch, accounting for much of the observed/inferred
range of long-term solar activity since ∼1400 (Fig. 15). Recently, Zolotova and Ponyavin
(2015, 2016) have argued that the Maunder Minimum may not be as grand as currently
thought. They suggested that 11-yr peak annual averages of daily group counts for this pe-
riod might range from ∼3–8 in contrast to the values of <0.2 obtained by Hoyt and Schatten
(1998a, 1998b) for the core years from 1645–1700. In other words, the Maunder Minimum
might have looked more like a typical Gleissberg minimum, then a “Grand” minimum. The
thrust of their argument was that, in general, the scientists who reported spots were not inter-
ested in tabulating their numbers but focused instead on round spots as possible evidence of
intra-Mercurial planets (which partially motivated Schwabe’s observations), or large spots
to provide insight on the nature of spots, or reported only haphazardly, e.g., as an occasional
by-product of meridian transit observations. They also raised the issue of the inhibiting ef-
fect of contemporary theological support for Aristotelian views of an immaculate Sun. These
arguments were rebutted by Usoskin et al. (2015) with a variety of data including “[. . . ] the
fraction of sunspot active days, the latitudinal extent of sunspot positions, auroral sightings
at high latitudes, cosmogenic radionuclide data [including 44Ti from meteorites for which
interpretations of measurements do not need to take atmospheric transport and deposition
processes into account as is the case for 10Be and 14C] as well as solar eclipse observa-
tions [. . . ]” in addition to considerations of “[. . . ]peculiar features of the Sun (very strong
hemispheric asymmetry of sunspot location, unusual differential rotation and the lack of the
K-corona) that imply a special mode of solar activity during the Maunder minimum.”

The low end of the range of inferred B values during the Maunder Minimum is of interest
in relation to the putative floor in solar wind B of Svalgaard and Cliver (2007a). Cliver and
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Ling (2011) used “(i) a relationship between solar polar-field strength and yearly averages
of B for the last four 11-year minima (BMIN), and (ii) a precursor relationship between peak
sunspot number for cycles 14–23 and BMIN at their preceding minima” to derive a reduced
floor value of ∼2.8 nT to which the solar wind in the ecliptic would drop if the Sun’s 11-yr
cycle ceased. This value is in reasonable agreement with minimum yearly values in Fig. 15
from McCracken and Beer (2014, 2015) for both the Maunder and Spörer Grand Minima,
but it lies above those of Muscheler et al. (2016) as well as recently modeled values for
B during the Maunder Minimum. Even for the McCracken and Beer (2015) series, it must
be noted that there are concentrations of years (not plotted in Fig. 15) at the depths of the
Maunder and Spörer minima with upper limit values of 2.5 nT.

In an output from the ISSI team meetings, Riley et al. (2015) used a global thermody-
namic MHD model to deduce that during the deepest part of the Maunder Minimum, the
corona was “devoid of any large-scale structure, driven by a photospheric field composed
of only ephemeral regions, and likely substantially reduced in strength.” Model-based esti-
mates of solar wind Br for the two most extreme scenarios considered, viz., no solar polar
field at sunspot minimum (absence of the 11-yr cycle) combined with a photosphere consist-
ing of only small-scale ephemeral flux regions having “parasitic” magnetic polarities with
average strength of either ±10 G or ±3.3 G, are 0.29 nT and 0.08 nT, respectively. For an
assumed solar wind speed of ∼300 km s−1 (Cliver and Ling 2011; Cliver and von Steiger
2017; Owens et al. 2017), and using the formula in Fig. 5 of Cliver and Ling (2011) or
the relationship in Fig. 11 of Lockwood and Owens (2011), these Br values translate into
B values between ∼0.5 to 2.0 nT. Modeled 11-yr minimum B values during the Maunder
Minimum of ∼1.5 nT and ∼1.0 nT by Lockwood and Owens (2014; based on the OSF con-
tinuity equation of Owens and Lockwood 2012) and Owens et al. (2017; based on Owens
and Lockwood 2012, and the three-dimensional magnetohydrodynamic model of the solar
corona of Linker et al. 1999), respectively, fall within this range of values. These time series
for B show the continuation of the cycle during the Maunder Minimum deduced by Beer
et al. (1998) and Berggren et al. (2009), however, so a true floor level presumably would
be lower since the cycle requires the presence of solar polar fields at 11-yr minima that will
add to solar wind B at these times (Svalgaard et al. 2005). In fact, in another recent determi-
nation of B for the Maunder Minimum that begins with a continuity equation for the open
solar flux, Rahmanifard et al. (2017), determined that any floor in solar wind B during this
period could not be �1.5 nT and could be as low zero nT.

Observationally, we note the absence in Fig. 14 of the downward 40-yr spike to ∼0 nT in
B ca. 1500 seen in Fig. 9 for the Spörer Minimum, along with similar downward spikes in
the modulation potential to values less than zero for both the Maunder and Spörer minima
in Fig. S13 of Steinhilber et al. (2012).

5 Conclusions

5.1 Summary

We reviewed the evolution of thinking on time series for the sunspot number and solar wind
B . The first of these has a research history going back over 400 years, the second of only
∼50 years. Both fields have undergone intense development over the past two decades.

Key developments in sunspot research during this time include the development of the
group sunspot number (GSN) by Hoyt and Schatten (1998a, 1998b), the sunspot number
workshops of 2011–2015 (Cliver et al. 2013a, 2015; Clette et al. 2014), and independent
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work on sunspot number time series (e.g., Lockwood et al. 2014c, 2014d, 2016d, 2016e;
Usoskin et al. 2016; Willamo et al. 2017; Chatzistergos et al. 2017) that they triggered.
Recent progress includes: (1) uncovering of inhomogeneities in both WSN (e.g., Svalgaard
2010, 2012; Leussu et al. 2013; Clette et al. 2014; Clette and Lefèvre 2016) and GSN (Clette
et al. 2014; Cliver and Ling 2016; Cliver 2017), (2) a new group count data base (Vaquero
et al. 2016), and (3) the introduction of novel reconstruction methods (e.g., Usoskin et al.
2016). This story is ongoing, with work in progress on reconciling, in so far as possible
given the difference in the base formulae for the two series (Eqs. (1) and (2)), the recent
proliferation of sunspot number time series. This effort will lead to new versions of both the
Wolf and group sunspot number.

The key advances on construction of a long-term solar wind B time series include the
seminal paper by Lockwood et al. (1999) that re-energized the field of space climate, the
development of the long-term interdiurnal variability index of geomagnetic index by Sval-
gaard and colleagues (Svalgaard et al. 2003; Svalgaard and Cliver 2005), the ISSI Inter-
national Team (2012–2013) on long-term solar and solar wind reconstruction (Owens et al.
2016a, 2016b), and the development of long-term high-time resolution series by McCracken
and Beer (2015; from 1391–1983 for solar wind B) and Muscheler et al. (2016; from 0–2000
for modulation potential �), based on cosmogenic nuclides. For the solar wind B time se-
ries, we gave a detailed account of the path from Lockwood et al. (1999) to the present, as a
case study of what one scientist memorably called “the truly gritty, uncertain and fun nature
of scientific research” (Cliver and van Driel-Gesztelyi 2010).

Despite initial resistance, the work of both Lockwood and Svalgaard found relatively
rapid acceptance. The Lockwood et al. (1999) report that the underlying open solar flux
(the minimum-to-minimum variation) could change by a factor of two over 100 years was
shown to be conservative as a comparison of directly-observed annual Br values at cycle
minima in 1986 (2.42 nT) and 2009 (1.25 nT) (Lockwood et al. 2009a; Cliver and Ling
2011), revealed a “reverse direction rise” of ∼95% (or ∼52% fall) over two solar cycles.
Whether such changes in the OSF as that from 1986–2009 or the approximate doubling of
the OSF during the first half of the 20th century represent random secular variations or are
manifestations of longer cyclic (e.g., Gleissberg-type) behavior remains to be determined.
Svalgaard’s development of the IDV index from Bartels’ u index, and his discovery of its
relationship to near-Earth IMF (Svalgaard et al. 2003), became the basis for the reference
geomagnetic-based long-term time series of solar wind B (Owens et al. 2016a).

The Maunder Minimum remains a lively field of research on both solar and solar wind
activity. In regard to the Sun, the key question involves the level/duration of low sunspot
activity: Was the Maunder a Grand Minimum (Usoskin et al. 2015), or more in the run of
a Gleissberg-type centennial variation (Zolotova and Ponyavin 2015, 2016), or something
in between? For the solar wind, a prominent question involves the existence of a floor, with
proposed levels dropping from the original ∼4.6 nT value of Svalgaard and Cliver (2007a)
to the possibility of no floor recently modeled by Rahmanifard et al. (2017).

5.2 Lessons Learned

The efforts to obtain high-confidence long-term time series for solar wind B (Sect. 2) and
the sunspot number (Sect. 1) suggest the following guidelines for the ongoing work on the
sunspot number:

(1) Nullius in verba (take nobody’s word for it), the motto of the Royal Society, ap-
plies. This is a scientific truism but it was violated in the case of the Hoyt and Schatten
(1998a, 1998b) group sunspot number, which was not independently vetted and found want-
ing (Cliver and Ling 2016; Cliver 2017) until nearly two decades after its introduction. The
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lesson of the need for scrutiny is now being applied to all six of the newly modified or
conceived sunspot number time series.

(2) For widely-used time series, the entire community must be involved. This was not the
case for the sunspot number workshops and it only became so after the publication of the
new time series by SILSO. If there is a general lesson here, it is the need to truly work, i.e.,
to publish, together. That way, all have ownership of the process, and the result.

(3) Reaching consensus takes time, approximately 15 years were required to reach the
present state for solar wind B , and six so far for the sunspot number, with an estimate of
two-to-three more needed for completion.

(4) There is always room for improvement. Error bars can be reduced as evidence accu-
mulates. Versioning is a healthy and humbling concept. Continuous monitoring is required
to preserve homogeneity. Formulate a prescribed mechanism for implementing and sanc-
tioning updates. All of these precepts and practices apply for the nascent 3.0 versions of the
SN and GSN time series. The value of a single accepted time series, be it solar wind B or
sunspot number, is akin to that of an established paradigm for a field in that it provides a
framework against which new ideas and data can be measured.

(5) While ancillary or proxy data such as geomagnetic based solar B can be used to
corroborate and guide the reconciliation of the various new sunspot number time series, it
should be used in their actual derivation solely as a last resort, i.e., if there is no other way
through a gap in the sunspot record. Before 1610, the proxy cosmogenic radionuclide data
is the only proven way to reliably extend the solar activity record. A key end goal of the
current sunspot recalibration effort is to provide guidelines and constraints for a reliable
millennial-scale record of solar activity based on the paleo-cosmic-ray record.
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J.A. Linker, Z. Mikić, D.A. Biesecker, R.J. Forsyth, S.E. Gibson, A.J. Lazarus, A. Lecinski et al., Magne-
tohydrodynamic modeling of the solar corona during Whole Sun Month. J. Geophys. Res. 104, 9809
(1999). https://doi.org/10.1029/1998JA900159

M. Lockwood, M. Owens, The accuracy of using the Ulysses result of the spatial invariance of the ra-
dial heliospheric field to compute the open solar flux. Astrophys. J. 701, 964 (2009). https://doi.org/
10.1088/0004-637X/701/2/964

M. Lockwood, M.J. Owens, Centennial changes in the heliospheric magnetic field and open solar flux: the
consensus view from geomagnetic data and cosmogenic isotopes and its implications. J. Geophys. Res.
116, A04109 (2011). https://doi.org/10.1029/2010JA016220

M. Lockwood, M.J. Owens, Implications of the recent low solar minimum for the solar wind during the
Maunder Minimum. Astrophys. J. Lett. 781, L7 (2014). https://doi.org/10.1088/2041-8205/781/1/L7

M. Lockwood, R. Stamper, M.N. Wild, A doubling of the Sun’s coronal magnetic field during the past 100
years. Nature 399, 437 (1999). https://doi.org/10.1038/20867

M. Lockwood, R.B. Forsyth, A. Balogh, D.J. Mcomas, Open solar flux estimates from near-Earth measure-
ments of the interplanetary magnetic field: comparison of the first two perihelion passes of the Ulysses
spacecraft. Ann. Geophys. 22, 1395 (2004). https://doi.org/10.5194/angeo-22-1395-2004

https://doi.org/10.1007/s11207-016-0970-6
https://doi.org/10.1007/s11207-013-0310-z
https://doi.org/10.1126/science.192.4245.1189
https://doi.org/10.1126/science.192.4245.1189
https://doi.org/10.1038/275626a0
https://doi.org/10.1038/275626a0
https://doi.org/10.1007/s11207-011-9828-0
https://doi.org/10.1086/149822
https://doi.org/10.1086/149822
https://doi.org/10.1007/lrsp-2015-4
https://doi.org/10.1029/2009JD012557
https://doi.org/10.1002/2016JA023207
https://doi.org/10.1002/2016JA023207
https://doi.org/10.1093/mnras/20.1.15
https://doi.org/10.1093/mnras/20.1.15
https://doi.org/10.1023/A:1005007527816
https://doi.org/10.1023/A:1005056326158
https://doi.org/10.1029/94GL01698
https://doi.org/10.1029/94GL01698
https://doi.org/10.1029/2004JA010921
https://doi.org/10.1029/2004JA010921
https://doi.org/10.1016/j.epsl.2010.01.011
https://doi.org/10.1051/0004-6361/201322373
https://doi.org/10.1029/1998JA900159
https://doi.org/10.1088/0004-637X/701/2/964
https://doi.org/10.1088/0004-637X/701/2/964
https://doi.org/10.1029/2010JA016220
https://doi.org/10.1088/2041-8205/781/1/L7
https://doi.org/10.1038/20867
https://doi.org/10.5194/angeo-22-1395-2004


Evolution of the Sunspot Number and Solar Wind B Time Series Page 27 of 31 56

M. Lockwood, A.P. Rouillard, I. Finch, R. Stamper, Comment on “the IDV index: its derivation and use
in inferring long-term variations of the interplanetary magnetic field strength” by Leif Svalgaard and
Edward W. Cliver. J. Geophys. Res. 111, A09109 (2006). https://doi.org/10.1029/2006JA011640

M. Lockwood, A.P. Rouillard, I.D. Finch, The rise and fall of open solar flux during the current grand solar
maximum. Astrophys. J. 700, 937 (2009a). https://doi.org/10.1088/0004-637X/700/2/937

M. Lockwood, M. Owens, A.P. Rouillard, Excess open solar magnetic flux from satellite data: 2. A survey of
kinematic effects. J. Geophys. Res. 114, A11104 (2009b). https://doi.org/10.1029/2009JA014450

M. Lockwood, L. Barnard, H. Nevanlinna, M.J. Owens, R.G. Harrison, A.P. Rouillard, C.J. Davis, Re-
construction of geomagnetic activity and near-Earth interplanetary conditions over the past 167 yr—
Part 1: A new geomagnetic data composite. Ann. Geophys. 31, 1957 (2013a). https://doi.org/10.5194/
angeo-31-1957-2013

M. Lockwood, L. Barnard, H. Nevanlinna, M.J. Owens, R.G. Harrison, A.P. Rouillard, C.J. Davis, Re-
construction of geomagnetic activity and near-Earth interplanetary conditions over the past 167 yr—
Part 2: A new reconstruction of the interplanetary magnetic field. Ann. Geophys. 31, 1979 (2013b).
https://doi.org/10.5194/angeo-31-1979-2013

M. Lockwood, H. Nevanlinna, M. Vokhmyanin, D. Ponyavin, S. Sokolov, L. Barnard, M. Owens, R. Harrison,
A. Rouillard, C. Scott, Reconstruction of geomagnetic activity and near-Earth interplanetary conditions
over the past 167 yr—Part 3: Improved representation of solar cycle 11. Ann. Geophys. 32, 367 (2014a).
https://doi.org/10.5194/angeo-32-367-2014

M. Lockwood, H. Nevanlinna, L. Barnard, M.J. Owens, R.G. Harrison, A.P. Rouillard, C.J. Scott, Recon-
struction of geomagnetic activity and near-Earth interplanetary conditions over the past 167 yr—Part
4: Near-Earth solar wind speed, IMF, and open solar flux. Ann. Geophys. 32, 383 (2014b). https://
doi.org/10.5194/angeo-32-383-2014

M. Lockwood, M.J. Owens, L. Barnard, Centennial variations in sunspot number, open solar flux, and
streamer belt width: 1. Correction of the sunspot number record since 1874. J. Geophys. Res. 119,
5172 (2014c). https://doi.org/10.1002/2014JA019970

M. Lockwood, M.J. Owens, L. Barnard, Centennial variations in sunspot number, open solar flux, and
streamer belt width: 2. Comparison with the geomagnetic data. J. Geophys. Res. 119, 5183 (2014d).
https://doi.org/10.1002/2014JA019972

M. Lockwood, C.J. Scott, M.J. Owens, L. Barnard, D.M. Willis, Tests of sunspot number sequences: 1. Using
ionosonde data. Sol. Phys. 291, 2785 (2016a). https://doi.org/10.1007/s11207-016-0855-8

M. Lockwood, M.J. Owens, L. Barnard, C.J. Scott, I.G. Usoskin, H. Nevanlinna, Tests of sunspot num-
ber sequences: 2. Using geomagnetic and auroral data. Sol. Phys. 291, 2811 (2016b). https://doi.org/
10.1007/s11207-016-0913-2

M. Lockwood, M.J. Owens, L. Barnard, I.G. Usoskin, Tests of sunspot number sequences: 3. Effects
of regression procedures on the calibration of historic sunspot data. Sol. Phys. 291, 2829 (2016c).
https://doi.org/10.1007/s11207-015-0829-2

M. Lockwood, M.J. Owens, L. Barnard, Tests of sunspot number sequences: 4. Discontinuities around 1946
in various sunspot number and sunspot-group-number reconstructions. Sol. Phys. 291, 2843 (2016d).
https://doi.org/10.1007/s11207-016-0967-1

M. Lockwood, M.J. Owens, L. Barnard, I.G. Usoskin, An assessment of sunspot number data composites
over 1845–2014. Astrophys. J. 824, 54 (2016e). https://doi.org/10.3847/0004-637X/824/1/54

M. Lockwood, M. Owens, L.A. Barnard, C.J. Scott, C.E. Watt, Space Climate and Space Weather over the
past 400 years: 1. The power input to the magnetosphere. J. Space Weather Space Clim. 7, A25 (2017).
https://doi.org/10.1051/swsc/2017019

E. Loomis, Comparison of the mean daily range of the magnetic declination and the number of auroras
observed each year, with the extent of black spots on the Sun. Am. J. Sci. Arts 105, 245 (1873)

J.J. Love, V.C. Tsai, J.L. Gannon, Averaging and sampling for magnetic-observatory hourly data. Ann. Geo-
phys. 28, 2079 (2010). https://doi.org/10.5194/angeo-28-2079-2010

S. Macmillan, E. Clarke, Resolving issues concerning Eskdalemuir geomagnetic hourly values. Ann. Geo-
phys. 29, 283 (2011). https://doi.org/10.5194/angeo-29-283-2011

D. Martini, K. Mursula, Correcting the geomagnetic IHV index of the Eskdalemuir observatory. Ann. Geo-
phys. 24, 3411 (2006). https://doi.org/10.5194/angeo-24-3411-2006

E.W. Maunder, Professor Spoerer’s researches on sun-spots. Mon. Not. R. Astron. Soc. 50, 251 (1890)
E.W. Maunder, A prolonged sunspot minimum. Knowledge 17, 173 (1894)
E.W. Maunder, The prolonged sunspot minimum. J. Br. Astron. Assoc. 32, 140 (1922)
P.-N. Mayaud, The aa indices: a 100-year series characterizing the magnetic activity. J. Geophys. Res. 77,

6870 (1972). https://doi.org/10.1029/JA077i034p06870
P.-N. Mayaud, Derivation, Meaning, and Use of Geomagnetic Indices (American Geophysical Union, Wash-

ington, 1980)

https://doi.org/10.1029/2006JA011640
https://doi.org/10.1088/0004-637X/700/2/937
https://doi.org/10.1029/2009JA014450
https://doi.org/10.5194/angeo-31-1957-2013
https://doi.org/10.5194/angeo-31-1957-2013
https://doi.org/10.5194/angeo-31-1979-2013
https://doi.org/10.5194/angeo-32-367-2014
https://doi.org/10.5194/angeo-32-383-2014
https://doi.org/10.5194/angeo-32-383-2014
https://doi.org/10.1002/2014JA019970
https://doi.org/10.1002/2014JA019972
https://doi.org/10.1007/s11207-016-0855-8
https://doi.org/10.1007/s11207-016-0913-2
https://doi.org/10.1007/s11207-016-0913-2
https://doi.org/10.1007/s11207-015-0829-2
https://doi.org/10.1007/s11207-016-0967-1
https://doi.org/10.3847/0004-637X/824/1/54
https://doi.org/10.1051/swsc/2017019
https://doi.org/10.5194/angeo-28-2079-2010
https://doi.org/10.5194/angeo-29-283-2011
https://doi.org/10.5194/angeo-24-3411-2006
https://doi.org/10.1029/JA077i034p06870


56 Page 28 of 31 E.W. Cliver, K. Herbst

K.G. McCracken, Heliomagnetic field near Earth, 1428–2005. J. Geophys. Res. 112, A09106 (2007).
https://doi.org/10.1029/2006JA012119

K.G. McCracken, J. Beer, Comparison of the extended solar minimum of 2006–2009 with the Spoerer,
Maunder, and Dalton Grand Minima in solar activity in the past. J. Geophys. Res. 119, 2379 (2014).
https://doi.org/10.1002/2013JA019504

K.G. McCracken, J. Beer, The annual cosmic-radiation intensities 1391–2014; the annual heliospheric mag-
netic field strengths 1391–1983, and identification of solar cosmic-ray events in the cosmogenic record
1800–1983. Sol. Phys. 290, 3051 (2015). https://doi.org/10.1007/s11207-015-0777-x

K. Mursula, D. Martini, A. Karinen, Did open solar magnetic field increase during the last 100
years? A reanalysis of geomagnetic activity. Sol. Phys. 224(1–2), 85 (2004). https://doi.org/10.1007/
s11207-005-4981-y

R. Muscheler, F. Joos, S.A. Müller, I. Snowball, How unusual is today’s solar activity? Nature 436, E3 (2005).
https://doi.org/10.1038/nature04045

R. Muscheler, F. Adolphi, K. Herbst, A. Nilsson, The revised sunspot record in comparison to cosmo-
genic radionuclide-based solar activity reconstructions. Sol. Phys. 291, 3025 (2016). https://doi.org/
10.1007/s11207-016-0969-z

M. Neugebauer, C.W. Snyder, Solar plasma experiment. Science 138, 1095 (1962). https://doi.org/
10.1126/science.138.3545.1095-a

M.J. Owens, M. Lockwood, Cyclic loss of open solar flux since 1868: the link to heliospheric cur-
rent sheet tilt and implications for the Maunder Minimum. J. Geophys. Res. 117, A04102 (2012).
https://doi.org/10.1029/2011JA017193

M.J. Owens, E. Cliver, K.G. McCracken, J. Beer, L. Barnard, M. Lockwood, A. Rouillard et al., Near-Earth
heliospheric magnetic field intensity since 1750: 1. Sunspot and geomagnetic reconstructions. J. Geo-
phys. Res. 121, 6048 (2016a). https://doi.org/10.1002/2016JA022529

M.J. Owens, E. Cliver, K.G. McCracken, J. Beer, L. Barnard, M. Lockwood, A. Rouillard et al., Near-Earth
heliospheric magnetic field intensity since 1750: 2. Cosmogenic radionuclide reconstructions. J. Geo-
phys. Res. 121, 6064 (2016b). https://doi.org/10.1002/2016JA022550

M.J. Owens, M. Lockwood, P. Riley, Global solar wind variations over the last four centuries. Nature Sci.
Rep. 7, 41548 (2017)

M.S. Potgieter, E.E. Vos, M. Boezio, N. De Simone, V. Di Felice, V. Formato, Modulation of galactic protons
in the heliosphere during the unusual solar minimum of 2006 to 2009. Sol. Phys. 289, 391–406 (2014).
https://doi.org/10.1007/s11207-013-0324-6

F. Rahmanifard, N.A. Schwadron, C.W. Smith, K.G. McCracken, K.A. Duderstadt, N. Lugaz, M.L. Goelzer,
Inferring the heliospheric magnetic field back through Maunder Minimum. Astrophys. J. 837, 165
(2017). https://doi.org/10.3847/1538-4357/aa6191

J.C. Ribes, E. Nesme-Ribes, The solar sunspot cycle in the Maunder Minimum AD1645 to AD1715. Astron.
Astrophys. 276, 549 (1993)

P. Riley, R. Lionello, J.A. Linker, E. Cliver, A. Balogh, J. Beer, P. Charbonneau et al., Inferring the struc-
ture of the solar corona and inner heliosphere during the Maunder Minimum using global thermo-
dynamic magnetohydrodynamic simulations. Astrophys. J. 802, 105 (2015). https://doi.org/10.1088/
0004-637X/802/2/105

A.P. Rouillard, M. Lockwood, I. Finch, Centennial changes in the solar wind speed and in the open solar flux.
J. Geophys. Res. 112, A05103 (2007). https://doi.org/10.1029/2006JA012130

C.T. Russell, On the possibility of deducing interplanetary and solar parameters from geomagnetic records.
Sol. Phys. 42, 259 (1975). https://doi.org/10.1007/BF00153301

E. Sabine, On periodical laws discoverable in the mean effects of the larger magnetic disturbances. Philos.
Trans. R. Soc. Lond. 142, 103 (1852)

H.H. Sargent III, The 27-day recurrence index, in Solar wind–magnetosphere coupling, ed. by Y. Kamide,
J.A. Slavin (Dordrecht, Boston, 1986), p. 143. https://doi.org/10.1007/978-90-277-2303-1_11

S.H. Schwabe, Sonnenbeobachtungen im Jahre 1843. Von Herrn Hofrath Schwabe in Dessau. Astron. Nachr.
21, 233 (1844)

E.J. Smith, A. Balogh, Ulysses observations of the radial magnetic field. Geophys. Res. Lett. 22, 3317 (1995).
https://doi.org/10.1029/95GL02826

C.W. Snyder, M. Neugebauer, U.R. Rao, The solar wind velocity and its correlation with cosmic-ray vari-
ations and with solar and geomagnetic activity. J. Geophys. Res. 68, 6361 (1963). https://doi.org/
10.1029/JZ068i024p06361

S.K. Solanki, M. Schüssler, M. Fligge, Evolution of the Sun’s large-scale magnetic field since the Maunder
Minimum. Nature 408, 445 (2000). https://doi.org/10.1038/35044027

S.K. Solanki, M. Schüssler, M. Fligge, Secular variation of the Sun’s magnetic flux. Astron. Astrophys. 383,
706 (2002). https://doi.org/10.1051/0004-6361:20011790

https://doi.org/10.1029/2006JA012119
https://doi.org/10.1002/2013JA019504
https://doi.org/10.1007/s11207-015-0777-x
https://doi.org/10.1007/s11207-005-4981-y
https://doi.org/10.1007/s11207-005-4981-y
https://doi.org/10.1038/nature04045
https://doi.org/10.1007/s11207-016-0969-z
https://doi.org/10.1007/s11207-016-0969-z
https://doi.org/10.1126/science.138.3545.1095-a
https://doi.org/10.1126/science.138.3545.1095-a
https://doi.org/10.1029/2011JA017193
https://doi.org/10.1002/2016JA022529
https://doi.org/10.1002/2016JA022550
https://doi.org/10.1007/s11207-013-0324-6
https://doi.org/10.3847/1538-4357/aa6191
https://doi.org/10.1088/0004-637X/802/2/105
https://doi.org/10.1088/0004-637X/802/2/105
https://doi.org/10.1029/2006JA012130
https://doi.org/10.1007/BF00153301
https://doi.org/10.1007/978-90-277-2303-1_11
https://doi.org/10.1029/95GL02826
https://doi.org/10.1029/JZ068i024p06361
https://doi.org/10.1029/JZ068i024p06361
https://doi.org/10.1038/35044027
https://doi.org/10.1051/0004-6361:20011790


Evolution of the Sunspot Number and Solar Wind B Time Series Page 29 of 31 56

S.K. Solanki, I.G. Usoskin, B. Kromer, M. Schüssler, J. Beer, Unusual activity of the Sun during recent
decades compared to the previous 11,000 years. Nature 431, 1084 (2004). https://doi.org/10.1038/
nature02995

S.K. Solanki, I.G. Usoskin, B. Kromer, M. Schüssler, J. Beer, Climate: how unusual is today’s solar activity?
(reply). Nature 436, 4 (2005). https://doi.org/10.1038/nature04046

F.W.G. Spörer, On the periodicity of sunspots since the year 1618, especially with respect to the heliographic
latitude of the same, and reference to a significant disturbance of this periodicity during a long period.
Vierteljahrsschr. Astron. Ges. (Leipzig) 22, 323 (1887)

F.W.G. Spörer, Sur les différences que présentent l’hémisphère sud du Soliel. Bull. Astron. 6, 60 (1889)
F. Steinhilber, J.A. Abreu, J. Beer, Solar modulation during the Holocene. Astrophys. Space Sci. Trans. 4, 1

(2008). https://doi.org/10.5194/astra-4-1-2008
B. Stewart, On the great magnetic disturbance which extended from August 28 to September 7, 1859, as

recorded by photography at the Kew observatory. Philos. Trans. R. Soc. Lond. 151, 423 (1861)
F. Steinhilber, J.A. Abreu, J. Beer, K.G. McCracken, Interplanetary magnetic field during the past

9300 years inferred from cosmogenic radionuclides. J. Geophys. Res. 115, A01104 (2010).
https://doi.org/10.1029/2009JA014193

F. Steinhilber, J.A. Abreu, J. Beer, I. Brunner, M. Christl, H. Fischer, U. Heikkila et al., 9,400 years of
cosmic radiation and solar activity from ice cores and tree rings. Proc. Natl. Acad. Sci. 109, 5967
(2012). https://doi.org/10.1073/pnas.1118965109

J.O. Stenflo, Transition of the sunspot number from Zurich to Brussels in 1980: a personal perspective. Sol.
Phys. 291, 2487 (2016). https://doi.org/10.1007/s11207-015-0837-2

E.C. Stone, A.C. Cummings, F.B. McDonald, B.C. Heikkila, N. Lal, W.R. Webber, Voyager 1 observes
low-energy galactic cosmic rays in a region depleted of heliospheric ions. Science 341, 150 (2013).
https://doi.org/10.1126/science.1236408

L. Svalgaard, Geomagnetic activity: dependence on solar wind parameters, in Coronal Holes and High Speed
Wind Streams, ed. by J.B. Zirker (Colorado Associated University Press, Boulder, 1977), p. 371

L. Svalgaard, Updating the historical sunspot record, in Understanding a Peculiar Solar Minimum, ed. by
S.R. Cranmer, J.T. Hoeksema, J.L. Kohl. ASP Conference Series, vol. 428 (Astron. Society Pacific, San
Francisco, 2010), p. 297

L. Svalgaard, How well do we know the sunspot number? Comparative magnetic minima, characterizing quiet
times in the Sun and stars, in Proc. IAU Symp., vol. 286, ed. by C.H. Mandrini, D.F. Webb (Cambridge
University Press, Cambridge, 2012), p. 27

L. Svalgaard, Solar activity—past, present, future. J. Space Weather Space Clim. 3, A24 (2013). https://
doi.org/10.1051/swsc/2013046

L. Svalgaard, Correction of errors in scale values for magnetic elements for Helsinki. Ann. Geophys. 32, 633
(2014). https://doi.org/10.5194/angeo-32-633-2014

L. Svalgaard, E.W. Cliver, The IDV index: its derivation and use in inferring long-term variations of
the interplanetary magnetic field strength. J. Geophys. Res. 110, A12103 (2005). https://doi.org/
10.1029/2005JA011203

L. Svalgaard, E.W. Cliver, Reply to the comment by M. Lockwood et al. on “The IDV index: its derivation
and use in inferring long-term variations of the interplanetary magnetic field”. J. Geophys. Res. 111,
A09110 (2006). https://doi.org/10.1029/2006JA011678

L. Svalgaard, E.W. Cliver, A floor in the solar wind magnetic field. Astrophys. J. Lett. 661, L203 (2007a).
https://doi.org/10.1086/518786

L. Svalgaard, E.W. Cliver, Interhourly variability index of geomagnetic activity and its use in de-
riving the long-term variation of solar wind speed. J. Geophys. Res. 112, A10111 (2007b).
https://doi.org/10.1029/2007JA012437

L. Svalgaard, E.W. Cliver, Heliospheric magnetic field 1835–2009. J. Geophys. Res. 115, A09111 (2010).
https://doi.org/10.1029/2009JA015069

L. Svalgaard, K.H. Schatten, Reconstruction of the sunspot group number: the backbone method. Sol. Phys.
291, 2653 (2016). https://doi.org/10.1007/s11207-015-0815-8

L. Svalgaard, K.H. Schatten, On the sunspot group number reconstruction: the Backbone method revisited
(2017). arXiv:1704.07061

L. Svalgaard, E.W. Cliver, P. Le Sager, Determination of interplanetary magnetic field strength, solar wind
speed and EUV irradiance, 1890–2003, in Solar Variability as an Input to the Earth’s Environment, ESA
SP-535, ed. by A. Wilson (ESA Publications Division, Noordwijk, 2003), p. 15

L. Svalgaard, E.W. Cliver, P. Le Sager, IHV: a new long-term geomagnetic index. Adv. Space Res. 34, 436
(2004). https://doi.org/10.1016/j.asr.2003.01.029

L. Svalgaard, E.W. Cliver, Y. Kamide, Sunspot cycle 24: smallest cycle in 100 years? Geophys. Res. Lett. 32,
L01104 (2005). https://doi.org/10.1029/2004GL021664

https://doi.org/10.1038/nature02995
https://doi.org/10.1038/nature02995
https://doi.org/10.1038/nature04046
https://doi.org/10.5194/astra-4-1-2008
https://doi.org/10.1029/2009JA014193
https://doi.org/10.1073/pnas.1118965109
https://doi.org/10.1007/s11207-015-0837-2
https://doi.org/10.1126/science.1236408
https://doi.org/10.1051/swsc/2013046
https://doi.org/10.1051/swsc/2013046
https://doi.org/10.5194/angeo-32-633-2014
https://doi.org/10.1029/2005JA011203
https://doi.org/10.1029/2005JA011203
https://doi.org/10.1029/2006JA011678
https://doi.org/10.1086/518786
https://doi.org/10.1029/2007JA012437
https://doi.org/10.1029/2009JA015069
https://doi.org/10.1007/s11207-015-0815-8
http://arxiv.org/abs/arXiv:1704.07061
https://doi.org/10.1016/j.asr.2003.01.029
https://doi.org/10.1029/2004GL021664


56 Page 30 of 31 E.W. Cliver, K. Herbst

L. Svalgaard, M. Cagnotti, S. Cortesi, The effect of sunspot weighting. Sol. Phys. 292, #34 (2017). https://
doi.org/10.1007/s11207-016-1024-9

I.G. Usoskin, A history of solar activity over millennia. Living Rev. Sol. Phys. 14, 3 (2017). https://
doi.org/10.1007/s41116-017-0006-9

I.G. Usoskin, K. Mursula, S.K. Solanki, M. Schüssler, G.A. Kovaltsov, A physical reconstruction of cosmic
ray intensity since 1610. J. Geophys. Res. 107, 1374 (2002). https://doi.org/10.1029/2002JA009343

I.G. Usoskin, K. Alanko-Huotari, G.A. Kovaltsov, K. Mursula, Heliospheric modulation of cos-
mic rays: monthly reconstruction for 1951–2004. J. Geophys. Res. 110(A12), A12108 (2005).
https://doi.org/10.1029/2005JA011250

I.G. Usoskin, S.K. Solanki, G.A. Kovaltsov, Grand minima and maxima of solar activity: new observational
constraints. Astron. Astrophys. 471, 301 (2007). https://doi.org/10.1051/0004-6361:20077704

I.G. Usoskin, G.A. Bazilevskaya, G.A. Kovaltsov, Solar modulation parameter for cosmic rays since 1936
reconstructed from ground-based neutron monitors and ionization chambers. J. Geophys. Res. 116(A2),
A02104 (2011). https://doi.org/10.1029/2010JA016105

I.G. Usoskin, R. Arlt, E. Asvestari, E. Hawkins, M. Käpylä, G.A. Kovaltsov, N. Krivova et al., The Maun-
der minimum (1645–1715) was indeed a grand minimum: a reassessment of multiple datasets. Astron.
Astrophys. 581, A95 (2015). https://doi.org/10.1051/0004-6361/201526652

I.G. Usoskin, G.A. Kovaltsov, M. Lockwood, K. Mursula, M. Owens, S.K. Solanki, A new calibrated sunspot
group series since 1749: statistics of active day fractions. Sol. Phys. 291, 2685 (2016). https://doi.org/
10.1007/s11207-015-0838-1

J.M. Vaquero, R.M. Trigo, Redefining the limit dates for the Maunder Minimum. New Astron. 34, 120 (2015).
https://doi.org/10.1016/j.newast.2014.06.002

J.M. Vaquero, L. Svalgaard, V.M.S. Carrasco, F. Clette, L. Lefèvre, M.C. Gallego, R. Arlt et al., A re-
vised collection of sunspot group numbers. Sol. Phys. 291, 3061 (2016). https://doi.org/10.1007/
s11207-016-0982-2

Y.-M. Wang, N.R. Sheeley Jr., On the fluctuating component of the Sun’s large-scale magnetic field. Astro-
phys. J. 590, 1111 (2003). https://doi.org/10.1086/375026

Y.-M. Wang, J.L. Lean, N.R. Sheeley Jr., Modeling the Sun’s magnetic field and irradiance since 1713. As-
trophys. J. 625, 522 (2005). https://doi.org/10.1086/429689

W.R. Webber, F.B. McDonald, Recent Voyager 1 data indicate that on 25 August 2012 at a distance of 121.7
AU from the Sun, sudden and unprecedented intensity changes were observed in anomalous and galactic
cosmic rays. Geophys. Res. Lett. 40, 1665–1668 (2013). https://doi.org/10.1002/grl.50383

T. Willamo, I.G. Usoskin, G.A. Kovaltsov, Updated sunspot group number reconstruction for 1749–
1996 using the active day fraction method. Astron. Astrophys. 601, A109 (2017). https://doi.org/
10.1051/0004-6361/201629839

D.M. Willis, H.E. Coffey, R. Henwood, E.H. Erwin, D.V. Hoyt, M.N. Wild, W.F. Denig, The Greenwich
photo-heliographic results (1874–1976): summary of the observations, applications, datasets, definitions
and errors. Sol. Phys. 288, 117 (2013a). https://doi.org/10.1007/s11207-013-0311-y

D.M. Willis, R. Henwood, M.N. Wild, H.E. Coffey, W.F. Denig, E.H. Erwin, D.V. Hoyt, The Greenwich
photo-heliographic results (1874–1976): procedures for checking and correcting the sunspot digital
datasets. Sol. Phys. 288, 141 (2013b). https://doi.org/10.1007/s11207-013-0312-x

D.M. Willis, M.N. Wild, J.S. Warburton, Re-examination of the daily number of sunspot groups for the
royal observatory, Greenwich (1874–1885). Sol. Phys. 291, 2519 (2016a). https://doi.org/10.1007/
s11207-016-0856-7

D.M. Willis, M.N. Wild, G.M. Appleby, L.T. Macdonald, The Greenwich photo-heliographic results (1874–
1885): observing telescopes, photographic processes and solar images. Sol. Phys. 291, 2553 (2016b).
https://doi.org/10.1007/s11207-016-0894-1

R. Wolf, Sonnenflecken Beobachtungen in der zweiten Hälfte des Jahres 1850. Mitt. Nat.forsch. Ges. Bern
207, 89 (1851)

R. Wolf, Sonnenflecken – Beobachtungen in der ersten Hälfte des Jahres 1852; Entdeckung des
Zusammen-hanges zwischen den Declinationsvariationen der Magnetnadel und den Sonnenflecken.
Mitt. Nat.forsch. Ges. Bern 224, 179 (1852a)

R. Wolf, Liaison entre les taches du Soleil et les variations en declinaison de l’aiguille aimantée. Compt.
Rend. 35, 364 (1852b)

R. Wolf, Beobachtungen der Sonnenflecken in den Jahren 1849–1855. Astron. Mitteil. Eidgn. Sternw. Zür. 1,
3 (1856)

A. Wolfer, Die Wolf’schen Tafeln der Sonnenflecken – Relativzahlen von 1749 bis zur Gegenwart, und
der Maximums- und Minimumsepochen von 1610–1894, neu herausgegeben mit Berichtigungen und
Ergänzungen. Astron. Mitt. Zür. 47(93), 80 (1902)

H. Zirin, Astrophysics of the Sun (Cambridge University Press, New York, 1988), p. 303

https://doi.org/10.1007/s11207-016-1024-9
https://doi.org/10.1007/s11207-016-1024-9
https://doi.org/10.1007/s41116-017-0006-9
https://doi.org/10.1007/s41116-017-0006-9
https://doi.org/10.1029/2002JA009343
https://doi.org/10.1029/2005JA011250
https://doi.org/10.1051/0004-6361:20077704
https://doi.org/10.1029/2010JA016105
https://doi.org/10.1051/0004-6361/201526652
https://doi.org/10.1007/s11207-015-0838-1
https://doi.org/10.1007/s11207-015-0838-1
https://doi.org/10.1016/j.newast.2014.06.002
https://doi.org/10.1007/s11207-016-0982-2
https://doi.org/10.1007/s11207-016-0982-2
https://doi.org/10.1086/375026
https://doi.org/10.1086/429689
https://doi.org/10.1002/grl.50383
https://doi.org/10.1051/0004-6361/201629839
https://doi.org/10.1051/0004-6361/201629839
https://doi.org/10.1007/s11207-013-0311-y
https://doi.org/10.1007/s11207-013-0312-x
https://doi.org/10.1007/s11207-016-0856-7
https://doi.org/10.1007/s11207-016-0856-7
https://doi.org/10.1007/s11207-016-0894-1


Evolution of the Sunspot Number and Solar Wind B Time Series Page 31 of 31 56

N.V. Zolotova, D.I. Ponyavin, The Maunder minimum is not as grand as it seemed to be. Astrophys. J. 800,
42 (2015). https://doi.org/10.1088/0004-637X/800/1/42

N.V. Zolotova, D.I. Ponyavin, How deep was the Maunder minimum? Sol. Phys. 291, 2869 (2016). https://
doi.org/10.1007/s11207-016-0908-z

https://doi.org/10.1088/0004-637X/800/1/42
https://doi.org/10.1007/s11207-016-0908-z
https://doi.org/10.1007/s11207-016-0908-z

	Evolution of the Sunspot Number and Solar Wind B Time Series
	Introduction
	Sunspot Number
	Schwabe and Wolf
	The Maunder Minimum
	The Group Sunspot Number
	The Sunspot Number Workshops
	Unintended Consequences and the Path Forward

	Solar Wind B Time Series
	Doubling of the Sun's Open Magnetic Flux During the 20th Century
	Interdiurnal Variability of Geomagnetic Activity
	Stumbling in the Dark
	Approaching Consensus
	ISSI International Team
	Long-Term B Series Based on the IDV Index and on the Sunspot Number
	Long-Term Series of Solar Wind B Based on Cosmogenic Radionuclides
	Composite B Series (1391-1983)


	Recent Developments on the Maunder Minimum and the Floor in Solar Wind B
	Conclusions
	Summary
	Lessons Learned

	Acknowledgements
	References


