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400-year Sunspot Cycle Record

Sunspots drawn E_}r gaf:fzm, June 1612

K i \ f ;: \ { / ‘-H\H‘
Ii'z n
\/ / N/ \./‘ Y W/

gtk 25:F§ 26tk 2tk

Estimate of 406 Years of Number of Sunspot Groups
16

14 4 G[mups | ,jr; ) WOlf

124

SOHO Spacecraft I VWY WAL GARULAA A AT \MN

600 1825 1650 1675 1700 1725 1750 1775 1800 1825 1850 1875 1800 1925 1950 1975 2000

LSO N &

Samuel Rudolf ‘j‘z\ _"jff -‘_,,:’*z¥i!
Heinrich Wolf 3 ‘ g B |
Schwabe 1852 ' : |

SSN =
10G+S

1843

The sunspot record is the longest running ‘experiment’. The modern database with
all observations since 1609 AD comprises over one million observations by almost
a thousand observers (mostly amateurs; using small telescopes) 5



The Shape of the Corona Over the Poles Strongly

Suggests that it is Structured by Magnetic Fields
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The Sun’s Large-Scale Magnetic
Field is Dynamic (Babcock 1961)
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Winding:
converting
poloidal «
field to

toroidal fiel

The Leighton papers of 1965 and
/ , 1969 developed Backcock’s
// . phenomenological theory into a

/ {/’ physics-based dynamo theory

I = A\ ‘explaining’ the_ properties of t_he

- = sunspot cycle incl. butterfly diagram
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Polar Fields Predict Sunspot Cycle

VOL. 5, NO. 5 GEOPHYSICAL RESEARCH LETTERS MAY 1978
USING DYNAMO THEORY TO PREDICT
THE SUNSPOT NUMBER DURING SOLAR CYCLE 21 0,
Kenneth H. Schatten, Philip H. Scherrer, Leif Swalgaard and John M, Wilcox
Institute for Plasma Research, Stanford University, Stanford, California

Abstract, On physical grounds it is suggested
that the sun's polar field strength near a solar
minimum is closely related to the following

cycle's solar activity,

International sunspot number S, :
Yearly mean and 13-months smoothed number
T T T T T

4 Sunspot Number (V2.0) Prediction {2016/10)

We predicted back
in 2004 SC24 to
be about half of
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SILSO graphics (http://sidc.befsilso) Royal Observatory of Belgium 2017 March 1

Currently, the polar fields are at least
as strong as before cycle 24, so cycle
25 will be at least as strong as 24.

Hathaway NASA/ARC



The Sunspot Butterfly Diagram

Annie Scott Dill
- Maunder (1868-
© . 1947) drew the
ity o first sunspot
it butterfly diagram.
ﬁ ?

- You can still see
it on the wall at
-the HAO in

" Boulder, CO.
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Early MWO Observations

after Babcock Invented the Magnetograph “by doing everything right
Weak Polar Fields.
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Strong Polar Fields
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WSO Observations since 1976
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Theory:
Deep
circu-
lation?
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97 Observations and theory

Solar Prediction"Pangl, 2006 -

suggest that the magnetic
field at the poles of the Sun
at solar minimum is a good

predictor of the next solar

cycle.

The low polar fields at the
previous minimum predicted
a small cycle 24




Earliest Measurements of ‘Polar Fields’
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Fig. 1. Representing on a graph the separate determinations of the polarity and magnitude of the
general magnetic field of the Sun. [1] = Hale et al., 1918; [2] = Langez, 1936; [3] = Adams, 1934;
[4] = Babcock, 1948; [5] =Thiessen, 1946, 1952; [6] = Adams, 1949; [7]= Von Kliiber, 1951;
[8] =Babcock and Cowling, 1953; [9] = Kiepenheuer, 1953; [10] = Babcock, 1959; [11] = Howard,
1965; [12] = Von Kliber, 1965; [13] =Severny, 1966; [14] = Severny, 1967; [16] = Stenflo, 1968;
[17] = Stenflo, 1968; [18] =Babcock and Babcock, 1955; [37] =Stenflo, 1970* — @

A.B.Severny, The Polar Fields, etc [Howard, ed. Solar Magnetic Fields, IAU, 1971] ,,
Doubted that the reversals were real...



' G/Qr’don Petri
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Fine Structure of
the Polar Fields

The polar magnetic ‘landscape’

1975-June-July N Six stacked
- Magnetograms
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MWO: Howard, R., Solar Physics, 59, 243 (1978)

Line-of-Sight
component
is what we
observe.

» Near the
poles the
real field is
weakened
by projectiéﬁ




A Systems Approach: Everything Must Fit
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Faraday wrote to R. Wolf on 27th August, 1852: “| am greatly obliged and delighted by
your kindness in speaking to me of your most remarkable enquiry, regarding the
relation existing between the condition of the Sun and the condition of the
Earths magnetism. The discovery of periods and the observation of their accordance
in different parts of the great system, of which we make a portion, seem to be one
of the most promising methods of touching the great subject of terrestrial magnetism...

“everything must fit” is a lofty goal and we are not there yet, but it should be a guiding prinéﬁ:)le



GDWS 1 Fluxgate Data

The Diurnal Variation of the
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Dlrectlon of the Magnetic Needle

George Graham [London]
discovered [1722] that the
geomagnetic field varied
during the day in a regular
manner. 13



We all Know about Marconi's Long-
Distance Radio Transmissions

uglielmllumni ‘selylds message
from England to Newfoundland

Dec 12. The Italian physicist
Guglielmo Marconi, who sent wire-
less telegraphic messages across the
English Channel from Dover, Eng-
land, to Boulogne, France, on
March 29, 1899, repeated his experi-
ment today over the Atlantic
Ocean, a distance of 2,232 miles.

In order to carry out this experi-
ment, Marconi set up a 164-foot-

Guglielmo Marconi and his first
wireless.

high antenna in Poldhu, Cornwall,
England. Then, he erected a receiv-
er in St. John's, Newfoundland,
Canada. In spite of the earth’s curv-
ature, he received a Morse signal
corresponding to the letter *S” from
the Poldhu station across the ocean.

‘When Marconi realized the im-
portance of his first discoveries in
1895, he asked the Italian Minister
of Telecommunication to help him.
But the minister found that Mar-
coni’s experiments were too extrava-
gant. That's why Marconi went to
England, where he won the support
of Sir William Peace, the Postmast-
er General, who immediately under-
stood the significance of the young
Marconi’s work. Thanks to Peace’s
perspicacity and the help of Profes-
sor Adolf Slaby, Marconi could hit
his target today (— 2/22/03).

Dec. 12, 1901

\ \Q\\.

stance

Wavelength ~350

Qs I

o .-,/
At .IS s medium wavelength rellable Ion
transmission in the daytime is not really(pssﬂgle

begause of heavy absorption of the sky wave in *
thelionosphere (Marconi didn’t know that..})
tf \ / '

5

f 3 / |
{ \ \ [
. ¢

\ \ -~ |

.-
- |



The Source of the

2011-09-10
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Extreme Ultraviolet

Extreme Ultraviolet
(EUV), wavelengths
17.1-21.1-30.4 nm
from chromosphere
and corona with
temperatures from
50,000 Kto 2
million K
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The Physics of the Daily Variation

lonospheric Conducting Layers

Day wnosphere Might jonosphere exosphere
500 - satellite .
The various
layers reflect esmusplie
0= radio waves
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Winds moving the charges across the magnetic field
creates a dynamo current, whose magnetic effect we
can observe at the surface as Graham discovered

Dynamo

1828-1887

An effective dynamo
process takes place in
the dayside E-layer
grounds for imagining where the density,

that their conductivit 0Oth Of the neutral

may be much greate gtmosphere and of the

than has hitherto -
been supposed.” electrons are high
enough.

1882, Encyclopedia
Britannica, 9th Ed.:

“there seems to be

16



The Source of the lonization: EUV

2011-09-10

Sunspots Magnetic Fields

Extreme Ultraviolet
(EUV), wavelengths
17.1-21.1-30.4 nm
from chromosphere
and corona with
temperatures from
50000 K to 2
million K
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Because the
process is slow (the
Zenith angle x
changes slowly) we
have a quasi
steady-state, in
which there is no
net electric charge.
The conductivity
thus varies with the
square root of the
zenith angle and of
the overhead EUV
flux 17



The Tale of Two Sunspot Numbers

GSN =12 * Groups

Group Sunspot Number
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Corrected Wolf Sunspot Number
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The old ‘official’ sunspot number
[maintained by SIDC in Brussels]
showed a clear ‘Modern Maximum’ in

Correct GSN by +40% before ~1882
Correct WSN by -20% after 1946,
because of weighting of the count
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introduced then (the Waldmeier
Jump)

The new SSN series suggest that there
likely was no Modern Grand Maximum?18




Discrepancies were Both
Large and Systematic

Ratio between H&S Group Sunspot Number and Zurich Sunspot Number V1
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The ratio of the H&S GSN and the Official [*Zurich”] Relative Sunspot Number
[version 1] (when not too small) reveals some systematic variations, related to
choice of observers...

19




Checking the Calibration for the 18" Century:
Build Replicas with the Same Optical Flaws

Chromatic
aberration

Spherical
aberration

Comparing Sunspot Relative Numbers Observed by ATS and 'Modern' Observers
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Modern observers see three times as many sunspots than our 18t century repllcas



The Big Picture of Solar Activity

Three Centuries of Sunspot Group Numbers

Monthly Averages
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WSO Polar Field Measurements

goTo WSO Polar Field Measurements
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We found at the previous minimum that the ‘optimum’ measure of the polar
dipole precursor was the average over three year before the minimum, shown
here by the red lines
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mean radial field strength in gauss

latitude (deg)

Polar Fields by HMI
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Using the Dipole Moment

Cycle Maximum vs. Dipole Moment
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Compare with Other Predictions

—& Precursor 7
18 Climatological
- Dynamo meodel

7 Neural network
| Spectral

T]TIITITTI]

Mean in time

“ 38 Predictions of Solar Cycle 25 &

-

Solar Cycle 2

Average

i

TIIT]TTI]]TT

5 11

il 11

25




The Sun May Not Cooperate...

The response of the true
Sun to the research efforts

The End
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Abstract

When Marconi in late 1901 demonstrated that radio communication across the Atlantic Ocean at a
distance of 2000 miles it became clear that an electric 'mirror' existed high in the atmosphere to guide
the radio waves around the curvature of the Earth. Kennelly and Heaviside independently suggested
that a layer of ionized gas, the 'ionosphere' at an altitude of 60-100 miles was responsible for the
effect, but it was only more than two decades later that the existence of such a layer was firmly
established by the British scientist Appelton for which he received the 1947 Nobel Prize in Physics.
Physicists long resisted the idea of the reflecting layer because it would require total internal reflection,
which in turn would require that the speed of light in the ionosphere would be greater than in the
atmosphere below it. It was an example of where the more physics you knew, the surer you were that
it couldn't happen. However, there are two velocities of light to consider: the phase velocity and the
group velocity. The phase velocity for radio waves in the ionosphere is indeed greater than the Special
Relativity speed limit making total internal reflection possible, enabling the ionosphere to reflect radio
waves. Within a conducting layer electric currents can flow. The existence of such currents was
postulated as early as 1882 by Balfour Stewart to explain the diurnal variation [discovered in 1722] of
the Earth's magnetic field as due to the magnetic effect of electric currents flowing in the high
atmosphere; such currents arising from electromotive forces generated by periodic (daily) movements
of an electrically conducting layer across the Earth’s permanent magnetic field. Today, we know that
solar Extreme Ultraviolet radiation is responsible for ionizing the air and that therefore the ionospheric
conductivity varies with the solar cycle [e.g. as expressed by the number of sunspots]; so,
observations of the Sun are vital in monitoring and predicting radio communications for Amateurs and
Professional alike. Conversely, centuries-long monitoring of variations of the Earth's magnetic field can
be used to determine long-term variations of solar activity. The talk weaves these various threads from
multiple scientific and engineering disciplines together to show the unity of scientific endeavor and its

importance for our technological civilization.
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