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Abstract. Following a given classification of geomag-
netic activity, we obtained aa index values for the
Maunder minimum (1645-1715). It is found that the
recurrent and fluctuating activities were not appreciable
and that the shock activity levels were very low. The aa
index level was due almost entirely to the quiet days.
Calculated average solar-wind velocities were 194.3
km s~! from 1657 to 1700 and 218.7 km s~ from 1700
onwards. Also, the coronal magnetic field magnitude
and southward interplanetary magnetic field component
Bz were lower. It is concluded that the nearly absent
levels of geomagnetic activity during this period were
due to lower coronal and Bz magnetic field magnitudes
as well as to the continuous impinging on the Earth of a
slow wind.

1 Introduction

The Maunder minimum (1645-1715) is now recognized
as a period of depressed solar activity, signaled by a
reduction in naked-eye sunspot number, diminished
corona at eclipses, suppressed auroral incidence, and
marked increase in the radiocarbon production detected
in tree rings (Eddy, 1980).

Sunspots are generated by toroidal magnetic fields
lying below the photosphere brought to the surface by
buoyancy. For example, the a-w» dynamo theory (Kra-
use and Radler, 1980) indicates that the stronger the
star’s rotation rate the stronger the deformation of the
poloidal field component below the star’s surface and
the generation of the toroidal component. If for some
reason the Sun’s rotation rate was lower during the
Maunder minimum than at present, the toroidal field
may have been weaker and the production of sunspots
lower than today. The toroidal field derives from the
poloidal field of the previous half solar cycle and vice

versa. Poloidal fields are large scale and extend into the
corona. It is now widely accepted that the heating of the
star’s atmosphere is magnetic (Axford and McKenzie,
1992; Habbal, 1992). A weaker field produces less
heating of the Sun’s atmosphere and then lower
temperatures. Also, emission lines like the Ca II H and
K lines that brighten with increasing magnetism (Leigh-
ton, 1959; Howard, 1959) would be dimmer. Lower
coronal temperatures produce a slower solar wind
(Parker, 1963). Further, the mean value of the south-
ward component Bz of the interplanetary magnetic field
is proportional to the sunspot number (Slavin and
Smith, 1983). As the Maunder-minimum period was
characterized by low sunspot numbers, we can conclude
that the solar wind in this epoch was slower and
smoother than at present and therefore produced an
inefficient magnetic reconnection that in turn resulted in
a low production of aurorae.

Suess (1979) has proposed qualitative arguments
suggesting that during the Maunder minimum the solar
magnetic field, the solar mass flux, and the velocity and
density of the solar wind were reduced, and also that the
interplanetary magnetic field was smooth. Based on the
results of models of the quiet solar wind developed by
several authors, Suess proposed that the wind speed at
the Earth’s orblt was < 300 km s™'and that the density
was < 5 cm™”. Later, Silverman (1986) calculated the
solar-wind Velocity at 1 AU and the values of the aa
indices during several solar minima. In particular, for
the Maunder-minimum period he concluded that the
coronal holes continued sending strong wind streams
with velocities > 300 km s™!, and that the major factor
in the decline of geomagnetic and therefore auroral
activities was not the solar-wind velocity but the
reduction of the Bz component of the interplanetary
magnetic field.

It is still highly controversial whether during the
Maunder minimum there was an ~11-year cycle or not.
Kocharov (1987) has shown the variations of '*C with
time from 1600-1730, finding that they had a cycle
closer to 22 years. Silverman (1992) indicates that
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during the Maunder minimum the 11-year cycle disap-
pears in the frequency of auroral occurrence. On the
other hand, Ribes er al. (1989) show that during this
minimum the horizontal solar diameter had variations
dominated by a 9.4-year periodicity. Schroeder (1992)
demonstrates that the 11-year cycle in solar and auroral
activity existed during this period. Ribes and Nesme-
Ribes (1993) identify an approximately 11-year cycle in
sunspot numbers.

In the present work we assume the existence of an 11-
year cycle in the sunspot numbers during the Maunder
minimum. Also, for this period we adopt the cycle lengths
suggested by Ribes and Nesme-Ribes (1993), taken from
minimum to minimum: 1646-1657; 1658—-1668; 1669—
1679; 1680-1690; 1691-1700; 1701-1710; 1711-1721. We
took 1723 as the last year of the last cycle instead of 1721,
in order to match the Wolf numbers of the cycles plotted
by Hoyt et al. (1994) after 1700.

In our study we shall apply a number of equations
which hold for modern times; we should point out that
using these relations for the Maunder minimum is
inherently speculative as the Sun during this period
might have behaved quite differently.

The paper is organized as follows: in Sect. 2 we
obtain the values of the shock, recurrent, and fluctuating
activities; in Sect. 3 the quiet days are found; Sect. 4 has
the calculated solar-wind velocities; Sect. 5 presents the
estimations of the magnetic field, and in Sect. 6 we
present the discussion and conclusions.

2 The geomagnetic activity during
the Maunder minimum

In recent years Legrand and Simon (1985) and Simon
and Legrand (1986, 1987) have classified the geomag-
netic phenomena according to their interplanetary
sources for the period 1868—1986. They relate the quiet
days to the flow of low-speed winds coming from the
heliospheric neutral current sheet. They have also
distinguished three classes of geomagnetic activity: the
shock activity due to traveling interplanetary shock
waves, the recurrent activity, produced by high-speed
wind streams coming from polar coronal holes, and the
fluctuating activity originated by moderate-speed wind
associated with the turbulence in the heliospheric
current sheet. More recently Pérez-Enriquez and Men-
doza (1993) showed that the fluctuating activity is
specifically related with the Earth’s sector boundary
crossings.

Under the proposed scheme the annual aa index
represents the sum of the quiet days plus the shock,
recurrent, and fluctuating activities. Its value is given by
the ratio of the annual sum of daily indices and the
annual number of the related days.

Legrand and Simon (1985) found a relationship
between Rz, the annual average sunspot number of the
cycle in progress, and the annual level of the shock
geomagnetic activity aag,:

aag, = 0.048 Rz. (1)

Although the dispersion of Eq. (1) is large for high
sunspot numbers, when the sunspot number is less than
~50 the scattering is reduced and the relationship
between sunspots and shock activity is reasonably well
represented by this expression.

Concerning the recurrent geomagnetic activity, Si-
mon and Legrand (1986) found a close relationship
between the sum aa, of the recurrent activity during an
interval of 4 years around the minimum and the
following cycle’s sunspot maximum number. They
found that no appreciable activity is observed before
cycles with solar maximum sunspot numbers less than
~50, as the following expression indicates:

aa, = (Ryax — 50)/0.0087. (2)

Here R, is the maximum sunspot number of the
following cycle.

The annual fluctuating activity occurring at sunspot
minimum or on the following year, aay, also presents a
good association with the sunspot maximum number of
the following cycle. The relationship is given by
(Legrand and Simon 1987):

aay = (Ryax — 52)/13.13. (3)

Again, no appreciable fluctuating activity is observed
before cycles with maximum sunspot numbers below
~50.

In Fig. 1 and Table 1 we notice that during the
Maunder minimum the highest sunspot number oc-
curred in 1717 and was 4.08 (after Ribes and Nesme-
Ribes, 1993). Therefore, according to the earlier discus-
sion neither the recurrent nor the fluctuating geomag-
netic activities were appreciable. The only activity
probably sometimes present was the shock activity. In
Fig. 2 we plotted the seven points corresponding to the
years of the minima during the Maunder minimum. We
observe that only in the solar-minimum years of 1710
and 1723 was there shock-wave activity (dashed line),
and that its level was very low compared with contem-
porary values of this kind of activity which reach an
average of ~5 y (Simon and Legrand, 1987).
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Fig. 1. Annual sunspot number during the Maunder minimum, 1645—
1715, after Ribes and Nesme-Ribes (1993)
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Table 1. Annual sunspot number

Year Sunspot number Year Sunspot number
1657 0 1693 0
1658 0 1694 0
1659 0 1695 0.08
1660 0 1696 0
1661 0 1697 0
1662 1 1698 0
1663 0 1699 0
1664 0 1700 0
1665 0 1701 0.33
1666 0 1702 0.33
1667 0 1703 1
1668 0 1704 0.92
1669 0 1705 1.25
1670 0 1706 0.58
1671 0.08 1707 1.08
1672 0.17 1708 0.67
1673 0 1709 0.42
1674 0 1710 0.08
1675 0 1711 0
1676 0.5 1712 0
1677 0.33 1713 0
1678 0.5 1714 0.42
1679 0 1715 1.17
1680 0 1716 2.33
1681 0 1717 4.08
1682 0 1718 1.83
1683 0 1719 0.17
1684 1.08 1723 0.92
1685 0.08

1686 0.5

1687 0

1688 0.75

1689 0.17

1690 0

1691 0

1692 0
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Fig. 2. Solar-minimum annual average index of very quiet geomag-
netic times during 1645-1715: aa,y = 4.06 + 0.019 Ry (r = 0.83),
dots. Solar-minimum annual average index of shock-related geomag-
netic activity during 1645-1715 aay, = 0.048 Rz, dashed line. Solar-
minimum annual average index of geomagnetic activity during 1645—
1715, given by aa = aa,, + aag,, solid line. The thin short vertical lines
on the x axis correspond to the years of the solar maximum. The thick
ones correspond to the years of the solar minimum

3 The quiet days

Quicet days are defined as those with an annual aa
index less than 20 y. Analyzing the quiet days from
1868 to 1986, Simon and Legrand (1987) have con-
cluded that:

1) The annual number of quiet days during the year of
the solar minimum is inversely proportional to R,,,.,
the maximum sunspot number of the following solar
cycle.

2) Also, the higher the annual number of quiet days
during the year of the minimum the weaker the
annual average aa, index.

Within the quiet-day set there is the very-quiet-day
group: those days with aa < 10y. Presumably this
group corresponds to interplanetary conditions in
which the current sheet is very thick, implying weak
magnetic fields in the Sun (Simon and Legrand, 1989).
Those conditions were probably present during the
Maunder minimum. Therefore, our interest will be
focused on the very-quiet-day behavior. We analyzed
the very-quiet-day data from 1868 to 1986 (Legrand,
private communication) and this subset also follows
the pattern described in (1) and (2) just given, as can
be seen from Fig. 3a, b. Furthermore, we obtain a
relationship between the very-quiet-day aa,, and R,,,,.
This is shown in Fig. 3c and the relation found is given
by:

aag = 4.06 4 0.019 R4 4)

For this equation the correlation coefficient r is 0.83.

Knowing the annual sunspot numbers during the
Maunder minimum period and using Eq. (4) we obtain
aay, for the years of the solar minima (dots in Fig. 2).
Furthermore with the help of Eq. (1) we can calculate aa
for the solar minimum years (solid line in Fig. 2) as
follows:

aa = aay, + aag,. (5)

From this figure we notice that the main contribution to
the aa index level comes from the quiet days. For the
solar minimum years from 1657 to 1700 the average
geomagnetic activity level was 4.07 y. For the solar
minimum years from 1710 onwards the activity in-
creased slightly to reach an average level of 5.05 7.

The number of quiet days is proportional to the
thickness of the neutral sheet (Simon and Legrand,
1989). During the Maunder minimum Rz < 50. There-
fore, according to Fig. 3a there should have been very
quiet geomagnetic days for more than 300 days each
year of the period, implying a very thick neutral sheet.
For instance, during the minimum of 1878, precursor of
one of the lowest maxima of the 19th century (R,
~64), the thickness of the neutral sheet was larger than
14.4° and the Earth was immersed in a stream of slow
wind for most of the year, resulting in a high number of
quiet days (Simon and Legrand, 1989).
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Fig. 3. a Annual number N of very quiet days (aa < 10y) versus the
maximum sunspot number R,,,. of the following solar cycle:
N = —1.697 Ry + 392.56, r = 0.88. b Annual number of very quiet
days during the year of the minimum versus the annual average aa,,
index: N = —79.12 aa, + 6.951, r =0.96. ¢ Annual average aa,,
index versus R, adyy = 4.06 +0.019 R,q, r = 0.83

4 The solar-wind velocity at the Earth’s orbit

In order to calculate the solar-wind velocity at 1 AU, the
only parameters we know are the annual sunspot
number Rz from 1666 to 1720 and the values of aa for
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Fig. 4. Solar-wind velocity at Earth’s orbit during the Maunder
minimum obtained from Eq. (6). The values correspond to the 7 years
of solar minima, occurring during this period

the solar-minimum years during the period of interest
(Eq. 5).

Feynman and Crooker (1978) have proposed a
relationship between aa, the velocity of the wind V,
and the yearly mean Bz component (measured in the
GSM coordinate system):

aa =13+44.7 x 107°Bz V. (6)

For this expression » = 0.9.

On the other hand Slavin and Smith (1983) have
determined a relationship between the annual mean
value of Bz (measured in the GSE coordinate system)
and the sunspot number given by:

Bz=1.56+7.19 x 1073 Rz. (7)

For this equation » = 0.93.
Taking Egs. (6) and (7) and solving for ' we find:

V = {(aa —1.3)/(7.33 x 107° +3.38 x 1077 Rz)}'/*.
(8)
In Fig. 4 we observe the results of the calculations.
For the solar minimum years from 1657 to 1690 the
average wind velocity was 194.3 km s~'. For the

minimum years 1700-1723 the average velocity in-
creased slightly, reaching a value of 218.7 km s~".

5 The magnetic field

During the year the heliolatitude of the Earth oscillates
from 7° north in September to 7° south in March,
covering a total of around 14°. Also during solar
minimum times the current sheet lies in the equatorial
plane and its warping is very low (Hoeksema and
Scherrer, 1986). Therefore during these periods the
Earth is frequently inside the neutral sheet. At the
neutral sheet the wind speed falls off and reaches a
minimum (Bruno et al., 1986; Kojima and Kakinuma,
1990). Moreover, the thickness of the slow-wind sheet
depends upon the intensity of the solar dipole. Evidence
that the magnetic field intensity during the Maunder



Blanca Mendoza: Geomagnetic activity and wind velocity during the Maunder minimum 401

minimum was in fact lower than the present one comes
from investigations on the behavior of surface magnetic
fields in solar-type stars. These investigations have
shown that emission in the chromospheric Ca 11 H
and K lines (HK) is a surrogate for magnetic flux
(Leighton, 1959; Howard, 1959), i. e.:

B = By HK /HK, (9)

Here the subscript 0 corresponds to contemporary
values. The usual Ca II H and K flux ratio observed
for solar minimum times is HK, = 0.164 (Wilson, 1978).
It has been shown that the probable HK flux for
Maunder-minimum times was between 0.121 and 0.161
for 1683, when the solar activity was very depressed, and
between 0.122 and 0.163 for 1715 when the Sun regained
strength (Mendoza, 1996). The lower limits are consis-
tent with the minimum HK flux observed for solar-type
stars that are in a noncycling state, the upper limits
correspond to cycling stars (Baliunas and Jastrow,
1990). Using Eq.(9) we find values of B
=0.74 — 0.98 B, for the chromospheric magnetic field
during 1683 and of B, = 0.74 — 0.99 B, for 1715. The
chromospheric fields B, extend up into the corona,
producing weaker coronal fields. With a reduced
coronal dipole intensity we expect that the Earth should
have been immersed inside an even thicker sheet than
the one occurring, for instance, in 1878, and therefore
received a slow wind for more than 300 days during the
year.

Following Eq. (7) we observe that Bz =1.56 y for
those years in which Rz = 0. From 1658 to 1700 we find
an average of Bz =1.57 y and from 1701 to 1720 the
average is Bz = 1.63 y.

6 Discussion and conclusions

We have analyzed the geomagnetic activity level during
the Maunder minimum following the classification of
the geomagnetic activity given by Legrand and Simon
(1985) and Simon and Legrand (1986, 1987). We found
that the recurrent and fluctuating activities were not
appreciable, and that the shock activity presented very
low levels compared with modern average values. The
level of the aa index was due almost entirely to the quiet
days. The average values found are ~4.1 y from 1657 to
1700 and ~5.1 y from 1701 to 1723; modern values for
aa are < 20 y (Simon and Legrand, 1989), at most 5 and
4 times larger, respectively, than those for the Maunder
minimum. In this sense the geomagnetic activity was
nearly absent during the Maunder minimum and only
quiet magnetic days existed.

The auroral activity is produced mainly by a com-
bination of shock and recurrent activities (Legrand and
Simon, 1988). The nearly absent levels of recurrent
geomagnetic activity and the very low levels of shock
activity imply depressed auroral activity during the
Maunder minimum. In modern times, aurorae related to
shock geomagnetic activity appears centered on the
invariant latitude of 59°-60° and has an unlimited

extension towards the equator (Legrand and Simon,
1989). Taking this behavior as a guide, the aurorae
during the Maunder minimum, when they occurred,
should have been present at middle latitudes, as has
been found (Silverman, 1992).

On calculating the solar-wind velocity at the Earth’s
orbit, we found that during the solar minimum years
from 1657 to 1700 the wind had an average velocity of
around 194.3 km s™' and from 1700 onwards this
velocity increased, reaching an average value of 218.7
km s'. Modern slow solar-wind velocities are very
seldom below 250 km s™' (Kojima and Kakinuma,
1990). This value is around 1.3 and 1.1 times higher than
the calculated average Maunder-minimum wind veloc-
ities.

When we apply Eq. (7) to the years 1966-1982, the
period for which this relation holds, an average Bz field
of around 2.14 7y is obtained. Maunder-minimum
average Bz fields of 1.57 y from 1658 to 1700 and of
1.63 y from 1701 to 1720 are found. Therefore, the
modern average Bz is around 1.4 and 1.3 times higher
than the Maunder Bz field. Finally, lower chromospher-
ic Bewm = 0.7 —1 B, and therefore lower coronal
magnetic fields are found which produce a lower heating
of the atmosphere, a slower wind leaving the Sun, and a
thicker heliospheric current sheet.

We conclude that the low levels of geomagnetic
activity and therefore of auroral activity had two causes:
a smoother interplanetary magnetic field and the con-
tinuous impact on the Earth’s environment of slower
wind streams as compared to modern times. The wind
impinging on the Earth was slower for the following
reasons: a) there was a slower wind leaving the corona
due to the lower coronal temperature produced by a
lower solar magnetic field, and b), since the number of
quiet days is proportional to the slow-wind neutral sheet
thickness and during the Maunder minimum there were
more than 300 very quiet days for most years of this
period, the Earth spent almost all the time inside this
slow-wind sheet.

We envisage the Maunder-minimum low-speed wind
coming out from a region that encompassed coronal
helmet streamers and the boundaries of coronal holes,
and traveling along the heliospheric current sheet. As
this current sheet was very thick and with very low
warping the Earth should have been mostly inside the
central parts receiving this very low speed solar wind.
We also imply that the wind during the Maunder
minimum was essentially the same as at the present.

Furthermore, our results suggest that from 1700
onwards the solar activity resumed, but this was not
evidenced in sunspots until the following maximum.

Finally, it is important to point out that more recent
calculations of sunspot numbers during the Maunder
minimum (Hoyt et al., 1994) show even lower numbers
than the ones used in the present paper. If these
preliminary estimations are in fact more accurate, then
the conclusions of the paper shall be reinforced, because
the wind velocity and the Bz field shall have even lower
values.
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