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Abstract. Minima in geomagnetic activity (MGA) at Earth

at the ends of SC23 and SC22 have been identified. The

two MGAs (called MGA23 and MGA22, respectively) were

present in 2009 and 1997, delayed from the sunspot num-

ber minima in 2008 and 1996 by ∼1/2–1 years. Part of

the solar and interplanetary causes of the MGAs were ex-

ceptionally low solar (and thus low interplanetary) magnetic

fields. Another important factor in MGA23 was the disap-

pearance of equatorial and low latitude coronal holes and

the appearance of midlatitude coronal holes. The location

of the holes relative to the ecliptic plane led to low solar

wind speeds and low IMF (Bz) variances (σ 2
Bz) and normal-

ized variances (σ 2
Bz/B2

0 ) at Earth, with concomitant reduced

solar wind-magnetospheric energy coupling. One result was

the lowest ap indices in the history of ap recording. The re-

sults presented here are used to comment on the possible so-

lar and interplanetary causes of the low geomagnetic activity

that occurred during the Maunder Minimum.

Keywords. Magnetospheric physics (Solar wind-magneto-

sphere interactions)

1 Introduction

The recent solar cycle was the longest with the deepest mini-

mum in sunspot number (Rz) values in the space exploration

era (Hathaway, 2010). The deep minimum is also reflected

in several solar irradiance observations, such as total solar ir-

radiance, UV and EUV irradiance, and radio flux at 10.7 cm

wavelengths (Solomon et al., 2010; Hathaway, 2010).
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It is well known that the transference of solar wind energy

to the magnetosphere depends on several interplanetary pa-

rameters: the interplanetary magnetic field magnitude (B0),

the southward component of this field (BZ) and solar wind

speed (VSW) (Tsurutani and Meng, 1972; Akasofu, 1981;

Gonzalez et al., 1994, 1999; Tsurutani et al., 1988; 1995,

2006; Echer et al., 2005, 2008). The purpose of this pa-

per is to identify when the minimum in geomagnetic activ-

ity (MGA) occurs relative to the 1996 and 2008 “official”

solar (sunspot) minima, and to identify specific solar and

interplanetary features that lead to the MGAs. What has

not been done before is to examine the causes of variations

of magnetic field magnitude, the IMF Bz variations and so-

lar wind velocity variations separately during and near solar

minima. We will show that when one takes this more general

approach, the results are quite surprising.

2 Data analyses

Solar data such as the sunspot number (Rz), mean mag-

netic field magnitude of the sun (Bsun) (Scherrer et al., 1977)

were obtained from the Sunspot Index Data Center, Brussels

and the Stanford Wilcox Solar Observatory websites (http:

//wso.stanford.edu/(http://sidc.oma.be/), respectively. The

solar wind parameters such as the solar wind velocity (Vsw),

the interplanetary magnetic field (IMF) magnitude (B0) and

the geocentric solar magnetospheric (GSM) Bz components,

as well as the geomagnetic ap indices (e.g., Rostoker, 1972)

were obtained from the NASA Goddard OMNI web database

(http:/omniweb.gsfc.nasa.gov/). The Oulu, Finland cosmic

ray flux was obtained from the Oulu University website

(http://cosmicrays.oulu.fi/). Coronal hole maps were ob-

tained from the National Solar Observatory homepage (http:

//solis.nso.edu/vsm/).
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Fig. 1. Solar, interplanetary, cosmic ray and geomagnetic activity data for SC22 and 23. A dashed vertical green line indicates the official

sunspot minima. A vertical solid line shows the geomagnetic activity minima on Earth. Horizontal (arbitrary) red lines are shown for

Rz = 0, B0 = 5 nT, CR = 6500 cpm, VSW = 400 km s−1 and ap = 10 nT. The shaded regions in the ap panel are used to define the minimum

geomagnetic activity (MGA) intervals, MGA22 and MGA23.

Both the measured IMF Bz and the calculated epsilon pa-

rameters (Perrault and Akasofu, 1978) are expressed using

geocentric solar magnetosphere (GSM) coordinates. In GSM

coordinates, the x-axis points from the Earth towards the sun,

the y-axis is defined by y = (M×x)/|M×x| where M is the

magnetic south polar vector. The z-axis completes the right-

hand system (x ×y = z).

Nested variances and normalized variances

A quantitative measure of the interplanetary Alfvén wave

(Belcher and Davis Jr., 1971) intensities is provided by calcu-

lating the “nested variances” of the magnetic field Bz compo-

nent (Tsurutani et al., 1982, 2011; Echer et al., 2011). Only

the Bz component and variances are shown because this is

the most important component leading to geomagnetic activ-

ity at Earth. 1-min average magnetic field data were used to

calculate the variances. 30-min, 1-h and 3-h variances were

calculated and then were used to make 3-h averages of the

quantities. We show only the 3-h average values in this paper.

These variances are called “nested” because the 3-h averages

of 30-min variance have values less than the 3-h averages of

1-h variance (for the same time interval), and so on. The low-

est time scale variance is “nested” inside the value of the next

higher time scale variance, etc.

What is useful about this method of data display? The

variances are easy to calculate and display. Furthermore, the

variances give the amount of wave power for frequencies up

to the time value. For example, the 3-h average 30-min vari-

ance values give the average wave power occurring in the

1-min (the minimum time scale used in the construction of

the variances) to 30-min wave period range. The 1-h vari-

ance values give the wave power occurring between 1-min

to 1-h wave period range. If one subtracts the 30-min vari-

ance value from the 1-h variance value, the resultant value is

the amount of wave power which was present for wave peri-

ods between 30-min and 1-h. The variances can thus be used

to determine an average wave power and a low-resolution

power spectrum.

Because the ratio of the Alfvénic fluctuation amplitude to

the ambient magnetic field strength B0 (quantity squared)

is an important quantity for particle scattering, the quantity

σ 2
z /B2

0 , the “normalized” variances, have also been calcu-

lated. The normalized Bz variances and Bz variances will

both be shown during a variety of solar wind conditions.

3 Results

Figure 1 shows, from top to bottom, the sunspot number

(Rz), the 1 AU interplanetary magnetic field (IMF) magni-

tude, B0, the Oulu, Finland cosmic ray (CR) count rate (the

local vertical geomagnetic cutoff rigidity is ∼0.8 GeV), the

solar wind speed Vsw, and the ap geomagnetic index. All

values displayed are 27-day averages. The data extend from

1 January 1990 to 31 August 2010, covering the last ∼11/2

Ann. Geophys., 29, 839–849, 2011 www.ann-geophys.net/29/839/2011/
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solar cycles. The focus of our discussion will be the time in-

tervals near the last two solar minima. Vertical dashed green

lines give the official dates of the solar minima between cy-

cle 22 and 23 (hereafter called the SC22 minimum) and cy-

cle 23 and 24 (the SC23 minimum). The sunspot minimum

dates were obtained from Hathaway (2010). Vertical blue

lines give the geomagnetic ap index minima. We call atten-

tion to the long delay of the geomagnetic activity minima

from the sunspot minima.

The horizontal red lines have been added to the figure to

guide the reader. From top to bottom the lines are the zero

value for Rz, 5 nT for B0, 6500 counts/min for the Oulu cos-

mic ray flux, 400 km s−1 for VSW and 10 nT for ap.

Figure 1 shows the solar cycle that has just ended (SC23)

extended from 1996 to 2008 and is therefore the longest in

the space era (12.6 years). The length of solar cycles 20

through 22 were 11.7, 10.3 and 9.7 years, respectively. The

solar minimum sunspot number average for the last cycle is

1.7, which is also considerably lower than the other minima:

12.2, 12.3 and 8.0, respectively (not shown).

Using the horizontal red lines, the values below (B0, Vsw

and ap) and above (CR flux) the lines near the SC23 mini-

mum have been shaded for emphases. The same shading has

been done for the interval around the SC22 minimum. It can

be noted that B0, Vsw and the ap index values for the SC23

minimum are considerably lower than the SC22 minimum

values.

Although the IMF B0 and Oulu CR flux shaded regions

are symmetric in time about the official solar minimum (in

late 2008), Fig. 1 shows that the B0 minimum is weighted

more towards 2009 and the CR flux peak is not reached until

the beginning of 2010. What is particularly interesting in the

figure is that the VSW and ap 27-day averages are even more

asymmetric about the solar minimum time. Both quantities

have minima near the end of 2009/beginning of 2010.

For the SC22 minimum, it is noted that both VSW and the

ap indices shaded minima are similarly delayed in time from

the official sunspot minimum, just as in the case of the SC23

minimum. The B0 values are symmetric about the minimum

while the CR flux is again delayed.

The focus of this paper is the minima in geomagnetic ac-

tivity (MGA), so we will use the ap shaded regions as foci

for further discussion. We select the MGA23 interval from

the ap shading as being from day 97, 2008 to day 95, 2010

and the MGA22 interval from day 106, 1996 to day 23, 1998.

The onset and end times are somewhat arbitrary, depending

on what are chosen for the horizontal cutoff values. How-

ever the main point is that the MGAs are delayed from the

SC minima.

Table 1 gives the ap index, Vsw, B0 average and CR flux

values for the selected MGA23 interval and the selected

MGA22 interval. For the MGA23 interval, the ap, Vsw and

B0 averages were 5.0 nT, 390 km s−1, and 4.2 nT, in compar-

ison to 8.7 nT, 395 km s−1, and 5.5 nT for the MGA22 inter-

Table 1. Average values for MGA23 and MGA22.

MGA23 MGA22

Time MGA 097/2008–095/2010 106/1996–023/1998

ap 5.0±1.9 nT 8.7±2.6 nT

Vsw 390.2±43.6 km s−1 395.0±34.8 km s−1

B0 4.2±0.4 nT 5.5±0.7 nT

CR 6739.4±78.4 cpm 6531.3±28.8 cpm

val. For MGA23, the Oulu CR flux values were 6739 cpm

compared to 6532 cpm for MGA22.

During MGA23, the B0, Oulu CR flux, VSW and ap av-

erages are extreme values for the space era (not shown to

conserve space). The values of B0, VSW and ap are extreme

minima while that of the Oulu CR fluxes is a maximum. The

ap index is a record low value for the history of the index

monitoring.

Figure 2 shows the solar wind velocity VSW, the inter-

planetary magnetic field B0, the solar wind epsilon param-

eter and geomagnetic activity ap index for the MGA23 in-

terval. The data are shown as daily averages. The ep-

silon parameter (Perrault and Akasofu, 1978) is given by

ε = VSWB2
0 sin4(θ /2), where θ is the clock angle of the in-

terplanetary magnetic field. Linear fits were made to these

solar wind and geomagnetic activity parameters. These are

shown by black lines. The previous horizontal red lines from

Fig. 1 are indicated again.

The ap peak values are asymmetric around SC23 mini-

mum (the green vertical line). There are many large peak

ap values >10 nT prior to the SC23 minimum and very few

large peaks after the SC23 minimum. The largest peak ap

values (days ∼115, ∼255 and ∼285) occur during high speed

stream intervals. The average ap is ∼5 nT. There is a small

negative trend of −0.005 nT day−1 with an R of −0.25.

There is a decrease in the peak velocities in the high speed

streams with increasing time. The velocities are greater than

600 km s−1 on days ∼99, 101, 126, 167, 170, 179, 195, 197,

205, 223-4, 276-8, and 303-5, 2008, prior to the SC23 mini-

mum. After the SC23 minimum until the end of the interval

there are no peak speeds higher than 600 km s−1. The linear

fit has an R value of −0.4 with a slope of −0.15 km s−1-day.

The interplanetary B0 average is essentially constant with

an average value of 4.2 nT over the ∼2 years. There is a

very small (positive) slope of 5 × 10−4 nT day−1 with an

R of ∼0.1. The same is true for the epsilon value. The

average value is 5 × 1010 W, with a very small slope of

2×107 W day−1 and an R of 0.05.

www.ann-geophys.net/29/839/2011/ Ann. Geophys., 29, 839–849, 2011
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Fig. 2. An expanded view of MGA23. The same horizontal red lines shown in Fig. 1 are duplicated here for reference. The black lines give

linear regression fits to the parameters.

3.1 Low interplanetary magnetic fields

Why are the interplanetary magnetic fields so low during the

MGA23 interval? This is examined in Fig. 3. From the top,

the panels are: the sunspot number Rz, the Stanford solar

mean field Bsun and the IMF B0. The sunspot minimum is

again given by a green dashed line and the MGA interval is

indicated by a bracket at the top. The very low interplanetary

B0 during the MGA is well correlated with the low Stanford

solar magnetic fields Bsun.

3.2 Low magnetic variances and normalized variances

at Earth

Figure 4 shows from top to bottom: VSW, GSM IMF Bz,

Bz nested variances (σ 2
z ), Bz normalized nested variances

(σ 2
z /B2

0 ) and ap for the MGA23 interval. VSW and ap have

been repeated here for reference. The time averaging inter-

vals have been decreased to improve the viewing of the de-

tails of the parameters. VSW and Bz are given in 1-min aver-

ages, σ 2
z and σ 2

z /B2
0 are still 3-h averages and ap is given in

one-day averages.

It can be noted that there are general trends in the σ 2
z and

σ 2
z /B2

0 values which generally follow the solar wind speeds.

σ 2
z and σ 2

z /B2
0 are highest at the beginning of the interval,

decrease with decreasing solar wind peak speeds and then

increase near the end of the interval. To illustrate this quan-

titatively, we have calculated the average values of VSW, Bz,

σ 2
z , σ 2

z /B2
0 and ap for two separate intervals of Fig. 4, from

day 97 to day 365, 2008 and for the entire year of 2009

where there is a lack of high speed streams with peak speeds

>600 km s−1 (there is now 1 event on day 58, 2009 which

was not present in Fig. 1 due to the time averaging used). For

illustrative purposes, we quote only the averages of the 3-h

variances. The value for σ 2
z for the 2008 interval is 2.27 nT2.

The value for σz2 for the 2009 interval is 1.79 nT2. It can

be noted that the IMF Bz average values are the same in the

two intervals, so there is no obvious large scale trend in that

parameter. However for all of the other parameters, the 2008

average values are larger than that in 2009.

3.3 Solar cycle declining phase IMF Bz variances

The relationship between solar wind high speed streams and

magnetic field Bz variances, normalized Bz variances and ge-

omagnetic activity at Earth during the declining phase of the

solar cycle have been reported previously (Tsurutani et al.,

2011). However it would be useful to repeat part of the re-

sults here for two purposes: (1) to illustrate the detailed rela-

tionship between the streams, field Bz variances and geomag-

netic activity, and (2) to make an intercomparison between a

more geomagnetic active epoch and the MGA23 interval.

Ann. Geophys., 29, 839–849, 2011 www.ann-geophys.net/29/839/2011/
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Fig. 3. The top panel is the sunspot number, Rz, the middle panel the solar magnetic field magnitude and the bottom panel the interplanetary

magnetic field at 1 AU. The sunspot minimum is indicated by the vertical green line. The MGA23 interval is indicated above the graph and

by the vertical dashed lines.

26

Fig. 4. From top to bottom are: VSW, IMF Bz, the IMF Bz variances, the IMF normalized Bz variances and the geomagnetic ap indices. The

SC23 minimum is indicated by a vertical dashed green line.

www.ann-geophys.net/29/839/2011/ Ann. Geophys., 29, 839–849, 2011
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Fig. 5. The same format as in Fig. 4, but for a high speed stream interval during the declining phase of the solar cycle, day 283–295, 2003.

Figure 5 shows data from one of the two Ambleside inter-

vals (high speed stream 2, HSS1) that occurred in the SC23

declining phase interval: days 283–295, 2003. For compar-

ative purposes, the Tsurutani et al. (2011) Fig. 3 has been

revised to show the same solar wind, nested variances and

geomagnetic activity parameters as was shown in Fig. 4 of

this paper. The top panel shows that the high speed stream

started at the end of day 286 and reached a peak speed of

∼770 km s−1 by 07:00 UT on day 288. The speed remained

high until the end of day 294 and beyond. The σ 2
z and σ 2

z /B2
0

values are highest at the initial part of the high speed stream

(days 286–287). This leading edge of the high speed stream

corresponds to the corotating interaction region (CIR, Balogh

et al., 1999) where the high speed stream interacted with the

upstream slow speed stream. The magnetic fields are com-

pressed by this interaction (not shown to conserve space),

giving higher IMF Bz values (second panel from the top).

The variance values are an order of magnitude higher than

the corresponding values for days 283–285, the interval prior

to the high speed stream. σ 2
z and σ 2

z /B2
0 remain high from

days 285 to 295. The variances and normalized variances

are considerably higher than the quiet days prior to the high

speed stream.

The bottom panel shows the ap indices. The ap index is the

highest on day 287 and the indices remain high throughout

the high speed stream. The values are considerably higher

from day 287 through 294 than from days 283–285. The av-

erage values are 40 nT and 6.5 nT, respectively. Why is there

a general correlation between the values of σ 2
z and ap? It

has been shown that the southward component of the IMF

Bz leads to magnetic reconnection between interplanetary

magnetic field and the magnetopause magnetic field, lead-

ing to injection of solar wind energy into the magnetosphere.

More details about magnetic reconnection can be found in

Dungey (1961), Gonzalez and Mozer (1974), and Gonzalez

et al. (1994) and Alfvén waves causing geomagnetic activ-

ity in Tsurutani and Gonzalez (1987, 1997), and Tsurutani et

al. (1995, 2006).

Table 2 gives the σ 2
z and σ 2

z /B2
0 values for the Ambleside

(HSS1) interval and that for the MGA23 interval. These are

given in column 4 and column 3, respectively. Note that

the variances for HSS1 are ∼4–6 times higher than the cor-

responding MGA23 values. The normalized variances are

∼1.3–2.3 times higher for HSS1 than for MGA23. The cor-

responding ap indices are given in the bottom row of each of

the two sets of values. The ratio of the ap values for HSS1 to

that of MGA23 is ∼5.7, close to the IMF Bz variance ratio.

Table 2 also gives the σ 2
z , σ 2

z /B2
0 and ap averages for the

other Ambleside high speed stream (HSS2 = day 314–318,

2003) and MGA22 intervals. These will be discussed later.

3.4 MGA22

Figure 6 shows VSW, IMF Bz, σ 2
z , σ 2

z /B2
0 and ap averages

for the MGA22 interval. The format is the same as that

used in Fig. 4 for MGA23. The solar wind speed is in

general high at the beginning of the MGA22 interval from

∼1996.6 to ∼1997.2 and then more-or-less decreases there-

after. There are many streams with peak speeds >600 km s−1

Ann. Geophys., 29, 839–849, 2011 www.ann-geophys.net/29/839/2011/
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Fig. 6. The same format as in Fig. 4, but for MGA22. The SC22 minimum is indicated by a vertical dashed green line.

Table 2. The Bz variance and normalized Bz variances for MGA22, MGA23, Ambleside HSS1 and HSS2 events.

Nested variances (nT2)

MGA22 MGA23 Ambleside HSS1 Ambleside HSS2

σ 2
30 min

1.37±2.67 0.055±1.12 3.47±4.60 6.23±3.85

σ 2
60 min

2.15±4.24 1.04±2.20 5.00±7.97 8.30±5.06

σ 2
180 min

3.77±7.04 2.05±4.24 8.70±15.43 12.24±7.11

ap 9.1 5.0 28.7 41.5

Normalized nested variances

MGA22 MGA23 Ambleside HSS1 Ambleside HSS2

σ 2
30 min/B02 0.04±0.04 0.03±0.03 0.06±0.05 0.09±0.04

σ 2
60 min/B02 0.06±0.06 0.05±0.05 0.08±0.06 0.12±0.05

σ 2
180 min/B02 0.11±0.10 0.09±0.09 0.13±0.11 0.18±0.09

(a cluster from day 256 to 265, 293, 297 and 346, 1996 and

28, 1997) and even >700 km s−1 (day 268, 1998) in the for-

mer interval. There are only few high speed streams with

VSW > 600 km s−1 beyond 1997.2 (122, 124, 204-5, 238-

9, 268, 275 and 295, 1996). The averages for the 5 pa-

rameters for the first interval are VSW = 425 km s−1, IMF

Bz = −0.17 nT, σ 2
z = 3.9 nT2, σ 2

z /B2
0 = 0.11 and ap = 9.9 nT

and VSW = 371 km s−1, IMF Bz = −0.21 nT, σ 2
z = 3.8 nT2,

σ 2
z /B2

0 = 0.10 and ap = 8.3 nT for the second interval. The

IMF Bz average is slightly more negative during the 1997.3

to 1998.1 interval. The Bz variances and normalized Bz vari-

ances were about the same in the two intervals. Thus it is

most probably the higher solar wind speeds during the 1996.6

to 1997.2 interval that lead to the higher ap indices during

that epoch.

Table 2 shows the values of the variances, normalized vari-

ances and the ap indices for the full MGA22 interval (col-

umn 2). The variances are about double the values of those

in the MGA23 interval and about ∼2.5 times smaller than

those of the Ambleside HSS1. The normalized variances of

MGA22 are greater than those of MGA23. Although the val-

ues for the 3-h variances are within 10 % of each other, the

30-min variances of MGA22 are ∼50 % higher than those of

MGA23. The MGA22 normalized variances are ∼1.2 times

www.ann-geophys.net/29/839/2011/ Ann. Geophys., 29, 839–849, 2011
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Fig. 7. A midlatitude coronal hole during 2009. Also present are polar coronal holes at both polar regions.

lower than those of HSS1. The Ambleside HSS2 interval

had the highest variances of any of the four intervals. The Bz

variances for HSS2 was ∼1.4–1.9 times that of HSS1 while

the ap ratio was 1.5, about the same value.

3.5 Anomalously low V SW and changing solar

conditions

Why is the solar wind speed so low during the MGA23 in-

terval? Did anything change on the sun? The nature of

solar coronal holes changed as the sunspot minimum was

approached and was passed. De Toma (2011) has noted

that “by the end of 2008, these low-latitude coronal holes

started to close down, and finally disappeared in 2009, while

smaller, mid-latitude coronal holes formed in the remnants

of cycle 24 active regions, shifting the sources of the solar

wind at Earth to higher latitudes”. An example of a coro-

nal hole during this minimum geomagnetic activity interval

is shown in Fig. 7, taken from the National Solar Observa-

tory for CR2089. The coronal hole is detected from ∼ −30◦

to −35◦.

Figure 8 shows a small high speed solar wind stream de-

tected in 1998 during the rising portion of SC23. The format

is the same as in Figs. 4 and 6, but the IMF B0 has been

added to show the magnetic field compressional effect (CIR)

at the front of the high speed stream interval. The CIR is

found on days 203–204, in the rising part of the stream speed.

The peak variances are found on day 204 more or less time-

coincident with the corresponding ap peak value. The higher

CIR magnetic fields (and the presence of Alfvénic fluctua-

tions) are the cause of the higher σ 2
z values. The σ 2

z /B2
0 peak

values are delayed slightly from the peak σ 2
z value and occur

later on day 204, closer to the peak solar wind speeds. The

peak solar wind speed of ∼770 km s−1 occurs at ∼02:30 UT

day 205. This figure is a modification of Fig. 20 in Tsurutani

et al. (2006).

The important feature for the reader to recognize here is

that VSW, σ 2
z and σ 2

z /B2
0 values decrease gradually as one

goes away from the center (peak speed) of the high speed

stream. The average VSW for days 205 through 208 are 661,

562, 426 and 376 km s−1. For the 3-h σ 2
z values, the daily

averages are 5.3, 1.8, 0.4 and 1.4 nT2. For the 3-h σ 2
z /B2

0 val-

ues, they are 0.20, 0.12, 0.05 and 0.09, respectively. One can

note the general decrease in the Bz variances and normalized

Bz variances with decreasing solar wind speed.

4 Summary

This past solar cycle minimum (SC23 minimum) has been

extreme in several respects. The sunspot number (Rz) was

the lowest in recent history. Associated with this feature,

Fig. 1 has shown that the duration of cycle 23 has been elon-

gated (12.6 years) in comparison to cycles 20 through 22

(11.7, 10.3 and 9.7 years, respectively). Both the solar mag-

netic flux and the interplanetary field magnitude near Earth

were minima about a half year after the sunspot solar min-

ima, with the center of the minimum located somewhere dur-

ing mid-2009 (Fig. 3).

The focus of this paper is the cause of low geomagnetic ac-

tivity at Earth during/near the last solar minimum. We have

identified and investigated in detail an interval from day 97,

Ann. Geophys., 29, 839–849, 2011 www.ann-geophys.net/29/839/2011/
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Fig. 8. A high speed stream during 1998 during the rising part of SC23. The format is the same as in Fig. 4, but the magnetic field magnitude

B0 has been added to illustrate the presence of the CIR and the effect it has on the Bz variances and normalized Bz variances.

2008 to day 95, 2010 (Fig. 1). This has been called MGA23

and has been shown to be characterized by decreasing solar

wind peak high speed streams, decreasing IMF Bz variances

and normalized Bz variances and ap indices (Figs. 2 and 4).

During 2009, there were very few streams with peak speeds

>600 km s−1. Correspondingly the IMF Bz variances, nor-

malized Bz variances and ap indices were the lowest within

the interval (Tables 1 and 2).

A similar MGA interval was identified near the SC22 min-

imum, from day 106, 1996 to day 23, 1998. The MGA22

interval had similar solar wind, Bz variances, normalized Bz

variances and ap index features as were present for MGA23.

The solar wind peak speeds, variances and ap indices were

anomalously low for a subinterval of MGA22, from 1997.2

to 1998.0 (Fig. 6).

The high level of IMF Bz variances and normalized Bz

variances were shown to be an intrinsic part of high speed

streams (Fig. 5). The southward component of the interplan-

etary Alfvénic fluctuations leads to magnetic reconnection at

Earth and concomitant high ap values.

De Toma (2011) has indicated that during 2009 there was

a disappearance of low-latitude coronal holes with only small

mid-latitude coronal holes remaining. An example of a mid-

latitude 2009 coronal hole was shown (Fig. 7).

Peak solar wind speeds near the center of coronal holes

are ∼750 to 800 km s−1 with the speeds falling off gradually

at the trailing edge. The Bz variances and normalized Bz

variances are maximum near the peak in speed (neglecting

the CIR portion) and decrease with decreasing speed on the

trailing part of the high speed stream (Fig. 8).

5 Conclusions

It is well established that high speed streams and embedded

Alfvénic fluctuations emanate from coronal holes and the

impingement of the streams and the southward component

of the Alfvénic fluctuations (IMF Bz) lead to magnetic re-

connection and geomagnetic activity (Tsurutani et al., 1995,

2006).

The peak speed of the solar wind over a polar coronal hole

has been shown to be a constant ∼750 to 800 km s−1 (Phillips

et al., 1994). Similar values for peak speeds of equatorial

coronal holes have been shown here and in many prior pub-

lications (Tsurutani et al., 1995, 2006, 2011; Echer et al.,

2011). However at the edges of high speed streams, implic-

itly assuming that one is not over the center of the coronal

hole, the speed and the IMF variances decrease (Fig. 8).

The minima in geomagnetic activity (MGA) during the

SC23 minimum and the SC22 minimum occurred well af-

ter the sunspot number minima. MGA23 occurred during
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Fig. 9. The top panel shows an artist’s schematic of the midlatitude

coronal hole and polar coronal holes in Fig. 8. The bottom panel

shows a blowup (and side view) of the midlatitude coronal hole, the

solar wind velocity emanating from the hole and the Alfvén fluctu-

ations carried by the solar wind. The solar wind speed is highest

(∼750 to 800 km s−1) over the center of the hole. The Alfvén wave

amplitudes are the largest there. Because of superradial expansion,

the solar wind speed and Alfvén wave amplitudes are diminished at

the edges of the hole.

2009 and MGA22 during 1997. The MGA23 interval was

characterized by the disappearance of equatorial/low latitude

coronal holes, low Bz variances and low normalized Bz vari-

ances.

Figure 9 is a schematic that summarizes our thoughts on

the solar causes of MGA23. The top panel is an artist’s

schematic of the midlatitude and polar coronal holes shown

in Fig. 8. The bottom panel shows a blowup schematic of

the solar wind speed and embedded Alfvén waves associated

with a coronal hole. The solar wind speed and Alfvén wave

amplitudes are maximum directly above the coronal hole.

Both are diminished at the sides of the hole due to super-

radial expansion effects.

The midlatitude placement of the isolated coronal hole

means that the maximum solar wind speed and the maxi-

mum IMF Bz variances (and normalized Bz variances) will

not be transmitted to the Earth and its magnetosphere. Only

the edges of the high speed streams and far lower Bz vari-

ances will impact the Earth, yielding far less magnetic re-

connection and concomitant lower geomagnetic activity.

It should be noted that the MGA occurred during the IMF

B0 minimum interval. Therefore the causes of the MGA are

multifold: the low interplanetary magnetic field magnitudes

and low fluctuations of those fields (variances) are a part of

the cause. Another part is the low solar wind speeds (Echer et

al., 2008, has shown that it is the interplanetary electric field

[Edawn−dusk = VswBsouth] that is the geoeffective parameter).

Both the low solar wind speeds and the low level of the IMF

Bz fluctuations (variances) are in turn caused by the place-

ment of the coronal holes at midlatitudes. The picture is a

complex one.

6 Final comments

It has been noted by Eddy (1976) that the Maunder Min-

imum (1645–1715) was characterized by a lack of auroral

sightings. Our work here argues that the MGA23 was caused

by low solar and interplanetary magnetic fields and the dis-

appearance of equatorial/low latitude coronal holes, coinci-

dent with the presence of midlatitude coronal holes. Was the

Maunder Minimum similar to the MGA23 interval but far

longer in extent, or could even the midlatitude coronal holes

have disappeared, leading to even lower solar wind speeds

and IMF Bz fluctuations? Could the interplanetary magnetic

field magnitude have been even lower? Or perhaps both con-

ditions existed during the Maunder Minimum? It is not cer-

tain at this time how such questions might be answered, but

they are certainly of interest to space weather scientists.
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