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Abstract. The slow decline of solar Cycle 23 combined with the slow rise of Cycle 24 resulted
in a very long period of low magnetic activity during the years 2007–2009 with sunspot number
reaching the lowest level since 1913. This long solar minimum was characterized by weak polar
magnetic fields, smaller polar coronal holes, and a relatively complex coronal morphology with
multiple streamers extending to mid latitudes. At the same time, low latitude coronal holes
remained present on the Sun until the end of 2008 modulating the solar wind at the Earth in co-
rotating, fast solar wind streams. This magnetic configuration was remarkably different from the
one observed during the previous two solar minima when coronal streamers were confined near
the equator and the fast solar wind was mainly originating from the large coronal holes around
the Sun’s poles. This paper presents the evolution of the polar magnetic fields and coronal holes
during the past minimum, compare it with the previous minima, and discuss the implications
for the solar wind near the Earth. It also considers the minimum of Cycle 23 in an historical
perspective and, in particular, compares it to the long minima at the turn of the 19th century.
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1. Introduction
The solar minimum between Cycles 23 and 24 was the longest and deepest minimum in

about 100 years. The northern hemisphere reached solar minimum conditions already in
2006. In 2007–2008, sunspots continued to emerge, albeit at a very low level, preferentially
in the southern hemisphere. In 2009 magnetic activity remained very low, with most of
the active regions emerging on the Sun belonging to the new Cycle 24. The years 2008
and 2009 were extremely quiet years, with spots present on the Sun less than 30% of the
time (Figure 1). Because magnetic flux emergence was so low for an extended period of
time, it is not easy to identify a single point in time as the minimum between Cycle 23
and 24 but the periods in August 2008 and August 2009 stand out as particularly quiet
times when spots were absent from the Sun for over 30 consecutive days.

This extremely quiet minimum differed in many ways from other recent minima for
which we have a good observational record and changed our idea about solar minima. Not
only were sunspot activity, CMEs, and flares extremely low during the past minimum,
the solar wind had anomalously low densities and magnetic fields, both at the poles
and in the ecliptic (e.g., McComas et al. 2008, Issautier et al. 2008, Smith & Balogh
2008, Jian et al. 2010). The interplanetary magnetic field measured at 1 AU continued to
decline in 2006–2009 and by 2009 had decreased by 30% compared to 1996, reaching its
lowest value ever recorded in 50 years of observations (e.g., Wang et al. 2009, Tsurutani
et al. 2011). However, in spite of the low magnetic activity, the corona and heliosphere
remained relatively complex throughout most of the minimum phase.
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Figure 1. (Left) Daily sunspot number and 3-rotation averages. The minimum between Cycles
23 and 24 corresponds to a long period of extremely low magnetic flux emergence with sunspot
activity lower than in 1996. (Right) Sunspot area averaged over 3 rotations for the northern and
southern hemisphere. The north reached solar minimum conditions before the south, and Cycle
24 activity started first in the north and later in the south.

Figure 2. LASCO images showing the solar corona in visible light in March 1996 (left) August
2008 (center) and August 2009 (right). Even during the extremely quiet periods in August 2008
and August 2009 the shape of the solar corona was more complex than in 1996.

Sections 2 and 3 discuss the properties and evolution of the solar corona and solar
wind during the minimum of Cycle 23 and the role of weak polar magnetic fields at the
photosphere in determining the complexity of the corona and heliosphere during this very
quiet time. Section 4 examines other low solar minima in the historical sunspot record,
while conclusions are given in Section 5.

2. The Solar Corona during the Minimum of Cycle 23
The shape and structure of the solar corona and heliosphere were noticeably different

during the minimum of Cycle 23 compared to other recent minima, and, interestingly,
were not as simple as in 1996 or 1986 (e.g., Gibson et al. 2009, Luhmann et al. 2009,
de Toma et al. 2010, Petrie et al. 2010). The solar corona was still quite complex in
2007 and 2008, even if sunspot activity was below the levels seen in 1986 and 1996,
and slowly evolved toward a simpler structure in 2009, but it never reached a “dipolar”
configuration with coronal streamers confined to a narrow band around the solar equator.
Multiple streamers and pseudo-streamers (Wang et al. 2009, Riley et al. 2010, Gibson
et al. 2011) remained present on the Sun even during times of extremely low magnetic
activity (Figure 2). The heliosphere was also more complex for a significant fraction
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of the Cycle 23 minimum (e.g., Tokumaru et al. 2009, 2010) and only in 2009 did the
heliospheric current sheet assume a relatively “flat” configuration, more typical of solar
minimum (de Toma et al. 2010b).
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Figure 3. (Top) Polar mag-
netic flux as measured by
SOHO/MDI. The strong de-
crease in the net polar magnetic
flux during the past mini-
mum was also observed at
ground-based solar observato-
ries, such as at Kitt Peak and
Wilcox Solar Observatory. The
polar magnetic fields remained
almost constant between 2004
and 2008, and in mid 2009, with
the increase in Cycle 24 activity,
started to slowly decline. (Bot-
tom) Interplanetary magnetic
field (IMF) averaged over 27
days. In contrast to the polar
fields, the IMF continued to
slowly decline in 2006–2009.

The more complex morphology of the solar corona during the past minimum was
largely because of the weak polar magnetic fields at the photosphere (e.g., Sheeley 2008).
One of the striking observational features of the late declining phase and extended min-
imum of Cycle 23 was the low value of the polar magnetic flux. In 2004–2009, the net
polar magnetic flux above 60◦ latitude was remarkably stable and about 40% lower than
observed during the previous two minima as illustrated in Figure 3 (see also Svalgaard
& Cliver 2007, Sheeley 2008, Wang et al. 2009). Thus, the continuous decline observed
in the interplanetary magnetic field was not related to changes in the polar regions, but
rather was caused by changes in the “open” magnetic flux from lower latitude sources,
as we will discuss below.
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Figure 4. Fraction of the total magnetic flux in the polar region above 60◦ latitude as measured
at NSO/Kitt Peak using KPVT and SOLIS magnetograms. The ratio of the net polar magnetic
flux to the total magnetic flux during the minimum of Cycle 23 was significantly lower than
during the previous two minima.

The lower value of the polar magnetic field resulted in global coronal field with a weaker
polar dipole moment (l=1, m=0) while higher order moments did not change significantly.
Figure 4 gives the ratio of the net polar magnetic flux –which is directly related to the
strength of the polar dipole component– to the total unsigned magnetic flux at the
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photosphere, as measured at NSO/Kitt Peak. This ratio always reaches its maximum
value near solar minimum, when polar magnetic fields are strongest and activity at mid
and low latitudes is low. During the minimum of Cycle 23 the ratio of the polar to the
total magnetic flux decreased significantly compared to the previous two minima. As a
result, even if the polar dipole remained the dominant coronal field component (Petrie
et al. 2010), the ratio of the polar dipole to the equatorial dipole and to the quadrupole
moment decreased during the minimum in 2008–2009 relative to 1996 and 1986 minima,
when the polar dipole was larger (e.g., Wang et al. 2009, Petrie et al. 2010, DeRosa
et al. 2011). This, in turn, resulted into a more complex coronal configuration and in a
tilted and warped heliospheric current sheet and allowed mid- to low-latitude streamers
and pseudo-streamers to remain present even during times of extremely low activity
(Gibson et al. 2011 and references therein).

2.1. Coronal Holes
The special solar minimum configuration at the end of Cycle 23 with very weak polar
fields, and a weak polar dipole, had significant implications for the organization and
evolution of coronal holes on the Sun and, consequently, for the solar wind. Figure 5
shows EUV synoptic maps of the Sun in the Fe XII 195Å lines where coronal holes
appear as dark regions in the corona. The top two panels show the EUV corona in 1996
during the minimum of Cycle 22 when polar fields were strong. The bottom two panels
show the corresponding coronal hole maps derived using a combination of magnetograms
and four different EUV wavelengths (de Toma & Arge 2005, de Toma 2010). In 1996,
coronal holes were organized in two large polar coronal holes that extended to or below
50◦ latitude. The area of each polar hole was about 7–8% of the Sun’s surface while
low-latitude coronal holes were small or absent (Harvey & Recely 2002, de Toma 2010).
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Figure 5. (Top) EUV synoptic maps of the Sun constructed from EIT Fe XII images where
coronal holes appear as dark regions in the corona. The maps are in sin(latitude) and thus have
equal area pixels. The two Carrington Rotations shown are CR 1907 in March 1996 and CR
1911 in July 1996 during the minimum of Cycle 22. (Bottom) Corresponding coronal hole maps.
The dashed lines mark 50◦ and 60◦ latitude.

Figure 6 shows EUV synoptic maps of the Sun and the corresponding coronal hole maps
for the minimum of Cycle 23. Polar coronal holes were significantly smaller, by 20–40%,
than observed during the previous minimum (de Toma 2010) and mostly confined above
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Figure 6. EUV synoptic maps of the Sun and corresponding coronal hole maps as in Figure 5
but for CR 2055 in April 2007, CR 2065 in January 2008, CR 2075 in October 2008, and CR
2085 in July 2009 during the extended minimum at the end of Cycle 23.

60◦ latitude. At the same time, isolated coronal holes of significant size were present on
the Sun between ± 30◦ latitude. These low-latitude coronal holes, commonly seen during
the declining phase of the solar cycle, persisted into the minimum phase of Cycle 23
and continued to be important sources of fast solar wind at the Earth in 2006–2008
(Gibson et al. 2009, Luhmann et al. 2009, Lee et al. 2009, Abramenko et al. 2010, de
Toma 2010). They were long-lived and produced weak to moderate recurrent geomagnetic
storms (Tsurutani et al. 2011). As a result, the solar wind speed maintained some of the
9-, 13.5-, and 27-day periodicities typically observed during the declining phase (Emery
et al. 2009, 2010). The same periodicities were also seen in other observations, including
auroral and geomagnetic indices, radiation belt electron flux (Gibson et al. 2009), and
even propagated down into the upper atmosphere (Thayer et al. 2008, Lei et al. 2010). At
the end of 2008, these large, low-latitude coronal holes started to close down and finally
disappeared in early 2009 (de Toma 2010). In 2009, small and transient, mid-latitude
coronal holes formed in the remnants of the first Cycle 24 active regions. These small
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Figure 7. Solar wind velocity time series for the years 1996, 2007, 2008, and 2009. Hourly
solar wind speeds have been averaged over 3 days.

and short-lived coronal holes were not important sources of the solar wind at the Earth,
which originated mostly from the edges of the polar coronal holes during this time.

The persistence of large low-latitude coronal holes in 2007 and 2008 was possible be-
cause of the particular magnetic flux distribution at the Sun. Not only polar fields were
weaker than in 1996 but the predominantly unipolar regions around the poles were con-
fined to a smaller area at high latitudes. This gave rise to smaller polar coronal holes
and made it easier for quasi-unipolar magnetic regions at low-latitude to “open” into
the heliosphere. Numerical experiments using potential field source surface extrapola-
tions where the photospheric polar magnetic fields are artificially modified (e.g., Wang
et al. 2009, Luhmann et al. 2009, de Toma & Arge 2010) show that increasing the flux
density near the poles in 2008 results in smaller low-latitude coronal holes, while decreas-
ing it in 1996, makes it possible to form low-latitude coronal holes. de Toma & Arge (in
preparation) find that not only the strength of the polar fields is important, but that the
magnetic flux distribution near the poles and the latitudinal extent of the quasi-unipolar
polar regions also play an important role in determining the distribution and size of
coronal holes on the Sun at both high and low latitudes.

https://doi.org/10.1017/S1743921312004711 Published online by Cambridge University Press

https://doi.org/10.1017/S1743921312004711


Polar magnetic fields & coronal holes 107

3. Solar Wind during the Minimum of Cycle 23
Figure 7 shows the time series of solar wind speed for the years 1996, 2007, 2008, and

2009. In 2007 and 2008, the yearly mean solar wind speed was 440 km/s and 448 km/s,
respectively, similar to the 423 km/s observed in 1996. Nonetheless, in 2007 and 2008 the
solar wind was more structured than in 1996 with regular high-speed streams, and fast
solar wind was more commonly seen at the Earth. Speeds above 500 km/s were observed
29% and 33% of the time in 2007 and 2008 in hourly averaged solar wind data compared
to 17% of the time in 1996. This fast wind originated from the large and long-lived,
isolated coronal holes discussed above and gave origin to the prominent high-speed tail
in the velocity distribution indicated by the arrow in Figure 8 (de Toma 2010). In 2009,
with the disappearance of the low-latitude coronal holes, there was an abrupt change in
the solar wind speed at the Earth. The mean solar wind velocity dropped to an yearly
value of 365 km/s, a 20% decrease from 2008. Solar wind speeds above 500 km/s were
seen at Earth only 4% of the time and the high-speed velocity tail in the solar wind
distribution disappeared. At the same time, the interplanetary magnetic field continued
to slowly decline, as these low-latitude source regions of fast wind closed down.
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Figure 8. Solar wind velocity distributions for hourly solar wind speeds for the year 1996, 2007,
2008, and 2009. In 2007 and 2008, the velocity distribution is almost bimodal with a secondary
peak at about 600 km/s. This high-velocity tail disappears completely in 2009 and the peak of
the distribution shifts towards lower speeds.

The changes in the solar wind speed during the minimum of Cycle 23 had a very
important effect on the Earth’s radiation belts which remained elevated in 2007 and 2008,
when solar wind speeds above 500 km/s were relatively common (Gibson et al. 2009), and
almost completely vanished in 2009, when velocities dropped below 500 km/s (D. Baker,
private communication). Geomagnetic activity also reached its lowest value in 2009 (e.g.,
Emery et al. 2010, Tsurutani et al. 2011) when the solar wind magnetic field and speed
reached their minimum level.

4. Solar Minima in the Historical Record
While this minimum clearly differed from the other solar minima during the Space

Age, the historical sunspot record indicates that this was not an unusual minimum and
that very long and deep minima have occurred several times in the past. In particular,
the minima at the end of the 19th century and beginning of the 20th century were as
long or longer than the quiet period in 2007–2009. Unfortunately, we do not have direct
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solar wind observations for that period and only very limited solar observations besides
sunspots.

Figure 9. Photographs of the total solar eclipses in December 1889 in French Guiana (left) and
in June 1901 in Sumatra (center). The right panel shows a composite image for the 1901 eclipse
obtained by combining multiple frames with different exposures (courtesy of M. Druckmüller).

Routine monitoring of the solar corona in broad-band visible light started in the
’60s at Mauna Loa Solar Observatory (Fisher et al. 1981) while coronal observations
in the Fe XIV emission line go back to the ’40s (Billings 1966). Before this time, we
only have solar eclipses available to infer the morphology of the corona (e.g., Judge
et al. 2010). However, total eclipses are rare and short in duration and give us only a
snapshot of the solar corona. They occur approximately once in 18 months, and not
always at easy-to-reach locations, therefore, they cannot give us information about coro-
nal evolution on time scales of less than a year, yet, they are useful to gain insight
to the coronal morphology at different phases of the solar cycle. At the High Alti-
tude Observatory in Boulder, Colorado, we have a collection of old eclipse photographs,
http : //mlso.hao.ucar.edu/mlso eclipses.html, that goes back to 1869. Figure 9 shows
two of such photographs for the years 1889 and 1901, during the solar minima at the
end of Cycle 12 and 13. These minima with 212 and 287 days without spots had similar
sunspot activity to the years 2008 and 2009. It is, thus, interesting to examine the coronal
shape at the times of these old eclipses. Multiple photographs were taken with different
exposure times which can be combined to obtain composite images of the solar corona
to better display the streamer structure (see the right panel of Figure 9 and Judge et al.,
2010). The eclipse images in 1889 and 1901 in Figure 9 reveal a solar corona far from
a simple dipolar structure and show that multiple coronal streamers existed for at least
part of these long solar minima, suggesting weak polar magnetic fields. Interestingly, the
aa index for these minima indicates a low level of geomagnetic activity, and a Fourier
analysis of the index shows periodicities at 7-, 9-, and 13.5–days, which might indicate
the presence of recurrent, low-latitude coronal holes. Thus, these minima at the turn of
the 19th century may have been similar to the recent solar minimum.

5. Conclusions
The long and deep minimum at the end of Cycle 23 was the lowest and longest minimum

in about a century. It differed in many ways from the other solar minima observed during
the Space Age for which we have a good observational coverage both at the Sun and in
the heliosphere. This gave us an opportunity to advance our understanding of solar
minima and, in particular, of deep minima. It also changed our ideas about the corona
and heliosphere at solar minimum.
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In 2007–2009, the regions around the solar poles dominated by one magnetic polarity
were covering a smaller area than in 1996, had generally weaker magnetic flux density,
and were less unipolar (de Toma & Arge, in preparation). All these factors contributed to
give weaker polar fields and, in turn, a weaker polar dipole moment. This special magnetic
configuration during the Cycle 23 minimum led to a coronal morphology far from the
typical dipolar structure observed during the minima in 1986 and 1996. Polar coronal
holes were smaller and quasi-unipolar magnetic regions at lower latitudes were able to
open to the heliosphere and survive longer on the Sun, forming large and persistent,
low-latitude coronal holes during the years 2007–2008. At this time, the ratio of the
polar dipole to higher order moments was significantly lower than during the previous
minimum in 1996. As low activity continued, little new magnetic flux emerged on the
Sun while existing low-latitude magnetic fields continued to disperse and decay under
the effect of differential rotation, meridional circulation, and random convective motions.
This resulted in a decrease of the higher order components of the Sun’s global magnetic
field. In 2009, low-latitude coronal holes finally closed down and the heliosphere relaxed
to a simpler two-sector structure, even if not as simple as during the preceding minima,
when polar fields were stronger (Gibson et al. 2011). This had important implications for
the solar wind impinging on the Earth. The low-latitude coronal holes present on the Sun
in 2007 and 2008 were sources of recurrent, high-speed streams that triggered moderate
to low geomagnetic activity. In 2009, these low-latitude sources of fast solar wind went
away and the solar wind at the Earth was coming mostly from the edges of the relatively
small polar coronal holes. This is when the magnetic field carried by the solar wind,
the solar wind speed, and geomagnetic activity all reached their lowest level, showing
a time delay between the minimum observed at the photosphere and in the heliosphere
(Tsurutani et al. 2011).

The differences between Cycle 23 minimum and other recent minima discussed above
show that solar minima are not all the same and that the Sun can have different mag-
netic configurations even during very quiet times, with significant consequences for the
heliosphere. What ultimately determines the structure of the corona and heliosphere,
even at solar minimum, is the magnetic flux distribution at the Sun. Therefore, sunspot
number, while a very good indicator of the global activity level, cannot describe the 3D
corona and heliosphere.

While Cycle 23 minimum was markedly different from previous minima observed during
the Space Age, the historical records of sunspots, solar eclipses, and geomagnetic activity
indicate that the recent minimum was not peculiar and similar long and deep minima
have occurred in the past. In particular, the low minima at the turn of the 19th century
appear to resemble the recent minimum.

Finally, the extremely low magnetic activity reached during the end of 2008 and 2009
gave us some insight on what physical conditions could have existed during grand minima
(Schrijver et al. 2011). The length of Cycle 23 minimum, combined with the very low
magnetic flux emergence, allowed magnetic fields present on the Sun the time to diffuse
and decay to smaller and smaller scales in a manner that we had not observed before
with modern instrumentation (McIntosh et al. 2011).
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Discussion

Jon Linker: Is it possible from X-ray and EUV emission to look at the area of coronal
holes and to add up the coronal hole magnetic flux to determine the difference between
the past minima?

Giuliana de Toma: Yes, we have not done it yet but this can be done combining
coronal hole maps with synoptic magnetic maps. One important caveat is that to best
observe the poles we need a favorable b-angle, so we cannot have a good view of both
poles at the same time. Within the limits of how accurate coronal hole maps are, the flux
balance for the open field can be determined and it is something worth doing.

Leif Svalgaard: Comment: The current minimum is very similar to the one of
100 years ago. This would suggest to me that TSI was also similar.

Giuliana de Toma: I agree.

Eric Priest: You talked about the spectrum of solar wind speeds. Can the differences
in velocity in the solar wind be explained by how coronal holes spread with height?

Giuliana de Toma: Yes, it can. The very low speeds seen at the Earth in 2009 were
because the solar wind during this time was coming mostly from the edges of the polar
coronal holes that were smaller than in 1996, so there was a larger expansion factor.

Eugene Rozanov: Why do you compare 2008 and 1996? Perhaps 1996 is better com-
parable with 2009.

Giuliana de Toma: It depends on which observables you compare. At the photosphere,
we do not see significant magnetic flux emergence in 2008 and 2009. Already in 2007,
sunspot activity level was below the level observed in 1996. However, in the corona and
heliosphere, there is a slow evolution throughout 2007–2009, with the solar wind reaching
the lowest values in speed and magnetic field in 2009. This delay is not just in the Cycle
23 minimum but was also noticed during previous minima. The heliosphere tends to
reach minimum conditions later than the photosphere.

Arnab Choudhuri: You are a co-author in one highly cited paper on solar cycle predic-
tions. Theoretical issues were left out in your talk. What sort of lesson can the dynamo
theorists learn from these observations?

Giuliana de Toma: This was the first time that physical models of the Sun were used to
make solar cycle predictions. Because the predictions were so different, Cycle 24 will give
us the opportunity to discriminate between low-diffusivity and high-diffusivity models
and to test which class of models works best. This will help to constrain some important
ingredients of the solar dynamo for which we do not have direct observations. It will
be interesting to see what happens with Cycle 24. Of course, there is the possibility
that Cycle 24 will end up being an average cycle, in which case it will be difficult to
say anything conclusive about the two classes of models. Right now, we see a strong
asymmetry between the two solar hemispheres. If this continues, it is possible that we
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will have a strong cycle in the northern hemisphere and a weak cycle in the southern
hemisphere. This asymmetry will also be interesting to explain for dynamo modelers.

David Webb: This asymmetry is very interesting. How does this compare to previous
cycles?

Giuliana de Toma: There seems to be a time lag between the two hemispheres. This
has been going on since 2006, longer than we have have observed in previous cycles.

Sacha Brun: Comment: There is evidence that during the Maunder minimum the
southern hemisphere was more active. We looked at this in detail. We find that when
the dipole and quadrupole have the same size, one hemisphere is more active. So clearly
the dipole vs. quadrupole amplitude plays a key role in this asymmetry.

Sacha Brun: Since sunspot number was so much smaller in 2008 than in 1996, how do
explain the complex magnetic topology? What features modify the global field?

Giuliana de Toma: What is important for the coronal structure is ultimately the
balance of the magnetic flux at high and low latitudes. During the recent minimum,
the low-latitude magnetic flux was weak, but so were the polar magnetic fields. In 2007
and 2008, the relative strength of the polar dipole relative to the equatorial dipole, the
quadrupole and the higher order moments was lower than in 1996 or 1986 and this is what
allowed the corona to retain some complexity. In 2009, as magnetic flux at low latitudes
decayed, the polar dipole moment became more prominent but never as important as in
1996.

Sacha Brun: You said that sunspot number is not a good indicator for the solar corona.
Is there another index that we can use?

Giuliana de Toma: This is a hard question. I do not know if there is a good proxy
for the corona. To infer the coronal structure, you really need the 3D magnetic field
distribution since the organization of the field spatially is as important as the strength
of the field for the corona and heliosphere.

Jürgen Schmitt: You pointed out that the last sunspot minimum was not unusual
compared to previous minima around 1900 and should not be confused with a Maunder
minimum. So how would the Sun look like when it is really in a Maunder Minimum and
how does this differ from what we saw in 2008–2009?

Giuliana de Toma: Nobody can know for sure what the Sun looked like during the
Maunder minimum. However, there is increasing evidence from the comparison with other
stars in grand minima that solar irradiance was not very different during the Maunder
minimum from what we observe during a normal minimum. The work of Schrijver and
co-authors also points into this direction. In 2008 and 2009, the magnetic flux on the Sun
had enough time to diffuse to a smaller scale to give us some idea of how the Sun would
look like after a long period of inactivity. As argued by Schrijver et al., the fact that TSI
was about the same in 2008–2009 as it was during the previous minima, suggests that
the Sun was not much dimmer during the Maunder minimum.
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