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ABSTRACT

The Sun’s polar fields are currently ∼40% weaker than they were during the previous three sunspot minima.
This weakening has been accompanied by a corresponding decrease in the interplanetary magnetic field (IMF)
strength, by a ∼20% shrinkage in the polar coronal-hole areas, and by a reduction in the solar-wind mass flux
over the poles. It has also been reflected in coronal streamer structure and the heliospheric current sheet, which
only showed the expected flattening into the equatorial plane after sunspot numbers fell to unusually low values
in mid-2008. From latitude–time plots of the photospheric field, it has long been apparent that the polar fields
are formed through the transport of trailing-polarity flux from the sunspot latitudes to the poles. To address the
question of why the polar fields are now so weak, we simulate the evolution of the photospheric field and radial
IMF strength from 1965 to the present, employing a surface transport model that includes the effects of active
region emergence, differential rotation, supergranular convection, and a poleward bulk flow. We find that the
observed evolution can be reproduced if the amplitude of the surface meridional flow is varied by as little as 15%
(between 14.5 and 17 m s−1), with the higher average speeds being required during the long cycles 20 and 23.

Key words: interplanetary medium – Sun: activity – Sun: corona – Sun: magnetic fields – Sun: photosphere –
sunspots

1. INTRODUCTION

The current sunspot minimum is noteworthy not only because
of its unusually low level of activity, but also because the
polar fields are roughly 40% weaker than during the previous
three minima for which routine magnetograph measurements
are available (see, e.g., Kirk et al. 2009; Petrie & Patrikeeva
2009; Schrijver & Liu 2008; Sheeley 2008; Svalgaard & Cliver
2007). This weakness has been reflected in the apparent refusal
of coronal streamers and the heliospheric current sheet to
flatten into the equator, and in the presence of recurrent high-
speed streams in the ecliptic up until 2009. Since the polar
coronal holes provide most of the open magnetic flux at sunspot
minimum, a corresponding weakening is seen in the radial
interplanetary magnetic field (IMF) strength, which has now
fallen to its lowest levels since the beginning of the space age
(Smith & Balogh 2008; Lee et al. 2009). At the same time,
Ulysses measurements indicate that the high-latitude solar wind
is 3% slower and 17% less dense during the current activity
minimum than during the previous one (McComas et al. 2008).
The weak polar fields provide an unprecedented opportunity
to test dynamo models and solar-cycle prediction methods in
which the sunspots of the next cycle are generated by converting
the pre-existing poloidal field into toroidal flux (Cameron &
Schüssler 2007; Choudhuri et al. 2007; Dikpati 2008; Dikpati
& Gilman 2006; Dikpati et al. 2006, 2008; Hathaway 2009;
Schatten 2005; Svalgaard et al. 2005; Wang & Sheeley 2009;
Yeates et al. 2008).

Figure 1 shows the variation, from 1976 to the present, of the
average photospheric field strength above latitude L = ±60◦
in each hemisphere; also plotted are the sunspot numbers. For
reasons given in Section 2, we have taken the arithmetic mean
of magnetograph data from the Mount Wilson Observatory
(MWO) and the Wilcox Solar Observatory (WSO); as in Wang
& Sheeley (1995), the line-of-sight measurements have been

1 Also at George Mason University, Fairfax, VA 22030, USA.

deprojected by dividing by cos L and corrected for the saturation
of the Zeeman-shifted Fe i 525.0 nm line profile by multiplying
by (4.5–2.5 sin2 L). The polar fields reverse their sign rapidly
at sunspot maximum and build up to their greatest strength
during the declining phase of the cycle, with the variation
sometimes showing a nonmonotonic behavior (ignoring small-
scale fluctuations due to noise). Further, we see that the polar
field strengths remained in the range ∼6–9 G during the 1976,
1986, and 1996 sunspot minima, but fell to only ∼4–5 G during
the current minimum.

The relationship between the polar fields and sunspot activity
is most easily seen from a latitude–time plot like that in Figure 2,
which was assembled from MWO measurements taken since
1967; here, successive Carrington maps of the photospheric
field have been averaged over longitude and arranged in a time-
ordered sequence (cf. Howard & LaBonte 1981; Wang et al.
1989). As expected, the active regions form butterfly patterns
as their latitudes of emergence migrate equatorward over each
sunspot cycle (see, e.g., Hathaway et al. 2003). It is evident from
the plot that the polar fields are formed by transporting magnetic
flux from the active regions to the poles. This transport tends to
occur in a series of discrete “surges,” whose slopes correspond to
effective speeds of order 20 m s−1. (As will be demonstrated in
Section 5, the actual bulk flow speeds are likely to be somewhat
smaller.)

The mechanism of polar field formation and reversal, as it
occurs at the photosphere, may be summarized as follows (see,
e.g., Wang & Sheeley 1991; Baumann et al. 2004; Cameron &
Schüssler 2007; Schrijver & Liu 2008). The bipolar magnetic
regions (BMRs) of a given cycle emerge with their westward
poles (“leading” in the direction of the solar rotation) shifted a
few degrees equatorward of their eastward or “trailing” poles,
due to the action of Coriolis forces on the toroidal magnetic flux
as it rises buoyantly to the solar surface. The north–south dipole
moments associated with these axial tilts are opposite to that of
the initial polar fields, so that the cumulative effect of the BMRs
over the cycle is to reverse the Sun’s net dipole vector. The
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Figure 1. Evolution of the Sun’s north and south polar fields from 1976 to the present, averaged over 30◦-wide polar caps and based on an arithmetic mean of MWO
and WSO photospheric field measurements. Also plotted is the International Sunspot Number Ri. The magnetic field has been deprojected by assuming it to be radially
oriented at the photosphere, a correction for the saturation of the Fe i 525.0 nm line profile has been applied (see Wang & Sheeley 1995), and 3-Carrington-month
running means have been taken.
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Figure 2. Latitude–time plot of the photospheric field, constructed from MWO Carrington maps (CR 1516–2084). Gray scale for the longitudinally averaged,
deprojected field ranges between 〈Br 〉φ < −4 G (black) and 〈Br 〉φ > +4 G (white). Reference trajectories corresponding to a latitude-independent poleward flow of
20 m s−1 are overplotted in yellow.

cancellation of the polar fields themselves requires, in addition,
that a net quantity of trailing-polarity flux be transported from
the activity zones to the poles. What happens is that the leader
flux, being located at lower latitudes, preferentially diffuses
across the equator and annihilates its opposite-hemisphere
counterpart; the resulting surplus of trailing-polarity flux in each
hemisphere is carried to the poles and concentrated there by the
surface meridional flow. We remark that, in the original model
of Babcock (1961), a poleward meridional flow was postulated
but supergranular convection was not taken into account. In
contrast, Leighton (1964, 1969) recognized the crucial role of
supergranular diffusion in reversing the polar fields, but omitted
the (as yet undetected) bulk poleward flow. In fact, both diffusion
and meridional flow act in tandem to create and reverse the polar
fields.

It is evident that the polar field strength at the end of a
given sunspot cycle depends on several factors: (1) the initial

polar field strength; (2) the total amount of magnetic flux that
emerges in the form of active regions during the cycle; (3)
the axial tilts and latitudinal locations of the BMRs; (4) the
supergranular diffusion rate; and (5) the meridional flow speed
and its variation with latitude and time. Most of these parameters
can be determined or estimated observationally. However, the
parameter to which the polar fields are most sensitive but which
is the least well constrained is the meridional flow. Especially
critical are the flow speeds near the equator and their long-term
variation.

From magnetic feature tracking and helioseismic/Doppler
measurements, it is known that the surface and near-surface flow
speeds have amplitudes in the range 10–20 m s−1 and are gen-
erally directed poleward (Komm et al. 1993; Hathaway 1996;
Giles et al. 1997; Haber et al. 2002; Basu & Antia 2003; Gi-
zon 2004; Zhao & Kosovichev 2004; González Hernández et al.
2006; Švanda et al. 2007; Meunier & Zhao 2009). On aver-
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Table 1
Polar Field and Radial IMF Strengths During the Last Four Sunspot Minima

Year BMWO
N BMWO

S BWSO
N BWSO

S |BMWO
pol |e |BWSO

pol |f |Bav
pol|g |BIMF

r |h
(G) (G) (G) (G) (G) (G) (G) (nT)

1976–1977a 6.4 −8.9 6.4 −7.6 7.7 7.0 7.3 2.1
1986b. . . −5.8 7.6 −8.5 10.7 6.7 9.6 8.1 2.4
1996c. . . 6.6 −8.0 7.2 −6.9 7.3 7.1 7.2 2.0
2008–2009d −4.9 5.2 −3.6 4.0 5.1 3.8 4.4 1.3

Notes. Polar field strengths are averaged over 30◦-wide polar caps. The MWO and WSO photospheric
field measurements have been deprojected by dividing by cos L and corrected for line profile saturation
by multiplying by the factor (4.5–2.5 sin2 L).
a Average of CR 1642–1654.
b Average of CR 1771–1783.
c Average of CR 1905–1917.
d Average of CR 2072–2084.
e Average of unsigned north and south MWO polar fields, |BMWO

pol | ≡ (|BMWO
N | + |BMWO

S |)/2.
f Average of unsigned north and south WSO polar fields, |BWSO

pol | ≡ (|BWSO
N | + |BWSO

S |)/2.
g Grand average of unsigned MWO and WSO polar fields, |Bav

pol| ≡ (|BMWO
pol | + |BWSO

pol |)/2.
h Radial IMF strength measured at Earth (National Space Science Data Center OMNI 2 data).

age, the velocity goes through zero at the equator and attains
its peak value at latitude |L| ∼ 10◦–25◦, although large north–
south asymmetries are often present. The flows are slower at
midlatitudes near sunspot maximum, when their gradients also
steepen near the equator; this solar cycle variation appears to
be the result of residual flows (of order 5 m s−1) that converge
toward the sunspot belts. According to Švanda et al. (2007),
the countercell flows do not affect the magnetic flux transport;
however, these authors did not take into account the diffusive
transport of flux away from the active regions, which increases
the slopes of the poleward surges and would tend to oppose
and mask out the effect of the local converging flows in the
magnetic butterfly diagram (see Sections 5 and 6). It should be
kept in mind that most of the helioseismic observations refer
to depths �0.03 R�, and that the inferred flow speeds show
large spatial and temporal variations even within this shallow
layer; also, helioseismic measurements of meridional flow are
unreliable above latitude ∼50◦. Very little is known observa-
tionally about the cycle-to-cycle variation of the meridional
circulation.

This paper considers some of the consequences of the weak
polar fields and also addresses the question of why they
weakened so much during cycle 23. We begin by discussing the
polar field measurements and their relationship to the observed
IMF strength (Section 2). Section 3 focuses on coronal streamer
structure, while Section 4 is concerned with the effect of the
weak polar fields on coronal holes and the solar wind. In
Section 5, we simulate the evolution of the Sun’s large-scale
field during cycles 20–23 using a surface flux-transport model,
and show that a relatively small increase in the meridional flow
speed can account for the weakening of the polar fields during
cycle 23, in agreement with the conclusions of Schrijver & Liu
(2008). Our results are discussed in Section 6.

2. POLAR FIELD AND IMF OBSERVATIONS

Let BN and BS denote the mean flux densities in the north (L >
+60◦) and south (L < −60◦) polar caps, respectively, and let
|Bpol| = (|BN| + |BS|)/2. Table 1 lists the values of BN, BS, and
|Bpol| measured at MWO and WSO during the 1976, 1986, 1996,
and 2009 sunspot minima; each value represents an average
over 13 Carrington rotations (CRs) centered approximately on

the given minimum period. (Although data from the National
Solar Observatory (NSO) are available for these four minima,
we do not employ them here because of zero-point errors in the
early observations and because the magnetograph was changed
in 1992 and 2003, making the long-term variation subject to
intercalibration uncertainties; see also the discussion of Arge
et al. 2002.) The MWO and WSO measurements have been
corrected for line-of-sight projection (on the assumption of a
radially oriented photospheric field) and for the saturation of
the Fe i 525.0 nm line profile, as described in Wang & Sheeley
(1995; see also Ulrich et al. 2002, 2009).

From Table 1, we see that the polar field strengths were
typically around 7–8 G during the earlier three minima, but
only around 4–5 G during 2008–2009. We also note a general
tendency for the south pole to have stronger average fields than
the north pole; this asymmetry is consistent with sunspot activity
being greater in the southern hemisphere during the declining
phases of the last four cycles (Temmer et al. 2006). During
the current minimum, the WSO fields are significantly weaker
(by ∼25%) than the MWO ones. Thus, |BWSO

pol | has now fallen
to 54% of its value in 1996, whereas |BMWO

pol | has fallen to
69% of its previous value. As indicated in the last column of
Table 1, the radial IMF strength |BIMF

r | measured at Earth is
now 67% of its 1996 value, having decreased from 2.0 nT to
1.3 nT. Similarly, the radial IMF strength recorded by Ulysses
over the south pole during 2006–2007 was 64% of its value
in 1994 (Smith & Balogh 2008). Since the polar fields are
the main source of the IMF flux near sunspot minimum (see
Figure 9(b)), the actual decrease in the polar field strength over
solar cycle 23 would appear to be closer to that given by the
MWO than the WSO measurements. On the other hand, it is
evident from Table 1 that the MWO polar fields in 1986 are
too weak when compared with the radial IMF component (the
MWO magnetograph experienced calibration problems after it
was rebuilt at the end of 1981; see the discussion in Wang &
Sheeley 1988). In this study, it will be convenient to take the
arithmetic mean of the MWO and WSO data sets, as shown
in the penultimate column of Table 1. The relative variation of
|Bav

pol| between the four cycle minima is then found to be in
approximate agreement with that of |BIMF

r | (see also Figure 4).
We remark also that averaging the MWO and WSO data gives a
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Figure 3. Latitudinal distribution of the longitudinally averaged photospheric
field during the 1976, 1986, 1996, and 2009 sunspot minima. To construct these
profiles of 〈Br 〉φ vs. L, the MWO and WSO photospheric measurements were
deprojected, corrected for saturation, and averaged together; the profile for each
sunspot minimum represents an average over 13 Carrington rotations (CR 1642–
1654, 1771–1783, 1905–1917, and 2072–2084, respectively). For comparison,
reference profiles of the form −7 G sin7 L and 13 G sin7 L are also plotted
(dash-dotted curves).

decrease in the polar field strength over cycle 23 which is similar
to that measured by the Michelson Doppler Imager (MDI) on
the Solar and Heliospheric Observatory (SOHO).

In Figure 3, we plot the longitudinally averaged photospheric
field as a function of latitude for 1976, 1986, 1996, and
2009. Here, each profile represents an average over 13 CRs,
and we have taken the arithmetic mean of the MWO and
WSO measurements in accordance with the discussion above.
During all four minima, the photospheric flux density is highly
concentrated toward the poles, increasing with latitude at least
as steeply as sin7 L (dash-dotted lines; cf. Svalgaard et al.
1978). This topknot form is a direct consequence of the surface
meridional flow (DeVore et al. 1984; Sheeley et al. 1989a; Wang
et al. 1989; Petrie & Patrikeeva 2009).

Figure 4 shows the variation of the total photospheric flux,
the total open flux, and the observed radial IMF strength
during 1967–2009. The total photospheric flux was obtained
by integrating the unsigned MWO and WSO photospheric
fields over the solar surface and averaging the results from the
two observatories after 1976 (when the WSO measurements
became available). The total open flux was calculated by
applying a potential-field source-surface (PFSS) extrapolation
to the photospheric field measurements and integrating |Br |
over the source surface, taken to be at heliocentric distance
r = Rss = 2.5 R�; the integral is expressed as an equivalent
field strength at 1 AU on the assumption that the flux is
distributed isotropically far from the Sun (see Balogh et al.
1995; Smith et al. 2001; Smith & Balogh 2008). It is evident
that the total photospheric flux, the total open flux, and the
radial IMF strength all decreased to their lowest recorded levels
during the 2009 activity minimum. This result again reflects
the current weakness of the polar fields and the tendency for
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Figure 4. Evolution of the total photospheric flux, total open flux, and radial
IMF strength at Earth (National Space Science Data Center OMNI 2 data)
during 1967–2009. Three-Carrington-month running means are plotted. The
total photospheric flux is expressed as an average of |Br | over the solar surface.
The total open flux is obtained by integrating |Br | over the source surface and
dividing by 4πr2

E to convert it into an equivalent field strength at rE = 1 AU. In
both cases, we have taken the arithmetic mean of MWO and WSO photospheric
field measurements, after correcting for line profile saturation by multiplying
by (4.5–2.5 sin2 L).

both the large-scale photospheric field and the open flux to
be concentrated at high latitudes near sunspot minimum. (Note,
however, that the MWO and WSO measurements have relatively
low spatial resolution and do not include the contribution of
ephemeral regions and other small-scale fields, which may
provide a significant contribution to the total photospheric flux
at solar minimum.) The reasonably good long-term agreement
between the derived open flux and the observed radial IMF
strength (correlation coefficient cc = 0.7) argues against the
existence of a “floor” in the IMF that is independent of
the large-scale solar magnetic field (see Svalgaard & Cliver
2007).

3. CORONAL STREAMER STRUCTURE

As the polar fields strengthen, the heliospheric current/
plasma sheet and the coronal streamer structure become flat-
tened toward the equator, due to the increasing dominance of
the Sun’s axial dipole component over the equatorial dipole
and higher order multipoles in the outer corona. As a further
test of the MWO and WSO polar field measurements, we now
model the white-light streamer structure observed during the
present activity minimum (cf. Wang et al. 1997; Liewer et al.
2001; Saez et al. 2005; Thernisien & Howard 2006). For this
purpose, we again employ a PFSS extrapolation, matching the
radial component of the potential field to the deprojected pho-
tospheric field data and requiring the field lines to be radial be-
yond r = Rss = 2.5 R�. The Thomson-scattering electrons are
concentrated in narrow plasma sheets that are the heliospheric
extensions of helmet streamers, which separate coronal holes
of opposite polarity, and “pseudostreamers,” which separate
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holes of the same polarity (see Wang et al. 2007; Eselevich
et al. 1999).

As an illustrative case, Figure 5 displays the white-light
streamer patterns derived, respectively, from the MWO and
WSO photospheric field maps for CR 2067 (starting date
2008 February 21), along with the corresponding structures
observed at 3 R� with the Large Angle and Spectrometric
Coronagraph (LASCO) on SOHO. The simulated and observed
streamers extend to latitudes |L| � 30◦, with the maximum
excursions centered on a single active region located below
the equator at Carrington longitude φ = 245◦. The warp
in the heliospheric current sheet (source-surface neutral line)
induced by this large BMR is magnified by the weakness of
the polar fields. Comparing the results obtained for the two
observatories, we see that the MWO simulation (left column in
Figure 5) somewhat underestimates the latitudinal spread of the
observed streamer patterns, whereas the WSO simulation (right

column) overestimates it. This difference is consistent with our
conclusion that the actual polar field strengths lie in between
those given by the MWO and WSO measurements, while being
closer to the former.

As a second example, Figure 6 shows the calculated and
observed streamer patterns for CR 2078 (2008 December 17).
From the MWO and WSO photospheric field maps, we see
that the large old-cycle active region present in CR 2067 has
decayed away and that the Sun is extremely quiet except for
two very small new-cycle BMRs. Correspondingly, the white-
light streamer patterns are now much more flattened toward the
equator. Again, the observed degree of flattening lies somewhere
between the MWO and WSO predictions.

The flattening of the streamer belt and the heliospheric
current sheet can be measured quantitatively either by the tilt
angle of the Sun’s dipole vector, δ = tan−1(Deq/Dax) (where
Dax and Deq denote the strengths of the axial and equatorial
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66 68 70 72 74 76 78 80 82 84 86 88 90 92 94 96 98 00 02 04 06 08 10
YEAR

0

10

20

30

40

50

60

70

80

90

HCS latitude excursion (deg)

dipole tilt angle (deg)

(sunspot number)/10

Figure 7. Variation of the maximum latitudinal excursion |Lmax| of the heliospheric current sheet during 1967–2009; here, the highest latitude reached by the
source-surface neutral line has been averaged between the northern and southern hemispheres. Also plotted are the dipole tilt angle δ and the sunspot number Ri.
Results for MWO and WSO have been averaged, and 3-month running means have been taken.

dipole components), or by the maximum latitudinal deviation
(averaged between the two hemispheres) of the source-surface

neutral line from the equator, |Lmax|. Figure 7 shows the
variation of δ and |Lmax| during 1967–2009; the values for
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Figure 8. Variation of the IMF sector polarity at Earth (1976–2009), plotted in
27-day rows (Bartels format). Left panel: observed polarities (NSSDC OMNI 2
data). Right panel: polarities predicted by applying a PFSS extrapolation to the
photospheric field, given by an average of MWO and WSO measurements.

1976–2009 are based on an average of the MWO and WSO
photospheric measurements. It can be seen that |Lmax| � 10◦
during the 1976, 1986, and 1996 activity minima, and that it
is only in 2009 that this degree of flattening is approached in
cycle 23.

Figure 8 compares the IMF sector polarities recorded at
Earth during 1976–2009 with the corresponding source-surface
field polarities derived from the averaged MWO and WSO
photospheric data. The predicted and observed polarities are in
surprisingly good agreement through most of the 33-yr interval.
The polarity patterns tend to be horizontal (φ-independent) at
sunspot minimum (particularly during 1976, 1986, and 1996),
when the heliospheric current sheet lies near the ecliptic plane
and the sector polarity at Earth is determined mainly by the 7◦ tilt
of the solar rotation axis (Rosenberg & Coleman 1969). (While
the PFSS model is able to reproduce the observed polarities, it
does not correctly describe the distribution of flux within each

sector, since it omits the isotropizing effect of the sheet currents
themselves.)

4. CORONAL HOLES AND THE SOLAR WIND

In the PFSS model, field lines that intersect the source
surface are defined to be open, and their footpoint areas
represent coronal holes. By applying a PFSS extrapolation to the
photospheric field (again given by the average of the MWO and
WSO measurements), we may then determine the distribution of
open flux over the solar surface during any given CR. Figure 9(a)
shows the percentage of the solar surface covered by high-
latitude (|L| > 45◦) and low-latitude (|L| < 45◦) coronal
holes as a function of time since 1967. The area occupied by
high-latitude open flux (the polar holes) is seen to be about
20% smaller during the current sunspot minimum than during
1996, 1986, and 1976. This result is roughly consistent with the
automated measurements of Kirk et al. (2009), who found that
the EUV polar-hole areas are now ∼15% smaller than they were
at the beginning of cycle 23. In Figure 9(b), we plot the variation
of the total open flux rooted above and below latitude |L| = 45◦.
The total open flux at high latitudes has decreased by roughly
a factor of 2 during the present solar minimum, as compared
with the previous three minima. Clearly, the main cause of this
decrease is the weakening of the polar fields, although the effect
is compounded by the smaller polar-hole areas.

In order to explore further the relationship between the
polar-hole area and the polar field strength, let us perform the
following experiment. We start with an MWO photospheric
field map such as that for CR 2077 (2008 November 20). A
PFSS extrapolation yields the configuration of coronal holes
displayed in Figure 10; also plotted are the source-surface
field and the solar wind-speed distribution at 1 AU, derived
from the inverse correlation between wind speed and flux-tube
expansion factor (see, e.g., Wang & Sheeley 1990, 2006; Arge
& Pizzo 2000; Luhmann et al. 2009). Now let us add to the
observed photospheric field an axisymmetric flux distribution
of the form Br = −6 G sin7 L, thereby doubling the original
polar field strength. Recalculating the distribution of coronal
holes and wind speed, we obtain the results shown in Figure 11.
Comparing with Figure 10, we conclude that the stronger polar
fields have the effect of enlarging the polar holes by a few
degrees; even more strikingly, the small low-latitude holes
disappear and all of the open flux is now rooted in the polar
holes. (If a similar experiment is performed earlier during the
declining phase of cycle 23, when more activity was present, the
low-latitude holes would shrink without disappearing entirely,
while shifting in the direction of the polar hole having the same
polarity.) Strengthening the polar fields also acts to flatten and
compress the band of slow solar wind surrounding the source-
surface neutral line (heliospheric current sheet), bringing the
high-speed polar-hole wind a few degrees closer to the equator.
The increase in the polar-hole size implies a smaller average
expansion factor and hence a slight increase in the speed of the
polar wind.

The equatorward expansion of the polar holes in Figure 11
can be understood as follows. By increasing the strength of the
polar fields (which have the trailing polarity) without increasing
the amount of leading-polarity flux, we have produced an
even greater imbalance between the majority and the minority
polarity in each hemisphere, so that more of the dominant
trailing-polarity flux opens up at the polar-hole boundaries.
Conversely, decreasing the polar field strength would force
some of the open flux near the polar-hole boundaries to close
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Figure 9. (a) Percentage of the solar surface occupied by high-latitude (|L| > 45◦) and low-latitude (|L| < 45◦) open flux during 1967–2009. (b) Open flux originating
from high latitudes (|L| > 45◦) and low latitudes (|L| < 45◦) during 1967–2009, expressed as field strengths (nT) at 1 AU. Again, a PFSS extrapolation was applied
to an average of the MWO and WSO photospheric field, and 3-month running means are plotted.

down by becoming connected to the leading-polarity flux at
lower latitudes, thereby shrinking the polar holes. It should
be emphasized, however, that the characteristic angular size
(∼30◦) of the polar holes in a steady-state equilibrium (after all
of the remaining leading-polarity flux has decayed away) is set
by the competition between the poleward meridional flow and
the equatorward diffusion of the high-latitude flux, with faster
flows leading to more concentrated polar fields and smaller
polar holes (Sheeley et al. 1989a). In the absence of meridional
flow, the polar fields would end up with a simple dipole (sin L)
distribution and the polar holes would extend all the way down
to latitude |L| ∼ 40◦ instead of |L| ∼ 60◦ (see Sheeley et al.
1989b, Table 1).

Coronal holes located at lower latitudes tend to have the same
polarity as the polar field in their own hemisphere. When the
polar field strength is increased, these holes either shrink or
disappear entirely (as in Figure 11) because their flux becomes
connected to the high-latitude trailing-polarity fields in the
opposite hemisphere. The lingering presence of so many low-
latitude holes so late during cycle 23, with recurrent high-speed
streams persisting in the ecliptic until early 2009, is thus another
consequence of the weak polar fields.

From an analysis of Ulysses plasma measurements taken dur-
ing 2006–2008, McComas et al. (2008) found that the polar-hole

wind was ∼17% less dense and ∼14% cooler than during the
previous solar minimum; the wind speed vU was only ∼3%
lower, but the proton flux density nUvU was ∼20% smaller.
The decrease in vU can be attributed to the increase in the areal
expansion factor which accompanies the shrinking of the polar
holes. The lower density and mass flux are also qualitatively
consistent with the weakening of the polar field between the
two sunspot minima (compare the discussion of Schwadron
& McComas 2008). To see this, let subscripts “0” and “E”
denote quantities evaluated at the coronal base and at Earth,
respectively. From mass conservation along a magnetic flux
tube, we have that n0v0 = (B0/BE)nEvE; here, nEvE/BE can
be measured in situ, while B0 can be determined from a PFSS
extrapolation of the observed photospheric field and field-line
tracing back to the Sun. Figure 12(a) shows the resulting scat-
ter plot of n0v0 against B0, based on Advanced Composition
Explorer (ACE) measurements and averaged MWO/WSO pho-
tospheric data during 1998–2007 (see also Wang 1995). We
see that the mass flux density at the coronal base increases al-
most linearly with the photospheric field strength. As shown in
Figure 12(b), the total energy flux density at the coronal
base, given by Fw0 	 (B0/BE)(1/2)mpnEv3

E, likewise increases
monotonically with B0. The latter result is consistent with the
assumption that the magnetic field is the main energy source of
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Figure 10. Latitude–longitude maps for CR 2077 (starting date 2008 November 20). Top panel: MWO photospheric field. Gray scale ranges between Br < −10 G
(black) and Br > +10 G (white). Second panel: source-surface field. Black: Br < −0.15 G; dark gray: −0.15 G < Br < 0 G; light gray: 0 G < Br < +0.15 G; white:
Br > +0.15 G. Third panel: distribution of derived coronal holes at the solar surface. Footpoints of open field lines are color-coded to indicate the associated flux-tube
expansion factor, fss = (R�/Rss)2[Br (R�, L0, φ0)/Br (Rss, Lss, φss)], or wind speed at 1 AU, vw . Red: vw > 750 km s−1 (fss < 4.5); white: vw = 650–750 km s−1

(4.5 < fss < 7); yellow: vw = 550–650 km s−1 (7 < fss < 10); green: vw = 450–550 km s−1 (10 < fss < 20); blue: vw < 450 km s−1 (fss > 20); dark (light) gray
background denotes areas of the photosphere where Br < 0 (Br > 0). Bottom panel: distribution of wind speeds at 1 AU, color-coded as in the third panel.

the solar wind. As pointed out by Sandbæk et al. (1994), Fw0
must also scale roughly as n0v0 in order to offset the gravita-
tional potential energy near the Sun; thus n0v0 ∝ B0. These
relationships among n0v0, Fw0, and B0 hold for fast and slow
wind, for large and small coronal holes, and for solar wind at all
latitudes (not just in the ecliptic).

Even though the proton flux density at the Sun increases
monotonically with the footpoint field strength, it should be
noted that the proton flux density at Earth, nEvE = (BE/B0)n0v0,
is statistically uncorrelated with B0 (see Figure 12(c)). Sim-
ilarly, there is no general relationship between vE and B0
(Figure 12(d)). Ulysses observed a correlation between the in
situ proton flux density, nUvU , and the footpoint field strength
in the polar cap, B0 = Bpol, because the ratio Bpol/BE remains
roughly constant from one solar minimum to the next (compare

the last two columns of Table 1); thus nUvU = (BU/Bpol)n0v0 =
(rE/rU )2(BE/Bpol)n0v0 ∝ n0v0 ∝ Bpol.

5. FLUX TRANSPORT SIMULATIONS

We now seek to understand why the polar fields are so weak
during the current solar minimum, by simulating the evolution of
the photospheric field over the last four solar cycles. The radially
oriented photospheric field is assumed to obey the equation (see
Sheeley et al. 1985)

∂Br

∂t
= − Ω(L)

∂Br

∂φ
+ κ∇2

⊥Br − 1

R� cos L

∂

∂L

× [v(L)Br cos L] + S(L, φ, t), (1)
where t denotes time, ∇2

⊥ represents the L and φ components of
the Laplacian, Ω(L) = 13.38 − 2.30 sin2 L − 1.62 sin4 L deg
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Figure 11. Same as in Figure 10, except that an axisymmetric flux distribution of the form Br = −6 G sin7 L has been added to the observed MWO photospheric
field, effectively doubling the strength of the polar fields.

day−1 is the synodic rotation rate of the photospheric plasma
(Snodgrass 1983), κ is the diffusion coefficient associated with
the nonstationary supergranular convection (Leighton 1964),
v(L) is the meridional flow velocity, and S(L, φ, t) is the source
term. Following Wang et al. (2002), we set κ = 500 km2 s−1.
The meridional flow velocity will be assumed to be directed
poleward in each hemisphere and to have the form

v(L) = ±vm sinp |L| cosq L, (2)

which attains its peak value |v(Lpeak)| at latitude Lpeak =
± sin−1[p/(p + q)]1/2. In this study, the flow amplitude vm will
be allowed to vary from cycle to cycle but the flow profile
parameters p and q will be fixed at 0.1 and 1.8, respectively,
so that Lpeak = ±13.◦3. For simplicity, we do not allow for
temporal variations in the flow speed within a given cycle, such
as those which might be associated with local cells around active
regions.

As in Wang et al. (2005), active regions are represented by
large BMRs having strengths of 5 × 1022 Mx and longitudinal

pole separations of 15◦; their initial axial tilts γ relative to the
east–west line vary with latitude according to sin γ = 0.5 sin |L|
(see, e.g., Wang & Sheeley 1991). The number of BMRs
deposited onto the photospheric grid during a given year Y is
taken to be proportional to the annual mean sunspot number,

NBMR(Y ) = 0.7Ri(Y ), (3)

with the deposition times being distributed uniformly through
the year. In accordance with the usual Hale–Joy laws, the east–
west polarity orientations of the BMRs are reversed after the
minimum of each cycle; the leading pole is located equatorward
of the trailing pole and has the same sign as the initial polar
field in that hemisphere. The bipoles are distributed randomly
over a 10◦ wide band centered about a mean latitude Lav, which
migrates equatorward according to

|Lav(Δt)| = 25.◦0 − 3.◦0(Δt) + 0.◦13(Δt)2 (4)

(based on Figure 2 of Hathaway et al. 2003), where Δt is the time
in years since the start of the given cycle. A random number
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Figure 12. Scatter plots of footpoint field strength, log10 B0 (G), against (a) proton flux density at the Sun, log10(n0v0) (1013 cm−2 s−1); (b) total energy flux density
at the Sun, log10 Fw0 (105 erg cm−2 s−1); (c) proton flux density at ACE, log10(nEvE) (108 cm−2 s−1); and (d) proton speed at ACE, vE (km s−1). A dot is plotted for
every 5◦ of source-surface longitude (excluding data gaps) during CR 1933–2064 (1998 February 18 to 2007 December 29).

generator is also used to assign a longitude and a hemisphere
(north or south) to each bipole.

With the solar surface represented by a grid of dimensions
256 cells in longitude by 128 cells in latitude, Equation (1) is
integrated over a 44-yr interval starting on 1965 January 1. For
the initial photospheric field, we adopt

Br (R�, L, φ, 0) = −9.3 G sin7 L, (5)

which approximates the flux distribution obtained at the end of
cycle 19 in the long-term simulations of Wang et al. (2005).
The meridional flow amplitude is adjusted from one cycle to
the next, so as to yield approximate agreement between the
simulated polar fields and the observed values of |Bav

pol| in 1976,
1986, 1996, and 2008–2009 (see Table 1). The required values
of vm are found to be 17 m s−1 (cycle 20), 15.5 m s−1 (cycle
21), 14.5 m s−1(cycle 22), and 17 m s−1 (cycle 23).

In Figure 13(a), we plot the calculated variation of the
Sun’s axial (Dax) and equatorial (Deq) dipole strengths;

Figure 13(b) displays the evolution of BN and BS, the average
(signed) flux densities poleward of L = +60◦ and L = −60◦;
and Figure 13(c) shows the derived variation of the near-Earth
radial IMF strength and of the total photospheric flux ex-
pressed as a surface-averaged field strength. All curves represent
3-Carrington-month running means.

The simulated polar fields undergo a smooth but nonmono-
tonic variation. The smoothness is due to the “filtering” of the
lower latitude sunspot activity by the flux transport, while the
nonmonotonic behavior occurs when the meridional flow brings
leading-polarity flux to the poles. Because the BMRs are de-
posited at random longitudes, the net equatorial dipole strength
undergoes stochastic fluctuations with an amplitude equal to its
rms value 〈D2

eq〉1/2, which in turn scales as the square root of
the BMR emergence rate (Wang & Sheeley 2003). The width
of the peaks is determined by the decay timescale for the equa-
torial dipole, given by τflow ∼ R�/vm ∼ 1.4 yr (16 m s−1/vm).
The stochastic nature of Deq(t) gives rise to temporary dips in
the IMF strength even at activity maximum (see Figure 13(c));



No. 2, 2009 THE WEAK POLAR FIELDS OF SOLAR CYCLE 23 1383

65 67 69 71 73 75 77 79 81 83 85 87 89 91 93 95 97 99 01 03 05 07 09

-8

-6

-4

-2

0

2

4

6

8
(a) 

axial  dipole  (G)

equatorial  dipole  (G)

65 67 69 71 73 75 77 79 81 83 85 87 89 91 93 95 97 99 01 03 05 07 09

-16

-12

-8

-4

0

4

8

12

16
(b) north  polar  field  (G)

south  polar  field  (G)

65 67 69 71 73 75 77 79 81 83 85 87 89 91 93 95 97 99 01 03 05 07 09
YEAR

0

1

2

3

4

5

6
(c) radial  IMF  strength  (nT)

(average  photospheric  field)/4  (G)

Figure 13. Simulated evolution of the large-scale magnetic field during solar cycles 20 through 23. The BMR sources are all assigned the same strength and deposited
at random longitudes at a rate proportional to the observed annual sunspot numbers; the poleward flow amplitude vm is adjusted from cycle to cycle, so as to
approximately match the measured polar field strengths |Bav

pol| during 1976, 1986, 1996, and 2009 (Table 1). (a) Variation of the Sun’s axial (Dax) and equatorial (Deq)
dipole components (G). (b) Variation of the north (BN) and south (BS) polar fields (G), averaged over 30◦ polar caps. (c) Variation of the near-Earth radial IMF strength
BE (nT) and of the total photospheric flux Btot (expressed as a surface-averaged field strength in units of 4 G).

such “Gnevyshev gaps” (Gnevyshev 1967; Storini et al. 1997;
Richardson et al. 2000) do not require an actual decrease in
the flux emergence rate. Note also that the largest peaks in the
equatorial dipole and IMF strengths may occur a few years after
sunspot maximum, as was indeed observed to be the case in
1982, 1991, and 2003 (compare Figure 13(c) with Figure 4).
The simulated peaks do not coincide exactly with the observed
ones because we have used a random number generator to assign
the longitudes of our BMRs.

In Figure 14, we plot the longitudinally averaged photospheric
field as a function of latitude at the end of each cycle. The
calculated flux distributions for all four cycle minima are
highly concentrated toward the poles, increasing with latitude at
least as steeply as sin7 L, consistent with the measurements of
Figure 3. We remark that the variation of 〈Br〉φ at high latitudes
depends on both the flow amplitude vm and the index q in

Equation (2), which determines the rate at which the flow speed
approaches zero at the poles; to optimize the agreement with the
magnetograph observations, we have set q = 1.8.

Figure 15 shows a latitude–time plot of the photospheric field
over the 44-yr simulation. Giant poleward surges of trailing-
polarity flux may be seen in both hemispheres during the
maxima of the high-amplitude, steeply rising cycles 21 and 22.
The poleward-directed streams during the maxima of the lower
amplitude cycles 20 and 23 are narrower and weaker, and the
polar fields undergo a less abrupt reversal (see Figure 13(b)).
The series of curves superimposed on Figure 15 represent the
trajectories d|L| = (|v|/R�)dt defined by the meridional flow
profile (Equation (2), with p = 0.1, q = 1.8); the curves are
color-coded according to the value of vm adopted for each cycle
(red: 17 m s−1; green: 15.5 m s−1; and blue: 14.5 m s−1). It
is apparent that the slopes of the poleward surges tend to be
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Figure 14. Latitudinal variation of the simulated photospheric field during the
1976, 1986, 1996, and 2009 sunspot minima. As in Figure 3, the photospheric
field has been averaged over longitude and over a 13-Carrington-rotation interval
centered on each minimum; dash-dotted curves represent the reference profiles
−7 G sin7 L and 13 G sin7 L.

significantly steeper than the overplotted flow streamlines. This
difference is due to the contribution of supergranular convection,
which dominates the flux transport in and around the active
region belts, where the latitudinal gradients in the photospheric
field are particularly large. In order to illustrate the effect of
meridional flow in the absence of supergranular convection, it
is instructive to repeat the simulation setting κ = 0. As shown
in Figure 16, the removal of the diffusive transport produces
a regular succession of narrow surges of alternating polarity,
whose slopes in the latitude–time plot are now aligned with the
meridional flow field.

To demonstrate their sensitivity to the flow amplitude,
Figure 17 illustrates how the polar fields and open flux would
evolve during cycle 23 if vm were held fixed at 14.5 m s−1 (the
value assigned to it in cycle 22) rather than being increased to
17 m s−1. The result is to double the polar field and IMF strength
at the end of the cycle; the slightly lower flow speed allows twice
as much leading-polarity flux to diffuse across the equator, so
that twice as much trailing-polarity flux is able to reach the polar
regions.

It should be emphasized that the final polar field strength
depends not just on the amplitude of the cycle and the adopted
flow speed, but also on the initial polar field strength. Thus, even
though a flow speed of 17 m s−1 was assigned to both cycles,
cycle 20 ended up with a stronger polar field than cycle 23 in
the simulation of Figure 13, because the initial polar field was
taken to be ∼20% weaker in the former case.
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Figure 15. Latitude–time plot of the simulated photospheric field. Each column of pixels represents a 27.3-day Carrington map of the photospheric field averaged over
longitude. Gray scale ranges from 〈Br 〉φ < −4 G (black) to 〈Br 〉φ > +4 G (white). Overlaid color curves indicate the trajectories that flux elements would follow if
their poleward transport were determined solely by the underlying meridional flow field v(L) = ±vm sin0.1 |L| cos1.8 L (red: vm = 17 m s−1; green: vm = 15.5 m s−1;
blue: vm = 14.5 m s−1). Also overplotted (yellow curves) are the trajectories corresponding to a latitude-independent poleward flow v(L) = ±20 m s−1 (as in
Figure 2). The slopes of the poleward surges are closer to those of the latter trajectories because of the contribution of supergranular diffusion to the flux transport.
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Figure 16. Latitude–time plot illustrating the effect of setting κ = 0 in the previous simulation. With the removal of supergranular diffusion, the poleward surges are
now aligned with the underlying meridional flow field. Gray scale and color coding are as in Figure 15.
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Figure 17. Effect of keeping the flow amplitude for cycle 23 fixed at the value
vm = 14.5 km s−1 assigned to it for cycle 22, rather than increasing it to 17 m
s−1. (a) Variation of the north and south polar fields. (b) Variation of the radial
IMF strength. Solid curves: vm = 14.5 km s−1; dashed curves: vm = 17 m s−1.

6. DISCUSSION

Our conclusion that a ∼15% increase in the poleward flow
speed relative to that in cycle 22 would be sufficient to produce
the observed ∼35% decrease in the polar field strength between
1996 and 2009 agrees with the findings of Schrijver & Liu
(2008), who used a surface flux-transport model to simulate
the evolution of the Sun’s axial dipole strength during cycle
23. From an analysis of MDI magnetograms, these authors also
verified that the average tilt angle of active regions in cycle 23
did not differ from that observed in earlier cycles, so that the
weakening of the polar fields cannot be ascribed to a systematic
decrease in γ .

Our inference of slightly faster surface flows during cycles
20 and 23 than during cycles 21 and 22 is also consistent
with the multicycle simulations of Wang et al. (2005). There, it
was found that large-amplitude cycles generally required higher
flow speeds than small-amplitude ones; however, the highest
flow speeds were assigned to long cycles whose total sunspot
numbers were comparable to those of short, high-amplitude
cycles. Otherwise, because of the rapid transequatorial diffusion
of leading-polarity flux from low-latitude active regions during
the prolonged declining phase of these cycles, the polar fields
built up toward the end of the cycle became too strong. This
result does not contradict the idea that meridional circulation
sets the cycle length (see, e.g., Dikpati & Charbonneau 1999),
because it is the ∼1 m s−1 return flow at the bottom of the
convection zone which controls the equatorward migration of
sunspot activity, not the much faster surface flow. Although the
flow speeds are related through mass conservation, the coupling
between the deep-seated and the surface flows is not necessarily
linear or time-independent.

Both PFSS extrapolations of the photospheric field
(Figure 9(a)) and EUV images (see, e.g., Kirk et al. 2009)
indicate that the polar-hole areas were ∼20% smaller during
2007–2009 than during the 1996 sunspot minimum. A faster
poleward flow would tend to further concentrate the polar fields
and push back the polar-hole boundaries. In a steady-state equi-
librium in which the poleward flow balances the equatorward
diffusion of the polar-cap flux, the latitudinal gradient in the
field satisfies

∣
∣
∣
∣

1

Br

∂Br

∂L

∣
∣
∣
∣
∝ vm

κ
(6)

(Sheeley et al. 1989a). If Br is assumed to vary as sinn L and
the diffusion coefficient κ is fixed, then a 15% increase in vm

would lead to a 15% increase in the concentration index n. As
shown in Table 1 of Sheeley et al. (1989b), the angular size
of the polar hole would then decrease by only 1◦–2◦, which
is less than the observed shrinkage. As noted in Section 4, the
main reason for the smaller polar-hole size during the current
minimum is the weakness of the polar fields and the presence of
leading-polarity flux at lower latitudes, which acts to close down
a greater fraction of the polar flux than was the case during the
previous minimum, when the polar fields were much stronger.

Jiang et al. (2009) have suggested that a reversal in the
direction of the surface meridional flow at high latitudes would
weaken the polar fields, and in particular lead to a decrease in the
flux density above latitude 75◦–80◦, as inferred by Raouafi et al.
(2007) from chromospheric magnetograms taken at NSO during
2006 September–December. However, such an equatorward
flow, even if it existed, could not explain the observed weakening
of the Sun’s axial dipole moment, as the authors themselves
note. Moreover, although ring-diagram analysis by Haber et al.
(2002) indicated the presence of a submerged countercell at
high northern latitudes during 1998–2001, González Hernández
et al. (2006) found that the appearance of such equatorward-
directed countercells is correlated with the inclination of the
solar rotation axis toward the observer, raising the possibility
that they may be an instrumental artifact.

In a follow-on study, we address the question of whether
the small cycle-to-cycle variations in the flow speed predicted
here are consistent with latitude–time plots of the observed
photospheric field, such as that in Figure 2. For this purpose,
as pointed out in Section 5, it will be necessary to separate
the contribution of supergranular diffusion, which steepens
the slopes of the poleward surges of flux, from that of the
meridional flow itself. Because the field gradients are largest
around active regions, the diffusive transport also tends to mask
out variations in the flow speed within each cycle; helioseismic
measurements (see, e.g., Zhao & Kosovichev 2004) suggest
that these variations have an amplitude of order 5 m s−1 and
that the associated residual flows act in the direction opposite
to diffusion, converging toward rather than diverging from
the activity zones. As anticipated in Section 1, supergranular
diffusion provides a simple explanation for the paradoxical
result of Švanda et al. (2007), who found that the presence of
active region countercells seemed to have no effect on the speeds
that they inferred (without taking into account the diffusive
transport) from the slopes of the poleward surges of flux in
cycle 23.
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