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Abstract The observations both near the Sun and in the heliosphere during the activity
minimum between solar cycles 23 and 24 exhibit different phenomena from those typical of
the previous solar minima. In this paper, we have chosen Carrington rotation 2070 in 2008
to investigate the properties of the background solar wind by using the three-dimensional
(3D) Solar–InterPlanetary Conservation Element/Solution Element Magnetohydrodynamic
(MHD) model. We also study the effects of polar magnetic fields on the characteristics of the
solar corona and the solar wind by conducting simulations with an axisymmetric polar flux
added to the observed magnetic field. The numerical results are compared with the obser-
vations from multiple satellites, such as the Solar and Heliospheric Observatory (SOHO),
Ulysses, Solar Terrestrial Relations Observatory (STEREO), Wind and the Advanced Com-
position Explorer (ACE). The comparison demonstrates that the first simulation with the
observed magnetic fields reproduces some observed peculiarities near the Sun, such as rel-
atively small polar coronal holes, the presence of mid- and low-latitude holes, a tilted and
warped current sheet, and the broad multiple streamers. The numerical results also capture
the inconsistency between the locus of the minimum wind speed and the location of the he-
liospheric current sheet, and predict slightly slower and cooler polar streams with a relatively
smaller latitudinal width, broad low-latitude intermediate-speed streams, and globally weak
magnetic field and low density in the heliosphere. The second simulation with strengthened
polar fields indicates that the weak polar fields in the current minimum play a crucial role in
determining the states of the corona and the solar wind.
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1. Introduction

Unlike the past solar minima since the dawn of the space age, the minimum of activity
between solar cycles (SC) 23 and 24 (briefly called the current minimum in the following)
had many unusual properties. The sunspot numbers were at their lowest in 75 years (Gibson
et al., 2009) and over 200 spotless days in 2008 were the highest recorded in the last 50 years
(Tokumaru et al., 2009). SC 24 started much later than expected, which left behind a long
quiet minimum unlike any other one in the past 100 years (Hathaway and Rightmire, 2010).
Wang, Robbrecht, and Sheeley (2009) investigated the solar polar field during SC 23 by
using the magnetograph data from both the Mount Wilson Observatory (MWO) and the
Wilcox Solar Observatory (WSO) and found that the arithmetic mean polar field strength
was only ≈ 4 – 5 gauss (G) during the 2008 minimum while it ranged between about 6 and
9 G during the 1976, 1986, and 1996 sunspot minima.

At the same time, the corona did not show the characteristics of well-formed polar coro-
nal holes (PCHs) associated with typical solar minima for a long time, but only presented
quite weak, asymmetric PCHs, which floated around the solar disk (in longitude) as the Sun
rotated (Schatten, 2005). With the use of the automated detection of EUV PCHs, Kirk and
Pesnell (2009) observed that the north and south polar hole areas were about 15% smaller
in 2007 than those at the beginning of SC 23. Besides, Abramenko et al. (2010) found that
the area occupied by mid- and low-latitude coronal holes (MLCHs), which lied between
± 40◦ latitudes around the solar equator, was larger in the minimum of SC 23/24 than that
in the corresponding phase of SC 22/23 and that the most long-lived MLCH existed for 27
rotations. Other distinct features include multiple white-light coronal streamers which were
not confined to low latitudes, and a peculiar current sheet (CS) derived from the potential-
field source-surface (PFSS) model, which retained a significantly higher inclination than
that typically seen around most solar minima (de Toma and Arge, 2010).

Measurements from the third fast-latitude scan of Ulysses (Wenzel et al., 1992) also re-
vealed a quite different solar wind condition during the current minimum. The fast solar
wind emanating from large PCHs was 3% slower, 17% less dense and cooler than that dur-
ing the preceding one (McComas et al., 2008; Issautier et al., 2008). The interplanetary
magnetic field (IMF) measurements from Ulysses indicated that the average radial compo-
nent of IMF was only about two-thirds of that measured during the preceding one, which
was possibly due to less open solar fluxes in the PCHs (Smith and Balogh, 2008). While the
heliosphere generally returned to a more ordered state and the sunspot numbers were lower,
Ulysses observed more variable structures of the solar wind and more interplanetary coronal
mass ejections than during its first fast latitudinal scan. McComas et al. (2006) suggested
that the difference probably resulted from both recurrent high-speed streams persisting in
the ecliptic and a complicated heliospheric current sheet (HCS) including a large inclina-
tion to the solar equator and a significant non-planarity with respect to the belt of low-speed
winds.

The interplanetary scintillation (IPS) observations have revealed that the solar wind struc-
ture in the current minimum greatly differed from that observed during the previous two min-
ima (Tokumaru et al., 2009). The fast solar wind emanated not only from the poles but also
from the equatorial region and the poleward boundary of the slow wind could extend to 30◦
north and south. Tokumaru, Kojima, and Fujiki (2010) also demonstrated a distinct decrease
of high-speed wind at high latitudes and a marked growth of the fast- and intermediate-speed
wind at low latitudes during the late phase of SC 23, which was supported by measurements
from the Advanced Composition Explorer (ACE, Stone et al., 1998). Toward the 2008 mini-
mum, the occurrence rate of the wind speed at about 600 km s−1 substantially increased, and
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its peak was almost comparable to that at about 400 km s−1. The OMNI data (Cooper et al.,
1995) revealed the properties of the solar wind near the Earth in the current minimum, which
are different from those in the last minimum. Lee et al. (2009) found both the IMF magni-
tude and density were 30% lower, the momentum flux was 38% lower, and the velocity
remained almost unchanged, which was consistent with the Ulysses off-ecliptic observa-
tions reported by McComas et al. (2008) and Smith and Balogh (2008). Gibson et al. (2009)
statistically studied the solar wind parameters in nine solar rotations around the Whole Sun
Month (WSM, 10 August to 8 September 1996) and the Whole Heliosphere Interval (WHI,
20 March to 16 April 2008) and demonstrated that, during the WHI period, IMF strength
near the Earth decreased by 15% and density decreased by 45%. However, the solar wind
velocity actually increased by 13% on average.

Carrington rotation (CR) 2070 began on 13 May 2008 and ended on 9 June 2008. Accord-
ing to the research on low-latitude coronal holes at the minimum of SC 23 by Abramenko
et al. (2010), the dipole component of the power spectrum of the photospheric magnetic field
during CR 2070 was about 8×103 µT2 and the sum of the other multi-poles was 4×104 µT2.
The areas of MLCHs occupied about 0.02% of the solar disk, determined from Fe XV 284 Å
synoptic maps observed by the Solar and Heliospheric Observatory (SOHO)/Extreme ul-
traviolet Imaging Telescope (EIT, Delaboudinière et al., 1995). The harmonic power spectra
and the area of MLCHs were roughly the same as the corresponding averages from CR
2060 to CR 2077. Additionally, the solar wind observed by IPS in this CR exhibited a sig-
nificantly non-dipolar structure with polar and equatorial fast streams and slow streams in
between (Tokumaru et al., 2009). Therefore, we choose CR 2070 in 2008 to study the char-
acteristics of the background solar wind, since 2008 is unusual and a very interesting part of
the current minimum.

These uncommon properties during the current minimum provide us with an excel-
lent opportunity to gain better insight into the structures of the solar wind and their re-
lationship with the magnetic field through numerical MHD simulations, which have been
widely used in the study of background solar wind and solar transients (Linker et al., 1999;
Endeve, Leer, and Holzer, 2003; Riley et al., 2006; Lepri et al., 2008; Kleimann et al., 2009;
Kataoka et al., 2009). In the present study, we will use the three-dimensional (3D) Solar–
InterPlanetary Conservation Element/Solution Element (SIP-CESE) Magnetohydrodynamic
(MHD) model (Feng, Zhou, and Wu, 2007; Feng et al., 2010) to numerically investigate
the peculiarities of the current minimum and to explore their relationship with the polar
magnetic fields on the solar surface. In order to achieve this, we have chosen CR 2070 as
the simulation time interval and we will compare the numerical results with observations
from multiple satellites, such as SOHO, Ulysses, Solar Terrestrial Relations Observatory
(STEREO, Kaiser et al., 2008), Wind (Lepping et al., 1995) and ACE. In addition, we will
conduct two case studies to probe the effects of the polar magnetic fields: one is the run with
the observed photospheric magnetic field of CR 2070 as initial magnetic input and the other
is obtained with the strengthened radial polar fields. A concise description of the 3D SIP-
CESE MHD model will be provided in Section 2. The simulation results will be presented
in Section 3, and in the last section the conclusions and discussions will be given.

2. The 3D SIP-CESE MHD Model

The details of the 3D SIP-CESE MHD model were described in Feng, Zhou, and Wu (2007)
and Feng et al. (2010). In this section only the basic features and modifications specific to
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this study are given. By splitting the magnetic field, the solar–interplanetary MHD system
can be written as
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which corresponds to the modified total energy density consisting of the kinetic energy den-
sity, thermal energy density, and magnetic energy density written in terms of B1. Here, ρ is
the mass density; u = (u, v,w) are the velocity components in the x, y, and z directions;
p is the thermal pressure; B, B0, and B1 denote the total magnetic field, the potential mag-
netic field and its perturbed component such as B = B0 + B1. Variables t and r are the time
and the position vector whose origin is at the center of the Sun; g = −(GM/r3)r is the
solar gravitational force, � is the angular velocity of solar rotation and γ is the ratio of
specific heats. Qe stands for the energy-source term, which is responsible for heating and
acceleration of the solar wind.

The equations are normalized by the characteristic values ρs, a0, ρsa
2
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√
ρsa

2
0, Rs,Rs/a0,

and a2
0/Rs, where ρs and a0 are the density and ion-acoustic wave speed at the solar surface.

A factor of 1/
√

μ has been absorbed into the definition of B. For B0 constant in time and
force free, many terms about B0 in the right hand side can vanish. In the present study, the
solar rotation is considered with angular velocity |�| = 2π/27.2753 radian day−1 and γ is
set to be 1.5. Qe is given as follows:
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(
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where Q2 = Q0Ca, Ca = C ′
a/max(C ′

a) with C ′
a = (5.8−1.6e[1−(θb/8.5)3])3.5

(1+fs)2/7 (Feng et al., 2010).

Q1 and Q0 in this paper are given as 3 × 10−9 J m−3 s−1 and 4.5 × 10−7 J m−3 s−1 respec-
tively and ξ = 5εp = 1.6 × 10−12 J m−1 s−1 K−7/2. εp is the proton conductivity, equal to
3.2 × 10−13 J m−1 s−1 K−7/2 as given by Braginskii (1965). LQ1 and LQ2 are set to be 1
and 0.8 Rs. Here, fs is the areal expansion factor of the magnetic flux tubes and θb is the
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minimum angular separation at the photosphere between an open field foot point and its
nearest coronal hole boundary. Similar empirical functions like C ′

a with various free param-
eters have been employed to derive the solar wind speed near the Sun (Arge et al., 2004;
Owens et al., 2005). The expansion factor (Wang and Sheeley, 1990) reads fs = (Rs

r
)2 BRs

Br

where Rs and r are the solar radius and the distance from the solar center, and BRs and
Br are magnetic field strengths at the solar surface and at r , respectively. The use of
both fs and θb is motivated by the observation that there exists a close relationship be-
tween the solar wind velocity and the inverse of the expansion factor (Wang and Shee-
ley, 1990) and the angular distance θb distinguishes the high-speed solar winds from the
low-speed solar wind (high-speed stream originating from the center of an open field re-
gion has large θb and low-speed stream from the hole boundary has a small θb). Con-
ventionally, the PFSS model (Luhmann et al., 2002; Zhao et al., 2006; Hu et al., 2008;
Feng et al., 2010) is employed to determine the expansion factor fs and the value of θb and
it chooses the source surface at 2.5 Rs. However, we will provide fs and θb with additional
meanings to allow them to have a 3-D distribution from the solar surface at 1 Rs to the source
surface at 2.5 Rs. For details, refer to Feng et al. (2010). By the way, Nakamizo et al. (2009)
considered the expansion factor fs in the heating source terms for the solar wind study.

We will use the six-component grid system as adopted by Feng et al. (2010) to avoid the
singularity and mesh convergence near the poles and to conveniently carry out the parallel
implementation. The numerical dissipation induced by Courant–Friedrichs–Levy number
disparity is reduced by a Courant-number insensitive method, and the fast multigrid Poisson
solver is employed to remove the ∇ · B error. At last, we will use multiple time stepping to
speed up the computation and enhance the accuracy of numerical solution.

The calculation is performed between 1 Rs (i.e., the base of the corona) and 247 Rs. At
the lower boundary, based on the observed line-of-sight measurements of the photospheric
magnetic field from WSO at Stanford University, we specify the radial component of the
magnetic field. The initial temperature and number density on the solar surface are set to be
1.3 × 106 K and 1.5 × 108 cm−3, respectively. We combine the methods of the projected
normal characteristic boundary condition and the technique of limiting mass flux through
the solar surface to adjust the distributions of temperature, density, and speed on the bottom
boundary (Feng et al., 2010). Then, the potential magnetic field based on the photospheric
magnetic field of CR 2070 and Parker solar wind solution are employed as initial inputs to
our code, which is advanced in the time-relaxation method to achieve a dynamic, steady-
state equilibrium. The numerical results are given in the following section.

3. Numerical Results

3.1. Results with the Observed Photospheric Magnetic Field

Figure 1 displays the synoptic maps of the MHD solution and observations near the Sun.
Figures 1(a) and (b) show the distributions of the simulated radial magnetic field Br and the
observation of STEREO-A Sun Earth Connection Coronal and Heliospheric Investigation
(SECCHI) EUVI 195 Å for CR 2070 on the solar surface, respectively. In Figure 1(a), the
orange and purple lines represent the derived boundaries of coronal holes from the MHD
and PFSS models, which are produced by separating the regions where the field lines return
to the Sun from the regions where the field lines reach the outer boundaries at 5 Rs (Feng
et al., 2010). Figures 1(c) – (h) show the synoptic maps at 2.5 Rs. Figures 1(c), (e) and
(g) correspond to the simulated Br , number density N , and radial speed vr . Figure 1(d)
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Figure 1 Synoptic maps at 1 Rs. (a) The simulated radial magnetic field Br (unit: G), (b) STEREO-A
SECCHI EUVI 195 Å observation, (c, d) contour maps of Br (unit: gauss (G)) at 2.5 Rs from MHD (c)
and PFSS (d) models, (e) the simulated number density N (unit: 106 cm−3) and (g) radial speed vr (unit:
km s−1). Panels (f) and (h) show the white-light polarized brightness at the east (f) and west (h) limbs from
SOHO/LASCO C2. In panels (a), (e) and (g), the black lines denote the magnetic neutral lines.

shows the contours of Br from the PFSS model. Figures 1(f) and (h) show the synthesized
white-light polarized brightness (pB) at the east and west limbs constructed by extracting
from successive Large Angle Spectrometric Coronograph (LASCO) C2 images a slice of
east or west limb data centered at r = 2.5 Rs and assembling the strips into time-reversed
sequences.

Figures 1(a) and (b) demonstrate that the shapes and distributions of coronal holes from
the MHD solution are roughly consistent with STEREO/EUVI observation. Both the MHD
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and PFSS models display that the northern PCH extends to a latitude (θ ) of about −10◦ at
a longitude (φ) of 280◦ and the southern one to θ = −20◦ at φ = 170◦, while in the EUVI
observation, they reached θ = −10◦ at φ = 280◦ and θ = 0◦ at φ = 180◦, respectively. Both
models also produce the isolated MLCH centering at θ = −15◦ and φ = 225◦, whose po-
larity is the same as the southern PCH. However, neither the MHD simulation nor the PFSS
model yields the one centered at θ = −25◦ and φ = 170◦ in the EUVI observation. In addi-
tion, the extended coronal holes and isolated MLCH from the PFSS model are a little larger
than those from the MHD model, but a little smaller than those from the EUVI observa-
tion. The median of the equatorward boundaries for both northern and southern PCHs is at
about θ = 63◦ for the MHD model. In CR 1911 it was at about θ = 58◦ according to Feng
et al. (2010). Therefore, the simulated area of PCHs in CR 2070 shrinks relative to that of
CR 1911, which is consistent with the statistical results from the PFSS model (Wang, Rob-
brecht, and Sheeley, 2009) and the observation from EIT/SOHO (Kirk and Pesnell, 2009).

Comparison between Figures 1(c) and (d) indicates that the magnetic neutral lines (MNL)
are similar in the MHD and PFSS models. The MNLs from both models have a peak at about
φ = 200◦ and a trough at φ = 270◦, while the MNL between the peak and the trough from
the PFSS model is steeper than that from the MHD model, which indicates the presence of
the high tilting and warping of the MNL and also the curving of the streamer belt during
this period. The peak and the trough of the MNL are just next to the southern and northern
extended coronal holes. Figures 1(e) and (g) show that the MNL was surrounded by regions
of high density and low-speed winds, which is in agreement with the observational study
made by Wang et al. (1997) and Wang, Lean, and Sheeley (2000). We can see that the
relatively broad high-density structures were located around the peak and the trough of the
MNL, while in other longitudes existed the high-density regions of 30◦ latitudinal width.
This is roughly consistent with the distribution of the pB enhanced regions observed by
LASCO/C2, as shown in Figures 1(f) and (h). It should be noted that the high-density regions
were also present in the vicinity of the northern PCH at φ = 300◦.

Figures 2(a) and (b) display the composite observations from the disk to the outer corona
on 14 May and on 24 May in CR 2070. Therefore, a continuation of structure from the low
to high corona can be seen. The innermost views of the disk and low corona are obtained
from the SOHO/EIT images of the He II 304 Å observation. The data on the corona from
1.15 to 2.3 Rs come from Mauna Loa Solar Observatory (MLSO) Mark-IV K-coronameter
observation, and the data in the outer fields of view from 2.3 to 6 Rs are from LASCO C2
observations (Morgan, Habbal, and Woo, 2006). Figures 2(c) and (d) display the derived pB
images from the simulation on the meridional planes at φ = 270 – 90◦ and φ = 120 – 300◦
from 1.15 to 6 Rs, in which we enhance the pB images inside and outside 2.3 Rs separately.
Figures 2(e) and (f) show the magnetic field topologies projected onto the meridional planes
at φ = 270 – 90◦ and φ = 120 – 300◦ from 1 to 6 Rs, where the color contours represent
Br on the solar surface and the red lines denote MNL. If we assume little change of the
coronal structure within one CR, the meridional planes at φ = 270 – 90◦ and φ = 120 – 300◦
correspond to the observation on 14 May and 24 May, respectively.

The most significant features in Figure 2 are the presence of multiple streamers, which
were not confined to low latitudes. At each of the west limb portions in Figures 2(a)
and (c), there exists a single, equatorial “jet” above 3 Rs, so does at the east limb of
Figures 2(b) or (d). The “jet” structure is the classic helmet streamer at solar minimum
but extends radially farther and covers relatively large latitudes near the Sun. By the
way, in the east limb of Figure 2(b), the wide and complex structure results from high-
density regions in different longitudes projected onto the sky plane, and the brightest non-
radial spike structure is a transient event seen in the movie of LASCO/C2 available from
http://alshamess.ifa.hawaii.edu/sdc01/cim_lasco.php.

http://alshamess.ifa.hawaii.edu/sdc01/cim_lasco.php
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Figure 2 Coronal composite images on (a) 14 May and (b) 24 May and the simulated pB on the meridional
planes at (c) φ = 270 – 90◦ and (d) φ = 120 – 300◦ from 1.15 to 6 Rs. Panels (e) and (f) show the magnetic
field topology projected onto the meridional planes at (e) φ = 270 – 90◦ and (f) φ = 120 – 300◦ from 1 to 6
Rs, where the color contours represent Br (unit: G) on the solar surface and the red lines denote MNL.
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Figure 3 The MHD steady-state solution on the surface at 215 Rs. (a) Contours of radial magnetic field
Br in units of nT, (b) radial velocity vr in units of km s−1, (c) number density N in units of cm−3 and
(d) temperature T in units of 105 K.

At each of the east-limb regions of Figures 2(a) and (c) and the west-limb regions of
Figures 2(b) and (d), there is a highly inclined, radially oriented ray structure in the southern
hemisphere and a long, narrow spike configuration in the northern hemisphere. Identified
from the simulated magnetic field topologies in Figures 2(e) and (f), the radially oriented
ray is associated with the tilted helmet streamer, whose poleward footpoints overlie the po-
lar region at about θ = 60◦ and the equatorial footpoints above an active region, which
can be identified with NOAA region 10994 according to the SOHO observations and Fig-
ures 2(e) and (f). Whereas, the narrow spike configuration results from the high-density re-
gion roughly at θ = 25◦ and φ = 240 – 310◦, which can be seen in Figure 1(e). With the help
of the magnetic field line tracing technique, we can confirm that it originates from θ = 45◦
at the same longitude on the solar surface. This source region is located above an area of
positive polarity that separates two negative-polarity areas, from which the open field lines
converge above the area of positive polarity far from the Sun. This configuration in CR 2067
was identified as a pseudo-streamer by Wang, Robbrecht, and Sheeley (2009). Therefore, it
was the high-density pseudo-streamer structures that produced the multiple streamers during
this period observed by LASCO/C2 and demonstrated by the simulated pB results.

The MHD steady-state solution on the surface at 215 Rs is displayed in Figure 3, where
panels (a), (b), (c), and (d) correspond to contour maps of radial magnetic field Br , ra-
dial velocity vr , number density N , and temperature T , respectively. In these maps, the
black line denotes the MNL. Figure 3(a) shows that the MNL, also called the HCS at
215 Rs, is not as tilted as that at 2.5 Rs, but it extends northward to θ = 10◦ at φ = 120◦
and southward to θ = −17◦ at φ = 245◦. This north–south asymmetry of the locations
of the simulated HCS introduces the southward displacement of the HCS relative to the
solar equator by about 2◦, which can be seen clearly by the fact that there is a slightly
stronger radial magnetic field at the south pole than at the north pole. The southward shift of
the simulated HCS is compatible with the conclusion drawn by Erdős and Balogh (2010),
who analyzed the HCS crossings observed by Ulysses during its fast latitudinal scans and
showed that the HCS was shifted southward about 2 – 3◦ in 2007, which was near the se-
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lected time interval. Like the southward displacement of the HCS, a small southward shift
was present in the streamer belt defined as the high-density low-temperature solar wind
around the minimum speed locus. Mursula and Hiltula (2003) also predicted that both the
HCS and the streamer belt would be displaced southward during the period. The other dis-
tinguishing feature in Figure 3(b) is the inconsistency of the minimum speed locus with
HCS, which is most prominent between φ = 180◦ and φ = 260◦. The inconsistency was
found by Mursula, Hiltula, and Zieger (2002), who investigated the effective latitudinal gra-
dients of the solar wind speed in the two magnetic hemispheres around the heliographic
equator by analyzing solar wind observations at the Earth’s orbit. Compared with the dis-
tribution of vr during the 1996 solar minimum, which was investigated by Feng et al.
(2010), Figure 3(b) exhibits a distinct decrease of the fast wind areas at high latitudes,
a corresponding increase of the slow-intermediate-speed (SIS) wind (< 650 km s−1) ar-
eas, and a significant increase of the intermediate-speed wind (> 500 km s−1) areas near
the ecliptic, which were also revealed by the IPS observations (Tokumaru et al., 2009;
Tokumaru, Kojima, and Fujiki, 2010).

Figure 4 compares the MHD results with the daily averaged data measured by the
Ulysses satellite (Bame et al., 1992) between ± 80◦ latitudes during its third fast lati-
tudinal scan in 2007. The Ulysses data are scaled to 1 AU by assuming an r−2 falloff
for Br and N , no change for vr and an r−2(γ−1) (γ = 1.46) variation for T (Us-
manov et al., 2000). The two dotted lines in Figure 4(d) give two proton tempera-
tures estimated in two different ways from the observational distributions in the three-
dimensional velocity space. The details of the estimation techniques can be seen on the web-
page ftp://nssdcftp.gsfc.nasa.gov/spacecraft_data/ulysses/plasma/swoops/ion/swoops_ion_
users_guide_update_20030214.txt. These two proton temperatures generally bracket the
true temperature.

Figure 4 reveals that the relatively uniform high-speed flows only extended to latitudes
equatorward of ± 45◦, between which was the rapidly changing SIS solar wind. During the
first fast latitudinal scan of Ulysses (Usmanov et al., 2000), the SIS solar wind spanned the
latitudes of ± 30◦. Usmanov et al. (2000) also demonstrated that the typical values of the
velocity, density, radial magnetic field, and temperature for the high-speed solar wind in the
1996 solar minimum were about 800 km s−1, 3 cm−3, 3 nT, and 3 × 105 K, while they are
about 750 km s−1, 2 cm−3, 2 nT, and 2.5 × 105 K in our simulation for CR 2070. So, in the
period, the simulated results indicate that the SIS solar wind covered larger latitudes and the
fast wind from large PCHs was slightly slower, less dense, cooler, and had less intensified
radial magnetic field. This is also consistent with McComas et al. (2008) and Smith and
Balogh (2008).

Figure 5 compares the simulation results for CR 2070 with the observations from such
spacecraft missions as ACE, Wind and STEREO. The heliocentric longitudinal separations
of the STEREO Ahead(-A) and Behind(-B) spacecraft viewed from the Earth increase ap-
proximately 22.5◦ year−1 and the locations of the STEREO spacecraft deviates slightly from
1 AU and the ecliptic plane. Hence we have used the STEREO-A data from 19 May 2008
and the STEREO-B data from 15 May 2008. The OMNI data combine the measurements
from ACE, Wind and other spacecraft near the L1 point. The OMNI data employed here
start from 17 May 2008.

The observations from these spacecraft show that the solar wind in this period was char-
acterized by three broad intermediate-speed streams (500 – 650 km s−1), which were also
persistent and pervasive during the current minimum. The first intermediate-speed stream
lasted from Day 6 to Day 12 recorded by the OMNI data. The second one started from Day
15 and ended on Day 20. Comparing the simulation results with the observed data, we find

ftp://nssdcftp.gsfc.nasa.gov/spacecraft_data/ulysses/plasma/swoops/ion/swoops_ion_users_guide_update_20030214.txt
ftp://nssdcftp.gsfc.nasa.gov/spacecraft_data/ulysses/plasma/swoops/ion/swoops_ion_users_guide_update_20030214.txt
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Figure 4 Comparisons between the daily averaged data normalized to 1 AU from Ulysses (dotted lines)
and the MHD results with the observed photospheric magnetic field of CR 2070 (solid lines). Shown are the
latitudinal profiles of (a) radial flow speed vr in units of km s−1, (b) number density N in units of cm−3,
(c) radial magnetic field Br in units of nT, and (d) temperature T in units of 105 K, respectively. The dashed
lines represent the MHD results with the strengthened radial polar fields described in Section 3.2.

that the first intermediate-speed stream arrived about one day later than that observed by
STEREO-A and about two days later than that observed by STEREO-B, although it is well
consistent with the OMNI data. The second one arrived almost at the same time as observed
but it persisted a little longer compared to the observation of STEREO-A. However, the
simulation misses the third intermediate-speed stream recorded by STEREO-A from Day
21.5 to Day 23. Nevertheless, the MHD model also reproduces the corotating interaction
regions (CIRs) which were accompanied by these two intermediate-speed streams and were
characteristic of the enhancements of the density, temperature, and magnetic field when the
intermediate-speed streams catch up with the front low-speed solar wind. However, the gra-
dients of the solar wind speed associated with CIRs are not as steep as those from all the
observations. Generally speaking, the model roughly captures the polarity of the magnetic
field during the selected time interval, although the field strength is a bit lower compared
with the observations. Finally, it should be mentioned that both the simulation results and the
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Figure 5 Comparisons between the MHD results and the 1-h averaged data from the (a) STEREO-A,
(b) OMNI, and (c) STEREO-B near 1 AU for the radial flow speed vr , number density N , radial magnetic
field Br , and temperature T .

observations reveal the decreases of density and magnetic field in this period as compared
with the results during CR 1911 from Figure 18 of Feng et al. (2010).

3.2. Results with the Strengthened Polar Fields

The polar magnetic fields play an important role in controlling the structures of the corona
and the solar wind, particularly the topology of the HCS and the distributions of the solar
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wind speed. Pneuman, Hansen, and Hansen (1978) found that the discrepancy between the
MNL and the brightness maxima of the K-coronameter measurements decreased as the polar
fields were strengthened. Hoeksema, Wilcox, and Scherrer (1983) discovered that contribu-
tions of the polar field should be included in the calculation of the MNL by the potential
field method. In addition, the ratio of the dipole component to the quadrupole component
determines the structure of the HCS. Sanderson et al. (2003) pointed out that even close to
solar maximum when the ratio was high, the HCS was relatively flat although still highly
inclined. Furthermore, Wang and Sheeley (1990) and Arge and Pizzo (2000) established
reliable formulae between the expansion factor fs of the magnetic flux tube, which was
associated with the polar fields, and the velocity of solar wind at 1 AU. Suzuki (2006)
derived a better relationship of v ∝ B/fs, where B is the photospheric magnetic field inten-
sity.

Recently, it has been pointed out in the literature that the weak polar fields possibly led
to the peculiarities during the current minimum. Tokumaru et al. (2009) considered that
the weak dipole component was essential to account for the increase of the low-latitude
open flux and the non-dipolar solar wind structure in the SCs 23/24 minimum. Tokumaru,
Kojima, and Fujiki (2010) showed that the areas of the high-speed solar wind were positively
correlated with polar fields and those of the slow wind were inversely correlated. Also,
Luhmann et al. (2009) found that the weaker polar fields could lead to more prominent low-
to mid-latitude coronal holes and therefore stronger high-intermediate-speed wind streams
near the ecliptic plane.

We also noted that Wang, Robbrecht, and Sheeley (2009) showed that the photospheric
flux density increases with latitude at least as steeply as sin7 θ , which was consistent with
the results from Svalgaard, Duvall, and Scherrer (1978) and Petrie and Patrikeeva (2009).
Therefore, following Wang, Robbrecht, and Sheeley (2009), we added an axisymmetric flux
distribution of the form Br = −6 sin7 θ to the observed photospheric field to include the
effects of the polar fields on the solar coronal and interplanetary structures. The added mag-
netic flux is mainly concentrated in latitudes poleward of 60◦ and roughly increases the
polar fields by two-thirds. In the following, we will concisely display the MHD results with
strengthened polar fields.

Figure 6 displays the contour maps of the simulated Br at 1 Rs and Br , vr , and N at 2.5 Rs

with the strengthened polar fields, where the black lines denote the MNLs and the orange
lines represent the derived boundaries of coronal holes. Figure 6(a) shows that the median
of the equatorward boundaries for both northern and southern PCHs is about at θ = 60◦ and
the northern PCH extends to about θ = 0◦ at φ = 280◦.

Figure 6(a) shows that the median of the equatorward boundaries for both northern and
southern PCHs is about θ = 60◦, while the median is about θ = 63◦ in the simulated re-
sults with the observed polar magnetic field as shown in Figure 1(a). In addition, the north-
ern PCH extends to θ = 0◦ at φ = 280◦. Comparing with Figure 1(a), we can find that
the strengthened polar fields have enlarged the latitudinal widths of PCHs, have elimi-
nated both the isolated MLCH and the southern extended PCH, and have made shrunk
the northern extended PCH. Figures 6(b), (c), and (d) exhibit that the addition of the ax-
isymmetric flux has flattened the MNL toward the solar equator and compressed the band
of slow solar wind surrounding the MNL. The maximum latitudinal deviation of the MNL
from the equator has turned out not to be exceeding 15◦. The densities around the MNL,
where the slow solar wind pervades, are nearly twice those with the observed polar mag-
netic field.

Figures 7(a) and (b) show the derived pB images from the simulation with the strength-
ened polar fields on the meridional planes at φ = 270◦ – 90◦ and φ = 120◦ – 300◦ from 1.15
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Figure 6 The results of simulations with the strengthened polar fields, showing the distributions of (a) Br

at 1 Rs and (b) Br , (c) vr , and (d) N at 2.5 Rs, respectively. In these maps the black lines denote the MNLs
and the orange lines represent the derived boundaries of coronal holes. The units of the physical quantities
are identical with those in Figure 1.

to 6 Rs. Figures 7(c) and (d) show the corresponding magnetic field topologies from 1 to
6 Rs, in which the color contours represent Br on the solar surface and the red lines de-
note MNL. Combination of this figure and Figure 2 reveals that the multiple streamers have
been replaced with a single streamer for the case of the strengthened polar fields. The sin-
gle streamer has the closed magnetic field lines closer to the solar surface, covers smaller
latitude ranges and is less inclined toward the solar equator. At the same time, the polar
open-field regions occupy a larger area and have a stronger radial magnetic field. Since
a significant portion of the magnetic fluxes at high latitudes is connected to the opposite-
polarity flux at middle or low latitudes, the weak polar fields in the current minimum lead to
the concurrence of smaller PCHs, larger extended PCHs, and the MLCH, which makes the
MNL more complex. The addition of axisymmetric polar flux has little effect on the distribu-
tions of photospheric magnetic field at middle or low latitudes. Therefore, only a relatively
small portion of the polar fields is linked to the opposite-polarity fluxes at middle or low
latitudes. As a result, more polar magnetic field flux reaches out to the heliosphere and the
PCHs span more latitudes compared with the results with the observed photospheric mag-
netic fields. Meanwhile, the MHD model suggests that the increased axial dipole moment
due to the strengthened polar fields flattens the MNL and simplifies the streamer structures,
which is in agreement with Wang, Robbrecht, and Sheeley (2009).

Figures 8(a), (b), (c), and (d) give the contours of Br , vr , N , and T at 215 Rs, respec-
tively. These figures delineate a new picture different from that with the observed polar
magnetic fields shown in Figure 3. The most prominent characteristic is the flat HCS de-
noted by the black lines. The HCS is nearly coincident with the solar equator and their
maximum latitudinal excursion is about 5◦ at φ = 200◦, while the value is about 15◦ for
the case with the observed polar magnetic fields. It should also be noted that the high-speed
solar winds originating from the increased PCHs extend equatorward to middle or even low
latitudes. As a result, the latitudinal width of the uniform high-speed solar winds has in-
creased from about 45◦ to 60◦ in one hemisphere and the corresponding latitudinal width
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Figure 7 Similar to Figure 2 but only from the MHD results with the strengthened polar fields.

of the SIS solar wind has decreased from about 45◦ to 30◦. Additionally, the strengthened
polar fields have eliminated the highlighted feature of two broad intermediate-speed stream
near φ = 80◦ and φ = 220◦ shown in Figure 3(b). The equatorward parts of both regions
are now occupied by the low-speed streams and the poleward portions by the high-speed
streams.

We have also compared the latitudinal variations of the solar wind parameters obtained
from the strengthened polar fields with the measurements from Ulysses, which are shown
in Figure 4. The comparisons reveal that for the case of the strengthened polar fields, the
wider high-speed solar winds carry the enhanced Br , vr , and T , and the narrower low-
speed solar winds change little except the highly increased density N . Riley et al. (2010)
found that there was a linear relationship between N and Br in the high-speed quiescent
solar wind observed by Ulysses. However, Figure 4 does not present this relationship for the
simulations. This is probably attributable to the unchanged mass flux density on the solar
surface in the simulation with the strengthened polar magnetic fields, because Wang, Rob-
brecht, and Sheeley (2009) derived that the mass flux density at the coronal base increased
almost linearly with the photospheric field strength basing on interplanetary measurements
and photospheric magnetic field observation during 1998 – 2007.
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Figure 8 Similar to Figure 3 but with the strengthened polar fields

4. Discussion and Conclusions

In this paper, we have numerically studied the coronal and interplanetary peculiarities dur-
ing the current minimum with the help of 3D SIP-CESE MHD model. We have selected CR
2070 as the simulated time interval, conducted the simulations and compared the numeri-
cal results with the observations from LASCO/C2, Ulysses, STEREO and Wind/ACE. One
simulation was accomplished with the observed photospheric magnetic field as the initial
magnetic input and the other with an addition of polar axisymmetric flux to the observed
magnetic field.

The first simulation has produced a lot of features near the Sun during the current min-
imum. The shapes and distributions of both PCHs and extended PCHs from the MHD so-
lution are roughly consistent with STEREO/EUVI observation. The MHD model has also
captured the isolated MLCH around θ = −15◦ and φ = 225◦ but missed the one around
θ = −25◦ and φ = 170◦. Additionally, the simulation results have achieved the 3D struc-
tures of the highly inclined, broad, multiple streamers observed by LASCO/C2. The MHD
model has revealed that the multiple streamers result from the projection effects on the sky
plane of the high-density regions originating from both the helmet streamer and the pseudo-
streamer located in different latitudes. The results have exhibited the inconsistency between
the streamer belts and the MNL near the Sun due to the presence of the pseudo-streamer as
demonstrated by Wang, Sheeley, and Rich (2007).

A great many features observed in the solar wind structures have been reproduced by
the simulation with the observed photospheric magnetic field. However, both the HCS and
the streamer belt at 215 Rs obtained from the simulation have been shifted southward a
few degrees relative to the solar equator, as was suggested by Mursula and Hiltula (2003).
The model has also demonstrated the inconsistency of the minimum speed locus with the
HCS inferred from the statistical results (Mursula, Hiltula, and Zieger, 2002). The latitudi-
nal width of the high-speed streams is roughly in agreement with the measurements from
Ulysses during its third fast latitudinal scan but it is smaller than that in its first fast latitu-
dinal scan. In addition, compared with the observations and simulations in the 1996 solar
minimum, the high-speed solar wind in our numerical results shows slightly lower speed,
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temperature, density and weaker IMF, and so is the solar wind near the solar equator except
a little higher speed. We have also noted that the results near the ecliptic plane include the
two broad intermediate-speed streams associated with CIRs, which are persistent and per-
vasive during the current minimum. It should be pointed that the simulated features near the
ecliptic plane arrive late by about 1 or 2 days relative to the observations from STEREO.

The simulation with the strengthened polar fields displays completely different coronal
and solar wind structures. The simulated results have shown that the relatively large PCHs
occupy both poles, the slightly small extended PCH is present at φ = 280◦ and the single and
narrow streamer of low inclination toward the solar equator covers the region near the solar
equator. Similarly, the numerical results at 1 AU have indicated that the uniform high-speed
streams prevail in the latitudes poleward of about 30◦ and carry the enhanced Br , vr , and T

when compared with the first simulation with the observed polar magnetic field. Near the
solar equator, the HCS has been stretched and the band of slow solar wind with high density
has pervaded the equatorial regions.

Comparison between both simulations suggests that the weak polar fields play an im-
portant role in producing the observed distinct features during the current minimum, such
as the slightly small PCHs, the presence of MLCHs, the multiple streamers, the titled and
warped HCS, and the relatively long-duration intermediate-speed solar wind near the eclip-
tic plane. As we know, the famous Maunder minimum (MM) during 1645 – 1715 recorded
exceptionally few sunspots (Eddy, 1976; Letfus, 2000). Wang and Sheeley (2003) used the
flux transport model to investigate the evolution of the Sun’s magnetic dipole moment, polar
fields and open flux under the MM conditions and derived that the polar fields during the
MM ranged from 0.5 to 2 G. The polar fields in both the 2008 current minimum and the
MM have large reductions, although the reduction during the MM is more severe. This sim-
ilarity and our simulation results may shed some light on the understanding of the state of
the background solar wind during the MM. We may infer that the HCS during the MM was
probably warped rather than flat in the common solar minima and thus the Earth may have
experienced frequent impacts from the intermediate- and high-speed solar streams originat-
ing from MLCHs and extending PCHs.

Although the MHD simulations have succeeded in reproducing some observations and
provided some insights into the understanding of the special current minimum, further work
must be done to more precisely capture the observed coronal and interplanetary features and
more deeply recognize the peculiarities and their underlying nature. In fact, there were fewer
occurrences of intermediate-speed solar wind observed near the Earth in 2009 (Kataoka and
Miyoshi, 2010), although the polar field strength was getting small. Comparative study of
the background solar wind in 2008 and 2009 is therefore also worthwhile to create models
for comprehensive understanding of the current minimum, which will be a part of our fu-
ture tasks. Besides, in order to obtain the more realistic results, we should incorporate more
observations and more realistic heating mechanisms into the MHD model and assimilate
the results from the statistical and empirical models into the future simulations. In addition,
numerical researchers should consider more physics in the model, develop more accurate,
robust codes and adopt more efficient, high-resolution grids, such as the adaptive mesh re-
finement grid technology. On the other hand, the coronal MHD models should be coupled
with those for lower solar atmospheric layers including the effects of solar dynamo (Char-
bonneau, 2005; Hoeksema, 2010) operating in the solar convection zone in order for us to
better and more deeply perceive how the peculiarities during the current solar minimum
are produced and affect the solar and interplanetary phenomena. These efforts will also be
helpful to forecast the long-term solar activity and its effects.
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