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a b s t r a c t

The basic characteristics of the global distribution for the corona plasma and magnetic field near 2.5 Rs

are analyzed with the statistical and numerical methods for 136 Carrington Rotations (CRs) covering

four different phases of solar activity. By using the observational data and the velocity distribution

model in the corona, the statistical average distribution of the magnetic field, density and the coronal

mass outputs are analyzed for the four different phases. Then, a numerical study of the global

distribution near 2.5 Rs has been made by solving a self-consistent MHD system. Finally, the solar wind

speed at 1 AU is given by mapping the speed at 2.5 Rs to that near 1 AU, and the comparison of the

numerical results with the observational measurements and the simulation result of the Wang–

Sheeley–Arge (WSA) model are made during more than 5 years. The numerical results indicate that the

global distributions on the source surface of 2.5 Rs at different phases of solar activity could be used to

predict the change of the solar wind in interplanetary space.

& 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The study of the global distribution of magnetic structures and
plasma properties (such as density, temperature, velocity field
and coronal mass outputs) in the heliosphere is an important
topic in determining the initial boundary conditions of construct-
ing three-dimensional (3D) structures near the Sun and in the
heliosphere (Priest et al., 1998), and further it could improve
space weather prediction accuracy (Dryer, 1994; Guo and Wu,
1998). At present, although in-situ observations near the Sun are
not available due to the limitations of space measurements, some
progress in this topic has still been made (Odstrcil et al., 2004;
Owens et al., 2008; Hu et al., 2008).

The solar magnetic field structures and coronal mass outputs
in the heliosphere have a close relationship with the solar
magnetic field (Wei et al., 2003). It is well known that the
structures of the Sun’s photospheric magnetic field vary system-
atically over a period of about 11 years in relation to the solar
activity cycle, and the four phases of a solar cycle can be
identified: maximum, descending phase, minimum and ascending
phase. Near the solar minimum, a dipole pattern dominates the
large-scale structure of the solar corona, while long-lived helmet
ll rights reserved.

hen),
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streamers and large polar coronal holes can persist over several
solar rotations. On the other hand, at the solar maximum, higher
order components of the magnetic field can be as large as or larger
than the dipole term, and the presence of many small-scale active
regions further complicate the structure in the heliosphere
(Linker et al., 1999; Riley et al., 2006; Hu et al., 2008). A
physically important structure in the heliosphere is the helio-
spheric current sheet (HCS), which separates the magnetic field
lines originating from opposite hemispheres. The shape and
location of the HCS can also vary remarkably in relation to the
solar cycle, which has a significant influence on the evolution of
the interplanetary disturbances as well as on the modulation of
galactic cosmic rays (Feng and Zhao, 2006; Smith, 2001; Hu et al.,
2008). The solar surface magnetic field plays a crucial role in
determining the structure of the solar corona and inner helio-
sphere (Linker et al., 1999). Different models of the global solar
corona have been developed in the last several decades, based on
the increasing ground- and space-based observations of the
photospheric magnetic field (Riley et al., 2006). The global coronal
magnetic structure was described by using a MHD model and an
observed line-of-sight photospheric magnetic field from the
Wilcox Solar Observatory (WSO) as boundary conditions (Hu
et al., 2008). Their results illustrated how the shape and location
of the HCS and the coronal magnetic field configuration evolved
during the course of a solar cycle.

Based on the global distribution of the solar magnetic field, the
basic characteristics of the coronal mass output (Fm) near the Sun
could be analyzed with statistical and numerical methods by
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using observational data from K corona brightness, interplanetary
scintillation and photospheric magnetic field (Wei et al., 2003).
Their research showed that the highest and the lowest Fm were
associated with the coronal current sheet and the polar corona
regions, respectively, and the other regions were associated with a
moderate Fm during the descending phase (1983), and the
minimum (1984) of solar activity. In the study of a solar wind
model, Withbroe (1988) took a mean value from Lallement et al.
(1986) and Withbroe et al. (1985), which gives Npv¼2.3�108/
cm2 (s), as an empirical constraint for the partial flux of a high-
speed wind near the ecliptic plane at 1 AU and also deduced that
Fm in the polar coronal region was about one half of Fm from other
regions at 1 AU.

More and more authors realized the importance of under-
standing the relation among the solar wind speed, the coronal
magnetic structures, and the coronal holes. Neugebauer et al.
(1998) mapped the solar wind speed observed by Ulysses to the
source surface of 2.5 Rs and compared it with the coronal hole
structure. Their results showed that the highest speed wind came
from the polar coronal holes, with the wind originating deeper
within the holes being faster than the wind coming from near the
holes’ boundary. Fisk (2001) considered processes that should
have resulted in motions of the magnetic field in the quasi-steady
polar coronal holes near solar minimum, where he used the
following three assumptions: (1) the solar wind that flows along
the magnetic field from the polar coronal hole undergo a
nonradial expansion; (2) the nonradial expansion is not centered
on the rotation axis of the Sun; (3) the magnetic field is anchored
in the differentially rotating photosphere. He also concluded that
the interaction between the differential rotation of the photo-
sphere and the nonradial expansion of the solar wind in the
corona can lead to a large scale, systematic motion of coronal
magnetic fields and could influence the structure of the helio-
spheric magnetic field. However, to seek observational evidence
in support of this model from magnetic field data in the
heliosphere is a difficult task. Recently, Scholl and Habbal
(2008) presented a new method for the automated detection
and classification of coronal holes based on EUV and magneto-
gram observations of the solar disk. They found that coronal holes
had a skewed distribution of magnetic-field intensities, with
values often reaching 100–200 G, and a relative magnetic-flux
imbalance. All of the results mentioned above imply that the
evolution (or motions) of the magnetic field structure on
the photosphere could play an important role in controlling the
magnetic structures in the corona and even in the heliosphere.

The numerical MHD model (Linker et al., 1999; Riley et al.,
2001) has also been used for understanding the global picture of
the solar corona and heliosphere for the ‘‘Whole Sun Month’’. The
large-scale structure of solar wind observed by Ulysses near solar
minimum was also simulated by Feng et al. (2005) using a 3D
MHD regional combination numerical model (hereafter called
Corona-interplanetary TVD MHD model—COIN-TVD model for
brevity). On the basis of the observations of the solar photospheric
magnetic field together with additional volumetric heating and
momentum (Suess et al., 1996; Wang et al., 1998) to MHD
equations, the large-scale bimodal solar wind (i.e., fast and slow
wind) structure mentioned above was reproduced by using a 3D
MHD model, and their numerical results were approximately
consistent with Ulysses’ observations. Their simulation showed
that the initial magnetic field topology and the addition of volume
heating could govern the bimodal structure of the solar wind
observed by Ulysses and also demonstrated that the 3D MHD
numerical model used by them was efficient in modeling the
large-scale solar wind structure. Shen et al. (2007) also used a 3D
time-dependent, COIN-TVD model to obtain the background solar
wind from the source surface of 2.5 Rs to the Earth’s orbit (215 Rs)
and beyond. Based on the observations of the solar magnetic field
and K-coronal brightness, Shen et al. (2007) established a self-
consistent structure on the source surface as the inner boundary
condition. Riley et al. (2001) and Linker et al. (1999) have
developed an empirical procedure to drive global MHD model of
the solar corona and inner heliosphere. Their procedure was to
use the output of the coronal solution directly to provide the inner
boundary condition of the heliospheric model. In modeling the
solar corona they specified at the lower boundary the radial
component of the magnetic field Br based on the observed line-of-
sight measurements of the photospheric magnetic field. Uniform
characteristic values were used for the plasma density and
temperature. Initial estimates of the field and plasma parameters
were found from a potential field model and a Parker (1963)
transonic solar wind solution, respectively. Their results showed
that the simulations reproduced the overall large-scale features of
the observations during the ‘‘Whole Sun Month’’ (August/
September 1996), although the specified lower boundary condi-
tions were very primitive.

Using the observed solar cycle dependent and self-consistent
lower boundary conditions, on the basis of observation results,
will play a very important role for the construction of a 3D
background solar wind numerical model; however, the knowl-
edge of the global distributions of the various coronal parameters
on the source surface (2.5 Rs) near the Sun during different phases
of solar activities are not sufficient for a quantitative study. By
solving the self-consistent MHD system based on the observations
of K coronal brightness and the photospheric magnetic fields, Wei
et al. (2003) have made a preliminary test study of the global
distribution near 2.5 Rs for Carrington Rotation (CR) 1742 in 1983
(at descending phase). The purpose of the present paper is to
analyze the basic characteristics of the global distribution on the
source surface (2.5 Rs) with statistical and numerical methods
spanning all phases of solar activity. The main difficulties are that
the global observations of velocity, temperature and magnetic
field in the solar atmosphere are very limited (Wei et al., 2003),
and the structures of the solar magnetic field are quite different at
different phases in relation to the solar activity cycle (Hu et al.,
2008). Because of these difficulties, we make a qualitative
statistical analysis from the limited observations of the photo-
spheric magnetic fields and K coronal brightness for 136 CRs
covering the four different phases of solar activity to obtain
information on the source surface of 2.5 Rs. Then, we carry out a
numerical study to get the self-consistent global distribution of
the various physical parameters on the source surface suitable for
the different phases of solar activity, based on statistical analysis.
Finally, we obtain the solar wind speed at 1 AU by mapping the
speed from the source surface of 2.5 Rs to that near 1 AU, which
leads to a more quantitative initial-boundary condition in
numerical models of space weather events such as carried out
by Shen et al. (2007).
2. Statistical research

The present study selects a time interval of 136 CRs, which
span the period from January 1989 to March 1999. The selected
CRs can be broadly grouped into following four categories
according to the solar activity: (1)the solar maximum, CRs
1811–1825 (from January 1989 to February 1990), during the
middle portion of solar cycle 22; (2) the descending phase, CRs
1826–1904 (from February 1990 to January 1996), during the
latter portion of solar cycle 22; (3) the solar minimum, CRs 1905–
1925 (from January 1996 to August 1997), during the final portion
of solar cycle 22 and the early portion of solar cycle 23; (4) the
ascending phase, CRs 1926–1946 (from August 1997 to March
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1999), during the early phase of solar cycle 23 (Oliver and
Ballester, 1995; Harvey and White, 1999; Toma et al., 2000). Fig. 1
shows the distribution of the average monthly (black solid line)
and smoothed (red dashed line) sunspot number from January
1989 to March 1999, and the four different phases of solar activity
are marked by the dashed-dot line in the Fig. 1.

Line-of-sight (los) photospheric field (Blos) measurements have
been made at the Wilcox Solar Observatory (WSO) at Stanford
University since 1976, and are currently available on the web site
http://wso.stanford.edu. Due to the line saturation effects, the
observed magnetic field strength needs to be modified by a
correction factor. Based on the calibration analysis of WSO and
other solar observatories (Svalgaard et al., 1978; Svalgaard, 2006),
a saturation factor of 1.8 is chosen for the observed data
correction at WSO. Assuming that the magnetic field is truly
radial in the region of the photosphere where the measurements
are taken, the radial magnetic field Br is specified at the inner
boundary r¼1 Rs by the relationship Br¼Blos/cos y, where y is the
colatitude measured from the solar north pole (Wang and
Sheeley, 1992; Luhmann et al., 2002). Then, assuming the radial
magnetic field at 1 Rs to be the bottom boundary condition of the
model of horizontal current and current sheet (HCCS) established
by Zhao and Hoeksema (1994), we can determine the distribu-
tions of the radial magnetic field Br on the source surface of 2.5 Rs
for every CR. Fig. 2(a)–(d) gives the average global distributions of
the radial magnetic field Br on the source surface of 2.5 Rs over the
four different phases of solar activity classified as above. It should
be pointed out that the average is made every CR for the
maximum (15 CRs), the minimum (21 CRs) and the ascending
phase (21 CRs) and every four CRs (79 CRs) for the descending
phase. Therefore, all the statistical averages are made through
15–21 rotations to get a statistically significant result and
preserve the period of evolution information in the relatively
long ascending phase.

The top four panels of Fig. 2 illustrate how the shape and
location of the coronal current sheet and the coronal magnetic
field configuration on the source surface of 2.5 Rs evolve during
the course of the solar cycle. The current sheets are at the place
Br¼0, which are represented by the green color in Fig. 2(a)–(d).
We can easily see that the following: (1) at solar maximum
(Fig. 2(a)), the current sheet becomes nearly vertical to the solar
equator and displays its greatest complexity; (2) at the descend-
ing and ascending phases (Fig. 2(b) and (d)), the inclination of the
current sheet is slightly large with respect to the equatorial plane;
(3) at solar minimum (Fig. 2(c)), the current sheet at r¼2.5 Rs is a
flat line nearly in the solar equatorial plane with little spatial
variability and small latitudinal excursion.

The inner coronal density here is derived from the K coronal
polarized brightness (pB) by MKIII the High Altitude Observatory
(HAO). Following the solar wind density model constructed by
Guhathakurta et al. (1996), the corona density from 1 to 5.5 Rs is
approximately expressed as follows (Xiang et al., 2006):

Nðr,y,jÞ ¼

Ncs
IpBðr0,y,jÞ

IpBcs

� �1=2

ðcoronal streamer beltÞ

Nh
IpBðr0,y,jÞ

IpBh

� �1=2

ðcoronal hole regionÞ

NhþðNcs�NhÞe
�4½IpBðr0 ,y,jÞ�IpBcs =IpBcs þ IpBh

�2
ðother regionÞ

8>>>>>>><
>>>>>>>:

where (r,y,j) denoted the spherical coordinate system with its
origin at the Sun’s center. r0¼1.36 Rs, IpB denotes the observation
value of pB at 1.36 Rs, Ncs and Nh are the electron densities at the
current sheet and the polar holes, which were expressed in detail
by Guhathakurta et al. (1996).

Using the expression given by Xiang et al. (2006), the global
density distribution at 2.5 Rs can be obtained for every CR.
Fig. 2(e)–(h) shows the average number density distribution on
the source surface during the same period as Fig. 2(a)–(d). The
average of the density is also made every CR for the maximum
(15 CRs), the minimum (21 CRs), and the ascending phase
(21 CRs), and every four CRs (79 CRs) for the descending phase,
which is same with that of Br.

After getting the average distribution of the magnetic field and
the number density at 2.5 Rs by observation, we will give the
average global distribution of the coronal mass outputs at the
source surface of 2.5 Rs.

Pätzold et al. (1997) employed the data obtained by Ulysses
Solar Corona Experiment (SCE) during the first solar conjunction
in summer 1991 to determine the electron density profiles in the
streamer and the coronal hole. They found that the large-scale
streamer belt electron density profile had a radial falloff exponent
of �2.4 for distance greater than 7 Rs and that the acceleration
terminates beyond 60 Rs, which was in agreement with Helios in-
situ measurements. They also found that the coronal hole density
profile had a radial falloff exponent of �3.94 beyond 5 Rs and that
the acceleration termination radius should be in the range of
10–20 Rs, which was consistent with the conclusion that the
acceleration termination radius for a polar coronal hole was at
10 Rs drawn from IPS observation by Grall et al. (1996). Based on
these results, the coronal density of r45.5 Rs could be obtained
(Xiang et al., 2006). At the coronal hole and the quiet region, the
acceleration termination radius is set as 10 Rs, and the density
profile varied proportionally to r�3.94; at the coronal streamer
belt, the acceleration termination radius is set as far as over
100 Rs, and the density profile varied proportionally to r�2.40.
Thus, the distribution of the solar plasma density at 1 AU
(n(1 AU,y,j)) for the 136 CRs can be deduced based on the
coronal density distribution at 2.5 Rs. Then, the solar wind speed

http://wso.stanford.edu
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at 1 AU and 2.5 Rs for every CR is derived through the observed
density data, and the fact that the solar wind momentum flux
density (Fm) scaled to 1 AU is almost invariant except that it was
slightly smaller in the latitude of 7101�7301, which was given
as Fm(1 AU,y,j)¼(1.05�1.40)�1016 amu cm�1 s�2 (Steinitz and
Eyni, 1980; Mullan, 1983; Leinert and Jackson, 1998; Phillips
et al., 1995; McComas et al., 2003). Once the radial solar wind
speed at 1 AU is obtained by vr(1 AU,y,j)¼[Fm(1 AU,y,j)�106/
n(1 AU,y,j)]1/2, the radial solar wind speed at 2.5 Rs can be
inferred from the conservation law of mass flux: vr(2.5
Rs,y,j)¼(215 Rs)2n(1 AU,y,j)vr(1 AU,y,j)/[(2.5 Rs)2n(2.5 Rs,y,j)]
(Xiang et al., 2006). Fig. 3(a)–(d) gives the average radial solar
speed distribution on the source surface over the four phases of
solar activity.

Then, we can obtain the solar plasma mass flux, Fm(2.5
Rs,y,j)¼n(2.5 Rs,y,j) v(2.5 Rs,y,j), on the source surface accord-
ing to the observations of the K coronal brightness and the solar
plasma speed, where n(2.5 Rs,y,j) and v(2.5 Rs,y,j) denote the
plasma density and the solar wind speed at 2.5 Rs, separately.
Fig. 4(a)–(d) gives the average global distribution of Fm on the
source surface over the four phases from the data in Figs. 2 and 3,
where the various colors represent different mass flux intervals
labeled at the right side of Fig. 4.

In Fig. 4, we can see that the larger area of flux output for
Fm41.8�1012/cm2 s at solar minimum (panel (c)) and for
Fm42.3�1012/cm2 s at the descending and ascending phase
(panels (b) and (d)) are basically associated with the coronal
current sheet regions in Fig. 2(c)–(d), respectively. Likewise, the
smaller flux output for Fmo1.4�1012/cm2 s at solar minimum
(panel (c)) and for Fmo1.5�1012/cm2 s at the descending and
ascending phase (panels (b) and (d)) are basically associated with
the polar coronal hole regions in Fig. 2(c)–(d), respectively. These
characteristics of the coronal mass output are consistent with
similar analysis made by Wei et al. (2003). However, from
Figs. 2(a) and 4(a), no obvious correlation exists between the
maximum Fm and the coronal current sheet patterns at the
maximum. We also find in Fig. 4 that Fm basically is inclined to
increase as the solar activity level increases. The four different
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distribution patterns of Fm(2.5 Rs,y,j) during the four phases of
solar activity in Fig. 4 play a crucial role in the next section of our
numerical study. In order to make sure that for every CR, the
highest and the lowest Fm are associated with a coronal current
sheet and the polar corona regions (Wei et al., 2003), we make a
few corrections to the patterns of Fm(2.5 Rs,y,j) in Fig. 4, based on
the different distribution characteristics of the solar magnetic
field during each CR, which are expressed in detail in Section 3.

In this section, based on the observations of the photospheric
magnetic fields and K coronal brightness on the source surface of
2.5 Rs for 136 CRs covering the four different phases of solar
activity, the statistical average results of the magnetic field, the
density and the coronal mass outputs flux pattern at 2.5 Rs were
obtained for the four different phases of solar activity. These
statistical average results of the coronal mass outputs flux Fm is
fundamental for the numerical study in Section 3.
3. Numerical study

In this section we discuss a numerical study to give the solar
cycle dependent, self-consistent global distribution of the various
physical parameters on the source surface during all the phases of
the solar cycle, based on the observation data of the magnetic field B,
the density n and the statistical results of the coronal mass outputs
flux Fm mentioned in the previous section. The ideal MHD equations
are used for a qualitative study of Fm on the source surface, in which
the assumption of the radial flow and magnetic field on the source
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surface at 2.5 Rs is adopted as many authors used in making data
analyses and numerical studies (e.g., Wang and Sheeley, 1990;
Liewer et al., 2001; Wei et al., 2003). The one-dimensional (1D) MHD
equations, that will be applied (Section 3) along each of the radii
indicated by the grid points noted therein, are written as follows:

v
@v

@r
þn

@v

@r
þ2nv=r¼ 0, ð1Þ

nv
@v

@r
þ
@p
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þng ¼ 0, ð2Þ

n
@p

@r
�gp

@n

@r
¼ 0, ð3Þ

r
@B

@r
þ2B¼ 0, ð4Þ

p¼ 2RnT , ð5Þ

@p

@r
¼ 2RuT

@n

@r
þ2Run

@T

@r
, ð6Þ

bðBÞ ¼ 8pp=B2, ð7Þ

nv¼ Fmc ð2:5Rs,y,j,BÞ ð8Þ

Here Eqs. (1)–(6) are well known (Wei et al., 2003), Eq. (7) is the
statistical result for the plasma beta b. The plasma beta b
variation with height in the solar atmosphere had been studied by
Gary (2001). A model of the plasma beta b above an active region
was presented by him and this model was representative and
derived from a collection of sources. We can deduce from Fig. 3 of
Gary (2001) that our statistical results for plasma beta b given by
Eq. (7) are reasonable. Eq. (8) is the statistical distribution for the
coronal mass outputs flux, which is based on the observational
data of density and statistical result for Fm(2.5 Rs,y,j) from Fig. 4.
Fmc is the correction made to Fm, whose purpose is to highlight the
difference between Fm associated with the coronal current sheet
and the polar corona regions (Wei et al., 2003).

Both Eqs. (7) and (8) are used for the closing condition of the
MHD model and are expressed as follows:

b¼
bc ðcurrent sheet regionÞ

C=B2 ðother regionÞ

(

Fmc ð2:5Rs,y,j,BÞ ¼

knc Fm ð2:5Rs,y,jÞ ðcurrent sheet regionÞ

knh
Fm ð2:5Rs,y,jÞ ðcoronal hole regionÞ

kno Fm ð2:5Rs,y,jÞ ðother regionÞ

8><
>:

Here,

kno ðBÞ ¼
1 ðBlr Bj joBhÞ

knc�ðknc�1ÞðB�BcÞ=ðBl�BcÞ ð Bj jrBlÞ

(

where Bc and Bh are the magnetic field values near the current
sheet region and at the boundaries of the coronal hole region,
respectively. And Bl¼(1/3–2/3)Bh is the median value between Bc

and Bh. Fm(2.5 Rs,y,j) have four different distribution patterns
over the four phases of solar activity as shown in Fig. 4.

The parameters involved here are g¼1.4. The other parameters
bc, C, knc and knh

have different values in the four different phases
of solar activity, which are expressed as follows:
(1)
 at the solar maximum: bc¼7.5, C¼0.75�10�2 G2, knc ¼ 1:7
and knh

¼ 0:9;

(2)
 at the descending and ascending phases: bc¼1.5,

C¼0.45�10�2 G2, knc ¼ 1:5 and knh
¼ 0:8;
(3)
 at the solar minimum: bc¼0.5, C¼0.3�10�2 G2, knc ¼ 1:4 and
knh
¼ 0:9.
The other 10 unknown parameters, B, @B=@r, v, @v=@r, T, @T=@r, n,
@n=@r, p and @p=@r, can be found if any two of them are known by
solving governing Eqs. (1)–(8). In the case investigated the
magnetic field B and density n are two known inputs on the
source surface at 2.5 Rs, which are given by statistical analyses. In
the following computation, the source surface is divided into
182�92 cells with each being 21�21 in Carrington longitude and
latitude respectively.
4. Numerical results and discussion

Based on the statistical average distributions of the radial
magnetic field Br, the numerical density n and the coronal
mass flux Fmc on source surface of 2.5 Rs, and the self-consistent
MHD equations mentioned above, the numerical results of other
parameters, such as temperature and radial velocity on the
source surface can be deduced during every CR at solar maximum,
the descending phase, solar minimum, and the ascending
phase.

Four representative CRs corresponding to the four different
phases, based on the sunspot distribution shown in Fig. 1 with
green dot, are chosen to numerically generate the self-consistent,
global distributions on the source surface at 2.5 Rs. Fig. 5 gives the
numerical results of global distribution for the various physical
parameters on the source surface during CR 1823 (at solar
maximum, (i)), CR 1874 (at the descending phase, (ii)), CR 1910
(at solar minimum, (iii)) and CR 1932 (at the ascending phase,
(iv)). In (i)–(iv) of Fig. 5, panels (a)–(e) describe the distribution of
the radial magnetic field Br, number density n from the
observation, the correction result of the coronal mass output
Fmc , the numerical results of the temperature T, and radial velocity
vr, respectively.

From panel (c) of (i)–(iv) in Fig. 5, we find (1) at solar
minimum, a good correlation exists between the maximum Fm

and the coronal current sheet patterns (see the green area near
Br¼0 in Fig. 5(iii) (a)); (2) at the descending and ascending phases,
a distinguishable correlation exists between the maximum Fm and
the coronal current sheet patterns (see the green area near Br¼0
in panel (a) of Fig. 5(ii) and (iv)); (3) at solar maximum, the
correlation between the maximum Fm and the coronal current
sheet patterns (see the green area near Br¼0 in Fig. 5(i)(a)) is
irregular; (4) the minimum Fm in all the phases of solar activity,
except at solar maximum, is associated with the polar corona
region.

Panels (d), (e) from (i) to (iv) of Fig. 5 give the numerical results
for the temperature and the radial velocity on the source surface
during the different phases of solar activity. In all the phases, it is
clear that the distributions of the temperature and speed on the
source surface have complex structures. However, the distribu-
tion of the low-speed, low-temperature regions is basically
consistent with the observed high-density regions and the current
sheet regions. The high temperature and velocity regions,
consistent with the low density regions, are located at the polar
coronal hole regions. The regions where the temperature and
velocity are too high are limited to the very small area of the polar
coronal hole. (For example, at CR 1823 (the maximum, Fig. 5(i)),
the region where the temperature is higher than 9�106 K and
velocity is higher than 140 km/s.)

By examining the results of Fig. 5, the number density and the
radial speed shown in panels (b) and (e) together with the
location of the coronal current sheet shown by green color (Br¼0)
in panel (a), we recognize that the flow speed (density) is lower
(higher) in the neighborhood of the coronal current sheet and
higher (lower) at the coronal hole, which is qualitatively in
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agreement with the observed intensity pattern. In addition, we
can observe the solar cycle variations, where the solar activity
level increases, the high speed stream area reduces while the high
density area changes reversely. During the solar minimum, the
higher speed is confined to the poles and the low speed is near the
equator, but the density varies almost inversely. These results are
also consistent with the results in Fig. 5 of Hu et al. (2008), which
were simulated by MHD models.
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Fig. 5. Distribution of (a) the radial magnetic fields Br and (b) the solar plasma number d

(e) the radial velocity on source surface of 2.5 Rs from numerical simulation at (i) CR 1

1996 (minimum); (iv) CR 1932 in 1998 (ascending phase).
The solar wind speed at 1 AU is obtained by mapping the speed
on the source surface of 2.5 Rs to that at the Earth’s orbit through
a linear relation: v(1 AU)¼c1�v(2.5 Rs)+c2, where
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c1¼27.55, c2¼25 at the solar maximum;

(2)
 c1¼12.35, c2¼75 at the descending and ascending phases;

(3)
 c1¼9.15, c2¼155 at the solar minimum.
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Fig. 5. (Continued)
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The coefficients c1 and c2 are estimated by means of the radial
speed relation of the solar wind given in the bottom panel of Fig. 7
by Withbroe (1988), which was also used by Wei et al. (2003) to
give the solar wind speed at 1 AU. The black lines in panels (a)–(f)
of Fig. 6 show the numerical speed at earth orbit during six time
intervals: CRs 1821–1825 from 1989 to 1990 (a), which is at solar
maximum, the whole 5 years: 1993 (b), 1995 (c), 1996 (d), 1997
(e) and 1998 (f), which goes through the descending phase ((b)
and (c)), the solar minimum (most of the period of (d) and (e)) and
the ascending phase ((f)). The WIND spacecraft observations
(panels (c) to (f)) and IMP 8 (panels (a) and (b)) during the same
time intervals as our simulation are given by red lines in Fig. 6. For
comparison, the solar wind speeds at 1 AU simulated by the WSA
model using expansion factor (fs), which can be expressed as:

v(fs)¼267.5+[410/(fs)
2/5], where fs ¼ ðR�=RsÞ

2
½BPðR�Þ=BPðRsÞ� is

the magnetic expansion factor (Wang and Sheeley, 1990; Arge
and Pizzo, 2000), are shown as blue lines during the same
intervals as our simulation. The comparison of the numerical
results of the solar wind speed with the observational results and
the WSA model shows that their variations are qualitatively
consistent during all the four phases of solar activity. In this
context the self-consistent, global distributions on the source
surface of 2.5 Rs during all the phases of a solar cycle can be used
for understanding the change of the interplanetary condition.
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However, despite the qualitative similarity, the model results
still have quantitative differences from the observations. In
particular, the fast solar wind speed in the simulation at solar
maximum is low compared to the measurements. The causes of
the discrepancies between this simulation and the measurements
and the WSA model may be twofold. On the one hand, the
quantitative differences between the simulation results and the
observations may be caused by the simple linear relation between
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the speed at 2.5 Rs and 1 AU and the neglect of physical details
near the Sun. On the other hand, the discrepancies may be also
due to transient effects and interplanetary discontinuities (see, for
example, Dryer, 1994 or Odstrcil et al., 2004), between 2.5 Rs and
interplanetary space near 1 AU.

It is well known that solar wind MHD simulation is an initial-
boundary value problem. The initial input to MHD simulation
plays a crucial role in producing realistic solar wind background.
Presently, an initial potential magnetic field derived from a
photospheric field-based potential field and spherically sym-
metric Parker solar wind are popularly used as inputs. The self-
consistent, time-dependent initial and boundary conditions,
based on observational results, will be our ideal choice. But, no
enough observational data can be used to constrain the MHD
model. The aim of the present work is to provide a relative self-
consistent initial-boundary value condition to the MHD model
with more observational data considered. Our next goal is to use
this more realistic, solar cycle dependent, self-consistent source
surface model during all phases of the solar cycle as an inner-
boundary condition for our MHD simulation. These preliminary
works have made us believe that using such inner-boundary
condition could helpfully improve the capability of 3D MHD
models for the corona and heliosphere.
5. Conclusions

In this article, based on the observation results of the
photospheric magnetic fields and K coronal brightness on the
source surface of 2.5 Rs for 136 Carrington Rotations (CRs 1811–
1946), a statistical analysis is made to obtain the average results
of the magnetic field, the density and the coronal mass outputs
flux pattern at 2.5 Rs. The CRs selected span the middle latter
portion of solar cycle 22 (January 1989–April 1995) and the early
portion of solar cycle 23 (May 1995–March 1999). They can be
broadly grouped into four categories: solar maximum (CRs 1811–
1825), the descending phase (CRs 1826–1904), solar minimum
(CRs 1905–1925) and the ascending phase (CRs 1926–1946).
Then, the statistical average results of magnetic field and density
distribution are achieved separately during the four different
phases. Fig. 2 illustrates how the magnetic structure and density
distribution on the source surface of 2.5 Rs evolves during the
course of the solar cycle. During the middle latter portion of solar
cycle 22 and the early portion of solar cycle 23, the coronal
current sheet at r¼2.5 Rs can be approximately described as a
tilted line relative to the solar equator in most times, with a tilt
angle varying from o201 near minimum to �901 at maximum
(as also indicated on panel (a) of Fig. 5). Then, with the help of the
velocity distribution model in the corona by Xiang et al. (2006),
the distribution of the coronal mass outputs flux Fm is also
analyzed statistically for the four different phases in Fig. 4.

Based on the statistical results of the magnetic field and
density distribution and the statistical patterns of coronal mass
outputs flux Fm, a numerical study of the global distribution near
2.5 Rs has been made by solving a self-consistent MHD system
with different parameters during the four different phases. Four
representative CRs in the four different phases are also chosen to
numerically generate the solar-activity-dependent, self-consis-
tent, global distributions of our source surface at 2.5 Rs. In Fig. 5,
we can observe that the maximum and the minimum Fm are
associated with different magnetic structures, the coronal current
sheet and the polar corona region on the source surface. Mean-
while, the solar activity level variations can be also observed.
When the solar activity level increases, (1) the correlation
between the maximum (minimum) Fm and the coronal current
sheet region (polar corona region) becomes more and more
irregular; (2) the high speed stream spreads to the lower latitude
while the density changes reversely. During the solar minimum,
(1) a good correlation exists between the maximum Fm and the
coronal current sheet patterns; (2) the higher speed is confined to
the poles and a low speed is near the equator, but the density
varies almost inversely.

The solar wind speed at 1 AU is obtained by mapping the speed
on the source surface of 2.5 Rs to that at 1 AU during more than 5
years and covering the four different phases of solar activity,
which lead to a more quantitative low-boundary condition that
can be used in numerical models of space weather events. The
comparison of the numerical results with the observational
results by the WIND spacecraft and the simulation result of the
WSA model shows that their variations are qualitatively consis-
tent in speed in the different phases of solar activity. It indicates
that the global distributions on the source surface of 2.5 Rs during
all phases of the solar cycle could be used to predict the changes
in the interplanetary medium. While the model results still have
quantitative differences from the observations, but it may be
caused by the simple linear relation between the speed at 2.5 Rs
and 1 AU and physical details near the Sun that are not considered
here. The dynamic processes, due to transient effects (Dryer,
1994; Odstrcil et al., 2004), between 2.5 Rs and interplanetary
space near 1 AU are not taken into consideration.

In summary, based on certain regular coronal mass outputs
flux Fm and the observation results of the magnetic field and
density on the source surface, the statistical and numerical study
of the global distribution near 2.5 Rs during all phases of solar
activity will provide solar cycle dependent, self-consistent inner-
boundary and initial boundary. These can improve the capability
of a 3D MHD model for predicting the changes in interplanetary
space.
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