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Abstract In an effort to understand the three-dimensional structure of the solar corona and
inner heliosphere during the Whole Heliosphere Interval (WHI), we have developed a global
magnetohydrodynamics (MHD) solution for Carrington rotation (CR) 2068. Our model,
which includes energy-transport processes, such as coronal heating, conduction of heat par-
allel to the magnetic field, radiative losses, and the effects of Alfvén waves, is capable of
producing significantly better estimates of the plasma temperature and density in the corona
than have been possible in the past. With such a model, we can compute emission in extreme
ultraviolet (EUV) and X-ray wavelengths, as well as scattering in polarized white light. Ad-
ditionally, from our heliospheric solutions, we can deduce magnetic-field and plasma para-
meters along specific spacecraft trajectories. In this paper, we present a general analysis of
the large-scale structure of the solar corona and inner heliosphere during WHI, focusing, in
particular, on i) helmet-streamer structure; ii) the location of the heliospheric current sheet;
and iii) the geometry of corotating interaction regions. We also compare model results with
i) EUV observations from the EIT instrument onboard SOHO; and ii) in-situ measurements
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made by the STEREO-A and B spacecraft. Finally, we contrast the global structure of the
corona and inner heliosphere during WHI with its structure during the Whole Sun Month
(WSM) interval. Overall, our model reproduces the essential features of the observations;
however, many discrepancies are present. We discuss several likely causes for them and
suggest how model predictions may be improved in the future.

Keywords Sun · Corona · Corotating interaction regions · Magnetic fields · Solar wind ·
Interplanetary medium

1. Introduction

The Whole Heliosphere Interval (WHI), which ran from 20 March through 16 April 2008,
and coincided with Carrington rotation (CR) 2068, is providing a unique opportunity for
both observers and modelers to collaborate in an effort to understand the three-dimensional
(3D) structure and evolution of the solar corona and inner heliosphere. It builds on the pre-
vious Whole Sun Month (WSM) interval, which proved to be exceptionally successful (e.g.,
Gibson et al., 1999; Linker et al., 1999; Riley et al., 1999). The WHI occurred on the way to
the most recent solar minimum (December 2008), which has, thus far, been unique in a num-
ber of ways. For example, in 2009 260 days (71%) were spotless. Moreover, from 1 January
2004 through 8 October 2010, 812 days have been spotless (see http://spaceweather.com),
making the current solar minimum the most prolonged and quiet in a century (Phillips,
2009). The polar photospheric flux has decreased by ≈40% (Svalgaard and Cliver, 2007)
and the coronal holes are noticeably smaller (Kirk et al., 2009). Measurements by in-
situ spacecraft show substantial differences between the recent minimum and the previ-
ous three. Ulysses polar observations through late 2008, in particular, suggest that i) the
interplanetary magnetic field (IMF) was ≈36% lower than the previous minimum (Smith
and Balogh, 2008); ii) the scaled number density was ≈17% lower (Issautier et al., 2008;
McComas et al., 2008); and iii) the scaled temperature was ≈14% lower (McComas et al.,
2008). It was also determined that the bulk solar-wind speed was ≈3% lower, although this
may not be a statistically significant change. From these measurements it was inferred that
i) the dynamic pressure decreased by ≈22%; ii) the proton thermal pressure decreased by
≈25%; and iii) the magnetic pressure decreased by ≈87% (McComas et al., 2008). The pro-
files of high-speed streams upstream of Earth also seem to be unique, being stronger, longer
in duration, and more recurrent than during the previous minimum (Gibson et al., 2009).
Strong periodicities were also found in early-mid 2008, with periods of 9, 13.5, and 27 days
(Emery et al., 2008), with no comparable patterns found during the previous minimum. It
appears that the solar wind at Earth during this minimum was 47% less dense and 13%
faster, and the IMF is reduced by 11% (Gibson et al., 2009). However, given the complex-
ity of in-Ecliptic measurements, including the contribution from multiple sources of solar
wind and the formation and evolution of compression and rarefaction regions, the causes of
such changes are more difficult to interpret than the Ulysses polar counterparts. However,
their consequences could be readily seen within the Earth’s magnetosphere, particularly in
the form of enhanced auroral power and an elevated radiation environment (Gibson et al.,
2009).

To understand the properties and structure of the corona and inner heliosphere during
WHI, we can analyze a range of phenomena in remote-sensing observations and in-situ mea-
surements and compare with model results. Previously, we have compared high-latitude,
quiescent observations by Ulysses with 1D, thermodynamic solutions to understand the
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acceleration characteristics of the solar wind and the relationship between magnetic-field
strength within coronal holes and heating of the solar wind plasma (Riley et al., 2010b). In
this study, we provide a broad overview of the 3D structure of the inner heliosphere during
WHI. We compare the state of the corona and heliosphere during WHI and WSM. We also
directly compare model results with emission observations and in-situ measurements to il-
lustrate where the model performs well and where it performs poorly. Finally, we discuss
the current limitations of global magnetohydrodynamic (MHD) models and suggest from
where future improvements may come.

From a global perspective of the heliosphere, two particularly useful structures are i) hel-
met streamers and ii) the heliospheric current sheet (HCS). Helmet streamers are arch-like,
bright features seen in white-light observations. They extend outward several solar radii
from the Sun and are drawn into a cusp-like structure. They are composed of closed mag-
netic loops that sometimes overlay sunspots and active regions (ARs). Often a prominence
(or filament) is embedded at the bottom of the streamer. A necessary requirement for such
loops is a neutral line (that is, the location where Br changes sign), and the footpoints of the
helmet streamer field lines lie in regions of opposite polarity. From this, we can understand
the association of streamers with ARs, which contain a strong, localized neutral line, as well
as their interplanetary extension in the form of stalks and association with the HCS. At solar
minimum, even in the absence of any ARs, helmet streamers are produced from the large-
scale solar dipole. In this case, the neutral line is a simple curve, circumscribing the Sun and
confined to low heliographic latitudes. Whereas helmet streamers separate open field lines
of opposite polarity, a second class of “pseudostreamers” separate field lines of the same
polarity (Wang, Sheeley, and Rich, 2007). Stated another way, while helmet streamers sepa-
rate coronal holes of opposite polarity, pseudostreamers separate holes of the same polarity.
Wang, Sheeley, and Rich (2007) showed that although pseudostreamers also have plasma-
sheet extensions, they are not associated with the HCS. As we will show, their presence
during the recent minimum led to the disappearance of the more usual quiescent equatorial
streamer belt.

The HCS, a surface separating regions of opposite magnetic polarity, is a fundamen-
tal feature of the heliosphere, and is intimately related to the large-scale dynamic flow
of the solar wind. As the largest coherent structure within the heliosphere, the HCS acts
as a “frame” about which corotating interaction regions (CIRs) are organized (Pizzo and
Gosling, 1994). This makes it a particularly attractive entity to study with global MHD
models (Riley, Linker, and Mikić, 2002). Its shape also plays an important role in the mod-
ulation of galactic cosmic rays (e.g., Jokipii, Sonett, and Giampapa, 1997). The tilt of the
HCS (that is, its maximum latitudinal extent) has displayed some unusual properties during
the recent solar minimum. At the end of Cycles 21 (1986) and 22 (1996), the tilt in both
hemispheres declined relatively monotonically, reaching near-zero values at approximately
the same time as the sunspot number. Applying a similar relationship during the declin-
ing phase of Cycle 23, one might have predicted that the tilt of the HCS would reach zero
in late 2007. However, since mid-2006 and through 2008 it remained steady at ≈15◦ (see
Figure 1).

2. Observations During WHI

Observations during WHI are discussed in several complementary companion studies (Bisi,
Emery, and Thompson, 2011). Here we limit ourselves to brief remarks that will be relevant
for our discussion of the model results later. To orient ourselves, in Figure 1 we summa-
rize several solar-related time-series parameters over a period of more than three decades.



P. Riley et al.

Figure 1 Time series of (a) sunspot number (SSN); (b) HCS tilt, as inferred from potential field source
surface (PFSS) solutions driven by Wilcox Solar Observatory (WSO) data; (c) northern and southern polar
field strengths (FS); (d) axial dipole and zonal quadrupole contributions to the field strength; and (e) total
and radial IMF, as measured by the many spacecraft contributing to the OMNI dataset. Data for panels two
through four were provided by J.T. Hoeksema.

We note the following points. First, the last full solar cycle (23), which spanned from Au-
gust/September 1996 through December 2008 (as determined from a 12-month smoothed
sunspot number (SSN): i) contained a more modest peak than the previous two cycles; and
ii) lasted ≈2.5 years longer. Second, following the peak, the tilt (or maximum extent) of the
HCS remained elevated (≈45◦) for ≈ three years, falling lower to ≈15◦ and again holding
steady before dropping to nearly zero in 2009. Third, the polar fields have remained steady
and reasonably symmetric since 2003, but at approximately half their values of the previ-
ous cycle. Fourth, following solar maximum in 2001, the quadrupolar component of the
field has remained zero, while the axial-dipole component has remained relatively steady
(again at half the amplitude of the previous cycles). Fifth, both the total magnitude and
radial component of the IMF decreased relatively monotonically from 2003 onwards, reach-
ing a minimum in 2009. Based on data available for 2010, activity appears to be returning:
SSN is increasing, the tilt of the HCS is becoming larger, and the strength of the IMF is
growing.
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3. MHD Modeling of the Corona and Inner Heliosphere

MHD models have proven very successful in interpreting and comprehending a wide array
of solar and heliospheric phenomena. They provide a global context for connecting diverse
datasets and understanding the physical interrelationship between often dissimilar phenom-
ena.

The first MHD models of the solar corona were developed almost 40 years ago (Endler,
1971; Pneuman and Kopp, 1971). Over the years they have become progressively more
sophisticated (e.g., Mikić and Linker, 1994), culminating in models that include the photo-
spheric field as a boundary condition (e.g., Riley, Linker, and Mikić, 2001; Roussev et al.,
2003). Complementary efforts focusing on heliospheric models, where the inner boundary
was placed beyond the outermost critical point, were also pursued (e.g., Pizzo, 1978; Odstr-
cil, 1994). Most recently, coronal and heliospheric models have been coupled (e.g., Riley,
Mikić, and Linker, 2003; Odstrcil et al., 2004; Manchester et al., 2006; Riley et al., 2007),
and more sophisticated descriptions of energy-transport processes have been included (e.g.,
Lionello, Linker, and Mikić, 2009).

Our group has studied the properties of the ambient solar wind for a number of years
(Riley et al., 1996, 2001; Riley, Linker, and Mikić, 2001, 2002; Riley, Mikić, and Linker,
2003; Riley, 2007b), finding that, in general, our models can reproduce the essential large-
scale features of the solar wind. We say “models” and not “model” because we have found
that different approaches are required depending on the specific scientific question being ad-
dressed. In the simulations described here, the two primary models are i) the thermodynamic
coronal model and ii) the polytropic heliospheric model. For the latter, we drive the inner
radial boundary using one of two approaches: (a) directly using output from the thermody-
namic coronal solution, or (b) using empirically based boundary conditions derived from
the structure of the coronal magnetic field (Riley, Linker, and Mikić, 2001). In the following
sections, we summarize how these models differ and justify when and how each should be
applied.

3.1. The General MHD Model

In general, our 3D, time-dependent algorithm (Magnetohydrodynamics Around a Sphere:
MAS) solves the following form of the resistive MHD equations on a nonuniform grid in
spherical coordinates:

∇ × B = 4π

c
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c

∂B
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where B is the magnetic field, J is the electric-current density, E is the electric field, ρ,
v, p, and T are the plasma mass density, velocity, pressure, and temperature, respectively,
g = −g0R

2�r̂/r2 is the gravitational acceleration, η the resistivity, and ν is the kinematic
viscosity. Equation (7) contains the radiation loss function [Q(T )] as in Athay (1986), ne

and np are the electron and proton number density (which are equal for a hydrogen plasma),
mp is the proton mass, γ = 5/3 is the polytropic index, Hch is the coronal heating term, and
q is the heat flux. A combination of Spitzer collisional (r < 10R�) and collisionless (r >

10R�, Hollweg, 1978) heat fluxes is used to prescribe q. The wave pressure term [pw] in
Equation (6) represents the contribution due to Alfvén waves (Jacques, 1977) and is evolved
using the Wentzel – Kramers – Brillouin (WKB) approximation for time – space averaged
Alfvén wave energy density [ε] (Mikić et al., 1999). The method of solution of Equations (1)
through (6), including the boundary conditions, has been described previously (see Lionello,
Linker, and Mikić, 2009 and references therein).

In the energy Equation (7), S includes radiation, thermal conduction, coronal heating,
and resistive and viscous diffusion. Lionello, Linker, and Mikić (2001) describe how we
incorporate these processes so as to include the upper chromosphere and transition region
in the domain of the calculation. Although we simplify these equations for the heliospheric
solutions by employing a “polytropic” energy equation, where S = 0, (e.g., Linker et al.,
1999; Mikić et al., 1999; Riley, Linker, and Mikić, 2001; Roussev et al., 2003), to more
accurately compute densities and temperatures in the corona (and hence the heliosphere),
we prescribe a functional form for S, allowing us to set γ to a realistic value of 5/3. We
refer to this model as the “thermodynamic” model, because it incorporates energy-transport
processes. With such a model we can make meaningful comparisons between simulated
emission (EUV and soft X-ray) and observations, which provide strong constraints on the
free parameters in the heating model (Lionello, Linker, and Mikić, 2009).

Finally, an important feature that makes our approach unique is the use of observed pho-
tospheric magnetograms to drive the model. This allows us to model the specific properties
of time periods of interest, including WHI and WSM.

3.2. The Heliospheric MHD Model

For computing heliospheric solutions, we have developed two complementary approaches.
In the simpler empirically based technique, we use the structure of the coronal magnetic
field to derive the radial velocity boundary condition at the inner edge of the heliospheric
model (Riley, Linker, and Mikić, 2001). The heliospheric solutions are molded by dy-
namic forces so that the profile of the radial velocity at the inner boundary is believed to
have the largest effect on the resulting solutions (Riley and McComas, 2009). The tech-
nique is based on the idea, supported by both the “interchange reconnection” model of
L. Fisk and colleagues (Fisk, 1996; Fisk, Schwadron, and Zurbuchen, 1998) as well as
the “expansion factor” models of Y.-M. Wang and colleagues (Wang and Sheeley, 1990;
Cranmer, van Ballegooijen, and Edgar, 2007; Cranmer et al., 2010), that the slow solar wind
originates at the boundary between open and closed field lines, and the fast solar wind orig-
inates from everywhere else (that is, from deeper within coronal holes). We also use the
computed magnetic field from the coronal solution directly, and infer the remaining plasma
quantities (density and temperature) by assuming momentum-flux conservation and thermal-
pressure balance over the sphere defining the inner boundary of the heliospheric model at
30R�.

The second, more self-consistent, approach is to drive the heliospheric model directly
using all of the magnetic and plasma variables computed in the coronal solution. While this
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should, in principle, be more accurate, we have found that the empirically based solutions
tend to more closely match in-situ measurements (speed, density, temperature, and polarity
of the IMF) at Earth and Ulysses. Ultimately, of course, we expect that as the physics con-
tained within the coronal model improves, and the remaining free parameters become better
constrained, the quality of the self-consistently derived heliospheric solutions will surpass
the empirically based results. In this study, we present results using both approaches.

4. Model Results

4.1. Introduction

We computed preliminary thermodynamic solutions for both WSM and WHI. Figure 2 sum-
marizes the large-scale structure of the inner heliosphere during these two periods. The
two panels show meridional slices of the radial velocity and radial magnetic-field strength
(scaled to 1 AU) in arbitrary planes, as well as an equatorial slice of the plasma density, again
scaled by 1/r2 to values at 1 AU. Contrasting the two solutions, we note several points. First,
the unipolar fields between WSM and WHI have reversed. The large-scale dipolar compo-
nent of the solar field during the previous minimum (WSM) was outward over the poles of
the northern hemisphere and inward over the southern poles. During WHI, which represents
the minimum of the most recent cycle, it is reversed. Second, the “band of solar-wind vari-
ability,” that is, the volume of the heliosphere that is defined by slower, but more variable
solar wind, is narrower during WSM than during WHI. Third, this band contained several
near-equatorial coronal holes that were the source of higher-speed solar wind, making the
solar wind speed measured in the ecliptic plane by the Advanced Composition Explorer
(ACE) and Wind more variable and complex during WHI (Gibson et al., 2009). Fourth, the
average number density of the solar wind during WHI was less than during WSM, yet the

Figure 2 Illustration of the large-scale properties of the inner heliosphere (out to 1 AU) for (left) WSM
and (right) WHI time periods. The two meridional slices in each panel show the radial velocity and radial
magnetic-field strength, scaled to 1 AU. The slice in the equatorial plane shows the scaled number density.
The sphere at 30R� shows the scaled radial magnetic-field strength.
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stream structure was more complex, with more interaction regions (see Gibson et al., 2009,
Figure 3a).

4.2. Helmet Streamer Structure

The current solar minimum, unlike the previous one, appears to have a rather unique
streamer structure. Instead of the (apparently) more usual single equatorial streamer belt
(that is, in coronagraph images, two streamers – one emanating from the eastern equatorial
limb of the Sun and the other from the West), the streamer structure is more complex. Fig-
ure 3 shows simulation results for the WSM and WHI time periods. The model results allow
us to probe the underlying magnetic structure giving rise to the observed density features in
coronagraph observations.

Focusing first on CR1913, we infer that all three streamers (one on the east limb and two
on the west limb) can be classified as the usual helmet streamers, where the streamer stalk
marks the boundary between oppositely directed field lines, and a current sheet is associated
with the interplanetary extension of this structure. However, for CR2068 we infer that, while
the two streamers in the southern hemisphere, off the east and west limbs, are also helmet
streamers, the two in the North are both pseudostreamers, where the field lines on either side
of the streamer stalk are of the same polarity. This is further substantiated by considering
the polarity of the photospheric field under the streamers. For the usual helmet streamer, one
half is of one polarity and the other half is of the opposite polarity (this is clearest for the
NW streamer in CR1913 and the SW streamer in CR2068), indicating that a neutral line runs
through it. Finally, and most obviously, the pseudostreamers can be identified by the double-
loop structure within them, which must occur if the over-arching field lines on either side
have the same polarity. Wang, Sheeley, and Rich (2007) have argued that pseudostreamers
are sources of fast solar wind, but our simulation results indicate that the speeds are lower
in the vicinity of the pseudostreamer.

Figure 3 Composite images of the photospheric magnetic field at the solar surface (saturated at ±1 G), with
a selection of magnetic-field lines originating in the plane of the paper, and a color contour of the coronal
density (scaled by r2) for CR1913 (left) and CR2068 (right).
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Figure 4 Illustration of the large-scale properties of the inner heliosphere (out to 1 AU) for (left) WSM and
(right) WHI time periods. The isosurface marks the location of Br = 0 and is the location of the HCS. The
meridional slice shows radial velocity, and the sphere at 30R� shows the radial magnetic field strength.

4.3. The Heliospheric Current Sheet

Figure 4 summarizes the shape of the HCS during the WSM and WHI time periods. Con-
trasting the two solutions, we note several points. First, the HCS, as well as the “band of
solar wind variability,” extend to higher heliographic latitudes during WHI, consistent with
the results in Figure 1. Second, the polar speeds are essentially the same for the two min-
ima. This is significant as the “self-consistent” heliospheric model was used to compute
these solutions, and not the empirically based model, in which case the polar speeds would
be identical by design. Instead, the similar speeds are consistent with the Ulysses results that
while the density dropped between WSM and WHI, the speed remained constant (McComas
et al., 2008). Third, a significant source of fast solar wind in the ecliptic plane during WHI
derives from equatorial coronal holes, whereas during WSM, the high-speed wind origi-
nated in the polar coronal holes, and, to a limited extent, from the equatorial extension of
the northern polar coronal hole, known as the “elephant’s trunk.”

4.4. Corotating Interaction Regions

The global solar-wind structure in the heliosphere can be conveniently described by the com-
bination of two effects. The first is that, beyond ≈10R�, solar material streams away from
the Sun along roughly radial trajectories with a range of speeds. The second is simply that
the Sun rotates: solar rotation acts to place plasma on the same radial trajectory with faster
or slower wind. Faster wind overtaking slower wind leads to a compression front, while
slower material being outrun by faster material leads to a rarefaction region, or expansion
wave (Sarabhai, 1963). The boundary within the compression region, separating the slow
and fast wind, is known as a stream interface (SI) (Gosling et al., 1978). In the simplest
possible scenario, where speed variations depend only on their source location at the Sun,
that is, the flow pattern does not vary significantly on the time scale of a solar rotation (such
as at solar minimum), the large-scale compressive structures created by the interactions of
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these streams are fixed in a frame corotating with the Sun, and they are known as corotating
interaction regions (CIRs, Smith and Wolfe, 1976). If the speed difference is sufficiently
large, and typically beyond about 2 AU, a pair of shocks may form, bounding the CIR (e.g.,
Pizzo, 1985).

The Ulysses mission revolutionized our understanding of stream structure in three dimen-
sions. Much of the basic structure had been predicted by global MHD simulations performed
by Pizzo (1991). However, it was not until Ulysses measurements began to uncover a sys-
tematic picture of the properties of CIRs at mid latitudes during the declining phase of Solar
Cycle 22, that these earlier numerical results began to be appreciated (Pizzo and Gosling,
1994). Gosling et al. (1995), for example, found that CIR-associated forward shocks disap-
peared at helio-latitudes in excess of ≈26◦, which corresponded roughly to the tilt of the
solar magnetic dipole. Additionally, reverse shocks continued to be observed frequently, up
to latitudes of ≈42◦, after which their presence became rarer. Further confirmation of the
model predictions came from the flow deflections observed at the shocks, suggesting that the
forward shocks were oriented such that their outward normals were tilted toward the Equa-
tor, and hence were propagating equatorward, while the reverse-shock normals were tilted
poleward (Riley et al., 1996). These orientations can be understood heuristically based on
simple geometric ideas (e.g., Riley, 2010).

Figure 5 summarizes the large-scale structure of the inner heliosphere during WSM and
WHI. The top panels show the three components of solar-wind velocity (in a heliocentric
spherical coordinate system: r , θ , φ), while the bottom panels show the radial component
of the magnetic field, the number density, and the plasma thermal pressure at 2.6 AU. Con-
trasting the two solutions, we note several points. First, the differences noted above are also
present here: the “band of solar wind variability” extended to higher heliographic latitudes
during CR2068; the polar speeds are essentially the same for the two minima; a significant
source of fast solar wind in the ecliptic plane during CR2068 derives from equatorial coronal
holes; and the computed tilt (maximum extent) of the HCS (the centroid of the white traces
in the plots of radial magnetic field) matches the values shown in Figure 1. Additionally,
we note that i) the decreases in B and Br between CR1913 and CR2068 roughly match the
changes as observed in NASA’s OMNI dataset (i.e., ACE and Wind), although the modeled
values are lower than were observed (a result that is currently not understood); ii) the tilts of
the interaction regions are much less distinct, or systematic, for CR2068 than for CR1913,
although they are still present; and iii) during CR2068, the interaction regions are more lo-
calized and have the “U”-shaped profiles consistent with the heuristic ideas discussed by
Riley, Mikić, and Linker (2003), that is, due to localized equatorial (and mid-latitude) coro-
nal holes, “punching” through the otherwise slower wind.

5. Comparison with Observations

5.1. Extreme Ultraviolet Comparisons

As we have noted, emission images computed from the model results are quite sensitive to
the form of the coronal-heating function [H ] used in the model. Thus, although H was not
derived self-consistently from any theory of coronal heating (although it was “guided” by
them), if our simulated emission matches well with observations, it suggests that our form
of heating is likely a reasonable approximation to reality. In turn, it may provide a useful
constraint for theories of coronal heating.

Using the densities and temperatures obtained from the global MHD models, we com-
puted synthetic emission images in the Extreme Ultraviolet Imaging Telescope (EIT) bands
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Figure 5 Mollweide projection maps of radial speed [vr], meridional speed [vt], azimuthal speed [vp], radial
magnetic field [Br], scaled number density [Np], and thermal pressure [P ] for Carrington rotation 1913 (top),
corresponding approximately to the Whole Sun Month (WSM) period, and 2068 (bottom), corresponding to
the Whole Heliosphere Interval (WHI).

of 171, 195, and 284 Å. In Figure 6 they are compared with Solar and Heliospheric Ob-
servatory (SOHO)/EIT observations for CR1913. We emphasize that these are quantitative
comparisons, that is, values of DN s−1 pixel−1 are directly compared. We note several pos-
itive aspects of the comparison, as well as some notable discrepancies. For example, the
equatorial extension of the northern polar coronal hole (the “elephant’s trunk”) is well re-
produced in the model. Additionally, the complex AR to the East of the tip of the elephant’s
trunk is also captured, albeit significantly brighter than observations would suggest. Smaller
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Figure 6 Comparison of SOHO/EIT emission observations at 171 Å, 195 Å, and 284 Å for Carrington
rotation 1913 (top) with model results (bottom).

coronal holes, such as the one that arcs North of the AR and over to the East are also repro-
duced, as is the smaller one that runs away from the AR to the Southwest. Perhaps the most
underappreciated match is that the overall brightness of the images, due to emission from
the quiet Sun, compares favorably. The model results tend to be slightly brighter than the
observations, but, overall, the close match suggests that our parameterization of the quiet-
Sun heating is reasonably accurate. In identifying discrepancies, we note that some of the
smaller-scale coronal hole structures in the models do not appear to have counterparts in
the observations. Additionally, and not surprisingly, the model fails to pick up smaller-scale
features such as the small ARs and bright points. It also does not reproduce the ray-like
features emanating from the northern and southern polar coronal holes.

A comparison between simulated EIT images and observations for CR2068, using the
same heating profile as for CR1913, is shown in Figure 7, and similar remarks can be made
about the matches and discrepancies between the two. Unfortunately, no EIT observations at
284 Å were available at this time. One notable mismatch is that the model fails to reproduce
the easternmost of the triplet of ARs. The reason may simply be that the modeled field
strengths there were too low to be “lit up” by the heating function, but may also imply that
our model may not be capturing important structure in the corona, which could, in turn,
propagate out into significant errors in the solar wind.

5.2. In-situ Comparisons

While the emission image comparisons provide important information about the parameter-
ization of the heating model, direct comparisons of model results with in-situ measurements
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Figure 7 Comparison of SOHO/EIT emission observations at 171 Å, 195 Å, and 284 Å for Carrington
rotation 2068 (top) with model results (bottom). Unfortunately, there were no data from EIT at 284 Å at this
time.

provide crucial, but more difficult to interpret, feedback on a variety of model assumptions.
Principally, we believe the modeled structure is most sensitive to the inner radial boundary
condition for the radial component of the magnetic field: Results obtained using magne-
tograms from different observatories can be substantially different (e.g., Riley, 2007a).

In Figure 8 we compare model results (obtained by flying the trajectory of the spacecraft
through the modeling region) with observations made by the two Solar Terrestrial Relations
Observatory (STEREO) spacecraft. We have used our simpler empirically based model (the
results of which are available at http://www.predsci.com/stereo/) to illustrate how “typical”
model solutions compare. Had we wanted to show the most impressive comparisons, we
could have chosen to manually produce the magnetogram, and/or used magnetograms from
more than six solar observatories to produce a solution that best approximates the obser-
vations. There are also several free parameters in the empirically based model used here,
which, if varied, could have improved the comparison. However, our point here is to show
that i) there is a reasonable agreement between the large-scale features in the model and ob-
servations, and ii) there are some noteworthy disagreements. Adjusting inputs and free para-
meters without understanding their role and the systematic effects on the solutions amounts
to little more than “tweaking” and serves no scientific purpose, although it may be a valu-
able exercise in the operational environment. For more examples of comparisons, please
see http://www.predsci.com/stereo/. The main points to note from Figure 8 are as follows:
i) Overall, the model captures the two-stream flow during this time period, matching the min-
imum and maximum velocities. ii) The phasing of the fast streams between the model and
observations may be offset by a day or more from one another. iii) The model fails to cap-
ture the sector structure of the IMF. While the sector boundary on 31 March 2008 matches

http://www.predsci.com/stereo/
http://www.predsci.com/stereo/
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Figure 8 Time series of (top) bulk solar-wind velocity and (bottom) polarity of the radial component of the
IMF. Results from STEREO-B (behind) are shown on the left and from STEREO-A (ahead) are shown on the
right. Model results are colored blue, while measurements are red. The boundary of the Carrington rotation
is marked by the vertical red lines.

well, the model erroneously predicts a return to negative polarity on April 2008, whereas the
measurements show that this return does not occur until 24 March 2008 (since we assume
that longitude [φ] is periodic – the solutions are in steady-state equilibrium – structures are
also periodic in time).

6. Discussion and Future Directions

In this article, we have summarized our efforts to model the global structure of the so-
lar corona and inner heliosphere during WHI. In addition to comparing the results with
remote-sensing observations and in-situ measurements, we have contrasted the structure of
the corona and heliosphere during a period approaching the recent minimum (as captured
by WHI) and the previous minimum (as captured by WSM).

Overall, our modeling results have reproduced the main features of the observations, and
the global picture suggested by the model has been useful in interpreting in-situ measure-
ments. However, there are several significant discrepancies.

First, our in-situ predictions, while often reasonably accurate, are often likely to perform
poorly. We are currently investigating several possible causes for this. It turns out that the
model solutions are extremely sensitive to which solar observatory’s magnetogram we use
to drive the model (Riley et al., 2011). Unfortunately, no single observatory systematically
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performs better than another. Our models also contain a number of “free” parameters, the
effects of which are (to varying degrees) not well known. Additionally, an intrinsic assump-
tion of the models is that the Sun does not vary in time over the course of a solar rotation.
This is clearly not the case, even during solar-minimum conditions. However, the effects of
incorporating time-dependent flux evolution into these models are currently unknown.

Second, although our simulated emission images qualitatively match observations rea-
sonably well, there are noteworthy differences. Our heating model contains a number of
free (that is, not well-constrained) parameters that markedly affect the solutions. However,
constructing a good set is difficult because “tuning” one parameter to affect one region on
the Sun may adversely affect other regions. For example, improving emission in ARs may
negatively affect the plasma properties of the resulting solar wind and/or emission in quiet-
Sun regions.

In spite of these issues, we have seen significant advances in our abilities to model
the corona and inner heliosphere during the nearly dozen years between WSM and WHI.
Over the next decade, we anticipate commensurate advances. For example, the production
of reliable chromospheric magnetograms may replace, or at least complement, the current
use of photospheric magnetograms. Additionally, the incorporation of self-consistent treat-
ments for the heating of the corona and acceleration of the solar wind (Cranmer, 2010;
Rappazzo et al., 2007; Buchlin and Velli, 2007; Verdini and Velli, 2007) should provide
more accurate global solutions, as well as a basic test for the physics underlying these ideas.
Finally, from an observational perspective, studies of STEREO remote-sensing observations
and in-situ measurements are continuing to reveal new insights into the global properties of
the inner heliosphere (e.g., Riley et al., 2010a). The recent launch of the Solar Dynamics Ob-
servatory (SDO) and the high spatial and temporal resolution of the measurements by the
Atmospheric Imaging Assembly (AIA) and the Helioseismic and Magnetic Imager (HMI)
will provide further, vital constraints for global models.
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Lionello, R., Linker, J.A., Mikić, Z.: 2009, Multispectral emission of the Sun during the
first whole Sun month: Magnetohydrodynamic simulations. Astrophys. J. 690, 902 – 912.
doi:10.1088/0004-637X/690/1/902.

Manchester, W.B., Ridley, A.J., Gombosi, T.I., Dezeeuw, D.L.: 2006, Modeling the Sun-to-Earth propagation
of a very fast CME. Adv. Space Res. 38, 253 – 262. doi:10.1016/j.asr.2005.09.044.

McComas, D.J., Ebert, R.W., Elliott, H.A., Goldstein, B.E., Gosling, J.T., Schwadron, N.A., Skoug, R.M.:
2008, Weaker solar wind from the polar coronal holes and the whole Sun. Geophys. Res. Lett. 35, 18103.
doi:10.1029/2008GL034896.
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Riley, P., Lionello, R., Mikić, Z., Linker, J., Clark, E., Lin, J., Ko, Y.K.: 2007, “Bursty” reconnection follow-
ing solar eruptions: MHD simulations and comparison with observations. Astrophys. J. 655, 591 – 597.
doi:10.1086/509913.

Riley, P., Luhmann, J., Opitz, A., Linker, J.A., Mikic, Z.: 2010a, Interpretation of the cross-correlation func-
tion of ACE and STEREO solar wind velocities using a global MHD model. J. Geophys. Res. (Space
Phys.) 115, 11104. doi:10.1029/2010JA015717.

Riley, P., Mikic, Z., Lionello, R., Linker, J.A., Schwadron, N.A., McComas, D.J.: 2010b, On the relationship
between coronal heating, magnetic flux, and the density of the solar wind. J. Geophys. Res. 115, 6104.
doi:10.1029/2009JA015131.

Riley, P., Mikic, Z., Linker, J.A., Harvey, J., Hoeksema, T., Liu, Y., Ulrich, R., Bertello, L.: 2011, A multi-
observatory inter-calibration of line-of-sight diachronic solar magnetograms and implications for the
open flux of the heliosphere. Astrophys. J., submitted.

Roussev, I.I., Gombosi, T.I., Sokolov, I.V., Velli, M., Manchester, W., DeZeeuw, D.L., Liewer, P., Tóth,
G., Luhmann, J.: 2003, A three-dimensional model of the solar wind incorporating solar magnetogram
observations. Astrophys. J. Lett. 595, L57 – L61.

Sarabhai, V.: 1963, Some consequences of nonuniformity of solar wind velocity. J. Geophys. Res. 68, 1555.
Smith, E.J., Balogh, A.: 2008, Decrease in heliospheric magnetic flux in this solar minimum: Recent Ulysses

magnetic field observations. Geophys. Res. Lett. 35, 22103. doi:10.1029/2008GL035345.
Smith, E.J., Wolfe, J.H.: 1976, Observations of interaction regions and corotating shocks between one and

five AU: Pioneers 10 and 11. Geophys. Res. Lett. 3, 137.
Svalgaard, L., Cliver, E.W.: 2007, A floor in the solar wind magnetic field. Astrophys. J. Lett. 661, L203 –

L206. doi:10.1086/518786.
Verdini, A., Velli, M.: 2007, Alfvén waves and turbulence in the solar atmosphere and solar wind. Astrophys.

J. 662, 669 – 676. doi:10.1086/510710.
Wang, Y.M., Sheeley, N.R. Jr.: 1990, Solar wind speed and coronal flux-tube expansion. Astrophys. J. 355,

726.
Wang, Y.M., Sheeley, N.R. Jr., Rich, N.B.: 2007, Coronal pseudostreamers. Astrophys. J. 658, 1340 – 1348.

doi:10.1086/511416.

http://dx.doi.org/10.1086/512975
http://dx.doi.org/10.1086/522001
http://dx.doi.org/10.1016/j.jastp.2006.06.008
http://dx.doi.org/10.1063/1.3395865
http://dx.doi.org/10.1029/2009JA014436
http://dx.doi.org/1010292001JA000299
http://dx.doi.org/10.1086/509913
http://dx.doi.org/10.1029/2010JA015717
http://dx.doi.org/10.1029/2009JA015131
http://dx.doi.org/10.1029/2008GL035345
http://dx.doi.org/10.1086/518786
http://dx.doi.org/10.1086/510710
http://dx.doi.org/10.1086/511416

	Global MHD Modeling of the Solar Corona and Inner Heliosphere for the Whole Heliosphere Interval
	Abstract
	Introduction
	Observations During WHI
	MHD Modeling of the Corona and Inner Heliosphere
	The General MHD Model
	The Heliospheric MHD Model

	Model Results
	Introduction
	Helmet Streamer Structure
	The Heliospheric Current Sheet
	Corotating Interaction Regions

	Comparison with Observations
	Extreme Ultraviolet Comparisons
	In-situ Comparisons

	Discussion and Future Directions
	Acknowledgements
	Open Access
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


