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Abstract. In this study we describe a series of MHD simu- tating with the Sun, and they are known as corotating inter-
lations covering the time period from 12 January 1999 to 19action regions (CIRs) (Smith and Wolfe, 1976). When the
September 2001 (Carrington Rotation 1945 to 1980). Thisdifference in speed between the slow and fast streams is suf-
interval coincided with: (1) the Sun’s approach toward so-ficiently large, a pair of shocks may form bounding the CIR
lar maximum; and (2) Ulysses’ second descent to the south{Pizzo, 1985).

ern polar regions, rapid latitude scan, and arrival into the During its initial voyage out of the ecliptic plane, Ulysses
northern polar regions. We focus on the evolution of severalbbserved a systematic orientation of the CIRs it encountered
key parameters during this time, including the photospheric(Gosling et al., 1993, 1995; Riley et al., 1996; Gonzalez-
magnetic field, the computed coronal hole boundaries, the&Esparza and Smith, 1997). These interaction regions were
computed velocity profile near the Sun, and the plasma anébserved from January 1992 to October 1993, correspond-
magnetic field parameters at the location of Ulysses. Theng to the declining phase of solar cycle 22. In the azimuthal
model results provide a global context for interpreting the () plane their outward normals were tilted westward (i.e.
often complex in situ measurements. We also present anto the direction of planetary motion). This was to be ex-
heuristic explanation of stream dynamics to describe thepected, as the interaction regions aligned themselves roughly
morphology of interaction regions at solar maximum and along the direction of the Parker spiral. In the meridional
contrast it with the picture that resulted from Ulysses’ first plane @) their outward normals were tilted toward the helio-
orbit, which occurred during more quiescent solar condi-graphic equator. These results were supported by numerical
tions. The simulation results described here are available aty{HD simulations (Pizzo, 1994) which suggested that these

http://sun.saic.com. orientations were a natural consequence of the tilt of the solar
Key words. Interplanetary physics (Interplanetary magnetic magnetic d.ipole axis relativel to the solar rotgtion axis. This
fields; solar wind plasma; sources of the solar wind) pattern of tilts was once again observed during Ulysses’ so-

called “rapid latitude scan” (Gosling et al., 1995) and, most
recently, as Ulysses descended from the northen polar re-

i gions to the equator (Gosling et al, 1997; Mc Comas et al.,
1 Introduction 1998).

Previous solar wind models have yielded considerable in-
sight into the dynamical processes that shape the structure
tion of temporal variations at the Sun, together with the ro-?f theff;taho;ppere.h The Izrge-scg(;e, It'lmz-?tl?tlgr;qrylstruc-
tation of the Sun, leads to parcels of plasma with different ure ot the heliospnere under an ldealized tited-dipole ge-

ometry has been studied in detail by V. J. Pizzo (e.g. Pizzo,

plasma and magnetic properties becoming radially aligned:; R X .
faster material overtaking slower material leads to a com-lggl’ Pizz0 and Gosling, 1994, and references therein). At

pression front, while slower material being outrun by faster 2" |n.n(t=.:r bm:nda}ry OL?’RS afll flow t;))attternhV\{gs const;gcted
material leads to a rarefaction region, or expansion wave Onsisting of a siow, dense Tiow about a hellomagnetic equa-
(Sarabhai, 1963). When the flow pattern at the Sun does notpr that was tilted by a specified amount relative to the rota-

vary considerably during a solar rotation (such as during SO__t|0nal axis. Similar simulations were used by Pizzo (1994) to

lar minimum), the large-scale compressive structures createlfiterPret Ulysses observations at mid-heliographic latitudes,

by the interaction of these streams are fixed in a frame coro\-’vhere it was found that CIR-associated reverse shocks per-

sist to much higher latitudes than CIR-associated forward
Correspondence td?. Riley (pete.riley@saic.com) shocks. These results suggested that the tilted-dipole geom-

Beyond~10 solar radii Rs), solar material streams away
from the Sun along roughly radial trajectories. A combina-
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etry at the inner boundary strongly drives the position and2 Description of the model

orientation of the CIRs and their associated shocks. In par-

ticular, under moderately low solar activity conditions, CIRs We use a three-dimensional, time-dependent MHD model,
and shock outward normals are tilted toward the equator irdriven by the observed line-of-sight photospheric magnetic
both hemispheres. Thus, in the ecliptic plane a spacecrafii€ld to model the structure of the inner heliospheré&(lto
samples alternating tilts as it passes through a predominantl§ AU). The details of the algorithm have been discussed by
Northern Hemispheric CIR and, subsequently, a predom|M|k| cetal (1999) and Linker et al. (1999) and its extension
nanﬂy Southern Hemispheric CIR. Moreover, the Strongeslfl'om the solar corona to the inner heliosphere is discussed
interactions take place away from the ecliptic plane, at lati-by Riley et al. (2001a,b). Briefly speaking, we separate the

tudes roughly equal to the tilt of the solar dipole relative to region of space from & to 5 AU into two distinct regions:
the rotation axis. the coronal model, which spansk} to 30Rgs and the helio-
Wang and Sheeley (1990) exploited an empirical relation-fs'pherlc model, W.h'Ch spans 33 t(.) 5AU' Such an approach
ship between solar wind speed and coronal flux tube expan'—s b(.)th computatlonally more efficient and produces a more
sion (Levine et al., 1977) to predict solar wind speed at 1 AU realistic hghosphe_nc environment. . e

and beyond. They found that coronal flux tubes that expan The_ heliospheric boundary conditions are specified in the
more slowly correlate with faster asymptotic speed along tha?ollowmg way:

flux tube. Using this relationship, they predicted the types of 1. The radial component of the coronal magnetic field at

wind speed patterns that Ulysses would be expected to see
during its second solar orbit (Wang and Sheeley, 1997). In
particular, they predicted that the ascending phase of the so-

lar cycle would be dominated by recurrent (28—-29 day pe- 2.

riodicity), high-speed streams originating from high-latitude
extensions of polar coronal holes. Approaching solar max-
imum, however, persistent high-speed streams would disap-
pear, only to be replaced by low-speed wind at all latitudes.
Finally, at solar maximum (or, more specifically, at the time
that the polar field reverses), very fast episodic polar jets
would be generated as active region fields migrated toward
the solar poles.

The data utilized in this study derive from the Solar Wind
Observations Over the Poles of the Sun (SWOOPS) ion sen-
sor (Bame et al., 1992) and the magnetic field investigation
(Balogh, 1992) on board the Ulysses spacecraft. The plasma
moments have a typical resolution of 4—8 min while the mag-
netic field measurements have a resolution of 1-2's. All data
presented here, however, have been averaged over 1 hour.

The purpose of this report is twofold. First, we describe a 3.

series of MHD simulations covering approximately 3 years
during the late ascending phase of the solar cycle and through

servations. Second, we present a simple explanation for both
the observed and modeled stream structure at solar maxi-
mum, and contrast it with solar minimum conditions. The

report is structured as follows. In Sect. 2 we describe the
basic features and approximations inherent to the model. In

30Rs is used directly as the inner boundary condition
for B,.

The speed is computed using the coronal magnetic con-
figuration: at 1Rg we set the radial speed to be some
value, vgjow, at the boundary between open and closed
field lines over a width of- 6° (in a direction normal to
the boundary) and smoothly raise it #gst over ~ 3°.

We then map this speed profile outward along the open
field lines to 30Rg. Although this may appear some-
what ad hoc, it is based on the commonly held view that
fast wind emanates from within coronal holes and slow
wind is associated with the boundary between open and
closed fields, as would be the case if closed field lines
were sporadically opened, through magnetic reconnec-
tion. Such an approach is required because the poly-
tropic approximation used in the coronal solution does
not yield sufficiently large variations between the slow
and fast wind.

We assume a momentum flux balance at the inner
boundary, which specifies the plasma density.

. . Lo 4. We assume thermal pressure balance, yielding the
solar maximum and use them to interpret Ulysses in situ ob-

plasma temperature. Comparisons with in situ observa-
tions suggest that this approach is capable of capturing
the essential features of the large-scale structure of the
inner heliosphere for a variety of solar conditions (Riley
etal., 2001a,b).

Sect. 3 was discuss the properties and evolution of the so- Riley et al. (2001a) have discussed the approximations of
lar wind as seen by Ulysses during the time period from 12this model in detail. Here we make a few brief remarks. First,
January 1999 to 19 September 2001. In Sect. 4 we describ&e neglect the effect of pickup ions, which are thought to
the global evolution of the inner heliosphere as inferred fromdominate the internal energy of the solar wind beyond 6—
the MHD simulations for the same time period. We explore 10 AU (Axford, 1973). Thus, we limit our modeling region
two specific intervals in more detail in Sect. 5 to highlight the to ~5 AU. Second, we neglect the effects of differential rota-
differences in stream structure between solar minimum andion, which may play a role in connecting high-latitude field
maximum. Finally, in Sect. 6 we summarize the main pointslines near the Sun with lower-latitude interaction regions
of the study, address some of the limitations and sources ofmuch further away (Fisk, 1996). Third, although our MHD
errors in the simulations, and discuss possible areas for futureodel is time-dependent, we assume that the flow at the in-
studies. ner boundary is time-stationary. Thus, the flow at the inner
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boundary rotates rigidly with a period of 25.38 days and spa- 1000 F E
tial variations are responsible for the generation of dynamic @ 8% _ | LS
phenomena in the solution. Consequently, our results do not £ Zgg DAl i LU A {IE
include transient phenomena, such as coronal mass ejections. » 200: ! BARRAMIAL g

Finally, the grid resolution necessary to model a region of 0
space spanning 5 AU in radius precludes us from accurately -

modeling shock waves. ME 12883

Since the model, as implemented here, is driven by synop-é 10.04
tic maps of the line-of-sight photospheric magnetic field ob- ., 1.0 FHHHN S L RUALR il
served at the Kitt Peak observatory, each solution describes,, 0.1L 3

an “average” picture for that Carrington rotation. And, while
the solution does not contain any transient phenomena, it can
be interpreted as the “underlying” solution, assuming that the
magnetic configuration responsible for the transient event re-
turned to its initial state after eruption. In spite of these limi-
tations, even under solar maximum conditions, this approach
can produce results that compare favorably with in situ ob-
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o

servations (Riley et al., 2002). _§
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By early 1999, the Ulysses spacecraft had already begun its Corrington Rotation

second excursion from the ecliptic plane toward the sourth-

ern polar regions of the Sun. Moving in from 5.19 AU and Fig. 1 Ulysses measurements (1-h gverages) of solar wind_speed,
—19.6° heliographic latitude on 12 January 1999, UlySSGSd_enSI,ty’ and temperature,@ogethe.rwnh the spacecraft’s location (ra-
reached a peak southern latitude-e80.2° on 23 Novem- dial distance: red, and heliographic latitude: blue) from 12 January
ber 2000 (day 328) and then swung rapidly from the south-1999 to 19 September 2001.

ern polar regions to the northern polar regions, crossing the

equator on 17 May 2001 (day 137) at a distance of 1.34 AU ) . ) )

and reaching a peak northern latitude80.2° on 11 Oc- 4 Evolution of the solar wind approaching solar maxi-
tober 2001 (day 284). In this study, we focus on CR1945- ~ Mum

CR1980, corresponding to the time period 12 January 1999

to 19 September 2001. Figure 1 summarizes Ulysses’ tralhe inputs used to construct the model solutions for CR1945
jectory during this time period (bottom panel), together with to CR1980 are shown in Fig. 2, where Carrington longi-
speed, proton number density,( scaled by-? to accountfor ~ tude (0—36C) runs along the x-axis and heliographic lati-
the spherical expansion of the solar wind) and proton tempertude (~90° to +-90°) runs along the-axis. These were de-
ature (7, scaled by to account for the near-adiabatic expan- fived from Kitt Peak measurements of the line-of-sight pho-
sion of the solar wind). We see that the majority of solar wind tospheric magnetic field, and have undergone significant pro-
intercepted by Ulysses was relatively slow and variable. Incessing to provide more appropriate boundary conditions for
fact, in 1999 and 2000, the wind only exceeded 600kt s the simulations. Since these inputs are the principal driver
a few times. By the time Ulysses had reachegD® N heli- of the model, it is worth discussing this method in some de-
olatitude, substantial intervals of high-speed wind were oncdail. First, accurate measurements of the polar fields (say
again observed (McComas et al., 2002b). A clear transitiondbove+70°) are difficult because of line-of-sight projection
occurred in August 2001, however, when the spacecraft beeffects. Thus, rather than use unreliable data, measurements
came immersed in high-speed, tenuous, and quescient sol#fithin 20° of each pole were replaced by values extrapolated
wind, similar to what was observed over both poles duringfrom a two-term Taylor series fit of the axisymmetric compo-
its first orbit. At this point, Ulysses had crossed the solarnent of the observed field betweerflahd 28 of the poles.
pole and was back at60° N heliolatitude. Also of note is Second, any small residual monopolar component to the field
that the slowest density and coldest flow occurred during latevas subtracted out. Third, the data were interpolated to the
2000 and early 2001 when the average speed remained leggsolution used in the simulation, while preserving the mag-
than 400 km . The structure of the solar wind, as inferred netic flux in the interpolation. Fourth, a longitudinal filter of
from these plasma measurements, has been discussed in dbe form e~ OTm/mma0® wag applied, where:max specifies

tail by McComas et al. (2000, 2002a,b); McComas (2002). the mode that is attenuated to 95% of its original amplitude,
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Fig. 2. Radial magnetic field at the photosphere for CR1945 to CR1980, derived from Kitt Peak synoptic maps.

and modes withn smaller thannmax are not attenuated ap- are outward in the Southern Hemisphere and inward in the
preciably. For these simulationgsmax = 9 was chosen. The Northern Hemisphere. The mid-point likely occurred be-
resulting values provide the radial component of the magtween CR1969 and CR1973, or 27 October 2000-13 March
netic field at our inner boundang,o. We caution that a 2001 (inferred by saturating the colors in Fig. 2).
comparison of these results with the original Kitt Peak mag- The specification of the remaining boundary conditions, as
netograms reveal some significant differences (Linker et al.well as the initial condition for the magnetofluid variables,
1999). In particular, the small-scale “peppered” appearancéias been described by Linker et al. (1999) and are not re-
is replaced with large-scale bipole regions, preferentially sepeated here. Given this initial state and boundary conditions
lected by the particular value @imax chosen. On the other the MHD equations are then integrated forward in time until
hand, the large-scale structure of the data is well preserved.a steady state equilibrium is achieved. This procedure was
Scanning the panels in Fig. 2, we note that, in generalrepeated for each Carrington rotation until a database of 36
there is significant evolution from one rotation to the next. coronal solutions was obtained.
However, many features persist for several rotations. The These solutions allow us to compute coronal hole bound-
most striking trend, however, is the reversal of the polar fieldsaries, i.e. the boundary between open and closed magnetic
during this time span. Initially, the polar fields are outward field lines, by tracing along magnetic field lines and deter-
(red) in the Northern Hemisphere and inward (blue) in themining whether they are open (i.e. extend out through the
Southern Hemisphere. By the end of the time period theyouter boundary of the coronal solution) or are closed (i.e. re-
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Fig. 3. Computed coronal hole boundaries for CR1945 to CR1980. Green indicates regions of closed magnetic fields and white indicates
regions of open magnetic fields (i.e. coronal holes).

turn back to the surface of the Sun). We emphasize that thesgince our accuracy there is the poorest. A fairly substantial
computed boundaries are not necessarily the same as coronabrthern coronal hole was present in rotations 1969-1971,
hole boundaries computed from Kitt Peak He | 1083 nm ob-and there is an indication that polar coronal holes are again
servations. In fact, they are typically a superset. This mayreturning toward the end of the time period. The overwhelm-
signify an error in the modeling, or may suggest that the ob-ing feature of these maps, however, is how small the fraction
servations do not always identify the boundaries well. Weof the solar surface is that is covered by coronal holes. Typi-
should also mention that there is an implicit, although rea-cally, they account for only-6%. Comparison of Fig. 3 with
sonable assumption that coronal holes are in fact defined b¥ig. 2 highlights the importance of MHD (or potential field
open field lines. source surface) models in revealing the magnetic field struc-

In Fig. 3 we summarize the computed coronal hole boundlure of the corona. It would be_difficult,_ if not impossible,
aries. The large-scale polar coronal holes that were consid® |_nfer the topology of magnetic field lines and/or th_e Ip—
tently present during Ulysses’ first orbit are gone, replacedcatlon or corgnal holes b_ased only on the photqsph(_erlc field
instead by smaller coronal holes located at essentially alll heflata. A detailed comparison of 'these result; with Kitt Pegk
liographic latitudes. Initially, a small southern coronal hole is He 11083 nm observations, while clearly of importance, is
present for 4 rotations or so. We should be cautious, howevell,)eyond the scope of the present study.
about over-interpreting results at the highest heliolatitudes, As discussed above, and in more detail by Riley et al.
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Fig. 4. Computed radial velocities for CR1945 to CR1980. The solid line in each panel indicates Ulysses’ mapped trajectory along this
spherical shell.

(20014a,b), the coronal solutions are used to calculate thsuper-radial expansion has occurred and the flow is essen-
boundary conditions for the heliospheric portion of the modeltially radial, yet no stream dynamics have taken place to any
at 30Rs. The radial component of the magnetic field is usedsignificant extent, complicating the flow pattern. Thus, we
directly, while the velocity, density, and temperature are cal-have the potential to resolve such questions as to whether the
culated in a somewhat more ad hoc way. The computegresence of an intermediate-speed stream (say, 600Kkm's
speeds at 3@g are shown in Fig. 4. Ulysses’ trajectory has was the result of the spacecraft grazing the edge of a substan-
also been projected back to the Sun for each Carrington rotial coronal hole, or intercepting a smaller high-speed stream
tation and is displayed as a white line. Time runs in the op-that has decelerated, via the interaction with slow solar wind
posite sense to longitude, and so it increases from right taluring its passage to the spacecraft (stream attenuation). We
left. are currently studying these simulations in greater detail to
. . ] assess how well the computed stream structure matches ob-

The flow speed of the solar wind at B¢ is not typically  geryations at Ulysses, WIND, and ACE. Previously (Riley
considered to be a fundamental parameter, since measurg; 5| 2001a,b), we have shown that they can reproduce the
ments in this region are difficult to make and hence sparsegggential stream structure patterns, particularly at solar mini-

Nevertheless, they are an excellent tool for interpreting the,,m. We realize. however. that at solar maximum temporal
global context of in situ measurements. At this distance, all
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variations at the Sun will undoubtedly lead to streams that
cannot be modeled with our synoptic solutions and we do
not expect to match the observations all of the time.

There is a clear evolutionary trend to the stream structure
shown in Fig. 4. Initially, a pair of high speed streams em-
anate from both poles. By CR1952 the northern high-speed
stream has disappeared and by CR1959, the southern high
speed stream is gone. Ulysses at this time was traveling from
low latitudes toward the southern polar regions, and, as can_
be seen in Fig. 4, chased the receding coronal hole with-.§
out ever becoming immersed within in. Between CR1959 §
and CR1968 only smaller high-speed streams were presentg
Ulysses intercepted them, but by the time they had pushedx
their way out to the location of the spacecraft, they were re- ©
duced to a speed of less than 600 krh.sDuring rotations
CR1969 — CR1972 afairly substantial high-speed streamwas  , ;¢
present over the northern polar region, but Ulysses, stillbeing ~ 440F
in the Southern Hemisphere, had no direct knowledge of it. :
However, by the time Ulysses had reached equatorial regions
during its rapid latitude scan, both the northern and south- 380 F
ern regions were developing polar coronal holes and hence § 3¢0F ]
high-speed flow. Ulysses intercepted the southernedge of 3406 ..., 04 viveec i ieen i d
the northern polar stream in CR1978, and became completely 1945 1950 1955 1960 1965 1970 1975 1980
immersed in it the following rotation. Corrington Rototion

Although we have emphasized the high-speed streams N B R E P
in our discussion, we could have equally well described 1999.5  2000.0  2000.5 2001.0  2001.5
Ulysses’ journey relative to the slower, more variable wind. Time (years)

5::??1 ea“Iielt\/(\e/dr_%tiz'i;(I)g’s,pi'Scl:S:‘eazsc Eul;;e?s'?el?jd bc):/Rtﬁ?%e\ngig. 5. Evolution of the average magnitude 8f at the photo-

. . . sphere, the fractional area covered by coronal holes, and the average
!zed streams modeled by P!zzo (1_994),. where thg slow WinQ gial speed at 3R from CR1945 to CR1980.

is confined to a constant-width, sinusoidally-varying profile

with respect to longitude. More often, we see the solar-

maximum picture of isolated high-speed streams, with slowemental area with increasing distance away from the equa-
flow everywhere else. In addition, even when the polar coro+oy. There is a trend to higher values from CR1952 onward,
nal holes have returned, the structure of the slow-flow bandyith the percentage of the solar surface covered by coronal
is significantly different from the “tilted-dipole” picture. In  poles rising from 2% to a maximum of 12.5%. Similarly,
particular, the band does not have a constant width. Morgp the bottom panel, the average value of the computed ra-
often it resembles a set of sausage links, and rather than hayig) velocity (itself dependent on the amount of open mag-
ing a sinusoidal variation, it is flat, with localized warps. netic field) shows a general increase during later Carring-
These differences are likely due to the contribution of theion rotations. The minimum average speed-@0kms!
quadrupole and octupole components to the magnetic field. gecurred during CR1967 and the maximum average speed
As with the comparison of Figs. 2 and 3, there is not a cleargf ~455km s occurred during CR1977 and CR1979. It
correspondence between patterns in the coronal holes (Fig. 3 interesting to note that the time interval corresponding
_and t_he inferred radial speed _(F|g. 4). In. most cases we cafy the lowest average speed (CR1967: 3 September 2000—
identify the coronal hole that is responsible for a particular 3 September 2000) corresponds to the period when Ulysses

high-speed stream, yet the morphology of the streams is Noieasured its lowerest speeds (see Fig. 1).
predictable from the coronal hole structure, because it derives

from the full structure of the coronal magnetic field.

The evolution of the average properties of the parameters Comparison of heliospheric structure at solar mini-
shown in Figs. 2—4 are shown in Fig. 5. In the top panel, the  mum and maximum
average value of the absolute valueByfis shown. And, al-
though it does not show any obvious trend with solar cycle,Previously we have discussed the evolution of solar wind
there is significant variation during the 36 Carrington rota- stream structure during the declining phase of the solar cy-
tions; from a minimum of 2.4 to a maximum of 4, a change cle (Riley et al., 2001a). Here, we focus on contrasting the
of ~67%. The middle panel shows the fractional area cov-difference between solar minimum and solar maximum con-
ered by coronal holes, obtained by integrating over the soladitions. The radial velocity is the primary driver of dynamic
surface, and accounting for the datitude decrease in el- evolution, and as we have seen, the main change that occurs

<|Br|>
O H N W xu
<fé§;

S

r> (km/s
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S Rotation axis Rotation axis
Magnetic axis
Compression Compression
Slow
Rarefaction Rarefaction
i Rotation axis Fig. 7. Schematic of formation and orientation of streams at solar

View from Magnetic axis maximum.

opposite side

of Sun

rarefaction region, as fast flow now outruns slower flow to
the east. Finally, if we look at the opposite side of the Sun,
the processes are reversed with a rarefaction region being set
up in the Northern Hemisphere and a compression region in
the Southern Hemisphere. We can extend the argument to
account for more complex shapes of the slow-flow band. In
particular, if it is warped or contains more than a single si-
nusoidal variation with respect to heliographic latitude, the
resulting patterns will be richer. Nevertheless, given the flow
speed at some inner radial boundary, such aBg3@ is rel-

atively straightforward to infer the resulting dynamical pat-
Fig. 6. Schematic of formation and orientation of streams at solartem_

minimum. .
At solar maximum, as we have seen, our boundary con-

ditions have much less organization. The simplest case to

consider is that of a single equatorial coronal hole giving rise

during the approach to solar maximum is the loss of a simpleg an isolated high-speed flow that is confined both in latitude
band of slow solar wind organized about the heliomagneticang jongitude. Such a configuration is summarized in Fig. 7.
equator, with high-speed wind bounding it on either side atapplying the same arguments as before, we deduce that slow
higher latitudes. Near solar maximum, the flow conditions fiow to the west of the equatorial coronal hole is caught by
can better be described by slow, and more variable wind esthe fast wind, and compressed. East of the coronal hole, the
sentially everywhere, with pockets of high-speed flow. This gjow flow is outrun by the fast wind generating a rarefaction
fa.St W|nd iS |Oca|ized bOth in Iatitude and |Ongitude. region_ The resumng structures are Sideways “\/”? Shapes_

Figure 6 is an extension of a schematic presented by In Fig. 8 we compare simulation results from two extremes
Gosling et al. (1993) and illustrates how compression region®f the solar cycle. In the top row we summarize conditions
and rarefaction regions are generated during the decliningypical of solar minimum (CR1913) at 4.35 AU (correspond-
phase of the solar cycle. Consider the simple “declining-ing to the heliocentric distance of Ulysses at this time). The
phase” picture that we have alluded to several times of a banganels show solar wind speed, density (logarithmic), and
of slow solar wind about the heliomagnetic equator, which ismagnetic field magnitude. Note how the slow wind is con-
tited by some amount relative to the rotation axis. A par- fined to a band about the equator, with the polar regions con-
cel of plasma launched from the northern edge of the slowsisting entirely of fast wind. For purely radial flow then,
flow band will eventually be caught by faster plasma to thecompression regions arise where fast flow to the east (left)
east (left) of it, as the Sun rotates underneath and replacesvertakes slower flow to the west (right). In contrast, rar-
the plasma source under that particular radial trace. The netfaction regions occur when slower to the east (left) is out-
effect is that, far from the Sun, a compression region buildsyun by faster flow to the west (right). Another way to look
up organized about this region. When mapped back to that this is to consider the Sun rotating underneath a spacecraft
solar surface, the compression region would be located athat is fixed in an inertial reference frame. The flow pattern
shown in Fig. 6 (top). On the other hand, in the Southernrotates such that along a single radial trace plasma is succes-
Hemisphere, a similar argument leads to the formation of asively launched from points at earlier and earlier longitudes.
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Fig. 8. Comparison of solar wind structure at solar minimum (CR1913) and maximum (CR1961). The heliocentric distance of these slices
are 4.35AU and 4.26 AU, respectively, corresponding to the location of the Ulysses spacecraft at these times. The columns show speed
density, and magnetic field magnitude. The solid white line in each panel denotes the location of the heliospheric current sheet.

A similar argument holds for rarefaction regions. The re- netic field, together with the HCS, during this time period
sultant pattern in the density (and magnetic field strength tawill be the topic of a future study. Nevertheless, the compar-
a lesser extent) appears as a set of spurs off the slow-flowson again serves to highlight the differences between condi-
band. tions near solar minimum, where essentially all the “action”
In contrast, the bottom panels (at 4.26 AU) illustrate con-is confined to a band about the equator, and solar maximum,
ditions at the peak of the solar cycle. Now the picture is where the plasma and magnetic structures span essentially all
one of isolated “beams” of solar wind punching through the latitudes.
slower, more prevalent wind. Where the beam catches slower
wind ahead, compression regions form. At the trailing edges
of the high-speed streams, rarefactions form. Their limitedé Summary and discussion
latitudinal and longitudinal extent, however, now gives rise
to “V"-shaped interaction regions. Focusing on the lower- |n this report we have used 3-D MHD simulations to model
middle panel, we can identify 3 such profiles. Comparisonthe detailed evolution of the large-scale structure of the inner
with the radial velocity, shown in the lower-left panel, indi- heliosphere during solar active conditions. In particular, we
cates that the sources are beams of high-speed wind plowhave used the simulations to describe the global evolution of
ing into slower wind ahead, generating a pressure wave anthe inner heliosphere during Ulysses’ second orbit descent
compressing the plasma. Behind each “V’-compression is ao the southern polar regions, rapid latitude scan, and arrival
larger expansion wave (or rarefaction region), trailing moreinto the northern polar regions. We found that the model
than~18C in longitude in some cases. Thus, although thereproduced the large-scale properties of the solar wind ob-
high-speed streams are of limited latitudinal and longitudinalserved by Ulysses, although a detailed analysis of specific
extent at the Sun, the rarefaction regions generated by thenmtervals is necessary to quantify how well the details of the
can span large regions of space. stream structure are reproduced on the time scale of a single
Superimposed in each panel is the location of the helio-rotation. Preliminary analysis suggests that the model often
spheric current sheet (HCS). The evolution of the HCS overproduces relatively good matches, however, there are often
the course of a solar cycle has been discussed by Riley et aintervals with poor correlation. Whether this is due to ap-
(2002) and the detailed evolution of the interplanetary mag-proximations in the model, or due to the presence of CMEs
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and other transient phenomena that are not included in théern, the phase of the polarity changes matched well. Without
model remains to be seen. the simulations, the Ulysses observations might have been

There are several potentially significant sources of errorinterpreted as a dipole-like field, as would have been seen
in the model that can lead to inaccuracies in the solution.during the late-declining phase of the solar cycle. It is also
First and foremost, our resolution is limited to a few de- worth noting that this period does not coincide with the in-
grees in latitude and longitude. While the coronal mod- ferred magnetic field reversal, which occurred some 10 Car-
els employ a non-uniform grid with spacing ranging from rington rotations later.
0.018R;s to 3.1 R, the heliospheric models use a uniform  The simulation results described in this study are available
spacing of 15Rgs. As such, our heliospheric solutions can- online at http://sun.saic.com. In addition to the parameters
not resolve shocks, which, because of numerical diffusiondiscussed here, we also provide some basic plotting tools to
remain steepened waves. Second, our results represent aveiew all plasma and magnetic field parameters. Simulation
ages over a Carrington rotation. The photospheric magneticlata are also available, including simple routines to import
field data used to drive the model was obtained over a pethe data into IDL. A movie showing the evolution of several
riod of '~26 days from observations centered on the subsoof the key parameters discussed here can also be downloaded
lar point. Thus model results at longitudes significantly dif- and played on an AVI or Quicktime compatible media player.
ferent from Earth’s position must be carefully considered if We plan to expand this database in both directions, covering
significant evolution on the time scale of a solar rotation oc-both the early Ulysses mission, as well as the most recent
curred. Ulysses observations, in particular, suffer from suchCarrington rotations. Ultimately, we hope that these simu-
an affect. Since it remains in essentially an inertial referencdations will develop into an operational tool, capable of pre-
frame, it intercepts the Earth’s longitude once per year, straydicting ambient solar wind conditions at Earth (and beyond)
ing up to 180 during the intervening times. At worst, then, with up to 4 days advanced warning.
the measurements made at Ulysses were produced by plasma
launched from the opposite side of the Sun from the Earth Acknowledgementsie gratefully acknowledge the support of the
and thus, never directly visible from ground-based or near-National Aeronautics and Space Administration (Sun-Earth Con-
Earth observatories. Third, we do not account for transientiections Guest Investigator Program, Sun-Earth Connections The-
activity, and, in particular, coronal mass ejections. CMEs un-°Ty Program, and Supporting Research and Technology Program)
doubtedly perturb the ambient solar wind significantly, andm undertaking thI.S study. We also thank National Sugnpe Founda-
we must therefore be careful when interpreting the observaig’t?oz;ltk;i SaonrtDlego Supercomputer Center for providing compu-
tions th{:lt ”F’”e were obviously present.. Fourth, our r_nethO(} TopicaIpIFE)dité)r R. Forsyth thanks A. Gonzalez-Esparza and G.
of solution is not cgmpletely self—conIS|s.tent. In parﬂgular, Erdos for their help in evaluating this paper.
we use the expansion of the magnetic field to prescribe the
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