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[1] We employ a turbulence transport theory to explain the
high-latitude radial evolution of cross helicity, or
Alfvénicity, observed by the Ulysses spacecraft. Evolution
is slower than at low latitudes due to weakened shear
driving. Citation: Breech, B., W. H. Matthaeus, J. Minnie,

S. Oughton, S. Parhi, J. W. Bieber, and B. Bavassano (2005),

Radial evolution of cross helicity in high-latitude solar wind,

Geophys. Res. Lett., 32, L06103, doi:10.1029/2004GL022321.

1. Introduction

[2] The inner heliospheric solar wind is populated by
magnetohydrodynamic (MHD) fluctuations that often
exhibit a correlation of velocity and magnetic fluctuations
similar to that of ‘‘outward propagating Alfvén waves.’’
Here we examine the high-latitude radial variation of this
correlation assuming it can be described by a shear-driven
MHD turbulence formulation.
[3] Turbulence effects have been shown to account for

many features of observed spectra of velocity and magnetic
fluctuations from 0.3 AU (Helios apogee) to several AU
[e.g., Tu, 1988]. Models for evolution of large scale fluctu-
ations, which drive the smaller scale cascade, have
accounted well for low-latitude radial evolution of turbu-
lence energy density, correlation scale, and proton temper-
ature, compared with Voyager and Pioneer data to 60 AU or
more [Zank et al., 1996;Matthaeus et al., 1999; Smith et al.,
2001; Isenberg et al., 2003]. A model of this type was
employed recently to describe the low-latitude radial evo-
lution of cross helicity [Matthaeus et al., 2004]. So far,
turbulence transport models have been tested only against
low-latitude solar wind observations. A question that natu-
rally arises—and one that represents a major challenge to
the turbulence theory approach—is whether using similar
parameters the same formalism can explain the very differ-
ent evolution of solar wind fluctuations observed at high
latitudes. In this Letter we address that issue, directly
comparing turbulence transport theory with radial evolution
of cross helicity and proton temperature observed by the
Ulysses spacecraft.
[4] There are several possibilities for the origin of

the ‘‘Alfvénic correlation,’’ i.e., high correlation between

plasma velocity fluctuations and magnetic field fluctuations.
It might originate in the initial state of the solar wind, or it
might be due to the tendency for growth of correlation
known as ‘‘dynamic alignment’’ [Dobrowolny et al., 1980;
Grappin et al., 1982]. In the inner heliosphere at low
latitudes, it is thought that shear [Roberts et al., 1992],
associated with strong stream interactions, drives the turbu-
lence towards lower cross helicity. This effect was quanti-
fied recently using a turbulence transport formalism
[Matthaeus et al., 2004]. High-latitude evolution of cross
helicity has proven to be a matter of some debate. The high-
latitude solar wind plasma remains Alfvénic to larger radial
distance [Goldstein et al., 1995], and there has been
discussion [Bavassano et al., 2000a, 2000b; Grappin,
2002; Malara et al., 2000] concerning the cause of the
observed slow(er) decrease in Alfvénicity. Perhaps cross
helicity evolution might saturate in the region between 2
and 4 AU [Bavassano et al., 2000a, 2000b]. Here we show
that a turbulence transport theory, differing from that
applied at low latitudes in a minimal and reasonable way,
can account also for the radial evolution of cross helicity at
high latitudes, in accord with Ulysses observations. The
slowing of the decrease of cross helicity is attributed to the
weaker shear driving at high latitudes.

2. Background, Model, and Parameters

[5] Several features of MHD turbulence are relevant to
understanding the evolution of solar wind fluctuations.
First, the general scenario of cascade and decay of homo-
geneous MHD turbulence is found to proceed in much the
same way as in hydrodynamics [e.g., Hossain et al., 1995].
Second, MHD cascades can be strongly anisotropic. Spec-
tral transfer is stronger in the directions perpendicular to the
large-scale mean magnetic field, and is weaker in the
parallel direction, leading to relatively stronger cross-field
gradients of magnetic, velocity, and small-scale density
fluctuations [Shebalin et al., 1983]. Third, for the weakly
inhomogeneous solar wind flow, a generalization of WKB
theory [Zhou and Matthaeus, 1990; Marsch and Tu, 1989;
Matthaeus et al., 1994b] describes the transport of ‘‘locally
homogeneous’’ MHD turbulence. Fourth, for low plasma-
frame Mach number the local turbulence can be described
approximately by a nearly incompressible (NI) MHD theory
[Zank and Matthaeus, 1992, 1993] in which the leading-
order nonlinear effects are anisotropic and incompressible.
These factors may be assembled into a quantitative descrip-
tion of turbulence transport and decay that, with some
simplifications, can be applied to the solar wind in relatively
tractable form [Zank et al., 1996; Matthaeus et al., 1999;
Smith et al., 2001; Isenberg et al., 2003].
[6] To complete the picture, we include cross helicity

effects, as well as sources of turbulence energy (driving). In
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the absence of strong large-scale velocity shear, dynamic
alignment [Dobrowolny et al., 1980; Pouquet et al., 1986]
tends to increase the Alfvénicity, in the sense that the cross
helicity Hc =

1
2
hv � bi of the velocity v and magnetic field b

fluctuations decreases more slowly than does the incom-
pressible energy density (per unit mass) E = 1

2
hjvj2 + jbj2i.

(Angle brackets denote an appropriate averaging proce-
dure.) Quantitatively, dynamic alignment is signified
by growth of the normalized cross helicity sc = 2Hc/E =
(Z+

2 � Z�
2 )/(Z+

2 + Z�
2 ). The relationship to propagation effects

becomes clear when one considers the Elsässer variables
z± = v ± b, and their respective ‘‘energies’’ Z±

2 = hjz±j2i.
Shear driving generally supplies equal energy in ‘‘forward’’
(Z+, say) and ‘‘backward’’ (Z�) type fluctuations, which in
linear theory are eigenmodes associated with unidirectional
propagation. Hence shear driving opposes dynamic align-
ment, which on its own would act to increase the Alfvénicity.
[7] Here we will compare the predictions of a four-

equation turbulence model with Ulysses observations of
the radial decrease of normalized cross helicity and temper-
ature. The turbulence model includes equations for turbu-
lence energy Z2 = (Z+

2 + Z�
2 )/2, similarity or correlation

lengthscale l, temperature T, and normalized cross helicity
sc. The equations are steady-state, and employ a uniform
large-scale solar wind speed U and specified radial profiles
for the Alfvén speed and density. Turbulence is considered
to be locally homogeneous and incompressible, following
an MHD adaptation of a Kármán–Taylor phenomenology
[Zank et al., 1996; Matthaeus et al., 1996]. This results in
four equations, one each for turbulence energy,

dZ2

dr
¼ � Z2

r
þ Csh �MsD

r
Z2 þ

_EPI

U
� a
lU

f þ scð ÞZ3; ð1Þ

similarity lengthscale,

dl
dr

¼ MsD � Ĉsh

r
l� b

a
l

_EPI

UZ2
þ b
U
f þ scð ÞZ; ð2Þ

normalized cross helicity,

dsc
dr

¼ af 0 scð Þ Z

Ul
� Csh �MsD

r
þ

_EPI

UZ2

� �
sc; ð3Þ

and proton temperature,

dT

dr
¼ � 4

3

T

r
þ 1

3

mp

kB

a
U
f þ scð Þ Z

3

l
: ð4Þ

The model depends upon various parameters, including
Kármán–Taylor constants, chosen here as a = 2b = 0.8, a
mixing constant M = 1/2, and the normalized energy
difference sD = hjvj2 � jbj2i/2E = �1/3 (assumed constant)
[see, e.g., Matthaeus et al., 1996]. Turbulence is driven by
two effects. First, large-scale shear instability supplies
turbulence energy. This is represented by constants Csh and
Ĉsh that control the shear strength. (Here we take Ĉsh = 0
appropriate to driving at roughly the correlation scale.)
Second, scattering of ionized interstellar neutrals (pickup
ions) supplies energy through wave-particle interactions,
represented here by the term _EPI. The form of pickup ion
driving we employ is the same as by Smith et al. [2001] (for
an updated form, see Isenberg et al. [2003]). Pickup ion
driving of turbulence is important beyond 10 AU and is not

the focus of the present study. Several cross helicity
dependent quantities are also of importance, namely

f � scð Þ ¼
1� s2c
� �1=2

2
1þ scð Þ1=2� 1� scð Þ1=2

h i
; ð5Þ

and

f 0 scð Þ ¼ scf þ scð Þ � f � scð Þ½ 
 � sc � s3c
2

: ð6Þ

[8] The main focus of the present paper is the radial
evolution of normalized cross helicity sc. Using the ap-
proximation given in equation (6), we examine threshold
estimates of the interplanetary conditions needed to account
for the typical observation that sc decreases with increasing
heliocentric distance [Roberts et al., 1987]. Rearranging
equation (3) we find

dsc
dr

� a
2

1� s2c
� � Z

Ul
� Csh �MsD

r
�

_EPI

UZ2

� �
sc: ð7Þ

Thus, sc decays towards zero provided the square-bracketed
term is negative. Consequently the observations require,
approximately, that

Csh �MsD þ r _EPI

UZ2
> a

1� s2c
� �

2

rZ

Ul
: ð8Þ

Note that usually MsD � �1/6 � Csh [Matthaeus et al.,
1994a]. In the middle heliosphere, say 0.3 AU < r < 10 AU,
pickup ion effects are not important, and equation (8)
simplifies to

Csh > a
1� s2c
� �

2

rZ

Ul
: ð9Þ

The fraction rZ/lU, interpretable as the ratio of the
expansion and nonlinear timescales, is often of order unity
in the solar wind. We see that there exists a threshold in
shear strength above which sc decreases with radius.
[9] The shear constant is estimated using DU/Dr = CshU/r

[Zhou and Matthaeus, 1990; Zank et al., 1996]. The
strength of shear driving of turbulence is expected to differ
in low-latitude and high-latitude solar wind. In particular, a
lower value of Csh is expected in the high-latitude fast wind,
due to the absence of large stream interfaces. In the wavy
current sheet region within about 20–25� of the ecliptic
plane, the plasma is stirred by shear at stream interfaces,
where the flow speed changes by DU � 300 km/s over a
distance of Dr � 0.02 AU (a distance corresponding to flow
at speed U for an observed �10–20 hours). Various
heuristic estimates can be constructed for averaging this
(non-space filling) shear effect over a solar rotation, using
the expected number of stream interfaces per rotation at
solar minimum. It transpires that Csh � unity is justifiable
and works well to account for solar wind turbulence
evolution using equations similar to those above; see, for
example, Matthaeus et al. [2004], who used Csh = 1.5.
[10] At high latitudes (>30�) large stream interaction

regions are absent; instead a very stable (solar minimum)
pattern of microstreams is observed [Neugebauer et al.,
1995], with DU � 100 km/sec changes encountered ap-
proximately once per day. While these can be assumed to be
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space-filling, the velocity change is only �1/8 of the faster
U � 770 km/sec wind, and 1 encounter/day corresponds to
a shear layer thickness of about 0.25 AU. This gives a
roughly estimated value of Csh � 1/2 for high latitudes, and
the expectation of a lesser effect of large-scale shear on
turbulence for higher-latitude wind.

3. Ulysses Analysis and Results

[11] The Ulysses mission has explored the solar wind
between 1.5 AU and 4.5 AU, reaching high latitude (>80�)
during two polar passes [McComas et al., 2000]. The persis-
tence of Alfvénic fluctuations in Ulysses data to large radial
distances [Goldstein et al., 1995] is anticipated by the similar
property of low-latitude high-speed intervals [Bavassano et
al., 1982a, 1982b]. At high latitude [Bavassano et al., 2000a,
2000b] cross helicity decreases with radius, but more
slowly [Roberts et al., 1987]. While there has been some
debate [Bavassano et al., 2002; Grappin, 2002] about
possible high-latitude variations, there seems little doubt
that the radial variation of cross helicity differs at high and
low latitudes.

[12] We use data from [Bavassano et al., 2000a, 2000b]
to compare Ulysses cross helicity evolution with solutions
of the transport equations (1)–(4). Figure 1 shows hourly
sc values computed from Ulysses data. There is no attempt
to examine systematic variation with latitude—we plot
values of sc for two ranges of latitude (moderately high
25–55� and very high 55–80�). All points have q > 25�.
[13] We recall the suggestion [Bavassano et al., 2000a,

2000b] that the cross helicity saturates, i.e., approaches a
terminal nonzero value in the high-latitude wind. This
tendency is apparent in Figure 1: Between 1.5 AU and
3 AU there is a downward trend. However there is weaker
downward trend for data beyond 3 AU. Note the substantial
spread in observed values of sc(r) near any r.
[14] Three solutions for sc(r) from the theory, equations

(1)–(4), are compared with the Ulysses data in Figure 1.
The three solutions differ in the imposed inner boundary
values for the turbulence amplitude Z2 and the correlation
scale l. Other model parameters are fixed, and differ from
reasonable low-latitude values in a minimal way. Relative to
low-latitude solutions [Matthaeus et al., 2004] the Figure 1
solutions employ lower Csh, higher solar wind speed, and
lower density [McComas et al., 2000]. The three solutions
show that a moderate (and realistic) variation of inner
boundary values produces theoretical curves that vary in a
way that is comparable to the scatter in the Ulysses data.
[15] A fourth solution is also shown, with identical

parameters, except that sc = 1.0 (maximal value) at the
inner boundary, and Csh was reduced. This solution
represents a pure Alfvénic stream, with higher sc, as
might be inferred from some studies [e.g., Goldstein et
al., 1995].

4. Discussion and Conclusions

[16] These new theoretical solutions for sc(r) account
well for the Ulysses observations, and show a general
decrease with increasing heliocentric distance that is gentler
than that seen in the low-latitude solar wind. A modest
variation of turbulence energy and correlation scale,
imposed at the inner boundary, produces theoretical curves
that span the scatter of the Ulysses data. The radial decrease
of sc(r) in the theoretical solutions has a flatter slope in the
range of distances from one to several AU, consistent
with [Bavassano et al., 2000a, 2000b] a slowing in the
rate of disappearance of Alfvénicity. This is associated
with the weaker shear in the high-latitude solutions (see
equations (7)–(9)), since that decreases the margin by
which decay of cross helicity overcomes the native tendency
of MHD turbulence to amplify cross helicity. There is the
interesting possibility that dynamic alignment (increase in
Alfvénicity) might occur in the outlying regions of the
heliosphere, where (shear) driving may be weaker still.
[17] It is beyond the scope of the present paper to explore

fully the implications of the turbulence solutions at both
high and low latitudes. However we have shown that the
turbulence transport formalism, previously applied only at
lower latitudes in slow solar wind, appears to work equally
well in describing cross helicity decay in the fast Alfvénic
wind. A full comparison with Ulysses data and a detailed
comparison of high- and low-latitude solutions will be
presented in the near future. To corroborate the present

Figure 1. Radial evolution of normalized cross helicitysc at
high latitudes. Observational points from Ulysses data in two
latitude bands (see legend). Three solutions for sc(r) from the
transport equations are shown, for a fixed latitude of 75� and
varying values of turbulence level and correlation scale at the
boundary: Dotted curve: Z2 = 10000 km2 s�2 and l =
0.02 AU; Solid curve: Z2 = 6000 km2 s�2 and l = 0.04 AU;
Dashed curve Z2 = 4500 km2 s�2 and l = 0.07 AU. All other
parameters are fixed. Appropriate to high latitudes
[McComas et al., 2000], we take U = 774 km/s and an
Alfvén speed at 1 AU of 51 km/s. The proton number
density, n = 2.38 cm�3 at 1 AU, varies as 1/r2. The
driving parameters are Csh = 0.5 and MsD = �1/6, with a
standard pickup driving term [Smith et al., 2001]. The
Kármán–Taylor constants are a = 0.8, b = 0.4. Note that
higher Z2 and higher l at the inner boundary produces
more rapid radial decrease of sc. An additional solution
(upper solid line) has similar inner boundary conditions
except that the cross helicity is maximal and shear is
weaker (Z2 = 10000 km2 s�2, l = 0.015 AU, sc = 1.0
and Csh = 0.2.) This may be appropriate to higher
Alfvénicity found in a more pure stream with very low
shear.
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result we show in Figure 2 the solutions for the proton
temperature for the same solutions as in Figure 1, and
compare them with Ulysses temperature observations. One
sees, once again, that the theoretical curves compare well
with the observations, with the three theoretical curves
again spanning a range of values comparable to the scatter
of Ulysses observations at a given heliocentric distance.
Thus, as in the low-latitude case [Smith et al., 2001], the
theory can account simultaneously for the steady radial
dependence of several key turbulence parameters, while
also providing an approach to studying the variability of
solar wind fluctuations.
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tions as asymptotic states of MHD turbulence, Astron. Astrophys., 105, 6.

Hossain, M., P. C. Gray, D. H. Pontius Jr., W. H. Matthaeus, and S. Oughton
(1995), Phenomenology for the decay of energy-containing eddies in
homogeneous MHD turbulence, Phys. Fluids, 7, 2886.

Isenberg, P. A., C. W. Smith, and W. H. Matthaeus (2003), Turbulent
heating of the distant solar wind by interstellar pickup protons, Astrophys.
J., 592, 564.

Malara, F., P. Petkaki, and P. Veltri (2000), Dissipation of Alfvén waves in
force-free magnetic fields: Competition between phase mixing and three-
dimensional effects, Astrophys. J., 533, 523.

Marsch, E., and C.-Y. Tu (1989), Dynamics of correlation functions with
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Figure 2. Radial evolution (in AU) of proton temperature
T(r) from Ulysses observations, compared with the same
four turbulence solutions as shown in Figure 1. For
reference, cooling due to adiabatic expansion is also shown
(straight solid line).
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