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Abstract We discuss the current theoretical understanding of the large scale flows observed
in the solar convection zone, namely the differential rotation and meridional circulation.
Based on multi-D numerical simulations we describe which physical processes are at the
origin of these large scale flows, how they are maintained and what sets their unique pro-
files. We also discuss how dynamo generated magnetic field may influence such a delicate
dynamical balance and lead to a temporal modulation of the amplitude and profiles of the
solar large scale flows.
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1 Introduction

Understanding the origin of large scale flows (differential rotation and meridional flow) is
crucial for a comprehensive understanding of the solar dynamo. While differential rotation is
the dominant process for producing toroidal field and therefore the primary energy supplier
in an αΩ-dynamo, the meridional flow is a transport process for poloidal and toroidal fields.
The latter is of particular interest for flux-transport dynamo models, in which the butterfly
diagram is the result of an equatorward directed flow at the base of the convection zone
advecting magnetic field. While the differential rotation profile is known in great detail from
helioseismology (Thompson et al. 2003, see also Meunier and Zhao, these proceedings), the
meridional flow is only directly accessible from observations in upper most layers of the
solar convection zone; the structure of this flow in the deeper layers of the convection zone
is currently only constrained through extrapolations based on continuity and models of large
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scale flows. The magnetic field produced by the dynamo is acting back on large scale flows
via Maxwell stresses, leading to changes of the mean as well as cyclic variations, which are
known in the case of the differential rotation as torsional oscillations.

Due to the vast range of length and time scales encountered in the highly stratified con-
vection zone and tachocline beneath, a direct numerical simulation of the solar convection
zone poses a significant numerical challenge. As a result large scale flows in the convection
zone of the Sun and solar like stars have been modelled using two different but complemen-
tary approaches: mean field models that focus on the large scale and rely on parametrisation
of turbulent transport processes and 3-D MHD simulations that resolve self consistently the
turbulent transport processes, but are restricted in the degree of turbulence they can reach.
Despite these differences both approaches have equally contributed to our current under-
standing of large scale flows in the solar convection zone. In this article we want to point
out the common denominator between mean field approaches and 3-D simulations, discuss
their restrictions and point out aspects in which they differ.

2 Modelling Approach

2.1 2-D Axisymmetric Mean Field Models

The mean field approach is based on a decomposition of properties into their large scale
mean values (e.g. differential rotation, meridional flow, large scale magnetic field) and small
scale fluctuating parts, typically associated with unresolved turbulence. Non-linear terms in
the momentum, energy and induction equations lead to non-vanishing second order corre-
lation terms of small scale quantities that act as drivers for large scale flows or as turbulent
induction effects for the large scale magnetic field. The decomposition into large and small
scale properties and the arising correlation terms driving large scale flows are the strength
and the weakness of this approach at the same time. On the one hand the computational
expense is decreased by orders of magnitude allowing for simulations covering long time
scales as well as exploring wide parameter ranges, on the other hand the results are heav-
ily dependent on parametrisation of the second order correlation terms. A key ingredient
for mean field differential rotation models is the parametrisation of the non-diffusive tur-
bulent angular momentum transport. Expressions for these transport terms were derived by
Durney and Spruit (1979), Hathaway (1984) and more recently by Kitchatinov and Rüdiger
(1993) using a quasi-linear approach (see also Kitchatinov and Rüdiger 2005 for an im-
proved representation). Comparisons between mean field parametrisation and local numeri-
cal simulations (f-plane approximation) lead in general to a qualitative agreement (Rüdiger
et al. 2005b); however, larger differences are found when compared to results from global
simulations of the entire convection zone. The latter results primarily from the fact that a
significant fraction of energy and angular momentum is transported by large scale coherent
structures ‘banana cells’ (see also Sect. 3) that are very difficult to capture in mean field
approaches as well as local 3-D simulations. For a comprehensive description of mean field
theory we refer to Rüdiger and Hollerbach (2004).

2.2 3-D Global MHD Simulations

Contrary to the mean field approach described briefly above, three dimensional numeri-
cal simulations of the solar convection and its associated mean flows do not assume scale
separation and the MHD equations, i.e., Navier-Stokes, energy, mass conservation and the
magnetic induction equations are solved self-consistently, non linearly and coupled. Solar
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convection can be studied either in Cartesian or in spherical geometry. Both approaches have
their advantages (high turbulence level or global geometry) and disadvantages (local geom-
etry or lower degree of turbulence). Understanding the origin of large scale flows in the solar
convection, implies that a global approach must be employed. We will thus describe in the
sections below scientific results obtained with a 3-D MHD spherical code, i.e. the Anelastic
Spherical Harmonic (ASH) code. ASH solves the three-dimensional anelastic MHD equa-
tions of motion in a rotating frame using a pseudo spectral approach (Clune et al. 1999;
Miesch et al. 2000; Brun et al. 2004). The anelastic approximation is assumed in order to
retain compressibility effects (important in the solar convective envelope) without having
to follow the sound waves generated by convective motions. The resulting equations are
fully nonlinear in velocity variables and linearised in thermodynamic variables with respect
to a spherically symmetric mean state. However given the very high degree of turbulence
characterising the solar outer layers, with a Reynolds number Re = V L/ν ∼ 1012 or greater
(with V and L being representative velocity and length of the system and ν the kinematic
viscosity), it is currently not possible to model in 3-D the whole range of dynamical scales
present in stars even with the most powerful parallel supercomputers and some simplifying
assumptions must be considered. The ASH code thus relies for describing the large scale
nonlinear dynamics occurring in the Sun on the so-called large eddy simulation/sub grid
scale (LES-SGS) approach (Lesieur 1997). As a result ASH uses effective diffusivities for
momentum, heat and magnetic field rather than their microscopic values and models mainly
large scale convection (down to supergranules for today’s most resolved runs) and mean
flows. Of course more refined the model will be, better the nonlinear effects and the turbu-
lence will be described resulting in more realistic simulations. As of today ASH has been
able to attain the equivalent of a resolution of ∼15003 grid points (Miesch et al. 2008) and
one can expect that in the near future global simulations on petaflop supercomputers will
reach a resolution of 10 0003, which will enable the modelling of granular size convection
patterns (∼1000 km) on the sphere thus getting closer and closer to reality.

3 Solar Convection

Convection plays a central role for the dynamical behaviour and the evolution of our star.
Simply put convection is the process transporting energy via bulk motions: a parcel of fluid
(eddy) that is locally hot rises toward the surface because it is lighter than the surround-
ing media,and it cools by releasing its heat content through radiation and sinks because it
became locally heavier. By reaching the bottom it is heated again, rises, and so on and so
forth. This continuous process tends to reduce the temperature gradient (homogenise the
temperature throughout the layer). In the case of our star it transports outward the heat gen-
erated deep inside its nuclear core when radiation due to a too large opacity fails at doing
so (this occurs around 71% of the solar radius). In the case of heavily stratified convective
layer such as in the solar envelope the entropy gradient is the key quantity used to charac-
terise convective motions. When convection is very efficient, the stratification is very close
to adiabatic. This is indeed the case deep inside the Sun but clearly not so near its surface.
Convective motions are triggered near the system boundaries in so called thermal (cold or
warm) boundary layers from which plumes or intense vorticity tubes detach and reach the
opposite boundary (Castaing et al. 1989). In the Sun the large stratification leads to an asym-
metry between fast cold concentrated plumes and slow warm broad upflows (see below and
Fig. 1). A key parameter to characterise convection is the Rayleigh number Ra, e.g. the ratio
between the physical process at the origin of the bulk motion (here the Archimedes’ force)
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Fig. 1 Energy flux balance
realised in a simulation of solar
turbulent convection (Miesch et
al. 2008). Shown are respectively
the enthalpy flux (dash-three
dots), radiation flux (dash),
kinetic energy flux (dash dot),
sub grid scale flux (dot), and total
flux (solid) converted to
luminosity and normalised to the
solar luminosity

and the processes opposing these motions, i.e. the heat diffusivity and viscous stresses. If
Ra is less than a given critical value (typical values in laboratory experiments are around
1000), then the amount of energy transmitted to the system is not large enough to trigger the
convection instability and the fluid remains at rest. On the contrary above this threshold, con-
vection sets in. Thus the a priori knowledge of the Rayleigh number of a system is sufficient
to characterise its convection state (i.e. stable or unstable). In the Sun this number is huge
Ra ∼ 1012, about 9 orders of magnitude above the threshold found in laboratory experiments
and confirmed by linear analysis (Chandrasekhar 1961) and it is thus clearly expected that
the Sun is in a state of turbulent convection resulting in peculiar heat transport. This highly
turbulent state is difficult to study analytically or through linear perturbation analysis. Fur-
ther the Sun rotates and it is magnetised and this further complicates the study of the solar
convection zone. One must thus rely on nonlinear multi-D numerical simulations in order to
gain new insights on such a complex magnetohydrodynamical system.

To illustrate the recent progresses made with 3-D global solar models, we display in
Fig. 1 the energy fluxes and in Fig. 2 the convection patterns realised in a simulation of
turbulent convection in a spherical shell representative of the bulk of the solar convection
zone (see Brun and Toomre 2002; Miesch et al. 2000, 2008 for more details). Figure 1
shows the energy fluxes converted to luminosity and normalised by the solar luminosity as
a function of radius. One can clearly see that the enthalpy or convective flux (i.e. correlation
〈v′

rT
′〉) is dominant over most of the domain except at the boundaries where radiative or

diffusive processes take over. It reaches up to 170% of the solar luminosity, and contrary
to classical mixing length theory assuming that the convective luminosity equals that of the
star (Hansen and Kawaler 1995), we clearly see that in our 3-D self-consistent simulations
this is not the case. The origin of this ‘extra luminous’ convective flux comes from the fact
that it must compensate the strong and negative (inward) kinetic energy flux. This is typical
of highly turbulent and stratified convection and it is linked to the asymmetry between the
intense downward plumes and the broad slow upflows mentioned earlier (see also Cattaneo
et al. 1991).

Such asymmetry is clearly visible in Fig. 2 where we display the radial velocity and tem-
perature fluctuations near the top of the domain. The narrow downflow lanes correlated well
with the network of cool material while the broad upflows are relatively warm. At the inter-
stices of the downflow network, intense cold spinners are seen. This is a direct consequence
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Fig. 2 Convection patterns near the surface realised in the same simulation as featured in Fig. 1. Radial
velocities with downflows in dark colours are shown in the left panel. Temperature fluctuations with negative
fluctuations in dark colours are shown in the right panel

of the Coriolis force acting on the convective motions as they converge toward the down-
flow lanes. As the parcel moves from high pressure points to low pressure valley, the local
force balance between the pressure gradient and the Coriolis force leads to the generation
of ‘cyclones’ as in the Earth’s atmosphere, i.e. the vortices rotate counter-clockwise in the
northern hemisphere. The convective patterns are more isotropic at high latitude than near
the equator. At low latitude the convective cells tend to align with the rotation axis. The con-
vection varies significantly over time with convection cells continuously merging, splitting,
emerging and being advected by the background large scale flow (Brun and Toomre 2002;
Miesch et al. 2008). Looking more closely at the temperature field we notice a banded struc-
ture with hot poles, cold mid latitudes and a warm equator. Accompanying these latitudinal
temperature variations are the corresponding pressure and entropy gradients. These varia-
tions are due to the latitudinal heat transport that naturally arise in convective system under
the influence of rotation. The latitudinal heat transport is mostly dominated by the poleward
latitudinal enthalpy flux (i.e. correlations 〈v′

θT
′〉) that is compensated by the equatorward lat-

itudinal entropy flux. The mean latitudinal heat flux associated with the meridional circula-
tion (〈vθ 〉〈T 〉, with the last bracket being the axisymmetric average of the three dimensional
temperature fluctuations) and the latitudinal kinetic energy flux both mean 〈vθ 〉〈v2〉 and
fluctuating 〈v′

θ v
′2〉 (where in all the above expressions we omit dimensional quantities for

clarity) play a negligible role in the overall balance found in the models (Elliott et al. 2000;
Brun and Toomre 2002). These variations in latitude of the entropy and temperature cor-
respond to a self-established thermal wind associated as we will see below with the
longitudinal large scale flow present in the convection zone, i.e. the differential rota-
tion.

A detailed analysis of the energy budget integrated over the whole volume of the simula-
tion, reveals that the kinetic energy is smaller by at least 6 orders of magnitude compared to
the internal or potential energies. The kinetic energy itself can be split into its mean and fluc-
tuating components. We find that most of the kinetic energy is in the differential rotation and
in the non-axisymmetric convective motions with a very small part left for the meridional
flow.
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4 Maintenance of Large Scale Flows

In order to understand the maintenance of large scale flows it is beneficial to start with the
mean field decomposition briefly outlined above. Splitting the velocity field as v = 〈v〉 + v′
allows to derive from the momentum equation a set of equations for the mean flows 〈v〉.
In spherical geometry it is most convenient to decompose the equations into an angular
momentum transport equation (φ-component of momentum transport) and the longitudi-
nal component of the vorticity equations that combines both meridional components of the
momentum equations. This decomposition leads to the system (〈vφ〉 = Ωr sin θ ):

�(r sin θ)2 ∂Ω

∂t
= −divF (1)

∂〈ωφ〉
∂t

+ [. . .] = r sin θ
∂Ω2

∂z
− g

cpr

∂s

∂θ
(2)

In (2) the coordinate θ is the colatitude, r the radius and z is oriented along the direction of
the axis of rotation. s is the specific entropy, cp the heat capacity at constant pressure, g the
gravitational acceleration and [. . .] denotes advection terms, meridional components of the
Reynolds stress and magnetic terms that were omitted to enhance the clarity of the presen-
tation. The most important terms in (2) are the two terms on the right hand side describing
a thermal wind balance of differential rotation. The first term arises from the Coriolis force,
the second term from pressure and buoyancy forces. In the absence of any entropy variation
in latitude Ω has to be close to constant on cylinders (Taylor Proudman state). In the angular
momentum equation (1) F denotes the angular momentum flux with the components:

Fi = r sin θ�

{
〈vi

′vφ
′〉︸ ︷︷ ︸

Reynolds stress

+〈vi〉Ωr sin θ︸ ︷︷ ︸
Meridional flow

− 1

4π�
(〈Bi

′Bφ
′〉 + 〈Bi〉〈Bφ〉)︸ ︷︷ ︸

Maxwell stress

}
(3)

Angular momentum is transported by correlations of small scale turbulent motions
(Reynolds stresses), large scale meridional flow (〈vr〉, 〈vθ 〉), viscous effects (omitted since
in the real Sun they are small) as well as Maxwell stresses (Brun et al. 2004). Here we also
decomposed the magnetic field into mean and fluctuating parts B = 〈B〉+B ′ and separated
the Maxwell stress into the contributions from the mean field and fluctuating field. The mag-
netic pressure does not enter here, since we consider the longitudinal average to compute
the mean, which eliminates terms arising from gradients in the φ direction. We discuss first
the purely hydrodynamic situation and come back to the role of the magnetic field in the end
of this section.

A stationary solution for Ω requires that the divergence of the total angular momentum
flux vanishes. Since in general the Reynolds stress by itself is not divergence free, a merid-
ional flow is required as an additional degree of freedom in the system. The primary driver
of the meridional flow is a small difference in the two terms on the right hand side of (2),
a deviation from the thermal wind balance of the differential rotation. In a stationary state
terms on the right hand side of (2) have to be in balance with the (not explicitly shown)
advection and Reynolds stress terms. These terms can be estimated as (v/d)2, with a typical
velocity v and length scale d , while terms on the right hand side are of order Ω2. Deviations
from a thermal wind balance have to be of the order (v/Ωd)2 � 1 (using d = 200 Mm and
v ∼ 100 m/s gives a value ∼0.03).

An important question is what determines the structure of the meridional flow. Since
the meridional flow has to be such that the divergence of the total angular momentum flux
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vanishes it is very closely tied to the structure of the turbulent Reynolds stress. This has
two eminent consequences: 1. The meridional flow exhibits the same amount of turbulent
fluctuations the Reynolds stress does; 2. The long term averaged flow shows patterns on a
length scale similar to a typical scale of the long term averaged Reynolds stress, i.e. a single
flow cell per hemisphere can only be expected if the long term averaged Reynolds stress
shows a dominant hemispheric pattern.

Which property of the Reynolds stress determines the flow direction of the merid-
ional flow? The angular momentum transport by the meridional flow vm can be written
as Fm = �vml, where l denotes the specific angular momentum l = Ω(r sin θ)2. Since
div�vm = 0 there is no mass flux across an almost cylindrical surface defined by l = const.
Since by definition l is constant on this surface, there is also no angular momentum flux
through this surface. If we now apply this to a volume between two surfaces defined by
l1 = const and l2 = const and assume the limit l1 → l2, we see that the net effect of merid-
ional flow is a redistribution of angular momentum parallel to iso-l surfaces. It therefore
couples most strongly with the component of the Reynolds stress that transports angular
momentum parallel to iso-l surfaces (approximately in the direction of the axis of rotation),
while the component of the Reynolds stress perpendicular to the iso-l surfaces is the primary
driver for differential rotation. A meridional flow poleward at the surface and equatorward
at the base of the convection zone can be expected if the Reynolds stress has a strong com-
ponent that transports angular momentum inward along the axis of rotation.

Since differential rotation tends to shear and amplify magnetic field and therefore con-
verts kinetic energy into magnetic energy it is expected that the effect of the Maxwell stress
is a reduction of differential rotation. This overall behaviour has been seen in early 3-D dy-
namo simulations of Gilman (1983) and also in the more recent work by Brun et al. (2004),
see also Sect. 7. While in the latter the microscopic Maxwell stress 〈Bi

′Bφ
′〉 dominates

the feedback, mean field dynamo models typically consider only the macroscopic Maxwell
stress 〈Bi〉〈Bφ〉. In both cases the result is a reduction of the mean differential rotation; peri-
odic mean field dynamo solutions impose additionally a cyclic component of the zonal flows
(torsional oscillations). Formally Maxwell stresses also enter in (2), leading to the possibility
of magnetically induced deviations from the Taylor Proudman state. However, an estimate
by Rempel (2007a) showed that the meridional component of the Maxwell stress is not suf-
ficient in the bulk of the convection zone to cause significant deviations from the Taylor
Proudman state unless the poloidal field is stronger than 10 kG.

We have seen in (2) that the profile of differential rotation cannot be explained by con-
sidering the momentum equation alone. Also thermal effects are crucial as they can change
the latitudinal distribution of entropy in the convection zone. The latitudinal entropy pro-
file in the convection zone can be influenced by anisotropic convective heat transport as
well as coupling to the tachocline, which we will discuss in more detail in Sect. 5.1. Heat
transport results formally from the second order correlation terms 〈v′

rT
′〉 and 〈v′

θT
′〉. While

in non-rotating convection only the former exists, modifications introduced by rotation
can also lead to latitudinal heat transport (Kitchatinov et al. 1994; Rüdiger et al. 2005a;
Elliott et al. 2000), which is typically poleward directed (deflection of heat transport toward
axis of rotation, see Sect. 3). The role of entropy perturbations in differential rotation is not
restricted to just shaping the profile of differential rotation, thermal perturbations can have
a significant influence on the amplitude of DR and can even be the origin of differential
rotation in some extreme cases.
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5 Differential Rotation

5.1 Results from Mean Field Models

Modelling of differential rotation using the mean field approach heavily depends on the
parametrisation of the terms 〈v′

rv
′
φ〉 and 〈v′

θ v
′
φ〉, which are typically decomposed in a diffu-

sive component and a non-diffusive component called �-effect after the work of Kitchatinov
and Rüdiger (1993). Applying these parametrisation to model rotation in stellar convection
zones it was quickly realised that the main difficulty in explaining solar-like differential rota-
tion lies in how avoid the Taylor-Proudman state with cylindrical differential rotation. While
first models not considering the meridional flow were able to reproduce solar-like differen-
tial rotation, more sophisticated models taking into account the meridional flow obtained
only solutions close to the Taylor-Proudman state unless a very large (unreasonable) value
for the eddy viscosity were used. The problem was referred to also as the ‘Taylor-number
puzzle’ after Brandenburg et al. (1990). Kitchatinov and Rüdiger (1995) showed that an al-
ternative solution of this problem can be given if the anisotropic convective energy transport
is considered. The baroclinic term on the right hand side of (2) can allow for stationary so-
lutions with differential rotation deviating from the Taylor-Proudman state. A equator-pole
temperature difference of about 10 K (hotter pole) is sufficient to obtain solar-like differen-
tial rotation with lines of constant angular velocity inclined to the axis of rotation by about
25◦. All of the recent mean field models by Küker and Stix (2001), Küker and Rüdiger
(2005a, 2005b, 2007) are successful in avoiding the Taylor Proudman state by considering
anisotropic convective energy transport, however, in some cases the baroclinic term can be
also too strong and lead to ‘disk-like’ differential rotation profiles.

Anisotropic convective energy transport is automatically considered in global 3-D sim-
ulations, but in most cases it turns out to be not strong enough for obtaining solar-like dif-
ferential rotation as we explain in Sect. 5.2. However, deviations from the Taylor-Proudman
state seen in these simulations are typically in a baroclinic balance.

Recently Rempel (2005) showed that coupling between the tachocline and convection
zone can also provide the latitudinal entropy variation needed to explain the observed pro-
file of solar differential rotation. A typical solution from that model is shown in Fig. 3,
displaying differential rotation (a), corresponding entropy perturbation (b) and the stream
function of the meridional flow (c). Panel (d) shows for comparison the profile of differen-
tial rotation obtained if the effects of the entropy perturbation displayed in (b) are neglected.
In this model uniform rotation is imposed at the lower boundary, leading to the formation
of a tachocline like shear layer, which is located in a subadiabatic (stable) stratification.
According to (2) the strong deviations from the Taylor-Proudman state in this region drive
a meridional flow which leads in a subadiabatic stratification to the establishment of an
entropy perturbation balancing the term ∼∂Ω/∂z (note: this adjustment toward baroclinic
balance only works in a subadiabatic region). The result is a tachocline shear layer with a
strong latitudinal variation of entropy as required to keep the terms on the right hand side
of (2) in balance. As a result the tachocline imposes a latitudinal entropy variation as bound-
ary condition at the base of the convection zone that is transported into the convection zone
by convection and allows for a significant deviation from the Taylor-Proudman state. While
the process of establishing a thermal wind balance in the tachocline as well as the spreading
of thermal perturbations through the convection zone is found to be very robust (see also
the results from 3-D global simulations discussed in Sect. 5.2), the unknown strength of
coupling between tachocline and convection zone is the biggest uncertainty in this picture,
since it cannot be easily determined from first principles and has a strong influence on the
amplitude of the entropy variation in the convection zone.
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Fig. 3 Contour plots of differential rotation (a), entropy perturbation (b) and stream function of meridional
flow (c) using the mean field model of Rempel (2005). Panel (d) shows the differential rotation profile ob-
tained using the same parametrisation of the Reynolds stress but neglecting the effects of baroclinicity

While there is a general agreement that thermal effects are essential for solar-like dif-
ferential rotation, it is still unclear whether the required latitudinal entropy variation is a
consequence of anisotropic convective energy transport, imposed by the tachocline, or a
combination of both.

5.2 Angular Velocity and Momentum Redistribution in 3-D Global Models

As explained in Sect. 3, global models of a rotating convection zone naturally develop large
scale flows. These simulations are thus very useful to study and understand in detail the
maintenance of these flows without the need as in mean field model to parametrise the non-
linear transport processes of angular momentum and heat. In Fig. 4 we display the angular
velocity established in such 3-D models of the solar convection zone. The angular velocity
profiles realised in these simulations, in particular in cases AB and AB3 displayed in Fig. 4
(see Brun and Toomre 2002; Miesch et al. 2006), are in good agreement with helioseismic
inversions (Thompson et al. 2003): They possess an equator to pole contrast �Ω/Ω0 of
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Fig. 4 Contour plots of differential rotation for global 3-D models without or with entropy forcing (Miesch
et al. 2006). Also shown are radial cuts at indicated latitudes of Ω (using solid lines for case AB and dashed
lines for case AB3 with thermal forcing). Note the tilt toward a conical differential rotation between the two
cases

∼30%, some constancy along radial lines at mid latitude, a monotonic decrease of the dif-
ferential rotation toward the polar regions and slow poles. However it is clear that the differ-
ential rotation profiles in case AB3 is more conical than in case AB and thus more solar-like.
As stated earlier, the Taylor-Proudman constraint (that a rotating fluid is quasi-2D and aligns
with the rotation axis such as ∂〈vφ〉/∂z ∼ 0) is hard to break, often yielding profiles close
to cylindrical rotation. One way of relaxing the Taylor-Proudman constraint in these 3-D
simulations is to establish latitudinal heat transport and/or latitudinal Reynolds stresses. We
actually found that in both cases these dynamical processes are present and act continuously
to maintain a differential rotation against viscous effect. In 3-D models Reynolds stresses are
found to transport angular momentum equatorward opposed by both the meridional circu-
lation and viscous effects, the latter tending to erode angular velocity gradient (i.e. to make
the model rotate rigidly; Brun and Toomre 2002). In more turbulent simulations Miesch et
al. (2008), it is found that the viscous terms play a negligible role and the balance is mostly
between Reynolds stresses and meridional flows when magnetic effects are omitted.

Turning back to the mildly turbulent cases shown in Fig. 4, we find that in the bulk of the
convection zone the thermal wind balance is realised almost everywhere with ∂〈vφ〉/∂z ∝
∂s/∂θ . Both models possess latitudinal variation of temperature and entropy very close
to each other with case AB3 having the largest contrast (10 vs. 9 K) at the base of the
convection zone (BCZ). However they also have significant departure from an exact thermal
wind balance, in places where Reynolds stresses are large and the shearing rate is high (close
to the boundary layers). What then distinguishes the two models? In case AB3 an entropy
forcing was imposed as if there was a tachocline (i.e. large variation of the angular profile
at the BCZ). The small increase in entropy and temperature contrast that results from this
forcing (here about 1 K) improves the agreement with the observations. The 3-D results
are for that matter in good agreement with the results obtained in mean field theory and
discussed in Sect. 5.1 above, even though it seems that in 3-D runs the overall contrast at
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the BCZ is more important than the quality of the thermal wind balance achieved to set the
shape of the angular velocity profiles. It is important to remember that at the base of the
solar convection zone, the mean temperature is ∼2.2 × 106 K, thus a difference of only 1 K
between the two models is extremely small. In a set of models published in Miesch et al.
(2006), the model possessing the largest imposed temperature contrast (∼13 K), yields a
‘disk-like’ rotation profile. It is thus very interesting to see that a difference of about 10 K
(3 K vs. 13 K at the BCZ) suffices to go from a ‘cylindrical-like’ profile to a ‘disk-like’
profile. Such a high degree of sensitivity makes the exact profile of the differential rotation
of solar like stars hard to predict. The fast equator and slow poles behaviour are more robust
than the conical shape. Indeed in highly turbulent simulations of the solar convection it is
found that the latitudinal contrast of entropy and temperature are reduced (going from 9 K
to ∼6 K at the BCZ) and as a consequence these turbulent models are more cylindrical
than their laminar counterpart. Still these models retain a fast equator and slowly rotating
mid latitude, confirming the dynamical origin of the solar angular velocity profile (i.e. fast
equator/slow poles). We also find that as the degree of turbulence is increased in the model
the thermal forcing is less efficient to modify the iso-contours of Ω . We believe that this is in
part linked to the Péclet number Pe = V L/κ (with κ the thermal diffusivity) being larger in
more turbulent cases, and to the corresponding reduced influence of the term involving the
diffusion of entropy with respect to the advection term in the heat equation in determining
the evolution of the entropy fluctuations. As the flow becomes more turbulent heat diffusion
is less efficient and heat advection can locally overcome the slow diffusion of heat coming
from the imposed forcing at the bottom boundary. In the 2-D simulations of Rempel (2005)
the turbulent convective heat flux is parameterised as a diffusive process and the coupling
strength is highly dependent on the overlap of the assumed turbulent diffusivity and the
tachocline and therefore difficult to estimate with certainty.

This less efficient transport in turbulent case is also certainly due to the disappearance
of the so-called banana-cells seen in laminar models of the solar convection (Gilman 1979;
Miesch et al. 2000; Brun and Toomre 2002). As the degree of turbulence is increased the
flow is becoming more chaotic and the correlations 〈v′

θ v
′
φ〉 and 〈v′

θT
′〉 are weaker. The ap-

pearance in highly turbulent convection state of strong convection plumes that span the
whole convection depth and are tilted away from the meridional plane and from the local
radial (gravity) direction may rebuild those correlations and even make them stronger (see
Brummell et al. 1998). It is thus likely that by pushing the degree of turbulence in 3-D global
simulations of the solar convection zone even more will result in larger latitudinal contrast of
temperature and entropy (we are here speaking of few degree K) by having strong turbulent
plumes dominating the transport of angular momentum and heat over the more disorganised
background fields. Of course the presence of the tachocline may also help in that respect
as explained above. It remains to be seen in which proportion but 3-D simulations seem to
indicate that it will be at the level of a couple of degree K at the BCZ or about 10–20%
of the latitudinal temperature contrast. The thinness and the sharpness of the shear in the
tachocline may thus influence partly the final shape of the differential rotation realised in
stars, very sharp tachoclines leading to more conical or ‘disk-like’ profiles (Brun 2007). Fi-
nally we wish to stress that the previous considerations omit the influence of the magnetic
field on the redistribution of angular momentum, heat and the structure of the tachocline, but
it is obvious that in the magnetic Sun these dynamical effects can not be neglected. We will
thus address the influence of a magnetic field either self-consistently generated by dynamo
action in the solar convection zone or through mean field theory and the large-scale Lorentz
force in section Sect. 7 below.
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6 Meridional Flow

6.1 Results from Mean Field Models

We explained already in Sect. 4 the very close connection between turbulent Reynolds stress
and meridional flow, especially that the component of the Reynolds stress that transports an-
gular momentum parallel to the axis of rotation couples most strongly with the meridional
flow. The parametrisation of the Reynolds stress used in most of the mean field models
discussed above has in common that in the limit of fast rotation (as defined through the
Coriolis number Ω∗ = 2Ωτc � 1, with τc a correlation time for the turbulence) turbulent
angular momentum transport becomes aligned with the axis of rotation and is inward di-
rected. As a consequence all of these models show in the deep convection zone (Ω∗ ≈ 5) a
single celled equatorward directed flow. Some differences occur in the upper layers of the
convection zone where in some parametrisation the direction of the radial component of
angular momentum flux changes sign and leads to a second flow cell, which is equatorward
at the surface in contradiction with observations. A recent generalisation of the �-effect
by Kitchatinov and Rüdiger (2005) including an additional anisotropy parameter that only
matters in the slow rotation regime leads to single cell flows throughout the entire convec-
tion zone. While mean field models seem to strongly prefer a single flow cell, the situation
is more complicated in the case of global 3-D simulations as we discuss in the following
section.

6.2 Amplitude and Profile of Meridional Circulation in 3-D Models

The meridional circulation established in 3-D models of the solar convection zone is highly
time dependent (Brun and Toomre 2002; Miesch et al. 2008). A snapshot at a given instant
indicates a highly intricate and small scale meridional flow but several month long tem-
poral averages yield a much more structured flow. Its amplitude at the surface is of order
20 m/s in good agreement with surface observations. This very weak flow possesses only
about 0.5% of the total kinetic energy present in the convection zone and owes its origin
to a small imbalance between several large forces (buoyancy forces, Reynolds stresses, lat-
itudinal pressure gradients and Coriolis force acting on the differential rotation; Brun and
Toomre 2002; Miesch 2005). As a consequence its inner profile is hard to predict. Most 3-D
models exhibits multi cellular meridional flows patterns both in latitude and radius. In these
realisations, the flow is poleward near the surface up to above 45 degree and return cells are
found at mid depth. The comparison with observations is hard to make since most inversions
using local helioseismology techniques cease to be accurate at about 60 Mm below the sur-
face, while most simulations predict a return flow deeper down. Still some recent models,
with weakened viscous effects in the overall dynamic balance, do possess a dominant large
scale circulation in the bulk of the convection zone, poleward near the surface with small
counter cells at the boundaries (Miesch et al. 2008). Current 3-D numerical simulations thus
seem to favour a highly time dependent multi-cellular meridional circulation, that could over
long temporal averages reduce to a small number of dominant large scale cells. We also find
that in 3-D models of the solar convection zone the transport of heat and kinetic energy in
latitude associated with meridional circulation is weak and is not at the origin of the entropy
and temperature gradients found in these simulations. As stated in Sect. 3 it is the latitudi-
nal (poleward) enthalpy flux that establishes such gradients with the latitudinal entropy flux
trying to erode them. Again we must stress that magnetic effects may modify the balance
found in purely hydrodynamical models of the solar convection. In the next section we will
discuss how magnetic fields may influence the meridional flows under certain conditions.
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6.3 Variability of Meridional Circulation and Observational Constraints

Observations indicate that at the solar surface the meridional circulation is directed pole-
ward with an amplitude of about 20 m/s (see Howe et al. 2006b; Meunier and Zhao, these
proceedings, for more details). Local helioseismic methods (time-distance or ring diagram
analysis) can probe with high accuracy meridional flows down to about 0.9–0.95 R, their
systematic error bars getting larger with increasing depth. These inversions reveal that the
flow in the near surface shear layer is relatively steady both in amplitude and direction.
Deeper down the meridional circulation is found to possess larger fluctuations that can lead
to the appearance of counter cells (Haber et al. 2002). Further it is found that active regions
modify locally the amplitude and direction of the meridional circulation, leading to hori-
zontal flow converging toward the active region at the surface and diverging deeper down
(Haber et al. 2004; Hindman et al. 2004; Svanda et al. 2008). In Sect. 4 we pointed out that
the meridional flow is closely linked to the Reynolds-stress that transports angular momen-
tum and should show a variation comparable to the turbulent Reynolds-stress. 3D simula-
tions exhibit a significant degree of variation as summarised above. A detailed comparison
with observations is currently difficult for two main reasons: (a) most global simulations
have the top of their domain located between 0.96 and 0.98 R, limiting the region of over-
lap where quantitative comparison with Doppler and local helioseismic observations can be
made. High accuracy inversions of the deep structure (r < 0.9R) of the solar meridional
flow are still missing and will help constraining furthermore the 3-D models. (b) Most helio-
seismic observations are averaged over substantial time intervals, i.e. the nominal temporal
resolution is around a couple of days or slightly less but often an additional two-month tem-
poral average is applied to the data to get steadier horizontal flow maps (Haber et al. 2002;
Howe et al. 2006b) and are therefore not very sensitive to short term flow variability. Of
course such observational constraints are not present in numerical simulations and we can
choose to either consider a snapshot or temporally averaged flow. When averaging over say
few weeks, the relatively high temporal fluctuations seen in consecutive snapshots are sig-
nificantly reduced leading to steadier flows as with observations. Recently Rempel (2007b)
pointed out that meridional and zonal flow variability are strongly coupled through the Cori-
olis force and therefore constraints on the variability of zonal flows also constrain the poten-
tial variability of meridional flows. Using an axisymmetric mean field model with random
forcing in the Reynolds-stress parametrisation they were able to show that the 3 month av-
eraged torsional oscillation signal would be overwhelmed by noise if the 1σ fluctuation of
Reynolds-stress and meridional flow on a weekly time scale would exceed 50% of their
mean values.

7 Magnetic Feedback on Mean Flows

7.1 The Influence of a Dynamo Induced Magnetic Field on the Mean Flows

In the above sections, we have discussed the establishment of the large scale flows in 3-D
simulations of the solar convection in the purely hydrodynamical limit. While this has helped
us to understand the subtle solar dynamics it lacks the influence of both the organised and
disorganised magnetic field so obvious in observations of the solar surface. Currently it is
believed that the Sun operates a hydromagnetic dynamo in its interior. This dynamo is the
source of all the magnetic fields present in the Sun and that variously appear at the surface
as small scale flux, active regions, coronal loops, etc. . . . . It is a real challenge to explain
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Fig. 5 Evolution of the kinetic energy (KE) split into its mean (axisymmetric) toroidal (DRKE) component
(we omit the poloidal MCKE) and its non axisymmetric components (CKE), when a magnetic field is intro-
duced or not (solid black vs. dash dot red lines) within a simulation of convection. The strong dynamo effect
that develops leads to a magnetic energy (ME) of about 8% of KE. Notes the strong decrease of DRKE as
ME grows above 0.1% of KE (Brun 2004)

the large variety of the solar magnetic field but it is largely admitted that the Sun runs two
types of dynamo: a large scale dynamo located in and at the base of the convection zone (in
the tachocline), that organises the field into a 22 yr cycle of magnetic activity, and a small
scale dynamo, driven by turbulent convection that generates field over the whole velocity
spectrum. The latter has been studied in detail by Cattaneo (1999). The former involves
the development of global 3-D MHD models of the type that the ASH code can model. It
is thus very instructive to introduce a weak magnetic field in 3-D simulations of the solar
convection discussed above and to evolve self-consistently the convection model with the
nonlinear feedback of the magnetic field (Brun 2004; Brun et al. 2004).

In such models, the introduction of a weak seed magnetic field leads to the generation,
amplification and maintenance of a strong magnetic field, through the convection and the
large scale differential rotation, when the magnetic Reynolds number (Rm = vL/η, with η

the magnetic diffusivity) exceeds a certain threshold of order of a few hundreds. Of course
such conditions are amply realised in the Sun, but they are harder to reach in numerical
simulations. When such conditions are realised, the magnetic energy grows by many orders
of magnitude to reach about 10% of the kinetic energy (KE) of the system (but this depends
strongly on the rotation rate; Brun et al. 2005; Brown et al. 2007). This increasingly strong
magnetic field reacts back on the flow since the Lorentz force is quadratic in B , leading to the
saturation of the field strength and to a modification on how the kinetic energy is distributed
between its different components (DRKE, MCKE and CKE). Figure 5 displays the temporal
trace of the kinetic and magnetic energies in a successful dynamo run (with Rm ∼ 450, Brun
et al. 2004). It is clear that most of the energy transferred from the kinetic energy reservoir
toward the magnetic energy reservoir comes from the decrease of the energy contained in
the differential rotation (DRKE). As a direct consequence the contrast of differential rotation
found in the magnetised convective case is reduced both in radius and latitude with respect
to the purely hydrodynamical progenitor model, since the magnetic field tends to make the
rotation rigid. The convective motions are less affected (a reduction of CKE by 20% vs
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Fig. 6 Left: Contours of the mean (axisymmetric) toroidal field obtained in a simulation including a
tachocline at the BCZ (Browning et al. 2006). Note the antisymmetric and large scale nature of the field
in the tachocline. Right: Radial component of the magnetic field near the surface of a convective dynamo
simulation including a potential reconstruction of the magnetic fields in the corona above (Brun et al. 2004)

50% for DRKE) and for that matter global models differ from their Cartesian counterpart in
which most of the energy comes from the convection since these local simulations do not
possess large scale flows. We thus see that the introduction of magnetic effects leads to a
different angular velocity profile.

The thermal wind balance is modified by the presence of strong magnetic field, which
can break the Taylor-Proudman balance. In practice the reduction of the differential rotation
contrast observed in the magnetised case is associated with a smaller latitudinal tempera-
ture contrast in keeping with the balance described in Sect. 4. This suggests that it is the
dynamical (Reynolds and magnetic stresses) rather than the thermal processes that drive the
large scale flows by establishing fast equator and slow poles and that the thermal fields ad-
just accordingly and not the reverse. To better characterise the influence of magnetic field
in the establishment of the differential rotation we have studied in detail the full MHD an-
gular momentum redistribution (Brun 2004; Brun et al. 2004). In such global MHD models
the contribution to the transport of angular momentum by the magnetic field is dominated
by the Maxwell stresses 〈B ′

rB
′
φ〉 and 〈B ′

θB
′
φ〉 rather than by the large scale magnetic torque

〈Br〉〈Bφ〉 and 〈Bθ 〉〈Bφ〉. This can be explained by the nature of the spectrum of magnetic
field realised in the convection zone as shown in Fig. 6 (right panel), where we display Br

near the top of the domain along with the extrapolated coronal potential field lines. Strong
magnetic concentrations of mixed polarity of the radial field are found in the downflow lanes
and they tend to oppose locally the Reynolds stresses, reducing the vorticity generation and
leading to a less efficient angular momentum transport (Brun 2004). The large scale ax-
isymmetric fields represent less than 3% of the total magnetic energy, their dynamical role
is thus very weak. However these simulations do not yet possess a cyclic axisymmetric field
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and instead drive a small scale turbulent dynamo. Indeed in simulations of purely unstable
convective layers, the organisation of the toroidal field into strong ribbons is not operating
efficiently and the mean toroidal field remains weak (read however Brown et al. 2007 for a
different story/result in the case of rapidly rotating Suns). Recently, Browning et al. (2006)
have thus introduced a stable layer below the unstable zone and imposed a tachocline of
shear in that region. The resulting organisation of the magnetic field is strikingly different
as illustrated in Fig. 6 (left panel). In the convection zone one finds similar results to those
with the purely unstable models, e.g. that the field is disorganised and rather small scale
(with a spectrum peaking around � ∼ 20–30). By contrast in the tachocline a large anti-
symmetric, with respect to the equator, toroidal field is found. In that stable sheared layer,
the toroidal field is about 10 times stronger that in the unstable convection zone above.
The mean poloidal magnetic field in the solar convection zone seems to be stabilised by
the presence of strong toroidal structures in the tachocline and its corresponding large scale
poloidal component. While in purely unstable layers the mean poloidal field reverses too
promptly (every 400 days or so), in the global simulations including a tachocline it seems
to vary on a longer time scale, much closer (or even longer) than the 11-yr solar cycle.
Thus the profile of the large scale differential rotation and its interaction with the magnetic
fields via the ω-effect both in stable and unstable layers is key to determining the non-
linear evolution of the solar convection zone, its flows and the organisation of the mean
field.

Some indication of the weakening of the solar differential rotation in the presence of
strong magnetic field have been observed recently (Ambroz 2004), with a weaker zonal
flow during the peak of magnetic activity (see also Brajsa et al. 2007). Eddy et al. (1976)
have also shown that during the Maunder minimum the Sun had a greater angular veloc-
ity contrast. Brun (2004) has shown that this is in qualitative agreement with a reduction
of the magnetic energy contained in the solar convection the exact amount being model
dependent.

The presence of magnetic field can also potentially modify the maintenance of the merid-
ional circulation. However, the presence of turbulent magnetic fields do not make much
difference since the meridional circulation is already extremely time dependent and the ad-
dition of new forces just make the overall inner profile of the meridional flow even more
complicate to predict. The energy contained in the meridional circulation (MCKE) is even
smaller than the magnetic energy (0.5% vs. ∼10% of KE) and do not change significantly
over time contrary to DRKE that dropped by a factor of 2. However given the importance
of the meridional flow profile in recent flux transport Babcock-Leighton models determin-
ing the profile of the meridional circulation and its variability with the level of magnetic
activity is very important (Dikpati et al. 2004; Jouve and Brun 2007). Recent observations
(Haber et al. 2002; Svanda et al. 2007, 2008; see also Meunier and Zhao, these proceed-
ings) have shown that the surface meridional flow varies with the solar cycle and is com-
pletely dominated around active regions by the local magnetic fields. In these studies the
meridional circulation is found to clearly possess a multi-cellular structure, and to vary sig-
nificantly over time. Recently Jouve and Brun (2007) have studied the influence of multi
cellular meridional circulations on the solar dynamo flux transport model and their conse-
quence for the 22 yr activity cycle and resulting butterfly diagram of magnetic activity. They
showed that the presence in the convection zone of several counter cells must not persist
for too long if one wishes to retain the reasonably good agreement between flux transport
models and the solar observations, or the solar mean field dynamo model must be reconsid-
ered.
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7.2 Results from Mean Field Models Possessing a Cyclic Magnetic Field

Observations show cyclic variations of differential rotation (torsional oscillations) with an
amplitude of a few nHz. This signal was first detected through surface Doppler measure-
ments by Labonte and Howard (1982). A more recent publication by Ulrich and Boy-
den (2005) shows the signal over two solar cycles. The torsional oscillation signal de-
rived from surface Doppler measurements shows primarily an equatorward propagating
branch starting at around 50 to 60 degrees latitude with a clear relation to the active re-
gion belt. Measurements in higher latitudes are less certain due to projection effects. He-
lioseismic inversions show in addition to the low latitude branch also a poleward propa-
gating high latitude branch with about twice the amplitude (4 nHz) (Antia and Basu 2001;
Howe et al. 2005). The latter is found to penetrate with almost constant amplitude to the
base of the convection zone, while the former is found to be more shallow. Also helioseis-
mic inversions have less accuracy in high latitudes; however, a recent analysis by Howe et
al. (2006a) has shown that most of the high latitude features can be trusted at least on a
qualitative level if OLA and RLS inversions are combined.

Since we do not have to date a 3-D global dynamo simulation showing cyclic activity we
summarise here theoretical explanations based on mean field models of the solar dynamo.
Within these approaches one can identify three classes of models depending on how the
magnetic field drives large scale zonal flow variations: Macroscopic Lorentz force feedback,
microscopic Lorentz force feedback, and thermal forcing. Formally thermal forcing could
be classified as one of the former two (Lorentz force induced changes in convective energy
transport), however, we prefer to separate it out since the flows driven by thermal forcing
can have quite different properties.

The idea of macroscopic Lorentz force feedback (computed from the large scale mag-
netic mean field of the solar dynamo) was originally proposed by Schüssler (1981) and
Yoshimura (1981) and has been incorporated into dynamo models more recently by Covas
et al. (2000, 2004, 2005). While these models address the non-linear Lorentz force feedback
using a simplified equations of motion (considering only the longitudinal component), mod-
els by Jennings (1993) and Rempel (2006) consider the Lorentz force feedback also in the
meridional plane. The model of Rempel et al. (2005), Rempel (2006) is along the lines of
the α�-models by Brandenburg et al. (1990, 1991, 1992), Moss et al. (1995), and Muhli et
al. (1995) (coupling mean field models for differential rotation, meridional flow and mag-
netic field evolution), but puts more emphasis on the role of the meridional flow leading to
a flux-transport dynamo (see e.g. Dikpati (2005) for a recent review on the development of
flux-transport dynamos).

Microscopic Lorentz force feedback (quenching of turbulent transport processes driving
differential rotation ‘�-quenching’) has been addressed by Kitchatinov and Pipin (1998),
Kitchatinov et al. (1999), and Küker et al. (1999).

Very recently Spruit (2003) proposed a thermal origin of the low latitude branch of tor-
sional oscillations, driven through enhanced radiative losses in the active region belt. This
theory also predicts an inflow into the active region belt, which has been observed by Komm
et al. (1993), Komm (1994), and Zhao and Kosovichev (2004). The difficulty with this ex-
planation is that the equatorward propagating torsional oscillation signal is already present
in mid-latitudes a few years before the first active regions appear, which questions the idea
of surface driven thermal effects. However, thermal effects might still play an important role
in explaining torsional oscillations.

All Lorentz force driven models summarised above consider the longitudinal component
of the Lorentz force (φ-direction), which is expected to be the dominant contribution in a
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dynamo in which strong toroidal magnetic field is built up by the shear of differential rota-
tion. Also the models that consider microscopic Lorentz force feedback through quenching
of turbulent angular momentum transport have a longitudinal forcing as primary driver of
zonal flows, since the angular momentum transport enters only in the zonal direction. On the
other hand, thermal forcing drives flows through the meridional components of the momen-
tum equation (pressure force and buoyancy). This leads to a subtle but important difference
that becomes obvious in the vorticity equation (2), which takes into account only terms in the
meridional plane. Since torsional oscillations are flows that vary on a time scale long com-
pared to dynamical time scales in the convection zone, they have to be close to a thermal
wind balance given by

r sin θ
∂Ω2

∂z
= g

cpr

∂s

∂θ
(4)

Decomposing Ω as Ωr +Ωt and s as sr +st , with the index ‘r’ indicating the reference mean
state and ‘t ’ indicating the perturbations associated with the torsional oscillations leads to
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∂θ
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Here the first term on the left hand side is the dominant one (typically at least a factor of 5
larger than the second one for the examples discussed here), relating directly the z derivative
of Ωt to the entropy perturbation. Therefore, if the right hand side of (5) is zero, the torsional
oscillation pattern has to be very close to the Taylor-Proudman state with ∂Ωt/∂z = 0. This
conclusion is independent from the fact that the reference state differential rotation is not in
the Taylor-Proudman state, since the entropy perturbation sr drops out in this balance. Since
only forces in the meridional plane potentially enter this equation, torsional oscillations
driven through microscopic and macroscopic Lorentz force as summarised above have to be
in the Taylor-Proudman state, while thermal forcing allows for deviations. A more detailed
analysis of Rempel (2007a) concluded that while (longitudinal) Lorentz-force driving of the
high latitude branch is consistent with observations, the low latitude branch requires at least
some thermal contribution to explain the observed deviations from the Taylor-Proudman
state. In principle Maxwell or Reynolds stresses in the meridional plane could also cause
deviations from the Taylor-Proudman state, however, in most dynamo models the r and θ

components of the Lorentz force are too small and to our knowledge driving of torsional
oscillations by meridional Reynolds stresses has not been investigated so far. We emphasise
that several of the models listed above obtain quite respectable torsional oscillations patterns
(both high and low latitude branches) by neglecting completely the meridional components
of the momentum equation—we expect that especially the low latitude flow patterns would
change strongly if the proper momentum balance is considered. This situation is similar
to early models of differential rotation that got quite respectable results but neglected the
meridional flow.

In Fig. 7 we show the results of a model by Rempel (2006) that solves the full axisym-
metric HD equations and couples the flows with a flux transport dynamo. The left panel
shows the torsional oscillation pattern obtained by only considering macroscopic Lorentz
force. Only a poleward propagating high latitude branch is present. The right panel shows
results that assume a thermal perturbation in the active region belt parameterising the idea
proposed by Spruit (2003). In this case also a low latitude branch is present, which is driven
by a thermal perturbation of about 0.1 K. We emphasise that the origin of this thermal pertur-
bation through enhanced radiative losses in the active region belt is controversial; however,
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Fig. 7 Torsional oscillations (TO) obtained in non-kinematic flux-transport dynamo model. Left: TO patterns
resulting from macroscopic Lorentz force feedback. Right: TO patterns resulting from including thermal
forcing in the active region belt. Note: Associated temperature perturbations in active region belt are of order
0.1 K

a perturbation of only 0.1 K could also be the result of magnetically induced changes in the
convective energy flux within the convection zone.

The high latitude branch is a consequence of shearing up magnetic field in the bulk of the
convection zone by latitudinal shear. We strongly expect that any distributed αΩ dynamo
that operates on latitudinal shear in the convection zone should provide a similar pattern.
The almost constant amplitude of the high latitude torsional oscillations with depth is a
consequence of the Taylor-Proudman theorem that tries to minimise that variation along the
axis of rotation, which does not differ too much from the radial direction in high latitudes.
Since in that way the Taylor-Proudman theorem shields the exact position of the driving, it is
non-trivial to try to invert the torsional oscillation signal to obtain information on distribution
of magnetic field in the convection zone. The exact origin of the low latitude branch still
remains a mystery, we can say however that any longitudinal forcing alone is unlikely due
to the constraints arising from the Taylor-Proudman theorem.

Since the Coriolis force strongly couples zonal and meridional motions, it can be ex-
pected that zonal flow variations in the solar convection zone are accompanied by merid-
ional flow variations with comparable amplitude. Helioseismic as well as surface Doppler
measurements show on average an inflow into the active region belt of the order of 5 m/s
(Komm et al. 1993; Komm 1994; Zhao and Kosovichev 2004). Thermal forcing as pro-
posed by Spruit (2003) predicts such a flow with correct amplitude and sign close to the
surface. Recently Gizon and Rempel (2008) compared results from local helioseismology
with the model of Rempel (2006) and found a qualitative agreement. Both, observations and
the model, indicate an outflow at about 50 Mm depth; however, the amplitude of the outflow
is about an order of magnitude weaker in the model than observed. There is currently the
discussion of whether the active region belt inflows are just the cumulative effect of flows
around active regions, or if a there is a meridional flow component left that is independent
from active regions. While carefully filtering out areas that are influenced by active regions
does not change the torsional oscillation pattern, it appears that most of the meridional flow
variation in the active region belt disappears when active regions are masked out, which
could indicate that zonal and meridional flow variations do not have a common origin.

As a general note we emphasise here that observations of meridional flow variations
associated with torsional oscillations are essential to understand the origin of torsional os-
cillations. As we explained above, the Taylor-Proudman theorem makes it very difficult to
‘invert’ torsional oscillations to obtain information on magnetic field in the convection zone.
If, however, zonal and meridional flow variations are available such an inversion is more
likely too succeed. As discussed in detail by Rempel (2007a), meridional flow patterns re-
flect in general more the location where the forcing takes place than zonal flows patterns.
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Moreover, the phase between meridional and zonal flow patterns allows to discriminate be-
tween meridional and zonal forcing.

8 Conclusions

We conclude this paper by summarising the main findings in a short list bullets pointing
out the similarities and differences in results obtained from mean field models and 3-D
simulations.

• Heat and energy transport in convection and resulting latitudinal gradient:
Both, mean field models and 3-D simulations predict a significant latitudinal (pole-
ward directed) convective energy flux that leads to pole equator differences of several
K throughout the entire convection zone. The meridional flow plays a weak role in trans-
porting heat or kinetic energy. A realistic description of turbulence and its associated
correlations is thus key to understanding the establishment of the latitudinal gradients.

• Dominant terms for maintenance of differential rotation and meridional flow:
The important terms for maintaining differential rotation and meridional flow are turbu-
lent angular momentum transport and latitudinal heat flux. While the former leads di-
rectly to an angular momentum transport, the latter influences angular momentum trans-
port through modification of the meridional flow. The meridional flow is driven through
Coriolis forces resulting from differential rotation as well as buoyancy forces resulting
from latitudinal entropy variations. The profile of the meridional flow is set through the
constraint that the total angular momentum flux has to be divergence free in a station-
ary state. In 3-D simulations as well as most mean field models the turbulent Reynolds
stress is main driver of differential rotation, while thermal perturbations primarily cor-
rect the differential rotation profile (deviation from Taylor-Proudman state; Brun and
Toomre 2002; Miesch et al. 2008), but the influence of the thermal forcing coming from
the tachocline seems to depend on the Peclet number Pe = V L/κ realised in the 3-D
simulations. A more complicated situation is encountered in mean field models using
the �-effect parameterizations of Kitchatinov and Rüdiger (1993) and Kitchatinov and
Rüdiger (2005) that predict an angular momentum flux parallel to the axis of rotation in
the limit of fast rotation. Such an angular momentum transport can be offset exactly by
the meridional flow, preventing the build up of any differential rotation. In this situation
a latitudinal variation of entropy is essential for obtaining differential rotation in the first
place.

• Role of anisotropic heat transport vs. tachocline in setting the contrast and profile of dif-
ferential rotation:
The relative contribution of both effects is currently unknown. 3-D models seem to in-
dicate a contribution of a couple of degree K or 10–20% to the overall entropy and tem-
perature latitudinal gradients but this may depend on the actual thickness of the solar
tachocline (Brun 2007). While in the mean field models of (Küker and Stix 2001; Küker
and Rüdiger 2005a, 2005b, 2007) anisotropic heat transport alone is sufficient to ex-
plain the observed deviation from the Taylor-Proudman state, this is not the case for
most 3-D simulations (Miesch et al. 2006). Here an additional source of latitudinal en-
tropy variation such as the tachocline source proposed by Rempel (2005) is required. On
the other hand the contribution of the tachocline is very sensitive to the coupling between
tachocline and convection zone, i.e. the detailed properties of the overshoot region, which
is still under discussion.
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• Uni vs. multi cellular meridional flows and the current model predictions, potential prob-
lems for Babcock-Leighton flux transport dynamo models:
Most mean field models predict unicellular meridional flow with a direction (poleward
at top and equatorward at bottom of convection zone) very favourable for Babcock-
Leighton flux transport dynamo models. In contrast to this most 3-D simulations pre-
fer multi cellular flow; however, the high resolution run of Miesch et al. (2008) is also
supporting more the unicellular flow topology. The robustness of the latter result has to
be confirmed through more high resolution runs that will become feasible in the near
future. The high time variability of the meridional flow is not a significant problem for
Babcock-Leighton flux transport dynamo models as it has been investigated by Charbon-
neau and Dikpati (2000) and Rempel (2007b). However, long lasting counter cells may
have a visible impact on the butterfly diagram or the activity cycle frequency (Jouve and
Brun 2007). Independent from the detailed structure of the meridional flow the relative
contribution of turbulent transport processes (anisotropic magnetic diffusivity and turbu-
lent pumping) is still an open, but very crucial question (flux transport dynamos rely on
the assumption that turbulent transport is weak compared to advective transport).

• Magnetic feed back on mean flows both through dynamo induced field and from large
scale Lorentz torques:
Both, large and small scale Maxwell stresses have the tendency to reduce the amount of
differential rotation (Brun 2004). In 3-D models of magnetised convection it is found that
large scale mean magnetic torques are weak compared to Maxwell stresses which play
a significant role in the angular momentum transport balance (Brun et al. 2004). This
balance is thus modified by the presence of magnetic fields and may lead to a different
meridional circulation profiles than in the purely hydrodynamical case, since more than
two terms (Reynolds stresses and meridional flow) now enter the balance. Including a
tachocline at the BCZ helps generating large scale and axisymmetric magnetic fields
and as a consequence the large scale magnetic torques become more important leading
to a more subtle angular momentum balance involving now four terms Browning et al.
(2006). In mean field models with a cyclic large scale dynamo the large scale component
of the Maxwell stress (dominated by the rφ and θφ components) leads additionally to a
cyclic variation of differential rotation (torsional oscillations) and meridional flow. If the
meridional flow is considered self-consistently the cyclic component of zonal flows has
to be in the Taylor-Proudman state. Significant deviations of zonal flows from the Taylor-
Proudman state as observed in low latitudes require additional forcing terms beside the
zonal component of the Lorentz force (e.g. thermal forcing).

• Future perspective: what’s next in 2-D and 3-D simulations:
With the increasing computing power, 3-D simulations are expected to become the dom-
inant tool for understanding solar and stellar convection zone dynamics (see for instance
Brun et al. 2005; Brown et al. 2007). While mean field models are very convenient in
exploring a wide range of parameter ranges, they are restricted by the parametrisation
of turbulent transport processes used. Especially large scale coherent flow structures as
they are found in global 3-D simulations are difficult to incorporate in mean field mod-
els and are currently not considered. Improved physical description or constraints on the
parametrisation may be incorporated in mean field models by extracting from 3-D high
resolution simulations averaged turbulent quantities and profiles of key processes such
as turbulent angular momentum transport processes (�-effect, turbulent viscosity) and
turbulent induction effects (α-effect, turbulent magnetic pumping, flux emergence).
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