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Context

The solar wind and the solar cycle

McComas et al. (2003)

Solar minimum

Fast wind / slow wind separation

Dipolar large-scale magnetic field, few AR

Solar maximum

Fast wind / slow wind mixed together

Multipolar large-scale magnetic field, many AR
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Context

Fast/slow wind: summary

Fast wind

Faster flow (450− 800 km/s),
lower mass flux

Temperature:
lower Tmax , higher T (1 AU)

Confined to coronal holes

Fluctuations detected: small amplitude,
wave turbulence

Heavy-ion composition: mostly low
freeze-in T

Slow wind

Slower flow (200− 450 km/s),
higher mass flux

Temperature:
higher Tmax , lower T (1 AU)

Coronal hole boundaries, streamer tops,
maybe also active regions

Fluctuations: high amplitude; waves,
blobs, maybe helical structures

Heavy-ion composition: closed corona
freeze-in T

Key questions:

1 What cause the fast/slow wind segregation?

2 What are the consequences for the heliosphere?
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Models Magnetic topology Wind speed Coronal shear Alfvén surface

Models
STELEM (kinematic dynamo)

Convective zone, tachocline

Meridional circulation, diff. rotation

Surface fields (“butterfly diagram”)

(Jouve and Brun, 2007)

DIP (corona, solar wind)
dw1_b00; (u_//)/cs; nt= 15.00 
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Isothermal corona and wind

Self-consistent time-dependent mass flux at
the boundaries

(Grappin et al., 2000; Pinto et al., 2010)
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Models Magnetic topology Wind speed Coronal shear Alfvén surface

Dynamo – solar wind; 1 solar cycle (Pinto et al., 2011)
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Models Magnetic topology Wind speed Coronal shear Alfvén surface

Wind speed during the cycle
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(see also: Manoharan, 2012; Tokumaru

et al., 2010)
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Models Magnetic topology Wind speed Coronal shear Alfvén surface

Wind speed during the cycle

t = 0 yr (minimum) t = 3.8 yr (maximum)

Magnetic field lines coloured according to terminal wind speed.

2 instants of the cycle, r = 1 − 8 R�

Magnetic field geometry
vs.

terminal wind speed

Strongly expanding flux-tubes
⇓

Slow wind

cf. WSA semi-empirical relation

(Arge and Pizzo, 2000; Wang and Sheeley,

1990)

But transition to slow wind is sharper.

Dark red - orange: fast wind flow
Dark blue - cyan: slow wind flow

(Pinto, Rouillard, Wang, et al,
in prep.)
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Models Magnetic topology Wind speed Coronal shear Alfvén surface

Wind speed during the cycle

t = 0 yr (minimum) t = 3.8 yr (maximum)

Magnetic field lines coloured according to terminal wind speed.

2 instants of the cycle, r = 1 − 8 R�

ACE data points
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Dark red - orange: fast wind flow
Dark blue - cyan: slow wind flow

(Pinto, Rouillard, Wang, et al,
in prep.)
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Models Magnetic topology Wind speed Coronal shear Alfvén surface

Wind speed during the cycle

t = 0 yr (minimum) t = 3.8 yr (maximum)

Magnetic field lines coloured according to terminal wind speed.

2 instants of the cycle, r = 1 − 8 R�

SIMULATION (at solar minimum)
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Dark red - orange: fast wind flow
Dark blue - cyan: slow wind flow

(Pinto, Rouillard, Wang, et al,
in prep.)
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Models Magnetic topology Wind speed Coronal shear Alfvén surface

Wind speed during the cycle

t = 0 yr (minimum) t = 3.8 yr (maximum)

Magnetic field lines coloured according to terminal wind speed.

2 instants of the cycle, r = 1 − 8 R�

SIMULATION (at solar maximum)
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Dark red - orange: fast wind flow
Dark blue - cyan: slow wind flow

(Pinto, Rouillard, Wang, et al,
in prep.)
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Models Magnetic topology Wind speed Coronal shear Alfvén surface

Wind speed during the cycle

t = 0 yr (minimum) t = 3.8 yr (maximum)

Magnetic field lines coloured according to terminal wind speed.

2 instants of the cycle, r = 1 − 8 R�

SIMULATION (all the cycle)
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Sharp transition bw. fast/slow wind.

Lower cut-off: least multipolar field

Strong correlation bw. f and Vr

Dark red - orange: fast wind flow
Dark blue - cyan: slow wind flow

(Pinto, Rouillard, Wang, et al,
in prep.)
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Models Magnetic topology Wind speed Coronal shear Alfvén surface

Expansion and radial velocity, latitudinal profiles

Minimum
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Models Magnetic topology Wind speed Coronal shear Alfvén surface

Expansion and radial velocity, latitudinal profiles

Maximum
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Models Magnetic topology Wind speed Coronal shear Alfvén surface

Field-line inclination

Minimum Maximum

→ field-line inclination between 1.5− 4 R� has an effect on wind speed
(where the wind flow acceleration is maximal)

(Pinto, Rouillard, Wang, et al, in prep.,

see also Li, et al., 2011, Lionello, et al., 2014)
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Models Magnetic topology Wind speed Coronal shear Alfvén surface

Differential rotation in the corona

t1 = 0 yr t4 = 3.8 yr
blue: wind speed vr/cs ; orange:rotation rate Ω

Surface differential rotation profile:
Ω (θ) = Ωa + Ωb sin2 θ + Ωc sin4 θ
(Snodgrass and Ulrich, 1990)

Shear and vorticity generated at
streamer / coronal hole boundaries
(maybe plasma exchange?)

(Grappin et al., 2008; Pinto et al., 2013)
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Models Magnetic topology Wind speed Coronal shear Alfvén surface

Alfvén radius

Alfvén surface
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Consequences:
Solar wind properties below/above Alfvén surface
(fluctuations, turbulence; Solar Probe+)
(Verdini, Grappin, Pinto, and Velli, 2012)

Efficiency of ang. momentum transport ∝ 〈rA〉2

(Weber and Davis, 1967)
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Predicting the terminal wind speed and inputs for ENLIL

WSA semi-empirical scaling law

Vwind = 265 +
1.5

(1 + fss )1/3
×

×
[

5.8− 1.6 exp

[
1−

θb
3

7.53

]]3.5

km s−1

fss : total flux-tube expansion ratio (Wang, 1995; Velli 2013)

θb : distance to coronal hole boundary

Going beyond WSA

→ Substitute θb by more physical terms

→ Wind speed at different heights

→ Other plasma parameters
(density, temperature, etc)

→ Add minimal amount of complexity

New strategy

Multi-VP

Multiple 1D flux-tube wind solutions
sampling the whole corona.

(Mid-way between specialised local models and

global 3D MHD models)
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Multi-VP strategy

Sun / surface observations
(magnetograms)

↓

Coronal B-field reconstruction
(PFSS SolarSoft)

↓

MULTI-VP

↓

Heliospheric propagation models
(ENLIL)

↓
Earth / interplanetary medium

In-situ data, heliospheric imaging

Surface magnetic field Br (±30 G)
PFSS field lines positive/negative polarity
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Multi-VP strategy

Sun / surface observations
(magnetograms)

↓

Coronal B-field reconstruction
(PFSS SolarSoft)

↓

MULTI-VP

↓

Heliospheric propagation models
(ENLIL)

↓
Earth / interplanetary medium

In-situ data, heliospheric imaging

Wind speed: red = 650 km/s; blue = 350 km/s
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Wind flows surface to heliosphere

Wind speed

Red lines: fast wind profile
Blue lines: slow wind profile

Phase speeds (Alfvén, sound)

Temperature

Rui PINTO (IRAP, U. Toulouse / CNRS) HELCATS Meeting Göttingen May 2015 14



Introduction Wind cycle Multi-VP Conclusion References Bonus

Conclusions

Summary

Variations of global magnetic topology of the corona
have a major effect on the wind properties.
Simple geometrical parameters seem to control the wind speed; alternative to WSA?

Coronal rotation structured by global magnetic field
Sources of shear/vorticity in the corona (i.e, not foot-point forcing)

MULTI-VP: new global wind model (1 − 32 R�)
Fast model, chromospheric and coronal stratification.
Wind speeds, densities, temperatures, phase speeds, etc.

HELCATS: synoptic maps of wind speed at ∼ 20 R� (inputs for ENLIL)

Dynamical events (propagation of disturbances)

Solar data (surface and corona mag. fields, IPS radio)
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Multi-VP Coronal rotation Mass loss rate

Multi-1D approach

∂tρ + ∇ · (ρu) = 0

∂t u + (u · ∇) u = −
∇ (P + Pw )

ρ

−
GM

r 2
r̂ + ν∇2u

∂t T + u · ∇T + (γ − 1) T∇ · u =

−
γ − 1

ρ

[
∇ · Fh +∇ · Fc + ρ

2Λ (T )
]

(Fh: external heat flux;
Fc : SH conductive flux, transition to ballistic flux)
Ideal e-o-s with γ = 5/3

Magnetic field inclination:
⇒ −g0 cosα, ∇P cosα, heat fluxes //B

(cf. Li, et al., 2011, Lionello, et al., 2014)

Divergence operator:

∇ · (∗) =
1

A (r)

∂

∂r
(A (r) ∗) = B

∂

∂r

( ∗
B

)
(Grappin et al., 2010; Pinto et al., 2009;
Verdini et al., 2012)

Standard phenomenological heating flux:

Fh = Fp0

(
A0

A

)(−1)

exp

[
−

r − R�

Hp

]
where

(
A0
A

)(−1)
=
(

B
B0

)
, and Hp ∼ 1 R�.

Other forms, Alfvèn wave dissipation:

Fh = Fb0

(
A0

A

)(
B

B0

)µ−1

= Fb0

(
B

B0

)µ
where, typically, µ− 1 = 1/2.

Fw = Fw0 ∗WKB operator

Localised heating (emulating, e.g, transient ohmic
dissipation):

Fr ∝ erf (r0, δr)⇒ ∇ · Fr = Fr0e
− (r−r0)2

δr2

Reference surface flux:
F0 = 4− 8× 105 erg · cm−2s−1
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Multi-VP Coronal rotation Mass loss rate

Key parameters

1) Super-radial expansion
Fast to moderately slow winds
(fast/slow wind not sharp enough,
slow wind not slow enough)

2) Field-line inclination
around coronal streamers
(makes the slow wind slower, by ∼ 15%)

3) Appropriate heating functions
(how much energy, where it’s dissipated)

Effect of inclination on wind speed
(Pinto, Rouillard, et al, in prep.)
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Multi-VP Coronal rotation Mass loss rate

Coronal rotation
Partial chromospheric reflection; partial foot-point leakage

δL+
a = (1 + a) f (t)− aδL−

a ,

a =
1− ε
1 + ε

, ε =
C photosphere

A

C corona
A

.

δL±
a : forces and torques

applied at the surface from above and below

(cf. Pinto, Verdini, et al., 2012)

ε = 1 “fully-transparent”

ε→ 0 line-tied approximation.
Valid for δt . τA.
(Grappin, Aulanier, Pinto, 2008)

ε = 0.01 canonic value.

Why?

Consistency of mass and momentum fluxes at the boundary

Sustain the coronal rotation against the solar wind magnetic breaking torque,
while still allowing for the necessary amount of footpoint leakage
(coronal stress build-up and release, cf. Jardine et. al 2013).

Allow for time-dependent surface perturbations

Avoid the chromosphere (“slow perturbations”)
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Multi-VP Coronal rotation Mass loss rate

Mass loss rate Ṁ [M�/yr ]

SIMULATION

0 2 4 6 8 10
time [yr]

4•10-14

5•10-14

6•10-14

7•10-14

d/
dt

 M
  [

M
su

n/
yr

]

time (11 years, 1 cycle)

max
(

Ṁ
)
/min

(
Ṁ
)
≈ 1.6

〈Ṁ〉 ≈ 5.4× 10−14 M�/yr

Ṁ anti-correlates with 〈Vwind〉
⇒ geometrical effects dominate!

(Cranmer, 2008; Wang, 1998)

time (22 years, 2 cycles)
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