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SDO/HMI Magnetograms



• How do we deal with incomplete coverage (even with L5) of 
the solar surface? 

• Without direct measurements of B in the corona, how do we 
construct 3D models of active regions (ARs, i.e. sunspot 
groups) magnetic fields? 

• How do we capture the evolution of ARs over timescales of 
days and months?

• Scientific: Understand how the global solar coronal magnetic 
field evolves, and how the coronal field structures the 
heliosphere. 

• Research to Operations (R2C): Develop a data-driven model of 
the Sun’s global field, and use it for better information (i.e. 
Space Weather prediction) and better decision making.

Challenges

Aims



Solar Rotation Unrolls the Solar Magnetic Landscape
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The Sun rotates, letting us progressively update the magnetic map.  
Magnetic patterns off the west (right) limb are fresh. 
Magnetic patterns off the east (left) limb are stale. 
Large flux imbalances can occur when ARs rotate onto the disk.

Above: SDO/HMI magnetogram feeding Schrijver’s ‘atomic’ Surface Flux Transport Model



Surface Flux Transport
From Yeates & Mackay, 2012 (Living Reviews in Solar Physics)
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While our understanding of magnetic fields on stars other than the Sun is at an early stage,
significant progress has been made over the last 10 years. For young, rapidly rotating solar-like
stars, very di↵erent magnetic field distributions may be found compared to the Sun. An example
of this can be seen in Figure 1b, where a typical radial magnetic field distribution for AB Dor taken
through Zeeman Doppler Imaging (ZDI, Semel, 1989) is shown. AB Dor has a rotation period of
around 1/2 day, which is significantly shorter than that of the Sun (27 days). Compared to the
Sun, key di↵erences include kilogauss polar fields covering a large area of the pole and the mixing
of both positive and negative polarities at the poles. While this is an illustration of a single star
at a single time, many such observations have been made across a wide range of spectral classes.
In Figure 3 of Donati et al. (2009) the varying form of morphology and strength of the magnetic
fields for a number of stars ranging in spectral class from early F to late M can be seen compared
to that of the Sun. The plot covers stars with a rotation period ranging from 0.4 to 30 days
and masses from (0.09 to 2M�). While ZDI magnetic field data sets are generally too short to
show cyclic variations, recent observations of the planet-hosting star, ⌧ Bootis, have shown that
it may have a magnetic cycle with period of only 2 years (Fares et al., 2009). Indirect evidence
for cyclic magnetic field variations on other stars can also be seen from the Mt. Wilson Ca II H+K
observations, which use chromospheric observations as a proxy for photospheric magnetic activity
(Baliunas et al., 1995). These show that magnetic activity on stars of spectral types G2 to K5V
has three main forms of variation. These are (i) moderate activity and regular oscillations similar
to the Sun, (ii) high activity and irregular variations (mainly seen on young stars), and finally (iii)
stars with flat levels of activity. The final set are assumed to be in a Maunder like state. In the
next section magnetic flux transport models used to simulate the evolution of the radial magnetic
field at the level of the photosphere on the Sun and other stars are discussed.

2.2 Magnetic flux transport simulations

On large spatial scales, once new magnetic flux has emerged on the Sun, it evolves through the
advection processes of di↵erential rotation (Snodgrass, 1983) and meridional flow (Duvall Jr, 1979;
Hathaway and Rightmire, 2010). In addition, small convective cells such as super-granulation lead
to a random walk of magnetic elements across the solar surface. On spatial scales much larger than
super-granules this random walk may be modeled as a di↵usive process (Leighton, 1964). Magnetic
flux transport simulations (Sheeley Jr, 2005) apply these e↵ects to model the large-scale, long-time
evolution of the radial magnetic field Br(✓,�, t) across the solar surface. In Section 2.2.1 the basic
formulation of these models is described. In Section 2.2.2 extensions to the standard model are
discussed and, finally, in Sections 2.2.3 – 2.2.6 applications of magnetic flux transport models are
considered.

2.2.1 Standard model

The standard equation of magnetic flux transport arises from the radial component of the magnetic
induction equation under the assumptions that vr = 0 and @/@r = 0.1 These assumptions constrain
the radial field component to evolve on a spherical shell of fixed radius, where the time evolution
of the radial field component is decoupled from the horizontal field components. Under these
assumptions, the evolution of the radial magnetic field, Br, at the solar surface (R� = 1) is
governed by
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1 Alternatively, the magnetic flux transport equation may be obtained through spatially averaging the radial
component of the induction equation (see DeVore et al., 1984 and McCloughan and Durrant, 2002).
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http://www.livingreviews.org/lrsp-2012-6

In the “standard” flux transport model, the evolutionary 
equation is in terms of Br, its gradients, transverse flows u, a 
turbulent diffusivity and a source/sink term S (meant to 
capture magnetic flux emergence). 



Constrained Surface Flux Transport
• Magnetohydrodynamics (MHD) models need Et at the bottom 

boundary.  

• Think of a SFT model that operates with electric fields E. Instead of 
Eq. (1) on the previous slide, just use Faraday’s Induction Equation: 

dBr/dt = -curl Et

Calculate dBr/dt*pixel area of each pixel as 
 - circulation of Et about the pixel. 

dBr/dt



Example of a Constrained SFT Model

The above toy model treats differential rotation + AR emergence. 
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Flux Transport EMFs

Benefit: Apart from B
r
, the Constrained Surface Flux Transport 

(CSFT) code outputs the electric fields (or equivalently, the EMFs) 
used to compute dB

r
/dt.



Global Evolving Coronal Field Model

• Electric fields from the Constrained SFT model can be used directly to drive coronal field 
evolution. See papers by van Ballegooijen, Mackay, Yeates and co-authors on 
magnetofrictional models of the coronal field. This example uses the code described in 
Cheung & DeRosa (2012) and Fisher et al. (2015).  

• In this example, an AR emerges in the northern hemisphere and interacts with a pre-
existing AR straddling the equator. The interaction between the two leads to transfer of 
magnetic flux so that the pair of leading (and following) polarities are magnetically 
connected.



Retrieving the Electric Field From Observed Magnetograms

• Kazachenko et al. (2014, ApJ, 795, 1, 19) developed and 
tested a method to retrieve photospheric electric fields from 
sequences of vector magnetograms and dopplergrams. This 
method is suitable for SDO/HMI data. 

D a t a - d r i v e n 
m o d e l o f  
N O A A A R 
11158 over 5 
days  (Fisher et 
al. 2015, Space 
Weather, 13, 6)

Model Bz at 
various heights



What if we only have measurements of Br?  

The Minimal Flux Transport (Sparse) Solution: 

• The idea is to enforce spatial compactness of 
electric fields.  

• Yea tes (2017 ) : Tes ted on fu l l sphere 
magnetograms (complete Br coverage). Works 
well, except when the input magnetograms are 
not flux balanced (e.g. in ADAPT and the atomic 
flux transport model of Schrijver).

Retrieving the Electric Field From Observed Magnetograms



Analogy 
with  
15 puzzle 

Minimize the 
transport rate 
of some 
quantity (in our 
case, B) 
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CSFT model of evolving Br

Green arrows: E-fields used 
by CSFT code to update Br.

Off-white arrows: Sparse 
Electric field inversion for E-
field



E-field inversion (enforcing compactness of solution) using only the front-
side dBr. 

80 deg from 
disk center

Dealing with incomplete dBr coverage



E-field computed for 
front-side only, but  

-curl E = dbr/dt over 4π 
steradians automatically 
gives balancing polarity 

across the boundary.



Ground Truth magnetogram 
(on a Stonyhurst Lon-Lat 
grid) from the constrained 
surface flux transport model

Imitate L1 magnetogram  
assimilation

No emergence on 
“backside”

No emergence on 
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Imitate L1+L5 magnetogram  
assimilation
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Ground Truth magnetogram 
(on a Stonyhurst Lon-Lat 
grid) from constrained 
surface flux transport model
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Ground Truth magnetogram 
(on a Stonyhurst Lon-Lat 
grid) from constrained 
surface flux transport model

Imitate L1 magnetogram  
assimilation

No emergence on 
“backside”

No emergence on 
“backside”
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Summary
• A Constrained SFT model (DeRosa & Cheung, in prep.) removes the 

need for ad hoc source terms for newly emerged ARs. 
• Ensures magnetic flux balance: No ad hoc monopole subtraction, which 

changes boundaries of coronal holes (and magnetic topology).  
• Model + Frontside E-fields can be directly used as boundary conditions 

for coronal MHD or magnetofriction models. 
• Application to test sequences of radial magnetic field maps with 

incomplete coverage: Having the L5 augmentation gives ~4 days 
additional lead time for assimilation of ARs that emerged on the 
backside. Monte Carlo models needed to quantify the range of benefits.  

• Data-Driven modeling requires reliable data with consistent quality (e.g. 
stable point-spread function of the telescope). i.e. space mission. Don’t 
take SDO for granted. 

• The CGEM project plans to deliver the Surface Flux Transport Model and 
spherical magnetofrictional model to NASA’s Community Coordinated 
Modeling Center (CCMC) in the coming 12 months. 

Contact: cheung@lmsal.com
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