
Magnetohydrostatic modelling of the 
solar atmosphere: Test and application

Xiaoshuai Zhu (朱小帅, zhu@mps.mpg.de) & Thomas Wiegelmann

Max-Planck-Institute for Solar System Research, Goettingen, Germany

1

EGU2020 Sharing Geoscience Online, 07 May 2020

mailto:zhu@mps.mpg.de


Outline

• The magnetohydrostatic (MHS) extrapolation

• Test with a Low’s special MHS solution

• Test with a radiative MHD simulation

• Apply to a SUNRISE/IMaX vector magnetogram

• Summary

2



3

MHS extrapolation: Extrapolations overview

Gary (2001)

• 𝛽 < 1 in the upper chromosphere and 

corona: force-free field

• 𝛽 ≥ 1 in the lower chromosphere and 

photosphere: MHS state
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MHS extrapolation: method

NLFFF equations: 𝛻 × 𝑩 × 𝑩 = 0

𝛻 ∙ 𝑩 = 0

Functional: 𝐿 = ׬
𝑉
[𝐵2(Ω𝑎

2+Ω𝑏
2)]𝑑𝑉

where:  𝜴𝒂 = 𝛻 × 𝑩 × 𝑩 /𝐵2

𝜴𝒃 = (𝛻 ∙ 𝑩)𝑩 /𝐵2

Initial condition: potential field

𝑚𝑖𝑛𝑖𝑚𝑖𝑧𝑒 𝐿(𝑩)

MHS equations: 𝛻 × 𝑩 × 𝑩 − 𝛻𝑝 − 𝜌 Ƹ𝑧 = 0

𝛻 ∙ 𝑩 = 0

Functional: 𝐿 = ׬
𝑉
[𝐵2(Ω𝑎

2+Ω𝑏
2)]𝑑𝑉

where:  𝜴𝒂 = 𝛻 × 𝑩 × 𝑩 − 𝛻𝑝 − 𝜌 Ƹ𝑧 /(𝐵2 + 𝑝)

𝜴𝒃 = 𝛻 ∙ 𝑩 𝑩 /(𝐵2 + 𝑝)

Initial condition: NLFFF + atmosphere

𝑚𝑖𝑛𝑖𝑚𝑖𝑧𝑒 𝐿 𝑩, 𝑝, 𝜌

NLFFF optimization[2][3]                              MHS optimization[4][5][6]

𝒑 = 𝑸𝟐, 𝝆 = 𝑹𝟐

𝒎𝒊𝒏𝒊𝒎𝒊𝒛𝒆 𝑳 𝑩,𝑸, 𝑹
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MHS extrapolation

Bottom boundary condition for plasma:

• Pressure boundary: 𝑝 +
𝐵𝑧
2

2
= 𝑝𝑞𝑢𝑖𝑒𝑡, where 𝑝𝑞𝑢𝑖𝑒𝑡 is the gas pressure in the quiet region

• Density boundary: 𝜌 = 𝑝/𝑇 (uniform temperature)

Numerical implementation

1. Calculating a NLFFF by using vector magnetogram

2. Creating a gravity stratified atmosphere based on the boundary conditions of plasma.

3. Iterating (𝐵,𝑄, 𝑅) until 𝐿 reaches minimum
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Test1

Low’s MHS solution [7] by assuming 𝛻 × 𝐵 = 𝛼𝐵 + 𝑓(𝑧)𝛻𝐵𝑧 × Ƹ𝑧, where 𝛼 is a constant and 𝑓 𝑧 = 𝑎𝑒−𝜅𝑧

White: reference model

Yellow: MHS extrapolation 

Blue: NLFFF extrapolation

• Reconstructed MHS field lines from our code agree with the 

reference solution better than NLFFF lines

• The main plasma structure is recovered by the MHS extrapolation

Pressure
reference recovered reference recovered

Density
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Test2: a flare simulation

• Radiative MHD simulation [8] with MURaM code [9][10]

• snapshot selected: 8 minutes after the flare peak

Cheung et al. 2019 Selected magnetogram Selected field lines
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Test2: the plasma solution

• Weak pressure in the strong field region

• Spiral structure in the emerged spot

• Better reconstruction in lower layers

• Extrapolation dimensions: 512*256*128

• Grid spacing: 192 km transversely, 64 km vertically

Pressure
reference recovered

z=0
(Mm)

z=0.32
(Mm)

z=0.64
(Mm)

z=0.96
(Mm)
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Test with an RMHD simulation: the plasma results

• Main plasma structures below 1 Mm can be recovered

• Above active regions the magnetic field is strong and consequently the 

pressure and density are low
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Test with an RMHD simulation: magnetic field lines

Reference lines MHS lines NLFFF lines

• Selected field lines with the same seed points

• The twisted magnetic flux rope is well reconstructed by the MHS extrapolation

• The magnetogram for NLFFF extrapolation is preprocessed to remove the net 

Lorentz force and torque
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Apply to SUNRISE/IMaX: Data

SUNRISE: A balloon-borne observatory[11]

IMaX: Spectral line: Fe I 5250.2Å, sampled at 8 wavelength positions

IMaX data: Scale per pixel 0′′. 05446 ≈ 40 𝑘𝑚, FOV: 936 × 936 𝑝𝑖𝑥𝑒𝑙2 (37 × 37 𝑀𝑚2)

IMaX magnetogram

IMaX+HMI magnetogram
Extrapolation: 2336*1824*128
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• Weak plasma in the active 

region because of the strong 

magnetic field

• Fibril-like plasma pattern 

traces magnetic field lines 

due to the low plasma 𝛽

(seen from different 

perspectives)
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• Bright points are clearly seen 
in the inter-granular lanes in 
panel (c), which are typically 
regarded as nearly vertical 
slender flux tubes with kG
magnetic fields

• Regions of high gas pressure 
and strong electric current 
coincide, most of which are 
located near the edges of 
magnetic flux tubes
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• Field lines trace chromospheirc fibrils well

• Angel between magnetic vector and fibril 

orientation: 𝜃

• For selected 26 fibrils:

ҧ𝜃𝑚ℎ𝑠 ≈ 11.8°

ҧ𝜃𝑛𝑙𝑓𝑓 ≈ 15.7°
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Summary

1. An optimization-type MHS extrapolation is developed, tested and applied to real data.

2. Tests show that the MHS extrapolation is able to  (1) recover main structures of plasma 

below 1Mm, (2)  generate a more precise magnetic field than that by the NLFFF 

extrapolation.

3. Application shows (1) weak plasma in strong field region, (2) fibril-like plasma pattern 

trances the magnetic field, (3) photospheric high pressure and strong current regions 

around the magnetic flux tube, (4) magnetic vectors obtained by the MHS 

extrapolation are more aligned with chromospheric fibrils.
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