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What we’re going to talk about
• What are some dominant dynamic behaviors in the 

chromosphere?
• What are some of the key (ground-based) diagnostics of the 

chromosphere?
• What are the key parameters that we want measure or derive?
• How does the chromosphere conspire to make this all very 

confusing?

Emphasis on ground-based diagnostics
Flares and polarimetry already covered



The Chromosphere, Our Colorful Friend

• Introduction
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The evolving chromosphere



Chromospheric Density Decrease
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Balance between magnetic 
field and gas pressure 
changes (plasma β):

CHAPTER 6. SOLAR MAGNETOHYDRODYNAMICS 97

Exercises

1. Show that the magnetic pressure tries to compress the plasma if the
magnetic field varies as a function of position, and that the magnetic
tension tries to shorten the field lines if the field lines are curved.

2. Sketch the following field configurations and calculate the direction of
magnetic forces in each case

(a) B = xey

(b) B = ex + xey

(c) B = yex + xey

(d) B = re✓

If the gravity is negligible as compared to the magnetic force, the mag-
netohydrostatic equilibrium can be described by

rP = �
1
µ0

B⇥ (r⇥B) . (6.27)

Assuming plasma isotropic and nearly homogeneous (no magnetic stress)
the sum of the magnetic and plasma pressures is constant

r

✓
P +

B
2

2µ0

◆
= 0 . (6.28)

The plasma beta

� =
2µ0P

B2
(6.29)

expresses the ratio of the plasma and magnetic pressures.

The gravity e↵ects can be neglected if the gradient scale length is much
smaller than H/� where H is the pressure scale height

H =
P0

⇢0g
, (6.30)

in which P0 and ⇢0 are typical values of pressure and density.

Assume then that the gravity is directed in the negative z direction and
the magnetic field is oriented according to Figure 6.2.

Along the field lines J⇥B = 0 and the equilibrium condition reduces to

dP

ds
= �⇢g cos ✓ . (6.31)

As pressure decreases, 
β < 1, 

magnetic field dominates 
over plasma pressure.

β ~ 1
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The dynamic chromosphere

Ca II H (Hinode/SOT) Hα (DST/IBIS)
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DKIST/ViSP Ca II K Scan Sequence
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DKIST/ViSP Ca II K Fixed Slit Time Series
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DKIST/ViSP Ca II K Fixed Slit Time Series



Ca II K Line Wing Intensity (Photosphere)
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Ca II K k2v Intensity (Chromosphere)
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Ca II K Spectral Time Series
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photosphere
Fe I 7090

internetwork
chromosphere

Chromospheric Wave Periods

Reardon et al., 2008

Molnar et al., 2021

Ca II 8542 Velocity Power Spectrum
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Power Leakage and Dynamic Fibrils (Type I Spicules)

Hansteen et al., 2006 De Pontieu et al., 2004



IBIS – H⍺ SDO/AIA – He II 304 Å

12 sec cadence22 sec cadence
30 minute duration

Power Leakage and Dynamic Fibrils (Type I Spicules)
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IBIS
Ha Line Core

SDO/AIA
304 Å

Power Leakage and Dynamic Fibrils (Type I Spicules)



Type II Spicules



Rouppe van der 
Voort et al. 2009  

On-disk Counterparts of Type II Spicules



Kuridze et al., 2012

Transverse Motions



Morton et al., 2020

Transverse Motions



Ellerman Bombs

Watanabe et al., 2011



Umbral Oscillations
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Schad et al., 2012

Jin
g e

t a
l.,

 2
01

6
Things come down – Coronal Rain



What are our diagnostic tools?



The Chromosphere, Our Colorful Friend

• Introduction

Ca IR triplet



H-alpha 6563 Spectral Scan



Ca II 8542 Spectral Scan



“Heights” of Formation



Spectral Inversions with IBIS & ALMA

Hofmann, et al., 2023

Response Functions



Chromospheric Confounding
• Heights of formation – corrugation
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IBIS
He I D3

SDO/AIA
He II 304 Å

12 sec cadence22 sec cadence

30 minute duration



Chromosphere to TR Connection

78 arcsec

IBIS He I D3
SDO/AIA

He II 304 Å



IBIS
He I D3

IBIS
Ha Line Core

SDO/AIA
304 Å

IBIS
Ha Line Width



What diagnostics do we have



10 S. Wedemeyer et al.

Fig. 5 Contribution functions of the continuum intensity at four selected wavelengths between 0.3 mm and
9.0 mm at solar disk-center based on a numerical model snapshot of the solar atmosphere under quiet Sun
conditions. For this model (see model E described in Sect. 4.2.2), time-dependent hydrogen ionisation and
with it non-equilibrium electron densities have been taken into account. The contribution functions have
been averaged horizontally and normalised to their maximum. The dashed vertical line labelled “classical
temperature minimum” marks the boundary between the photosphere and the model chromosphere. Data
adapted from Wedemeyer-Böhm et al. (2007)

of a few 10 s when the variation is due to propagating shock waves. On the other hand,
accounting for the time-dependent non-equilibrium behaviour of hydrogen ionisation leads
to less extended formation height ranges compared to the local thermodynamic equilibrium
(LTE) conditions (see Sect. 4.2.2 for more details on small-scale fluctuations). In summary,
the continuum intensity from quiet Sun regions at ALMA wavelengths originates from rel-
atively narrow layers, whose effective heights increase with wavelength, although with a
significant overlap in the contribution functions. This property allows ALMA to observe
different chromospheric layers by changing the wavelength.

In the general magnetized case, the brightness temperature spectrum noticeably responds
to the magnetic field along the line of sight in the continuum forming layer due to the depen-
dence of the free-free opacity on the local magnetic field strength (see Sect. 2.5 for details).
This phenomenon offers a straightforward way to measure magnetic fields based on the
observed degree of polarisation in the spatially resolved spectrum.

2.2 Recombination Lines

A transition between Rydberg states of an atomic ion yields a line at radio frequencies

ν ≈ 2cRMZ2 "n

n3
(10)

for an ion of effective charge Z (Z = 1 for H I, 2 for He II, etc.) and neutral atomic mass M

in atomic mass units (amu), where c is the speed of light, n is the principal quantum number
of the lower state of transition (n + "n) → n, and RM is related to the Rydberg constant
R∞ = 109737.315685 cm−1 by

RM = R∞
1 + (1822.88848M − Z)−1

. (11)

ALMA Arrives

1) Millimeter continuum radiation 
forms in LTE conditions

2) In the Rayleigh-Jeans regime - 
continuum brightness is linearly 
related to electron temperature

3) More antennas, larger array
    = higher spatial resolution

Band 3 simple radiative transfer



ALMA Band 3 = 3 mm

Ca 8542 core intensity Hα 6563 core intensity
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Extended Heights of Formation

Wedemeyer et al., 2022



Spectral Inversions with ALMA



Spectral Inversions with ALMA - problematic

Inversions with atomic lines only
Ca II 8542 + Na D1 5896

Inversions with atomic lines and ALMA
Ca II 8542 + Na D1 5896 + Band 3 & 6

Hofmann et al., 2023



COmosphere – Atmospheric Bifurcation

FAL C 

Disk-center Spectrum

Near-limb Spectrum

FAL X

“Average” Solar Model CO Vibrational Spectrum

Courtesy Johnathan Stauffer



COmosphere – Atmospheric Bifurcation

Penn and Galadaya, 2013

solar limb



CYRA Observations of CO Dynamics
Emerging bipole: observed 4/28/2022 Plage canopy: observed 10/19/2021

Stauffer et al., 2024, in prep



Line Wings and Doppler Shifts

0.5 Å = 23 km/s

0.5 Å = 
35 km/s



Line Wings and Doppler Shifts

H⍺  –0.65 Å Ca II 8542 –0.35 Å



DKIST/VBI Meta-mosaic



DKIST/VBI Meta-mosaic



DKIST/VBI Meta-mosaic



Base of fibrils are hot(ter)

IBIS Ca II 8542 Å Core Intensity

Chae et al., 2020, A&A

Fibrils 10 kK

Brighter Ca II 8542 ∽ hotter See also Kriginsky et al, 2023, A&A



Line-Width Calculation
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Ha line-width as the key

NSO/DST/IBIS – 
Ha line-profile widthALMA – 3.1 mm

2 arcsec Gaussian beam 0.2 arcsec resolution 

Molnar, et al, 2019, ApJ



2 arcsec Gaussian convolution

Ha line-width as the key

ALMA – 3.1 mm

2 arcsec Gaussian beam

NSO/DST/IBIS – 
Ha line-profile width

Molnar, et al, 2019, ApJ



reference H⍺ profile

absorption component
– 0.6 Å ~ 30 km/sec

combined 
H⍺ profile



reference H⍺ profile

absorption component
– 0.6 Å ~ 30 km/sec

combined 
H⍺ profile

broadened 
H⍺ profile

4 km/sec shift



Width vs. Velocity Contrast

Multiple 
combinations of 
broadening and 
(small) doppler 

shifts, can lead to 
same intensity 

reduction in wings



Wings and Shifts





Chromospheric Confounding

• ”Chromospheric” bisectors

Halpha core vs. bisector velocity 



IBIS H⍺ 
Line Width
𝚫t = 3.6 sec

T = 7.5 minutes







Chromospheric Confounding
• Transverse motions – curtains?

Judge et al., 2012



Chromospheric Curtains

Judge et al., 2011


