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Observed chromosphere

Highly dynamic - Pietarila et al. 2009; Reardon et al. 2011, Rutten & Rouppe van der Voort 2017, De Pontieu et 
al. 2007, 2012; McIntosh et al. 2008, Kuridze et al. 2012, 215,216, Sekse et al. 2014, Pereira et al. 2016, 
Samanta et al.  2019, Jafarzadeh et al. 2017, Gafeira et al. 2017

Duration ~ 7 min 
Cadence ~ 2 s 
Dopplegrams +-36 km/s

Swedish 1-m Solar Telescope Hα



Observed chromosphere
Duration ~ 5 min 
Cadence ~ 10 s 
@ -50 km/s

Highly dynamic - Pietarila et al. 2009; Reardon et al. 2011, Rutten & Rouppe van der Voort 2017, De Pontieu et 
al. 2007, 2012; McIntosh et al. 2008, Kuridze et al. 2012, 215,216, Sekse et al. 2014, Pereira et al. 2016, 
Samanta et al.  2019, Jafarzadeh et al. 2017, Gafeira et al. 2017

Swedish 1-m Solar Telescope Hα
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Some of the differences: 

• domain size               
(24 × 24 × 16.8 Mm vs 
40 × 40 × 22 Mm) 

• mean unsigned field 
(30 G vs 180 G) 

• field configuration 
(bipolar vs complex) 
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green - magnetic field lines 
purple - high current density

Domain size: 
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Features reproduced: long fibrils, short and long dynamic fibrils, surges, Rob’s events, RREs and RBEs, spicule.

Synthetic chromosphere
Duration ~ 5 min 
Cadence ~ 10 s 
Dopplegrams +-36 km/s



Features reproduced: long fibrils, short and long dynamic fibrils, surges, Rob’s events, RREs and RBEs, spicule.

Synthetic chromosphere
Duration ~ 5 min 
Cadence ~ 10 s 
@ -60 km/s
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Przybylski et al. submitted



compression conduction radiation viscositymagnetism

Heating Canonical values by Withbroe & Noyes 1977 
QS: 4 kW/m2   AR: 20 kW/m2  



Alma 3 mm 

A&A proofs: manuscript no. heating
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Fig. 9: Total integrated radiative losses calculated from the semi-
empirical model inferred in the inversion.

Table 2: Average contribution of each spectral line to the total
integrated radiative losses for the regions highlighted in Fig. 9, in
units of kW m�2.

Region/Line Ca K Ca H Ca IR† Mg k Mg h Total
A 0.8 0.7 2.6 0.1 0.3 4.5
B 7.6 5.6 12 3.7 3.1 32
C 28 20 30 16 14 108

Notes. † Ca IR refers to the total of the three lines of the Ca ii infrared
triplet at 8542 Å, 8498 Å, 8662 Å.

4.4. Energy balance

We can estimate the radiative cooling rate per unit volume from
our inferred models as the frequency-integrated radiative flux
divergence:

R
rF⌫d⌫. We approximate this by summing the net

cooling rates in bound-bound transitions for the spectral lines in
our model atoms for Ca ii and Mg ii:

Q = h⌫0(nuRul � nlRlu), (1)

where h is the Planck’s constant, ⌫0 the line center frequency, nu
and nl the population of each level, and Rul the radiative rate coef-
ficient from level u to level l. This is an approximation: in the pho-
tosphere we ignore contributions from many weak spectral lines
and the H� continuum, in the upper chromosphere we ignore Ly↵
and the transitions of helium. In the low and mid-chromosphere,
this approximation is expected to be rather accurate: the heating
in the Balmer continuum and the cooling in the H↵ line tend to
cancel each other, and other transitions tend to contribute much
less to the cooling than Ca ii and Mg ii (Vernazza et al. 1981).

The height distribution of the total radiative cooling rate per
unit volume (Q) and per unit mass (Q/⇢) is shown in Fig. 8
for three di↵erent patches inside the ROI. We chose a quiet-sun
region (A), a region close to the fibrils (B), and a region inside the
brightest fibrils (C), all indicated in Fig. 9. As expected, higher
temperature regions in the atmosphere correlate with enhanced
radiative cooling. The radiative losses are largest at the bottom of
the chromosphere because the density is also much larger deeper
down.

Fig. 10: Joint probability distributions of the wavelength-summed
Ca ii K intensity and the total integrated radiative losses computed
from the data shown in Fig. 9. The color of each bin is propor-
tional to the logarithm of the number of points, with darker color
indicating more points.

The total radiative losses in each pixel have been integrated
over geometrical height (which is derived assuming hydrostatic
equilibrium in the inversion) between the height of the temper-
ature minimum and the height where the temperature reaches
10 kK. Above that temperature, the Ca ii lines lose sensitivity and
the hydrogen Ly↵ line starts to contribute, so our derived cooling
rates are inaccurate there. The total integrated radiative losses for
all the pixels of the FOV are shown in Fig. 9, and the contribution
of each spectral line to these losses is given in Table 2.

In the quiet sun (region A) we obtain around 4.5 kW m�2,
while in the intermediate area (region B) we obtain losses of
32 kW m�2. These values agree well with the previous estimates
(Vernazza et al. 1981; Withbroe & Noyes 1977). We emphasize
that our cooling rate estimates are more consistent with the real
situation: they are computed for each spatially resolved atmo-
sphere and then averaged, whereas previous studies first averaged
observed line profiles, then inferred an atmosphere consistent
with the average line profile, and finally computed the cooling
rate from that atmosphere.

In region C the average integrated radiative losses are
108 kW m�2 but Fig. 9 shows peak values up to 160 kW m�2.
These values are roughly a factor 5 higher than the semi-empirical
values for active regions, indicating that the averaging of the ob-
servations can lead to a substantial underestimation of the local
radiative cooling rate.

Finally, we show the correlation of the height-integrated radia-
tive losses with the wavelength-integrated intensity in the Ca ii K
line. The wavelength integration was done between the K1 min-
ima whose formation is close to the temperature minimum (Bjør-
gen et al. 2018). The correlation is strong and close to linear, with
a Pearson coe�cient of 0.97. This result supports the analysis and
results of Leenaarts et al. (2018), who used wavelength-integrated
Ca ii K intensity as a proxy for chromospheric radiative losses.

As the energy lost during the whole observation needs to be
continually replenished, the total integrated radiative losses in
the ROI assuming a similar emission during the two hours is
around ⇠ 5 · 1027 erg. Motivated by the magnetic nature of this
event, we propose that the energy required for this event can be
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Heating - can be constrained by multiple observables
• Heating cannot be observed but losses can 
• Retrieved with inversion at 100 km resolution show large variation in space and time 

~ 0-160 kW/m2 

Check out: 
Poster Session 4.2  - Jaime de la Cruz Rodriquez  - method description 
Poster Session 8.5  - Rahul Yadav - application on a flare data (Ca H, Ca K, Ca IR, Mg h, Mg k) 
Poster Session 10.2  - Joao da Silva Santos - application on an emerging region data (Alma, Ca IR) 



Battaglia et al. 2021Moll et al. 2012

Chromospheric modelling - what do we need?

• realistic magnetic configuration 
• small scales relevant as large 

• resolve relevant drivers 
• reproduce observed Poynting flux 

Vortex flow seems to be relevant: 

• Observations - Bonet et al. 2008, Requerey et al. 2017,2018, 

Wedemeyer & Rouppe van der Voort 2009, Morton et al. 2013, 
Shetye et al. 2019


• Simulations - Moll et al. 2011, Kitiashvili et al. 2011, Shelyag et 
al. 2013, Wedemeyer & Steiner 2014, Yadav et al. 2020,2021, 
Battaglia et al. 2021
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AIA 94

DEM lgT>6

dBz/dtBz @ 

z=0.5 Mm

AIA 171

DEM lgT<5

with mask 

T <1.e4 K



Khomenko et al. 2021
Nobrega Siverio et al. 2020

go together 

Chromospheric modelling - what do we need?

• realistic magnetic configuration 
• small scales relevant as large 
• emergence  
• non-equilibrium ionisation 
• ion-neutrals effects  


Change atmospheric properties at: 
• Shocks 
• Contact regions (spicule) 
• Emergence 
• Reconnection sites 
• Poynting flux with height
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To take:

1-to-1 modelling  
 + 

multi-line/continua observations 
 


