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Nonlinear Feedback Mechanisms
• The atmospheric system in the MLT (mesosphere–lower 

thermosphere) region is strongly nonlinear relative to chemistry, 
dynamics, and radiation. 

• As any nonlinear system, it is characterized by feedback mechanisms 
between dynamical, chemical, and radiative subsystems. 

• There are positive and negative feedback mechanisms. 
• Positive nonlinear feedbacks lead to strengthening of external 

influence, negative ones to its suppression.
• The presence of strong positive feedbacks can lead to the 

destruction of a nonlinear system or its transition to a qualitatively 
new state.

• The presence of negative feedbacks stabilize a nonlinear system.
• In order to gain insight into the effects of this complex chemical-

dynamical-radiative coupled system of the MLT region, it is essential 
to study these feedback mechanisms (with attention to 
anthropogenic changes and other external impacts).
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History of the Problem
1. Kellogg (1961) was first who state that the chemical heat due to exothermic reactions is the important 
source of energy in the upper mesosphere – lower thermosphere region.

2. Crutzen (1971), Hunt (1972) – investigate chemical heat by 1D model.

3. Mlynczak and Solomon (1991, 1993) - used distributions of minor chemical constituents from 2D 
model. They found that in mesopause region the effect of total chemical heat may exceed the sum of 
direct absorption of solar radiation by ozone and molecular oxygen. The main reactions are O+O+M, 
O+O2+M, and H+O3.

4. Riese et al. (1994a, b) - first who used satellite observations of SME (Solar Mesosphere Explorer) to 
calculate chemical heating rates - 2 times larger values than those predicted by modelling.

5. Sonnemann et al. (1997, 1998) – 3D calculations of the chemical heat – main reactions are O+O+M, 
O+O2+M, and H+O3
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Ozone Photochemical Equilibrium

Nighttime 
Photochemical equilibrium for O3 (?)

Production O3:
O2+O+M→O3+M
Loss O3:
O3+O→O2+O2 | – not important 
O3+H→OH*+O2 | – important

Photochemical equilibrium for O3:
𝑑𝑑𝑂𝑂3
𝑑𝑑𝑑𝑑
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Ozone Photochemical Equilibrium

Grygalashvyly et al., Earth, Planets and Space, 2024
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Calculated values of ozone chemical equilibrium criterion

Above 80 km we may use ozone balance equation

𝑟𝑟2𝑀𝑀 � 𝑂𝑂 � 𝑂𝑂2 = 𝑟𝑟4𝐻𝐻 � 𝑂𝑂3
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Chemical Heating Rates

Grygalashvyly et al., Earth, Planets and Space, 2024
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Chemical Heating Rates
We use chemical equilibrium of ground state hydroxyl OH and hydroperoxy HO2 radicals in mesopause region at nighttime 
conditions, and write their balance equations (e.g. Brasseur and Offermann, 1986; Brasseur and Solomon, 2005):
𝑟𝑟4𝐻𝐻 � 𝑂𝑂3 + 𝑟𝑟6𝑂𝑂 � 𝐻𝐻𝐻𝐻2 + 2𝑟𝑟10𝐻𝐻 � 𝐻𝐻𝐻𝐻2 = 𝑟𝑟5𝑂𝑂 � 𝑂𝑂𝑂𝑂 + 𝑟𝑟11𝑂𝑂3 � 𝑂𝑂𝑂𝑂
𝑟𝑟6𝑂𝑂 � 𝐻𝐻𝐻𝐻2 + 𝑟𝑟8 + 𝑟𝑟9 + 𝑟𝑟10 𝐻𝐻 � 𝐻𝐻𝐻𝐻2 = 𝑟𝑟7𝐻𝐻 � 𝑂𝑂2 � 𝑀𝑀 + 𝑟𝑟11𝑂𝑂3 � 𝑂𝑂𝑂𝑂
OH and HO2 are in photochemical equilibrium in March at high 
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Chemical Heating Rates VS. Turbulent Heating Rates 
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We derive turbulent heating rates from neutral density fluctuation 
(Lübken et al. 1993, 2002; Lübken 1997; Strelnikov et al. 2013).
The detailed description can be found in Strelnikov et al. (2019).
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Turbulent heating rates are smaller than chemical heating rates
across the entire mesopause for nighttime conditions, except for a
few turbulence peaks with widths of several hundred meters.



Author et al.: This is the title of my talk

Chemical Heat as Nonlinear Feedback - Numerical Experiments with 3D CTM-IAP
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Chemical Heat as Nonlinear Feedback - Numerical Experiments with 3D CTM-IAP
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Problems: Motivation for Ground Based Observations Ox-Hx

(Sonnemann, G.; Kremp, C.; Ebel, A.; 
Berger, U., ASR, 1997)

(Mlynczak et al., JGR, 2007)
The development of instruments for Ox-Hx observations in the mesosphere can help answer questions related to energy 
balance: 1) investigations of the chemical heat of the lower mesosphere, 2) investigations of the discrepancy between 

observations and modelling.
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Summary and Conclusions
• We find that turbulent heating rates are smaller than chemical heating rates across the entire mesopause

for nighttime conditions, except for a few turbulence peaks with widths of several hundred meters.

• Based on common-volume rocket borne experiment we confirm the conclusion of other authors that,
approximately above 95 km, the most significant contribution to the chemical heat comes from the
recombination reaction of atomic oxygen, while below the leading reaction is the reaction of atomic
hydrogen with ozone.

• We found analytically and confirmed by modelling that the chemical heating rates are inversely
proportional to the power of temperature. Hence, it represents nonlinear negative feedback mechanism
which stabilize mesopause relative to the thermal changes.

• The development of instruments for Ox-Hx observations in the mesosphere can help answer questions
related to energy balance: investigations of the chemical heat of the lower mesosphere and
investigations of the discrepancy between observations and modelling.
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Thank you for attention.
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Efficiency
Efficiency - the relative (to the total) part of exothermic chemical reaction energy release that goes to thermalisation.

1. McDade and Llewellyn (1991) found that the efficiency for this reaction at 90 km amounts to 0.65-0.81, depending on 
the scheme of OH* relaxation.

2. Mlinczak and Solomon (1993) assessed these values with four different models of OH* relaxation, found the values 0.3-
1, depending on model and altitude. Recommended value 0.6 through the entire mesopause.

3. McDade and Llewelyn (1993) found three efficiency profiles with range ~0.85-0.95 at 80 km down to 0.35-0.5 at 100 
km. Recommended value 0.75 near the mesopause at night.

4. Smith et al. (2015) based on WACCM calculations proposed semi-empirical parametrization for the efficiency as a fit-
function of pressure, temperature and atomic oxygen concentration in the mesopause region.

Smith et al., JGR, 2015. 
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Efficiency
Efficiency - the relative (to the total) part of exothermic chemical reaction energy release that goes to thermalisation.
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