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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.

Radiative

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

e 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
anthgapogenic changes and other external impacts). -Zi@n«
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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+0O+M,
0+0,+M, and H+0,.

4. Riese et al. (19944, 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+0+M,

O+02 N 7nd H+03 a -? i




[
Ozone Photochemical Equilibrium '

Photochemical equilibrium for O;:

do P
—2=0=%;P—03-%;Li > 03=7

dat L
Nighttime
Photochemical equilibrium for O, (?)

Production O;:

0,+0+M—->0;+M

Loss O;:

0,+0->0,+0, | —notimportant
O;+H->0H*+0, | —important

7

TZM'0'02=T4H'03+T‘30°03

T2M°0'02=7‘4H-03
(Kulikov et al., 2018)

27‘77”2(1\/1 ° 02)2 7‘8 + rg < O 1 10
2.QH. N - 11
i H-03 Te .
217M-03 (1 _ m) < 0.1
T4_'0 N Te - o 13
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Reaction

0+0+M—0,+M

0+03—)202

for
H+ 0;-50H,—5,_o+ 0,

0+0H—0,+H

H+0,+M > HO, + M

H +H02 4 02 +H2
H+HO, > 0 + H,0
H+HO, - 2 OH
0H+03—>H02+02
0+ O0OHy=y, 90— 0,+H

OH, + 0,,N;,0
g 0H17I<17 + 02,N2,0

OH, —» OHy,<, + hv

1. =17- 10‘12exp<

Coefficient
T =47 10—33(300/T)2

€, = 119.40
2.4
= 6.1-10734(298/)
€, = 25.47

€3 = 93.65
—470

€, =769
180
175 = 1.8- 107 exp (T)

€5 = 16.77

_ 200
T =3-10"""exp -
€¢ = 53.27

1.8
™ = 5.3 10-33(298/.)
€, =49.1
7= 6910712

T =1.6-10"12
T10 = 7.2 10_11
—940

T'lz(v = 9, 000 9 1)

va’: v Pyy’s See text

AV‘U’

% —2060
3 =8-10""“exp T

1, =14-10"Cexp <?)
foco. s = 0.47,0.34,0.15,0.03,0.01

)

Campbell and Gray (1973)

Burkholder et al. (2020)

Burkholder et al. (2020)

Burkholder et al. (2020),
Adler-Golden (1997)

Burkholder et al. (2020)

Burkholder et al. (2020)

Burkholder et al. (2020)

Burkholder et al. (2020)
Burkholder et al. (2020)
Burkholder et al. (2020)
Burkholder et al. (2020)

Caridade et al. (2013)

Adler-Golden (1997),
Makhlouf et al. (1995),
Caridade et al. (2013)

Xu et al. (2012)



Ozone Photochemical Equilibrium

Measurements of a) temperature (CONE), b) atomic oxygen
concentration (FIPEX).

Calculated values of ozone chemical equilibrium criterion

110
2r7;M-0 rg+7
7 2 (1 8 9) < 0 1
1004 T'4_'0 Te
_ 110
E
> 904
= 1001
80
E
X
70 T T T T T T T T T IE' 90'
160 180 200 220 240 3
110 Temperature [K] =)
100- S 3
5 9] 70 -
E 0002040608101214161820
< &0 Criterion
Above 80 km we may use ozone balance equation
L
) 0 1x10" 2x10" 3x10" 4x10" 5x10" 6x10" »M-0-0, =1,H-0; i
@ Atomic Oxygen [cm ] . o
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| Reaction | Coefficient
| | _ 2
€, = 119.40
oT 0+0,+M->05+M ry = 6.1-10-34(298 /T)“ Burkholder et al. (2020)
Ot mai €, = 25.47
matn 2 0+ 03 - 20, —2060 Burkholder et al. (2020)
2 €111 0 2 (SYO 02' 0 n 2 €~ €EqTy H - 03 73 =810 2exp T
7 ky 7 ky 7 ky - M ’ €3 = 93.65
.. for —_
where k;, — Boltzmann const., e — ef ficiency, €; H + 05730H,=5_5 + 0, 7= 1410 Pexp (#) Burholder et 2 '('gggf)’
— exothermicity, r; — reaction rates, M foes,..s = 0.47,0.34,0.15,0.03, 0.01
— air concentration €4, =769
0.0 0 O+0H - 0,+H re=18-10Mexp @ Burkholder et al. (2020)
TzM . Uy = T'4H *Ujz B & T
€5 = 16.77
oT 0+ HO, - 0, + OH v = 3.10-1ex <200> Burkholder et al. (2020)
= . p —
E =a11‘1°02 +(0(2+€-a4)7”2°02-0, e T
main €g = 53.27
where a;: = ZEi H+0,+M - HO, + M 7, =53 10—32(298/T)1'8 Burkholder et al. (2020)
i — 57 - =
7k €, = 49.1
aT b H H+HO, - 0, + H, rg = 6.9 10712 Burkholder et al. (2020)
8_ = E H+ HO, - 0 + H,0 79 = 1.6 - 10712 Burkholder et al. (2020)
Ltotal
10 H+ HO, —» 2 OH Ti0=7.2-10711 Burkholder et al. (2020)
T 2 €005 2 ersOH-0; 2 [l : 1
= — -t 4+ — 11 OH + 0; » HO, + 0, 12 —940 Burkholder et al. (2020)
atmain 7 kb M 7 kb -M = 1.7 -10"*“exp —
€T60 -HO, 2 €;177H -0, 0+ OHyey 0 0y + H 2@ =9,...,1) Caridade et al. (2013)
’ k. - M 7 : k 13 OH, + 0,,N,, 0 Q' Gy Py, See text Adler-Golden (1997),
12/—:—\ b — OHy,p + 05, N5, 0 Makhlouf et al. (1995),
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atmain
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emical Heating Rates

We use chemical equilibrium of ground state hydroxyl OH and hydroperoxy HO, radicals in mesopause region at nighttime
conditions, and write their balance equations (e.g. Brasseur and Offermann, 1986; Brasseur and Solomon, 2005):

7"4_H’03+T'60'H02+2T10H’H02 =T50°0H+1'1103'0H
7‘60°H02+(T8+T‘9+T'10)H°H02=T‘7H-02°M+7‘1103-0H
OH and HO, are in photochemical equilibrium in March at high
latitudes above 80 km (Kulikov et al., 2024)
B 1o — 0, SABERT
_1,0,-M-0 105 0, SABER? b)
. 7,03 100! — O, Averaged =
€t =<,
=
§ 95 §
— _ T'7H . 02 -M + T1103 -OH % 907 %
27 10+ (rg+19+19)H 85
8oL ) 105'
2000 4010° 60x10° 8010° € 1001
H . T4H ° 03 + 7‘60 ¢ HOZ + 27‘10H ° HOZ [Cms] E‘ 95_
N 7"50 + T1103 -g 90_
— £ 8o
< -
i 10" 10° 10° 10° 10°
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Chemical Heating Rates

oT

atmain

_2an0® 2 en0y0 2 ¢ an H O 110
7k 7 k, 7 k,-M

where kj, — Boltzmann const., s — ef ficiency, €;
— exothermicity, r; — reaction rates, M
— air concentration ~ geani TN IS

r,M-0-0,=1,H-0 'c Tl
2 2= Ty 3 E, e
oT
- =0£11‘1°02 +(a’2+€'0£4)7”2°02°0, 8 ’___::
0t main 5 E ________
o Le = -
where «; 7, < 0 +O3
oT
Et tal - | — OO
ota .
_JT 2 &r;0:0; 2 €rs0H 05 2 80 — Total (7 reactions)
Otmain 7 o M 7 M 7 0 1 45678910111213
€60 - H 2, e;77H - 0,
k, [K/day]
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Chemical Heating Rates VS. Turbulent Heating Rates

oT ) 1104 = Chem.Heat (3 Main Reac.)
— =ar, 0% +(a, +€-a)r, 0,0, a { —Totat Chem.Heat (7 Reac.)
Ot main e (a7 , 2 0, 105_ —— Turbulent
€; —_
where a; = —-. € 100+ o
7kp =<, 95
oT L
_ — 2 9
ot total =
_ar N 2 €3130 - 04 N 2 €rsOH-03 2 < 85
_a i 7 kb'M 7. kb'M 7 80 '|'|'|'_|—_'_|'|'|'|
€0 - HO, L2 &mH -0, 0 5 101520 25 30 35 40 45
k- M 7 ky, b) 1107 .41+ [K/day]
We derive turbulent heating rates from neutral density fluctuation 105‘_ Ei H E E
(Lubken et al. 1993, 2002; Lubken 1997; Strelnikov et al. 2013). '€ 1004 »ib n . . . .
The detailed description can be found in Strelnikov et al. (2019). = 95_' T H :‘ : :
GJ [} [ } } |
S o0- SRETIN | B! R T
Turbulent heating rates are smaller than chemical heating rates = |
. . . oy Z 85‘ np |
across the entire mesopause for nighttime conditions, except for a I | A
few turbulence peaks with widths of several hundred meters. 80 0 -";]’- él (|3 - 4 - 5 - '6 '7 |8
@) [K/day]
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Chemical Heat as Nonlinear Feedback - Numerical Experiments with 3D CTM-IAP

oT . . o . . ..
_ Chemical Heat Relative Deviation, 69° N Chemical Heat Relative Deviation, Sum. Sol.
at 100 o » 100 . (%]
_ E €11y - 02 E €ExTy * 02' 0 a) b)
7k 7 k, 95 95 e
E €414 H-03 I
7 k, M RD =100%- =% =% 12
~ ~ 10
k, — Boltzmann const. a5 T 8
iy aT aT = £ .
e —efficiency o~ BE k=4 ° °
€; — exothermicity 20‘;" HIOK T g ~ 80 )
1; — reaction rates 3t 2000 ° .
M — air concentration s 7 -50
A 1 (] '
aT 2 2 3.4 70JAN FEBI DEC 70 60 ‘ 30S EQ 30N 60N
— = [10°T~“ + B,0T>"p 100 100
dt c) “ ) [K/day]
95 %-2 95 5.2
1.8 1.8
=% 14 =% 14
, AD = £ 1.2 & 1.2
T'=T(2009)+ 10K - = [ 1
aT aT oT 8 0.8 ¥ 85 s
I — B ° 0.6 .2 0.6
. ot atzoog 6t+10K T g0 0.4 T 80 0.4
Reaction rates, u, v, w, D,, for 8.2 8.2
-0.5 -0.5
year 2009 2 ¢ s ~¢
-1.5 -1.5
’/{‘-\ 70
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Chemical Heat as Nonlinear Feedback - Numerical Experiments with 3D CTM-IAP

B_T Chemical Heat Relative Deviation, 69° N Chemical Heat Relative Deviation, Sum. Sol.
dat 100 100
2 €11y - 02 2 €ExTy * 02' 0 a) b)
7 k, 7 k, 95 95
2 & €Ty H 03 {
= ) RD =100% - .90+ .90
7 kb ° M ’ E _g
k, — Boltzmann const. 3T 3T Zes e
¢ — efficiency, Otao00 Ot 410k ® T
€; — exothermicity ’ T T 80 * 80
r; — reaction rates 0t 2009
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aoT 70 BIGEC 70
— = B,0°T~2+ B,0T 3% JAN FEB
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aT . AD = 3 i3 E 12
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ot - _ £ 8 08 =8 0.8
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0 0
-0.5 -0.5
75 1 75 1
1.5 -1.5
AN
@), 70N FEBMARAPR MAY JUN JUL AUG SEP OCT NOVDEC 70 60S  30S EQ 30N  6ON

""M"””J{G‘YE"EEIAP Chemical Heat Absolute Deviation, 69° N Chemical Heat Absolute Deviation, Sum. Sol.



Viotivation
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Fig. 4, Globally averaged daily chemical heating rates
tor March 25th (bold solid-total CHR: dashed - O + O
+ M: upper solid - O + O, + M: dotted - O, + H: lower 60
thin solid - OH + O; dash 3 dot - O, + O: long dashes -
HO, + O; dash dot - H + O, + M).
50

(Sonnemann, G.; Kremp, C.; Ebel, A.; :
Berger, U., ASR, 1997) Latitude (deg)
(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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ummary ana Conciusions

* 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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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.

e(p) ~ e(p) + E,(p) X (0= O(p)) + Ey(p) X (T = T(p))
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Key Points:
« The efficiency of the exothermic
reaction of H + O3 is calculated

interactively in WACCM

- The efficiency is less than one because

some energy is lost through airglow
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Table 1. Coefficients for Reconstructing Heating Efficiency From Equation (2)

efficiency

T T T
LY

A

\

\

Pressure (hPa) € Eq O (vmr) E, T(K)
3.25x1074 0.59 45 435%1072  —1.30%x1073 199
5.37x107* 0.63 6.0 291x1072  —1.24x1073 197
8.84x10™4 0.65 8.7 1751072 —9.14x10~* 198
1.46x1073 064 153  850x1073  —6.67x107* 200
2.40x1073 061 303  2.82x1073  —4.23x107* 200
3.98x1073 059 600 561x107%  —6.84x107* 195
6.56x1073 063 133  538x10™°  —9.13x1073 189
1.05x1072 070 156  1.16x10™  —-851x107* 189
1.64x1072 076 155  3.77x1076  -7.41x10™* 193
2.64x1072 082 127  1.80x107°®  —6.03x107* 202
4.01x1072 086 114  1.12x107%  —4.82x10™* 210
5.68x1072 089 106  847x1077  -3.89x107* 217
7.77x1072 092 994  6.85x1077  —3.13x107* 224
1.05x10~" 093 834 575x10~7 —251x10~% 231

T [rrrrrr 1
=

- 1 1 1
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Efficiency

Efficiency - the relative (to the total) part of exothermic chemical reaction energy release that goes to thermalisation.

10—~
esnyH - 03 — X923 OHy (Xyizo Avy Ovyrr) .,
€= (v <v)
E4T4H ° 03
0 : : o — 100-
o' are the energies of photons for corresponding transitions E
TzM’0'02=T4H'03 8
£ 9
= -1 = |
e=1-— Xyz10H, (25”=o Ayt 9”””) , (0" <v) h
E4T‘2M ° 0 ° 02
80 : : : -
(fva + 03+ Xr—p41PypOHy O + Qi1 OHypis Ny +> 02 03 04 05 06 07
9 9 i
OH, = +Zv’=1?+1 Q,,OH 07 + z:v’:v+1Av'vOI-Iv' (17 < U') Efficiency
Y 7"12(12)0 + Zz'_'l:o pvv”o + q,N; + 25;1:0 vi”OZ + Zz’_'l:oAvv W<
(fVTZM +0-0, + 22':1;“ Py'yOHyr O + Gy 1OHy 1 N7 +)
9 9
OH, = 2y vi1 QuyOHy Op + 2pr oy g Ay OH (U < U')
v — — — ) r
4?”71,72{(17)0 + Zz”io pvv”O + qy N, + Z”1=0 vi”OZ + Zz”io Avv” v <v
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