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ABSTRACT

The temboral behavior of NO3 and N205 has been studied using

recently determined laboratory kinetic data in a one-dimensional

photochemical model. Comparison is made to previous laboratory and
stratospheric modeling studies of this system. Theoretical consider-

ations regarding the expected time behavior of these species and the

AN

pertinent reaction rate constants are discussed. Available experi-

mental observations of NO3 and N205 in the .stratosphere are reasonably

consistent with the results obtained.



Introduction
Recent observations of NO3 and NZOS in the stratosphere and laboratory
kinetic and photochemical studies of NZOS and NO3 chemistry now allow

examination of the understanding of that portion of the NOy chemistry in -

the stratosphere. Model predictions of NO3 and NZOS mixing ratios and

diurnal behavior using the earlier laboratory values conflict with direct

observations of NO_, and upper limits placed on N mixing ratios in the

(6]
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stratosphere. In this paper we discuss briefly the extrapolation of N205

thermal decomposition and recombination rate constants measured near room
température to stratospheric conditions. These extrapolated values are

then applied in a one-dimensional stratospheric model and the results

are examined.

Chemistry of the NO,-N,O0. System
The NOX—O3 system is in some ways unique in stratospheric chemistry.
The N02 and NO3 radicals, the intermediate NZOS’ and 03 are all long-

lived with respect to the length of a day at stratospheric temperatures
in the ab$ence of photolyzing light. They thus exhibit significant rates
of fofmation and destruét%on during the-night. Model studies of the

" diurnal variations of NO, and HOyx in the stratosphere were first dis-
cussed by Whitten and Tur;o'(1974), who also emphasized that for species
with substantial diurnél variation, models based on constant ayerége
solar illumination could give misleading steady state results.

The equilibrium system of N NO, and NO,.has been studied experi-

205’ 2 3
mentally by Graham and Johnston (1978), who determined the'temperature

k
3 . x
NOg + M —=—= N0, + NO, + M

k
2
N02 + NO3 + M —— N2 5 + M



dependence of the equilibrium constant, Keq = k3/k2, between 289 and 329

K. Reaction 3, the thermal decomposition of N has been recently

_ 205>
studied hetween 4 E14 and 2.78 Ei9 molecule cm-3 and 262 to 307 K
(Connell and Joﬁnchﬁ, 1979, where references are given to olaer studies
ofvthis reaction). Viggiano ggrgl, (19795 have also reported thermal,
decomposition rate constants between lévana 300 torr and 268 to 377 K.
The recombination rate constant, kz, is'more difficult to determine
directly, but can be.readily inferred f:om‘the equilibrium constant and

thermal decomposition rate constant.

The thermal decomposition of N20 is a standard example of a

5
unimolecular reaction exhibiting a pressure dependent rate constant.
At sufficiently low pressure the decomposition is bimolecuiar, since
the rate determining step in the bond fission mechanism is energization
of NZOS molec'iles by collisiop. Conversely, at high pressure gzos is
constantly being activated and deactivated by collision. Thé rate
determining step for decomposition is the unimolecular process of the
activated NZOS actually falling apart; Betweén these extremes the o;der
of the reaction is properlx represented as neither first nor second
order, but is in the 'fall-off' region. For the decomposition of NéO5
the fall-off region coincides with the range of stratospheric pressure.
Use of a single bimolecﬁlar rate conétant,.as in the mechanism of Whitten
and Turco (1974), will result in a significant overestimation of the
rate constant in the lower stratosphere.

A better expression pa;ameterizes the pressure dependence, as in

the Hinshelwood mechanism (see e.g. Robinson and Holbrook, 1972) assumed

in the diurnal model of Wuebbles and Chang (1975). An empirical



parameterized fit of intermediate pressure data, such as the data set
provided over a wide temperature range by Viggiano ég_gl. (1979), to
the Hinshelwood form can provide an adequate temperature extrapolation’
formula. But. fitting the Hinshelwood expression tq experimental valees

-~

of thz high end low pressure 1imits of.the decomposition constant will
overestimate rate constents at intetmediate pres;ure; since the true
fall-off curve is shallower than that predicted by the simpie tﬁo state
hypothesis of Hinshelwood; We have earlier suggested a form (Connell
and Johnston, 1979) which answers this theoretical objection by intro-
ducing an experimentally determined parametef to express the sherpness

of the fall-off. This expression is applicable for temperature extrapo-

lation at’ all pressures.

While the decomposition can be experimentally studied over the
necessary pressure range, the small rate constants at low stratospheric
temperature are'difficult:tb measure. Application of labofatory data to
atmospheric models then requires‘an extrapoletion to lowef temperature.
Over a small fange of 1/T the rate constant will follow the Ar:henius
form, but over greater cﬁanges in temperature the activation energy -
eecomes itself a function of temperature, as the distributions of all
N205 molecules and those energized above the reaction barrier change in
a complica;ed fashion. Thie effect.appeers as curvature in the Arrhenius
plot and is evident in the case .of NZOS from the low pressure activation
energy of 16 kcal/mole measured by Schott and Davidson (1958) at 500 K
and the corresponding value~of.i9 kcal/mole measured at 300 K. First
order theory predicts a linear dependence of activation energy.on

temperature and this form has been adopted to fit the present data with

that of Schott and Davidson (1958).
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The complete form used for extrapolation is

1 1/ 1 2 1 1 1\ 22 '..1/2 o
| kuni =5 ('k'_—‘—o.[M] + E) + 5 [(ko'[M]\ + E) + kovkm[M]] : (l). . B

where k' = 4.3 x 10—3 ('T/BOO)“8 exp(- 12240/T) cm3 molecule_l sec-l and

1

k, = 1.88 x 107 exp(- 12550/T) sec *. The best simple Arrhenius fit

produces a 207 larger decomposition rate constant throughout_the strato-

.sphere. Use of the Hinshelwood form with the same high and low pressure

3

- limits introduces a maximum error of about 20% additional increase.

The nighttime éhemistry of the NO, species is dominated by the

reactions
.k ‘ - -

NO, + 0 N0, + 0, ; o
k, | .

1
, 2 3 3
NO, + NO, + M—=—= N0, + M , : » .
K :

N)Og + M—3— NO, + NO, + M . | -
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Nitric oxide present at sunset is rapidly oxidized to NO by ozone.

2

‘ During the day NO3 and N_O_ mixing ratios are depressed'by large photolytic

25

decomposition rates and will increase during the night at the expense

of NOZ’ which is initially present in much higher concentration. The

daytime steady state level of NO3 is given by the production rate of
reaction 1 divided by the photolytic rate constdnt. At nighf, over much

- of the stracosphere, NO3 relaxes to a larger steady state value, for

which the j value is replaced in the denominator by kZ[NOZ][M]' If the
concentrations of NO2 and N205 are considered constant during this rapid

increase, the time dependenée of NO3 is approximately given by



[NO3]t = (k1[03]/k2[1~1]) -c exp(— kz[Noz][M]t) , (@)

where the preexponential factor is the difference of nighttime and daytime .

steady state concentrations. Correspondingly, if NOj is considered to

be in steady state, the time dependences of [Noz] and [Nzos] are,

of

vrespectively,

[0, = [¥9] peee *P(- 21[05])

-and
[vo

¢ ‘
[NZOSJC = [N205]sunset + —————%EEES— [l - exp(— 2k1[03]t)] .

The time constant for NO3 relaxation,'l/kz[Noz][M]; is, however,‘greater

than an hour above 35 km (in the region of the NO. maximum) so that

3

assumptions of constant NO2 and NZOS concentration are not valid at all

altitudes.

Within the limitations of the NO3 steady state assdmption, the N02

column will decrease exponentially through the night with a half time

-

of around sixteen hours, averaged over the NO2 distribution. The NZOS'

increases on the same time scale by mass balance. The NO.

3 steady state

concentration is
[¥05] s = (k1[°3]/k2[m) + K q[M205]/[N0,] (3)

The first term in Eq. 3 has a weak temperature dependent contribution
from the activation energy of reaction 1 and inverse pressure dependence
from reaction 2. The second term has a much stronger temperature

'dependence from the AH of the thermal dissociation of NZOS' At lower




o

colder altitudes, between 15‘and 30 km, the NO, will recover rapidly,

3

(on the order of an hour), from daytime levels to the steady state amount

given by the first term in Eq. 2. Above 35 km the initial increase will

' be somewhat slower, as [Noz] and [M] both decrease with increasing altitude.

The NO, at highervaltitude will also exhibit an increase throughout the

3

night, since the second term in Eq. 2 becomes significant. The increase
will be related to the changing ratio of [NZOS] to [NOZ] and the increase

in the equilibrium constant. The time dependence of this term is

o [NZOS] 2k1[03]t
[NO3]t = kl[oa]/kz[M]'*,Keq <T$ﬁﬁj— + 1/2 e. - 1/2

sunset

Below 30 km, NO3 will be constant after a short period after sunset,

while the NZOS will increase on a time scale comparable to that of the

NO2 decrease. Above 35 km the NO3 and N205 will increase together as

the higher temperatures favor the product side of the N205 dissociation

equilibrium.

Model Description .

-

We have studied‘ﬁhis behavior using a one dimensional photochemical
model. The model, originally obtained from Lawrence Livermore Laboratory,
has been ﬁpdified to include the additional species necessary. Twenty
species are treated as time dependent and‘are solved for numerically

) ' 3 '
with the Geap\method: o(’p), 03, NO, NOZ’ N20, HN03, N03, NZQS’ ClONOz,

2 3,-OH, HOO, HZOZ’ HZO’ CO and CH4.

of total chlorine is prescribed in the form of CF2C12 and CFCl3 in place

of natural sources such as methyl chloride. The O(lD)} N and H are

Ci, Clo, HC1, CF C12, CFCl Two ppb



calculated from the respective steédy state expressions. The rate con-
stants employed are given in Table 1. The one dimensional eday diffusion
coefficient is that of Stewart and Hoffert (1975). The standard mid-
latitude‘atmosphere of the U.S. Standard Atmosphere Supplements, 1966,

is used. The model has been described in more detail by Chang (1974)-

The model was run for thirty ye;rs using a half intenéity constant
sun. VDiurnal calculations with 160 second time steps aﬁd the corresponding
continuously varying solar zenith anglé were then cafried out for four
model days. Although a quasi-steady state is achieved, it should be néted
that a much longer integration time Qould be necessary to obtain a true
diurnél steady state with respect to both chemistry and transport over
the entire atmospﬁere. Above 30 km the photochemistry is rapid and our-
calculations in this region should reflect the actual steady state solu-
tion. Wuebbles and Chang (1975) have demonstrated the numerical stability

of the Gear method in treating this problem.

Conclusions

The first order rate constant for thermal decomposition of NZOS’
derived from Eq. 1, applied to the standard atmosphere is shown in
Figure 1 as-a function of altitude for both the simple Arrhenius and
the T" temperature extrapolation schemes. The differences are within the
extrapolated error of ihe experimental data. Both curves are beiow the
previous values used by atmospheric modelers. The late night vertical
distributgons dérived from the model are shown in Figure 2,

The—NO3 total column abundance above 15 km, (Figure 3), increases
rapidly after sunset for about three hours and then more slowly as a
"result of the long term exponential changes in NO2 and N205 concentrations.

The detailed behavior at individual altitudes for NO3 and NZOS is shown

is



in Figure 4. The early evening NO3 increase slows at both extremes of
stratospheric altitude,_representing the decrease in [Noz],_[M], or both
factors. The slower increase from the second term in Eq. 2 increases in

significance with increasing altitude, as noted above.

Experimeptal measurements imply a pre-dawn mixing ratio of 3 ppb
above 30 km for N205 [Evanspgg_gl.‘(l978)], and a twilight upper limit
of 2 x 108 molecule cm—3 in the 25;30 km region [King gg_él;_(l976)].
These values; smaller than those predicted with the previously suggested
rate constants for Nzos‘chemistry, are in reasonable agreement with the

present study.

The total column behavior of NO, reflects primarily the temporal

3
behavior in the upper stratosphere around the concentration maximum.
The NO3_tota1 column abundance increases by about 20%_dufing the night

aftev the initial rapid increase. - At the al;itude of the NO3 maximum
the time constant for this initial increase is on the order of two hours,
somewhat longer than observations by Noxon (1978) would indicate. These
observations showed no increase, within the 307 experimental error, in
the total column abundance of 1 x 1014 molecule_cm-2 from 40 ﬁinutes
after sunset *o the late night.

The senéitiVity of the model results to certain input parameters
should be mentionedf Smallvvafiations.in tﬁe assumed temperature profile
will produce large changes‘in the dissociation rate constant apd the
equilibriuﬁ conétant. A decrease in straﬁospheric'temperaﬁure will -
supéress the nighttime increase of‘NOS. The forpation of NO3 is alsé
dependent on the ogoﬁe profile through the linear dependencé in the

steady state expression. Sensitivity to N02 abundance is however weak.

Changes in NO_ affect mbstly the time scale of the initial increase

2



after sunset. This is a consequence of the similar dependence of NO3

prodﬁction and destrucfion'rates in the étratosphere on NOZ'
The application of these recently determined rate constants and

the somewhat more involved treatment of their pressure nd temperature

dependenée produces reasonable consisteﬁcy with the avéilable stfato—

spheric observations of NO, and N.O The role of these species in

3 2°5°
global NOx chemistry may be significant, particularly during the polar
night. Further stratospheric observations are requiréd to examine this

behavior in detail.
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Table 1. List of Reactions

.Reaction Rates [rate constants taken from Hampson and Garvin (1977) except as noted].

0+0, +M>0, +4 1.07-10734 (510/T)
03 +0~-+>2 O2 . ‘ 1.9.10“11 e(‘2300/T)
0, + NO > NO, + O 2.1.10712 (-1450/T)

3 27 %

1 | -11

N0+ 0("D) » N, + 0, 5.5.107
N0 + O(ID) + 2 NO 5.5.10711
N+0,+N0+0 5.5.10712 ,(~3220/T)
N + NO ~» N2_+'b A 8.2-10-11 e(-_loIO/T)
N+ N0, > 2 NO 6.0.10712
i, +o(t -10

4 ("D) ~ OH + 2 HO, + CO - 1.3-10
OH + 0, + 0, + HO, 1.5.10712 ,(~1000/T)
0®”) + 0 » B + 0  1.0-10°10 (-250/T)

2
14 e(-590/'1‘)

HO, + 0, > OH + 2 0, 1.4.10° Howard {1978)
oC’) + Ho, > on + o, 1.0-10710 ¢(-250/T)
H + 0, + M~ HO, + M 2.08-10732 ¢(290/7)
H+o0, > OH + 0, 1.42.10710 g(°478/T)
~14 (1245/T)
,Hoz + HO, - H,0, + 0, 3.9.10 e , Cox (1978)
‘ =11
OH + HO, > H,0 + 0, _ 5.0-10’
OH + NO, + M > HNO, + M 4.10712.M/(1.12-1018 + M)
OH + HNO_, - H.O + NO_ : 8.0-10"14
o 3 20 T3
) o . =11 (-750/T)
OH + H,0, » {0, + H,0 1.0-107"" e
W, + olp) + M + N0 + M - 3.5.107%7

N + N02 -+ N20 + 0( 3P) 2.0-10'11 e("BOO/T)

NO + KO, + NO, + OH 3320712 BT (1978).

H, + o(*py > on + H ‘ 2.7.10710



‘Reaction Rates

'O + OH - HZO + O(3P)

N+O3.‘> N0+02

N-O2 + 03 -+ N03 + O2

-
OH + CH4 HZO + CO + 2 H02

OH + OH + M H202 + M

0(3P)+ H,0, + OH + HO

> Clo+ 0

2

Cl + O3 2

€16 + 0(3p) + c1 + 02

Cl0 + NO > C1 + NO‘,2

+
Cl _CHQ 2

Cl + H2 * HC1 + H

Cl + HOZ = HC1 + 02

HCl1 + OH -+ C1 + H20

HC1 + 0 - C1 + OH

Clo + N02 + M~ ClO;\'O2 + M

ClONO2 + O = Cl0 + NO3

CF2C12 + O(lD) =+ Cl + Cl0

cFC1, + oclp) > 2 c1 + cio

2 3 2°5

1‘1205 - NOZ + NO3-

NO+NO3‘>2NO

NO, + NO, + M > N.O_ + M

2

I\OZ + I“IO3 -+ NO + 02 + N02

N03+0+N02+02

NO3 +h03 »> 2 N02 + O2

CO + oF » co, +'H

Cl + VHNO3 + HC1 + NO3

= HCl + CO + 2 HO,

1.0.10-11 (-550/T)
5.0-10712 ((-650/T)
1.23.10713 (-2470/T)
2.36.10712 ((-1720/T)
1.25.10732 (900/T)

2.75.10712 o(~2125/T)

2.7.10-11 _(-257/1)

7.7.10711 o(-130/T)

2.2.10711

7.3.10712 ,(-1260/T)

4.9.10-11 (~2340/T)

3.0.10711

3.0-10712 ¢(=425/T)

11410711 ((-3370/)

3.3.10723.773:34, 4 |

8.7-1072.17" 6.+ 5y
4.5.10"12 (~840/T)

2.0-10710

2.0-10"10

1.87.10711

1.0.10711 .

8.5.10713 o(-2450/T)

1.4-10713 4 7.33.10733.y
Lo-10-11 (-2170/T)

14

Connell and Johnston (1979)
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Chan et al. (1977)



Photolysis Reactions

O2 + hv > 2 0(3P)

03+h\)->0+02

1
03+h\)-’O(D)+Of2

N02+h\)»->NO+0

N0+ hu N, +0

NO+hv+N+0

'HN03+hv+oa+N02

HZO2 + hv = 2 OH
‘HC1 + hv - Cl1 + H

ClONO2 + hv + Cl0 + NO2

CF2C12 + hv =+ 2 C1

CFCl, + hv > 3 C1

N205+h\)->2N02+0

NO3+h\)'>N02+O

N03+h\)'*NO+02

At

15

Hudson and Mahle (1972)

Graham and Johnston (1978)
Graham and Johnston (1978)

Graham and Johnston (1978)
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Figure Captions

‘Figure

Figure

Figure

Figure

1.

Altitude profile of the rate constant k., in the model

3

stratosphere.

Calculated distributions of N03, N02 and N20S before

sunrise. -

Calculated nocturnal behavior of the NO3 and NZOS

stratospheric columns.

Calculated nocturnal behavior of NO_ and N, 0. at

3 275

selected altitudes.
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(molecules oB..mv X _,o-_m

{10

Arrhenius

Arrhenius Form

22

| | i

© o~ © @ © < N o

24
Time (h_r)

20

18

XBL 794-9317



molecul2s ¢m™3)

/
{
\

Iog,O [NO3‘]

20

8 | l l 1
| - 30 km — o9
8
)
L
S
7 NZ
o
7
3
=k
®
O
c
)
p U)_.
6 ‘3" |
W
— NGz
6l B A
| o 5
| | | l
I8 20 22 249 2 6
Time (hr) |

XBL 794-9318

‘@

":7.



. This report was done with support from the
Department of Energy. Any conclusions or opinions
expressed in this report represent solely those of the
author(s).and not necessarily those of The Regents of
the University of California, the Lawrence Berkeley
Laboratory or the Department of Energy.

Reference to a company or product name does
not imply approval or recommendation of the
product by the University of California or the U.S.
Department of Energy to the exclusion of others that
may be suitable.




Bring e W

TECHNICAL INFORMATION DEPARTMENT
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720





