UC Irvine
Faculty Publications

Title
Stratospheric chemistry: Multiple solutions

Permalink
https://escholarship.org/uc/item/7kn429bqg

Journal
Geophysical Research Letters, 6(3)

ISSN
00948276

Authors

Prather, M. ]
McElroy, M. B
Wofsy, S. C

Publication Date
1979-03-01

DOI
10.1029/GL006i003p00163

Copyright Information

This work is made available under the terms of a Creative Commons Attribution
License, availalbe at https://creativecommons.org/licenses/by/4.0/

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/7kn429bg
https://escholarship.org/uc/item/7kn429bg#author
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/

VOL. 6, NO. 3

GEOPHYSICAL RESEARCH LETTERS

STRATOSPHERIC CHEMISTRY: MULTIPLE SOLUTIONS

M. J. Prather, M. B. McElroy, S. C. Wofsy, J. A. Logan

Center for Earth and Planetary Physics,Harvard University, Cambridge, Mass.

Abstract. It is shown that the equations describing chemical
partitioning among Cly (HCI, Cl, ClO, CINO3), NO; (NO, NO3,
NOj3, N2Os, HNO;, CINO3) and HOx (OH, HO3) may admit
multiple solutions. These solutions apply to the high latitude
winter stratosphere where abrupt spatial variations may be ex-
pected for NO;, ClO and CINO3,.

Present models for stratospheric chemistry involve more than
twenty species which interact through a complex set of chemical
reactions. Concentrations of individual compounds are obtained
by solving an appropriate set of kinetic equations. These
equations are intrinsically non-linear and it is apparent that they
may admit the possibility of multiple solutions.

It is usually assumed that only one solution has physical sig-
nificance, that alternate roots should involve negative or imagi-
nary values for species concentrations. It appears, however,
that this assumption is unjustified and that multiple solutions
may indeed occur under conditions arising in lower regions of
the winter stratosphere. The existence of widely disparate so-
lutions to the kinetic equations could provide an explanation for
some puzzling features in the observed distribution of stratos-
pheric NO3.

The chemistry of the lower stratosphere is regulated by HOy
(OH, HO»), Cly (HCI, ClI, CIO, CINO3) and NOy (NO, NO3y,
NO3, N;Os, HNO;, CINO3, HNO3). In most of the illuminated
stratosphere HOy is formed by

o(ID) + Hy0 — OH + OH (M
and removed by
OH + HOp — Hy0 + 0, @
OH + HNO3 — Hy0 + NO3 ?)
and
OH + NOj; + M— HNO3 + M @

Reaction (4) dominates OH removal at high latitudes in winter.
Under these conditions the concentration of O(lD) is very small
and the major source of HOy is

hv + HNO3 — OH + NO, )

rather than reaction (1).

The lifetime of HNOj3 is exceedingly long in the winter
stratosphere and HNOy behaves as a passive tracer whose spat-
ial distribution is determined mainly by transport. Time con-
stants are short for chemical interchange among other members
of the NOy family. Relative concentrations for members of this
subset, NO; (NO, NOp, NO3, NyO5, HNO», CINO3), are de-
termined by a balance of local chemical reactions. Mixing ratios
for HNO3 and NOy are shown for two representative latitudes in
Figure 1.

Interchange between members of the Cly family involves a
sequence of reversible transformations,

HCl «— Cl «— CIO «— CINO3, (6)
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regulated in large measure by OH, NO and NO,, through the
reactions ’

OH + HCl— HyO + Ci U]
CIO + NO— Cl + NO, )

and
CIO + NO; + M— CINO3 + M. )]

The concentration of Cly exceeds that of NOy in the lower
stratosphere, as is evident in Figure 1. The manner in which the
concentration of CIO varies as a function of Cly is shown in Fig-
ure 2 for several altitudes at 60°N, winter.

The general behavior exhibited by the various curves in Fig-
ure 2 may be readily understood. The concentration of CIO var-
ies linearly as a function of Cly at low concentrations of Cly,
with approximately 0.1% of Cl present as ClO. The concentra-
tion of CIO varies linearly with Cly also at high concentrations
of Cly where ClO is the dominant component. The transition
from the low to the high Cly regimes exhibits behavior analog-
ous to that observed in the titration of a weak acid with a strong
base. Addition of Cly in the presence of limited quantities of
NOy ensures almost complete conversion of NO; to CINO3. The
concentration of NO, under these conditions is set by a balance
of (9) and

hv + CINO3— CIO + NO;. (10)
Thus the concentration of NO, varies inversely with that of
ClO.

The relative abundances of NO and NOj at low concentra-

tions of CIO are set by
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Fig.1. Stratospheric profiles of Cly, NO; and HNOj for 30°N
and 60°N latitude in winter. the 30°N profile is based on the
one-dimensional calculations of Logan et al. (1978) in which
NO; and HNOj are allowed to diffuse separately. The 60°N
values assume transport along mixing surfaces with allow-
ances for NOi-HNO3 photochemical equilibration over a
period of two months. The chemical scheme is from Logan et
al. (1978) with updated rates for the reactions HOy + NO (3.3
x 10-12 exp[+225/T]) and HOy + O3 (1.4 x 10"14 exp[-580/T])
from Howard and Zahniser (private communication).
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Fig.2. Total Cly as a function of C1O number density for sev-
eral altitudes in the lower stratosphere at 60°N in winter. The
NOy¢ and HNOj profiles are taken from Figure 1. The calcula-
tions use 24-hour-average insolation and assume achievement
of a photochemical steady state.

NO + 03> NOy + 0y (1
and
NOjy + hv—>NO + O (12)

In this case the concentration of NO is proportional to that of
NO,. At high concentrations of ClO, (8) may be more important
than (11) and the concentration of NO may change from an in-
verse to an inverse-square dependence on ClO. The rate at
which CIO is recycled (reaction 8) tends to a constant, indepen-
dent of ClO, and ultimately decreases with further increase in
the concentration of ClO. The concentration of ClO in the tran-
sition zone may increase rapidly with small additions of Cly until
CIO represents the dominant form of Cly.

The variation of HCI, Cl, OH, NO, NOj and CINOj as a
function of CIO at 16 km is illustrated in Figure 3. The maximum
observed for HCl is of particular interest, in that the occurrence
of this feature allows the possibility of multiple solutions for CIO
over an interesting range of values for Cl,. The presence of a
maximum reflects the manner in which OH depends on NOj
and, therefore, on ClO. The concentration of HCI varies as the
ratio [CIJ[OH]. As may be seen from the figure, Cl is relatively
constant near the HCl maximum, while OH increases rapidly
with increasing CIO in response to the associated drop in NO,.

Figure 4 shows the range of concentrations for CIO and NO,
calculated for a solar declination of -20° along a mixing surface
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Fig.3. Mean concentrations of NO, NO;, CINO3, Cl, HCI
and OH as a function of ClIO number density for 60°N winter
conditions at 16 km.
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Fig.4. Mean values for the concentration of CIO and NO,
along a mixing surface extending from 30°N (20 km) to 60°N
(16 km) under winter conditions. Note appearance of a sec-
ond set of solutions above 50°. Calculations use mole frac-
tions of Cly, NOy, and HNO3 equal to 1.4, 1.0 and 5.5 ppb,
respectively.

extending from 30°N, 20 km to 60°N, 16 km. Results shown here
were derived using procedures described by Logan et al. (1978),
with volume mixing ratios for NO;, HNO3 and Cly set equal to
1.0 x 10'9, 55x 10'9, and 1.4 x 10°9 respectively. The computa-
tions are intended to illustrate the point that quite different so-
lutions may arise under fixed external conditions at a given loca-
tion. The particular example shown in Figure 4 is not unique.
Similar behavior may be obtained for a range of altitudes in the
lower stratosphere for which the concentration of Cly exceeds
NOy, a necessary but not sufficient condition.

It is obviously difficult to provide a detailed account for the
chemical history of air parcels in lower regions of the winter
stratosphere. Our study indicates that contiguous air parcels
might contain very different concentrations of species such as
NO, NO3,, ClO, HCI and OH. A more detailed analysis should
consider the time history of particular air parcels and should in-
clude an integration of the appropriate chemical and dynamical
equations. This analysis would allow one to address issues relat-
ing to the stability of the various possible states, and should
identify the state or states favored under prescribed conditions.
This matter is under current investigation and will be reported
later.

The results in Figure 4 suggest that the concentration of vari-
ous gases may change rapidly as a function of position and time
at latitudes above 45° in winter. This phenomenon may account
in part for the abrupt change in the spatial and temporal behav-
ior of NO, observed above 50° (Noxon, 1975), and suggests that
there might be associated changes in C10 and CINO;3. The spat-
ial scale of the transition zone is of some interest in that it may
be sufficiently short as to permit differential molecular diffusion
of species across its boundary.
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