Chemical Events in the Atmosphere and their Impact on Environment
Pontifical Academy of Sciences, Scripta Varia 56, Vatican City 1985
www.pas.val/content/dam/accademia/pdf/sv56/sv56-howard.pdf

LLABORATORY STUDIES
OF ATMOSPHERIC RADICAI. REACTIONS

CARLETON J. HOWARD

Aeronamy Laboratory, NOAA Envirowmental Research Laboratories
325 Broadway
Boulder, Colorado 80303 USA

In this paper 1 will describe some aspects of important environmental
problems from the point of view of the chemical reactions that occur in
the atmosphete. An overview of the processes involved in stratospheric
ozone depletion is given in the papers by Professor Rowland and Professor
Anderson, in acid precipitation by Dr, Phillips, and in tropospheric photo-
chemistry by Professor Chameides. It is not practical for me to discuss
the details of all of thesc complicated systems, so I will concentrate on a
few issues which are of current interest to me and which I believe touch
on some of the key uncertainties in our understanding of the environ-
mental problems. T will also limit my discussion to gas phase reactions,
although we know that many liquid phase or heterogeneous reactions are
taking place, especially in the troposphere.

Tue SO; OxipaTIoN MECHANISM

The topic acid precipitation has received a great deal of public attention
in the US, Canada, and Europe recently. In tbeir papers Dr. Brosset,
Dr. Knabe, and Dr. Lag discuss various aspects of this critical problem.
It is very surptising that we do not know the details of the chemical
mechanisms by which gaseous SO is converted to HzSOu in the atmosphere,
There have been a number of differeut proposals for the homogeneous
mechanism [1-3] but the only step that is well established is the initial
attack of OH on SO:.

OH + SO: + M = HOSO: + M (1)
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We assume that the bisulfite radical, HOSO, is the product because
the reaction has been shown to be third order, Unfortunately this species
has never been detected and nothing is known about its chemistry, so the
remaining steps in the mechanism are speculative. A typical scheme is as
follows:

HOSO: + O + M — HOSO: + M (2}
HOSO: + NO — HOSOs + NG, (3}
HOSO: + H-R — TLSOs + R, (4)

Here the bisulfite radical is oxidized by O: to a peroxybisulfate radical
which is reduced by NO to a bisulfate radical. The H-R molecule is some
species such as H:0: or HO: with a relatively weakly bound hydrogen.

In order to model the homogenecous conversion of SOz to HaSOs it
may not be necessary to know the rate coefficients for each of the steps as
long as Reaction (1) is the rate limiting step. However, it is very important
to know how many radicals ate consumed in the overall mechanism. Tor
example, Reaction (1) consumes one OI, so in the presence of a large
concentration of 8Oz, a condition that one might find in a power plant
plume, the rate of SOz oxidation is limited by the rate of OH production,
In this situation, & reduction in SO: concentration or emission may not be
reflected in a proportionate reduction in H=SOs deposition [4], because the
rate of H:SOs production is tied to the OH production rate not the SO;
concentration. Thus a knowledge of the SO: oxidation mechanism is required
to develop an effective strategy to control acid deposition. When all of
the details of the mechanism are not known, it is common to use a simplified
scheme such as that described by Atkinson ef af, [5],

OH + SO; = HaSO.. (5)

This shorthand version of the mechanism assumes that one odd hydrogen
radical (OH) is consumed per SO: oxidized. This approach allows modellers
to simulate SO: oxidation in the troposphere.

Recently there have been two studies which cast serious doubt on
the validity of Reaction (5} as a generalized reaction to describe SO
oxidation. Tirst, Stockwell and Calvert [6] made a kinetic study of the
mechanism of the OH-SO: reaction using a photochemical reactor with
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long-path Tourier transform infrared spectroscopy. Mixtures of CO,
HONO, NO, NOz, H20, and SO; at ppm concentrations were prepared in
synthetic air or N» at 700 tort. OH radicals were generated by the photo-
lysis of HONO:

HONO + hv - OH + NO. {6)

The OH initiates a chain reaction, the key steps include:

OH + CO - CO, + H (7)

H+ 0+ M- HO: + M (8)
and

HO; 4+ NO » OH + NO.. (9)

The chain is terminated by Reactions (10) and (11):
OH + NO + M- HONO + M (10)

OH + HONO — H:0O + NO., (11)

The steady state OH concentration was inferred from the rate of CO:
formation via Reaction (7). The effect of SO: on this system was tested
by adding SO: concentrations up to 172 ppm. The surprising result was
that the rate of CO oxidation was not significantly reduced. This observa-
tion implies that the oxidation of SO: does not terminate the HOx chain
and does not result in the net removal of OH radicals. Therefore the
generalized Reaction (5) cannot be correct.

A second study by McKeen, Liu, and Kiang [71 supports the
conclusion that SO: oxidation does not consume HOx. They modelled the
oxidation of SO» in the stratosphere from the 1982 cruption of the
El Chichén voleano. Using one and two dimensional models, they examined
the photochemical effects on the injection of several megatons of sulfuy
into the stratosphere and compared the results with the chemical lifetimes
of sulfur obtained from observations of stratospheric SO: and sulfate
particles. The SO to sulfate conversion scheme they tested assumed that
odd hydrogen radicals were consumed (as in Reaction (5)}). Under this
condition their model predicted that the HO. species were significantly
suppressed and that the chemical lifetime of SO: was greater than 100
days. This can be compared with the observations which imply a lifetime
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of the order of 30 to 40 days. McKeen e 4. [7] found that it was neces-
sary to assume that HOx was not consumed by the SO: oxidation in order
to match the shorter lifetime of the observations. They adopted the scheme
proposed by Stockwell and Calvert [6]:

OH + SO: + M — HOSO; + M (12}

HOSO; + O — HO; + SO {13}
and

SO; + HxO — H.50., (14}

which can be reduced to the generalized mechanism
OH + 50 4+ H:O — LSO + HO.. (15)

The major difference between this mechanism and the one given in (5)
is that HOx radicals are not consumed in (15). The major weakness of this
scheme is that the best available thermochemical data on sulfur species [8]
indicates that Reaction (13} is endothermic by approximately 6 keal mol™".
This is an uncomfortably large figure but the uncertainty in the heat of
formation of HOSO: is probably farge enough that one is not convinced
that (15) is incorrect.

There is an additional piece of evidence that O: is reactive toward
the OH + SO: adduct. A discharge-flow experiment hy Leu [9] found
that OH was regenerated when the OH - SO recombination reaction was
studied in an O: buffer gas. Although the author had no explanation for
this observation, it is possible that the NO present in his experiment from
the OH source reaction, H + NO; - OH - NO, was contributing to the
regeneration of OH via the sequence Reactions (1), (13), and (9). We are
presently developing some experiments to test this possibility by directly
searching for the products HOz and SOs in my research group.

If the Stockwell and Calvert proposal that odd hydrogen radicals are
not destroyed in the SO: oxidation process is correct, a major revision of
the models for the homogenous oxidation of SO is required. This revision
will certainly change the predicted effects of reducing SO: emission rates.
The final result may be a cleater view of the strategy for reducing acid
deposition rates.
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Tue CO + OH ReacTion

The reaction of carbon monoxide with hydroxyl radicals is a very
important reaction in the lower atmosphere. It oxidizes CO, a highly
toxic gas

OH+ CO-»CO,+ H (7}

to COy, it regulates the atmospheric HO,, and it contributes to the photo-
chemical production of ozone in the lower atmosphere via the sequence

(7), (8), (9), {16} and (17).
NO: + hv (x < 380 nm) - NO + O (16)

0O+0:+M->0:+ M (17}

Reaction (7) is also very important in hydrocarbon combustion systems
[107 where it has been shown to exhibit an unusual temperature hehavior.
The first observation of a pressure effect in the CO + OH reaction was
reported by Overend, Paraskevopoulos, and Cvetanovi¢ [11] ten years
ago. Several different groups subsequently confirmed the observation, but
the best quantitative results that have been published are those of Bier-
mann, Zetzsch, and Stuhl {12]. Details of other studies arc given in
reference 12. Biermann et af. used flash photolysis of water vapor to
generate OH and observed OH decay rates by uv resonant absorption at
pressures hetween 25 and 750 torr of He or Na. Their measurements
were made at 300 K and showed a significant pressure effect only when
O, was added. This observation led Biermann et al. to conclude that
the CO 4+ OH adduct, HOCO®, has three competing paths: (1) direct
dissociation to products CO: + H, {2}, stabilization by M and subsequent
reaction of the stabilized product with Oz to give CO; + HO:z and (3) dis-
sociation back to the reactants, They indicated some concern with their
mechanism because the adduct, HOCO, hydroxycarbonyl, is very stable
and thetefore an O: reactant should not be required to observe the pres-
sure enhancement. A satisfactory explanation of this problem has not been
given, In the presence of O. the Bietmann ez 4l result is described by
the equation k(CO + OH) = (1.4 + 1.4 P) X 107" cm® molecule™ s
where P = the pressure of nitrogen in atmospheres. Thus the rate constant
doubles between low pressure and one atmosphere pressure,
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DeMore at the Jet Propulsion Laboratory has reexamined the
CO + OH reaction system [13]. A sketch of his experiment is shown
in Figure 1. A mixture of gases including the CO reactant, water vapor,
and Ar, Nz, or SF is continuously irradiated by 184.9 nm light from a
mercury Jamp. This photolyzes H:O producing OH:

H:O + hv . = 184.9 nm) —» H + OH. (18)
The steady state OH concentration that results is measured by laser induced

fluorescence. The rate coefficient for Reaction (7) is determined by two
methods: evaluating the steady state OH concentration and the amount
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Tie. 1. Schematic of apparatus used by DeMore at Jet Propulsion Laboratory to stucy the
reaction CO 4 OH, See text for details,
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of CO oxidized to CO; or by adding a reference reactant such as Ha or
CHs and evaluating the ratio of the CO + OH rate to the reference
gas + OH rate, Preliminary results from DeMore’s study are shown in
Figure 2. This gives the factor by which the rate coefficient is increased
for three different gases versus the pressure of the added gas. The ratic
of the efficiencies of the gases is given by the ratio of their slopes and is
in the order one expects for collisional stabilization by Ar, Ni, and SF.
The efficiency of N is only about 409 of the value reported by Biermann
et al. [12] DeMore also could not reproduce the O: effect reported by
Biermann et a/. DeMore found that small amounts of O: did not enhance
the CO + OH rate coefficient even at high total pressures. He has pro-
posed that the O: enhancement reported by Biermann ef al. may result
from the sequence:

H+0O:+ M= HO: + M, (19}
and
OH + HO: —» H:O + Q.. {20}
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Fi6. 2. Preliminary data from studies of the CO 4- OH reaction by DeMore. This shows
the enhancement factor (the number Dy which the low pressure rate cocfficient should be
multiplied) as a function of pressute for three different collision pases.
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This requires that the radical concentration in the Blermann et al. ex-
periment be a factor of 3 to 10 times higher than they reported. A second
problem is that Biermann e ¢l. could see no enhancement with 750 torr
of Nz when no Q: was present. According to the data of DeMore there
should have been a 409 increase in the rate coefficient, I favor adopting
the data from the DeMore study because bis experiment is simpler than
that of Biermann er al. and because his data is consistent with a straight-
forward kinetic model. Nevertheless this critical reaction requires some
additional direct measurements.

Tue HO: 4+ I1O: REacrion

The HO: disproportionation reaction has a rich measurement history
beginning with the classic mass spectrometric study of Foner and Hudson
in 1962 [14].

HO: + HO; =» H:02 + O: (21)

This reaction is important in the atmosphere as a loss mechanism for
hydroperoxy! radicals which are a critical oxidant. It is also the source
of atmospheric hydrogen peroxide which may be responsible for the
oxidation of SO to sulfuric acid in droplets and on the surface of acrosols.
During the last 10 years several rather astonishing observations have been
made regarding Reaction (21): {a) a water vapor enhancement [15], (b) a
large negative temperature dependence [ 161, and {c) a significant pressure
dependence [17, 18], In the last few months a series of independent
studics in different laboratories have been made on Reaction (21) and at
last a clear picture has emerged of the kinetics of this important reaction
The key study was made by Kircher and Sander [19] at the Jet Propulsion
Laboratory. They used flash photolysis to generate HO: radicals and uv
absorption to measure their concentration. They investigated the kinetics
of Reaction (21) at temperatures between 230 and 420 K, at pressures
between 100 and 700 torr, with H:O vapor at pressurcs between 0 and
10 torr, and for both the hydrogen and deuterium isotopes. The Kircher
and Sander study provides data for the complete range of atmospheric
conditions for which Reaction (21) is important.

Tests of their results are provided by several independent measure-
ments. Table 1 summartizes the results of four tecent studies of the
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temperature dependence of ka at low pressure. The pressure dependence
of the reaction is small enough that it can be neglected at pressures less
than about 10 torr, so in this region it may be considered purely bimolecular.
The first line in Table 1 summarizes measurements made by G.A. Takacs
in my laboratory [20]. He used laser magnetic resonance to detect HO:
radicals in a discharge-flow expetiment. Several different methods were
used to gencrate HO;, including the reactions of ¥ and Cl atoms with
H:O: and the reaction of Cl with CH;OH followed by the reaction of
the CH:OH product with Q.. The HO: concentration was calibrated by
using Reaction (9) to convert HO: to NOs or OH which wete indepen-
dently detected and calibrated. The low pressure value of ka given by
Kircher and Sander [19] was derived from the P = 0 intercept of plots
of I versus pressure. Thrash and Tyndall [217 used flash photolysis
production of HO: radicals and infrared absorption with a diode laser
for their detection. The 1979 study by Cox and Burrows [22] used uv
ahsorption for detection of HO: in a molecular modulation experiment.
The agreement of the results from these four studies is remarkable. All
values of the rate coefficient at 298 K fall within the range ka = (1.5 to
1.8) X 107" om® molecule™ s, Similarly the temperature coefficients,
E/R, ate in excellent agreement among the data scts, although the Thrush
and Tyndall and Cox and Burrows studies cover relatively small tempe-
rature ranges.

From the slope of plots of ka versus pressure Kircher and Sander
determined the termolecular rate coefficients and their temperature de-
pendence for M = Ar and Na. The values of these are k (Ar) = 8.4 X
107 exp (1100 K) and k(N:) = 1.9 X 107® cxp (980/T) in cm®
molecule™® s7'. Thus the termolecular rate coefficient in Ni is about
5.1 X 107 at 298 K. The effect of one atmosphere of N is to increase
the cffective bimolecular rate coefficient from about 1.6 1072 to about
2.9x107"% em® molecule™ s7!, Tf water vapor is present, a further enhance-
ment ahout 70% is found with 10 tore IO at 298 K. The recommended
expression for modelling the HO; + O, reaction in air at high pressures
and in the presence of water vapor is given by the expression:

ka = (2.3 X 107" exp (590/T) +
+ L7X107% exp (1000/T)[MI) (1+1.4X107% exp (2200/T)HO1)

This equation, largely derived from Kircher and Sander [19], hrings
together the results from many different studies of this critical and complex
reaction. i
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NO: CHEMISTRY

Several years ago Noxon et ol [23] first observed NOs radicals in
the atmosphere by means of its absorption at 662 nm of lunar light. Many
subsequent measurements [ 24, 25| have been made and the general con-
clusion can be drawn that the observed atmospheric concentrations of NOs
are not accurately reproduced by attempts to model its chemistry with
the available reaction rate data. This conclusion has stimulated a great
deal of interest and activity involving NOs chemistry.

The nitrate radical is most ahundant during the nighttime because
it is very rapidly photolyzed by sunlight. Its source is the slow reaction
of NO; with ozone:

NO: + O; —» NOs + Q.. (22)
It is known to react with NO;, forming N:Os:

NO: + NOs + M £ N:Os + M. (23)

These reactions demonstrate the key role that NOs plays in atmospheric
chemistry. It is a critical intermediate in the formation of NaOs, a potential
reservoir and sink for NOx. Since other NOx species, NO and NO:, have
a dominant part in tropospheric and stratospheric chemistry, the possibility
of a significant nighttime chemistry involving NOs must be investigated.
Several groups including ours at NOAA are starting research on NOj
kinetics.

Atkinson, Pitts, and coworkers at the University of California at
Riverside are in the process of publishing a series of papers on NOs
chemistry. I will briefly describe a few of their results. Their method
involves the use of a smog chamber experiment with long path infrared
absorption measurements of reactant concentrations [26]. Their kinetic
measurements arc based on the competition hetween two different reactants
for the NOj radical. NaOs is used as a source of NOs, Table 2 summarizes
some of their data for reactions of NOs with selected organic compounds.
Most of these materials are present in significant concentrations only in
polluted urban environments. For the alkene compounds the rate coef-
ficients follow the general trend found for the addition reactions of O and
OH. This supports the proposal that the mechanism involves addition to
the double bond. A dramatic increase in reactivity is obscrved with the
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TaBLE 2. - NOs radical reaciion rate coefficients at 298 K {from Atkinson
et al. [267, UC Riverside).

Compound I {cm® molecule~t s~1)
ethene (6.7 & 2.6) X 1017
propenc (4.2 & 0.9} x 1015
1-butene (5.4 2- 1.2} % 10-15
isobutene {1.7 = 0.19) ¢ 10-12

cis-2-butene

trans-2-butence

{1.89 4 0.22) x 10-13
(2.11 3= 0.24) x 1013

2-methyl-2-butenc (5.1 £ 1.6) x 1012

2,3-dimethyl-2-butene (3.1 £ 1.0) x 10-1
benzene = 1.1 x 109
tolucne (2.0 = 1,1) x 10-¥
m-xylene (7.6 = 3.5} % 10-17
napthalenc (6.4 % 2.5) x 1015
formaldehyde (3.23 & 0,26} x 10-10
acetaldehyde 1.34 + 0.28) x 10-13

addition of methyl groups. The aldehydes apparently react mainly by H
atom abstraction and the expected product, HNOs, was observed. The
reaction mechanism for the aromatic compounds is not known, but may
involve abstraction also.

If one assumes a nitrate radical concentration of about 300 ppt [25]
the lifetimes of these organic compounds range from about 1/3 year for
materials with a rate coefficient of 107" cm® molecule™ s7' to about 13
seconds for materials with a rate coefficient of 107". It is possible that
the faster reactions play a significant role in defining the atmospheric
lifetimes of both nitrogen oxides and some organic materials. Atkinson
et al. 1267 have raised the point that the addition reaction products of
some of the compounds may be highly toxic, especially the dinitrate
products. An additional interesting point is that the reactions may provide
a nighttime source of other reactive radicals such as OH or HO: or that
a compound such as HNO:, nitrous acid, may be formed. HNO: is a source
of OH and NO radicals as soon as the sun comes out.
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FuTurE STUDIES

The interest in atmospheric environmental problems has stimulated
a great deal of laboratory research on chemical kinetics. New research
tools, especially lasers, have aided in increasing the quantity and quality
of data. A major problem that is limiting the development of this research
area is that often the reactions that need to be studied are not easily
identified. For example, it is not possible to assess the effect of a reaction
on model calculations until one has an estimate of the rate coefficient.
Also it is not possible to tell which previous studies may be in error. One
must speculate on reactions to which model predictions are very sensitive
or for which there are inconsistencies in the data.

There is one other topic which should be pursued. This is the study
of reaction products. I believe much more emphasis should be placed on
this part of laboratory kinetics. For example, the key termination reaction
for nitrogen oxides is:

OH + NO: + M — HNO;s + M. (24)

where it is assumed that TINO:s is nitric acid. It is possible that an isomer
of this compound is formed, namely, peroxynitrous acid, HOONO. Two
isomers are ohserved on the similar system of Cl addition to NO,: CIONO
and CINO: Also it is known that FHHOONO is stable and that it is formed
in solution. If this isomer is formed, its existence introduces a new
species to the list of atmospheric trace constituents. I believe there are
many similar “well known” reactions that must be investigated to confirm
such details.
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DISCUSSION

ANDERSON

Could you briefly discuss the mechanism involved in the water vapor
insertion into the HO; 4+ HO; reaction?

Howarp

Yes. T deliberately omitted many such gory details because I had visions
of finding a comatose audience when the lights were turned back on. Recall that
the HO;+HO, reaction has a pressure-dependent component, and so what is
happening is that the water vapor molecule acts as a chaperon in the association
reaction. The HO; radical has a very large dipole moment, about 2.1 Debye,
It is even larger than the dipole moment of water. This molecule associates with
a water molecule through 2 hydrogen bond and forms a complex.

HO; + HO 4+ M — HO, - ILO + M
A sccond reaction occurs between the HO; — water complex and TO::
HO; « HO 4+ HO; — HO; - HO: + 0,

Presumably this is a fast bimolecular reaction., It gives the same product,
HO; - HO,, that is obtained by the thermolecular reaction in the absence of
water vapor. This product must decompose to IO: and O» quite rapidly.
Kircher and Sander discuss some of the details of this mechanism in their paper
and David Golden and coworkers at SRI International have also analyzed it in
terms of kinetic theorics. Both have papers coming out very soon in the Journal
of Physical Chemistry.

ANDERSON

Have you estimated the bond strength in the first step, that is, between
water and HO,?

Howarp

Yes. In fact, in some of the studies of the water vapor effect there is a
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measurement of that from the temperature dependence of the water vapor effect.
The bond energy is somewhesre around 7 or 8 keal mol=". It is a relatively
strong hydrogen bond.

ANDERSON

FHave you looked for the disappearance of HO: in the LMR experiment
resulting from the attachment of water?

Howarp

Yes. But there is a problem in that kind of experiment. What happens
is that there is a pressute broadening of the TIQ, line on addition of H:O vapor.
The seasitivity of the experiment is derived from the narrowness of the rotational
line, In the presence of tiny amounts of water vapor, an enormous broadening
of the HO; line develops, making it impossihle to measure the HO, accurately.
This is an indication perhaps of a strong interaction between the HQO; molecule
and the water vapor. So in our Laser Magaetic Resonant experiment we cannot
study the association reaction. The previous wortl on these complexes has all
been done at high pressure with uv absorption detection.

CRUTZEN

The reaction HO; + NO is of coutse a key question in the atmosphere.
Are there similar problems there with water vapor adducts? And also the pos-
sibility that the HOONGO molecule which you formed by OH + NO, may be

formed there,

Howarp

Yes. So far as [ know, no one has investigated the effect of water vapor
on the HO; + NO reaction. What you are suggesting is that in the presence
of water vapor HO; + NO could lead to HHOONO?

CRUTZEN

Yes, this would make the possibility greater that you end up with the
HOONO molecule because the water vapor could carry off the excess energy,
which otherwise would make it difficult for HOONO to form.
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HowarDp

Yes. That is a possibility, and as far as I know, no one has ever looked
for such a thing. That the HO; + NO reaction would form HOONO is un-
likely otherwise, because there is too much energy to be removed before you
can form stable HOONO. But you are correct that it would help to associate
HO, with water.

LiserTT

There was a lot of discussion about the carbon monoxide in the atmosphete.
You pointed out that through free radicals carbon monoxide is oxidized to
carbon dioxide. Do you believe that this is the real sink for carbon menoxide,
in other words, that the scheme you described is really representative for sink
for carbon monoxide?

HowArD

Yes, I do. I do not know of any other mechanism, certainly no othet
homogeneous mechanism that is significant.

RowrLanp

I would comment here that there is a related experiment that was carried
out by Professor Ehhalt’s group in Germany in which they were looking at
the radjoactive carbon monoxide, carbon 14, monoxide formed by cosmic ray
produced carbon 14, They measured the concentration of carbon-14 monoxide
in Germany and found that its concentration varied with the season and the
concentration was higher in the winter and lower in the summer, as you would
expect because the concentration of hydroxyl is lower in the winter and higher
in the summer. And they were able to model the actual lifetime of the carbon
14 monoxide quite well with models of the hydroxyl concentration as a function
of season. They then checked this by making one measurement in Florida, where
the hydroxyl concentration would be even higher, and the concentration of
carbon 14 monoxide was lower, as expected from that kind of modeling.

Marone

If T read the table correctly, there was a difference of about six orders
of magnitude in the rate constants for the NOs reactions. Is this true? It must
yequire an extraordinary measurement technique. Is it quite credible?
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Howarp

Yes, that’s right, that the rate constant for ethylene was in the 10" range
and the one for the tetramethyl ethylene was around 10-", So there is about
a six-decade factor. Thete are different tricls for accomplishing the measurc-
ment of rate constants over this range. First one can vary the reactant concentra-
tion, in this case the hydrocarbon concentration, by quite a large factor, by
probably about a factor of 10° or 10°. Also the reaction time can be varied
by a factor of 10 to 100 in a chamber experiment. And finally, i they wanc
to try to measure one very accurately - it is possible to put in another material
whose rate coefficient is similar in magnitude and to look at the two reactants
in competition,

Knane

We have a steady increase in the exhaust of NO and transformation of
NO; by the excessive automobile traffic. Is there any effect expected on the
radical formation on this changing relation between NO, NO; and SO: in the
atmosphere? In Europe we observed many unusual effects on the vegetation
and so on. My question is: are any radicals formed maybe by that new conserva-
tion which were not there before?

Howarp

Not that T know of. T think the complement of radicals that we have now
is large enough to account for the chemistry that occurs.

Rowranp

My impression is that he may have asked the question: IHave you changed
the concentrations of old radicals in such a way that it would have biological
effects?

Howarp

Oh, yes. In fact one of the things from the study that I described on
nitrate radicals was that they observed some molecules that are toxic compounds.
For example, some nitrate compounds which involve the addition of two nitrate
radicals to an organic substrate. Apparently those are very toxic, so I would
say the likelihood of forming such molecules would be increased as you increase
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the concentration of nitrogen oxides, because you have to have attached to one
organic substrate.

RowLAND

The comment I would add to that — and it is especially downwind from
places where you have sources of nitrogen oxide, that you would expect these
effects.

CRUTZEN

This was somcthing which was considered in the Academy report in the
United States, an older paper which I was involved in, whether the nitrogen
oxides actually would gobble up so much hydroxyl radicals that the oxidation
of SO, would be effected. There are some slight indications in Europe that
may have occurred in the forest, but it does not scem to be right for the
United States, so different repions may have different problems here.

CHAMEIDES

I have a question concerning the SO, reaction which perbaps is somewhat
speculative. The new mechanism for SO, homogencous oxidation, presumably
converts an OH radical to an HO; radical, Could that comhined with the recent
observation by Becker and his group that the SO; + OH reaction is dependent
on oxygen concentrations and which mmply that that reaction is practically five
times faster in the lower troposphere than had heen thought previously? And
T wonder if perhaps this $SO: 4+ OH reaction, if this fast rate constant is correct
and the mechanism is correct, could actually be a significant way of converting
OH to HO; and producing ozone and oxygen. Would you care to comment
on that?

Howarp

Sure. First, I am not familiar with the work of Becker. The little bit T
have heard scems to be in general consistent with the ohservations of Calvert
and Stoclkwell. That SO; could be the source of an oxidant by such a mechanism
is an interesting idea. Tt is somcthing that could be very directly tested in a
small chamber experiment or by modelling. It will depend upon the concentra-
tion of SO: relative to other oxidant forming species such as CO or hydro-
carhons. But it is something that in my opinion could be directly tested.
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LiBERTI

Because of the importance of OH and the Jarge amount of work vou have
done in this field, which analytical procedure do you suggest for atmospheric
OH determination?

Howarp

I think there is probably not a single method that one would want to
trust in such an important measurement. Probably something like what An-
derson, Davis, and Wang are trying to do with lasers to measure it in a direct
way in one location, plus some kind of less direct measurements of the type
that Ehbalt and Campbell use, looking at the oxidation of some species. I
think we ate going to have to have several methods to do it. It is such a
difficult problem, and there is so much variability in the conditions under which
you would like to measure it from the siratosphere down to the surface that one
is really going to have to use several different methods.

ARNOLD

I should greatly like to comment on the homogeneous SQO; oxidation. You
have pointed out that the problem is the fate of the HSO; intermediate radical,
and you have mentioned the recent suggestions including the Os reaction. I
assume that the kinetics is now known for this reaction, From our stratospheric
and recent tropospheric observations of the HSO: and H:S50. gases we can
estimate the lifetime of HSCs in the atmosphere, and it turns out to be much
shorter than to be expected for instance for the hydroxy! radical reaction as a
sink alone. It also turns out that the lifetime is such that we cannot exciude
that heterogencous removal may have a role. It is just of the order which
you may expect for heterogeneous temoval, assuming an efficient high sticking
probability, And if vou assume that the O reaction is the main sink, you may
get an estimate on the effective rate coefficient for this process from such
observations, And finally I should like to add that the fact that HSO; cJusters
very efficiently to ionic clusters heing composed of sulphuric acid and water,
the same composition as is expected for the aeroscls, implies that we should
not forget about the possibility that HS8O; radicals may also undergo hetero-
geneous removal in the atmosphere,

Howarn

1 could comment on that. You may recall from vesterday that Professor



CHEMICAL EVENTS IN THE ATMOSPHERE AND THEIR IMPACT ON THE ENVIRONMENT 223

Arnold has observed chemical species in the stratosphere associated with negative
ions, that he interpreted tbese as being HOSO; — and if that were correct,
then T think that the Stockwell and Calvert mechanism is not correct. I do not
shink there should be any HOSO; in the atmosphere, if their mechanism oceurs,
according to the scheme that they have developed. If Arnold’s identification
is correct, then I think that the Stockwell and Calvert scheme is not significant.
Maybe the observed ion cluster species is SO not HOSO:.

RowranD

But what about at much lower pressures?

Howarp
But you still have O; present, One fifth of the air is O» where Arnold
makes his measurements. ‘The HOSO; should still convert to HO; and SO;.

CRUTZEN
Tt was not clear to me at what pressures were these Stockwell and Calvert

measurements made.

Howarp

At one atmosphere. T think the reason they do most of their work at one
atmosphere is because their chamber probably leaks...





