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THE EFFECT OF PARTICLE PRECIPITATION EVENTS ON THE
NEUTRAL AND ION- CHEMISTRY OF THE MIDDLE ATMOSPHERE:
1I. ODD HYDROGEN
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Abstract—A one dimensional time-dependent model of the ncutral and ion chemistry of the middle
atmosphere has been used to examine the production of odd hydrogen (H. OH. and HO,) during
charged particle precipitation. At altitudes above about 65 km, odd hydrogen production depends on
the ionization rate. and the atomic oxygen and wates vapor densities. Odd hydrogen production is

shown to exhibit diurnal and other time dependen
and the assumption that two odd hydrogen partic

amined.

INTRODUCTION
The production of odd hydrogen (H, OH) during
charged particle precipitation events is believed to
result in decreased ozone concentration in the
mesosphere and upper stratosphere. This effect
was first suggested by Swider and Keneshei (1973)
in an attempt to explain rocket observations of
ozone during the 2 November 1969 PCA obtained
by Weeks ef al. (1972). In order lo evaluate the
impact of the injected odd hydrogen on atmos-
pheric azone. however, it is necessary to consider
how many odd hydrogen particles are produced
per ionization. Most previous studies deabing with
ozone chemistry have not calculated this produc-
tion explicitly. but have instead assumed that two
odd hydrogen particles are always produced per
jonization (e.g. Crutzen and Solomon, 1980;
Swider ef al.. 1978). On the other hand, studies of
atmospheric ion chemistry have pointed out that
odd hydrogen production depends on such factors
as the atomic oxygen density (Fehsenfeld and
Ferguson, 1972) and the electron density (Reid,
1972: Reid. 1976). The possibility that odd
hydrogen production could depend on the ion
chemistry was suggested previously by Frederick
(1976). In this study we examine the feedbacks
between the ion and neutral chemical composition
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1 variations during such an event at these altitudes.
les are always produced per ionization is reex-

during a particle precipitation event. We consider
the time, altitude, and diurnal variations in species
such as atomic oxygen, for example, and their
effcct on the number of odd hydrogen particles
produced per ionization as the event proceeds.

Using the 2 November 1969 solar proton event
(SPE) as an example, we discuss the impact of the
odd hydrogen produced by the event on atmos-
pheric ozone.

CHEMISTRY OF ODD HYPROGEN PRODUCTION

The flow of positive charge following wenization
is schematically illustrated in Fig. 1. 1t Should be
emphasized that many of the chemical processes
under discussion here. particularly for the jons. are
quite uncertain. However. using the currently ac-
cepted chemistry we wish to indicate what factors
may possibly influence odd hydrogen production
during particle precipitation events, The relative
production of O:", N,'. O, and N* is a result of
the abundances of O, and N; and the ratios of
their dissociative ijonization and ionization cross-
sections as described by Rusch et al. {1980). Thus,
for example. the rate of production of N' is 18.5%
of the total ionization rate. In the D-region, most
of the N,*, N'. and ' charge exchanges to form
0,". but a portion of the N’ and O' may react to
form NO' as shown. The formation of NO’ is a
potential source of odd hydrogen, and is believed
to be responsibic for the formation of oxomum
jons in the quiet D-region (Reid, 1977). During
disturbed conditions at high altitudes. however.
clectron concentrations are expected to be rela-
fively high, and the intermediate ions such as
NO'-CO, may recombine before odd hydrogen
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FiG. 1. SCHEMATIC REPRESENTATION OF THE ION CHEMISTRY LEADING TO ODD HYDROGEN FORMATION.

formation can be achieved. The remaining por-
tsoa of the ionization ultimately forms O," and may
potentially form two odd hydrogen particles per
wmit of charge by a reaction path initiated by:
0, +0, 4+ M—>0,'+ M
0, +H,0-0,"'H,0+0;
and followed by
0,"-H,0 + H,0-H,0"-OH + O,
H;0'-OH+¢ —H + OH + H,0
Net: H,O-H+OH
or by
0."-H.0 + H,0-H,0""OH + 0,
H,0"-OH + H,0 - H,0!-H,0 + GH
H;O'-l{zQ + nH,0 - H0 ' (H0),.,
H,0"(H,0),,,+e —H+ (n+2H,0
Net: H,0-H+OH
or by

02"“20+ HQO—) H’ HzO +0H+02

H' Hzo + '1{}1)()) e d H}O}(l'lg())"
H,0'(H,0), + ¢ = H t (n)H0

Net: H,0-H +OH

Many of the pathways indicated above involve
recombination of positive ions with clectrons. It
should be noted, however, that below about 70 km,
negalive ions become more abundant than efec-
trons, so that positive ions will probably recom-
bine with negative jons rather than with electrons.
The products and reaction rates of this process
currently are not well known, but it is likely that
oxonium jons react with the terminal negative
ions, NO, ', as follows:

H'-{H,0), + NO; -»NHOQO; t+ nH,0.

The production of odd hydrogen then depends
on the fate of HNO,. HNO, may react with OH as
follows:

If this occurs, then some odd hydrogen will be
destroyed. HNO, is, however, more likely to pho-
tolyze to yield OH in the upper stratosphere and
mesosphere. In this ciase, as many odd bydrogen
particles will be produced per ionization as in the
case of recombination of positive ions with elec-
trons. However, there will be some delay in odd
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hydrogen production, since the photolysis lifetime
of HNOx is of the order of hours to days in the
region from 65 to 40 km. ,

To simplify the discussion in this paper, we deal
only with recombination of positive ions with
electrons. In the calculations,”we have not in-
cluded the kinetics associated with HNO,
formation by ion reactions, but have instead
assumed that recombination of oxonium jons with
either efectrons or negative ions immediately
yields odd hydrogen.

If we neglect for the moment the formation of
NO* from charge exchange of Q.' with NO, the

rate of O"=0.076- Q; Py =production rate of
N'=0.185- Q; a = branching ratio for NO' for-
mation from the reaction N’ + 0,: k; = rate constant
for reaction t in Table 1.

The fraction of charge which forms O,' is then
1 - 0.096 or 0.904. We first consider how much odd
hydrogen is formed per O," ion, and then discuss
the production from NO'. The upper timit for odd
hydrogen production via O," is 2-(0.094)- Q or
1.808 - Q, which is achieved only if all of the O,
forms Q,*, which then forms 0O,"-H,0, and which
then reacts with H,O. As shown in Fig. 1, the
chain may be interrupted if O,"-H,0, or Q,*, or

fraction of charge which forms NO' is ap- ' recombines with an electron.
proximately given by: The production of odd hydrogen per ionization
+ & " =
Po  KulNiJ +£li‘.. 009 from O," may be approximated as follows:
Q kulO:]+kpIN: Q (P"(,I) m2P(,2‘a,aza_, M
where Q = total ionization rate; Py = production Q 7o, Q

TArLE 1. [ON RFACTION DISCUSSED IN FHF T¥XT. REACTION RATE CONSTANTS ARE
GIVEN 1Y R#Ip (1976, 1977)

i. 0 +O0, 4 M0+ M

2 Oy +e 20

3. '+ NO-sNO*' + 0,

4, 0,/ +0-0;" + 0,

S. 0, +H,0-0,"H,0+0,

6. 0" H,0 + H,0-»H*-H,0 +0OH
7. 0" H,0+H;0-~H,0*0H + 0,
8. H,0''OH + H,0-~»H'-(H,0), + OH
9. HyO0""OH+¢ -»H+0H+H,0
10. H*(H,0), + ¢ = H+nH,0

It ()‘-}():—)0104—0

2. 0O'+N;->NO"+N

13. N4+ 0,0 +NO

14. N +0,-»0," +N

15. N4 0,-»NO +0

6. NO'+e N1 O

7. NO* + CO 4+ Ma2NOCO+ M
1R NO'" +N; 4 Ma2NO'"N, + M

19. NO' + H,0+ Ma2NO"H,0+ M
20. NO'""N; +CO; > NO* ('O, + N,
21 NO*-CO, + H,0-~NO'H,0+ CO,
22. . NO'-N,;+ H;0:>NO* H,0+N,
23, NOH,0+N;+ M&NO*H,O-N,+ M

24. NO'-H,0 + CO;+ M22NO'-H,0-CO, + M
25. NO*-H,0 + H,0+ M=2NO*-(H,0), + M

26. NO"-H,0-N, + C0),-»NO* H,0-CO, + N,
27 NO""I)O‘CO)* H;O g N()“'(H;O)z‘*‘(j()z
28. NO"HQO‘NI“‘ HIO"‘)NO+'(H10)2+N2

29. NO'-(Hy0) + Ny F M2 NO - (H0); N, + M
30. NO'(H,0)+CO; + Ma2NO'(H,0),,CO, + M
3. NO"(H,0)+ H, 0 + M&2NO(H,0)+ M

32. NO‘(H,())zN! 2 C()z -+ NO* (HzO}zCO; + Nz
33. NO"(HIO)]'C()] + ll)(_‘} - NO* (1{20)1 + (‘()?
xd NO'(H;O)INZ t ]Iz() k4 N()‘ (”10)3 + N)

35. NO*-(H;0); + H,0-» H'-(H,0)%, + HNO,
36. X'+e »PRODUCTS

37, X'1 X ~+PRODUCTS
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where Po,+ =total rate of production of O," =
0.904Q + k,[0,’}{O}; a, = fraction of O, which
forms O," instead of recombining or charge
exchanging with NO, for example: a; = fraction of
0, which forms 0,"-H,O; a,=fraction of
0,'-H,0 which reacts with H,0.

Considering only the mujor loss processes for
0,7, 0, and 0,"-H,0. we have:

o KO, M] o
'S G TTk0,IM] F [NOT
_ ks[H,0]
%= O Kafe 1 + KH,07 3
(et k)(H,0)
= ke ¥ KIH,0) + Kyle | t4)

A value of any o« which is less than one, in-
dicates that the positive ion chain leading to odd
hydrogen may be broken at that point. Lastly, if
we consider:

e kIO NONM]
O =0 ke 1+ imop

and
[0,"] = 0.9040Q +k,[0,*){O] )

kole 1+ k[0.HM] +k,[NOY

Smbstituting (6) in (5), and using (1), we obtain an
expression for odd hydrogen produced per ion-
wration from the O," channel.

0,7, and thus there are more intermediates which
may recombine with electrons to cut off the chain.
We will examine the processes leading from NO*
to odd hydrogen formation using the chemistry
suggested by Reid (1977) in the Appendix.

The total amount of odd hydrogen formed per
ionization is the sum of (7) and (8) (derived in the
Appendix). These expressions are extremely useful
for numerical studies of particle precipitation. If
the densities of the neutral components Q., M,
H,0, NO, and atomic oxygen are measured or
estimated from model calculations, then sub-
stitution in (7) and (8) yields the odd hydrogen
production per ionization if the electron density is
known. It should be noted, however, that as a
particle precipitation event proceeds, NO s
produced (see Rusch ef al., 1980), and ozone and

‘atomic oxygen (Swider ef al, 1978) as well as

water vapor (Crutzen and Solomon, 1980) may be
destroyed. Furthermore, the electron density is
strongly dependent on the ionization rate and, at
lower altitudes, on the ratio between negative ions
and electrons. All of these parameters are likely to
be functions of time during an actual event, and
we consider these effects in more detail below.

RESULTS
The neutral model used in these calculations is
the one-dimensional time-dependent model de-
scribed by Crutzen et al. (1978) and Solomon and
Crutzen (1980) to which the ion chemical model of
Reid (1977) has been coupled. The neutral chem-
ical reaction rates employed are described in

Solomon and Crutzen (1980).
0.904Qc, [

R & somewhut more ditlicult to evaluate the
Sermation of odd hydrogen from the NO' channel,
R shewdd be noted that the reaction path from NO*
®» odd hydrogen is somewhal- more speculative
@me that keading from O," to odd hydrogen, and
she reaction rate consiants are not well known.
This pathway was suggested by Dunkin er af.
(I971) and Ferguson (1971}, and many of the rele-
o rate constanis were proposed by Reid (1977)
but bave mot yet been measured in the laboratory.

As Fg. 1 shows, the chain of reactions which
ame bebeeved 10 be foflowed if odd hydrogen is to
e produced is longer in the case of NO' than for

(P‘Ho,) v (09040 + ko '(k,b[e ETA R a.]kdO]))“'“"“
o , |

Q

N l
]

Before wrning to the time-dependent chemistry
of an actual event, we wish 1o emphasize the
effects of altitude and ionization jate on odd
hydrogen production even in an unperturbed
atmosphere, as occurs at the beginning of an
event.

Figure 2 shows the number of odd hydrogen
particles produced per ionization as a function of
altitude and ionization rate for daytime, polar
summer conditions of temperature, air density,
and solar zenith angle. In these calculations we
hiave evalualed odd hydrogen produced per ion-
ization thereafier referred o as Py Q) by adding
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FiG. 2. CONTOURS OF ODD HYDROGEN PARTICLES PRODUCED
PERIONIZATION AS A FUNCTION OF ALTITUDE AND IONIZATION
RATE FOR DAYTIME SUMMER POLAR CONDITIONS.

wp the computed rates of all the ion reactions
which produce odd hydrogen (such as O,"-H,O +
H.0 -+ H.0*-H,0 + OH + 0,, for example), and we
$md that this agrees with the approximate expres-
-saoms, (7) and (8). to within about 0.05Py, /Q. As
the ionization rate increases, the computed elec-
trom density increases and the probability of
vecombination of the O, and 0O, H,0 inter-
mediates increases. Thus at all altitudes, Puo/Q 15
scea to decrease with increasing ionization rate.
The densities of H,0 and O, decrease with in-
creasing altitude, while the atomic oxygen and
electron density increase, so that for a given ion-
mation rate, Puo/Q decreases with altitude. It
showdd be emphasized that the decrease of H,O
with altitude may be strongly dependent on
season. latitude, and the rate of vertical transport.

We also wish to note that the reaction of O,'
with atomic oxygen does not directly cause
decreased odd hydrogen production, since it does
st re<ult in the loss of any positive charge from
the O, channel. However, it produces an in-
areased amount of cycling between ;' and O,',
thes ncreasing the time required to complete the
reaction chain leading to odd hydrogen. and in-
creasing the probability that recombination will
esccwr before odd hydrogen can be produced. The
ooflisional dissociation of species such as
NO ™ -H,0O-N;, yields the same result for the NO'
chain.

We now illustrate the nature of possible diurnal

and time dependent factors by considering a
hypothetical event of constant ionization rate in
altitude and time of 5- 10" ion pairs cm *s'. The
altitude profile of tempcrature and air density
represent March, 70°N latitude: conditious as given
by CIRA (1972).

The calculated behavior of Puo/Q is shown in
Fig. 3 for a number of altitudes. The first 6 h here are
night, foliowed by 12 h of day, 12 h of night, etc. The
decline in Py /Q with increasing altitude is clearly
seen as in Fig. 2. A pronounced diurnal variation
occurs above about 70 km, and is due primarily to
two factors.

As Bailey (1959) first indicated, the concen-
tration of free electrons undergoes a large
decrease at night. Reid (1976) has discussed the
ion chemistry responsible for this feature, which is
believed to be due to increases in the negative
jon-electron ratio. Many of the chemical detach-
ment processes for negative ions involve reactions
with atomic oxygen. At pight in the D-region,
atomic oxygen is converted to ozone, and pho-
todetachment and collisional detachment of nega-
tive ions stops, resulting in increased negative ion
and decreased electron concentrations. As equa-
tions (7) and (8) show, decreased electron concen-
trations should increase Pu,/Q (see also the
expressions for a,. @i a, B, B2 and Bi) by
lowering the probability of recombination of in-
termediates such as O,'-H,0, for example.

The diurnal variation in atomic oxygen dis-
cussed above also becomes important in another
way. Above about 75 km altitude, daytime atomic
oxygen concentrations are large enough to affect
odd hydrogen production through reaction with
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0, as discussed above (Fehsenfeld and Ferguson,
1972). Thus the diurnal variation seen at high
altitudes reflects mostly the tmpact of this process.
Figure 4 shows the calculated time variation in «,
at 80km, which tllustrates the effect more clearly.

A general downward irend in Py, /Q can also
e seen above 75 km in Fig. 3 as the event pro-
oeeds. As Crutzen and Solomon (1980) indicate,
Jdecreased water vapor concentralions may be
expected in this region following large amounts of
wsaization due to the HO, chemistry. This affects
e water clustering processes which must oceur if
odd hydrogen is to be produced. Figure 5 shows
e calculated changes in atomic oxygen, nilric
exide. and water vapor at 80 km during this simu-
tma The diurnal vanation in atomic oxygen is
ciematy seen as well as the gradual depletion of

ﬁ 3

CONCENTRAYION (meies/em? )
[

OCA__AQA.&._A JEUR Y U IO PRR SO G S S
O 20 ¢ 60 80 100 120 K40 160
THAE (Hours)
CaaCATED NME BEBAVIOR OF O, H,O0, ANDNO AT
MOkm FOR THE EVENT SHOWN IN FIG. 3.

waler vapor. Nitric oxide increases but rapidly
saturates at this altitude as explained in paper 1 of
this series (Rusch et al., 1980). {f larger concen-
trations of NO occurred at these altitudes, then it
could affect odd hydrogen formation at high al-
titudes by charge exchange of O," with NO (reac-
tion 3) which diverts some charge from the O;" to
the NO' channel. We emphasize that the satura-
tion process which results in relatively small NO
densities should prevent this from becoming im-
portant for most PCA’s.

These possible variations in Puo /Q with al-
titude and time will certainly not profoundly affect
calcutated ozone depletions resulting from PCA
activity, particularly below about 75 km. Cal-

culated odd hydrogen concentrations and their

diurnal variations during an intense PCA around
80 km altitude will be somewhat different from
those obtsined assuming (wo odd hydrogen par-
tictes ure always produced per vnization, however.
Thus observations of such factors as the Meinel
band emission from vibrationally excited OH may
be atfected.

RESHL1S FOR THE SOLAR PROTON EVENT OF
NOVEMBER 1969

During the solar proton event of November,
1969, decreased  ozone  concentralions  were
observed in the 50-70 km tegion at Fort Churchill,
Canada (Weeks et al., 1972). Swider and Keneshea
(1973) suggested that this effect was due to
enhancement of the HO, catalyzed destruction of
odd oxygen {O+0y) in this region, through
catalytic odd oxygen destroying processes such as:

OH+O->H+O0,
H+0,+ M -HO,+ M
HO,+0-»0H +0.

Net: 20— ()1

The production of vdd hydrogen by the ion-
ization should enhance the concentrations of OH
and HO,, thus increasing the effecliveness of the
catalytic ¢ycle and decreasing odd oxygen.

In their analysis of this event, Swider ef al.
(1978) assumed that two odd hydrogen particles
were produced per ionization, and they predicted a
decrease in ozone at 70kin during the PCA of
about a facior of two as opposed tv a factor of
four in the data. Figure 6 shows our computed
number of odd hydrogen particles per ionization at
70km as a function of time during this event.
PuoJQ ranges from about 1.8 to 1.9. The ion-
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tzation rates used here were hased on data from
the IMP satellite experiment (Solar Geophysical
Data. 1970) and were supplied to us by Charles
Jackman (private communication). Temperature
and air density were taken from CIRA (1972) for
60N. November conditions. Sunset occurs at
. about 1600 cst, and an increase in Py /Q can
be seen after dark as discussed above.

Figure 7 shows the calculated time hehavior of
HO,. O.. and NO, at 70km during the event. and
the ozone vbserved by Weeks ef al. (1972) is also
mdicated. Qur results are not much different from
the previous analysis bv Swider ef al. (1978) even
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though we calculate 1.8 odd hydrogen particles per
ionization rather than two. As the behavior of HO,
in Fig. 7 shows, the concentration of HO, does not
increase greatly as a result of the ionization. This
is because the natural background production rate
of odd hydrogen from the photolysis of water
vapor and reaction of water vapor with O('D} is
greater than the ionization source in this particular
event. The comparison between experiment and
theory in this case is therefore probably strongty
dependent on the adopted chemistry of odd
hydrogen partitioning. production and loss pro-
cesses (e.g. such factors as the background con-
centrations of H,O and O,, and the rate coefficient
for the reaction of OH with HO, may play an
important role). ’

As an example, we have explored the sensitivity
of the calculated results to the water vapor mixing
ratio. The rate of production of odd hvdrogen
through ion reactions occurring during the SPE
should be compared to the rate of production from
the oxidation and photolysis of water vapor,

O('D) + H;0——20H
H,0 + he-—H + QH.

At 70 km during this event, the maximum rate of
odd hydrogen production from jonization is about
1300 molecules cm *s ', while the rate of odd
hydrogen production from water vapor destruction
is about 10,000 molecules cm s '. Thus the pro-
duction rate of odd hydrogen induced by the SPE
is only about 10% of the daytime natural background
production rate, and therefore odd hydrogen con-
centrations are not dramatically affected by the
SPE, as can be seen in Fig. 7. The calculated water
vapor mixing ratio at 70 km in this calculation is
about 4 ppm. Only if the water vapor mixing ratios
were an order of magnitude lower than calculated
in the model, could the odd hydrogen production
rate by the SPE be comparable to the natural
background production rate from water vapor.
This is not consistent with current measurements
(e.g. Arnold and Krankowsky. 1977). Such an ex-
treme change in water vapor mixing ratios would
result in large changes of odd hydrogen densities
during the SPE. The relative change in ozone
density during the disturbance compared to the quiet
day would then be similar to the measurements, but
the absolute density for the undisturbed day would
be larger (about a factor of 3) than the measured
value shown in Fig. 7.

Faire and Murphy (1972) measured temperatures
on several rocket flights at Fort Churchill during
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this SPE. They observed increases in temperature
of about 15K below 70km on the most disturbed
day. Such a change in temperature may be expec-
ted to result in a change in local air density. This
affects the partitioning of 0odd oxygen through the
reaction O+0,+ M ->0,+ M, which maintains
the ratio between atomic oxygen and ozone. Since
the alomic oxygen concentration is expected to be
- larger than the ozone concentration at 70 km,
changes in the ratio between them may affect the
ozone significantly cven if the total odd oxygen
density is constant. Furthermore, such tem-
perature changes may be associated with changes
in the vertical wind speed, and so transport pro-
cesses may influence the ozone density.

DISCUSSION

We have examined the ion and neutral chem-
istry associated with odd hydrogen production
during charged particle precipitation. We have
shown that the odd hydrogen produced per ion
pair may vary in time and altitude during a particle
precipitation event as a result of change in the
monization rate, water vapor density, and atomic
oxygen density, particularly at altitudes above
about 75 km. Thus, we have examined the validity
of assuming a production of odd hydrogen nor-
malized to the ionization rate, as we did for odd
mitrogen in paper [ of this series. We conclude
that, in general below about 60km, and for
reasonable values of the fonization rate, nearly two
odd hydrogen particles are indeed produced per
sonization, while somewhat less than two may be
ebtained at higher altitudes. Diurnal effects relat-
mg to the negative ion-electron ratio at altitudes
between about 65 and 75km, and the atomic
oxygen density above about 8 km may also
milluence odd hydrogen production somewhat.

The consideration of these effects does not
sagnificantly influence the comparison of cal-
cwlated and observed ozone depletion at 70 km for
e November 1969 PCA. Tt should become im-
portant for ozone depletion calculations at higher
almudes or for events exhibiting higher ionization
sades, and should also influence calculated odd
Iydrogen densities during such an event.
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APPENDIX
In order to produce vdd hydrogen, the third hydrate of
NO*, NO*-(H,;0); must be formed. This implies that the
NO* formed must go through three successive reaction
sequences of the form:

M

NO*(H,0), + X*;N()'(Hz()),,-x—;@ NO'(H,0},.,
20

X =COuN,

where n =0, |, or 2.

In  gemeral,  the  switching  reactions  such s
NO*H,O N, + CO, are sufficiently fust that the only
competitive  process is the collisivnal detachment of
NO'(H.0},- X. Furthermore, the first of the three
segilences (1 =0) 15 so fast below about 90 km  that
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nearly all of the NO formed becomes NO* H,0 even during an intense SPE, where electron densities are large. We must
then examine how much NO*-H,O will become NO'(H,0), as opposed to the fraction which will be lost through
recombination.

The following foss and production processes can be formulated from the reactions list in Table 1
Lua- wo = {kalNo) + kaf[COs1 + kod FLOBIM ] + Kylle ]
Lo 0o, = (K 2 M+ kpl H,01 4 ke 1)
Lao won ™ Tkl M1+ kel Hy0) + kyfe 1)
P HON; T {kn[NO*‘H:O"NrﬂM” = 7,'[NU"'H:0]
Po wocn, = kuNO H,OF[CON [M+ kyulNO'H,0-NJ[CO,)

then. the fraction of NO*-H,Q which finally forms NO'(H,0), rather than recombining is given by:

ﬁt = l T — e e e ————— e
K 2(kaal COLIM + kpgfCOJ) 5 — Y

k. nm [ H0 Ny
Lot wn [M]("!——"“— t— e — 1
NO' H:0 Ny “NO HYO Cy

For the third sequence describing NO*-(H,(M, - NO' (H,0),, a similar expression can be shown to be:

8= kyle |
p =l — v
k olks[CO,)[M] + kzzfcoz})_L‘%_
[-N()‘ (H0h ™~ [M] "M""'" Hid L]
o Lo THAN NS Lo (H300: CO;y

Fmally. the NO*-(H,0), may recombine rather than reacting with H,0 to produce H*-(H,0); and HNO,, (which very
sapsdly photolyzes to form odd hydrogen). This leads to a ihird fraction, B;:

poo lHO
: Ky[H,OF + kyle T

Thus. the odd hydrogen production from the NO' channel is

Pno,) Pyor

PR — 2_._ ;

( Q i O B" IBJ
Pnos = 0.096Q + ky[0;*1[NO).

Substimsting for 0.7 from the expressions ahove. we have:

a904Q
T+ kH,07 4 i ~ apkeg) P12
kife 1+ Kk 10,][M] +k,INO]

0.904Q + k,|0]--_-._’_.
k[ ¢ ®

(7=) -2 009 avop




