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Three components have been identified as being common to oscillation in five related but increasingly complex
models of tropospheric chemistry. The first of these components is areMpty/refill cycle in which [NQ]

grows or declines, depending upon the relative source rates qfai® HQ, the latter being generally
proportional to the rate of photolysis of §DThe second component is a complex@oduction/loss cycle
dependent upon [N [HO,], [CO], and [Qj]. The third component is nonlinear coupling (both direct and
indirect) of the first two, which allows each of the two cycles to affect the other. This coupling also introduces

a positive feedback that autocatalytically accelerateproduction at high [CO] and [ when [NQ] and
[NOJ/[NO,] are simultaneously low, thus destabilizing the steady state. A schematic model is provided that
illustrates the interaction of these three components and indicates that the positive feedback indeed is necessary
for oscillation to occur. The major features governing the behavior of this dynamic instability and related
oscillation in simpler models also are dominant in a larger oscillatory model of tropospherahGtéoxidation.

Thus dynamical instability and oscillation appear to be common features of tropospheric chemical mechanisms,
regardless of the particular reaction set chosen and over significant ranges of parameter values, and appear
to result from complex nonlinear coupling of N®@mpty/refill and Q-production/loss cycles.

1. Introduction chemistry?1=23 Addition of the diurnal cycle into the present
Dynamical systems whose governing equation contains models leads only to the introduction of a ripple on the longer-

nonlinear terms as well as positive and negative feedback cyclesP€fiod chemical oscillation$ although its amplitude is some-
may exhibit complex behavior including multiple steady states, times amp!lfled4near a bifurcation in models containing night-
excitability, steady-state instability, self-oscillation, and deter- time chemistry: . .
ministic chaos:® Well known chemical examples are the The simulated oscillatory periods found so far range from
Belousov-Zhabotinsky and CIQ-based batch and continuous- the order of several weeks to centuries. Thus, i_t is_unlikely that
flow stirred tank reactor (CSTR) oscillatory systefnRe- full cycles of even the shortest of these oscillations can be
cently®” mechanisms describing homogeneous tropospheric 0bserved in any real, localized atmosphere necessarily subject
photochemistry also have been found to have such nonlinear,t© meteorological mixing on mugh shorter time scales. However,
cyclic structure and to sometimes exhibit these behaviors in bothPhases of sudden concentration change occur during these
simplified model&12 such as discussed here, as well as in much oscillations on time scales of-B days, even in these relatively
larger and more realistic representations of tropospheric chem-Slow models. We do suggest that favorable places to observe
istry.7 11,13 evidence of these oscillations might include the summer polar
Much of this work has used well-mixed box models (es- troposphere, espemally the boun_dary layer, when therg is a
sentially CSTRs) with simplified photochemistry composed of Strong 24-hour solar inpdt,and during stagnant summer high-
various subsets of a core of representative tropospheric reaction§reéssure episodes in a high-altitude, low-latitude, heavily
usually involving only the six variable concentrations: [CO], Polluted tropospheric air mass such as is often found over
[03], [NO], [NO2], [HO], and [HOY], together with various input ~ Mexico City2®
and loss terms for NO, CO, ands@and a constant solar light On the other hand, it can be speculated that the very long
flux. The species CO (representative of the class of volatile oscillatory periods observed in these tropospheric models might,
organic compounds, VOCs),s0NO, and NQ are significant in a global troposphere that is well mixed on long time scales,
trace-gas tropospheric pollutants, while the radicals HO angl HO couple with oceanic and biospheric forces, contributing to
are the engines of tropospheric photochemistry. periodic climate variability” on the longer time scales observed
The major phenomena observed so far springing from the in these models.
nonlinear dynamic structure of both small and large tropospheric  The potentially most significant phenomenon here is steady
models are multiple steady states, steady-state instability, limit state instability; k., there may be no stable steady state toward
cycle oscillation, and chaos. Tropospheric multiple steady which chemical concentrations must inevitably evolve. This
state&14716 are characterized by high or low values of [JO  suggests that the temporal evolution of tropospheric chemistry
= [NO] + [NO] associated, respectively, with low and high may sometimes be very sensitive to initial conditions, as well
values of [HQ] = [HO] + [HO3]. The oscillatory systems pass as to perturbatio® Thus, short term changes in chemical
through similar states with simultaneous cycling of [CO] and composition, perhaps previously ascribed to meteorology, may
[O4], although true multiple steady states are not necessary forsometimes result instead from dynamic instability of the
the appearance of oscillatidhThe identification of high and  chemistry itself. To our knowledge, the implication of this
low-[NO,] states is of considerable practical utility, especially instability for large models of tropospheric chemistry has yet
in the interpretation of heavily polluted real tropospheric to be carefully considered.
states'®20 These oscillations are intrinsic to the photochemistry  Investigation of oscillation in simplified tropospheric models
itself; they are not driven by the diurnal solar cycle, as is the not only elucidates questions concerning steady state instability
case in existing oscillatory models of upper-atmosphere but also clarifies the basic nonlinear structure of tropospheric
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chemical dynamics, especially the shifting balance between TABLE 1: Source and Loss Terms for Models M1-M42
growth and loss of tropospheric [N [HO,], and [VOCs] parameter M1 M2 M3 M4
(CSTR empty/refill processes) resulting from their nonlinear

coupling to the chemistry initiated by the photolysis of i@ o ggi 15 ggi 1? ggi ig 28§ 186‘;

. . . . 3
the presence of VOCs. The fingerprints of relative concentration g, 50x 100 3.0x 10 3.0x 10  3.0x 10°
changes of various species resulting from motion near to the  Lyo 50x10% 50x10% 23x10°
steady state in these models may well be useful in identifying

’ . e aSource termsSeo, Sos, andSyo) are given in molecule cni s
chemical instability in a real atmosphere. Loss terms (o) are given in st.

We consider here four simplified tropospheric models ex-
hibiting steady state instability and oscillation and find that while ~ Model M3 is similar to that used by Krol and Pogpand is
there are significant differences among them, the basic interac-obtained by adding reaction R9 to M2.
tions leading to these phenomena are very similar.

HO+ 0,—HO,+ 0, k,=7.0x10" (R9)

2. Simplified Tropospheric Models

The core model here is that of Field et teferred to as Model M3 also exhibits an unstable steady state and oscillation
model M1. but not chao_s. _ _

Model M4 is based upon that of Stewand is obtained by

H,0 5 adding reaction R10 to M3 in order to extend the model to
O; + hy —2HO k =6.9x 10 (R1) include hydrocarbon oxidation.
o _
CO+ HO—HO,+CO, k,=1.9x 10" (R2) CH,+HO— CO+2HO, ki =65x10" (R10)

Reaction R10 represents a complex sequence of elementary
processes and is the only stoichiometrically autocatalytic reaction
present in MtM4, yielding two HQ, species from one.
Crutzer suggests a similar autocatalysis that occurs only at
o high [NOy, a subtlety not present in this formulation of R10.
NO, + hy — NO + 0, ks=3.9x10° (R5) The [CHy] is kept fixed at 4.2x 10" molecules/criin M4,
which exhibits oscillation but not chaos. It is the only model
HO, + NO—HO +NO, k;=9.6x 10 %2 (R6) used here for which true multiple steady states have been
located.

HO,+ 0;—HO+20, k;=15x10" (R3)

NO+0,—NO,+0, Kk,=79x10"° (R4)

. _ —11 The rate constant values specified above are well estabfished
HO + NG, — HNO, ky=1.3x10 (R7) and used in all models. However, it is necessary in order to
. obtain steady state instability and oscillation to use somewhat
co Seo Table 1 different values in each model for the source and loss terms for
-0 S, Table 1 CO, NO, and Q. These parameters are in fact quite variable in
3 3 natural atmospheres. Table 1 shows the values of these
—NO Sy Table 1 parameters used in each model.

Typical oscillations in [CO], [@Q], [NOy, and [HQ] are
First-order (photolysis) reaction rate constants are givenin s Shown in Figure 1 for models MiM4. Simultaneous values
and second-order rate constants are given i# wmlecule? of the ratios [NOJ/[NQ] and [HOJ/[HO,] are shown in Figure
s L. The concentrations of OH,O, and CQ are assumed to 2. Certain features common to all four models emerge from
be constant. Details of the choice of rate parameter values areexa@mination of these traces. (1) Each oscillation consists of a
given in Hess and Madroni¢hand Field et af. The absence  region of higher [NGJ (with corresponding lower [H(), during
of physical-loss and radical-recombination terms (a radical Which both [CO] and [@] increase, with the rate of O
species is defined here following Kleinnfdras a member of ~ Production gradually accelerating through the region. (2) This
the odd-hydrogen family and hydrocarbon analogues, e.g., HO, higher [NQ] region is followed by a lower [N region (with
HO,, RO,, etc.) in this, the simplest model discussed here, corresponding higher [H{), during which both [CO] and [g]
emphasizes the balance of influx of NO and CO with their decrease. (3) Transition from the higher [j@egion to the
photochemical removal. This model shévessubcritical Hopf ~ lower [NO{ region is relatively rapid. It is accompanied by an
bifurcation to an unstable steady state and associated evolutiorinitial sharp acceleration in £production followed by some-
to limit cycle oscillation asSyo is increased with the values of ~ times quite rapid @consumption, as well as by declining [CO]
all other parameters held constant. It undergoes a period-and large decreases in the ratios [NOJ/[l@nd [HOJ/[HO,].
doubling transition to deterministic chaos at still higtgo. This initial sharp acceleration ingproduction is of particular
The other models considered here are obtained by addingimportance to the following analysis and is highlighted in Figure
dynamic processes to this core. 1 by an arrow. (4) Transition from the lower [NIOregion to

Model M2 is obtained by addition to M1 of the two processes the higher [NQ] region also is relatively rapid and leads to
below. completion of the cycle. It signals the onset of relatively slow

growth in [G5] and [CO], as well as rapid growth in [NOJ/[ND
HO, + HO, —~ H,0,+ 0, ks=2.9x 10" (RS) and [HOJ/[HO,].
On this basis, it is useful to break the oscillations and their
NO—L,, Tablel analysis into three key common components. (1)xNE@pty/
refill, (2) Oz production/loss, and (3) chemical coupling/
It exhibits an unstable steady state and oscillation but not chaosfeedback. While these three components are intimately linked,
for the parameters used here. occurring simultaneously, it is instructive to discuss each
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Figure 1. Oscillation versus time (days) of the logarithmic concentrations (molecut&ahHOx (solid line), NQ. (dotted line), Q (dashed line),

and CO (daskdotted line) for models MtM4, a—d, respectively. The

separately. The following is applicable to all four models,M1
M4. Model M2 is used to demonstrate discussion points.

3. NOx Empty/Refill

Systems MEM4 fill with NO via net physical influx of
NO, i.e., Exnox = Svo — Lno[NO]. They empty of NQ via
chemical reaction. Both NGspecies, NO and Nfcontain an
unpaired electron and may combine with radical species (R),
e.g., HO or CHCOQO,, usually to yield a relatively stable
molecule. We write this process as R11.

NO, + R— RNQ, (R11)
This process is a sink of both radicals and ,N&&cause the
product species (RNQusually are either relatively unreactive
or removed from the troposphere by physical deposition
processes. The only reaction of this type in models-WNY is
R7. A tropospheric system is sometimes considéraxibe in
a high [NQ] state when

ER < ENOx (1)
wherekEg is the net rate of radical production. Excessht@ux
under this condition rapidly titrates (stoichiometrically removes)
radicals in R11, leading to low radical concentrations while
[NO,] grows. However, if

Er > Enox

)

then the system sometimes is considered to be in a low][NO

arrow indicates acceleratgcp@duction as discussed in the text.

state because excess radical production now titrates|siling
to declining [NQ], and higher radical concentrations where
combination/disproportionation reactiongy.eR8, may become
a significant added sink for radical species. These ideas due to
Kleinmanri*16 provide a useful framework for understanding
tropospheric chemical oscillation.

The rate of radical entry for MtM3 is given byEr = 2Rgr1
and for M4 byEg = 2Rr1 + Rrio WhereRg;, etc. are the rates
of the corresponding reactions. The net influx of N®given
by Svox — Lno[NO]. The value of [NQ] generally increases
whenEg — Enox < 0 and decreases whé&g — Enox > 0, as is
shown in Figure 3 for two cycles of M2. Because [J@ not
always low when (1) is true, we refer to this as the region of
decreasing rather than of low [NPSimilarly when (2) is true
we refer to this as the region of increasing rather than of high
[NO,]. These regions of decreasing and increasing JNve
rise to the concept of NCempty/refill.

The behavior of [HG is inversely correlated to that of [ND
In general, when the system is filling with NGhen [HQ] is
declining, and vice versa. An exception to this behavior may
occur toward the end of the N@mptying region if radicat
radical recombination reactions become a significant radical-
loss process.

Therefore, oscillation in models MAM4 may be viewed as
a switching between increasing and decreasingN€gimes
that is driven by variable relative rates of radical production,
Er, as compared t&yox. Radical production in M:M4 occurs
mainly through @ photolysis in R1, and thus is strongly
dependent upon [§) whose behavior in turn is strongly
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Figure 3. Oscillation versus time (days) of the difference between
the source rates (molecule cins™) of radicals and of NQ Er —
Enox = 2Rr1 — (Svo —Lno[NO]), in model M2 (gray line). Simultaneous
oscillation of logarithmic [NQ] (molecule cn13) (solid line).

be either created or destroyed in this oxidation process,
depending upon the balance between variogpr©duction and
Os-loss cycles.

1.0 1.2 1.4 1.6

.9
® Field et al® discuss the @production and @loss cycles in
10 M1 in some detail. A modification of their £production cycle
’ (c) is given below.
o)
CO+ HO — HO, + CO, (R2)
NO + HO, — NO, + HO (R6)
NO+0O; — NO,+0, (R4)
o
NO,+hs —> O,+NO (R5)
20.
1.0 1.2 1.4 1.6 CO+hy — CO,+ 0, (S1)

Stoichiometry S1 assumes tHats > Rr4 during G; produc-
tion, allowing Rr4 to be ignored in forming S1.
10 This production cycle differs from that of Field et%hnd
others! by the presence of reaction R4, which is included here
because the [NO]/[Ng-mediated rate differencdRgs — Rra)
is a better measure of the net rate gff@rmation in S1 than is
either Rgs or Rr4 alone. Indeed, the quantityRg¢s — Rrs) is
sufficiently important for the present analysis to be defined as
Fos, which may be either positive or negative, and thus
] contribute to either net Oproduction or net @ loss. The
2 3 4 5 6 7 8 efficiency of G production in S1 per photochemically generated
HO may be defined by the quantitRés — Rr4)/2Rr1, Which is

(d)

time / days shown for model M2 in Figure 4. The acceleration of O
Figure 2. Oscillation versus time (days) of the ratios [HO)/[H@solid production indicated in Figure 4 by the sharp peaks near the
line) and [NOJ[NQY] (gray line) for models M+-M4, a—d, respectively. end of the [Q]-growth regime occurs at high KP[NO,] and
The time-axis scalings are as in Figure 1. is discussed in the next section. At sufficiently highJEg >

. . o Enox, @nd the system enters an [N@mptying state.
dependent upon [NPand [NOJ/[NGO,], introducing significant V\7hile the Q-production cycle S1 is the same in all four

feedback .coupling into the system. The processes controlling ., s4els discussed here, the-IBss cycle is model dependent.
[O] are discussed next. Ozone loss becomes dominant overp@oduction as [G] grows
and [NQ(] declines due to changes in a combination of factors:
(1) increasing [HG) and [Gg], leading to enhanced loss ofz0
The oxidation of trace gases.ge VOCs and NO) in the  via HO, + Oz reactions, @., R3 and R9; (2) increasing §
troposphere is initiated primarily by HO radical, whose major leading to increased absolute rate of @estruction via pho-
source is the photolysis of OThus, [Q] determines both the  tolysis, R1, which becomes important whens-fOrmation
oxidizing capacity of the troposphere, and throlgh whether processes slow; and (3) changes$-g resulting from changes
it is in an NQOfilling or NOy-emptying state. Ozone itself may in [Og], [NOy], and [NOJ/[NG,].

4. Ozone Production and Loss Cycles
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Figure 4. Photochemical efficiency (dimensionless) of the- O
production cycle S1 versus time (days) as given by the quaRgty

2Rr1 = (Rrs — Rr4)/2Rr1 during oscillation of model M2.
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Figure 5. Key reaction rates (molecule cths™?) contributing to the
transition from Q production to @ loss versus time (days) during
oscillation of model M2 Rg; (solid line), Rrs (dash-dotted line)Rrs
(dotted line), and~0s = (Rrs — Rr4) (dashed line).

The change from net £production to net @loss at low
[NO,] is illustrated in Figure 5 using various reaction rates for
model M2. Toward the end of thes@roduction region, N@
mediated @ production in S1 viaFos is slowed as [NG
declines. Ozone loss through both reaction with,H@action
R3) and photolysis (reaction R1) then leads to netl@3s.
Depending upon the details of the particular modig); itself
may become negative in this region and contribute 3ddSs.
This decreasing [§) leads to a decrease in radical formation in
R1 such that eventually the source rate of@comes greater
than the source rate of radicasyox — Er > 0), and the system
switches to an [N@-increasing regime, during which O
production must inevitably recover by the scenario below.

The transition from @ destruction to @ production with
increasing [NG)] also is complex and model dependent, with
the same key factors present as in the transition frogn O
production to @ destruction, but in the opposite direction: (1)
declining [HQ] resulting from increasing [NQ reduces the
loss of G via reaction with HQ (2) declining [Q] reduces
the loss of Qvia photolysis; (3) changes Ifos, (a) increasing
[NO,] and decreasing [§) causeFo3 to increase and (b) during
this period [NO]/[NQ] also may change from increasing to
decreasing (pass through a maximum), leading to increased

Model M2 is used to demonstrate this behavior. Near to the
turning point from net @loss to net @ production, destruction

Tinsley and Field

of O3 by HO; falls to nearly zero. The ©destruction capacity
of Fosis reduced due to decreasings]Orhe [O5] turning point
coincides with the maximum in [NOJ/[N&), beyond which
decreasing [NOJ/[NG] leads to increased {ormation inFo3.
(The ratio [NOJ/[NQ] is determined by loss of NO via linear
deposition,Lyo, NO; loss via reaction with HO, R7, and by
the rate of interconversion of NO and M@iscussed in section
5.)

It may thus be seen that transitions betweenpé@duction
and Q loss are dependent upon both cycling [fi@nd [NQJ],
which themselves are dependent upon the cycling.[Ohe
coupling between these two cycles is described in the next
section.

5. Chemical Feedback

The final important feature of these oscillations is coupling
of the Gs-production/loss and N@empty/refill cycles. This
coupling takes place in two key ways: directly through g
term and indirectly through HQOchemistry. It results in high-
[NO,] states necessarily evolving toward low-[N®tates (and
vice versa), while dominance of sQproduction necessarily
evolves toward dominance ofs@oss (and vice versa).

Photolysis of @ during high-[NQ] conditions contributes
to the system entering an N@mptying state (&., Er > Enox),
which eventually causes transition t@ [0ss due to decreasing
[NO,] and increasing [H{. However, in the resulting low-
[O] state, the system must enter an Nilling state because
Er < Enox- The increasing [N¢} (and low [HQY) that result
then lead to evolution toward ans@roduction state. This
complex global feedback is illustrated schematically below.

03t
RS

HOx 4 HOx ¢

However, this enforced evolution of high-[NOstates toward
low-[NO,] states (and vice versa) andsProduction states
toward Q-loss states (and vice versa) does not guarantee
oscillation. Indeed, the effect of these forces might be an
approach to an intermediate steady state. However, coupling
of these two cycles also leads to creation of a subtle positive
feedback loop operating throughout thg-@oduction phase

of an oscillation but becoming particularly strong near to its
end. This results in a self-acceleration of thepPoduction rate,

a phenomenon that has been described as autocatalysis by some
authors®# This positive feedback loop apparently destabilizes
the tropospheric chemical steady state under suitable conditions
and leads to oscillation. It is described next.

Net O; production is controlled by the balance between the
Os-formation termFo3, and Q-loss processes. Examination of
these terms (g., the reaction rates in Figure 5) shows that the
acceleration of @production is associated with an increase in
(Rrs — Rr4) = Fos. During the period of acceleration, §Dis
increasing but both [NO] and [Nfpare decreasing. Therefore,
the decreasing ratio [NO]/[N£) leads to increasing net £
production rate. (The explicit dependence of the quarkiiy
on [Og], [NOy], and [NOJ/[NO;] may be seen from the
expressiorFoz = krs[NO3] — krdNOJ[O3] = (krs — kra([INOJ/
[NO2])[O3])[NO2].)

It is useful at this point to define the quantity as the
conversion rate of NO to NOIn M2, Cy is simply the signed
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here.

sum,Rr4 — Rrs + Rre. Figure 5 displays these reaction rates
for model M2, and Figure 6 displaySy. When the system
switches to a decreasing [N[Ostate, [HQ] simultaneously

increases according to the empty/refill processes described

earlier. Initially, HQ, is formed as HO, but it is converted to
HO, by CO in reaction R2. Loss of [H via R7 also is
diminished at higher [CO]/[Ng). The [CO] is high in the
accelerated @production phase of the cycle but beginning its
rapid decline. The increasing [H{0eads to an increase i@y,
which decreases [NOJ/[N£] leading to accelerated:@roduc-
tion and thus via @photolysis to accelerated [H{Jproduction.
This acceleration is critically dependent upon R2 and the
presence of significant [CO]. It disappears as CO is rapidly

consumed during this phase of the cycle. Thus, somewhat

delayed depletion (emptying) of CO by increasing][@ this
point is a critical feature of oscillation.

The conversion rate of HO to HOnay be measured b9,
which for M2 is given by the difference between the rates of

reactions R2 and R6 and is displayed in Figure 6. Reaction R3

is not important during the £production stage. The quantity

Cris enhanced as [CO] increases and as [NO] decreases. Thus,

[HO,] is increasingly in the form of H@as the cycle evolves
toward higher [@] and [CO], which increase8y, which in its
turn decreases [NOJ/[N£ This overall positive feedback
process is represented in the diagram below.

£k
-

It does not seem possible to attribute a “prime cause” to this

feedback process. IncreasingsJdncreasing [HO] and [H@),
and decreasing [NO]J/[N& occur simultaneously and reinforce
each other as described above.

6. Methane Model

Application of the above ideas is straightforward to the more
complex model of tropospheric GHbhotooxidation shown in
Table 2 (referred to as M5) and found to be oscillatory by
Madronich et aP? This chemistry is extracted from the very

J. Phys. Chem. A, Vol. 105, No. 50, 20011217

TABLE 2: Mechanism of Tropospheric Photooxidation of
CH, (model M5)

reaction
(sources, sinks, Rt R9p

rate constafit

(R12) HO+ HO — H,0, 40x 1012
(R13) 2HO+0, — O5 + H,0 16x 1022
(R14) HO+ HO, —~H,0+ O, 13 10710
O, 15

(R15) , + HO—= HO, + H,0 2:0>10°
(R16) HO,— 2HO 3.1x 10°0
(R17) HO, + HO — HO, + H,0 15x 102
O, 15

(R18) ¢y 4 Ho > cro, 28x 10
(R19) CHO, + HO, — CH;O0H + O, 7.7% 10722
(R20) 2CHO, — 2CH,0 + 2HO, 2.1x 10723
(R21) 2CHO, — CH,0 + CHiOH + O, 3.1x 10713
[®) 6

(R22) c11,00H—% CH,0 + HO, + HO 2:4> 100
(R23) CHOO+ HO — CH{00 + H,0 5.8x 1022
(R24) CHOOH+ HO— CH,0 + HO + H,0 2.5% 1022
O. 13

(R25) C1,0H + HO —% CH,0 + HO, 6.2> 100
2! 5

(R26) c1,02% co+ 2HO, 12> 107
(R27) CHO—CO+ H, 1.9% 10
O, 11

(R28) ¢11,0 + HO —* CO+ HO, + H,0 1.0x 100
(R29) NO+ CHy{00)—NO, + CH,0+HO, 8.5 102
(R30) HNQ + ho— HO + NO, 2.0x 107

(R31) HNG;+HO—0.89NQ + 0.89Q + 0.11INO  2.6x 107

aSource rates (molecule chs™): So3 = 5.0 x 10, Scha= 1.2 x
10, Sco= 2.1 x 10, Syo = 4.0 x 1. Loss (sink) rates (3): Lunos
=3.0x 10,6 LH202: LCHSOOH: LCHZO =25x 10,6 LNOZ =72x
10,7 Lno = 1.9 x 1&,7 Loz = 9.6 x 10,8 Lco= 3.2 x 1(T;8 Lo =
1.4 x 1072 Lena = 3.2 x 10720 Reactions RTR9 and their rate
parameters are given in teXtRates calculated for equinox conditions,
5 km altitude at latitude 30N, assumingl = 253 K, air density of 1.5
x 10* molecules/crhand 50% relative humidity. Rate coefficients
are given in units of st and cni molecule* s7* for first- and second-
order reactions, respectively.
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Figure 7. Logarithmic concentration (molecules cf oscillations
versus time (days) in model M5 of Ghbhotooxidation. [HG) (solid
line), [NOy] (dotted line), [Q] (dashed line), [CO] (dashed-dotted line),
and [CHj] (triple dotted-dashed line).

large National Center for Atmospheric Research (NCAR) Master
Mechanisr@ for tropospheric chemistry (which also exhibits
steady-state instability and oscillatiyrand involves 14 species
and 29 reactions. Typical oscillations are shown in Figure 7
and have characteristics similar to those of models—MiH,
with [CH4] (which varies in this model in contrast to M4 where
it is held constant) behaving similarly to [CO]. However, the
long period and spiked nature of the oscillations are most similar
to those of model M4,

This oscillation again may be explained in terms of NO
empty/refill coupled to @production and loss cycles. Regions
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— o3 (N1)
8 1 \ \
\ — S\IOX (N2)
[Ty] 6 1 Kt
) 10" 0, — 2HO, (N3)
x L}
S 4 pd Ky
£ ; ke HO, + NO, — (N4)
lﬂ: | 1010
2 1 i kN
- \ O, + HO, — HO, (N5)
0 The dynamic variables in Scheme N are dimensionles§ [O
r . r 109 [NO4], and [HQY], while So3, Svox, andkyi—kns are parameters
0.5 0.9 1.3 chosen to be of order one. Reactions N1 and N2 represent source
time / 10° days (production/filling) terms for @ and NQ, respectively. Reac-

Figure 8. Oscillation of logarithmic [NGQ (solid line) and the 'l[lioons N3, NtA." a?d NS r?hprel\slem’ rdezpectlvelil,.photochemlcal

difference between the source rates (moleculescsn') of radicals x generation from @ the NG an Q‘ €mplying process,

(Er = 2Rs1 + 2Rsz¢) and of NG (Enox = Svo — Lno[NO] — Loz and HQ-catalyzed @ loss. Scheme N includes the basig- O

[NO2]) (gray line) in model M5 of the photooxidation of GH production/loss and Ng@empty/refill mechanisms but only
indirect coupling of NQ and @ chemistry via HQ. Linear

of emptying and filling may be identified using equations (1) stability analysis of its mass-action dynamic equation shows

and (2). The radical source rate is givenEy= 2Rr1 + 2Rr26 that Scheme N itself does not have an unstable steady state for
and the net source rate of N@ given byEnox = Svo — Lno- any choice of parameter values and hence is not oscillatory.
[NO] — Lno2NO2]. Figure 8 shows the oscillatory values of However, oscillation may be introduced by direct coupling
Er — Enox and log [NQ]. of the NQ, and G cycles by relating the paramet&ss to [O3]

The [O;]-formation rate Fos, again is defined asks — Rra). and [NQ] via eq 3.
Production of Q occurs via the same set of reactions as in e
models M1-M4, with the efficiency of Q production now Sos = Sos + KualO3l[NOJ/(1 + [NO,]) (3)
being defined afoy/(2Rr1 + 2Rr2s). The switch from @ _ _ »
production to @ destruction again occurs due to a combination Eguation 3 allows for autocatalytic growth ofsQ@positive
of the changing efficiency dfos and the increasing importance ~ fe@dback involving @ NGO, HO,, and CO), as discussed in
of O3 + HO, destruction reactions. Ozone production again S€ction 5, but brakes Lproduction at either low [€} or low
restarts viaFoz due to decreased fPand [NOJ/[NO3). [NOJ. The (1+ [NO]) term in the denominator causes the
Of particular interest here are the long oscillatory period and accelerating influence of increasing [N@ eventually dimin-

the extremely rapid acceleration of the-@roduction rate in ish, mainly reflecting [HQ loss in R7. Oscillatory solutions

M4 and M5. As was discussed in section 5 for model M4, these ge_nerated by this moqlel are shown in_ Figure 9. The-Bi@pty/
characteristics are due to a complex feedback process involvingrefIII (and corresponding Higempty/refill) processes are clearly

. isible, along with the @production/loss cycle. The numerical
the conversion rateGg andCy. In model M4 they ara@ot due VISI . A,
to the stoichiometric autocatalysis reaction R10. Examination \éal\l;ve of ﬂt]e t[r?]ENoh)f]I/ (1,\T [NOX.]) terml albsot|s shoz)vr;ln Féggr%
of the relative importance of reactions leading to the formation = e note that while [NQ} varies only between 0.2 and O.

. during the oscillations shown in Figure 9, leavifigs to a first

of HO, shows that R10 plays only a secondary role during the SR : ] ;
acceleration of @production. The spiked nature and long period approximation linear 'nég[.NOX]’ .tlre.nonllnear (% [NOJ)
of the oscillation are instead created by the relative distribution term Is necessary to obtain oscillation.
of species involved in the £production and acceleration
(feedback) mechanisms. For example, during the increasing
[NO,] portion of the M4 oscillation, [H§ is very low and [CO] Three components have been identified as common to
and [NQ] are very high as compared to models MU3. dynamic instability and oscillation in five related but increas-

Similarly for M5, no evidence has been found for significant ingly complex models of tropospheric chemistry. The first of
net stoichiometric autocatalysis during the acceleration gf [0 these components is an W@mpty/refill cycle in which [NQ]
production. The acceleration is due to the same feedback as indrows or declines, depending upon the relative source rates of
the other models. Increases@ and Cy with increasing [Q] NOx and HQ, the latter of these being generally proportional
lead to decreasing [NOJ/[N} which results in increasingos. to the photolysis rate of [§. The second component is a
Again [HOJ] is low during the increasing [NQstage and total ~ complex Q-production/loss cycle dependent upon [JHO,],
VOC ([CH4] + [CO]) concentration is high. It has not yet been [CO], and [Q]. The third component is nonlinear coupling (both
possible to determine for models MMS5 quantitative relation- direct and indirect) of the first two, which allows each of the
ships between species concentrations and either the oscillatorywo cycles to affect the other. This coupling also introduces a
period or the G-acceleration rate, as was instructively done by Positive feedback that autocatalytically acceleratgproduction

8. Discussion

Hess and Madronidhin a similar model. at high [CO] and [@Q] and low [NQJ, and thus apparently
destabilizes the steady state. A simple model (Scheme N)
7. A Schematic Model provides a working schematic of these components of tropo-

spheric oscillation and indicates that the positive feedback indeed
Scheme N below has been developed to capture the essentiak necessary for oscillation to occur.
features of the N@empty/refill and Q-production/loss cycles, The major features governing behavior of the dynamic
and their coupling. instability and related oscillation in simpler models also are
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concentration

1.0
time
Figure 9. Dimensionless concentration oscillations versus time
(dimensionless) for Scheme N. [Hldsolid line), [NO] x 30 (dotted
line), [Og] (dashed line), and[O3][NO,J/(1 + [NOy])}/20 (dashed-
dotted line).Sos = 1, Svox = 20, kni = 4, knz = 4, ks = 1, kna = 100.
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dominant in a larger oscillatory model of tropospheric LH
photooxidation. Thus, dynamical instability and oscillation

J. Phys. Chem. A, Vol. 105, No. 50, 20011219

very difficult to predict. Thus, small changes in parameter values
or initial conditions may result in significantly different
trajectories as the variables track different phases of oscillation
or gravitate toward one bistable solution as opposed to another.
Indeed, even deterministic chaos has been observed in model
M1.6
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