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Introduction
Historically photochemical mechanisms and air quality models have been
evaluated primarily in terms of there ability to simulate observed O3 data. There is an
increasing awareness that mechanism and models must also be evaluated in terms of their
ability to simulate the fundamental chemical processes that control O3 formation and the
sensitivity of O3 to emissions reductions (Arnold et al., 1998). Such evaluative methods
include process diagnostics which are useful for characterizing O3 photochemistry
(Jeffries and Tonnesen, 1994), and photochemical indicators which can be used to
characterize O3 sensitivity to VOC and NOx (Milford et al., 1994; Sillman, 1995; Chang
et al., 1997; Blanchard et al., 1999; Tonnesen and Dennis, 1999). Both of these
approaches are currently being used in diagnostic model evaluations (e.g., Sillman et al.,
1997a,b, 1998; Imre et al, 1999). There are considerable uncertainties, however, in the
usefulness of these methods due to uncertainties in each of the many sink and source
terms that can contribute to production or loss of trace species. For example, there are
uncertainties of 20% or more in important gas phase reactions (Donahue et al, 1997; Gao
et al., 1995, 1996), large uncertainties in heterogeneous chemistry (Dentener and Crutzen,
1994) and in emissions inventories, deposition rates and transport. Because of these
uncertainties, it can be difficult to use ambient data to validate model simulations of
chemical processes. Furthermore, the particular values of photochemical indicators that
distinguish NOx sensitive or VOC sensitive conditions have only been derived from
model simulations. To date there has been no empirical validation of the usefulness of
these indicators. Here we propose that before process diagnostics and photochemical
indicators can be used with confidence in model evaluations, their behavior must be
characterized under the relatively well controlled conditions of chamber experiments.
Each of these approaches is discussed below, and the measurements necessary to evaluate
them in chamber experiments are listed.

Definitions
Reactive odd nitrogen (NOx) is traditionally defined as the sum of NO + NO2.
There are, however, several other reactive forms of odd nitrogen which participate in O3
and PM photochemistry where these include nitrous acid (HONO), the nitrate radical
(NO3), dintrogen pentoxide (N2O5), peroxynitric acid (HNO4). These species typically
have low concentrations for daytime photochemistry, but for completeness the total sum
of reactive odd nitrogen can be defined as NOX (e.g., Dentener and Crutzen, 1994):
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NOX = NO + NO2 + NO3 + 2 N2O5 + HONO + HNO4
The relatively inert forms of odd nitrogen (NOz) can then be defined as the sum of
nitric acid (HNO3), organic nitrates (RNO3), particulate nitrate (NO3-), and peroxyacetyl
nitrates (PAN):
NOz = HNO3 + RNO3 + NO3- + PAN
And then total odd nitrogen (NOy) can be defined as
NOy = NOX + NOz
For convenience HC will be defined as the sum of all species that can react with OH to
produce O3. Thus, HC includes VOC, methane, carbon monoxide and biogenic carbon.
The family of odd oxygen (Ox) is the sum of all species that can act as reservoirs for
atomic oxygen
Ox = O3 + O1D + O3P + NO2 + 2 NO3 + 3 N2O5 + HNO4 +HNO3 + RNO3 + NO3- + PAN
Production of Ox in the troposphere occurs almost exclusively by the reaction of NO with
peroxy radicals (HO2 and RO2):
(R1)
(R2)

NO + HO2 → NO2 + OH
NO + RO2 → NO2 + RO

so gross production of Oz can be defined as the rate of reaction of NO with HO2 and RO2
PG(Oz) = k1 NO HO2 + k1 NO RO2
There is also some photochemical destruction of Oz (LOx), so net production of Oz can be
defined as:
P(Oz) = PG(Oz) - LOx
This definition is identical to Rsmog as defined by Johnson (1984), and this definition is
convenient because P(Ox) can be evaluated through ambient measurements as the
production of O3 plus the amount of NO oxidized to other forms of NOy. It is also
convenient to define HC as the sum of all species that can react with OH to produce Oz:
HC = VOC + biogenic VOC + CO + CH4
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Process Diagnostics
Figure 1 illustrates most of the important components of the chemical processes that
control the photochemical formation of O3. The first step in O3 production is the
initiation of new radicals. In the models, the primarily source of radical initiation is
photolysis of HCHO and O3, with a lesser contribution by photolysis or decomposition of
other radical precursors. There is uncertainty, however, whether the these “minor” radical
sources are accurately represented in air quality models. For example, HONO may be a
significant source of radical initiation particularly in early mornings (Kleffman et al.,
1998).

Figure 1. Process diagram illustrating important diagnostics for characterizing
photochemical production of ozone.
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Radicals may be produced directly in the form of OH, or as HO2 and RO2
followed by conversion to OH via R1 or R2. OH radicals can then attack HC to produce
peroxy radical which can react with NO to produce Ox in the form of NO2, and also
recreate the OH radical.
The OH propagation efficiency, PrOH is the fraction of OH recreated for each OH
that reacts. The propagation efficiency is always less than one because radicals are also
destroyed in termination reactions that produce peroxides or that convert NOX to NOz.
The OH chain length is the average number of times a new radical cycles through the
chain reaction until being removed in a termination reaction, and the chain length can be
calculated as:
OH chain length = 1 + PrOH+ PrOH2 + PrOH 3 + …
= 1/(1-PrOH)
The OH chain length acts as a multiplier so that total OH production P(OH) is the
product of the OH chain length multiplied by OH initiation.
The result of this sequence of reactions is some gross production of odd oxygen,
some of which is lost by photochemical destruction, and some net production P(Ox)
which is initially expressed in the form of NO2. But because O3, NO2 and NO exist in a
photostationary-state equilibrium, some of this NO2 will photolyze to produce O3 thereby
recreating an NO that can go on to produce more Ox. The NOx chain length can be
defined as the average number of NO to NO2 conversions mediated by a molecule of
NOx before it is converted to inert NOz. It is important to note that it is difficult to
explain the processes that contribute to peak O3 levels simply by evaluating production of
O3 – a more complete characterization of the photochemical dynamics is obtained by
evaluating the total budget of Ox and then explaining the resulting peak O3 level as the
amount of Ox that remains after oxidation of NO emissions.

Local and Cumulative Diagnostics
It is also useful to distinguish between local diagnostics and cumulative
diagnostics. Local diagnostic refers to the instantaneous chemical production rates, e.g.,
the rate of production of radicals or Ox, or ratios of production rates. Local diagnostics
can not be evaluated by analyzing ambient concentration time-series of a product species
at a given site because it is impossible to distinguish the relative contributions of
chemistry and transport to changes in the concentration of the product species. Local
diagnostics can be evaluated, however, by measuring the concentrations of the reactant
species and then using the rate constants to calculate the instantaneous production rates.
An example would be using actinic flux and ambient concentrations of O3 and H2O to
estimate the local production rate of OH radicals from O3 photolysis.
Cumulative diagnostics include those species concentrations that characterize
cumulative production rates integrated over a period of hours or days. Examples of these
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would be using the concentration of O3, NO2 and NOz as a measure of the cumulative net
production of Ox integrated over an air parcel’s trajectory.
Several field studies have also made detailed measurements of OH, HO2 and RO2
to attempt to characterize radical budgets, and in each case the measurements have failed
to agree with the models simulations (Crosley, 1997; Stevens et al., 1997; Cantrell et al.,
1997). Thus there is a great deal of uncertainty in radical budgets, and an important
research need is to attempt to characterize radical budgets in a controlled setting.
Environmental chambers provide an ideal opportunity for characterizing radical
budgets for a number of reasons. Chamber conditions and concentrations of precursors
can be carefully controlled and varied for a range of conditions of interest; chambers use
a confined volume of air so that interactions between transport and chemistry do not
complicate the analysis; and sophisticated equipment can be quality controlled and
operated more easily in a laboratory setting compared to field experiments. An additional
advantage of studying process diagnostics in a chamber is that the confined volume of air
allows for time integrals of measured local diagnostics to be compared directly to
measurements of the cumulative diagnostics. Finally, new chamber experiments must be
performed to evaluate process diagnostics and photochemical indicators because the
existing chamber data base is at high VOC and NOx concentrations and because the
existing data base lacks many of the necessary measurements, particularly measurements
of NO2, HNO3 and peroxides, and radicals.
Wall effects will continue to be a problem in chambers studies (Carter et al.,
1982; Jeffries et al., 1990), but it may be possible to minimize such effects in a low-NOx
chamber (e.g., Bailey et al., 1996; Simonaitis et al., 1995), and hopefully wall effects can
be better characterized with the more sophisticated set of measurements that are
becoming available in chamber facilities in the U.S. and Europe.
Photochemical Indicators
The motivation for the development of photochemical indicators is the desire for
measurements that will determine whether air quality models are faithfully simulating
real-world sensitivity of O3 to changes in precursor emissions. In terms of an ozone
isopleth diagram, illustrated in Figure 2 (top), indicators are used to locate ambient
conditions relative to the [O3] ridge line or the P(Ox) ridgeline which are defined,
respectively, as:
∂[O3]
=0
∂ENOx

and

∂P(Ox )
=0
∂ENOx

where ENOx represents emissions of NOx. Alternatively, indicators can be defined for
conditions of equal sensitivity to VOC and NOx:
∂[O3] ∂[O3]
=
∂ENOx ∂EVOC

and

∂P(Ox ) ∂P(Ox )
=
∂ENOx
∂EVOC
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Figure 2. Response surface plots showing constant contours of O3 (top) and the OH
chain length (bottom) as a function of VOC and NOx emissions levels.
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Indicators cannot replace models because indicators do not characterize the overall
effectiveness of a control strategy, or whether it’s even possible to attain air quality
standards with a given strategy. Indicators are, however, an extremely important step in
helping to decide whether the models are useful for evaluating control strategies. The
theoretical basis for the usefulness of indicators has been derived by several approaches:
First, the extent parameter is based on work by Johnson (1994) that characterizes the
extent to which NOx has been utilized to achieve the maximum potential O3 formation.
Secondly, Sillman (1995) and Kleinman et al. (1997) have derived indicators of [O3]
sensitivity based on an analysis of the steady-state radical budgets, i.e., the observation
that the rate of new radical initiation must be balanced by the rate of radical termination.
And finally, Tonnesen and Dennis have derived indicators of P(Ox) and [O3] sensitivity
using an analysis of radical propagation efficiency (Tonnesen and Dennis, 1999a,b). The
latter approach is summarized next.
The increase in O3 concentration due to photochemistry can be assumed to be
approximately proportional to the integral of P(Ox), and P(Ox) is approximately
proportional to the rate of OH attack on HC. As discussed above, production of radicals
is equal to the rate of radical initiation multiplied by the OH chain length. Because the
chainlength has a 1/(1-PrOH) dependence on propagation efficiency, the chain length
increases rapidly as propagation efficiency increases and it is the dominant term that
controls the rate of P(Ox). As a result, the sensitivity of P(Ox) to precursor emissions will
be determined primarily by the sensitivity of the OH chain length, and [O3] sensitivity
will be determined primarily by the sensitivity of the integral of the OH chainlength.
Figure 2 (bottom) shows the response for the OH chain length (integrated over a
12 hour model simulation) for the same set of trajectory model simulations that were used
to create the [O3] response surface in Figure 2 (top). The [O3] ridgeline is also
superimposed on Figure 2 (bottom) to illustrate its correlation with the area of maximum
OH chain length. Figure 2 shows that the [O3] ridgeline corresponds almost exactly to a
ridgeline of maximum chainlength, but there is no particular value of the chainlength that
uniquely identifies the VOC or NOx sensitive condition, for example, a chainlength of 4
could be NOx-limited (below the ridgeline), on the ridgeline, or radical-limited (above the
ridgeline). Thus, the OH chain length is not useful for distinguishing NOx sensitive versus
VOC sensitive conditions.
The individual propagation terms that control the OH chainlength, however, are
useful as indicators of [O3] and P(Ox) Figure 3 illustrates major radical propagation and
termination pathways in the photochemical mechanism. The OH propagation efficiency
can be calculated approximately as the product of the fraction of OH radicals that attack
HC (fOH+HC) multiplied by the fraction of subsequent HO2 radicals that react with NO
(fHO2+NO) to recreate an OH radical. These two terms have an opposite dependence on
NOx. As NOx increases, fHO2+NO increases but fOH+HC decreases. The result is that
propagation efficiency is maximized for some intermediate level of NOx that maximizes
the product of these two terms, thereby creating the O3 ridgeline. The values of the
propagation terms can be calculated using the concentrations of the radical species, NO,
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Figure 3.

Radical propagation and termination pathways.

NO2, and HC (Tonnesen and Dennis, 1999) and these propagation terms are expected to
uniquely distinguish VOC sensitive and NOx sensitive conditions.
Several approximations have been made in the derivation described above. The
effects of these approximations can be numerically evaluated by using model simulations
with a Gear solver to simulate the robustness of the correlation of the propagation terms
with the ridgeline. Figure 4 illustrates the response surfaces for the propagation terms
where the [O3] ridgeline is again superimposed on each plot. Figure 4 (top) shows that a
nearly constant fHO2+NO = 92% does uniquely identify NOx-limited and radical-limited
conditions, and its value increases from about 72% at high VOC/NOx to 100% at low
VOC/NOx conditions. Similarly, Figure 4 (bottom) shows a strong correlation of fOH+HC
with the ridgeline.
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Figure 4. Response surface for propagation pathway fractions. (top) Fraction of HO2
reacting with NO to recreate OH. (bottom) Fraction of OH attacking HC. The bold
line represents the [O3] ridgeline.
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A number of indicators can be derived from this analysis for P(Ox) sensitivity
(Tonnesen and Dennis, 1999a) and for [O3] sensitivity (Tonnesen and Dennis,1999b)
including some of those previously proposed by Sillman (1995) for [O3] sensitivity. Each
of these indicators were evaluated in simulations of the Regional Acid Deposition Model
(Tonnesen and Dennis, 1999a,b). It was found that the indicators performed best for
sunny conditions with high O3 levels. They were less reliable, however, for conditions
where clouds reduced the photorates or where deposition and heterogeneous chemistry
affected the concentrations of O3 and radical termination products.
Although uncertainty remains in the robustness of indicators, there is nonetheless a
strong theoretical basis for their usefulness. It is potentially the most powerful method to
date for evaluating the accuracy of model simulated sensitivity of O3 to changes in
precursors. Due to uncertainties in the chemistry and other atmospheric processes, air
quality models are inadequate for characterizing indicators. Validation of the indicator
concept and determination of the particular values that correlate with the ridgeline must
be experimentally validated under controlled conditions where precursor emissions can
be perturbed and the O3 response measured for a wide range of conditions. Such
experiments could be performed either in chamber experiment or in field studies using
captured ambient air.
In a chamber study, a large number of simulations could be performed to map out
the response surfaces for [O3], P(Ox) and each of the indicators, as illustrated in Figure 5.

Figure 5. Illustrates the range of conditions needed in a chamber experiments to map
out the response surface for O3 and the indicators.
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Figure 6. Model simulations of O3 response to NO2 and HCHO injections in a
simulated “captive air” experiment.

Alternatively, a more limited experiment could be performed in a field study using three
portable chambers to capture ambient air. One chamber would be used as a null case, and
NOx or HCHO (as radical source) would be injected into the remaining two chambers
(e.g., Kelly, 1985). The system response would be determined by comparing the
changes in O3 and P(Ox) in each of the bags to the null case. Figure 6 illustrates the
results of a mode simulation of such an experiment. If this an experiment were “piggybacked” on a supersite in a field study, measurements of many of the indicators could be
obtained, and their correlation with the O3 response could then be evaluated.
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Conclusions
There is great interest and considerable potential in using process diagnostics and
photochemical indicators to improve our confidence in the accuracy and usefulness of air
quality model simulations. Large uncertainties remain, however, in the interpretation of
the ambient data for elucidating atmospheric processes and in the robustness of these
methods. Evaluation of these methods in the carefully controlled conditions of
environmental chambers could provide a significant improvement in our ability to
evaluate air quality models.
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