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SUMMARY 

We have examined the kinetic reliability of ozone model predictions by computing direct first- 

order sensitivities of mode1 species concentrations to input parameters: Sij = [dCi/Ci]/[&j/kj], 

where Ci is the abundance of species i (e. g., ozone) and kj is the rate constant of step j (reaction. 

photoIysis, or transport), for localized boxes from the LLNL 2-D diurnally averaged atmospheric 

model. An ozone sensitivity survey of boxes at altitudes of 10-55 km, 2-62N latitude, for spring, 

equinox, and winter is presented. Ozone sensitivities are used to evaluate the response of model 

predictions of ozone to input rate coefficient changes, to propagate laboratory rate uncertainties 

through the model, and to select processes and regions suited to more precise measurements. By 

including the local chemical feedbacks, the sensitivities quantify the important roles of oxygen 

and ozone photolysis, transport from the tropics, and the relation of key catalytic steps and cy- 

cles in regulating stratospheric ozone as a function of altitude, latitude, and season. A sensitivity- 

uncertainty analysis uses the sensitivity coefficients to propagate laboratory error bars in input 

photochemical parameters and estimate the net model uncertainties of predicted ozone in isolated 

boxes; it was applied to potential problems in the upper stratospheric ozone budget. and also 

highlights superior regions for model validation. Effects of revised rate parameters, branching ra- 

tios, aerosol loadings, and other parameters are examined using the sensitivities. The effects of 

including a 5% product branch for the OH + C10 -+ HC1 + O2 reaction to correct the strato- 

spheric chlorine balance were examined in detail, by including an RRKM rate theory analysis. 

The validity of the adaptations required to conduct a box sensitivity analysis of the 2-D model 

was tested by repeating runs of the 2-D model with altered mechanisms, and a comparison of re- 

sults shows that middle atmosphere local sensitivities typically overstate the perturbations and 

should be interpreted cautiously. Application to the question of ozone depletion by NO emis- 

sions from a proposed flee: of supersonic aircraft suggest a lunetic reliability of 3%, largely con- 

trolled by 9 reactions. 
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I. Introduction and Objective 

A central environmental issue in atmospheric chemistry today, and one of special rele- 

vance to DOE, concerns the impact of anthropogenic emissions on global and regional ozone and 

particulate levels, and related climatological effects. Ozone and its photochemistry play a variety 

of important roles: shielding the earth’s surface fiom harmful solar UV-B radiation, oxidatively 

cleansing the atmosphere of reduced species, warming the earth as a greenhouse gas absorber of 

infrared radiation, and producing photochemical smog in the troposphere. Man-made emissions 

may interfere with all these functions, with examples including fossil fuel combustion emissions 

of NOx and particulates, aircraft exhaust, greenhouse gas emissions, and release of halogen and 

other compounds into the atmosphere. These alterations, or remedial efforts to reduce them, 

have possible health, environmental, and economic impacts, and a clear relevance to energy policy 

decisions. 

Atmospheric models of various size and scope are typicaIly used to predict such effects 

and thus influence policy decisions. In addition to this assessment function, modeling is used to 

interpret experimental observations, to design new observational tests of our understanding of the 

atmosphere, and to provide insight into the controlling physical-chemical processes involved. 

Whether the model is used in a predictive or interpretive function. we need to ascertain the con- 

nection between the model parameters and the atmospheric results, and how the uncertainties in 

the former propagate into the latter. This is the function of sensitivity-uncertainty analysis, to 

complete the modeling h c t i o n  which connects observation, fundamental process determination, 

and system assessment. 

Chemical models of the atmosphere are assembled fiom elementary rate constant and 

photolysis values, including species or source concentrations, and are coupled with descriptions 

of radiation, transport, and dynamics. This study investigated the basic, quantifiable uncertain- 

ties in modeling results that arise fiom experimental uncertainties in the basic rate and photolysis 

constants of the model input. Sensitivity analysis determines the quantitative dependence of fi- 

nal concentrations (Le., ozone) on the values of rate constants -- a relative change in an outcome 
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for a relative change in a variable: 

S = dX/X + dy/y = dlnX/dlny. 

One can also propagate the uncertainties in the rate constant values into error limits on the pre- 

dictions of the model calculations, at least from these causes: 

U(X) = (C [ Si(X) 6ki/ki ] 2 ) IL! 

This analysis will determine which rate constants, cross sections, and branching ratios 

need better measurement (and how accurately), and describe which atmospheric measurements or 

sets are most important and why. The validity and significance of any hypothesized additions to 

the mechanism, including heterogeneous reactions, may also be examined. Many feedbacks are 

involved in ozone photochemistry and its catalytic destruction cycles, and it is difficult to deduce 

the controlling chemistry by intuition or a simple rates analysis. Sensitivity analysis provides 

this information quantitatively, because all iocal chemical feedbacks are automatically accounted 

for. 

Using the capabilities offered by modern sensitivity-uncertainty analysis techniques, a 

series of questions may be addressed with respect to specific models, scenarios, or experiments: 

What kinetics control a particular concentration or ratio? What is the uncertainty in this concen- 

tration or ratio due to the underlying error bars in rate constants or photolysis rates, individual 

andcumdative? What steps require improved measurement to reduce this error? What atmos- 

pheric observations are sensitive tests of parts of the photochemistry, which parts. and where 

are the best places and conditions for measurement? Is a new hypothesized reaction or change in 

conditions likely to have a significant effect on some species? 

2. Method and Results 

Our approach to sensitivity-uncertainty analysis has three features. We use the robust, 

publicly available decoupled-direct sensitivity analysis code Senkin from Sandia National Labora- 
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tones to compute all species sensitivities to all model rate parameters. The code efficiekly cal- 

culates sensitivities in the c o m e  of solving the system of stiff differential rate equations for a 

time-dependent box model. For our current stratospheric applications, it is often necessary to 

adapt and freeze the local solutions fiom the LLNL 2-D model to do the sensitivity calculation. 

In order to take advantage of a readily available methodology, this approach does not provide ra- 

diative feedback and transport information, just local photochemical sensitivities. Thus a second 

element to our approach includes selected reruns of the LLNL 2-D model based on the local sen- 

sitivity results, in order to obtain more detailed guidance. Our concentration is on the kinetic not 

transport or other uncertainties, and hence a fkm knowledge and evaluation of the atmospheric 

kinetics and photolysis rate parameters provides a third key portion of the research. The local 

box model approach permits this focus on the chemistry, provided one does not loose sight of 

the other factors. Methodologies have been developed in the current work that permit the reduc- 

tion of many locales of the 2-D model into a faithful box model representation for applying rou- 

tine sensitivity analysis. Even where the box model approach sometimes fails, and transport 

dominates, as in the non-equatorial winter troposphere, short timescale sensitivities can still be 

used to guide additional 2-D model runs. 

We have completed a sensitivity-uncertainty analysis survey of the nonpolar regions of 

the LLNL 2-D model, with particular emphasis on stratospheric ozone uncertainties. In addition 

to numerically identifying the key reactions controlling ozone, the local photochemical sensitivi- 

ties and uncertainties were compiled for a variety of measured stratospheric species. Timely 

issues such as the atmospheric model chlorine imbalance (see Appendix A) and the effects of vol- 

canic aerosols or supersonic aircraft (see Appendix 8)  emissions on ozone were investigated from 

the perspective of uncertainty analysis. 

A regular procedure was first established to apply the 0-D sensitivity analysis to multi- 

dimensional models, the LLNL 2-D model in particular. The Senkin code will faithfully and effi- 

ciently integrate very stiff kinetics (greatly differing time scales) for low concentrations to long 

times, plus provide reliable sensitivity coefficients. We interrogate a snapshot in time and space 

which is often not in photostationary state. In order to obtain properly converged fmal sensitiv- 
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ity values, one must integrate the kinetics over the long time scales characteristic of some of the 

reactions - a necessity that becomes apparent when one views the sensitivity as the result of an 

infinitesimal perturbation of a rate parameter. These times are up to 3 years for the lower strato- 

sphere, when one considers reactions such as O( ID) + N20 + 2N0.  Over this time period the 

box solution will drift away from the original concentrations. and a systematic method to prevent 

this must be taken and justified. Several causes can be identified for this difficulty: the transport 

of ozone and other species, an accumulation of NOx, ClOx, and HOx species from their photo- 

chemical source terms, the effects of seasonal variations, and slow photochemistry that does not 

achieve a steady state. Two systematic solutions (short of engaging in a complex 2-D sensitivity 

procedure) were employed. 

The 2-D model output includes computed kinetic production-loss (P-L) terms for each 

species, which describe precisely how each deviates from a steady state. By including these 

terms in the box model kinetics, the solution is preserved exactly forever, and sensitivities may be 

computed. One also determines sensitivities for these P-L terms, which represent external fac- 

tors including transport. If they are large compared to the kinetic sensitivities, the local view 

may be breaking down. However, we often see large and opposing S(O3) values for pairs such as 

the NO and NO? P-L terms, caused by ozone itself being out of photostationary state. 

The sensitivity to these P-L terms may be minimized by applying a family P-L correction 

term only, where we sum the P-L rates for all members of the NOy, Cloy, HOy, and BrOy 

families respectively. The resulting family P-L rates are assigned to that family member with the 

largest original P-L rate in the appropriate direction, usually NO, Cl, H202, and BrO. An 0 3  P-L 

term mostly related to transport is included, along with ones for longer lived source species (CH4, 

H2, CFCs. HZO, CO, N20). In most cases this procedure gives stable solutions with fmal con- 

centrations of most species within 5% of the original 2-D box, and low sensitivities to the P-L 

terms. Large P-L sensitivities, concentration drifts, and a need to separate NOy and NOx P-L 

terms in the mid-latitude troposphere indicate the limits of the box sensitivity application to the 

2-D model. As schematized in Fig. 2 of Appendix C, considerable difficulties are encountered at 
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20 km and below at 62N. and 47N winter. Even in this case, the unconverged sensitivities or 

those from the full P-L model can still suggest the important controlIing kinetics. 

Two approximations employed in the Senkin 0-D sensitivity-uncertainty analysis may 

affect its applicability to the 2-D model. First, diurnal averaging is used in the LLNL model, and 

the Senkin sensitivity may actually apply to the averaging coefficient rather than the basic rate 

constant. We found this to be the case for rapid daytime photolysis such as NO;, but it is a mat- 

ter of making the correct interpretation of the sensitivity results, and not of any basic error in the 

LLNL method of diurnal averaging. New modifications made to Senkin now permit diurnal or 

seasonal variation in photolysis rates, by using a Fourier series function. This does require longer 

execution times. 

Since the family P-L box model subsumes all interactions with the rest of the model into 

the P-L terms, ignoring transport and radiative feedbacks, the applicability of Senkin sensitivity 

values can also be questioned on this basis. We therefore repeated 2-D model runs with key rate 

constants altered, in order to provide selected 2-D model sensitivities for comparison, from 

which we computed typical damping factors for the Senkin sensitivity values. These results 

show that the convenient box model approach may overstate uncertainties for some reactions by 

50% in the lower stratosphere. It does provide a local guide to the controlling chemistry, but is 

not the complete solution. 

Survey calculations of ozone sensitivity and the local photochemistry uncertainty were 

performed as a function of altitude, latitude, and season, applying Senkin to boxes from the 

LLNL 2-D model as described above, in the main goal of the project. We performed our own ex- 

pert evaluation of rate parameter uncertainties, in addition to presenting results using the larger 

limits from the NASA-JPL evaluation. A lengthy article has been prepared for submission to J: 

Geophys. Res. Appendix C presents these results. This sensitivity-uncertainty survey identifies 

reactions for improved measurement - some 22 key steps and another 33 of lesser importance - 
and such a list was forwarded to the NASA panel for their further attention. See Appendix C for 

these processes and locations. Oxygen and ozone photolysis are prominent in the uncertainty 

spectra. Total box model uncertainties of 30% are found, with most of the contribution from the 
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reaction kinetics not photolysis except at high altitude. Catalytic loss steps alone would typi- 

cally contribute 15% uncertainty, more in the lower mid-latitude stratosphere. The list of proc- 

esses for improved measurement divides into 2 categories: reactions with large error bars such as 

heterogeneous reactions (and aerosol identity!), pernitric acid photochemistry, etc.; and those 

critical steps whose high sensitivity mandates that even minor reduction in their uncertainty are 

helpful, such as the Chapmann cycle steps or 0 + NOz. 

Heterogeneous kinetics is a recent addition to atmospheric chemistry models, of impor- 

tance not only to polar regions but in the general stratosphere and troposphere as well. N20j 

hydrolysis is critical to the HSCT assessment described above, for example. While basic rate 

measurements, including work at SRI, provide model input parameters, many rates carry sizable 

uncertainties and new steps are still being proposed, explored in models, and measured. By in- 

jecting large amounts of sulfate aerosol into the stratosphere, Mt. Pinatubo has provided an ob- 

servational opportunity for model sensitivity to these heterogeneous rates. We briefly applied 

sensitivity analysis to a box from the LLNL model with and without high aerosol loading, as de- 

scribed in Appendix C. At 20 km, species sensitivities to N20j hydrolysis decrease as this reac- 

tion becomes saturated, and those to CIONOz and BrONOz hydrolysis increase. Ozone appears 

insensitive to heterogeneous hydrolysis reactions, but the opposite sensitivities of NO and C10 

to these steps show that this is the result of cancellation. Control of ozone shifts from the NOx 

toward the ClOx catalytic cycle as hydrolytic removal of NOx increases with the loading of vol- 

canic aerosol. This type of sensitivity analysis approach can incorporate changes in the hetero- 

geneous mechanism into appropriately chosen boxes and reveal the details of any chemical ef- 

fects. 

All sorts of useful manipulations of the sensitivity coefficients can be done to answer in- 

formative questions. Ratios, additions, differences, and uncertainties can be compiled, many spe- 

cies can be examined, and newly proposed steps or conditions can be added. The sensitivity li- 

brary in Appendiz C shows that ozone is sensitive to the product branching ratio for formalde- 

hyde and NO3 photolysis not the overall rate, but the opposite is true for chlorine nitrate. Pen- 

odic revisions or suggested revisions in model rate and photolysis parameters are made, which 
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can affect previous model predictions. The compiled sensitivities can be used to examine these 

effects post facto , as we show in illustrating the results of new values of rate parameters includ- 

ing that for nitric acid formation in Appendix C. 

Interest in global warming issues relating to energy use, and concern over model tempera- 

ture field uncertainty from the radiation and convection parameterizations, bring one last example 

from this work. From the box model sensitivities we can compute the local concentration sensi- 

tivities to the temperature dependence of the kinetics: 

Again, the caveat must be added that non-local feedbacks are missing in this analysis of local 

chemical temperature effects, which is best applied to higher altitudes. For 42s at 44 km, 

S,(03) = dln(03)/dlnT = -3.4, and a 5 K increase in T will decrease ozone 6%. The most impor- 

tant temperature dependent reactions are 0 + O2 + 03, 0 + 03, C1+ CH4, and NO + 03. The 

large observed seasonal change in ozone at this location has been ascribed to the 34K June to De- 

cember temperature variation. An application of the temperature sensitivity analysis to this box 

predicts a 56% ozone decrease, exactly what the full LLNL 2-D model forecasts. Comparing 

June and December boxes, the uncertainty in this change due to rate constant uncertainties is only 

6%. The main uncertainty thus is in the temperature dependent part of the comparison, in the 

activation energies of a few reactions or in the model variation of the temperature. The seasonal- 

ity forms an excellent test of the model temperature cycle and these selected temperature de- 

pendent kinetics. Getting the ozone itself correct also requires the 7% OH + C10 + HC1 branch. 

Other locations in the global 2-D model output were also briefly examined. Tropospheric 

locations may be examined with t h ~ s  technique, with some of the'same complications as the lower 

stratospheric locations. Although the LLNL model only includes minimal hydrocarbon chemis- 

try, the sensitivity results clearly show the shift in ozone control to ozone-NOx-hydrocarbon 

"smog" photochemistry. Polar regions could only be interrogated down to 20km, but revealed a 

wealth of sensitive and uncertain chemistry. This result in Appendix C shows that the antarctic 
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sunrise is an excellent laboratory for testing the mechanism. In a similar fashion. one would not 

propose chemical tests in the tropical mid-stratosphere. and might look to the mid-latitude lower 

stratosphere after a volcanic eruption to examine heterogeneously activated bromine removal of 

ozone. 

An in depth investigation was conducted into issues concemhg chlorine partitioning 

inthe stratosphere. Modeis overpredict C10 and underpredict HCI. and show an imbalance 

forozone P-L in the upper stratosphere. There are some analogous problems for the 

CIONO2/HCl ratio at lower altitudes. Modelers have proposed a 5 7 %  yield for the branch 

OH+ClO+HC1+02 to solve these discrepancies. We examined the LLNL, model sensitivities for 

these species and ratios vs. altitude with and without this step. The article published in 

Geophys. Res. Letters is Appendix A. The results show that this reaction is the chief contributor 

to the ClO/HCI uncertainty, and that severe changes to several other rate constants in combina- 

tion would be required as an alternative repair to the model to match observations. Simuitane- 

ously computed ozone sensitivities are too small to resolve all the modeling discrepancies, but 

the P-L imbalance is corrected. The second and the important lunetics question of this sensitiv- 

ity-uncertainty analysis is whether the proposed reaction is plausible at the 7% level suggested 

by model and sensitivity results. Our collaborative ab initiolRRKM theory calculation supports 

this possibility, corroborates recent experiments, predicts yields as a function of product channel 

barrier height, shows no atmospheric role for the HOOCl species, and indicates 02('A) is the 

product. 

Assessments of aviation effects on ozone and climate are another important recent issue, 

as this use comprises some 4% of fossil fuel consumption and may deliver its exhaust into vul- 

nerable regions of the stratosphere. Our sensitivity analysis was applied to a LLNL 2-D model 

scenario for a fleet of high speed supersonic transport aircraft (HSCT), to determine the uncer- 

tainty of the predicted effects at 47N (June) and to identify the contributing reactions. Again, as 

with species ratios, the difference formula given above can be used for the sensitivities, this time 

comparing different scenarios: S(A03) = S(HSCT) - S(base). The results discussed in Appendix B 

have been published in Geophys. Res. Letters. The net photochemical uncertainty of about 3% 
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total ozone &om this analysis at one of the most perturbed locales provides reassurance in the 

ability of assessment models to give useful results. The 9 key reactions that contribute most of 

the uncertainty are identified. Refined rate constant measurements may improve the situation, as 

would any atmospheric observations that according to sensitivity analysis are also controlled by 

some of these reactions. By using the box model sensitivities to guide some reruns of the 2-D 

model, we see that transport of the HSCT NOx away from the injection altitudes does reduce the 

final sensitivity-uncertainty by about a factor of 2. 
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