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EXECUTIVE SUMMARY

Photochemical grid models are used to develop VOC and NOx emission control strategies designed to achieve the ozone air quality standard.  Currently, the development of an ozone attainment strategy involves many simulations with the photochemical grid model to determine which source regions, source categories, and emission types (i.e., VOC and NOx) must be controlled to reduce ozone most effectively.  Because the simulations are computationally demanding, not all permutations of controls can be analyzed and the potential exists for controlling sources that contribute little to the high ozone concentrations or, conversely, not controlling sources that contribute significantly to the high ozone concentrations.  The development of efficient tools for accurately estimating how predicted concentrations respond to emission changes could significantly improve the process of control strategy design.


This project contained three tasks.  The first task was to implement the decoupled direct method (DDM) for sensitivity analysis in a current model.  The DDM is a technique for determining the sensitivity of predicted pollutant concentrations to model input parameters.  For this project, we studied input parameters that altered initial and boundary concentrations and emissions.  Sensitivity coefficients were obtained directly by solving an auxiliary set of equations derived from the governing equations of the model.  We implemented the DDM in the Comprehensive Air Quality Model with Extensions (CAMx), which is a state-of-the-science, publicly available model for urban and regional simulations of ozone formation in the lower troposphere.  As part of this task, we revised the user’s manual for CAMx and placed the revised manual and model on a public web site (www.camx.com).


The second task was to apply the DDM to a simulation of ozone formation during July 7-13, 1995 in the Lake Michigan region and to compare the DDM results with results from the brute force method (BFM).  The BFM consists of running two separate simulations with different values of an input parameter and calculating the ozone difference between the two simulations.  For moderate changes in the input parameter, the BFM results should agree well with the DDM results, and thus the BFM provides a check on whether the DDM has been properly implemented.  We calculated first-order sensitivities using the DDM, and these sensitivities describe the linear response of ozone to changes in input parameters.  For large changes in an input parameter, however, the ozone response becomes nonlinear.  By increasing the magnitude of the changes in the input parameters in the BFM and comparing the BFM and DDM results, we were able to determine the parameter range over which first-order sensitivities provide useful information.  While most control strategies are currently developed using the BFM and it is useful for comparisons to the DDM, the BFM has two important disadvantages.  One disadvantage is that computer roundoff errors can cause small ozone differences to be inaccurate.  In particular, as controls focus on smaller and smaller amounts of emissions, the BFM becomes progressively less and less accurate.  In addition, the BFM is inefficient.  We documented our work under this task in the attached paper, “The Decoupled Direct Method for Sensitivity Analysis in a Three-Dimensional Air Quality Model – Implementation, Accuracy and Efficiency,” which we submitted for publication to the journal, Environmental Science and Technology.


The third task was to compare the DDM and the Ozone Source Apportionment Technology (OSAT).  The OSAT is a technique for attributing the ozone predicted by a model to emission sources and initial and boundary concentrations.  This technique employs a set of tracers for NOx, total VOCs, and ozone and an indicator that ascribes instantaneous ozone production to NOx or VOCs.  There are separate tracers for different geographic regions and different emission categories (e.g., area sources, point sources).  Hence, OSAT apportions the ozone concentration at a receptor location into a detailed set of source contributions.  Since OSAT had been implemented in CAMx prior to this project, we were able to compare the DDM and OSAT within the same air quality model, which prevents model-to-model variations from confusing the comparison.  We applied both techniques to the ozone episode of July 7-13, 1995 in the Lake Michigan region.  We documented our work in this task in the second attached paper, “A Comparison of Source Apportionment and Source Sensitivity of Ozone in a Three-Dimensional Air Quality Model.”  This paper has also been submitted to Environmental Science and Technology.

We summarize the major conclusions of this project as follows:

· The DDM for sensitivity analysis accurately determines the first-order (linear) sensitivity of ozone to emissions and initial and boundary concentrations.

· The first-order sensitivities provide quantitative information on ozone changes up to approximately 40% reductions in emissions and boundary concentrations and 100% reductions in initial concentrations.  For larger input changes, the ozone response becomes increasingly nonlinear, i.e., higher-order (nonlinear) sensitivities become important.

· In a 3D simulation of the ozone episode in the Lake Michigan region, calculating the sensitivities with respect to one model input parameter was up to 2.5 times faster than calculating the concentrations.  While quite efficient, this is less efficient than predicted based on our simple test problems involving just chemistry or advection.  The difference in efficiency appears due to the computer overhead in accessing large arrays.

· The DDM has advantages in accuracy or efficiency compared to other sensitivity methods that have been applied to large atmospheric simulations.

· The OSAT and DDM results agree on 4 of the top 5 contributors to ozone concentrations on average.

· The OSAT source contributions and DDM sensitivities for an individual category of emissions or boundary concentrations correlate well.  However, there is disagreement on the relative magnitudes assigned to different emissions categories and boundary concentrations.

· The spatial distributions of source impacts shown by OSAT and DDM are similar.

· The procedure used in OSAT to ascribe ozone formation to VOCs or to NOx is consistent with the DDM sensitivities.

· While OSAT apportions 100% of the ozone concentration to sources, the first-order sensitivities explain, on average, 70% of the ozone concentration.  This illustrates that first order sensitivity analysis and source apportionment, while closely related, are not equivalent.

· The OSAT results should be used with caution in predicting the absolute or relative impact of small to moderate changes ((40%) in model inputs.  In such applications, the OSAT results may overestimate the importance of the boundary concentrations and underestimate the importance of the manmade emissions.

· The OSAT results do not indicate negative feedbacks.  In regions where NOx inhibits ozone formation and the sensitivity is negative, the source contribution is small and positive.

· For the same subdivision of the emissions, the OSAT is 14 times faster than the DDM.

· The DDM has greater flexibility than OSAT in defining which emissions to include and generates results for species other than ozone.  This allows the efficiency of DDM calculations to be optimized by selecting the parameters for which sensitivity information is desired. 

The work in this project led to some revisions and improvements in OSAT.  The new version of OSAT is being compared to the DDM and a third tool, process analysis, in the CRC Project A-37, Evaluation of Probing Tools for Air Quality Modeling.
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