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Sfrafeaier f m  TIdov'r 

One of the most significant long-term trends affecting the future vitality of the petroleum industry is the 
public's concerns about the environment. Recognizing this trend, API member companies have developed 
a positive, forward looking strategy called STEP: Strategies for Today's Environmental Partnership. This 
program aims to address public conœms by improving our industry's environmental, health and safety 
performance; documenting performance improvements; and communicating them to the public. The 
foundation of STEP Is the API Environmental Mission and Guiding Environmental Principles. 

API ENVIRONMENTAL MISSION AND GUIDING ENVIRONMENTAL PRINCIPLES 

The members of the American Petroleum Institute are dedicated to continuous efforts to improve the 
compatibility of our operations with the environment while economically developing energy resources and 
supplying high quality products and services to consumers. The members recognize the importance of 
efticiently meeting society's needs and our responsibiiit)c to work with the public, the government, and 
others to develop and to use natural resources in an environmentally sound mannetwhile protecting the 
health and safety of our employees and the public. To meet these responsibilities, API members pledge 
to manage our businesses according to these principies: 

D 

s 

B 

D 

D 

D 

B 

D 

D 

D 

B 

To recognize and to respond to community concerns about our raw materials, products and 
operations. 

To operate our plants and facilities, and to handle our raw materials and products in a manner 
that protects the environment, and the safety and health of our employees and the public. 

To make safety, health and environmental considerations a priority In our plannlng, and our 
development of new products and processes. 

To advise promptly, appropriate officials, employees, customers and the public of information on 
significant industry-related safety, heaith and environmental hazards, and to recommend 
protective measures. 

TO counsel customers, transporters and others in the safe use, transportation and disposal of our 
raw materials, products and waste materials. 

To economically develop and produce natural resources and to conserve those resources by 
using energy efficiently. 

To extend knowledge by conducting or supporting research on the safety, h e a h  and 
environmental effects of our raw materials, products, processes and waste materiais. 

To commit to reduce overall emission and waste generation. 

To work WW others to resolve problems created by handling and disposal of hazardous 
substances from our operations. 

To participate with government and others in creating responsible laws, regulations and 
standards to safeguard the community, workplace and environment. 

To promote these principles and practices by sharing experiences and offering assistance to 
others who produce, handle, use, transport or dispose of similar raw materials, petroleum 
produds and wastes. 
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FOREWORD 

API PUBLICATIONS NECESSARTLY ADDRESS PROBLEMS OF A GENERAL 
NATURE. WITH RESPECT TO PARTICULAR CIRCUMSTANCES, LOCAL, STATE, 
AND FEDERAL LAWS AND REGULATIONS SHOULD BE REVIEWED. 

API IS NOT UNDERTAKING TO MEET THE DUTIES OF EMPLOYERS, MANUFAC- 
TURERS, OR SUPPLIERS To WARN AND PROPERLY TRAIN AND EQUIP THEJR 
EMPLOYEES, AND OTHERS EXPOSED, CONCERNING HEALTH AND SAFETY 
RISKS AND PRECAUTIONS, NOR UNDERTAKING THEIR OBLIGATIONS UNDER 
LOCAL, STATE, OR FEDERAL LAWS. 

NOTHING CONTAINED IN ANY API PUBLICATION IS TO BE CONSTRUED AS 
GRANTING ANY RIGHT, BY IMPLICATION OR OTHERWISE, FOR THE MANU- 
FA-, SALE, OR USE OF ANY METHOD, APPARATUS, OR PRODUCT COV- 
ERED BY LETTERS PATENT. NEITHER SHOULD ANYTHING CONTAINED IN 

ITY FOR INFRINGEMENT OF LETTERS PATENT. 
THE PUBLICATION BE CONSTRUED AS INSURING ANYONE AGAINST LIABIL- 

Copyright 0 1994 American Petroleum Institute 
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ABSTRACT 

Satisfactory photochemical model performance is apparently possible despite evidence 
suggesting significant biases in emissions estimates. This study assessed the influence of 
compensating modeling input errors on estimates of the effects of emission control scenarios. 
Specifically, a series of Urban Airshed Model (UAM) sensitivity studies have been carried out 
using simulations of two summer ozone episodes from the Southern California Air Quality 
Study (SCAQS) of 1987. These episodes were chosen because they provided the most 
comprehensive databases available at the inception of this study for supporting photochemical 
grid modeling. Existing simulations yielded inadequate performance, so it was necessary to 

identi@ UAM performance problems, implement appropriate modifications to model inputs, 
and assess the model’s suitability for use in subsequent analyses. Plausible alternative 
conditions were established to define acceptable base cases; some aiternative base cases were 
identified that provided a level of UAM performance comparable to the best achieved for the 
episodes. Several UAM sensitivity m s  were made to determine whether the choice of base 
case had a significant influence on simulation results for hypothetical emission reduction 
strategies. The alternative base cases used in this study produced significant differences in 
estimates of the air quality benefits associated with hypothetical emission control scenarios. 
For example, one set of base cases indicated NO, controls would be counterproductive in 
reducing the estimated peak O, concentration in part of the modeling domain; another base 
case suggested that such controls would yield almost no change in the peak value. These 

analyses provide a lower bound estimate of the uncertainty attending modeling results of the 
air quality benefits associated with emission control plans. It is strongly recommended that 

current photochemical modeling practice be extended to include such analyses. These efforts 
will help reduce the risk of focusing emission control efforts on the wrong precursors, 
underestimating control requirements needed to meet air quality goals, or incurring costs to 
implement unnecessary controls. 
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EXECUTIVE SUMMARY 

The 1990 Clean Air Act Amendments require states to demonstrate attainment of the ozone (O,) 

National Ambient Air Quality Standard through use of grid-based photochemical models. In 

developing inputs to such models for the simulation of historical O, episodes (also termed base 

case simulations), "best estimates" are normally used for each category of input variables. 

Examples include the magnitudes of aggregated emissions and the fluxes along the upwind 

boundary of the region. While these estimates are judged "best," inputs of somewhat lesser or 

greater magnitudes - but within the range of uncertainty - may be equally acceptable, given our 

knowledge. It is quite possible that different combinations of model inputs, selected within the 

ranges of uncertainties, will yield acceptable performance levels of comparable quality. For 

example, one combination of inputs might produce a gross bias of 10 percent and an aggregate 

average discrepancy between model estimates and observations of 30 percent. A second 

combination, constructed by increasing emissions, decreasing boundary concentrations, and 

maintaining other variables constant, micht produce a gross bias of 7 percent and an average 

aggregate discrepancy of 33 percent. In terms of overall quality of-performance, these two cases 

might be judged approximately equivalent. 

If the predictive performance of the model using various combinations of inputs is indeed 

approximately equivalent, there is no way to discriminate among the alternatives in selecting a 

base case for further use. Each is equally plausible. However, when emissions are reduced in the 

evaluation of a candidate control strategy, each alternative base case may produce different levels 

of improvement in O, concentrations. Since the base cases are equally acceptable, each estimated 

improvement should also be equally acceptable. This rance of improvements provides a lower 

bound estimate of the uncertainty of the benefits associated with instituting the candidate strategy. 

Particular attention will need to be given to the interpretation of modeling results in situations 

where the choice of alternative base case has a significant influence on either the magnitude or 

important spatial and/or temporal aspects of estimated future year concentrations. Furthemore, 

the utility of modeling results may be quite limited in situations where the choice of precursor to 
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control (Le., volatile organic compounds [i'OCs] and/or NO,) is not consistent among the 

alternative base cases 

The objective of this investigation is to demonstrate how to identi@ alternative base cases and to 

assess their influence on estimates of air quality benefits associated with future year emission 

control scenarios. To achieve this objective, a series of Urban Airshed Model ( U M )  sensitivity 

studies was performed based on existing model appiications for the South Coast Air Basin 

(SOCAB).  The SoCAI3 was selected because, at the inception of this study, this area had the best 

available emissions, meteorological, and air quality data base with which to support such a 

photochemical modeling activity. 

Upon initiating this investigation, a review of existing UAM simulation results for O, episodes 

occurring in June and August of 1987 indicated that the model was not replicating important 

features of the O, concentration field. Thus, it was necessary to diagnose the possible causes of 

these problems, to implement appropriate modifications to model inputs, to reevaluate the model's 

performance, and to assess its suitability for use in subsequent anaiyses. Although improvements 

in model performance were realized, the model was still not correctly simulating all important 

atmospheric phenomena. Nevertheless, model performance was deemed acceptable for the 

purposes of this demonstration study. At this point, plausible alternative conditions that might 

define acceptable base cases were established, and UAM simulations were conducted to identi@ 

alternative base cases that provided a level of model performance comparable to the best achieved 

for both the June and August 1987 episodes. Then several UAM sensitivity runs were made to 

ascertain whether the choice of base case had a significant influence on simulation results for 

hypothetical emission reduction strategies. 

Note: Ody hypothcticd emtssiott reductloit scemrios were examined in this study. It was not 
the ijiteiit of illis iiiivsrigatiort to assess the impacts of proposed entission control plans or 
to eveti siiggrst siritnhlc directions for coittrol in the Soirth Coast Air Basin. 

The key findings of this investigation, their implications for regulatory modeling practice, and the 

applicability of the results to other studies follow. 
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Percent Emission Reduction’ 

VOC NOS 

50 O 

FINDINGS 

It  is feasible, for ri given riir q u d i p  episode, to rleivlop two or niore alternntive base cases that 
displny equiidetzt pcrforiiintz ce. 

Alternative base cases for both the 23-25 June and 26-28 August 1988 SCAQS episodes were 

identified, differin2 primarily in the treatment of VOC emissions, boundary values, mixing heights, 

and wind fields. Equivalence of the alternative base cases was established based on model 

performance measures for O, and NO,. Specifically, five of seven candidate base cases for the 

June episode were judged equivalent. Two candidate base cases for the August episode, similar in 

many respects to two base cases studied using the June episode, were examined and also found to 

be equivalent. 

Range of Percent Reductions in Peak O, Concentration 

24 June 25 June 27 August 28 August 

3 1-42 28-3 1 

Equal entissions reductions crin produce ci&rent responses in O,fiells, i. e. the decreases in 
estiniatetl O, concentrations rind their ptrtterns cnn triffer among alternative base cases. 

The alternative base cases employed in this study produced the following range of percent 

reductions in the peak estimated O, concentration in the eastern portion of the modeling domain 

for various hypothetical emission control scenarios: 

50 

O 

25 21-30 23-3 1 5-38 18-40 

25 2-14 (-3)-13 

Only anthropogenic emissions \\ere reduced in this sensitivity study. 
Only NO, emissions fioni large point soui-ces \\ere reduced (i e., sources 
that emit pollutants alolt in the U M )  

z 

Three of the June base cases were used to assess the effects of a 50 percent reduction in 

anthropogenic VOC emissions. All base cases yielded lower estimated peak O, concentrations. 

For 24 June, the estimated reductions in peak O, ranged from 3 1 to 42 percent; on 25 June, the 
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percentage reductions in peak values were more closely grouped, ranging from 28 to 3 1 percent. 

For the scenario in which anthropogenic VOC and NO, emissions were reduced by 50 and 25 

percent, respectively, two of the three alternative June base cases indicated that the additional 

NO, control would be counterproductive (Le., would yield a smaller reduction in the peak O, 

concentration than was estimated for the case where VOC emissions alone were reduced). The 

third June base case yielded peak O, concentrations that were essentially the same as those 

resulting from the scenario in which only VOC emissions were reduced. Simulations were also 

performed for this emission reduction scenario employing the two August alternative base cases; 

the percentage reductions in peak O, were quite different for 27 and 28 August. When a 25 

percent reduction in anthropogenic NO, emissions was studied (with no change in VOC 

emissions), one June base case indicated a modest reduction in peak O, (Le., a 13 to 14 percent 

reduction), whereas a second alternative base case yielded very little change in the peak 

concentration (Le., a 2 percent decrease to a 3 percent increase). For a scenario involving a 50 

percent reduction in NO, emissions from large point sources, the two alternative June base cases 

employed here indicated little effect on the peak O, in the eastern portion of the domain. In the 

area northeast of Long Beach and portions of the San Fernando and San Gabriel Valleys, 

differences in the estimated percentace reduction in the gridded peak O, values ranged from 9 to 

16 percent. 

The range of outcotties, both citiiong cilternatiiv base cases nntl nlternntive emission reduction 
outconies, are intlicntive of n lower hoirtirl on the rnnge of uncertninty for  the specific case. 

Alternative base case analyses are carried out by varying model inputs within their range of 

uncertainty. The range of estimated concentrations is indicative of the uncertainty in model 

results. Since such analyses are conducted for a limited set of alternative input conditions, the 

results represent a lower bound on the range of uncertainty; the use of additional alternative base 

cases can only broaden the bound. 

The UAM did not povidc uti accimite sintulntion of sanie features the O, nntl precursor 
concentrntion fields observed dirring the June and August I98 7 SCA QS episodes. 
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Upon initiating this investigation, a review of existing Um4 simulation results for O, episodes 

occumng in June and August of 1987 indicated that the model was not replicating important 

features of the O, concentration field, including the relatively high peak concentrations reported at 

inland monitoring stations and the formation of an extensive layer of high O, concentrations aloft. 

Attempts to diagnose and to recti5 these problems were only partially successful. Although 

improvements in model performance were realized, the model was still not simulating O, 

formation aloft to the extent indicated by available measurements. Moreover, the model 

generated O, concentrations in an area north of the San Fernando Valley that were much higher 

than the observations. The accuracy of VOC and NOz estimates was poorer than that for O,, 

indicating that the model was not adequately simulating these species. 

IMPLICATIONS 

Tltere is n need to recognize tite presence of uncertainty in modeling results, to rleternzine the 
evtent to iuliich it cnn be qiuintìjìed, und to prescribe and iniplentent metltotls for  doing SO. 

The uncertainty in modeling results stems from (1) biases in procedures employed to develop 

model inputs and in the conceptual representation of atmospheric processes within the model, (2) 

the imprecision in data employed to develop inputs, and (3) the natural variability or stochastic 

character of the atmosphere and the ability of a deterministic model (such as U M )  to provide 

only a single realization of such phenomena. It is essential that the presence of uncertainty in 

modeling results be recognized and considered as part of the decision-making process. Of 

particular concern is that biased or inaccurate modeling results may cause decision makers to 

make inaccurate judgements concerning the most appropriate means for achieving a future air 

quality goal. In this case, efforts must be made to reduce bias in modeling results to an acceptable 

level. Once this has been accomplished, procedures should be implemented to quanti5 the 

remaining modeling uncertainties. 

A process for quantiQing uncertainties might include the following steps: 

O assess overall model performance and perform basic sensitivity runs to insure that the 
model provides a reasonable simulation of key atmospheric phenomena; 
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summarize the uncertainties in model inputs as well as the uncertainties inherent in the 
model formulation itself. 

use the uncertainty estimates to identi@ possible alternative base cases and then conduct 
model simulations to ascertain which base cases provide a level of performance 
comparable to the best achieved for each episode; 

develop a lower bound estimate of the range of uncertainty in modeling results for 
proposed emission control scenarios by assessing the air quality benefits of each scenario 
using the alternative base cases. The range of O, concentration reductions or increases 
represents the range of uncertainty in the modeling results.' 

conduct corroborative and other supplemental analyses to support the findings of 
modeling studies. 

To implement this process, it will be necessary for regulatory agencies with modeling expertise to 

develop pertinent information concerning the uncertainties in the model's formulation and its 

inputs. Model application programs will need to include time and budgetary provisions for 

evaluating model performance and conducting sensitivity, alternative base case, and corroborative 

analyses. We strongly recommend that existing regulatory modeling guidance be extended to 

encourage and require the estimation of uncertainties in modeling results and to indicate how such 

information should be employed by decision makers. 

In cnses for  which np~wosìnitrtely eq ir i~~lent  alterncitive base cnses can be developed, their 
study and analysis slroiild prove irscfir l to policy ninkers in their rleliberations. 
Since equivalent base cases yield results that are equally plausible, the findings of emissions 

reduction simulations using alternative base cases are also equally plausible. Thus, using a suite of 

"equally plausible" cases (perhaps three to six in number) to examine the consequences of 

emissions reduction options provides an attractive and effective means for characterizing a lower 

1 For esample, suppose that tlirce alteinntive base cases are used to provide a lower bound estimate of the range 
of uncertainv of the air qualip. hcnelits associated with a pai-ticular emission control scenano. Further suppose that, 
upon conducting the three alteinirtivc hase case simulations, peak 0,levels are reduced by I O ,  12, and 15 percent. From 
these results, we estimau that the control scenario w i l l  produce a 10 to 15 percent reduction in the peak O, 
concentration. The range doutcornes (i,e., a 10 to i 5 percent reduction) represents a lower bound estimate of the 
uncertainty in the modeling results since additional altematk base case simulations might produce percentage changes 
in peak O, that are some\vhat smaller than 1 O percent or greater than 15 percent. 
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bound on the range of uncertainties that attends the estimation of control outcomes. Information 

of this type should prove valuable to the decision maker confronting the classical dilemma: 

minimizing the chances of not meeting defined air quality goals versus minimizing the chances of 

incurring unnecessary control costs. 

Whcrens it is recognized tlitit routine clntn bnses nre deficient, the aperience of this study 
suggests tknt "riclicr" clutcl bciscs, such as SCAQS, ntny also be deficient for supporting 
adequate yeflortitnnce cidurition. That is, the txistence of n "rich" clnta base does not insure 
adequacy. 

The SOCAB was selected because the SCAQS data base represented the best available at the 

outset of this study to support photochemical modeling. In the course of working with these 

data, we encountered difficulties in fully understanding important phenomena that were taking 

place during the episodes of interest. In  particular, it was not possible to accurately describe how 

an extensive layer of high O, concentrations formed during the June SCAQS episode. This may 

be attributed in part to the lack of sufficient wind observations aloft with which to characterize O, 
and precursor transport. Additional aircraft data would have helped us to understand how far 

offshore pollutants were transported during the episode and to establish boundav concentration 

inputs. 

The difficulties in achieving adequate model performance given this relatively "rich" data base 

demonstrates that the availability of special field measurements that does not assure a successful 

performance evaluation outcome, or more fundamentally, that the existing data base is sufficient 

in variety, quantity, and/or quality to support the modeling needs. Moreover, the uncertainties 

associated with current emissions estimates are a key limitation even in a recion with "rich" 

meteorolocical and air quality data bases. Particular attention must be given to designing and 

implement ins field prosrams that adequately characterize all important atmospheric phenomena. 

Moreover, efforts must be undertaken to provide more accurate emissions estimates. In many 

areas of the country, photochemical modeling is being conducted using much more limited data 

bases than that employed in this study. Given the large uncertainties in model inputs in these 

situations, the possibility for introducing compensating errors is quite significant. Even in the 
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absence of compensating errors, there appears to be incentive for defining alternative base cases 

due simply to the significant uncertainties associated with model inputs. 

APPLICABILITY OF STUDY 

Since the model w i s  not sinidciting ìitiportnnt phenoniena obsersed during the June and 
August I987 SCAQS episodes, n decision was nrnrle to proceed, assunting that the niodel 
proiiclerl a true sinirtintion of a hypotheticril set of conditions in the SoCAB (i.e, the set of 
conditions represetired by the nieteorologicnl, emissions, air qunliîy, and other inputs). 

In its current state, the model cannot be viewed as providing an accurate, reliable simulation of O, 

formation during either the June or August 1987 SCAQS episodes. For a regulatory application 

of the model, there is no question that further efforts should be devoted to diagnosing and 

recti@@ the remaining performance shortfalls. However, a key issue faced by the study team 

was whether or not to devote additional project resources to deal with the remaining problems, 

especially since the intent of the investigation was to examine the potential importance of 

compensatins errors, not to develop emission control policies or regulations for the SoCAI3. 

Of particular importance is whether the model is fùnctioning adequately for the intended purposes 

of this study. For example, the ability to simulate the formation of high O, concentrations aloft is 

of particular concern if the aloft air mass mixes to the surface. Underestimation of O, levels aloft 

that are entrained into the mixed layer as the mixing height increases durinc the morning hours 

can lead to the underestimation of O3 concentrations at the surface. This problem may be 

contributing to some of the underestimation bias in the June results. Another key problem is that 

reasonable estimation of peak O, levels could only be achieved through use of increased VOC 

emissions. Aithoush the overall scaling factor of 2.2 for VOC emissions was based on 

comparisons of early morning emissions estimates and ambient observations of VOC/NO, data, 

the simple scaling factors employed in this study provide only an interim "fix" to the emissions 

inputs. More accurate corrections to emissions inputs must await the availability of pertinent 

source test results 
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The achievement of better model performance was expected to be a costly and time consuming 

endeavor. For example. one possible further study might have involved the development of 

revised wind fields using a prognostic meteorological model. There are currently no good means 

for improving emissions estimates. 

In assessing the modeling situation, a judgment was made to proceed with the proposed study. 

Basically, we attempted to achieve the best performance possible within the constraints of 

schedule and budget. In using the model for subsequent studies, we assume that it is being 

applied to a hypothetical situation as represented by the most acceptable (yet still inadequate) 

model inputs. Under these circumstances, it is possible to examine the potential influence of 

alternative base cases for this set of hypothetical conditions. We strongly recommend that caution 

be exercised in any attempt to extend the model application results cited herein to emission 

control policies in the SoCAB. 

This study rlentonstrrites tlte potential importance of alternative base case analyses and 
illustrates how to coiirluct such rissessnrents. The nietliotlology ntust be applied to indisidual 
urban areas to ascertain tlte ìntportrrnce and iniplìcations of such results. 

The most relevant findings of this work concern the potential need to examine the influence of 

alternative base cases on the air quality benefits of future year emission control plans. The 

methodology for such assessments involves (1 ) identifying candidate alternative base cases, (2) 

conducting model sensitivity runs and evaluating the equivalence of the candidate cases, (3) 

performing simulations for key sensitivity and emission control scenarios using the alternative 

base cases, (4) estimating the uncertainties associated with model application results, and ( 5 )  

assessing the implications of the alternative base case analyses as they pertain to emission control 

policies and other issues. Since the present study considered only a single area, namely the 

SoCAB, it is not possible to stipulate the conditions for which such analyses may or may not be 

important for other urban areas. We recommend that alternative base case analyses be conducted 

in other areas to provide specific information concerning the importance and implications of such 

results. 
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Section 1 

hTI'RODUCTION 

BACKGROUND 

The 1990 Clean Air Act Amendments require states to demonstrate attainment of the O, National 

Ambient Air Quality Standard (NAAQS) with grid-based photochemical models for all designated 

nonattainment areas classified as serious and above. Interstate moderate areas are subject to 

similar requirements. Furthermore, intrastate moderate areas must demonstrate attainment 

through modeling, but the use of grid models is optional. The Urban Airshed Model (UM) is . 

the EPA-recommended grid-based model for use in O, NAAQS attainment demonstrations. 

In developing inputs for a crid model simulation of an historical O, episode (also termed a base 

case simulation), "best estimates" are normally used for each category of input variables. 

Examples include the magnitudes of aggregated emissions and the fluxes along the upwind 

boundary of the region. While these estimates are judged "best", inputs of somewhat lesser or 

greater magnitudes - but within the range of uncertainty - may be equally acceptable, given our 

knowledge. It is quite possible that different combinations of model inputs, selected within the 

ranges of uncertainties, will yield acceptable performance levels of comparable quality. For 

example, one combination of inputs might produce a gross bias of 10 percent and an aggregate 

average discrepancy between model estimates and observations of 30 percent. A second 

combination, constructed by increasing emissions, decreasing boundary concentrations, and 

maintaining other variables constant, might produce a gross bias of 7 percent and an average 

aggrecate discrepancy of 33 percent. in terms of overall quality of performance, these two cases 

might be judged approximately equivalent. 

If the predictive performance of the model using various combinations of inputs is indeed 

approximately equivalent, there is no way to discriminate among the alternatives in selecting a 

base case for further use. Each is equally plausible. However, when emissions are reduced in the 

evaluation of a candidate control strategy, each alternative base case may produce different levels 

of improvement in O, concentrations. Since the base cases are equally acceptable, each estimated 
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improvement should also be equailv acceptable. This range of improvements provides an 

indication of the range in uncertainty of the benefits associated with instituting the candidate 

strategy. Particular attention will need to be given to the interpretation of modeling results in 

situations where the choice of alternative base case has a significant influence on either the 

magnitude or important spatial and/or temporal aspects of the estimated concentrations. The 

utility of modeling results may be quite limited in situations where the choice of precursor to 

control (i.e., VOCs or NO,) is not consistent among the alternative base cases. 

STUDY OBJECTIVE 

The objective of this investigation is to demonstrate how to identi@ alternative base cases and to 

assess their influence on estimates of air quality benefits associated with future year emission 

control scenarios. To achieve this objective, a series of Urban Airshed Model ( U M )  sensitivity 

studies was performed based on existing model applications for the South Coast Air Basin 

(SoCAE3). The SoCAE3 was selected because, at the inception of this study, this area had the best 

available emissions, meteorological, and air quality data base with which to support 

photochemical modeling. In particular, during the summer of 1987, supplemental meteorological 

and air quality monitoring activities were carried out as part of the Southern California Air 

Quality Study (SCAQS). The background and study design for SCAQS are described by Lawson 

(1990). Elements of the SCAQS data base of particular interest were the upper air 

meteorological soundings, air quality data collected by aircraft, and VOC speciation 

measurements. Such observations are not typically collected in routine monitoring networks. 

Two SCAQS O, episodes have been the subject of considerable study, namely those that occurred 

during 23-25 June 1987 and 26-28 August 1987. 

We would have preferred to select a study area that was somewhat more representative of those 

regions in which pliotochemical modeling is currently being performed. However, there was no 

other region with as cood a data base to support this demonstration study. While the specific 

SOCAB simulation results presented in this report may have limited applicability to other areas, 

the procedures used to identi@ alterniive base cases and to assess their effects on the estimated 
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air quality benefits of emission control scenarios should be applicable to other contemporary 

modeling studies. 

At the outset of this investigation, a review of U M  performance for the June and August 

SCAQS episodes indicated that some improvement to the representation of atmospheric processes 

was needed prior to undertaking subsequent modeling work. Discussions involving members of 

API's Air Modeling Task Force and the California Air Resources Board (CARB) early in the 

study indicated a common interest in diagnosing and rectifiing U M  performance problems and 

in examining issues associated with the possible existence of multiple base cases. Thus, it was 

agreed that the study team and CARE3 personnel would collaborate in trying to resolve UAM 

performance problems and in studying model sensitivity issues of common interest. In rectifying 

these problems, particular emphasis was given to assuring that any changes to model inputs were 

soundly based and were not merely attempts to "tune" the model. (Tuning a model refers to a 

process wherein modifications are made to model inputs for the sole purpose of achieving better 

agreement between estimated and measured concentrations). A protocol was developed for this 

study describing key technical and administrative issues and the activities to be carried out by the 

participants. The protocol is included as Appendix A. Note that the present report documents 

the activities carried out by the API-SCE study team. 

STRUCTURE OF THE STUDY 

This investigation was carried out in three phases. Phase 1 involved efforts to improve model 

performance. The study team obtained UAM input and output files for the 23-25 June 1987 

episode and was able to adequately replicate simulation results provided by the South Coast A i r  

Quality Management District (SCAQMD). Diagnostic analyses were conducted to identify 

shortcomings in existing simulations for the June episode 

Phase 2 of the study involved the identification of alternative base cases for the June episode. In 

addition, a limited effort was carried out to ascertain whether the findings derived from use of the 

June episode were also valid for the August conditions. In conducting the Phase 2 activities, the 
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study team carried out an assessment of the base cases developed in Phase 1. In light of these 

analyses, plausible alternative conditions that micht define an acceptable base case were defined. 

Analyses of the SCAQS data reported by Lurmann and Alain (1992) indicated that VOC and CO 

emissions may be underestimated and that NO, emissions may be relatively unbiased. On this 

basis, modifications were made to precursor emission and boundary condition inputs, as well as 

wind and mixing height inputs in an attempt to identifi conditions that provided comparable 

model performance. 

Phase 3 is concerned with ascertaining whether the choice of base case has a significant influence 

on UAM simulation results for hypothetical emission reduction strategies. If the model exhibits 

significant sensitivity to the choice of base case, particular attention would need to be given to any 

interpretation of results concerned with emission control strategy assessment. Emission scenarios 

included various combinations of across-the-board reductions in VOC and NO, emissions from all 

anthropogenic sources in the study area, as well as an assessment of the effects resulting from 

reductions in precursor emissions from elevated point sources. Again, most UAM sensitivity runs 

were carried out using the June episode, with the conduct of a few confirmatory simulations using 

the August conditions. 

STRUCTURE OF THIS REPORT 

Section 2 discusses the efforts in Phase i to improve model performance for the June SCAQS 

episode. Section 3 documents the Phase 2 activities concerned with the identification of 

alternative base cases. Section 4 presents the UAM sensitivity studies conducted in Phase 3 to 

assess the influence of the choice of alternative base cases on estimates of the effectiveness of 

hypothetical future year emission control scenarios in reducing O3 concentrations. Finally, 

Section 5 summarizes the implications of this work for regulatory modeling activities. 
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Section 2 

PHASE 1 --IhPROVING MODEL PERFORMANCE 

OBJECTIVES OF PHASE 1 

At the inception of the study, a review of Urban Airshed Model (UAM) simulation results for 

both the 23-25 June and 26-28 August 1987 Southern California Air Quality Study (SCAQS) 

episodes indicated a need to improve the representation of model inputs prior to conducting the 

investigation to assess the possible importance of alternative base cases. For example, an inability 

of the model to adequately simulate the formation of O, aloft was noted by Roberts and Main 

(1 992a,b) based on analyses of UAM results usins the SCAQS data base. The specific objectives 

of Phase 1 activities were: 

to identi@ UAM performance problems in existing simulations for the June 1987 SCAQS 
episode; 

to diagnose the possible causes of UAM performance problems; 

to identi5 and implement appropriate modifications to model inputs; and 

to evaluate the model's performance and assess its suitability for use in subsequent 
activities in Phases 2 and 3 .  

GENERAL RULES FOR ALLOWABLE CHANGES TO THE MODEL AND ITS N U T S  

Efforts to improve model performance were designed to reduce the discrepancies between model 

estimates and observed air quality levels where these could be logically defended based on sound 

scientific principles through (preferably) analyses of relevant, site-specific data. Three principles 

governed the model improvement activities: 

any changes to the model or its inputs were to be documented; 

any changes to the model or its inputs were to be supported by scientific evidence, analysis 
of new data collected for the purpose, or by reanalysis of the existing data where errors or 
misjudgments may have occurred; and 
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0 all proposed changes to the model or its inputs were to be subject to review by all project 
participants. 

To help assure that the proposed diasnostic and model improvement activities would not be 

viewed as a "tuning" exercise, the study team discussed the proposed modifications to existing 

inputs for the June episode with project oversight personnel prior to exercising the model and 

evaluating its performance. 

PROCEDURES AND CRITERIA FOR JUDGING MODEL PERFORMANCE 

To assess the adequacy of the model's concentration estimates, we compared the calculated 

surface O, concentrations with the available measurements using performance measures identified 

in the study protocol (see Appendix A). Since such comparisons do not constitute a stressful test 

of the model, we also examined other aspects of model performance, including its ability to 

accurately estimate precursor concentrations and to simulate important characteristics of the 

concentration fields aloft. Figure 2-1 shows the locations of air monitoring stations in the 

SoCAB. We refer the reader to Appendix G for a more detailed discussion of the procedures and 

criteria used in this study for judging performance. 

DIAGNOSIS OF MODEL PERFORMANCE PROBLEMS 

For the UAM simulation of the 23-25 June 1987 episode using inputs developed by the South 

Coast Air Quality Manacement District (SCAQMD), the model exhibited little overall bias, but 

the average normalized error was 39 percent on both 24 and 25 June. A particular concern was 

that peak O, concentrations were underestimated at several monitoring stations where relatively 

high concentrations were reported (e.g., Azusa, Banning, Burbank, Glendora, Pasadena, Reseda, 

and Upland). Hourly-averaged NO, concentrations tended to be underestimated by 24 to 32 

percent, and the normalized error ranged from 45 to 52 percent. 

For comparison purposes, UAh4 simulation results for the 26-28 August 1987 episode using 

inputs prepared by the SCAQMD exhibited little overall bias, and the normalized error ranged 
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from 24 to 32 percent. The small bias figures can be attributed to fortuitous cancelling of larger 

over- and underestimation biases, as indicated by the normalized error results. In addition, 

significant discrepancies existed between estimated and measured peak O, concentrations at 

several stations (e.g., Crestline, Glendora, Hesperia, Pomona, Rubidoux, and Victorville). The 

normalized error for hourly-averaged NO, concentrations was 58 percent for both 27 and 28 

August . 

Roberts and Main (1992a,b) examined UAM simulation results for the June episode in light of the 

SCAQS aircraft observations. As shown in Figure 2-2, the observations point to the existence of 

a layer of high O, concentrations aloft. However, when they examined available UAM results, 

they found that the model was significantly underestimating O, aloft, as illustrated in Figure 2-3. 

An inability both to accurately replicate the peak O, measurements at several important air 

monitoring locations and to simulate the formation of high O, levels aloft indicated a need to 

develop improved representations of model inputs in the hope that this would lead to better model 

performance. 

Analyses of existing model inputs using the SCAQS data and discussions with CARB personnel 

concerning their work with the August episode indicated a need to implement changes to several 

model inputs, including 

b the simulation starting time 
b the height and vertical resolution the modeling grid 

wind fields and mixing heights b 

e initial and boundav concentrations 
b photolysis rates 
b emissions 

These revisions to model inputs are discussed in Appendix B. 
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Figure 2-2. O, concentrations aloft during the (a) morning, (b) midday, and (c) afternoon of 25 
June 1987. O, contours, in ppb, generated along a west-to-east plane from the coast 
near Hawthorn to Riverside using data from aircraft spirals. The shaded area 
approximately represents the ground. (Source: Roberts and Main, 1992b) 
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Figure 2-3. Vertical profiles of O, concentrations measured by aircraft spiral compared to UAM 
grid-averaged values (original SCAQMD simulation) for the (a) morning, (b) 
midday, and (c) afternoon at El Monte on 25 June 1987 (Source: Roberts and 
Main, 1992b) 
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DISCUSSION OF RESULTS 

This section focuses on results of U ,Ul  simulations developed using the inputs described in the 

previous section. In addition, we summarize model performance for the original UAM simulation 

of the June episode provided by the SCAQMD. These simulations are designated as follows: 

Run J1--the simulation of the 23-25 June 1987 episode using revised model inputs as 
described in the previous section (including use of nominal VOC emissions estimates 
increased by a factor of 2.2); and 

Run J2--the simulation of the 23-25 June 1987 episode using inputs prepared by the 
SCAQMD. 

The assessment of model performance is presented in two parts. First, we examine the overall 

results, considering the spatial distribution of peak concentrations over the modeling domain, as 

well as the calculated performance measures determined using the complete set of available pairs 

of estimated and measured concentrations. In the second part of this presentation, we discuss 

model performance on a subregional basis. 

Note that all figures referenced in this discussion of results will be found at the end of Section 2. 

Overall Model Results 

The highest estimated one-hour averaged gound-level concentrations for O, for 24 and 25 June 

based on the inputs developed in this study (Run J1) are illustrated in Figure 2-4 and 2-5, 

respectively. The small numbers printed on these figures represent the corresponding measured 

values. Values enclosed in a rectangle and preceded by an "HI' or "L" designate maxima and 

minima, respectively, in the spatial field of estimated concentrations. Of particular note are the 

high estimated concentrations in the northwestern portion of the domain in the vicinity of 

Newhall. Peak O, levels in this area are overestimated by almost a factor of two. The location of 

the highest concentrations in the eastern portion of the domain are within about 10 to 20 percent 

of the observed values on 24 June. The highest estimated values in the eastern area on 25 June 

may be situated approximately 20 km too far south, although available measured values at sites 
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surrounding the location of the highest peak value seem in reasonable agreement with the 

estimates. Unfortunately, there were no measurements in closer proximity to the location of the 

highest value with which to assess the accuracy of this estimated concentration. 

Figures 2-6 and 2-7 depict the peak estimated O, concentrations on 24 and 25 June, respectively, 

from the simulation using inputs originally developed by the SCAQMD (Le., Run J2). Note that 

the SCAQMD simulation does not produce exceptionally high estimates of O, Concentrations in 

the northwest portion of the domain. Peak estimated O, levels in the eastern portion of the 

domain for the two simulations are within about 1 pphm. CARB staff have noted a tendency for 

the model to produce very high O, concentrations to the north of the San Fernando Valley in 

various sensitivity runs carried out for both the June and August SCAQS episodes. This problem 

may be caused by an inaccurate specification of wind velocities and/or mixing heights in this area 

of significant terrain features. In addition, an examination of ambient VOC measurements at 

Burbank (upwind of the high O, area) indicated that several organic species were significantly 

overestimated during the morning prior to the time when the high O, levels were calculated (as 

discussed in the next subsection), 

Peak NO, concentrations for 24 June for both Runs J1 and J2 are shown in Figures 2-8 and 2-9, 

respectively. Note that the highest NO, concentrations are estimated in the San Fernando Valley 

in Run J1 and to the north of stations in the San Gabriel Valley in Run 52. Although the peak 

estimated values differ by only about 1 pphm, the differences in locations are most likely 

indicative of the differences in wind inputs employed in these two simulations. For Run J1, peak 

estimated concentrations in the San Gabriel Valley underestimate the observed values, while in the 

San Fernando Valley, peak NO2 levels are overestimated. For Run J2, the model tends to 

overestimate the peak values in the San Gabriel Valley. In general, observed peak levels range 

from 5 to 9 pphm over much of the central basin, San Gabriel Valley, and San Bernardino areas. 

Model estimates in these areas for both simulations are also generally in this range. 
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Exhibits 2-1 through 2-3 summarize the calculated values for the various performance measures 

identified in Appendix G for Run J1 for O, , NO,, and NO,. Similar results for Run J2 are given 

in Exhibits 2-4 through 2-6, respectively. Since results for 23 June may be significantly influenced 

by uncertainties in initial concentration inputs, we focus this discussion on the results for the last 

two days of the simulation, namely 24 and 25 June. Model results for Runs J1 and J2 are 

summarized in Table 2- 1.  

Note that performance for NOI and NO, is not as good as that for O,. Model peak and bias 

performance metrics for O, exceed the thresholds triggering concern cited in Appendix G. In 

general, the overall bias and error metrics for Runs J1 and 52 are quite similar in magnitude. This 
is an interesting finding considering that these two simulations employ different model inputs-- 

especially VOC emissions that differ by a factor of 2.2. A review of the estimated O, spatial 

concentration fields indicates that both runs fail to replicate the formation of the significant layer 

of O, aloft, as shown in Figure 2-2. 

Subregional Model Results 

Figures 2-10(a) through 2-1 O(i) provide time series displays of estimated and measured 

concentrations on 23-25 June for 03, NO2, and NO, at representative stations within each of the 

nine subregions described in a previous subsection. These displays show results for Runs J1 and 

52, as well as one of the alternative base case simulations (Run J7), which is discussed in Section 

3. A complete set of time series displays for all monitoring stations is provided in Appendix C. 

Figures 2-1 i(a) through 2-1 1 (h) provide time series displays for various organic species collected 

at the Claremont College, Long Beach City College, and Burbank monitoring sites. VOC 

sampling was carried out a few times per day at eight locations in the basin during the June 

episode. VOC speciation results for individual compounds were combined in accordance with the 

definitions of Carbon-Bond species to facilitate comparison with the model estimates. A complete 

set of VOC time series plots are included in Appendix D. 
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Table 2- 1. Summary of model performance measures for Runs J1 and 52 
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The time series plots provide an indication of how well model estimates conform with the 

observations at particular locations. Note that some caution must be exercised in the 

interpretation of such results since model estimates represent concentration values that are 

spatially-averaged over several square kilometers, while the measurements are taken at a point. 

This can be a problem when an air monitoring station is situated near a heavily-travelled roadway 

or other large sources. In such situations, we would expect the model to underestimate precursor 

concentrations. 

Exhibits 2-7 and 2-8 provide summaries of performance metrics for peak accuracy, bias, and error 

for each subregion for Runs J1 and J2, respectively. Results are provided for O,, NO,, NO,, and 

various Carbon-Bond species. 

Key findings concerning O, and NO, subregional model performance are as follows: 

a estimated O, and NO, concentrations at stations within the coastal and Ventura County 
subregions are generally in good agreement with the observations. 

O O, concentrations are underestimated during the late morning and afternoon at several 
sites in the Central Basin and Eastern subregions (e.g., Los Angeles, Pico Rivera, Whittier, 
Pasadena, Glendora, and Upland). 

a the relatively high O, concentrations reported at stations in the Far Eastern area are not 
accurately estimated; this problem appears to be caused by inaccurate estimates of wind 
directions in areas to the east of San Bernardino, which significantly influence when the 
polluted air mass that has been transported across the basin reaches these stations; the 
Diagnostic Wind Model has difficulty in estimating the easterly movement of the 
convergence zone that forms in the Far Eastern subregion. 

a significant O, underestimation problems in the SCAQMD simulation for 24 June (Run 52) 
occurring during midday hours when relatively high O, concentrations were reported at 
Reseda, Burbank, Pasadena, Glendora, Azusa, and Fontana were much reduced using the 
revised inputs of this study (Run Jl); 

a tendency to overestimate NO, concentrations in Run J2 at some stations in the Coastal 
and Central Basin subregions was mitigated in Run J1. 

2-1 1 

                                      
                                         
                                      
                                         

Copyright American Petroleum Institute 
Provided by IHS under license with API

Not for ResaleNo reproduction or networking permitted without license from IHS

-
-
`
,
,
-
`
-
`
,
,
`
,
,
`
,
`
,
,
`
-
-
-

Full document details: API Publ 4616-1994 scan

http://www.avadocuments.com/doc/api-publ-4616-1994-scan
http://www.avadocuments.com/doc/api-publ-4616-1994-scan


high NO, concentrations reported at San Bernardino, Upland, Fontana, and Pomona were 
underestimated in both Runs J1 and J2. 

In their assessment of the composition of ambient and emissions data, Lurmann and Main (1992) 

found that olefin emissions were overestimated and aromatics and carbonyls were Underestimated. 

Considering data collected in the summer, the reactivity of the mix of organic species included in 

the emissions inventory appeared to be about 10 percent greater than the mix of pollutants in the 

ambient air samples. These speciated VOC measurements were available at a few times a day on 

24 and 25 June at eight sites in the modeling domain and provide a limited basis for evaluating the 

model's VOC performance. Key findings from an examination of model VOC results follow: 

RHC (the sum of all Carbon-Bond species) estimates for Run J1 are generally in 
reasonable agreement or modestly underestimate the observed values; RHC values from 
Run 52 generally exhibit a greater underestimation tendency than those from Run i l  
(perhaps not surprising since Run JI uses emissions that are 2.2 times those employed in 
Run 52) and significantly underestimate reported values at Los Angeles and Burbank. 

ALD2 (high molecular weight aldehydes) are systematically underestimated in both Runs 
J1 and J2 in all subregions by from 65 to 82 percent; FORM (formaldehyde) levels are 
overestimated on the average in Run J1 by about 20 percent and in Run J2 by from 12 to 
44 percent. 

ETH (ethene) and OLE (olefinic carbon bonds) tend to be overestimated on the average in 
Run JI by 13 to 30 percent, with results in the coastal and San Fernando Valley 
subregions being overestimated by as much as a factor of two; ETH and OLE tend to be 
underestimated in Run 52 by 5 to 42 percent. 

TOL (toluene) tends to be overestimated in Run J1 in the Coastal, Central Basin, and San 
Fernando Valley subregions by from 29 to 80 percent; in contrast, TOL tends to be 
underestimated by from 11 to 53 percent in the Central Basin, San Fernando Valley and 
Eastern subregions and overestimated in the Coastal subregion by about 27 percent. For 
Run J1, XYL (xylene) tends to be overestimated in the Coastal and San Fernando Valley 
subregions and underestimated in the Central Basin and Eastern subregions. For Run 52, 
XYL is underestimated in all subregions by from 28 to 65 percent. 

PAR (parafink carbon bonds) tend to be underestimated in all subregions for both Runs 
J1 (on the average by 1 to i 7 percent) and 52 (on the average by 9 to 26 percent). 
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Overall, the subrecionai results indicate that the model is not accurately simulating all relevant 

phenomena. VOC and NO, results exhibit a level of performance that is poorer than that for O,. 

Model performance in the Coastal and Ventura County subregions was good, indicating that 

boundary concentration inputs may be specified reasonable weil. Discrepancies between 

estimated and measured VOC and NO, concentrations suggest that further attention must be 

given to developing more accurate specifications of emissions inputs. Problems in estimating O, 
concentrations in the northeastern and far eastern portions of the modeling domain point to a need 

for further work to develop better estimates of wind inputs in these areas. 

IMPLICATIONS OF PHASE 1 RESULTS 

Several modifications to existing model inputs were implemented in efforts to improve 

performance for the June 1987 SCAQS episode. These modifications included revisions to the 

wind fields, simuiation of an additional "ramp-up" day, calculation of episode-specific photolysis 

rate constants, extension of the top of the modeling domain from 1000 to 1500 m, use of an 

increased number of vertical grid cells, revision of boundary concentration inputs, and increase of 

VOC emission inputs. All of these modifications were implemented in an effort to get model 

inputs to conform more closely with available aerometric data collected during the SCAQS 

episode. 

An assessment of model results for the June episode indicated that some performance 

improvements had been achieved, especially with regard to the estimation of peak O, levels at 

inland locations where relatively high concentrations were reported. However, a number of 

shortfalls in performance remain. In particular, the model does not adequately simulate the 

formation of a layer of high O, concentrations aloft that extends over a large portion of the central 

basin, and estimates of bias and error for O, and especially NO, and VOCs indicate that the model 

is not providing an adequate simulation of all important physical and chemical phenomena that 

influence air quality during the June episode. 

2-13 

                                      
                                         
                                      
                                         

Copyright American Petroleum Institute 
Provided by IHS under license with API

Not for ResaleNo reproduction or networking permitted without license from IHS

--`,,-`-`,,`,,`,`,,`---

Full document details: API Publ 4616-1994 scan

http://www.avadocuments.com/doc/api-publ-4616-1994-scan
http://www.avadocuments.com/doc/api-publ-4616-1994-scan


~ ~~ 

A P I  P U B L W 4 b L b  9 4  B 0732290 0539931 295 

The SOCAB was selected for this study because the SCAQS data base represented one of the best 

available to support photochemical modeling The difficulties in achieving adequate model 

performance given this relatively good data base cast concerns regarding the utility of modeling, 

especially regulatory applications. In many areas of the country, photochemical modeling is being 

conducted using much more limited data bases. Given the large potential for uncertainties in 

model inputs, the potential for introducing compensating errors is real. Even in the absence of 

compensating errors, there appears to be good potential to define alternative base cases due 

simply to the significant uncertainties associated with model inputs. 

In its current state, the model cannot be viewed as providing an accurate, reliable simulation of O, 

formation during the June 1987 SCAQS episode. For a regulatory application of the model, there 

is no question that further efforts should be devoted to diagnosing and rectieing the remaining 

performance shortfalls. However, a key issue faced by the study team was whether or not to 

devote additional project resources to deal with the remaining problems, especially in a situation 

where the intent of the investigation was concerned with examining the potential importance of 

compensating errors, not the development of emission control policies or regulations for the 

socm. 

Of particular importance is whether the model is functioning adequately for the intended purposes 

of this study. For example, the ability to simulate the formation of high O, concentrations aloft is 

of particular concern if the aloft air mass mixes to the surface. Underestimation of O, levels aloft 

that are entrained into the mixed layer as the mixing height increases during the morning hours 

can lead to the underestimation of O, concentrations at the surface. This problem may be 

contributing to some of the underestimation bias in the June results. Another key problem is that 

reasonable estimation of peak O, levels could only be achieved through use of increased VOC 

emissions. Although the overall scaling factor of 2.2 for VOC emissions was based on 

comparisons of early morning emissions estimates and ambient observations of VOC/NO, data, 

the simple scaling factors employed in this study provide only an interim "fix" to the emissions 
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inputs. More accurate corrections to emissions inputs must await the availability of pertinent 

source test results. 

The achievement of better model performance was expected to be a costly and time consuming 

endeavor. For example, one possible further study might have involved the development of 

revised wind fields using a prognostic meteorological model. There are currently no good means 

for improving emissions estimates. 

In assessing the modeling situation, a judgment was made to proceed with subsequent phases of 

the proposed study. Basically, we attempted to achieve the best performance possible within the 

constraints of schedule and budget. In using the model for subsequent studies, we assume that it 

is being applied to a hypothetical situation as represented by the existing model inputs. Under 

these circumstances, it is possible to examine the potential influence of alternative base cases for 

this set of hypothetical conditions. We strongly recommend that the reader exercise caution in 

any attempt to extend subsequent model application results to emission control policies in the 

SoCAB. The most relevant findings of this work concern the potential need to examine the 

influence of alternative base cases on the air quality benefits of future year emission control plans. 
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UAM Simulation Results for  23-25 June 1987 
Location: LGBH Runs: J1, 52, and J7 
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Figure 2-10(a). UAM sirnulation results at Long Beach 

2-22 

                                      
                                         
                                      
                                         

Copyright American Petroleum Institute 
Provided by IHS under license with API

Not for ResaleNo reproduction or networking permitted without license from IHS

-
-
`
,
,
-
`
-
`
,
,
`
,
,
`
,
`
,
,
`
-
-
-

Full document details: API Publ 4616-1994 scan

http://www.avadocuments.com/doc/api-publ-4616-1994-scan
http://www.avadocuments.com/doc/api-publ-4616-1994-scan


A P I  PUBL*4bLb 94 S 0732290 0539940 2T8  m 

CAM Simulation Results f o r  23-25 June 1987 
Location: CELA Runs: J1 ,  J2, and J? 
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Figure 2-10(b). UAM simulation results at Los Angeles 
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