
uulILIII-Illll
il111_r_r_oO----r_

UUl;Ulll-_I!111_iinl__





PNL-9012
UC-000

Global Tropospheric Chemistry
Models for Radiatively Important
Trace Species: Design and
Research Recommendations

W. R. Barchet R.C. Easter

A. J. Brothers S.J. Ghan
C. M. Berkowitz R.D. Saylor

December 1993

Work supported by the
U.S. Environmental Protection Agency
under a Related Services Agreement
with the U.S. Department of Energy
Contract DE-AC06-76RLO 1830

Pacific Northwest Laboratory
Operated for the U.S. Department of Energy
by Battelle Memorial Institute

Z

" OBallelle °_-



at

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United StatesGovernment. Neither the United StatesGovernment nor any agency
thereof, nor Battelle Memorial Institute, nor any of their employees, makes any

warranty, expressedor implied, or assumesany legal liability or responsibility for
theaccuracy, completeness, or usefulnessof any information, apparatus, product,
or processdisclosed, or represents that itsuse would not infringe privately owned
rights. Reference herein to any specific commercial product, process,or service by
trade name, trademark, manufacturer, or otherwise does not necessar.ilyconstitute
or imply its endorsement, recommendation, or favoring by the United States
Government or any agency thereof, or Battelle Memorial Institute. The views and
opinions of authorsexpressed herein do not necessarily state or reflect those of the
United StatesGovernment or any agency thereof.

PACIFIC NORTHWEST LABORATORY

operated by
BATTELLE MEMORIAL INSTITUTE

for the

UNITEDSTATESDEPARTMENTOFENERGY
underContractDE-ACO6-76RLO 1830

Printedinthe UnitedStatesof America

Availableto DOE andDOE contractorsfrom the
Office of ScientificandTechnicalInformation,P.O. Box62, Oak Ridge,TN 37831;

pricesavailablefrom (615) 576-8401. FTS626-8401.

Availableto the publicfrom the National TechnicalInformationService,
U.S. Departmentof Commerce,5285 PortRoyalRd.,Springfield,VA 22161.

_The contents of this report were printed on recycled paper



PNL-9012
UC-O00

GLOBAL TROPOSPHERICCHEMISTRYMODELS FOR
RADIATIVELYIMPORTANTTRACE SPECIES:
DESIGN AND RESEARCHRECOMMENDATIONS

W. R. Barchet
A. J. Brothers
C. M. Berkowitz
R. C. Easter
S. J. Ghan
R. D. Saylor

December 1993

Work supportedby the
U.S. EnvironmentalProtectionAgency
under a RelatedServicesAgreement
with the U.S. Departmentof Energy
ContractDE-ACO6-76RLO1830

I

Pacific Northwest Laboratory _y__Richland, Washington 99352



EXECUTIVESUMMARY

This report summarizesthe recommendationsof a panel of atmospheric
I

scientists,mathematicians,and computer scientistsregardingdesign consider-

ations for a global troposphericchemistrymodeling system (GTCMS). These

• recommendationsare a preliminarystep toward developinga model that address-

es radiativelyimportanttrace species. Many global troposphericchemistry

models are being currentlydevelopedby variousentities in academia,insti-

tutes in Europe,federallaboratories,and privateindustry,and one or more

of these may serve as the initialbasis for the modeling system as conceived

in this report.

The GTCMS describedin this report is based on the currentstate of

atmosphericchemistrymodelingscience. The GTCMS design requiresthe use of

the most advancedparameterizationsconsistentwith completemathematical

descriptionsof the physicaland chemicalprocessesacting on the radiatively

importanttrace species. Consistingof a computationalframeworkand chemical

transportmodels for three classesof radiativelyimportanttrace species,the

GTCMS will provideglobal simulationsof the distributionsof important

tropospherictrace gases and aerosols. This report focuseson the atmospheric

modeling aspectsof the design of a GTCMS and does not address the computer

engineeringaspectsof implementingthe design.

Three chemicaltransportmodels in the GTCMS, designedto addressthe

modelingneeds of short-lived(03, NOX, CO, nonmethanehydrocarboncompounds),

long-lived(CH4),and aerosolspeciesthat are radiativelyimportantand

reactivein the troposphere,are presented. These three models are needed to

balancethe processdetail essentialto simulatingthe troposphericdistri-

bution of the concentrationsof these classesof radiativelyimportanttrace

species. Processesthat directly affect their concentrationsare treated in

, considerabledetail,whereas processesthat are of lesser importanceuse

highly parameterizedrepresentations.

Centralto the developmentof all three models is the creationof newb

chemicalmechanismsthat deal with the range of chemicalmixtures expectedon

the global scale. That is, these mechanismsmust handle the high concentra-

tions found in urbanizedareas as well as the very low concentrationsfound in
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the remote regionsof the globe. Research is needed to determinewhether the

short-livedspeciesmodel can providethe global concentrationfields of the

importantgas- and aqueous-phaseoxidantsneeded by the lo_g-livedand aerosol

speciesmodels. Considerableattentionmust be given to the upper boundary

condition(stratosphere-troposphereexchange),especiallyfor the short-Iived

and long-livedspeciesmodels becausethe stratospheremay be a dynamic

source,as well as a sink, for these species.

Global-scalecomputationswith the GTCMS will requiresignificant

resources. The frameworkfor the model must accommodateor be based on

parallelcomputationas much as possible. The Models-3system being developed

by the U.S. EnvironmentalProtectionAgency could providethat framework.

Only throughthe efficientuse of computationalresourcescan the GTCMS

achievethe performanceneeded for policy applications. Efficienciescan be

gained throughthe developmentof new solversfor the sets of stiff differ-

ential equationsrequiredby the chemicalmechanisms,advancedalgorithmsfor

using vector and parallelcoding, and new parameterizationsfor the less-

criticalprocessmodules. Advancedmethods for dea!ingwith the size distri-

butionsof aerosolsand cloud dropletsmust be developedand tested before the

aerosolmodel can be implemented. Specializedcoding to enable uncertainty

and sensitivityanalysesmust be incorporatedas the models are built;

autodifferentiationneeds to be demonstratedas a useful tool.

By developingthe three chemicaltransportmodels around the same compu-

tationalframework,input data on topographyand land use, emissionsinven-

tories and models, and meteorologicalmodels can have the same format and

structure. Likewise,output data from the three modelswill have compatible

formatsand structuresto simplifythe processingof GTCMS output by other

models.

Decisionanalysismethodologieswere appliedto the design of the three

chemicaltransportmodels. Optimalselectionof processmodules in the model

was obtainedthrougha decisionanalysismethod called multiattributeutility

theory. This method quantifiedthe decision-makingprocess,forcingpartici-

pants to carefullyexaminetheir choices. A decision-supporttool, based on

multiattributeutilitytheory and value-basedplanning,is presented.
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Applicationof this tool at two workshopsled to the definitionof research

activitiesneeded to supportthe developmentand implementationof the GTCMS.

This researchwas funded through interagencyagreementDW89935712-01-0

betweenthe U.S. EnvironmentalProtectionAgency and the U.S. Departmentof

Energy. The technicalteam responsiblefor the workshopsto gather and then

synthesizethe research for the GTCMS presentedhere is from the Earth and

EnvironmentalSciences Center at PacificNorthwestLaboratory,(a)Richland,

Washington.

(a) PacificNorthwestLaboratoryis operatedfor the U.S. Departmentof
Energy by BattelleMemorial Institute.
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ACRONYMSAND CHEMICALFORMULAS

AREAL AtmosphericResearchand ExposureAssessmentLaboratory

CCN cloud condensationnuclei

CFC the family of chlorofluorocarboncompounds

, CH4 methane
CO carbonmonoxide

CO2 carbondioxide

CTM chemicaltransportmodel(s)

DMS dimethylsulfide (CH3SCH3)
EC elementalcarbon aerosol

EPA U.S. EnvironmentalProtectionAgency

GCM generalcirculationor climatemodel(s)

GTCMS global troposphericchemistrymodelingsystem

GWP greenhousewarmingpotential

H202 hydrogenperoxide

H2SO4 sulfuricacid

HC hydrocarboncompounds

HCHO formaldehyde

HNO3 nitric acid

HO2 hydroperoxylradical

BSKr kryptonisotope,atomicweight 85

LANL Los Alamos NationalLaboratory

LLNL LawrenceLivermoreNationalLaboratory

MAU multiattributeutility (theory)

Models-3 EPA's advancedmodelingsystem

MSA methanesulfonicacid (CH3SO_H)

N20 nitrousoxide

N20s dinitrogenpentoxide

• NASA NationalAeronauticsand Space Administration

NCSC North CarolinaSupercomputingCenter

. NH3 ammonia

NH4NO3 ammoniumnitrate

(NH4)2S04. ammoniumsulfate

NMHC nonmethanehydrocarboncompounds
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NOx nitrogenoxides, usally NO and nitrogendioxide (NO2)

NOy variousnitrogen oxides,usuallyNO, NO2, HNO3, NO3 aerosols,and
peroxyacetylenenitrate (PAN)

ODE ordinary differentialequation

OH hydroxylradical

03 ozone
21°Pb lead isotope, atomic weight 210

PNL Pacific Northwest Laboratory

QSSA quasi-steady-stateapproximation

RFP requestfor proposal(s)

222Rn radon isotope,atomicweight 222

RITS radiativelyimportanttrace species

S(IV) sulfur,valencestate IV

S(VI) sulfur,valencestate VI

SAIC ScienceApplicationsInternationalCorporation

SO2 sulfur dioxide

U-IA Universityof Iowa

U-KY Universityof Kentucky

U-NC Universityof North Carolina

U-NELA Universityof NortheasternLousiana

USC Universityof SouthernCalifornia

VBP value-basedplanning
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1.0 INTRODUCTION
,,

Troposphericchemistryplays multipleroles in the global climate system.

" Some chemicallyreactivetroposphericspeciesare radiativelyactive,either

as greenhousegases (CH4, 03) or as light-scatteringaerosols (sulfate,

nitrate,and elementalcarbon aerosols). Although the concentrationsof these

reactivegreenhousegases are much lower than those of the nonreactivespecies

(CO2 and water vapor),they are much more effectiveper molecule. Together,

the reactivegreenhousegases contributesome 20% of the total greenhouse

warmingpotential(GWP) (IPCC 1990). Kaufmannet al. (1991)have estimated

that, even though coal and oil combustionemit 120 times as many CO2 molecules

as SO2 moleculesand even though sulfateaerosols have atmosphericlifetimes

severalorders of magnitudeshorterthan CO2, the coolingeffect of sulfate

aerosolsscatteringsunlightboth directlyand indirectlyas cloud

condensationnuclei (CCN) is comparableto the warmingeffect of the CO2

emittedin the same combustionprocess.

Other troposphericchemicalspeciesinfluencethe planetaryradiation

balanceby acting as aerosolprecursors(SOz, NH3, dimethylsulfide[DMS],

methanesulfonicacid [MSA],NOX, nonmethanehydrocarbons[NMHC])or by

alteringthe chemical balancethat determinesthe concentrationof other

greenhousegases (e.g.,CO, NOX, NMHC influenceCH4, 03). Most CCN are

composedof sulfatesarisingfrom the oxidationof DMS and SO2 (Twomey1971),

and most direct scatteringby aerosolsis attributedto sulfate (Charlsonet

al. 1992). The concentrationof the hydroxylradical (OH), which controls the

lifetimeand, hence, influencesthe concentrationof the reactivegreenhouse

gases and aerosolprecursors,is itself influencedby the concentrationsof

CO, NOX, CH4, and NMHC (Wayne 1991). The GWP of NOX constitutes6% of the

total GWP over a 100-yearperiod,solely through its role in altering the

concentrationof tropospheric03 (IPCC 1990). The GWP of both CO and NMHC i_

' less than I%, but CO and NMHC may alter the planetaryradiationbalanceby

influencingOH and, hence,the oxidationof SO2 to form sulfateaerosols.

° Changes in the Earth'sclimatecould significantlyaffect regionaland

global concentrationsof trace speciesthat are criteriapollutantsregulated

by the U.S. EnvironmentalProtectionAgency (EPA). The policy communityalso
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needs to know how changes in global natural,and anthropogenicemissionsof

greenhousegases, particulateaerosols,and aerosol precursorswill affect the

distributionand concentrationsof these pollutants. This reportmaps out one

path for obtainingthis information.

1.1 OVERVIEWOF THE GLOBAL TROPOSPHERICCHEMISTRYMODELINGSYSTEM

Presentedin this section is an overviewof the design of the global

troposphericchemistrymodeling system (GTCMS)for radiativelyimportanttrace

species (RITS).(a) The term "modelingsystem"describesa set of

independentmodels that, taken together,simulatea wide range of chemical and

physicalprocessesacting on RITS in the troposphere. This system consistsof

a core chemicaltransportmodel (CTM)designed to provideglobal simulations

for short-livedRITS (NOX, 03, CO, NMHCs) and to provideglobal distributions

of importanttroposphericoxidants (OH, hydroperoxylradical [H02], 03, and

H202). These oxidantconcentrationfields are used by the other CTMs within

the system;namely, a global model for long-livedRITS and a global model for

aerosols. These secondarymodels are dependenton the core model for detailed

descriptionsof oxidant fields, so that these models can be run for long-term

_ simulationswithout exactingthe full computationalcost of the complex,

short-livedspeciesCTM.

The GTCMS will be one componentof a largermodeling system for evalu-

ating policy decisionsthat may change the global concentrationsand distri-

butionsof RITS. Those policy decisionsmust accountfor the potential

climatic,social,and economic impactsof those changesand for the changes in

the concentrationsof criteriapollutantsthat may occur under other climatic

conditions. Other models, not part of the scope of the design of the GTCMS

but componentsof the larger policy-modelingsystem,are also needed to fully

addresskey policy issues.

Figure 1.1 illustratesthe linkagesbetweenthe GTCMS and the other

componentsof the larger modeling systemthat will be needed to carry out

0

(a) RITS includechemical speciesthat are radiativelyactive (e.g.,CH4, N20
0_, COn, aerosols),precursorsof the radiativelyactive species (e.g.,
N_X, N_HC, S02), and speciesthat affect the chemical balancesof these
species(e.g.,CO, OH, H202).
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FIGURE1.]. Relationship of the Global Tropospheric Chemistry Modeling
System to the Componentsof a Global PolicyAnalysis System

policy analysis. The interconnectinglines indicatethe dominant information

flows betweenthese models. Policydecisionslead to variousscenariosthat

affect social and economicresponses. One or more emissionsmodels respondto

the effectsof the policy scenarioand providethe input of chemical species

to the GTCMS. The emissionsmodels predicthow policy decisionswill affect

global emissionsof a wide range of compoundsthat affect RITS concentrations.

Generalcirculationor climatemodels (GCMs)provideglobal meteorological

fields,consistentwith currentor alteredclimates,that drive the transport

and controlthe chemistryof RITS and other reactive speciesin the GTCMS and

the emissionsof RITS and other reactivespecies. Ecological,social,and

economicresponsemodels provideland-useand surface-coverinformationto

e both the GTCMS and the GCM and pass this informationalong with economicand

demographicinformationto the emissionsmodels. The double-arrowinter-

connectinglines indicatefeedbackpaths that furthercouple the models.
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Ecologicalresponsemodels depend on climate,air quality,and radiation

reachingthe surface. The GCMs depend on the distributionof radiative

forcingcaused by the distributionof RITS as providedby the GTCMS. The

responseof ecological,social,and economicsystemsto changes in climateand G

RITS concentrationswill result in a systemresponsethat policymakerscan

link to the input policy scenario. The GTCMS must interfaceas seamlesslyas
a

possiblewith these other models, so that policymakerscan addressthat wide

range of policy questionswhose answersdepend, in part, on changes in RITS

concentrations.

The GTCMS describedin this report is foundedon the current state of

atmosphericchemi:_trymodeling science. Whenever possible,the GTCMS design

,callsfor the use of the most advancedparameterizationsconsistentwith

,completemathematicaldescriptionsof the physicaland chemical processes

.actingon the RITS. The GTCMS and the larger modelingsystem of which it is a

part will rely heavilyon high-performancecomputingto achievethe timely

'turnaroundneeded to supportpolicy analysisand decisionmaking. The compu-

tational systemwill have the memory and computationalspeed requiredto

handle the complexalgorithmsin the GTCMS. This report focuseson the

atmosphericmodeling aspectsof the design of the GTCMS and does not address

the computer engineeringaspectsof implementingthe design. However,the

overall structureand softwareengineeringdevelopmentof the GTCMS may

benefitsignificantlyby taking advantageof the modeling environmentas

envisionedby the Models-3developmenteffort (Dennisand Novak 1991).

The conceptualdesign of the GTCMS as presentedin this report does not

necessarilyrequirethe constructionof an entirelynew three-dimensional

chemistrymodel. A brief synopsisof currentglobal troposphericchemistry

models is presentedin Appendix A. These models includerecent efforts at the

GeophysicalFluid Dynamics Laboratory(Kasibhatlaet al. 1993),Harvard

University (Jacobet al. 1993a, 1993b;Balkanskiet al. 1993),Max Planck
W

Ir_stitutefor Chemistry(Dentenerand Crutzen 1993; Langnerand Rodhe 1991),

LawrenceLivermoreNationalLaboratory(Penneret al. 1993), PacificNorthwest

Laboratory(PNL) (Easteret al. Igg3),and Los Alamos National Laboratory(Tie

et al. 1992). Additionalwork in this area is ongoingat the NationalCenter

for AtmosphericResearch,CambridgeUniversity,MassachusettsInstituteof
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Technology,Atmosphericand EnvironmentalResearch,Inc., and Goddard

Institutefor Space Studies. However,becausethese effortsare in relatively

early developmentalstages, littleor no Publishedinformationis available.

It is conceivablethat one or more of these currenttroposphericchemistry

models may be adequateto serve as the initialbasis for the GTCMS as con-

,. ceived in this report. None of the currentglobal troposphericchemistry

models has exactlythe structureor includesall of the processesthat are

recommendedhere-forthe GTCMS. It is not the purposeof this report to

recommenda specificmodel or models on which to base the GTCMS.

1.2 THE ROLE OF DECISIONANALYSIS

The task of designinga GTCMS is extremelycomplex and must take many

considerationsinto account. Among these are: what level of scientific
i

detail should be includedin the model; does the current state of science

allow the GTCMS to be developedusing existingmodels;how much risk should be

acceptedin the developmentof new modelingtools as part of the GTCMS; is

additionalresearchneeded for GTCMS development? If additionalresearch is

needed,then what are the criticalresearchneeds and what componentsof the

GTCMS can be developedwith existingscience? These considerationsillustrate

the complexityof the design task and point to the need for a methodologythat

leads to a logicallydefensibledesign of the GTCMS and to the definitionof

the researchand developmentneeded to achieve it.

Decisionanalysis (see, for example,Keeney and Raiffa 1976 or von

Winterfeldtand Edwards1986) was chosen as the methodologybecauseit m._kes

explicitthe rationaleby which decisionsare reached and promotesclarity in

the thought process. Decisionanalysisis a structured,theoretically

grounded processfor decisionmaking, fosteringa conscientiousrecognitionof

the factorsthat enter into decisionmaking (see von Neumannand Morgenstern

1947 and Savage 1954). Applicationsof decisionanalysisin this projectwere

threefold: design of the GTCMS, identificationof researchneeds, and

developmentof a decision-supportsystem for the prioritizationof research

needs and optimizationof researchresources. Two decision analysistools

were used at key points in the process: multiattributeutilitytheory and

value-basedplanning.
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Multiattributeutilitytheorywas appliedto the selectionof module

optionsthat form the design of the GTCMS. By settingvariousdesign

objectives,severalversionsof each CTM were constructedfrom a menu of

optionsfor each of the major processmodules. Evaluationof those versions

against specificdesign criteriaresulted in selectinga version for each

class of CTM that was consideredof greatestvalue to the GTCMS.

Through a comparisonof the currentstate of developmentand the design

goals for the variousmodules in the GTCMS, researchneeds were identified.

Based on these needs, research activitieswere defined that would produce a

GTCMS in a 3-year time period. Multiattributeutility theory,combinedwith

value-basedplanning,yields a decision-supporttool for prioritizingthose

researchactivities. Illustrationof the applicationof this decision-support

toel to the creationof an optimalportfolioof recommendedresearch

activitiescarried the decision processto its logicalconclusion. The

decision-supporttool describedherein can be updatedand modified as

necessaryto accommodatenew applications. Thus, the methodologydescribedin

this report providesa tool that can be used in many settingsother than the

design of the GTCMS.

1.3 APPROACH

This report is the resultof the synthesisand expansionof information

gatheredat two workshopsled by the researchteam at PNL. Participantsat

the workshopsincludedtechnicalspecialistsin variousaspectsof atmospheric

chemistrymodeling from universities,scientificconsultingfirms, and federal

laboratoriesand agencies (seeAcknowledgments).

The first workshop focusedon definingthe attributesand capabilitiesof

the modeling system. Here, the distinctionwas definedbetweenthe GTCMS and

the largermodeling system of which it is a part. Lists were developedof

various approachesto simulatingprocessesand data needs for input and output

from the variouscomponentsof the GTCMS. After the workshop,the PNL team

took these data and developeda decisionanalysismethod to selectwhich

optionsfor the variousprocessmoduleswere most suitablefor the GTCMS. The

first workshop provided a broad overviewof what the GTCMS must do but did not
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addressdesign details. A summaryof this workshopwas distributedto the

participants.

During preparationof the secondworkshop,it was recognizedthat more

than one CTM was needed in the GTCMS to deal with the differencesbetween

differentclassesof RITS. Therefore,the secondworkshopwas structured

° arounddevelopingspecificdesigns for each class of CTM using decision

analysis. Many of the participantsof the first workshop participatedin the

second,along with other technicalspecialists. Participantsselectedthose

optionsto the variousprocessmodels that would yield the best CTM for its

class of RITS and specifiedthe researchneeded to implementthose options.

Multiattributeutilitytheory was used to establishpriority among the

suggestedresearch activities. A summaryof this workshopwas also provided

to the participants.

Followingthe secondworkshop,the PNL team synthesizedthe selected

design options into a descriptionof the modular componentsneeded for each

class of CTM, expanded the descriptionsof researchactivitiesthat were

outlined,and extendedthe methodologyused in the researchprioritizationto

includevalue-basedplanning. An illustrativeexampleis presentedof the

applicationof value-basedplanningto the creationof portfoliosof

recommendedresearchthat makes optimaluse of availableresources.

In this project,the exercisesof the first and second workshops

illustratedthe applicationof multiattributeutilitytheory to the desigr of

the GTCMS and to the rankingof researchneeds for GTCMS development. The

processwas carried furtherin this report by describinghow value-based

planning leads to the optimalconstructionof researchportfoliosfor dif-

ferent resourcelevels. These processesare generallyapplicableto many

decision processes. Applicationof multiattributeutilitytheory and value-

based planningrequires input from many perspectivesand areas of expertise.

Significantattentionmust be given to settinga clear goal for the process.

Definitionof evaluationcriteriaand performanceobjectivesthrough a group

processhelps to ensure that the criteria are comprehensive,measurable,and

inclusiveof all factorsthat mus_ be considered. More time should be allo-

cated to this processthan was availableat our workshops.

i
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1.4 STRUCTUREOFTHIS REPORT

Section 2.0 presentsrecommendationsfor the design of three interrelated

versionsof the CTMs, along with recommendationsof the researchactivities

needed to supportthe developmentand implementationof the GTCMS. Sec-

tion 3.0 presents an overviewof the decisionprocessthat was appliedto the

design of the GTCMS and of the applicationsof decision analysisto assigning

prioritiesto research activitiesand to defining optimalportfoliosof

researchactivities. Referencesfollow in Section4.0.

AppendixA gives a brief overviewof currentCTMs. Appendix B presents

the matrix of options for the variousprocessmodules includedin the GTCMS.

Expandeddescriptionsof researchactivitiesrecommendedto supportthe

developmentand implementationof the GTCMS design are given in Appendix C.
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2.0 DESIGN AND RESEARCHRECOMMENDATIONS.

Recommendationsfor the design of the GTCMS and for the researchneeded

to supportits developmentand implementationare presentedin this section.

The need for more than one CTM in the GTCMS is explained. Each of the CTMs

• that comprisethe GTCMS is describedin detail. Research that must be carried

out to supportGTCMS developmentis described. Guidance on the suggested

priorityfor doing this researchis also given.

2.1 NEED FOR THREE CHEMICALTRANSPORTMODELS IN

THE GLOBAL TROPOSPHERICCHEMISTRYMODELINGSYSTEM

The RITS can be divided into three classes,based on their atmospheric

lifetimes,their spatialvariabilityin the troposphere,and their sensitivity

to cloud processesand precipitationscavenging:

i. short-livedspecies--CO,NOX, 03, NMHCs; lifetimesof days to weeks (CO
is longer);high spatialvariability;moderatelysensitiveto clouds and

j precipitation

2. long-livedspecies--CH4, N_O,chlorofluorocarbons(CFCs);lifetimesof
years; low spatialvarlabi_lity;insensitiveto clouds and precipitation

3. aerosols--H_SO4,h(NH4)_SO4, NH4NO_, MSA, elementalcarbon; lifetimesofdays to wee_cs; igh sl_atialvariability;high sensitivityto clouds and
precipitation.

As discussedbelow, modelingthese differentclassesof species involves

differentemphases. A significantrecommendationby the researchteam is that

a suite of three interrelatedCTMs is needed in the GTCMS to address the dis-

tributionsof all RITS.

Reaction rates of the short-livedspeciesare comparableor even faster

than their rates of verticalmixing and horizontaldispersionin the tropo-

sphere. Thus, the model time step will be controlledby the chemicaltime

scale for these species. Concentrationsof these speciesare sensitiveto

aqueous-phasechemical reactions(Lelieveldand Crutzen 1991) and transportby

convectiveclouds (Brostet al. 1988), so cloud processesare important,

though not as much as for aerosolspecies. Becausethe short-livedspecies

are photochemicallyactive,the diurnalvariationin their concentrationsmay
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be large. Spatialdistributionsof the short-livedspeciesare strongly

affectedby the locationsof their (or their precursors)major emissions

sources. Hence, the CTM for short-livedspeciesmust resolvesignificant

horizontaland verticalgradientsin concentrations. Photochemicalreactions

among the short-livedspeciesgive rise to the oxidants;namely,OH, HO2,

H20z, and oxygenatedorganicradicals,that also interactwith the long-lived

species. Concentrationsof these oxidantspeciescalculatedby the short-

lived speciesCTM would be used as inputs to the long-livedand aerosolCTMs.

The long-livedspeciesreact relativelyslowly in the troposphere. CFCs

and N20 are essentiallyunreactivein the troposphere;CH4 is slowly reactive.

Thus, CH4 is the only radiativelyactive,long-livedspeciesof concern. For

these species,the rates of verticalmixing and horizontaldispersionare

considerablygreaterthan the rate of chemicaltransformationwithin the

troposphere. Thus, the durationof the model time step may be limitedby the

advectiverather than the chemicaltime scale. By being rapidlywell mixed in

the troposphere,the verticaland horizontalresolutionsof the CTM for the

long-livedspeciesneed not be as fine as for the other species. Most of

these species have rather low solubilitiesand, hence, are not appreciably

affectedby cloud microphysicalprocesses. As a result,a simplifiedtreat-

ment of clouds that focusesmore on convectivecloud transportthan on

scavengingis appropriatefor the long-livedspeciesCTM. Furthermore,

becauseof their low reactivityand solubility,dry depositionof these

speciesto the surface is not consideredto be an importantlower boundary

sink. However, the upper boundary,typicallyset at or above the tropopause,

needs specialattentionbecausethe stratospheremay act as a source or sink

for these species. COz is not includedamong the long-livedspecies because

it is not at all reactivein the troposphere. The troposphericchemical

reactionsgiving rise to CO_ (oxidationof CO, CH4, and NMHCs) have only a

minor effect on its troposphericabundance. Also, becauseof the importance

of the oceanic reservoirof CO2 and changes in the reservoirresultingfrom

changes in ocean circulationsassociatedwith climatechanges, a stand-alone

atmosphericmodel for CO_ would be of limitedvalue.

Aerosols need to be treated separatelyfrom either the short-livedor

long-livedgaseousspeciesbecauseof the need to resolvetheir size-dependent
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composition,their interactionwith cloud microphysicalprocesses,and their

heterogeneouschemicalreactions. Unlikegas-phasespecies,which are

affectedby but have little effect on clouds,aerosolssignificantlyaffect

cloud microphysics. Within the troposphere,photochemicalproductionof

aerosolsthroughthe oxidationof precursorgaseousspecies, such as SO2 and

. DMS, and neutralizationreactionsof acidic species(H2SO4 and HN03) by NH3

occur at rates comparableto reactionsbetweenthe short-livedspecies.

Interactionsbetweenaerosoland cloud and raindropsare so highly size

dependentthat correcttreatmentrequiressimulatingthe size distributionof

these classesof particles. Detailedinformationis needed on aerosol size-

dependentconcentrationand compositionto properly calculatethe radiative

transferpropertiesof aerosolsand clouds in the troposphere.

While it is conceptuallypossibleto devise a single CTM that handles all

classesof RITS, the developmentof separateCTMs in the GTCMS for each class

is recommended. In practice,the three CTMs would utilizedifferentmodules

in the common computationalframeworkprovidedby the GTCMS. As noted

elsewhereherein,the Models-3 system (Dennisand Novak 1991) could provide

that framework. Through a commoncomputationalframework(i.e.,common

input/outputformats,grid structure,numericalsolvers,and modular design),

the three CTMs can be kept internallyand externallyconsistent.

2.2 DESIGN DETAILSFOR THE THREE CLASSESOF CHEMICALTRANSPORTMODELS

A basic premiseof the design of the GTCMS is that it will be modular

(i.e.,to the maximumextent possible,the variousprocessesto be simulated

by the model will be treated in separatesectionsof code, herein called

modules). The exchangesof informationamong modules will need to be well

definedby the modeling system. The Models-3 frameworkfor modularcode

developmentand execution,currentlybeing developedby the EPA's Atmospheric

Researchand ExposureAssessmentLaboratory(AREAL)for use with air quality

models,has the potentialof also servingas the frameworkfor the GTCMS.

The variousinputs requiredand outputsprovidedby each module are

listed for the three CTMs in Table 2.1. The table is partitionedinto broad

categoriesof key processes(e.g.,chemistry,dynamics,etc.)with which key

subprocessesare listed (e.g.,gas-phasechemistry,aqueous-phasechemistry,
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TABLE 2.1. Input and Output Variables by Module for the Three Classes
of Chemical Transport Models in the Global Tropospheric
Chemistry Modeling System

Module/ Input -.
Class FiQld . Source OutPut Field

CHEMISTRY

Gas phase: Calculates changes in species concentrations from gas-phase chemical
reactions

Short-livedCTM Speciesconcs. Primary Species concs.
Rate constants Model parameters Productionrates
Actinic flux Primary
Water vapor Meteorologicalmodel
Temperature Meteorologicalmodel

Long-livedCTM Hydroxyl (OH) Short-lived CTM CH4concs.
Rate constants Model parameters
Temperature Meteorologicalmodel
CH4 concs. Primary

AerosolCTM Hydroxyl (OH) Short-lived CTM Speciesconcs.
Rate constants Model parameter Productionrates
Species concs. Primary
Temperature Meteorologicalmodel

Aqueous phase: Calculates changes in species concentrations from aqueous-phase
chemical reactions

Short-lived CTM Gas-phasespec. Primary Gas-phasespec. concs.
concs. Aqu.-phase spec. concs.

Mass transfer coeff. Model parameters
Cloud water Primary
Cloud droplet number Primary
Rainwater Primary
Raindrop number Primary
Aqu. rate constants Model parameter
Henry's law consts. Model parameter
Equilibriumconsts. Model parameter
Temperature Meteorologicalmodel

Long-livedCTM None None None
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TABLE 2.1. (contd)

Module/ inout

(;Ipss Fi(_l_l Source Outout Field

Aerosol CTM H=O=and 03 concs. Short-livedCTM Gas-phase S spec. concs.
Gas-phaseS spec. Primary Aqu.-phase S spec. concs.

concs.
" Mass transfer Model parameter

coefficients
Cloud water Primary
Clouddropletnumber Primary
Rainwater Primary
Raindrop number Primary
Aqu. S rate consts. Model parameter
Henry's law consts. Model parameter
Equilibriumconsts. Model parameter
Temperature Meteorologicalmodel

Aqueous size dependence: With bulk approach, variations in aqueous-phase species
concentrations with cloud or rain droplet size are not treated

Short-livedCTM Mean cloud droplet Model parameter Bulkaqueous-phase
radius (or primary) speciesconcs.

Long-livedCTM None None None

AerosolCTM Mean rain drop Model parameter
radius (or primary)

Subgrid: Calculates species concentrations in point source or urban plumes until they
become fully mixed in model grid cells

Short-livedCTM Pointsource Emissionsinventory/ Modified species
emissions model Cones. at nodes

Subgridpoint source Emissionsinventory/
locations model

Wind components Meteorologicalmodel
Mixed layer depth Meteorologicalmodel
Speciesconcs. Primary

. at nodes

Long-livedCTM (no module needed)

Aerosol CTM (no module needed)
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TABLE 2.1. (contd)

Module/ Inout

Class Field Source OutPut Field

Aerosols" Calculates changes in aerosol chemical composition and physical size

distribution from condensation and evaporation of gases, coagulation, new particle

formation, and heterogeneous chemical reactions

Short-lived CTM Aerosol mass Primary Aerosol mass
Aerosol composition Primary Aerosol composition
Aerosol size Model parameters Volatile gases conc.

distrib, params.
Volatile gas conc. Primary
Nonvolatile species Primary

production rates
(H=SO4, etc.)

" Aerosol emissions Emissions inventory/model
(mass and
composition)

Temperature Meteorological model
Pressure Meteorological model
Relative humidity Meteorological model

Long-lived CTM None None None

Aerosol CTM Aerosol number Primary Aerosol number
Aerosol mass Primary Aerosol mass
Aerosol composition Primary Aerosol composition
Aerosol size Model parameters Volatile gases conc.

distrib, params.
Volatile and nonvolatile Primary

gas concentrations
Aerosol emissions Emissions inventory/model

(number, mass and
composition)

Temperature Meteorological model
Pressure Meteorological model

• Relative humidity Meteorological model

DYNAMICS

(=

Transport: Calculates changes in species concentrations from advection by resolved
winds and turbulent motions

Short-lived CTM u,v,w wind Meteorological model Species concs.
components

Long-lived CTM Species concs. Primary Species concs.
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TABLI_ _.]. (contd)

Module/ InDut

Class FiQId Source OutDut, Field

Aerosol CTM Eddy diffusivities Primary Species concs.
Boundary conditions Model input
Transport time step Model parameter

Boundary layer/turbulence: Calculates turbulent transport parameters (e.g., eddy
diffusivities) from other meteorological pa_'ameters

Short-lived CTM Temperature Meteorologicalmodel Vertical mass transfer
rates

Long-livedCTM Pressure Meteorologicalmodel Vertical mass transfer
rates

Aerosol CTM u,v,w wind Meteorologicalmodel Vertical mass transfer
components rates

Moisture Meteorologicalmodel
Stability Meteorologicalmodel
Terrain Fixed
Land use Fixed
Surface roughness Fixed

Stratosphere/troposphere exchange" Calculates changes in species concentrations from
transport between the troposphere and stratosphere

Short-livedCTM Climatologyof strat. Model parameters Strat./tropo. flux
O3 and NOy concs, of Oa and NOv

Julian day Primary

Long-livedCTM Strat. 03 and NOv Model parameters Strat./tropo. flux
concs, of O3 and NOv

Aerosol CTM Strat. 03 and NOv Model parameters Strat./tropo. flux
concs, of 03 and NOv

I

L

CLOUD PROCESSES

Microphysics" Calculates microphysical parameters (cloud water concentration, precipi-
tation rate, ...) from other meteorological parameters for use by other modules.
Calculates subgrid spatial variations of cloud parameters in stratiform and shallow
convective clouds for use by other modules
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_,,.E__. (contd)

Module/ Inout
..... Class ' . Field ,, SourG,e OutPut Field

Short-livedCTM Water vapor Meteorologicalmodel Cloud water mass
Temperature Meteorologicalmodel Precipitationrate
Pressure Meteorologicalmodel Subgridcloud fraction
Vertical velocity Meteorologicalmodel
Cloud water mass Primary
Precipitationrate Primary

Long-livedCTM None None None

Aerosol CTM Water vapor Meteorologicalmodel Mean cloud water mass
Temperature Meteorologicalmodel and drop number
Pressure Meteorologicalmodel Mean cloud ice mass
Vertical velocity Meteorologicalmodel and ice crystal number
Subgridvert. vel. Meteorologicalmodel Mean precipitation
Cloud drop. nuc. rate Primary Variance of cloud water
Mean cloudwater Primary mass and drop number

mass, number Variance of cloud ice mass
Mean cloud ice mass, Primary and ice crystal number

number Varianceof precipitation
Mean rain water mass, Primary rate

number Subgridcloud fraction
Mean precipitation rate Primary
Cloud water variance Primary
Cloud drop numbervar. Primary
Cloud ice variance Primary
Cloud ice number var. Primary
Precipitationvariance Primary

Scavenging: Calculates changes in species concentrations from interactions with cloud
and precipitation particles and precipitation fallout

Short-lived CTM Cloud water Primary Solublegases conc.
Precipitation Primary Aerosol mass
Subgridcloudfraction Primary Aerosol composition
Gas concentrations Primary
Rain water Primary
Rain drop number Primary
Aerosol mass Primary
Aerosol composition Primary
Aerosol size Model parameters

distrib, params.
Dissolvedgas conc. Primary
Dissolvedaero. mass Primary
Dissolvedaero. comp. Primary
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TABLE Z.1. (contd)

Module/ IDout
Class , Field Source OutDut Field

Long-livedCTM None None None

Aerosol CTM Cloud water Primary Soluble gas concs.
Cloud drop number Primary Aerosol number, mass,
Precipitation Primary composition
Subgridcloudfraction Primary
Gas concentrations Primary
Aerosol number, mass, Primary

composition
Aerosol size Model parameters

dist. params.
Dissolvedgas conc. Primary
Dissolvedaero. number, Primary

mass, composition

Activation: Calculates activation of aerosols to cloud droplets during cloud formation

Short-livedCTM Aerosolmass Primary Aerosol mass
Aerosolcomposition Primary Aerosol composition
Aerosolsize Model parameters Cloud drop nucleation

distrib, params, rate
Vertical velocity Meteorologicalmodel
Temperature Meteorologicalmodel
Pressure Meteorologicalmodel

Long-livedCTM None None None

Aerosol CTM Aerosol number Primary Aerosol number
Aerosol mass Primary Aerosol mass
Aerosol composition Primary Aerosol composition
Aerosol size Model parameters Cloud drop nucleation

distrib, params, rate
Vertical velocity Meteorologicalmodel
Subgridvert. vel. Meteorologicalmodel
Temperature Meteorologicalmodel
Pressure Meteorologicalmodel

Convective clouds" Calculates changes in species concentrations from vertical transport
by convective clouds

Short-lived CTM Cumulusmass flux Meteorologicalmodel Gas concentrations
Gas concentrations Primary Aerosol mass
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TABLE 2.1. (contd)

Module/ Inoul

Class FiQ!d _ourcQ Qul;pul; Field

Aerosol mass Primary Aerosol composition
Aerosol composition Primary

Long-livedCTM Cumulusmass flux Meteorological model Gas concentrations
Gas concentrations Primary

Aerosol CTM Cumulusmass flux Meteorologicalmodel Gas concentrations
Gas concentrations Primary Aerosol number
Aerosol number Primary Aerosol mass
Aerosol mass Primary Aerosol composition
Aerosol composition Primary

SURFACE EXCHANGE

Calculates changes in species concentrations from exchange between the atmosphere
and land/ocean surfaces

Short-livedCTM Gas-phasespecies Emissionsinventory/ Gas-phase species net
emissionsrates model removal rate at surface

Gas-phase species Primary Aerosol net removal rate
concs, at surface

Canopy resistanceby Model parameters
speciesand land use

Surface wind speed Meteorologicalmodel
Surface temperature Meteorological model
Stability Meteorologicalmodel
Surface roughness Fixed

and cover

Long-livedCTM Gas-phasespecies Emissionsinventory/ Gas-phasespeciesnet
emissionsrates model removal rate at surface

Gas-phasespecies Primary
cone.

Depositionvelocities Model parameters
by species

Aerosol CTM Gas-phasespecies Emissionsinventory/ Gas-phase speciesnet ,
emissionsrates model removal rate at surface

Gas-phase species Primary Aerosol net removal rate
conc. at surface

Aerosolemissionsrate Emissionsinventory/
model

Aerosolconcentration Primary
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TABLE 2,1. (contd)

Module/ In out

Class . Field Source .. QUtDUt Field

Canopy resistance by Model parameters
species and land use

Surface wind speed Meteorological model
Surface temperature Meteorological model
Stability Meteorological model
Surface roughness Fixed

and cover

ACTINIC FLUX

Radiative transfer: Calculates actinic fluxes and photolysis rates and effect of subgrid
spatial variability of clouds on actinic fluxes and photolysis rates

Short-lived CTM Latitude and longitude Primary Actinic flux
Local time On-line calculation
Altitude Primary
RITS concentrations Primary
Subgrid cloud fraction Primary
Cloud water mass Primary
Cloud droplet number Primary

Long-lived CTM Latitude and longitude Primary Actinic flux
Local time On-line calculation
Altitude Primary

Aerosol CTM Latitude and longitude Primary Actinic flux
Local time On-line calculation
Altitude Primary
Temperature Meteorological model
Pressure Meteorological model
Relative humidity Meteorological model
RITS concentrations Primary
Subgrid cloud fraction Primary
Cloud water mass and Primary

droplet number
Cloud ice mass and Primary

• ice crystal number
Aerosol mass, number, Primary

and composition
Aerosol size dist. Model parameters

- parameters
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etc.). Within each subprocesscategory,the input fields are listed,the

sourceof the input fields is given, and the output fields are listed. Input

and output fields are specifiedfor each of the three CTMs. Variableswhose
o

source is identifiedas "primary"are variablesthat must be defined at all

grid nodes within the GTCMS and need to be accessibleto a large number of

modules. Some variablesare providedto the GTCMS from externalmodels or

data bases. All meteorologicalvariables(temperature,pressure,relative

humidity,wind, etc.) are primaryvariablesthat are suppliedby the

meteorologicaldriver model, which, for example,could be a GCM or hemispheric

prognosticmodel. Emissionsinventoriesand models provide input rates for

gaseous and aerosolspecies in each grid cell for point and area sourcesof

anthropogenicand naturalorigin. Model inputs includemany parameters,such

as chemical reactionrate and solubilityconstants,that are set and remain

constant. Also, there are many fixed or prescribedinputs,such as terrain

elevation,land use, grid spacings,and time steps. Initialand boundary

conditions(speciesconcentrations,physical variables)must be specifiedfor

all primaryvariablesinternalto the GTCMS.

2.2.1 Short-LivedSpeciesChemi.calTransportModel

The short-livedspeciesCTM is designed to simulateglobal O) distri-

butions in the troposphere. To accuratelypredict03 distributions,it is

necessaryto also simulateNOX, CO, and hydrocarbon(HC) distributions. Thus,

the short-livedspeciesCTM must accountfor the emission,transport,and

photochemicaltransformationsof NOX, NOy, variousHCs (includingCH4 and CO),

and 03. It is recommendedthat the short-livedspeciesCTM be used to provide

oxidantconcentrationdistributionfields to the long-livedspeciesCTM and

possibly,in certaincases, to the aerosolCTM. Consequently,the optimal

model reflectsthe most advancedsciencethat could reasonablybe achieved

within the 3-year projectperiod. The short-livedspeciesCTM is the core of

the GTCMS.

2.2.1.1 Chemistry

To accountfor the photochemicalproductionand destructionof 03, a gas-

phase chemicalmechanismis requiredthat includesbasic NOx/O3/HCphoto-

chemistry. In remote regions,CH4/COchemistrymust be included;while in
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near-continentalareas, a multiple lumpedHC representationis needed to

accountfor anthropogenicand biogenicemissions. The most importantaspect

of the multiple lumped HC mechanismis the inclusionof appropriateradical-

" radicalreactions,

RO2 + RO2 ---> products.

Radical-radicalreactionsare not usuallysignificantfor the accuraterepre-

sentationof radicalsin polluted environments(Seinfeld1989); however,on a

global scale and remote areas in particular,these reactionswill be an

importantsink for odd-oxygenspecies (Lurmannet al. 1986). Thus, a gas-

phase mechanismmust be developedthat appropriatelyrepresentsthese

reactionswhile keeping in mind that the chemicaltransformationcalculations

accountfor >90% of the total model computationalburden. Also, the gas-phase

sulfur reactions,DMS Lo SO2 and MSA and SO2 to H2SO4, need to be includedto

treat aerosolprocessescorrectlywithin the optimalmodel (Kreidenweiset al.

1991).

In the aqueous phase, the reactionsof S(IV) oxidationto S(Vl) are

included,which requiresthat NOJO3/H202aqueousreactionsbe included

(Finlayson-Pittsand Pitts 1986). Aqueous radicalreactionsof the type

proposed by Lelieveldand Crutzen (1991)should be includedbecausethese may

have a significanteffect on 03 distributionsglobally. The heterogeneous

reactionof N20s on wetted aerosolparticlesproducingHNO3 (Dentenerand

Crutzen 1993) appears importantto the globalNOX budget and should also be

included. No size dependenceto aqueouschemistryor aerosolpropertiescan

be justifiedfor inclusionat this time into the short-livedspeciesCTM.

The subgridtreatmentof chemicalprocesseswould be an importantaspect

of the short-livedspeciesCTM. In the near future,computationalresource

limits will preventglobal models havingthe horizontalresolutionnecessary

to fully resolvemajor NOX plumes from large urban areas. Within these

subgridplumes,substantial03 productioncan take place that is not trans-

lated to the large-scalegrid when using only instantaneousdispersionof

subgridsources. The exact form that this subgridtreatmentshould take is

not clear, though it is clear that the instantaneousdispersiontreatmentis
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not be desirable. Developmentof a plume-in-gridor statisticalmethod (e.g.,

Sillmanet al. 1990) should be a priorityresearchtopic.

2.2.1.2 Dvnamic_

While K-theory approximationswill be adequatefor the short-lived

speciesCTM, some higher-orderdynamicscan be incorporatedin a relatively

straightforwardmanner by using a turbulentkineticenergy model to generate

eddy diffusivityvalues (e.g.,Yamada and Mellor 1975). The K-theoryapproxi-

mation will be adequate in light of the inclusionof a convectivecloud

parameterizationto redistributematerialbetween layers in a nonlocal

fashion. For stratosphere/troposphereexchange,a simple boundarycondition

treatmentwill not be adequate to accuratelysimulatethe global distribution

of 03.

Thus, the model domain should be extendedinto the lower stratospherein

which some type of 03 and NOy climatologyis specified. No chemicalcalcu-

lationswould be performedin the lower stratosphere,but a GCM would be used

to providedynamicexchange informationfor the transportof materialacross

the tropopause. The exchangeof mass betweenthe stratosphereand troposphere

is currentlynot very well understood(Slinn 1993) and should receive signifi-

cant emphasis in the design of the short-livedspeciesCTM.

2.2.1.3 Cloqd processes

The effects of clouds are an important,though not dominant,factor in

the design of the short-livedspeciesCTM. Consequently,bulk treatmentsof

cloud microphysics,scavengingprocesses,and aerosolactivation (nucleation

of cloud drops) were chosen. Further,a fractionalsubgrid cloud treatmentis

adequate,with cloud convectiveprocessesimplementedin a manner consistent

with the treatmentof cumulusconvectionin the GCM used to providethe

meteorologicaldata.

2.2.1.4 SurfaceExchange

A surface-exchangemodel was chosen as a feasiblegoal for inclusionin

the short-livedspeciesCTM. The dry deposition/resistanceapproach (Wesely

1989) does not allow for the possibletwo-wayexchangeof material across the

soil/atmosphereor ocean/atmosphereinterfaces. Thus, a surface-exchange
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model should be developedthat can more adequatelytreat surface-exchange

processes. Progressby the agriculturalsciencecommunityon surface-exchange

processesshould be examinedand adaptedby the atmosphericsciencecommunity

to the GTCMS.

2.2.1.5 Actinic Flux

The actinic flux calculationsfor the short-livedspeciesCTM must be

more realisticthan present-day,look-up-tableapproaches (e.g.,Peterson

1977) but short of on-lineradiativeflux calculations. The actinicflux will

be parameterizedto dynamicallydepend on cloud amountsand will vary with the

total cloud fractionand type of cloud within the grid cell. This information

would be accessiblethroughlook-uptables.

2.2.1.6

Time splitting,coupledwith either a one-dimensionalfinite-difference

method or a one-dimensionalfinite-elementmethod on a regular, uniformgrid,

would sufficefor solvingthe transportequationsfor this model. The use of

an irregularhorizontalgrid (Mathuret al. 1992) would allow the a priori

specificationof a grid that would have finer resolutionover the continents

and coarsergrid spacingover remoteocean areas, providingfiner resolution

only where it is really needed. Althoughthe use of an irregulargrid has

significantadvantages,implementingand testingsuch a schemewithin the

3-year projectperiod is not likely. However, becauseirregulargrids will

likely be used in future versionsof the model, time splittingwith a one-

dimensionalfinite-elementmethod is recommendedfor the initialversion.

This would allow for the relativelystraightforwardmodificationof the code

in futureyears to use time splittingwith irregulartwo-dimensionalelements

in the horizontalplane.

Althougha new stiff ordinarydifferentialequation (ODE) solver is a

• high priorityfor improvingthe integrationof the chemistryrate equations,i

the quasi-steady-stateapproximation(QSSA)method (Hesstvedtet al. 1978) is

recommendedbecauseof its economy and currentwidespreaduse. Of course, if

a faster,yet accurate,method became availableduring the developmentof the

model, it should be incorporated.
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2.2.2 Lonq-Lived Soecies Chemical Transport Model

The long-lived species CTMis capable of simulating the distribution and

chemical reactions of RITS over a time scale of decades. The only long-lived

species that is chemically reactive in the troposphere is CH4. The gas-phase

chemistry mechanismwill require carrying additional reactive species that are

not radiatively important, such as OHand certain classes of NMHCs. Non-

reactive species, such as the CFCs and N20, can be carried in the model as
inert tracers.

2.2.2.1 Chemistry

Gas-PhaseReactions. The primaryreactionsto be explicitlydescribedin

the long-livedspeciesCTM are those relatedto CH4. It was deemed infeasible

to explicitlycalculatethe OH concentrationsnecessaryfor describingthe

full CH4/OH/CO2 sequencefor model runs on decadaltime scales. A necessary

alternativeis to prescribethe oxidantfields in advance, using output from

the short-livedspeciesCTM. In additionto tabulating(or describing in some

other readilyaccessibleform) the OH concentrations,informationon the

sensitivityof OH to CH4 and other speciesinvolvedin the CH4 cycle is

needed. These values would have to reflocttrends in time (on a seasonal

scale) and space.

A significantreductionin computertime would result by not having to

carry all the speciesnecessaryto calculateOH fields. In addition,the

resultingkineticequationscould be evaluatedusing a nonstiff differential

equation integrator,resultingin an additionalreductionin computercosts.

The use of precalculatedOH concentrationfields would be the single most

importantsimplificationincorporatedinto the long-livedspeciesCTM so that

it could be run in a timely manner for a multitudeof planning and policy

issues.

Aqueous Reactions. The explicitinclusionof detailed cloud fields,and,

hence, of aqueous-phasereactions,would be imPossibleover the time scales

this model would be called on to simulate. If the CH4 fields respondto cloud

processes,those processeswould have to be includedin some statistical

Fashionor reflectedin the look-uptables for OH (and its associated

derivatives).
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Aerosols. Aerosolswere consideredto be significantover decadal time

scalesonly if a feedbackprocessbetweenthe chemistryand the atmospheric

dynamicswere to be simulated. Becausethis is beyond the scope of the

requesteddesign, a simulationof aerosolprocesseswas consideredan

unnecessarycomputationalburden for this model.

2.2.2.2 pvnamic@

PlanetaryBoqndary Laver_Tqrbulence.A simple first-orderturbulence

scheme is satisfactoryto accountfor turbulentmixing in the planetary

boundarylayer.

Stratosphere/TroposphereExchanqe. This is an area requiringresearch,

and one where the resultscould greatlyaffect simulationsof the distribution

of the long-livedspeciesin the troposphere. It is unlikelythat a detailed

mechanistictreatmentof stratosphere/troposphereexchangecan be included in

the GTCMS. Thus, the research shouldyield a parameterizedrepresentationof

this process.

2.2.2.3 Cloqd Processes

The only cloud processto be explicitlyincludedin the long-lived

speciesCTM is that of convectivemixing. A simple formulation,using either

mixing coefficientsderived from the convectivescheme of the GCM that pro-

vides the meteorologicalfields or a decoupledmechanism (Walcekand Taylor

1986 or Berkowitzet al. 1989),would be adequate. The choice of cloud

processesparameterizationsshould be consistentwith the approachtaken in

the GCM that is used to providethe meteorologicalfields for the GTCMS. This

would maintainconsistencybetweenthe meteorologicalfields obtained From the

GCM and the convectiveprocess simulationswithin the GTCMS.

The omissionof an explicittreatmentof cloud water may affect the

simulatedremovalof HCHO, which is a solublespeciesknown to play an active

role in the CH4 chemistry. Furtherresearch is needed to determineif this

omissionwill have a significanteffect.
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2.2.2.4 S.urfaceExchanqe

Transfercoefficientsobtainedfrom the GCM are used to calculatethe

exchangeof CH4 betweenthe ocean and the atmosphere. CFCs and NzO can be

assumedto have negligible interactionwith the surface.

Emissionsare a componentof the surfaceboundaryconditionthat is very

importantto the simulationof the concentrationsof the long-livedspecies.

In particular,the geographicand seasonaldistributionof CH4 emissionsmust

be thoroughlyspecified.

2.2.2.5 Actinic Flux

The use of look-uptables, based on aerosoland trace gas concentrations

and meteorologicalconditions,is recommendedfor both the magnitudeof the

actinicflux and its subgridvariability.

2.2.2.6 Numerics

Transport. The Lagrangianmethod is not recommendedfor reasons related

to computationaleffort. Although the method of moments is very accurate,the

computationaleffort was not felt to be necessaryin light of other

simplificationsassociatedwith this model. Other than these two caveats, any

mass conserving,accurate integrationschemewould be acceptable.

Chemistry. Any currentlyused integrationpackagewould be acceptable,

though the Gear routineoffers the advantageof automaticallyadjustingthe

time step to an optimal increment. However, furtheranalysiswill be needed

to determinehow the numericaltime steps of a nonstiffchemical integrator

would relate to the time steps used in the meteorologicaldriver.

2.2.3 AerosolChemicalTransportModel

The aerosolCTM will simulatethe global distributionof anthropogenic

aerosols and their impact on the planetaryradiationbalance,both by direct

scatteringand absorptionof sunlight,and by servingas CCN. To do this, it

is quite clear that the model shouid treat aerosolsof differingcomposition

(e.g., [NH4]zSO4, NHaHSO4, H2SO4, EC, HC, and silicate)that have different

opticaland cloud nucleatingpropertiesand often competewith each other. In

addition,the model should distinguishbetweenanthropogenicand natural
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aerosolsand betweenaerosols in the fine, accumulation,and coarse modes.

The options selectedto meet i ._seobjectivesoptimallyare discussedbelow.

2.2.3.1 Chemistrv

Aerosol chemistryis not independentof gas-phasechemistrynor, for that

matter, is aqueous-phasechemistry_ndependentof gas-phasechemistry. The

separationis primarilyfor conceptualpurposes: it is easier to think about

these three aspectsof chemistryindividuallyrather than all at once. They

are, of course, all linked by mass transfer (gases<--> cloud water and gases

<--> aerosols). In the model, the chemistryODE solver might call all three

of these chemistryroutinesto get the rates of change for gaseous, aqueous,

and aerosolchemical species. Alternately,the gas and aqueouschemistry

might be solved separatelyfrom the aerosolchemistrybecauseof differing

time scales (stiffness). In this case, the NzOs(gas) --> HNO3(aerosol)

reactionmight be treatedin the gas-phasechemistrymodule, and the resulting

change in HNO3(aerosol)over the model time step would then be passed to the
aerosolmodule.

The gas- and aqueous-phasechemistryimportantto the aerosolmodel

involvesthe transformationof aerosolprecursors(SO2, DMS, organics)to

aerosolspecies. Thus, oxidantspecies involvedin these transformations(OH,

H02, H202,03) must be available. The appropriategas-phasemechanismfor

simulatingthese oxidantsis a hybrid mechanismthat treats NO×,03, CO, CH4,

and severallumped HCs over continentalregionswith significantHC emissions

but ignoresHCs over other regionsto reduce computationalcosts. Sulfur

chemistry(SO2 and DMS) clearlymust be Included. Note that becausesulfur

chemistryhas littleeffect on OH concentrations,multiple simulationswith

differingSO2 and particleemissions (but fixed NOX and HC emissions)could be

performedby savingthe OH from the first simulationand reusingit in

subsequentsimulations. A much simpler,though less realistic,alternative

for obtainingOH is to parameterizeit as a functionof severalvariables,

such as actinic flux, humidity,temperature,CO, 03, and NOy (Spivakovsky
et al. 1990). Furtherevaluationof this approachversus the directI

computationof OH is needed. NH3 is very importantbecause it determines

whether sulfate is presentas HzSO4, NH4HSO4, or (NH4)2SO4. BecauseNH3

emissionsare poorly known, it is not clear whetherdirect computationor an
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empiricalparameterizationof its concentrationwould producebetter results.

An approach followingSillman (1991) is recommendedfor the time integration

of the full chemistry;if OH is prescribed,the chemicalsystem is no longer
w

stiff and a simple,nonstiffscheme is adequate.

Aqueous-phasechemicalreactionscould be limitedto the reactionsof

dissolvedSO2 with H202and 03. Other reactions,such as SO2 oxidationby

trace metals and OH, and aqueous-phaseH202productionare currentlyfelt to

be of secondaryimportance. The main difficultywith the SOz-tracemetal

reactionis specifyingtrace metal concentrations. Simulatingaqueous free

radicalchemistryis computationallyexpensive. Solutionchemistryinvolving

solublegases (NH3, HN03) and aerosol species (NH4, NO3, etc.) should also be

included. In additionto gas- and aqueous-phasechemistry,some heterogeneous

reactionsinvolvinggases and aerosolsshould be considered. Examplesare the

oxidationof SO2 to sulfatein deliquescentsea-saltparticles (Chameidesand

Stelson1992) and the reactionof N20s on wetted aerosolparticlesproducing

HNO3. Although evidence is accumulatingthat aqueous-phasechemistrydepends

to some extent on cloud dropletsize, it was not felt that this has a primary

effect on aerosolconcentrationsand size distributions,and includingit in

the model is not justifiedbecauseof the added computationalburden.

Because aerosollight-scatteringand droplet-nucleatingpropertiesare

stronglysize dependent,some informationon the aerosolsize distribution

must be includedin the model to calculatethe radiativeeffects of aerosols.

The method of moments offers an efficientmeansof representingthe size

distributionof each aerosolmoment without the very large computational

burdenof explicitlytreatingthe size distribution. Each mode of the size

distributionis expressedin terms of an analyticfunction (log-normalis

generallyused) whose parameterscan be relatedto just a few moments of the

aerosolsize distribution. The parametersof the log-normaldistribution

(totalnumber,geometricmean radius,and geometricstandarddeviation)can be

relatedto any three integermomentsof the size distribution. This approach

is physicallyjustifiedby the fact that observed aerosolsize distributions

can often be accuratelyapproximatedby combinationsof log-normalfunctions

(Whitby1978). Considerabledevelopmentof the method of moments was done by
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Giorgi (1986) and Whitby et al. (1991). The method is currentlybeing used in ,.

EPA's Regional ParticulateModel.

Aerosolgrowth processes,such as coagulation,vapor condensation,

surfacereactions,and aqueouschemicalreactionsin cloud drops followed by

drop evaporation,lead to aerosolparticlesthat are mixtures of several

- chemicalspecies. Such internalmixtures can have opticaland nucleating

propertiesthat are quite differentfrom externalmixtures of single-component

aerosols,so the degree of internalmixing of the aerosolcomponents is an

importantissue. There are three strategiesfor modeling the aerosol

composition. The externalmixing strategyassumesthat individualparticles

are composedof a singlechemicalspecies (i.e.,sulfateand carbon are found

in differentparticles). The internalmixing strategyassumesthat, within a

given mode, each particle is the same mixture of the chemicalcomponentsof

the mode (i.e.,each particle is 70% sulfateand 30% carbon). Both of these

strategiesare easily implementedbut neither is realistic,though the

internalmixing strategy is fairlygood for the accumulationmode. The

partialmixing strategyrecognizesthat, at a given size, particleswith many

differentchemicalmixturesexist. This strategy is most appropriatefor the

aerosolmodel; however, it is not straightforwardand additionalresearch is

needed to implementit.

2.2.3.2 Dynamics

Turbulentmixing should be treated in a manner consistentwith the

treatmentin the meteorologicalmodel. First-orderK-theory is adequatefor

the optimalmodel. Tropospheric-stratosphericexchange is of secondary

importancefor aerosolsand can be treated as an inflow-outflowboundarywith

prescribedstratosphericconcentrations.

2.2.3.3 Cloud Processes

Cloud microphysicalprocessesplay a criticalrole in processingaerosols

and in determiningindirectradiativeimpactsof aerosols. The treatmentof

cloud microphysicsconsideredmost attractivefor this applicationis the

" method of moments, in which a few moments of the cloud particle-sizedistri-

bution are predicted(Clark 1976; Clark and Hall 1983; Ziegler 1985; Verlinde

et al. 1990). As a minimum,the cloud particlenumber and volume would be
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predicted,which permits a treatmentof the influenceof aerosolson cloud

particle size and provides adequateinformationon cloud radiativeproperties.

Cloud microphysicalprocessesand their impact on each moment would be treated

by assuming idealizedcloud particle-sizedistributions. Cloud ice should be

distinguishedfrom cloud liquidwater because it affectsaerosols and gaseous

precursorsin a much differentmanner. It may be possibleto ignore cloud ice

in the GTCMS (thoughnot in the meteorologicaldriver)becausecloud ice

generallyhas a much smaller impactthan cloud water on aerosolsand gases.

The nucleationof cloud dropletson aerosols (activation)shouldbe

treatedby accountingfor the influenceof preferentialnucleationon all

moments of each aerosolmode. The competitionbetweendifferentaerosol

componentsand differentaerosolmodes must be represented.

Given that the method of moments is used to representboth aerosols and

cloud particles,it is naturalto use the method of moments to treat aerosol

scavengingby clouds. Analytic integrationsover size distributionsof

aerosol and precipitationwould be performedusing assumed idealizedsize

distributions.

When aerosolsenter a cloud, two differentaerosolpopulationsaFe

formed" those in the interstitialair and those in cloud droplets. Each of

these have separatesize distributionsand are affectedby differentprocesses

(e.g., aqueouschemical reactionsand cloud dropletcoalescenceaffect those

in cloud droplets). A methodologyfor treatingthese two populationsand

combiningthem when a cloud evaporatesneeds to be developed.

A realistictreatmentof subgridvariabilityin clouds and cloud proc-

esses is criticalfor global chemistrymodels. Two options are considered.

Subgridvariabilitycould be expressedin terms of idealizedprobability
l

distributionsof each cloud variable,with severalmoments of the probability

distribution(e.g.,mean and variance)predictedby integratingall micro-

physicalprocessesover the probabilitydistributionsof the cloud variables.

Although this approach is likely to be the state of sciencewithin 5 years, it

relies on estimatesof subgridvariabilityin verticalvelocity,which is a

very challengingtask. The optimalmodel would, instead,simply express

subgridvariabilityin terms of a cloud fraction,with the clear and cloudy
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fractionsassumedto be homogeneous. Although this is a crude representation

of subgridvariability,it capturesmuch of the variabilityand is much easier

to parameterizethan a full probabilitydistribution.

Verticaltransportand scavengingof chemical speciesby convective

clouds should be treated in a manner consistentwith the treatmentof cumulus

convectionin the meteorologymodel. A single-piumeupdraft/downdraftversion

of the mass flux schemeof Arakawa and Schubert (1974) is optimal,for it

provides a straightforwardmeans of treatingtransportand scavengingof all

specieswithoutthe high computationalcost of the full spectralArakawa and

Schubert (1974)parameterization.

2.2.3.4 SurfAceExchange

Global emissionsinventoriesare needed for each primaryparticulate

aerosoltype and all aerosolprecursors. For primaryparticles,emissionsof

smoke and soot from industrialsources,transportation,and biomass burning

(naturaland agricultural)and suspensionof dust are needed. Gaseous pre-

cursors to aerosols includeSO2, DMS, NH3, NOX, and organics. For natural

emissions,dependenceon wind speed and stabilityshould be representedusing

resistanceformulations. For anthropogenicemissions,seasonaldupendence

should be accountedfor. The treatmentof surfaceexchange involvingemission

productsshould also use the resistanceformulation.

2.2.3.5 Actinic Flux

For the purposeof simulatingOH, actinicflux is needed for photo-

chemicalmechanisms. The look-up-tableapproachshould be augmentedby an

on-line treatmentof the influenceof cloudson actinicflux. This can be

accomplishedsimply by using a two-streamradiationmodel with the cloud

optical propertiesand subgridvariabilityto determinethe ratio of the

cloudy sky actinicflux to that for clear-skyconditions. The ratio should

not vary much with wavelength,so that the same ratio can be appliedto the

clear-skylook-uptable for all photochemicalabsorptionbands.

2.2.3.6 Numerics

Transportshouldbe calculatedwith a one-dimensionalfinite-difference

or finite-elementalgorithm. The added complexityof two-dimensionalor
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method of momentsis not warranted; a fixed irregular grid system would be

optimal because higher resolution could be given to source regions with little

additional computational burden. However, additional software development is

requiredfor interpolatingmeteorological,emissions,and land-usedata from a

regularto irregulargrid and for analysisof simulationresults. Unless the

irregulargrid is selectedfor anothermodel (e.g.,short-livedgases), this

developmentmay not be justified.

2.3 UNCERTAINTY/SENSITIVITY

Model uncertaintyhas severalcomponents. Uncertaintyarisesfrom the

fact that the mathematicaldescriptionsof physicaland chemicalprocesses in

the model only approximatereal-worldprocesses. Additionaluncertainty

arises from the spatialresolutionof the model (100 to 500 km in a GTCMS),

which leaves smaller-scaleprocessesunresolved. The techniquesdescribed

below apply primarilyto quantifyinguncertaintyfrom indeterminantmodel

parameters (e.g.,chemical reactionrates), initialconditions,and boundary

conditions. Sensitivityanalysesquantifythe responseof model output (e.g.,

a predictedconcentration)to variationsin a particularmodel parameteror

input variable about a base state. Note that while model uncertaintyis

ultimatelyof most interest,calculationof model sensitivityis of value and

is easier to do. Also note that performinga complete sensitivityof a three-

dimensionalatmosphericchemistrymodel is a giganticcomputationaltask. At

best, uncertaintyis dealt with throughan analysisof the sensitivityof the

model to various inputs and model parameters. Various approachesfor

uncertaintyand sensitivityanalysesare brieflydiscussedbelow.

The Monte Carlo method,used for both sensitivityand uncertainty

analyses,involvesdoing repeatedmodel simulationswith differentvalues of

an uncertainmodel parameteror initialor boundarycondition. The sensi-

tivity of a model prediction(e.g.,03 concentration)to a model parameteris

simply the change of the predictedvalue relativeto the change in the model

parameterbetweentwo differentsimulations. To obtain the uncertaintyof a

model prediction,probabilitydistributionsfor all model parametersof

concernmust be specified. (This could be simply a normal distributionwith
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specifiedmean and standarddeviation.) The mean and standarddeviationfor

the predictedvalues give a measure of model uncertainty.

The direct decoupledmethod is a sensitivityanalysistechniquethat has

been appliedprimarilyto photochemicalmechanisms (Dunker1984). Additional

code is added to the model so that it predictsboth concentrationsof various

speciesand the sensitivitiesof these concentrationsto one or more model

parametersor initialor boundaryconditions. The similarityof the ODEs for

the sensitivitycoefficientsand those for the speciesconcentrationsresults

in considerablecomputationalsavingsduring solutionof the equations.

While the Monte Carlo and directdecoupledmethods computethe sensi-

tivity of all model predictions(everyspeciesat every grid point) to a

single model parameter,the adjointmethod computesthe sensitivityof a

single prediction(e.g.,a spatialand temporalaverageof the 03 con-

centration)to multiplemodel parameters(Hall et al. 1982). The method

involvesconstructionand solutionof a secondmodel, called the adjoint,that

predictsthe sensitivitycoefficients. This method is receivingmuch interest

in four-dimensionaldata assimilation,and methods for automaticgenerationof

adjointcodes are being developed. Monte Carlo analyses are impracticalfor

the computationallyintensiveshort-livedspeciesCTM. An adjoint technique,

implementedwith automaticdifferentiation(Griewankand Corliss 1991), is a

very attractiveoption if it could be implementedwithin the projecttime

period.

The stochasticvariablesmethod is a new and promisingtechniquefor

uncertaintyanalysis. Stochasticvariablesare a set of orthogonalrandom

variables. The probabilitydistributionfor each uncertainmodel parameter

and initialconditionis expressedas a seriesof one or more stochastic

variables. The resultingmodel predictionsthen become a series of these

stochasticvariables (ratherthan just a number),and this series represents

• the probabilitydistributionof the predictedvalue.

Automaticdifferentiationis a major breakthroughin scientificcomputing

(seeGriewankand Corliss 1991),is a fundamentallynew technologyfor

reliablycomputingderivativesof large computercodes many times faster

comparedto current approaches,and is based on a completelydifferent
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approachthan the finite-differenceapproximationof derivativesor symbolic

differentiation. This emergingtechnologyhas been recently incorporatedin

general-purposeautomaticdifferentiationsoftwarepackages,such as ADIFOR

and ADOL-C developedat Argonne NationalLaboratory. Given a Fortranprogram

describinghow "dependent"variablesyl,y2,...,ynare obtained from

"independent"variablesxl,x2,...,xm,ADIFOR automaticallygeneratesa Fortran

code for the computationof the derivativesof the dependentvariableswith

respectto the independentvariables. ADOL-C is a similartool for automatic

differentiationof programswritten in C or C++.

It is clear that tools for integratinguncertaintyand sensitivity

analyses into complex numericalmodels now exist and are rapidlybeing

improved. It is recommendedthat these state-of-sciencemethods be

incorporatedinto the numericalcodes for the GTCMS as it is developed.

2.4 GENERAL DISCUSSIONOF RESEARCHNEEDS AND ACTIVITIES

Each class of CTM in the GTCMS representsa model developmentgoal. Many

of the optionsthat define a chosen CTM do not exist; however,for nearly

every module, at least one option is available. The optionsthat are avail-

able define the startingpoint for developingthe GTCMS. By analyzingwhat

researchwas needed to move from the currentexisting option to the chosen

option for each module, severalresearchareas were identifiedthat could be

addressedwithin a 3-year time frame and that could significantlyimprovethe

performanceof the GTCMS. Very brief descriptionsof the research activities

in each researcharea were developed. Table 2.2 gives the title of those

researchactivitiesand associatesthe title with an abbreviatedtitle that is

used in other tables. A more detaileddescriptionof these research activ-

ities is given in Appendix C.

The design and constructionof the GTCMS will be a complex undertaking

that will ultimatelyrequire scientificand systemsadvancesalong many path-

ways that must be integratedand coordinatedto make the GTCMS a reality.

2.4.1 Chemistry

Many of the researchactivitiesassociatedwith the chemistrymodules are

interrelatedand most are criticalfor the developmentof a scientifically
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TABLE 2.2. Titles of ResearchActivitiesIdentifiedby Participantsat the SecondWorkshop
as Needed for the Developmentof the GlobalTroposphericChemistryModeling System

Module Abbreviation ResearchActivity

Clouds, Aerosols, Radiation

Nucleation Mixed aerosols Parameterize nucleatien on mixed aerosols
Subgrid Cloud Processes Subgrid variability Develop treatment of subgrid variability in clouds and cloud processes
Aerosols Homents/species Develop species-resolved momentsof aerosol-size distributions

Evaluate Its Evaluate species-resolved Its method
Primary emissions Emissions of primary particulate and aerosol precursors

Scavenging Aerosols/clouds Processing of aerosols by clouds using ItS method
Actinic Flux Update J-values Update actinic flux J-value look-up tables

Chemistry

r_ 6as Phase NO/O_/HC Develop appropriate NOJO3/HC chemical mechanismfor species CTN
• 6rid _es_No Evaluate effect of gria resolution on NOvcycling and O= production
r_ ChemJaeroso) Develop chemical module for aerosol CTN-.a

Emissions Emissions inven Develop emissions inventories required for the 6TCNS
AqueousReactions Aerosols/O 3 Evaluate effect of aerosols on tropospheric 03

Clouds/O_ Evaluate effects of clouds on tropospheric 04-
Clouds Clouds/CH_4/CO Role of clouds in CHa/COcycle vis-a-viz HCH_and organic acids
Other Chemistry Interfaces Develop interface be(ween short-lived, long-lived, and aerosol CTIts

OH fields Evaluate use of short-lived species CTMin providing OH fields for use in long-lived and
aerosol CTMs

DHSchemistry Evaluate adequacy of gas-phase oxidation mechanismsof I_ and resulting production of
CCN

Ileteorology and Nirics

Dynamics Strat/tropo exch Stratosphere/troposphere exchange
Nonlocal Planetary boundary layer/turbulence nonlocal closure

Surface Exchange Hydro/met synth Synthesize into consistent framework models for hydrology, surface exchange, emissions.
and deposition

Transport/GridSystem Irreggrid cl_ Developirregulargrid method for chemistry
N_rnerics Fast integrator Developnumericallyfast chemistryintegrator

Uncertainty /kutodiff_ Carry out demonstrationof aut_ifferentiationusing test model or module



i

credible GTCMS. Many of the activities could be grouped into a larger single

activity with smaller tasks within this larger project. Considering that the

chemical mechanisms for the GTCMSwill be a vitally important part of the

entire system and that, by definition, there should be a high degree of

chemical consistency between the classes of CTMs, a composite project may be
desirable.

2.4.1.1 Gas Phase

A primary research task will be the development of a gas-phase chemical

mechanism that will be appropriate for the short-lived species CTM. This must

include an appropriate, but not excessive, number of lumped HC categories and

associated secondary organic products. Particularly important for a global

model will be the proper representation of radical-radical reactions in low-

NOx regimes. Further, the chemical module must be designed for flexibility,

so that future advances can be readily incorporated. An excellent way to

begin the chemical mechanismconstruction process would be to conduct a

workshop that would bring together experimental atmospheric chemists and

modelers to compile the latest understanding of gas-phase chemical processes

that are important on the global scale.

One portion of the overall task of constructing an appropriate gas-phase

chemical mechanismwill be to evaluate the current understanding of DMS

tropospheric chemistry. This will include the relative production of SOz and
MSAfrom DMSand the resulting production of CCN. This activity must be

coordinated with the mechanismdevelopment effort and, thus, must begin early

in the design process.

For the aerosol CTM, sulfur chemistry will be important but also sources

and precursors of aerosols, such as dust, sea salt, biomass-burning emissions,

HNO3, and NH4. As a consequence, a gas- and aqueous-phase chemical module
will have to be developed for the aerosol CTMthat takes these other aerosol

sources and precursors into account.

Within the GTCMS,the long-lived species and aerosol CTMsact as engi-
l

neering models in which the short-lived species CTMwould provide oxidant

fields for detailed scenario analyses by the engineering models. This concept

would be similar to the design of the EPA's Regional Acid Deposition/
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Engineering Models. Consequently, it is recommendedthat a project be

initiated to evaluate the feasibility of using OH, 03, and H20e fields from
the short-lived species CTMas input into the long-lived species and aerosol

q

CTMs. if the concept proves feasible, then an interface must be designed

between the short-lived species CTMand the other CTMs. The interface should

. allow for both a "screeningmode" (coarsetemporaland spatialresolution)

transferof fields and a "detailedmode" (fine temporaland spatial

resolution).

2.4.1.2 Subqrid

On the regionalscale,much recentwork has concerneditselfwith the

effect of subgridchemical effects. Within the typical80- x 80-km regional

model grid cell, separateplumes from major point or area sourcesare not

resolved. Consequently,the production/destructionof 03 that would take

place in these plumes is not adequatelyresolved. A researchactivity should

be initiatedto investigatethe impactof even coarserhorizontalgrid

resolutionsthat will be requiredfor global-scalesimulationsand, if

possible,to recommendparameterizationsto accountfor these subgrideffects

in the global scale.

2.4.1.3 Aaueous Phase

Two related researchactivitieswere identifiedthat deal with the effect

of cloud processesand aerosolson the production/destructionof 03 in the

troposphere. Recent researchhas indicatedthat 03 production/destructionmay

be significantlyaffectedby heterogeneouschemicalprocessesin the tropo-

sphere. Aqueous-phaseprocesseshave been shown to yield a net destructionof

03 in the presenceof clouds (Lelleveldand Crutzen 1991),and sea-salt

particlesin the marine boundarylayer have been implicatedas possible sites

of heterogeneous03 destruction(Chameidesand Stelson 1992). These processes

shouldbe investigatedfurtherto determinetheir significancefor global-
q

scale 03 distributions.

A similarstudy should be carriedout to evaluate the chemical impactof

neglectingcloud processesin the long-livedspeciesCTM. To a first approxi-

mation, the neglectof cloud processesis justifiedbecauseof the relatively

small direct effect that aqueous-phaseprocesseshave on CH4 and CO
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concentrations. However,HCHO, an intermediateproduct in the oxidationof

CH4 to CO, is relativelysoluble in the aqueousphase and its distribution

will probably be significantlyaffectedby the presenceor absenceof clouds.

An investigationshould be performedto determinethe impactof these

processeson the long-livedspeciespredictions.

2.4.1.4 Aerosol s

Considerable research ts needed to develop the aerosol CTM. The method

of moments needs to be developed for multiple aerosol-size modesand aerosol

compositions, with treatments of aerosol formation, condensation, coagulation,

deliquescence, cloud-drop nucleation, resuspension, scavenging, and settling.

Nucleation of drops on aerosols of varying size and composition requires

particular attention. Global emissions inventories are needed for primary

particles and aerosol precursors. The simulation of aerosols by the model

must be evaluated by comparisons with observations.

2.4.2 Dynamic9

2.4.2.1 Stratosohere/TroDosohere Exchanae

The justification for a clear understanding of this exchange process

seemsevident; it controls inflow and outflow at the top of the entire GTCMS

domain. Unfortunately, not only the magnitude but also the direction of this

exchange process are uncertain. Part of the difficulty in assigning even a

climatological/global-scale average value to this exchange process is that it

now appears to have a systematic geographic variability, with net upflow in

the tropics and downflow associated with tropopause folding in midlatitudes

and upflow in polar latitudes (Hoerling et al. 1993). Additional discussion

of our lack of understanding of this process is found in Slinn (]993).

Additional basic research in this area is not recommendedfor two

reasons. First, resolution of these difficulties will not likely occur within

the 3-year time frame proposedfor developmentof the GTCMS. Second, the

NationalAeronauticsand Space Administration,NationalScience Foundation,

and variousgroups in Europe have major programsrelatedto stratospheric

chemistryand dynamics. It is stronglyrecommendedthat parameterizationsbe

developedthat make use of resultsfrom these other programs.
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2.4.2.2 PlanetaryBoundaryLaver/Turbulence

In classicturbulenceexchange (e.g.,K-theory),materialcan be

exchangedonly among adjacentgrids. Nonlocalclosurerefers to turbulence

schemesthat describe the transportof materialfrom one layer of a model to

another,nonadjacentlayer. Work with such nonlocaldescriptionsusing

regional-scalemodels has resultedin significantdifferencesin the final

fields,relativeto resultsusing more traditionalapproaches. A key differ-

ence is that such methods allow for the transportof material up the concen-

trationgradient;though such processesdo occur in nature,they cannot be

accountedfor in traditionalK-theory.

2.4.3 Cloud Processes

Cloud parameterizationin GCMs is being addressedby other programs,but

certain aspectsof clouds may requireadditionalattentionfor chemistry

applications. Subgrid-scalevariabilityin cloud propertiesand cloud

processeshas a strong influenceon solublegases and aerosolsthroughdeposi-

tion, heterogeneousoxidation,activation,scavenging,and resuspension. A

_physicallybased treatmentof subgridcloud variabilityis needed to account

for the influenceof the variabilityon solublegases and aerosols.

2.4.4 SurfaceExchange

2.4.4.1 Surface F!uxe_

Much work remainsto be done before scientistscan adequatelydescribe

the flux of key chemicalsover ocean waters and from developingnations. It

is recommendedthat methods for calculatingsurfaceexchange,derivedfrom

hydrology,oceanography,urban meteorology,and agriculture,be used. These

methodologies,based on vegetation,ocean characteristics,or urban geography,

have the potentialof making a significantcontributionto the GTCMS.

2.4.4.2 Emissions

Emissions,of course,will play a significantrole in the design and use

of the GTCMS. It is recommendedthat a research activitybe initiatedto

" analyzethe emissionsrequirementsof the GTCMS. The emissionsneeds of each

model should includeboth the speciesthat are necessaryfor the particular

model and the characteristics(e.g.,temporaland spatialresolution)of the
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inventoriesthat will be importantfor the model'suse. The emissions

inventoriesshould cover naturaland anthropogenicemissionsfrom land and

ocean areas (and aircraft). Species felt to be of particularimportance

inc;udeNH3, NOx, SOx, CH4, and NMHC. Estimatingthe source terms for these

speciesover regionsdifficultto sample (for reasonsrelatedto logisticsor

politics)will be a large but essentialundertaking.

2.4.5 Actinic Flux

The look-uptables used to determinephotolysisrates need to be revised.

Considerationshould be given to compatibilitywith on-line cloud effectson

actinicflux.

2.4.6 Numerics

2.4.6.1 Grid System

A key research area that may be resolvedwithin the 3-year time frame of

this project is the developmentof a nested grid system that can interactwith

the surroundingcoarsergrid. The uses of a nested grid could be extensive.

A few examples of possibleapplicationsincludeenhanceddefinitionof subgrid

mixing associatedwith point sourcesand simplificationof the descriptions

necessaryfor predictedsubgridprocesses(e.g.,cloud fields or other

discontinuousphysicalfeatures).

One difficultythat would have to be addressedprior to includingnested

grids in the GTCMS is the magnitudeof the numericalerrors resultingfrom

calculationswithin the nested grid. This would be a somewhatseparate

problem from error estimateswithin just the coarse grid becausethe boundary

conditionswithin the nested domain would be defined by the surrounding

coarsergrid. Thus, errors could easily increasewithin the subdomain.

Relatedto this questionof error propagationwas the possibilityof

designingan integrationsystemthat would make the nested grid a "super

convergent"system. Super convergencecharacterizesnumericaltechniquesthat

result in local accuracywell in excess of what would be expectedon a global

basis (Fairweather1978; Oden and Carey 1983). Researchon this subject

should includethis objectiveas a desirablegoal.
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2.4.6.2 NumericalSchemesfor the ChemistryInteqrator

Although many schemesalreadyexist for numericallyevaluatingthe

coupleddifferentialequationsthat describeatmosphericchemical kinetics,
w

few offer any degree of flexibilityin their treatmentof alternativemecha-

nisms while concurrentlymaintainingcomputationalefficiency. The develop-

- ment of a fast and flexiblechemistryintegratorwould, therefore,be distinct

from an integratorthat was fast only for a given mechanism.

Developmentof this type of chemistryintegratorshould be pursued. A

recent extensionof the QSSA by Sillman (1991)results in a large reductionin

computationalcost and added flexibility. In QSSA, numericalefficiencyis

increasedby lumpingtogether specieshaving similarchemical properties.

Sillman'snew method, based on reorderingspeciesand using an implicitRunge

Kutte integration,is suitablefor use with stiff equations. Preliminary

tests with this extensionof the QSSA have resultedin reducedcomputational

complexityand significantreductionsin computerresourcerequirements.

2.5 GUIDANCEON RESEARCHPRIORITY

Participantsat the secondworkshop applieddecision analysismethods

(Section3.4) to rank the research activitieslisted in Table 2.2. Based on

the discounted,weightedaveragescore receivedby each activity,the activ-

ities are ranked in Table 2.3. Highest prioritywas given to the development

of a numericallyfast integratorfor solvingthe stiff set of ODEs common to

most atmosphericchemistrymechanisms. Considerableprogress on this activity

has recently been made by Jacobson and Turco (1993)of the Universityof

Californiaat Los Angeles. Their sparsematrix,vectorizedGear solver is

being implementedby EPA/AREALin the UAM-IV and Models-3 system.

Developmentof a chemicalmechanismthat addressesthe large dynamic

range of global trace gas concentrationswas the second highest-ranked

• researchactivity. This work would supportthe developmentof all three

classes of CTMs needed in the GTCMS. In a similarfashion,a test of auto-

. differentiationalso addressesall aspectsof uncertaintyand sensitivity

estimationfor the GTCMS.
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TABLE2.3. Research Activities in Priority Order, Based on Results
of Evaluation by SecondWorkshopParticipants

Ran___kk Nodule Abbreviation Research Activity

1 Numerics Fast integrator Develop numerically fast chemistry integrator
2 Gas Phase NO/OJHC Develop appropriate NOJO_/HC chemical mechanismfor 6TCHS
3 Uncertainty Autodi_f;]emo Carry out demonstratio_ of autodifferentiation using test model or module
4 AqueousReactions Aerosols/O 3 Evaluate the effect of aerosols on tropospheric 03

5 Other Chemistry OH fields Evaluate use of short-lived species CTMin providing OHfields for use in ]ong-live<J
and aerosol .CTHs

6 Emissions Emissions lnven Develop emissions inventories requirL_d for 6TCNS
7 Aerosols Evaluate moments Evaluate species-resolved momentsmethod
8 Aerosols Moments/species Develop species-resolved momentsof aerosol-size distributions

9 Other Chemistry Interfaces Develop interface between short-lived, long-ltvod, and aerosol CTNs
10 Surface Exchange Hydro/met synth Synthesize into consistent framework models for hydrology, surface exchange,

emissions, and deposition

11 AqueousReactions Clouds/O_ Evaluate effects of clouds on tropospheric 03
12 Transport/Grid System Irreg grid che_ Develop irregular grid method for chemistry

13 Subgrid Cloud Processes Subgrid variability Develop treatment of subgrid variability in clouds and cloud processes
14 Dynam.i-:s Strat/tropo exch Stra!osphere/troposphere exchange
15 Actinic Flux Update J-values Update actinic flux J-value look-up tables
16 Scavenging Aerosols/clouds Processing of aerosols by clouds using momentsmethod

17 Aerosols Primary emissions Emissions of primary particulate and aerosol precursors

18 6as Phase 6rid res/NO Evaluate effect of grid resolution on NOx cycling and 03 production
19 Gas Phase Chem/aeroso_ Develop chemical m_<lule for aerosol CTN

20 Clouds Clouds/CH4/CO Role of clouds in CH4/COcycle vis-a-viz HCHOand organic acids

21 Nucleation Nixed aerosols Parameterize nucleation on mixed aerosols
22 Other Chemistry DNSchemistry Evaluate adequacyof g;s-phase oxidation mechanismsof DHSand resulting production

of CCN

23 Dynamics Nonlocal Planetary boundary layer/turbulence nonlocal closure



Rankings below third place change when different scores are used.

However, evaluation of the use of the short-lived CTMto generate oXidant

fields for the long-lived and aerosol CTMsranked high by all measures. Work

on emissions inventories and methods to estimate emissions also ranked high.
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3.0 DECISIONANALYSISFOR MODEL DESIGN AND
..

RESEARCHPRIORITIZATION

- Presentedin this sectionare the underlyingrationalethat was used to

create a vision of the GTCMS, a processfor identifyingand prioritizing

needed research,and a methodologyfor optimizingthe value of a research

program,given limitedresources. Formaldecision analysismethods are

describedfor each of these three activities. The multiattributeutility

(MAU) theory is used to identifyan optimalvision of the GTCMS and to

identifyneeded research. MAU theory, in combinationwith value-based

planning (VBP), is used to optimizethe needed researchactivities. An

optimalGTCMS vision and prioritizedset of researchactivitieswere generated

using MAU in the two workshops. This sectiondescribesthe decision analysis

processand some key results,along with additionalactivitiesthat would

build on these results and make possiblethe realizationof a research and

developmentprogram.

3.1 OVERVIEWOF THE DECISIONPROCESS

Figure3.1 shows the sequenceof decisionsused to identifythe research

needed to develop the GTCMS, along with some of the major considerationsthat

bear on those decisionsand their interrelationships.Rectanglesrepresent

decisions;ovals representfactorsoutsidedirect control. Bolded rectangles

representmajor decisions. The general flow of the processis along the

diagonal from upper left to lower right. The main steps in the process are

I) develop a vision for the GTCMS, 2) determinethe sciencerequirementsto

create the model, 3) define the researchneeded to producethe model, and

4) prioritizethe proposedresearch.

3.1.1 Visionof Model

• The first step in the process is to develop a vision of the model. The

vision representsthe best collectivejudgment of the researchteam as to what

the ultimateproductof this researcheffort should be. By clearly specifying

' the model developmentgoal, it then becomespossibleto identify,in a logical

manner,what research is needed to attain it. Shown in Figure3.1 by arrows
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FIGURE3.1. Logical Flow of Activities to Identify Research Needed to
Develop a Global Tropospheric Chemistry Modeling System

pointingto the box labeled "Visionof Model" are the variousconsiderations

that enter into the formulationof the vision.

The initialbasis for a vision is the sciencethat is available. For

each potentialmodule needed to make up the GTCMS,modules may already exist

that could be used to performthe requiredfunction(s). Collectively,these

define what is currentlypossibleand providea foundationfrom which the

vision evolves.

Potentialsciencerepresentspossibleways to create a GTCMS that

improveson the sciencethat is currentlyavailable. Potentialsciencecan

consistof modules that are in various stagesof developmentor alternative

approachesfor performinga particularmodule's function. These represent
|

possibilitiesfor expandingthe envelope of potentialmodels to the leading

edge of what is possibleto createwithin the next few years.
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Feasibilityaddressesthe likelihoodthat the necessaryresearchand

developmentcould be carriedout within the specifiedtime frame, here defined

to be 3 years. Enhancingexistingmodules and models with potentialscience

may generate some wonderfulideas; however,some of these may need to be

temperedwith a dose of reality. Some ideas may border on sciencefiction and

others,while sound, may requirean extensiveeffort to carry out, which may

not be possible in the allottedtime frame. Thus, feasibilityconsidersthe

risk that may be associatedwith an ambitiousresearchprogramthat may be

requiredby a given configurationof the model.

Whatevermodel is chosen, it must be implementedin some hardware

environment. The hardwarecould range from a workstationto a supercomputer;

it may be a sequentialprocessoror a parallelprocessor;less complex models

may be better suitedto a workstationenvironment;some models may be better

adaptedto parallel processorsthan are others. Consequently,it is necessary

to considerwhat hardwareis availableand what may be forthcoming.

The GTCMS is envisionedto be a component,albeit a centraland essen-

tial one, of a more inclusiveglobal changemodel. Such a model must meet the

needs of the policymakersit is being designed to serve. However, it is

difficultto predict in advancewhat the policymakers'concernswill be, and

these needs tend to evolve over time. Consequently,this requiresthat the

model be designed to be as flexibleas possiblein terms of answeringa

varietyof questionsunder a varietyof assumptionsand/or backgroundcondi-

tions. Every assumptionabout the model is a potentialparameterto be

adjustedby the policy user. The ideal model would allow the user to create a

varietyof scenariosin which to play "what-if"games; realismwould be

maintainedby cautioningagainstthe creationof logicallyinconsistent

conditions. In addition,the ideal model would have the flexibilityto

interfacewith the largerglobal climatechange policy modeling system,of

• which it is one component. This larger systemwill most likely be identified

and/orcreated after the GTCMS; thus, the GTCMS needs to be adaptableto take

a varietyof potential input forms and also to provide a varietyof outputs

and formatsas may be required. Also to be consideredis the fact that, as a

global model, the input data may come from a varietyof sources. The ideal
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model will be capableof acceptingthis varietyof data either directly or

indirectlyor via some type of add-on translationcapability.

3.1.2 Science Requirements

As shown in Figure 3.1, the next step in the process is to determinethe

sciencerequirementsof the model. A clear specificationof the model vision

leads directly to the sciencerequirementsneeded to support its realization.

This is the sciencethat makes up the variousmodulesthat define the GTCMS.

Considerationof the vision for the GTCMS also leads to the identificationof

system requirements;however, it was decidedto focus the design effort on

identifyingthe scientificresearchnecessaryto constructa GTCMS.

3.1.3 ScienceResearchNeeded

The next step in the sequenceshown in Figure3.1 is to determinethe

scientificresearchthat is needed for developingand implementingthe GTCMS.

This depends on what scienceis requiredand what is available. Decisions

regardingresearchneeded should also considerthe potentialfor reducing

uncertainty. The potentialfor uncertaintyreductiondepends on the differ-

ence betweenthe current uncertaintiesin the existing scienceand the

anticipateduncertaintiesin the potentialstate of scienceof the options

that were selected for each module to create the vision of the model.

3.1.4 Science ResearchProposed

Two decisionsare necessaryto establishwhat researchto propose. In

the first decision,areas of researchmust be selectedthat are essentialto

the realizationof the model and/or that have the greatestpotentialfor

improvingcurrentlyavailablescience. Decisionsregardingwhich areas need

additionalresearchshould be based on an evaluationusing a well-definedset

of criteria that includeconsiderationof researchthat is currentlybeing

carriedout elsewhere. In the seconddecision,proposalsmust be chosen for

specificresearchprojectswithin each definedresearch area. Criteria for

evaluatingproposalsshould includeconsiderations,such as the prior experi-

ence and capabilitiesof the researchorganization,in additionto the value

of the research. Decisionanalysismethodscan be appliedto both decisions.

By applyingoptimizationtechniquesbased on decision analysis,one or more
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portfoliosof researchprojectscan be definedthat accountfor variousbudget

scenarios.

3.2 DECISIONANALYSISUSING MULTIATTRIBUTEUTILITYTHEORY

The MAU theory was used to identifyan optimalGTCMS vision, to

" prioritizeresearchneeds, and is integralto the recommendedprocessfor the

optimizationof portfoliosof researchactivities. This sectionprovides a

descriptionof the main steps in the MAU process,as well as some brief, but

general,commentsconcerningits practicalapplication. Subsequentsections

provide additionalguidance,as necessary,for the specificapplications

described.

The MAU decision analysisprocessconsistsof the followingsteps"

• identifyobjectivesto be achieved

• identifyalternativesthat meet the objectives

• developmeasures and values functionsfor each objective

• develop relativeweights for the objectivesbased on their relative
importance

• evaluate alternativesusing an objectivefunctionand relativeweights.

Objectivesare statementsof what we want to achieve (Keeney1992). For

example, if one were buying a car, some objectivesmight be to maximize

performance,minimize cost, and maximizegood looks and styling. For evalua-

tion purposes,objectivesare put in a hierarchicalform, startingwith the

overallgoal and the fundamentalobjectivesthat are furtherdivided into more

specificcomponentsof those objectivesuntil one arrivesat the level of

criteriaor performancemeasures. In the examplefor buying a car, perform-

ance might be furtherdividedinto accelerationand handling.

The identificationof alternativesrequiresa highlevel of creativity

and should be guided by the overallgoal and the specificobjectivesto be

, achieved (Keeney1992). A varied set of alternativesincreasesthe likelihood

that a near-optimalalternativewill be selected.
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Performancemeasures (also called criteriaor attributes)specifythe

degree to which the objectivesare achieved. For example, in the car-purchase

scenario,accelerationcould be measured by the time (in seconds) requiredto

acceleratefrom 0 to 60 mi/h. The number of seconds is a natural scale.

Often, natural scales are not available,in which case scales must be con-

structed. Scales should be constructedso as to minimize ambiguityas to what

is meant by a given level of performance.

Value functionsmeasurethe importanceof a criterion, These functions

take as their input the variouslevels of performanceand typicallymap them

into the range 0 to i, or sometimes0 to 100. The importanceof an objective

may not be linear with its scale. In the accelerationexample, an improvement

from 15 to 10 s may be judged more valuable than an improvementfrom 10 to

5 s. For constructedscales,it is common practiceto only specify the

compositefunctionof performancelevel with value. Thus, for example, a

score of 75 would specifyboth the level of performanceand the value of that

level of performanceon a 0 to 100 scale.

Whereasvalue functionscapturethe importanceof a single criterion,

weights capture the tradeoffsamong criteria. For example,how much gas

mileage is one willing to give up for an additionalsecond-quickeraccelera-

tion from 0 to 60 mi/h. Weightslogicallydepend on the ranges in performance

over which the alternativesvary. A common mistake is to specifythe relative

importanceof objectivesin a "top-down"processwithoutconsideringthe

ranges in performanceover which the alternativescan vary. A better proce-

dure is to develop weights for criteria in a "bottom-up"process,by taking

into accountthe anticipatedperformancerange for various alternativesover

all criteria. "Swingweighting"is a standarddecision analysisprocedurefor

accomplishingthis. Swing weightingis furtherdescribed in Section3.5.

Finally, a mathematicalexpression,called an objectivefunction,is

needed to roll up all the above judgmentsinto a single number by which the

alternativescan be compared. The correct functionalform for the objective

functiondepends on the preferentialindependencerelationshipsamong the
#

criteria (Keeneyand Raiffa 1976).
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3.3 APPLICATIONOF DEC|SIONANALYSIS FOR MODEL DESIGN

Selectinga "visionof model" is criticalto the creation of a GTCMS.

The visionwill guide future decisionsand determinewhat research is needed

and to what extent. Thus, determininga model vision is a key decision,and a

formaldecision analysisapproach is applied.

An analysisof the functionsand requirementsof a GTCMS was used to

identifyits modularcomponents. The selectionof particularmodels for these

modularcomponentsprovidesthe realizationof a GTCMS vision. This section

discussesthe use of differentareas of design emphasisto guide the selection

of module options, the criteriafor evaluatingthose selections,and the

methods for quantifyingthe evaluationof alternativedesigns using the MAU

theory.

3.3.1 ChemicalTransportModel Alternatives

A formal processwas used to identifya varietyof model visionsthat

were then evaluatedto determinewhich model is best suited to the needs of

policymakers. A shell was provided (see AppendixB) that consistedof the

variousmodulesthat were identifiedas being the necessarycomponentsof a

GTCMS. Alternativeapproacheswere identifiedthat could perform the neces-

sary functionsfor each of the modules. The selectionof an alternativefor

each module in the shell,when taken collectively,defines a candidatevision

for a CTM. Workshop participantsalso had the opportunityof identifying

additionaloptionsand/or neededmodules. ,

The design of the CTMs must satisfya varietyof objectivesand func-

tional requirementsand must considerdevelopmentconstraintsas well as the

needs of the larger policy analysissystem. Many of these objectivesare

conflictingand requiretradeoffs. For example,a simple model is unlikelyto!

maximize its predictivevalidity. Furthermore,it was not clear in the

initialstagesof the study which of these requirementswas most important.

Thus, the strategychosen was to create a rich varietyof potentialvisionsof

a CTM that could be evaluatedagainstcriteriato be developed. Then, by

having expertsweight the importanceof the criteria and evaluatethe poten-

tial models againstthese criteria,the model with the best overallvalue to
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the GTCMSwould emerge. The success of this strategy requires a variety of

potential models be available for evaluation.

A wide variety of potential CTMswere identified by creating candidate

models representing a variety of design emphases. Five design emphaseswere
identified:

• maximize predictive validity and be representative of the best
state-of-the-art science

• maximize simplicity while still meeting the performance
requirements

• minimize cost of development by using available models

• maximize feasibility by only requiring additional research and
development with a minimumof risk

• optimize balance amongall the above considerations in the design
of the model.

These design emphasesare intended to be partially mutually exclusive. The

tradeoffs between one or more design emphaseswere addressed as options for

the various modules chosen. Model visions were created for each of these

design categories; This resulted in a rich set of visions that could then be

formally evaluated. Criteria were developed to choose a vision that would

best serve the needs of the policy-making community and be feasible to develop

within a 3-year time frame. The evaluation process was carried out within the

framework of the MAUtheory.

3.3.2 EvaluationCriteria

The criteriadevelopedto evaluatethe visionsare shown in Table 3.1.

Seven criteriawere identifiedas having an impacton the value of a CTM.

Most of these scaleswere constructedfrom a series of scenariosthat repre-

sent differentlevels of performanceon the criteria. Each of these scenarios

is directly associatedwith some number in the range of 0 to 100 that repre-

sents the value of that level of performance. Thus, for example, a predictive

validityscore of 70 representsthe value to the GTCMS on a scale of 0 to 100

of an R-squaredof approximately0.4 on a scale rangingfrom 0.1 to 0.7.

For many scales,the level of performanceof a particularCTM may be

difficultto judge, and one might wonder why define the scale in such a
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TABLE 3.1. CriteriaUsed to EvaluatePotentialChemicalTransportModels

PredictiveValidity: Measureshow well modulessimulatethe real-world
processesthat they are designedto model, as measured by the squaredcorrela-

- tion coefficientbetweenthe predictedand observedvalues and the absolute
value of their difference.

Short-LivedSpecies: Estimatethe averagevalidity,as defined above,
" across those modules that are most importantfor predictingthe concentra-

tion and distributionof short-livedgreenhousegases.
100 High, average R-squared is approximately 0.6 to 0.7, and the absolute value of the difference

between observed and predicted values is approximately 1.5 or less.
70 Medium, average R-squared is approximately 0.3 to 0.5, and the absolute value of the difference

between observed and predicted values is approximately a factor of 5.

0 Low, average R-squared is approximately 0.1 to 0.2, and the absolute value of the difference between
observed and predicted values is approximately a factor of 10.

Long-Lived Species: Estimate the average validity, asdefined above, across
those modules that are most important for predicting the concentration and
distribution of long-lived greenhouse gases.
100 High, average R-squared is approximately 0.6 to 0.7, and the absolute value of the difference

between observed and predicted values is approximately 1.5 or less.
70 Medium, average R-squared is approximately 0.3 to 0.5, and the absolute value of the difference

between observed and predicted values is approximately a factor of 5.
0 Low, average R-squared is approximately 0.1 to 0.2, and the absolute value of the difference between

observed and predicted values is approximately a factor of 10.

Aerosols: Estimate the average validity, as defined above, across those
modules that are most important for predicting the distribution and concen-
tration of aerosols.
100 High, average R-squared is approximately 0.6 to 0.7, and the absolute value of the difference

between observed and predicted values is approximately 1.5 or less.
70 Medium, average R-squared is approximately 0.3 to 0.5, and the absolute value of the difference

between observed and predicted values is approximately a factor of 5.

0 Low, average R-squared is approximately 0.1 to 0.2, and the absolute value of the difference between
observed and predicted values is approximately a factor of 10.

Other Nodules: Estimate the average validity, as defined above, across all
the other modules.
]00 High, average R-squared is approximately 0.6 tO 0.7, and the absolute value of the difference

between observed and predicted values is approximately 1.5 or less.

70 Medium, average R-squared is approximately 0.3 to 0.5, and the absolute value of the difference
between observed and predicted values is approximately a factor of 5.

0 Low, average R-squared is approximately 0.1 to 0.2, and the absolute value of the difference between
observed and predicted values is approximately a factor of 10.

" MaximizeComputatlonalSpeed: Measuresthe averagecomplexityof the individ-
ual modules, as reflectedby the number of computeroperationsnecessaryto
carry out the calculationsfactoredby degree of parallelism.

100 Fast--measured by few operations per time steps.

50 Moderate--measured by a moderate number of operations per time steps.

0 Slow--measured by manyoperations per time steps.
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TABLE 3.1. (contd)

MaximizePotentialfor Uncertainty/SensitivityAnalysis: Measures the
potentialfor quantifyinguncertaintyand the potentialease of sensitivity
analysis.

I00 The amount of uncertaintyin each of the modulescan be quantifiedaridthere are easy methods

availablefor carryingout sensitivityanalysis.

80 Approximately80% of the modulesproducequantitativeestimatesof uncertaintyand there are methods

availablefor carryingout sensitivityanalysis.
50 Approximately50% of the modules producequantitativeestimatesof uncertaintyand there are methods

availablefor carryingout sensitivityanalysisOR approximately80% of the modulesproduce
quantitativeestimatesof uncertaintyand sensitivityanalysiscan be carriedout only with great
difficulty.

0 Less than 26)_of the modulesproducequantitativeestimatesof uncertaintyand sensitivityanalysis
can be carriedout only with great difficulty.

Closenessto Best Science: Measures how close the model is to the best
science.
I00 80_ oF the models representstate-of-the-artscienceand the remainderis good science.

70 40X of the models representstate-of-the-artscienceand the remainderis good science.

0 IOX of the models representstate-of-the-artscienceand the remainderis good science.

Flexibility" The extent to which the system can addressa variety of policy
issues.

I00 The system(;anbe easilyadaptedto answera large varietyof questions.

50 The systemcan be modifiedwith reasonableeffort to answera standardset of questions.

0 The system is designedto answera specificset of questionsand would be difficultto modify.

Feasibilityof RequiredResearch: Measuresthe likelihoodthat the research
can be successfullycarriedout within the allotted3-year time period.

i00 Nearly certainthat all the requiredresearchand developmentwill be successfullyaccomplished
within 3 years.

80 Approximately80% of the requiredresearchis very "straightforward;"remaining20_ is somewhat

problematic.

50 50_ of the requiredresearchis very "straightforward;"50X is somewhatproblematic.

20 Approximately20% of the requiredresearch is very "straightforward;"remaining80_ is somewhat
problematic.

0 All the requiredresearchis basedon highlyspeculativeideasthat may or may not work.

Cost of Researchand Development: Measures the cost in person-yearsfor
additionalresearch and developmentto create the model as configured.

I00 Entiremodel can be developedfor use as a policymodel with approximately12 person-yearsof
effort. For example,12 modulesrequireI person-yeareach to develop.

85 Total effort requiredfor developmentas a policymodel is approximately18 person-years.

70 Total effort requiredfor developmentas a policymodel is approximately24 person-years.

55 Total effort requiredfor developmentas a policymodel is approximately36 person-years.
15 Total effort requiredfor developmentas a policymodel is approximately48 person-years.

0 On average, each of the 18 moduleswill require3 person-yearsto develop, for a totalapproximate
cost of 54 person-yearsof research.
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precisemanner. This is done to providea clear definitionof the scale that

will pass the "claritytest." This test requiresthat a clairvoyant,with

knowledgeof all events,past, present,and future,would be able to unambigu-

ously assign a score for the criterion(assumingthat the CTM vision is also

clearlydefined). Definitionsthat pass the claritytest serve the function

of ensuringthat everyone is in agreementwith what is meant by a particular

criterion. The actualjudgmentof performancelevel is based on the best

availablescientificjudgments. These judgmentsmay be based on limiteddata;

but, by clearlydefining the concept,consistencyof judgment is improved,and

so is the overallvalidityof the process. Additionalcommentson the

criteria/scales(see Table 3.1) follow:

• PredictiveValidity--Incases where a model or module did not yet exist,
predictivevaliditywas based on expectedperformance.

• ComputationalSpeed--Computationalspeed was designed to be independent
of the hardware system in which the model was realized.

• Potentialfor Uncertainty/SensitivityAnalysis--Whilethis is difficult
to estimate,it is importantto policy analystsand was included in the
evaluation.

• Closenessto Best Science--Itis possiblefor a model to have good pre-
dictivevaliditywithout actuallyprovidinga realisticmodel of the
processesthat it is designedto predict. Also, the closer the model is
to state-of-the-artsciencethe more likely it is to be acceptableto the
sciencecommunity. Thus, this criterioncaptures importantconsider-
ations besidesthose of predictivevalidity.

• Flexibility--Thiswas necessaryto ensure the abilityof the model to
: addressa varietyof policymakerconcerns,many of which are not current-

ly known.

• Feasibilityof RequiredResearch--Thisprovidesassurancethat the model
can be createdwithin the allottedtime frame.

• Cost--Costestimateswere based on CTM visionsdefined by a collectionof
modules. Some of these modulesalreadyexist, others will need research
to create. The cost estimateswere based on the discrepancybetween

" existing scienceand what would be needed to create a particularmodel.

3.3.3 Option Generation

Multiple visionsfor the three classesof CTMs, based on the different

design emphases,were createdin the secondworkshop. The processconsisted
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of independent judgments regarding option selection, followed by discussion

within small groups dedicated to a particular class of CTH. These selections

were then compared in small working groups to arrive at a consensus for each

of the design emphases. This resulted in a rich set of models that could then

be formally evaluated to choose a vision that would best serve the needs of

the GTCHSand be practical to develop within the time constraints.

Tables 3.2 through 3.4 present, for each of the three classes of CTHs,

the options selected for each of the design emphases. Initial and final

optimal designs tended to be very similar. The final optimal design was

generated to provide an opportunity for revision after considering the

specific design emphases. Designs emphasizing predictive validity tended to

include those options with the greatest process detail. In contrast, designs

that emphasized computational speed used options with greater degrees of

process parameterization. Designs highlighting low cost of development and

feasibility usually madeuse of existing options and parameterized processes.

3.3.4 Option Evaluation

Participants at the second workshop evaluated the various options for

each class of CTH. This was carried out in three small groups--each group

being dedicated to a particular class of CTH. Group members represented a

variety of backgrounds, thus ensuring that the relevant expertise was avail-

able. The results of these evaluations are presented in Table 3.5. The

design emphasesfor the three classes of CTHsare shown along the top; the

rating criteria are shownto the left. The body of the upper portion of the

table gives the score each version received when rated by the participants on

the criteria. The scores were averaged acros _ the participants in the

relevant small group. The scores, while averages, are a result of discussions

leading to group consensus in most cases. The weights represent value judg-

ments concerning the relative importance of the various criteria. The weights

were assigned using the swing-weighting process described in Section 3.5. The

weights used in the analysis are the average of the weights assigned by all

the workshop participants, and therefore, reflect their collective judgment.

The value associated with each version was calculated by multiplying the

score by the weight and summingover all the criteria, except feasibility.
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TABLE 3._. OptionsSelected for AlternativeVisions" Short-Lived
SpeciesChemicalTransportModel

Short-Lived Species Model
,,,,t

Opti mal Validity Speed Cost
Ch'emistry

Aqueous Rxns s+radical rxns S+radical rxns None None
" NOy/O3/H202 NOy/O3/H202i

Aqueous Size Bulk Size resolved None None
Gas-Phase Rxns Multiple lumped HC Explict HC Background Background

S/NOx/O3 S/NOx/O3/CI NOx/O3 NOx/O3
,,,,

Aerosols Bulk/Internal mixing Size & spec res None None
Subgrid Plume-grid 'Plume-statistical Instant :instant

Cloud Processes
Microphysics Bulk Size resolved None None

Scavenging Bulk Size resolved None None
Activation Bulk Size resolved None None'

Convective Clouds C0upled/conv adj iCoupled/3rd G None None
Subgrid Fraction Coupled/GCM None None

Dynamics,.
PBL/Turbulence TKE 1.5 2nd O Kzz 1st O Kzz 1st O Kzz

Strato/Tr()po Exch. Dyn w/o"chem Dyn w/them B.C. B.C., ,,

Actinic Flux

Radiative Transfer On-line clds On-line calc Look up Look up,,

Subgrid 'Fraction 3-D effects Uniform Uniform

Surface Exchange Sfc exchange' Sfc exchange Constant Constant

Numerics
Transport 1D FEM 2D FEM 1D FEM 1D FEM
Chemistry QSSA New solver QSSA QSSA

,,,

Grid Irregular Adaptive Uniform Uniform
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TABLE 3.3. Options Selected for Alternative Visions" Long-Lived

Species Chemical Transport Model

Long-Lived Species Model
i,,,

Optimal Validity Uncertainty Speed** Cost Feasibility

Chemistry

Aqueous Rxns None None None None None None
Aqueous Size None None None None None None
Gas-Phase Rxns iCO, CH4 CO, CH4 CO, CH4 CO, CH4 CO, CH4 CO, CH4
OH Prescribed Seasonal Prescribed Prescribed Prescribed Prescribed

Aerosols None* None* None None None None

Subgrid Instant Instant Instant Instant Instant Instant

Cloud Processes

Microphysics None None None None None None
, i

Scavenging None None None None None None
Drop Activation None None None None None None

Convective Clouds Cpld GCMt Cpld GCMt Cpld GCMt None## None None

Subgrid Cpld GCMt Cpld GCMt Cpld GCMt None## None None

Dynamics
PBL/Turbulence 1st O Kzz Online w/GCM 1st O Kzz 1st O Kzz 1st O Kzz 1st O Kzz

Strato/Tropo Exch. Research GCMt Max uncert GCMt B. Cond. B. Cond.i

Actinic Flux

Radiative Transfer Look up GCMt Look up Look up Look up Look up

Subgrid Look uP# GCMt iLook up Look up Look up Look up

Surface Exchange Emissions Emissions Emissions Emissions Emissions Emissions

Numerics

Transport@ Not Lagran Not Lagran Any Not Lagran Not Lagran Not Lagran

Chemistry Non-stiff Non-stiff Non-stiff Non-stiff Non-stiff Non-stiff
Grid Uniform Uniform Uniform Uniform- Uniform-- Uniform--

* If no feedback processes ** As much computation done off-line as :)ossible

# Presumes OH distribution is specified ## Use GCM wind fields to reflect convection ,

t Use same parameterization as in GCM - Explore how to degrade horizontal resolution
@ Moments not needed
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TABLE 3.4. Options Selected for Alternative Visions" Aerosol Chemical Transport Model

Aerosol Model

1st Optimal Validity Speed Cost Feasibility 2nd Optimal
Chemistry,

AqueousRxns Sulfur Sulfur Sulfur Sulfur Sulfur iSulfur
AqueousSize Bulk Moments Bulk Bulk Bulk Bulk
Gas-PhaseRxns Hybrid Hybrid OH fields OH fields Hybrid OH fields

Nox/S Nox/S Nox/S
Aerosols Moments/ext Moments/ext BuiWext Bulk/ext Moments/ext Moments/ext

Subgrid Instant Instant Instant Instant Instant Instant

Cloud Processes
Microphysics Moments/ice Moments/ice Moments/ice Bulk Moments/ice Moments/ice
Scavenging Moments Moments Moments Bulk Moments Moments
DropActivation Moments Moments Bulk Bulk Moments Moments
ConvectiveClouds A&S# 3rd gen Kuo/1plume" W&T@ A&S , A&S

•_ Subgrid Statistical Statistical Fract.area Fract.area Fract.area Statistical
U'l

Dynamic s
PBL/Turbulence TKE 1.5 TKE 1.5 1storder 1st order 1storder TKE 1.5
Strato/TropoExch. B.C. B.C. B.C. B.C. B.C. B.C.

,Actinic Flux
RadiativeTransler On-linecloud On-linecloud None None On-linecloud None
Subgrid CId. lraction CId. fraction None None CId. fraction None

Surface Exchange Resistance Resistance Resistance Resistance Resistance Resistance

Numerics
Transport 1D FDM/FEM 1D FDM/FEM 1D FDM/FEM 1D FDM/FEM 1D I-DM/FEM 1D FDM/FEM
Chemistry Sillman Sillman/Potra Simpler Simple1 SUlman sirnplet
Grid Irregular Irregular Irregular Uniform Irregular . Irregular

# Arakawa and Schubert (1974) * Kuo or 1-plume A&S @ Walcek and Ta'fior (1986) 1"non-stiff



TABLE 3.5. Ratingsby WorkshopParticipantsof the AlternativeChemicalTransportModel Visions

iCRITERIA MODELS
WEIGHT LONG LIVED SHORT LIVED AEROSOL

_REDICTIVEVALIDITY Opt PV Unc _ PV SCF Opt Opt PVSpeed I Cost" Feas" F Opt
AerosoPs 0.07 0 0 0 0 70 0 35 78 85 51 45 69 78

Short-Lived Species 0.08 0 0 0 01 80 50 70 58 70 38 35 54 35
Long-Lived Species 0.13 70 70 70 70! 80 70 80 0 0 10 0 0 0
Other ModL,les 0.04 0 0 0 01 0 0 0 0 0 0 0 0 0

TOTAL PV wc]ght 0.32
COMPUTATIONALSPEED 0.13 90 80 80 100 0.1 30 10 58 64 86 90 70 78
UNCERTAINTYANALYSISPOTENTIAL 0.14 60 30 80 30 50 50 50 55 64 76 79 65 73

FLEXIBILITYFORALTERNATIVEPOLICYUSES 0.17 25 25 25 25 75 40 70 51 72 40 40 50! 42
CLOSENESSTOBESTSCIENCE 0.23 50 50 50 50 100 5 70 89 93 60 55 72 68

I
FEASIBILrrY 100 100 100 100 10 100 70 80 60 90 95i 90 90

(.,.)

• Ii...a

O'_ VALUE(T_,(WEIGHT'SCORE)) 62
VALUE 1: PV weights on all modules 45! 39 46 42 64 32 55 54 50 48 52 51
VALUE 2:0.32 weight on main module 58 53 60 55 68 35 59 69 78 59 57 65 68

EXPECTEDVALUE (VALUE'FEASIBILITY/100)
E-VALUE 1"PV weights on all modules 45 39 46 42 6 32 38 44 37 45 46 47 46
E-VALUE 2:0.32 weight on main module 58 53 60 55 7 35 41 55 47 53 54 59 61

EFFORTAND COST (Person-YP_=_'s) 6 7 8 5 5 4 1 2 3 2 1 8 2 6 13 12 16 15
I

Opt Initial optimal design
PV Emphasis on predictive validity

Unc Emphasison uncertaintyanalysis
Speed Emphasison computationalspeed

Cost Emphasis on low cost of development
Feas Emphasison high feasibilityof research and development

SCF Designs for speed, cost, and feasibility were identical
F Opt Final optimaldesign



Value I is calculatedusing each of the four categoriesof predictivevalidity

treated as a separatecriterion. Becauseof the low scores given to the

predictivevalidityfor all but the modules relevantto the particularclass

of model, the Value I calculationdeemphasizesthe overall importanceof the

predictivevaliditycriterion.

Value 2 gives more weight to predictivevalidityby associatingthe total

weight for the predictivevaliditycriterion,with the score given to the

group of modulescorrespondingto the class of model being evaluated. Thus,

Value 2 does not favor those designsthat could have predictivevalidity for

more than one class of model. The expectedvalue rows show the overallvalue

discountedby the feasibilityof carryingout the necessaryresearchand

developmentwithin the allotted3-year time frame. This row is the value

score multipliedby the feasibilityscore. Becausefeasibilityis a probabil-

ity measure, this productis the expectedvalue of each of the CTM visions,

where expected value has the standardinterpretationused in statisticsand

decision analysis. The last row of Table 3.5 shows the estimatedlevel of

effort requiredto producethe model in person-years.

Based on the ratingspresentedin Table 3.5, one vision for each class of

CTM was selectedas the target for the GTCMS design. For the long-lived

speciesCTM, the initialoptimalversionand the versionfor ease of uncer-

tainty analysisscore closely,with the latter estimatedto require slightly

more effort to develop;the optimaldesign was selected. The group that

developedthe selectionsfor the short-livedspeciesCTM found many of the

design emphasesto lead to essentiallythe same option selections. In the

rating of their visions,the final optimaldesign ranked highestand was

selected. Althoughthe versiondesignedto maximize its predictivevalidity

scored very high in all criteria but feasibility,this design was given little

chance of being developedwithin the 3-year time frame and its cost would be

high. Rating of the alternativevisionsfor the aerosolCTM resulted in the

most feasible and final optimaldesigns to have very similarratingsand

requirea modest level of effort; the final optimaldesign was selected.

Option selectionsfor the top-ratedalternativevisionsfor each class of CTM

in the GTCMS are given in Table 3.6. Collectively,these define the GTCMS and

providethe basis for identifyingresearchnecessaryfor its realization.
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TABLE 3.6. Options Selectedfor Top-RatedAlternativeVisions

Class of CTM
Mod ule LONG-LIVED SHORT-LIVED AEROSOL

Optimal Optimal Optlrnal
Chemistry

AqueousRxns None S+r_dicalrxns+NOy/O3/H202 Sulfur

Aqueoussize None Bulk Bulk ,.

Gas-PhaseRxns CO, CH4, OH prescribed S/NOx/O3/lumpedHCs OH fieldsprescribed
Aerosols None" Bulk/internallymixed Moments/speciesresolved

Subgrid Instantdispersion Plume-in-grid Instantdispersion

Cloud Processes
,,

Microphysics None Bulk Moments/ice

Scavenging None Bulk Moments,,

Drop Activation None Bulk Moments

ConvectiveClouds Coupledto GCM ' Coupled/convectiveadjustment Coupled/Arakawa& Schubert
Subgrid Coupledto GCM Fraction Statistical, ,

Dynamics ,,

PBL/Turbulence K-theory,1stO Kzz K-theory,1.50 Kzz (TKE) K-theory,1.50 Kzz (TKE)

Strato/TropoExch. Research Dynamicw/o chemistry Boundarycondition

Actinic Flux
,,

Radiative Transfer Lookup On-lineclouds None

Subgrid ' Lookup,OH pres_ibed Fraction None,,

Surface Exchange On-lineGCM forCo2 surfaceexchangemodel Resistance

Numerics

Transport NotLagrangtan 1D FEM 1D FDM/FEM
Chemistry Gear QSSA Simple(non.stiff)

Grid Uniform Irregular Irregular,,

3.4 APPLICATIONOF DECISIONANALYSISTO RESEARCHPRIORITIZATION

This sectiondescribesthe processby which the MAU theory was applied in

the second workshopto prioritizethe list of researchneeds (see Table 2.2).

The criteriafor the prioritizationof researchactivitieswere designedto

maximizethe value of researchcarriedout for the creationof the three model

visionsthat were earlier identifiedas optimal. The criteria and scales are

shown in Table 3.7.

Again, the numericalvalues shown in Table 3.7 combine the performance

measures and the value functions. Thus, for ImprovePredictiveValidity,an

increase in the value of R-squaredby 0.2 is scored a value of 50 because it
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TABLE 3.7. CriteriaUsed to EvaluateResearchNeeds

ImprovePredictiveValidity" Measuresthe expected improvementin predictive
validity.

I00 R-squaredfor a module for which RITS are sensitivecould increaseby approximately0.5 and/orthe
differencebetweenthe observedand predictedvaluescould greatlydiminish.

50 R-squaredfor a module that plays a centralrole in the overallpredictivevaliditycould increaseby
approximately0.2 and/or the differencebetweenthe observedand predictedcould become smallerOR
R-squaredfor a module that plays a peripheralrole in the overallvaliditycould increaseby 0.5 and/or
the differencebetweenthe observedand predlGtedvaluescould greatlydiminish.

25 R-squaredfor a module that plays a peripheralrole in the overallvaliditycould increaseby 0.2 and/or
the differencebetweenthe observedand predictedvalues could becomesmaller.

0 There is no potentialto improvethe sciencein a module.

ReduceComputationTime" Measures the expectedreductionin computationtime.
I00 Time for computationallyexpensivemodulecould be reducedto 10% of currentvalue.

50 Time for computationallyexpensivemodulecould be reducedto 50% of its currentvalue OR time for a
moderatelycostlymodule could be reducedby 90%.

20 Time for computationallyexpensivemodulecould be reducedto 80% of its currentvalue UR time for a
moderatelycostlymodule could be reducedby 50%.

0 No potentialto reducecomputationaltime.

Scope of Application" Measures the number and importanceof the modules for
which the researchapplies.

I00 Fully supportsa module that ts very importantfor severalmodelsOR severalmodulesthat are very
importantfor a singlemodel.

50 Fully supportsa modulethat is somewhatimportantfor severalmodels OR severalmodules that are
somewhat importantfor a singlemodel.

25 Fully supportsa singlemodule that appliesto one model OR partiallysupportsa module that is very
importantfor severalmodels.

0 Only partlysupports a singlemodule that appliesto one model.

IntrinsicScientificValue: Measuresthe value of the researchto the scientific
community.

I00 Researchhas substantialintrinsicscientificvalue with broad implicationsbeyond the scope of the
GTCMS effort.

50 Researchhas intrinsicscientificvalue with some implicationsbeyondthe scope of the GTCMS effort.

0 Researchhas primarilyvalue for the GTCMS effortbut littleadditionalscientificvalue.

Extent of IndependentFunding' Measuresthe extent of fundingby EPA would
duplicateefforts elsewhere.

100 No independentresearchis currentlybeing fundedor there is an opportunityto participatein an
ongoing researchproject.

50 Moderateamount of independentresearch is being funded.

0 Researchis alreadyfully funded.

" Likelihoodof Success: Measuresprobabilityof success in allottedtime.
Estimateprobabilityfrom 0 to i.

Cost" Measuresperson-years,or their equivalentcost in equipment,for complet-
ing researchand developmentnecessaryto incorporateresults into model.

Estimatenumberof person-years.
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is thoughtto have one half of the value of an increaseby 0.5, which is

scored 100.

Workshop participantsindividuallyevaluatedthe research activities

using the criteria and scoringoutlined in Table 3.7. Table 3.8 gives the

scores averagedover all participantssubmittingscoresfor the research

activitiesfor each of the criteria. The relativeweights for the criteria

were determinedduring the workshopusing the swing-weightingtechnique

describedin Section3.5. These are shown acrossthe top row.

Table 3.9 gives the weighted scoresand rankingsfor the 23 research

activities. The raw score is based on the weights for the first four crite-

ria. The adjusted scoresmultiplicativelyfactor in the scores given for

independentfunding(Fndg) and likelihoodof success (Feas)separatelyand

combined. Except for the two highest-rankedactivities,developinga fast

integratorfor stiff differentialequationsand deve]opinga chemicalmecha-

nism for global-scalephotochemistry,either or both of these multiplicative

criteria significantlyaffectedthe rankingof researchactivities. For

instance,evaluationof the effectsof aerosolson tropospheric0_ ranked 13th

in raw score, but becauselittle researchin this area is being currently

funded,its adjustedscore put it at 4th. Alternatively,research into the

exchange of mass betweenthe stratosphereand troposphere,which ranked 5th in

raw score, droppedto 14th in the combined adjustedscore becauseof a low

score on likelihoodof successwithin a 3-year time frame.

The MAU processused here to arrive at the raw and adjustedscores shown

in Tables 3.8 and 3.9 enablesa rankingof researchactivitieswithoutconsid-

erationof the resourcesrequiredto accomplishthe work. Introducingthis

factor into the decision processrequiresadditionaltools. A methodologyfor

prioritizingresearchand optimizingthe utilizationof fundingresourcesis

describedin the next section.
A
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TABLE 3.8. AverageScores for Workshop Participantsthat Rated
ResearchActivities

, I Weight 40 20 18L 22
Module PRED. _. SCIENT. INDEP. SUCC. EFFORT

[ Research Activity VALUE SPEED _ VALUE FNDG PROB: . (PYrs)
Clouds, Aerosols, Radlatlo 1.......

' _lucleation ,,

1 Mixed Aerosols 44.6 8.2 40.8 61.9 54.6 66.3= 3.5
SubgridCloud Processes ...........

F Subgrid Var. 57.7 18.9 56.9. 64.2 .... 61.3 69.6. ' 4.6
Aerosols

Moment/Species 61.9 20.1 58.5: 68.1 59.2 77.3 7.8
Evaluate Moments 59.6 12.2 52.5 63.3 64.2 78.8 3.7

Primary Emissions 75.4 8.9 71.5 58.1 46.7 77.1 4.5
Scavenging

1 Aerosols/Clouds 54.2 18.5 48.1 59.2 60.8 73.5 2.7
Actinic Flux ....

Update J-Values 61.7 13.4 67.5 60.8 49..0 82.7! 2.4
....

Chemistry ..........
Gas Phase

NOx/O3/HC 75.9 30.9 77.3 70.5 61.5 82.0 6.5
.,

Grid Res/NOx 63.2 40.5 63.6! 58.2 48.6 70.6 3.3
ChemlAerosol 62.5 22.7 50.5 65,5 49.1 71.4 2.3

Emissions

I Emissions Inventory' 76.8 14.5 80.5 56.8 54.5_ 8i.5 2.5
Aqueous Reactions

I Aerosols/O3 70.5 14.2 50.0 64.1 67.0 75.0 2.9
i i

Clouds/O3 71.8 13.7 51.8 65.5 59.0 73.5 2.9
Clouds

1 Clouds/CH4/CO 49.5 20.5 44.1 54.1 59.0 70.0 2.6
Chemistry

Interfaces 61.4 27.3 65.0 39.5 62.2 78.0 2.6
OH Fields 73.6 31.4 67.3 59.5 57.5 77.5 3.6

........

DMS Chemistry 53.9 12.2 50.0 58.3 46.3 68.1 2.1

Meteorology & Numerics
Dynamics

StratFFropoExch 75.4 13.0 65.8 68.3 56.4 64.1 5.2Non-Local 44.5 20.6 50.0 47.5 43.9 73.3 3.1

Surface Exchange
,, 1 .Hydro/Met .Synth 74.0 11.0 77.0 59.0 _ 52.5 77.8 4.8

Transport/Grid System
. Irreg Grid Chem 56.7 47.9 71.3 60.0 54.5 73.6 3.5

Numerics

I Fast Integrator 61.2 86.2 89.6 75.8 70.4 79.2 4.0
UncertLa.inty

I Autodiff demo 41.1 48.9 81.5 79.0 65.0 77.5 1.9
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TABLE3.9. Wetghted Scores and Rank for Research Activities,
Based on Scortng by Workshop Participants

I WeightedScores RankFndg Fndg "
Module Raw FndgI Fees, & Fees Raw Fndg Fees & Fees,

I Research Activity Score Adj AdJ Adj Score Adj AdJ Adj
Clouds, Aerosols, Radiation
Nucleation

I MixedAerosols 40 22 27 15 23 21 23 21
SubgridCloudProcesses "

SubgrtdVar. 51 31 36 22 16 12 18 13Aer sole
i ii

Moment/Species 54 32 42 25 12 9 10 8
EvaluateMoments 501 32 39 25 18 10 15 7

PdmaryEmissions 58 27 44 21 10 17 7 17
Scavenging

I Aerosols/Clouds 47 29 35 21 19 15 19 16
Actinic Flux

t UpdateJ-Values! 53 26 44 21 15 19 8 15
Chemistry
Gas Phas3

NOx/O3/HC 66 41 54 33 2 2 2 2
GridRes/NOx 58 28 41 20 9 16 11 i 8_

Chem/Aerosol 53 26 38 19 14 18 17 19
.....

Emissions

I EmissionsInventory 61 33 49 27 4 7; 3 6

Aquious Reactions
,, Aerosois/O3 54= 36 41 27 13 4 12 4

Clouds/O3 55 33 41 24 11 8 13 11
Clouds

1 Clouds/CH4/CO! 44 26 31 '"18 21 20 21 20
Chemistry

Interfaces 50 31 39 24 17 13 14 9
OH Reids 61 35 47 27 3 5 4 5

,, DMS Chemistry 46 21 31 14 20 22 20 22

Meteorology & Numeric:
Dynamics

I Strat/Tropo Exch 60 34= 38 22 5 6 16 14
I Non-Local 41 18 30 13 22 23 22 23

SurfaceExchange
1 Hydro/Met Synth 59 31 46 24 6 14 5 10

Transport/GridSystem ,

I IrregGridChem 58 3 .¢ 43 23 7 11 9 12
Numerics

1 Fast Integrator 74 52 59 42 1 1 1 1
Uncertainty

l Autodiff Demo 58 38 45 29 8 3 6 3
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3.5 APPLICATIONOF DECISIONANALYSISTQ RESEARCHPORTFOLIOSELECTION

This sectiondescribesa decisionmethodologyfor prioritizingthe

fundingof researchareas and activities. By way of example,the method is
G

appliedto researchactivitiesthat were identifiedin the first and second

workshopsfor the creationof the GTCMS. The methodology,as described, is

generallyapplicableto complex researchand developmentsituations. The

methodologyhas its basis in MAU, which has been describedearlier,and value-

based planning (VBP),which will be describedand illustratedhere. MAU is

used to identifythe potentialvalue of proposedresearch,and VBP is used to

optimize portfoliosof researchaccordingto benefit-costratios. The result

is a prioritizedrankingof proposedresearchactivitiesfor differentbudget

levels. The processis carriedout in two stages: I) to prioritizeindividu-

al proposalsand 2) to prioritizebundlesof proposalsgroupedby topic area.

The steps to the processare as follows:i

• determinecategoriesof researchand generate proposals

• prioritizeindividualproposals

• generateresearchprogramoptionsfor each categoryof research

• prioritizeresearchprograms

• determineoptimumresearchportfolios.

3.5.1 DetermininqResearchNeeds

The first step in researchprioritizationis to define what researchto

request. The exercisescarriedout in the first and secondworkshopsprovided

illustrativeexamplesof specificareas in which researchis needed for

developingthe GTCMS. It is recommendedthat the requestedresearchcover

severalmajor researchcategories. These could be the general areas of

researchidentifiedin the workshopsor other categoriesas deemed appropri-

ate. For purposesof discussion,in this sectionwe will assume that requests4

for proposals(RFPs)are written for the followingmajor research areas"

• clouds,aerosols,and radiation

• chemistry
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• meteorology

o numerics.

It may prove advantageousto develop RFPsthat address subareaswithin these

broad categories. Thus, in this example,for the categoryclouds, aerosols,

and radiation,the followingsubcategorieswere identifiedin the workshop"

• activation

• subgridcloud processes

• aerosols

• scavenging

• actinic flux.

The illustrativeexamples of researchactivities,specificto each of these

areas, that were developed in the secondworkshop are presentedin AppendixC.

The next step in the prioritizationprocess is to generate proposals

through the releaseof an RFP. Proposalsmust containall the information

necessaryfor their evaluation;consequently,the RFPs need to specifythat

proposalscontainthe specificinformationthat they will be evaluatedon.

While it may not be desirableto list specificcriteriaand scales in the RFP,

it probably is desirableto list, in general terms, the basis for the evalua-

tion and, possibly,which areas will be given the most considerationor

weight. Consequently,thoughtshould be given to the proposalevaluation

criteriaat the time the RFPs are generated. These evaluationcriteriawill

be subjectto the regulationsand practicesspecificto the fundingorganiza-

tion. It is recommendedthat the evaluationcriteria includetechnical

criteriathat addressthe usefulnessof the research in creation of a GTCMS,

criteria that addressthe qualificationsof the researchinstitutionand the

principalinvestigators,and cost information. Criteriawill be discussed

further in the next section.

3.5.2 PrioritizinqIndividualProposals

The evaluationcriteria usuallyidentifywhat is importantin the

evaluationof the proposals. Individualproposalsin most institutionsare

evaluatedon the technicalmerit of the research,the ability of the research
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institutionto successfullysupportthe research,the abilityof the scien-

tists to carry out the research,and the cost to the fundingorganization.

Criteriafor evaluatingthe technicalmerit of research specificto the

creationof a GTCMS were developedfor the exercisecarried out in the second

workshop. The technicalcriteriaand their scaleswere shown in Table 3.7.

_. The scaleswere constructedto clearlydefine specificlevels of performance

for each of these criteria. It is importantthat all criteriahave scales

that unambiguouslydefine their levels of performanceand that are broad

enough _ includethe best- and worst-possiblescenarios. Also shown in

Table 3.7 are the numbersranging from 0 to 100. These numbers representthe

value of the associatedperformancelevel for the overallgoal of supporting

researchnecessaryfor the developmentof the GTCMS. Thus, value functions

have been incorporateddirectly into the scales so that the numbersnot only

representthe level of performancebut also the value associatedwith achiev-

ing that level of performance.

The technicalcriteriaand scales developedin the second workshopmay be

used directlyas shown or they may be modifiedas required for the specific

application. In any case, it will be necessaryto develop additionalcriteria

and scales to evaluatethe ability and qualificationsof the research institu-

tion and the principalinvestigators. Examplesof some possible additional

criteria are the following:

• scientificmerit of proposal,includinglogic of researchplan

• qualificationand supportof researchinstitution

• academicqualificationsof key personnel

• time commitmentof personnel

• projectmanagementcapabilityand organization.

To capturethe relativeimportanceof the complete set of evaluation

criteria,weightsmust be established. Swing weightingis a standarddecision

analysisprocessthat is recommendedfor establishingthe weights. This

method resultsin the criteriaweights reflectingthe ranges over which the

alternativescan vary and correctlyties the weights to the scales. The
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elicited swing weights reflectthe tradeoffsamong the criteria in their

respectiveunits.

The swing-weightingprocedureis a bottom-upprocess, in which the

criteriawithin a particularcategory,or subcategory,are first ranked and

then their ratios of relativeimportancedetermined. The swing process

requiresthat the worst- and best-performancelevels for each of the criteria -_

be identified. The first step in the swing-weightingprocess is to consider a

situationin which a hypotheticalproposalwould score at the worst level for

all criteriawithin a particularcategory. Then imagine that if the hypothet-

ical proposal could be improvedto the best level on one of the criteria_for

which criterionwould this representthe most valuable improvement,the second

most valuable,etc. This providesthe basis for the rankings. Ratio judg-

ments of the relative importanceof the criteriaare then obtained. The

process is repeatedfor each of the categoriesand then extended to obtain

judgmentsof relative importanceacross categories. The ratios of relative
I

importanceascribedto the variouscriteria shouldthen be normalized,so that

the weights across all the criteria sum to I. A spreadsheet,developedprior

to obtainingthe necessaryjudgments,will greatly facilitatethe process.

The first column in the spreadshe_ d list the criteria;the second and

third columns should show the wors, Jest levels of performancefor each

criterion;next shouldbe columns for rankingthe criteria and rating them

with the ratio judgmentsof relative importance. The spreadsheetcan easily

be developedto computenormalizedweights from the raw ratio judgmentsof

relative importance.

Weights should be obtained from each memberof the evaluationpanel and

then averaged,providingthat the differencesbetweenpanel members are not

too great. Substantialdifferencesin assignedweight should be discussedand

resolved.

Specific evaluationassignmentswill depend on the breadth of knowledge

of the individualevaluatorsand the number of proposalsreceived. If the

evaluatorsare competentto rate proposalsfrom all of the major research

categoriesand the number of proposals is not too great, then all evaluators

can rate all proposalson all criteria. The scoringshould initiallybe made

independentlyand then be compared. If there are large differencesin
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scoring,these should be discussed,with the goal to reach consensus. The

resultsfrom the individualevaluatorscan then be averagedto determinethe

ratingsor score. If_ the evaluatorsdo not feel competentto rate proposals
tl

from all areas, and/or the number of proposalsis too large, then individuals

or small teams can be assignedto rate proposalsin specific researchcatego-

,- ries. It will be especiallyimportantin this case that the scales for

evaluatingeach criterionbe clearlydefined. Only then will meaningful

comparisonsof proposalsacross researchcategoriesbe poss'ible.Clearly

definedscales should alwaysbe developed,so that proposalscan be given

objectiveratings ratherthan relativecomparisons,which become very diffi-

cult when there are many proposalsto rate.

Each proposal is then scored on each of the criteria accordingto defined

scales. These scores should then be combinedwith the weights to determine

the overall rating of the proposal. Generally,the weight and score are

multipliedfor each criterionand the productsummedover all criteriato

determinethe overallrating for each individualproposal. However, this

assumesthe criteriaare preferentiallyindependent. In some cases, the

overall ratinq is better reflectedin a model in which some of the criteria

are multiplied (Keeneyand Raiffa 1976). In any case, the process is greatly

facilitatedby the creationof a worksheeton an electronicspreadsheet.

Table 3.10 shows the layoutof a typicalworksheetfor scoring individual

proposals. Fictitiousdata are used to illustratethe process. The worksheet

identifiesthe evaluator(AB) at the top, with the list of the proposalsbeing

evaluatedin the first column. Subsequentcolumnscontainthe scores assignedI

by the evaluatorto each criterionfor each proposal. Table 3.11 shows a

spreadsheetthat calculatesthe overallrating of an individualproposal,

using the scores from severalevaluators. This spreadsheetlists the criteria

in the first column, then the weights, a column for the scores from each of

the evaluators,and a column for the averageof the evaluators'scores. The

last entry in the last column is the calculatedoverallscore, based on the

averagescores and the weights. In this example,the averagescore is

" multipliedby the weight for the first eight criteria;these products are then

summed. This sum is then multipliedby the independentfunding score divided

by 100, and the resultingproduct is then multipliedby probabilityof
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TABLE 3.10. Typical Worksheet for Scoring Proposals

SCORING SHEET FOR INDIVIDUAL PROPOSALS
I
I

Evaluator:AB CATEGORY: CLOUDS, AEROSOLS, RADIATION

PFED. COlVP. SCENT. INDEP. SUCC ACAD IN,._IIT PLAN TIrE

PROPOSAL: VALUE SPEED SOCPE VALUE R4[X_ PF[_ QUAL _ LOGIC _ i

Activitation
Mixed Aerosols 25 2C 75 50 75 80 90 80 85 100

SubgridCloud Processes
SubgridVar. L1 50 20 50 75 75 90 70 90 60 90

¢,j Sulxjrid Var. 1_2 75 50 50 75 90 90 50 20 95 100
Aerosols

co Moment/Species L1 50 75 75 90 90 90 40 90 80 50
Moment/Species L2 50 90 80 100 100 75 65 40 95 40

Evaluate Moments 75 0 50 901 90 75 25 100 70 100

Primary Emissions! 20 0 50 501 50 90 85 55 90 70
Scavenging

Aerosols/Clouds! 50 50 50 50 90 75 50 40 90 60
Actinic Flux

Ul:x:lateJ-Values i 50 75 50 50 75 90 85 35 95 70



TABLE 3.1]. Spreadsheetto DetermineOverall Value of Individual
Projects

CATEGORY:Clouds, Aerosols, Radiation

Proposal: Mixed Aerosols . Cost: 350K
, i| ,,,

- Evaluator

Crit.erla: Weight . A B CD EF Average
PredictiveValue 0,24 80 65 50 65........

ComputationalSpeed 0.12 20 25 35 27
iScope 0.10 90 70. 75 78.
ScientificValue 0.14 85 60 100 82,,,

AcademicQualifications 0.15 90 70 90 83....

InstitutionalSupport ....0.05 80 75 85 80
ResearchPlanLogic O.10 85 75 90 83
Time Commitment 0.10 1O0 90 1O0 97

Independent Funding na 1O0 80 70 83
Probability o.fSuccess na 0.9 0.7 0.6 .73

Value: 44

success. In this example, the overallvalue is best served by a model in

which the last two criteria act as discountingfactorsfor the value deter-

mined by the other criteria.

Table 3.12 is illustrativeof a spreadsheetthat comparesthe individual

proposalsin a given researchcategory. A proposalcomparisonspreadsheet

shouldbe created for each of the major researchcategories. So, for this

example,there would be four spreadsheets. The spreadsheetshows the overall

value of the proposals,the proposedcost, and the value to cost ratio (V/C).

The lower portionof the spreadsheetgives an initialrankingof all the

proposalswithin a given categorybased on the value-to-costratio. This

portionof the table was createdby duplicatingthe top portion and sorting

the rows based on the value-to-costratio,with the highestratio in the top

row. An additionalcolumn added to this portionof the spreadsheetgives the

cumulativecost of fundingany number of proposalsbased on the value-to-cost

rankings. (In practice,all of these spreadsheetscan be createdon a single

" large spreadsheetor the small individualspreadsheetscan be "linked.")
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TABLE 3.12. Comparisonof IndividualResearchProposals

CATEGORY: Clouds, Aerosols, Radiation

,w

PROPOSAL:

VALUE COST(K) V/C
Activitation

Mixed Aerosols 44 350 0.13

SubgridCloud Processes
Subgrid Var. L1 55 200 0.28
SubcjridVar. L2 65 460 0.14

Aerosols

Moment/SpeciesL1 41 400 O.10
Moment/SpeciesL2 5 4 780 0.07
EvaluateMmoments 2 8 370 0.08

PrimaryEmissions 21 450 0.05
Scavenging

lAerosoIs/Clouds 70 270 0.26
Actinic Flux

Update J Values 35 240 0.15

PROPOSAL: QJVl

VALUE COST(K) V/C
Subcjrid Var. L1 55 200 0.28 200
Aerosols/Clouds 70 270 0.26 470

................Update J Values 35 240 0.15 510
Subgrid Var. L2 65 460 0.14 700
MixedAerosols 44 350 0.13 810

Moment/Species L1 41 400 0.10 750
EvaluateMoments 28 370 0.08 770
Moment/SpeciesL2 54 780 0.07 1150
PrimaryEmissions 21 450 0.05 1230

3.5.3 CreatinqResearch Proqrams

Ultimately,decisionson researchare made from a collectionof research

proposalswhose overall value is not necessarilya simple sum of the values of

the individualprojects. For example,two proposalswith high value-to-cost

scoresmay have large overlaps in the proposedresearch,so that their values

would not be additive. Consequently,what is needed is that the evaluators
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generate recommendedcombinationsof proposalsthat make sense for each of the

major researchcategories. Furthermore,researchneeds to be optimizedfor

differentlevelsof budgetaryconstraints;consequently,each group of

" evaluatorsneeds to recommendcombinationsof proposalsfor severaldifferent

fundinglevels. Typical fundinglevels chosen for this exampleare the

following:

. zero--Noproposalsfrom the researchcategoryare funded.

• minimal--Theleast cost set of proposalsthat providesa modest step
toward the goal. Usually,a dollar amount is set to limit the cost of
the packageand to constrainthe choice of proposalsincluded.

• recommended--Aset of proposalsthat, if successfullycompleted,would
result in significantprogresstoward the goal.

• enhanced--Aset of proposalsthat, if successfullycompleted,would
result in the major objectivesfor the categorybeing met.

After rankingthe individualproposalsand orderingthem on their value-to-

cost ratios,the evaluatorshave the informationat hand necessaryto generate

the recommendedfunding packagesfor the differentlevels of funding. Having

alreadyevaluatedthe individualproposals,the evaluatorsare very familiar

with specificresearchbenefitsthat would resultfrom their successful

completion. Thus, they know which proposalsare duplicatingresearch,which

proposalsare complementary,or which are superadditivein meeting research

needs. The evaluatorsalso have in summaryform the budgetaryrequirementsof

the proposalsand their value-to-costscores. With all of this information,

the evaluatorsare in an excellentpositionto recommendcombinationsof

proposalsfor differentlevels of fundingwithin a given category. At this

stage, proposalswith marginalmerit or proposalspresentedby institutionsor

organizationswith questionablequalificationscan be dropped from further

consideration. It should also be pointedout that a packagethat representsa

higher level of fundingwithin a particularcategorydoes not necessarily

" includeall of the proposalsrecommendedfor the next lower-levelset. This

is because,at a higher fundinglevel, it may be possibleto fund a combina-

. tion of more valuableresearchbut only by excludingsome proposalsthat may

have been funded at a lower level.
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Each fundingpackage is subsequentlytreatedas a "proposal." Therefore,

some descriptionof how the fundingpackageaddressesthe evaluationcriteria

will be needed. As a minimum,recommended fundingpackagesmust includethe

list of proposalsto be funded and the total cost of funding. How much

additionalinformationthe packages shouldcontainwill depend on whether all

evaluatorsrated all proposalsand created all the fundingpackagesand,

consequently,would be familiarwith what each packagewould provide. If

eva_uatorsare split along researchcategories,then it will be mandatorythat

some descriptionbe given of the benefitsof fundingcategoriesat each of the

levels,and it may be valuableto providesuch a descriptionin either case.

Just as in the case with proposals,it was necessaryto present all the

informationnecessaryfor their evaluationon the criteria for which they were

to be scored;so too, these packagedescriptionsneed to provide a basis for

their subsequentevaluation. Thus, thoughtneeds to be given beforehandto

the criteria to be used for evaluationof combinationsof proposals. The end

productof this task shouldbe a list of combinationsof proposalsto fund for

variousfundinglevels and a descriptionof the benefits for each of the

differentlevels.

3.5.4 PrioritizinqResearch Proqrams

The next step in the researchprioritizationprocess is to evaluate the

recommendedfunding packages. Each of these packagesneeds to be scored on

the criteriadevelopedfor this purpose. These criteriacould possibly be the

same as those used to evaluate individualproposals;however, it is more

likelythat they will be some variantof those criteria. For example,

qualificationsof researchersand institutionswould probablynot be an

appropriatecriterionat this level of evaluation. The reason is that there

would probablybe too many of such institutionsin a particularpackage,and

the questionableor poor performerswill have already been screenedout.

Also, it may be necessaryto add new criteriathat deal with decisionsat this

higher level of evaluation. For example,the compatibilityof the research

programacross the variouscategoriesmay become a considerationat this

level. Most likely,the criteriawill mainly focus on the same technical

concernsthat were developedfor evaluatingindividualproposals.
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New weights must be establishedfor the criteriaused to evaluatethe

fundingpackages. The swing-weightingprocessdescribedabove is the recom-

mended method for arriving at the weights. If the criteria contain,as a

subset,some of the same criteriaused to evaluatethe individualproposals,

then it will be possibleto obtain the relativeweightsof those criteria from

the earlierwork. In any case, the fact that the evaluatorshave alreadybeen

throughthe exercise and are familiarwith many of the scales and their end

points should facilitatethe process.

Scoring, tabularreporting,and summarizingthe resultsare identicalto

the proposal-ratingprocessdescribedabove (see Tables 3.10, 3.11, and 3.12).

However,Table 3.13 summarizesthe resultsof the evaluationof the funding

packagesin a slightlydifferentway. The first column lists the research

categories,next is the column for the overallevaluation,then a column for

the cost. The next two columns show the marginal value (AV) and marginal cost

(aC). The marginalvalue is the increasein value that would occur for

fundingat that level rather than the next lowest level. The marginal cost is

the marginal increasein cost for that level of fundingover the next lowest

level. The final column is the marginalvalue to marginal cost ratio (AV/AC).

As with the summarysheet for the individualproposals,the informationis

duplicatedand sorted from highest to lowest ratio. Finally,a cumulative

cost is calculatedbased on this sequence.

3.5.5 Value-BasedPla.nninq

The final step in the researchprioritizationprocess is to determinethe

optimumcombinationof fundingacross the variousresearchcategoriessubject

to the overallbudgetaryconstraints. In this example,each of the four

categoriescan be funded at one of four fundinglevels,so there are 256

possibleallocations. Only 12 of these are "efficient"allocationsthat

maximize value per dollar spent. These are determinedfrom the marginal-

- value-to-marginal-costratios (i.e.,AV/AC). Fundingpackageswere ordered,

based on these ratios,and the cumulativedollar amount was calculated. The

efficientallocationis to fund projects in the order that maximizesmarginal-

value-to-marginal-costratiosuntil the budget is expended. Thus, in this

example, for a budget of $I.41M,the Clouds,Aerosols,and Radiationand
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TABLE 3,13, Comparison of Research Programs

FUNDING PACKAGE:

VALUE COST(10K) .... &V AC(10K) AV/AC
CLOUDS, AEROSOLS, RADIATION

t C-A-R_.ERO 0 0 0 0C-A-R:MINIMUM 45 51 ........45 51 0.88
C-A-R:RECOMMENDED 65 75 20 24 0.83

,, ,_,

C-A-R:ENHANCED 80 115 1 5 40 0.38............

I
CHEMISTRY

CHEM:ZERO 0 0 0 0
CHEM:MINIMUM! 3 5 41 3 5 41 0.85

CHEM:RECOMMENDED 5 5 65 20 24 0.83
CHEM:ENHANCED 75 95 20 30 0.67

I,
METEOROLOGY

MET'71=RO 0 0 0 0
MEr:MINIMUM 40 52 4 0 52 0.77

..........

MET:RECOMMENDED 55 7 5 1 5 23 0.65

I MET:ENHANCED 70 108 15 33 0.45

NUMERICS
HUM:ZERO 0 0 0 0

HUM:MINIMUM 20 3 5 2 0 3 5 0.57
NUM:RECOIV_ENDED 3 5 68 1 5 33 0.45

HUM:ENHANCED 4 0 8 2 5 14 0.36

i

CUM
....

COST(10K) AV _C(10K) AV/_C
C-A-R:MINIMUM 51 4 5 51 0.88
CHEM:MINIMUM 9 2 3 5 41 0.85

C-A-R:RECOMMENDED 116 20 24 0.83
CHEM:RECOIVlVIENDED 141 2 0 25 0.80

.... ,,

I MET:MINIMUM 1 93 4 0 52 0.7 7
: CHEM: ENHANCED 2 2 3 2 0 3 0 0.6 7

MET:RECOMMENDED 246 1 5 23 0.65

t NUM:MINIMUM 281 20 35 0.57MET:ENHANCED 314 1 5 3 3 0.45
NUM:RE_ENDED 347 1 5 33 0.45 "

C-A-R:ENHANCED 387 1 5 40 0.38

..... I HUM:ENHANCED 401 5 " 1 4 0.36

Chemistry categories would both be funded at their recommended levels.

Neither Meteorology nor Numerics would be funded.
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APPENDIXA

" CURRENTSTATUS OF GLOBAL-SCALECHEMICALTRANSPORTMODELS

Severalchemicaltransport models (CTMs)for the global scale currently

exist. These models providethe startingpoint for the design of the global

troposphericchemistrymodelingsystem. An analysisof the processmodules

comprisingthese models is presentedin Table A.I. By adding other options

fer each module to this table, a shell for designinga modular systemthat

incorporatednot only the existingpracticefor each module but also included

new optionsthat embody the directionof scientificdevelopmentwas created.

Most of the three-dimensionalCTMs for the global scale are under con-

tinual improvementand severalother newer CTMs are currentlyunder develop-

ment at variouslocations(e.g.,the NationalCenter for AtmosphericResearch

and LawrenceLivermoreNational Laboratory). In the past, three-dimensional,

global-scalemodels either treatedonly troposphericchemical processesor

stratosphericprocesses. Currently,many formerlystratospheric-onlymodels

are being extendeddown into the troposphere,and troposphericmodels are

being extendedinto the lower stratosphere. Therefore,it is difficultto

providea completelyup-to-datedescriptionof the currentstate of the

science in global-scalechemicalmodels becausethis is an extremelyactive

area of atmosphericscienceresearch. In the following,a brief synopsisof

severalglobal-scale,three-dimensionaltroposphericchemistrymodels that

have an establishedrecord of publishedinvestigationsis provided.

A.I GEOPHYSICALFLUID DYNAMICSLABORATORY

The GeophysicalFluid Dynamics Laboratory(GFDL)CTM was developedby

Mahlmanet al. (1980)to study the distributionof tropospheric03

(Levyet al. 1985), the distributionand variabilityof N20 (Levyet al. 1982;

Mahlman et al. 1986), and reactivenitrogenchemistryand transport(Levy and

Moxim 1987; Levy and Moxim 198ga, Ig8gb;Moxim 1990; Kasibhatlaet al.
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TABLE A.]. Featuresof CurrentChemicalTransportModels for the Global Scale

GeophysicalFluid
Module DynamicsLaboratory HarvardUniversity

CHEfllSTRY
Gas phase CH4/CO , NOx/03,performedoff-line CH4/CO,mult. lumped HC, NOx/O3
Aqueous phase none none
Aqueous size none none
Subgrid instantdispersion plume in grid
Aerosols bulk/spec,int.mxd. bulk/spec,int.mxd.

DYNAMICS
Boundarylayer/turbulence K-theory,]st order Kzz K-theory,Ist order Kzz
Stratosphere dynamicstrat./tropo,exchange dynamic strat./tropo,exchange

with chemistry(domainextends with chemistry(domain
into lower strat.) extendsinto lower strat.)

CLOUDPROCESSES
Microphysics bulk bulk
Scavenging scavengingcoefficients scavengingcoefficients
Subgrid fractionalarea fractionalarea
Activation none none

Convectiveclouds enhancedKzzin moist unstable decoupled/Jacobet al.
environments (1993a)

SURFACE EXCHANGE constant,speciesdependent resistancemethodology

ACTINIC FLUX
Radiativetransfer look-uptable look-uptable
Subgrid uniform uniform

NUNERICS
Transport finite volume method moments (Prather ]986)
Chemistry look-up table polynomial fit to off-line model

runs
Grid uniform uniform

SENSITIVITY/UNCERTAINTY none none



J

TABLEA.I. (contd)

MOGUNTIA
Nodule (NOx/_O3 or S version) Los Alamos National Laboratory

CHEMISTRY
Gas phase NOx/O_ and CO/CH4 or S reactions monthly averaged OH and O(1D)

with OHfields from NOx/O_ from a photochemical box
version mode] with prescribed NOx, 03,

CO, HNO3, and (HzO)v

Aqueousphase none or sulfur reactions none
Aqueous size none or bulk none
Subgrid instantdispersion instantdispersion
Aerosols bulk/spec,int.mxd. none

DYNAMICS
Boundarylayer/turbulence K-theory,Ist order Kzz K-theory,Ist order Kzzfrom GCM
Stratosphere dynamic strat./tropo,exchange model includesstrat.

with chemistry(domainextends
into lower strat.)

CLOUDPROCESSES
Microphysics bulk none
Scavenging scavengingcoefficients none
Subgrid fractionalarea none
Activation none none
Convectiveclouds decoupled/Feichterand Crutzen none

(1990)

SURFACEEXCHANGE constant,speciesdependent none

ACTINICFLUX
Radiativetransfer look-uptable look-uptable
Subgrid uniform uniform

NUNERICS
Transport 1-D finite differencemethod 1-D finite elementfor hori-zontal,I-D finitediffer-

ence for verti'cal_

Chemistry no publishedinformation nonstiff
Grid uniform uniform

SENSITIVITY/UNCERTAINTY none none



TABLE A.I. (contd)

Module GRANTOUR PacificNorthwestLaboratory
CHEMISTRY
Gas phase Lurmannet al. (1986) specifiedOH
Aqueous phase none sulfur rxns
Aqueous size none bulk
Subgrid none none
Aerosols bulk single species bulk/spec,int. mxd.

DYNAMICS
Boundary layer/turbulence K-theory, 1st order K K-theory, 1st order Kzz
Stratosphere GCMresolved with fix_Zd boundary cond.

strat. 03 or Chapman

CLOUDPROCESSES
Microphysics none bulk
Scavenging scavengingcoefficients bulk

._- Subgrid fractionalarea (stratiform, fractionalarea
convective)

Activation bulk parameterization bulk activation
Convectiveclouds coupledcony. adjustment decoupled/Berkowitzet al. (1989)

SURFACEEXCHANGE prescribeddeposition constant,speciesdependent
velocities

ACTINIC FLUX
Radiativetransfer look-uptable look-uptable
Subgrid uniform uniform

NUMERICS
Transport Lagrangian I-D finite-differencemethod
Chemistry Sillman (1991) new solver
Grid uniform uniform

SENSITIVITY/UNCERTAINTY none none



1991, 1993). The most recentlypublishedversionof the GFDL CTM (Kasibhatla

et al. 1993) used a horizontalresolutionof 265 km and 11 vertical levels

from the surfaceto 10 mb. Wind and precipitationfields,time-averagedover

" 6-h intervals,were obtainedfrom the GFDL generalcirculationmodel

(Manabeet al. 1974; Manabe and Holloway 1975) over a 12-monthperiod. The

GFDL CTM transportsthree species (NOX, HNO3, and peroxyacetylnitrate) and

uses productionand loss rates for these speciescalculatedoff-linebut

carried in the model as temporallyvarying,two-dimensionalfields. A parame-

terizedwet removalprocess is u_ed to simulatethe precipitationscavenging

of HNO3, whereby the amountof HNO3 removedfrom a particulargrid box is a

functionof the local precipitationrate and is proportionalto the local HNO3

mixing ratio. The parameterizationdifferentiatesbetween shallowand deep

convectiveevents. Model inputsto the off-linechemicalmodule include

hemisphericallyaveragedone-dimensionalprofilesof CO and NOX and two-

dimensionalprofilesof CH4, 03, water vapor, temperature,and total

column 03.

A.2 HARVARDUNIVERSITY

HarvardUniversity'sglobal-scaleCTM has been used to simulatethe

distributionsof severaltrace atmosphericspecies, includingchlorofluoro-

carbons (Pratheret al. 1987),85Kr(Jacobet al. 1987),CH3CCI3 (Spivakovsky

et al. 1990a, 1990b),222Rn(Jacoband Prather 1990; Balkanskiand Jacob

1990; Balkanskiet al. 1992), and 21°Pb(Balkanskiet al. 1993). In sub-

hemisphericversions,the model has been used to simulatethe productionand

exportof 03 from North America (Jacobet al. 1993a, 1993b). The most

recentlypublishedversionof the model (Jacobet al. 1993a)solves mass

conservationequationsfor six species(odd oxygen,NOX, peroxyacetylnitrate,

CO, a short-lived hydrocarbon,and a long-Iived hydrocarbon)on a domain with

4-degreelatitudex 5-degreelongitudehorizontalresolutionand 9 vertical

layers from the surfaceto 10 hPa. Meteorologicaldata used to drive the CTM

are derivedfrom archivesof the Goddard Institutefor Space Studiesgeneral

circulationmodel (Hansenet al. 1983) with 4-h averagesof wind fields,

mixing depths,and convectivemass fluxes and 5-day averagesof temperature,

humidity,and cloud reflectivities. The chemicalmechanismof Lurmannet al.
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(1986) is parameterizedinto a set of polynomialsthat describethe chemical

environmentin terms of the six computed species (Spivakovskyet al. 1990a).

The transportnumericsof the model are as describedby Prather (1986)and

testedby Jacob et al. (1989). Subgrid-scaleplumes are treatedvia the

nestedplume method of Sillmanet al. (1990).

wh.

A.3 MOGUNTIA

The MOGUNTIAmodel (Zimmerman1988; Zimmermanet al. 1989) was developed

at the Max Planck Institutefor Chemistryin Mainz, Germany,and has been used

to study global CFCl3 and CH3CCl3 distributions(Zimmerman1988),8SKrdistri-

butions (Zimmermanet al. 1989),222Rn distributionsand verticaltransport

(Feichterand Crutzen 1990), changesin global oxidativecapacity (Crutzenand

Zimmerman1991),and heterogeneousatmosphericprocesses (Dentenerand Crutzen

1993). Another implementationof the MOGUNTIAmodel has been designed for the

study of the global sulfurcycle (Langnerand Rodhe 1991). Horizontalresolu-

tion of the model is 10 degrees latitudex 10 degrees longitude,while the

verticaldomain extends from the surfaceto 100 hPa with 10 verticallayers.

Large-scaletransportis describedby monthly averagedwinds (Oort 1983),

while convectivecloud transportis parameterizedaccordingto Feichterand

Crutzen (1990). The chemicaltransformationsincludedin MOGUNTIA accountfor

CH4/CO/NOx/HOX photochemistryin remote areas, as describedin Crutzenand

Zimmerman(1991). The sulfur versionof the model uses monthly averagedOH

fields from the NOx/O3 versionto describe the gas-phaseoxidationof SO2 and

dimethylsulfide. Aqueous-phasesulfuroxidationis treated in a highly

parameterizedmanner,based on averagecloud lifetimes(Langnerand Rodhe

1991).

A.4 LOS ALAMOS NATIONAL LABORATORY

Los Alamos National Laboratory'schemicaltracermodel (Tie et al. 1991)

has been used for multiyearsimulationsof long-livedspecies,includingCH4

(Tieet al. 1991), CFC-11 (Kaoet al. 1992), and CH3CCl_ (Tie et al. 1992).

The model accountsfor emissions,advectiveand diffusivetransport,and

limitedgas-phasechemistry. Meteorologicaldata to drive the CTM simulations
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are derivedfrom the Los Alamos generalcirculationmodel (Kaoet al. 1990).

Oxidantconcentrationsfor the three-dimensionalmodel are precalculatedusing

an off-linetwo-dimensional(latitude-altitude)model that employsprescribed
q

latitude-altitudedistributionsof NOX, 03, CO, HNO3, and water vapor. The

horizontalresolutionof the model is 4.5 degreeslatitudex 7.5 degrees

longitude,while the verticaldomain extendsfrom the surfaceto approximately

9 hPa and employs20 levels.

A.5 GRANTOUR

The GRANTOURmodel was developedat the LawrenceLivermoreNational

Laboratory(Penneret al. 1993). The distinctivefeatureof GRANTOUR is its

use of Lagrangianair parcelsto accountfor advectionof constituents,which

minimizesspuriousdispersionand permitsadvectionof a large number of

speciesat once. The air parcelsare assumedto be constantmass, which

impliespoor representationof verticalstructurein the stratosphere. At

least three versionsof GRANTOURhave been developed. One focuseson 03 and

nitrogenchemistry,using the Lurmannet al. (1986)mechanism(Penneret al.

1991a). A secondversion simulatesthe sulfurcycle, using prescribedOH

concentrationsand parameterizedscavenging(Ericksonet al. 1991). Aqueous-

phase chemistryis neglected. Sulfatemass concentrationis relatedto

aerosolnumber densityby assuminga constantdry size, and direct scattering

of sunlight is calculatedusing the Kohler solutionof size dependenceon

relativehumidity. A third versiontreats the emission,transport,and

removalof biomass smoke and soot particles(Penneret al. 1991b, Igg2).

GRANTOUR is usuallydriven by winds, temperature,humidity,convectivemass

flux, and precipitationsimulatedby the LawrenceLivermoreversionof the

NationalCenter for AtmosphericResearch'sCommunityClimateModel.

A.6 GLOBAL CHEMISTRYMODEL

The Global ChemistryModel (GChM)was developedat PacificNorthwest

" Laboratoryto study the global-scalereaction,redistribution,and wet removal

of solublesulfur species (Lueckenet al. 1991). Recently,anotherversionof

the GChM has been developedto study the globaldistributionof CO (Easter
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et al. 1993). The model is designedto utilizemeteorologicalinformation

from either observationalsourcesor generalcirculationmodels and to account

for the verticalredistributionof pollutantsresultingfrom convectivecloud

transportvia a parameterizationas describedin Lueckenet al. (1991), The

sulfur versionof the GChM (Lueckenet al. 1991) accountsfor the gas- and

aqueous-phaseoxidationof SOz and dimethylsulfidethroughparameterized
oxidationrates. Both stratiformand convectiveclouds are includedin the

model. Each providesverticalprofilesof cloud water, which in turn, allows

for an explicittreatmentof aqueous-phasesulfurchemistry. The CO/CH4

versionof the GChM (Easteret al. 1993) calculatesthe transformationrates

of CO and CH4, based on the gas-phasemechanismof Lelieveldand Crutzen

(1991). By prescribingglobal distributionsof NOX and 03, and assuminga

pseudo-steadystate for all speciesin the mechanismexcept CO and CH4, the

computationalburdenof the chemicalcalculationsis reduced. This versionof

the GChM has been used to analyzemidtroposphericCO data from the National

Aeronauticsand Space Administration'sMeasurementof Air Pollutionby

SatellitesProgram (Easteret al. 1993).

A.7 TWO-DIMENSIONALGLOBAL MODELS

Severaltwo-dimensionalglobal atmosphericchemistrymodels have been

developedover the past 15 years (Isaksenand Rodhe 1978; Derwent 1982;

Crutzenand Gidel 1983; Hough 1989, 1991; Law and Pyle 1993a, 1993b).

Although two-dimensionalmodels are very useful tools for generalanalysisof

many atmosphericprocessesand species (Isaksenand Rodhe 1978; Rodhe and

Isaksen1980; Derwent 1982; Crutzenand Gidel 1983; Isaksenand Hov 1987;

Hough 1989, 1991; Kanakidouet al. 1991; Law and Pyle 1993a, 1993b),their

usefulnessis limitedfor the complexassessmentand policy formulation

activitiesthat will be necessaryover the next severaldecades. The social

and economicchangesthat are likelyto happen in the next centurywill be

spatiallynonuniform. As industrialdevelopmentin South America,Africa, and

Asia continuesto accelerate,the atmosphericimpactsof their growth will not

be adequatelymodeled by zonally averagedtwo-dimensionalmodels. As

radiativelyimportanttrace speciesemissionsfrom these areas will be
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distributednonuniformlyin both space and time and as shorter-lifetime

speciesbecomemore importantin the global radiativebalance,three-

dimensionalatmosphericchemistrymodels become the most appropriatetool

" for detailed policy assessmentand analysis.

A.8 OTHER EFFORTS.,

As mentionedbefore,global troposphericchemistrymodeling is currently

a very active area of research. Many groups are presentlydeveloping

capabilitiesfor three-dimensionalsimulationof global troposphericchemical

processes. The above brief discussionsfocus on entitiesthat have published

studiesinvolvingtheir models in refereedjournals. At a recentworkshop on

global troposphericchemistrymodeling (NASA 1993),s_veralgroups havingsome

level of developmentcurrentlyin progress in this area were represented.

These groups includedthe NationalCenter for AtmosphericResearch,Cambridge

University,MassachusettsInstituteof Technology,Atmosphericand Environ-

mental Research,Inc.,Goddard Institutefor Space Studies, and Lawrence

LivermoreNationalLaboratory. Some of these efforts are being built on two-

dimensionalatmosphericchemistrymodels (NationalCenter for Atmospheric

Research,LawrenceLivermoreNationalLaboratory,Atmosphericand Environ-

mental Research,Inc.),while others are being derived from tracer imple-

mentationsof generalcirculationmodels (NationalCenter for Atmospheric

Research,Goddard Institutefor Space Studies). Still others are being

derivedfrom stratosphericchemistrymodels,extendingtheir domain down into

the troposphere(NationalCenter for AtmosphericResearch). Becauseall of

these efforts are in relativelyearly developmentalstages,little or no

publishedinformationis availableon their structureor applicability. It is

indeed conceivablethat some of these effortswill be abandonedin the near

future as competitionin this researcharea increases. It is also conceivable

that one of these effortsor one of the more establishedmodels may form a

suitablebasis for the global troposphericchemistrymodeling system as des-

cribed in this report.
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APPENDIXB

• DESIGN OPTIONS FOR A GLOBAL TROPOSPHERICCHEMISTRYMODEL

, B.1 MODULE OPTIONS: A DESIGN MENU

The designmenu (TableB.I) of module optionswas formulatedto facili-

tate the constructionof a design vision for a global troposphericchemistry

model. As far as possible,each module that would exist within the model is

representedby an underlinedheading. Under each of these modules an attempt

was made to list all possibleoptionsthat a model designermight have in

constructingthat module. Each of these moduleswas then grouped into the

broadercategoriesof I) chemistry,2) dynamics,3) cloud processes,4) sur-

face exchange,5) actinicflux, 6) numerics,and 7) sensitivity/uncertainty.

To _esign a versionof the model, one choosesappropriateoptionsfrom each

module,keeping in mind that some combinationsof optionswould not be good

overalldesigns. For example,choosinga size-resolved/species-resolved

treatmentof aerosolswould not be appropriatewith only a bulk treatmentof

cloud microphysicsand aerosolactivation. Thus, the design menu serves as an

organizingtool for an experiencedmodel designerand would not be useful for

personswith limitedatmosphericchemistrymodelingexperience. The following

is an expandeddescriptionof the possiblechoicesfor each module in the

design menu.

B.I.1 Chemistry

B.I.1.1 Gas Phase

In this module,a wide varietyof possiblecombinationsof included

chemicalreactionsand approachesexists. Each of the individualoptionsis

describedbelow"

• NOx/O3--basicNOx/O3 photochemistry,includingnighttimeNOX
conversion

J

• CH4/CO--chemistryfor the troposphericoxidationof CH4 to CO
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TABLE B.1. Module Options for a Global Tropospheric Chemislbry Model

I Chemistry --I I Dynamics I
Gps phase Aqu. ohase Aou. $iz¢ Subodd Aero_ol,S Boundary Laycr/Turl_ulenc¢ Stratosphere
_CH4/CO _none _none _instant none _K-theow, 1st order I_ _boundary cond.
_3 lumped HC sulfur rxns _bulk dispersion _bulk/spec. int. mxd. _K-theory, 1.5 order K= (TKE) _dynamic strat/Ixopo
_mult. Impd HC _radical rxns _moments _plume in _bulldspec. resolved _K-*Jleory, 2nd order K,, exchange w/o chem
_explicit HC _CI rxns _size gdd _moments/spec. int. mxd. _Second order for chemistry _dynamic strat/lxopo

_hybrid _NOv/O3/H20 z resolved _statistical _moments/spec. resolved and meteorology exchange w/chem
_halogens correlation _size-resolved/species _Nonlocal closure
_NOx/O3 internally mixed

sulfur rxns _size-resolved/species

_NH 3 resolved
_specified OH

oo j Cloud I_ocesses J J----- Sudace Exchange _l
po Microphysics. Scavenoino Sub(zdd Acl_ivation Convective Clouds

none none uniform none none _constant, species dependent
bulk scav coeff fract area bulk activation _decoupled/Walcek&Taylor resistance methodology

-moments -bulk -statistical -moments activation _decoupled/Berkowitz et al. _surface exchange model
size resolved moments cld dist size-resolved _coupled/convective adj.
ice size resolved from GCM activation coupled/Kuo scheme

coupled/Arakawa-Schubert
_coupled/'3rd generation"

i I Actinic Flux I I Numerics ---- [ [-- Sensitivity/Uncertainty --I
Radiative Triznsfer Suborid Transport Chemistry Gri__.dd

_look-up table _uniform _lagrangian _Sillman _uniform none
on-line cloud effects cloud fraction (GRANTOUR) _QSSA _irregular _Monte Cado

-on-line radiative -statistical 1-D 1-D FDM _hybrid _adaptive _direct decoupled
transfer calcs. 3-D effects 1-D FEM Gear _adjoint

2-D FEM new sol stochastic variables

moments non-stiff automatic differentiation
(Prather) solver



• 3 lumped HCo-chemical reactions for two lumped surrogate anthropogenic
species and one biogenic species

• mult. lmpd He--chemical reactions for lumpedhydrocarbon (HC)
. species for the major classes (e.g., alkanes, alkenes, aldehydes,

aromatics, etc.)

• explicitHC--chemicalreactionsfor all importantHC species
includedand representedexplicitly

• sulfurrxns--chemicalreactionsfor the oxidationof SO2 and
dimethylsulfide

• halogens--chemicalreactionsof Cl and Br species in the
troposphere

• NH3--chemicalreactions of NH3

• hybrid--atechniquewhereby simple backgroundchemistryis used in
remote areas,while a more detailedmechanismthat includesHC is
employedin pollutedareas

• specifiedOH--techniqueswhereby hydroxylradicalconcentrations
are specifiedthroughan empiricalparameterizationor by the
specificationof precursorspecies.

B.I.1.2 Aqueous Phase

As in the gas-phasemodule, severalpossiblecombinationsof aqueous-

phase chemicaltreatmentsare possible. The individualoptionsare described

below:

• none--noaqueous-phasereactionsare included

• NOJOJH202--basicNOy/O3/H202dissolutionand equilibria

• radicalrxns-oaqueous-phaseradicaldissolution,equilibria,and
reactions(e.g., aqueous-phasemechanismof Lelieveldand Crutzen
1991)

• sulfur rxns--aqueous-phaseoxidationreactionsof S(IV) speciesto
S(VI) species

• Cl rxns--aqueous-phaseCl dissolution,equilibria,and reactions.

B.I.1.3 AQueous-phasesize Dependence
4

Recent researchhas indicatedthat different-sizeaqueousdropletsmay

have significantlydifferentspeciesconcentrationsand rates of reaction.
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This module accounLsfor the possibilityof varioustreatmentsof aqueous-

phase size dependence. Either a bulk, moments, or size-resolvedtreatmentmay

be chosen in this category. The bulk treatmentassumesone size dropletfor

each aqueousphase,while the size-resolvedtreatmentemploysseveraldiscrete

size bins for each aqueousphase. A momentstreatmentwould requirethe

specificationof a distributionof dropletsizes for each aqueousphase with

associatedchemicaldifferences.

B.I.1.4 Subqrid_

This categoryrefers to the treatmentof speciesemissionsas they are

introducedinto the model grid. Either instantaneousdispersion,plume-in-

grid, or statisticalcorrelationtreatmentsmay be chosen in this category.

In most current regional-scalemodels,emissionswithin a grid cell are

lumped,emitted, and instantaneouslymixed throughoutthe local grid cell

volume. Of course,in the real situation,plumes often can retain a coherent

identityover scales that span a typicalhorizontalgrid cell spacing.

Significantdifferencescan then occur in the representationof chemical

transformationsthat occur within those plumes as comparedto the reduced

reactionrates that occur as a result of instantaneousdispersion. Some

modelers have, therefore,devisedschemesthat explicitlycalculateplume

concentrationsfrom major sourceslocated in the subgriddomain and translate

them to concentrationsthat occur at the model'sgrid nodes. Anotherpossible

techniqueto accountfor subgridchemicalbehavior is the statisticalcorre-

'lationmethod,wherebyeach speciesis representedby a subgridstatistical

distribution. Using the speciesdistributions,cross correlationscan be

calculatedand incorporatedinto subgridchemicalcalculations.

B.I.1.5 Aerosols

Treatmentof aerosols involvesboth their physicalsize distributionand

their chemicalcomposition. There are three optionsfor the physical size.

The bulk treatmentonly predictsthe aerosolvolume,and no size information

is provided. (Actually,the mass of differentchemicalcomponentsin the

aerosolwould be predicted,such as sulfate,elementalcarbon,organics,etc.) °

The size-resolvedtreatmentpredictsthe size distributionby dividingthe

aerosolpopulationinto a set of size bins, but is computationallyexpensive.
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The momentsmethod assumesthat each modeof the aerosol population (nuclei,

accumulation, coarse) can be represented by a log-normal size distribution.

The log-normal distribution is determined by three parameters that the model

" predicts. The momentsmethod is computationallyless expensivethan the size-

resolvedmethod but also less rigorous.

B.I.2 Dynamics

B.I.2.1 BoundaryLayer and Turbq]entExchange

The K-theory,or first-orderclosureapproachfor turbulentmixing,which

is used in most atmosphericchemistrymodels,parameterizesthe vertical

turbulentflux of a speciesin terms of the verticalgradientof the species.

This approachrequiresobtaininga verticalexchangecoefficientfrom the

poteorologicaldriver model. The meteorologicaldriver itselfwill have some

turbulenceparameterization(first-orderclosure;one- and one-half-order

closure,which is called the turbulentkineticenergy approach;or second-

order closure). Note that the parameterizationused in the meteorological

driver influencesthe valuesbut not the form of the verticalexchange

coefficients. Another approachis to use second-orderclosure in both the

chemistryand meteorologicalmodels. This requiressimulationof both mean

concentrationsand turbulentfluctuationsof concentrationsand, to date, has

not been used in any operationalmodel. In both the first- and second-order

closureapproaches,material is transportedfrom one layer to an adjacent

layer and then mixes throughoutthat layer. The nonlocalclosureapproach

recognizesthat eddies responsiblefor turbulenttransportmay move across

severalvertical layersbefore they stop and dissipate. Mathematically,

turbulenttransfercan occur betweenevery pair of layers in the model. The

basis for determiningthe exchangerates is less well developedthan K-theory.

B.I.2.2 _tratosphericExchange

• Mass exchangebetweenthe troposphereand stratosphereis a very impor-

tant processfor many species in troposphericchemistry. A significantsource

of 03 and NOy in the troposphereis thoughtto be transportedfrom the strato-

sphere. The upper boundaryof the model could be placed either at the tropo-

pause or within the lower stratosphere. A simple boundaryconditioncan be
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applied in either situation,or with the upper boundarywithin the

stratosphere,dynamicexchangecan take place acrossthe tropopause,based on

transportquantitiesprovidedby the drivinggeneralcirculationmodel. With
J

the upper boundarywithin the lower stratosphere,chemistrycould be calcu-

lated explicitlyor a chemicalclimatologycould be specified.

B.I.3 Cloud Processes

The treatmentof cloud processes,such as microphysics,aerosolactiva-

tion and scavenging,and verticaltransport,offers a varietyof options.

Microphysicscan be neglectedentirelyfor insolublespecies. For most chemi-

cal species,cloud microphysicsmust be representedin some manner. For a

comprehensivetreatmentof clouds,the size distributionsof cloud variables

and cloud processeswould be explicitlyresolvedinto a number of size bins.

For many purposes,a bulk _pproachis acceptable,in which only the mass of

cloud water and precipitationis allowedto vary. A more general approach

considersvariationsin other momentsof the cloud particle-sizedistribution;

variationsin droplet number concentrationare of particularrelevanceto

aerosolinteractions. One may wish to distinguishthe ice from the liquid

phase for certainapplications.

The treatmentsof aerosolactivationand scavenginglargelyfollow the

representationof the cloud and aerosolVariables. If the bulk approachis

used for clouds and aerosols,it should be used for activationand scavenging.

If the size distributionof cloud particlesand aerosols is explicitly

resolved,so could be the treatmentof activationand scavenging. If cloud

microphysicsis not treated, scavengingcould still be treated using the simu-

lated or observed precipitationrates and prescribedscavengingcoefficients.

Subgrid-scalevariationsin cloud processescan either be neglected

entirely,expressedin terms of a parameterized,homogeneous,cloudy grid cell

fraction,or treatedusing idealizedprobabilitydistributionsfor the cloud

variables,in which the parametersof the probabilitydistributionsare

relatedto a few predictedmoments of the probabilitydistributions. A final

option applicablefor a model that is driven by the meteorologicalfields from

a generalcirculationmodel is to use the clouds' fieldsderivedwithin that

model.
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Verticaltransportof solubleand insolublespeciesby convectiveclouds

can be treatedusing the off-lineschemesof Walcek and Taylor (1986)or

Berkowitzet al. (1989). Other optionalschemesare derivedfrom generalcir-

culationmodels;namely,the moist convectiveadjustment,the Kuo scheme,or

the Arakawa and Schubert (1974)parameterization.Each of these schemes has

shortcomings,so that one might considerdevelopinga "thirdgeneration"con-

vectiveparameterization. It should be recognizedthat, becauseeach scheme

is based on differentequilibriumassumptions,the scheme selectedfor the

model should be the same as that used in the host generalcirculationmodel;

otherwise,highly inconsistentverticaltransportis diagnosed.

B.I.4 SurfaceExchanqe

Chemicalexchangebetweenthe atmosphereand land or ocean surfacewill

be an importantaspect of the model. This exchangecan be implementedthrough

temporallyconstant,species-dependentsurfacefluxes,based on empirical

informationor throughthe resistanceanalogymethodologysummarizedby Wesely

(1989). A more sophisticatedsurface-exchangemodel could also be developed,

whereindynamic fluxesof materialmay be exchangedin either direction,based

on the currentlyprevailingchemical and meteorologicalconditions. The con-

structionof the surface-exchangemodel could benefitgreatly from research

carriedout in the agriculturaland oceanographiccommunities.

B.I.5 Actinic Flux

Actinicflux depends on the solar zenith angle, the profileof trace

chemicalconcentrations,the surfacereflectivity,and the distributionof

clouds. Actinic flux has in the past been evaluatedusing look-uptables for

a predeterminedcombinationof solar zenith angle, surfacereflectivity,and

chemical and cloud profiles. Given the large variabilityof clouds and the

weak wavelengthdependenceof scatteringby clouds,one option would be to

retainthe look-upapproachfor the clear-skyactinicflux for each absorption

line, but apply an on-linemodificationfactor associatedwith the influence

of clouds on the actinicflux profile. A third option is to abandonlook-up

tables entirely;instead,calculatingthe full radiativetransfer for each

absorptionband. Subgridcloud effects could be neglectedor treatedusing

the simple homogeneouscloud fractionapproach (with variouscloud overlap
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assumptions)or a more generalstatisticaldescriptionof the subgriddistri-

bution of cloud opticalproperties.

B.I.6 _Numerics

B.I.6.1 Transport

Severalnumericaltech,liquesare currentlyused in regional-and

global-scaleatmosphericchemistrymodels for the solutionof the species

transportequations. The possiblechoices listed in this category include

I) the Lagrangianparcel techniqueof Walton et al. (1988);2) the second-

order momentsmethod of Prather (1986);3) time splittingof the three-

dimensionalequationinto severalone-dimensionalequations,which are then

solved by finite-differencemethods (e.g.,Bott 1989);4) time splittingwith

the one-dimensionalequationssolved by finite-elementmethods (e.g.,Galerkin

methods);or 5) time splittingof the three-dimensionalequationinto a two-

dimensionalhorizontaltransportequationand a one-dimensionalvertical

equation,which are then solved by finite-elementmethods (this technique

allows for the possibilityof irregularor adaptivegrid techniques).

B.I.6.2 Chemistrv

The solutionof the system of ordinarydifferentialequationsthat

describethe chemicaltransformationsof modeledspecies is the most compu-

tationallyintensiveportionof atmosphericchemistrymodels. Consequently,

the choice of the ordinarydifferentialequation solverfor these calculations

is criticallyimportant. Severaltechniquesare currentlyused, includingthe

methodologyof Sillman (1991),which is limitedto troposphericchemical

simulationonly; the quasi-steady-stateapproximationmethodologyof Hesstvedt

et al. (1978),which is used extensivelyby current re§ional-scalemodels;the

hybrid predictor-correctormethodologyof Odman et al. (1992),which is also

used by severalcurrentregional-scalemodels; or the traditionalGear

methodology. Also includedas choices in this categoryare a new solver,

which does not exist currently,but is wished for by all atmosphericchemistry

modelers,and a simplenonstiffsolver,which would be used only if CHJCO

chemistryand specifiedOH were chosen under the gas-phasemodule.
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B.I.6.3 Grid

A uniformhorizontalgrid (possiblywith a nonuniformverticalgrid) has

been the predominanttype of grid structureused in the past for regional-and

global-scalemodels. Only recently(Mathuret al. 1992) have irregulargrid

structuresbeen employed in regional-scalemodels. The purposeof irregular

grids is to specifya priori a grid structurethat has greaterresolutionin

areas where steep concentrationgradientsare expectedor where subgridchemi-

cal effectsmay be the largest (i.e.,near major sources). For a global

model, an irregulargrid applicationwould most likely result in a finer grid

over continentalareas and a much coarsergrid over ocean areas. Adaptive

grid techniqueshave been used for many years in advancedcomputationalfluid

dynamicscalculations(e.g.,shock wave propagation),but have not been used

in atmosphericchemistrymodels to date. In the adaptivegrid methodology,an

irregulargrid is used and modifieddynamicallyduring run time, based on

changingconcentrationgradientsor meteorologicalfeatures. Adaptivegrid

techniques,though extremelypowerful in the efficientcomputationof a highly

accuratesolution,are computationallyexpensive. Of course,the grid struc-

ture that is ultimatelychosen must be closelytied to the numericaltechnique

chosen for solutionof the transportequations. Although a uniformgrid can

be usedwith most numericaltechniques,this is not true for irregularor

adaptivegrids. The most straightforwardapplicationof the irregularor

adaptivegrid techniquescomes with the use of multidimensionalfinite-element

techniques.

B.I.7 Uncertainty/Sensitivity

A full discussionof the variousapproachesto uncertaintyand sensi-

tivity analysisis given in the text of this report. There will be no one

module within the model that handlesuncertaintyor sensitivity. Rather,the

means for obtaininginformationon uncertaintyor sensitivitymust be built

into individualmodules or be determinedby manipulatingthe model after it is

completed. It is recommendedthat approachesto uncertaintyand sensitivity

I estimationbe built into the modules and model as the codes are being

developed.
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APPENDIXC

" RESEARCHACTIVITIESDEFINEDAT THE SECONDWORKSHOP

I Small groups were convenedto discuss the researchthat would be

requiredto developthe modules needed by the three classesof chemical

transportmodels (CTMs) in the global troposphericchemistrymodeling system

(GTCMS). These groupswere selectedaccordingto the area of expertiseof the

participants. As areas in which researchwas needed were identified,each

group produceda very brief, often sketchydescriptionof the research

activity. These unedited,hand-writtendescriptionswere then distributedto

all participantsfor the purposeof scoringthe activitiesaccordingto

criteriadevelopedat the workshop. The researchactivitiespresentedin this

appendixare heavilyedited versionsof those raw descriptions. For many

activities,the specificationof more than one level of effort is an added

refinementnot availableat the time of the workshop. For the purposeof

definingresearch,furtherdevelopmentof the descriptionsof what each

researchactivityentailswill be needed.

ResearchArea: Aerosols/Nucleation

ActivityTitle: InvestigateNucleationon Mixed Aerosols

Description: Laboratoryand theoreticalresearchis neededto
improveunderstandingof the influenceof aerosol
surfacepropertieson the nucleationprocess. Labora-
tory measurementsare neededto characterizeaerosol
surfacepropertiessufficientlythat theoreticalmodels
can be evaluatedagainstmeasured nucleation
supersaturation.

EstimatedLevel of I person-yearfor 3 years (splitbetweenan experi-
Effort and Time: mentalistand a theoretician)
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Research Area: Cl ouds/Subgrid

ActivityTitle: Develop Treatmentof SubgridVariabilityin Clouds and
Cloud Processes

a

Description: Subgrid-scalevariabilityin cloud propertiesand cloud
processeshas a strong influenceon solublegases and
aerosolsthroughdeposition,heterogeneousoxidation,
activation,scavenging,and resuspension. A physically
based treatmentof subgridcloud variabilityis needed
to accountfor the influenceof the variabilityof
solublegases and aerosols. A statisticaldescription
of subgridvariabilityis recommended,in which
variabilityin cloud microphysicalpropertiesis
expressedin terms of idealizedprobabilitydis-
tributionsof each cloud variable. The parametersof
the probabilitydistributionare relatedto various
statisticalmomentsof the distribution(e.g.,mean and
variance),which are predictedfrom conservationequa-
tions. The influenceof subgridvariabilityon cloud
processeswould be treatedby integratingeach cloud
processover the probabilitydistributionof the
appropriatecloud variables. The subgridvariance
should be relatedto subgridvariancein vertical
velocity,which would be parameterizedin terms of
cumulusconvection,three-dimensionalturbulence,and
mesoscalecirculation.

Level I. Developnumericalsolutionsto the conser-
vation equationsfor the moments of the
subgridvariabilityof cloud variables.

Level II. Developand test parameterizationsof the
subgridvariabilityof cloud variables
that are suitablefor use in a GTCMS.

EstimatedLevel of Level I. I person-yearfor 3 years
Effort and Time:

Level II. 2 person-yearsfor 3 years
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ResearchArea: Aerosois/General

ActivityTitle: DevelopParameterizedMomentsof Species-Resolved
Aerosol-SizeDistributions

Description" Aerosol-sizedistributionscan often be approximatedin
terms of a sum of a few log-normaldistributions. This
approachhas alreadybeen used for single-component
aerosols. However,differentaerosoltypes arise from
the diversityof aerosolsources. Although some aero-
sols are rather pure in composition,most are mixtures
of differentcomponents. The efficientrepresentation
of mixturesof aerosolcomponentswithin the contextof
the method of moments is a challengingresearchtopic.
Althougha completetreatmentof aerosolmixtures using
joint-sizedistributionsis possible,it is extremely
computationallyintensive. Research is needed to
develop approximaterepresentationsof aerosolmixtures
and their influenceon aerosolprocesses. The nuclea-
tion, accumulation,and coarse aerosol-sizemodes must
be distinguished. Aerosol speciesto be treated
includeH2SO_, (NH4)2S04,NH4HSO4, elementalcarbon,
crustal, and organics. Treatmentsof the influenceof
aerosolnucleation,condensation,coagulation,
deliquescence,activation,resuspension,scavenging,
and gravitationalsettlingon each moment and each
componentare required. Note that this research
activityis linkedwith the "DevelopMomentsMethod for
Aerosol Processingby Clouds"activity.

EstimatedLevel of 2 person-yearsfor 3 years
Effort and Time:

ResearchArea: Aerosols/General

ActivityTitle: EvaluateSpecies-ResolvedMomentsMethod for Aerosols

Description: Althoughthe momentsmethod for single-componentaero-
sol dynamics is well establishedand evaluatedto some
extent,much remainsto be done for the case of multi-
componentaerosols. Multicomponentmomentsmodels need
to be comparedwith explicitmodel calculations.
Explicitmodels, in turn, need to be comparedwith
laboratoryexperiments,particularlyfor aerosolmix-
tures under a varietyof conditions,particularlythose
that isolatecondensationalgrowth and coagulation.

EstimatedLevel of I person-yearfor 3 years
Effort and Time:
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ResearchArea: Aerosols/General

Activity Title: Develop EmissionsInventoriesof Aerosolsand Their
Precursors

Description: To be useful as a policy analysistool, the GTCMS
requiresreliableglobal inventoriesof the different
anthropogenicand biogenicsourcesof aerosolsand
aerosolprecursors. Emissionsinventoriesare needed
for sulfateprecursors(SO_and dimethylsulfide[DMS]),
nitrateprecursors(NO.),NH_,elementalcarbon,
organics (primaryaerosolemissionsand precursor
gases), and mineraldust. For those emissionsthat
depend on meteorologicalconditions (e.g.,wind speed
in the case of dust and DMS), emissionsshould be
parameterizedin terms of surfaceconcentrationsand
meteorology. For other components,any seasonalityin
the emissionsshould be accountedfor.

Level I. Compileexistingoceanicand developing
country inventoriesand recommendhow they
shouldbe used in the GTCMS.

Level II. Improveby refining,expanding,and auto-
mating the emission inventoriesfor the
world'soceans and developingnationsand
providethe interfaceto the GTCMS.

EstimatedLevel of Level I. I person-yearfor I year
Effortand Time:

Level II. 3 person-yearsfor 3 years

ResearchArea: Aerosols/Scavenging

ActivityTitle" DevelopMomentsMethod for Aerosol Processingby Clouds

Description: For the aerosolmodel, the method of moments is recom-
mended for the representationof both aerosolsand
cloud particles. Researchis needed to expresscloud
processingof aerosolsin terms of moments of both
aerosolsand clouds. The influenceof aerosolactiva-
tion, dropletcoalescence,scavengingof interstitial
aerosol,aqueousreactions,and resuspensionon the
moments of the aerosolsize needs to be treated in a
manner consistentwith the moments representationof
aerosoland cloud particle-sizedistributions. A
completetreatmentof the p_oblemwould require a joint
droplet/aerosol-sizedistribution;a simplifiedtreat-
ment is requiredthat distinguishesbetween activated
and interstitialaerosolsbut does not employ the full
joint-sizedistribution.
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EstimatedLevel of I person-yearfor 2 years
Effort and Time:

,°

ResearchArea: Radiation

ActivityTitle: Update ActinicFlux J-ValueLook-UpTables

I Description: Photolysisrate look-uptables used in many current
models were developed10 years ago. These look-up
tables shouldbe updatedto includerecent information
on quantumyield and absorptioncross sections.
Altitudeeffects and modificationof radiationfields
by clouds (on-line)should be included.

EstimatedLevel of 0.5 person-yearfor 2 years
Effort and Time:

ResearchArea: Chemistry/GasPhase

ActivityTitle: Developa Gas-PhaseNOx/O3/HCChemicalMechanismfor
the Short-LivedCTM

Description: Developa gas-phasechemicalmechanismthat includes
multiple hydrocarbon(HC) categoriesand appropriate
secondaryorganicproducts for the short-livedspecies
CTM. This includesappropriateselectionsof
anthropogenicaridbiogenicHC species. The mechanism
must be flexibleto allow advancesin understandingto
be readily incorporated. Also, the mechanismmust
emphasizeradical-radicalinteractionsfor low-NOX
regimesthat will occur in remote areas over the globe.

Level I. Review gas-phasechemicalmechanismscur-
rently in use in global tropospheric
models and make an appropriatechoice for
the CTM. Conducta workshop to bring
togetheratmosphericchemists and modelers
to compilethe latest understandingof
gas-phasephotochemistryas it would be
implementedin the CTM.

Level II. Developa gas-phasechemicalmechanism
that containslimitedHC speciationfor
initialimplementationand testing in the
CTM.

Level Ill. Developa gas-phasemechanismfor the CTM
that containsappropriateHC speciation
and sulfurchemistrybased on current
laboratoryand field data.
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EstimatedLevel of Level I. I person-yearfor I year
Effort and Time:

Level II. I person-yearfor 2 years

Level Ill. 3 person-yearsfor 3 years

ResearchArea" Chemistry/GasPhase

ActivityTitle" Evaluatethe Effect of Grid Resolutionon SubgridNOX
Cyclingand 03 Production

Description" Evaluatethe effect of grid resolution(and grid
irregularity)on subgridNOv cyclingand 03 production.
Determinewhat global grid _esolutionwill be
appropriatefor the accuratepredictionof subgrid
behavior; Also investigatethe tradeoffsbetween
interpolatingmeteorologicaldata to an irregulargrid
versus the loss of subgridchemicalnonlinearitieson a
uniformgrid.

Level I. Review literatureon subgridchemicalnon-
linearitiesand make appropriatechoices
for GTCMS implementation.

Level II. Performmodelingstudiesto evaluatethe
effect oF uniformgrid-resolutiondiffer-
ences on subgridNOJO_ chemistryand
determineappropriate-parameterizationsor
recommendationsfor GTCMS implementation.

Level Ill. Performmodeling studiesto evaluate the
effectof uniformand nonuniformgrid-

resolutiondifferenceson subgridNOx/O_
chemistryand determineappropriate
parameterizationsor recommendationsfor
GTCMS implementation.

EstimatedLevel of Level I. I person-yearfor I year
Effort and Time:

Level II. I person-yearfor 2 years

Level Ill. 2 person-yearsfor 2 years

p

ResearchArea" Chemistry/GasPhase

ActivityTitle: Developa Gas- and Aqueous-PhaseChemicalModule for
the AerosolCTM
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Description: Develop a gas- and aqueous-phase chemical module for
the aerosol CTR, including both natural and anthro-
pogenic sources of aerosols and precursors, such as
windblown dust, biomass burning emissions, SO_, DMS,
HNO, NH , etc. This module will be significantly
dif_eren_from the gas- and aqueous-phasemodules of
the short-livedspeciesmodel, in that many species
importantfor the aerosolmodel will not be as
importantfor the short-livedspeciesmodel.

Level I. Review gas- and aqueous-phasechemical
mechanisms in currentaerosolmodels and
make appropriaterecommendationsfor
implementationin the aerosolCTM.

Level II. Evaluateexistinggas- and aqueous-phase
chemicalmechanisms in aerosolmodels,
based on appropriatenessfor the GTCMS and
the most recent laboratoryand field data,
and implementfor the aerosolCTM.

Level Ill. Developa gas- and aqueous-phasechemical
mechanismfor the aerosolCTM, based on
the most recent laboratoryand field data.

EstimatedLevel of Level I. 0.5 person-yearfor I year
Effort and Time:

Level II. I person-yearfor I year

Level Ill. 2 person-yearsfor 2 years

ResearchArea: Chemistry/Emissions

Activity Title: Develop EmissionsInventoriesRequiredfor the GTCMS

Description: Analyze the scientificneeds of the short-lived,long-
lived, and aerosolCTMs in terms of needed emissions
inventories. Both the speciesrequiredand the char-
acteristics(e.g.,temporal and spatialresolution)of
the inventoriesas they will be appliedto the differ-
ent models should be includedin the analysis. Emis-
sions of sulfur compounds,NOX, NH3,CH4: and other HCs
by the world's oceans and from thedeveloping nations
will play a major role in global-scalechemical
modeling.

Level I. Developan interfacebetweenavailable
emissionsinventoriesand the GTCMS,
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Level II. Develop or improve inventories for all the
radtattvely important trace species and
their precursors for the world's oceans
and developing nations and make compatible
with the input needs of the GTCMS.

Estimated Level of Level I. 0.5 person-year for 1 year
Effort and Time:

Level I I. 2 person-years for 3 years

Research Area: Chemistry/Aqueous Phase

Activity Title: Evaluate the Effect of Aerosols on Tropospheric 03

Description: Investigate the impact of aerosols on the tropospheric
photochemical O_ cycle. Recent research indicates that
there may be a link between photochemical O_
production/destruction and aerosols, particularly in
the marine troposphere. Examine these processes in the
context of their significance for inclusion in the
GTCMS. The results of this study will feed directly
into the development of the short-lived species
chPmical mechanismand the aerosol model mechanism.

Level I. Evaluate available literature on the
effect of aerosols on tropospheric O_ and
make recommendations for Implementation
into the GTCMS.

Level II. Perform a model analysis of the effect of
aerosols on 03 and make recommendations for
implementation into the GTCMS.

Estimated Level of Level I. 0.5 person-year for 1 year
Effort and Time:

Level II. 2 person-years for 1 year

Research Area: Chemistry/Aqueous Phase

Activity Title: Evaluate the Effect of Clouds on Tropospheric 03I

Description: Extend the results of recent research on the effect of
clouds on tropospheric O_ production/destruction by
performing analyses that include more realistic cloud
microphysics/dynamics and applying the analysis to
various chemically coherent regions of the troposphere.
Recent research has indicated that O_ production/
destruction may be significantly affected by aqueous-
phase processes in the troposphere. The results of
this study will feed directly into the development of
the short-lived species chemical mechanisms.
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Level I. Evaluate available literature on the
effect of clouds on O_ and make recommenda-
tions for Implementation in the GTCMS.

. Level II. Performa model analysisto evaluatethe
effect of clouds on O_ and make recom-
mendationsfor implementationin the
GTCMS.

EstimatedLevel of Level I. 0.5 person-yearfor I year
Effort and Time:

Level II. 2 person-yearsfor I year

ResearchArea: Chemistry/GasPhase

ActivityTitle: Evaluatethe Role of Clouds in CH4/COTropospheric
Chemistry

Description: Evaluatewhether clouds play an importantenough role
in global CH4/COchemistrythat they should be included
in the long-livedspeciesCTM. The vision identified
for the long-livedspeciesCTM did not includecloud
processes. To a first approximation,this omission is
justifiedbecauseof the relativelysmall direct impact
that aqueous-phaseprocesseshave on CH. and CO concen-• 4

trations. However,HCHO, which is an intermediate
species in the oxidationof CH to CO, is relatively
solublein cloud and precipita{iondropletsand its
distributionmay be significantlyaffectedby cloud
processes. An investigationshould be carriedout to
evaluatethe potentialsignificanceof the neglectof
these processesand to recommendalternativedesignsof
the long-livedspeciesCTM, if necessary.

Level I. Evaluateavailableliteratureon the
effect of clouds on CHJCO chemistryand
make recommendationsf6r implementationin
the GTCMS.

Level II. Performa box-mode!or column-model
analysisto evaluatethe effect of clouds

on CH4/COchemistryand make
recommendationsfor implementationin the
long-livedspeciesCTM.

Level Ill. Performa full three-dimensionalmodel
analysisto evaluate the effect of clouds
on CH4/COchemistryand make recommenda-
tions for implementationin the long-lived
speciesCTM.
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EstimatedLevel of Level i. 0.5 person-yearfor I year
Effort and Time:

Level II. I person-yearfor I year

Level Ill. 2 person-yearsfor I year

ResearchArea: Chemistry/Genural

ActivityTitle: Develop an InterfaceBetweenthe Short-LivedSpecies
and the Long-LivedSpeciesand AerosolCTMs

Description: Develop the design of the structuralinterfaceand
methodologyto allow the short-livedspeciesCTM to
provideoxidantfields to the long-livedspeciesand
aerosolCTMs. As described in the researchactivity
"EvaluateUse of the Short-LivedCTM in ProvidingOH
Fields for Use in the Long-Livedand Aerosol CTMs," one
way to implementthe GTCMS would be to design the long-
lived speciesand aerosolCTMs as engineeringmodels.
Full short-livedspeciesCTM simulationswould provide
oxidantfields for detailedscenarioanalysesperformed
by the less computationallyexpensiveengineering
models. Once the engineeringmodel concepthas been
verified,an interfaceshould be designedto allow the
oxidantfields to be efficientlytransferredfrom the
short-livedspeciesCTM to the engineeringmodels. The
interfaceshould allow for both a "screeningmode"
(with coarse temporal and spatialresolution)transfer
of informationand a "detailedmode" (withfine
temporal and spatialresolution).

EstimatedLevel of 2 person-yearsfor I year
Effort and Time:

ResearchArea: Chemistry/General

, ActivityTitle: EvaluateUse of the Short-LivedCTM in ProvidingOH
Fields for Use in the Long-Livedand Aerosol CTMs

Description: Evaluatethe feasibilityof using OH, 03, and H_O_fields generatedby the short .ived speciesCT_ _s
input data for the long-livedand aerosolCTMs. One
way to implementthe GTCMS would be to design the long-
lived speciesand aerosolCTMs as engineeringmodels.
Full short-livedspeciesCTM simulationswould provide
oxidantfields for detailed scenarioanalysesperformed
by the less computationallyexpensiveengineering
models. An evaluationmust be performedto establish
the feasibilityof this design.
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EstimatedLevel of I person-yearfor 3 years
Effort and Time:

l ResearchArea: Chemistry/General

ActivityTitle: EvaluateAdequacyof Gas-PhaseChemicalOxidation
Mechanismsof DMS and the ResultingProductionof Cloud
CondensationNuclei

Description: Evaluatethe currentunderstandingof the gas-phase
chemistryof DMS in the troposphere,includingpro-
ductionof SO. and methanesulfonicacid (MSA) and the
relativeamountsproducedof each. Examineexisting
mechanismsand evaluatetheir predictiveabilitybased
on availableDMS/SO2/MSAmeasurements. Also evaluate
the currentunderstandingof cloud condensationnuclei
(CCN)productionfrom DMS oxidationproducts. Develop
an appropriategas-phasechemicalmechanismfor DMS
oxidationfor the GTCMS and provideevaluated
parameterizationsfor the productionof CCN from DMS
oxidationproducts.

Level I. Compile and evaluateexistingmechanisms
for DMS oxidationand parameterizations
for CCN productionand make appropriate
choicesfor the GTCMS, based on current
literature.

Level II. Develop a new DMS oxidationmechanismand
a new CCN parameterizationfor the GTCMS,
based on the most recent laboratoryand
field data.

EstimatedLevel of Level I. I person-yearfor I year
Effort and Time:

Level II. 2 person-yearsfor 2 years

ResearchArea: Dynamics/Stratosphere

ActivityTitle: DevelopStratosphere/TroposphereExchange
Parameterization

Description: Exchangeof trace speciesmass betweenthe stratosphere
and troposphereis expectedto dominate the upper
boundaryconditionfor a troposphericchemistrymodel.
This exchangemust be accuratelysimulatedin the
GTCMS. Higher-orderresolutionmodelingand obser-
vationsshould be used to developand test a param-
eterizationfor the exchangeof trace speciesmass
betweenthe stratosphereand tropospheresuitablefor
use in a global-scalemodel.
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EstimatedLevel of 2 person-yearsfor 3 years
Effortand Time:

ResearchArea: Dynamics/BoundaryLayer Turbulence

ActivityTitle: DevelopNonlocalTurbulenceClosureMethodsfor Global
Models

!
Description: Nonlocal turbulenceclosuremethods allow transportof

trace species,heat, and water vapor againstthe
gradient. This is possiblebecauseturbulencecan
transportparcelswith high (low) concentrations
throughlayerswith low (high)concentrationswithout
mixing. Applicationof nonlocalturbulenceclosureto
regional-scalemodels has resulted in significant
differencesto regional-scaletransport. However,the
methods used need to be refinedto improvethe
efficiencyof computationsneeded.

EstimatedLevel of 1.5 person-yearsfor 3 years
Effort and Time:

ResearchArea: Surface Exchange

ActivityTitle: SynthesizeEmissions,Surface Flux, Deposition,and
HydrologicModels

Description: A single,selfconsistentmodeling frameworkis needed
for hydrologic,emissions,surfaceflux, and deposition
models. This frameworkcan then be used to synthesize
these models into a single-surfaceflux module for the
GTCMS that has the capabilityto handle a wide range of
surfacetypes, includingvegetation,wetted surfaces,
water, and land.

EstimatedLevel of 2 person-yearsfor 3 years
Effort and Time:

m..

ResearchArea: Transport/Grid

ActivityTitle: Developan IrregularGrid Method for Chemistry

Description: Developthe means to apply an irregulargrid, or more
specifically,a nested grid systemto the chemical
mechanism. Methodsare needed to define the inflow and
outflowconditionsbetweenthe nested and global grid
systemsin an efficientmanner. The method must
demonstratean accuracywithin the nestedgrid that is
equal or better than in the global grid.
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.EstimatedLevel of 2 person-yearsfor 2 years
Effort and Time:

) ResearchArea: Numerics

ActivityTitle: Developa ComputationallyFast ChemistryIntegrator

i Description: A computationallyfast and flexiblechemistry
integratorwith the computationalcomplexityof Sillman
(IggI)and quasi-steady-stateapproximation(QSSA)
(Hesstvedtet al. 1978) is needed to accommodatea wide
range of chemicalmechanismsand to adapt easily to new
mechanisms. The QSSA method handlesstiffnessby
eliminatingstiff speciesand lumpingtogether species
of similarchemicaltype. The code for the QSSA method
needs to be modifiedwhen the mechanismis changed.
The proposedintegratorwill generate automaticallythe
differentialequations,reorderspecies (as done by
Sillman1991) and use implicitRunga Kutta methods,
which are suitablefor stiff equationsyet have reduced
computationalcomplexitybecauseof the reorderingof
species.

EstimatedLevel of 2 person-yearsfor 3 years
Effort and Time:

ResearchArea: Uncertainty

ActivityTitle: DemonstrateEffectivenessof Autodifferentiation

Description: Techniqueshave recentlybeen developedto auto-
maticallygenerate a computercode that provides the
sensitivitycoefficientsfor a given set of equations
that are to be solvednumerically. The effectiveness
of these techniques,with the equationsbeing solved
for troposphericchemistry,cloud microphysics,and
aerosols,needs to be demonstrated. The techniques
should be appliedto a module for which sensitivity
coefficientscan be determinedby other means, so that
the resultscan be comparedand the effectivenessof
the method evaluated.

EstimatedLevel of I person-yearfor I year
Effort and Time:
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