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PREFACE

This 1992 Annual Reportfrom Pacific NorthwestLaboratory (PNL) to the U.S. Department of Energy
(DOE) describesresearch in environmentand health conducted duringfiscal year 1992. This year the
reportconsistsof four parts, eachin a separatevolume.

The fourparts of the report are oriented to particularsegments ofthe PNL program,describingresearch
performedfor the DOE Office of Health and EnvironmentalResearchinthe Office of EnergyResearch. In
some instances,the volumes reporton researchfunded by other DOE components or byother govern-
mental entitiesunder interagencyagreements. Each partconsistsof projectreports authored by scien-
tistsfrom severalPNL researchdepartments,reflectingthe multidisciplinarynatureof the researcheffort.

The parts of the 1992 AnnualReport are:

P,_rt 1: BiomedicalSciences
ProgramManager: J.F. Park J.F. Park, Report Coordinator

S. A. Kreml,Editor

Part 2: Environmenta!Sciences
ProgramManager: R.E. Wildung L.K. Grove, Editor

Part 3: AtmosphericSciences
ProgramManager: W.R. Barchet R.E. Schrempf, Editor

Part 4: PhysicalSciences
ProgramManager: L.H. Toburen L.H. Toburen, Report Coordinator

W. C. Cosby,Editor

Activitiesof the scientistswhose work is described in thisannual report are broader in scope than the
articlesindicate. PNL staff have respondedto numerousrequestsfrom DOE duringthe year for planning,
forserviceon varioustask groups,andfor specialassistance.

Credit for thisannual report goes to the manyscientistswho performed the researchandwrote the indi-
vidualprojectreports, to the programmanagerswho directed the researchand coordinatedthe technical
progressreports, to the editorswho edited the individualproject reports and assembled the four parts,
andto Ray Baalman,editorinchief, whodirectedthe totaleffort.

T. S. Tenforde
Health and EnvironmentalResearchProgram
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FOREWORD

Within the U.S. Department of Energy's (DOE's) Office of Health and Environmental Research(OHER),
the atmosphericsciencesand carbondioxide researchprogramsare partof the EnvironmentalSciences
Division(ESD). One of the central missions of the divisionis to provide the DOE with scientifically
defensibleinformationon the local, regional,andglobaldistributionsof energy-relatedpollutantsandtheir
effectson climate. This informationisvitalto the definitionand implementationof a soundnationalenergy
strategy. This volume reportson the progressand statusof ali OHER atmosphericscienceand climate
researchprojects at the Pacific NorthwestLaboratory(PNL).

PNL has had a longhistoryof technicalleadershipin the atmosphericsciences researchprogramswithin
OHER. Within the ESD, the Atmospheric Chemistry Program (ACP) continues DOE's long-term
commitmentto studythe continentalandoceanicfates of energy-relatedair pollutants. Researchthrough
direct measurement, numericalmodeling,and laboratorystudiesin the ACP emphasizesthe long-range
transport,chemicaltransformation,andremovalof emittedpollutants,oxidantspecies, nitrogen-reservoir
species, and aerosols. The AtmosphericStudies in Complex Terrain (ASCOT) programcontinues to
apply basic research on density-drivencirculationsand on turbulent mixing and dispersion in the
atmosphericboundary layer to the micro-to mesoscalemeteorologicalprocessesthat affect air-surface
exchangeand to emergencypreparednessat DOE and other facilities.

Research at PNL providesbasic scientificunderpinningsto DOE's programof globalclimate research.
Researchprojectswithinthe core carbon dioxideand ocean researchprogramsare now integratedwith
those in the Atmospheric Radiation Measurements (ARM), the Computer Hardware, Advanced
Mathematicsand Model Physics(CHAMMP), and QuantitativeLinksprogramstoform DOE's contribution
to the U.S. Global Change Research Program. Climate researchin the ESD has the commongoal of
improvingour understandingof the physical,chemical,biological,and socialprocessesthat influencethe
Earth system so that national and internationalpolicymakingrelating to natural and human-induced
changesinthe Earth systemcan be givena firm scientificbasis.

The descriptionof ongoing atmosphericand climateresearchat PNL is organized intwo broadresearch
areas:

• Atrnospheric Research

• Climate Research

This report describesthe progressin FY 1992 in each of these areas. A dividerpage summarizesthe
goalsof eacharea and liststhe projectsthat supportresearchactivities.
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ATMOSPHERIC RESEARCH

Atmospheric researchatthe PacificNorthwestLaboratory(PNL) focusesprimarilyon twoareas: the fate of
energy-related pollutantemissionsas they are transported and processedin the atmosphere, and the
flow of air incomplexterrain. Analysesof the regional-scaletransportof emissionsaddressthe physical
and chemicalprocesses that occur inclear and cloudy air; the formationof aerosols;the Interactionof
gases,particles,andclouds;andthe simulationof these featureson regionalscales. Analysesof airflowin
complexterrain investigatewhat rolesenergyexchange, terrain configuration,and scale interactionsfor
coupledflows (e.g., slope, valley,andgradient)playindevelopingand destroyingboundary-layercircula-
tionsand in dispersingcontaminants. Researchactivitiesincludefield experiments,data analysis,and
modelingsimulations.

In FY 1992, PNL scientistsparticipated in field experimentsthat were part of the U.S. Department of
Energy's (DOE's) AtmosphericChemistry Program (ACP) and the Atmospheric Studies in Complex
Terrain (ASCOT) program. The ACP field study, based in Halifax, Nova Scotia, investigatedgas-phase
chemistryandaerosoldynamicsin the aged pollutantplume fromeastem NorthAmericaoverthe remote
western North AtlanticOcean. This study is part of DOE's contribution to the internationaland multi-
agency North AtlanticRegional Experiment. Field studies supporting the ASCOT program included
measurementsof boundary layer vertical structurenear DOE's Rocky Flats Plant andan investigationof
heat, momentum,and moisturefluxesover anaridsurface. PNL was alsothe hostfor a majorfield study
onthe sourcearea for near-surfacefluxesof tracegases.

Numericalcomputer modelsare used to help analyzethe resultsof measurementprogramsand to carry
out numerical experimentsthat extend the range of conditionsbeing studied. A box model usingtwo
chemicalmechanismswas developed to simulateatmosphericchemistryoverthe westernNorth Atlantic
Ocean. Mesoscaleboundarylayer modelswere appliedto the TennesseeValleyandto the Hanfordarea
to investigatewindand airflowpatterns. These investigationsare systematicallyincreasingthe reliabilityof
theoretical descriptionsand models. Such modelshold the promiseof translatingdescriptiveand fore-
castingcapabilitiesto the great numberof locationswhere boundary-layer flow and contaminantdisper-
sion and removalare significantlyinfluenced byterrain features, surface energy exchange, and regional
characteristicsof meteorologyandatmosphericchemistry.

Interpretiveanalysiscontinuedon ACP data obtained inthe Persian Gulf. The couplingof observations
withconceptualandnumericalmodelshas giveninsightintothe originsand consequencesof windfields,
pollutant dispersion,and flow patterns for the Grand Canyon, Tennessee Valley, Brush Creek Valley
(Colorado),and RoanokeBasin(Virginia)areas.

The followingarticlespresentsummariesof the progressin FY 1992 underthese researchtasks:

• The 1992 Atmospheric Chemistry Program

• Research Aircraft Operations

• ASCOT Program Management

• Coupling/Decoupling of Synoptic and Valley Circulations

• Atmospheric Diffusion In Complex Terrain

• Interactions Between Surface Exchange Processes and Atmospheric
Circulations

• Direct Simulations of Atmospheric Turbulence.



Atmospheric Research

The 1992 Atmospheric Chemistry instrumentation (see "Research Aircraft
Program Operations" in this volume) while evaluating the

pollutant mix over the western North Atlantic.
C. M. Berkowitz, K. M. Busness, D. S. Covert,(a)
R. C. Easter,M. Terry Dana, E. G. Chapman, J. M. The FY 1992 field study focused on aerosols,
Hales,(b) D. V. Kenny,(c) P. McMurry,(d) R. D. which isconsistentwiththe increasing recognition
Saylor, W. Jr Shaw, W.G.N. Slinn, S. B. Smyth, of their importance for energy policies related to
C. W. Spicer,(c) L. K. Peters,(e), J. M. Thorp, and visibility, precipitation chemistry, and climate
M. L. Wesely(f) change. Throughtheir rolesin formingcloudsand

The AtmosphericChemistryProgram (ACP) isone scatteringsolar radiation, aerosols have a major
of the U.S. Departmentof Energy's (DOE) multi- impact on the Earth's radiation budget. Also,
laboratoryprogramsof research on atmospheric heterogeneous chemical reactions on aerosol
processes. The ACP succeedsthe Processingof particlesare suspected of being the primecause
Emissionsby Clouds and Precipitation(PRECP) of lower-stratosphericozone loss in mid-latitudes
project and extends the scope from source- (e.g., associated with volcanic eruptions and
receptorrelationshipsin acidicdepositionto global carbonylsulfideoxidation[Covertet al. 1991]).
environmentaleffectsof energy-relatedactivities.

Of obvious fundamental importance is particle

The primary objective of the ACP is to provide creation (or "nucleation'). Theoretical and
information on atmospheric chemistry for the laboratory results suggest that sulfate particle

nucleation depends on preexisting particleNational Energy Strategy. The FY 1991 program
includeda majorfieldcampaigntothe PersianGulf concentration and size distribution, relative
to sample the fire plumes associated with the humidity,temperature, and the concentration of
destructionof well heads in Kuwait. The results, gaseous sulfuric acid. By analyzing shipboard
relatedto climateand healtheffectsof the plume, observations, Professor Dave Covert at the
are included in an article to be published in the University of Washington (Covert et al. 1991)
Jouma/ of Geophysica/ Research. A doctoral found a correlation between moisture, tempera-
dissertation and two additional articles for the ture, and ultrafineparticles (i.e., particleshavinga
Jouma/of Geophysica/Research, describingthe characteristiclengthscale of nanorneters). Corre-
results of this field campaign, are also in lations between preexisting particles, moisture,
preparation, temperature, and sulfuric acid have yet to be

observed and were therefore sought in our 1992

The field study in FY 1992 focused on collecting field studies.
data that willallowthe testing of specifichypoth-
eses concerning energy-related pollutants and The search for these correlations appeared feasi-
their global environmental effects. The primary ble in lightof the predicted extreme sensitivityof
tool for this field studywas the Pacific Northwest particle nucleationrate to humidityand tempera-
Laboratory (PNL) Gulfstream I (G-l) aircraft ture. Inthe absenceof other sourcesof particles,
(Figure 1). The G-1 aircraftwas equipped with the particlenumberdensity isrelatedto the nuclea-
several unique instruments allowing sensitive tion rate. Consequently, localizedregionsof high
detectionof trace gas species, aerosol particles, ultrafineparticleconcentration, in conjunctionwith
and turbulence. One of the purposes of the lowconcentrationof largerparticles and relatively
FY 1992 field study was to test this new high concentrations of gaseous sulfuric acid,

would provide data in support of the nucleation

lal UniversityofWashington,Seattle,Washing=. theory.EnvAirCorporation,Kennewick,Washington.

!_)!BattelleColumbusLaboratories,Columbus,Ohio. In principle,ali necessary quantitiescan be meas-

UniversityofMinnesota,Minneapolis,Minnesota.
NORCUS/T_Universityof Kentucky,Lexington,Kentucky. ured using the G-1 research aircraft. The new
Argonne NationalLaboratory,Argonne,Illinom.
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FIGURE1. ThePNLGulfstreamIAircraft.

instrumentation,in conjunctionwith the existing continentalemissionsthat are transportedover the
capabilityto measureSO2,03, NO2,NOx, CO, and North Atlantic, which is also a key objective of
standardmeteorologicalparameters(temperature, DOE's ACP. A second objective shared by the
relativehumidity,and winds) formed the basisfor ACP andNARE is to Improveunderstandingof the
planningthe 1992 field campaign, chemicalandphysicaloriginand evolutionof cloud

condensation nuclei in oceanic atmospheres.
There were two major reasons for selecting the WorkingwithNARE alsofacilitatesthe exchangeof
western North Atlanticas a studysite. First,this ideas between DOE/ACP scientists and staff at
region is a potential receptor region for anthro- other institutions. NARE will provide cooperation
pogenic chemicals transported from the United forfuture researchinthe region.
States. By using fast-response instrumentswit.h
improveddetectionlimits for evaluatingairquality Project Goals/Objectives tor FY 1992

over a regionwith chemicalmixesthatare typically Duringthe past year, the objectivesof the project
1 to 3 days old, a better understandingof trans- were to
port, transformation, and deposition processes
couldbe obtained.The G-1 aircraftwas stationed • provide informationon atmosphericchemistry
at Halifax, Nova Scotia, and generally flew south necessary to meet DOE policy and planning
andwestto near Boston,Massachusettsto sample needs, as described in the National Energy
chemicalmixeshavinga rangeof ages(Figure2). Strategy

• complete the analysis of data collected in
The second reason for selecting the western support of DOE's 1991 investigationof the
North Atlantic was the possibilityof combining Kuwaitoilwell fire plumes
scientificresourceswith those fromother organi-
zations participatinginthe NorthAtlanticRegional • design and conduct a field program to test
Experiment (NARE). NARE is a multinational several advanced analytical tools having the
investigationof (among other topics) the fate of capability to measure a variety of gases at



concentrations in the parts per trillion (ppt) of the ACP's plans for a project on lower-
range,andto measurepartici_sizedistributions stratosphericand upper-troposphericozone con-
down to the nanometerrange cenCrationchanges. This project will focus on

• use the informationobtainedfrom these instru- 1) evaluatingozoneand UV-B trends, 2) determin-
ments to examinethe abundance anddistribu- ingcriticalchemicaland meteorologicalprocesses,

tion of particles and selected gases over the and 3) applying these process results in global-
western NorthAtlantic(Figure2); thisobjective scale predictive models. Emphasis will be on
was to be met both through directanalysisof ozone changes in mid-latitudesand on testing

predictivecapabilitiesagainstfield data measured
the data collected during the field campaign
and by modeling studies to support this inthisACP's Ozone Project.

analysis As previouslymentioned, the FY 1991 field pro-
, gather informationnecessary to evaluatepar- gram included a campaign to the Persian Gulf.

ticle formationfrom the gas phase; this objec- Analysisof the data collectedby the G-1 aircraft
tivewas alsoto be met througha combination has focused on two issues: 1) the importanceof
of direct analysis of field data and modeling gas-phase photochemistry in the plume as it
studies, traveled downwind, and 2) the evolution of the

particle size distribution.Continuity equations for
FY 1992 Accomplishments the ratio of reactive to nonreactive species are

Surveys and assessmentsof atmospheric chem- being used to evaluate the diffusionand transfor-
istry literaturerelevantto energy-policy decisions matlonrates within the plume. The results are to
have appeared regularly in the ACP's newsletter be included in a doctoraldissertation being pre-
Monthly Update. A majoreffortin supportof DOE paredat the GeorgiaInstituteof Technology.
planningwasthe preparationof a draftdescription



During preparationfor the FY 1992 field studies, heterogeneous structure are consistent with
four advancedanalyticaltools were modified for aerosol nucleation theory. The TSl 3025 was
use onboardtheG-1 aircraft.One of thesewas the subsequently medified to operate in a pulse
trace atmospheric gas analyzer (TAGA), a triple height mode to provide size-resolved measure-
quadrupole mass spectrometer. A series of test mentsforparticlesinthe ultrafinerange.
flightsnearColumbus,Ohio, duringJanuary 1992
and furthertests inAugust,just priorto going into A secondaerosolmeasuringsystem,the scanning
the fieldwith NARE '92, confirmedthe operational electrical mobilityspectrometer(SEMS), supplied
status of the TAGA. During the second set of by Professor Peter McMurry of the Universityof
tests, the TAGA was alsoevaluatedfor sensitivity Minnesota,permittedmeasurementsof particlesin
to altitudeanddetectionlimitsfor keyspecies, the sizerangefrom30 to 500 nra. ThisSEMS isa

modified differential mobilityanalyzer that allows
Calibration procedures were developed or fast time-response monitoringof particles in this
adapted for the NARE target species. The most size range.
appropriateionization modesand parent/daughter
ion combinationsfor each target chemical were A finalanalyticalteel addedto theG-1 aircraftwasa
Cetermined. Once the monitoringapproach fora five-hole pressure port system for measuring
targetchemicalwas optimized,calibrationproced- atmosphericturbulence. When combinedwith the
ureswere usedto determineresponsefactorsand TAGA and inertialnavigationsystem,thisteel gives
estimatesof detectionlimits.The ten targetchem- the potentialof makingthe firstairborne measure-
icals could not ali be monitoredsimultaneously ments of fluxes of trace chemical species using
because different ionizationmodes and reagent eddy correlationtechniques. Fundingfordevelop-
gases are required. The ten species monitored ingthiscapabilitywas shared bythe ACP and the
duringNARE '92 thusfell intofour groups,listedin AtmosphericRadiationMeasuringProgram(ARM).
Table 1.

Data to test thegust probesystemwas collectedat
A second state-of-the-art instrument installec_ the NationalOceanic and AtmosphericAdministra-
onboard the G-1 aircraftwas an ultrafine conden- tion's Boulder (Colorado) Atmospheric Observa-
sation nucleus counter (Thermal Systems Incor- tory tower. Fast-response sensors provided by
porated 3025 (TSl 3025), modifiedby Professor ArgonneNational Laboratory measured fluxes of
Dave Covertof the Universityof Washington).This total gaseous sulfur at the 250-m level of the
ultrafinecondensationnucleuscounter (CNC)was tower, while the G-1 aircraftsystem sampled SO2
installedinparallelwith PNL's standardCNC (TSl and turbulent fluxes during fly-bys. This cross-
3020) in a configuration that allowed real-time comparisonprovideddata that shouldbe useful in
monitoringof particles in the nominal size range the analysis of the NARE '92 over-ocean flux
from 3 to 10 nm. Duringa shortexploratoryflight measurements.
over the Pacific Ocean in July 1992, measure-
mentsfrom thissystemshowed severalpockets of The timing for the NARE '92 field studies was
air that contained significant concentrations of based primarilyon fog climatologyand length of
ultrafineparticles,surroundedby air thatcontained day. Climate statisticsshowed the occurrenceof
almost none. Although this test was not con- fog to be at a minimumbetween late August and
sidered definitive, these observations of earlySeptember. Flightswere scheduledfor mid-

morningandearly afternoonto avoidthe relatively
frequent occurrence of fog during early morning

TABLE 1. The Ten Species Monitored by the TAGA During and late afternoon/earlyevening. Weather condi-NARE'92.
tionsgroundedthe aircraftonlya fewtimesduring

GrouDh, _ GroupC GmuoD itsdeploymentinHalifax.
HNO3 HCOOH NH3 DMS
HONe CH3COOH Sampling strategies for the G-1 aircraftduringH2SO4 CIi

soz NARE '92 were designed to maximize the hori-
PAN zontal distance of a givenflightwhile stillproviding



informationon the vertical structure. This was • observed elevatedplumes of ozone, NOx, and
accomplishedby flying horizontaltransects inter- aerosolsinthissemi-remotearea (Figure3); the
spersed with verticalprofiles. A typical flightplan mechanismfor this long-range transport is not
was based on the predictedparcel trajectorypro- clear

vided by the Regional ForecastingOffice of the • observed elevated plumes of ozone in this
Canadian Atmospheric Environment ,Service. semi-remote area, with no associated NOx or
Usingthese predictedtrajectories,the G-1 aircraft CO; the sourceforthisozone is unknown
was routed towardair that was expected to have
come from the United States. The flight path • ultrafine (nanometer scale) aerosol number
usuallyalternatedbetween low-level(150 m above density measurements that showed an in-
sea level) and upper-level (1500 m above sea crease(byordersof magnitude)towardthe top
level) horizontalsampling, interspersedwithspiral of the boundary layer under very clean air
flight patterns between 90 and 2400 m. Approxi- conditions(Figure4).
mately 80 hours of research flying during 20
missions were carried out with this strategy. A series of modeling studieswas initiatedin sup-
Table2 liststhe missionsand dates, port of the NARE '92 field campaign. Two well-

known gas-phase chemical mechanisms were
Preliminary results based on data that were coded into zero-dimensional,time-dependent box
reduced during the field program include the models. One of the mechanismswas designedfor
following: studiesof background tropospheric chemistryin

• measurements of dimethylsulfide(DMS) with locations remote from significantanthropogenic
influence. The other was designed for use in

the TAGA, concurrentwith gust probe turbu- heavily polluted environments. The major differ-lence measurements--these data could allow
for the first-evercalculationof DMS flux;fluxes ence between their treatment of NOx, 03, and
of SO2 and formic acid are also being devel- other photochemicallyactive trace species lies in
oped fromthe field data their treatmentof backgroundCH4/CO chemistry,

TABLE 2. Summaryof NARE '92 ScientificMissionsfromHalifax,NovaScot_.

Flight Year- Flight
Number _ D._ _

21 920914a 3h00m Halifaxto oilrigsS to41N, 61W to Halifax
2D 9L_13b 3h40m I_ultud_t toH_fax
19 cjL_913a 3h40m Halifaxto Nantucket
18 92091la 2h50m Halifaxto SableIslandto Halifax
17 cJ20910b _ Halifaxto SableIslandIioHalifax
16 9L)0910a _ Halifaxto Hul (New Brunswick)to Halifax
15 gL::_X)(_ 2h(X)m SeptliestoHalifax
14 920g0ea 2h45m Halifaxto SeptIlee
13 g_goSa 3hlOm Halifaxto SableIslandto Halifax
12 920903a _ Halifaxandvicinity
11 _ 2hS0m Nsx_tud_tto i-lali_sx

10 9L:)0902a _lS0m Halifaxto Nantucket
9 920831a 4h50m Halifaxto SableIslandto Halifax
8 920830a 3h35m Halifaxto 41N, 61W to Halifax
7 _ 1h55m Halifaxandvidnity
6 920826a 3h30m Halifaxto 41N,61Wto Halifax
5 920825a 111O011 Halifax_ vicinity
4 9L_824a 3hS0m Halifaxto 41N, 61W to Halifax
3 920823b 1h55m I_ucket toI-laifax
2 9EO823a 4h15m Halifaxto Nantucket
I 920621a 2h50m NantuckettoHalifax
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FIGURE3. TypicalElevaledPlumesDeleted DuringHARE'92.

which is absentin the urban mechanism. A third
3000 mechanismis being designed that will be appli-

cable in both clean and heavily polluted environ-

.-.2500 ...........i..............!.............!............._............. ments. Thesebox modelsare intendedto serve

I9 2000 iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii'.iiiiiiiill prehensiveaSpreparatiOnEulerianfOrthemodel,USeofaasregional-scale,wellas to provideC°m"
E
-_-1500 informationfor the designof the NARE '93 field• study(seebelow).
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[ql_-I:: _'" "_"" "_"- "_" I: Thereare threegeneralobjectivesfor FY 1993.
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0 _ J lectedduringtheFY 1992 fieldstudy. Planscall

0 100002000030000400C_50000 formakingthesedata,alongwithsupportingdocu-mentation,availableto the generalatmospheric
ParticleConcentration(number/cre3) chemistrycommunity. The seCondkey objective

FIGURE4.ElevatedUl_:rafineAerosolParticleNumberDensity for FY 1993 is the analysisof these data. The
NearIheTopoftheBoundaryLayer,Dek_-'tedDuringNARE_)2. resultsof ouranalyseswillbepublishedin a series

ofjournalarticles.
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Finally,based on analysisof the FY 1992 observa- This exciling application was the culmination of
tions,we plan to design ar_ execute a similarfield severalye;trsof workthat began in late 1987 when
study during FY 1993 in coordination with the theTAGAwas firstflownon PNL'sDC-3 aircraflina
National Oceanic and AtmosphericAdministration preliminaryfeasibilitytest (Busness1991). Thesig-
(NOAA) and the Atmospheric Environment nificance of this application was recognized lm-
Service (AES) of Canada, which plan to operate mediately,but severaltechnicalchallengeshad to
researchaircraftin the same region. Our involve- be met includingmodificationsto the aircraftand
mentwith theseagencies underthe NARE banner TAGA to permit its installationand operation in
shouldgreatly enhance measurementcapabilities PNL's G-1 aircraft (Berkowitz et al. 1992). The
duringNARE '93. TAGAJG-1 merger was further delayed when the

G-1:,_rcraftwas deployedto the Mideast in 1991 to
Reference participate in a multiagencyeffort to characterize

Covert, D. S., V. N. Kapustin, P. K. Quinn, and the smoke plume emanatingfrom the Kuwaitoil
T. S. Bates. 1991. "New ParticleFormationinthe fires(Busnesset al. 1992).
Marine Boundary L_,yer." J. Geophys. Res.
97(D18):20,581-20,589. In its standard 'laboratory-bound'configuration,the

TAGA is 100 in. long,28 in.wide, 56 in. high,and
weighs over 1200 pounds. The modified TAGA

Research Aircraft Operations configuration consists of three main components,
each small enough to be transported throughthe

K. M. Busness, R. V. Hannigan, S. D. Tomich, aircraftdoorand cabin passageway. Inthe aircraft,
O. B. Abbey, and W.A. Garrity these three components are interlocked and

mountedon a platformthatwas speciallydesigned
To fulfilla numberof importantnationaland DOE to provide safe structuralstabilityand protection

'_' goals related to understandingthe transport and fromaircraftvibration. Figure 1 shows the main
transformation of energy-related pollutants and TAGA components in their interlocked configura-
their impacton globalclimateissues,PNL operates tion. Inflight measurements of aircraftvibration
a GulfstreamI(G-1) aircraftto obtaindiagnosticenvi- characteristicswere previously made during ali
ronmentalmeasurements. The G-1 aircraftserves phases of flightoperation, and TAGA response to
as an advanced airborne samplingplatform,with thevibrationspectrumwas tested in the laboratory
the capacity to accommodate a wide variety of to develop an appropriate physical mounting
instrumentationin supportof field programsdedi- design. The physical mounting includes a large
cated to achieving the objectives of the DOE mountingplate that providesbroadweight distribu-
AtmosphericChemistryProgram(ACP). tion, verticalsupportsfor lateralstability,and vibra-

\

tion isolatorsto minimizein-flightvibrationeffects
FY 1992 Activities andshockduring takeoffand landing.
In August and September 1992, the trace atmos-
phericgasanalyzer(TAGA) 6000E(a)was success- In additionto the three main components of the
fully usedfor the firsttime in an airbornemeasure- TAGA, a roughingpumpand largecryogenicpump
ment mode during the pre-NARE (North Atlantic are required to achieve the very high vacuum
RegionalExperiment)field programin the western necessary for operation. The extensive power
North Atlantic. The TAGA is a laboratory-quality requiredto operate the cryogenicpump requireda
tandem triple quadrupole mass spectrometerthat modificationto the G-1 electricalpower system in
is highly sensitive and highlyselective inmeasur- whichan auxiliarygeneratorwas custom-mounted
ing a wide range of organicand inorganicchemical on the left engine accessory gearbox pad. The
species. A major operational advantage of the TAGA requiresuninterruptedpower because loss
TAGA is its ability to function in an atmospheric of vacuumforonlya few minutesrequiresa 5-hour
pressure chemical ionization (APCI) mode, pumlxIown of the instrument. Using only previ-
permitting rapid-response, real-time measure- ously existingaircraft generatorsprovided insuffi-
mentsin ambientatmosphericconditions, cient power to ensure safe operation of emer-

gency aircr-aftsystemsduringtakeoff; ii wasthere-
(a) Sdex,Thomhil,Ontario,Canada. fore necessary to add the auxiliarygenerator to



ft

FIGURE1. TAGAMainComponents.

provide the power required by the cryogenic eddy correlation technique for specific species.
pump. The auxiliary_;]ene='atorprovidesan addi- Normally,the TAGA iscontrolledand monitoredby .
tional300 amps of 28 VDC power, independentof itsown computersystem, but it became apparent
otheraircraftpowersystems.A series-parallelcon- that it wouldbe difficultto synchronizethemultiple
figurationof DC/AC invertersconvertsthe 28 VDC computers on the aircraft, and that a faster sam-
to the required 220 VAC 60 Hz power. Itwas also pUng rate would be necessary to capture data
necessaryto develop provisionsfor switchingbe- appropriate to flux calculations. Thus, a direct
tween ground-based power and aircraft power interface was developed between the TAGA and
withoutinterruptinginstrumentoperation, the aircraftdata acquisitionsystem, so that TAGA

data could be acquired and recorded simuitane-

In January 1992, after both the G-1 aircraftand ouslywith ali other researchparameters. The last
TAGA were modified,the TAGA wasinstalledand a step inthe interfaceprocess was completed just
demonstrationflight to furthertest the totalsystem priorto deployingthe G-1 aircraftforthe NARE '92
was completed near Columbus,Ohio. Duringthe field study. Flux measurements for dimethyl
successful test, several organic and inorganic sulfideand certain acids were conducted during
acids and dimethyl sulfide were measured over the NARE '92 study(see "The 1992 Atmospheric
horizontaltransects and in vertical profiles(Kenny ChemistryProgram"in this report), but correlation
et al. 1992). with gust probedata will have to be completed to

determinethe successof thiseffort.

The TAGA responsetime for single-speciesmoni-
toringis about 0.2 seconds (5 Hz). Because the Final analysisof data acquired in the NARE '92
G-1 aircraftis also equippedwith a gust probe for studywill testifyto the performanceof the airborne
detecting rapid fluctuations of vertical and hori- applicationof the TAGA, but preliminary results
zontal winds, the TAGA's rapid response should indicatethat a numberof specieswere detected at
enable flux measurementsto be made using the varying concentrations,and expected correlations/
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discrepancieswith measurements from other in- instrumentvalidationachieved during the 1992
strumentswere observed. At this time, it appears experiment should enhance performance and
that the TAGA has performed successfullyin its improvedata qualityin 1993.
first field use. Future applicationsin the NARE
field studies and inflow studies in the eastern Funding permitting, in support of other studies
Pacificare expected. Although the TAGA is not related to 'Natural Variabilityand Anthropogenic
uniformlysensitiveto all chemicalspecies,itsaddi- Perturbations of the Marine Atmosphere' (see
tion to the airborne measurement instrument "The 1992 AtmosphericChemistry Program" in
ensemblemay beof great benefit to studiesin the this report), theG-1 aircraftwillparticipatein a field
atmosphericsciences, program in the western Pacific to develop a

regionalchemicalclimatologyto assess the effects
Future Requirements/Applications of power production-relatedemissions from the

Operationof the G-1 aircraftinthe 1992 ACP field PacificRimcountries.
programwas notwithout problems. The largepay-
load of diversifiedinstrumentationemployedin the With instrumentation and activation of the first
NARE '92 flights dissipated much heat into the Cloudsand RadiationTestbed (CART) site in the
aircraftcabin. DuringG-1 operations in the lower southern United States Great Plains, it is antici-
troposphere, in which the aircraftwas used in an patedthat activitiesinsupportof the Atmospheric
unpressurized configuration,the air-conditioning Radiation Measurement (ARM) programmay use
systemwas ineffective. This systemwas designed the G-1 aircraftto supplement surfacesite meas-
to heat and cool the aircraftcabin in a pressurized urements with airborne measurements. Instru-
configurationwhile operating at higher altitudes, ment systems on the G-1 aircraftare being up-
At loweraltitudesduringthe early daysof the field graded to provide improved cloud physics
study, some instrumentsmalfunctionedbecause measurements. These upgrades include lm-
of the excessivecabintemperatures. Some inno- proved instrumentsfor measuringdew point and
vative modifications that introduced additional cloud liquidwater content,upward and downward
ambient air into the cabin overcamethis problem radiation thermometers, and a two-dimensional
for the most part, at least for flights in relatively greyscaleopticalparticle probe for imagingcloud
cloud- or weather-free situations. Continued use dropletsand icecrystals.

• of the TAGA and other power-intensiveinstru-
' mentswill requirethe design and implementation References

of improvedcabin coolingtechniquesif we are to Berkowitz,C. M., E. G. Chapman,M. T. Dana,R.C.
operate in a wide variety of meteorological Easter, and D. J. Luecken. 1992. "Atmospheric
conditions. ChemistryProgram." In Pacific Northwest Labora-

tory Annual Report for 1991 to the DOE Office of
Preliminarytests conducted during the NARE '92 Energy Research Part 3, Atmospheric and Climate
fieldprogram indicatethat theTAGA mightbe suc- Research, pp. 3-8. PNL-8000 Pt. 3, Pacific
cessfullyoperatedin a pressurizedaircraftcabinby NorthwestLaboratory,Richland,Washington.
ensuring an airtightsamplingtrain from inlet to
exhaust. Additionaltestingwillverifythe suitability Busness, K.M. 1991. "Continuing Development
of usingthe TAGA at higheraltitudesinthe tropo- of the G-1 Aircraft." In Pacific Northwest Labora-
sphere attainableby the G-1 aircraft(about 9 km). tory Annual Report for 1990 to the DOE Office of
The highsensitivityof the TAGA mayenable real- Energy Research, Part 3, Atmospheric Sciences,
time measurementsto be made of specificspecies pp. 16-19. PNL-7600 Pt. 3, Pacific Northwest
at higher elevations; such measurements were Laboratory,Richland,Washington.
previouslyunattainableby othertechniques.

Busness, K. M., P. H. Daum, J. M. Hales, C. M.
lt is expected that in support of ACP objectives, Berkowitz,S. D. Tomich,R. V. Hannigan,and O. B.
the G-1 aircraftwill play a key role in the 1993 Abbey. 1992. "PNL AircraftMeasurementsin the
NARE multiagency,multiairoraftfield study in the Kuwait Oil-Fire Plume." In Pacific Northwest
North Atlantic. The knowledgeof operationsand Laboratory Annual Report for 1991 to the DOE
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Office of Energy Research Part 3, Atmospheric 1991, and simulations of wind fields in the
and ClimateResearch, pp. 9-12. PNL-8000 Pr. 3, Tennessee Valley during the 1990 experiment.
Pacific Northwest Laboratory, Richland, Analyses of Tennessee Valley climatology and
Washington. windfield variability,and descriptionsof the com-

plex layered structure of winds near Colorado's
Kenny, D. V., C. W. Spicer, G. M. Sverdrup, K.M. Front Range were also presented. In addition,
Busness, and R. V. Hannigan. 1992. "Airbome extensive discussionswere carriedout on future
Tandem Mass Spectrometry for Investigationof directionsof the ASCOT program.
Regionaland Global EnvironmentalIssues." Paper
92-67.01, presentedat the annualmeeting of the Multlyear Strategic Plan

Air and Waste Management Association, June A follow-up meeting with a smaller number of
1992, KansasCity,Missouri. scientistswas held in Ger_antown, Maryland, in

December to pursue further the issue of future
ASCOT activities. The discussions formed the

ASCOT Program Scientific basis for subsequent planningand development,
Direction which culminatedinMay 1992 withthe submission

J. C. Doran of a multiyearstrategicplan for the ASCOT pro-
gramto DOE for review;it was subsequently pub-

The objective of the ASCOT Progrt_mScientific lishedby DOE in July. The plan presentsan out-
Direction (APSD) project is to provide scientific line for ASCOT research over the next several
leadershipand coordinationforthe activities of the yearsinthe Oak Ridgeand RockyFlatsareas, and
U.S. Departmentof Energy's(DOE) Atmospheric indicates future areas for investigation over a
StudiesinComplexTerrain(ASCOT)program, longertime. it also providesthe basisforincrease,'J

involvementwith universityresearchers.
In mid-FY 1992, responsibilityfor the APSD project
passedfromC. E. Elderkinto J. C. Doran,although Coorcllnatlon with Rocky Flats Plant
Dr. Elderkinhas continuedto remainactive in the Scientists
projectduringthe ensuing transitionperiod. Prin-
cipalactivitiesfortheyear included The tracerreleases conducted at the RFP in the

winter of 1991 and the coincident meteorological
• a meeting of ASCOT participantsin the fall of measurements obtained by ASCOT scientists

1992 haveprovided thebasisfor a continuallyimproving

• development and publication of a multiyear working relationship with RFP personnel. In
FY 1992, several meetingswere held to explorestrategicplanfortheASCOT program
additional means by which the complementary

• establishment of a close working relationship efforts of RFP and ASCOT scientists could be
withscientistsat DOE's RockyFlatsPlant(RFP) encouraged. Althoughformalagreements are not

• analyses of case studies selected from the generally anticipated from such meetings, dis-
1991 winter tracer experiment near RFP, and cussions on mechanisms for data exchange,
preparationof a paper outlining ASCOT activ- cooperative analyses, attendance at scientific
ities for a Commissionof the European Com- meetings and workshops, and instrument deploy-
munities(CEC) workshop, menthave been beneficialto bothparties.

ASCOT Science Team Meeting CEC Workshop Paper

A meetingwas organizedfor ali ASCOT scientists A paperanalyzingthe meteorology duringthe first
inNovember1991 near Seattle, Washington. Par- of the 1991 tracer experiments was prepared and
ticipants showed results of their work using the acceptedfor presentationat the CEC Third Inter-
data collected during the 1990 Oak Ridge and nationalWorkshop: Decision Making Support for
1991 Rocky Flats experimental campaigns. Off-Site Emergency Management (Elderkin and
Numerical modelers described initial efforts to Gudiksen1992). This paper sumn_rizes some of
simulatethe dispersionof tracers near the RFP in
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the findingsfrom ASCOT modeling andobserva- researchprogramisto developen improvedunder-
tions in Colorado's Front Range, and points out standingof the physical mechanismsleading to
some of the relative strengths and limitationsof interactionsbetween thermally driven localwind
prognosticand diagnostic models for emergency systemsand the ambientflows.
responseapplications.

Currentprogram goals are to gain a better under-
Future Studies standing of the basic physics, the driving forces,

and the interactions of thermally developedAdditionalanalyses of one or more selected cases
from the 1991 winter experiment will be carried complex terrain circulations of different scales.
out, and a paper describing the results will be These complicated interactions represent signifi-
prepared. In addition, an ASCOT report will be cant challenges that are being met with an inte-
prepared describing the collectionof measure- grated program of new field investigations,data
ments obtained by ASCOT participants in the analysis from past complex terrain experiments,
1991 winter experiment. A meeting of ASCOT and mathematical modeling of relevant physical

mechanisms. Field investigationsmake use ofscientistswas held in February 1993 to reporton
remote and insitu atmosphericsounding devices,current research and to establish plans for an

extended measurement campaign using sodar radiation and energy budget measurement sys-
and radar profilers in the Front Range area. A tems, tracer samplers and basic meteorological

sensors. Data sets come from the DOE Atmos-
Science Oversight Group will be formed, con-
sisting of scientists outside the DOE ASCOT pheric Studies in Complex Terrain (ASCOT)
program,tocriticallyreviewthe activitiesand direc- program and other complex terrain experiments;

simulationscomefrom a variety of meteorologicaltion of the ASCOT Program. In the past, such a
group provided valuable feedback to ASCOT models,from simplethermodynamicto full-physics
scientistson their work, but it has been inactive numericalmodels.
recently. Preliminarywork will be carried out to
establish an implementation plan for rnultiyear This projectis conducted asan integral partof the

ASCOT multilaboratoryprogram and is closelyASCOT activities,with initialemphasis devoted to
identifying functions, such as operating a data coordinated with two other ASCOT programs at

Pacific Northwest Laboratory (PNL), the Atmos-networkor archivingdata, to be carriedout by an
ASCOT "infrastructure." Finally, support will be pheric Diffusionin Complex Terrain (ADICT), and
providedto NOAA'sWave PropagationLaboratory the Direct Simulationof Atmospheric Turbulence
to operate a 915-MHz radarwindprofilerin South (DSAT) programs. Numerous data sets support

the research, including data collected in ASCOTBoulder Creek as part of a planned ASCOT net-
workof profilersand sodars, field programs. In addition, recent researchhas

usedmeteorologicaldata from manysourcesto aid

Reference in interpretationand hypothesistestingfor ASCOT
results. Inthe lastyear,specialresearchinvestiga-

Elderkin,C. E., and P. H. Gudiksen. 1992. "Trans- tionshavebeen focused on a largemeteorological
port and Dispersion in Complex Terrain." Pre- data set collected in the complex terrain of the
sented at the CEC Third InternationalWorkshop: AmericanSouthwest.
Decision Making Support for Off-Site Emergency
Management, October 25-30, 1992, Schloss FY 1992 Results

Elmau,Bavaria,Germany. In FY 1992, work includedthe analysisand model-
ing of synoptic/valleywind relationships in the

Coupling/Decoupling of Synoptic Tennessee Valley, analysis of basin meteorologyin the southwestern United States, investigationof
and Valley Circulations pollutiontransport characteristicsin complex ter-
C. D. Whiteman rainareas,and the processing and analysisof data

from the ASCOT Front Range Experiment in
The objective of the Coupling/Decoupling of Colorado. These topics are discussed in more
Synoptic and Valley Circulations (DECUP) detailbelow.
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Oak Ridge Wind Climatology from the west. Furtheranalyses showed that the

The climatologyof valley and synoptic-scalewind elevated inversionscan be destroyed and the
system interactions was investigated in the basin'satmospherecan be ventilatedwhen coldair
Tennessee Valley with a new climatological is advected above the basin with the approachof
approachthat uses joint wind directionfrequency synoptic-scale,lowpressuretroughs.
distributions (rawinsonde-measuredabove-valley
windsversusvalleywinds)to identifykey coupling The cycleof coldandwarm air advectioncausedby
mechanisms. Initial results were obtained in passing synoptic-scale disturbances provides a
FY 1991 usingrawinsondedata andwinddata from mechanismforthe destructionof persistentwinter-
a tower at Oak Ridge, Tennessee. In FY 1992, time inversionsin basins of the western United
analyseswere extendedto otherpartsof thevalley States and has important implications for air
using 5 years of hourly data from three 100-m pollution dispersion. A conceptual model of the
towers operated by the Tennessee Valley inversion destructionmechanism was developed
Authority. Tennessee Valleywindswere found to in FY 1992 and waspresentedat the SixthConfer-
be lightand bi-directional,with winds blowingup ence on MountainMeteorologyinthe fall of 1992.
anddown the valley'saxis. The bi-directionalwind
systemis not primarilythermallydriven,but driven Dispersion Meteorology of Valleys
by the along-valleycomponent of the synoptic- and Basins
scale pressure gradient. The implicationsof this A method to quantify pollutantrecirculationand
pressure-driven channeling were investigated ventilation within a complex terrain region has
further with climatological analyses and with been developed and applied to data from a net-
numerical modeling, in cooperation with PNL's work of towers and remote sensing devices
DSAT program. The modeling efforts were (Doppler sodarsand radarprofilers) in the south-
focused on the coupling mechanisms and the western United States. Some useful extensions
effects of topographicfeatures. Thekey research to this approach were developed in FY 1992 and
results have been communicated to Oak Ridge are being investigatedfurther in cooperationwith
National Laboratory, where they will be incor- PNL's ADICT program. Data sets from other
porated into their emergency response modeling regionsof the country will be processedto test the
program. The resultswere also presented at the method. The technique was presented at the
Sixth Conference on MountainMeteorologyin the Sixth Conference on Mountain Meteorology inthe
fallof 1992, and a journalarticleis being prepared, fallof 1992, and a journal articleis being prepared.

Wintertime Meteorology In the Front Range Studies

Colorado Plateaus Basin The Coupling/Decouplingprogram participated in
The meteorologyof basins in the western United the ASCOT 91 meteorological and tracer experi-
Stateswas investigatedusingwintertimedatafrom ments in Colorado'sFront Range, and has sup-
the Grand Canyon region. FY 1992 analyses ported the continued development of a meteoro-
focused on the buildupand breakdownof basin logicalnetworkinthe region around DOE's Rocky
temperature inversions,the development of local Rats Plant. Processing andanalysisof these data
and regional topographic circulations, and the were continued in FY 1992 as new data were
influence of synoptic-scale pressure systems on added to the central data base. A minisodarwas
basinwind systems, operated in a drainage area to the east of the

Rocky Flats plant in cooperation with the DSAT
Strong temperature inversions are frequently and ADICT programs. Analysisof winddata froma
foundat the rim level inthe Grand Canyon. Anal- network of towers operated by Lawrence Liver-
yses of wintertime data from a field experiment more National Laboratory was also completed.
nearthe Grand Canyon in 1991 showedthat these This analysisfound that mountain-plaincirculations
sharpelevatedinversionsrepresentthe boundary are prominent inthe RockyFlats area, but are fre-
between cold air thatcollectsbebw the rim level in quently affected byoverlying synoptic-scalecircu-
the Colorado Plateaus Basin to the east of the lations. The results of these analyses willbe used
Grand Canyon, and warmer air that is advected to plan for the deploymentof other meteorological
over the basin as high pressureridges approach instruments in the summer of 1993. The
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Coupling/Decouplingproject will continue to par- Atmospheric Diffusion in Complex
ticipate in long-range scientific and experiment Terrain
planning forthe ASCOT program.

K. J. AIIwine and J. M. Hubbe

Other Technical Progress The purpose of the Atmospheric Diffusion in
SeveralcollaborativeeffortswithotherDOE labora- Complex Terrain(ADICT)programis to develop an
tories and universities were begun in FY 1992. understandingof the'physical processes govern-
Dr. MarkusFurgerfromSwitzerland'sPaulScherrer ing atmospheric transportanddiffusionincomplex
Institutebegana one-yearvisitingscientistappoint- terrain, and to describe these processes with
ment and is investigatingthe use of radar profiler/ appropriate numerical and/or conceptualmodels.
radio-acousticsoundingsystem (RASS) networks Such modelsare requiredfor realisticallyassessing
for atmospheric mass and heat budget studies, potentialand actual environmentalimpactsarising
This work is being done cooperativelywith C.D. from use of energy resources, and for analyzing
Whiteman(PNL), J. M. Wilczak(NationalOceanic and predicting the fate of pollutants released
and Atmospheric Administration/Wave Propaga- routinelyor accidentallyinto the atmosphere. In
tion Laboratory), and R. Grossman (Universityof addition,thisunderstandingcanleadto parameteri-
Colorado). Dr.R. K. Hauserfromthe Universityof zations of subgrid-scaleexchange processes in
Californiaat Chicovisitedthe laboratoryduringthe regional-scaleto global-scalemodels.
summer of 1992 and worked in the DECUP pro-
gram investigatingthe developmentof plain-basin The objectives of the ADICT program include
wind circulationsover a mountainpass, usingdata 1) identificationof the forcingmechanismsrespon-
fromthe Grand Canyonregion. Dr.J. Bossertand sible for the observed wind, turbulence,and tem-
G. Poulos from Los Alamos National Laboratory perature structuresin complex terrain; 2) analysis
began a cooperativeeffortwith C. D. Whitemanto andapplicationof field andnumericalmodeldata to
model the synoptic-scaleinfluences on the flow assess the relative importance of such mecha-
along a valley that connects a plain to a basin, nisms and their effects on atmospherictransport
Observations of flow in the Grand Canyon and diffusion; 3) development, testing, and appli-
heightenedthe interest in this jointproject. Over cation of numericaland conceptualmodels capa-
the last few years, the DECUP program has pro- ble of describing and predicting the behavior of
vided partialsupportfor K. J. AIIwine'sPh.D. pro- the winds, temperatures, and atmospheric con-
gram at Washington State University; several stituentsin regionsof interest;and 4) presentation
publicationsresultedfrom this completed work in of results at scientific meetings and in peer-
FY 1992. Finally,surface energybudgetmeasure- reviewedjournals.
ments collected with a new instrumentas part of
the DECUP program in 1991 resulted in a pub- The ADICT program maintains an integrated
lication produced in cooperation with DOE approach for accomplishing its research objec-
Atmospheric Radiation Measurements (ARM) tives, which includesfield observations, data anal-
investigators, ysis, theoretical investigations, and numerical

modeling. The research undertaken during
Future Research FY 1992 has added to our basic knowledge of

transportinthe atmospheric boundarylayer, led toIn FY 1993, the work reported above will be ex-
an improved understanding and modeling of

tended, and journal articles will be submittedfor atmospheric dispersion in mountainvalleys and
publication. Futureworkwillconcentrate on valley basins, and contributed to understanding the
and basin meteorology, includingfield modeling interactionof ambient and locallygeneratedwind
investigationsof the energeticsof valley and basin systems and their effect on dispersion. Specific
atmospheres,the developmentof local wind sys- accomplishmentsduringFY 1992 areternsand the influence of synoptic-scaleflows,the
buildup and breakdown of basin inversions,the • The research on identifyingand characterizing
development of mountain-plaincirculations,and the physical processes dominatingdispersion
the transportand diffusionof air pollutantsinareas invalleysandbasinswas published(AIIwine
of complex terrain.
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1992a; AIIwine et al. 1992), presenting the were completed and published(AIIwine1992a,b).
resultsfrom the 1984 AtmosphericStudies in The principal findings were that tracer released
ComplexTerrain(ASCOT) BrushCreek Valley near the valley floor did not reach the ridge tops
experiment, and the resultsof a tracerexperi- (gscape from the valley)duringthe night,but was
ment conducted in the Roanoke Basin of confined to the valley and carried in down-valley
Virginia. A dissertationpresenting research flows. After sunrise,with the onsetof convective
conducted in conjunctionwith the Coupling boundary layer growth and initiationof upslope
and Decoupling of Local and SynopticCircu- flows, the tracer within the valley was carried into
lations (DECUP) programwas also published the upper elevationsof the atmosphere and venti-
(AIIwine1992b). fatedfromthe valley. This wasconfirmedbyobser-

• A majormeteorologicaland tracer field experi- vationsof traceraftersunriseatthe ridgetop tracer
ment was successfully conducted on the samplersand by a tracermassbudget appliedto a
HanfordSite diffusiongrid. The primaryobjec- valleyatmospherecontrolvolume. The ventilationrate of tracer from the valley atmosphere to the
five of the study is to identify how large an
upwind source area (sourcefootprint)contrib- above-ridge top flows was calculated from thetracermass budget. A dimensionlessform of the
utes to the tracegas fluxata downwindpoint a ventilationrate was developed:
few meters above the Earth's surface, and to

understand and describe the basic relation- _ 4.=! lt 1
ships between the source area and flux Qv I: =6.91e ,sin _r
measurement. Q, / UT (1)

• Analyses were begun on the meteorological
data collected duringthe 1991 ASCOT Front where Qv isthe valley ventilationrate (gs-lrn-1),UT
Range study. A minisodarmeasuring winds is the mean down-valleywind speed (ms-l), Qs is
was operated continuously near the Rocky the source release rate (gs-1), t is the time be-
FlatsPlant ina jointeffort with the DirectSimu- tween sunrise and the breakupof the temperature
lationof AtmosphericTurbulence (DSAT) and inversionin the valley (s), and t is the time after

sunrise (s). The constantson the right-hand side
DECUP programs, of Equation(1) were determinedfroman empirical

• Mathematicaldefinitionsof atmospheric stag- fit to the data. Equation(1) maybe generallyappl-
nation,ventilation,and recirculationapplicable icable for representing the ventilationof material
to single-station wind measurements were from ground-levelreleases in a valley during the
developed in conjunctionwiththe DECUP pro- morningtransitionperiod;however, morework will
gram (AIIwine and Whiteman 1992). These be requiredto verifythis.
measures of atmospheric transport character-
isticsare especiallysuitable for use with new The tracer plumefrom the ground-level release in
ground-basedremote windprofilingsensors, the Brush CreekValleyremainedfullycontained in

• A student in DOE's Science and Engineering the near-steady down-valley flows during the
Research Semester (SERS) program was night. The Gaussianplume equation adequately
hostedfor a 6-month appointmentat PNL. This represented (16°/, averagedeviation)the average
student helped with the analysis of the data night plume center line concentration at ground
fromthe 1991 ASCOT FrontRange Study. level, out to 8 km from the release. This agree-

rnentwas attainedby accountingfor plume reflec-
Detaileddescriptions of the principalaccomplish- tionsfrom the valleysidewallsand using n_easured
mentsare givenbelow, turbulence statisticsin calculatingthe dispersion

coefficients. Beyond 8 km down-valley from the
Valley Ventilation end Dispersion Study release, the Brush Creek Valley merged with the

The concept of a valleybeingtreated as a subgrid- Roan Creek Valley andthe two air streams mixed,
scale line-sourceof pollutionin regional-scaledis- resultingin a sudden dilutionof the tracer plume.
persion modelsis supported from analyses of the The Gaussianplume equation was not valid alter
tracerandmeteorologicaldata collected duringthe the twoair streamsmerged. These applicationsof
1984 ASCOT study conducted in Colorado's the Gaussian plume equation indicate that this
Brush Creek Valley. The resultsof the analyses equation is a reasonable"model" of atmospheric
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diffusion, even in complex terrain, under certain The specificresultsfrom the Roanoke Basinanal-
limited meteorological conditions; however, it is ysis showed that a cold-air pool formed in the
notappropriatefor general use incomplexterrain, basin, beginning after the evening transition

period, andfilled to near the elevation of the low-
Basin WlnterUme Stagnation Study est mountainbarrier. A sharp potential tempera-
Atmospheric dispersion in basins is not weil- turejump was presentat thetop of this fullydevel-
understood. During the wintertime, atmospheric oped cold-air pool. Vertical measurements of
stagnation episodes can result in unusuallyhigh tracer concentration showed the initial ground-
concentrationsof air contaminants near ground level plume to become elevated and rideover the
level. DuringJar,uary 1989, a meteorologicaland top of the cold-airpool. Horizontal plume spread
tracerexperimentwas conducted bythe EPA in a was enhancedover that expected from turbulent
Virginiabasin. This studywas designed to help diffusionalone, by shear inwind directionvertical
identify and understand the dispersioncharacter- profiles. The tracerconcentrationswithin the cold-
istics of a basin atmosphere during winter stag- air pool increased slowlywith time, even after the
nation conditions. The basin studied was the release was terminated. After sunrise, the ele-
RoanokeBasinlocated onthe easternslopeof the vated plume appeared to mixto the ground.
AppalachianMountains. The datr from thisstudy
were analyzed and the results published(Aliwine Front Range Study
1992b; AIIwineet al. 1992). The principalfinding Analysisof the meteorologicaldata collected dur-
was that the formationof a cold-air pool was the ingthe ColoradoFront Range experimentnear the
dominantmechanismgoverningthe general struc- Rocky Flats Plant was begun, as was analysisof
ture of the wind and temperature fields in the the tracer data collected by Rocky Flats Plant
RoanokeBasin. The transportand diffusionof air personnel and contractors. The primary goal of
pollutantswas stronglydependent on the location these preliminary analyses will be to identify and
of the plumerelativeto the top of the cold-airpool. characterize the dominant physical processes

governing dispersioninthe study region. A secon-
A simplemodel, based on air mass continuity, of dary goalwill be to begin characterizingthe clima-
thecold-airpoolformationwas developed: tology of this portion of Colorado'sFront Range,

using the continuouslycollected data from the
Hca tca meteorologicalnetworkinthe area.
j' Ab(z)dz= j' _Ps(t)dt
o o (2) Under a joint effort with the DECUP and DSAT

programs, the PNL minisodarnear the RockyFlats
where Hca(t)is the height of the top of the cold-air Plant continuedto operate and collect profilesof
pool(m), Ab(z)isthe horizontalareaof the basinas wind data. These data were assessedfor quality,
a functionof height(m2),z is theverticalcoordinate archivedfor distributionto other researchers,and
withitsoriginat the lowestpoint inthe basin,_s(t) used inthe above-mentionedanalyses.
is the volumeflow rate of air accumulatingin the

basin(rrP/s),and tcaiselapsedtime (s). Initially,I-Iea Source Footprint Experiment
iszero when tcaiszero. The maximumvalueof I-Iea
is constrainedto be less than, or equal to, the The ADICT program hosted a majoratmospheric
height of the lowest outflow barrier in the basin, field experimentconducted on the Hanford Site's
The maximumvalue of I-Icais expected to depend diffusion grid, involving 18 scientists and engi-
on atmosphericstabilityand wind strength above neers. The principalinvestigatorsfor the experi-
the cold-air pool. The volume flow rate of air ment were from Washington State University
accumulatinginthe basincan be determined from (WSU) and the National Center for Atmospheric
observationsof slope flow strengths and depths, Research(NCAR), under funding fromthe National
or from slope flow models. The horizontalarea of Science Foundation. Otherparticipantswere from
the basin as a function of height can be deter- the Universityof Quebec at Montrealand the U.S.
mined from topographic maps or digital terrain EnvironmentalProtection Agency'sEnvironmental
database. ResearchLaboratoryat Corvallis,Oregon. From
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May 25 to July 3, 1992, morethan 200 hours of data sets, includingthat from the " source foot-
atmospherictracerdata and a continuousrecord of print" experiment, will be used to test the ap-
meteorologicaldata were collected. The datawill proach. The application of this approach will
be used to addressthe overall scientificobjectives simplify the measurement of ground heat flux,
of this basic researchprogram: identifying how which is a component of the surface energy
large an upwind source area (source footprint) balance.
contributes to the trace gas flux at a downwind
point a few metersabove the earth's surface, and The analyses of the data from the ColoradoFront
understandingand describing the basic relation- Range studywil continue. The analysiswil focus
shipsbetween the sourcearea and fluxmeasure- on: 1) identifyingthe interactionof the drainage
ment. The resultsfrom this researchprogramwill from the Coal Creek Canyon with the winds over
enhance our understandingand descriptionof the the Rocky Flatsfacility and the winds within the
exchange of heat, moisture, and gases between Standley Lake air shed (toward Denver), and
the earth'ssurfaceand the atmosphere. This intor- 2) establishingthe climatologyof this Front Range
mation will be useful in the development of lm- region. Theoverallgoal isto identifythe dominant
provedmathematicalrelationshipsfor treating the physical processes governing dispersion in the
surface-atmosphereexchange processesin mete- area of the Front Range, and identify the fre-
orologicalmodels, quencyof theiroccurrence.

The ADICT programwill benefitfrom itsaccess to The continuouslycollected minisodardata willbe
this uniquedata set that appliesto studiesof the made availableto the ASCOT community. A field
atmospheric diffusion process near the earth's study of the Eldorado Canyon drainage will be
surface. One focus in the ADICT programis slm- planned and Implemented. In addition,a Front
plifyingthe measurementof the ground heat flux Range regionaldrainage/interactionfield studywill
component of the surface energy balance. A be planned for implementationduring FY 1994.
method has been developed for determining the This researchwillbe conducted in conjunctionwith
groundheat fluxat the surfaceby usingonly meas- otherASCOT programs.
urements of soil temperature at various depths,
and soil thermal conductivityat one depth. The Preliminarywork will begin on applying parallel
volumetricheat capacityand thermal conductivity processing technology to Lagrangian diffusion
of the soil column are calculatedfromthe soil tem- modeling. A parallelprocessing computer willbe
perature profile and the one-dimensional heat purchased, and programmingwil begin. The goal
conductionequation. These soilpropertiesdo not is to beginapplyingparallelprocessingtechnology
haveto be measured,thus simplifyingthe determi- to emergencyresponse needs.
nationof the ground heat fluxatthe surface.
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Station IntegralMeasures of AtmosphericStagna- tained the bulk of the measurements. The lOPs
tion, Ventilation and Recirculation." Preprints, were each approximately one week long _tnd
Sixth Conference on Mountain Meteorology, occurred in March, April, and May, thereby span-
September 29-October 2, 1992, Portland, ning the "dry-down" portion of the annual cycle.
Oregon. American Meteorological Society, Four categories of measurements were made:
Boston,Massachusetts. twice-dailyradiosonde profiles;continuouseddy-

correlation measurements of momentum, heat,
water vapor, and CO2 fluxes; remote and in situ

Interactions Between Surface surface-energy budget measurements;and plant
Exchange Processes and and soil status measurements.
Atmospheric Circulations

Eddy correlation measurementsof surface layer
( I B S E P A C) turbulencefluxeswere madeat approximately5 m
W.J. Shaw and J. C. Doran aboveground. Wind velocity components and

virtualtemperature were measured using a sonic
The purpose oi the InteractionsBetween Surface anemometer. Temperature was measuredwith a
Exchange Processes and Atmospheric Circula- fast-response platinum-wireresistancethermome-
tions (IBSEPAC)program isto improveour under- ter. An infraredabsorptioninstrumentwas used
standing c,f the interactions between surface for high-speed measurements of both CO2 and
fluxesof heat, momentum,and moisture,and the water vapor. For relerence purposes, indepen-
structureof the atmosphericboundarylayer. The dent measurementsof wet-and dry-bulbtempera-
objectivesof the programareto 1) establishtech- ture,and windspeedanddirectionwere made with
niques for measuringand describingappropriate, a samplingfrequencyof 1 .Hz. Thissuiteof instru-
representative values of these fluxes for use in mentsran continuouslyduringeach lOP.
parametric representations of their effects;

2) measure propertiesof the atmosphericboun- The eddy correlation measurements integrated
dary layer that are sensitiveto the surface fluxes; the energy flu::esfrom surfacesthat were from 60
3) examinepossiblefeedbacksthat boundarylayer to 300 m upwind of the sensors. Three distinct
propertiesmay haveon the surface characteristics; surface conditionsexist withinthis measurement
4) evaluate systematically, through the use of footprint: bare soil,soilcoveredpredominantlyby
advancednumericalmodels,the effects of variable cheatgrass, and large sagebrush as tall as 2 m.
surface fluxes of heat, momentum, and moisture The soil was a loamysand approximately70 to
over heterogeneous surfaces on the local and 90 cm deep, overlying gravels. Soil moisture
regional circulations in the planetary boundary values ranged between 16% and 0.5% by weight,
layer; and 5) study the diurnal and seasonal withmostsamplesrangingwithin4%to 7%. Meas-
variabilityin theseprocesses, urement arrays included thermocouples for soil

and vegetation temperatures, and sensors for
Recent Progress infrared surface temperature, downwelling and
A three-phase field experiment that investigated upwellingvisible irradiance,net radiation,soil heat
boundary layer fluxes over a mixed sagebrush flux, and rainfall. These were operated continu-
canopy was carried out on the Hanford Site in ouslybetween March 18 and May 27. Soilthermo-
FY 1992. This initialwork specificallyaddressed conductivity and soil water potential measure-
objectives(1), (2), and (5) stated above. The ob- mentswere also made during mostof thisperiod.
servationsfocused on definingthe surface layer Vegetation was characterizedtwice and included
turbulence fluxes via the eddy correlationtech- estimates of cover, biomass, sagebrush height
nique, and establishingthe energy balancewithin and width, leaf conductance, and leaf water
the vegetation canopy. The latter is important potential.
because vegetation provides a significantfeed-
back for surface heat and moisture fluxes that Plansfor FY 1992 also included the procurement
are currently crudely approximated in model and setup of a 915-MHz wind profilingradar with
parameterizations, radio-acousticsoundingsystem (RASS). Radar
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deliverywas anticipatedfor May 1992 but did not variationstn subgrid-scalesurface flux measure-
occuruntilearlyOctober. Thistrailer-mountedsys- ments and our ability to Identify the Important
tem is currently being installed at the Hanford parametersforthese processes.
Meteorological Station and will be used in the
IBSEPACprojectin FY 1993. Finally,inFY 1993 we plan to procure and make

initialmeasurementsusing an optical scintiliome-
Future Plans ter. Thisdevice usesprinciplesof similaritytheory

During FY 1993 analysisof the data collected in applied to turbulence-induced refractive index
variationsto providepath-averagedmeasurementsthe FY 1992 field experimentwill continue, and a
of surface heat flux. Such observations will pro.journal article describing the results will be pre-

pared. Additionalmeasurementsmay be taken to vide an additionalmeansto assess area-averaged
includetime periodsof interestthat were not cov- fluxes.
ered in the initialwork. Detailed comparisonsof
the observationswill be made, with predictions
obtainedfromoneor more surfaceenergybalance Direct Simulation of Atmospheric
algorithms. An effortwillbe madeto identifya mini- Turbulence
mum set of parametersthat mustbe measuredto J.C. Doran
obtain reliable estimatesof surfacefluxes of heat
and moistureinsemiaridconditions. The objective of the Direct Simulationof Atmos-

pheric Turbulence (DSAT) project is to use
A criticalexaminationof techniquesthat are used advanced numericalmodels to simulate complex
to obtain heat and moisturefluxes over semiarid nonlineardynamics in atmosphericflows. Addi-
terrainwill alsobe started. A number of compad- tionally, in cooperationwith other PNL programs,
sonsof eddy correlationand Bowenratio measure- the DSAT projectjointly supportsactivitiesof the
merits have been made in the past, but most of U.S. Departmentof Energy's(DOE) Atmospheric
these were conducted in environmentsconsider- Studies in Complex Terrain (ASCOT) program in
ably wetter than that of the Hanford area. To experimentalandanalyticalstudiesof atmospheric
address this problem, we will use the data col- dynamics andtheir effects on diffusion of atmos-
lected inthis project'sfield experimentsas wellas phericpollutants. InFY1992, principalaccomplish-
other data obtained from DOE's Atmospheric rnents of DSAT included

Radiation Measurements(ARM) program. We will • continued support of J. Bamard's graduate
assessthe accuracywith whichfluxmeasurements research program in numerical simulationsof
can be made, particularlyas soilsdry during late stableturbulentboundary layerflows
springandearlysummer.

• support (with two other ASCOT projects) for
Work will also continue in developing the newly operation of a minisodarnear the Rocky Flats
acquired wind profiler/RASS for observing the Plant(RFP) adjacent to Colorado'sFrontRange
structureoi the boundary layer. Validationof the • numerical simulations of the interaction of
system'smeasurementsof wind and temperature ambient and valley winds in the Tennessee
will be completed using the Hanford meteoro- Valley
logical tower and other availablefacilities. Initial
efforts will also be made to obtain and verify • acquisition and initial application of the
momentum andheat fluxprofilesfromthe system. Colorado State University Regional Atmos-
Profilermeasurementsat the Hanfordtower, and pheric Modeling System (RAMS) mesoscale
later atother locations,willbe coordinatedas early model
as possiblewith the surfaceobservationalcompo- • identification and initial collection of data
nentof this program. Emphasiswill be placed on sources for analysisof regionaldrainageflows
usingthe profileinformationto increaseour under- inthe PacificNorthwest
standingof thephysicalprocessesthat produce
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• partialsupportfor a post-doctoralappointment Tennessee Valley. Several processeswere sug-
inthe AtmosphericPhysicsGroupat PNL. gested to account for the observed distribution;

numerical modeling was designed to test the
Simulation of Turbulence In Stably effects of the proposed mechanisms. Agreement
Stratified Flows between simulatedand observed behavior is gen-

The DSAT program has supported work by erally good. Model results have revealed addi-
J. Barnardat the Universityof Washingtonthat is tional features that may also contribute to the
ain_d at understandingthe turbulentdynamicsof observed behavior of the valley winds. A paper
stable flows in the atmosphere. In FY 1992, a describing the resultsobtained thus far was pre-
numericaltechnique developed by Spalart et al. sented at the Sixth Conference on Mountain
(1991) was appliedto studythe stabilityof laminar- Meteorologyin Portland, Oregon in October 1992.
turbulent transitions in a stratified Ekman layer.
The technique appears to hold considerable Mesoscale Model
promise: it produced good agreementwith previ- The ColoradoState UniversityRAMS mesoscale
ous resultsobtained for neutrallayers and it also modelwas purchasedand installedon a SUN work
revealed inadequacies in the treatment of stable station. The modelin a fully elastic,nonhydrostatic
layersby earlierinvestigators.Significant progress code that features interactive grid nesting for
was also made toward the development of a full resolvingsmall-scalefeaturesof terrain and mete-
three-dimensionalcode to simulateturbulence in orologicalfields. Initialtests of the model were
slopingstableboundary layers, carried out using terrain files for the region

encompassing Colorado's Front Range. Initial
Minlsodar Operation simulationshave begun to analyzethe behavior of

large-scale (-100 km) drainage flows down the
The ASCOT program is currentlyfocusingon the South Platte River Valley. This drainage passes
Front Range area of Colorado, near DOE's RFP.

throughDenver and nearthe RFP, and is believed
As part of the effort to assess the importanceof

to be an important factor in regional and local air
drainage winds emanating from canyons in the qualityissues.
FrontRange west of the RFP, PNLhas operated a

minisodarfor over 1 year in an areajust southeast Regional Drainage Flows In the Pacific
of the RFP and roughlyinlinewiththe outflowfrom Northweat
Coal Creek Canyon. The objective is to collect
sufficientdata to establish a local=climatology"of Duringthe late =_pringand summer months, the
the winds in the area of the minisodarand to cor- HanfordSite often experiences strongwinds from
relatethemwith the occurrenceof drainagewinds the northwest. These winds may blow for a few
in the canyon that have been monitored by a hours or persist through the night. The winds
second minisodar operated by Argonne National appear to be related to the presence of a deep
Laboratory. The DSAT program has supported marine layer to the west of the Cascades and
this data collection effort duringthe past year in strong heating to the east;a detailed studyof the
cooperation with two other PNL ASCOT projects phenomenon has not been done. Preliminary
(Coupling/Decouplingof Synoptic and Valley Cir- computer simulationswere performed in FY 1992
culations[DECUP] and Atmospheric Diffusionin with some success,buta detailed comparisonwith
ComplexTerrain[ADICTJ. data has not been carried out. Data sources in

addition to the Hanford meteorological network
Simulations of Tennessee Valley Winds have been identified; data collection and initial

A seriesof numericalsimulationswas carriedout to analyses were begun for several drainage wind
assess the importanceof various forcing mecha- cases.
nisms that determine wind direction in the
TennesseeValley. The workwas carriedout jointly Post-Doctoral Support
with anotherPNL ASCOT project,DECUP, which Dr. Shiyuan Zhong completed her Ph.D. require-
used upper-air and tower data collected over a ments at Iowa State University in the summer of
5-year period to establish the joint frequency 1992 and began a one-year NorthwestOrganiza-
distributionof 850-mb and 100-m winds in the tion of Colleges and Universities for Science
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(NORCUS) post-doctoral appointment in late who haveaccess to lidar measurementsfor com-
FY 1992. The DSATprogramis sharingthecostof padsonswith simulatedflow patterns. Studies of
her tenure at PNL with another DOE research regionaldrainageflows inthe PacificNorthwestwill

also be carried out using both observations andproject.
numericalmodeling.

Future Studies

In FY 1993, workon the forcingmechanismsof the The PNL ASCOT projects are also exploring
options for installingadditionalinstruments in the

Tennessee Valley windswill concludeand a paper Front Range of Coloradoto expand the scope of
will be submittedto a refereedjournalfor publica-
tion. Supportwill c_0ntinuefor J. Bamard'sgradu- the studies being conducted there. The DSAT
ate program in the numericalsimulationof turbu- program will support such efforts, which are ex-
lence in stablystratified flows, and it is expected pected to includedeployinga sodarand 915-MHz
that his dissertation researchwill be substantially profilerinthe area duringthe summerof 1993.
completedduringthis period. A majoreffortwillbe
devoted to learning mova of the features of the Reference
RAMS model and applying it to simulations of Spalart, P. R., R. D. Moser, and M. R. Rogers.
drainage flows in the South PiaCe River Valley. 1991. "Spectral Methods for the Navier-Stokes
The work willbe done ir_cooperationwith scien- Equations w".h One Infinite and Two Periodic
tists from NOAA's Wave PropagationLaboratory, Directions." J. Con_L Phys. 96:297-324.

• ,
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CLIMATE RESEARCH

Climate change research at the Pacific Northwest Laboratory (PNL) is aimed at reducing uncertainties in
the fundamental processesthat control climate systemsthat currentlyprevent accurate predictionsof
climatechangeandits effects. PNL isresponsiblefor coordinatingand integratingthe field and laboratory
measurement programs, modeling studies, and data analysisactivitiesof the Atmospheric Radiation
Measurement (ARM) program. The ARM program willincrease the reliability(_fpredicting regionaland
globalchanges inclimate in responseto increasing atmosphericconcentrationsof gr_'jenhousegases,
includingCO2. Improvementsinthe treatmentof radiativetransferin general circulationmodels(GCMs)
underclear sky,broken cloud,and generalovercastconditionsand improvementsin theparameterization
of cloud properties,cloud formation, and cloud maintenance in GCMs are the objectives of the multi-
laboratoryeffortbeing led by PNL.

Researchon greenhouse gas emissionscontinues to improvethe reliabilityof forecastsof emissionsof
CO2 and other radiativelyactive gases. Model development, validation,and uncertaintyevaluations
depend on improvedand expandeddata bases, includingmoredefinitiveinformationon energy produc-
tion and consumptionpractices.The changing technologiesand po,des of the United Statesand other
countriesare being analyzed to anticipate contributionsto future emissionsof greenhouse gases and
theireffectson society,particularlyon a regionalbasis.

Aspartof the U.S. Departmentof Energy's(DOE's) programto quantifythe linkagesbetween changes in
atmosphericcomposition and the temperatureof the planet, PNL is studyinghow clouds and aerosols
interactwith short-and long-wave radiationto regulate the heating of the planet. Datafroma networkof
surface-based,spectrallyresolveddirect and diffuse short-waveradiationsensorsand ancillarymeteoro-
logicalsensorswillbe used to improvethe parameterizationof the radiativeeffectsof cloudsand aerosols.

Advanceshave been made inthe treatmentof cloudsin generalcirculationmodels. Efficientparameteri-
zationof stratuscloud microphysicshave been incorporatedina climatemodel. Improvementsto climate
modelsthat are gainedthroughadvancesinour understandingofthe chemistryand physicsof the climate
systemare being integratedwiththe rapidpace of advancesin computertechnology.

Ocean researchrelatedto climatechange examined oceanmixed-layerdynamics,deep convection, and
oceancirculationand climatemodeling. PNLis workingto improvethe parameterizationsof the dynamics
of the surfacemixed layer,transport throughthe thermocline,and formationof deep water.

The progressdescribedinthe articlesthat followwas supportedbythe followingresearchprojects:

• Atmospheric Radiation Measurement Program

• Characterization of Cloud/Aerosol Interactions with Solar and Long-Wave
Radiation

• General Circulation Models

• Photometric Studies of Clouds from sn Atmospheric Radiation Measurement
Site

. Second Generation Model

• CO2 Ocean Research

• Ocean General Circulation Models.
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Climate Research

The Atmospheric Radiation develop new or improved observational capa-
Measurement (ARM) Program: bilities for the CART where existing capabilities are
Field Measurements for Radiation inadequateor nonexistent.

Forcing and Feedbacks in General
The design of CART incorporatesthe following

Circulation Models elements:

7".S. Cress and G. M. Stokes 1. up to five permanent measurementsitescom-

Atmospheric general circulation models (GCMs) posed of a highly instrumentedcentral facility
are useful tools for advancingour understanding and a surroundingnetworkof sensorsto docu-
of the global climate system and the impact that ment clouddistributionand morphologyin the
human activities have on it. For instance, how atmosphericvolumeabovethe site

different energy scenarios change the atmos- 2. a networkof surface meteorologicalobserving
pheric concentration of carbon dioxide can be stationsat each of the five sitesto document
investigated through the use of GCMs. One of surface meteorologicaland radiativehomoge-
DOE's goals is to improve the performance of neity over an area comparable to the compu-
GCMs as toolsfor predictingglobalclimatechange, tationalgridcellof a GCM
To achieve thisgoal, DOE initiateda muitifaceted

3. airborne observations as required for in situresearchprogram to improveunderstandingof the
physical processes modeled in GCMs that limit measurements not available from ground-
GCM performance, based remote sensors,or for evaluatingmeas-

urements from ground-based remote sensing

The AtmosphericRadiation Measurement (ARM) instrumentation
Programis the majorfield portion of DOE's climate 4. the acquisition of satellite data from existing
changeresearchprogram. The ARM Programcon- operationaland researchsatellites

tributesto DOE'sgoal by concentratingon improv- 5. a data system to process and distribute data
ing the treatment of cloud radiativeforcing and from the measurementsites andother sources
feedbacks in GCMs. These represent the major to ScienceTeam members.
source of uncertainty in models and the highest

research priority identified by the Committee on The ARM Programinvolvesnine of DOE'snational
Earth and EnvironmentalSciences of the Federal laboratorieswhose effortsare coordinatedthroughCoordinating Council for Science, Engineering,
and Technology. the ARM ProgramOffice at PNL. Participantsalso

currently include seventeen universities, nine
government laboratoriesoutside of DOE, as well

The experimentalobjectiveof the ARM Programis as foreign national investigators and several
to characterize the radiative processes in the domesticcompanies. Collaborative activitiesare
Earth's atmospherewith improvedresolutionand more extensive.
accuracy. The key research objective is the im-
provedtreatment of cloudsand radiationtransferin
climate models. To address the research objec- In FY 1992, the ARM Programbeganto establish

its first site. Inparallel,preparationand planning
tives and to provide the data required, the ARM continuedfor deploymentto successivefield sitesProgramis composed of three distinct entities: a

and participation in collaborativeefforts. Efforts
Science Team, an InstrumentDevelopment Pro- included
gram, and the Clouds and Radiation Testbed

(CART). Using data provided by CART, the • beginning the phased deployment to the
Science Team develops and evaluates improved SouthernGreat Plainssite

models and parameterizationsfor use in GCMs. • establishingthe data acquisitionand distribu-
The Instrument Development Program strives to tion system
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• completing agreements for access to data • initiation of collaboration that will result in
requiredfrom otherprogramsand agencies measurements of ultraviolet radiation at the

• establishingproceduresto processand deliver groundat the SouthernGreat Plains site.
data to Science Team membersto meet their
individualneeds. Experimental Approach

The ARM ProgramPlan (DOE 1990) outlines the
Key accomplishmentsinclude program's basic experimental approach. Field

measurementswill be used to initializethe radia-
• approvalfor the EnvironmentalAssessmentfor

tion and cloudprocess modelsand to providethethe Southern GreatPlainssite,with an Environ-
data formodelcomparisonand evaluation.

mental Assessment 'linding of no significant

impact"releasedby DOE The experimental approach emphasizes three
• initialsite occupationand the establishmentof areasof concern: 1) data to evaluateand test radi-

initial observingand data communicationcapa- ative models;2) data to develop and test the per-
bilities, including formance of radiative parameterizations on the

scaleofa GCM computationalgridcell; and3) data
- initialsuite of instrumentation to characterizethe distribution,type, andmorphol-
- sitedata system ogyof cloudsto facilitatethe developmentof effec-

- mobile sheltersfor instruments,electronics, tive GCM parameterizations for cloud formation,
shops, and personnel maintenance and dissipation, and cloud impacts

on atmosphericshort-and long-waveradiation.
onsite utilities,communications,and prepara-

tions for anticipatedfuture instrumentation Figure1 showsthe generalconceptof a CART site

• establishment of a central data processing with its componentcentral facilityand auxiliary,ex-
center (the "ExperimentCenter') tended, and boundary facilities. CART sites will

use ground-based in situ and remote sensing
• establishment of an interim data archival instrumentationto documentthe radiative proper-

capabilitypendinga permanentcapability ties and fluxesatthe ground and within the atmos-
• establishmentof a high-speed data communi- pheric column overhead, to document the mean

cations link between the field site, the atmospheric properties of the encompassing
ExperimentCenter, and the Archive atmospheric volume representative of a single

column of a GCM grid cell, and to document the
• deliveryof the firstdata set to a ScienceTeam advection of atmospheric properties (e.g., tem-

member perature) and constituents(e.g., water vapor) into
• initiationof the acquisitionof satellitedata and and out of the singlecolumngridcell.

data fromthe NationalWeatherService
Additionaldata from other programs, suchas the

• completionof drafton final ExperimentDesigns National Weather Service and operational andfor 60% of the ScienceTeam members
research satellites, will be acquired and incorpo-

• completion of draft Experimental Operations rated into the ARM data base as required. Air-
Plansfor 30% of the ScienceTeam members borne measurement platforms will be used to

• selection of the Site Scientistforthe Southern acquire additionalin situ data, or to confirm the
Great Plainssite, and theSite ProgramManager accuracyof remotelysenseddata.
for the EasternNorthPacific/Atlanticsite

Instrumentation
• transition of the muitifiiterrotatingshadowband

radiometer from the Instrument Development The measurement strategy necessaryto address
Program to operational use at the Southern the scientificquestionsgermane to each localewill
Great Plainssite determine specific instrumentationrequirements
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and deployment. The SouthernGreat Plainssiteis 3. NorthSlope of Alaska

the currentfocus, and the instrumentationrequire- 4. EasternNorth Pacific(orAtlantic)Oceanments and distributionat thissite will be similarto
the concept depicted in Figure1. The instrument 5. GulfStreamoff EasternNorthAmerica

suites selected and deployed for subsequent This priority was reviewed and accepted in
sitesmayvary substantially.Strategiesappropriate FY 1991 and a specificsite was selected in the
to the tropicalwestern PacificOcean andthe North SouthernGreat Plains.Deployment of instruments
Slope of Alaska are being studied and refined, and facilitiesto the Southern Great Plainssite was
Some instrumentation for the tropical western initiatedin FY 1992. Planscall for sites in subse-
Pacific Ocean will be acquiredand configured in quentlocalesto beoccupiedat a rate of one every
FY 1993 inpreparationfor deploymentin FY 1994. 18 to 24 months. Althoughthe prioritywas based

partly on the GCM parameterizations to be
The instrumentationfor the SouthernGreat Plains addressed,each locale is being evaluated for the
site emphasizes observations made over a land specificscientificquestionsraised there, the data
surface and includes sensors to measure air- required to address those questions, and the
surface exchangeof moisture, heat, and momen- feasibilityof long-termsupport of a measurement
turn. Balloon-bornesounding systemswllldocu- site. Ocean sites will be particularlychallenging
ment the vertical profilesof wind speed, tempera- and possibly require innovative and more limited
ture, and humidity. Other sensorswill document strategies.
integrated columnar amountsof water vapor and

liquid, and vertical profiles of mean wind velocity While the Southern Great Plainswas established
components and temperature. Broadband radi- as the highestprioritysite based on the range of
ometers will observe upwelling and downwelling radiativeand cloud conditions,synergisticoppor-
radiation as well as direct and diffuse solar radia- tunities,and logisticalfeasibility found there, sub-
tion. Table 1 lists these instrumentsand the sequent sites were recommended for meeting
measurementsto be madeat each facility, more sharply defined scientific needs. The key

scientific issues to be addressed in the tropical
The Instrument Development Program provides western Pacific Ocean, for example, include the
for the developmentof observational capabilities radiativefeedback processes involvingthe exten-
where they are needed but where none exist, or sivecirruscloudcovergenerated by deep convec-
where currentcapabilityis inadequateto the meas- tion,the radiativeimpactsof deep cumulusclouds,
urementtask. Table 1 includesa summaryof the and the adequacy of GCMs to represent the
instrumentation development efforts that were development, persistence, and advection of
underway at the beginningof FY 1992. Sufficient clouds and cloud cover over the Pacific Basin.
progresshas been made on developingthe laser Siting strategiesto address the key questions in
ceilometer, the infrared interferometer, and the the tropical western Pacific are being formulated
94-GHz cloud radar to warrant their evaluationat and will be evaluated for deploymentdecisions in
the SouthernGreat Plains site. Prototypesystems FY 1993. Instrumentprocurement and facilities
are expected to be deployedin FY 1993. developmentis anticipatedto begin in FY 1993.

Locale Priority and Status For the North Slope of Alaska site, environmental
Localesrecommendedas long-termmeasurement concerns about wetlands and wildlife are being
sitesfor theARM program(DOE 1991) were priori- examined and siting strategies are being devel-
tized based largely on consideration of global oped for further evaluation. Specific siting deci-
climateregimes,butalso includedconsiderationof sions are expectedto be made severalyears prior
surface homogeneityon tl_escale ofa few kilome- to deployment, which is currently anticipatedfor
ters. In 1990, five primary localeswere recom- F'Y 1996. The key scientificissues for the North
mended for long-termoccupation (7 to 10 years). Slope include the annual day-night cycle in the
Bypriority,these were radiative environment, heat and moisture fluxes

1. SouthernGreat Pl&_ins from the surface, and the impact of Arctic stratus
cloudsand surfacealbedo conditionson the radia-

2. TropicalWestern PacificOcean rive environment.
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TABLE 1. Instrumentsby MeasurementFadlity

pr=._ Mm.hd
CentradF_iHty Instruments

915-MHz radarwindprofilerwithRASS Verticalprofilesof windvelocitycornponantsanda¢ous_ virtualtemperaturein
atmoSl_ boundarylayer.

50-MHz radarwind profilerwithPASS Verticalprofilesof windvelocitycomponentsandacousticvirtualtemperatureabove
theatmosphericboundarylayer.

Baioon-.bomeSoundingSystem Windspeed,winddirection,temperatureendhumJ:,_typrofiles.

MicrowaveWater Radiometer Integratedcolumnaramountsofwaterandliquid.

Instrumented60-m Tower Eddycorrelationmeasurementsof heat,momentum,andmoisturefiuxesat heights
of60 and25m;observationsof meanwindoomponants,temperature,andhumidity
ata heightof60 m;upwellingbroadbandsolarandinfraredfluxesat heightsof60 and
25m.

CalibrationFacilities Absoluteradiometer;comparisonstand;labomlo_components.

AerosolInstruments Nephelometer;ozonesensor;CCN counter;aerosolfilterpacksystemwithtwosize
cuts;filtersamplesystemforopticalabsorption;opticalpartldecounUngsystems.

InstrumentGroupIdenticaltoExtended See ExtendedSite Facilitydescriptions.
Site FacilityInstruments

............................................................................................................................................................

Instrument Development Program

Ceilometer Cloudheightsinducingcirrus;aerosolbackscatterin _ atmosphericboundary
layer.

Raman Lidar Verticalprofilesofwatervaporand ozone oonoenlrations.

InfraredInterferometerSpectrometer Inheredradiancesat thesurface.

35- and 94-GHz RadarSystems Cloudproperties.

LidarSystems Aerosolandcloudproperties.
............................................................................................................................................................

Auxlllery Sites

Whole-skyImagingSystem Mappingcloudgeometry;possiblyradianceobsarvatio_.s.
.............................................................................................................................................................

ExtendedSite Facilities

Surface FluxStations Verticalfluxesofheat,moisture,and momentum.EnergybalanceBowenratio
systemswillalsoobservesoilheatflux,soiltemperature,andsoilmoisture,eachat
onedept.

widebandSolarand Infrared Normalincidentpyranometer;precisionspectralpyranometer;pyrgeometer;
Sensors;MultifilterRotating pyranometerandpyrgeometerforupwellingirradianco;solarspectralradio-
ShadowbandRadiometer meter;upwellingand downwellingirradiancos.

SurfaceMeteorologicalSensors Meanwindspeedanddirectionata heightof 10m;temperatureandhumidityata
heightof 1.5m;baromalriopressure,andliquidprecipitation.

............................................................................................................................................................

Boundary Fecilltlee

CollocationwithWind Profilers Wind and temperatureprofiles(withprofiler-RASS).
(some withPASS)

Balloon-borneSoundingSystem Wind, temperatureand humidityprofiles.
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For the eastern North Pacific and Gulf Stream were Installedat the Central Facility;two extended
locales,activityis limitedto analyzingthe scientific facilitieswere partiallyinstrumented.
issues, evaluatingthe value of ongoing research
efforts, and assessing possible deployment By the end of FY 1992, seven mobile shelters
strategiesinthese largelyocean sites. (trailers)were inplaceat the CentralFacility,shown

schematicallyin Figure 3. These shelters house
Southern Great Plains Site Occupation instruments,thedata system,instrumentassembly

The phased occupation of the Southern Great and stagingareas,calibrationfacilities,and the site
controlcenter. Utilitiesincludingsanitation,power,Plains site began followingthe preparationof an

Environmental Assessment (EA) in accordance water, and communicationsare installed and in
with the National Environmental Protection Act. operation. Preparedsitesfor additionalinstrumen-

tation were completed, and pads for InstrumentBased on the EA, DOE approveda 'linding of no
Development Programinstrumentevaluationswill

significantimpact"in April1992. be finishedin FY 1993.

The Southern Great Plains site (Figure 2) takes
advantage of other programs that require data By the end of the fiscal year, the followinginstru-
similarto those needed by the ARM Program. For mentswere inplace at the CentralFacility:
instance, the area selected for the field site is • meteorologicalobservingstation

bounded by the densest part of the Wind Profiler • CLASS-typeballoon soundingsystemDemonstration Network in south-centralKansas
andnorth-centralOklahoma. The centralfacilitywill • microwavewater radiometer

be near Lamont,Oklahoma,close to the center of • rotatingshadowbandradiometerthe Wind Profiler Demonstration Network, while
boundaryfacilities will be locatedto complement • broadband radiation sensors for downwelling
the measurements of other wind profilers. Data radiation (pyranometer, pyrgeometer, and
from the wind profiler network will be acquired pyrheliometer)

through the National Oceanic and Atmospheric • energybalanceBowenratiosurfacefluxobserv-
Administration's(NOAA)ForecastSystemsLabora- ing station
tory in Boulder,Colorado.

• 915-MHz wind profiler with radio acoustic

Other synergisticopportunities also exist at this soundingsystem.

site. NOAA's NationalSevere Storms Laboratory Meteorological stations and surface flux stations
willcollaboratewith the ARM Programby exchang- were installedattwo extendedfacilities. The 60-m
ing recorded datafrom the new network of storm tower is expected to be installedearlyinFY 1993,
detectionDopplerradars (identifiedas "NEXRAD" and the 50-MHz wind profiler radar/RASS is ex-
in Figure 2) for ARM data that can be used to pectedto be inoperationaboutmidyear.
evaluate the radar's performance. Several radars

are currentlyinstalledand otherswillbe installedin In mid-July,the firstdata set was transmittedto a
1993. The OklahomaClimateSurveyis installinga Science Team member for evaluation and com-
networkof surface meteorologicalstationsacross parison;it wascomposed of measurementssimul-
Oklahoma. Data fromthisnetworkwillbe acquired taneouslytaken fromthe balloon soundingsystem
and merged into the ARM data stream, supple- and the microwavewater radiometer. The Science
mentingdata fromthe ARM Extended Facilities. Team member evaluated the data, which helped

identify and correct several problems involving
The first instrumentsysteminstalled atthe Central instrumentsoftware and data ingest.
Facility,a meteorologicalmeasurementstationwith

data transmitted through a satellite link, began Science Team Experiment Support
operation in May 1992. The firstdata acquired
directlyby the sitedata systemwasfrom a CLASS- The ARM program is focused on improving the
type balloon sonde launched from the Central treatmentof radiativeenergy in GCMs and, there-
Facility on May 27, 1992. Through the summer fore, on the physical processesthat impact radla-
months, additional instrumentation and facilities tive transport in the atmosphere. The scientific
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issues facing the ARM Programcan be stated In To ensure thatdata sent to the Science Team are
the contextof three broadtopics: of known quality, data quality assessment algo-

• radiativeenergytransport rithmsand modelsare being Implemented. These
include, for example, instrument performance

• cloudformation,maintenance,anddissipation models to monitorthe microwaveradiometerand

• the resolutionlimits important to representing to compare microwaveradiometerdata with data
atmospheric processes in GCMs and related from the balloon-bornesoundingsystem. These
models, algorithmswere made availableby ScienceTeam

members.

Within these broad contexts, research generally
fallsintoone of three relatedtopicalareas: The data delivered to Science Team members is

basedon theirspecific requirements,as described
• validation of models of the instantaneous in an Experiment Operations Plan. This plan is

radiativeflux under clear sky, broken clouds, derived from the Experiment Design and refined
and overcastconditions through discussionswith individualScience Team

• use of measurements to evaluate process members. In effect, these represent an agree-
models and parameterizations embodied in ment between the ScienceTeam memberand the
GCMs Experiment Center as to the exact specifications

for the measurements that the Science Team

• use of data fusion techniques and four- member will receive. These plans include the
dimensional data assimilationto address the delivery mechanism,data format, and electronic
variabilityof atmosphericconditionson a scale addressingnecessary to providethe data in near
comparableto a GCM computationalgridcell. real-time.

To identifythe diversemeasurementrequirements Data Management System Development
necessary to carry out research in these areas,
individualScience Team project teams are partici- Followingconcepts developed in previousyears,
pating in the developmentof Experiment Design the designfor the data systemencompassesthree
documents. These documents describe the components: the Site Data System, the Experi-
objectives, methodology,and prioritizedmeasure- ment Center, and the Data Archive. The Site Data
ments needed to pursueeach experiment. About Systemcommunicatesand controlssite instrumen-
60% of the Experiment Design documents are in tation,ingestsdata, checksdata qualityandcalibra-
draftorfinalform. tion, and transmitsdata to the centralizedExperi-

ment Center. The Experiment Center receives

Experiment Designs define the requirementsthat site data, acquires data external to the ARM
drive CART observationalstrategies and instru- program,conducts additionalqualitychecks on the
mentation;specifically,the field observationsand databy intercompadsons,merges andrepackages
algorithms needed to process the observations, the data into individual data sets, and transmits
Many algorithmsare being developed for imple- data packages to individual members of the
mentation at the ARM Experiment Center, but Science Team. The Data Archivereceivesdata
some of the algorithmscome from ScienceTeam both from the Site Data System and the Experi-
members themselves and are likewise imple- ment Center and serves as the long-termdata
merited,for example' repository, the data source for retrospective

research, and the interfaceto the external scien-
• the atmospheric optical depth at six specific tilic communitydesiring accessto ARM data. The

wavelengthsusingthe shadowbandradiometer Archivewillfacilitate the availabilityof ARM data to

• the verticaldistributionof watervapor using the the broader climate research community, and to
microwaveradiometer, other programs for research that extends well

beyond climateand globalchangeissues.
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The software systems of both the Site Data products. About 30% of the Experiment Opera-
System and the ExperimentCenter are based on tionsPlansare completedin draftor finalform.
the National Center for Atmospheric Research
(NCAR) Zeb(a)software and are being developed The Data Archivewas established on an interim
by the ARM Programto ingest,process, display, basis, pendingthe acquisitionof a computer sys-
and store sizable quantitiesof data in near real- tem adequatefor handlingmanydata streamsand
time. The hardware at both the site and the users simultaneously. Until that new capability is
Experiment Center is largelybased on Sun work developed,the Data Archivewill acquire and hold
stations; the Experiment Center incorporates a ARM data, but have limitedcapabilityto retrieve
Convex system for more demanding processing anddisseminatedata.
that includes line-by-line propagation model
developmentand execution. Collaborative Pilot Studies

Limitedpilot studieshave been valuablein evalu-
The Site DataSystem was implementedwitha dual atingthe performanceof instrumentsand confirm-
capability. A "ProductionSystem" is the primary ingsite operationsconcepts. Several pilot studies
systemfor acquiringdata from operational instru- were conducted duringthe past year and one is
ments, the site log, and other site data sources, continuinginto FY 1993.
and passing that data to the Experiment Center

and the Archive. The "Development System" From November 13 through December 17, 1991,
develops and evaluates new software off-line, the Spectral Radiance Experiment (SPECTRE)
including the development of interfaces and was conductedat Coffeyville,Kansas, in conjunc-
ingest modules for new instruments. Once con- tion with the First International Satellite Cloud
firmed, new software is incorporatedinto the pro- ClimatologyProject Regional Experimentdealing
duction system for routine use. The production withcirrusclouds(FIRE-CIRRUS). Thedata acqui-
system is largely complete, but some problems sition objectivesin this experimentwere similarto
and inconsistenciesremainto be resolvedearly in those plannedat the Southern GreatPlainsCART
FY 1993. site to documentthe instantaneousradiativeflux.

The major SPECTRE objective was to obtain
The Experiment Center is also operational, but accuratemeasurementsof the downwardspectral
requires development of additional software long-wave radiance under clear sky and cirrus
components; significantcomponents include the cloudcover conditions,and the verticaldistribution
ingest modules for accessing availableexternal of temperature and moisture. A range of highly
data. In FY 1992, the capability to ingest most desirableconditionswas captured,includingcold-
surface weather data was completed, including dry, cold-wet, warm-dry, and warm-wet weather
National Weather Service sounding data and conditions. Because one of the keyobjectivesof
imagery from geostationary and polar orbiting the experimentwasthe almostimmediateexamina-
satellites. Ingest modules for gridded fields of tion and comparisonof data, real-timedata acqui-
atmosphericdata, radardata, and satellite sound- sition, and quality control were important. The
ingdatawillbe preparedinthe nearfuture, experiment was a testing ground for candidate

concepts and procedures to be implemented in
The Experiment Center depends on the Experi- CART sitedata systems.
ment Operations Plans for the procedures to

support the recipients of data packages, who In June 1992, ARM Science Team membersand
include ali members of the Science Team and collaboratorsreturned to the Boardman, Oregon
projectpersonnelinvolvedin developingnew data area to study the effects of heterogeneous dis-
processingtechniquesor analysistoolsand tributionsof surfaceheat and water vaporfluxeson

boundarylayer properties. The area ischaracter-
(a) Zeh_ a =or0nresy=Wmdav_=d by,_eNation=Cen=rtor lzed by the contrastof semi-arid steppe borderedAlmosphe_ Re_m:_ to supponfieldatnaosphe_ research

proorsms.ZebIsb'_s _r_heimpk_ta_ of_ _te by irrigatedfarmland. Lessons leamed the previ-
andExl_edmental Centerdata systems. Its modular archi- OUS year were successfully applied, and proced-teclure for ingesting,and.processing,data makes the system
expanclabteto handlevirtuallyany inslrumentsystemordata ures were improved to develop more complete'
type,to _e limitsof a_ehostcomputersystem.
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descriptions of conditions for the principal crop change, lt complements related research pro-
areas, to document wind over the steppe and grams that are focused on new observational
neighbo,ing fields,to document more extensively capabilities and a new generation of predictive
differences in latentand sensible heat fluxesover climatemode=s.
the differing land surfaces,and to investigatethe
infpactof the surface features on the structureof Complementaryprograrnsin the vicinityof the first
the planetary boundary layer. This was largely a operationalARM field site in the southern Great
DOE effort, but included collaborationswith sev- Plainsinclude

eralNOAA laboratories. The resultsof these cam- • The National Weather Service Modernization
paignswillguide similareffortsand researchat the ProgramSouthemGreat Plainssite.

• The National Weather Research Program
Alsoin June 1992, the ARM Programcollaborated (commonlyknownas STORM)

in supportingthe use of several instrumentsin the • The GlobalEnergyandWater Cycle Experiment
FIRE- AltostratusTransition Experiment(ASTEX) (GEWEX) Continental-Scale International
inthe Azores. A collaborativeeffort between DOE Project (GCIP)
and NOAA was pa_tof an extensive international
programinvolvingGreat Britain, France,Germany, • The GEWEX Global Water Vapor Program
and Russia, among others. In parallel,DOE sup- (GVAP)

ported an effort to evaluate the use of a small • WinterIcingand StormsProject(WISP)
catamaran buoyfor obtainingflux measurements
over the open ocean. The knowledgegainedfrom • The Oklahoma Mesonet.

AS'rEX, and the experience of operating in the The modernization program of the National
subtropicalocean environmentwillassistthe ARM Weather Service and the development of the
Progr._m in planning the CART measurement Oklahoma Mesonet will directly benefit the ARM
strategiesfor severalocean locales, program. About 35 automated weather reporting

stations inthe Mesonet are within the boundaries
Planningand preparation continuedfor the Pilot of the ARM site; data from t;lese sites will be
Radiationand Observation Experiment (PROBE) acquiredroutinelyand made part of the ARM data

: to be conducted as part of the Tropical Ocean - base.
Global Atmosphere (TOGA) field program in the

tropical western Pacific Ocean from November The GEWEX andSTORM programscontinueto be
1992 _hroughFebruary 1.q93. The Site Program closely cot_pledwith the objectives of the ARM
Manager and Site Scientist for the Tropical Prograni. The GEWEX Continental-Scale Inter-
Western Pacific Ocean CART site are leading nationalProgramwillbe locatednear the Southern
PROBE. PROBE willprovide the opportunity to Great Plains site, and close collaborationwill en-
gain experience in conducting operations in a sure maximumbenefit to both efforts. To ensure
remote area, and in using ar¢l maintaininghighly data systemcompatibilitywith bothprograms,com-
sophisticated instruments in a tropical ocean mon software and compatiblesoftware protocols
environment. A seagoing shipping container are being used.
(=sea-tainer')was equipped to support this field
program and to shelter some equipment and Future Research
instrumentation. The experience in creating
modularized site componentswill be a guide for Phased implementation of the Southern Great

Plains site will continue into FY 1993, with antici-developingthe CART site inthis region and pos-
sibly in other locales. PROBE is a collaboration pationthat the site will be fully operationaltoward
between DOE, NOAA, NCAR, and the National the end of the fiscalyear. Effortsto complete the
Aeronauticsand Space Administration(NASA). installationof the Central Facility will continue

through December 1992; these efforts will then

External Program Coordination gradually shift to the boundary and extended
facilities, lt isanticipatedthat severalauxiliarysites

TheARM programis one of several majorresearch will be developed as soon as the digital imagery
programs that addresses aspects of climate capabilityis developed.
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The data systemwillbe la.,gelyinplace and operat- U.S. Department of Energy(DOE). 1991. Identi-
ing early in FY 1993, but Experiment Operations fication, Recommendation, and Justification of
Plans must be completed. The development of Potential Locales for ARM Sites. DOE/ER-0495T,
these plans partly dependson the Science Team U.S. Department of Energy,Washington,D.C.
members;however,the plans are anticipatedto be
largelycomplete inthe secondquarter of the fiscal
year. Some software development to complete Characterization of Cloud/Aerosol
the transition of Zeb to ARM Programneedswillbe Interactions with Solar and Long-
required well into the fiscal year, but the data wave Radiation
system will be operational.

N. S. Laulainen, J. J. Michalsky,(a)L. C. Harrison/a)
Assessments of the basic scientificquestions fac- N.R. Larson, and J. L. Berndt

ingeach localewill continue,with analysis reports The purposeof the QuantitativeLinks component
for the Southern Great Plains and the Tropical of the U.S. Department of Energy's Expanded
Western Pacificsites expected early in FY 1993. Carbon Dioxide Research Program is to quantify
Recommended options for strategies for deploy- linkagesbetween changes in atmosphericcompo-
ment to the tropicalwestP.rnPacific will be com- sition and the temperature of the planet. While
pleted and presented for consideration. A siting significanteffortshave been made to understand
strategywill be selected and the initialinstrumen- expected changes inclimate that may resultfrom
tation procured and modularizedfor easy deploy- an increasein CO2 and other greenhouse gases,
ment and integrationintothe operationalsystem, there has also been a growingrecognitionof the

rolethatcloudsand aerosolshave inthe regulation
The intenseperiod of taking measurementsin the of the planetaryenergybalance resultingfromtheir
PROBE campaign,January-February1993, will be interactionwith incomingsolar radiation and out-
followed by data analysisand applicationof les-
sons learned to ARM Program needs. PROBE goinginfraredradiation. Cloudsare importantbe-
data will be available through the CART data causeat any giventime they mask abouthalfof theEarth'ssurface, greatly reflectsolar radiation,and
systemsometime afterMarch 1993. moderate the emission of long-wave radiation.

Aerosols affect climate both directly, through
Interagencyand interprogramcoordinationremain reflectionof solar radiationaway from the planet,
centralfeatures of the ARM Program. The involve- and indirectly,by acting as condensationnucleifor
ment of NOAA is substantial;the NOAA Forecast the formationof clouds, whichmay alter the struc-
SystemsLaboratorywillbe the site operatorfor the lure andopticalpropertiesof clouds. Betterunder-
Southern Great Plains site through CY 1993. standingof these climaticallyimportantand some-
NCAR is involved in instrumentand model devel- times opposing effects is needed for improving
opment, with a particularfocuson vertical profile parameterizations of radiative transfer in cloudy,
specificationand improvementof the Zeb software turbid atmospheresfor use in GeneralCirculation
system. The ARM field effortswill continue to be Models(GCMs) and otherrelatedmodels.
coordinated with the STORM and GEWEX/GCIP

programs. Other agencies with which ARM Pro- The objective of the Network-Based Solar and
gram operations and plans will be coordinated MeteorologicalCharacterizationof Cloud-Radiation
include NASA, the National Science Foundation, Interaction inGlobalClimateModeling Projectis to
and the Department of Defense. investigatehow clouds and aerosols interactwith

long-waveand short-waveradiationto regulatethe
References heating of the planet. To understand how cloud-
U.S. Departmentof Energy(DOE). 1990. Atmos- and aerosol-inducedradiativeeffects vary in time,
pheric Radiation Measurement Program Plan.
DOE/ER-0441, U.S. Department of Energy, (a) State Universityof New YorkatAl_ny.
Washington, D.C.
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with cloud structure and type, for a mid-latitude six narrow-wavelength passbands (nominally
continental area, a nine-station network (the defined at 415, 500, 610, 665, 862, and 940 nm)
QuantitativeLinksNetwork)was establishedinthe and in one broad band that covers the spectral
midwestem and eastern UnitedStates. Each sta- sensitivityof a silicon photocell and is used to
tion is equipped with a uniquely designed multi- measuretotalshort-waveirradiance. Directnormal
filter rotating shadowband radiometer (MFRSR) irradiance is calculated for these passbands by
to measure direct normal, diffuse horizontal, subtractingthe two measurementsand dividingby
and global horizontal irradiance in six narrow- the cosine of the solar-zenithangle. Other meas-
wavelength passbands. An additionalmeasure- urements made include precipitation, relative
ment ina broad passbandcoveringa largeportion humidity,outside air temperature,output fromthe
of the short-wave spectrum approximates total RR (includingthe thermopileoutput and the tem-
silort-wave irradiance. Measurements of down- peratures of the PIR dome and case, used to
welling long-wave radiation are made with a correct the thermopile measurement), upwelling
pyrgeometeror precisioninfraredradiometer(PIR). short-wave irradiance, detector temperature,
Local ground albedo measurements are made battery voltage, and reference voltage for the
primarilyto identify the presence of snow. Stan- thermistorsthat are used in the PIR temperature
dard meteorological measurements of relative determinations. A microprocessoron the main
humidity,temperature, andrainfallsupplement the circuit board controls the band motion,acquires
radiationmeasurements.A majoradvantageof the data from the MFRSR and auxiliary instruments,
experiment design for this project is that each and communicates with the outside world via a
measurement station can operate independently modem. Dataacquisition,processing,and analysis
and unattended, with only periodicmaintenance are performedon Sun SparcStationIPC systems
checks by site operators. The data are retrieved and graphicsterminalsthat are availableat both
automatically using telephone and modem PNL andSUNY-Albany.
througha centraldata archivingcomputersystem
at PNL. This study is currentlyin the thirdyear of a Calibrations and Tests

five-yearresearchperiod. An importantcriterionfor properMFRSR operation

Specific objectivesaccomplishedduring F¥ 1992 is that the receiving optics have a cosineresponse, i.e., the response decreases as the
were 1) the acquisitionof additionalsupportinstru- cosine of the angle of incidence. The cosine test
mentation;2) the fabrication,testing, and calibra- facility,constructedat ASRC, was used to estab-
tion of the MFRSRs, includingadditional backup lish responsecurves for each MFRSR unit. With
MFRSRs;3) the operationand maintenanceof the this response information, the direct normal
field sites, includingthe diagnosisand correction irradiance component can be corrected. The
of malfunctions; 4) data collection and archival; diffuse contributionat high angles of incidence,
5) the development and application of data while unknown (because the spatial or angular
analysis techniques to interpret the measure- distributionof diffuse radiance is generally not
ments;and6) the reportingof findingsat scientific known), is very low because it is also weighted
meetingsand injournals, approximatelyby the cosine of the solar-zenith

angle. Therefore, the error made in global and
The project is a cooperativeeffort between PNL diffuse horizontal irradiance measurements is
and the Atmospheric Sciences Research Center generallysmall, evenwithout correction.
(ASRC) of the State University of New York at

Albany(SUNY-Albany). The accuracyof the cosine correction algorithm
was investigatedbycomparingLangleyplots(plots

Instrumentation of the naturallogarithmof the direct normalinten-
The primary instrumentat each site isthe MFRSR, sity versus air-mass path length) and aerosol
developedjointly at PNL andSUNY-Albany. Itwas optical depths determined from observations of
described in detail in the previous annual report direct normalirradianceobtained fromthe Mobile
(Laulainenet al. 1992) and only the essentialfea- Automated Scanning Photometer (MASP) devel-
tures are presented here. The MFRSR measures oped by Kleckneret al. (1981), andthat computed
total horizontaland diffuse horizontalirradiancein from the MFRSR irradiancemeasurements. The
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resultsof thiscomparisonfordata collectedduring Site Operation and Maintenance

1991 are displayed in Figure 1. Although the The installationof instrumentsat the nine sitesof
wavelengthbandsfor the MASP and MFRSR units the Quantitative Links Network (QLN) was com-
were not the same, the plot showsthat the inter- pleted inthe fall of 1991. Site selectionwas based
polated aerosol optical depths were within 0.01. on the availabilityof electricpower and telephone
This result indicates that the cosine correction service, the existence of ongoing research or
algorithmappliedto the MFRSR data appears to monitoringactivities,and "regional representative-
reproducedirectbeam irradiancemeasurements, ness," i.e., no influence by local sources of air

pollution. The ninesites selectedfor the QLN are
To establishcalibrationvaluesfor the MFRSRs, the shownin Figure2. They are:
filter/detectorswere characterized with an optical
radiationcalibrator.Changes in instrumentcalibra- • Albany, New York--the "home-base" site at
tion that may have occurredduring the past year ASRC, where hands-on troubleshooting of
were tracedvia the Langleytechniquefor ali clear operationalproblems in the field units can be
days. Precipitationwas calibrated using a water carriedout

bottle with a knownflow rate. Ambient tempera- • Ithaca,New York--currentlya NationalDryDepo-
ture and humiditywerecalibratedagainsta labora- sition Network (NDDN) operated by Cornell
tory calibrated temperature and humidityprobe. University
The albedo sensor andthe silicondetector were
calibratedagainst a standardprecisionpyranome- • Howland, Maine--a remote NOAA Dry Deposi-
ter. The PIRs were not recalibratedbecause of tion Research Network (NOAA-DDRN) site
some still-unresolveddisagreementsbetween the operatedbythe Universityof Maine
calibrationsof thetwo PIRs atthe ASRC site.
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FIGURE 1. Comparisonof AerosolOpl_..alDepthsDerivedfromMASPand MFRSRObservationsTakenin 1991.
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• Pine Grove Mills, Pennsylvania--an ARM Site attendants clean the optical surfaces and
Science Team site, in proximityto a NOAA- check sensor operation on a weekly or more fre-
DDRN site, operated by Pennsylvania State quent basis. Occasionally,they performtrouble-
University shooting tasks under the careful supervisionof

• Oak Ridge, Tennessee--a NOAA-DDRN site project managers. Normally,each site is visited
operated by the NOAA Atmospheric Turbu- annuallyfor maintenance and instrumentcalibra-
lence and DiffusionDivision tion. The principalresearchprogram at the Maine

site (NOAA-DDRN) was discontinuedin the fall of
• Bluefield, West Virginia--a site with a weil- 1992; however,the QLN componentwill continue.

maintainedsolar radiationrecord operated by
BluefieldState College DuringFY 1992, sixsite visitswere madeto correct

• Bondville, Illinois-a NOAA-DDRN site operated malfunctions. Most of these were associatedwith
bythe IllinoisState WaterSurvey the modems. A procedure has been developed

enablingthe originalmodems to be reset instead
• Oxford, Ohio--aNDDN site, with a 10-yearsolar of replaced. In some cases, the site attendantis

resource data history, operated by Miami allowedto fixor replace defective pads; for exam-
Universityof Ohio pie, when staticdischarges have rendered some

• Lewes, Delaware--acoastal site operatedbythe integratedcircuits useless and the parts can be
University of Delaware's College of Marine clearly identified by telephone or other remote
Studies. communication.
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Another malfunction was related to changes in During FY 1992, data were acquired from the
ambient temperature. Under normal, low wind networkwitha success rate of 89% for alistations
speed conditions,an internalheatermaintainsthe combined. The success rate for individualunits
MFRSR detector head at 40°C. Maintainingthe ranged from 76% to 97% of the possible number
detector head at a constant temperature is desir- of daysto obtain data. Data loss resulted mainly
able to minimize temperature-dependent instru- from downtime to reinsulate and calibrate the
ment responsedrifts. However,in cold andwindy MFRSRs, although some stations occasionally
conditions the detector head temperature experienced modemproblemsthatprevented the
dropped to as low as 15°C below the prescribed transmissionof data. Ali of the data processing
steady-state temperature. For this reason, each softwarewas completed,and developmentefforts
head andcircuitboardwas shippedbackto ASRC shifted to analysissoftware. An algorithmto per-
andthe head was remachined,allowingadditional form the Langley method of atmosphericoptical
insulation to be placed between the detector depth determination,includingcorrectionsfor the
cavity and the external housing. Beforeand after cosine response of the MFRSRs, was
this remachining, the filter/detectors were cali- implemented.
bratedwiththe opticalradiationcalibrator.

The processeddata files become the masterdata
Data Management files to be used by the project and other Atmos-

The goals of the data management task are to pheric Radiation Measurement (ARM) Science
acquire a complete and reliable atmospheric Team investigators.The masterdatafiles areavail-
radiation data set, and to provide it to principal able for on-lineuse by onsite (PNL) investigators.

Offsite investigatorscan access the masterdatainvestigatorsand the scientific community in an
easy-to-useformat. PNL is responsibleforprimary filesthroughrequeststo the data systemmanager

andcan receivecopiesvia magnetic storagetapes,data collection and management. The QLN gen-
erates approximately 90,000 bytes of solar and discs,or electronicmail.
atmospheric radiation and meteorological data
each day. The dataare transferredalmostdaily by Data Analysis and Interpretation
each of nine QLN stationsto a host computer at Much researchassociatedwithchange in radiation
PNL. Data management software interprets the climatologywilloccuronly when the data base con-
data files and convertsali of the data to character- tainsa sufficientlylong time series. Some possible
formatfilesthat contain one complete day of data research approaches are discussed in the next
per station. These day-files are in a generic form, section. At present, developmentand application
readableby any computer,andare easily ingested of analysissoftwareare under way in anticipationof
by the "S-PLUS"statisticalanalysissoftware pack- this largerdata base. A significantcomponent of
age currently used at PNL and ASRC. ASRC the researchis the characterizationof the radiative
provides the correct mathematicalfunctions for propertiesof atmosphericaerosols. Earlier,when
converting the raw output into calibrated engi- a single one-channel rotating shadowband
neering units. The data are then permanently radiometer was used, it was possible to inter-
archivedat PNL. In the event that the PNL com- actively reduce data from individual days. With
puter goes off-line,a redundantsystem at ASRC nine MFRSRs in the QLN, each containing six
retrievesthe data. narrow passband filters, and up to 27 MFRSRs

expected to be inoperation at the SouthernGreat
The performance of each network station is PlainsARM/CART Site, it is imperativeto have an
assessedon a weeklybasisby convertingthe data automated reduction procedure. At ASRC, an
to physicalunitsand plottinglt. If any stationor its automated method to reduce a complete set of
sensors malfunctions,the appropriatesite atten- data has been compared to a more subjective
dant is notifiedand given specific instructionson method. For periodswhen the data overlap, the
how to retum the stationto normaloperatingcon- outputof the two methods correlatesvery weil.
dition. If necessary, a visit by a technician from
ASRC can be arranged.
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Because using the MFRSR calculationof direct Washington. BycontinuingQLN observationsfor
normalirradianceis an unconventionalmethod of several years, it will be possible to establishthe
performingsunphotometry(i.e., by subtractionof background tropospheric aerosol burden and
diffusehorizontalfromtotal horizontalirradiance),it clearlydefine the net effect that the Mt. Pinatubo
must be demonstrated how the optical depths eruptionhad overthe nine sites.
obtained compare with the standarddirect meas-
urementof solar intensity. A preliminarystudywas Two papers were presented at conferences this
performed by comparing the optical depths year. A paper on the cosine bench that tests the
derivedfrom the MASP and MFRSR, as previously cosine responseof instrumentsthat measuretotal
described. A direct comparison can alsobe made horizontalirradianceor illuminancewas presented
byobtainingsimultaneousmeasurementswiththe at the 1992 American Solar Energy Society
standard MFRSR and a direct MFRSR module (Michalskyet al. 1992). The paper describedthe
mountedon an automatedsolar tracker. The direct cosine bench instrument and presented some
module is created by fittinga MFRSR head into a resultsof tests on the cosine responses of com-
Gershun tube that blocksali but the direct irradi- mercial pyranometers and photometers. The
ance. This comparison test was started in late cosinebench instrumentis crucialto the operation
FY 1992. Preliminarycomparisonsindicateclose of the shadowbandinstrumentbecause the direct
agreement between the two measurement normalirradianceiscalculated from the measure-
methods. Some smallbiases(opticaldepth values ment of totaland diffusehorizontalfluxes.
of 0.001-0.003) that couldarise fromdifferencesin
effective fieldsof view of each instrument,or from Another paper was presented at the 1992 Ameri-
mismatchesin filter transmissionproperties,can- can GeophysicalUnion'sSpring Meeting inMay at
not yet be ruled out. Because this preliminary Montreal, Canada(Larsonet al. 1992). This paper
analysis includes only ten data points, a more describesearly resultsfrom measurementsof the
definitiveanalysiswill be possiblewhen more data volcanicperturbationof Mt. Pinatubo. lt is based
are acquired, partiallyon a single-channelversionof the MFRSR

and leads into the researchon volcanicperturba-
The Mt. Pinatubo eruption in June 1991 has tionsthatwill be more completelydescribedwhen
significantly perturbed the stratosphere, intro- the MFRSRdata base includesvolcanicallyunper-
ducing an estimated20 millionmetric tonsof SO2. turbed backgrounddata. Preliminaryresults indi-
The SO2 has been subsequently converted to cate that the peak Mt. Pinatuboaerosolperturba-
sulfuric acid and mixed with water to produce tion exceedsthe El Chichonperturbationby about
aerosol particles that are about 75% H2SO 4 by 50%. This is consistent with other measurements
weight. Because the aerosol particlesare small and the fact that Mt. Pinatubo released20 million
and effectively decoupled from efficient removal metric tons of SO2 compared to El Chichon's 6
processes that occur in the troposphere, this millionmetrictonsof SO2. The Mt. PinatuboSO2
aerosol is only slowly removed over a number of was more evenlydistributedbetween the northern
yeas. In earlier studies (Pearson et al. 1988; and southern hemispheres,while the El Chichon
Michalskyet al. 1990), aerosol opticaldepth data SO2was confinedto the northernhemisphere.
acquired during clean stratospheric conditions
were used to establishthe seasonalvariabilityof Future Work
the troposphericaerosol burden. The net effect
of the El Chichon eruption was established by Although some effort will be requiredto maintain
subtracting the tropospheric background. The andrecalibratethe field units,the effort inFY 1993
QLN was established about six months after willfocus on the development and applicationof
Mt. Pinatubo erupted, but just before it reached data analysis software. Analysis of data with
peak light extinction. A time series of residual respect to the Mt. Pinatuboeruptionwill continue.
aerosol optical depth showing the effects of Othersignificantactivitieswillinclude:
volcanic perturbations, including those from the • the purchase of a 1.6 gigabyte diskfor use at
El Chichon and Mt. Pinatubo eruptions until the ASRC to allowfor additionalstoragespace for
present, are shown in Figure 3. These data were both the data base and for the productsthat
derived from MASP observations at the resultfromthe analyses
Rattlesnake Mountain Observatory in Richland,
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FIGURE3. The Effectof VolcanicPerturbationsonAerosolOpticalDepth atSeveralWavelengthsas DeterminedfromMASP
Observations.

• the calibrationof ali radiationsensorunitsinthe • the investigationof optical depths for opaque
summer and fall of 1993, includingthe PiF.;._, cloud cover; detection of opaque clouds by
assumingthatthe recalibrationproblemsexperi- nulling the direct beam component; accumu-
enced thisyear are resolved;emergencymain- lation of statistics on their frequency and
tenancewill be performed as needed, withan thicknesses as measured by the diffuse
emphasison solving problemswith the aid of irradiancecomponent
the siteattendants • the search for correlationsbetween the meas-

• the reductionof clear day data usingthe auto- ured parameters and the downwelling short-
mated data reduction technique being devel- wave and long-wave irradiances; as they
oped at ASRC; additional algorithmswill be become available, observed surface radiative
obtained or developed to extract from these fluxes will also be correlated with satellite-
data aerosolsizedistributions,water vapor,and derived top-of-atmosphere long- and shod-
ozone totalcolumn wave fluxes

• the developmentof proceduresto detect cirrus • the obtaining or developing of numerical
clouds and their thicknesses; testing and analysis packages that will allow the nature of
applicationof reliableautomatedalgorithmsthat the variability in the measured and derived
rely on the fact that cirrus clouds are highly parametersof radiation to be established; an
variable, transparent, and yield size distribu- example is the cumulative frequency distri-
tions that are very differentfrom aerosol size bution (CFD). Categories of total short-wave
distributions
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irradlance could be established, up to the Energy Research. Part 3: Atmospheric and
maximum level detected, with a CFD plot Climate Research, PNL-8000 Pt. 3, PacificNorth-
showing the fraction of the total sample that west Laboratory, Richland, Washington, pp. 41-
belongs to a value less than a selected 46.
irradiancelevel. Data for a cloudy month will
result in a CFD that is shifted to the lower Michalsky,J.J., L.C. Harrison,andW.E. Berkheiser
categories, and vice versa for a clear month. III. 1992. "Cosine Response Characteristicsof
Comparisonscan be made for the same month Radiometricand Photometric Sensors." In Pro.
or season of the year to establishvariabilityand ceedings of the 1992 Annual Conference of the
to test for variationsbeyond those expected. American Solar Energy Society, eds. S. Burleyand

• the submissionofa paperonthe cosine bench M.E. Arden, June 15-18, 1992, Cocoa Beach,
facility and the results of testing of several Florida.
commercialinstrumentsto Solar Energy

Michalsky,J. J., E. W. Pearson,and B. A. LeBaron.
• the submissionof a paperon the effects of the 1990. "An Assessment of the Impactof Volcanic

Mt. Pinatuboeruptionto Geophysical Research Eruptionson the Northern Hemisphere'sAerosol
Letters Burden During the Last Decade." J. Geophysical

• the submission of a paper on the automated Research 95D:5677-5688.
aerosol optical depth reduction technique to
the Journal of Atmospheric and Oceanic Pearson,E. W., B. A. LeBaron,and J. J. Michalsky.
Technology 1988. "Decay of the El Chichon Perturbationto

the Stratospheric Aerosol Layer: Multispectral
• the presentation of a poster on the MFRSR Ground-based Radiometric Observations."

instrument at the American Meteorological Geophysical Research Letters15:24-27.
Society MeetinginJanuary 1993

• the presentation of papers at the Optical
Remote Sensing of the Atmosphere confer- .&. Stratiform Cloud Parameteriza.
ence in Salt LakeCity'in March 1993 on further tion for General Circulation Models
effects resulting from the Mt. Pinatubo

S. J. Ghan, L. R. Leung, R. C. Easter, J. E.
eruption. Penner,(a)and C. C. Chuang(a)

References The crude treatment of clouds in GeneralCircula-

Kleckner, E. W., J. J. Michalsky,L. L. Smith, J.R. tionModels(GCMs) is widelyrecognizedas a major
Schmelzer, R. H. Severtsen, and J. L. Berndt. limitationin applyingthese models to predictions
1981. A Multi-Purpose Computer-Controlled of global climate change. The purpose of this
Scanning Photometer. PNL-4081, Pacific North- project is to develop a parameterizationfor strati-
west Laboratory,Richland,Washington. formclouds inGCMs intermsof bulk microphysical

properties and their subgridvariability.Precipitat-

Larson,N. R., E. W. Kleckner,J. J. Michalsky,L.C. ing cloud specieswill be distinguishedfrom non-
Harrison,and D. Nelson. 1992. "Mount Pinatubo precipitatingspecies, and the liquidphase willbe
Stratospheric Aerosol Perturbation Measured By distinguishedfrom the ice phase. The size of the
Northern Mid-latitude Solar Photometers." Pre- nonprecipitatingcloud species (which influences
sented at the Spring AGU Meeting, May 11-15, both the cloud radiative properties and the con-
Montreal,Canada. version of nonprecipitatingcloud species to pre-

cipitatingspecies)willbe determinedby predicting

Laulainen, N. S., J. J. Michalsky, L. C. Harrison, both the mass and number of each species.
N. R. Larson,and J. L. Berndt. 1992. "Characteri- Figure 1 summarizesthe various cloudvariables
zationof Cloud/AerosolInteractionswith Solar and and their interactions. The AtmosphericRadiation

Long-wave Radiation." Pacific Northwest Labora- (a) LawrenceLivermoreNationalLaboratory, Livermore,
tory Annual Report for 1991 to the Office of CaUfomia.
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FIGURE 1. Cloud Variables and Microphysical Processes Represented in the Stratiform Cloud
Parametedza_on.

Measurement (ARM) Clouds and RadiationTest- Cloud Mlcrophyslcs

bed (CART) facilitywill be used to verify the Two journal articlesrelatingto cloudmicrophysics
parameterization of clouds and their radiative were prepared during FY 1992. The first article
impactinGCMs. (Ghanand Easter 1992) introducedtwo approxima-

tionsthat together permitteda tenfold Increase in
The FY 1992 projectgoalswere to the permissible time step of a bulk cloud micro-

. adapt an existing cloudmicrophysicsparame- physicsparameterizationthat was originallydevel-
terizationfor applicationto a GCM oped for mesoscale cloud models (Cotton et al.

1986). This increasein efficiency permits the bulk
• introducecloud dropletnumberas a predicted pararnetedzationto be applied to stratiformclouds

variable in a GCM without greatly increasing the computa-
• initiate work on representing subgrid-scale tlonal demandsof the model.The parameterization

cloud variability has now been appliedto the PNL version of the

• construct a one-dimensional column cloud NationalCenter forAtmosphericResearch(NCAR)
modelfor applicationto ARM CART facilities.
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CommunityClimate Model (CCM) and appears to verification. Dudng FY 1992, the column model
yieldsatisfactorycloudandradiationfields, was constructed and used to develop the cloud

microphysicsparameterlzation.
The second journal article (Ghan et al. 1992)
resulted from efforts to introduce cloud droplet Future Work

number as a predicted rather than prescribed The followingtasks are planned for FY 1993 and
variable in the cloud microphysics parameteriza- FY 1994:
tion. We developed a parameterizationof droplet
nucleation that simplyand acc,irately expresses • to evaluate the cloudparameterizatlonin the
the numberof clouddroplets f¢rmed ina risingair GCM withprescribedclouddropletnumberand
parcelintermsof the total aero,,,olnumber concen- compare simulated cloud, precipitation,and
trationandthe vertical velocity. The expressionis radiation fields with surface and satellite
derivedfrom several approximationsto the classic observations

KOhlernucleationtheory. • to applythe dropletnumberparametertzationto
the GCM and evaluate for prescribed aerosol

Subgrld Cloud Parameterizatlon distribution; to compare simulated and ob-
Subgrid-scalevariationsin cloudmicrophysicalpro- served cloud droplet numberas well as other
cesses must be accountedfor in GCMs because cloud-relatedfields

cloud processes are highly nonlinear and poorly • to complete the representation of subgrid
resolvedby the coarse gridsize of GCMs. During variationsin cloud microphysicsand evaluate
FY 1992, we initiated the development of asta- the impactof subgridvariability on the dima-
tistical formalism that expresses subgrid-scale tologysimulatedbythe GCM
variations in cloud microphysical properties in
terms of idealized probability distributions. Joint • to evaluate the cloud parameterization when
probability distributions were introduced to appliedto ARM CART sites in a column model
accountforthe dependence of many cloudmicro- and to considerseveral verificationstrategies,
physical processes on combinations of cloud such as prescribingrather than predicting the
variables. A high school mathematicsinstructor, cloud water field.
James McKay from Naches, Washington, spent
the summerof 1992 at PNL usingthe Mathematica References

software to analytically relate the parameters of Cotton,W. R., G. J. Tripoli,R. M. Rauber,and E. A.
joint probability distributions to the statistical Mulvlhill. 1986. "Numerical Simulation of the
momentsof the cloudvariables. Effectso! Varying IceCrystalNucleationRatesand

AggregationProcessses on OrographicSnowfall."
Column Cloud Model J. Clim. Appl. Meteor. 25:1658-1680.
An essential task in the development of cloud
parameterizatlonisitsverification. Althoughsome Ghan, S. J., C. C. Chuang, and J. E. Penner.
aspectsof verificatlonwill be achieved usingclima- 1992. "A Parameterization of Cloud Droplet
tological simulationswith the PNL version of the Nucleation. Part I: Single Aerosol Type."
NCAR CCM, more control is possible by applying Submittedto Atmospheric Research.
the cloudparameterizationto forecastexperiments
in the field. This project willuse the ARM CART Ghan, S. J., and R. C. Easter. 1992. "Computa-
facilitiesto provideboundary conditionsto drive a tionally Efficient Approximations to Stratiform
one-dimensionalcolumn cloudmodel, and to pro- CloudMicrophysicsParameterizatlon." Mon. Wea.
videcloudand radiationobservationsfor model Rev. 120:1572-1582.
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Photometrio Studies of Clouds termed the Sky Platform,carriedradiometric sen-

from an Atmospheric Radiation sora and was stabilizedby an active controlloop. A
Measurement (ARM) Site second platform, termed the Motion Sensing

Platform (MSP), was designed to measure the
C. D. Whiteman,J. M. Alzheimer, G. A. Anderson, lateraland angularaccelerationsto which the Sky
and W.J. Shaw Platformwould be exposed, and to provide the

data necessaryto closethe Sky Platform'scontrol
An Instrumentdevelopment project is under way loop. A working prototype Sky Platform was
to develop a small tethered-balloon sounding demonstratedat the ARM Science Team Meeting
systemto collect routinein situverticalbroadband in October1991 (Whiteman et al. 1992).
radiometricprofilesto heightsof ~1500 m above

ground level under cloudy and noncloudycondi- Project Goals for FY 1992
tions. The majortechnicalobjective ofthis project
is to constructa stable self-levelingplatformthat Several majortasks were scheduled for FY 1992.
will keep radiometric instruments horizontal, A radiometricfield experimentwas plannedto test
regardlessof balloonmotion, the mathematicalmodel of a tilted net radiometer,

modificationswere planned for both the Sky and
The project approach has been to develop a Motion Sensing Platforms, and flight tests were
stabilized platform that is carried in a tetherline scheduledto test the performanceof the platforms
harnesssomedistancebelow a small helium-filled and the level sensors.
balloon. An automaticcontrolloopis used to keep
the platformlevel. The platformwillcarry sensors FY 1992 Major Accomplishments

to measure the upward and downward-directed A radiometric field experiment was conducted to
streams of long- and short-wave radiation, and evaluatethe performanceof our instrumentmodel,
additional sensors to measure the platform's which was developed to specify, on the basis of
attitude, includingazimuth and elevation angles, theory, the tolerances required for keeping the
Data are processedand stored onboard using a platformlevel relativeto radiometricmeasurement
small lightweight,programmabledata acquisition errorsIntroducedbyvarioustiltangles. Inthe field
system. The balloon itself will carry a separate experiment, pyranometers, pyrgeometers, and
meteorologicaldata collection system to collect pyrradiometerswere tilted at prescribed azimuth
verticalprofilesof basic meteorologicaldata asthe and inclinationangles over the course of a 24-hour
balloonascends, period. These data were compared to data from

horizontal instruments to quantify measurement
The projecthas been organizedintothree phases, errorsdue to tilting.A researchpaper on this topic
The firstphase, Initialdesign and prototyping,has was completed and accepted for presentation at
been successfullycompletedwith the demonstra- the EighthSymposiumon Meteorological Obser-
tion of a prototypestable platform. The second vations and Instruments (Shaw and Whiteman
phase is furtherdevelopmentof the prototypeand 1993).
completion of the data Interlacing. This phase is

nownearlycomplete,and reported on below. The An improved stabilized platformwas constructed
finalphaseis fieldtesting and strengtheningof the using strong and lightweightmaterials. The Sky
design for operational use at Atmospheric Radla- Platformcontrolloopwas closedusingcalculations
tion Measurement (ARM) Cloud and Radiation from a mechanical model of platformdynamics.
Testbed (CART)sites. The design of the MSP was also improved. A

research paper on the design of the Sky and
Background Motion Sensing Platforms was submitted and
Funding for the project began in FY 1991, during accepted for presentation at the Eighth Sym-
which design specificationswere completed and poslum on Meteorological Observations and
an Initialdesign was selected. A prototypeplat- Instruments(Alzheimeret al. 1993).
formwas constructedand a mathematicalmodel of
a tilted radiometerwas constructed to aid indeter- The Sky and Motion Sensing Platformswere sig-
miningdesignspecifications. The stableplatform, nificantlymodifiedin FY 1992. The Sky Platformis
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now somewhat larger (76 cm on each side), is z
made of graphite instead of aluminum, has a
redesigned mount to allow easier interchangeof
radiometricsensors,and has enclosed pulleys to
prevent the harness lines fromcoming out. A flux s (o,o,r,)

gate magnetometer was mounted on the Sky --,_1/'''e'_
Platformandthe platformwas modifiedstructurally ,,a
andelectronicallyto accommodatenew radiometric
sensors that will become available In FY 1993. ¢ :_(o,
These new sensors will allow measurementof ali

a3 a7
Individual broadband radiometric components _ A

(incoming and outgoing long- and short-wave o .._ (°yn. i/T(=radiation),rather than solely net radiation. New _.' _a2 v 0,ry.O)y2-axiscontrollerswerebuilt. Linearamplifierswere al J

replaced by switchingamplifiersto reduce power ai_=_ as
consumption. The complete Sky Platform,includ-
ingbatteries,nowweighsonly 1.5 kg. 1 a4

The MSP was redesigned to take advantage of a x
new and improvedmethod of determiningangular
accelerations. An array of nine miniature solid- FIGURE 1. NineAccelerometerMethodfor DeterminingRote-

tkxtalMeasurementswithLinearAccelerometers.The coordinate
state accelerometers collects the raw data from system is shownalongwith the positioningandorientationofthe
which balloon motions are determined. Figure 1 linear accelerometersal througha9. Angularvelocitiesare also

shows the coordinate system and accelerometer _ oneachofthecoordnmaxes.
orientation forthe newlydesigned MSP. Acceler-
ometer data from this configuration are used to
solve for angular accelerations using equations onboard on a 1-Mb credit card-size storage
listedbelow: medium. A multiplexerallowsdata to be collected

from the extended number of radiometric
• channels.

= (a7- a3)/2ry- (a9- a2)/2rz (1)
• Future Plans
¢y = (a8- al)/2rz- (aS- a3)/2rx (2)
• Themajoreffortin FY 1993 willbe performingflight
(Oz= (a4- a2)/2rx- (a6- al)/2ry. (3) tests of the MSP and Sky Platforms. New radio-

metricsensorswill be purchasedand installedon
This systemof linearequationsis inherentlystable, the Sky Platform. We will evaluate the perform-
Determining angular accelerations does not ance of three level-sensing methods using the
require knowing an angularvelocity from a previ- rate sensors as the standard. By year-end, we
ous integrationstep. The method thus appears expect to have completed a fullevaluationof the
advantageous to other methods previouslycon- performance of the MSP and Sky Platforms. If
sideredfor this purpose, capitalequipmentfundsare availableas expected,

we willpurchasea tethered balloonmeteorological
Two single-axisrate sensors were purchased in soundingsystemto replace the borrowedone that
FY 1992. They will be installed on the MSP and we are now using. Late in FY 1993 or early in
Sky Platformsto measure the accuracy of accel- FY 1994 we will test radiometricprofilesobtained
erometer-basedtilt measurementsandwilldemon- fromthe Sky Platformagainstthose obtainedfrom
strate the efficacy of the control-loop-stabilized an instrumentedtowerat the ARM SouthernGreat
platform. Plainssiteor at Erie, Colorado. In FY 1994 we will

strengthenali componentsof the tethered-balloon
A new onboard data acquisition and storage soundingsystem so lt can be run routinelyat the
capabilityhas been developed for both the MSP ARM Cloud and RadiationTestbed sites. Operat-
and the Sky Platforms. This smalldata acquisition ing characteristics and operating limits of the
system samples data at 100 Hz and stores data instrumentsystemwill be determinedto properly
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interpret the data and to meet safety and opera- case. The model parameterswillbe extended and
tional requirements, refinedover approximatelythe next one-and-a-half

years, resultingin development of a completefull-
References scale model, Version 1.0. However, increasingly

Alzheimer, J. M., G. A. Anderson, and C.D. useful output will be available inthe interim. The
Whiteman. 1993. "Stabilized Platform for SGM will also form the core of the Integrated
Tethered BalloonSoundingsof BroadbandLong- Climate Change Analysis Model, which has the
and Short-Wave Radiation." In Preprints, Eighth overallobjectiveof improvedunderstandingof the
Symposium on Meteoro/ogical Observations and relationshipbetween human activitiesthat gen-
instruments, January 17-22 1993, Anaheim, erate emissions of greenhouse gases and the

' potential resulting consequences of changes in
California,pp. 175-180. atmosphericcomposition and climate.

Shaw, W. J., and C. D. Whiteman. 1993.
"Accuracy of Radiation Profiles from a Self- FY 1992 Accomplishments
Leveling Balloon-Borne Platform." In Preprints, Activitiesin FY 1992 focused on completingVer-
Eighth Symposium on Meteoro/ogica/ Obser- sion0.0, improvingmodel data, and exercisingthe
vations and Instruments, January 17-22, 1993, model.
Anaheim, California,pp. 121-126.

The Generic Production/CostModule was modi-

Whiteman,C. D., J. M. Alzheimer,G. A. Anderson, fledto include
M. R. Garnich,and W.J. Shaw. 1992. "Tethered
Balloon Sounding System for Vertical Radiation • energy productionfrom a depletable resourcebase
Profiles." In Proceedings, Second ARM Science
Team Meeting, October 25-29, 1991, Denver, • energy productionfrom a renewable resource
Colorado, pp. 125-126. base

• time delay between initial investmentand initial

Second-Generation Model production for an economicactivity.

J. A. Edmonds Economic and energy data continues to be col-
lected. Required data sets are being developed

The Second-Generation Model (SGM) is a new with support from a numberof internationalenergy
model designed to produce estimates of global experts through PNL's Advanced International
greenhousegas emissionsfor multipleregionsof StudiesVisiting Scholars Program. Energy data
the world at five-year time steps that will extend setsfor the FormerSoviet Union, China,and Brazil
into the future as far as the year 2100. The new have been developed and are being augmented
greenhouse gas emissionsmodel is being devel- progressively.
oped in phases. The firstphase consistsof con-
structing model Version 0.0, developing the Several proposed prototypes of user interface
underlying database to support this version, and designs are being examined to facilitate the
then usingthe model, moders use bythe largestpossiblegroup.

At the center of the Version 0.0 model is a new, A Greenhouse Gas Processor has been devel-
computable,general equilibriummodeling frame- oped that calculatesemissionsof CO2, CO, N20,
work. Most of the detail is found in the energy NOx, SOx, and Volatile Organic Compounds
sector of the model. In additionto the energy sec- (VOCs) basedon the economic activitiesassessed
tor, the new model will include four other highly by the model. Estimates of chlorinatedfluoro-
aggregated sectoral modules (agriculture,other carbons (CFCs) and substitute emissionsare not
production, households, and government) along yet included in the model and will likely be pro-
with a pricepreprocessor,a demographicmodule, vlded as a separatesidebarcalculation.
a solution algorithm, and an emissions post-
processor. The initial prototype has been com- As the fiscal year ended, the model was being
pleted and tested for a single-period,single-region parameterized with U.S. data and exercised to
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examine the effects of carbon taxes and other Carbon Dioxide Ocean Research
potential energy policy instruments that go
beyond the National EnergyStrategy. J" P" Downing, E. D. Skyllingstad, D. W. Denbo,

W. E. Asher, L. F. Hibler, C. R. Sherwood, K. D.

FY 1993 Activities Hargrove, and B. DeRoos

Concurrent with the further development of The objectiveof the CO2 Ocean Research project
Version 0.0, work will begin on development of is to improve understanding of the role of the
SGM Version1.0. This workwillinclude ocean in CO2-induced climate change. Staff at

both the Pacific Northwest Laboratory and the
• extension of the Agriculture Module from a Battelle/Marine Sciences Laboratory provide

single product to a,3 many as ten markets--a technical support to the U.S. Department of
biome scheme that reflects changes in land Energy'sEnvironmentalSciences Division(ESD)
productivitywill be implementedand modeling and conduct researchintothe exchangeof CO2at
of gradations of water availability will be the air-sea interface; deep water formation (in
explored ocean general circulation models); and surface-

. separationof the Other Products Module into layer processes including air-sea exchanges of
the following sectors: Manufacturing (both mass, heat, and momentum. Direct support to
nsaterials-intensiveand other manufacturing), ESD includes developing aqueous CO2 stan-
Transportation,Health and Other Services,and dards, administering the science team for the
Education Global Survey of CO2 in the Oceans project,and

maintaining a successful Small Business Inno-
• incorporation of increasingly sophisticated vativeResearch(SBIR)Program.

modeling of the labor supply and educational

servicesdemand functions;thG basic structure The ocean mixedlayeris an importantlinkbetween
of the Households Module will remain the the general circulationof theocean and the atmos-
same---the savingssupply will be made sensi- phere. Mixing in the oceanicsurfacelayerdirectly
tiveto iP,terest ratesand the labor supplywillbe influences fluxes of heat, momentum, and
made sensitiveto the educationand age of the greenhouse gases through the atmosphere-
population ocean interface. Our research includes a detailed

• refinementof the decision-makingprocessesin analysisof ocean surface layer processes using
the Government Module, to include infra- both two- and three-dimensional nonhydrostatic
,_tructures,tax rates,and regulatorypolicies ocean models.The resultswillbe used to develop

better representationsof the ocean surface mixed
• expansion of the Energy Module to permit a layer that will be includedin coupled atmosphere-

v_iderrange and more flexibility in choices of ocean generalcirculationmodels.
technologies

• provisionof finer-grainedsummationsof green- A three-dimensionalnumericalmodel of deep con-
house gas emissionsby the EmissionsCalcu- vection in the open ocean is being developed.
lation Module as the individual production The two-dimensionalversion of the model has
sectorsbecome increasinglydisaggregated been used to begin the investigation into deep

water formation. Construction of the three-
. exploration of mechanisms for modeling the dimensional convection model has been com-

behaviorof nonmarketeconomies
plated and the first tests of the code are under

• investigationof the roleof research and devel- way. The three-dimensionalmodelwill be used to
opment inthe rate of technical progress,with a investigate more fully the process of convection
view toward investing research and devel- and deep water formation,and to help develop
opment in energy-saving and emissions- improvedparametedzationsof deep convection in
reduction afro(ts, oceangeneralcirculationmodels.
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Whitecaps/CO2 Gas Exchange research con- was based on the nonrotating two-dimensional
tinues, and preliminary analysis of the data model. The full advection scheme and turbulent
suggests that microwave radiometry remains a kineticenergy(TKE) subgridmodel has alsobeen
promising technique for remotely sensing gas implemented. The three-dimensionalconvection
exchangevelocitiesat global-oceanscales, modelwill be reorganizedand convertedto the CM

Fortran dialect for use on the massivelyparallel
Also in FY 1992, we completed additionalstudies CM-5 at LosAlamosNationalLaboratory.
and tests on the Autonomous, Expendable Con-
ductivity,Temperature,and Depth probe (AXCTD) Whitecaps/CO= Gas Exchange
concept to answer questions raised in FY 1991 Research
about the long-term stability of the conductivity

A Whitecap SimulationTank (WST) equipped withsensors used in the prototype, and about the
a computer-controlledtipping bucket mechanismprojected sellingprice of AXCTDs in large quan-

tities. An"engineered"prototypeAXCTDwas built to reproducibly generate bubble plumes with
to demonstrateto potentialfundingagencies, knownbubbleplume coverage (Bc)wasdesigned

and constructed at PNI_/MSL during FY 1990.

Progress During FY 1992, several significant laboratory
experimentsto studythe effectsof bubbleplumes

Surface Mixed Layer on gas exchange were conducted in the WST.

In FY 1992, we completed a series of tests using These include

the two-dimensionalversion of the nonhydrostatic • DMS transportexperiments
ocean large eddy simulationmodel. We demon-
strated that the model is capable of accurately • CO2 transportexperiments

simulatingsmall-scaleocean processes, such as • Heliumtransportexperiments
intemalwave momentumtransport,that are difficult
to represent inlarge-scaleocean general circula- ° WST bubbleconcentrationmeasurements.

tion models. We also performed our first three- In FY 1992, fudher processing of the microwave
dimensionalsimulationsof the ocean mixed layer, radiometerdata from the 1991 Nantucket Shoals
These tests included a case withrealisticsurface microwave/whitecap experiment allowed com-
heating andwind stress.Overall,the model devel- parisonof the time seriesfor apparentmicrowave
opment phase of the study is near completion, brightness temperature (a) and fractional area
withthe remainingtasksdirectedtowardimplemen- whitecapcoverage(We).
tation of surface wave effects and an open lower

boundary condition. Also in FY 1992, the Lamont-Doherty Geological
Observatory completed an analysis of water

Two-Dimensional Convection Model samples taken during the 1990 Georges Bank
The two-dimensionalconvection model has been dual-tracer gas exchange experiment, allowing
improvedbychanging the method used to advect completionof the gas transfercalculations.
temperature and salt. This change has improved
the model's abilityto maintain stronggradientsof AXCTD Development

temperatureand salinity.The two-delta-xfilterhas Elevenarticles aboutthe AXCTD and three papers
been extended to filter horizontal and vertical for professional conferences were published in
velocitiesin both dimensions,thereby makingthe FY 1992. As a resultof widespreadmedia cover-
modelmore robust, age, the AXCTD isnowfamiliarto the scientificand

ocean-engineering communities. With the goal of
Three-Dimensional Convection Model attractingprivatesectorcapitalto make the AXCTD

Construction of a three-dimensional convection commerciallyavailableinlarge quantities, a patent
model that uses the nonhydrostatic,Boussinesq, application on the technology was successfully
incompressible Navier-Stokesequations with full completed and the patent will be issued in April
Coriolisforcing termswas completed. This model 1993.
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FV 1992 Highlights 0.05 Nm-2was prescribedwithan idealizedsurface

Surface Mixed Layer Results heat fluxthat representedtypicalconditionsonthe
equator for April. A 3-day simulationperiod was

Key results for FY 1992 includethe simulationof chosen, allowingthe model to adjust during the
internal waves and turbulence in the equatorial firstday andstillprovidetwo full heating cyclesfor
Pacific Ocean. Modeling the surfacelayer of the analysis.
equatorialPacificOcean ischallengingbecause of
the strongverticalcurrent shearand density strati- Figure 2 showsplotsof the modelverticalvelocity
fication common to the region (Figure 1). The and temperature structurefor times representing
primary zonal current is the eastward-flowing surface heating and surface cooling from simula-
Equatorial Undercurrent (EUC) at a depth of tion day 2. The model reveals that the surface
roughly120 m, with a speed of about 1.5 ms-1as mixed layer and thermocline undergo a diurnal
shown in Figure 1. The EUC isforced by a zonal cycle, with internal waves active throughout the
pressure gradient resulting from the westward- simulation. The character of these waves is
directed surfacewind stress. Above the EUC, the stronglyaffectedbythe surface heatingcycle,with
wind stress directly forces the South Equatorial wave strength increasingat night when surface
Current(SEC), whichflows westwardata speed of coolingis at a maximum.The waves havea charac-
about 0.5 ms-1. The shear zone generated by teristicphase speed between -0.05 and 0.05 ms-1
these currents is marginallystable and exhibits a and a wavelength of about 250 m; thisdominant
diurnalcycle of turbulence that depends on con- wavelength agrees with the time series analysis
vection forced by surface cooling (e.g., Moum presented in Mourn et al. (1992) for the 4-day
et al. 1989). In addition,surface convectionforces period beginning April 14, 1987. The simulated
internalgravitywaves,whichcan transportmomen- wavelengthand wave strength are similarto wave
tum away from the surface current to deeper observationsreported inHebert et al. (1992).
waters. We performed simulationsof the EUC to
examinethe processesthat create internalgravity A number of conceptual models have been pro-
waves and force the verticaltransportof horizontal posed to explainthe formationof internalwavesin
momentum, convective, sheared flow. The most popular

hypothesistreats convective plumes as indepen-
We used a vertical temperature profile that was dent structures that act as obstaclesto the mean
taken in April 1987 at a location on the equator flow, generating trapped internal waves. In the
near 135° W (Hebert etal. 1991). The domainsize numericalmodel,this processis activeonly during
for the simulationwas 1280 m x 250 m with 5-m the initial spin-upphase of the simulation. When
resolution. A linearextrapolationwas assumedfor internal waves are generated, the convection
bothtemperature and velocitybelow 150 m. In the becomes a forced internal mode, which weakens
firstexperiment, a constant surfacewind stressof during the daytime stabilization period but does

not completelydissipate.

]VExedLayer The key to the internal mode forcing is the pres-
W'mdStress// enceof criticallayersat depthsof 35 and 175 m. A

critical is the mean
_ _ _/r Thermocline layer formed when horizontal
:_!_;:;:!%:_::_F.q_ current velocity equals the phase velocity of the
i::_::iliiii::!.::::i;_i_:.i:::.i:::i_i__"_nt:::_.i.!":./I internal wave field. Critical layers are important

because they represent regions in the flow where

/ .._ the exchange of energy between the internal
EquatorialUndercurrent wave field and the background flow depends on

.- ,,.._"- : the strengthof the local hydrodynamicstability as
_: _ measured by the Richardson number. In the

simulation, the Richardsonnumber in the upper
criticallayerdropsbelow 0.25, creatingan unstable
gravitywave mode with energy transferred from

FIGURE 1. Schematic of the Equatorial Pacific Ocean Cun'ent the mean flow to the internal wave field. WhenSyslem.
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surface heating is imposed, the Richardson However, more detailed observationsand model
number dses above 0.25 and the internalwaves experiments are needed before an accurate
decrease in strength,actingas a dragto the mean parameterizationcan be developed. A journal
flow near the criticallayers. Because the magni- articlepresentinga more complete descriptionof
tude of the wave drag is comparableto the turbu- these model results has been submittedto the
lent dissipation rate and the large-scale zonal Journal of Oceanography.
pressure gradient estimated by Hebert et al.
(1991), the internalwaves may play a significant in additionto our work using the two-dimensional
part in the zonal momentum budget. The cntical model, we performed preliminary three-
layer instabilityalso promotes the generation of dimensional simulations of an evolving surface
small-scalewaves in the lower-levelcritical layer mixedlayer. The case we considered represents
(Figure2b) thatare similarinappearanceto Kelvin- the northernPacificOcean, where the mixed layer
Helmholtz billows. Measurements of turbulent is dominated by surface wind stress and the
dissipationtaken beneath the EUC (Peters et al. effects of the Earth's rotation. After 6 hours of
1988) demonstrate that turbulence exists below cooling, the surface currents show banded
the EUC core and supportthe model results, regions of convergence and downward motion

that divide larger-scale upwelling, divergent cells
Our two-dimensional model results indicate that (Figure 3). These cells represent eddies on the
the representation of subgrid-scaledisturbances scale of the mixedlayerthat activelytransportheat
inoceangeneralcirculationmodelsshould include and momentumfromthe ocean surface to the top
the effects of internalwaves in equatorialregions, of the thermocline. The influenceof the surface
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wind stress is evident in the narrow convergent to present preliminary three-dimensional model
regions where the horizontal motion is, on aver- resultsdemonstratingthe effect of Coriolisforces
age, in the same direction as the surface stress, on deep convection. In the three-dimensional
This simulation demonstrates that the three- modelboth componentsof the Coriolisforce have
dimensional model can now be applied to more been included, and experiments in which these
complex processes such as wave-driven circula- components are present or absent have been
tionsor Langmuircells, used to demonstratethe qualitativeeffects. The

followingsummarizesthe preliminaryresults.
Two.Dimensional Model Results

A comparison of two ocean convection experi- A smoothed-temperatureand salinityprofiletaken
ments using data from the Greenland Sea and in February 1988 in the Greenland Sea and an

idealized deep mixed-layer profile were used toWestern Mediterranean Sea (MEDOC) was pre-
sented inposter formatat the January 1992 Ocean initialize the model. Constant surface cooling of
Sciences meetingin New Orleans. -300 Wm-2 wasused to force the model. A snap-

shot at modelday 4.25 takenfrom a 323 grid-point

For the MEDOC experiment, the surface mixed modelrunis shownin Figure4.
layergrew uniformly. After 20 daysof simulation,
the mixed region filled the water column. After For the nonrotating case, the horizontal wave
mixing, the model temperatureand salinitywere in number spectra of the velocity components and
good agreement with observationsand the model the temperature from the model results agreed
velocities were only slightly larger than those favorably with theory for the inertial-convective
observed, subrange. Vertical profilesof normalizedvelocity

and temperaturevariance were in good agreement

For the Greenland Sea experiment, the surface with laboratory measurements. Convective
mixed layer eroded rapidlyto a depth of 1200 m plumes traveled straight downward; horizontal

motionswere radialoutwardfromthe plume.between 11 and 12 days. This erosion was
accomplished by a series of plumes, which is
consistentwith a thermobaric instability. Plumes With only the upward component of the Coriolis
do not form in experiments in which the thermo- force present, the convective plumes traveled
baric instabilitymechanism is removed from the
equationof statefor seawater.

The resultsof the MEDOC experimentare qualita-
tively similarto the simple convection of the vali-
dation experiment. The normalized heat flux
profiles and horizontalwave-number spectra are
consistentwith mixed-layergrowth by convection.

The Greenland Sea experimentwas very different,
during plume generation, from the validation _.
experiment. While plumeswere forming,the heat c_
fluxwasseveraltimes largerthanthat predictedby
simplemixed-layerdynamics. When plume forma-
t;on ended, the heat flux and horizontalwave-
number spectra became consistent with mixed- 20oom
layer growthby convection. There is a qualitative
and quantitative difference in the two convection o
experimentsbecause thethermobaric instabilityis North
more important inthe Greenland Sea experiment. East

2000 m
.,_

Three-Dimensional Model Results FIGURE 4. Model Day 4.25 f_ a Model Run Usingen Initial
An abstract was submitted to the Fall1992 Ameri- Temperature-SalinityProfileTakenDuring February 1988 inthe

GreenlandSea. Dark gray representsthe coldesttemperatures
can Geophysical Union meeting in San Francisco andlight gray Ihewarmest.
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straight downward with cyclonic horizontal mo- approximately15 ms -1, this large effectof bubbles
tions. The verticalmotionswere weakerthan inthe on promotingair/waterexchangeof CO2 suggests
nonrotatingcase. Withboth Corioliscomponents, that oceanic breaking waves could have a large
the plumesslantedto the east as they descended, role in determiningthe air/sea flux of CO2 at high
The horizontalmotionsassociatedwith the plume wind speeds.
were cyclonic,with an eastward velocity compo-
nent superimposed. Developingan accurate predictivemodelfor kL in

terms of Bc requires knowing how changes in
Whitecaps/CO2 Gas Exchange Schmidt number (So) and aqueous-phase solu-
Research Results bility ((x) affect air/water transport governed by

bubble plumes. Varying S¢ and o¢is most easily
Laboratory and field experiments have provided done by changing the chemical species to be
encouragingresults. Significantfindingsandcon- studied. He and 02 are of particular interest
clusionsfollow, because they provide a wide range of Sc and ¢x

values. Using kt.for He and 02 as a functionof Bc
The Georges Bank dual-tracergas exchangedata in the WST for water temperatures of 5°C and
set has provided evidence that the evasion rate 20°C, excellent linear correlation is observed
(kL) is linearly correlated with the fractional area between kL and Be for both gases. These data,
whitecapcoverage (Wc). There is very good cor- along withthe CO2data,willbe used to develop a
relation between kL and Wc for the conditions model for predictingkLfrom Bc, So, and a. This
present during the Georges Bank experiment, model can then be tested using data collected
This data set demonstrates that it maybe possible during the outdoor wave basin experimentto be
to predictkLfrom Wc underoceanicconditions, performedin early FY 1993.

Data analysisfrom the Nantucket Shoals experi- Originally,dimethyl sulfide (DMS) measurements
ment has also continued during FY 1992. The were made inthe WST to provide more information
data are encouragingbecause they demonstrate concerning the Schmidt number and solubility
We can be correlated with remote measurements dependence of gas exchange driven by bubble
ofa. plumes. However, the DMS kL measurements

made in FY 1991 andFY 1992 have provideddata
The data from the controlled study of the micro- suggesting that the transport of DMS at an air/
wave emissivityof bubble plumes using a dock- seawater interface is gas-phase rate-controlled.
mounted tipping bucket and radiometer has The observed behavior of DMS is typical of a gas
shownthat bubbleplumesgeneratedby simulated with partialor total gas-phase rate control. Be-
waves act as blackbody sources of microwaves, cause currentmethodsfor predicting kLfrom wind
The data further suggest that the microwave speed were developed for compounds that are
radiometer is responding to the presence of liquid-phaserate-controlled,predictive models for
bubble plumes inthe watercolumn. These results kLof DMS may be inappropriateand lead to inac-
are important in developing whitecap coverage curate gas exchangevelocities. This is important
retrievalalgorithmsfor use with satellite-mounted in modeling the diurnal cycling of DMS in the
microwaveradiometers, remote marine environmentand predicting global

air/seafluxes of DMS.
For both CO2 invasionand evasion into or out of

seawater, excellent linear correlation has been The phased-Doppler anemomenter (PDA) was
observed between kLfor CO2 and WST bubble usedto further studybubble size distributionsand
plumecoverage (Bc)for Tw = 20°C. Similarresults depth-dependent concentrations in the WST.
were obtainedfor Tw = 5°(3, 10°C, and 15°(3. The The results from the PDA calibrationprocedure
bubble plumes in the WST were observed to in- and comparisonof preliminaryWST bubble meas-
crease kLby a factor o| 10 over the range of Bo urementswere submittedfor publicationas a peer-
studied here. Because the maximum Bc possible reviewed paper to the Journal of Geophysical
in the WST corresponds to a wind speed of Research.
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AXCTD Development Plans for FY 1993

To reducethe manufacturingcosts of the AXCTD Surface Mixed Layer

pressure housing, including the tube and end Completion of the three-dimensional model will
caps, two pressure housingdesigns were tested, allow us to examine in detail the processes thatone based on ceramicsand the other on a com-
Ix)site material. A seriesof cyclicand full-pressure affect the growth and maintenanceof the ocean

surface mixed layer. We plan to implement a
hydrostatic tests was also completed with the Stokes drift surface wave parameterization so
ceramic tubes. The main objective of these tests

comparisons can be made between mixing with
was to increase the buoyancy-to-weight ratio to and without surface waves. Tests will also be
reduce the underwater package size. Prior to performed to examinethe effects of current shear
hydrostatictesting, the end cap and tube config- and wave directionon the formationof circulations
urations were investigated using commercially withinthe mixedlayer. The resultsof these experi-available stress analysis models to determine
where stress concentrations might cause failure, mentswillbe comparedwith observationsto verify
The results of both the modeling and hydrostatic the accuracy of the model.
tests are encouraging. We verified that the slm- Two-Dimensional Model
plest end cap design and most convenient
elastomer perform satisfactorily at 8000 psig In FY 1993, the paper now inpreparationpresent-
(5400 m depth), andthat the stressanalysismodel ing resultsfromthe two-dimensionalmodel wil be
did an excellent job of predictingwhere material completed and submittedtoa refereed journalfor
failurewouldoccur, publication.

Alsoin FY 1992, a pressurevesselwith a hydraulic Three-Dimensional Model

control systemwas built to perform long-term lm- Additionaltesting and model verification experi-
mersion tests of conductivity-temperature-depth mentswillbe performedon the three-dimensional
(CTD) sensorsin standardseawaterat full operat- model. The modelwillbe ported to the CM-5 and
ing pressure. The pressure vessel is rated to optimizedfor a data parallelimplementation. Ex-
10,000 psig and has a pressure-balanced, inert perimentswill be performed to examine the sen-
plastic liner to isolate the seawater bath for the sitivity of deep convection on various environ-
sensorsfrom the structuralstainlesssteel parts of mental conditions, cooling rate, pre-conditioning,
the vessel. This uniquefeature drasticallyreduces windstress,andtemperatureand salinitystructure.
the riskof crevicecorrosioninthe hydraulicsystem

and permitsdeionizedwater to be usedfor a work- Whitecaps/CO2 Gas Exchangeingfluid.
Research

The system is pressurized by a high-pressure, Ongoing research efforts will includeboth labora-
liquidchromatographysolvent pump and has the tory and field experiments designed to further
"mexican jumping bean" system for stirring the develop the capabilityto predict kLfor CO2 from
seawaterbath. A pulsedDC electromagnetand a remote measurements of microwave apparent
teflon-coated magnet agitate the bath without brightnesstemperature. The PDAwill be used to
havingto penetratethe pressurevesselwall witha make more detailedmeasurementsof the bubble
rotatingshaft. The transferstandardsfor tempera- concentrations, motion, and turbulent structure
ture and pressure are the platinum resistance associated with the tipping-bucket-generated
thermometer andthe quartz piezoelectricpressure bubble plumes in the WST. The WST bubble
transducer, both well-accepted by the scientific measurementswillbe used in applyingand devel-
community. Constructionand functional tests of oping bubble-plume-drivenair/waterga_ transport
the pressure vessel and control system are models. The WSTwill be usedto measurekLfor
complete.
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SFs. These data will help in interpretinggas ex- Peters, H., M. C. Gregg, and J. M. Toole. 1988.
change data collected during the outdoor wave "On the Parameterization of Equatorial Turbu-
basinandoceanicdual-tracerexperiments,and will lance." J. Geophys. Res. 93:1199-1218.
be valuableindeveloping an empiricalparameteri-
zation of kL in terms of bubble-plume coverage,
Schmidtnumber,and aqueous-phasesolubility.A Improved Parameterizatlon for
large outdoor wave basin capable of generating Deep Convection Processes in
breaking waves willbe used to conducta concur- Ocean General Circulation Models
rent gas exchange/passive microwave radiometry
experiment, which will allow kL, brightnesstem- T. Paluszkiewicz, E. D. Skyllingstad, and D. IN.
perature,and whitecapcoverage to be measured Denbo

simultaneously under known, reproducible Investigatorsat PNLaredevelopinga parameteriza-
conditions. These data will be useful in tion for deep convection in Ocean General
developing a relationshipbetween kL and white- Circulation Models (OGCM). The goal of this
cap coverage that can be tested in later oceanic research is to improve the model physics
experiments, governingdeep convectionand deep water forma-

tion. The ultimate goal is to incorporatethe im-
AXCTD Development proved physics into the OGCM used in global

We anticipate that CTD stabilitytests will com- climate research, and consequently improve the
mence in January 1993 and continuefor a mini- simulationof the deep water production process
mum of 6 months. The demonstration model that is importantto the carbon cycle and climate
AXCTD will be ready for use at about the same modeling.
time. Duringthe coming year, we hope to com-
plete negotiations with a private company to Several OGCMswere evaluated and the Modular
licensethe AXCTD technologyfor commercialuse. Ocean Model(MOM) (Pacanowskiet al. 1901) and
Ifwe are successful,the AXCTD willbecome widely Parallel Ocean Climate Model (POCM) (Semtner
available to the scientific community for global and Chervin 1988) were selected for parameted-
studiesof ocean climate, zation and sensitivity tests of penetrative con-

vection in the Nordic Seas. The Nordic Seas
References include the Greenland, Iceland, and Norwegian

Hebert, D., J. N. Mourn,C. A. Paulson, and D.R. Seas as shownin Figure 1. The configurationof
Caldwell. 1992. "Turbulenceand InternalWaves the model domain was completed and a seriesof
at the Equator. Part I1:Detailsof a Single Event." sensitivitytests has been prepared. Developmentof the one-dimensional convection model has
J. Phys. Oceanogr. (in press), begun with initialstudies on the entrainmentrate

Hebert, D., J. N. Moum, C. A. Paulson, D.R. and penetrative plume time-scale using a non-
Caldwell, T. K. Chereskin, and M. J. McPhaden. hydrostatic model of deep-convective plumes
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• to obtain data from high latitude regions for parameterizing mixing. Both MOM and POCM can
constructing the three-dimensionalinitialcondi- use the mixing scheme used by Semtner and
tions and for initializing the one-dimensional Chervin (1992); consequently,similar model con-
parameterization. Potentialsourcesof data in- figurations can be used in the parameterization
clude the seasonal climatologyof Levitus and researchas are nowbeing used inthe giobal-scale
the National Ocean DataCenteras well as other simulations. As the parametedzationdevelops, it
investigators, may be necessary to use a mixing scheme that

• to formulateand constructthe one-dimensional allowsmore complexity. Ifthis need occurs, MOM
has the turbulenceclosure scheme of Mellor and

penetrativeconvection parameterization. Yamada (1982) as an option.

FY 1992 Accomplishments The primaryobjectivein the OGCM experimentsis
OGCM Experiments to generate circulationand temperature-salinity

MOM and POCM were selected for use in the fields that represent the preconditioning period
OGCM experiments following consultations with before deep convection occurs. The model
other Computer Hardware, Advanced Mathe- domain for the OGCM simulationsis the Nordic
matics, and Model Physics Program (CHAMMP) Seas between latitudes 62° to 80°N and Iongi-
science team members at Los Alamos National tudes 15°W to 20°E. The domain includes the
Laboratory and the National Center for Atmos- Norwayand Loften Basinsand, most Importantly,
pherio Research (NCAR). The two models are suf- the Greenland and Boreas Basins as well as the
ficiently similar and include several options for Mohnsand KnipovichRidgesystems(Figure1).
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ThetopographywasderivedfromtheETOP5data sensitivityanalysisto Identifythe most flexible
set. Forthe initialsimulations,a smoothedtopog- configurationIn run-timeefficiencyand com-
raphywas createdthat maintainsthe geometric patibilitywithotherCHAMMPsimulations.Thehori-
shapesof thebasinsandoceanridgesbutsimpli- zontalresolutionwillbe either 1/2 or 1/4 degree
ties coastlines,the ddge topography,and elimi- andtherewillbe 20 levelsin theverticalwiththe
natesJanMayenIsland(Figure2). Thisdomain same distributionas in Semtner and Chervin
was created for the first simple basin-scale (1992).
circulationsimulationsfrom whichthe precondi-
tioningandparametedzationstudiesbegan.Initlali- Development of the One-Dimensional
zation fieldswere constructedfromthe Levitus Deep Convection Model
climatology.We conferredwith otherCHAMMP The parameterizationschemefor oceanicdeep
scienceteam membersaboutthe possibilityof convection is derived from the atmospheric
usinga restartfilefrompreviousrunsto Initialize schemefor cumulusconvectionthat was devel-
the simulationsand therebyobtaina morerealistic opedbyFritschand Chappell(1980). Theparame-
basin-scalecirculationat lesscomputationalcost. terizationrelatestheamountof convectionto the

instabilityof thewatercolumnas definedby the
The horizontaland verticalresolutionofthe model nonlinearequationof stateandthe surfacemixed
is a subsetof the configurationused by other layer. The buoyantenergyof the gridvolumeis
CHAMMP scienceteams. We are performing
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minimizedbygeneratingenough downward pene- science team members about the feasibility of
trative and upward compensating motionsto bal- using existingmodel archivesfor the initialization
ance the unstabledensityprofile. We have begun fieldfor the NordicSeas simulations.As muchas is
to test the parameterizationby constructinga one- possible,modelexperimentswil usethe samemix-
dimensional model based on physicalprinciples, ing scheme and forcingas in Semtner andChervin
but requiringempiricalestimatesof some parame- (1992), whichwillserve asa basisfor comparison.
ters such as entrainmentrate, plume time-scale, Several sensitivitytests are planned to determine
and plume volume. Becausefew observationsare the role of topography,responseto the windfield,
available, we will estimate these parametersfrom and sensitivity to the mixing parameterizationin
the three-dimensional, nonhydrostatic plume preconditioning the basin for deep penetrative
model of Denbo and Skyllingstad (1992). The mixing. We will incorporatethe one-dimensional
three-dimensional plume model has been devel- model into the base-case simulationto test the
oped to a point enabling the run of canonical parameterizationof deep convection.
experimentsto generate the entrainmentandtime-
scale parameters needed to further develop the One-Dimensional Deep Convection
one-dimensional model and parameterization Model Development

scheme. We will construct a one-dimensional model for
oceanic deep convection based on Fritschand

Coordination with CHAMMP Chappell(1980) and willtAstthe modelbyapplying
Duringthisfirstyear of research,coordinationwith it to a number of density profiles that represent
other CHAMMP science teams began, lt is our conditionsin the Nordic Seas. Surfacecoolingwill
goal to stay current on the OGCM model devel- be applied over a time period representingtypical
opmentswithin CHAMMP so the parameterization synoptic weather events. Comparisons will be
scheme will be constructed for the appropriate made between the resulting profiles and the
model and address the program goals. We have profilesgenerated bythe three-dimensional,non-
contacted CHAMMP science team membersat Los hydrostaticlarge eddy simulationinitializedusing
AlamosNationalLaboratory,NCAR, and Lawrence the same conditions. These comparisonswilltes'.
Livermore National Laboratory. During the 1992 the effects of the simplifiedphysicsand allowfor
Science Team Meeting, and most recentlyat the calibration of tunable parameters such as the
CM5 classat LosAlamos, researchersmetwithkey entrainment rate, plume time scale, and areal
scienceteam membersto determine which model plumecoverage. Afterthese testshavebeen com-
code and configurationwouldbe mostappropriate pleted satisfactorily, the one-dimensionalparcel
forthe _ simulationsin supportof the parame- modelwill be incorporatedintothe OGCM usedfor
terization studies. In October, we met with base-case simulations.
Dr. Chervinfrom NCAR to further explore the use
of the POCM code and to discussthe existingand References
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