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VORWORT

Mitdem Tagungsberichtvon der EURASAP—TagungUber"Evaluationof AtmosphericDispersion

ModelsApplied to the ReleasefromChernobyl"eroffnetdieZentralanstaltforMeteorologieund

Geodynamik ihreneue Serie"OsterreichischeBeitragezuMeteorologie und Geodynamik".

Diese Reihe sollder Veroffentlichungvon Originalbeitragen,insbesonderesolchen groBeren

Umfangs,sowievon BerichtenOberTagungen und Forschungsprogrammedienen. DieseReihe

stehtallenKolleginnenund KollegenalsPublikationsorganzurVerfi'Jgung.

Herausgeberund die Geschdfisfflhrungder Redaktionwerden von der Zentralanstaltgestellt,

wahrend ein Redaktionsbeirat,dem die 'Professorender Meteorologie und Geophysik der

asterreichischenUniversitatensowie Vertreterbenachbarter Disziplinenangehoren, L'Jberdie

wissenschafilicheQualitatder Beitragewachen wird.

DieseSerielostdie bisherigeReihe der "Arbeitenaus der ZentralanstaltfurMeteorologie und

Geodynamik"-vielfachals"BlaueHefie“bekannt-unddie Reiheder "Berichtefiberden Tiefbau

der Ostalpen“ab. Die indiesenSerienebenfallsveroffentlichtenspeziellenDatensammlungen,

wie sie im Zuge von Forschungsprogrammenund der Landesaufnahme gewonnen werden,

werdeninZukunftebensowieUntersuchungenmitdominierendemDatencharakterals"Beihefie

zu den Jahrbuchern der Zentralanstaltfor Meteorologie und Geodynamik" herausgegeben

werden,wobei nach Sachgebieten getrennteReihenvorgesehensind.

DerHerausgeber



International Meeting of the European Association for the Science of Air Pollution

EURASAP

Vienna, November 14-16, 1988

held at the Austrian Academy of Sciences

The EURASAP-meeting was co—hosted by:

Central Institute for Meteorology and Geodynamics, Vienna

Austrian Academy of Sciences

Austrian Meteorological Society

International Committee: Dr. H. M. ApSimon

Environmental Safety Group

Mechanical Engineering Department

ImperialCollege

London SW72AZ, United Kingdom

Local Committee: Dr. U. Pechinger

Central Institutefor Meteorology and Geodynamics

Hohe Warte 38

A-l 190Vienna, Austria



TABLE OF CONTENTS

PA<3E

I LNTHODUCTION SESSION .................................... 7

The Effect of the Chernobyl Accident of the CEC Research

on the Environmental Consequences of Nuclear Accidents

G. Graziani ............................................... 9

Qualitative Evaluation of Atmospheric Transport

Models Using Anatex Data

M.M. Pendergast and W.W. Bowman ........................... 13

Numerical Modelling in the Event of a Nuclear Accident

H.M. ApSimon and J. Wilson ......... . ...................... l5

Physico-Mathematical Modelling of Regional Transport

in the Atmosphere of Radioactive Substances Following

the Chernobyl Accident

Y.S. Sedunov, V.A. Borzilov, N.V. Klepikova.

N.I. Troyanova. E.V. Chernokozhin ......................... 23

II NORTHERN HEMYSRHERE STUDIES ............................ 31

Evaluation of a Long Range Particle—In-Cell Transport

and Diffusion Model Based on an Analysis of the

Chernobyl Reactor Accident

M.H. Dickerson and R. Lange ............................... 33

Simulation of Atmospheric Dispersion of Chernobyl

Radioactivity by SPEEDI

H. Ishikawa, M. Chino, H. Yamazawa and S. Moriuchi ........ 41

Continental and Hemispheric Scale Dispersion of

Nuclear Debris from the Chernobyl Accident

J. Pudykiewicz ............................................ 49



P.AG E

III LAGRANGIAN MODELS AND TRAJECTORY’ANMLYSIS ............. 59

Comparison of Trajectories Calculated During and

After the Chernobyl Accident

H. Kolb, P. Seibert, V. Zwatz-Meise and G. Mahringer ...... 61

The ZAMG/BKA - Trajectory Project

H. Kolb and W. Steinmann .................................. 71

The Finnish TRADOS Model as applied to the

Chernobyl Release

G. Nordlund ............................................... 75

The Development of an Operational Puff Dispersion Model

G.H.L. Verver and H.J. Van Rheineck Leyssius .............. 83

Chernobyl Accident: Modelling of Dispersion over

Europe of the Radioactive Plume and Comparison with

Air Activity Measurements

A. Albergel, D. Martin and J.M. Gros ...................... 93

Assessment of Source Terms in a Nuclear

Accident Situation

J.J N. Wilson and H.M. ApSimon ........................... 107

I V EULERIAN/MONTE CARLO MODELS ........................... 11 7

Transport and Deposition of Radionuclides in Europe

after the Chernobyl accident studied with the European

Deposition Model (EURAD)

A. Ebel, H. GeiB, H. Hass, H.J. Jacobs, M. Laube

M. Memmesheimer .......................................... 119

The Use of Numerical Prediction Models of the

Deutscher Wetterdienst in Air Pollution Modelling

I. Jacobsen and U. Pfluger ............................... 129



PA(3E

The Development of the U.K. Operational Muli—Particle

Transport and Dispersion Model

R.H. Maryon and F.B. Smith ............................... 137

Media: A French Eulerian Operational Model of Pollutant

Dispersion in the Atmosphere: Application to the Case

of Chernobyl release and further Developments

JCP. Piedelievre, L. Musson—Genon and F. Bompay .......... 147

V MESOSC'ALE ASSESSMENTS WITHIN A COUNTRY AND DEPOSITION.. 157

A Model for Radioactive Ground Contamination Analysis

J. Urbancic and Z. Jeran ................................. 159

Dose Rate Patterns in Austria after the Chernobyl

Accident and their Relations to Precipitation

P. Seibert and H. Kolb ................................... 167

Assessing the Wet Deposition of Radionuclides

H.M. ApSimon and P.A. Stott .............................. 179

VI FINAL DISCUSSION ...................................... 191

VII APPENDIX ............................ '.................. I 95

Protocol of the WMO/IAEA/CEC Atmospheric Transport

Model Evaluation Study (ATMES) - Draft ................... 197



.A [J 'F P! (3 Pt I b1 1) E: )<

N A M E P A G E

Albergel A. 93, 179
ApSimon H.M. 15, 107, 179
Bowman W.W. 13
Bompay F. 147
Borzilov V. 23
Chernokozhin E. 23
Dickerson M.H. 33
Ebel A. 119
GeiB H. 119
Graziani G. 9
Gros J.M. 93
Hass H. 119
Ishikawa H. 41
Jacobs H.J. 119
Jacobsen I. 129
Jeran Z. 159
Klepikova N.V. 23
Kolb H. 61, 71, 167
Lange R. 33
Laube M. 119
Mahringer G. 61
Martin D. 93
Maryon R.H. 137
Memmesheimer M. 119
Moriuchi S. 41
Musson-Genon L. 147
Nordlund G. 75
Pendergast M.M. 13
Pflflger U. 129
Piedelievre J.P. 147
Pudykiewicz 49
Sedunov Y.S. 23
Seibert P. 61, 167
Smith F.B. 137
Steinmann W. 71
Stott P.A. 179
Troyanova N.I. 23
Urbancic J. 159
Van Rheineck Leyssius H.J. 83
Verver G.H.L. 83
Wilson J. 15, 107
Yamazawa H. 41
Zwatz-Meise V. 61



INTRODUCTION

SESSION



THE EFFECT OF THE CHERNOBYL ACCIDENT ON THE CEC RESEARCH ON THE

ENVIRONMENTAL CONSEQUENCES OF NUCLEAR ACCIDENTS

G. GRAZIANI

COMMISSIQNEDELLE COMUNITAEUROPEE

CENTROCOMUNEDI RICERCA

zuno ISPRA (VARESE), ITALIA

The Chernobyl accident has given a new impact to the

actions of the Commission of the European Communities on

Radiation Protection, whose legal frame is established by

Chapter III of the EURATOM TREATY-

During the last year, the Council of Ministers has adopted

the following features:

a decision on early information exchange between Member

States and the Commission in the event of a radiological

emergency;

- a decision on the adhesion of the Community to the Interna-

tional Convention on early notification of nuclear accidents;

- a ragulation on a first set of maximum permissible levels

of radioactivity in foodstuffs following a nuclear accident;

- a special regUlation on radioactivity levels of imported

agricultural products.
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Several other decisions are in preparation and will be

supported by the Scientific Research Programmes of the

Commission, which will provide_the SCIENTIFIC BACKGROUND

and rationale for deCisions and recommendations.

The Shared-cost 1985-1989 Radiation Protection Programme was

under way at the time of the Chernobyl accident, and several

running actions were modified to account for the new situation.

2. THE MARIA PROJECT

The Commission of the European Communities, in the framework

of its Radiation Protection Programme, initiated in 1983 the

project on "METHODS FOR ASSESSING THE RADIOLOGICAL IMPACT OF

ACCIDENTS - M A R I A ".

The priorities of the MARIA programme.were re-evaluated

after the Chernobyl accident, and additional projects were

started.

Among those of more direct relevance to the subject of the

Conference, it is worth mentioning the

Long-distance atmospheric transfer programme

Its objective is to develop a long-distance atmospheric

transfer model using forecast meteorological data to display

where and when countries are likely to be affected during
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the course of and following a protracted release.

Research will concentrate on some key issues, such as

source term estimation, complex terrain modelling, analysis

and quality assurance of radiological data, and emergency

response.

3. ACTIVITIES AT THE JOINT RESEARCH CENTRE

Following the Chernobyl accident, a Task Force was created

by the competent Directorates of the Commission of the

European Communities (CEC) with the goal of re-examining all

the aspects of nuclear safety, from the reactor design to the

off-site radiological consequences, and emergency plans.

Since the very beginning, many of the groups into which the

Task Force was divided, evidenced the necessity of having

the large number of environmental radioactivity measurements

(that were performed in the different countries which were

reached by the polluted air plume) stored in an easily

accessible form.

The measurements were executed both in the frame of the

standard system created to monitor the operational radio-

activity releases from national nuclear plants, and by a

number of other laboratbries which were especially entrusted

for this occurrence.

The necessity of storing such a large set of Community data
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into an adequate frame, which is able to permit an easy

handling and retrieval of the information, has-led the JRC

to create the REM Bank (REM standing for Radioactivity

Environmental Monitoring).

It will be accessible for scientific application such as

studies on the atmospheric dispersion of the various radio-

elements, and verification of relevant physical and mathema-

tical models.

The Bank has grown up to a size of about 300,000 radioactivity

measurements, mainly from Member Countries.

Particular care has been put in the MENU-driven enquiry

procedure, which is fully transparent and user-friendly.

The measurements were obtained both from national offices

as well as from universities, small laboratories, etc...

They have been introduced into the bank, starting from

different supports, such as magnetic tapes, flappy disks or

simply copying data from official papers.

Complementary to the radiological data, other information

concerning meteorological and rainfall data was also

gathered for the period of interest (26th of April -

15th of May).

Presently, the bank is being extended to cover the period

prior to the Chernobyl accident, back in 1984, utilizing

information obtained by 0.9. XI, Health and Safety, in

compliance to ART.35-36 of the EURATOM TREATY. These data

wi11 be used to prepare the EC periodical reports on radio-

activity levels in the EC.
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UALITATIVB EVALUATIOI OP “SPBKRIC
SPORTDDELS 051K} ”LT“ DATA

H. H. Pendergast and H. U. Bowman

The Savannah River Laboratory (SRL) has assisted the National

Oceanic and Atmospheric Administration (NOAA) and the United States

Air Force in the planning of the Across North America Tracer

Experiment (ANATEX), which was conducted during the winter of 1987.

the SRL Adjusted Geostrophic Hodel was run in order to help decide

sampler locations, the number of samplers required and the quantity of

tracer released in order to help decide sampler locations, the nuuber

of samplers required and the quantity of tracer released in order to

assure a successful experiment. Following the ANATEX experiment, SRL

image processing capabilities were used to create color graphical

displays of model and observed tracer distributions. These visual

aids have been used for the qualitative evaluation of the SRL model.

The ANATEXmodel evaluation study, being conducted by the U. 5.

Environmental Protection Agency and NOAA is evaluating several models

in "blind" tests using the ANATEXdata base. A "blind" test is one in

which modelers do not have access to the observed concentration data

before aubudtting their resUlts for evaluation. SRL was asked to

supplement these quantitative evaluations with the qualitative eva-

luations using color graphical displays. The participants of the

ANATEX model evaluation study have provided SRL calculated tracer con-

centation at the 77 ANATEX sampler locations covering most of Central

and Eastern U. S. and Southern Canada. Daily model and observed con-

centrations were used to construct film loops. The film loops are

recorded on VCR tape for ease of study.

Status of the SRL Adjusted Geostrophic Model, its quantitative

comparisons with the Chernobyl data base and the status of the quali-

tative model evaluation of the ANATEXmodels will be discussed.

The information contained in this article was deveIOped during
the course of work under Contract No. DE-ACO9-76SROOOOIwith the
0.8. Department of Energy.
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131 SCIUSSS IClN

QUESTION: Fraser: Dr. Nordlund previously raised the potential

difficulty posed In! releases over extended periods (even from a
given source point) being widely diffused and thus making it

difficult to relate concentrations at individual measuring points

to releases originating at specific times or ower specific sub-

periods. To 'what extent have such difficulties appeared in the

ANATEX analysis?

ANSWER: Of the 84 releases from GGW about 20 were make during

meteorological conditions that transported the tracer fast enough

through the sampler array such that the 24 tn: average

concentration differentiated individual plumes.

QUESTION: Labrousse: What analyses did you use and how were the

interpolations calculated?

ANSWER: The calculated and observed tracer concentrations were

analysed using a nearest neighbour technique; no attempt was made

to smooth the data. The meteorological variables were analysed

using a ‘variable scan radius and :3 lJTl weighting scheme. Time

continuitiy was assured by using the previous analysis as first

guess.

QUESTION: Seibert: What is the residence time of the tracer

materials in the atmosphere? Will it be possible to conduct

another experiment with the same tracer material?

ANSWER: The tracer is non depositing and I would expect the

residence time to be years. The US Air Resources Laboratory of

N.O.A.A. suggests that modelers study their calculations with the

results of ANATEX for many years before doing another experiment.

However if funding is available they might want to do another one.

QUESTION: Vergeiner: Referring to airplane sampling near the

source: are there data on (horizontal) minimum dispersion in very

stable conditions near the source (scale = 100 km)?

ANSWER: Almost every one of the ANATEX tracer releases had benefit
of airplane sampling to define initial movement and tracer spread.
I am sure that one will be able to find cases which are stable.
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NUMERICAL MODELLING IN THE EVENT OF A NUCLEAR ACCIDENT

Helen M ApSimon, Julian Wilson

Air PollutionGroup,ImperialCollege, LondonSW72AZ

Abstract:

Numericalmodelshavebeenwidelyusedin riskstudiesto estimatehowhypotheticalreleases
of radionuclideswill disperseandleadto exposureof thepopulation.Inthiscontextlargenumbersof
possiblescenariosaretreated;absoluteaccuracyin simulatingeachsituationis notnecessaryas long
as thereis nosystematicbias, andtheerrorsbalanceoutstatisticallyto givetheoveralldistribution
of possibleconsequences.SincetheChernobylaccidenttherehasbeenmoreinterestin theuseof nu-
mericalmodelsas toolsto assistin real-time in emergencyproceduresif andwhena nuclearaccident
occurs.Howevertheuseof modelsin a real situationis distrustedby manypeople,whofeel thatthe
onlywayto assessan emergencysituationis by makingradiologicalmeasurements.Thispaperaddres-
sesuncertaintiesinvolvedin modellingandarguesthata combinationof bothapproachesshouldbe
employed,usingnumericalmodellingasan aid in intelligentinterpretationof measurements,andsug-
gestingprioritiesforinternationalexchangeof radiologicaldata.

Introduction

The Chernobylaccidenton26April1986hasgeneratedinterestin theuseof numericalmo-
delsto assistin emergencyproceduresby predictingthedispersalanddepositionof atmosphericrelea-
sesof radionuclides,andthesubsequentcontamination.Thispaperaddressesthecapabilitiesandlimi-
tationsof suchmodels,andsuggestshowtheymaybestbe usedin conjunctionwithmonitoringresour-
ces in an emergencysituationfollowinga majornuclearaccident.

Requirements during different phases of a nuclear accident.

Traditionallythreephasesof a nuclearaccidenthavebeendefinedwithinthecontextof
emergencyproceduresto protectthepublicin thevicinity. The firstnormallylastsup to a fewhours,
andmayormaynotincludea warningphasebeforeanyactualatmosphericreleaseoccurs.During
thisfirstphaserapiddecisionsmaybe requiredon controlmeasuressuchasevacuationandsheltering,
andissueof iodinetablets,to protectthepublicfromdirectexposurewithintheplume.Inthenext
phasemonitoringdataandresourcesare lessrestrictedanddecisionsarerequiredoncontaminationof
agriculturalproduceandfood.Efficientdirectionof monitoringfacilitiesto theareasmostcontamina-
ted is required.Thisphasemaylastseveraldaysor evenlonger.Finallythethirdphaseis thereco-
veryphasewhenconditionsaregraduallyreturnedto normal.Decisionsarerequiredon decontamination
andwithdrawalof controlmeasures. I

Intheeventof a majoraccidentleadingto contaminationat longer distances and
acrossfrontiersin othercountries,threeslightlydifferentphasesmaybe definedforeachnational
authority.The firstquestionforeachcountryis whetherradioactivematerialfromtheaccidentis li-
kely to reachit, andif sowhen.Insucha situationthefirstphasecorrespondsto theperiodup to
the timeof arrival,andis effectivelya warningphase.Therequirementfor long-rangemodelsis
accuratepredictionof wherematerialwill travelto andwhichareaswill be affected.Oncematerial
arrivesnationalmonitoringfacilitiesprovidedirectobservationsof thepassageof theradioactivityand
resultingdeposition.Theconcernsaresimilarto thosein thevicinityduringthesecondphase-identi-
ficationof theareasmostaffectedandcontrolson foodstuffsandagriculturalproduceif necessary.
Heremoredetailedspatialanalysisof thesituationwithinthecountry,usingavailableprecipitationor
otherdatain theeventof significantdeposition,is appropriate.Thisinvolvesa differenttypeof mo-
dellingfromthe long-rangemodelling,(seeApSimonandStart1988, andApSimon,WilsonandSimms
1988) Finallyin theaftermathof theaccidentthereis usuallya reviewof theeventsleadingto the
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accidentandits subsequentreleasecharacteristics.In thisthirdandfinalphasemodelsareagainuseful
in conjunctionwithmeasurements,to deducethequantitiesreleasedandtheirvariationin time(Wil-
sonandApSimon1988).

At thetimeof Chernobyllittlewasknowninitiallyabouttherelease,althougha full account
of theaccidentwasgivenlaterin August1986by Sovietscientists.It shouldbe appreciatedthatwhen
a majoraccidentoccursknowledgeaboutthereleaseis likely to beverylimited. If a releasetakes
placethrougha monitoredstackthentheremaybe goodindicationsof thevariationof therelease
overtimeandits radionuclidecomposition.If howeverthereis a majorexplosionas at Chernobyl,
thenit is verydificultto assesswhatis released,andalsootherinformationrelevantto its subsequent
dispersal-suchas-theheightto whichmaterialis ejected,whichis importantbecausewindvarieswith
altitutude.The compositionof thereleaseis verysignificantfortheaccidentconsequences.Insome
cases,suchas theaccidentat ThreeMile Islandforexample,onlynoblegasesescaped;theseare
veryinertanddonotdepositon thegroundso thatexposureis limitedto theperiodswhencontami-
natedair is overhead,anddosesfrominhalationandsubmersion.Inothersituationvolatilenuclides
suchas I-131 will be thepriorityconcern,as in thecaseof theWindscaleaccidentin 1957.Inthe
caseof Chernobyla widerrangeof nuclideswasreleasedincludingcoarsefuel fragmentswhichsettled
outin thevicinity, andthe long-livedcaesiumisotopes(Cs-137andCs-134withhalf-lives of ‘28
yearsand2 yearsrespectively)whichhavecausedthe longer-termproblemsin Europe,mainlyin re-
lationto contaminationof vegetableandanimalproduce.

Modelling

SincetheChernobylaccidentattemptshavebeenmadein severalcountriesto simulatedis-
persalof thereleaseusingmodellingtechniquesof differenttypesandsophistication.Theseinclude
plumemodels,simulatinga plumealongan estimatedtrajectory;Iagrangianpuffmoselsbasedon
followingthehistoriesof puffsof materialreleasedacrossthemaparea;Euleriangridmodelsin which
theadvection-diffusionequationsareintegrated;andparticlemodelsfollowinglargenumbersof dis-
creteparticlesrepresentingtherelease.

Ourownearlyresultswitha Lagrangianmodel,MESOS,werepresentedon 21May1986 at
theUK NuclearInstallationsInspectorate,andhavebeenreportedelsewhere(ApSimonet a11987).
Itwasperhapssurprisingthatsomuchcouldbe deducedabouttheaccidentbeforethe full descrip-
tionof theaccidentgivenby the Sovietscientistsin August1986. Althoughthismodelis relatively
simpleandwasdevelopedto studyhypotheticalaccidentsforprobabilisticriskassessmentpurposes,
it makesdirectuseof meteorologicalobservationsfromsynopticstationsandships.It doesnotuse
detailed3 -dimensionalanalysedwind-fields, andcannotbe usedin forecastingmodewithforecast
wind-fields. Neverthelesstheresultscanbe usedto illustratetheuncertaintiesanddifficultiesin as-
sessmentsduringan emergencysituation.

First question -where will the material travel to, and which areas will be
affected?

A powerfultool in decidingwherematerialwill travelto is trajectoryanalysis.Forexample
whenChernobyloccurredsuchanalysiswasusedin back-trajectory,modefromScandinaviato establish
the likely source.OurowntrajectoryanalysiswithMESOSindicatedthatthereleasehadcontinued
fromChernobylintotheearlydaysof Maybecauseof theareasaffectedin the firstweekof May1986.
Howevercomparisonof trajectoriescalculatedby differentorganizationsdifferwidely.



-17-

Table1: Comparison of trajectories produced by different models

Trajectory Model
Start12.0026/4/1986 TRANCO950mb TRANCO850mb TRANCO700mb MESOS

Traveltime long. lat. long. Lat. long. Lat. long. Lat.

1 day 24.3 52.9 21.7 55.5 22.3 55.3 24.6 56.6
2 days 20.2 56.3 17.0 61.3 22.0 60.0 17.5 58.0
3 days 20.0 55.0 14.7 63.1 26.1 61.2 14.1 55.3
5 days 13.3 45.0 -1.9 69.7 39.3 53.4 0.7 48.6

(NB All trajectoriesoriginatedat Chernobyl,longitude30.15, Latitude51.16)

Thisis illustratedin table1 wheretheestimatedpositionson a trajectoryoriginatingfrom
Chernobylat noonon 26April arecomparedaftervarioustraveltimesusingdifferenttechniques.
The MESOStrajectoriesarebasedonobservedsurfacepressurefields,withadjustmentsto thegeo-
strophicwindsfortheestimatedwind-profilein theatmosphericboundarylayeroverthedepthof
thematerial.The TRANCOtrajectoriesarebasedonanalysedwindfieldsof theUK Meteorological
Office(finemeshmodelforEurope)at differentlevelsin theatmosphere,950mbar( 500maltitude),
850mbar( 1500m) and700mbar( 3000m). Transportovercontinentaldistancessuchasoccurred
fromChernobylis largelywithinthisaltituderangeexceptwherematerialis carriedaloftin for
exampleprecipitationsystemsandfronts.Notethattheforecastwindfields,upto 24or say72hours
aheadwouldgivedifferentresultsagainfromtheanalysedwindfields.The differencesin table1 are
typicalthoughof thesortof differencesthatcanoccur,andobviouslytheyincreasein time.

Thedifferencesin table1 arenotall dueto thedifferencesin thedataused.The numeri-
cal techniquesfor integratingforward(orbackward)in timediffer, andthemethodof interpolation
betweentimesforwhichthedatais prescribed(step-wisechangeseVery3hoursforMESOS,linearly
interpolatedbetween6houranalysedwind-fieldsfortheTrancomodel).Therearealsodifferent
techniquesfromthoseillustratedin table1. Geostrophicwindscanbe calculatedusing6hourly850mb
pressuresinsteadof surfacepressures,althoughthedatais sparser,especiallyoverthesea, anddoes
notrevealsmallscalefeaturesaswell (whichcanbe important).Analysedwindfieldsfromdifferent
meteorologicalserviceswill alsodiffer. Theexamplesin table1 areall 2-dimensionaltrajectories
calculatedat constantlevels.Othermethodsemploy3-dimensionalisentropictreatments,wherema-
terialmovesverticallyto maintaina constantpotentialtemperature,or verticalwindcomponents
computedby forecastingmodelanalysis.Verticalmotionis certainlyimportant,andsuchtechniques
mightbevalid in frontalsituationswithlargescaleascentforexample;butaredebatablewheresub-
gridscaletransferoccursas in convectivestorms,or withinthemixedboundarylayeror complexoro-
graphicterrain.On theotherhandthecapabilityof 2-dimensionalmodelssuchasMESOSto simulate
the transportof materialfromChernobylthroughthe3-dimensionalfrontalsituationoverScandinavia
is definitelylimited(andit is for thisreasonthatourcurrentmodeldevelopmentis towardsa 3-di-
mensionalMonte-Carloparticlemodel).

With the differences manifest between trajectories, when can we have any
confidence in them?

Traditionallytrajectoryanalysisis notusuallyconsideredvalidbeyond72hoursof travel,but
afterChernobylvariousworkerscalculatedtrajectoriesup to 12daysor moreoverEurope,andbeyond
overthenorthernhemisphere.Theanswerto theproblemof validityis probablyto computemore
thanjustonetrajectoryfor eachstartingtime. Thusforexampleperturbationanalysison theMESOS
trajectorieswasquiterevealing.Applyinga smallperturbationin theformof a backingangle(say



-13-

10degrees)indicatedwheretrajectoriesbecameunstablebecauseof themeteorologicalsituationen-
countered,effectivelyareaswithlargedivergencein thewindfieldsuchasoccursin thecentreof a
depression.Someexamplesareshownin figure1, in thiscaseindicatinghowlargemountainbarriers
can induceuncertaintyforexamplewhethermaterialflowsnorthor southroundtheAlps, andhow
theCarpathianmountainsdivertflowoverTurkeyandGreece.Theseweretwoareaswhereweconsi-
deredourownMESOSmodelresultsto be weak.

Lateral spreading

Trajectories,althoughinterestingto comparebetweendifferentmodels,arenotdirectlyveri-
fiableor comparablewithobservationsfrommonitoringof a release.Theareasaffecteddependnot
onlyontrajectories,whichcanbe definedin physicaltermsasthepathof thecentreof mass(fora
releaseovera shortperiod);theseareasdependalsoon thespreadaboutthetrajectories.Overlong
travel.distanceshoweverthisspreadis largelydependenton synopticscalewindshear.A big divergen-
ce or sensitivityof a trajectoryis oftenan indicationof largelateralspreadinganddilution.However
therewill be additionalspreadingdueto turbulenceandboundarylayerprocesses.Theseareoftenin-
cludedempirically.Forexamplemanyplumemodelsassumea formulafor thecross-windspread
suchas

6‘ =Y 0.51: (6y

basedona rangeof experimentaltracerdata,bombtestingreleasesetc. (Doury1980).

in metres,t in seconds) (1)

The sensitivityto suchassumptionshasbeeninvestigatedwiththeMESOSmodelassuming2
differenttreatmentsof thesmallerscaleboundarylayerprocesses.To understandthisit is necessary
to explaina littlemoreaboutthewaylateralspreadingis representedin theMESOSmodel.In
MESOSa prolongedreleasesuchasoccurredat Chernobylis treatedasa sequenceof 3 hourreleases.
Trajectoriesarecalculatedforpuffsreleasedat thebeginningandendof each3 hourrelease,and
materialin betweenis assumedto fanoutbetweenthetrajectoriesasa sequenceof intermediate
puffs.The areaexposedby each3hourreleasethusdependson theindividualspreadingof eachpuff
aswell as thedivergenceof trajectories.Spreadingbasedon equation1 wasfirstassumed,increasing
individualpuffslinearlywithtime, andin thecomparisoncasethiswasalteredto givea gradually
diminishingpuffgrowthlevellingoff after4 daystravel. The analysisshowed(ApSimon,Wilsonand
Simms1988)thatresultsbasedon thegreaterpuffspreadfiequentlyled to estimatedtimesof arrival
a dayor soearlier,andin somecasesmadethedifferencebetweenindicatedexposureor non-expo-
sure.Inconsideringthe importanceof thisthespreadof a puff(amountingto 1000kmwidthafter
10daystravelwiththe linearlaw)hasto be comparedwiththeuncertaintyin thetrajectory.Another
factorwhichshouldbe takenintoaccountis thealong-windspread,whichwouldtendto advance
theestimatedtimeof arrival. Thisis oneexplanationforthetendencyof theobservedarrivaltimes
to beslightlyaheadof theestimatedvaluesin MESOS.

Vertical spreading

The treatmentof verticalspreadingis alsosignificant,andvariesaccordingto theoverall
treatmentof advectionanddispersion.MESOSis a Iagrangianmodel, followingthehistoryof mate-
rial acrossthemapareaandsimulatingverticaldispersionaccordingto thechangesin theestimated
depthandnatureof themixinglayer.An increasingmixinglayerdepthleadsto dilution;onsetof a
low-level inversionisolatesmaterialaboveit, whichcan notthenbe depletedby drydeposition.
OtherLagrangianmodelssuperimposean assemblyof plumesalongestimatedtrajectories,andoften
assumea constantmixinglayerdepthof theorderof 1000metres.

MorecomplexEulerianmodelsintegratetheequationsof diffusionovera 3-dimensional
gridof cellsspanningtheregionof interest.Althoughthesemodelsdonotcalculatetrajectories,
manyof thesameuncertaintiesarestill inherent,and therecanbe problemsof numericaldiffusion
in thecalculations.Theirresolutionin theverticaldependson thenumberandspacingof levels,but
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it is doubtfulwhethersucheffectsasnocturnaljetswouldbe represented,evenif meteorologicalda-
ta suchas sodarwindprofilesindicatedtheirpresence.

Othermodels,especiallythoseon a northernhemispherescalesimulatethereleaseasan
assemblyof particlesusingMonte- Carlotechniquesto simulatedeviationfromtrajectoriesforadvec-
tion in theassumedwind-fie1ds.Therearenewdevelopmentsin conjunctionwithmeteorologicalfo-
recastingservicescurrentlyunderwayin thiscategory.Inthesesub-grid scalephenomena,suchas
theverticalredistributionwithinstormsystems,takingmaterialaloftaswell as leadingto deposition,
canbe representedto someextent.Thecapabilitiesof suchmodelsto allowforcomplex3-dimensio-
nal transportthroughfrontalsystemsrequiresinvestigation.

Air concentrations - checking model results.

Afterpredictedtimeofarrivalandoverallareasexposedhavebeenaddressed,thenextquestion
is howlargetheair concentrationsarelikely to be on arrivalin a targetcountry.Thisrequiresfairly
accuratequantitativeinformationonthesourcetermsfor theseindividualnuclides.A goodvisualpre-
sentationof calculatedair concentrationscanbe providedby a sequenceof mapsgiving"snap-shots"
of theestimatedsituationat differenttimes,or averagedoversequentialperiods(egApSimon,Wilson
andSimms1988).Thiscanalsobe veryhelpfulin comparingresultsfromdifferentmodels(butis not
so simplewiththecontinuousplumemodelsfOrexample).

Meteorologicalchartsat correspondingtimesareusefulsupportinginformationto explainthe
patternsobtained,andindicatewheretheresultsare likely tobemoreuncertain.Forexamplein pre-
sentingourownearlyresultsfromtheMESOSmodel,westatedthattheinitialmovementindicated
towardsSwedenin thefrontalsystemwouldin realityalsohaveextendedtowardsFinland.Similarly
orographicfeaturesaredifficultto incorporatein models.Thuswerecognisedthattransportof mate-
rial roundtheAlps, andblockingeffectsof the Pyreneeswerelikely to be poorlyrepresentedin our
MESOSestimates.Neverthelessfromthesimulationwegaineda generalindicationof howair was
circulatingoverEuropeandthemagnitudeof theconcentrationsinvolved,whichwasveryusefulin
interpretingmeasurements.

Wet deposition

Sincetheaccidentconsequencesandthecontrolmeasuresnecessarymaywell be dominated
by the depositionof nuclideslike Cs-137 it is alsoimportantto givethebestpossibleindicationsof
whatregionsaremostlikely to be significantlyaffectedby precipitationinterceptingtheairbornema-
terial. Forecastingdataonlygiveverybroadindicationsof precipitationfieldsandit is notpossible
to indicatethedetailedpatchinessof thedistributionin advance.

Evenin theintermediatephaseafterthematerialhasreacheda targetcountryandis passing
overhead,detailedprecipitationdatais notreadilyaccessiblein manycountriesunfortunately.Thisis
thesubjectof a separatepaper(ApSimonandStott1988).

Mostmodelsusea simplewash-outmodelto estimatedeposition.Thisdoesnotallowfor
exportof materialto higherlevelsin thefreetropospherein precipitationsystems.Nordoesit reflect
featuressuchasorographicenhancementoverhigherterrain.Inanycasetheuncertaintiesin transport
aremuchlargeroncematerialhasreacheda frontalsystemor regionof unstableconvectivestorm
activity. Themodellingof transportthroughprecipitationsystemsis an areaonwhichwearenow
concentrating.

International exchange of radiological measurement

The needto checkmodelresultsagainstobservationsemphasizestheneedfor immediate
internationalexchangeof selectedradiologicalmeasurements.Whenextrapolatingforwardsin time
overextendedperiodsof severaldays,suchdatamayalsobe usedto reviseandimprovemodelpre-
dictionsduringthe furtherspreadof therelease.Theyarealsorequiredto refinesourcetermestimates
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in post-factoanalysis.
FromtheabovediscussionandexperiencegainedfromChernobyl,a highpriorityis measure-

mentsof atmosphericconcentrationsoversequentialperiodsat reliablemonitoringstations.Themea-
surementperiodsandunitsusedshouldbe clearlystatedaswell as thenuclidesandtheobservedcon-
centrations.Thereis alsoneedforstandardisationin measurementof I-131, or at leastan indication
of whethermeasurementsapplyjustto theparticulatefractionor thetotalgaseousandparticulate
forms.Insomeinstancesthechemicalformcouldalsobe verysignificant.

Grossbetameasurements,althoughmorequalitative,canalsobe veryusefulin givinggood
time resolutionof theadvanceandpassageof theclOud.ThusthegrossbetadatafromtheFRGnet-
workwereveryusefulafterChernobylin indicatingto usthattheMESOSmodelresultswereslightly
in advanceof theactualpassageof thematerialwestwardsacrossEurope,andcouldwithgreaterso-
phisticationhavebeenusedto revisethesimulatedtimeof arrivalin theUK. Aircraftmeasurements
andobservationsaloftarealsoveryvaluableto showdifferentialmovement.

Standardgammadetectornetworkstendto becomedominatedby deposition,whichis highly
variableon a localscale. Suchmeasurementsareof little usein thepresentinternationalcontext
apartfromindicatingtimeof arrival.Theydo notprovideguidanceonwhenair concentrationspeak,
or whencleanair is overheadagain.Themainuseof suchgammadetectorsis to indicatethepattern
of depositionwithina countryafterpassageof therelease;thenetworkneedsto be verydenseto
avoidconfusiondueto failureto resolveprecipitationfeatures.Suchdatais probablytooextensiveto
transmitrapidlyovertheGTSsystemof theWorldMeteorologicalOrganisationin anycase.

likewisedirectmeasurementsof depositionon soil or grassarealsoof limitedusein model
evaluation,andthesamplingtechniquesusedafterChernobylwerealsowidelyvariedandnon-com-
parable.Dataoncontaminationof food-stuffsmaybe importantin thecontextof food-importcon-
trols,butagainintroducetoomanyadditionalfactorsto helpin checkingmodelresults.

Howeverwithrespectto deposition,measurementsof concentrationsin precipitation(together
withprecipitationamountsandcollection.periods)aremoredirectlycomparablewithmodelresults.

It. is therefore suggested that measured concentrations in air and
rainwater of selected nuclides. plus selected gross-beta measurements, and
measurements aloft, are the most valuable data to exchange internationally
as soon as they are available, in the context of forecasting and model
simulations.

Conclusion

Thispaperhasexaminedtherole of numericalmodelsimulationsduringdifferentphasesof a
nuclearemergency,andsuggestedhowtheymaybe usefullycombinedwithradiologicalmeasurements
to optimiseemergencyprocedures.Ithasbrieflyreviewedsomeof thedifferenttechniquesavailable,
andillustratedsomeof theuncertaintiesanddifficulties.Ithasalsoindicatedwhichdatais mostva-
luableforrapidinternationalexchange.Givensuchdatait is felt thatnumericalmodellingis a very
valuabletool in theeventof a nuclearaccidentwithtransfrontierimplications,anddevelopmentof
suchfacilitiesis alsoof greatvaluein analysisof othertypesof pollutionepisode.
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COMMENT: Fraser: [ha ApSimon "mntioned in fun“ presentation that
the longterm aim is to allow forecasting of the passage of plumes
and subsequently illustrated major differences generated by a
small change in input when extrapolating over up to 5 day periods
based on measured meteorological data. Bearing in mind the
additional uncertainties in forecast meteorological data, what is
the point of the ATMES exercise looking at more than 24 - 48 hour
diffusion jperiods? Personally, I feel, that if models using a
given approach can, on the basis of measured data reproduce actual

effects out to longer periods, I will always have more confidence

in such an approach for short periods also. The accuracy of

forecast meteorological data I see as a separate problem, although

inevitably it will contribute to the degree of ultimate confidence

we can have in forecasting the passage of accidental releases of

radioactive or other pollutants.

COMMENT: Pendergast: One of the members at the audience mentioned

that since long range meteorological forecasts are not good, why

use any longer than 14 hours. The issue of the requirement of long

range predictions of meteorology is very important especially with

regards to aircraft sampling where 36 hrs — 48 hrs forecasts are

necessary for sample deployment.

ANSWER: Yes, I think this emphasizes the need for international

collaboration 11) exchange cn‘ information tr) optimise updating of

forecasts 24 to 48 hours ahead.
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QUESTION: Urbancic: You found trajectories are inherent instable

and the instability can be enlarged by introduction of more

sophisticated models. Do you mean it is not the consequence of the

inherent instability of the problem which cannot be dependent on

the model.

ANSWER: I did not mean to imply that the complex models were

worse. I meant to say that even though Eulerian and other

sophisticated models do not directly calculate trajectories

necessarily (i.e. the loci of the centre of mass), this does not

mean that they do not have the same uncertainties as the simpler

models in treating advection.

QUESTION: Vychytil: Did you use different modeling approaches for

the transport of aerosols (like Caesium) and for the transport of

rare gases like Xenon?

ANSWER: Since we ‘were not considering coarse aerosol deposited

locally, we assumed that the Cs on fine aerosols and the rare

gaSes were advected and mixed in the same way. However the rare

gases are assumed not to deposit, whereas dry and wet deposition

are included for caesium.
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PHYSICO-MATHEMATICALMODELLINGOF REGIONALTRANSPORT
IN THE ATMOSPHEREOF RADIOACTIVESUBSTANCESFOLLOWING

THE CHERNOBYLACCIDENT

Yu.S.Sedunov, V.A.Borzilov, N.V.Klepikova,
N.I.Troyanova, E.V.Chernokozhin

Institute of Experimental Meteorology
Obninsk, USSR, 249020

Summary:Regional and transboundary models for transport, diffusion and depo-
sition of radioactive materials at a range of 2000-4000 km are presented.
Restoration of the source parameters was performed through solving an inverse
problem from available experimental data on the density of contanimation by
radionuclides. The source intensity was evaluated and the fields of 131I
deposition were simulated. Estimates were made for transport of 1311.

1. INTRODUCTION

In the wake of the Chernobyl accident and especially after signing in
Vienna the Convention on Early Notification on Nuclear Accidents new efforts
were made to improve physico-mathematical modelling of propagation of radio-
active substances in the atmosphere and their deposition on the underlying
surface. It should be noted that a limitation of the modelling lies in the
shortage of input data on the source parameters and it demands that, along
with a direct problem of contaminant propagation in the atmosphere, an inver-
se one - that of restoration of the source parameters should be solved.

The objectives of modelling of an accidental nuclear release are as
follows:

- to describe spatial-temporal characteristics of contamination and com-
pile fall-out maps,

- to locate potential zones of increased contamination calling for spe-
cial investigation,

- to evaluate quantitatively the radionuclide transport across the na-
tional border,

- to restore (specify) source parameters.
To meet these goals the following models were developed in the Institute of
Experimental Meteorology:

- a trajectory model of transport of airborne particles which is needed
for preliminary assessments,

- a mesoscale Eulerian model for transport (“’200 km),
- a regional Eulerian-Langrangian model of transport ("*2000 km),
- a transboundary model based on the Monte-Carlo method (n44OOOkm).
The models include two submodels: a model of the atmospheric boundary
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layer and a model of transport, diffusion and deposition of radionuclides.
The models account for the following processes:

- spatial-temporal variations in meteorological conditions: wind, tem-
perature and eddy diffusivity,

- advection, diffusion and deposition of polydisperse aerosols,
- roughness of land and contaminant interaction with the underlying

surface.
The models were applied to the Chernobyl accident problems. The Cherno-

byl accident resulted in the release into the atmosphere of a wide range of
radionuclides some of which being on a particulate and in gaseous phase were
responsible for regional transport of decay products.

The paper reports on the results of modelling of regional transport of

131I and parameter restoration of its source which was performed with the
use of regional and transboundary models.

2. THE MATHEMATICALMODEL

The model is based on a semiempirical approach of eddy diffusivity
which can be presented either as an equation of eddy diffusivity or as a set
of stochastic equations of movementof aerosol particles carrying radionuc-
lides. The first approach was employed in developing the regional model:

’39, 99 g 9 .
52"+(“¢"/QS£5)§F¢.=5;:{Ki%-)—2€+I) (:6213I (1)

where Q is the concentration of radionuclides in the atmosphere; l/Eis the
sedimentation velocity of particles with the radius 3 ; ;Z' is the source
intensity per unit volume; II is the constant of radionuclide removal pro-
cess (their wash—outand decay); AQ is the mean velocity components; K2 is
the eddy diffusivity coefficients of the contaminant along the axes a§,, 1i ,
and 1; respectively. At the lower boundary of the domain at the roughness
level 2; the requirement of partial absorption is met

K3 gag—2,4(V2 “(3)93/g2 (2)

where )8 is the velocity of the contaminant deposition.
Equation (1) was solved by the numerical schemewith splitting procedu-

re at the upper temporal level combined with the hybrid scheme for approxima-
tion of advective terms. To attain reasonable spatial resolution over the
period from formation of the contaminant cloud to its deposition on the un-
derlying surface we used a moving Eulerian grid with the horizontal scale
determined by the current sizes of the contaminant cloud 1. The deposition
density on the underlying surfaqp is

MINI), é) :Z/flafinxz, 2., 41/5, (3)

where £0 is the starting of emission.
Equation (1) is written for a monodisperse radionuclide contaminant

,but the pollutant flux on the underlying surface is the superposition of
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particles with variable sizes.
The second approach is applied to the model of transboundary transport

and implies investigation of movementof individual particles which are tran-

sported incthe wind velocity field and subjected to randomwalk:
I.____ — (4)61¢. 5((Cr f)- V(5-+AL (CC, f),

where LL are the fluctuating components of velocity. RandomdeviationsA 11

of particles over a time interval of is 1113;:/2£’-(i 4) of -LL- , where

a1 is the normal random variable. At the lower boundary we set the condition

of partial absorption (2). The source is simulated by prescribing the initial

position of particles.
The study of movementof an ensemble of particles allows one to draw

conclusions on some characteristics of the contaminant propagation. Simula-
ting the behaviour of not many particles one can obtain integral characteris-

tics, among them an approximate contaminant amount transported across the

border, while examination of a numerous particle ensemble makes it possible

to determine the contaminant concentration in the atmosphere. The deposition
density is

PfINIZ/ 5):: (5)

where /” is the activity of a single particle; .n.is the number of particles
deposited on the area S.

The solution of (1) and (4) requires the data on meteorological fields
LC!( 7:f) and IC (1 t ) which are restored from the standard network with
the use of parametrization of the atmOSpheric boundary layer (ABL). The ABL
vertical structure for a particular meteorological situation is determined
through the use of the similarity theory along with the results obtained by
Wippermanfs model 2 and semiempirical laws of resistance and heat exchange
as well. The latter relate large scale processes to the ABL internal parame-
ters. The model involve spatial and temporal interpolation of the ABL calcu-
lated parameters.

As input meteorological information we used standard data, which were
objectively analyzed by the USSRHydrometeorological Centre, on surface pres-
sure and temperature, geopotential altitudes, real wind velocities and tempe-
rature at standard pressure surfaces (925, 850 and 700 hfh.) in the grid
points 150x150 km. The use of this information enabled us to render meteo-
data input automatic and to provide users with operational computations.
The distribution of the roughness parameter'Zg(-1.,1)) was obtained by the
technique described by F.B.Smith and D.F.Carson . To estimate propagation
of radionuclides in the atmosphere and their deposition, in addition to me-
teorological information and data on location and time of the accidental re-
lease, the following characteristics of the emission are needed: particle
sizes, radionuclide composition, initial distribution with height and emis-
sion intensity. It is unlikely that such data on the source parameters can
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be readily available. Hence, restoration and elucidation of dynamics of the
source parameters become essential for the problem solution.

Restoration of the source parameters was performed by solving the inver-
se problem from the available experimental data on the density of radionucli-
de contamination with the use of a priori information on the most likely par-
ticle sizes in the contaminant and possible vertical source distribution with
height. The method is the following. The source is found as the sum .4 of
elementary sources with time of action (rim , £m+A £,,,)over which we know the
emission distribution with height and particle sizes for each source, but do
not know its intensity (at, , "”09, )with 06620 ( €=1,...,L )
intensity of elementary sourcesl is found from the condition of mi imalpdis-
crepancy between the values of deposition density calculated as eq'd @/;Q)
and measured /D/33‘) ( /)(CZ;)is the deposition field of the e.-th elemen-
tary source of unit intensity calculated by the regional model). The techni-
que is based on a version of the regularization method 4.

3. ESTIMATIONOF THE SOURCEINTENSITYANDMODELLINGOF 1311 DEPOSITION
FIELDS

The involvement of many parameters and complexity of physical processes
responsible for radionuclide deposition as a result of the nuclear accident
make it difficult to handle the inverse problem. For the problem to be cor-
rect contributions of elementary sources in the contamination should be sepa-_
rable. In the case of the Chernobyl accident this requirement was met due to
the fact that during the serious stage of the accident (from April 26 to May
6, 1986) meteorological fields underwent significant changes. The results of
calculations by the regional model of the weightless contaminant deposition
( /8= 1 cm s'1) for an impulse-like source of unit intensity are presented on
Fig.1. It is seen that during the serious stage of the accident the direction
of transport varied (it nearly turned by 360°) which made it possible to
solve the inverse problem.

Restoration of 1311 source was carried out with the use of the data on
cumulative density of deposition on the underlying surface (the monitoring
network of the USSR Committee for Hydrometeorology). The calculated deposi-
tion field presented in Fig.2 was also obtained without regard to decay
when V2 2 0, j5 = 1 cm 8.1. Thus transport of 1311 on aerosols was ignored
and the activity of this fraction is estimated to be 10-20%of its gaseous
phase activity. Therefore the results of 131T calculations presented do not
claim to describe the deposition at a short range. The calculated deposition
field agrees with the time dependent changes in the intensity of 1311 emissi-
on (Fig.3) and the height of the emission which mounted to 1300 m in the
first three days and dropped down to 300 m in the following days. The time
dependent variations of the source were restored up to May 2, 1986. The total
intensity of the emission from April 26 to May 5, 1986 (on the assumption
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Each trace corresponds to an emission at a g1ven timeKN (GMT)
trace 1 ~ 00.00 GMT26.04: trace 2 00.00 GMT27.04;
trace 3 - 12.00 GMT27.04; trace 4 00.00 GMT29.04;
trace 5 - 00.00 GMT02.05; trace 6 12.00 GMT04.05.

that the source intensity remained constant from May 1 to May 6, 1986) amoun-
ted to 1.3x107 Ci which is close to the data reported to IAEA without regard
to decay ( 107 Ci). About 50%of 1311 release has deposited on the territory
shown in Fig.2 and the rest of it was carried off at greater distances.

4. .TRANSBOUNDARYTRANSPORT

The model of transboundary transport was used for assessing 131I trans-
port across the USSR border. The total activity of 131I transported across
the border is estimated to be 5.6x106Ci.
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THE CALCULATEDFIELD OF 1311 FALL-OUT FOR THE 10-th DAY
FOLLOWINGTHE ACCIDENT (WITHOUTREGARDTO DECAY)
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"3" the intensity of 1311 on the underlying surface is equal to 3 Ci km-2.
Isolated figures show the measured values of activity. The areas of heavy

rainfall are hatched.

The transport across the border was basically due to radionuclides
which entered the atmosphere in the first 36 hours following the accident
and the countries affected were Poland, Swedenand Finland. The total emissi-
on transported across the border amounted to 3.9x106 Ci which made up appro-
ximately one half of the entire 131I release over this period but a part of
it came back to the USSR (the Baltic republics and Karelia). The radionucli-
des released in the atmosphere from April 27 to April 29 actually were not
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transported across the border. But later a part of the emission which occur-
red from April 29 to May 6 was transported across the border.

VARIATIONOF 1311 EMISSIONWITHTIME
fiJfiVb
\
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10‘t
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Fig.3

The contamination affected Rumania, Bulgaria, Turkey, Czechoslovakia and
Hungary. The contaminants which reached these countries were not all deposi-
ted there, a part of them was transported farther. The Table contains the es-
timates of 1311 emissions transported to the countries adjacent to the USSR.
Quantitative estimates were made only for the transport across the USSR bor-
der while the transport between other countries was evaluated qualitatively.

State Total emission,131I, Ci Time of emission

Poland 2.0x1o6 26.04.86-27.04.86
Swedenand 1.9x106 26.04.86-27.04.86

Rumania 1.0x106 29.04.86-06.05.86
Bulgaria 0.3x106 01.05.86—04.05.86
Turkey 0.3x1o6 29.04.86-04.05.86

Hungary and mum6 04.05.86-06.05.86
Czechoslovakia

Similar calculations were made for transport of 13709 radionuclides.
They fully agree with the data submitted to IAEA on the total 13705 emis-
sions ("'10 Ci).
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Summary of Past Work

Work described in this presentationwas accomplished over an eighteenmonth period

after the Chernobyl accident, during which time model calculations were compared to

environmentalmeasurementssupplied by the WHO as well as several individual countries.

Results of these calculations and comparisons to measurements have been published in

several reports with the most complete description of these studies provided by Lange,

1988. Using the source term data shown in Table 1, the spatial distribution of material

released from the Chernobyl reactor is shown by Figure 1. After four days (Figure 1.b)

material is moving in three major directions: (1) the lowest layer, within the first 1500m,

is dispersedover Eastern Europe and Scandinavia, (2) another large collection of particles

located above about 4 km are moving toward the Middle East, and (3) the third group of

particles are moving east toward Japan. By day 10 (Figure 1.d) material has reached the

western United States and is spreading over most of the Northern Hemisphere with the

exception of eastern North America.

Figure 2 shows the 24 hour averaged 131Isurface air concentrations (Bq/ms) over

Europe for four daily time periods out to May 3, 1986. It should be noted that rainout

was not included in these calculations. Also, due to the coarse resolution of the mesh used

for these calculations, local concentration estimates can be up to two orders of magnitude

low as pointed out by Lange, 1988. Table 2 lists a comparison between measured and
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calculated surface air concentrations (Bq/m3) and cloud arrival times. Comparisons for

131Iappear to be very reasonable, i.e., approximately 60%are within a factor of twowhile

comparisons for 137Csdid not reach this level of accuracy. It is not clear at this time

why the difference is this large between the two radionuclides. Arrival times agree well

with many of the observations, leaving Austria, Hungary, France, Southern Italy, United

Kingdom, and Kuwait as the exceptions. Again it is difficult to determine why these

differencesoccur; however,somepossibilities are discussedbelow.

Model Improvement

Below are listed the model improvementswehavemade since the work discussedin this

presentation was completed and other improvements we hope to complete in the future.

As part of this processwe plan to use the ANATEX data set that is describedby another

participant in this meeting.

1. Implemented

a. The PATRIC model (Lange, 1978a)was merged with ADPIC (Lange, 1978b) to

generateHADPIC providing a tool for evaluation of transport and diffusionof pol-

lutants from the local to the hemispheric scale. The HADPIC model is interfaced

directly to hemispheric forecast and analysis wind field data basesprovided by the

US. Air Force Global Weather Central.

b. Based on Chernobyl modeling results preliminary adjustments were-made to the

diffusion parameters in ADPIC to simulate dispersion on the hemispheric scale.

2. Future

a. Monte Carlo Diffusion. Particle-in-cell models like ADPIC or HADPIC lend them-

selves well to a random walk type of diffusion calculation. This method has the

advantage that it needs no computational grid for the diffusion calculation, and

hence is free from grid resolution problems. It is proposed to implement this

method into HADPIC and compare the results with the gradient diffusion theory
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now used in the code. It will be particularly usefulwhen HADPIC is used on scales

from the mesoscaleon upward to hemispheric scales, where grid cells become very

large, and the code might essentially always run in the source particle (Gaussian)

mode because plume concentration gradients are not resolved. This method will

replace, or compliment, the gradient diffusionmodule and will replace the limited

Gaussian sourceparticle prescription in the present HADPIC.

b. Mesoscale Hydrodynamic Model. The developmentof amesoscaleforecastingmodel

to be used as an alternative wind field driver to MATHEW to compute pollutant

dispersal with HADPIC requires several adaptions of HADPIC. These include,

transformation to terrain following coordinates if a finite differenceforecastmodel

is adopted, or some interpolative process of the wind field or both. Monte Carlo

type diffusion appears preferable in either case. This development should include

variable vertical cell spacing to improve resolution near the surface.

c. Diffusion Parameterization. K profiles for a double boundary layer separatedby an

inversion are neededfor HADPIC, as well as K profiles for the troposphere above

the boundary layer. This would include space and time varying energy dissipation

rates on a hemispherical scale.

(1.Surface Types. Lower boundary surface types (e.g., sea versus land surfaces)need

to be included in HADPIC, particularly as they relate to the vertical diffusion

parameterization.

e. Wet Precipitation. Implementation of the wet deposition formulation in HADPIC

needsto be addressedwith an eyeon being able to mergetime and spacedependent

precipitation deposition from both measurementsand forecastmodels.

f. Topography. Topography needs to be introduced into HADPIC.
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Appendiz A: Tables and Figures

Activity
Nuclide Fraction Released (Bq)

mos 1.0 8.9 x 10m
”‘03 0.2 2.0 x 101‘
134C, 0.5 4.8 x 10"
1311 20, 1.7 x 10"
1331 42. 3.7 x 10"
“10¢ 01 8.9 x 10“5
14406 0.06 5.2 x 1015
14013,L 0.5 4.4 x 10"
1401,, 0,5 4.4 x 10"
”Zr 0.1 8.9 x 101*5

”Nb 0.1 8.9 x 1015
132Te 4.2 3.7 x 10"
1°3Ru 0,3 3.0 x 1010
lOGRu 0.06 5.2 x 10"5
133xc _ 6.5 x 10"

Table 1. Activity fraction relative to 137C3and estimated activity released, decay cor-
rected to 26 April 1986(Lange, 1988).
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1311 13703 Cloud Arrival
Concentrations Concentrations I_i_m_e

Location Dates_ Meas. Calc. Meas. Calc. Calc. Meas.

Nurmijarvi 4/29—5/3 3.7 3.8 0.08 0.6 4/27 4/27

(Finland)

Stockholm 4/28—5/6 3.6 8.0 0.2 1.1 4/27 4/27

Kjeller (Norway) 4/28—5/5 6.2 9.5 0.2 1.3 4/27 4/27

Munich 4/30—5/6 7.0 6.5 1.7 0.9 4/30 4/30

Austria 4/29—5/5 3.5 4.2 - - 4/30 4/29

Budapest 5/1-5/5 3.0 4.2 0.6 0.5 4/30 4/29

N. Italy 4/30-5/6 17 6.6 0.7 0.4 4/30 4/30

S.E. France 5/1—5/6 9.8 6.6 0.4 0.7 4/30 4/29

Paris 5/1-5/7 0.7 3.7 0.2 0.5 5/1 4/29

S. Italy 5/1-5/6 8.0 1.9 0.6 0.2 5/2 5/1

Netherlands 5/1—5/5 7.1 9.3 - — 5/2 5/2

Berkeley (UHK) 5/1—5/3 0.3 0.5 0.05 0.02 5/3 5/2

Chilton (U.K.) 5/2-5/3 5.4 4.5 0.9 0.2 5/3 5/2

Athens 5/3-5/5 29 18 - - 5/3 5/3

Kuwait 5/4—5/9 0.3 0.1 0.06 0.03 5/7 5/5
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(a)Day2 (b)Day4

(c)Day6

Figure l. ARAC plots showinghow the clouds of radioactive material spread around the

Northern Hemisphere at (a)2, (b)4, (c)6, and (d)10 days after the initial explosion (Lange,

1988).
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<5,3 \p‘ 1

Figure 2. 131124 hour averagedsurface air concentration patterns over Europe (Bq/m3)

based on the PATRIC model for dates listed (Lange, 1988).
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QUESTION: ApSimon: I agree that underlying surface of land or sea

has an influence on dispersion. How do you include this with

respect to both mesoscale effects on windfields and effects on

turbulence?

ANSWER: First, we plan to use the identification land/sea surfaces

to define temperature differences that can effect the vertical

diffusion.

QUESTION: Geiss: 1. How did you calculate the vertical

distribution of the emissions (plume rise). 2. How did you

estimate the time dependence of the emissions?

ANSWER: 1. the initially estimated, based (N) the boundary layer

depth determined from a nearby vertical sounding, that the

emissions were contained with the first l500 m above the surface.

Later this assumption was verified by a cumulus cloud model and an

assumption about the ‘heat source. Later, after' measurements of

activity were made by aircraft Over Japan we established an upper

level cloud centered at 5000 m. The upper level cloud lasted for

the first 2%:hrs. The lower level emissions were constant for 6

days.

QUESTION: Hehn: For model validation, in which time intervalls and

local meshes should the experimental results be evaluated? In

Germany we presently evaluate the Iodine-131 activity in air near

ground in two hour averages.

ANSWER: Your 2 hour average data would be ideal for testing models

at distances grater than 1000 km. This is true, because it allows

for defining time of arrival/departure and by averaging allows

comparisons to measurements over various times from 2 to 24 hrs.

QUESTION: Nordlund: Was precipitation scavenging taken into

account in the calculations you have made?

ANSWER: No, we have not yet included precipitation scavenging in

our calculations.



Simulation of AtmosphericDispersion of Chernobyl Radioactivity
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Sununary: The dispersion'of 03—137released from Chernobyl wasdiagnostically simulated
by a three dimensionalmass-consistentwind field modeland a particle dispersion model.
The calculations clarified the transport paths of the radioactive clouds over Europefrom
April 26 to May 11, 1986. The calculated concentration of airborne radioactivity-agreed
with the monitoring data qualitatively, although there were somedifferences between
them. The surface deposition wasalso calculated by using precipitation data from the
171meteorologicalstations. For manylocations, there wasreasonablecorrelation between
them. ‘

1. INTRODUCTION

To better understandthe long-range transport of airborn radioactivity, the Japan
Atomic Energy ResearchInstitute started a research programto improve the capability
of SPEEDI(Systemfor Prediction of EnvironmentalEmergencyDoseInformation) “’ . The
goal of this programis to estimate the dose of a severe nuclear accident in a synoptic
region. Both the physical modelsand the codesystemare to be refined.

This program included the, simulation of atmospheric dispersion of Chernobyl
radioactivity. This was diagnostically simulated by the refined mass-consistentwind
field modeland the particle dispersion modelof SPEEDI. The dispersion and deposition
of 03—137released each day during the accident were calculated and comparedwith data
frommonitors. This paper describes the models, assumptionsand results.

2. MODELS

2.1 Windfield Model
A three dimensional mass-consistentwind field modelwas used to computethe wind

field. Thismodel is equivalent to MATHEW”’ used in the ARACsystem. First, the
observedwind data are interpolated/extrapolated to producean initial guessof the wind
field. Next, this wind field is adjusted to satisfy massconservationusing a variational
technique.

For application to a synOptic wind field, following points of this model were
refined.
- The mapfactor associated with a projection of the earth's surface to a computational
'flat' plane wasconsidered.

- The interpolation/extrapolation methodto producethe initial guessof the wind field
was refined.

- The prOpervalue of parameter IT-al/a, wasdetermined.
Basedon a parametric study, K'= 0.01 wasused.

2.2 Dispersion and DoseModel
A Lagrangian particle dispersion model was used to solve the transport-diffusion

equation. The radioactive plumeis expressedby a massof particles whereeach particle
is transported by the wind provided by the wind field model. The windat each time step
is temporally interpolated using the four daily wind fields. The diffusion is expressed
by the random-walkmotionof each particle. The strength of the random-walkmotion is
adjusted to yield a Gaussian concentration distribution with Pasquill-Gifford adi=x,y)
in a homogeneouswind field.

The dry deposition is calculated by the surface depressionmodel. Particles in the
lowest grid cell give a portion of their radioactivity to the ground. The deposition
velocity for 03—137is assumedto be 0.1 cm/sec. The wet deposition is also computed.
Thewash-outcoefficient is assumedto be 10"-R(sec") , whereR is the rainfall intensity
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(mm/h).
A dose calculation moduleis addedto the dispersion model. This modulecalculates

the exposurerate and the external gammadose due to cloud—shineand ground-shine. It
also calculates internal dosedue to inhalation.

3. DATAANDASSUMPTIONS

3.1 Meteorological Data
The four daily surface wind data (OOZ, 062., 12Z and 18Z) from 171 WMOsurface

meteorological observatories and upper wind data (OOZand 122)at pressure levels of 850
and700millibars (mb)from 101WMOaerolOgical observatories wereused in the wind field
calculation. The upper wind data were temporally interpolated to produce upper wind
'observation' at 062and 182of each day.

The precipitation data at surface stations were used in the dispersion model to
calculate wet deposition. °

3.2 ComputationalArea and the TOpography
' The computational area is 3600kmby 3600km in the projected map. The vertical
height is 3000m. The computational meshis 51 x 51 units horizontally and 20 units
vertically. so that the meshinterval is horizontally 72 kmand vertically 150m. The
t0pographycan be introduced in the models, but is not included in this study.

3.3 Dispersion Condition
The height of the atmosphericboundarylayer wasassumedto be 2000m. In this layer

the diffusion coefficient which correspondsto atmospheric stability class C was used.
In the layer above 2000m, a value which corresponds to atmosphericstability class F
wasapplied” Theseassumptionsallow fast vertical diffusion to 2000m.Abovethis layer
the diffusion is weak.

3.h SourceTerm
Although the initial distribution of source materials should be considered, a point

release was assumed. The release height was assumed1000mduring the first 9 hours of
the accident and 200mafter that. However,the release height did not have significant
effects on the calculation except in the vicinity of the release-site becauseof the
assumedfast vertical diffusion up to 2000m. .Acontinuousunit release rate wasassumed.
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Fig.1 Transport of markerparticles released in the first 2h hours (The first plume).
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Fig.2 Transport of markerparticles released in the Mny4 (The ninth plume).

u. RESULTS

14.1Qualitative Feature of t_h€..M9_!§E§Il§_9£P_J-1Lm§§
The movementof radioactive clouds of 03—137released in every 2h—hourperiod from

the first to the tenth day was calculated individually for each cloud. The radioactive
cloud released during the n-th day of the accident is referred as the n-th plume in this
paper. For instance, the first plumeis the radioactive cloud released during April 25,
21Zto April 26, 21Zandthe tenth plumeis that releasedduring May4, NZ to May5, 21Z.

The movementof markerparticles released in the first 2b hours ( First plume) is
shownin Fig. 1.. Eachd6t is the projection of a markerparticle to the earth's surface.
This figure indicates that the radioactive cloud movedto the northwest initially and
reachedSwedenandFinland in the afternoonof April 27 . In Sweden”’,'the first increase
of gammaradiation was detected at several monitoring posts facing the Baltic Sea in
the afternoon of April 27 . In Finland ”’, an increase of radioactivity wasdetected at
someaerosol monitoringstations in the eveningof the sameday. The calculations agree
with these monitoring data. During the next day, April 28 , the northern part of the
plumemigratedinto mid-Sweden”A branchextendedto the east andreachedto the U.S.S.R.
The southern part of the plume beganto moveto the southwest and covered Poland. In
Poland the radioactivity began to increase in the early morning of the April 28 at
stations in the northeast part of the country (”. During the period from April 29 to
Mny I, the southern part of the plume was transported to the west and progressively
covered Czechoslovakia, Austria, Switzerland, southern Germany, Italy and France. On
.May2, the westernedgeof the plumemovedto the north and coveredBelgium, Holland
and the United Kingdom. It reachedthe west coast of Norwayon Ahmw3.Thesemovements
correspondto the increase in the concentration of airborne radioactivity in these areas.
The observedarrival times of radioactive clouds in central andwesternEuropecorresponds
to the movementof the first plume.

The secondplume, released on April 27, first movedto the west. On April 28, it
wasstretched in an east-west direction. After April 28, the westernpart of this plume
showedmovementssimilar to the later part of the first plume. The eastern part of the
secondplumemovedeastward until April 30. It then movedsouthwardand by'IMay3 it
had swept over the southern Ukraine, Romania,Bulgaria, Yugoslavia, Greeceand Turkey.
The movementsof plumes released on April 28 through tary 3 (the third to the eighth
plumes) were similar to the eastern part of the second plume. Until April 30, the
.radioactive clouds weretransported to the east. After that they movedsouthward.
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They finally wentout of the computational region, mainly at the southern and partly
at the eastern boundaries.

The ninth plume(released in May4 ) and the tenth plume(released in May5 ) showed
different movementsfrom the previous plumes. The movementof the ninth plumeis shown
in Fig.2. It movedsouthward initially and then it movedto the west whereit covered
Rumania,Bulgaria and Yugoslavia. It then gradually movednorthwardand coveredHungary
onMay7. It reachedPolandon May8 andSwedenonMay9. The tenth plumeshowedsimilar
movement,but it reached Poland on May 7 and Swedenon May 8. The increase in
concentration of airborne radioactivity was observed in Stockholmon May 8 and 9. In
Budapestm the second increase beganon May 7. These monitoring data correlate with
calculations.

Generally speaking, the calculations qualitatively agreedwith the monitoring data
in mostEurOpeancountries. However,the calculations wereunable to predict the arrival
of radioactive clouds at several locations. According to reports ”M”, Chernobyl
radioactivity wasdetected at sites in Denmarkin the afternoon of April 27. In Turky
(7’, the first detrction wasreported onApril 30. Increasesof radioactivity weredetected
on April 28 (9’ at several Norwegianstations, increases of radioactivity were These
observations cannotbe explained by the calculation.

The detection of each plumein selected cities is summarizedin Fig.3. For instance,
Stockholmexperiencedonly the first plume in April and both the ninth and the tenth
plumeson May8 and9. Viennawassignificantly affected by both the first and the secnd
plumesfor several days and to a lesser degreeby the ninth plume. Bucharestwasaffected
by all plumesbut the seventh plume.

h.2 Quantitative Comparisons
If the release rate R,- of each day is given, the concentration of airborne

radioactivity at a certain site can be computedby
N

am - Zia-nu) <1)l-i
wherex, is the concentration of the airborne radioactivity of the i—thplumeassuming
continuousunit release andN is the numberof plumesreleased until time t. The release
rate of 05-137in the days from April 26 to May 5 werederived from Table 11.12and 11.13
of the Soviet Report to IAEA “°’ as R, = 0.3, 0.1, 0.035, 0.053, 0.05, 0.05, 0.1, 0.125,
0.175, 0.2 MCi/day.
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Fig.3 Detection of calculated plumes at selected cities. Each bar represents relative
concentration of airborne radioativity. The simbols S and E in the figures
represent the calculation start and end times, respectively.
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The resulting calculations are comparedwith measurements(“'”'”'”'”'”’ in Fig.h.
In Stockholmand Helsinki the calculated concentrations of airborne radioactivity are
higher than measured. The measurementin Helsinki showslarge temporal variation. In
central and western Europe, the observedvalues are generally higher than calculated.
In Warsawthe correspondenceis fairly good.

h-3 De2_0_s_1£1_e_n_
The deposition accumulateduntil Ahuy3causedby the first plumeis shownin Fig.5a.

The release rate is again assumedto be unity. Significant deposition was calculated
around Chernobyl. This'was caused Eurdry deposition. Other high value islands in
mid-Sweden,central Europe and the northern part of the United Kingdomwere due to
precipitation. An exampleof temporal variation of accumulateddeposition is shownin
Fig.5b. Significant deposition wasoccurred in Gavle due to wet deposition, becauseof
heavy rain from April 29, 00Z to 06‘Z. During this period the increase of surface
deposition wasonly moderateat Stockholmwhich is about 150kmsouth of Gavle.
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Fig.5 (a) Surface deposition accumulateduntil Afixy3 due to the first plume and (b)
temporal variations of accumulateddepositions in StockholmandGavle. The release
rate is assumedas 1Bq/h.
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As mentionedby manyresearchers, the surface deposition pattern strongly depends
on the distribution of precipitation. However,for the real-time simulation the available
precipitation data are limited to those provided through the HMO GTS network.
Considering the poor spatial correlation of precipitation, the spatial distribution data
from surface observatories included in GT3 is too sparse . Therefore someassumptions
are neededto produce grid-by-grid precipitation data used in the calculation of wet
deposition. This situation makesit difficult to get reliable results for wetdeposition.

5. CONCLUDINGREMARKS

The dispersion and the deposition of radioactivity from Chernobyl were
diagnostically calculated. The transport of radioactivity from Chernobyl over EurOpe
was, except for some locations, qualitatively explained by the calculation. The
quantitative agreementwas satisfactory considering uncertainties involved in both the
calculations and the measurements.Thedeposition calculations wouldbe improvedif more
detailed precipitation data weregiven.

The results of these calculations are supported by dara frOmthe densenetworkof
meteorological observations in EurOpe. The application of these models to dispersion
around Japan will be confronted by the problem of sparse data over the Pacific Ocean.
Additional information will be neededto construct the initial guessof the windfields.
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QUESTION: ApSimon: Can I confirm how vertical winds are deduced.

Am I right that these are based on the conservation of mass

equation?

ANSWER: Basically, the vertical components are computed from mass

continuity. But the strength of them depends on a parameter. A

parametric study was done and the proper values were searched. In

the present case, the vertical winds are not strong. The strength

of the vertical wind is less than 1 m/s at most of the

computational area.

QUESTION: Dickerson: Did you have terrain in your model?

ANSWER: No. But now a world topographical data base is completed.

Therefore, we will use topography in the next series of

calculation.

QUESTION: Underwood: Could you explain what type of dispersion
model you used. You said it was "random walk" but not Markov
chain.

ANSWER: We solve the transport-diffusion equation. The diffusion
is expressed by the random-walk-motion. But the magnitude of the
random—walk motion is adjusted to fit Pasquil-Gifford ox, oz in
the homogenous wind field. In the Markov—chain model, the movement
of a particle is related with its previous movement. But we don‘t
do that. One of the advantages of our method is that the time step
13t can be larger than that of Markov-chain.
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CONTINENTALANDHEMISPHERICSCALE DISPERSION
OF NUCLEARDEBRISFROMTHE

CHERNOBYLACCIDENT

J.Pudykiewicz Atmospheric Environment.Service of Canada
2121 Trans Canada Highway, suite 534, Dorval, Quebec Canada H9? 1J3

Summary: A 3-dimensiona1 hemispheric tracer model is employed for “the
simulation of the dispersion of the nuclear debris from the Chernobyl
accident. The tracer model is driven by a series of meteorological fields
derived from the hemispheric objective analysis scheme of the Canadian
Meteorological Center (CMC). Verification of the model indicates good accuracy
and substantial improvement compared to the preliminary experiments with a
very simple Z-dimensional hemispheric tracer model.

1L lNIBQDUCIlQN

The meteorological aspects of the Chernobyl accident have been analysed
by numerous researchers interested in the problem of atmospheric dispersion
(ApSimon ). The initial Canadian simulation was performed on a.lmmdspheric
grid in a pressure coordinate system using a very simple 2-D model
(Pudykiewiczz).

Following the emergency simulation, extensive development work with the
tracer model was conducted. The current version of the system is fully three -
Dimensional ( 3 - D ) and could be executed on a grid with horizontal
resolution of 50 km over the Northern Hemisphere. The tracer model is driven
by a series of meteorological fields derived from the Hemispheric Objective
Analysis scheme of the Canadian. Meteorological, Center (CMC) or from the
hemispheric or global spectral model. The accident scenario employed in the
simulation was derived from the data presented at the post-accident meeting of
the International Atomic Energy Agency (IAEA) in Vienna in August 1986. The
model results were verified against measurements from a network covering most
of the Northern Hemisphere and indicate substantial improvementwhen compared
to the simple models used immediately after the Chernobyl accident. Weexpect
that the test against "Chernobyl data" will become very' useful for the
intercomparison of the different models used for atmospheric tracer studies.
The current work with the model is related mostly to the incorporation of a
cloud water scheme in the hemispheric version and testing of the Global
predictive version of the system.

3L IE5 IBAQEBMQDELL

The 3 - Dimensional tracer model employed in this study is based on the
mass conservation equation (in specific activity form) written in the terrain
following coordinate system a :

i i i i i 1
6X /at = —v v”; - a- (6X /ao~)+ v;(6 r X /60‘) + a/ao-rzxz 6A /ao-+ §A (1)

a
H H
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where :

i = 1, M ; M - numberof species, a - vertical coordinate , a = p / n

p ,n-pressure and surface pressure, A1 - grid cell average specific activity

V; - grid cell average horizontal wind Vector, v; - horizontal nabla

operator in the 6 system, c - vertical motion field in the 6 system,

v; - gravitational settling velocity, F = g a / R T, g - acceleration

due to gravity, R — gas constant, T - temperature, Kz — vertical diffusion

coefficient, < > — averaging operator, S: - sum of the external sources and

sinks

Numerical solution of the transport equation.

The model equations owere transformed to the polar stereographic
projection system true at 60 N. The corresponding equations maybe written as
follows:

‘ _ i i i -6A /at - ( L1 + L2 + L3+ L4 + L5 ) A (2)

where:

_ 2'~¢ c ._ _ . i._ i _ i._ 2 1L1.— m VH VH , L2.— 0 a/aw , L3.- vga/aa F, L4.— a/aor Kza/ac + Q

Liz: S1 , V0 = (i/m) V a , m - mapscale factor5 H H

The time discretization of (2) is performed by successively applying the
operators L - L to advance a time step At and then successively applying the1 5
operators in reverse order to advance a further time step.

The horizontal and vertical advection and gravitational settling are
performed using the semi-Lagrangian algorithm developed by Rober and
subsequently used for pollution problems by Pudykiewicz and Staniforth . The
vertical diffusion is solved using the implicit iterative method. The last
substep related to scavenging and radioactive decay is accomplished using the
analytic solution of the radioactive decay equation.
The hemispheric grid of the model is uniform with a resolution of 150 km on
the Polar Stereographic Projection. The corresponding grid domain is 180 * 180
points centered on the North Pole. Eleven levels were employed to numerically
solve Eq. 1.



_ 51 _

The meteorological input.
The transport model was driven by the data stored in the archiving

system of the Objective Analysis (0A) of the Canadian Meteorological Center
(CMC). The analysis system is executed in a 6 hr cycle and uses optimum
interpolation of the forecast errors in order to provide analysed wind
components, geopotential, temperature and dew point depression. The driving
model of the 0A system is a hemispsheric primitive equation spectral model
described originally by Daley et al. . The function of the spectral model is
to provide the 6 hr. forecasts required in the assimilation cycle. The
forecast model is initialized using Nonlinear Normal Mode Initialization and
uses a more extensive parameterization of the physical processes campared to
the initial version.

The target grid of the analysis at the momentof the accident was a
gaussian latitude-longitude grid with a resolution of 128*32 points over the
Northern Hemisphere. The temporal resolution of the meteorological fields from
the 0A system was 6 hrs. The meteorological fields for intermediate time
levels were obtained by time interpolation.

The profile of the vertical diffusion coefficient required to solve eq.
(1) was computed externally using the analytical theory of the surface layer
and the O‘Brien profile above the constant flux layer. The value of the
diffusivity in the free atmosphere was assumed to be constant and equal to K“.

This approximation is sufficiently accurate for the simulation of atmospheric
tracers on a hemispheric scale. The deposition velocity appearing in the
boundary condition was computed as the inverse of the sum of the resistances
of the turbulent and laminar deposition layers and the resistance of the
surface.

The source term. 1
We approximated Q , the source term in our experiments with the 3-D

hemispheric tracer model , by the following expression:

1 _ i 2 _ 2 2
Q (nx.ny.o.t) — ( (E (t) F(a))/(2noH) ) EXp P / 2 ”H (8)

where:

-E1(t) - amount of the radioactivity released
F(q) - function describing vertical distribution of the release
r - distance from the accident site
UH - standard deviation of the horizontal mass distribution

The function Ei(t) was obtained from the data presented at the meeting
of the International Atomic Energy Agency ( IAEA ) in August 1988. The
effective height of the release was between 1500 and 4000 m.
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The hemispheric tracer model was executed for a time period of 4 weeks
starting on April 25 1986. During the first two days after the Chernobyl
accident, the radioactive cloud was transported mostly towards Scandinavia. A
second southern segment of the cloud had spread south-east over the Black Sea
in the direction of the Midlle - East ( Fig. 1a ). The initial stage of the
transport occurred in a synoptic situation dominated by a high pressure system
east of the accident site and a low located in the vicinity of Iceland.

On April 28 the synoptic situation changed and the northern part of the
radioactive c10ud moved southward, crossing Poland, Germany' and Austria.
Subsequently on April 29, after the dissipation of the blocking high pressure
system centered north-east of Chernobyl, a well developed westerly flow began
to transport radioactive material across the USSR. The surface values of the
activity of I-131 on April 29 are depicted in Fig.1b. It is important to note
that the cyclonic circulation system related to the deep low centered in the
region of Iceland began to move radioactive material from Scandinavia and the
eastern part of the North Sea towards Greenland. The most important conclusion
to be drawn from the analysis of the initial stage of the transport is that
the two major directions of transport to the Western Hemisphere were
established at the end of April, 1986 ( Figib ).

Fig.1 Activity fields [ bq kg.-1 ] for I131 at a = 1 (a) April 27 1986 and

(b) April 29 1986

During the following days, the radioactive cloud was transported along
these two major routes towards North America. On May 1, the radioactive cloud
spread. over: Greenland. and the region. of small activities approached the
northern part of Quebec (Fig.2a). The part of the cloud travelling along the
westerlies was separated. from the arctic part of the cloud by the high
pressure system which had developed over the North Pole (fig.2b). It is
important to note that at this time the amount of radioactive material
transferred to Greenland was still quite large despite the fact that the
Icelandic low so critical to the transfer of radioactivity across the Atlantic
becameweaker and movednorth-eastward.
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Fig.2 Activity fields [ bq kg“1 ] for I at q = 1 (a) May 1 1988 and (b)
May 3 1986.

On May 5 the eastern part of the cloud at the anemometerlevel ( c = 1. )
had spread across Asia and the Pacific Ocean (Fig.3a). Note the two "spots"
separated from the main body of the cloud; these are related to the descending
large scale motions in high pressure system located over the eastern part of
the Pacific.

The situation depicted in Fig.3a is thus an example of an effect related
to the 3-D character of the transport. The material travelling muchfaster at
high levels was brought downby descending large scale motion and appeared at
the surface in the region of southern California as early as May 5, 1986. In
the region of the Canadian arctic , the flow associated with the low pressure
system centered over northern Quebec and the high pressure system over the
North Pole transported the radioactive material westward. This transport
feature is an interesting example of easterly flow in the polar region.

(hi May 8, after the dissipation of the low over Northern Quebec, the
radioactive material which had originally spread over the arctic region moved
rapidly southeastwards passing through Ontario, Quebec and the Atlantic
provinces of Canada (Fig.3b). The Atlantic part of Canada was thus affected
initially by radioactive material injected from the arctic regions on May 6.
The main part of the cloud to affect the Atlantic region arrived later,
namely around May 8 ( Fig. 3d). The descending motions on the western side of
the radioactive cloud brought down a small amount of the material from the
higher levels. The radioactive material appeared along the west coast from
Vancouver to Alaska and over the southwestern states of the USA.

On May 8,the scale of the radioactive cloud became comparable to the
scale of the Northern Hemisphere because eddy-like mixing by the synoptic
scale low pressure systems superposed with the average zonal flow spread
radioactive material towards equatorial regions (Fig.3d). The cloud viewed on
the hemispheric scale shows essentially' a. pattermi analogous to turbulent
diffusion, with low pressure systems acting as mixing eddies. The transport
over Asia and the Pacific was actually a superposition of the zonal flow and
eddy mixing whereas transfer of the radioactive material across the Atlantic
ocean had a purely eddy-like character.



Fig.3 Activity fields [ bq kg-1 ] for I131 at c = 1 (a) May 5 1986, (b) May 6

1986. (0) May 7 1986. (d) May 8 1986.

L VEBIEICATIQNQE m MODEL.

Verification of the model results was performed in this study only for
the surface activigies of I-131. Data for the American receptors was derived
from Larsen et al whereas the Canadian measurementswere provided by Tracy
(private communication). The network considered in this verification study
consisted of 17 stations. Experimental results to be discussed in this paper
were selected to verify the most characteristic stages of the hemispheric
scale transport of radionuclides from the Chernobyl nuclear accident.
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Debris from Chernobyl was first detected in Finland and Sweden. The
comparison of the activities of I-131 predicted by the model at the anemometer
level (0:1)7to the values obtained from the measurements in Stockholm (Jensen
and Lindhe ) is shown in Fig.4a.

1° lsrocxnom[-131 oE hum 1-131
toa 10 E

a , I b
,. 10‘ F~m‘1: II II I

5 10° 5 2% i I
E 10.13 E 10 E i II

E 10“8I: E 10-3E 3

to” E
10"

10" E
1o”..-4-| ...... I...... 1. 1o-sfi....1 1.4s.1 ...... 1..L
' 1.05 8.05 15.05 1.05 8.05 15.05

TIME [DAYS] TIME [DAYS]

Fig. 4 Comparison of the observed and simulated time series of I-131
activity in: a) Stockholm, b) Chiba (Honshu Island-Japan). The measured values
are represented by vertical bars, the model results correspond to the dashed
area between the two lines, representing the uncertainty of the sampling
process.

The measured values of the activity are represented by the vertical
error bars. For the purpose of display, we assumed that the error is 30 %, as
was done in the paper describing the 2-D model results (Pudykiewiczz). The
analysis of Fig.4a indicates a very good coherence between specific activities
observed at the surface and simulated values at the anemometerlevel. The time
variations of the Specific activity are reproduced very well throughout the
simulation. Analysis of the model results indicates that the radionuclides
from the Chernobyl accident transported by a steady westerly flow reached
Japan on May 3. This conclusion drawn from the numerical simulation
corresponds very well to the abrupt increase of the radaioactivity of the
surface air at Honshu Island, as reported by Higuchi et al . The quantitative
model verification for Japan is depicted in Fig.4b where measurementsat Chiba
are compared with the model results. The correspondence between the simulated
and the observed times of arrival of the radionuclides is quite good. The
simulation of the general trend of radioactivity at Honshu Island is also
correct.

The verification of ink: 3-D model for Canadian and American stations
(Pudykiewiczs) clearly indicates the good accuracy of the numerical results.
It is shown that the predicted times of arrival and the times of arrival of
maximumactivity agree quite well with the observed values. The ratio of the
calculated and observed values varies between 0.21 and 2.80 with an average
value of 1.05.

Statistical verification of the model is presented by the correlation
coefficient in the table 1. The activities considered in the hemispheric scale
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simulation are of the order of millions of Bequrell / kg close to the source
and fractions of mBq/kg in the remote locations. Because of this extreme
variability of activities the correlation coefficient was computed also for
the logarithms of the activities. The correlation coefficient for the
logarithmic case plog is displayed in Table 1. The fact that the plog is so

large shows that the order of magnitude of the activity field predicted by the
model agrees very well with observation. The agreement between the simulated
and observed values is perhaps less evident, however in view of the parameters
of Table 2 ( Pudykiewicz ), we can conclude that the overall performance of
the model is quite satisfactory.

Table 1 Correlation coefficient computed for logarithms of the activity
versus linear correlation coefficient

STATION plog p

HELSINKI 0.73 0.70
STOCKHOLM 0.80 0.78
CHIBA 0.98 0.85
MOOSONEE 0.95 0.80
GREENWOOD 0.94 0.81
VANCOUVER 0.90 0.83
BARROW 0.84 0.38
WINDSOR 0.88 0.72
OTTAWA 0.88 0.77
CHESTER 0.95 0.94
CALGARY 0.89 0.80
REGINA 0.87 0.78

5; CONCLUSIONS.

The simulation described here is a good indication that with the
computing power currently available and with high resolution numerical models,
it is possible to treat advection dominated processes with good accuracy. We
do not suggest that the model described here will perform under other
circumstances as well as it has performed on the Chernobyl case. More research
related to the parameterization of mesoscale processes is needed in order to
further refine the technique. The good verification of the present tracer
model should increase confidence in the possibility of accurately simulating
atmospheric tracers.
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IDI S(IUESS IC)N

QUESTION: Dickerson: What additional Chernobyl data would help in

your model evaluation studies?

ANSWER: A more" consistent and quality controlled data set where

time of arrivals and concentrations can be better explained.

QUESTION: Ishikawa: How did gun: deduce the vertical distribution

of the source?

ANSWER: The sub-grid-scale problem of estimating the vertical

distribution of the release was solved with a nonhydrostatic model

of the thermal convection (N) a very fine grid. Our estimates are

very close to the values reported in the other studies related to

the simulation of the Chernobyl accident.

QUESTION: Maryon: How do you account for material at 300 MB?

ANSWER: The vertical transport of the radioactive~ material was

accomplished in the model by large scale vertical motion and eddy

mixing.

QUESTION: Nordlund: Your obtained many good results for I-131, do

you have tested your calculation results on CS—137? CS—137 has

generally appeared to be rmnwadifficult to calculate accurantely

than 1—131.

ANSWER: The model verification was performed also for 08-137 and

CS-134. Some results are reported in Davidson et al (Nature Vol.

237, 7 Aug. 1987)

QUESTION: Seibert: Did you make verifications with stations in the

tropics?

ANSWER: Verificathni of the model results was performed only for

the receptors located in Europe, Japan and North America.
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III

LAGRANGIAN MODELS AND

TRAJECTORY ANALYSIS
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COMPARISONOF TRAJECTORIESCALCULATEDDURINGANDAFTER
THE CHERNOBYLACCIDENT

H. Kolb , P. Seibert
Institute of Meteorologyand Geophysics,Universityof Vienna

A-1010 Vienna, Austria

V. Zwatz—Meise
Central Institute for Meteorologyand Geodynamics

A-1190 Vienna, Austria

G. Mahringer
Federal Office of Civil Aviation

A-1040 Vienna, Austria

Summary:During the Chernobyl accident two trajectory modelsbased on gridpoint values
of the ECMWFmodel were used for forecasts by the Austrian weather service. A retro-
spective analysis proved the two dimensionalmodel to be superior to the three dimen-
sional one. Differences betweentrajectories calculated from forecasts and those calcula-
ted later from analysedfields were small.

Though satisfactory on the whole, neither the Austrian trajectories nor any other
trajectories available at real time camewithin ten hours of the observed time of arrival
of the radioactive cloud in Austria.

1. Introduction

Before and during the time of the Chernobyl accident, 48-hour backward trajectories
were calculated routinely for the major Austrian cities. Whenthe accident first became
knownin Vienna, early in the morningof April 28th, the trajectories already indicated
the arrival of contaminatedair massesin Austria withinthe next two days.

2. Ejector)! models

At the time of the Chernobyl accident, two trajectory models were installed at the
Central Institute for Meteorologyand Geodynamics(Austrianweather service). Both models
use grid point values suppliedby ECMWF.One is a two—dimensionalmodelwith trajectories
following isobaric surfaces (Huber-Rocket al., 1980), the other one is three—dimensional
with isentropic trajectories (Mahringer,1988).
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2.1. 2-d model

The Z-d model makes use of the 6—hourlyhorizontal wind componentssupplied by the
ECMWFmodel.A polynomialinterpolation procedure based on 3x3x3 grid points for x, y
and t is used, whichdoes not change the values at the grid points.

The Petterssen (1956)procedure is used to calculate the trajectories. The iteration is
terminatedwhen the improvementby a new step is less than 10%of the grid distance (15
km).

2.2. 3'—dmodel

The second modelavailable uses geostrophic approximationto calculate trajectories from
the geopotentialvalues on the levels 1000 hPa, 850 hPa, 700 hPa and 500 hPa, supplied
by the ECMWFmodelevery 12 hours.

The initial fields are smoothedby a nine-point filter to enhance the convergence of the
iterative process. Somedetails of the wind field are lost in this procedure. Interpolation
of the geopotentialto the starting point of the trajectory is linear in space and quasi-
linear in time.

The horizontal displacementis evaluated in steps of three hours using geostrophic wind
componentscalculated from 4 grid points and a 3-step iterative procedure similar to
Petterssen’s (1956),but assigninga stronger weight to the end point of the first appro-
ximationthan to the starting point. The model thus reacts very fast to changes in wind
direction.

After 12 hours of isobaric computationthe vertical displacementis determinedby the
assumptionof (dry) adiabaticmotion, i.e. the end point is shifted vertically to the level
with the potential temperatureof the starting point. This displacementis neglected if the
potential temperaturechange is less than 1 K / 12 h or if the difference of potential
temperaturesbetweentwo neighbouringpressure surfaces is less than 1.5 K. The vertical
motionis limitedto 80 hPa / 12 h.

This vertical displacementis dividedinto 3 equal parts, whichare addedto the horizontal
displacementafter 3, 6 and 9 hours. Newcalculations for the horizontal displacementare
madefrom the third hour onward.There is no further iteration of this procedure.

This process is repeated for every 12 hours of calculation.

2.3. Validationof the models

The error in trajectory calculations (fig. 1) is a sumof the errors of

- original data (measurements,codes, transmission,..)
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The relative importanceof the different errors can be checked by different validation

methods(Mahringer,1986).

The mere numerical process including iteration was tested in a circular wind field or

geopotentialfield with constant velocities. Trajectories showeda small tendencyto spiral,
with a 2'/.displacementfor the 2-d model,and 4%for the 3-d model.

For comparisonsbetweenoriginal radiosondewinddata and analysedand forecasted ECMWF
grid point values, 24—hour-trajectoriesstarting at 12 GMT from 10 different locations in
Europe at the 850 hPa level were calculated with each of the modelsfor 205 days in
1985/86.

Comparisonsof radiosondewind speeds at the starting point show that, on the average,
trajectories move about 10%slower than the wind indicates. The difference is smaller if
the trajectories are comparedwith analysed wind fields instead of observed ones. The
difference is larger for the 3-d model,probably due to the additionalsmoothingand due
to the geostrophicapproximation.

Trajectories tend to move to the right of the wind direction at the starting point (10°
on the average). The smaller the speed of the wind, the larger is the deviation of
direction. Muchof this disappearsif comparisonsare madeagainst the analysedwindfield.
Again, the differences are larger for the 3-d model.

Small scale effects and variances of wind speed and direction are lost in the trajectory
calculations due to the smoothingof the ECMWFmodelanalysis and — in the case of the
3-d model - the additionalsmoothingin the trajectory model.

Comparisonsof analysed and forecasted grid point values of wind speed and direction
show that there is a similar tendency of reduced speeds and an additionalbias toward
right—turningwinds.

A comparisonof the vertical displacementcalculated by the 3-d modelwith the ECMWF
vertical velocities yielded unsatisfactoryresults. It is, however, difficult to identify the
source of the errors. In any case, neglecting vertical displacementbecomesthe more.
problematicthe longer a trajectory is followed.
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3. Applicationduring the Chernobylflident

For validation purposes, two aspects of the Chernobyl event were chosen: the first re-

ported rise in radioactivity in Kajaani, Finland, in the evening of April 27th, 1986, and

the first arrival of contaminatedair in Austria in the morningof April 29th, 1988.

The trajectories to Finland are especially suitable for validation because there is good

reason to believe that the air bringing the first increase in radioactivity left Chernobyl

at the onset of the accident.

The time of emissionof the contaminantswhich reached Austria is not known a priori,
but, due to the very dense networkof monitOringstations in Austria, the time of arrival
is well known.

The two trajectory modelswere immediatelyapplied during the event, based on the fore-
casted fields (Kolb et al., 1986). From the beginning, the 3-d model seemedto perform
less well; so, all the forecasts were based on the Z—dmodel.After the event, compari-
sons of the performanceof both modelsusing forecasted and analysed fields have been
made.

The Z-d trajectories were calculated for 850 hPa because this level best reproduced the
observed transport during the first days. For 3-d trajectories a source height of about
600 m (950 hPa) was chosen, but due to vertical transport and mixingnear the source,
the mainlevel of transport wasbetween800 hPa and 900 hPa for these as well.

The 2-d trajectories starting on the April 26th 'at 00 UT reach Kajaani 48 hours later
(28th, 00 UT), a few hours after the rise was recorded there. There are somedifferen-
ces between the trajectories from forecasted and from analysed fields, but in the im-
portant region they are very small. The 3—dtrajectory is muchslower, and responds to
the shift in winddirection over the Baltic Sea, whichaffects the Z-d trajectory only 12
hours later (fig. 2).

The sametendencyholds true for the following trajectories (26th 12 UT, 27th 00 UT and
27th 12 UT): 3-d trajectories are slower and resembleZ—dtrajectories started about 12
to 18 hours later.

The arrival of contaminatedair in Austria is best reproduced by the trajectories leaving
Chernobylthe 27th at 06 UT for the Z—dcase and on the 26th at 12 UT or the 27th at
00 UT for the 3—dcase. In the 3-d case, the trajectories pass some 500 km to the
north of Austria. In the later trajectories, the shift in wind direction toward Austria is
recognizable.Due to low windspeed over Poland, one of the trajectories (analysedfield)
does not reach Austria within96 hours of its departure from Chernobyl.
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The 2—dtrajectories reach Austria at about 18 UT on the 29th (analysedfield) or the
morning of the 30th (forecasted field), and cross Austria during the next day or two
(fig. 3). The first rise in radioactivity in Austria was recorded at two stations in the
northeast of the country on the 29th at 07 UT; from there the cloud advancedslowly,
reaching Vienna at about 12 UT. As can be shown,the first rise was a very local effect
(P. Seibert et al., 1988) which cannot be expected to reproduced by the trajectories.
Nevertheless,they were late by at least 6 hours.

Fig. 2: Trajectories starting from Chernobyl on April 26th, 1986 at 00 UT.
0 2-d model -——forecasted fields
x 3-d model — analysedfields
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Fig. 3: Trajectories starting from Chernobylon April 27th, 1986 at 06 UT.
Symbolsas in figure 2.

the 2—dmodelis used as standardmodelat present;
the 3-d modelwill be modified;
the range of the trajectory calculationshas been increased from
two days to five days backwardand forward;
trajectory calculationsare being madeavailable to non-
meteorologistsinvolved in decision—makingduring nuclear
accidents.
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DISCUSSION

QUESTION: ApSimon: Have you considered using the movement of some

types of cloud to validate trajectories? For expamle a ring of

cloud at a higher altitude moved across Chernobyl close to the

time of the acCident and could be tracked.

ANSWER: The Z-d model was orginally developed to forecast cloud

movement (kn: synoptic forecasts - but rm) quantitative validation

has been done. Experience shows that you have to be very careful

in the choice of clouds, especially when approaching the Alps.

QUESTION: Ishikawa: Does your trajectory come back to Chernobyl if

you compute it reversary?

ANSWER: We have not checked that yet.

COMMENT: Vergeiner: This comment, of course, applies to the other

contributions as well. We should insist on calling Chernobyl a

"CATASTROPHY", since a single reactor managed to contaminate the

whole of Europe seriously with radioactive poisons. This is an

unbelievable action and MUST NOT BE REPEATED.

P.S. As people and, therefore, technical facilities are not

perfect, this means that all nuclear installations must be shut

down.
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The ZAMG/BKA—Trajectory Project

Helga Kolb and Werner Steinmann
Institutefor Meteorologyand Geophysics,University of Vienna

A—1190Vienna, Austria

Summary:In consequence'of the Chernobyl accident a systemhas been devised to
make trajectories based on the ECMWF—gridpointvalues available to decision makers on a
real time basis. Introduction

The goal of the trajectory project was to makereal time trajectories available at
the emergency center of the Chancellery (BundesfianzlerAmt)through a user-friendly
environmentand easily readable graphical display. For additionalinformationsynoptic data
were to be availableas overlay.

SystemConfiguration

Three l/O-devices (IBM-AT-Compatibles)are connected to the central computing
facilities at the Central Institute for Meteorologyand Geodynamics(ZAMG),Vienna, where
the up—to-datedata bases for ECMWFgridpointvalues 'andsynoptic data are available, and
where trajectory calculationsare made(fig. 1).

SystemConfiguration SystemConfiguration
(HardwareScheme) (SoftwareScheme)

BKA
{119(ii“933.bl ZA GenerationofInputmp1 e f Calulst'withPrinter,Mouse, I/OSystem: .3111.Minmfotl’ouse,ATCompatible

withPrinter,Mouse,
3.3..deListsofSitu

M (Sad)to
leasedn.- c‘"’"3m“

Modern j J-

_ ._ - h _ - I l' _____ lI ZA s euaI CentralComputingFacilities:I I Computationof'Il'ajectoriesICDCCyber,CDCnet Selectionof5110po
L .‘L'_ _ _ _ L .l'._____ J

ZA 7 ‘M (0“)(m Sad/Gaacme-mm
DevelopmentSystem: am"5"“ cm“3"”
ATCompatible
withPrinter,Mouse,

E Transformationofuropean NumencalDataForecast toGraphicalOutput
Center withMenus,Mouse,

... filoMaegan-tNetworks,e.g. San“Mup-
Radioactivity umofSitesMeasurements ...
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W

Menusto create input and output attempta combinationof high flexibility and easy
handling. Backwardand forward trajectories can be calculated for freely chosen sites,
levels and time ranges within the availability of ECMWFgridpoint data, i.e. 5 days back
and 5 days ahead for an area from about 20° W to 40° E and from 70° N to 20° 8 (fig.
2). To indicate reliability of trajectories, neighboring trajectories can be automatically
calculated ("uncertainty").

Whereascalculation and transfer time for trajectories is negligible, transferring
large amountsof synoptic data can be time consuming.The input menu therefore offers
efficient methodsof choosingonly relevant data for transfer.

Input Output Selections

Trajectories .Synop-Data

. l I “1:
[ Site L Region L

l I
L Level L Density

1 I [ l Trajectoriesl [ Synop-Data

f 0...... [ ..G..... [ l

I 1 [......,...... ....
TimoBase L Time I I

I [ C Druv D ListorCriteria

r... f... L ......... [
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Default values permit a rapid view of results in graphical form, but menus are
available to improve readability and interpretation by appropriate choice of background
maps,synoptic data, colors and line‘styles of trajectories etc. (fig. 3). Additionalfeatures
like zooming,splitting the picture, storing or replaying the session, editing the picture,
identifyingstations, transferring a picture from one I/O-device to another, etc. facilitate
work with the systemand communicationbetweenusers.

Figure 4 offers an exampleof graphical output.
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i: x "---*?’"’CIf'1. . _/
"s...E “ ‘t‘x,hPa \ )i a
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Ta“— ' 5;)” a ..EH 1 - -' “Xx 2 _. ' {33‘s,}:__\Xmgpd“sax—RAL— ”:31:'fl::j‘:--—’*—:1
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Fig. 4: Forward trajectories from Dounreayand Barsebaeckwith 50 km
uncertainties
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THE FINNISHTRADOSMODELAS APPLIED TO THE CHERNOBYLRELEASE

Goran Nordlund
Finnish Meteorological Institute

Sahaajankatu 22 E
SF-008l0 Helsinki, Finland

Summary: The TRADOS trajectory-dose calculation system had already been
developed some years before the Chernobyl accident. In applying the system to
the Chernobyl case, the calculation routines required no major changes. Some
calculation procedures are, however, very crude, eSpecially those describing
the diffusion on the basis of synoptic scale data. It was therefore some_what
surprising that the calculated data and observed fall-out values in Finland
agreed fairly well. The reason for this is linked to the fact that the two
most important parameters, i.e. the trajectory paths and deposition by
scavenging, were comparatively easy to estimate for the first phase of the
Chernobyl accident.

I. INTRODUCTION

The Finnish TRADOStrajectory-dose calculation system was develOped in
the early l9805. In contrast in) most other systems, it uses non-gaussian
approaches in estimating diffusion (Nordlund at al. l979; OECD/NEA, l984).

The main application of the TRADOSsystem has been risk-assessment studies on
remote NPPs (Nordlund et al., l985). In the first phase following the
Chernobyl accident, the TRADOS—systemwas applied to estimate the source term.
After this, TRADOSwas used in) estimate long-term doses to be expected in
Fidland. In both applications TRADOSwas used in its basic form, i.e. without
modifications Specifically for the Chernobyl event.

2. THE TRADOSCALCULATIONSYSTEM

2.l. Mathematical formalism

By defining an undepletion factor f for the mass standing in the plume,
and a relative normalized concentration .CZ in a vertical direction, we can
construct the following equation,

df r1 = -ki-VdCzj(lm)-k,
dt

where is kthe dry' deposition velocity, 1i the precipitation scavenging
coeffici$nt, the radioactive decay factor, and i refers to the time step.
For C21 the following equation is valid:

[cu-(2m z 1.

Relative concentration, deposition and cloudshine dose values may now be
eXpressed as:
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relative concentration

x1 = 1/“i ° Cyi ' C21 ° fri'

where ui is the wind velocity and C the relative crosswind concentration;yi

relative deposition

mi = 1/u1' - Cyj . fr1(Czj(lm)vd + Ki):

relative cloudshine dose

1‘1 : l/u1- . Cyl o fr1- 0 fr,

where f is calculated using anseparate code applying steady state profiles
and gaussian distribution in the horizontal direction (Vuori, l978).

Finally, the doses are calculated by:

Cloudshine dose

Di,j = I 0k,1 . ock,j . riv

where (l is the release of activity and [M2the dose ‘factor; k refers to
nuclide, i to time step number and j to exposure pathway.

Inhalation dose

£111 = Z Qk,1 - DCk’j . xi(lm)

and, further, the

Groundshine and ingestion dose

F1.J=X0k.i'00k.j°wi-

In the following we describe in more detail the calculation of dispersion and
fallout. Concerning the calculation of dose values, see Vuori (l978) and
Korhonen et al. (1987).

2.2 Parameter values

For dry deposition vd and precipitation scavenging the following values
have been used:
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vd 0.01 m/s, except for noble gases

and organic iodine 0.0

A 0.0 in dry weather and for noble gases

10.45.1 by rain

5-lO-Ss-1 by snow

These above values are not necessarily the best ones. v should at least be a
function of atmOSpheric stability and A of precipitation intensity. However,
in applying TRADOSto the Chernobyl event, the above values were employed.

The vertical distribution of dispersing material is calculated in TRADOSby
using a gradient transfer approach, i.e. by solving numerically the diffusion
equation:

:25 aC(.)“(2) oC(;;z 6Z[Kz(2)_——§—g§—l.

with the following boundary conditions:

at z = 21 Kz(z) 5 0 21 = height of the boundary layer

at z = Im [KZ(Z)9£_(X:_Z)]= -de(x,lm).
62

For the vertical diffusion coefficient K the stability dependent profiles
shown ir1 Figure l were applied. These trofiles are adapted 'from Pasquill
(l974), except for 2 ;l0 m, where K2 is set equal to Kz at l0 m.

HEIGHT ‘E
m

UNSTABLE
1000 -

NEUTRAL
STABLE

100h

10 '-

1 J I l 44;
0.01 0.1 1 10 100

K; "128"

Figure l. Profiles of the eddy diffusion coefficient
K for different atmospheric stability
types, applied in the TRADOS-system.
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Spread corresponding

where a

6y(x) = a-xb.

and b are determined as follows:

stability
type a b

stable 0.0653 0.9023
neutral 0.l277 0.9050
unstable 0.37l0 0.8664

behind transport distances of lOO km

syn) = 6y(100km)\/X(km2,
100

For horizontal diffusion due to plume meandering and wind veering, the
following approach is used: The area covered .by inn: plume is assumed to
correspond to the area between proceeding and subsequent trajectory, as shown
in Figure 2.
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Figure 2. The approach used in TRADOSfor
determining the area affected by
the radioactive cloud. A minimum
horizontal width is applied to
correspond to the estimated
effect of small-scale turbulent
diffusion.

Figure 3. Trajectories from Chernobyl
26.4.l986, 18 UTC (A), and
27.4.l986, 00 UTC (8),
06 UTC (C) and l2 UTC (D).
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2.3. Stability and precipitation classification

In TRADOS stability and precipitation are determined from information
given in numerical weather forecasts, according to the following schemes
(Tables I and 2).

These very simple schemes are acceptable for statistical risk-assessment
studies, but are definitely run: sufficiently reliable ‘for episode-studies.
Therefore, in using TRADOSfor the Chernobyl event, stability and precipita-
tion were determined from the actual weather maps.

Table1..Schemelor determiningturbulencetypes(stability).

Ve'°°"Y0' NETRADIATIONcusssurfacewind
("ll S) N1 N2 N3 N4 N5 N6
0Sv<2 I
25v<4 UNSTABLE NEUTRAL STABLE
4Sv<5

SSV<7 I A

7Sv

Table2. Schemelordeterminingnet-radiationclass(Ni-N6).cloud
coverandprecipitationinnorthernEurope(northof55°N),according
tothemeanverticalwind(W)inthelayer1000- 500mb.

W WINTER SPRING SUMMER AUTUMN
cloudinesstype daynight daynlght daynlght daynight
clear
WSOcrn/s N4 N6 N4 N5 N1 N6 N1 N6

cloudcover
0<Ws1crn/s N4 N5 N3 N5 N2 N5 N2 N5

preclpltatlon _
W>1crnls N4 N4 N4 N4 N4 N4 N4 N4

2.4. Calculation of trajectories

In TRADOS, the trajectories are calculated (N1a two-dimensional grid,
with l50 x 150 kmgrid size, according to numerically analyzed winds at 850 mb
or some other constant pressure level. The wind values for points within a
grid square are computed by means of linear interpolation. Wind field analyses
are made every 6th hour. Each analysis is assumed to be valid + 3 hours. The
trajectories are then calculated in l hour time increments witfi'two 0.5 hour
iteration periods. Trajectories are started at 3 hour intervals. Each
trajectory is followed for six days, if it is not abandoned earlier, because
it leaves the calculation area. Along the trajectories, stability and type of
precipitation are determined according to the schemes in Tables 1 and 2.
Further, topography, sea-land distribution and mountains are taken into
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account in determining the stability. The calculation techniques used in
allowing for changes in dispersion conditions, during transport, e.g.
stability, are described in Nordlund gt al. (l985).

3. APPLICATIONOF TRADOSTO THE CHERNOBYLACCIDENT

In the first phase after Chernobyl, TRADOSwas used in) estimate the
source term, by calculating backwards from fallout data. The source term
calculation gave release values which agree fairly well with information
gbtained later. This calculation is described briefly ir1 Korhonen et al.
l978). ——__

After receiving reliable information on the source term, TRADOSwas applied to
estimate radiation doses to be expected in Finland. In these estimations the
following release values were used (Table 3).

Nuclide Activityofdischarge,P8q Table3.
26.04.1986

ActivityofChernobyldischargeatfirstdayafteraccident
Xe-133 180
Kr-85m 5.6
Kr-85 -
Hill 170
Te-132 150
Cs-134 5.6
05-137 11
Mo-99 17
Zr-95 17
Flu-103 22
Ru-106 7.4
8a-140 18
09-141 15
Ce-144 17
Sr-89 9.2
Sr-90 0.56

Np-239 100
Pu-238 3.7E-3
Pu-239 3.7E-3
90-240 7-4E-3
Pu-241 0.74
Pu-242 1.1E-5
Cm-242 0.11

The release values in Table 3 correspond to the following release fractions:

Table4. ReleasefractionsoftheisotopesInthe Chernobylaccidentleakage
of first24hours.

ISOWOPE

Xe—Kr Cs-Rb 1 Te-Sb Ba-Sr Ru ”a La ”b

I0.03 0.04 0.06 0.04 0.0030.006 0.003

#a)includesRu,Rh,Co.Mo,Tc#b)IncludesY.La,Zn,Nb.Ce,Pr,Nd,Np,Pu,Am.Cm
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Tables 3 and 4 give the release values for the first day only, this is because
direct transport to Finland occurred only during the first 24 hours of the
accident. The calculated air trajectories for these first l8 hours are shown
in Figure 3. In the figure trajectories have been drawn every 6 hours; the
trajectories starting + 3 hours lie approximately between these 6-hour
trajectories. _ '

Table 5 shows the main result, i.e. the estimated external gammadose over a
period of 30 years from fall-out. The dose values are given for each
trajectory separately. The total dose of 5500 manSv agrees relatively well
with the correSponding dose cH° 3200 manSv estimated later on the basis of
observed fall-out data.

Table 5. Externalgamma-dosefromfalloutin Finlandduring
30years. (shieldingfactor0.25)

Trajectory# Gamma-dose(weightedby populationdistribution)

1 2140rnanSv

2 160manSv

3 135rnanSv

41 1170rnanSv

5 1740rnanSv

6 160manSv

7 0 manSv

totaldose in Finland 5500 manSv

#)trajectorieshavebeenstartedat 3 hourintervals;
firsttrajectorystartson 25 April 1986,21:00hoursUTC.

4. DISCUSSION

In its present form the TRADOS system is a fast and easy way of
evaluating radioactive doses caused by remote radioactive releases. However,
the system includes some very rough assumptions concerning the connection
between diffusion and meteorological parameters. Also the treatment of dry and
wet deposition must be regarded as fairly simple. Taking these weaknesses into
account, the agreement between observed fall-out values and model calculation
was surprisingly good in the Chernobyl applications. This is obsiously due to
the fact that the most important factors, the paths of the trajectories and
precipitation scavenging were accurately simulated. The precipitation distri-
bution could be observed from weather maps, and the calculation of dispersion
trajectories for the first day of the Chernobyl release was relatively easy.
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DISCUSSION

QUESTION: Serrano: What is the way for the calculations of U-? Do

you take into account the decoupling of the wind field during

night time?

ANSWER: In the present version of the TRADOS—model we don’t apply

friction velocity (U-) values at all. We have constant eddy

diffusion coefficient profiles for different stability classes and

fixed vd, i.e. dry deposition values. We don’t take vertical wind

shear into account.

QUESTION: Vergeiner: What was the acutal Chernobyl—caused

deposition (say 0513’) across Finland in kBq/mz, and what

variance? Is it true, that time people In) north ("Semen") had t1)

(partly) leave because of high contamination? A chart of kBq/m2 is

shown an interpreted. Little contamination in the north of Finland

problems high background due to previous nuclear tests.
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THE DEVELOPMENTOF AN OPERATIONALPUFF DISPERSIONMODEL

G.H.L. Verver,
Royal Netherlands Meteorological Institute (KNMI)
De Bilt, The Netherlands

and H.J. Van Rheineck Leyssius
National Institute of Public Health and
Environmental Protection (RIVM)
Bilthoven, The Netherlands

Summary: In the Netherlands, a puff dispersion model for operational use
is being developed, for the simulation of dispersion over Europe. The
model is linked closely to a meteorological model, the KNMI Fine Mesh—LAM
or the ECMWF—GCM.A brief outline of this system is given. As a test, the
Chernobyl episode is simulated and the results are compared with previous
model runs, as well as with measurements. It is shown that arrival times
are simulated well, and that the model skill has improved slightly after
the introduction of detailed mixing height fields.

1.1NIBQDHCIIQH

In the Netherlands, after the Chernobyl accident, activities have been
initiated to improve the availability of dispersion models during a
similar emergency situation. Ihi order tn) react accurately, dispersion
modéls are used as tools to estimate the situation as it is, and to
predict the situations hours or days ahead. ,
KNMI and RIVM work together to develop an operational model that

describes transport of accidentally released material. Also a framework is
designed to make all the necessary meteorological data available.
Requirements for the system were: -1- a suitable dispersion model for

dispersion over Europe, and —2— input data for the model must be
operationally available, and -3-, computer time needed for the
calculations must be less than the reaction time allowed to the proper
authorities to take precautionary measures.

In the first part of this paper a very brief description of the system
and its elements is given. In the second part results are shown of some
experiments with the puff dispersion model applied to the Chernobyl
accident.

2.SXSIEM_ABCHIIECIQRE

In figure it the sources and flow of meteorological information in
connection with the dispersion models are drawn.
Weather observations are the starting point of the avalanche of

meteorological information. Numerical models, like the ECMWF-GCMand the
KNMI FM-LAM process these data, and generate prognostic fields hours or
days ahead. Therefore these data (like wind and rain data) are well suited
for use in operational dispersion models that have the same dimensions.
In the next sections, the function of each part of the system is

explained.
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2.1 THE ECMflE_GLQBAL_QIBCULAIIQN—MQDEL

The European Centre for Medium Range Weather Forecasts runs a global
circulation model (GCM) and sends daily meteorological data to the member
states. From this coarse mesh model analysed and prognostic windfields are
obtained at two heights (z=200mand zzlSOOm). The analysed data, when they
become available to KNMI and RIVM, are 36 hours back in time at most.
The ECMWF generates meteorological data that is inuxi by the puff

dispersion model to calculate concentrations and depositions up to at
least 3 days ahead.

ECMWF -F Global weather . g
. . observationCirculation
Model ‘

J KNMI
KNMI Quick Update
Fine Mesh Analyses
Limited Area
Model (LAM)

6
KNMI

1 1 2 2 Diagnostic 4
Module '

Figure 1. Flow scheme of meteorological data for operational
dispersion models (numbers 1 to 4 refer to table 1).

To calculate the situation as it was in the past, up to only one day
ahead, extensive use will be made of the KNMI FM—LAM.

2.2 IHE_KNMl_ElHE_MESH_LIMIIED_ABEA_MQDEL_IEM:LAML

At KNMI a fine mesh version of the ECMWFglobal model is implemented.
This model generates analyses and predictions effectively 24 hours ahead.
The vertical resolution is lower than the ECMWFmodel.
The FM-LAM serves directly as :1 fast source of detailed wind— and

rainfields for the puff—dispersion model. Every 3 hours prognoses are
updated and an analyses of the meteorological situation is added to the
meteorological database. The Diagnostic Module (next section) uses a large
amount of data from the FM-LAM.
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2.3 IHE_QIAGNQSIIC_MQDHLB

The KNMI FM-LAM has a rather coarse vertical resolution. The diagnostic
module is designed to analyse meteorological fields of the lower part of
the atmosphere, generated by the FM-LAM, to get boundary layer parameters
like u*, mixing height and Obukhov length. These boundary layer parameters
are used by the puff dispersion model to calculate deposition velocities,
windshear, vertical and horizontal turbulent diffusion.
The module runs whenever a new series of data is produced by the FM—LAM

(every 3 hours).

2.5 IHE_QUICK_HEDAIE_ANALXSES

This module analyses hourly observations of wind and pressure, and
generates a grid of horizontal windvectors at z=10m for the Netherlands
and direct surroundings. The most recent data that become available this
way are 90 minutes delayed at most.

2.6 THE_SEQIQB$_MQQEL

This model calculates the sector outside of which no contamination
occurs (with an 80%confidence level) (Lablans,1974).

Table 1. Description of the sources of meteorological information.
— V '

SIEHHSES

DIAGNOSTIC QUICK UPDATE
ECMWF-GCM FM-LAM MODULE ANALYSES

Meteorological wind rain 1/L wind
Information (z=200m, wind u* (z=10m)

z=1500m) (z=65m, zi
z=500m,
z=1500m)

Area Europe Europe Europe The Netherlands

Spatial Resolution 135*170Km 60*60Km 60*60Km 20*20Km

Time Resolution 6 Hours 3 Hours 3 Hours 1 Hour

Data Update Time 24 Hours 3 Hours 3 Hours 1 Hour

MinimumEffective
Prediction Period 72 Hours 24 Hours 24 Hours -

Input fer: puff model puff model puff model sectors model

References (Fig. l) 1 2 3 4
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The sector is a function of the 10mwindvector, and a distinction is
made between a daytime and a nighttime situation.
This simple model is based on the statistics of the persistence of the

wind in the Netherlands. The module generates the endangered sector in a
number' of points (imaginary sites of accidental releases) 1J1 the
Netherlands beforehand, and uses iflue results from tflua Quick Update
Analyses.

2.7 IHE_EUEE_DISBEBSIQN_MQDEL

This section only gives a brief outline of the model. We refer to De Leeuw
et al. (1985) and Van Egmondet al. (1983) for a full description.

In the puff model, a continuous or instantaneous emission is.divided
into a number of gaussian shaped puffs. The mass of a puff is distributed
over two layers, the mixing layer and the reservoir layer (fig.2).

-definition of layers-
The mixing height shows a diurnal cycle caused by insolation. Local

differences le surface characteristics enui differences iJi insolation
caused by cloud cover, make the mixing height also a function of position.
These differences will be most apparent near a land/sea transition.
There is no rigid upper limit to the height of the reservoir layer. It

is determined by the maximumheight to which material of a single puff is
dispersed. Therefore, the upper boundary of the reservoir layer depends on
the vertical diffusion coefficient for material in the reservoir layer,
the maximum height of the mixing layer the previous day and, when the
emission takes place above the mixing layer, the effective emission
height.

Reservoir
layer

00 12 24 36

Figure 2 An example of layers and concentration profiles
as a function of time of the puff dispersion model

-Horizontal diffusion of gaussian puffs-
The horizontal dispersion is assumed to be a linear superposition of

contributions of the horizontal turbulence and vertical shear, according
to:
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1
d(—02 ) 22 my 2— 2

=I< + K , where K is given by S u G t (v. Egmond et al,1982)
dt T S S ' 2

t

and KT by up IRL(1MTE (eg. Csanada, 1973)

0

S is the shear in radians/m, which is a function of stability, 5 is the
mean windspeed at the mass centre of the puff, t is time, RL 13 the

autocorrelation function, for which we used exp(-I/TL), where TL is the

Lagrangian timescale. The variance <xf the relative windspeed up is

obtained by: Up2=c.52. For the constant c we used .09 in the reservoir

layer, and -17 in the mixing layer (De Leeuw et al.,l985).

—Vertical dispersion of gaussian puffs
The vertical growth is estimated by the empirical formula OZ = axb ,

where a and b are stability dependent quantities. However, when Oz >> h
(h=mixing height), we assume uniform mixing in the mixing layer.
In the reservoirlayer, turbulence will be near to zero. The vertical

2
puff growth is set to: dz = 2Kzt with Kz = .5 m/s.

—Vertical fluxes between both layers-
The presence of two layers in this model allows a description of the

process of fumigation and the transport of pollutants at higher altitudes,
decoupled from the surface. The material flux between the mixing layer and
the reservoir layer can be written as:

Mass Flux = we . C(h) (kgs‘lm‘2)r

where the entrainment velocity we is defined as:

w dh -— 8h + 8h + ah —-
E ——-- w ==-—- ‘u—- v—— - w

9 dt h at 3x By P

In the model, the mean vertical velocity WE is neglected.

-Advection of puffs-
The puffs are advected by the horizontal windvectors, obtained from the

meteorological model. Vertical interpolation or extrapolation takes place
of the wind at the nearest two levels on which they' are available.
Interpolation to the mass-centre of the puff (including mass in the mixing
layer and mass in the reservoir layer) is done using the power law, were
we derive the power from the windspeed at the two levels. Horizontally,
the windvector of the nearest gridpoint is used.
To account for the effects of windshear on the advection of puffs, a

procedure is designed for splitting puffs into two puffs, one in each
layer, that will be advected seperately.
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-Dry and wet deposition-
The dry deposition flux is estimated using the resistance model:

Dry deposition flux = Vg(z).c(z) = c(z)/(ra+rb+rs) ,

where ra is the aerodynamic resistance, rb is the sublayer resistance and
rS is the surface resistance. For the calculation of ra, we made use of
the integrated stability functions from Businger et al. (1971).
To estimate the removal of material by belowécloud scavenging, we use:

dc/dt=chA ,where the scavenging coefficient A (s‘l) is a function of
precipitation intensity and mixing height h.

3.

The puffmodel has been used to simulate the dispersion of material
released near Chernobyl. At that time the system as described in the
previous section was not available completely. Only a number of weeks
after the accident model results became available.

/ -,. 3 5 Ni\1.’...{....rT./.I.-...’.':‘.l.....L ...............' \ M. . ..h.. u. __““““L.nn L-
28/4/8624UTCConcentration1131 30/4/8624UTCConcentration113] 3/5/8624UTCConcentration1131

,,—x»/X_ ,x—wr/i_ [x—J’/7_ -_
2E7478624UTCConcentration1131 3674/8624UTCConcentration1131 3/5/8624UTCConcentration3133

2—5 5-1010—5050-100100-200>200Bq/rn
E:MJLL_J CLLJEL_J

Figure 3 Calculated concentrations I-131 at z=4m. (RIVM/KNMIPuff-model)
Upper row: run 1 using uniform mixing heights,
Lower row: run 2 using non-uniform mixing heights.
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Source of meteorological information for the test runs was the FM—LAM
for rainfields and analyses of wind at lOOOmband 850mb. In a first run we
used an uniform mixing height based on radiosonde measurements near
Chernobyl. In a second run we used non—uniform mixing heights based on
equations derived by Tennekes (1973), Driedonks (1981) and Van Dop (1982)
for unstable situations; for stable situations we used a formula derived
by Nieuwstadt (1981).
In figure 3 the results are shown of a run that uses the uniform mixing

heights (upper row) and a run that uses non-uniform mixing heights (lower
row). It can 1x2 seen that the overall transport of naterial differs
slightly. However, locally there may be large deviations due to
differences in mixing height.
Figure 4 shows measured values of I-131 concentration and the results

of both model runs (6-hours average). In all cases the arrival time is
estimated with an accuracy of 6 hours. The model overestimates measured
concentrations in Stockholm and Budapest. The introduction of non+uniform
mixing heights improves the resemblence between calculated concentrations
and observed values at all sites except Budapest. For a more extensive
discussion is referred to Van Rheineck—Leyssius et al. (1988) and Verver
and Scheele (1988).

Concentrationi131 B'”h0Ven
(Bq/ma) ancentrationM311 .0i Bl 3moi( ‘1'“) {1 Vienna

140»
1200
TOO-i-
800
600
40‘

K/ 204-
0 i 4. c i %v-i " '2 - - 0- - -26/427/428/429/430/41/52/53/54/55/56/5 25/427/423/4291430/41/52/5 3/54/5

' dat911986) Date(ion,
gggcenlration"131 Cqcentrationi-131f(Bq/m3) Budapesti(Sq/ma) 80' Stockhhohn 7m
250‘L

60-

' UniiormMixingheight 50‘
0Non-UniiormMixingheight ‘0'
- Measurements 30.

20»
10:»

o' ‘ f”:- Y V w"“I‘ .26/42714231429/430/41/52/53/54/55/56'5
oa'°"°"" D.i'.ni198fi'-

figure 4 Measured and calculated concentrations of I-131 at z=4m, as a
function of time for four locations (RIVM/KNMIPuff—model).

4. CUBBENI_SIAIE_QE_DEMELQEMENI

All modules of the system described above are ixiea testing phase
(except of course the ECMWF-GCM). The system is planned to become
operational in spring, 1989.
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The modules will run (Ml a Convex XL mini super computer.
To provide for an extra backup, KNMI and RIVM will both run the same

puff dispersion models

5. CONCLUSIONS

The combination of a dispersion model and an atmospheric model in
operational use for weather forecasting, makes the system described above
a valuable tool in emergency situations. The relatively simple formulation
and its modest use of computer resources suits the RIVM-KNMI puff
dispersion model for real-time application.
The dispersion model is applied to the Chernobyl release. Arrival times

are estimated very well; concentrations show some improvement after the
introduction of a more realistic, non-uniform mixing height.
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DI SCZUSSS IOiV

QUESTION: ApSimon: How do you decide when to subdivide a puff, and

treat the material above and within the mixing layer separately?

ANSWER: We split a puff when there is a substantial part of the

mass in each layer, or when the mixing height changes rapidly (eg.

at the end of the day).

QUESTION: Beniston: Concerning applicability of puff model for

releases occuring near a receptor area i.e. to what extent can a

short-time warning be made possible with such a model.

ANSWER: The meteorological input has a spatial resolution of 60

km, SK) it is not detailed enough for application in local scale

dispersion problems. The reponse time would be small enough (some

minutes) for local application.

QUESTION: Ishikawa: 1. Did you compute your mixing height from

ECMWF data or from synoptic station data? 2. Did you compare you

calculated mixing heights with some observation such as acoustic

soundes?

ANSWER: The test I’ve shown you are done with field of mixing

heights based on synoptical data. In the future mixing heights wil

be based on data from the meteorological LAM. We did not compare

the calculated mixing height with acoustic sounder data but with

radiosonde data from 12.00 GMT. Subjectif analyses of the

radiosonde data showed a correlation of approximately 0.70 with

our calculated mixing heights.

QUESTION: Musson-Genon: Do you introduce the large scale vertical

velocity in the computation of the height of the boundary layer.

Do you think that this effects could be important?

ANSWER: The height of the boundary layer is derived from data

computed_ by the meteorological limited area model. This model

includes large scale vertical velocities. But to icalculate the
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entrainment velocity within the pmffmodel, the vertical velocity

might be important. Up to now we have not included this in the

dispersion model.

QUESTION: Nordlund: Your estimate of the convective mixing height

over Stockholm was about 1500 m. Aircraft measurements show mixing

up to about 2500 m. Do you think that your model estimates too low

mixing height values?

ANSWER: We think that the material was mixed to a high level in

the USSR. Then the materials was transported over the cold Baltic

sea and a shallow ndxed layer was established. When the material

in the upper air reached Sweden, only a part of it was fumigated

into the boundary layer. This mechanism is supported by the fact

that a smaller mixing! height in Sweden moved calculated

concentrations down to more realistic values.

QUESTION: Seibert: 1. You are using 2 o-layers for the wind data.

What is the real transport velocity? 2. What were the actual

values of the plume centre height?

ANSWER: l. The real transport velocity is calculated by an

interpolation to the mass-centre of the puff, using the power law.

2. The height of the mass-centre of the puff can have any value

between 0 and 1 2500 m. It is a function of the vertical

distribution of the mass of the puff.
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CHERNOBYL ACCIDENT: MODELLING OF DISPERSION OVER EUROPE OF THE
RADIOACTIVE PLUME AND COMPARISON WITH AIR ACTIVITY

MEASUREMENTS

A. ALBERGEL
ElectricitéDeFranceDirectiondesEtudesetRecherches
DépartementEnvironnementAtmosphériqueetAquatique

6,QuaiWatierF-78401FRANCE

D. MARTIN (1),J.M. GROS (2)
MeteorologieNationale

(1)Etablissementd'EtudesetdeRecherchesMétéorologiques
CentredeRecherchesenPhysiquedel'AtmosphereF-78470
(2)EtudesSpéciales2,AvenueRappF-75007FRANCE

Summag:Followingthereleaseof radionuclidesfromtheChernobylpowerplantaccident,a long-range
transportanddepositionmodelisusedtodescribetheplumedispersionoverEurope.Theaimof thisstudy
is thevalidationof a fastLagrangianmodelanda betterunderstandingof relativeimpactof some
mechanisms,suchastheinitialplumerise.Comparisonsbetweenresultsand137Csmeasurementactivity
arediscussedaccordingtospatialandtemporalvariations.Itis shownthatmanymeasurementscanbeex-
plainedonlyif differentinitialplumerisestakenareconsidered.

LINIBQDJLCIIQN

Despitethedramaticconsequencesof theChernobylreactoraccident,theatmosphericreleasesof
radionuclidesprovidedachallengeforthemodellerstotesttheirlong-rangedispersionmodels.Formany
years,operationalcodeshavebeendevelopedtoquantifythetransfrontierfluxesof chemicalpollutants
(Elliassen,l978;Elliassenetal., 1983).At thesametime,someauthorsproposedtheuseof Lagrangian
codestoanalyseatmospherictransferofradioisotopes(ApSimonetal.,1985;ApSimoneta].,'1986).Itwas
wellestablishedthatsuchLagrangianmodelsprovidea gooddescriptionof climatolOgicallong-range
transport(typicallyonemonth).However,becauseof theuncertaintyin sourcetermsevaluation,the
simulationof thepollutionepisodescouldnotbevalidated.

AfterChernobylreleases,bothsourcetermandmeasurementsdataareavailableandallowthe
validationof thelong-rangepollutanttransportanddepositionmodeldevelopedby ElectricitédeFrance
(AquaticandAtmosphericEnvironmentDepartement)andMeteorologieNationale(FrenchWeather
Service).

This modelis usedto analysetheChernobylradioactiveplumedispersionover theEuropean
continent.Modelpredictionsarecomparedwithfieldmeasurementsof 137Csactivityin theairfrom 26
April to5May 1986.

Suchstudiesarealsousedtoprovideanevaluationof thereliabilityof futureoperationalcomputer
codeswhichdealwiththeradionuclidesatmospherictransfer(BiscayandMoussafir,1987).

W

The treatmentof theradiologicaldataset,whichis usedin thisstudy,wasaccomplishedby the
FrenchAtomicEnergyAgency.The datamainlyconcernWesternEurope,includingScandinavian
countries.All thesedataandtheiruncertaintiesaredescribedinRobeauetal..(1987).137C5is chosenasa
tracertocomparemodeloutputwithmeasureddata;thispollutantcanbetrappedbybothpa erandcharcoal
filters.Duetotheefficiencyof thefiltersforthiselement,nofiltercorrectionisrequired.1 7C3isalsoone
(1)383mostfrequentlymeasuredradionuclides(WHO. 1986,Thomasetal., 1986;Savalaienenetal .,

Theuncertaintyinthemeasurementoflowactivity(<10'2Bq.m'3)canreach40%.
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W

Thecodeis aclassicalsegmentedplumeLagrangiantrajectorymodel.Ithasalreadybeenusedto
describethebehaviourofETNA plumeswithdiffusion,chemicaltransformations,dryandwetdeposition
(seeMARTIN etaI.,1984).

Themodelisdividedintotwoparts:
-airmasstrajectorycomputation,
- pollutantdiffusion,physicaltransformation(suchasradioactivedecay),dryandwetdeposition.

3-1!’ l'l'

Thecomputationof three-dimensionaltrajectorieswasaccomplishedusingthesynopticwindfield
andverticalvelocitiesobtainedfromtheanalysesof theE.C.M.W.F. (EuropeanCentreforMeteorological
WeatherForecast,Reading,UK.)

Theuseofverticalvelocityeliminatesconstraintsassociatedwiththelevelof thetrajectory(isobaric
forinstance).Onlytheexactlocationandaltitudeatthestartingpointarerequired.Generalstudieshave
beenmadetoevaluatethistrajectorycomputation(Martinetal., 1987).Itis shownthatthekinematicand
geographicallocalizationofairmassesisimprovedwhenverticalvelocityisconsidered.

ThecomputedtrajectoriesfortheChernobylaccident(originpoint:31°15'E,51°15’N)startingat
850mb provideinterestingqualitativeinformation(StraussandGros, 1987),butarenotsufficientto
explainall themeasureddata.Inconsiderationof meanplumerise,threesetsof trajectoriesbeginning
respectivelyat925,850and700mbhavebeencomputed.Thesevaluescharacterizethediurnalevolution
ofthemixingheightovertheemissionarea.

To simulatethemeasurementtaken10daysaftertheChernobylaccident(26April, 00GMT),
heightytrajectories(i.e.a newtrajectoryeverythreehours)for thethreeplumeriselevelshavebeen
determined. .

Figure1illustratesthestrongverticalvariationsof thetrajectoriesoccuringduringthe10dayperiod.
Figure2givesthegeographicallocalizationof airmassesleavingtheChernobylsiteduringthefirst

day.Thegapbetweentwosymbolsplottedonatrajectoryprovidesthedistancecoveredbythetrajectory
in24hours.
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Fig.1Verticalevolutionofalltrajectoriesstartingat 925mb
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ForthefollowingChernobylsimulations,someadditionalassumptionshavebeenmade:
- homogeneousverticalconcentrationbetweengroundandtheupperlimitof afictrtlousmtxrng
height(fixedat3000m),

- thicknessof precipitationlayeralsoarbitrarilyfixedto3000Hi (thisassumptionis quietly
justifiedsincetheprecipitationfieldsarenotwellknown:therainfallvaluesusedareshort-term
predictedbytheE.C.M.W.F. (Reading,UK.) ongridpoints1,5°xl,5°),

- radioactivedecayforcaesium=30yearS‘l,
- drydepositionvelocit.=0.0015m.s‘1,
— scavengingratio= 10 definedastheratioofairactivity(Bq.m'3)bythewaterofrainactivity
(Bq.m‘3ofwater).

LL137Cs_S_QuLce_teLm

ThetotalsourcetermwasevaluatedbytheUSSRauthoritiesandpublishedattheViennaConference
inAugust1986.Forthe137Cs,thevalueis 3.71016Bq.

ThedailyemissionpercentageswereconfirmedbytheFrenchAtomicEnergyAgencyassessment:

-26April 24.0%
-27April 08.0%
-28April 06.8%
- 29April 05.2%
-30April 04.0%
- 1May 04.0%
-2May 08.0%
-3May 10.0%
-4May 14.0%
-5May 16.0%

A linkwasestablishedbetweenpollutantemissionsatdifferentinitialheights(925mb,850mb,
700mb)andthemixinglayerevolution.Thisevolutionwasdeterminedusingradiosoundingsdatagiven
overKievatmiddayandmidnight.Itwaspossibletoestimateachronologyoftheinitialemissionateach
height.

Figure 3: ISO—LOG1O AIR ACTIVITY OF ‘37cs(8q.m'3),
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After computation, maps of air activity, dry and wet deposition could be drawn. The use of
E.C.M.W.F's predicted precipitation fields leads to a very smooth wet deposition maps. However, the
plume depletion due to rainout seems to be correctly evaluated.Figure 3 shows the radioactive cloud
progressionwhich is in goodagreementwith previous studies(De Leeuw et al., 1987).

W

H [ill I I' I'

’As not enough dry and wet deposition measurementswere available to compare with computed
results,only theactualdaily air activity averagesarecompared.

To quantif the correlation betwenmeasureddataandcomputationresults, theorder of magnitude
(i.e. log10 of the 37C3 activity) is considered.In figure 4, measuredpoints areplotted againstComputed
values. Three linear regressions are drawn: y(x) where 2(x-xi)2, 2(y-yi)2, 2((x-xi)2+(y-yi)2) are
minimized respectively.The correlationcoefficient is 0.57.The totalnumberof plottedvalues is 402.

The numberof times themodel results agree,over or underestimatemeasurementsarepresentedin
'contingencytables'.The first line and thefirst column arereservedfor values lower than 10'3 Bq.m'3.

Table I shows that:
- theorderof magnitudeof 137Cs activity averageis computedin 54%of all casesand70%if only

thevalues greaterthan 1Bq.m‘3 areconsidered,
- themodel underestimatesthemeasureddatain 11%ofcases,

3

LOGlOOFMERSUREUVHL'UESBO/I‘I3
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FIGURE4:COMPARISONMODELVSMEASUREMENTSOVEREUROPEDURINGIO
DAYSPERIOD
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- themodeloverestimatesthemeasureddatain 35%of cases,
- themodelpredictsnopollution wheresignificantactivity wasmeasuredin 19%of casesandthe

modelpredictspollution whereno activity wasmeasuredin 2%.
l-ZB' l I' I'

- Italy and Greece Table II showsa comparisonof measureddataandcomputedresults for amore limited
geographical area including Italy and Greece (35°N, 47°N, 7°E, 30°E). The coefficient of correlation is
r=0.44with 101measuredvalues.We observeon table II thatthecomputedorder of magnitudeis correct
for 80%of themeasuredactivity values.

-Scandinaviancountries(55°N, 65°N, 7°E, 40°E) Since thecorrelationcoefficient (r=0.52for 77 values)is
better than in the previous area, table III shows some disagreementsbetweenmeasuredand computed
values.Only 25%of thevalues are in diagonal terms(table111),and near51%of values are not explained
by themodel.This result is discussedin section4-3.

-France For theFrance area(43°N,51°N, 6°W, 7°E), theresultsof comparisonaregiven in tableIV. The
correlation coefficient is betterandequal to 0.64 (104values) and thediagonal termsof table IV produce
53% of considered cases. The model overestimates the measurementsin 28% (but only 11%of the
computedvaluesexceedmeasureddataby less thanonelog1()module).

CONTINGENCY TABLES COMPARISON MODEL/MEASUREMENT

TABLE I: EUROPE (106W,40°E,35°N,65‘YN)
Am<-3 -3SAm<-2 -2SAm<-1 -1SAm<0 0.<_Am<1 ISAm<2 23Am<3

AC<-3 l7 3 18 33 22 0 l 94
-3.<_Ac<-2 2 O 0 1 3 0 0 6
-2SAc<- l 4 0 6 9 14 0 O 33
-ISAC<0 1 O 6 5 35 l O 48
OSAc<1 1 1 2 25 188 4 0 221
1$Ac<2 O O 0 0 0 0 0 0
25Ac<3 O 0 O O O 0 0 O

25 4 32 73 262 5 1 402

Table I: Comparisonbetweenmodelresultsandmeasurementsof daily 137cs air activity averages
(log10qu'3 Am measuredactivity, Ac computedactivity) for Europe

TABLE II: ITALY AND GREECE (75E,305E,355N,47°N)
Am<~3 -3SAm<-2 -2$Am<- 1 -1£Am<0 OSAm<1 ISAm<2 23Am<3

Ac<-3 l 0 1 2 l 0 0 5
-3SAc<-2 0 0 O 0 1 0 0 1
-2$Ac<- 1 0 0 0 l 2 0 0 3
-1SAC<O 0 0 0 0 12 0 O 12
OSAc<1 0 0 O 1 79 0 O 80
lSAc<2 0 0 0 0 0 0 0 0
25Ac<3 0 0 0 0 O 0 O O

1 0 1 4 95 0 0 101

Table II;Comparisonbetweenmodel resultsandmeasurementsof daily 137cs air activity averages
(log10Bq.m‘3. Am measuredactivity, Ac computedactivity) for Italy andGreece
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TABLE III: NORTHERN EUROPE (7°E,40T,55°N,65°N)
Am<-3 73SAm<—2-2$Am<-I -ISAm<0 0_<_Am<l 15Am<2 2_<_Am<3

Ac<-3 6 3 9 16 12 0 0 46
-3SAc<—2 0 0 0 0 0 0 0 O
-2$Ac<-1 0 0 1 1 1 0 0 3
~1SAc<0 0 0 0 1 0 3 0 4
OSAc<1 0 0 0 13 11 0 0 24
lsAc<2 0 O O 0 0 0 0 0
25Ac<3 0 0 0 0 0 0 0 0

6 3 10 31 24 3 0 77

Table III;Comparisonbetweenmodel resultsandmeasurementsof daily 137cs air activity averages
(log10 Bq.m‘3. Am measuredactivity, Ac computedactivity) for northernEurope

TABLE IV: FRANCE (6°W:7°E,43°N,51°N)
Am<-3 -3_<.Am<-2-2$Am<-1 —1_<_Am<00_<.Am<l lsAm<2 23Am<3

Ac<-3 2 0 4 4 1 O 0 11
-3SAc<-2 0 0 0 0 0 0 0 0
-2SAc<-1 3 0 1 1 2 0 O 7
-1_<_Ac<0 1 0 2 2 17 0 0 22
OSAc<1 0 0 7 7 50 0 0 64
ISAc<2 0 0 0 O 0 0 O 0
25Ac<3 0 0 0 0 0 0 0 0

6 0 14 14 70 0 O 104

Table IV: Comparisonbetweenmodel resultsandmeasurementsof daily 137cs air activity averages
(log10 Bq.m'3. Am measuredactivity, Ac computedactivity) for France

Daily 137Cs.air activity average Am: log of measured activity, Ac= log of computed activity Bq/m3.)

l-JI l I' l' [E' 5]

For all measurementsites, the chronological evolutions of computed values (vertical bars) and
measureddata(squares)areplotted.Values smaller than 10'3 Bq.m'3 arenot consideredhere.When more
than threevalues aregiven for thesameday and for a 0.5°x0.5° areaaroundthe site location, only mean,
maximum and minimum are plotted. For model output, the daily average is derived from 8 x 3 hours
computedvalues frommidnight to 9 pm. In themeasurementof actualdata,theprecisetimeof filter change
is unknown.

There is a good agreementbetweenthecomputedevolution andthemeasureddatarecordedin Paris
andRome (seefigures 5a and5b).

In Northern Europe, the agreementis correct for the first 4-5 days (cloud arrival and high values)
but in thefollowing days no pollution is predicted andseveralmeasurementscan not beexplained:see,for
instance, Helsinki figure 5d. It is not yet known whether or not the measuredactivity is due to local
pollutantcirculation or due to somesignificant trajectoriesthathavenot beencomputed.

The determinationof initial plumerise is very important.Many measureddatacan beexplainedonly
by a trajectorybeginning at 925, 850 or 700 mb (seeParis figure 53),other are explained as the result of
severaltrajectoriesof differentdeparturealtitude(seeRome andMunich figures5b, Sc).
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W

This study shows thevalidity of themodel for the3D trajectories(taking into accountvertical wind
component)andthediffusion andremovalprocessesformulation.

Trajectoriesarefully representativeof themain locationsreachedby theChernobyl emission.This is
also an illustration of the quality of E.C.M.W.F. wind fields analyses.The computed cloud progression
agreeswith meteorological analyses (Persson . et al. 1986, Smith et al. 1986, Smith, 1987).Maps of
computedair activity andmapsof dry or wetdepositionarerealistic andagreewith published information.
Predictedvaluesareoftenclose tomeasureddata.However,a few measurementsareyet to beexplained.

The sheduled model improvements will mainly be in the vertical structure of the atmosphere
modelling (takinginto accountradiosoundingsdataoverEurope)andin thesourceplume risemodelling.
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D IS CLJSESI DIV

QUESTION: Vergeiner: Has the Chernobyl catastrophe changed the

rather negligent attitute of French officials towards other

possible nuclear disasters, e.g. in their own country? Do they

realize that such a disaster would make parts of France or even of

Europe uninhabitable?

ANSWER: EdF is not being asked and not reponsible
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ASSESSMENT OF SOURCE TERMS INA NUCLEAR ACCIDENT SITUATION

J. J. N.VWsonandH.M.ApSimon

Air PollutionGroup,DepartmentofMechanicalEngineering.
ImperialCollege of Science, TechnologyandMedicine,LondonSW7 282, U.K.

W

Theavailabilityofmonitoringdata,fromwhichthesourcetermsofa nuclearaccid1entmaybederived,is considered.The
useoi multiplelinearregressiontoestimatethefractionsof137Cs,1°3Ruand131lreleasedfromChernobyland
transportedoverextendeddistancesis Illustrated.Potentialcausesoferrorinthemethodandmeansofavoidingsuch
errorsarediscussed

n r I

Intheeventofa nuclearaccident,boththecompositionoftheresultingreleaseandthetemporalvariationinthedynamics
ofthereleasearelikelytobehighlyuncertain.Howeversuchinformationisvitalwhenassessingpotentialconsequencesin
theearlyphaseofanaccidentandalsohighlypertinenttopost-accidentanalyses.PotentialaccidentscenariosvaryWidely
incharacter.Thedurationofreleasescanrangefromshortpuffreleasestoreleasesoverseveraldays,whiletherelease
mflaybepurelgmanon-depositinginertgasessuchasXeandKr,or itmayincludea largefractionofofdepositingnuclidessuch
311and137.Cs PastaccidentssuchasWindscaleThreeMileislandandmostrecently,thatatChernobylhave

eachbeenquitedifferentincharacter.Itis thereforeimportanttoallowforawiderangeofpossiblescenarioswhen
consideringmethodsforsourcetermassessmentinnuclearaccidents.

Thispaperwillexaminehowestimatesofthesourcetermscanbeobtainedbyoptimisingtheagreementbetweennumerical
modellingpredictionsofthedispersionandtransportofanaccidentalreleaseandobservations.Forexample,calculated
atmosphericconcentrationsof1i maybecomparedwithmeasuredvaluesatmonitoringpointsovercorresponding
measurementperiodsfordifferentprescriptionsofthereleaseof131|asafunctionoftime.Beforeenlargingonthis.and
illustratingthetechniquesbyapplicationtotheChernobylrelease,theavailabilityof informationonwhichtobasesuch
assessmentswillbeaddressed.

II 'II o

ideally,onsitemonitoringequipmentwouldprovidedirectmeasurementsofthescaleofa releaseandits compositionand
depositioncharacteristics,makingsourcetermassessmentsunneccessary.Wherea releaseoccursthroughastackthen
stackmonitorsmaybeabletoprovidethisinformation,iftheequipmentcatersfora sufficientrangeofconcentrations.
However,insevereaccidentsandaccidentswherethereleaseisdisruptive,onsiteequipmentmaybedestroyedorunable
tofunction.MonitoringequipmentplacedroundtheinstallationcanalsoprovideearlyInformationonanaccidentalrelease
andmostUKreactorsitesareequippedwitha circleofsensitive‘Ydetectorswithina fewhundredmetres.Thedetectorsare
shieldedfromground-shineandcanindicateboththevariationintimeandthedirectionoftheplume.inothercountries
detectorsmaybeplacedina similarmanneratsomewhatlargerdistancesouttoa fewkilometresormore.

Wherethereleaseis ofa shortdurationandis hotorexplosive,it is likelytobeverydifficulttoprescribetheeffectivespan
ofthereleaseheightaccurately.Withamoreprolongedrelease,observationswith‘Y-sondesorairbornemonitoringcan
providedirectinformation.ThusthehelicopterflightsafterChernobylindicatedthattheplumeheighton27thAprilexceeded
1200m,withthemaximumradiationlevelnearthepowerplantrecordedata heightof600m,whileonsubsequentdaysthe
plumeheightrangedbetween200and400m.
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lnformationonindividualnuclidescanbeobtainedfromlargevolumesamplers,butthesearelimitedintheirtimeresolution
accordingtothefequencywithwhichfiltersarechangedandthefiltersalsohavetobeanalysed.Simpleindicatorslikethe
variationiny dosewithheightabovetheground,canimmediatelyindicatethepresenceofdepositingnuclides.The
radionuclidecompositionmaywellbecorrelatedwithparticlesizedistributionina majoraccident,themorerefracto
nuclidestendingtobeassociatedwithparticlesoffuel.ThusatChernobyl,itwasmainlythevolatilenuclideslike13 l and
3703withradiioftheorderofa micronwhichpenetratedacrossEuropeandcoarsermaterialofdifferentcompositionwhich
dominateddepositioninthethecloseinregion.Intheveryearlyphaseofanaccident,or inanywarningphase,beforea
releaseactuallystarts,provisionalestimatesoftheradionuclidecompositionofthereleasemaybebasedonthereactor
inventory,orfuelelementinventoryandreleasefractionsappropriatetothereleasescenario(asinprobabilisticrisk
assessment).
Deductionofsourcetermsfromsuchavarietyofdatamayinvolvetheapplicationofshortrangedispersionmodels.Such
ananalysiswasundertakenby lsraeletal.(1987),yieldingverygoodagreementbetweenthemodelcalculationsandthe
observedfalloutinthecloseinregion.Suchstudiesrequireinformationonsourceheight,radionuclidecompositionofthe
release,particlesizespectrumofthereleaseandlocalmeteorologicalconditions.Thelatteris normallyavailablefromsites
withnuclearinstallations,forexamplefromaninstrumentedtower.SomenuclearstationsnowoperateSODARwhichcan
givewindandturbulenceprofilesandindiCatewherethereareanyvariationsabovethesurfacelayerswhichmay
significantlyaffectdispersion.

Theuseofmodelsinthecloseinregiontoassesssourcetermsandoptimiseestimatedcontaminationis fraughtwith
difficulties.Theidealisedconceptofa Gaussianplumeorpulldispersingalonga simpletrajectoryisoftenfarfromreality
(ApSimon,1986).Changesinwinddirectionwithtimeandwindshearbothcomplicatetheissue.Thefittingofsuchmodels
totracerreleases,evenoverflatterrain,hasbeenwellillustratedatMoiinBelgium(Govaerts,1985)andthesubjectof
optimisingothermodelparameters,aswellas sourcestrengthhasbeendiscussedbyseveralworkers(Govaerts,1988).

Unlikethecloseindata,theavailabilityofdataforassessmentsofsourcefractionstransportedoverextendeddistancesis
dependentupontheresponseoforganisationsundertakingmonitoringinseveralcountries,inadditiontothecountryin
whichtheaccidentoccurred.As a consequence,avarietyofdifferentformsofmonitoringdataarelikelytobeavailable,as
wasthecaseafterChernobyl.Inparticular,measurementsof131linairfromChernobylwerehighlyvariable,dependingon
thetypeoffilterused;manymeasurementsonlyreferredtotheaerosolfraction,whereasasmuchas75%ofthe1l was
ingaseousphase.Thishasbeenamajorcomplicationininterpretingthedata,sincelittleinformationwasprovidedonthe
kindofequipmentused.Ratiosbetween131iandothernuclidessometimeshelpedtoassesswhichdatarelatedtojustthe
aerosolform.

Howevertheemphasisofthispaperisontheassessmentoftheeffectivesourcetermsforthefractionoftherelease
transportedoverlongerdistancesandacrossnationalfrontiers.Thisexcludesthecoarsermaterialwhichisdeposited
closetothesourceandquitedifferentdifficultiesarisetothoseexperiencedinassessmentsbasedonthecloseindata.
Thesubjectis ofinterestnotjustasanexerciseinindependentpostaccidentassessment,buttoindicatetheoverall
uncertaintiesof longrangemodellingwithrespecttoemissions.

‘ ' m- WI“ l’ 0 r' ‘ 0 l' - l'l' ' "- ‘ r‘ll l’l"
rn v n n
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SoonaftertheChernobylaccidentbecameknown,aversionofthenumericallongrangetransportmodelMESOSwasused
tosimulatethedispersionandtransportacrossEurope,ofthereleaseofactivity.ResultsfromthisLagrangiantrajectory
model,treatingthereleaseoneachdayaseightsequentialthreehourreleases,havebeendescribedelsewhere.(ApSimon
andWilson1988).

Atthetime,littlewasknownabouttheaccidentexceptthattherehadbeena severebreachofthecontainment.Initial
assessmentswerethereforebasedontheassumptionofa largereleaseonthefirstday,followedby”agradualdeclineover
subsequentdays.Theestimatedtotalreleases,of5.6-7.5x1017Bq131iand3.7- 5.6x 10168q 7Cs,turnedouttobein
goodagreementwithfigurespresentedbySovietscientistsinViennain1986.(IAEA1986).Howeverwepresentedour
resultswithseveralcaveats,partlybecauseitwasverydifficulttoestimatetheinitialreleaseandpartly,becausewehad
nomeasurementdataavailableagainstwhichtojudgehowmuchmaterialhadtravelledeastwards.inadditionitwasevident
fromtheareasaffectedthattherehadbeenaprolongedrelesaseintotheearlydaysofMay,butweknewnothingofthe
natureofthisextensionoftherelease.
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AfterthepresentationbySovietscientistsinViennainAugust1986andasmoresuitablemeasurementsbecameavailable,
furthermoredetailedanalyseswereundertaken.Dailyairconcentrationsobservedat65siteswereusedtoestimatedaily
releasesofthreenuclideswithratherdifferentcharacteristics;131i,13703and103Ru.Airconcentrationsratherthan
depositiondatawereused,inordertostudythevariationovertime,ratherthanjustthetotalquantitiesreleased.
Additionally,depositionmeasurementsvaryoveramuchsmallerspatialscalethanthemodelandthistogetherwith
uncertaintiesintheefficiencyofthedepositionprocesses,makeidentificationofrepresentativedepositionmeasurements
verydifficult.Depositionmeasurementswerealsoinfluencedbythemethodsofsamplingandanalysis,andfewincluded
correctionsforpre-existingCs-137.

swam

As aninitialapproximation,thedailyreleaseratesofeachnuclidewereestimatedbyassumingthattheyfollowedthesame
temporalpatternasthetotalreleasespecifiedintheSovietreport.Thus,theSovietestimateofeachnuclidereleasedon
26thAprilwasdecayedto6thMaytodetermineit'sfractionalcontributiontothetotalrelease.Eachnuclidewasassumedto
contributethissamefractionofthesuccessivedailyreleasesremainingon6thMay.Theamountsofeachnuclideremaining
on6thMaywerethenante-decayedtotherelevantreleasedaytodeterminethereleaserateforthatday(Table1).

Day 137CsReleased 131.Released

MCi.day'1 Bq.day‘1 MCl.day'1 Bq.day’1

16 1721.0025.04-21.002604 0.30 1.1x10 4.5 1.7x10
21.0028.04-210027.04 0.10 3.7111015 1.4 5.210016
21.0027.04. 210028.04 0.085 8.1x10‘5 1.1 4.1111015
21.0028.04-210029.04 0.065 2.4x1015 0.8 30x10“5
21.0029.04-210030.04 0.05 10x1015 0.52 1.91:1016
21.0030.04-210001.05 0.05 10x1015 0.48 1.8x1016
21.0001.05-21.000205 0.10 3.7111015 0.89 3.3x1016
21.0002.05-21.000305 0.13 4.8x1015 1.0 3.7x1016
21.0003.05-210004.05 0.18 6.7x1015 1.3 4.8x1016
21.0004.05-210005.05 0.20 7.4111015 1.4 5.2x1016
21.0005.05-210008.05 0.003 1.1x1o14 0.02 7.4111014

Table 1. Dally 137Cs and 131Irelease rates derived from the Soviet data.

The averagedailyairconcentrationsofeachnuclideateachofthe65sites,correspondingtothisreleasescenariowere
thencalculatedbyMESOS.Thecalculateddailyairconcentrationsarethesumofthecontributionsfromeachofthe11
releasedays-Eachdayateachsiteforwhichthereareobservedandcalculatedairconcentrationscanthenbeconsidered
as an independentmemberofthesampledistributionfortheparticularnuclide.Thejthobservedmeanairconcentrationofa
particularnuclide,Xair, I'canbeequatedwiththecalculatedairconcentrationasfollows;

xajr,j = z 91xij
i=1,11

where9. is amodifyingfactorandXi' isthecalculatedcontributiontothemeanairconcentrationfromreleasedayl.The
“bestfit“betweentheobservedandcalculatedairlevelscanthenbedeterminedbymultiplelinearregressionofthe
calculatedairconcentrationontotheobservations,minimisingthesumofthesquaresofthedifferencesbetweenthetwo
datasets.
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lnpractice,difficultiescanariseinapplyingsuchtechniques.ii therearefewcalculatedcontributionstoobservationsfrom
somesectionsoftherelease,thentheleastsquaresregressioncanleadtosomedistortionandintheextreme,negative
9's canbeobtainedwhichclearlyunrealistic.inouranalysiseachobservationwasgivenequalweighting,butthereare
argumentsinfavourofdifferentialweightingaccordingtothereliabilityofthedataandtoaverageouttheinhomogeneous
representationofthedifferentsectionsoftherelease.Theregionswheremoreconfidencecanbeplacedinthemodel
calculationsmayalsodeservegreaterinfluence.

Anotherproblemissomeuncertaintyintheallocationofmeasuredairconcentrationstosuccessive24hourperiods.In
practicethemeasurementperiodsaredeterminedbythetimesatwhichfiltersarechanged.inthedatausedthishasbeen
distributedover24hourperiods,whichmaynotcoincidewiththeperiodsfrom9.00hoursGMTononedaytothesametime
thenextday,forwhichairconcentrationsarecalculated.Bearinginmindthatevenafter7daystraveltotheUK,
concentrationspeakedandfellwithina fewhours;measurementsmaywellreflectairconcentrationsonthedaybeforeor
dayafterthattowhichtheyareattributed.Alsothemodelaccuracyis suchthatestimatedtimesofarrivalcaneasilybea
dayouttoo.

Toovercomethisproblema slightlydifferentschemewasused.insteadofbasingpointsinthesampleonobservedand
measuredvaluesover24hourperiods,correspondingquantitiesweredefinedbasedonhalftheairconcentrationonagiven
dayi.Regressingthecalculatedairconcentrationsontothese'observations'gavesatisfactorilyrobustvaluesforthe9's.

Thereareothervariationsonthisschemewhichcouldbetried.Forexampleairconcentrationscouldbereplacedby
logarithmicvaluesofairconcentrations;theformergivesmoreemphasistothehighestconcentrationswhichwasfelttobe
preferable.Therearealsoindependentquestionsofdataqualityandoutliersinthedistribution.inthiscontexttheproblem
ofvariabilityinmeasurementsbetweentotalandparticulatefractionsof 131ihasalreadybeenmentioned,and ratioswith
othernuclidesmeasuredwereusedasa cross-checkwherepossible.it isobviouslypreferabletouseasmanydatapoints
asonecan,toreducenoiselevelsinthedata,andtheinfluenceof individualpointswheretheremaybeerrors.

Eventhoughairconcentrationsareusedratherthandeposition,uncertaintiesinthedepletionprocessesstillenterintothe
calculations.intheMESOSmodela simplewash-outmodelis usedandthedilutionduetoexportofmaterialaloftis not
allowedfor.Despitetheneedtoconsidermanypoints,thosepointswheremodeluncertaintiesarelargeshouldbeexcluded
orgivenlowweightings.Thuspointsinareastraversedduringandafterentryintofrontalsystemsforexample,have
doubtfulvalidity;similarlyforcomplexorographicregionsliketheAlps.

3.4 Begults

TheresultingbestestimatesforthedailyreleasesaregiveninTable2. itshouldbenotedthattheestimatesforthefirst
threedaysofthereleaseareallderivedfrommonitoringdatarelatingtoonlypartofeach24hourperiod,andhencedonot
allowforanyvariationwithintheseperiods.Apartfrommodellingdifficultiestherewereveryfewquantitativeobservations
availabletousfromthefirstfewhoursofthereleaseincludingtheinitialexplosion.Consequentlytherevisedsource
estimatesobtainedforthelasteighteenhoursofthisdayhavebeencombinedwiththeSovietestimatefortheinitialrelease
togiveanupperlimitforthetotalforthefirstday.

Therevisedestimatesindicaterelativelylowerproportionsofthemorevolatilenuclides131|and13703inthesecondpart
ofthereleasethanassumedintheinitialreleasepatterninTable1.it ispossiblethatsomeofthelocallyobserved
concentrationswereenhancedbythedustanddisturbancecausedbyworkonthedamagedreactor,andthatonlya small
proaportionsurvivedlocalfall-out.Alsothegreatervolatilityofthesenuclideswouldfavourtheirreleaseatanearlystage.
10 Ru,whichisfarlessvolatile,appearstohavefolloweda constantratioto1370suntilcoretemperaturesroseabove
1000°Cwithblanketingofthecore.Atthesehightemperaturesrutheniumemissionsincreased,theestimatedratioof
103Ruto13703risingtoamaximumofaboutfiveandthendroppingbackas 137Csemissionsincreasedagaintoo.

Thisis bornoutinFigurel wherethemodelsimulationshavebeeusedtopickoutradiologicalmeasurementsassociated
withdifferentphasesoftherelease.Theratioof 103Ruto13 Cs inairconcentrationmeasurementsshowsacleartrendin
time,withthehighestvaluesassociatedwithreleaseson1-2ndMav.
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21.0025.04-21.002804 20x1016 1.5x1016 10x1017
21.0028.04-21.002704 1.2x1016 5.6x1015 4.3::1016
21.0027.04-210028.04 8.9x1015 4.7x1015 2.5111016
21.0028.04-21.002904 LOW LOW LOW
21.0029.04-210030.04 7.6x10‘4 3.8x10‘4 3.8x1015
21.0030.04-21.000105 3.8x10‘5 7.6x1014 1.1111015
21.0001.05. 210002.05 6.3x1015 1.1x10‘5 4.9x1o‘5
21.0002.05-210003.05 3.5x10‘5 10x1015 1.5x1016
21.0003.05-210004.05 48x1015 2.7x1015 1.9111015
21.0004.05-210005.05 5.91:1015 30x1015 2.1x1016
21.0005.05-21.0006.05 LOW LOW LOW

TOTALSAT06.05 8.71:1016 3.5x1016 1.7x1017

Low - <10x1014

Table 2. Daily 13703, 131Iand 103Ru release rates derived from the regression analysis.

102~
A =Release Stage 1 (25.4. - 26.4.)

J B =Release Stage 2 (26.4. - 29.4.)
C =Release Stage 5 (29.4. - 2.5.)
D =Release Stage 4 ( 2.5. - 5.5.)
E =Release Stage 5 (>5.5.

10L

Figure 1.Ratio of 103Flu/137Csobserved for different sections of the release.



Ourestimatesforthetotalamountsofeachnuclidereleasedarewithina factoroftwooftheSovietestimatesand
somewhatlower.Thisis consistentsinceourestimatesdonotincludethecoarsermaterialfallingoutlocally.it is also
probablethata largeproportionoftheinertgasesincludingtheXenonandKryptonisotopesinthecorewerereleasedinthe
initialphase,thoughthereis almostnomonitoringdatatoprovethis.Thegeneralpictureisthatquantitiesreleasedwere
somewhatlessthanfigurescitedinriskstudiesforaccidentswithmajorbreachingofthecontainment.Forexampleforthe
mostseriousaccidentsconsideredinsafetystudiesfortheSizewellenquirywithregardtothebuildingofa PWRreactorin
theUK,thereleasepostulatedwascompletereleaseoftheinertgases,50%oftheCaesiumand70%oftheiodine,andjust
2%ofthemorerefractorynuclideslike103Ru,thelatterbeingclosetothatfromChernobylincludingthesecondphasewith
heatingofthecoreupto200000.

nl in

Thispaperhasillustratedhownumericalmodelsandmeasurementsatlongerdistancescanbeusedincombinationto
determinethequantitiesof individualnuclidesreleasedingaseousorfineaerosolformandintheeventofa prolonged
relesase,anindicationofthevariationovertime.TheanalysisoftheChernobylreleasehasIndicatedreleasetermsingood
accordwithSovietestimatesandconsistentwiththepatternofevents.

Theapplicationofsuchmethodsinpostaccidentanalysisisdependentontheavailabilityofabundantandreliable
measurementsofairconcentrationsofindividualnuclidesfromthosecountriesaffectedbytherelease,withclear
indicationsofthetimeperiodstowhichtheyreferandthemeasuringtechniquesused.

Muchoftheworkreportedinthispaperwasfundedby theCEC andtheirsupportisgratefullyacknowledged.
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COMMENT: Dickerson: 24-hr averaged concentration values over

Europe transformed into concetration maps would be useful data if

it were available.

QUESTION: Kolb: Have you or has anyone else tried an analysis of

concentration data other then in time—series for individual sites.

If not - is a concentration map not considered to be helpful in

model evaluation or are there other difficulties?

ANSWER: We have not done so and do not know of any such work by

other groups. I agree that such an analysis could be useful in

model evaluation studies.

QUESTION: Maryon. How seriously did you take to weighting

exercise: how were weights allocated and how sensitive were the

results (allocating weights is not a simple matter).

ANSWER: Weighting the observations was identified as a possible

solution it) the problems inherent iTtta simple linear regression.

However, because of the complexity of the weighting exercise

itself, it was not undertaken.

QUESTION: Pendergast: It would be interesting to try this

technique to estimate source strength using the ANATEX data. Are

you planning to do this?

ANSWER: I agree that the ANATEX data would be an interesting means

of varifying this type of analysis. We have no plans to do such a

study with MESOS at present, although we are interested in doing

so and intend to investigate the appropriateness of MESOS to the

data.

QUESTION: Raes: 1. Did you calculate a source term for Cs-l34, and

if not would it be easy and worthwile to it? 2. How sensitive are

the results to the manipulation of the data (their time of

arrival e.g.)
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ANSWER: I. No. The data sets available to us when the study was

carried out did not indluce sufficient Cs—134 data, although I

understand that this is no longer the case in for example the REM

data base. It would be interesting to repeat the exercise with the

larger data sets now available. 2. The sensitivity studies

indicated that it. is possible (I) achieve near optimal agreement

(measuring optimal agreement by the sum of the squares of the

differences) between observations and concentrations with E! wide

range of source terms. Manipulating arrival times etc. may: have a

significant effect on the resulting source term, while remaining a

near optimal solution in the above terms. 1

QUESTION: Seibert: I think is is very good that you analize

observational data, e.g. include ratios. 11. would in: useful to

extend that to more nuclides. I have heard that in southern

Germany no Ag-llO, has been found, which in Austria is beeing

found in the deposition. So it may be possible to check model

results and to determine from what day of release a certain

material deposited stems.

ANSWER: Thank you — I agree that the consideration of nuclide

rations in radiological monitoring data may be useful in checking

model results - in situations where the release dynamics are

understood and in giving information on the release dynamics when

the transport processes are well understood. However extending

such techniques to more nuclides is dependent upon the data being

available.
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Transport and Deposition of Radionuclides in Europe after the Chernobyl
accident studied with the European Acid Deposition Model (EURAD)

A.Ebell),H.GeiB”,Elissa”, H.J.Jakobs‘),M.Laube‘),M.Memmesheimer”

1)Institutfiir GeophysikundMeteorologiederUniversitéitzuKoln
AuBenstellefiir atmosphiirischeUmweltforschung

Salierring48,5000Koln l

2)Institutfiir dieChemiederbelastetenAtmosphéire
KernforschungsanlageJiilichGmbH

Summary

The mopean Acid erosition Model (EURAD) is used to investigatethe long—rangetransport and depo-
sition of radioactivematerial in Europe during the first period after the Chernobyl accident. Meteorological
fields are predicted with the PSU/NCAR mesoscalemodel MM4. The multilayer Eulerian model CTM
(Chemical Transport Model) is applied to compute transport and depositionof C3137using the predicted
meteorologicalfields. The model results are comparedwith observations.

1. Introduction

On April 26, 1.23 local time (21.23GMT), the worldwidemost seriousaccident at a nuclear powerplant
happenedin Chernobyl (51°17’N,30°15’E). About 4%of the core inventory (ca. 2.-1018Bq, [Perssonet al.,
1986])werereleasedfrom April 26 to May 6. During the weeksafter the catastrophethe radioactivematerial
could be observedeverywhereon the northern hemisphere[Wheeler,1987]. Of course,the most contami-
nated areas are found in Europe. However,due to long-rangetransport, substantial contaminationcaused
by wet depositionof radioactivematerial, happenedmore than oneweekafter the accidentand thousandsof
kilometersfrom Chernobyl (e.g. Finland, the Alps and the northernparts of Greece).
The prediction of themovementof the radioactivematerial overEurope and its depositionto the groundis an
interestingcasefor testingthecapability of numericalmodels. Recentworkon thedispersionof the radioactive
plume includes trajectory calculations, Lagrangianmodels [ApSimon et al., 1.987,Albergelet al., 1988]and
Eulerian models [Pudykiewicz,1988].Most of theseinvestigationsare basedon the observedmeteorological
fields. This paper describesa modelingapproachwith a multilayer threedimensionalEulerian transport and
removalmodel: the EURAD—model,which is basedon the PSU/NCAR mesoscalemeteorologicalmodelMM4
[Antheaet al., 1987]and theflegional Acid DepositionModel (RADM) [Changet al., 1987].Itprovides a tool
for better understandingof the complexchemicaland physical processesgoverningthe temporal and spatial
developmentof the distribution of air pollutants and is usedwithin the EUROTRAC subprojectEUMAC.

2. Model description

The mesoscalemodel MM4, which usestopographyand landusedata for Europe, providesCTM with hourly
meteorologicaldata (wind, humidity, temperature, precipitation rate and surface pressure)for a specific
episode. CTM, as MM4, is written in terrain—followinga—coordinateswith 15 layers in the vertical. The
horizontal resolution is 80 km and a staggeredgrid is used. The numerical schemeof Smolarkiewicz (1.988)
is applied to integrate the advectionequation for the chemical constituentsin time. Diffusive subgrid scale
transport is parameterizedwith the schemeof Louis (1979).Using CTM to model the Chernobyl releasethe
aqueousphasechemistrywas shut off and the gas phasechemistrywas replacedby a first order conversion
process in order to model radioactive decay. The wet removal of radionuclides from the atmosphereis
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describedby the in-cloud and below-cloudscavengingprocess,assumingthat the effectivescavengingrate
is given by the accretion rate of small cloud droplets by precipitation. The cloud droplets are assumedto
haveabsorbedmost of the aerosolparticles during nucleation. The washoutcoefficientA is variedWith the
rainfall rate J accordingto ApSimon et al. (1987)as

A = 5. -10’5J°'8

whereJ is in mm/h.
In this first attempt we did calculations for the distribution of C5137. Scaled S04 deposition velocitiesfor
C8137wereassumed.The parameterizationusedfollowsthe treatmentof Walceket al. (1986)and considers
variability of dry deposition velocitiesdue to land use categories,radiation, turbulent exchangeand wetted
surfaces.The valuescalculated for C8137are in the order of somemm/s dependingon the local conditions.
The period investigatedhere starts on April 25, 1200GMT, and lasts till May 3, 1200GMT. This period
is splitted into three episodes(April 25—April 28, April 28 - May 1, May 1—May 3). A prediction of the
meteorologicalfields was carried out for each of theseepisodesby MM4. For initialization and boundary
conditionsdata of the US National MeteorologicalCenter havebeenused.

In addition to the meteorologicalinput and the parameterizationof the depositionprocessesCTM needsthe
releasefunction for the radionuclides. The time dependenceof the releasefunction is basedon the USSR
report to the IAEA [e.g.:Perssonet al., 1986)]. The distribution of the radioactive material into different
heightsduring the days after the accident is given in Table 1. Due to temperaturesof 3000—4000K the
material is assumedto reachheightsup to 2000m in the first time after the explosion (April 25 and April
26). Howevertime dependenceand emissionheightsare uncertain. It may be possible that the Chernobyl
releasehas reachedaltitudes of 5000m or evenmoreas it wasdiscussedby Lange et al. (1988).

Table 1: relative distribution of the releasedradioactivematerial into the different layers of the EURAD-
model

ate
approx1mate ay 1
H t m
2225

3. Results and discussion

The meteorologicalsituation during the first days after the accident was governedby a cyclone over the
northern atlantic oceanwith its centernear Icelandand a high pressuresystemover the northeasternpart
of Europe. The main patterns of the large—scalegeopotentialfields are predicted quite well by MM4. An
example is presentedin Fig. l, which showsa comparisonof analysis and prediction for the geopotential
heightat 850hPA for April 26, 1200GMT. However,oneshould notice that someof the small—scalefeatures
presentin the analysis can not be found in the predicted field (e.g.: the cyclone near the black sea at the
borderbetweenthe USSR andRomania). The predictedgeopotentialindicatesalsoamoredirect atmospheric
flow towardsFinland at the 850-hPa—levelcomparedto the analysis.
One may get a first information concerningthe movementof contaminatedair by the calculation of three-
dimensionaltrajectories basedon the predicted windfields. An example is shown in Fig. 2 for trajectories
started on April 27, 1200GMT, at different heights (300, 750, 1500and 3000In). This case is interesting
becausetrajectories starting at differentheightsmove into differentdirections. This indicates the necessity
to know the releaseheight as exactly as possible to calculate the dispersionof the radioactive cloud with
CTM.
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Fig. 1a: Analysis of the geopotentialheight at the 850-hPa—levelfor April 26, 1200GMT
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Fig. lb: As in Fig. 1a,but for the 24-h-predictionof the geopotentialheight
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Fig. 2: Forward trajectories calculatedwith thepredictedwindfields. The trajectoriesarestartedat heights
of 300,750,1500and 3000m on April 27, 1200GMT. The arrowsindicate a time differenceof 6 hours.
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Results of CTM calculations are presentedin Fig. 3 for C8137—activityin the lowest layer of the model,
which reachesfrom the ground up to about 75 m. On April 28 the center of the radioactive cloud with
valuesof about 5 to 10 Bq/m3 is located at the border betweenthe USSR and Finland. Two days later
(Fig. 3b) the cloud is splitted into threebranches:due to changingsynoptic conditions the radionuclidesare
now transported towardsthe east and the westof Chernobyl reachingthe southeasternparts of the Federal
Republic of Germany and Austria. The situation for May 2 and May 3 is shownin Fig. 3c and 3d: at that
time the radioactive material moved towardsthe south reachingthe Westernparts of Turkey and Greece.
The distribution of the wet depositionof C8137,which is accumulatedfrom April 26 - May 3 is shownin
Fig. 4. It showsmaximum valuesnear Chernobyl, in Finland, the Alps and in the northernparts of Greece.
These results are in good accordancewith observations.However,the maximumof 250kBq/m2 in Finland
may be to large for C8137alone.

A comparisonbetweenC8137activity observedat Nurmijarvi (Finland) and the the model results for this
area is presentedin Fig. 5. The maximum value of the activity calculated by the model appears in the
afternoonof April 27. Unfortunately thereare no data availablewith an appropriatetime resolutionbefore
April 28. However,accordingto the finnish reports [STUK -A56]the arrival time for the radioactivecloud is
estimatedto be 3 pm. local time which is in quite good agreementwith the model calculations.

4. Further studies

In the future the Chernobyl casewill be consideredas one of the standard test casesfor the transport and
depositionpart of the EURAD model. Further studieswill include sensitivity studiesconcerningthe release
function,dry and wet deposition,a so—callednudgedversionof MM4 for the calculationof themeteorological
fieldsand numerical experimentsaiming at for a better descriptionof the wet removalprocesses.
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Fig. 3a: Activity [Bq/m3]due to C8137in the lowestmodel layer (0 bis 75 In) on April 28, 1200GMT
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Fig. 3b: as in Fig. 3a, but on April 30, 1200GMT
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Fig. 3c: as in Fig. 3a, but on May 2, 1200GMT
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Fig. 4: accumulatedwet depositiondue to C8137[kBq/m’] on May 3, 1200GMT
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themodel, the histogram is from observations.
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DISCUSSION

COMMENT: Hehn: We are now in a position that model results are

available, which can be compared and -validated with detailed

evaluations of measurement. For southern Germany the large number

of awasurements allowed interpolations, so that comparable color

graphics have been published in 1987. Presently 2 h-averages are

available for J-131 concentration measured irI air' near ground,

giving a unique possibility for model validation.

Fraser: Dry deposition wasmodelled in a very detailed manner. Bearing in mind the many uncertainties
contributing to deposition estimates (in airborne concentrationsand precipitation) and the difficulties in
validating dry depositionestimates(nostandardmethodofmeasurementof actual deposition)is the inclusion
of such detail in a model of this type likely to be cost—effective?
Memmesheimer:Clearly, the representationof dry deposition requiresfuture experimental and theoretical
workfor its improvementandvalidation of thedetailedparameterizationin themodel. On theotherhand,it is
necessaryto provide already nowenoughdetail regardingmeteorology,surfacecharacteristicsand deposited
matter to.enable the study of relevant deposition processesand their relative importance under variable
conditions. The codeusedin the model is sufficiently cost—effectivein this respect.

Van UIden:MM4 usesBlackadars turbulent closureschemewhile in EURAD the Louis schemeis used. Can
this give rise to inconsistencies?
Memmesheimer:There areno inconsistenciesregardingthe transportedproperties.The Louis schemeis only
applied to chemicalspeciestreatedin the CTM of EURAD whereasthe turbulent transport of meteorological
quantities is calculated separatelyby the MM4 scheme.

Underwood:You indicated a large numberof dependenciesfor the dry deposition velocities. How are these
dependenciesobtained for the specific caseof C8137?
Memmesheimer:Dry depositionvelocity is computedin the modelusingresistancesfor its parameterization:
up = (ra+ r1,+ r,)‘1. r,1is the aerodynamicresistance,n, the resistancedue to the viscous sublayerand r,
the surfaceresistance.The aerodynamicresistancedependson the Richardsonnumber,the surfaceresistance
on landusecharacteristics,seasonand solar insolation. Among others,7',is determinedby the physical and
chemicalpropertiesof the depositedmaterial. The specificcaseof Cs137depositionvelocity is treated in the
samemanneras particulate sulfate.

Serrano: What are the advantagesand disadvantagesof the MM4 model comparedwith European models
(like ECMWF, etc. or LAM’s)?
Memmesheimer:The chemical transport modul of the EURAD model is well adjusted to the MM4. The
useof other models (like the Europa Model of the DWD) requiresspecial interfaceswhich havenot yet been
designed. Yet it is planned to carry out simulations with other meteorologicalmodels in the future. One
of the great advantagesof MM4 is its extremeflexibility regarding its application to different regions,e.g.
differentparts of Europe, and that its performancehas well been testedfor a larger number of caseswith
varying geographicalconditions.
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Seibert: Some of the speakerswereobviously not sure, what releaseheight they should take. I think we
should discuss this problem. My opinion is: 1) For modelswithout vertical resolution, the releaseheight is
not very important, since the material will soon get mixed vertically. The transport velocity then will be a
center—of—massvelocity or maximumwind speedwithin the mixed layer. 2) For modelswith good vertical
resolutionit may be better to prescribea vertical profile of the sourceterm insteadof a single releaselevel.
Memmesheimer:I will only commenton the secondstatement:our opinion is that it is important to have
the correct releasefunction in time and space. Preliminary calculationsshowthat the model results (arrival
time, concentrations)are sensitive to the releaseheight. In our basecasewe haveuseda vertical profile for
the releasedmaterial.

Geifl: To checkthe sensitivity wedid a secondrun with keepingthe releasesin the third layer (150to 350m)
for the secondand then-followingdays. The time variation of the ground level activity changeddramatically
at Vienna. The base case calculation gives an activity maximum during the night from May 1 to May 2.
The secondrun showsa first maximumon April 29 and a secondhighermaximumon April 30 only due to
changesin releaseheight.

Labrousse:Which boundaryconditionsdid youuse?What doyoumeanby ”using in the futuremeteorological
data from ECMWF and from DWD”?
Memmesheimer:We haveusedrelaxation boundary conditions. This involves the ”nudging” of the model-
predicted variables toward a large scale analysis. We have used the NMC global analysis as a first guess
to perform a Cressman type objective analysis. In the future we intend to use also ECMWF data for
initialization and nudgingof the mesoscalemeteorologicalmodel. Insteadof MM4 the Europa Model of the
DWD could alsoprovide the Chemical Transport Module of the EURAD modelwith themeteorologicaldata
which are neededto perform the dispersioncalculations.

Urbancic:What kind of model for wet depositiondo you plan to includein the EURAD model?
Laube:Wet depositionis included in the model. It is calculatedas a function of precipitation rate andmean
liquid water compositionduring the cloud life time.

Ishikawa:What kind of turbulent model do you use in your model?
Memmesheimer:We usea first order closurescheme:Blackadar is usedin MM4, Louis schemein CTM.

Musson-Genon: What sort of precipitation schemedo you have in your model? Have you realized some
comparisonbetweenpredictedprecipitation and observedprecipitation?
Laube: The precipitation schemefollows Hsie: condensation,autoconversion,accretion, evaporation and
terminal velocity of rain water is considered.Until nowwehavemadeno detailedcomparisonwith observed
data. This will be donein the near future.

Dickerson: Haveyou investigatedthe numericaldiffusion in the model?
Memmesheimer:Numerical diffusion in the chemical transport module of the EURAD model is due to the
Smolarkiewicz schemewhich is used to integrate the advectionof species in time. The properties of this
schemewereinvestigatedby Smolarkiewicz (1983)and during the developmentphaseof RADM (Changet
al., 1987),especiallyfor the problemof numericaldiffusion. However,the extent to which CTM can evaluate
sourchreceptor relationships for differentemissionsources(point sources,area sources)must be evaluated
carefully. This will include further investigationsof the numericaldiffusion in the advectionscheme.Studies
concerningthis problemare currently underway.

Pinnger: In your Finland example,you showedthat your trajectories arrived earlier than the radioactive
cloud. Is this a generalfeatureof your model?
Memmesheimer: No. Trajectories starting at other times may arrive at the right time. Dispersion the
radioactive cloud as well as trajectory calculations may be sensitiveto the predictedmeteorologicalfields.
The early arrival time in the Finland examplemay be causedby a too early initialization of MM4. For the
study presentedhereMM4 is started for April 25, 1200GMT. Studieswhich will investigatethe influenceof
initial conditions (e.g. initialization on April 26,0000GMT) areunderway.However,oneshould notice,that
no detailedinformationon the time variation of activity beforeApril 28 is availableat Nurrnijirvi. Therefore
weshouldbe carefulwith statementsconcerningthe validation of model results on April 27.
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THEUSEOF NUMERICALWEATHERPREDICTIONMODELSOF THE
DEUTSCHERWETTERDIENSTIN AIR POLLUTIONMODELLING

Ingo Jacobsen and Ulrich Pflfiger

Deutscher Wetterdienst, D-6OSOOffenbach, FRGermany

SummaryI The supply of meteorological input data to air pollution models Is discussed and a
a methodto generate these data by numerical weather prediction models presented. The propo-
sed 'nudging method' smoothly Connects several short-range prediction runs avoiding disconti-
nuities at the connection points and an unlimited growth of forecast errors. In connection
with the Buropa-Hodell of the DWDit can also supply the liquid water content of clouds and
the appropriate micro—physical conversion rates. Results from a 20 day simulation run are
presented. Windflelds from the ECMWFanalyses, short-range predictions and nudgedsimulations
are used to calculate two- and three-dimensional trajectories from Chernobyl and going back
from Germanyto Chernobyl.

1. Introduction

Results of numerical weather prediction models are becoming increasingly important as in-
put data to air pollution models because:
- Complex Eulerian air pollution models like ADOM/TADAP(see Venkatramand Karamchandanl,
1907) or RADM(NCAR,1985)are used in a diagnostic mode, i.e. they need meteorological in-
put data for periods in the past. The required data, however, cannot be supplied by rou-
tine observations alone since the list of Input data includes quantities like vertical ve-
locity and cloud-physical quantities such as cloud water content and conversion rates,
since the Integration area often covers regions with only poor data density (e.g. precipi-
tatlon data over the North Sea or the Baltic), and since the input is needed at high spa-
tial and temporal densities.

- Prognostic problems as, for Instance, the prediction of smogadvected from distant sour-
ces, and the prediction of the transport, dispersion and deposition of hazardous material
from accidental releases obviously need the weather forecast.

Air pollution models designed to study the behaviour of different chemical species within
the frameworkof scenarios or to calculate country by country emittor-recelver matrices can
derive their meteorological input data by different methods:
(a) Short-term predictions are used to interpolate the observations, and the additional

variables are computeddiagnostically by special subprogrammes.
(b) The output of the numerical weather prediction models ls directly used as Input to

the air pollution model.
(c) Short-term predictions are connected by a nudging method.

All three methods have their ownmerits and drawbacks and dependon the weather predic-
tion model used for this task. Despite the Improvementin analysis and data assimilation
schemes, actual gradients are smoothedIn the analysed fields, and weather prediction models
need a spin-up time to generate fields consistent with their resolution and physical content.
The resulting differences between the forecast fields and analyses may lead to discontinui-
ties at the connection points of consecutive short-term prediction runs, as well as to phy-
.slcal Inconsistencies where different data structures do not match.

If priority is given to observations, meteorological fields needed as input to air pollu-
tion models but not obtainable directly from observations have to be computed diagnostically
using special subprogrammes.This is especially true for convection and cloud-micro-physical
conversion rates. Such subprogrammes,however, are physically restricted whenused in a dlag-
nostlc computation.

On the other hand. the growth of model errors limits the applicability of weather predic-
tion models as a direct data source to one or two days. As this short period is insufficient
for most of the air pollution models, the output of weather prediction models can be used
only If the growth of errors can be limited to a tolerable amountover longer periods. This
can be achieved by the nudging methoddescribed In chapter 2.2.

Models to predict the long-range advection of smogor the transport. dispersion and depo-
sition of hazardous material from accidental releases obviously need the direct output from
weather prediction models. But In most cases, they also need meteorological data from the
preceeding days because the computations have to cover periods longer than the predictability
of the weather prediction models. Hence computations have to be updated using the best combi-
nation of data from 'analysls' and forecast which is called the mixed mode.

Consequently, the GermanWeather Service (Deutscher Wetterdienst-DWD) decided to generate
Input data for air pollution models running in diagnostic, prognostic and mixed modeas well
by Its numerical weather prediction models.
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2. Preparation of meteorological input data for complex air pollution
models with the Europa-Hodell of the DWD

The decision to generate the meteorological data input to the TADAPmodel by nudgedsimu-
lations with the Europa-Hodell and to offer the samefor the RADMmodel within the framework
of EUHACwas favoured for two reasons:
(a) The Europa-Hodeli can supply (after someminor changes) all of the data needed for the

TADAPmodel.
(b) The nudging method is capable of creating continuous and consistent fields, avoiding an

unlimited error growth and discontinuities for any period.

2.1 The Europa-Hodell

The Europa-Hodell is a limited area weather prediction model for the region North
Atlantic - Europe. It is now tested on the Cray XMPat the ECMWFand the new ETA 10 computer
of the DWD. After the implementation of a newmodel suite (1989/90) consisting of a global
spectral model and the Europa-Modell, the Europa-Hodell will be the central weather predic-
tion model of the DWD.A description of the Europa-Modell is given in Mailer et al. (1987).

The reasons for favouring this model for environmental applications are:
- A high vertical resolution of 18 layers with 8 layers between the ground and 2 kmheight
allows a good representation of the atmospheric boundary layer.

- The model predicts the cloud water content qc_and calculates the cloud-microphysical cone
version rates including the ice-phase, using a Kessler-type schemefor the parameteriza-
tion of the stable precipitation.

In order to compute cloud-microphysical conversion rates also for convection, the para-
meterization of convection normally used In the Europa-Modell has been changed to a Kuo-type
schemeincluding a one—dimensional cloud model with the same microphysical package as used
for stable precipitation.

2.2 The nudging method

The nudging methodused to generate the meteorological input data for complex air pollu-
tion models is schematically depicted in Fig. l, where the HHS-difference between the simula-
tion runs (A and Ag) and the analysis has been chosen to measure the quality of the simula-
mulation. The nudged simulation (thick solid line) is performed by adding relaxation terms
QJAfi-A) to the prognostic equations for A = ( u, v, h, qw, p5) , where h =cpT +qu is the
total heat, qv,= q, + qc the total water content, and q and q the specific contents of wa-
ter vapour and cloud water, resp.. By performing a forecast with added relaxation terms in-
stead of taking the reference field itself, the corrections are distributed over a longer pe-
riod of time and the generated fields (except for the influences caused by the relaxation
terms) in balance with the nonlinear physical forcing (e.g. advection, turbulence, cloud-
microphysics). '

I’ RMS (AW-AAnalyse)

0 1'2 7'8 2'1 22 3'0 3'3 3'5 4'2 lsfih]

I ' I I I I

Fig. l 2 Schematic representation of the nudging method. Dashed lines: Ag.= reference fields,
thick solid line: A =nudgedsimulation, thin solid lines short prediction runs.
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The reference fields A are taken from short term forecasts (thin solid lines) after the
spin-up phase has been completed.

The choice of the predicted fields as reference fields Ai‘instead of the analysed fields is
done for two reasons:
I. The analysis does not provide fields of the cloud water content qc .
2. The forecasted field exhibits in most cases a moredetailed and even more realistic
picture of the atmosphere.

Pig. 2 and 3 showexamples from a 20 day episode simulated using the nudging scheme.

Fig.2 demonstrates In detail how the nudging methodworks. The predicted moisture field
(b) is superior to the analysis (a) with respect to the intensity of the gradient in the
frontal region, but Inferior with respect to position. This error in position resulting from
phase errors is corrected by the nudging mechanism, but the gradient is slightly weakened
thereby (c). Another factor contributing to the flattening of sharp gradients and to a slight
reduction of convergences is the linear interpolation of the reference fields over 3 hour in-
tervalls. These intervals will be reduced to one hour for future operational applications.
The correction of phase errors is showneven more clearly in (d) where the thick lines (solid
and dashed) mark the maximaof the rising motion of the three different forecasts.

(a) BC analysis (b) BUM12-hour forecast

2 i, . I .\F 1 .
§x.\\\ ;5_ \A If 3’-2 "--,

r .> ‘ ‘-

R) 0 FF
as

“\\\x r r m:
Ln $90 T

(c) BUM"nudged" forecast (d) BUM12—hourforecast

I

Maximumrising motion:
Fig. 2 Relative humidity (t) at 500 hPa (a-c) and --'EUM 12-hour forecast

vertical velocity (0.1 Pa/s) at 700 hPa (d) and “nudged” forecast
valid at 3 March 1982, 00 UTC "' BUM36-hour forecast
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Pig. 3 Area average of the precipitation rate of reference forecast (dashed)
and the continuous nudgedsimulation run (solid line)

Fig. 3 displays the area average of the precipitation rate for day 6 and 7 of the 20 day
episode. The solid curve representing the nudged forecast fits very closely the subsequent
short term prediction runs (dashed lines) after the individual spin-up phases. Estimated
over the whole 20 day period, the nudging mechanismcombinedwith the linear interpolation of
the reference fields leads to an overall reduction of the precipitation amountof less than
5‘ as comparedwith the short-term predictions.

The RMS-differences between the nudged simulations and the ECMWFanalysis remain limited
over the whole period. For instance, the EMS-difference for the temperature stays below 1 K
except for the lowest layers, where higher values reflect the more detailed orography of the
Europa-Modell and the different schemesfor parameterizing the atmospheric boundary layer and
the soil processes.

2.3 Application to complex Eulerian air pollution models

Nudged simulations with the Europa-Modell have been performed for a 20 day period in
February and March 1982and a 7 day period in August and September1965. Applications of the
data from the first period as input to the TADAPmodel have been presented by Stern and
Scherer (I988 a,b). The overall quality of the data seems to be satisfactory, though there
have been somespecial problems in someplaces and at sometimes. This result will be used to
improve the methodby chosing time dependent relaxation factors and by giving greater weight
to those short-term predictions that have a smaller forecast error. Computations with the
TADAPmodel show that the numerical structure of both models, the meteorological model and
the air pollution model, should be as similar as possible in order to avoid unnecessary In-
terpolations which may lead to spurious divergences and vertical velocities. _The TADAPmodel
will therefore be rewritten to meet the vertical structure of the future operational Europa-
Modell.

3. Prediction of long-range advected smogand hazardous material from
accidental releases

3.1 Prediction of long-range advected smog

The GermanWeather Service (DWD) supports a project of the Federal Environmental Agency
(Umweltbundesamt- UBA) to predict smogadvected over long distances. As a first step in this
direction, a version of the MESOSmodel (ApSimonet al., 1985) as modified by the Nuclear Re-
search Center in Karlsruhe has been implementedon the computers of the DWD. At present this
model uses the wind fields predicted by the operational hemispheric model BR? (meshsize 254
km). The first test phase will start in the winter of 1988/89. Future plans are to use the
wind fields from the Europa-Modell and a more sophisticated air pollution model.

3.2 Trajectory calculations

At present trajectories are computedbased on the wind fields of the current limited area
model BKN (meshsize 127 km).
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A new trajectory model using different data sets has been tested with data from the Chernobyl
period. These data sets are:
- ECMW?analyses interpolated to the mesh size and orography of the Europa-Modell
(Majewski, 1985),

- short-term predictions of up to 18 hours by the Europa-Modell,
- a nudged simulation with the Europa~Modell and
- an eight day prediction without nudging by the Europa-Modell.

These data sets are used to calculate three-dimensional forward trajectories starting at
Chernobyl, and two- and three-dimensional trajectories going back from Germanyto Chernobyl.
The forward trajectories were started between 25 April 1986, 21 UTC, and 27 April 1986, 12
UTC, at 25 hPa height increments between 975 and 700 hPa: the backward trajectories at Munich
and AIx-la—Chapelle, at times whenthe measurementsIndicated that a plume originating from
Chernobyl has passed (Fig.4). Back-trajectories were only computedfrom arrivals in the low-
est 200 hPa, and the two-dimensional trajectories were horizontal on the sloping G'-layers of
the Europa-Modell.

Fig. 5 shows the areas passed by several trajectories. There are distinctly two sets of
trajectories reaching Southern and Western Germany whenwashout and/or rainout lead to In-
creased radioactivity at the ground between 30 April and 2 May, l986. Someof the trajecto-
ries stayed in the boundary layer whereas the others went up to greater heights and passed
Germanyat 3 to 5 kmheight.
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Pig. 5 Horizontal (left) and vertical (right) projections of trajectories from Chernobyl
(CH) reaching Southern and Western Germany(MU=Munich,AC=Aix-la-Chapelle).
Regions passed during measurementsof increased concentrations are hatched.
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Fig. 6 Back-trajectories started at Munich on 30 April 1986,15 UTC
Points nearest to Chernobyl (Ch): + ECMWF-analysis ,
a nudgedsimulation, x short-range predictions
Selected trajectories with (—— ) and without (—————)
vertical velocity with departure and/or arrival height in hPa

Because of the great variability of the three-dimensional forward trajectories especially
resulting from the interaction of vertical wind shear and vertical motion, a quantitative
evaluation of the qualitity of the data sets used was hampered.As expected, the 8 days fore-
cast proved inadequate. In order to get a quantitative measure, two- and three-dimensional
backward trajectories were computedand their minimumdistance to Chernobyl calculated. Fig.6
shows selected back-trajectories and the places where the trajectories started at Munich on
30 April 1986,15 UTCcameclosest to Chernobyl.

Table 1 : Minimumdistance (km) between back-trajectories and Chernobyl. Trajectories which
obviously went wrong set in parenthesis and not used to calculate the meanvalues.

Startingpoint , height ECMWF—analysis Short-term Nudged
andtime prediction simulation

2-d 3-d 2-d 3—d 2—d 3-d
Munich 950hPa (967) (969) 275 197 94 69
30April 1986 900 48 42 9 198 11 173
15UTC 850 249 228 213 264 182 249

800 311 300 313 286 297 289
800-950 203 190 202 236 104 195

Munich 950hPa 190 267 55 (993) (976) (1027)
1 May1986 900 230 212 482 280 455 247
15UTC 850 335 13 360 364 339 337

800 318 226 357 332 352 326
800-950 268 177 314 325 382 303

Aix-la-Chapelle 950hPa (890) 63 (661) 272 421 359
2 May1986 900 341 112 335 258 338 322
12UTC 850 374 113 346 531 318 325

800 268 348 361 436 352 286
800-950 313 159 347 374 357 323

meanvalue 262 174 282 310 271 271
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The Table 1 showsa numerical evaluation of the minimumdistances to Chernobyl for the
three data sets and the two versions. All data sets yield results of similar quality. This
again proves that nudgedsimulations can be used in the diagnostic modeand in the mixed mode
together with forecasts in order to generate continuous data sets.

After the implementation of the newmodel suite (global spectral model, Europa-Modell)
the trajectory modelwill be used on the whole globe. The programwill automatically select
the data set containing the most detailed information according the current position of the
trajectory. .

4. Developmentof a Lagrangian particle model

The deve10pmentof a Lagrangian particle model is under way. It will makeuse of the
existing trajectory model and a Lagrangian particle model developed at the Technical Univer-
sity Darmstadt for application on a local scale. First runs to test the coding have been per-
formed. In the first phase, it will only calculate transport and dispersion using the wind
and turbulence fields (including the turbulent kinetic energy from the second order closure
scheme)of the Europa-Modell. Dry and wet deposition will be included in the second phase.

The Lagrangian particle model will be part of a national early warning system consisting
of ground based measuring stations and (in case of a nuclear accident) of measurementsby
aircraft. It will be the task of the DWDto make predictions of the probable position of a
plume to facilitate Its localization by aircrafts. As these measurementsshall be used to im-
prove the model results, a correction schemehas to be developed in the last phase of model
formulation. The model will be tested with data from Chernobyl and tracer experiments like
CAPTEXand ANATEX.

.Thedevelopmentof the methodof nudgedsimulations and of the trajectory programwas spon-
sored by the Federal Environmental Agency of the Federal Republic of Germany.
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DISCUSSION

QUESTION: Ishikawa: Do you have a plan to use a kind of dispersion

model into your model?

ANSWER: Ten years ago we used an experimental version of our model

to simulate the transport, dispersion and deposition of 802 and

804 in the gas and the water phase. In the last year we prepared

the meteorological input to the TADAP model with the Europa—Modell

of the DWD and the nudging method. We wrote the full output of our

model on an output file every 1 h and additional the one hour mean

values of the convective micro-physical conversion rates and

vertical velocities. This has been done for a 20 day and an 8 day

episode. We will continue this work within the framework of the

EUMAC project. Within the EUMAC project we also want to revitalize

our old 802/804 model to perform sensitivity studies.
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THE DEVELOPMENT OF THE 11.x. OPERATIONAL MULTI—PARTICLE__TRANSRORT_____AN_D_-n——p~wr--—e--—--w-w

DISPERSION MODEL.

R.H.Maryon and F.B.Smith

Meteorological Office, London Road, Bracknell, Berkshire, U.K.

SUMMARY. The National Response Plan initiated by the U.K. Department of

the Environment following the accident at Chernobyl required the

development of a fast—response numerical model capable of simulating the

transport, dispersion and deposition of radionuclides released into the

atmosphere from any European installation. A brief account is given of the

progress on the model to date, and of an application to the radioactive

release from Chernobyl. The model is intended to utilize both

meteorological and radiological data, as far as possible in ’real time'.

It is a three-dimensional multi—level, multiple particle model simulating

sub—grid scale motions by random perturbations and incorporating a

realistically evolving boundary layer. Air concentrations, radioactive

decay and dry deposition to the surface are computed. Vork continues on

wet deposition, and there are plans to incorporate adjustments using the

observed radiology.

1. INTRODUCTION: PROJECT ORGANIZATION. An outline of the nuclear

accident response modelling project is shown schematically in Figure 1.

The work is divided into three main parts — (a) the numerical modelling of

transport, dispersion and deposition of radionuclides released into the

atmosphere, (b) a rainfall package for use in wet deposition estimation and

(c) a radiological package to enable observations to be compared with the

model output and for use in consequent modification of the model
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assumprions -nd products. The work has developed into a collaborative

project under the lead of the Boundary Layer and Atmospheric Chemistry

branch of the Met Office with the Safety and Reliability Directorate of the

UKAEA (SRD) responsible for the radiological package, while background

studies into wet deposition processes will be undertaken by Dr Choularton's

group at UMIST and Dr ApSimon's group at Imperial College.

The model is designed for real—time response to an accidental release

of radionuclides. Simplified versions can be run in an emergency by the

duty weather forecasting staff at the Central Forecasting Office at

Bracknell, while more detailed accident analysis can be carried out

subsequently by specialized staff. The model can be run in forecast or

hindcast mode, with a facility for 'update' runs as fresh data become

available.

2. MODEL STRUCTURE. The model is multi-level, the lowest level being the

atmospheric boundary layer (BL) and accordingly of variable depth.

Otherwise the layers correspond to those of the U.K. Met Office 'fine

mesh' operational numerical weather prediction suite (FMM) from which the

wind and temperature fields used by the nuclear response model are derived.

The horizontal resolution of the model is also based upon that of the FMM,

i.e. 0.9375 degrees of longitude, 0.75 degrees of latitude covering an

area from 30 - 80 deg. N and from 80 deg V to 40 deg E. Forecast products

from the FMM are, of course, available on an operational basis, and a

10—day 'roll—over' archive has been created which contains analyses from

the most recent past.

The model is Lagrangian, of the Monte Carlo type. A large number of

particles, each 'carrying' a mass of pollutant or quantity of
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radioactivity, is released into the model atmosphere from the source, and

advected in the 3-dimensional motion fields. The basic forward timestep

dx = udt~ H

is used, as any more sophisticated integration scheme would prove too

expensive computationally, and probably unnecessary, given the random walk

formulation. The winds are interpolated from the grid values linearly in

space and time. The ’start' distribution of particles among the model

levels is prescribed at the outset, as is the allocation of mass among the

particles; full emission profiles in space and time can be defined in this

way.

Sub-grid scale turbulence is simulated by the addition of a random

component - that is, the horizontal position of each particle is assumed to

evolve according to the Markov chain

= x + g(xi)At + Ar.ELI-l ~1

Here, A is a constant coefficient vector which if viewed in terms of

K-theory can be identified with (2AtK)k where At is the timestep, K a

horizontal diffusivity. r is an independent standard normal variable. The

addition of a random velocity component is not considered necessary on

these scales. These pertubations are most important in the BL where

turbulent mixing is the norm, but they are also applied with a reduced A

for a limited distance above the inversion (i) to give effect to sub-grid

scale motions at these levels, (ii) to improve the statistical reliability

of the ensemble of particles released in hourly batches.

The eddy turnover time in a convective BL (CBL) may be approximated

zi/w, - say about 15 minutes, which was the value adopted for the model
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timestep. At each timestep all the particles below the inversion are

randomly reassigned in the vertical within the BL. After a few timesteps

material may be assumed to be well mixed through the BL, and this

reassignment will allow the particles to sample the winds at all levels in

the BL (as would occur naturally in convective overturning), thus giving

effect to the vertical shear. Above the BL shear can be represented to

some extent by 'stacking' the particles in the vertical at the time of

release. The magnitude of A needs to be larger for 2-dimensional models

than for 3—dimensional, which can represent the dispersive effect of shear

in this_ fashion; the 'best' values for both types will be the subject of

further study.
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DI SCIUSSS IOIN

QUESTION: Nordlund: 1. When will your nmdel In; operative? 2. Is,

your random walk horizontal diffusitivity important in comparison

with the dispersion of 15 min trajectories?

ANSWER: 1” hi its simple form runv! The wet deposition should be

working within (3 months, and radiological adjustments iJi about a

year. A further year is required for parametrization and

automation. 2. This is yet to be fully investigated. Doubling the

diffusivity on one occasion had a relatively limited effect but I

can make no categorical comments without further study.

QUESTION: Pendergast: You mentioned that particles are allowed to

pass through the boundary layer. Is there a different

parameterisation than when particles move within or above the

boundary layer?

ANSWER: No, the algorithm is very simple. Boundary layer depth is

diagnosted at 3 hr intervalls and interpolated to the particle

position, where the particle height and vertical velocity are

taken into account. This is considered adequate for small scale

entrainment/detrainment, but the venting of material from the

boundary layer by deep convection is a much more difficult

problem.

QUESTION: Van Ulden: In your model — quite rightly - turbulent

motion is included in trajectory calculation. In traditional

trajectory models only the mean winds are accounted for. I think

this is incorrect. Could you comment on this matter?

ANSWER: I agree that a "mean wind" model is inadequate. Random

(i.e. sub-gridscale) motions can transfer some particles into

aereas of different mean wind, which is a better reflection of

reality.
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MEDIA : A French Eulerian Operationnal Model of Pollutant
Dispersion in the Atmosphere : Application to the case of

Chernobyl release and further developments.

J.P.Piedelievre L.Musson—Genon F.Bompay
Meteorologie Nationale SCEM/D/ES
2 avenue Rapp 75007 Paris FRANCE

After the Chernobyl accident, the French Weather Service
had few means to answer the questions from political authori-
ties and press concerning the evolution of the toxic cloud.
At that time, only a trajectories model was available (Martin
1984). Thanks to an intensive use of this kind of model, com-
bined with Gaussian diffusion schemes, we achieved to locate
with a good accuracy the place of the accident and to post-
simulate the radioactive falls in quite a good manner
(Albergel 1988).
However these experiments, despite many advantages (easily and
quickly use, retro—trajectories for source location estimate).
pointed out the limitations of the method :
- realistic diffusion including precipitations is difficult

to be modelized,
- interpretation in a divergent wind field is uneasy,
- in order to describe a phenomenon as exactly as posible,

many trajectories are necessary.
So, though this rmxni is very useful enui sometimes necessary,
we have developped an Eulerian Model of Dispersion in the
Atmosphere (MEDIA).
This approach can be considered because of many recent impr0*
vements in the field of weather numerical forecasting. During
the last years, indeed, statistical scores of models have been
continualy improved hmhul fiehd, pressure field, temperature
field) and phenomena like rainfalls were better described and
will undoubtly be better taken into account in the future. So,
by a .judicious choice of numerical schemes that will be
presented to you, it is possible to treat the processes of
diffusion without being disturbed by numerical effects. The
idea (n3 an. eulerian. diffusion (H? a. pollutant concentration
field into a wind, temperature and precipitation field is
attractive because i1; directly profits “uni will profit) by
improvements already mentionned. This kind of model has
already' been studied by Pudykiewicz and a1 (1985) and our
purpose here is 11) apply this method 1x) the Chernobyl acci-
dent. We first present the model with equations, parametri~
zations and the chosen numerical solutions.



-148 -

I— The equations in the model

The concentratitnl of £1 passive chemical. element :hi the
atmosphere follows the laws (Hf continuous medium, and
specially that of mass conservation :

-o.=D—.-v . .
E-Q-V-fi—a: V(K.VC)+S+P
3C

where c is the pollutant concentration in a point at the ting,
t, V‘the wind vector predicted by a weather numerical model, K
the REYNOLDS 'tensor, S the source terms and P the hole terms.

I-l Advection

The pollutant concentration will be advected in the wind
field predicted by the operational coupling model of numerical
weather prediction.

I-2 Turbulent diffusion

In a matter of simplicity and to be coherent with the cou-
pling model, the diffusion will be treated by coefficients of
exchange. In that case, tensor K is diagonal and

._Q a —'
V(K.Vc)= 3. k:§.¢.- late. + .3..ng

'37!— aac 3:) B13 '61. \z

with Kx=Ky=105 m25'1 (values which are chosen in french
operational models EMERAUDE and PERIDOT)

and K2 = 11 b‘VM F(Ri) (Louis, 1979)
32

where Vfi’is the horizontal wind and Ri the Richardson number
of gradient _ 4

R1: 5§-‘§9 1
_ a 2n. \bV/Azl

with O : potential temperature of the layer

l = .EEEL== Ka : Karman constant = 0,4
/\+ kaZ/ls A: 150 m

The form of the function F(Ri) is taken the Same as in
EMERAUDE and PERIDOT model (Geleyn, personal communication)

4.
A 1 3b Ra (HCWLLV’Z

F(Ri)= - 4' e+~ in the unstable case
A + ‘bbc 2‘ R?"

with b=c=d=5. Z M“?

F(Ri)= in the stable case
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I—3 The holes

I—3.l wet deposition

The wet deposition due to scavenging by precipitation is
treated by a global coefficient of air to water transfer which
roughly describe dilution or catching. Despite its simplicity,
this solution. is generally used and well adapted with the
accuracy of precipitations predicted by the model. The rate of
wet deposition Dw can be written '

Dw = Cm x E x Pr
where (kn ii; the average concentration of time precipitation
layer in Unit of Concentration (UC Bq/ms), E (=10“ the
scavenging ratio and Pr the flux of precipitation in Kg m s”
The thickness of precipitation layer is arbitrary fixed to
3000 m (the precipitation fluxes are only available at the
ground in the coupling model) and we admit that the scavenging
is uniformly active in this part of the atmosphere. In the
vertical, Dw is dispatched proportionaly to the_concentration.

I—3.2 dry deposition

The dry deposition describes the catching of the pollutant
on the ground turza lot of obstacles. This is modelized by a
coefficient which is dimensionaly equal to a deposition
velocity

Dd sol = Vd x Csol

I-3.3 radioactive decay

The well known equation is : QC 2 —K C
dt

where K: Ln 2 is the splitting constant
T

with T : the radioactive half lifetime of the pollutant.

I-4 The source

In the source mesh, the diffusion is described at a subgrid
scale by a Gaussian distribution

Q9 = Q(t) exp( - d2 )
dt 2 n Ozn H 2 Ozn

where d is the distance from the source, Q the pollutant flux
(UCS‘I), H the vertical thickness of the pollutant cloud (m).
and On the surface of the mesh which includes the source.



-150-

II— Numerical treatment

II-l the coordinates system

Upon the evolution of data bases of the weather numerical
forecasting models we are using (EMERAUDE,PERIDOT,ECMWF), we
chose the o coordinate on a latitude longitude grid.
the equation can be written then: ,

W kc.E+UL BC. +\_)§§_C+(r§_€: kxbc +__1_UA-,Losc}b_£+—L_Qz
2st 0.st Si ' R M ‘07 RECON;Mk bk) R‘COSQ‘6? r21-WA? u)

where ¢ is the latitude,‘ the longitude , o the coordinate
P/Psol , R the earth radius, 0 =QQ . Tv the virtual

dt
temperature in K, g=9.8l ms-2 and Ra=287.05 the dry air
constant.

II-2 The splitting technique

The linear multi—dimensional operators splitting technique
(Marchuk,1975) was chosen in order to simulate phenomena of
different nature (advection, diffusion, physico-chemical evo-
lution...) by different numerical schemes according to the
nature of the operator.
The splitting of the operations will follow the scheme :
F1:(TO)DO(TO)AO(TQ)DO(T!)AO(T‘)DO(T‘)A on a half time step
=(T )AO(T )DO(T§)AO(T!)DO(T6)AO(TO)D on the other one.

The computation will then be:
ct+at=F1(t.t+8t)OTps(t-8t,t+5t)oF2(t,t-8t).Ct-ot

II—3 spatial dfbretization

— The spatial discretization of the advection and the vertical
diffusion will be done according to Galerkin's method in
finite elements. This technique offers the advantage of
respecting tjua material distributions structure (energy' and
mass keeping) along the numerical treatment.
- The spatial discretization of the horizontal diffusion will
be done, more traditionaly, in finite difference. This can be
justified by the simplicity of the parametrization we chosed.

II—4 Time integration scheme

For numerical stability, we chosed 'a Crank—Nicholson
implicit scheme for the diffusion, trapezoidal for the
advection:
ct+ot _ ct = 5_t [F(C)t+5t + F(C)t]

2
this absolutely stable scheme leads to tri—diagonal linear
systems which can be solved by a factorization method
(Richtmyer and Morton, 1967).



-151..

II-5 Treatment of the boundary conditions

On the six sides of the integration area (4 lateral sides,
top of the atmosphere and ground) the boundary conditions are
treated in out—going~fluxes according to culanski (1976). The
concentration C: at the boundary can be written then
CI = 1-a Clt + 2 a C151t+8t

1+a 1+a
a = U Q; and a =0 if the flux goes out

6x (1 =1 if U6_t_ 2 1 (stability)
. 6x

(U : velocity along the chosen coordinate)

II-6 Negative values treatment

In order to correct the negative values created by the
Galerkin method (Gibbs'effect),the suitable material quantity
is picked up (n1 one line (row, column or vertical) step by
step until the deficit is made up. '
Not to introduce a distorsion in the wind field due to the use
of a non—isotropic method, the way of sweeping is continualy
alternated which, in a great nomber,leads to the isotropy.

III - simulation of the Chernobyl disaster

the accident took place around 00 UTC on APRIL 26 1986 in a
1000 MW reactor unit of the RBMK type of the Chernobyl nuclear
station (51°17 N, 30°15 E)
According to the data given by the soviet authorities at the
VIENNA conference, the ‘fire , with radionuclides release,
lasted until MAY 5 . The simulation results which will be
presented concern the 181Cesium, one (M? the most efficiently
measured elements. The total release in 137Cs was 3.7 1016 Bq.
The release function we are using to simulate the accident is
described, in space and time, on the figure 1. The 137Cs half-
lifetime is 1%) years, that leads us (X) take for radioactive
decay K = 7.33 10“° S‘l. The dry deposition velocity is
chosen equal to 10‘9mS'1 which is roughly the sharpness of
Cesium nuclides.

III - 1 Meteorological data used in the simulation

Since the french models were not recorded for that
situation, we used the data recorded at the European Center
for Medium range Weather Forcast (ECMWF). We worked on the
initialized data (deduced from observations) every' 6 hours
from 26—04—86 at 00 UTC to 12—05—86 at 18 UTC, because we did
not intend to prove the quality of the weather forcasts. The
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precipitations data are not taken into account in the simula-
tion because they are not analysed (the only available infor-
mation was the precipitations predicted for 12 hours, that was
inadequate). This blank should be filled thanks to the work
accomplished. in tflua AEIEAJ However, this should In; kept in
mind when interpreting the results.
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III — 2 Weather conditions and results

The weather conditions have been described many times so we
will not do it again in that paper, especially since we use
the analysed fields of the ECMWF and we did not test the model
capability of predicting the meteorological situation. The
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Fcauve 1a.: Term woh‘won o mum concemruIm-m w. H.,:
Lowest part 0%Hm Imostch (JOOO...) c“ Lav-3‘0

only way to underline the model capability of well describing
the evolution of the radioactive cloud (figure 2a) is to
compare the values issued ihxnn the model II) the measurements
taken in different towns in western europe. This was computed
for measurements of daily average concentration of 137Cs given
by the "Commissariat a l'Energie Atomique" for PARIS, VERDUN,
MARCOULE, CADARACHE, ATHENES, MUNICH, ROME, STOCKHOLM,
HELSINKI. These data are compared with the average
concentration predicted by the MEDIA model in the lower layers
for the nearest grid-point of the town (figure 2 b for PARIS
and STOCKHOLM).
Without making any adjustment, since the adjustable parameters
of the model have been chosen before the simulation (Kz,
source terms, half-lifetime, dry deposition velocity), the
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results are very sastisfying an; well qualitatively as quanti-
tatively for each town except STOCKHOLM where the model
predicted a pollution 1 day in advance as regard to the
measurements. This problem was pointed out in other
simulations. The good quality of the results might look
surprising even when the scavenging by precipitations is not
taken into account in the model, but the results mentionned
there concern the mean concentration of the low layers of the
atmosphere and not the values of deposition which should be
very sensitive to the scavenging. In addition, considering the
amount of pollutant released in the atmosphere, the size of
the studied domain, the loss by scavenging in the lowest
layers it; perhaps negligible :h1 front (M? the dubiousness on
the source term estimate.
The model, with the present parametrizations, is able to
describe the evolution of £1 pollutant concentration cloud as
soon as the weather conditions are well predicted by the
coupling model.
On the Chernobyl simulation, the introduction of measured
parametrizations would make the results more credible and we
are always fond of these kind of data.

The code is now operational on the global model EMERAUDE (grid
1.5° x 2° in latitude x longitude) for a movable window (70°
to 22° N, 30 IV Us 50 E) with a finer mesh than the coupling
model (0,.75° x 10 latitude x longitude). Each day of simula-
tion requires 31.5 s on CRAY 2. The data issued from EMERAUDE
are available every day at 05 UTC for a 72 hours forecast
(step 6 hours) from the 00 UTC. A slipping recording allows us
to work on the analysis of the 5 days before the possible
accident and then to go on a 3 days forecast.
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The code is also operational on the fine mesh model PERIDOT
(35 Km )< 35 Km)on EU] area covering time western europe. The
data issued from PERIDOT are available twice a day at 06 UTC
for a 48 hours forecast from the 00 UTC (step 3 hours) and at
17 UTC for a 48 hours forecast from the 12 UTC(step 6 hours).
The only problem is to be sure that the line between the
computer CRAY 2 and the computers of the french weather
service is switched on. '

CONCLUSION AND FUTURE

This study shows (flu; capability (Hf this kind (fl? model to
predict in a good manner the evolution of a radioactive cloud
of passive tracer. Nevertheless, 21 validation alone :U3 not
sufficient and we need other data bases (tracers campaigns for
example). Besides, the physic developped in the model is
rather primary and a better description of the scavenging and
the dry deposition must be considered. For the scavenging, it
seems an illusion to use only the 6 hours average
precipitation flux at the ground predicted by the coupling
model. The knowledge at each timestep and each level of the
precipitation fluxes predicted by the model is the necessary
condition for a better description, though this flux is still
irrealistic in the present models.
In operational mode, we are trying to have the PERIDOT model
run in any area of the Earth, associated with the code MEDIA.
This should be achieved in one year.
In research mode, we are trying to get a model such as PERIDOT
but with a finest mesh (5 to 10 km) on a limited area (a
quarter of France). This model PERIDOT-MESO is developped in
the "Centre National de Recherche Météorologiques" at TOULOUSE
and uses (flue turbulent kinetic energy ill order tx> treat the
diffusion. The coupling with the code MEDIA at each timestep
of_ the PERIDOT—MESO model should allow us to study, in 'a
better way, (flue different physical parametrizations since we
could get the whole information of the model.
Anyway, we shall remind you that, in forecasting term, any
pollutant tranportation model is aflxnna all dependent upon the
quality of the weather conditions forecasts and especially the
precipitations.
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DI SCIUSSS IOII

QUESTION: Seibert: 1. The first plot of the Chernobyl simulation

you showed gave the impression of a rather big horizontal

diffusion, and also the numerical value of 105 you used seems to

me to be very big. You also said that the results are sensitive to

horizontal K. 80, shouldn‘t one perhaps use a smaller value for K

horizontal? 2. In NWP models large K‘s are usually used for

numerical smoothing of dynamic variables.

ANSWER: You are right for part 2 of your question. But by

comparison of concentration at different towns between model and

observation, the best results are obtained with this value (105).

If we do other comparison with other data (ANATEX or CAPTEX)

perhaps we change this value!
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MESOSCALE ASSESSMENTS
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AND DEPOSITION
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A MODEL FOR RADIOACTIVE GROUND
CONTAMINATION ANALYSIS

Jelko Urbanéié and Zvonka Jeran
JoZefStefan Institute
Ljubljana, Yugoslavia

Abstract

A simplemodelfor analysisof groundcontaminationovera certainareais described.It requires
precipitationdataandradiologicaldata.Theactivityofprecipitationis expectedtobethemostrelevant
radiologicaldata for input to themodel.
An analysisof groundcontaminationby Cs-134andCs—137in SR Slovenia(NW Yugoslavia)based

on themodelis presented.The resultsof themodelarerelatedto measurementsof Cs-134andCs-l37
activity in epiphyticlichensandsoil samples.

Introduction

The radioactive cloud from Chernobyl movedover SR Slovenija in the late eveningon April 29, 1988. Its

approachwas recorded in Gorenja vas (25km West of Ljubljana) after 9 pm. It was rainy weather that

day and also in the following few days when this area receivedmost of its radioactive fallout.

Three different techniquesand data sourceswereused to analyse the ground contamination of cesium

in SR Slovenia:

0 A simple model for estimation of groundcontamination based on measurementsof radioactivity of

precipitation and its amount in the period from April 30, to May 9, 1986,when this area got most

of its radioactive load from Chernobyl.

0 measurementsof Cs-134 and Cs-137 in epiphytic lichens

0 measurementsof Cs-134 and Cs-137 in soil samples

Daily amount of precipitation is measuredat over 300 locations in SR Slovenia (areaabout 20000km2).

It givesus an opportunity to obtain an estimateof ground contamination at a great numberof locations.

The resultsof such a model werefoundusefulfor finding wheresamples.ofsoil and lichensshould be taken.

The completeanalysis is not yet finished,but preliminary results are presented.
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Figure l: The model prediction for Cs-137deposition at 301 locations in SR Slovenia

The model

When constructing the model the amount and reliability of the available data were taken into account.

Unfortunately, the radioactive cloud cameunexpectedlyand.measurementswerenot madesystematically.

The data for the concentration of radioactive pollutants in precipitation can be usedonly from measure-

mentsin Ljubljana (Brajnik, 1986).Measurementsin other locations weremostly incompleteand therefore

weconstructed the model with the following assumptions:

0 The air concentration of radioactive pollutants was homogeneousabovethe total area of Slovenia

0 Ground contamination was mostly the result of wet deposition, as estimated by measurementof

radioactivity in collected precipitation. Dry deposition wes neglected. It was assumedto be less

important because after the polluted air moved over Slovenia, precipitation was recorded at all

meteorologicalstations.
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Figure 2: The measuredvaluesof Cs-134and Cs-137 activity in soil samplesby Brajnik (1987)

Ground contamination is definedby the model as:

(1)G=RR*CL

RR the amount of precipitation [mm]Iwhere G is the ground contamination [Bq/m’] and 0;, the con-

measured at the referencelocation in[Ba/llcentration of radioactive pollutant in precipitation water

Ljubljana.

to May 9, 1986 arein the period from April 30Precipitation data for 301meteorologicalstations

available. There wereonly twodays in this periodwhenno precipitation wasrecordedat anymeteorological

The model wasion on all-other days.station. The reference location (Ljubljana) recorded precipitat

applied to analysis of Cs-134 and Cs-137 contamination only. The results for calculated contamination

are presentedin Fig. 1.
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Figure 3: The measuredvaluesof Cs-134 and Cs-137activity in lichens

Lichens as bioindicators for radioactive pollution

Lichens have been reported to accumulate natural and man-made radionuclides. Because of their

high absorption efficienciesand high retention capacities for radionuclides, some authors have suggested

that lichens and also mossescan be usedas natural integrating metersfor fallout nuclides,such as Cs-137

(Hoffman,1972,Svensson,1965).In 1987and 1988webeganto determineCs levels(Cs-134and Cs-137)in

someof the most abundant epiphytic lichenspeciesin Slovenia (Hypogymnia physodes,Parmelia saxatilis,

Pseudeverniafurfuracea and Parmelia caperata) in order to estimate the degreeof Cs-contamination after

the Chernobyl accident. Hypogymnia physodesis known as a tolerant specie for chemical pollution and

P.caperata as the most sensitiveone.

Samplesof epiphytic lichenswerecollected at different locations in Slovenia (in the central and north

- westernparts of the region). The lichens were carefully separated from the substrate (different trees;

beech,scots pine, apple), adheringparticles wereremovedin the laboratory, and then crushedand ground
after addition of liquid nitrogenand dried at 105°Cfor 24 hours. The Cs-134and Cs-137activities of these
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Location Lichen Species Substrate Cs-l 34 Cs-137 Cs-137/134

beech (2) 1.12 :l:0.35 3.95 :1:1.25 3.5
H.physodes apple (3) 2.47'i 0.57 8.50 :l: 1.49 3.4

scots pine (3) 0.84 :l:0.64 2.94 :t 2 3.5

beech (8) 1.36 :l:0.24 4.94 :t 0.92 3.6 ’
- P.saxatilis apple -- -

scots pine (1) 0.44 1.36 3.1

Zirovski vrh beech (3) 1.35 :l:0.30 5.01 :l:0.91 3.7
P.caperata apple (1) 2.50 9.0 3.6

scots pine - -

beech - -
Ps. furfuracea apple (2) 3.52 12.33 3.5

scots pine - -

Bukovééica P.saxatilis apple 1.02 3.56 3.5
Crni vrh Ps.furfuracea scots pine 1.11 3.86 3.5
Ljubljana H.physodes apple 3.16 13.17 4.2
Ljubljana P.saxatilis apple 3.85 17.20 4.5
Polje pri Bohinju H.physodes apple 4.01 14.20 3.5
Mali Slatnik P.saxatilis 0.72 3.34 3.6
. Peca Ps.furfuracea scots pine 5.70 20.10 3.5
Velika Kopa, Pohorje H.physodes beech 2.18 8.80 4.0
Tolsti vrh, Pohorje . H.physodes apple 3.70 15.59 4.2
Tolsti vrh, Pohorje Ps.furfuracea apple 2.29 9.50 4.1
Mislinjski j., Pohorje H.physodes scots pine 3.02 12.49 4.1
Mislinjski j., Pohorje Ps.furfuracea scots pine 2.77 11.71 4.2
Paski Kozjek H.physodes beech 2.96 12.90 4.4
Kofce Ps.furfuracea scots pine 5.46 22.07 4.0
Dobréa Ps.furfuracea scots pine 1.89 7.74 4.1
Mojstrana Ps.furfuracea scots pine 6.39 26.18 4.1
Trenta H.physodes 5.05 21.10 4.2

Table 1: The Cs-134 and Cs-137concentrations(in Bq/ g dry weight) and the Cs-137to Cs-134activity
ratio in someepiphytic lichens collected in 1987and 1988in Slovenia.

analyser.

Preliminary results are presented in Table l. and in Fig 3. As expected, the Cs values in lichens
collected at different locations of Slovenia differ from each other, but the values of various lichen species
from the same location lie within a very narrowrange. The highest activity of both Cs-isotopeswerefound
in samplesfrom the west and north-west(alpine)parts of Slovenia,which are knownto receive the highest
amountsof precipitation. The Cs-137 to Cs-134activity ratio in the lichens analysedwas the sameas the
ratio of these isotopes in the radioactive cloud from Chernobyl.
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Discussion

Brajnik (1987)mademeasurementsof Cs—134and Cs-137 in soil samplesin various locations in SR Slovenia

(Fig. 2.). In this work they were used for comparative purposes with the model results. The results

obtainedby the three differentapproachesshowquite good agreement.The highercontaminationpredicted

by the model for certain areas is mostly confirmedby the measurements.The topography of this district

is mostly very uneven,resulting in a nonuniformspacedistribution of precipitation. The differencesof the

model results obtained at various neighbouringlocations are mainly the consequenceof nonhomogeneous

spatial precipitation distribution.

We can conclude that all three analysis techniquesshould be used in estimation of contamination in

hilly terrain. The model describedaboveshowsa very inhomogeneousdistribution of ground contamina-

tion, requiring special care in selection of appropriate sampling sites to avoid sampling errors. Further

investigationscould supply enoughdata to make a statistical model that could better fit the measured

data.
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DISCUSSION

QUESTION: ApSimon: Did you lxxnt at orographic enhancement - ,that

is the variation on a single mountain with height for example?

ANSWER: We made one example (two samples - one at the foot and one

at the top of Dobca mountain). Unfortunately we have not

precipitation support at this location. Measurements at lee side

locations show no signficant difference, and low measured values.

QUESTION: Seibert: 1. What was the resolution in time for the

measurements or activity in precipitation samples? 2. Did you

compute correlations between lichen or soil activity data and

precipitation data?

ANSWER: 1. The resolution time 24 h is used. If more frequent

measurements exist, they are averaged on 24 IL. 2. We will do it

when we will have enoUgh measurements (at least 30) for

statistical significancy.
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DOSE RATE PATTERNS IN AUSTRIA AFTER THE CHERNOBYL ACCIDENT
AND THEIR RELATIONS TO PRECIPITATION

P. Seibert, H. Kolb
Institute of Meteorology and Geophysics, University of Vienna,

Hohe Warte 38, A—1190Wien, Austria

_ O. Svabik, V. Zwatz—Meise
Central Institute of Meteorology and Geodynamics,

Hohe,Warte 38, A-1190 Wien, Austria

Summary:An on-line radiation monitoring system yielding dose rate data at 336 sites covering
the whole of Austria gave unique information about the radiation situation during and after
the Chernobyl accident. Detailed isochrones of the first arrival of contaminated air have been
derived. During and after the passage of the radioactive cloud, dose rates are mainly deter-
mined by the amount of deposited activity. Time series of dose rate and precipitation are com-
pared for several locations. Correlation between long-lived ground contamination and total
precipitation in the critical period is not satisfactory, when computed for all stations together.
The deviation of observed dose rate values from the values estimated by the regression for-
mula using the precipitation data has a distinct regional pattern, probably due to correspon-
ding variations of air contamination

1. Introduction, data base

It is a common experience that data sets from large international experiments usually
require years for preparation and will always contain some errors. Chernobyl, however, was
not a planned experiment but a continental-scale disaster for which nobody really was pre-
pared. Measurements were made mainly for radiation protection purposes and not for scientific
ones, and partly by unskilled personnel and in hurry. Therefore, the quality of the data
available does not always meet the standard desired for scientific work.

However, there is one high—qualityradiological data set in Austria produced from the
network of 336 gammadose rate monitoring stations with real time data transmission (fig. 1).

0 AEROSOLSAMPLER

I INNSBRUCK BI BADISCHL
R RAURIS WZ WEIZ
S SONNBLICK W WIEN

H HEILIGENBLUT SJ ST.JOHANN

Fig. 1.
Dose rate monitoring stations and aerosol sampler locations in Austria. Stations referred to in
the text are indicated.
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The average spatial density is one station per 250 kmz. Two—hourly data from this network
have been stored on tape, and allow a detailed analysis of the propagation of contaminated
air. From the values recorded after May 8, when the activity in air had dropped to a very
low level (resulting from resuspension only), total deposited activity can be estimated.

Aerosol sa_m_plerswith gammaspectroscopic measurements of the filters are installed at
8 stations (fig. 1), but data suffer from irregular sampling intervals and gaps.

Meteorological measurements (fig. 2) were used from the climatological network (3 obser-
vations daily, two precipitation measurementsdaily) with its 239 stations and the precipitation
network of the Hydrological Service (784 stations, daily precipitation totals). Continuous
registrations of precipitation are available at several of the climatological stations.
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Fig. 2.
Climatological and hydrological networks in Austria.

2. Propagation of contamination

Isochrones of the first significant increase of dose rates have been analized and are
shown in fig. 3. Generally speaking, the front of contamination crossed Austria from the east
to the west (a distance of approx. 600 km) within 24 hours. The front entered Austria at
7 am. (LST) on April 29, 1986 in the NE corner of the country and propagated continuously
until late afternoon. In the evening hours there is strong retardation of the front north of
the Alps, and isolated spots with arrival times of three hours and more later than expected
can be seen. From 19 [ST on April 29 to 01 LST on April 30, the front made a big jump into
the western part of the country, after that moving continuously again.

How is- this behaviour to be explained? The propagation of the surface front is deter-
mined by three factors: the wind field, the stabilitiy and the vertical distribution of activity,
and the precipitation. The wind field in the evening of April 29 together with some ischrones
is shown in fig. 4. In the SE part, the front propagates with the wind at a rate of 25 km/h,
slightly faster than the surface wind speed. In the northern part, the front is slowed down at
a pronounced line of convergence, propagating only with the phase speed of this convergence
line.
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29 April 1986

30 April 1986

30 April 1986

Fig. 3.
Isochrones of first significant increase in dose rate.

291.8619"

Ifig.4
Wind observations at the climatological stations, 29 Aprfl 1986, 19 LST, together with
isochrones of activity front around this time.
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Fig. 5 schematically explains the influence of stability on propagation. During convective
conditions, the front is steep and its phase speed is equal to the maximumwind velocity within
the mixed layer. This explains why 850 hPa - trajectories performed so well. inspite of the
fact that the effective release height was considerably lower after the initial phase (IAEA
1986). In stable conditions, activity will soon be removed from the lowest layer by dry deposi-
tion while it cannot be replaced by a flux from aloft. Thus, a separation between the surface
and the upper front will occur. If in such a situation precipitation starts over a large area,
a quasi-simultaneous onset of increased radiation will be observed in this area. This happened
over central Austria in the night from April 29 to April 30. Fig. 6 illustrates the event for
several' stations.
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Fig. 5.
Schematic cross-section of activity front during unstable (DAY)and stable (NIGHT)conditions.
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Fig. 6.
Time series of gammadose rate and two—hourlyprecipitation for several stations. For location
of stations, see fig. 1.
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3. Precipitation and Deposition

It soon became obvious that, under the prevailing weather conditions during these days,
wet deposition was dominating compared with dry deposition, especially for long—lived fission
products like cesium; gaseous iodine, which was present with a share of approx. two thii‘ds of
total iodine (UBA 1986), is relatively efficently removed by'dry deposition (see, e.g., Kolb et
al., 1986). Therefore precipitation data, which are measured in a very dense network, should
give a useful first information on the regional distribution of contamination levels in a relati-
vely fine scale. The problem with this approach ist the non—homogeneityof activity concentra-
tions in air and the correlation between precipitation events and episodes with contaminated
air.

Figures 7 and"8 show the time series of air contamination, measured dose rate and pre-
cipitation for the stations Vienna and Innsbruck. In order to separate radiation due to depo—'
sited and due to airborne activity, the gammasubmersion has been calculated from the results
of aerosol filter measurements.In Vienna, two separate maximaof dose rate can be identified
and attributed solely to submersion. In the course of May 1, very slight showers deposited
enough activity for a 5 uR/h - rise in the dose rate, which persists after the sharp drop of
air activity in the evening of the day. A third major maximumof air activity was observed in
the night May 3/4, which again lead to an increase of the dose rate. The frontal precipitation
on May 8, accompanied by low air activity, didn’t bring a significant increase in radiation
levels. In Innsbruck, the first increase in radiation levels coincides with heavy precipitation,
as discussed in section 3. Note that the air activity is smaller by a factor of 10 compared to
Vienna, while the dose rate levels (over background) are bigger by a factor of 5. Submersion
contributed insignificantly to the radiation levels observed in Innsbruck, though the lack of
time resolution until May 3 may obscur some peaks. The high airborne concentration on May 7
cannot be explained well; it could be due to resuspension during gusty foehn winds.

pCi/m’ uR/h mm/h
300 llllJfiJrlllllélll!lllllrL+4llllllllllllll‘l'fil‘

.1. 4)-

250—-——- ._

“l- #-

2oo————' -

150*30“I “-

100—20-

50—10-

O— 0-*.
29

Date (Rpril / may1886)

Fig. 7.
Time series of gammadose rate (mediumsolid line), natural background (thin broken line),
calculated submersion dose rate above background (thin solid line), all in uR/h; Cs-137 activity
concentration of aerosol in pCi/m3; hourly precipitation values in mm;for Vienna (Wien—Hohe
Harte / Grinzing)
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Fig. 8.
Same as fig. 7, but for Innsbruck.

are underpredicted in the eastern and northern part of the country, where the higherair

us do not allow an analysis like the one by Clark and Smith (1988).
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Fig. 9.

30 35
Scatter plot of maximumobserved dose 0
rate (background subtracted) against
precipitation during indicated period.

10 15 20 25



Fig. 10.
Residuals from a regression which estimates dose rates from precipitation according to fig. 9.
Areas with significant under- and overprediction are hatched.

I

Fig. 11.
Analysis of total precipitation in the period 29 April 1986, 19 LST until 3 May 1986, 7 LST,
based on about 1000 stations.
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A careful analysis of all the precipitation data is shown in fig. 11. It is obvious that
such a detailed structue of the precipitation field, which is due to convective processes and
orographic effects of the Alps, cannot be expected to be simulated by a prognostic model. A
dense observation network is the only chance for monitoring, since estimations by radar are
unreliable in mountainous areas. The precipitation map has been compared with the results
from small-scale contamination investigations for limited areas, e.g. in Styria; the result was
that the general coincidence of maxima and minima is quite good, though the contamination
showed an even more detailed structure than could be resolved by precipitation network.

5. Situation in high mountain areas

In Austria, only one radiation monitoring station on a mountain top exists, namely the
Sonnblick observatory in 3105 m. Fig. 12 shows the variation of the dose rate at Sonnblick
and two near—byvalley stations. They show a simultaneous first rise at midnight between April
29 and 30 which was due to precipitation. In Italy, however, a time lag up to 48 h has been
observed between the arrival times at mountain and low stations (Dietrich et al., 1988). The
striking feature is the pronounced peak at Sonnblick on May 3, which does not occur at
either of the other stations..The sudden drop ending this episode makes clear that the peak
must be due to an activity cloud passing at higher levels. The approximate height of this peak
is 60 uR/h; if one assumes that the isotopic composition of the air during the maximumof air
concentrations observed 12 h later in Vienna is representative also for Sonnblick, the specific
activities. in the air at Sonnblick can be reconstructed. The following values result from a
computation which assumes a 2n solid angle for the incoming radiation and neglects the effect
of reduced air density (thus being somewhattoo high):

Te—132 450 Bq/ma
I-131 370 Bq/ma
Ru-103 220 Bq/m3
Cs—137 90 Bq/m"
Cs-134 45 Bq/m3
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Fig. 12.
Time series of gammadose rate at Sonnblick and two near-by valley stations.



-176-

These values exceed the highest ones observed in the plains by a factor of 5. Fig. 11
shows also a higher rate of decrease between May 4 and 6 at Sonnblick, compared with the
valley stations. This is due to the "visual field" of the detector, which is mounted on the
roof of the building and "sees" near-by ground only in a small solid angle.

It can be assumed that the share of submersion in the first peak is also much higher at
Sonnblick than in the valleys, corresponding to a higher activity concentration in air. Toge-
ther with the increase of precipitation amounts with height, this should lead to a considerable
vertical gradient of ground contamination. The few measurements that are available (UBA, 1986;
Ambach et al., 1987; Bb’hmet al., 1988; Hofbauer and Steinhauser, pers. comm.;Wenisch and
Bossew, pers. comm.)generally support this conclusion, though a maximumat middle altitudes is
suggested by some of the data, systematic investigations of vertical profiles would be
desirable.

6. Conclusions for emergency situations and model verification

From the results of this study the following conclusion can be drawn:

1. Information on the vertical distribution of activity is important. It can be collected by air-
craft or helicopter soundings, radiosondes with radiation equipment, at mountain stations or -
especially in flat countries —on high towers (e.g. TV towers).

2. During stable conditions (strong vertical gradients), one should be careful to adjust models
with poor resolution in the vertical by means of surface observations.

3. Monitoring of both air contamination (aerosol activity) and dose rate ist important. Sampling
intervals should be standardized, e.g. according to synoptic observations. Dose rate measure-
ments and their sites should be standardized like meteorological observations.

4. Convective precipitations cause small—scale variations of contamination and thus render
model verification and preparing of countermeasures difficult. A meteorological radar may help
in flat terrain, but in high mountain areas near-real-time data transmission from all the preci-
pitation networks is the only solution. In Austria this is now being considered a possibiity in
emergency situations.
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DI S(IUESS IOli

QUESTION: Dickerson: Have you been able to study the ratios in wet

deposition for 1—131 and Cs—137?

ANSWER: There are not many radiological measurements of

precipitation samples: most of them refer to monthly samples. In

addition, the quality (M‘ the data is INN; always satisfying. For

the precipitation in Vienna (30/4-1/5) the values are 2410 nCi I-

131/1 to 45 nCi Cs—137/1.
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ASSESSING THE WET DEPOSITION OF RADIONUCLIDES

H. M. ApSimon and P. A. Stott

Air Pollution Group

Imperial College, London, SW7 2AZ.

INTRODUCTION

The correlation between deposition of 05137/134 from Chernobyl and precipitation
intercepting the airborne radioactive material has suggested that numerical simulations can
provide estimated maps of deposition which can be of use in guiding monitoring teams to the most
severely affected areas. This is dependent on detailed rainfall data being rapidly available such as
weather radar, enabling 'nowcasting" of the effects as airborne radionuclides pass over a
country.

ApSimon and Simms (1988) have illustrated this approach using data from the weather
radar networks of tag, OK Meteorological Office over England and Wales to deduce a pattern of
deposition of Cs1 / 34 from Chernobyl, which effectively picks out the areas of higher
contamination as deduced from grass sampling undertaken by the- Institute of Terrestrial
Ecology. This paper uses more detailed numerical models of different types of storm system to
examine the validity of this approach, and how the efficiency of wet deposition depends on the
characteristics of the precipitation system and varies with the ammount of rainfall scavenging
the radionuclides.

1. Wet deposition of pollutants is commonly estimated in numerical models using a wash-out
coefficient or wash-out ratio. Both these approaches envisage a rather constant spectrum of
raindrops uniformly scavenging a passive pollutant plume as they descend. The wash-out
coefficient can thus be expressed as an integral over the raindrop spectrum

A = IN(a)E(a)1ta2 V(a) da

where Me) is the number density of raindrops of radius a,
E(a) is their collection efficiency for the pollutant

and V(a) is their terminal velocity.

It is commonly expressed as a simple power law of the rainfall rate J in mm/hr; A = A . Jp
where p is in the range 0.75 to 1.0. The wash-out ratio is the ratio of pollutant concentration in
precipitation to that in air, usually based on near-surface concentrations and introducing
uncertainties about pollutant profiles, but a readily observed parameter. In practice
precipitation is caused by the vertical ascent of moist air and often involves highly dynamic
transport of polluted air through the system. This paper presents a study on how the efficiency
of removal of radionuclides depends on the characteristics of different types of storm. It is based
on a computer model, DROPS (Deposition of Radionuclides and Other Pollutants from
Storm-systems), which incorporates the dynamical behaviour of precipitating systems and the
microphysical and chemical processes affecting pollutants circulating through them.
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To illustrate the application of the models, 3 case-studies are described in this paper.
Measurements after Chernobyl revealed a very wide spread in values of the wash-out ratio for
the important Caesium isotopes(e.g. Persson et al(1987) quote values varying from 0.3 to 5 x
106 over Sweden and Smith(1987) gives values a factor 2 higher). The deposition from
Chernobyl was spatially very inhomogeneous and often concentrated on upland areas with
enhanced orographic precipitation. The first case study therefore applies to deposition of
radioactive caesium aerosols when air is forced above the condensation level over a ridge. Over
central Europe however much of the caesium from Chernobyl was deposited in convective storms
in the unstable air-mass. These act like giant vacuum cleaners processing large volumes of air
and depositing material beneath the core; this provides the basis for our second case-study. It
was such a storm that led to the partial evacuation of Gomel, about 100 km away from
Chernobyl.

Over the UK the precipitation fell from a particular type of front involving a very steep
ascent of air at the frontal surface, and still amenable to 2-D simulations with our current
model. This is our third case study.

THE DROPS MODEL

In a full mesoscale atmospheric model the full set of equations governing conservation of
mass, heal, momentum, water and other gaseous and aerosol materials is integrated, and the air
motion is derived as part of the solution. However such models are very demanding on computer
resources. In the DROPS model the dynamics of the system, which could be obtained as output
from such a model or from direct observations, are predetermined and provided as input.
Provided these air motions satisfy the continuity equation, the transport of water and pollutant
material passing through the system, and their transfer between air, cloud droplets, and
raindrops, can be simulated. The model can thus be used as a tool to assess how the overall
deposition and export of pollutants depend on the microphysical processes Involved.

Currently the DROPS models is limited to simulation of warm clouds with no ice-phase,
and some simplifications are introduced. The cloud droplets, formed according to the density of
CCN, are assumed ,as by Kessler (1969), to be monodisperse, growing or evaporating according
to changing equilibrium conditions with the interstitial air and transferred to the rain drops by
auto-conversion and accretion. Similarly the spectrum of raindrops is treated as though they all
fall with the same terminal velocity appropriate to the median of the size distribution.

Hygroscopic aerosols are assumed to be efficiently incorporated in cloud droplets as CON,
and their removal in precipitation ls hence largely determined by autoconversion and accretion
of these droplets. Hydrophobic aerosols are removed mainly by Impaction with falling
raindrops.The transfer of gases is based on equilibrium between Interstitial air-and the cloud
droplets and rain according to Henry's law; oxidation and aqueous phase chemistry within the
droplets and rain can also be included. In this case the additional data is required on
concentrations of all relevant species including the oxidants. A schematic diagram of the model,
showing the microphyisical processes included. is given in figure 1.

CASE STUDY 1-OROGRAPHIC ENHANCEMENT FROM AN UPDRAUGHT

The first illustration of this model applies to the ”feeder-seeder” mechanism with flow over
a hill of height 675 m assuming the 03-137 is attached to aerosols of 1 micr n in diameter -
see figure. 2. The velocity of the free flow aloft approaching the hill is 15 m.s' , with light rain
of 1 mm per hour falling from the seeder cloud above the condensation level at an altitude of 1
km. As the air approaches the hill unsaturated air beneath the seeder cloud is forced to rise and
condenses, with a high proportion (90%) of the Cs-137 aerosol assumed incorporated as CCN in
the newly formed cloud droplets. The raindrops from the seeder cloud accrete moisture from
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of cloud water to rain water

GAD - absorption/desorption of gas between air and
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KachvKr - oxidation in air,cloud and rain

IMP - impaction
NUC - nucleation _

EPR - transfer of particulate from rain to air due to
evaporation of rain

EPC - transfer of particulate from cloud to air due to
evaporation of cloud

MPP - transfer of particulate from cloud to rain by
conversion of cloud water to rain water

Figure 1 DROPS model : schematic diagram
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-183-

these cloud droplets enhancing the rainfall as indicated in curve a. However because of the
greater capture efficiency of the droplets than for the bare dry aerosol by impaction, the
deposition of Cs-137 at the grouqd increases far more thaqjthe rainfall (curve b). Thus the
effective wash-out coefficient. A, increases from 4..610' to a maximum of 6..310'
slightly downwind of the maximumu6odraught6 crossing the condensation level. The wash out
ratio varies proportionately(02. 10 to 3.106). Sensitivity studies have been undertaken
varying hill height, nucleation efficiency, aerosol size, and wind--speed on approach. The results
are summarised in table 1.

TABLE 1

Parameter varied Maximum wash-out coeff. s‘1

Height of hill, H . 400 m 5.6.10'4
Aerosol diameter, 2a - 4g 6.2.10"4
Windspeed, U = 10 m/s 6.7.10'4
Nucleation efficiency, isnuc .- 0.6 4.3.10’4

As well as nucleation efficiency overall CCN density was changed to see what difference a
clean or dirty air-mass could have on the deposition, but this had little overall effect. Whether
this is true in all cases remains to be seen.

The conclusion to be drawn from this Is that deposition can be very much enhanced
wherever there are updraughts taking new air with fresh Cs-137 aereosol above the
condensation level and up into the cloud. In hilly terrain such updraughts can easily be‘initiated
systematically by topographic features and hence. a very patchy distribution is likely to result
over quite small distance scales.

CASE STUDY 2 -CONVECTIVE STORMS AND SHOWERS.

The dynamics within a strong convective storm are extremely complex and 3-
dimensional, with rain evaporating below cloud base leading to a downdraught of cooled air.
However our initial studies on this followed Fisher (1982) with a1-D model which we extended
to faster updraught speeds, and evolving shower systems. In this model a radially symmetric
updraught is assumed at the core of the evolving shower with a maximum speed of 5 m/s. Figure
3 shows concentration profiles of the pollutant in rain at different stages for this fairly typical
case. Initially material is distributed within the boundary layer.- As the updraught starts
carrying material aloft condensation occurs at a height of about 2 km, and the caesium aerosol is
transferred to the cloud droplets leaving low concentrations in the interstitial air. After 8005of
the simulation rain is beginning to fall through the cloud but has not yet fallen beneath the cloud.
After 1200 seconds the first rain has removed a good deal of the material in the lower layers of
cloud and this is just beginning to reach the ground. The maximum rate of deposition occurs after
about 20 minutes to 1/2 hour and declines thereafter, the peak value of the wash-out ratio
being 4.3.105. in practice most shower systems would cease after such times as moisture is
removed from the column, and rain evaporates cooling and slowing the updraught.
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The overall efficiency of removal in convective showers depends on the strength of the
shower and the updraught velocity. As well as depositing material on the ground, there is also
export at the top of the system to the free troposphere - an important topic in relation to
background concentrations of long-range pollutants like $04 aerosols. The efficiency of removal
and fraction exported assuming a 2000 second duration for the storm is illustrated as a function
of updraught speed in table 2. it shows how the fraction exported increases considerably with
faster updraughts allowing shorter residence times for soavenging in the column, albeit that the
rainfall is heavier with the greater rate of supply of moisture.

TABLE2

Updraught speed (m/s) Fraction removed Fraction exported

2 0.74 0.26
4 0.69 0.31
6 0.59 0.41
8 0.42 0.58
1 0 0.24 0.76

Persistent convective storms really require at least a 2-dimensional simulation to be
realistic, involving both updraught and downdraught. Although we have undertaken such studies
the 2-D applications of the DROPS model will be illustrated in this paper for the rather
different application of a frontal system.

CASE STUDY 3: 2-DAPPUCATION TO AN ANA FRONT

Figure 4 illustrates the motion of airat a steep frontal surface of the type that passed over
the UK after Chernobyl. In addition to the motion indicated there would be a component of flow
perpendicular to the plane of the diagram introducing a shear across the frontal surface, which
is ignored in the 2-D simulation. The velocities at the frontal surface are almost vertical, giving
a band with intense rain close to the front, depending on the rate of convergence between the two
air masses. With such a steep ascent material Is deposited within a short distance of the position
at which it starts its ascent from the boundary layer. This allowed ApSimon and Simms(1988)
to obtain a good picture of deposition over England and Wales by combining weather radar data on
precipitation with the observed time of passage of the Chernobyl cloud.
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Figure 4 Motion of air at steep cold frontal surface (fromBrowning, 1985)
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Figure 5 Deposition and precipitation rates in cold frontal circulation -

The results of the more detailed simulation with the DROPS model of the circulation and
deposition of caesium aerosdls through such a system are given in figure 5. This shows the rate
of deposition at different distances on either side of the front. Curve(a) shows the rate of
rainfall. Curve(b) Is the calculated deposition rate assuming 4Bq/m of 1p diameter aerosol
feeding into the frontal ascent from the warm sector (this is consistent with the observations of
peak concentrations over the UK in the warm sector); the depdsition in this ituation is
dominated by rain-out processes within the cloud giving wash-out ratios up to 2.10 . Curve (c)
shows the corresponding calculated deposition rate assuming instead that the contaminated air is
in the cold air-mass behind the frontal surface, when removal is dominated by wash-out by
precipit tion falling from above. Wash-out ratios are obviously very much smaller being up to
0.2.10 . The same kind of sensitivity studies can be applied to this case as to the shower
analysis. However the order of magnitude difference between the removal efficiencies indicates
how important it is to identify where radioactive material is relative to the frontal surfaces. '

More commonly, fronts are of the kata type with less steep frontal surfaces, which are
much more difficult to simulate with a 2-D model. However there are many other factors to be
considered with the 2-D model before progressing to 3-D simulations; these include simulation
of cold clouds with ice-phase processes, and various sensitivity studies are planned on the
deposition of both hygroscopic and hydrophobic aerosols, and on the fractions exported to the
free troposphere.
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SUMMARY AND CONCLUSIONS.

The application of a computer model to simulate removal of radioactive aerosols has been
Illustrated for 3 case studies - orographic effects of a ridge, 3 convective shower, and an
ana-cold-front. These show clearly how the characteristics of the rain-storm affect the
efficiency of removal, and the export to the free troposphere. They also indicate how the pattern
of deposition is likely to be extremely inhomogeneous, with great variations in washoout ratio.

Other work Is also in progress on acid deposition incorporating simple aqueous chemistry
in the DROPS model, and assuming instantaneous chemical equilibrium between the droplets and
the air through which they are falling. This provides an interesting insight into the relationship
between chemical scales for oxidation and the time-scales for pollutants to cycle through the
storm, and on the interaction between ammonia and acidic species. It will be published in due
course.
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DISSCLJSS IOPI

PAPER: ApSimon - wet deposition

COMMENT: Dickerson: We are finding that electrical effects can

have an important effect on the scavenging process.

QUESTIONz-Nordlund: Do you have found any case were there are at

the same time and location vertical profiles of nuclide

concentration, precipitation amounts and deposition values?

ANSWER: Unfortunately no. It is difficult enough to find locations

where surface air and precipitation have been measured

simultaneously to give wash-out ratios.

QUESTION: Raes: Can you get all the information together needed to

evaluate nucleation efficiency (size, composition,

supersaturation)? Can you identify the most critical parameters?

ANSWER: Nucleation efficiency is :3 very important parameter as 1

indicated in my talk. We know a little about the Cs—137/134, that

it was dissolved in rainwater as hydroxide or in' a colloid

solution, but if you can supply any more information I shall be

grateful.

QUESTION: Urbancic: Do you plan some research on scavenging on the

lee side of the mountain crest?

ANSWER: Exactly where the maximum will occur depends on the wind

field. The calculations shown have been based on a rather

idealised flow field. According to Froude number and the slope and

shape of the hill the flow characteristics could vary quite a lot.

I think it is impossible to estimate where the maximum on a hill

will occur in practice. I merely wanted to illustrate how there

can be greatly enhanced areas of deposition, _exceeding the

enhancement of rainfall, over a hill.

QUESTION: Vychytil: Did you use different modeling approaches for

the transport of aerosols (like Caesium) and for the transport of
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rare gases like Xenon?

ANSWER: Since we were not considering coarse aerosol deposited

locally, we assumed that the Cs on fine aerosols and the rare

gases were advected and mixed in the same way. However the rare

gases are assumed not to deposit, whereas dry and wet deposition

are included for caesium.
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VI

FINAL DISCUSSION
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final discussion

The meeting concluded with a general discussion chaired by Dr ApSimon
(EURASAP) together with Dr LabrousseWMO),Dr AsculaiflAEA). and Mr FrazerflZEC).
Dr ApSimon began by summarising the topics covered during the meeting. This had
opened with the presentation of plans for the joint IAEA liliMD/CEC study to evaluate
numerical models for long-range atmospheric transport against data from the
Chernobyl accident and the ANATEX tracer releases in North America. Papers had
addressed the simulation of the processes involved (advection, horizontal and vertical
spreading. and deposition) in the various types of model (plume. Lagrangian pull.
Eulerian, and particle models etc) applied over distances from global and continental
down to regional and 10'calscales. A very positive feature of the meeting had been the
free discussion of the complications and the difficulties of treating the 3-dimensional
transport, topographicaleffects, unresolved sub-grid scale processes, and
redistribution and deposition of material by precipitation systems. It was very
important to recognise the limitations of models if they were,to be used effectively
for real-time analysis in accident situations.

Several important aspects of the application of models in emergency situations
had been addressed. These included the use of models in forecasting mode, additional
data requirements, and the international exchange of radiological measurements as
well as meteorological data. The availability of precipitation data. and radiological
observations of the spread of the cloud both at ground level and aloft. and
concentrations of key nuclides in air and precipitation, had been identified as
particularly important. Attention had been drawn to the development of capabilities
in modelling assessments. to integrate radiological observations as they became
available to check, revise and update calculations. Model evaluation studies might
suggest some ideas on how this might be done. The uncertainties involved in model
assessments added to the need to consider very carefully how results should be made
available.

In the ensuing discussion Dr Dickerson expressed concern that in the event of a
future accident there could be a vast number of models applied, quite probably giving
conflicting results; this it was agreed would add to the confusion! This raised the
subject of the selection of accredited centres, and the conduct of routine
international exchange of requisite data and emergency exercizes incliding model
assessments. There are two options for accredited centres,- these can either be based at
existing weather forecasting centres, or at some other location with direct access to
forecast windfields and ancillary data.

On the subject of requirements for international exchange of data the views of
member states have been requested both by IAEA and the CEO.and special
requirements for modelling applications should be made known to national
representatives in this context. Dr Labrousse enlarged on the international exchange
of data over the GTS system of the 1HMOWorld Weather Watch, and the options for
precipitation data in real-time. Apart from raingauge data weather radar capabilities
are still in the development stage and available only in certain countries ( although
there is collaboration in Europe under a COSTscheme, and some arrangements to
exchange such data are already operational.)
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Dr Labrousse and Dr Pudykiewicz led the discussion on to the improvement of
weather prediction models and the problems both of data and parameterisation for
better representation of the boundary layer and its processes. The increase in
available computing power imposes less of a restriction on modelling capabilities, but
points to a relatively few centres equipped and operating large-scale models. There
was general agreement that it is desirable to move towards integration of numerical
models together with meteorological and radiological data within overall information
systems to assist decsision makers in emergency situations. An evaluation of models to
help development and improvement, and appreciation of the uncertainties involved,
would be a valuable stage towards this long-term objective.

Dr ApSimon concluded the meeting by commending the participants for their
frank and open contributions; and thanking the Austrian Academy of Sciences, the
Austrian Meteorological Society. and the Institute for Meteorology and Geodynamics
for hosting the meeting- particularly Ulrike Pechinger and her colleagues for their
impeccable organisation and very hard work.
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Reports will be submitted on the study to the Steering Committee
for inclusion in the final project report(s). No intercomparison of
results relating to this study is to be published prior to dates
established by the Steering Committee for the Workshop. Reports on
exercises using the data provided may be published freely
thereafter.

However, whenever results are published utilizing data provided by
the sponsors of ATHES, appropriate credits are to be included.
Copies of these publications and any others relating to the ATHES
study are to be sent to each sponsoring organization.

All participants must produce results over a minimum specified map
area for the Chernobyl study in the required format. The results
which are required pertain to the two radionuclides C8137 and
1131, as detailed in an Annex, together with additional
operational results which are recommended.

The results for the Chernobyl study are to be based on the source
terms specified, and on meteorological information (data, analysis
and forecasts) which would normally be available within 24 hours in
an accident situation or from data sets provided for the study
(although additional results may be submitted).

The use of the available ANATEX data sets , in addition to the
Chernobyl case study, is strongly encouraged but is not mandatory.

The costs of supplying data sets (transcription onto magnetic
tapes/disks in a standard format and postage) will be paid by the
participants.

A model description will be provided by the participants describing
the salient features as specified by the Evaluation Team.

The Steering Committee retains the right to extend the schedule
under extreme circumstances.

TO BE SIGNED BY PARTICIPANTS:

We, the undersigned, have read the above terms for participation in
the study and agree to fulfill the obligations therein.
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sondereimWienerBeckenundim Donautal.Wien1982,
212Seiten,183Abbildungen. vergriffcn

Klimadaten des Glocknergebietcs, VIII. Teil: Tabellen
der Stundenwerteder Globalstrahlung‘1975- 1980(Fu-
scher-LackeundWallack-Haus).Wien1983,
39 Seiten. 50,-

WEBER,F. undR.WUSTRICH:Ergebnissederrefraktionsseismischen
Mcssungenam Hoehkonigsgletseher.Wien1983.
50Seiten,3 Tabellen,7Abbildungen.11 Beilagcn.

Tabellen

100.-
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Beitragzur Kohlcnwasserstoffexplorationin (3sterreieh.
Wien1985.14Seiten,2 Tabellen,‘2 Abbildungenund
3 Kartenbeilagen. 60.-

HOJESKY,H.: LangjahrigeRadiosonden-undHohenwindmessungen
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