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Summary 
The Swiss Meteorological Institute (SMI) participated in the ETEX project by undertaking 
special meteorological measurements and by sampling air for tracer concentration observations 
in Switzerland. Calculation of the tracer dispersion forecasts and analyses over Europe have 
been realized with the LORAN model. 
Aerological soundings, performed every six hours at Payeme during the tracer experiments, 
give a detailed description of atmospheric flow stratification evolution during these periods. 
SMI technicai staff went to the release site (near Rennes in Brittany, France) to measure verticai 
wind profiies with a SOD AR, and CVB (Constant Volume Balloon) trajectories. Air samplings 
at Payeme, Zürich-Kloten, Arosa and Jungfraujoch were taken every three hours for detecting 
eventual arrival of tracer over Switzerland. 
Concentration forecast and analysis calculations with the LORAN dispersion model, made 
available to the SMI by the JRC (Joint Research Centre, Ispra), have been done for the three 
preliminary dry runs and in real time during the two experiments with tracer releases. 
Principal characteristics of the LORAN model are explained in order to supply users with 
information necessary to run the model and to interpret the results. Preprocessing of meteoro
logical data provided by ECMWF allows an optimal use of the model on real time for forecast 
purposes or on delay ed time for subsequent analyses. 
Post-processing codes are used to adapt LORAN results into the standardized format required 
for easy comparison with results of other models invoived in the ETEX project. They also 
deliver plots for a quick Visual interpretation. 
Ground concentration evolution calculated for the three dry runs and for the two tracer 
experiments show great diversity of results according to the meteorological situations. 



Resume 
L'Institut Suisse de Meteorologie (ISM) a participe au projet ETEX en effectuant des mesures 
meteorologiques speciales et des prises d'echantillon d'air pour observer les concentrations du 
traceur en Suisse. Les calculs de prevision et d'anaiyse de la dispersion du traceur en Europe 
ont ete realises avec le modele LORAN. 
Les sondages aerologiques, effectues toutes les six heures ä Payeme durant les experiences avec 
traceur, donnent une description detaillee de l'evolution de la stratification des courants 
atmospheriques pendant ces periodes. Une equipe technique de l'ISM s'est rendue sur le site 
d'emission du traceur (pres de Rennes, en Bretagne, France) pour y effectuer des mesures de 
proßl du vent par SOD AR, et des mesures de trajectoires par BVC (Ballon ä Volume Constant). 
Les prelevements d'echantillons d'air ä Payeme, Zürich-Kloten, Arosa et au Jungfraujoch ont 
ete effectues toutes les trois heures, en vue de detecter l'arrivee eventuelle du traceur en Suisse. 
Les calculs de prevision et d'anaiyse des concentrations au moyen du modele de dispersion 
LORAN, mis ä disposition par le JRC (Joint Research Centre, Ispra), ont ete effectues en temps 
differe pour les trois essais ä blanc et en temps reel pour les deux essais avec traceur. 
Les caracteristiques principales du modele LORAN sont decrites, afin de donner aux utilisateurs 
les renseignements indispensables pour son utilisation et pour 1'Interpretation correcte des 
resultats. Les procedures de preprocessing, en conjonction avec les analyses et les previsions 
numeriques calculees ä 1'ECMWF de Reading (UK) permettent une utilisation optimale du 
modele en temps reel et en temps differe. 
Les programmes de post-processing preparent les resultats numeriques du modele sous la forme 
standardisee requise pour les comparaisons avec les resultats des autres modeles engages dans 
le projet ETEX. Iis livrent aussi des representations graphiques pour üne interpretation rapide 
des resultats. 
L'analyse de l'evolution des concentrations au sol obtenues pour les trois periodes d'essai ä 
blanc et pour les deux experiences reelles avec traceur montrent bien la diversite des resultats 
en fonction des situations meteorologiques. 

Zusammenfassung 
Die Schweizerische Meteorologische Anstalt (SMA) hat am ETEX Projekt teilgenommen, und 
zwar sowohl bei der Durchführung von meteorologischen Spezialmessungen als auch bei der 
Sammlung von Luftproben, um die Tracer-Konzentrationen in der Schweiz zu ermitteln. 
Zusätzlich wurden Tracer-Ausbreitungsprognosen mit Hilfe des Modells LORAN realisiert. 
Die aerologischen Sondierungen, die in Payeme während des Tracer-Experiments alle sechs 
Stunden durchgeführt wurden, geben eine detaillierte Beschreibung der atmosphärischen 
Strömung und deren Schichtung während dieser Periode. Ein technisches Team der SMA hat 
sich an den Tracer-Emissionsort begeben, (nahe Rennes, in Bretagne, West Frankreich), um 
Messungen von Windprofilen mittels SODAR sowie Trajektorien mittels Verfolgung von BKV 
(Ballonen mit Konstantem Volumen) durchzuführen. In der Schweiz wurden an vier Standorten 
(Payeme, Zürich-Kloten, Arosa und Jungfraujoch) Luftproben gesammelt, um die 
Tracer-Konzentrationen zu messen. 
Prognosen und Analysen der Konzentrationsverteilung wurden mit dem Ausbreitungsmodell 
LORAN, vom JRC Ispra zur Verfügung gestellt, für die drei Vorversuche zeitverschoben und 
für die zwei Tracer-Experimente in Echtzeit erstellt. 
Die Hauptcharakteristiken dieses Modells werden beschrieben, um den Benützem die nötigen 
Informationen für die Handhabung des Programms und die richtige Interpretation der Resultate 
zu vermitteln. "Preprocessing"-Verfahren für die Vorbereitung der meteorologischen Daten, die 
auf ECMWF-Analysen und -Prognosen basieren, erlauben eine optimale Benützung des 
Modells, sei es zeitverschoben oder in Echtzeit. 
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Die "Post-processing''-Programme dienen dazu, die numerischen Resultate dem standardi
sierten Format anzupassen, die es erlauben, die Resultate mit anderen in ETEX eingesetzten 
Modellen zu vergleichen. Diese Programme liefern zusätzlich graphische Darstellungen, die 
eine rasche Visualisierung und Überprüfung der Ergebnisse ermöglichen. 
Die Analyse der Entwicklung der Bodenkonzentrationen während der drei Probeläufe und der 
zwei Tracer-Experimente zeigen klar die Verschiedenheit der Ergebnisse in Abhängigkeit der 
meteorologischen Bedingungen auf. 

Riassunto 
L'Istituto Svizzero di Meteoroiogia (ISM) ha partecipato al progetto ETEX effettuando delle 
misure meteorologiche speciali e dei prelevamenti di campioni d'aria per osservare le concen
trazioni del tracciante in Svizzera. I calcoli delle previsioni e delle analisi della dispersione del 
tracciante in Europa sono stati realizzati col modello LORAN. 
I sondaggi aereologici, effettuati ogni 6 ore a Payeme durante le esperienze col tracciante, 
danno una descrizione dettagliata dell'evoluzione della stratißcazione delle correnti 
atmosferiche durante questi sondaggi aereologici, effettuati ogni 6 ore a Payeme durante le 
esperienze col tracciante, danno una descrizione dettagliata dell'evoluzione della stratißcazione 
delle correnti atmosferiche durante questi periodi. Una squadra tecnica dell'ISM e andata sul 
luogo deii'emissione del tracciante in Francia (vicino a Rennes, in Bretagna) per effettuare delle 
misure di proßli di vento col SOD AR e delle misure di traiettoria col BVC (Pallone a volume 
costante). In Svizzera, i rilevamenti dei campioni necessari alla misura delle concentrazioni del 
tracciante sono stati realizzati in quattro localitä: Payeme, Zurigo-Kloten, Arosa e 
Jungfraujoch. 
I calcoli di previsione e di analisi delle concentrazioni per mezzo del modello di dispersione 
LORAN, messo a disposizione dal JRC d'Ispra, sono stati effettuati in differita per le tre prove 
a vuoto e in tempo reale per le due prove col tracciante. 
Le caratteristiche principali di questo modello sono State descritte, per fomire agli utenti le 
informazioni indispensabili per l'interpretazione dei risultati. Le procedure di "preprocessing" 
unite alle analisi e alle previsioni numeriche calcolate all'ECMWF di Reading (GB), 
permettono un'utilizzazione ottimale del modello in tempo reale e in differita. 
I programmi di "post-processing" preparano i risultati numerici del modello nella forma 
standardizzata richiesta, per essere paragonati con i risultati degli altri modelli utilizzati nel 
progetto ETEX. Questi programmi fomiscono pure delle rappresentazioni graßche per 
un'interpretazione rapida dei risultati. 
L'analisi dell'evoluzione delle concentrazioni al suolo ottenute per i tre periodi di prova a vuoto 
e per le due esperienze reali col tracciante mostrano bene la diversitä dei risultati in funzione 
delle situazioni meteorologiche. 
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1. INTRODUCTION 
1.1 Historicai context 

Industrial accidents of major dimension with releases into the atmosphere of harmfui 
radioactive or chemical materials can have detrimental consequences on regions extending to 
hundreds even thousands of kilometres. Because of their effects on human and animal health, 
at short and long term, they may be considered as ecological disasters and have, to say the least, 
Iarge negative economic impacts. Let us remember, for instance, the nuclear accident of 
Chemobyl (1986), or the chemical accidents of Seveso (1976), Bhopal(1984), or in less extent 
the Are at Schweizerhalle (1986). 
The Chemobyl accident showed that West Europe was not shielded from radioactive fallout 
Coming from Eastem Countries, where security constraints on nuclear installations are far away 
from the very tight regulations applied in the Western Countries. 
The renewal of such an accident is thus not highly improbable. If measures can be undertaken 
for an Optimum protection against radioactive fallouts, they will be most effective the sooner 
they are activated. Therefore trajectories and dispersion forecasts of pollutants must be rapidly 
obtainable. 
Many countries have implemented atmospheric transport models for emergency purposes. They 
need to be promptly activated and they must deliver credible results. 
Dispersion data measured in Europe after the Chemobyl accident have been used retrospec
tively in the international project ATMES (Atmospheric Transport Model Evaluation Study) 
sponsored by the EC (European Commission), IAEA (International Atomic Energy Agency) 
and WMO (World Meteorological Organization) (ref. /10/). Despite the fact that ATMES was 
highly successful, some uncertainties remained, mainiy connected to the actual value of the 
source term. Moreover, this study gives no indieation on the ability of the different models to 
produce real-time response in emergency situations. Therefore a follow--up international 
Programme has been organized under the name of ETEX (European Tracer Experiment). 

1.2 Overail objectives of ETEX 
The general objectives of ETEX were the following: 
1. To realize a long-range atmospheric tracer experiment, with concentration measurements at 
a distance up to some 2000 km from the release point. 

2. To test the capability of the participating institutions to provide, in real time, rapid forecasts 
of atmospheric dispersion over long distances, after notißcation of the coordinates of the 
release site and the time of emission onset, duration and intensity. 

3. To evaluate the quality of forecasts retrospectively, by comparing them with the evolution of 
tracer concentrations measured over more than one hundred stations spread over central and 
northem Europe, including some Eastem Countries. 

4. To establish a well documented database of source terms, meteorological and concentration 
data, to allow tlie Validation of present and future long-range atmospheric dispersion models. 

1.3 ETEX project activities 
The three main ETEX activities have been: 
1. Tracer experiments. 
2. Real time modelling. 
3. Atmospheric model evaluation. 



1.3.1 Tracer experiments 
Two controlled tracer releases have been conducted by the Joint Research Centre (JRC) at Ispra 
from the site of Monterfil, near Rennes (Brittany, West of France), on the 23rd of October and 
the 14th of November, 1994. The non-toxic gases used are detectable at very low concentration 
(1 part per 10^) by gaschromatography. These analytical techniques were deveioped by the 
Brookhaven National Laboratory and have been adopted by the Environment Institute of the 
JRC. They have been applied with success to long-range experiments in the United States for 
the Cross Appalachean Tracer Experiment (CAPTEX) and for the Across North America Tracer 
Experiment (ANATEX), and also in Europe in mesoscale experiments like the Transalpine 
Atmospheric Transport project (TRANSALP) or the Transport over Complex Terrain project 
(TRACT). 
1.3.1.1 Experiments Organization 

Two tracer experiments were realized in autumn 1994. The first (ref. /II/) started on the 23rd of 
October at 16 h UT, with the emission of perHuormethyleyclohexane and the second on 14th 
November at 15 h UT with the emission of pernuormethylcyclopentane. Both releases were 
undertaken on the site of MonterHl. 
The weather situations were chosen by their ability to disperse tracers over the region equipped 
with chemical sampling devices. Figure 1 shows the position of the 167 sampling stations 
located in countries of the Centre, North and East of Europe. 
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Figure 1. Location of tracer sampling stations 

1.3.1.2 Tracer sampling and analysis 
For practical reasons, all sampling devices were installed by the JRC at existing synoptic 
weather stations. On 72-hours' sampling time, successive air samples of 3 hours were coiiected 
at all stations. About 10'000 absorbing tubes had to be carefully analysed in laboratory in order 
to measure their tracer content. In Switzerland, the four stations chosen were Payeme, 
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Zürich-Kloten, Arosa and the Jungfraujoch. Three aircraft (the Hercules of the British Met 
Office, the Stemme Motorglider of the Swiss MetAir and the D0228 of the German Weather 
Service) were invoived to collect information on the horizontal and verticai structure of tracer 
cloud (ref. /12/). They intersected the plume one day after the release at a distance of 400 km to 
700 km downwind from the source and at altitudes ranging from 300 m to 1200 m AMSL. 
1.3.1.3 Meteorologica! observations 

Besides the routine weather observations provided by Meteo France, special meteorological 
measurements have been carried out on the release site at Monterfil, in order to provide more 
information about the behaviour of the tracer plume during its ßrst phase of dispersion. Verticai 
wind proßles were continuously performed by the SMI (Swiss Meteorological Institute). 
Trajectories of air parcels at two different levels were tracked with both the CRA (Centre de 
Recherches Atmospheriques, Universite Paul Sabatier, Lannemezan, France) and the SMI, 
using CVB 's (Constant Volume Balloons) (ref. /9/). 
At Payeme, the routine wind soundings of 6 h UT and 18 h UT were replaeed during the two 
experiments by füll PTU (Pressure, Temperature, hUmidity) aerological soundings for the ßve 
days following the beginning of releases. 
1.3.2 Reai-time modeliing 

As in a real accident, participants have been informed shortly after the release start of the precise 
location and characteristics of the emission (intensity, height above ground, duration). Each 
modeller was requested to predict, as soon as possible, the evolution of the tracer cloud. They 
had to determine the arrival time and the residence time of the tracer at locations of the 
measuring Station given on Figure 1, and also on all grid points of 1° covering the whoie of 
Europe. In order to demonstrate that Computing was completed in real time, each partieipant 
was requested to send by fax, within a deßned time frame, forecast plots for +24 h, +36 h and 
+48 h to the JRC at Ispra. 
The plume predictions were updated each 12 hours with new available meteorological analyses 
and updated forecasts. Thus each partieipant ßnely computed 6 successive sets of concentration 
ßelds, extending from the ßrst guess (set 1), only based on forecasts, to the most precise 
description, based on analysed wind ßelds (set 6), giving also intermediate results (set 2 to set 5) 
relying on both analyses and forecasts. The complete data were transmitted on informatic 
support to the JRC at Ispra for a detailed Statistical study (ref. /12/) on the ability of the models 
to predict the measured tracer concentration ßelds. 
For the relative evaluation of the quality of the different models, it was also necessary to 
consider the response time of the model which is an important parameter in emergency 
eonditions. 
Three dry run exercises were realized to test Communications between ETEX Organizers and 
modellers and to give to the participants the opportunity to be confronted with real time 
difßculties. These ßrst attempts gave also the possibility to compare the trajectories and Concen
tration evaiuations delivered by the participating models, based on several meteorological 
forecast Systems and using more or less sophisticated dispersion schemes. The rather 
complicated weather situations chosen gave Iarge differences between modelling results. These 
preliminary exercises stimulated the improvement of the communication system. The SMI only 
participated in real time in the third dry run, nevertheless the dispersion for the ßrst two dry runs 
were computed afterwards and the results are presented further in this report in sections 3.1 
to 3.3. 
1.3.3 Modeis evaiuation 

In order to realize this part of the project, all the participating modellers sent their numerical 
results to the JRC at Ispra. They had to follow very precise informatic format specißcations to 
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allow the establishment of a coherent database suitable for extended Statistical analysis by 
Computer and to yield the quality of each model, by comparison with terrain measurements of 
concentration and with results of all the other models. This study will not be finished before the 
end of 1996. 
1.3.4 Project pianning 

The Organization of a European experiment on such a Iarge scale involving more than Ave 
hundred people working for the management, the tracer release, concentration sampling and 
analyses, meteorological measurements, modelling and Statistical studies, needs a thorough 
pianning to guaranty the success of the exercise. Such an experiment cannot be repeated too 
often because the remaining atmospheric tracer concentration has to be kept as low as possible 
for the sake of future Iarge scale studies. This is why only dry exercises have been done to test 
Communications and model availability in real time. 
The difSculties encountered during and after the Chemobyl accident (April 1986) to predict 
with accuracy the diffusiön of the radioactive species at Iarge scale stimulated the improvement 
of existing models and for deveioping new codes based on better meteorological models. The 
calibration and the Validation of a Iarge scale model need intense international collaboration. 
The coordination of such a Iarge experiment can only be done by well established international 
institutions. This is why the three international organizations which sponsored the ßrst ATMES 
projects (ref. /10/) were again solicited in 1991 to patronise the ETEX project. Principal phases 
and milestones of the project are presented in TaMe 1. 

Tabie 1. Management and realization plan of ETEX 
1991 ETEX project is proposed as a following-ATMES project 
3-4 June 1992 Consultation of experts to plan the ETEX project, WMO, Geneva 
21 Oct. 1992 First test of LORAN model at SMI (Locamo) 
4-5 Nov. 1992 Consultation of experts to plan the ETEX project, WMO, Geneva 
21 Oct. 1993 ETEX Real Time Modellers Meeting, WMO, Geneva 
19 Apr. 1994 12h UT First dry run, Munich, Germany 
7 Dec. 1993 15h UT Second dry run, Nancy, France 
27Jul. 1994 10h UT Third dry run, Frankfurt, Germany 
23.0ct. 1994 16h UT Run 1 with tracer, Monterßl near Rennes, France 
14.Nov. 1994 15h UT Run 2 with tracer, Monterßl near Rennes, France 
23-26 Oct. 1995 ETEX Real-time Modellers' Meeting, Prague, Czech Rep. 
1996 - 1997 ETEX ßnal report, JRC, Ispra, Italy 



2. LORAN Mode! 
The purpose of this brief description of the LORAN model is to supply to the users detailed 
information needed to run the programme and to Interpret its results. 

2.1 Genera! characteristics and functionajity 
The LORAN (Long Range Atmospheric Advection of Nuclides) model was deveioped at Ispra 
by C. Tassone and S. Galmarini in 1992 (ref. /6V). The code is written in PORTRAN language. 
It simulates the long ränge behaviour of a radioactive pollutant emitted into the atmosphere and 
forecasts the evolution of ground concentrations. The cumulati ve deposition is calculated on the 
cohtinental scale and over a time-space of a few days. The simplified version of LORAN, used 
for ETEX, considers only a single windneld chosen at 850 hPa and only one source point. As 
the tracer used was a non-radioactive inert gas, the possibilities of Computing the dry and wet 
depositions and the radioactivity decay were not activated. 
In its concept, the LORAN model needs only a short Computing time (about 1 minute for a 
72-hour trajectory forecast on a SUN Sparc2 Workstation), when the suitable meteorological 
data are available. Due to the sequential structure of the model, the memory needed is less than 
Ohe Mbyte. 

2.2 Structure of the LORAN modei 
The LORAN model runs in two well distinct phases. In the first one the plume horizontal extent 
is computed and in the second one the pollutant ground concentration is determined according 
to the horizontal extent of the plume, the boundary layer depth, wet and dry depositions. The 
mixing layer height is computed on the base of available meteorological fieids, following a 
method given in Appendix A. 
2.2.1 Input data 

Four types of input data are requested by LORAN: 

1. CoM?ro/ Jafa, that is data Controlling timing and internal parameters needed by the model to 
synchronize meteorological data and time of release and to define proper physicai parameters 
for deposition and radioactive decay. 

2. FüceJ w%?Mf are extemal physicai data Axed for the whoie experiment (albedo and 
roughness). 

F. Re/egye &%a. 

4. Afe?eoro7ogKMt/ <%3ia for a period of 96 hours. 

A more detailed description of input data is given in the following paragraphs. 
2.2.1.1 Control data 

Data needed to control the LORAN model is given by an ASCII Ale named "Ffarf&if.JH;". This 
Ale can be edited by any text editor before starting a new Simulation. The principal information 
requested is the following: 
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HaMe 2. Control data for LORAN 
Date (year, month, day, hour) of the Simulation beginning. 
Date (year, month, day, hour) of the Simulation end. 
Time interval for the mean concentration and the mean deposition in hours (for instance 3 h). 
Average time for a given pollutant (or tracer) release mass (usually 1 h). 
Simulation time step (usually 1 hour). 
Time interval between sets of meteorological analyses or forecasts (for ECMWF 6 h). 
Pollutant chemical symbol (not interpreted, but used for tables or plots labeis). 
Dry deposition veiocity in m/hoür (set to 0. for ETEX). 
Washout coefficient (set to 0. for ETEX). 
Exponent for precipitation on wet deposition (set to 0. for ETEX). 
Half Life (only for radioactive species) in hours, days or years (set to 30 years for ETEX). 
Geographica! coordinates of the source point. 
Date (year, month, day, hour) of the ßrst and the last meteorological ßelds supplied. 

2.2.1.2 Fixed input data 
For the determination of the mixing layer height, the model needs to know the ground roughness 
and the ground albedo, given by clear sky (without clouds). The albedo is changing from one 
season to another, particuiariy in winter when the ground is covered by snow. The same albedo 
ßle was used throughout the whoie ETEX project. Albedo and roughness are delivered for each 
grid point in an ASCII ßle named "/HMr/M-Jg?" as given in Table 3. 

Table 3. Fixed input data 
Albedo of the ground given with a one-degree geographical resoiution. 
Roughness of the ground given with a one-degree geographical resoiution. 

2.2.1.3 Reiease data 
The emission characteristics are given in another ßle named "rtMaf" containing the mean mass 
emitted for each hour following the start of the release. The input mass unit corresponds to the 
unit in which the resulting concentrations are given. For example, an emission given in ng h'* 
(1 ng= 10'^kg) will provide concentration results in ngm Hourly released mass can be 
replaeed by an hourly mean of radioactivity given in Bq (1 Beequerel = 1 radioactive desinte-
gration per second) and results are then delivered in Bq. 
2.2.1.4 Meteoroiogicai data 

Meteorological data supplied to the model (Tabie 4) are given for all grid points extending from 
latitude 32.625° N to 72.00° N and from longitude 15.75° Wto 45.00° E, in a grid mesh of 

-13-



1.125°. These limits are deßned in the LORAN code and cannot be easily changed by the user, 
because this wouid require also an adaptation of the preprocessing system located at ECMWF 
and of the LORAN code itself. 
Meteorological fieids are given eveiy six hours. For real time Computing, all these fieids are 
forecasted. Subsequently, forecasted fieids are to be replaeed by analyses, that is by ßelds better 
linked to real observations which have become available in the meantime. One of the ETEX 
objectives is to compare concentration results obtained ßrstly with forecasts and secondly with 
weather analyses. 

Table 4. Meteorological data 
Horizontal wind vectors ßelds at 850 hPa. 
Horizontal wind vectors ßelds at 10 m above ground. 
Temperature ßelds at 2 m above ground. 
Total cloud cover. 
Precipitation. 

2.2.2 Trajectory computation 
LORAN is a gaussian model which disperses the pollutant through a segmented plume. 
In the ßrst phase of Computing, the central trajectory is determined by adding hourly wind 
vectors transporting the pollutant horizontally from the release point. These successive wind 
vectors are obtained by linear interpolation in space and time of synoptic ßelds provided every 
six hours by the ECMWF meteorological model. 
To obtain the wind vector at the point P (Figure 2) for a given time T, the model uses the two 
winds ßelds available at synoptic times Ti and T2, repetitively, just before and just after time T. 
The transportation vector V of an air parcel staying at time T at the position P is obtained by 
linear time interpolation between vectors and V2. The vector V] is computed by linear space 
interpolation between the four vectors Vgi, V^j and Vpi, given by the ECMWF model 
for the time Tl, at the four nearest comers A, B, C and D from the extremity P of the trajectory. 
Similarly vector V2 is the interpolated wind vector at time T2. 
All wind vectors are given at the same pressure level, chosen for ETEX at 850 hPa. When the 
interpolated wind speed lies below 1 ms"\ it is replaeed by an arbitrary south-westem wind of 
1 ms"\ to avoid the transported parcels being trapped into a zone without wind, from where they 
could not escape any more. 
2.2.3 Plume lateral extension calculation 

The lateral atmospheric dispersion of the plume is determined by the formula suggested by 
Gifford in 1984 (ref. /7/) and tested by Carras and Williams (1988 ref. /5/): 

o = 0,5; 

o* [m] Half width of the plume 
t [s] Elapsed time after release 
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Figure 2. Wind interpolation scheme 

The LORAN model uses another coefficient better adapted to long ränge dispersion: 

O = 0, 825/ 
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Figure 3. Horizontal trajectory with lateral dispersion 
At each step of trajectory computation, the width o* is placed perpendicularly on both sides of 
the plume (Figure 3). When the wind direetiön tums rapidly (let us say more than 90°) The 
point 5, following the point 4, is not placed on the left side öf the plume, but goes on the right 
side to avoid a crossing of the plume borders. The realism of this simple gaussian dispersion 
decreases with time and distance, but remains certainly valuable on the ßrst few days of 
Simulation. During the Rrst hour, plume widens from 0 km to 5.9 km. In 24 hours it becomes 
142 km wide, and after 60 hours the transversal segment has already a length öf 2rj = 356 km. 
At this stage, a moderate wind direetiön Variation displaces the extremities of the dispersion 
segment ön so Iarge distances, that the process becomes less realistic. The advantage of this 
method lays in the Computing speed and in the good Simulation of reality during the first two 
days after the release time. Then, the most distant part of the plume only gives approximate, 
though useful Information on regions which could be touched by the pollutant. 
During this first phase of calculation, the LORAN model simulates the trajectories and the 
lateral expansion of successive hourly emissions at the source point S. For example, one hour 
after the beginning of the release, the particles emitted during the Rrst hour are located within 
the triangle S-4-1' (Figure 3). Two hours after the beginning of the release they are to be found 
in the quadrilateral l-r-2'-2, and after 5 hours they have reached the quadrilateral 4-4'-5'-5. 
This geometry is considered to be independent of the strength of the emission, it only depends 
on time and on the wind fieids' evolution at 850 hPa. The trajectory and dispersion of particles 
emitted during the second hour are calculated separately. The shape of the plume at a time T is 
given by the position of all the transversal segments situated at the end of each of the successive 
trajectories (see for instance Figure 4). 
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2.2.4 Concentration calculation 
In a second phase, the model computes concentration ßelds at ground level. Hourly emission 
intensity and altitude of release are given in the input ßle named "nJ.Jaf". One of the principal 
characteristics of the LORAN model is the rather accurate determination of the mixing layer 
height h aiong all the trajectories. This height is a function of stability parameters L (Obukhov 
length), u* (friction veiocity) and 8* (temperature scale) which are determined with a method 
proposed by Van Ulden and Holtslag (ref. /15/) based on the similarity theory. The formulae 
used rely on common meteorological data like temperature, cloud cover and horizontal 
windspeed. They depend also on albedo, roughness of the ground, latitude, season and the time 
of day. 
2.2.4.1 Mixing layer height 

The LORAN model computes the mixing layer height for each time step (one hour) as a 
function of its geographical location (roughness of the soii and albedo), of the time (day or 
night) and principally of the atmospheric stability. According to the similarity theory, three main 
parameters are ßrstly determined: 

u* Friction veiocity 
8* Temperature scale 
L Obukhov length 

These three parameters are computed by solving a set of three equations given in Appendix A. 
Relations deßning u* and 8* differ from day to night. The Solution is obtained by iterative 
process. A ßrst rough guess of the Obukhov length L allows the calculation of u* and 8*, which 
are used to recalculate L, taken again as a new guess. This iterative process is stopped when the 
difference between guessed L and recalculated L becomes lower than an assigned value or after 
a maximal number of steps ßxed to 20. 
The Obukhov length L deßnes four stability ciasses: stable, neutral, quasi neutral and instable. 
For each stability class, a particular set of relations is used to obtain the mixing layer height h. 
They are described in Appendix A. 
2.2.4.2 Mass balance (deposition, washout) 

The pollutant mass emitted at the source point is distributed within two layers. The ßrst is lying 
between ground and the top of the mixing layer. The second extends above the mixing layer and 
is limited by a reference height ßxed at H^ = 2000 m above ground. The total emitted mass 
decreases because of washout and dry and wet deposition. These three processes are not 
activated for gaseous tracer like those emitted for ETEX experiments. 
When the height of emission is below the height of the mixing layer, the total amount of the 
mass remains within the ßrst layer near the ground. When the height of both the emission and 
the mixing layer are equal, the mass is split in two equal amoünts spread below and above the 
mixing height. If the mixing layer height is below the source, the whoie mass begins its 
dispersion in the upper layer, at least during the ßrst trajectory step. Within the mentioned 
layers, the pollutant concentration is supposedly homogeneoüs. At each Computing step of one 
hour, the mass distribution between the two layers is modißed according to the mixing layer 
depth evolution. Heights Zi and Z2 of the mixing layers calculated respectively at the beginning 
and at the end of the Computing step are compared to each other and also to the reference height 
HR. The ßve possible cases are described in TaMe 5. 
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Tabte 5. Mixing layer height evolution 

Case 
Z,> Z, Zi<HR Z2<HR 
Z2<Zi and thus Z^< 
Z2 < Hu Zi>HR and thus Z2 <Z] 
Z2>ÜR and thus Z2 > Zj^ 
Z2 > Hu Zi>HR Zi < Z2 or Zi > Z2 

Por each case, the new distribution into M̂ 2 (bottom layer, under the mixing layer) and Mg2 
(above the mixing layer) of the total initial Mass M2 is recalculated with simple algorithms, as 
a function of the preceding distribution into M^ and M^ of the total mass Mi - If we do not take 
into account washout and dry and wet deposition, and if the gas is non radioactive, we have the 
simplified relations given in equations 3 to 5, respectively for cases a to c. 

Case a) 

M«2 = 

^o2 = 

Ml O1 

ol ol 

/̂ Z -Z ^  ' ̂ 2 ^1 
^R"^17 
7 - 7 ^  -̂ 2 ̂ 1 

^^7? "^17 

Case b) 

M2 Ml Ol 

o2 ol ol ̂ Z l , 

Ea.4 

Case c) 

M2 ^ Ml Ol^ 4 
M . = (Af 1 + M J 

o2 ^ Ml o l ^ 4 
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For the last two cases d) and e), the whoie mass is back into the bottom layer. For each new step 
of the trajectory, the mixing layer height is only calculated in the centre of the plume and is used 
aiong the whoie dispersion segment perpendicularly to trajectory. As already mentioned 
(§2.2.3), after 60 hours, this segment has an extension of 2o* = 356 km, and thus extends over 
several grids elements. 
2.2.4.3 Dilution volume 

After each new step of one hour trajectory progression, the dilution within the plume is obtained 
by the assumption that the pollutant is homogeneously distributed within the new part of the 
plume. The volume of dispersion is estimated by searching and counting (k) all the grid cells 
having their centre within the new part of the plume. The total surface A-p of the new part of the 
plume is estimated by adding the individual surface A(k) of all these grid cells. The total mass 
per height unit Mg is distributed into each cell indexed (ij) by the relation: 

M A(A-) 
M, (;-,./) = 

The mean concentration over 3 hours and per surface unit is finally obtained by time averaging: 

c (;,/) = ; = 1 3A (;,./) 

2.3 Preprocessing 
The preprocessing has to collect and prepare the data needed to run the LORAN model. Three 
times a day an automatic procedure gets analyses and forecasts from ECMWF as soon as they 
are available. They are stored on a disk at Payeme and used to update meteorological data from 
previous däys, analyses replacing forecasts and new forecasts replacing older ones. In case of 
emergency, mis procedure ensures that the last available meteorological data are already at 
disposition. This allows the user to start without delay transport and concentration calculations 
with real or ßctitious emission data in order to obtain a first description of the region possibly 
touched by pollutant and of the distribution of dilution factors in the lee of the release site. 

2.4 Post-processing 
The post-processing allows concentrations to be calculated at given locations (for instance at 
the tracer sampling stations) and at grid points. Graphicai representations are used to display the 
results (trajectories or plumes and concentration ßelds) for an easy Visual verißcation. Wind 
ßelds invoived in the plume calculation are also represented, see for instance Figure 4. 
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2.5 Real time procedure 
After the notißeation of a major accident, deciding authorities need, äs soon as possibie, a ßrst 
guess of trajectories and concentration ßelds, based on meteorological ßelds immediately 
available and issued from a previous run (older than 12 h) of the ECMWF forecast model. These 
ßrst results will be improved by ordering at ECMWF the last available forecasts, but this will 
take a certain time (1 hour to 2 hours), depending on the load of the Computer and communi
cation Systems. 
These ßrst trajectories and concentration estimates for the next 96 hours following the accident 
are based only on forecasts. As the time goes on, new meteorological observations are used 
every 12 hours to build analyses of the weather Situation and to initialize new forecasts. At the 
end, that is after at least 96 hours, all forecast ßelds can be replaeed by analyses which are in 
principle better representations of the observed weather. The chronogram given in TaMe 6 
explains in more detäils the successive sets of data available for the particular case of the ßrst 
ETEX tracer experiment, on the 23rd of October at 15 h UT. 
For a real time application, it is strongly recommended to have meteorological ßelds (analyses 
and forecasts) available at any time in the local Computer, eVen if these data are not the very 
latest computed at the ECMWF. In case of emergency, this procedure allows one to yield a ßrst 
guess rapidly, even if it is not the most suitable one. This method is more independent of any 
communication probiems düe to overßow of data exchange with the ECMWF after the notiß-
cation of a major accident. 

20-



TO +06 +12 +18 +24 +30 +36 +42 +48 +54 +60 
23 Oct 94 

00z 06z 12z 
Setl r 
F 00z 

24 0c<! 
l[6z 
18z 00z 

C4z 
06z 12z 

25 Oct -
Ü6z 04z 
18z 00z )6z 12z 

26 Oct 
l]6z 
18z 00z 

27 Oct 
04z 
06z 12z 18z 00z 

+06 

F* 12 z +18 
+12 
+24 

+18 
+30 

+24 
<-36 

+30 
+42 

+3,6 
+48 

+42 
+54 

+48 
+ 60 

+54 
+66 

+60 
^72 

+66 
+78 

+72 
^84 +90 +96 102 108 

Set 2 
AN MS ! ] 

Set 3 

Set 4 

Set 5 

Set 6 

F 12z!+06 

AN ]^2z 18 z 

+12 +18 +24 +30 +36 +42 +48 +54 +60 +66 +72 +78 +84 

F 12z +06 

AN]l2z[l8z[00z 

AN 

AN 

+12 

06z 

+18 

33 
+24 

F 12z<+06 

12z Mz 00z 06z M̂ z 

+30 

+12 

+^6 

+18 

3f8z] 
F 12z]+06 

+42 

+24 

+48 

+30 

+12 

+54 

+36 

+18 

+60 

+42 

+2H 

+66 

+48 

+30 

+72 

+54 

+36 

H g 18z!0Oz]06z!l2z!l8zj0Oz!o6z 12z]l8z! 

1 r 

+60 

+̂ 42 +48 

AN = Analysis 
P = Forecast 
P* = Forecast initialized on previous day 
TO = Start Time of tracer release 
00z, 12z = Universal Time (UT) 

Table 6. Chronogram of the Arst tracer experiment 
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2.6 Limitations of the LORAN model 
AH users offne LORAN model should be well mformed of the main characteristics of the model 
and particuiariy awafe of its limitations. Mainiy due to its simplicity, the model runs very fast. 
However this characteristic limits its ability to forecast precise plume behaviour. One of the 
main objectives of this report is to describe the principal features of the model and to deduce 
how the user can benefit from its ability to simulate the plume dispersion at great distance and 
by the same occasion, to warn him against wrong interpretations of the given results. The main 
points to be mentioned are the following: 

1. The trajectory of all parts of the plume are obtained by only one wind ßeld, chosen for 
ETEX at the pressure level of 850 hPa. This means that the model is not able to consider any 
wind shear. These features were well demonstrated by comparison of LORAN results with 
the results of other more sophisticated models and with observations. This was particuiariy 
true during the ßrst real run of ETEX. We will see (section 3.4) that the LORAN programme 
cannot forecast the whoie lateral extent of the plume, when the dispersion is strongly inßu-
enced by wind stratißcation disturbing the normal symmetrical turbulent diffusiön. 
2. The mixing layer height is computed in a rather sophisticated way based ön the well 
accepted similarity theory of the atmospheric boundary layer. This is an important character
istic of the model which parameterizes local, though very efßcient, verticai dispersion 
processes strongly dependent on the stability of the low troposphere. The mixing layer height 
is computed at the last determined point of the trajectory änd this value is used for all the grid 
cells having their centre inside the last plume section. This feature of the model procedure is 
completely justißed at the beginning of the trajectory where the plume is narrow. The 
enlarging of the plume as the time goes on and also the elongation of the trajectory by strong 
winds may produce situations where the computed mixing height is ßnally applied to regions 
situated far away where it should actually be recalculated with local parameters. 
3. The plume enlarges with time. After 60 hours, it has a width of 356 km. When the wind 
direetiön is tuming, the two lateral extremities of the plume aiways placed on a perpendicular 
to the direetiön of the trajectory may sweep over Iarge surfaces. The corresponding dilution 
is probably overestimated in these cases. 
4. When the plume leaves the geographical zone covered by the model, the results are no 
longer reliable even if the trajectory comes back into the investigated region. The user is 
informed by a warhing ('acoy.' DOMA/JV error'), 
5. In some particular cases the determination of grid cells having their centre inside the 
plume boundary fails because of the alignment of three points of the boundary quadrilateral 
which is determined by two successive lateral segments of dispersion. In this case, the 
programme produces a waming message ('per%x?/o mcfocM?') and stops. In this Situation, a 
smail change of the release coordinates usually solves the Situation. 
6. It must be mentioned that the 850 hPa pressure surface lays around 1500 m AMSL. In 
the alpine region, this layer is below the mountain top, but as the ßeld is continuously deßned 
the plume can cross the Alps without discontinuity. The result has to be considered with 
caution. 
7. As the albedo by clear sky is given as a ßxed value for each grid cell, there is no 
seasonal Variation. The mixing layer height is probably too high in winter when the ground 
is coVered by snow. This limitation is not due to the model but to the way it is used. Updated 
albedo ßelds are available at the ECMWF and should be added to the daily meteorological 
data supply. 
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3. LORAN Simulation results 
3.1 First dry run on the 19th of April 1993 

This ßrst exercise, without reai emission of tracer, was defined as in Tabie 7: 

TaMe 7. Ist dry run, release speeifications 
Release location 
Latitude (]) 
Longitude X 
Release height 
Release time 
Release period 
Source strength 
Material 

Munich, Germany 
48.15 deg. North 
11.6 deg. East 
At ground level 
19ApriI 1993, 12M0UT 
6 hours 
lgs't 
Inert gas, non-depositing 

The deßnitions of the six sets calculated for the Ist dry run are presented in Tabie 8. The ßrst 
available meteorological ßeld (column 2) necessary to compute dispersion must precede release 
time. When the time of forecasts initialization (column 3) precedes the time of ßrst available 
meteorological ßeld all ßelds are forecasted (set 1). If this initialization matches or sueeeeds the 
ßrst available meteorological ßeld time, only the ßelds for times after initialization are 
forecasted, the others being analysed (sets 2 to 6). Meteorological ßelds are given for every 
6 hours. The sum of the number of forecasts with the number of analyses gives the 16 input 
ßelds needed for the 96-hour period covered by the model (16 x 6 hours = 96 hours). 

Tabie 8. Ist dry run, sets deßnition 
Set number 

Setl 
Set 2 
Set 3 
Set 4 
Set 5 
Set 6 

First available 
meteo ßeld time 

19 Apr. 93,12z 
19 Apr. 93,12z 
19 Apr. 93,12z 
19 Apr. 93, 12z 
19 Apr. 93, 12z 
19 Apr. 93, 12z 

Forecasts 
initialization 
time 
18 Apr. 93,12z 
19 Apr. 93,12z 
20 Apr. 93,12z 
21 Apr. 93,00z 
21 Apr. 93,12z 

Number 
of 6-hour 
forecasts 

16 
15 
11 

0 

Number 
of 6-hour 
analyses 

0 

16 

In Figure 4 concentrations are calculated with LORAN for 12 hours. after the beginning of the 
ßctitious tracer release by means of forecasts initialized on the 18th of April 1993, 12 h UT 
(set 1). Wind vectors at 850 hPa are given every 1.125 degrees. The position of the maximum 
concentration indicated at the lower right comer of the plot is marked by a square. 
Figure 5 shows the same Situation, but calculated by means of analyses only (set 6). After 
24 hours. (Figures 6 and 7) the plume is quickly transported by the strong north-westerly wind. 
Very few differences are perceptible between forecasts and analyses of the wind ßeld. 
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Figure 4. Ist dry run, concentrations at Tg + 12 h, based on forecasts (set 1) 
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Figure 5. Ist dry run, concentrations at + 12 h, based on analyses (set 6) 
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Figure 6. Ist dry run, concentrations at + 24 h, based on forecasts (set 1) 
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Figure 7. Ist dry run, concentrations at + 24 h, based on analyses (set 6) 
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3.2 Second dry run on the 7th of December 1993 
Time and location of the second dry run are given in TaMe 9. 

Table 9.2nd dry run, release specißcations 
Release location 
Latitude (]) 
Longitude A. 
Release height 
Release time 
Release period 
Source strength 
Material 

Nancy, France 
48.7 deg. north 
5.8 deg. east 
Surface 
7 December 1993,15h00 UT 
6 hours. 
10 gs'l 
Inert gas, non-depositing 

The deßnitions of the six sets calculated for the 2nd dry run are listed in Table 10. Set 1 is 
completely based on forecasts. The ßrst ßeld of set 2 represents the analysis of the 7th of 
December, 12 h UT, used as the initialization for the next 15 forecasted meteorological ßelds. 
Set 6, completely based on analyses, was only available 5 days after the beginning of the 
release. 

Table 10.2nd dry run, sets deßnition 
Set number Ist available 

meteo ßeld time 
Forecasts 

initialization 
time 

Number 
of 6-hour 
forecasts 

Number 
of 6-hour 
analyses 

Set 1 7 Dec. 93,12z 6 Dec. 93,12z 16 0 
Set 2 7 Dec. 93,12z 7 Dec. 93,12z 15 
Set 3 7 Dec. 93,12z 8 Dec. 93,12z 11 
Set 4 7 Dec. 93,12z 9 Dec. 93,00z 
Set 5 7 Dec. 93, 12z 9 Dec. 93,12z 
Set 6 7 Dec. 93, 12z 0 16 

As shown in Figure 8, the plume forecasted 24 h after the beginning of the ßctitious release has 
already travelled over Westem Countries of Europe, transported by a strong westerly wind. The 
same Situation recalculated with analyses (Figure 9) shows a more spread out plume. We see 
that minor variations in wind ßeld can have great inßuences on the dispersion of the plume. 
These differences are even more signißcant after 48 hours (Figures 10 and 11). 
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Figure 8.2nd dry run, concentrations at T<, + 24 h, based on forecasts (setl) 
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Figure 9.2nd dry run, concentrations at + 24 h, based on analyses (set 6) 
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Figure 10.2nd dry run, concentrations at + 48 h, based on forecasts (set 1) 
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Figure 11.2nd dry run, concentrations at Tp + 48 h, based on analyses (set 6) 
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3.3 Third dry run on the 27th of July 1994 
This third and last exercise was announced with speeifications given in Tabie 11 

Tabie 11.3rd dry run, release specißcations 
Release location 
Latitude ()) 
Longitude A. 
Release height 
Release time 
Release period 
Source strength 
Material 

Frankfurt, Germany 
50,1 deg. north 
8,7 deg. east 
Surface 
27th July 1994, lOhOO UT 
6 hours 
10 gs'i 
Inert gas, non-depositing 

For this third dry run, the different calculated sets have been deßned as shown in Tabie 12. 
Tabie 12. 3rd dry run, sets deßnition 

Set number 

Setl 
Set 2 
Set 3 
Set 4 
Set 5 
Set 6 

First available 
meteo ßeld time 

27 July 94,00z 
27 July 94,00z 
27 July 94,00z 
27 July 94,00z 
27 July 94,00z 
27 July 94,00z 

Forecasts 
initialization 

time 
26 July 94,12z 
27 July 94,12z 
28 July 94,00z 
28 July 94,12z 
29 July 94,00z 

Number of 
6-hour 
forecasts 

16 
15 
13 
11 

0 

Number of 
6-hour 
analyses 

0 

16 

In rather low wind eonditions, the plume calculated 24 h after the beginning of release is 
moving slowly towards the North Sea (Figure 12). The same Situation described by analyses 
(Figure 13) yields quite the same resulting plume. After 48 hours (Figures 14 and 15) the 
plume reaches Denmark änd keeps a rather high concentration with either calculation based on 
forecasts or on analyses. 
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Figure 12. 3rd dry run, concentrations at T„ + 24 h, based on forecasts (set 1) 
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Figure 13. 3rd dry run, concentrations at Tg + 24 h, based on analyses (set 6) 
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Figure 14. 3rd dry run, concentrations at T<, + 48 h, based on forecasts (set 1) 
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Figure 15. 3rd dry run, concentrations at ̂  + 48 h, based on analyses (set 6) 
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3.4 First tracer experiment on the 23rd of October 1994 
After two years of intensive preparation needed by the JRC to instali about 170 tracer sampling 
stations and complete administrative work and negotiations with all participating countries, it 
announced that it was ready to undertake the ßrst experiment between the 15th of October and 
the 15th of December 1994. The ßrst occurrence of a suitable weather Situation providing the 
best chance for the tracer to cross the region equipped with measurement stations appeared in 
the second part of October 1994. The release was decided for the 23rd of October, at 16 h UT 
and was announced to participants only one hour before. The specißcations are detailed in 
Tabie 13. 

Tabie 13. Release specißcations for the Ist tracer experiment 
Release location Monterßl near Rennes, France 
Latitude <)) 48,04 deg. north 
Longitude 2,01 deg. west 
Release height Surface 
Release time 23 October 94,16h00UT 
Release period 12 hours 
Source strength 7,9 gs'* 
Material Perßuormethylcyclohexane 

The different sets calculated after the alert and during the following days are described in 
Tabie 14. The ßrst set was calculated immediately after the ofßcial announcement of the 
experiment. At that time (23th of October 15h UT) the last forecast available was based on the 
initialization of 23 October 0 h UT. Set 2 was only computed in late aftemoon, when forecasts 
based on the initialization of 23 October 12 h UT became available from the MARS (Meteoro
logical Archive and Retrieval System) database at the ECMWF. 

Tabie 14. Sets deßnition for the Ist tracer experiment 
Set number 

Set 1 
Set 2 
Set 3 
Set 4 
Set 5 
Set 6 

Ist available 
meteo ßeld 

time 
23 Oct. 94 12z 
23 Oct. 94 12z 
23 Oct. 94 12z 
23 Oct. 94 12z 
23 Oct. 94 12z 
23 Oct. 94 12z 

Forecasts 
Initialisation 

time 
23 Oct. 94 00z 
230ct. 94 12z 
24 Oct. 94 12z 
25 Oct. 94 00z 
25 Oct. 94 12z 

Number 
of 6-hour 
forecasts 

16 
15 
11 

0 

Number 
of 6-hour 
analyses 

0 

16 

The forecast of tracer motion after 24 hours by rapid west wind prevailing over Central Europe 
is shown in Figure 16. The same Situation calculated with analyses (Figure 17) displays a 
plume spreading a little more southward. In reality, the air sampling coiiected at that time in 
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Switzerland revealed no tracer at all. The provisional tracer measurements data set (version of 
the 5th of May 1996) of the ßrst experiment made available to the ETEX participants by the 
JRC Ispra shows that the plume was detected at ground level more to the north than calculated 
by LORAN. 
After 48 hours, the plume already reached countries east of the 15° longitude (Czeck and Slovak 
Federal Republic, Hungary), pushed by a strong westerly wind (Figure 18). Analyses tend to 
move the plume more southerly (Figurel9) than it was forecasted. 
Wind proßles observed over Payeme by aerological soundings on the 24th of October 94 at 
12hUT and 18hUT (respectively 20 hours and 26 hours after release) show a general 
west-south-westerly circulation, tuming to south-west near the ground (Figure 20). This is due 
to the inßuence of the Jura Mountains and the Alps, channelling the ßow over the Swiss Plateau. 
The cause of the absence of tracer detection in Switzerland is to be found in the southem rotation 
of the wind near ground, pushing the plume to the north relative to the 850 hPa general westerly 
wind given by the ECMWF. This effect also appears slightly on results of the Swiss Model (SM) 
showed on Figure 21 (p.37) for the level 850 hPa (at about 1500 m AMSL) and in more detäils 
on Figure 22, displaying the wind computed at 10 m above the topography of the model. The 
ßow deviation to north-west at the left of the Jura Mountains appears very well and produces a 
good argument to explain why Switzerland was protected from tracer inßow. The Virtual trajec
tories computed from piain stations (Figure 23) and mountain stations (Figure 24) are obtained 
by adding six successive hourly wind measurements at 10 m above ground. The general 
south-west wind direetiön prevails on most of the Plateau stations. Piain stations in the Alps 
indicate very different wind directions, because of the canalization into narrow Valleys. Such 
types of plots are useful to compare wind ßelds predicted or analysed by numerical models and 
wind measurements really observed on complex terrain which are inßuenced by smail scale 
topography, not included in the model. They agree more or less with the computed ground wind 
ßeld given by the SM model. This is an encouragement to involve this mesoscale model for 
future work on regional dispersion study. 
On the release site, at Monterßl, the verticai proßle of the horizontal wind observed by Sodar 
(Figure 25) indicates, on the 23rd of October, between 16 h and 18 UT, a slight wind rotation 
from west-south-west near the ground to west at 300 m above ground. At the beginning of the 
release, the plume was already transported further north in comparison with the computed 
model. From 16 h to 20 h the verticai eomponent of the wind (Figure 26) denotes ascending 
ßow due to instabilities well observed by the corresponding BVC trajectory described in 
section 4.2. 
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Figure 16. Ist experiment, concentrations at + 24 h, based on forecasts (set 1) 
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Figure 17. Ist experiment, concentrations at T<, + 24 h, based on anaiyses (set 6) 
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Figure 18. Ist experiment, concentrations at To + 48 h, based on forecasts (set 1) 
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Figure 19. Ist experiment, concentrations at To + 48 h, based on analyses (set 6) 
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AEROLOGICAL SOUNDINGS 
24th Oct. 94, 12 h UT: thick line, wind with thick dots 
24th Oct. 94 18 h UT: normal line, wind with smail dots 
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Figure 20. Aerological soundings, Payeme, 24 Oct. 94,12 h and 18 h UT 
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Figure 21. SM wind Reld at 850 hPa over Europe, 24 Oct. 94 at 06 h UT 
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Figure 22. SM wind Reld at level 10 m, over Switzerland, 24 Oct. 94 at 06 h UT 
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Hourty wmd vectors, added on 24th Oct 94 from 10 h UT to 16 h UT 
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Figure 23. Virtual trajectories from piain stations 24 Oct. 94,10 h- 16 h UT 

Houriy wind vectors, added on 24th Oct. 94 from 10 h UT to 16 h UT 

NAPF 

'- .... cHEtSOH"'"-

Figure 24. Virtual trajectories from mountain stations, 24 Oct. 94, 10 h -16 h UT 

-38-



SOD AR Remtech Horizontal wind proRies measured on 23rd Oct. 1994 
m/ground 

600 i 

SOO 

300 

200 

100 

! 

0h 6h 12h 18h 24h UT 

N: 2.00 m/s , 

E: 4.00 m/s 

S :10.00 m/s t 

W: 20.00 m/s 

Figure 25. ProRies of horizontal wind over the release site, 23 Oct. 94 
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Figure 26. ProRies of verticai wind over the release site, 23 Oct. 94 
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3.5 Second tracer experiment on the 14th of November 1994 
After the good result of the 1 st tracer experiment, it was decided to undertake the second release. 
The next favourable Situation occurred the third week of November, and the release was 
scheduied to start on 14th of November at 15 h UT, which corresponds to a synoptic time at 
which all meteorological measurements over the world are synchronized. The detailed speeifi
cations of the experiment are given in Tabie 15, and the set deßnitions in Tabie 16. 

Tabie 15. Release specißcations for the 2nd tracer experiment 
Release location Rennes, France 
Latitude ()) 48,04 deg. North 
Longitude X 2,01 deg. West 
Release height Surface 
Release time 14 November 94,15h00 UT 
Release period 12 hours 
Source strength 11,3 gs - l 

Material Perßuoromethylcyclopentane 

TaMe 16. Sets deßnition for the 2nd tracer experiment 
Sets number 

Set 1 
Set 2 
Set 3 
Set 4 
Set 5 
Set 6 

Ist available 
meteo ßeld 

time 
14 Nov. 94 12z 
14 Nov. 94 12z 
14 Nov. 94 12z 
14 Nov. 94 12z 
14 Nov. 94 12z 
14 Nov. 94 12z 

Forecasts 
initialization 

time 
14 Nov. 94 00z 
14 Nov. 94 12z 
15 Nov. 94 12z 
16 Nov. 94 00z 
16 Nov. 94 12z 

Number 
of 6-hour 
forecasts 

16 
15 
11 

0 

Number 
of 6-hour 
analyses 

0 

16 

After 24 hours, the predicted plume had already passed over the North of Switzerland 
(Figure 27). The analysis (Figure 28) showed weaker wind at 850 hPa, and the tail of the 
computed plume was still over our country. As the tracer measurement results for the 2nd 
experiment are not yet available, it is too early to comment these model results with conßdence. 
One day later (Figures 29 and 30) the plume was located over the north of the Black Sea. The 
forecasted plume spread over a smaller region than the plume obtained later by analysed wind 
ßelds. The aerological soundings of Payeme (Figure 31) are characterized by a westem 
synoptic wind above 2000 m AMSL. Within the lower layer, the wind direetiön tums to 
south-west under the channelling inßuence of the Jura Mountain and of the Alps. The prevailing 
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westem wind at 850 hPa over West Europe appear aiso in the chart delivered by the SM model 
(Figure 32). The wind field computed at 10 m above ground (Figure 33) is strongly affected by 
the topography. The prevailing south-westem wind near the ground had very probably 
prevented the tracer from reaching Switzerland during this second experiment. The Virtual 
trajectories issued from piain stations (Figure 34) and from mountain stations (Figure 35) also 
have a general tendency to move toward the north-east. The verticai profiies of the horizontal 
wind eomponent observed over the release site (Figure 36) indicate that the low level How is 
Coming from the south-west pushing the tracer plume north-easterly before it reaches the 
synoptic west current at higher level. The profiies of verticai wind eomponent present apparent 
descending currents (Figure 37) probably due to precipitation. 
The low level south-westem wind at the release site and the south-westem wind due to the 
effects of the Jura Mountain and of the Alps very probably drove the tracer more to the north of 
Switzerland than stated by the LORAN model. 

-41-



PFC MEAN CONCENTRATION 
K'X'.'.'.'.'IO.' - 1.0 ng 

—9- 25 m/s 

RELEASE AT 14.11.1994 15h00 UTC 
SOURCE POINT X= -2.016700 Y= 48.066700 

PFC MEAN CONCENTRATION (3h) AT 15.11. 9415M0 UTC (TO + 24h) 
PLUME AT 15.11. 9414h59UTC 

WIND FIELD AT 850hPa FOR 15.11.199412h00 UTC 

LORAN Model (ISPRA) Computed by Swiss Meteo. Inst. Based on ECMWF Wind Field initialization: 14 Nov. 94 00h UT, set 1 
4-W 2-W 0- 2-E l'E 6°E S°E ICE !2*E ]4*E WE <t*E WE ZTE 24*E 26*E 28°E 3?E 34-E 3M 3S*E 4CE 4?E 4fE 

/ / /. ^ -̂ ^ ^ ^ \ X 

4̂- J ̂  4̂  ̂  k !/ !' !' 

tue: 7.0 ngm 
MAGICS 

Figure 27.2nd experiment, concentrations at T„ + 24 h, based on forecasts (set 1) 
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Figure 28.2nd experiment, concentrations at + 24 h, based on analyses (set 6) 
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Figure 29.2nd expenment, concentrations at To + 48 h, based on forecasts (set 1) 
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Figure 30. 2nd experiment, concentrations at ̂  + 48 h, based on analyses (set 6) 
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AEROLOGICAL SOUNDINGS 
15th Nov. 94, 6 h UT: thick line, wind with thick dots 
15th Nov. 94 12 h UT: normal line, wind with smail dots 
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Figure 31. Aerological soundings, Payeme 15 Nov. 94, at 6 h and 12 h UT 
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Figure 32. SM wind Seid at 850 hPa over Europe, 15 Nov. 94 at 06 h UT 
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Figure 33. SM wind Reld at 10 m, over Switzerland, 15 Nov. 94 at 06 h UT 
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Hourly wind vectors, added on 15th Nov. 94 from 9 h UT to 15 h UT 
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Figure 34. Virtual trajectories from piain stations, 15 Nov. 95, 9 h -15 h UT 
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Figure 35. Virtual trajectories from mountain stations, 15 Nov. 95,9 h -15 h UT 
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SODAR Remtech Horizontal wind proßles measured on 14th Nov. 1994 
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Figure 36. Proßles of Horizontal wind over the release site, 14 Nov. 94 

SODAR Remtech Verticai wind proAles measured on 14th Nov. 1994 
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Figure 37. Proßles of verticai wind over the release site, 14 Nov. 94 
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4. Trajectory observations by constant voiume baMoons 
4.1 Method of measurement 

Constant volume balloons (CVB) manufactured by the Environment Meteoroiogy Section of 
the SMI have a shape of tetrahedron and are made with a non-extensible material (a thin 
Hostaphan of 0.025 mm). With a volume of 1 m̂  ßlled with helium, they have a residual lift of 
500 g., used to carry a radiosonde to measure pressure, temperature and humidy. The Vaisala 
Marwin MW-12 sounding system has the capability of using either the OMEGA and ALPHA, 
or the LORAN_C Navaid (navigation aid) system for wind measurement (ref. /2/). For ETEX, 
a local VLF receiving antenna was installed to receive Navaid Signals and a 9-element UHF 
yagi antenna was mounted on a 30 m tower for the reception of the radiosonde emissions. The 
two types of radiosondes used for ETEX were RS80-15N using OMEGA and ALPHA Navaid, 
and Vaisala's RS80-15L, using LORAN_C Navaid. When used with constant volume balloons, 
the sensors are not ventiiated and therefore the temperature measured under sunny eonditions is 
too high (about 1°C for 700 W/m̂ ). Wind speed and wind direetiön are measured every ten 
seconds and the trajectory is computed by adding successive vectors from the launching point. 
For the two tracer experiments, it was requested to fly simultaneously two constant volume 
balloons at the heights of 500 m and 1000 m AMSL before and during the tracer releases, with 
the aim of following the trajectory of the plume for the first 100 km to 200 km. The 1000 m 
AMSL balloons were launched by a crew from the CRA (Centre de Recherches 
Atmospheriques, Universite Paul Sabatier, Lannemezan, France) (ref. /9/) and the other ones 
stabilized at 500 m AMSL were tracked by the crew of the SMI (ref. /3/) and are presented in 
this report. In reality, the balloon can ßy at very different levels from the assigned one. On a 
convective Situation, strong ascending ßows can lift off the balloon well above its stabilization 
level (see trajectory number 2 of the first experiment). On other cases, depositions due to 
condensation or rain droplets on the surface of the tetrahedron increase its weight and can 
prevent it from ascending (see trajectory number 9 of the 2nd experiment). 
The vectors represented every 1.125 degrees in Figures 38 and 40 are the winds calculated at 
the 850 hPA pressure level by the ECMWF and used by the LORAN model to compute the 
trajectory and the dispersion of the tracer plume.The launching place was the tracer release site 
Monterßl, near Rennes (2° 0' 30" W, 48° 3' 30"N, 90 m AMSL). 

4.2 Trajectories observed during the ßrst tracer experiment 
Düring the ßrst tracer experiment (23rd and 24th October 1994) the meteorological Situation on 
the release site was characterized by a humid but stable air mass, yielding some scattered 
showers. The westerly ground wind reached a speed ranging from 5 ms to 8 msThe 
pressure was increasing, the sky cleared during the night and the winds blew from 
east-north-east with decreasing speed. The ßve trajectories tracked during that time are given in 
Tabie 17 and their horizontal projections are drawn in Figure 42. Wind measurements obtained 

Tabie 17. CVB trajectories during the Ist tracer experiment 
No Date Start Duration Final distance Mean altitude 

23 Oct. 94 13hl9UT 0h39' 21 km 400 m to 100 m 
B 23 Oct. 94 16h36 UT 2h20' 122 km 1500 mto 500 m 

23 Oct. 94 20h00 UT lh47' 117 km 900 m to 500 m 
D 24 Oct. 94 23h59 UT lh02' 51 km 550 m to 100 m 

24 Oct. 94 03h59 UT lhl6' 46 km 550 m to 100 m 
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by OMEGA and ALPHA Navaid gave good results and the reception of the radiosonde Signals 
was strong enough to reach the maximum distance of 122 km for an end Hight level of 
500 m AMSL. The accuracy of the position can be estimated at about 1 km to 6 km at the end 
of the long trajectories (ref. /3/). 
Plots of the second trajectory (B) are given in Figures 38 and 39. After 15 minutes, the tetroon 
transported by a moderate westerly wind (260 degrees, 13 ms'*) reached its level of stabilization 
at about 500 m AMSL. An interesting feature of this trajectory is its great upward movement 
occurring after 50 minutes of Hight. The balloon was carried by a convective motion and raised 
up to 1550 m AMSL. At this level the direetiön of the prevailing wind was 270 degrees, with a 
mean speed of 14 ms'*. After a rapid descent down to 954 m AMSL the balloon was pushed up 
again to 1207 m AMSL. With periodical oscillations of about 20 minutes, it returned slowly to 
its level of stabilization at 500 m AMSL after 140 minutes, 190 km away from the release point. 
The wind direetiön reached 260 degrees again, but the speed became stronger (17 ms"*to 
19 ms"*). These successive changes in wind direetiön are also apparent on the horizontal 
trajectory of Figure 39. This CVB trajectory attests that the tracer plume was certainly 
dispersed into the convective boundary layer up to an altitude öf at least 1500 m AMSL during 
the ßrst stage of its evolution. 

4.3 Trajectories observed during the second tracer experiment 
At the beginning of this period, the meteorological Situation was typical of a warm air mass with 
a well established south-west wind of about 20 ms * at 1000 m AMSL. The stratocumulus layer 
extended between 300 m and 2500 m AMSL and produced drizzle and showers. During the 
night, the rain became continuous because of the passage of a cold front. The next morning, the 
sky was mostly clear, except for some isolated cumuli. The winds near ground were westerly at 
10 ms *. The four trajectories observed during this period are speeißed in Tabiel8 and their 
horizontal path is given in Figure 43. 

Tabie 18. CVB trajectories during the 2nd tracer experiment 
No Date Start Duration Final distance Mean altitude 

14 Nov. 94 13h03 UT 0h48' 62 km no stabilisation 
B 14 Nov. 94 16h06UT lh59' 161 km 1400 m 

14 Nov. 94 19h06 UT 2h27' 188 km 2500 m 
D 14 Nov. 94 22h51 UT 0h08' 7km ram, no ascent 

The second trajectory (B), launched on the 14th of November 94 at 16h06 UT, is represented in 
detail in Figures 40 and 41. After a slow ascent of 27 minutes, the balloons reached their 
stabilization level at 1400 m AMSL. The well established westem wind prevailing at this level 
was strong enough to transport the BVC over a distance of 161 km in 2 hours. In that case no 
verticai motion due to any convective process was noticeable. 
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5. Concluding remarks 
The purpose of this report is to recall the main objectives of the ETEX project änd to present 
the specific contribution of the SMI to the three main topics of the project: meteorological 
measurement, tracer sampling and real time runs of dispersion model. This report should also 
be used as an introduction for users to the LORAN model which is brießy described and 
commented. The results obtained during the three dry runs serve as examples of model 
applications during various weather situations occurring over Europe. The preliminary 
comparisons of the measured evolution of the tracer plume with forecasts and analyses given 
by the model are very explanatory for what concems the main characteristics of the LORAN 
model and the way to use it in emergency cases. It appears that, as a consequence of its very 
short computational times, the model can be used to deliver test preliminary answers about the 
dispersion evaluation. When the plume is obviously dispersing in regions far away from Central 
Europe this first guess might be sufßcient. In case of doubt, we need to proceed with more 
sophisticated models to get more detäils on concentration fieids, taking into account the wind 
stratißcation and eonsidering the mesoscale Hows, which can be rather different from the 
synoptic flow, espeeially in complex terrain like in the alpine regions. The first real experiment 
is a good example of such a Situation. The calculation with LORAN indicated that the plume 
had a chance to reach the northem part of Switzerland, but in fact, no tracer was detected (as far 
as the last analysis of tracer measurements is concemed). The consideration of local wind 
presented on Figures 23 änd 24 gives some evidence that the south west wind prevailing on 
piain stations has effectively protected the Plateau from the tracer inßow. 

5.1 Conclusions on experiments 
The final interpretation of the model resuits for the concentrations to be expeeted in Switzerland 
must take into account the mesoscale characteristics of low level wind ßelds in the Plateau 
basin, Over the Jura and the Alps. This analysis can be done by the Virtual transportations 
calculated from piain and mountain stations, as shown in Figures 23 and 24 or Sgures 34 
and 35. 
The comparison of concentrations ßelds calculated with forecasts and those obtained afterwards 
on the basis of analysed meteorological ßelds shows that divergences are generally smail during 
the ßrst 24 to 36 hours, but increase rapidly after 48 hours. It is too early to publish tracer 
concentration measurements, but the ßrst available results show that Switzerland was probably 
not touched by the plume during both experiments. 

5.2 Conclusions on LORAN model 
We cannot imagine a better experiment than ETEX for the evaluation on long distance of the 
LORAN model. In its coneeption, the LORAN model takes into account the daily development 
of the mixing layer very carefully, and this is one of its major advantäges. The fact that only one 
wind level (850 hPa) is considered is an important limitation, espeeially when the main meteor
ological Situation is characterized by obvious wind shears, as it was the case for the ßrst tracer 
experiment. Only the part of the plume travelling at this level is computed. The fact of ignoring 
other directions of transport prevailing at levels below and above 850 hPA prevents the plume 
from dispersing on other lateral sectors. For a better forecast, it is absolutely necessary to have 
a multilevel model. Another improvement wouid be to work at a smaller grid scale. The used 
mash of 1.125 degrees is too coarse to simulate real wind ßow in the Alps region. Despite the 
weaknesses mentioned above, the LORAN model has the important advantäges to deliver quick 
results over a Iarge geographical extent and to provide forecasts over 72 hours at least. The 
predicted concentrations can be considered as a ßrst guess, based on the main atmospherical 
ßow at 850 hPA. In most of the accident cases far away from Switzerland, these results are good 
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enough to determine if our country has any chance of being touched or not by harmfui plumes. 
This allows quick response to authorities' expectations and gives more time to compute, if 
required, detailed dispersion fieids with other more sophisticated and more expensive models. 

5.3 Main conciusions on ETEX 
The ETEX project is one of the best tracer experiments conducted over Europe. This is due to 
the good Organization and the participation of a Iarge number of research institutes and meteor
ological organizations. The possibility given to modellers to compare their calculation with real 
data measured over great distances gives a very good base to evaluate existing models and also 
it indicates the way in which the models can be improved. In our opinion one of the main results 
of ETEX is the demonstration that a reliable dispersion forecast can only be supplied by a model 
which uses a sufßcienfly accurate description of the stratificatiön öf the wind field at mesoscale. 
It is also necessary to have a good Simulation of the time evolution of the mixing layer height, 
particuiariy at the very beginning of the dispersion. 
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Appendix A. Mixing height calculation 
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A. 1 Introduction 
The LORAN (Long Range Atmospheric Advection of Nuclides) model computes the mixing 
height evolution for each segment of the plume according to the reached geographical location 
and to the weather Situation prevailing at that time. The method used is based on works 
published by Van Ulden and Holtslag (ref. /15/) and by Batchvarova and Gryning (ref. /!/). 
These authors propose a way of Computing important parameters deßning the main character
istics of the ABL (Atmospheric Boundary Layer), like the friction veiocity ü*, the temperature 
scale 8*, and the Obukhov length L, by using only usual meteorological data produced by 
numerical models. 
A L I Mixing height deHnition 

The mixing height is considered here as the atmospheric boundary layer (ABL) that develops 
near the ground after sunrise in which the turbulence is strong enough to create and maintain a 
nearly uniform potential temperature proßle. In this layer, turbulence is principally activated by 
convection and wind shear. It is capped by stable air aloft (ref. /13/)̂  A residual ABL with a 
minimum height of 100 m is assumed to remain during the night. 
A 2. Physicai process invoived 

Düring the night, when the outgoing infräred radiation is sufßcient, the cooling of the ground 
by radiation divergence leads to a surface inversion roughly eomposed of two layers. The lower 
one is continuously turbulent, büt the turbulence is not strong enough to destroy the temperature 
inversion. In the Upper one, if the turbulence exists, it is only by intermittence and heat is mainiy 
transferred through radiation. Above this inversion which has a minimum height of 100 m in 
the LORAN model, air is generally stab!e(ref. /14/). 
Shortly after sunrise, in response to heating by shortwave radiation, the kinetic energy öf the 
turbulence increases in the layer close to ground. The mixing of air is strong enough to give a 
nearly uniform distribution of the potential temperature. Over the mixing layer lies an 
entrainment zone in which the temperature increases with height to conform with the 
temperature of the warm stable air aloft. The top level of the entrainment layer i$ deßned by the 
maximum height reached by the most vigorous eddies. As the mixing height grows, the more 
stable warm air above is embedded in the cooler mixed layer and the turbulent kinetic energy 
of the entrained äir must increase to conform to the higher turbulence level within the mixed 
layer. The required energy is supplied by the turbulent kinetic energy within the mixed layer 
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where it is generated by convection and by wind shear (ref. /IT). 

A 3. Miximg height caicuiation by LORAN 
The calculation of mixing height for a given point at a given time is a function of the following 
parameters: 
- Geographical position: latitude (p and longitude A,. 
- Ground albedo r for a sky without clouds. 
- Ground roughness ZQ. 
- Date and time. 
- Reference temperature T, at 2 m above ground. 
- Cloud cover N (from 0 for clear sky to 1 for overcast). 
- Wind speed U at 10 m above ground. 

The first step of the calculation scheme determines the Obukhov length L, which is a function 
of the temperature scale Og and the friction veiocity u^. The Obukhov length L dehnes four 
stability ciasses: 

- Quasi neutral Situation (L < -20 m). 
- Instable Situation (-20 m < L < 0 m). 
- Stable Situation (0 m < L < 40 m). 
- Neutral Situation (L > 40 m). 

The mixing height is then obtained by different equation sets within each of these ciasses. 

The Obukhov length is obtained according to the method proposed by Van Ulden et al (/73/) 
which usually applies only to dry boundary layers in which no significant amount of clouds or 
fog is present. 
The sun elevation ()) calculation, a function of the latitude (p of the site, of the date (season) and 
of the time h, determines the night Situation (()) < 1,7°), to which also belong situations without 
solar radiation in short wäveiength (Q;* = 0) computed by the relation: 

A 3.1 Obukhov iength 

Eg. & 

where 
Qi* Wm 

Wm 
Wm 

,-2 Isothermal net radiation 
Net shortwave radiation 
Isothermal net longwave radiation 

K* ,-2 
,-2 

K* is a function of latitude (p and of cloud cover N. 

X*= (aism(tp)+32)l,i-&i^j(l.-?j 
I II in 
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with: 
Part I Incoming soiar radiation. 
a] Empirical coefficient representing the maximal solar radiation in short waves, esti

mated as 900 Wm"2. 
a2 Empirical coefßeient representing the maximal terrestrial radiation in infräred 

waves, estimated as -30 Wm 
Part 11 Reduction factor representing the intereeption of solar radiation by clouds. 
b] Empirical coefßeient estimated to 0,75. 
b2 Empirical exponent estimated to 3.4. 
N Cloud cover (0 = clear sky, 1 = overcast). 
Part III Reduction factor due to the reßection of incoming solar radiation at surface. 
r Reßection factor (albedo) (r = 0.08 on sea, r = 0.2 on land). 

and Li (Eg. <9) is given by 

z* = -o r l 1 r 

where 
ci 
C2 
N 
Tr 
o* 

= 9.35 10'6 x-2 
= 60Wm'2 
(from 0 to 1) 
[°K] 
= 5,67 lO-SWnAc* 

Eg. 70 

Empirical coefßeient. 
Empirical coefßeient. 
Fraction of sky covered with clouds. 
Air temperature at the reference height z, = 50 m/ground. 
Stefan-Boltzmann constant. 

A more practical form for equation 8 is obtained by assessing Tf=283 K (+8°C) in equation 10. 

= X*- (91 +60N) Eg. 77 

A.3.1.1 Obukhov length for night 
By night the Obukhov length L is obtained from the friction veiocity u* and from the 
temperature scale 0*. 

Mg = M / ( z ) / [ m ( ( z / Z o ) - ^ ( z / L ) + n ^ ( Z ( / L ) ) ] Eg. 72 

where 
U(z) 
zo 

Verticai proßle of wind speed. 
Surface roughness length given in an externa! ßle for each grid eiement. 
ZQ = 0.001 m over sea, 0.2 m on terrain with an average altitude of more than 
1000 m above sea level and 0.05 m elsewhere (ref. /4/). 
Height above ground of the wind measurements. ẑ = 10 m 

Equation (12) is typically valuable for Zo « z <L. It is to note that u* depends on L. 
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In stabie atmospheric eonditions the stability function V]/̂  is given by 

^ (z/L) = -17 [ 1 - exp (-0,29z/L) ] 

6* is calculated by the following function valid for night: 

1/2 4] 
where 

1/2 

^ r l n - = 15 2A: z 
1/2 ^(i+^)p^(5gz,) M^or + ^ 

^ = (-6!)/ 4ar t + r^z/r 

Eg. 74 

Eg. 73 

Eg. 76 

Eg. 77 

Eg. 73 

1/2 f 4 
^ = (i + s)pc/5gz,) e/l^cr 

where 
S Slope of Saturation enthalpy curve for 270 K < T, <310 K. 

Eg. 79 

S = exp [0,055 (7/.-279)] Eg. 20 

and 
Ac 
Cp 
g 
k 
Tr 
U(z) 
Zh 

= 5 Wm *̂ K* Empirical coefßeient for the soii heat transfer. 
= 1005 J KgK^Dry air specific heat, at constant pressure. 
= 9.80 ms Aceeleration of gravitation. 
= 0.4 Van Karman constant. 
[K] Air temperature at a reference height z,. (here at Zf= 2 m). 
[ m s W i n d speed at level z. 

Resistance for heat transfer near the surface, with In (z, / ẑ ) = 30. 
= 50 m Reference height. 
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Tu 
Od 
P 
o* 

= 0,01 K m D r y adiabatic lapse rate. 
0,033 K Empirical temperature scale. 
1,2 kg m"3 Air mass per unit volume. 

= 5,67 lO'SWm̂ K-i Stefan-Boltzmann constant. 

Then 

Eg.27 

[K] Air temperature (here at 2m above ground). 

This equation set is solved by iteration. A ßrst guess of u*g is proposed by: 

= %(7(z)/ln(Zi/ZQ) Eg. 22 

Then 6* is calculated by Eq. 14. If 6* < 10"** then L=10^ which represents the neutral case. 
If 0* >10"4 the stability function ̂ (z/L) for z=10 m is obtained by Eq. 13 and u* is calculated 
again by Eq. 12 where the term \]/M(Z(/L) is neglected. If tu* - u*g! < 0.001 iteration is stopped. 
Otherwise a new estimation is taken as u*g = u* and a new cycle is restarted. The number of 
iterations is limited to 20. 

A.3.1.2 Obukhov length for day 
As for the night case the Obukhov length L is obtained from the friction veiocity u* and 
temperature scale 0*. The following relations are considered: 
Eq. (23) is typically valid for ZQ « z <L 

M% = * y ( z ) / [ l n ( ( z i / Z o ) - ^ ( z / L ) +VA,(Z(/L))] Eg. 23 

IfL<0 

r 2̂   1 +^ 
^ 2 y -2atan(jc) +7t/2 Eg. 24 

with x set to 

* = (l-16z/L) 1/4 Eg. 23 

IfL> 0, then 

= -17[l-exp(-0,29z/L)] Eg. 26 
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[ ( l - a ) ^ + l ] ( l - C ^ ) e t 
e* = —L + ae 

(-y+i)(i + c^)pCM^ . < 
Eg. 2 7 

[1] =1 Moisture parameter for normal wet grass in a moderate climate. 

Empirical heating coefficient 

and for 

7̂  = A V 4c G 

= 5 Wm^K 2y-t Empirical coefßeient for the soii heat transfer 

z, = Mg / (*ge^/D 

Eg. 23 

Eg. 29 

Eg. 

Resolution of this equations set is performed by iteration. A ßrst estimation of u* is given by: 

Mg = %t7(z)/ln(Zi/ZQ) Eg. 37 

0* is then calculated (Eq.27). If 0* < 10"t then L=10^ deßnes the neutral case. If 6* >10"̂  the 
stability function ̂ (z/L) for z = 10 m is calculated by Eq. 26 and u* is recalculated with Eq. 23 
neglecting the term \)/]̂ (zo/L). A new estimation is taken as u*g = u* and a new cycle is restarted. 
Iteration stops when !u* - u*gl < 0.001 or after a maximum number of cycles ßxed to 20. 

A 3.2 Determination of mixing layer height 
Four stability ciasses are deßned, according to the value of Obukhov length L: quasi neutral 
(L<-20m), unstable Situation (-20m <L< 0m), stable (0m<L<40m) et neutral 
(L > 40 m). The mixing layer height is then determined by different relations within each of 
these ciasses. 

A.3.2.1 Quasi neutral eonditions 
If L < -20 then the minimal value of h is limited to 100 m. 

(1 + 2A)A -27%Z, 
JA _ (w'e*) Eg. 32 

where 
A Parameterized constant A = 0,2. 
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B Parameterized constant B = 2,5. 
hg Guessed height öf mixing layer. 
k Von Karman constant, k = 0,4. 
L Obukhov length. 
y Temperature gradient Over inversion. 

By integration, ahd with 

* L = 

where 
T Temperature. 
g Gravitation. 
the following relation is obtained: 

77 1+2A A = 3 Ap -3Ar-^— 2B-

ho 
hg 
At 

Initial mixing height at time t = 0 and ho = 100m. 
Guessed mixing height. 
Building duration. At = 6 hours = 2T600 seconds. 

Eg. 33 

The calculation of h is done by iteration. The start value of h is given by h. 

A = 0, 33 
Cöriölis parameter. f = 1.10 . 

Eg. 3J 

Then h is calculated by Eq. 34. If h - hg < 10, h is accepted, otherwise hg = h and iteration 
continues, but with a maximum of 20 cycles. 

A.3.2.2 Unstable eonditions 
When -20 m < L < 0 m, the mixing layer is unstable. 
The model used by LORAN for the mixing layer height h evolution was proposed by 
Batchvarova et Gryning in 1991 (ref. /I/) and is deßned by the differential equation: 

(1 + 2A) A - 2R&L YR [ (1 +A) /i - B%L] J 
(w'9') Eg. 36 

Constant. A = 0,2. 
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B Constant. B = 2,5. 
C Constant. C= 8. 
h Height of mixing layer. 
k Von Karman constant. k = 0,4. 
L Obukhov length. 
u* Friction veiocity. 
y Potential temperature gradient above mixing layer. 
(w'6 ) g Verticai kinematic heat Hux at the surface. 
The Srst term stems from the combined effect of mechanical and convective turbulence. The 
second term is due to the spin-up effect which is important only near the ground or when the air 
is nearly neutrally stratified. In our case, this term can be ignored and the simplified equation 
becomes: 

(1 +2A)A-27?AZ <M = 

Integration of left-hand-side term gives a relation of the type: 

,2 2 2 
^ - r < % = ^ + ̂ A + ^ l i i ( a / t + a) +C a% + & 2a 2 3 Eg. 33 

Integration constant. 

If h = 0 at time t = 0, then h at time t is given by the equation: 

/^ 2ß%/ ^ ̂  (2M/)" (l+2Ä)A-2ßN 
2 d ^ + 2 A ) ' (1+2A)' ^ ( 1 + 2 ^ ) ^ - ^ 

o 2ß%/ 
o 2d + 2A) ^ ^ A ) 2"0 

Eg.39 

or 

Eg.40 
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which is a second degree equation of the type ah +bh +c = 0, with the Solution 

2,2 -A? JA -4ac A = 2a Eg.47 

After multiplying Eq. 39 by (1+2A) we have: 

Eg.42 

A = 

% = -2 
2ßA/ 

(1+2A) 

c = 
r ( i + 2A) 2ßN ̂  (273^) ^ ̂(1+2A)A -2J%/) 

2 1 + 2A 0 2 (1 +2A)AQ-2J%/ 

Taking the estimated starting value 

* A_ = 0, 33 
if th -hg! < 10, h is accepted, otherwise a new estimation is calculated by 

if h>0 
A + A 

A = - ^ r -F 2 
A 

or if h < 0 A = ^ 
^ 2 

Eg. 44 

A.3.2.3 StaMe eonditions 
When 0 m < L < 40 m, the height of mixing layer in stable eonditions is calculated by 

a 
b 
f 

M * A = (aMg/+A)y Eg. 43 

Constant a= 1,4 10̂  
Constant b= 0,06 
Coriolis Parameter f = 1.10*̂  
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A.3.2.4 Neutral eonditions 
When !8*! < 10^ or L > 40 m the mixing layer height h is given (Van Ulden A.P., Holtslag 1985 
ref. /15/) by: 

* /t = 0, 33 -L 

Coriolis Parameter f = 1.10"̂  
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