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Foreword

This is the first in a new series of publications arlslng out
of the work of the Committee on Challenges of Modern Society of the
North Atlantic Treaty Organization.
The CCMS was established in 1969 with a mandate to examine
practical ways of improving the exchange of experience among member nations of the Alliance in the task of creating a better environment for their societies. It was charged with considering "specific problems of the human environment with the deliberate objective of stimulating action by member governments".
It may come as a surprise to some that NATO - generally
thought of as being an organization devoted solely to matters of
defence - should concern itself with the environment at all. But
this is to overlook Article 2 of the North Atlantic Treaty of 1949,
which expressly provides that member count ries should contribute
towards the furt her development of peaceful and friendly international relations by promoting conditions of stability and wellbeing. This concern is reflected in many non-military areas, in
addition to the environmental one.
I wish the present volume, which has been edited by the Belgian Prime Minister's Office for Science Policy Programming, every
success.
Robert Chabbal
Assistant Secretary
General for Scientific and
Environmental Affairs
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Preface

In 1969 the North Atlantic Treaty Organisation established the
Committee on the Challenges ofModern Society. Air Pollution was
from the start one of the priority problems under study within the
framework of the pilot studies undertaken by this Committee. The
organisation of a yearly symposium dealing with air pollution
modelling and its application is one of the main activities within
the pilot study in relation to air pollution.
After being organised for five years by the United States and
for five years by the Federal Republic of Germany, Belgium, represented by the Prime Minister's Office for Science Policy Programming, became responsible in 1980 for the organisation of this
symposium.
This volume contains the papers presented at the 11th International Technical Meeting on Air Pollution Modeling and its Application held at Amsterdam, The Netherlands from 24th to 27th November 1980. The meeting was jointly organized by the Prime Minister's
Office for Science Policy Programming, Belgium and the Ministry of
Health and Environmental Protection, The Netherlands. The conference was attended by 139 participants and 45 papers have been presented. The members of the selection committee of the 11th I.T.M.
were A. Berger (Chairman, Belgium), W. Klug (Federal Republic of
Germany), L.E. Niemeyer (United States of America), L. Santomauro
(Italy), J. Tikvart (United States of America), M.L. Williams
(United Kingdom), S. Zwerver (The Netherlands), C. De Wispelaere
(Coordinator, Belgium).
The main topic of this 11th I.T.M. was Interregional Transport of Air Pollution up to several hundreds of kilometers.
On
this topic three review papers were presented: one paper dealing
with model types and results by W.B. Johnson, SRI International,
USA, another paper, "Probability prediction of wet deposition of
airborne pollution," by F.B. Smith, Meteorological Office, United
Kingdom and finally a paper in relation to the transpnrt of air
pollutants over Western Europe, in particular the Netherlands-German case by N. van Egmond, Dutch National Institute of Public Health,
The Netherlands.
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Other topics of the conference were: meterological parameters for
use in advanced diffusion models, advanced techniques in air pollution modelling to take into account complex terrain, heavy gasses,
light wind conditions, forecasting of pollutant concentration under
episodic conditions and finally regulatory applications.
On behalf of the selection committee and as organizer and
editor I should like to record my gratitude to all participants who
made the meeting so stimulating and the book possible. Among them
I particularly mention the chairmen and rapporteurs of the different sessions. Thanks also to the local organizing committee, especially Mr. S. Zwerver and Mr. J. van Harn, and Mrs. P.W.A.M. Venispols who was the Conference Secretary.
Finally it is a pleasure to
record my thanks to Miss A. Vandeputte for preparing the papers,
and Miss C. Bonnewijn and Miss L. Vandersmissen for typing the
papers.
C. De Wispelaere
Operational Director
of the National R-D
Program on Environment

Contents

INTERREGIONAL TRANSPORT OF AIR POLLUTION
(UP TO SEVERAL HUNDREDS OF KILOMETERS)
1. Interregional exchanges of air pollution
app1ications • • . • • .
. . . • .
Warren B. Johnson

Model types and

2. Trajectories as two-dimensiona1 probability fie1ds . . . .
Perry J. Samson and Jennie L. Moody

3. The use of a regiona1-sca1e numerica1 model in addressing
certain key air qua1ity issues anticipated in the 1980s..
Mei-Kao Liu and Phillip M. Roth

4. Probability prediction of the wet deposition of airborne
pollution.
F.B. Smith

. • . . • • . . . . • . . . . .•

5. The statistics of precipitation scavenging during long
range transport . . • . . . . . • . . • . • • • • • . .
B.E.A. Fisher

3
43

55

67

99

6. Air pollution transport over Western Europe; exchanges between Germany and the Nether1ands • .
N.D. Van Egmond, H. Kesseboom

111

7. A characterization of interregional transport of ozone and
precursors into an urban area •. • . • . • • • •
Michael W. Chan, Doug1as W. A11ard

133

8. Air qua1ity projections for the Ohio river basin . . . .
M.T. Mills, E.Y. Tong, A. Hirata, A. Van Horn and
L.F. Smith

ix

147

CONTENTS

x

2

METEOROLOGICAL PARAMETERS FOR USE IN ADVANCED
AIR DIFFUSION MODELS

9. Estimation of turbulence velocity scales in the stable and
the unstable boundary layer for dispersion applications. .
A. Venkatram

169

10. Meteorological input for a three dimensional medium range
alr quality model..
....
........ . . . .
H. Van Dop, B.J. de Haan and G.J. Cats

181

11. Interest of an atmospheric meso-scale model for air pollution transport studies over medium distances . . . . . . .
Christian Blondin

191

12. A mass consistent wind field modelover the Mid-Rhine
Valley . . . . . • . . . . . . . . . . . • . . . . .
Patrick Racher, Robert Rosset and Yves Caneill

201

13. A mesoscale numerical model of atmospheric flow over the
Alsace plain . . • . . . . . . • . . . • . . . . . .
A.E. Saab, C. Rolin and V. Villouvier

213

14. The application of a stochastic wind model to the meteorology of North-West England . . . . . .
J.W. Bacon, B. Henderson-Sellers and A. HendersonSeIlers
15. Atmospheric circulation on the regional scale and isentropic trajectories as support to the long range transport
(LRT) of air pollution . . . .
. . . . . . . . . . .
Sergio Borghi
16. Diffusivity profiles deduced from synoptic data.
G. Schayes and M. Cravatte

223

235

. . . . •

251

17. Wind velocity variances in the atmospheric boundary layer.
R. Berkowicz and L.P. Prahm

267

18. Estimation of mesoscale and local-scale roughness for atmospheric transport modeling. . • • • .
Jon Wieringa
19. A convective plume model for PBL dispersion .
John D. Reid

. . . . . ..

20. Numerical modeling of stack plumes within a city environment at distances of several kilometres downstream. .
Ann Henderson-Sellers, Brian Henderson-Sellers

279

297

309

xi

CONTENTS

21. Results of Lidar measurements of atmospheric barrier
layers. . . • . . • . . • . • . . . • • . • . • • • .
Josef Giebel

317

22. Effects of release height on a and a in daytime condiz
y
tions
S.R. Hanna

337

23. Dispersion near to a tall stack . . . • .
R. Steenkist and F.T.M. Nieuwstadt
24. A statistical approach for estimating atmospheric stability classes from near-ground observations . . • • .
S. Cieslik, H. Bultynck and J.G. Kretzschmar
25. Net radiation estimated from standard meteorological data
L.B. Nielsen, L.P. Prahm, R. Berkowicz and K. Conradsen
26. Estimation of the sensible heat flux from standard meteorological da ta for stability calculations during daytime.
A.A.M. Holtslag, H.A.R. de Bruin and A.P. Van Ulden
3

357

369

385

401

ADVANCED TECHNIQUES IN AIR POLLUTION MODELING TO
TAKE INTO ACCOUNT COMPLEX TERRAIN, HEAVY GASES AND
LIGHT WIND CONDITIONS

27. A comparison of finite difference schemes, describing the
two-dimensional advection equation. . . . . . .
B.J. De Haan

411

28. A comparison of some plume dispersion predictions with
field measurements.
.....•. . . . . . .
G.A. Davidson and P.R. Slawson

417

29. Model investigations of spreading of heavy gases released
from an instantaneous volume source at the ground . • . .
A. Lohmeyer, R.N. Meroney, and E.J. P1ate

433

30. Physical modeling of forty cubic meter LNG spills at China
Lake, California. . . .
. . . . . . . . • • ..
Robert N. Meroney and David E. Neff

449

31. The accidental release of dense flammable and toxic gases
from pressurized containment - transition from pressure
driven to gravity driven phase
•..•
S.F. Jagger and G.D. Kaiser

463

xii

CONTENTS

32. Entrainment through the top of a heavy gas cloud . . . . • . 477
Niels Otto Jensen
33. Physical simulation of dispersion 1n complex terrain and
valley drainage flow situations
. . • . . . . . . . . . . 489
Robert N. Meroney
34. Analysis and simulation of local circulations and air pollution over a coastal, complex site • • • • • • •
E. Runca, G. Bonino, L. Briatore, G. Elisei and A.
Longhetto

509

35. A new gaussian puff algorithm for non-homogeneous, nonstationary dispersion in complex terrain. . • • . . • . . . 537
Paolo Zannetti
36. Impact study in complex terrain
. • • • • . • • • . • . • 551
K.E. Gr~nskei, B. Sivertsen
37. Conversion rate of nitrogen oxides in a polluted atmosphere • . • • • . . . . . . • • . . . . . . . .
R. Guicherit, K.D. van den Hout, C. Huygen,
H. van Duuren, F.G. Römer and J.W. Viljeer
4

. • 575

FORE CASTING OF POLLUANT CONCENTRATION UNDER
EPISODIC CONDITIONS

38. Forecasting of fumigation episodes in the Po Valley . • . . 595
P. Bacci, A. Longhetto and D. Anfossi
39. Numerical computation of high air pollution levels . • • • • 609
Cl. Demuth, G. Schayes, P. Hecq and M. Cravatte
40. Application of a photochemical dispersion model to the
Netherlands and its surroundings . . • • . . . . .
. 621
P.J.H. Builtjes, K.D. van den Hout, C. Veldt,
H.J. Huldy, J.Hulshoff, H. Basting and R. van Aalst
41. An application of a pollution episode predictor derived
from a K-theory model. • . . . • • • . • . • • . . • • .
Pietro Melli and Giorgio Fronza

42. Forecasting of pollutant concentration under episode conditions. •
• • • ..
. .••
J.M. Fage, G. Gallay and J. Moussafir

639

653

CONTENTS

xiii

5 : REGULATORY APPLICATIONS
43. An app1ication of the empirica1 kinetic mode1ing approach
(EKMA) to the Cologne area . . . . . . • . . . • . . . . •
Rainer Stern and Bernhard Scherer

681

44. Air pollution impact calculated and measured during licensing procedures . .
...•
• . • . . . . . . . . • . . 703
Lothar Kropp
45. The regu1atory imp1ications of using airport meteoro1ogica1 data instead of onsite data in air qua1ity modeling. .
Patrick T. Brennan and Mark L. Kramer

717

Participants

729

Authors Index

743

Subject Index

745

1: INTERREGIONAL TRANSPORT OF AIR POLLUTION
(UP TO SEVERAL HUNDREDS OF KILOMETERS)

Chairman: W. Klug

Rapporteur: J. Tikvart

INTERREGIONAL EXCHANGES OF AIR POLLUTION:
MODEL TYPES AND APPLICATIONS
Warren B. Johnson
Atmospheric Science Center
SRI International
Menlo Park, California, USA 94025
INTRODUCTION
During the last two decades there has been a simultaneous growth
in awareness of the quality of the environment, in the ability to
measure its chemical constituents with greater accuracy and precision, and in the widespread use of mathematical models for estimating the transport and diffusion of air pollutants.
In recent years,
special attention has been given to problems resulting from longrange transport of air pollutants over large regional- or
continental-scale areas. Air concentrations and ground deposition
of sulfur compounds have been of particular concern.
The OECD-sponsored study of Long-Range Transport of Air Pollutants (LRTAP) conducted in Europe (Ottar, 1978; OECD, 1977) and
the Sulfate Regional Experiment (SURE) in the United States (Perhac,
1978), typify recent major environrnental assessments of the problems posed by aggregated emissions over large areas.
In many of
these studies, theoretical models have been developed and applied
to simulate the transport, diffusion, transformation, and removal
of SOx released into the atmosphere from the multitude of sources
located within a given region.
The development of suitable models for this application is a
difficult task, considering the very large geographical areas
involved. This is because of the need to strike an appropriate
compromise between two equally desirable but conflicting model
characteristics--accuracy and practicality. The achievement of
additional accuracy in a model requires additional sophistication
in the physical formulations, as well as additional detail in the
controlling input variables. These in turn require additional
3
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computer time for running the model and additional effort for preparing the input data, which together resu1t in a 1ess economica1
and thus 1ess practica1 model.
Air qua1ity mode1ing specia1ists have made substantia1 progress
in recent years in deve10ping new techniques to meet the cha11enges
of simu1ating long-range po11utant transport and deposition. A
number of exce11ent comprehensive reviews of the modeling work in
this fie1d have been prepared recent1y, such as those of E1iassen
(1980), Bass (1980), Smith and Hunt (1979), Niemann et a1. (1980),
Hosker (1980), MacCracken (1979), Fisher (1978), Demerjian
(1980).
In view of the above, it was not intended that this paper be
another comprehensive review of long-range transport (LRT) mode1ing.
Rather, the purpose of this paper is to brief1y review some of the
general characteristics and problems associated with air qua1ity
models on this sca1e, particu1ar1y interregiona1-type models (to be
defined be1ow), and to i11ustrate the various kinds of resu1ts that
can be obtained by app1ication of a samp1e model of this type.
CAPABILITIES AND CHARACTERISTICS OF INTERREGIONAL MODELS
The focus of this paper is on interregional air qua1ity simulation models, which are defined as those long-range transport/
deposition models having the fo11owing characteristics:
•

Mu1tip1e-source

•

Sca1e: hundred to thousands of kilometers (moving po11utants undergo at least one diurnal cyc1e)

•

Averaging time:

•

Can determine contributions from individual
sources or source areas.

hour1y to year1y

The most important factor in this definition of interregional models
is the last one above, name1y the ability of interregional models
to quantitative1y assess the po11utant exchanges between individual
source-receptor pairs. Therefore, interregional models shou1d
consider all (or as many as possib1e) of the po11utant emissions
from both area and point sources in the entire geographica1 area
of interest.
The capabi1ities and app1ications of models in this general
category have been summarized we11 by Venkatram (1980):
•

Determine contributions of various sources to
receptors of interest

INTERREGIONAL EXCHANGES OF AIR POLLUTION

•

Estimate consequences of projected emissions
changes

•

Fi11 in gaps between observations

•

He1p plan fie1d studies

5

-- which variables to measure?
-- where to site stations?
•

He1p interpret data
e.g., infer transformation or deposition rates
(this will be discussed further in a 1ater
section)

Note that most of these usefu1 tasks can on1y be accomp1ished
through the use of mode1s--measurements by themse1ves are not adequate to provide the necessary information.
MAJOR TYPES OF LRT/INTERREGIONAL MODELS
The fo11owing general features of LRT/interregiona1 models are
to be considered high1y desirab1e:
•

Easy to und erstand and use

•

Suitab1e for both short and long terms

•

Spatia1 resolution 100 km or better

•

Require on1y readi1y avai1ab1e input data

•

We11 eva1uated against measurements

•

Physica11y rea1istic and accurate

•

We11 documented

•

Easi1y adapted for running on typica1 computers

•

Efficient in computer running time

•

Treat wet and dry deposition separate1y for
different chemica1 species.

Unfortunate1y, some of these features are mutua11y contradictory,
and thus the design of every model invo1ves a number of compromises.
Mode1ing ski11 becomes most important here, in determining which
portions or features of a model are least important, and thus can
be compromised with the least degradation in the usefu1ness of the
model for its intended app1ication.
As 1isted in Tab1e 1, the LRT/interregiona1 models that have
been deve10ped to date can be c1assed into three main types:

w. B. JOHNSON
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Eu1erian grid, statistica1 trajectory, and Lagrangian trajectory.
Each of these model types and their advantages and disadvantages
will be brief1y discussed next.
Table 1.

t1ajor Types of LRT/lnterregiona1 Models, and Some of the
Investigators Who Have Deve10ped Hodels of These Types

EULERIAN GRID

STATISTICAL TRAJECTORY

LAGRANGIAN TRAJECTORY

A. MOHENT METHOD
Carmichae1 and Peters (1979)
Egan et a1. (1976)
Pedersen and Prahm (1974)
Nord~ (1974, 1976)
Lavery et a1. (1980)

A. RECEPTOR-ORIENTED
Rodhe (1972, 1974)
E1iassen and Sa1tbones (1975)
Bo1in and Persson (1975)
Eliassen (1978)
Mcllahon et al. (1976)
Ottar (1979)
Fisher (1975, 1978)
Szepesi (1978)
Scriven and Fisher (1975)
01son et a1. (1979)
Shannon (1979)
Shieh (1977)
B. PSEUDOSPECTRAL I1ETIIOD
B. SOURCE-ORIENTED
Ml11s and Hirata (1978)
Fox and Orszay (1973)
Wende11 et a1. (1976)
Venkatrom et al. (1980)
Christensen and Prahm (1976) Fay and Rosenzweig (1980)
Johnson et a1. (1978)
Prahm and Christensen (1977)
Mancuso et a1. (1979)
Berkowicz and Prahm (1978)
Bhumra1kar et a1. (1980)
Heffter (1980)
C. PIC HETHOD
Powell et al. (1979)
Sk1arew et a1. (1971)
~lau1 (1977)
Lange (1978)
C.~

Drax1er (1977, 1979)
Meyers et al. (1979)

Eu1erian Grid Models
This type of model breaks up the geographica1 area or vo1ume
of interest into a two- or three- dimensional array of grid ce11s.
The advection, diffusion, transformation, and removal (deposition)
of po11utant emissions in each grid ce11 is simu1ated by a set of
mathematica1 expressions, generally invo1ving the K-theory assumption (assumption that the f1ux of a sca1ar is proportional to its
gradient).
Some type of finite-differencing technique is usua11y
emp10yed in the numerica1 solution of these equations.
The major advantages and disadvantages of the Eu1erian grid
approach are summarized be1ow:
Advantages:
•

Capab1e of sophisticated 3-D physica1
treatments

•

Can handle nonlinear chemistry

•

Data input is simp1ified on Eu1erian grid.

INTER REGIONAL EXCHANGES OF AIR POLLUTION
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Disadvantages:
•

Require 1arge amounts of computer time and
storage

•

Require 1arge amounts of input data

•

Cannot determine contribution from individual
sources

•

Artificia1 (computationa1) dispersion can be
significant.

A1though in princip1e this type of model is capab1e of incorporating
more physica1 rea1ism than some of the other model types, this
advantage is 1arge1y off set in many app1ications by the high computationa1 costs invo1ved in its use.
A further problem is the artificia1 diffusion effect inherent
in conventiona1 finite-differencing techniques.
This has 1ed to
the deve10pment of various mode1ing schemes to minimize this effect,
such as the moment method, the pseudospectra1 method, and the
particle-in-ce11 (PIC) method, as indicated in Tab1e 1.
Statistica1 Trajectory Models
Although there are many different varieties of statistica1
trajectory models, these models have one or more of the fo11owing
characteristic features that distinguish them as a type:
•

Using c1imato1ogica1 wind data, 1arge numbers of
air trajectories are ca1cu1ated, either forward
in time from source areas or backward in time
from receptor areas, and the resu1ts are statistica11y ana1yzed to give average pol1utant contributions, horizontal diffusion, etc.

•

Meteoro1ogical variables are frequent1y averaged
over long periods of time before app1ication to
ca1cu1ate such parameters as concentrations
and depositions.

Such models have the fo11owing advantages and disadvantages:
Advantages:
•

Computationa1 requirements are modest

•

We11 suited for repeated runs using alternative
emissions scenarios

•

No computationa1 dispersion

8
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•

Can determine contributions from
sour ces

•

Pollutant mass balances can be determined.

individua~

Disadvantages:
•

Most types not adaptable to short averaging
times

•

Dispersion and other processes are
usually highly parameterized

•

Dependence between meteorological variables
(e.g., wind and precipitation) ignored in
some types.

Statistical trajectory models enjoy a major advantage in having low
computational costs, but this is sometimes obtained at the expense
of physical realism.
Lagrangian Trajectory Models
A characteristic feature of these models is that ca1cu1ations
of pollutant diffusion, transformation, and removal are performed
in a moving frame of reference tied to each of a number of air
"parcels" as they are transported around the geographical region
of interest in accordance with an observed or calcu1ated wind fie1d.
As indicated in Table 1, Lagrangian trajectory models can be
either receptor-oriented, in which trajectories are calculated
backward in time from the arrival of an air parcel at a receptor of
interest, or source-oriented, in which trajectories are ca1culated
forward in time from the release of a pollutant-containing air parcel from an emissions source. There are also a few hybrid approaches,
in which a Lagrangian trajectory technique is used to simulate horizontal transport and diffusion, and an Eulerian grid technique is
used to simulate vertica1 diffusion.
Most source-oriented Lagrangian trajectory models simulate
continuous pollutant emissions by means of discrete increments or
"puffs" of emission occurring at set time intervals, usually between
1 and 24 hrs, depending upon the designed averaging time of the
model outputs. Such models simulate the movement and behavior of a
pollutant plume from a continuous source (as shown in the upper
left portion of Figure 1) by one of the three approaches illustrated
in the other portions of the figure.
The "segmented plume" approach involves computationa1 difficulties when variable wind fie1ds cause convoluted plume geometries.
The "puff superposition" approach avoids these problems, but can
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Fig. 1.

Various trajectory mode1ing approaches (from Bass, 1980).

lead to errors when the product of wind speed and computational
time-step duration is sufficient1y high to cause puffs to travel
long distances (relative to their size) between time steps.
Under
these circumstances, which are more like1y to occur during the
initial portion of its travel, a puff can skip over and make no
(calculated) contribution of po1lutant concentration or deposition
to certain geographical areas, as illustrated in Figure 1. The
"square puff" approach simply keeps track of the receptor cell containing the puff center at each time step, and assigns the entire
contribution of the puff to this cello This approach tends to
ignore the effects of puff spread caused by horizontal diffusion.
Some of the advantages and disadvantages of Lagrangian trajectory models are listed below:
Advantages:
•

Can determine contributions from individual
sour ces

•

Relatively inexpensive to run on a computer

•

Easy to keep track of pollutant mass balances

•

Realistic treatment of wet deposition

•

No computational dispersion

•

Individual sources or receptors can be run
separately.

