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8 Application of Meteorological Models in Air Qualitfodelling

1. Introduction

The history of mathematical models describing tpans spreading and transformation of atmospheric
pollutants, extends back for more than a half ofeatury. During this time, these models have eublve
considerably, in terms of their destination, stuuet complexity and applicability. The problem ointertime
smog, resulting typically from coal combustion,heit in industrial facilities or residential heatjrhas been
frequenting some areas (e.g. London, Mosa VallepnBylvania) for a much longer time, but the remediere
still to evolve. The Clean Air Act of 1956 introcedt smokeless zones in London, however, the demamd f
industrial emissions limitation was present worldeviIn the early regulation attempts, the air gadhuproblem
has been mostly perceived as spreading of plunoes ifndustrial or power plan stacks, affecting timeniediate
vicinity. The first batch of calculational toolferred here as wispersion mode)swas introduced in 1950's to
support local air pollution control policies basadl so-called emission permits. The idea was toraéte the
allowable amount of pollutants that could be redgasrom a planned installation without exposing the
population living in the vicinity to harmful pollign levels. Models serving this purpose were calésglilatory.
Althought this procedure relied gmeventionrather than omemediation it brought gradual improvement of air
quality in some regions as the newer facilitiesnplying with the regulations, replaced the old orEsese
early dispersion models treated the process ofdg the pollutants with drastic simplificationlat limited
their applicability. A typical use was to predichraial mean concentrations of a passive (non-regctin
substances within short distance (say, 20 km) faostack. A typical model was based on an analysichition

of a simplified mass conservation equation (alsméal the transport equation or, perhaps, not auaitesctly,
'the turbulent diffusion equation(turbulence is not a diffusive phenomenon)), whiglelded Gaussian
distribution of pollutant concentrations acrosspheme, hence the ter@aussian models

The next type of air pollution problems in citiesgoin with the increase of car use, causing emigsiaitrous
oxides, dust and hydrocarbons. These substanaetedda the atmosphere under the presence of ial&tion,
causingsecondary pollutantssuch as ozone, to form ghotochemical smogObviously, the analysis of the
photochemical smog formation, or its predictionyldonot be done with a Gausian model; this proeess far
too complex to be handled in such simplistic mani¥et, it needed a few tens of years, to be addieby
Eulerian numerical photochemical modedlsat rest onapproximate(numerical) solutionsof the full set of
‘almost'unsimplifiedequations, describing transport, chemical and qaihemical transformations of individual
species in the atmosphere, taking into accounsplaial and temporal variation of meteorologicahditons
over a given area.

Still another problem arose with the discovery oiddication of rivers and lakes in Scandinavia,iethwas
attributed to long-range (transboundary) transpafrtair pollutants. Evidence of such transport wéso a
supported by samples taken from remote sites, aschrctic or Himalayan glaciers, revealing the pree of
industrial pollutants and radionuclides from nuclegeapon tests. A special type of moddlagrangian
trajectory modelavas then designed. These models were based opt&ysoale meteorological analyses of air
parcel pathways (or, trajectories), and a massbalaquations describing concentration changesnaatiparcel
moving down the trajectory.

Development of nuclear power plants, fuel procesgitants, chemical factories and other facilitiexsipg
hazards to its vicinity, has caused another brarfictispersion models to emerge. These models htak&into
account the flow patterns forming around the obeta¢buildings), or adopting to the terrain topqdna
Usually, such models could benefit from additiowald measurements taken by a local monitoring nekywan
the other hand, they had to be able to deliver &stost instantaneous prediction of the expostipesonnel,
or vicinity population, to the radionuclides or tox released during accidents. Some of these moslgiplied
with a proper meteorological information, were égghleven in a global scale, e.g., after the Cheyinatcident
in 1986. Currently, they support national emergemsponse centers, such as the CANERM model indzana

Finally, to address global air pollution problemgls as stratospheric ozone layer depletion (‘tlem@ole’),
worldwide increases of carbon dioxide concentraiaegional and global aerosol pollution (‘brownogh
possible climate changes (‘global warning’), newphssticated and complex Eulerian numerical models
emerges. Some of them are similar, in terms ofrtheiderlying conservation laws, to the chemical /
photochemical models used in urban air basins @ déh photochemical smog; some have even greater
complexity. This leading-edge branch of models rdar continuos development, as the knowledge of
atmospheric chemistry, and the information and aaatponal infrastructure advances.
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2. Problem definition; scale and phenomena

Problems depicted in the previous section can beackerised in terms of theipatial andtemporal scalesand
processes and factors that play primary role. Algfoit can be generally stated that basic prinsiplephysics
are universal, and stipulated that a certain setgofations could form an universal model, applieabl any
problem, such approach remains impractical. ThesighY scales, determined by the spatial extent of a
phenomenon, the period of time during which it oscwr just the spatial and temporal variabilitictate the
relative importance of individual forcings, actioos processes that occur in the course of this gnemon.
Hence, many models are built towards specific @oilsl, taking into account only these factors andgsses
which are deemed to be relevant or important tovengphenomenon, or just dominant in it. Howevethwhe
growing knowledge and computational capacities,ettgment trends are also directed towards broadenin
applicability of certain models. One could thinktbfee broadly defined categories:

- single-purpose models designed towards a singlicpkar goal, strictly related to a particular pberenon,
and a particular spatial and temporal scale. Thesgels are the most simple ones within all the rwthat
can be used in a given purpose, the most econontérins of their computational and data demands$tlaa
easiest to operate and analyse;

- more general, multi-scale and multi-purpose motteds take into account many processes, and are fali
a much broader range of scales. These are typifallymore complex and demanding that the former
cathegory, their development cost can be seveddrsrof magnitude higher than of the former cathego
However, their generality makes them a feasibldoghim many situations, e.g. when the particulabpgm
is related to many phenomena, or when the problsmbt been addressed by a single-purpose model;

- modular modeling systems, where a certain modebeaset by the user from a collection of modulegivh
are adequate for a particular process, phenomamoiscales.

The above classification is somewhat simplisticrnasy models can be classified as belonging to niane one
cathegory with respect to their different featuréevertheless, it illustrates the basic directimfsthe
contemporary model design.

Meteorological phenomena can be associated withoomeore of the following spatial scales. The tejiobal
scale usually is applied to the largest features of atvospheric flow such as the elements of the génera
atmospheric circulationSynoptic scale contains pressure systems — lows and highs, asid #issociated
structures of motion — cyclones and anticycloneth sharacteristic sizes of several thousand afrkéters. On
the other endpmicroscalerefers to the features smaller than a few kilomsetgriven by local factors acting on a
larger-scale background. Between the microscalesgndptic scale, thenesoscaleontains phenomena driven
by both the local and large-scale influences, thatelop under interaction of processes belonginghamy
scales. The interaction of scales acts in botkctions (top-down or bottom-up), hence the medesca
meteorology poses many challenges to modellers.

3. Climatological approach

One of the earliest ideas utilized in applied aillygion models was to classify meteorological ctinds, and to
conduct computations for the resulting meteorolalggcenarios rather than for real situations, thereducing
the complexity. This approach was particularly aamient for calculating long-term statistics, sushaamnual
mean concentrations of pollutants in the ambient&ich mean values could easily be obtained asighted
average of the results obtained for individual egtiries, where the frequency of occurance of thatteegories
served as a weighting function. Small data demaasd another advantage of this method. This apprbash
been extremely popular in combination with a loGalussian plume model. Other applications includeel|
emergency-response systems, where the pre-caldwteibutions could be instantaneously superiragosith
the actual emission estimates, yielding the es@th@&xposure maps, and in wind resource estimatiohsre
such economic computational method turned out b=msiAs the computational power and data availgbili
increased, the advantages of the climatologicatagmh begun to fade, and the model developmentnieca
controlled by the rapidly expanding knowledge ofiygant dispersion processes. Nowadays, the clilogical
approach is mostly regarded as obsolete.

4. Boundary-layer parameterisation

The developments of 70's and 80's of the 20-thucgnrt most remarkably, the wide application of tuemce
measurements in field experiments and the LargeyE8#émulation (LES) technique of numerical
experimentation (Deardorff, 1974), resulted in avngaradigm in understanding the structure of twbtl
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10 Application of Meteorological Models in Air Qualitfodelling

mixing in lower atmosphere. The existing Monin-Obak similarity theory of the statistical structuoé
turbulence in the atmospheric surface layer wasptemented by the inclusion of the description of th
convective mixed-layer growth, the surface energyldet calculations, and combined into an applicable
parameterisation of the atmospheric boundary |laais approach employs three principal physicaigtias:

- vertical turbulent momentum flux over the groundace;

- vertical turbulent heat flux over the ground suefac

- boundary layer / mixed layer height.
The dispersion model utilizes these three paramdimlculated by so-callesheteorological pre-processpr
along with other measured quantities (wind speedir&ction, vertical temperature gradient above rtiired
layer), to calculatelumedispersion parametershereby replacing the climatological classifioatiwhere these
parameters (or, stricly speaking, their calculdtiasere assigned to classes. This new generatidhaoissian
plume models was proposed in 80's (Weil, 1985)eamhtually replaced climatological Gaussian modetbe
U.S. regulatory applicatior-éderal Register2005).

5. Meteorological pre-processors

A meteorological pre-processas a program, which calculatgsmrametersused by a dispersion model, using
available meteorological information. Usually, thévailable information” means data collected fransurface
weather station, belonging to the routine obseowatirogram, plus an aerological sounding from tbarest /
representative location. Examples of such pre-msms are AERMET (Cimorelét al, 2004), which provides
boundary layer parameters to the AERMOD dispersimael, or CALMET (Scireet al.,2000), which is used
with CALPUFF. A meteorological pre-processor canlide some other features, such as a mass-consisten
interpolation scheme which allows using data fromltiple weather stations (e.g. CALMET), or includin
effects of flow distortion around the terrain feas under various atmospheric stability conditidesy.,
AERMET). Alternately, boundary layer parameters bancomputed using gridded products of meteoroédgic
centers (either analyses or forecasts) and fedailispersion model (e.g., CALMM5).

Computation of boundary layer parameters usingimeuteteorological data only involves some compiexi
and inacurracy. Although the the profile methody.(eBerkowicz and Prahm, 1982), based on the well-
established Monin-Obukhov surface layer similatitgory in most cases lets calculation of surfaagefs with
sufficient accuracy, it requires knowledge of wapgked and temperature at two distinct levels withénsurface
layer, which is not the observing standard; boths¢hmeasurements are available at a single heigihs
Hence, additional closure is required, and theaserenergy budget equation is the usual way (eljsleg and
van Ulden, 1983; van Ulden and Holtslag, 1985). ddgihately, this solution invites many inaccuracies
introduced by rough methods of parameterisationestignation of the individual budget componentsiirly,
mixing heights can be derived from radiosondingsydver these have low resolution and insufficigustisl
and temporal coverage. Slab boundary layer moadeds Tennekes, 1973) are used to supplement olismiyva
under convective conditions, and diagnostic formykag. Zilitinkevich, 1972) are applied for nelitmad stable
cases. Particularly the latter method lacks geitgraind accuracy, hence the quality of the resigts
questionable. Nevertheless, the overall accuradfieofinal results of the dispersion model is diehetter than

in the climatological approach.

6. Terrain effects and diagnostic wind field models

Topography, as well as inhomogeneity of thermal dydamic properties of the surface, causes distomif
atmospheric flow; under certain conditions, locatwations caused by differential heating can alswelop.
For a long time, numerical solution of the Navi¢ol&s equation remained too complex and troublesimme
most of practical problems. Several simplified noeth were then developed for practical applicatidts. a
more detailed discussion, readers can be refeorédlas and Ratto (1996), Finarlial, (1997) and Homicz
(2002). Here, we shall briefly discuss the basidetiing ideas and principles.

Mass-consistent diagnostic wind field modelg. MASCON (Dickerson, 1978), MATHEW (Shermafy/8),
NOABL (Traci et al, 1977) represent a method of interpolation ofdvimeasurements taken at multiple
locations, with inclusion of a requirement of immeability of a part of the boundary, representing terrain

surface. In a simple fashion, the underlying idea be explained as finding a correctV', applied to a first-
guess fielcV, (obtained by a simple interpolation), that woalininate the divergent component of the wind
field and preserve the rotational one. Let us asstirat the wind data are interpolated to a regyial, yielding
the first-guess wind fiel V,, . The resulting field will usually have non-zerweligence,
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0, = divy, #0 ©.1)

which would cause mass-consistency problems whaass transport model is used to calculate dispersith
such field. Hence, we stipulate that

o,=divy, 20 (6.2)
rotv= rotv, (6.3)
Hence,
diw'= div(v -v,)= —divv, = -0, (6.4)
rotv'= rot(v—-v,)= 0 (6.5)
Introduction of a flow potential function for thercection field,
6.6
v'= gradi (6.6)
lets us rewrite (6.4)-(6.6) as an elliptic equation
divw'= divgrad.= 0%/ = -0, ©.7)
that could be solved yielding the correction arelfthal field
(6.8)

V=V, +gradt
A similar result can be obtained by formulatioe thllowing optimization problem: having a givemstiguess
vector field, find another vector field that wolddtisfy the minimum of the mean-square differenegvben the
first-guess and the final solution, providing thihe final solution would be non-divergent and theogity
component perpendicular to the boundary would lbe aethe impermeable part of the boundary. Thidblam
is solved by a variational technique, using Lageamgiltipliers method (e.g. ).

Linearized flow mode]®.g. LINCOM (Troen and De Baas, 1986), FLOWSTARututhers et al., 1988) utilize
simplified and linearized momentum conservationatipms. To illustrate the method, let us consitier Euler
equations (6.9)
ou Odu ou 1dp
U_—+v_—+w _—=—-——"
ox oy 0z p OX

ov. ov. 6 _ov_ 1op
Uu—+v—+w—=-=--"+-
ox oy 0z p oy

ow  ow ow 1op
V—+W—=———~—
ox oy 0z p 0z
ou  ov K ow
—+—+—=
ox 09y o0z
describing the flow of incompressible and invisttidd under adiabatic conditions. Let us split thedocity field
into two parts — the basic (background) flow, , #meldeparture (deformation) caused by the terrain:

u=U,+a v=V,+v W,=0 w=w p=R+p (6.10)

Let us further assume that the basic flow fulfiie original equations,
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12 Application of Meteorological Models in Air Qualitfodelling

u, ouU au __10R
0X ay p 0X
u, Yoy, Mo _10R,
ox oy p oy
10p, (6.11)
77_9 0
p 0z
%4—%:
ox oy

and that this departure is much smaller that thekdmr@und velocity. Putting the basic and the depart

components into the Euler equations, subtractiegetjuations for the basic components, and negiehtgher-
order terms (products of the departures) yiellilsear, homogeneous partial difference equation set

U, @4_\/ @ AOUO:_@

®ax oy 0z ox

0, 00y 00, N 0P
ox oy 0z ay

(6.12)
U, aﬂ'+V ow__op
ax °oay 0z
an 6\7 OW _
ax ay 9z
where p:E
p

Supposing that the boundary conditions can be septed by periodic functions, solutions of this an
system can be represented as Fourier series, Wieehedividual modes can be written as

O(X,y,Z): Uei(kx+ly+mz); TJ(X,y,Z)= Pé’(kx+|y+mz) (6.13)
V(X,y,z): \VZ=! (kx+ly+mz); MX,y,Z): Wé(k)&ly+mz)

wherek, |, mare the wave vector components (complex). Puttth3) into (6.12) yields the characteristic
equation,

@(+1°+nr)=0 (6.14)
Q=kU,+1V,

which provides relationships between amplitudesimafividual mode parameters (amplitude and phase).
Introducing the surface impermeability stipulatesthe boundary condition

Ww(x,z= 0)=U, mh(x,y)

h(x,y)= He (64
yields the final solution
p= -Q?He M2l )yt
a= QHe MZerile Wy
(6.16)

0= QHe Ml W)mt

= OHe ™ Zei (kwrly—7/2)
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Present linearized models include some other palysffects such as momentum transport (frictionyl an
differential heating, nevertheless the general oebtis similar to the above described. Comparedéomass-
consistent models, they offer richer solutionsthes include at least dynamical effects, in addaioto mass-
consistency provided by the use by the continudfyagion.

Models based on theritical dividing streamlineconcept (Ludwiget al, 1991) were devised to handle the static
stability issue in flows around terrain featuresder neutral stratification, the air flows both pamd sideways
the obstacle, while in stable conditions the pérthe flow passing over the obstacle is damped dxyybncy
forces. The work against these forces during thet b an air parcel is done at a cost of the dtio energy of
the inflow, which is limited; hence the uplift haslimited extent. Combination of this principle kvithe
divergence minimization procedure yields the maddlition.

7. Meteorological models

Present-day meteorological models consist of mangutes representing individual processes. The kerhe
such model is &ydrodynamic solvemhich delivers solution of the basic equatiorflofd motion, and allows

to include effects of the Earth's surface curvatrotation, topography and differential heatingstunarily, this
part of the model is referred as to 'dynamics’. dther part of the model, nicknamed the 'physicstains a rich

set of modules devised to calculate radiative feangurbulent mixing, surface energy budget, stefa
atmosphere interchange of momentum, heat and mejstvater vapour phase changes, cloud formation and
precipitation, and many other processes. Meteoitdbgnodels find their application in the numerigetather
forecasting, climate studies, research in meteggoémd geophysics, and many other fields.

Complexity of meteorological models sets high dedsafor their developers and users. Team development
necessary to combine knowledge in many branchgdydics, mathematics and chemistry, Typicallyakets
more than a hundred man-years to develop an opeahtiveather forecast model. Community development
over a network started to emerge in mid-90's asataral trend. Running a meteorological model can be
challenging, too: one must supply a rich variatmmeteorological observations, from surface stetito
satellite imagery, develop a data-processing systeenform quality control, objective analysis andtal
assimilation, supply a rich set of geophysical psters (e.g. topography, land use, albedo, soiltuna,
vegetation, oceanic ice etc.) just to launch thedehoFor this reason, full model execution suitealisiost
exclusively feasible at regional or national metdmgical centers. Research groups usually canrfordaf
maintaining such a system, and use products ofar@tical centers such as objective analysis.

8. Conservation laws & their solving; limitations

The 'dynamics' of a contemporary meteorological ehdsl based upon the laws of conservation of mtms (
continuity equatiojy momentuméquations of motion, or the Navier-Stokes equa}iand energyHeat transfer
equation, supplemented by some thermodynamic equationsscridéng relationships between the
thermodynamical state parameters and water phasegeh. To discuss the main problem with model dycgm
we shall restrict the discussion to a dry adiabsygtem in a Cartesian coordinate framework (stea@#lplane
approximatior).

The initial value/boundary problem for this setegfuations with an arbitrary initial and boundarnditions is
much too complex to be solved analytically. Insteaplproximate (numerical) methods are used, witiheso
principal classes includindginite difference methodspectral methoddinite element methodin the first group,

a Taylor-series expansion is used to approximateapalerivatives present in the equation systerthwome
finite-difference expressions defined on a finipsedmodel grid The simplest method of this group may be
seen as replacing partial derivatives with diffeemuotients; this reduces the equation system set eof
algebraic equations that can be solved with a céanpu

A consequence of this approach is that a certdimwe of computer memory must be used to store sadfi¢he
relevant physical quantities' values at all thedgwmints. Hence, computer capabilities limit the gilole grid
resolution. Another limitation is the computatiopaiwer. But, these technical limitations are net dmly ones:
first, our measurement network is not dense enaagtirectly fill the model grid, second, the measuent are
burdened with errors, third, the atmospheric dymanméxhibits tendencies to Ghaotic behaviour —small
changes in its initial state cause large differenedter a few days. These problems cannot be easily
circumvented, and they restrict the predictability.

Models and Techniques for Health and Environmeidtatard Assessment and Management



14 Application of Meteorological Models in Air Qualitfodelling

An attempt to solve a set of equations, simila@p with a simple finite-difference method wassfimade
during 1910-1920, by Lewis F. Richardson (1922)glbefore the advent of an electronic computerdéetéved

a suitable set of equations, designed a numerigatithm to solve it, and attempted to obtain ausoh by 6-
week long hand calculations. This tedious work prbwnsuccessful: Richardson obtained a clearlye fals
pressure change of 145 hPa over a 6-hour fore@sdpin his two calculation points, and there was
explanation of possible causes of such failurelabbs at that time. Much later, Courant, Friedricimsl Lewy
(1928) formulated the criterion which must be met dpproximate methods used for solving differential
equations, to avoid rapid error growth, but it was until 1950' s when the numerical stability Bssun
atmospheric models were recognized sufficientlyl teetievelop the first weather forecast model.

The numerical stability limitations may be intuily understood by considering an example illustrateFig.
8.1. Let us imagine a process, where a certaie statiable oscillates, and further suppose thabrdirmuous
record of these oscillations is drawn in Fig. &4 a solid line. The process is described by aigdyisw, which
lets us calculate the temporal tendency given tineent value of the state variable (a differengi@lation). Now
let us try to obtain this variation by an approxienmethod, utilizing @urrent estimation of the state variable to
make a forecast over a finite time step, multiplying the tendency obtained from the diffetial equation by the
time step lenght. This corresponds to putting @ean to the line in Fig. 8.1. in a point, corresgiog to the
current time, and finding the next solution alohg tangent. We see that when the time steqfi§ciently
small, the points representing the approximate solutfatisquite close to the line representing the ¢&xate.
However, when a certain critical value, appareméiated to the oscillation period of the exact sohy is
exceeded, the approximate solutions rapidly stedivterge.

AVAVAVS

Figure 8.1. A simple idealization of the idea dtslity of numerical integration methods.

An important question for now is to recognize clsggstic periods of variation that can be attrdslito the
atmosphere, and then how to formulate the stalilityeria and the integration method to ensureiltgbOne
may expect these periods related to the externalinfgs the atmosphere is subject to (e.g. the smirfa
heating/cooling in the course of diurnal cycle)characteristic times of individual atmosphericqasses, and to
the internal oscillation modes related to inerpebperties. Unfortunately, these periods fall iatoather wide
range of temporal scales rather than to a narrav ©a ensure numerical stability, the time step trbessmall
enough to properly reflect tHastest component of the solution of the modeltamuaystemor, the phase speed
c of the fastest wave plus the advection veloditylhis criterion, called th€ourant-Friedrichs-LewyCFL)
conditions, states that

_ UAt 8.1
C= X < Ccrit ( )
where C is theCourant numberandC;; is a certain ‘critical' value (in most cases, dgcific to the scheme
under consideration.

It turns out, however, that stability propertiepeed on design of the approximation scheme. A sehean be
constructed a®xplicit, when values of all the quantities at a given gpidt and a given timestep, can be
computed by an explicit formula, using previousdistep values. In contrasmplicit schemes utilize also
information from other gridpoints at the same tistep; they lead to equation systems that must beddo
obtain the solution. An explicit scheme can beegitmstable(the norm of the solutions grows every time step),
conditionally stablgthe norm of the solutions diminishes every tinepsvhen a certain CFL condition is met)
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or neutrally stablgthe norm of the solutions is constant). Implicihemes, as a rule, avaconditionally stable
they react to fast signals (exceeding critical @aumumber) by slowing them down rather than cay#ie
model to break. Hence, they are a viable alteraativexplicit schemes; unfortunately, there is acige for
derivation of a fully implicit scheme for nonlineaquation sets. For this reassemi-implicitschemes are used.
A properly designed semi-implicit scheme can cirgant some stability problems, related to the fasties;
hence, this approach appears particularly attradtiv multiscale models. We shall examine thisdeatn more
detail in the following sections.

9. Numerical weather forecasting

The first successful numerical weather forecast wade in 1950 by a group of scientists taking pathe
Meteorological Project at the Princeton Institute Advanced Studies. This project started in 19#6eun
leadership of John von Neumann and was directedully Charney since 1948. Three elements turned out
crucial to this success: the possibility of usimgetectronic computer, the ENIAC, the von Neumagr|sertise
in numerical methods and computer science, anthéaretical recognition of atmosphere's dynamiesikk to
the works of Carl Rosshy and his group in Norwa@®s, brought to the project by Charney. The jpalddea
of this project was to focus on some main featofebhe atmospheric flow, falling into a narrow rangf scales,
and to reduce the equation system, stemming frasic Ipdaysical conservation laws, to a simplified @pgmate
set, capable to describe these featuard, essentially no mord& his approach, called latéitering, allowed to
circumvent the stringent stability restrictionslated to fast, but meteorologically unimportantimal modes
such as acoustic waves, and to get some freedaljusting computational parameters (spatial resslutime
step), to minimize distortions in reflecting theénmipal features such as the large-scale vortigityection and
propagation of long (Rossby) waves.

The 'equivalent barotropic model' of the Charnepr Neumann's team, although successful in depgidtie
movement of a mid-latitude pressure systems, wageneral enough to handle their development, Inalime

to the neglection of vertical motions and theirerdgh the cyclogenesis process, in particular thedimic
instability. This limitation, soon recognized, neddanother two years, and a next generation compheelAS,

to overcome by a two-level baroclinic model. Thetdéeology Project activities peaked around 1954 an
gradually started to cease in 1955. However, thejeBt has laid a solid basis for the future depsients and
has marked the path which was followed by reseasdioe the next half of a century.

The 'pioneering era' of 1950's filtered models westricted to a narrow ranges of spatial and teaiszales. It
was then highly desirable to develop models applicto a wider class of atmospheric motions, eithexnable
research on smaller-scale phenomena or to accounbteractions between motions of different scaldse
emerging approach was to return to the primitivauatign system, consideration of possible filtering
approximations based on an extended analysis @&tthespheric dynamics, and the introduction oftingestep
splitting' techniques, based on splitting the gehequation system into parts related to individumeérnal
modes. This method proved successful but requiregrinciple, individual model design for a giveange of
scales and phenomena. The newest generation oflsnaeploying semi-implicit integeration schemes ha
effectively overcame this problem.

Weather forecasting involves some typical scalestime ranges. For a short-range weather foreapdat three
days, it is sufficient to consider phenomena odngrin a synoptic scale, that is, over a continémthe early
90's, models employed for this purpose covereatdmtinent area with a grid resolution of roughlyd1m, and
were calledregional Nowadays, their resolution exceeds 10 km, whibbma to depict mesoscale features,
hence the ternmesoscalés more appropriate. Longer forecast periods, aaglive days or more (medium-
range weather forecast) require information fromoakr the globe, angdlobal circulation modelsare uses.
Long-term forecasts are attempted, but their gkitill unsatisfactory.

10. Filtering approximations

The problem mentioned in the former sections, sejmar of the fast and slow modes of the model isallg
addressed by introducinfijtering approximations To illustrate this idea, it is sufficient to caser acoustic
waves as an example. Under Earth's atmospherigtamry] these waves have the largest phase spéedisiee
waves of dynamical origin, and have virtually noami&g in meteorological phenomena, except, perhaps,
tornadoes. The nature of an acoustic wave invobogspression and expansion of the medium, thabésal |
density fluctuation. Scale analysis of typical noetdogical phenomena shows that the local derieat¥ a
density field in the continuity equation is much adler than other terms and can be neglected. This
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simplification eliminates local density fluctuat®ifrom the model solutions, thereby filters outustr waves;
hence it is called thanelastic approximatian

Further approximations can be considered when ttteanological fields are split into two parts, tleéerence
(basic) state, and the departure from this statés procedure involves partial linearization, anelds a better
focus on meteorological phenomena occurring onrgefascale background that may include some intense
spatial variability such as pressure decrease héight. TheBoussines@pproximationlets isolate buoyancy
forces and associates them with temperature fltiong it is applicable to shallow motions (motidmesving the
vertical extent much smaller than the atmosphegaosdy scale, 8,4 km) when combined with a further
simplification of the continuity equation, thacompressibility approximationOn the other hand, anelastic
approximation should be chosen fdeep motionsHydrostatic approximatiorwhich relies on neglecting
accelerations in the equation of the vertical mottomponent, is another important simplificatiorfilters out
internal acoustic waves having vertical propagatiomponent, and, when used together with selegtiaveplied
quasi-geostrophi@approximation (approximate equilibrium of the Coriolis and pra®s gradient forces in a
horizontal plane), also eliminates other fast moslgsh as surface gravity (shallow water) waves. rbigtatic
and quasi-geostrophic approximations played a nrajerin theoretical investigation of atmosphenmamics,
allowing for the development of thiuasi-geostrophic theoyythe foundation of the current understanding of
synoptic systems. The hydrostatic approximation banused when the horizontal scale of the investija
phenomenon is equal to or larger than the atmo&ptiensity scale. At the end of the 20-th centarymerical
weather prediction models, were closing with thearizontal grid resolution to this 'magic’ barrief 10
kilometers, beyond which the ubiquitous hydrostapproximation must have been abandonded. A mitesio
the NWP development, reached at the end of thaupggnivas the introduction of non-hydrostatic model®

the operational service.

11. Semi-implicit schemes

In Section 8, we introduced a simple concept dbibta of the numerical solution of an ordinary fifential
equation. Now it is time to take a closer lookhas fproblem, with regard to a partial differenggjuation. Let us
consider one-dimensional problem of advectionaigpart of a passive substance:

0p 0y
—=-U— 11.1
ot 0X (D
and its finite-difference approximation with a sfiorder explicit 'upstream' scheme
(Diﬁl —9 —_— =05 (11.2)
At AX
which yields
T+ T UAt T T — T T
?; t= o _Z (€0i - (Di—l)_ Co, + (1_ C)(”i (11.3)

T+1

From (11.3) it follows that the solutian™ " (at thei-th gridpoint and the+1) timestep can be calculated as a
weighted average of values g@fati andi-1 gridpoints and the timestepwhere the Courant numb€rplays a
role of a weighting factor. This corresponds toirgedr interpolation of thep function between these two
gridpoints (Fig. 8.1.), and determines a point, rehthe section between these gridpoints (BC) iss&d by a
characteristic of eq. (11.1), passing through theh gridpoint at thet+1 timestep (A). In this case, a
characteristic is a line along whighvalue is constant, or, rather, is propagated filean timestep to the+1.
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U>A

i, 1+1

B C

i-1,1 D i1

Figure 11.1. A schematic representation of the @rder, explicit, uncentered approximation scheaupstream’,
(11.2).

Now let us consider the stability of the approxienaplution. Using the Schwartz inequality, one aaive to an

estimation
miax |¢if+1 - miax |_C|¢ir—1|+ (l— C)I(pir " < (l— C) miax |(pir |+ C miax |(pir_1| < miax |¢it | (11.4)

which is true when & C < 1. Otherwise, the norm of the vector representirgggolution at the gridpoints will
be growing every time step, and the scheme willigtable Hence, we have obtained the stability conditian f
the approximation (11.2) of the advection equafidh.1). One can easily see that this stabilityecidn is
violated when the characteristic passes outsidegbgon BC between theandi-1 gridpoints at the timestep,
that is, when aextrapolationtakes place rather thémterpolation

Now let us consider amplicit approximation,

€0ir+l A — (ﬂiﬁl - (pirjll (11.5)
At AX
or,
™+l 1 _LAt +1 o+l ) goir + C:goi.[j]_:L (116)
(0| (0| AX ((DI i-1 ) 1+ C

The scheme is implicit, as solving for involvesyg a set of equations must be concurrently solvkid. case is
illustrated in Fig. 11.2. Stability analysis shottmt the condition C<1 is no longer necessary to ensure
stability, which can be easily understood from tiiaph.

B i-1,1+1 A

i, T+1

C

i1
Figure 11.2. A schematic representation of the dirder, implicit, uncentered approximation sche(i4,5).
Unconditional stability is a very attractive featwf implicit schemes, however, there are somesgdsawbacks

and limitations. When compared to a simple explcdheme, with the same spatial and time steps,idinpl
scheme will demand more operations to be perfornkt, implicit schemes are usually more prone to
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numerical diffusion. Perhaps the main problem is difficulty in treating non-linear problems witmplicit
schemes, as there is frequently no clue how taeedn approximation that could be solved. For tbéson,
semi-implicitschemes are used. A semi-implicit scheme consistaplicit approximations used for some terms
in the equation system, while other terms are ébakplicitly.

For an equation system containing wave solutionsmglicit scheme will damp or slow down waves, ¥drich
the Courant number would exceed 1, hence, a dmtorésults rather than a breakup of instabilithisTfeature
is not necessarily a drawback and may be consoigsiii used to filter out spurious oscillations.

12. Boundary conditions

Formulation of boundary conditions poses variousbfams and difficulties for modellers. The earthface
usually is the bottom of model domain, and its tmaphy must be properly represented, as well asphgally
and temporally varying thermal and dynamical prtapsr Typically, the bottom boundary condition iriged
from the non-permeability constraint (local velgcttomponent perpendicular to the surface must be)ze
however this involves use of a curvilinear, norhogonal coordinate system (e.g. Gal-Chen and Sowilieer
1975). This introduces complexity and awkwardneBlse upper boundary condition is artificial, as the
atmosphere gradually turns into void with heighd d&s no finite limit. When the model adopts a fsaeface
upper boundary concept, fast external, or surfacde® appear and must be handled; on the other baimd)
the stiff ceiling-type boundary conditions cripplib& model dynamics. Models whose domain is defionst
some determined extent of the globe (so-calléwited Area Models, LAM must use lateral boundary
conditions, which are artificial and sometimesd#ifined. This is a serious deficiency of nested-gniodels,
where the model operating on the inner grid receiiglateral boundary conditions from a regiowoala global
model. The simplest boundary condition, represgnsitiff-wall type reaction, causes the waves exlcikthin
the model domain to reflect from the boundary amigrphere with the ‘legitimate’ waves propagating o
Various types of remedies are applied, includingiative boundary conditions, sponge layers, etonenof
these works perfecly well without any side effectsn alternative to nesting is to use variable gadolution,
which is more difficult in coding and introduceso#imer side effect, wave diffraction. However, th@ution is
perhaps the least stringent and limitating, and meayseen as the best development direction in soalg
models. The variable grid resolution may be combiméth non-unique time step over various part ¢ th
domain, which brings better computational econoray flequires extra complexity. To summarize, there i
wealth of alternate formulations of boundary coiodis for atmospheric models, none of which is perénd
absolute free of undesirable distorsions or artsefac

13. Multiscale models

In a quest for an universal, yet practical, compuatale that could be applied to a wide range ofemelogical
phenomena, Robert (1980) proposed a revolutiongpyoach to the design of a numerical model of aphesc
dynamics. In the set of equations of fluid dynamagplied to the atmosphere, he identified terrteted to the
fast modes and appliechplicit approximations for these terms. This was drasyiaifferent from thefiltering
paradigm in model design, basedreglectionof some of these terms. The advantage was cleamtdel was
able to be usefiist like a filteredone when a relatively large time step was chosems a full (unsimplified)
model with a short time step when handling fast esodas important. This was also crucial for the ehod
applicability to a wide range of scales, since fitiering approximations were justified by the sealnalysis,
valid for particular scales. Robert's hydrodynainmaiver was soon adopted as a core of a metedcalog
model, MC2 (or MCC Mesoscale Compressible Community Myadehich was developed as a ‘community’
model by a Canadian consortium of universitiesgaesh institutes and meteorological service ufimuayet
al., 1990). Nowadays, after a quarter-of-century dgwelent, it is openly available to the researchemddwide
as a mature code.

Unfortunately, this multiscale feature applies omty the model dynamics. Small-scale processes, ssch
turbulence, condensation, interactions with surfaeeomeresolvable(directly treatable by laws of physics)
only when the model resolution is sufficient. Othise, their effects can be only taken into accdaorgome
aggregatedparameterizedorm. The parameterizations, often based on sdatéstical relationships, are not
universal — they arescale-dependentHence, multiscale models like MC2 are associatétth extensive
procedure libraries, containing parameterizatigmapriate for individual scales.

Versatility of the MC2 model has been recently destated in the LACESLarge Atmospheric Computation
on the Earth Simulatdrexperiment. This experiment, initiated in 2003tbance-lagerst world's computer, the
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Japanese NEC's Earth Simulator, was an attempinidate development and further life of the humie&arl
(a total of 165 hours), using a grid containiriQ0 by 8460 by 67 nodes, with 1-km horizontal hetsan,
covering the entire North America, North Atlantmd Arctic.

After the succesful implementation in the MC2, vee @n expansion of the multiscale modeling basethen
Robert's semi-implicit schemes paradigm. A goodhgda is another Canadian weather prediction mddel,
GEM (Global Environment ModelCoté et al, 1998a,b). This model was initially designed alydrostatic,
global meteorological utilizing variable grid restbn. This feature allowed to focus on some pathe global
domain (such as a continent or a country), witlesolution of an order of some tens of kilometeypi¢al to
regional models), while encompassing the whole gl@nd avoiding classical nesting problems sudlatasal
boundary conditions. Later on, this model was edento a nonhydrostatic formulation (Yeh al, 2002),
thereby turning into global non-hydrostatic modehaving the potential of running with 1-km resadat on
some part of the domain, and, at the same tim@nepassing the entire globe.

Both the MC2 and the GEM models may handle trarispod dispersion of several other physical quastiti
such as chemical species, aerosol fractions, eddlitianal modules are attached to simulate chemdcel
photochemical phenomena, thereby turning these Imaad® combined meteorological and air quality risd
(MC2-AQ and GEMAQ; see e.g. Kaminskt al., 2002). This method of utilizing meteorological fs|
calculated by the model, is called-line There are at least two advantages of this apprday meteorological
data are fed directly into the air quality modulesthout storage limitations involved otherwise.rde, it is
possible to use more detailed meteorological in&diom in the air pollution model, and to achievétéreresults.
(2) coding economy, as the air quality utilizes shene subroutines, as the meteorological modetdioulating
the airborne transport. For complex air quality elsd the cost of calculating the meteorological eisd
becomes an affordable fraction of the total comipartal cost, therefore this approach is feasiblewkver,
running a meteorological model requires some aulthli skills and data, so the decision must be baltin

14. Data processing, analysis and assimilation; reanadis

Meteorological models exhibit a pronounced serigjtito initial conditions, resulting from numerous
instabilities occuring in the atmosphere. Modelersognized quite early the potential for improviiogecast
skill, associated with refining the initial conaitis. Hence, enormous effort has been spent oradatgsis and
processing associated with setting the initial émas. This effort includes:

- Quality control.

- Objective analysis.

- Data assimilation methods such as 4D-VAR.

The purpose of the quality control (QC) is to ehatie data contaminated by significant errors. MQ&
methods involve checking the consistency of a weratbport, in terms of agreement between varioelated
physical quantities. Other QC method involve exatiom of continuity of time series, spatial cortalas, etc.

The transformation of irregularly spaced weatheaaeto a regular model grid is handled by objectnalysis
techniques, that is, by a computer algorithm. Thestrpopular method is the multivariate optimum riptgation
method, as formulated by Gandin (see Daley, 19913kes into account statistical properties of enevlogical
fields, such as spatial autocorrelation function @noss-correlation of individual variables. Thigthod is
theoretically optimal in a sense of minimizatiortenpolation errors provided that statistical praigsr of
meteorological fields are known.

Optimization criteria can be formulated in both #pace and time domain, including some physicasttaims
as represented by the meteorological model. A stipated error minimization procedure, accomplisimethe

time and space domain, with the model used to geospecific interpolation function, is called tHe-¥AR, or

FDDA (four dimensional variational data analysiShis method proved to be the most succesful, desgt
complexity and large computational cost.

A typical data assimilation procedure, carried aiud meteorological center, involves short (ona few hours)
model forecasts interspersed with objective analylsethe latter, the forecast is used as a 'backgl or ‘initial
approximation’, and combined with newly incomingadarhis procedure is repeated continously. Ataiert
selected times, such as 00Z and 127, principakéstruns (e.g. 2 or 3-day forecasts) are brandharg this
assimilation cycle. A very important point is ththe assimilation cycle is likely the best sourcepodcessed
meteorological information: it is quality contralle it includes data from many types of measurements
synchronized and combined, it is interpolated teegular grid with the physical constraints impodsdthe
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meteorological model. It can also be availablesiatively short (1 hour) archiving time period.

Recognition of usefulness of the data assimilatiprie product has led to establishirg@nalysis projectge.g.

Kalnay et al., 1996). These projects, executeddridMeading meteorological centers, constitutathktime (40

years or so0) runs of the data assimilation sugesyiding uniformly processed meteorological datdable for

short-time climate variability studies. With thaipatial resolution increasing in subsequent rures réanalysis
results are likely the best available climatology &ir pollution and other engineering studies. phésent,
reanalyses are now attempted with the inclusioatimiospheric chemistry, primarily to recognize thargyes in
atmospheric composition and its effects on theatémhal equilibrium and the climate. Results ofstagrojects
can be also useful in air pollution studies, foample, to produce initial conditions for high-ragan models.

15. Ensemble forecasting

Recognition of the chaotic properties of the atrhesp has made us to acknowledge the predictability
limitations of deterministic forecasts. In early'§0ensemble forecasting was initiated to break Harrier.
Ensemble forecasting involves multiple model rungiated with properly perturbed initial conditisndifferent
models are also tried. In contrast to the detestimapproach, the final forecast is based on thieecensemble

of results rather than on a single one. Statistacsed on the ensemble provide the most-likely steres well

as a measure of its likelyhood, extreme results lmaralso individually considered. As this concepived
successful, it is also tried in other problems saglan air quality forecasting. A good discussibthe ensemble
forecasting can be found in Kalnay (2003).

16. Summary

In this paper, we have discussed several waysiofjuke meteorological information in air qualitygies and
forecasting. The basic situations and choices eatidssified as follows:

climatological approach;

sequential processing of the raw meteorologicalsmesaments from a single station;

processing of meteorological data from a limiteglsanetwork of observations;

using products of meteorological centers (forecaktta assimilation cycle analyses, reanalysidtsgsu
using dedicated meteorological models, or metegioé models combined on-line with the air quality
models.

akrwNRE

The particular choice depends on the particulablpra and its spatial scale. Local problems maydetéd with
simpler approaches (preferably #2) while the ladgerain tasks such as transboundary transport btimea air
quality forecasting or emergency response systelimagi a rule, demand more complex treatment (#3Fbg
choice of a proper meteorological input is undodlytene of the keys to the succesful air qualityet@sting.
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