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1. INTRODUCTION

Useful techniques for «catlwaatlng trausport
and diffusion of airborne mrterlale close to tue
ground under atationaryv aud homogineoun
mete@orologiral conditiona have been available for
Rany yeara thanka to early theoretical guisdauce
and well-executed field experimeunts. Over the
yeara the pructical applications have reachnd well
beyond the origiual empirtcal basls to duclule
complicatis>na ariaing from clevated and ‘wuyant
sources, travel over loager clistuunces with the
related interest {u deeper layers ul the
atmosjhire and temporal chaages Lo wind  awl
turbulencr, and varlatious f{u thn umlerlyluy
surfaces A varlety of modelfug appronvhes grew up
to addreas the practicul npeedu  but  expertimoutal
testing vf the modeln aam been [Hwltedls A revivel
{nterest tn moile]l vafldatton has led to a werfen
of detatled flrld measaremcut programs over the
last flve years emphastztug wonldeal vuvliroa ona.

Hae al the major turgetu vl empunata hnn heon
complex terrnin.  Severa! apvnetvu have tdeatl{ted
practieal veeda lar research e o While  apertram
ol teruafu=twlieed  wind  flow  plocunmena. Tl
highly npuctallzed yet integrared vequleementu for
theory, uwnerfval wodellag awl t1vld exper binvats
bave led o the spnulzatlon ol leams t
Incarporat + diffrvein apecialtten upwnnl a ahored
whjectlve,

This paper attem).tms tn  entabliall a  ventext
for the domivant tervalu  effecta tuelatfog the
tulo ol  vegstative cover. We vxpleye [T
practlcal 1eedn fur & thatoneh welerstawltog of
terratn luflusuer awl review wome of the plieann-ws
that  havie been Dilvatifiel an complleatlog tae
tianapart awd diffantou at pollutama. Thils pape
Alao  reviewa a varfety of methods 1hat have e
Uae’ to chartacteriea the topography  leaeslt  Lar
atmoapheric tranaport applf -a Lo, Tloe itrew
papera ta {vllow 1o Ihis seastng wlill taploge
Arenter detall the parameterizatlun of pheavweun
drliven primerlily by thermal prawlfentv, wmecinuls nl
Inf lueucen, awl vegetat lve cover.

1, DIFPUSIIN IN SIMPPLE TERRAIN

Turboleut diffualon over ulpls terratu ta by
mu meann a uimple problem an wiineaned by vl fact
that  uver v yeava ol oftort have ooy gdevitwl 1,
Rat  um  to omr  preasul  Miale nl kunw iy,

Althiough couceptnnlly we are intereated in the net*
trunsport wiwd to de¢termine the poaftion of the
center of gravity of a plume or puff and the
turbul-uce rnergy to determine the vate of apread
about the ceatrr of g-avity, the cuupling of wind,
temperature and turbulence preflles with helght
and time of day 1u cumplicated. In addition,
elements of vource geometry further complicate the
problem. Theoretical guldan'e dating back to
Teylor's (1421} workx lisve offered an  elegant
{ramework (or formulating the diffusion preblem
for cowlitirus of lLomogencoua aud atat louary
turbulem v«  Siwple terrain gives us our best
chauce tw uatlsty the voustralute of the theory,
al'.ough uvaturad lacge scale vartabtlity of the
atmosphere wrill  comproniaes the theurvrtlcnt
resjal reaneata

The  gromwnl  aurface  represarnts a bouwdary
wuditlon Ior methods of estimating wind,
wtalil Ity uud turbulenre  strocture and  the
digtrtbattouw of atrlmrue matevisl lrom a apevitied
LIVITY SO The  pround s generully n momeatum aink
mud molsture searer ol may br eithar a source or
siuk of heat  feepemillug oun time ol Any) wnd the
type of coutemlung o Prof(les ol vivtually ald
fipov e aud metearnlogtenl paramvrteru deprnl
utiong!v an gt nbove grouamt  us well  an e
preperiten ol the grauaund s face tthelf
(vos vroughnewn, radlet Ive proport foa,  vegetat lve
voverY. Methodn  of  taclalent  dtffuslon {u the
atmouplvrts bonndary laver that  aveaunt for the
speetral st etbarion o} turbulvuer cuergy smoug
vamponewtn wal the varlatlon with helght  above
grouwl Lol promlue tar Ant slylng a large part o
thie vat trat tose newla nver stmple tervatn,

The nowt Vemquent 1y amel e LIy vonvept for
pruct leal  appttear tona In e Gausuian plume, awl
1t e aevet e a o velddele for many  weetul  aud
Inuwevat lve nnattowe. The Lnuaatan model ham beeu
Totmubar sl fu wany  ways, from metludn  almple
gl Uo e wrtrhmet e dane 1n the amplementvr'n
Lol v vcople g computer algorithes,

A otpudtleaut part af  the ronearrh Iu
atmenpler b Hifualon ta allruvted at varimat lug
tateial met vervteal  plume grawth  vaten an a
tanetton ot travel (lme or diatawev. Whetller ur
wet the vomputad tonat achome for - vl st vat Ton
relfon o u Gaunalan otyaty Ahug toe, the geowth (e
aquivalemtly, the dilm lon) ratea are accomd in
impottance wuly Lo the proper eatlmat lon vf the
mean plame uxin. A greal feal  of uur  practical



knovledga relies on an extenaive aat cf empirical
tracer data summarized, for exauple, by Draxler
(1981). Many practical requirementa atretch our
empirical knowledge beyond ita range of validity
and current research trenda arc¢ directed toward
obtsining more relisble eatimation methoda ({or
thoae problema not well covered in the
conventional approach. There include extenaion to
longer travel diastancea and meteorvlogical domaina

such aa the unatable boundary layer and the very
low windapead atable layer. Alav, problema
introduced by variationa in the underlying
boundary (complex terrain, sirban  cumplexes,
vegegative canopy, ahoreline) are receiving
attention from both thecriata and
experimantalista. Finally aource goverued

effecta, uuch as poaitively and vrgatively Luoyant
aourcea, elevated and ground level asources, short
and long release t{meR are under continuing study.
Fach of the complicutiona outlined here requlren a
careful disguaals nf the governtng physical
phenomens and then an apprapriate computativual
mechaniam for appiying the phycical knowlulpe.
Some of the methods being applied are summarilzed
‘belows

- Statistical theory of diffuslon:
roncepts relating the

Fuwlamen al
propertlea of f[luld
particle enscmbles t 1 turbalenee atvucture;
rfgoroua but offen limlied to assaminl
humogencous, aratlouary turbotener.

= Mothod of wmoments: Dywamd al rolay fonalitpr
tlerived trom pouverutuy, opw lour ol fluld
flow to avlected monemta vt n eoneruttal lon
distributlon af tracer.

otleer stochant s metloadu:
Numerteal ulimnlatlan ot arajectories o onn
vunemhile of flabl or veal portlclen awmn'ly
rontalulug n raadom el determdalest e
compuivent viry fluxthlv metlnel wiith
teacareh Junt Legtunlugs

= Momo Carlo awl

= PFavelelestu=tell () uaml To cantowet Lon
with wmerteatl gibhl motionds trajectorten ol
tracer tiabl avtlelew are caleualated,

o K=Theory: toltes v oan aceoommal flaxspraln g
tulat lounlilpd requlren apeelfleat Tan al
dffuatviey  aed  calvatarea it tunlon Lol
ou K awl gralieat § vt st tu mmnertoat
modota; K uloula depeaat vu viuvel 1 hine,

= Sleltae ity aheory: Pulversul fouct togn are
antpbt tuat sleserthe plume prowth depewhaeee
v tarbuleuce arvw ture; cottteal parameroea
are calenlared that deerthe aome foatnea
wf plume growth vantal Uy ot s fuee Taver,

= Higuer arder o lownes metluata?
K=t'vory tleltat loon b velailug tuwrbulen
fluxea to  bhipler ruthulvut moteatag
matluana teally voamplox lat poaoegt Inlle
uaetul,

Nevk te ave il

Ve

ITI. DIFFUSTON IN COMPLEX TERRALN

The problem of transport and diffuaion in
generalized terrain settlnga ia a very difficelt
one lvvalviog interactiana of different physical
phenomenolog, ou a variety of time and space
acalea. As auch it doean't readily lend itsecli to
a aystematirc computatio.al apprcach aince the
poverning c¢quations usuvally must be tailored tn a
particular acale and phenamenon. We muat idemify
and gsolve plecea of the problem and rely cu an

extennaive empirical basis to determine the scvalca
awl pbyualeul proceases that donainate a glven
tranaport acenario. Thia approach {=

{fundamcutally different from a serles of empirical
afte stutiea in that tlie Hepavate atudies arce tied

together through a {ramework of physical
phenvmenviogy. The approach 1is Aanalogune to a
Jigsaw puzzle tu whirh all the aeparar atmlitica

repreacnt pleces that ftt together tu form an
entire pleture. Strictly pragmatic empirical site
atwliis mlight be represented by au ensemble of
plecen from ifferent puzzles. W' thou  the
uulfyfug etememt of the basic physice as exprensid
in the beont available wet of research mndels we
will flnd ir very difficult to deduce tie
geuernlized pattern of complex terraln trauuport.

Mutur  cowptleatiaus tu atmonpheris truusport
awl dlttaston reault lrom variatlons tu the
awderrlyiug  busnndary that may fuclude cveryithitap

from subhtde vhanges iu ding or heat l1lux 1o
vigoroun  eortugattonn o the aurtare. loptiog
tte: brumdest et tudtfon of camplex terrndo wt auy
nuderliving BULYAre that I Lot Tt awl
bortzomtally uniform wie horlude wnt unly monuratun
vt vl leys tar o shweellaes,  slopley v lat Tud,
vitiew il arvas of wonnattorm land a0 Bven e
sluplesl  nouhomgeweins vaul lgurat fouee plve oo
tooertom compl teat oo Tu diffunton oo cd ton
bt puod  progeess hine bevo made ITnoaeleevcnnt tay,
homdary laver agindatmemtn to & chogee o the
walerlytn,  unrtover with ao omajor tervatyn el g,
Thevw ure wany  deflultioun ot cumplex teriatn
dopruadhag o thne purtlvalar wpplieatoyn, ol
tuterest o For atmoupherfe Vvauaport, e lul
werklug detflwdt o mlgln e chat the tervado Qo
complex when e teajectory ol olrlorcwe water Tal
mpterginen uaul fuonr vurtat luns raatwl 1y
totrnlu=- twdis ol perturbant toun ta the wivyl finlid
(Ftpe 11 thile dettutt o Tue Tates g loealt
toppreaphte teavwren, bocange ahe wlhl  tleln?
frevturbut Ton e n wevpnenle edily T the wike
Aba et whatacie.

nav
ol n

It v ulopin ntrllow pluciemen nn n
rubleltue  te VYaterpreet lug terrala Tat boeges, e
et wep o te Blent ity and vetepettze fhe
vand hilave plocumn, Tl 1test neeful diviaton
nepurateu meeleat ently vl theimatly e tven
virealar b, mgtll 1191t1) (TS FART 11
deavttptive att tlow awd st ftunten plocoean Lu

tive  pewaanl cavegia ben tilyuamly anl klaenat e
viToete, Toeal phovwowent, bomlary Tayor,  odbon,
awd plumn wtferin). Thie Avuamle /i Lt

merlateal
1 lnwn.
fue Lwtoal tu

it gty anldien contedn
tut luews v dae L
Thermadty-dilven edvralat bonn

pvtmne Iy
vhntweln
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Orgill's local phenomena category whercaa features
resulting from adjuatment of vertical fiux ratea
are categorized as boundary layer phenomena. The
mechanical effecta car be separated as primarily
vertical or horizontal perturbationa because
buoyancy forcea work largely on the
vertically~-displaced air. llowever, for a real
three-dimensional peometry, the final trajectory
fluctuations result from coupling of vertically
and horizontally induced motfions. For example,
for flow over a ridge at an ovbliquz angle tu the
mean wind dtrection, the coufluence {aud
diff{uen;e) 1in the vertical velncity accounta for

acreleration (deceleration) of the lorizontal
velccity component normal to the rldge. The
componeat parallel to the ridge i1 not sirilarly

affected. llence, when flow 18 accclerated 1t
tenda to turn toward normal to tle: vidge 1iae and
when it drcelerates the dirvction appruaches that
ut the ridge llne as indicate? {n Flg. 2, traced
{rom a laborutnry aimulatiou of wi-4d wver a ataple
ridge.

IV. SOURCES OF TURBIILENT ELLR(Y

The preseuce of varinblne tupugruplhy
introduc:s anveral yourcesy of momruium and
turbulence energy that aren't (uescent {a  bouwlary
layera over plune surfacen, Muore highly
pargmeterlzed madela cf  thy  bowwlary  layer wmay
ming  these additinnal envrgy sourves although, tt
wo apply truly fundameutsl principlea, we uwhoulid

expuent to acve [2{ithful reiatdonahilps hewerny
tursufence  quantittos and 1lee mean whnd auwd
Lenpersiure Heruvlure,

Slope wluduw, Vor example, oare litven by
preasure=dreusity avleuunlds that  arfac whew the

waln  tastbermn  are nuant-pacallel o e plopdog
ground an sbhown Ia Flgo L The moce ntable 1 he
lnpue rate, the aore vigsrous will e the alope
flowe The manctared stroug voboefey  alvemes may
glve rvite Lo luwteansd  turbmlenced I e eedy

antely ou w o gpevature lapae vote to pavam-.erize
tarbul v mixdupg, we will tare a it teamna that
turbufew - apparvutly  facveanean with  aablitey,
Ca e omther hawl the leeat balaues of twchateaee
betwern uhear produect lon ol bueyaut  dasptog gn
vherunetertzesl by the  Rivhavduon Nambeer, Thia
ahiould ot lme to e a actal tatleatoar pven
thouglt there  are topepruphtye nlverattous ta 1t he
menu whd atracture,

Tl e are wome gonlocal aou,esn el !
turbwleuee  Tu complex tevralu ot fopu by bty
wiken from o wib o varlety of  ohut u lew. Nevetal

authors  (Mauna, 199 Stmt et 1" ") bowve
abavrved varbulener tutenaltlen wprlvalem to wear
wenteal  atalhidiley vlaaatttoat ton duvbay olghtt Twe
Lt wial canditiouns e propertlen of  thia
turbulews  utrnetare may he gqulte wlre depobog
hut of forta to slovnaeat  Slepewdewetea oo helgl,
uluhlllly YT v mome exkteat, pestt o "o wome
vlaapon ot tetratu vettluge For luate v, tlun
may bhe A clareteviatle pattetn un o hawtinn ot
Mataw'e from the heat af w valley  ar allavapew
dowawid uf a vidge 1lues

-3-

The confluence pattern of atreamlinea in flow
over obataclea givea rise to local deformation
zones that will, 4in turn, alter the turhulence
gtructures Froat et al. (!974), Jackaon and Hunt
(1974), aud Taylor and Gent (1974) have obtained
aolutfons for boundary layer flow including
Reynolda atrees over gentle obstaclea (without
flow srparation). Taylor ond Gent and Frost et
al, (19/73) include numer.cal -alculationa of
turbulent energy that reach a8 maximum near the
peak of tlie two-dimensionel modeled hill. Bradley
(1980) haa made obaervationa over a Lill in
Australia that are conaistent with the available
theory- Mecan wiud speed and the standard
deviat{on of the turbuleuce compunenta were
approximatecly doubled over the valuea upwind of
the hill and a windspcud maximum occur' d at about
1/6 of the L4111 hetlght above the ridg~ np.  The
cuncurrent Lucreaan of the meail. wind and
turbulers¢ cumponeuta augpeats a conatant value of
the angular standard devistinas (0g, 04) which, 1in
tu-n, draws speculation that the turbu?cnt apread
of a8 diffuning plume s8hould be unaltered.
Conversely, lec et al. (1981) obscrved about a 163
culianeement {n lateral plume width parameters
usfug tracer gas in a wind-tunnel simulatiou over
a (wo-dimcusionai ridge witli a8 similar aspect
ratlo tn Bradley®a hitll,

A valuable theorircical tool, rapid \iatortivn

thesry  eveloped {u the 19309 by Prandtl (1933)
wil 1 lop (1235) tw explaia the behmvior »f grid
pruduced  turbulence !u a wled thune, 5 being
sxtemdinl to atmosjiierle:  terbuleunce deformed by
thew over hilla  (Mut, 197)). The thoory maken
nms pl overgy conasrvution principlea to predlivt
adjustmests in the lougttwlingl, tateral, and

vert!eal tutbalence stattutlogwhen changas {n  the
mety Wil (elungatian, ahear) deform eddies ou a
time monle uloyter than thear 1itotime. Sadeh and
Binuer (198() dusvribe a simtiar analysis bawed on

vort ety wapliftcatlon hy stretveutng aud 14lting
tu  n Uistort,ng  wind field. Given thue
charactori:aul-  wealv af o partlealar terrain

obaniacle Ulow, rapld diantorvlon aftecte will work
welvetlvely cn the larger eddlzas prescat  In the
approael Vlow awl beare ulter  the apectral
distribut ton ot enevgy (Faunfsky et at. 1981),

Amthier toature ol vartable tevralun ta chat
the smtace ctarm tevliotles mch oy o himens,
veper tive pover, grawl solestare sud  teapeiature

voorr wlthe Leean Tog. In tlaee wene the 1rees fead i
tavor the Wilghev tertalc anl vanvons where thore
Tu avatlavto warter e o shir s aut n ulmtlar pattern
to of ten Ve vonnlt of baeat tauanl Taml-nae.
Gonnbilerluy the Amportaws ul temperaturn
dtutrtion toun e te motenralagy of  voupdex
evtate st luge, we hiave seen velatively 11t le
vork o topogeaphle etteetn vn heat hmlgetus We
wed temblrsan Lhe rotea ol autface geometry  awl
vmlvpledty  varlarfoun oo fhe raalar Tve camgponeat
av woll rm ronlog e pilpa with pome gulity
probteme ol twbuteat Tlaxea 1o complen terealn
cuv lemont



Once the criticul elemeuta of complex terrain
meteorology are determined we who are intereated
in transport and diffuaion still muat addreas the
fact that the main theorctical gutdance we have is

aed nn homogeneous turbulence:. The aetting of

:{able tepography ia fundamentally

thomogeneoua. Ther: are .cales of transport and
. rorological conditiora for which terrain
va 'ation 18 minimized. We muat identlfy theae
any document the errors inveived {u a simple
pirau-terization. For a while, at least, we muut
rely on an empirical bssia, prrlinpa cxteuding our
rcaul 3 from one aite to "almilar" sitea. We may
pursu,;- the pragmatic expedient and in the !ntereat
of "firat things firat” attempt to ustabllish the
transport wind field and wsccept factoran of
peveral-fold in diiut!on estimate errors. Tu the
long ren, however, we must drvelop algurirhma tor
turbulent diffuaion un:der nou=lwsugewsong
conditions.

V. PARMATERIZING TEKRALN

An ultimate practlcal objectlve of reararcl
in complex terruin metenrology ta to be able ta
use general weather i{uforwartfon ann tepography
(and perliaps a crltical 1ncal »oleervatlon) to
eatimate wind and turbulence “leldo. Due
{mportant step towards achicving that goul .8 ta
adequately characterize thoae f{eatures of the
terratn that ure critfcal tu tlae ftelds of
interest. There probably {s vt e vingle metherd
that 48 best fn0 all apulicuttons  becanne  arh
application requives lltteremt agace domnlun nud
averaging.

Orglll (1941) summurizenw o uwories of  land
forma that ure comnpn rlemenrn of aaruenl
landsecapeu.  Movt scttlugn  cau e bewerilied  to
some seuar a8 a slaple ecembloation ot glopen,
ridges, hilla, vallevn, hastun, shorelturn,
Ialanda, bays or ome other ot the Mo tawm! torms
leacribed by Urgflil. Furthier ahstruet fun nf
Urgtil's lawdtormt can vemn?! fu four wajor
vlasars an atwn la Tulde 1 fructicval  problema
waually  coutaln elementa ol two or mne of the
¢laanca, Far erample, the Geypw uren ul
Lallfornia 18 for must cancs stwlted o cineave,
Llistmally d=iven dematn where  aloge wiwle  are
chnuneled futa an axtal valley 1Tlows  Guasrltn fve
afforta ta deacribe  the mapoltude of the tlow
(Barr et al., 9803 Yomauli, DMLY lwve cvegutired
rome conaldeentlon of euftrweed mactace aleapg due to
the vegetatlive cuver. Some caneu wiro
algulfleautly affected hy the Treeestream wina
forewl over  the  (ronver) bdge that heawled the
srperimental afte. Ivuee all Loar maper Tawl Tarm
ratrgnrles ecntered the havrprermtton ot the
Goyunta field expnrimentn.

Samet Imea the Taml fovm viadegorivn of Table 1
depend  on vitentar ton te the mean whl an lu the
vape of u wtupe ar c1llls Al vome wlton favelve
vombluat taua of  hate forws that any leadld to
MMtfercut luterpretalunn. For oxample, vuneablea
uf  eouvexr  featuren lemd to raneave  wrvan La
hetwaen. firglll polma o that  gewerle  laud
fiarma are narelnul I ol Tuger taelanuent el

mete~rological behavior, 1{1f properly defined
including supporting information on:

* orientation

* alope magnitude

* elevation and rellef
* rcughneaa.

Computer methoda (Figs 4) hold a pgreat
potceutial for characterizing topography (f they
are im-orporated Into good physicd-baased systema.
Ceomnrplhiolugista have developed snme csvellent
approaclen. We necd to adapt the methoda to cvr
specific meteorological needs and perhaps
introduce some new methioda based on statiatica
(MacCready vt al., 1974) or other wathematical
basta and uaiug computer-oased acheme. sccms moal
appropriate.

Table I. Land form !lasaiflcalion

(ilags of Land form

— ... Flow Eluznam:no: _

Carvex Deformatiun, waven, wukrsy
Concave Chauneling, atagnatluon
Frictivual Boundary laycr

Thermal Slope flowa, lawl=sra breeav

Vi. Au INTEGRATED APPROACH

Amnng the reasens  that  the metvorslogy  of
vomplex  terrain scteings has realatinl aualytical
progres: are!

{, Many physlcal prucensves sre luvalvaed.

2« Neenllpear interavtlons are  prevalew | it
uuly unonlfuvar hydrodynamnlen hur feedbaek
provesurs hetwenn ol ereut plicmsena .

To Mouy diigereut acules ob pheuemena
tutersut

ho  Fully  tlnee-dlmeneloval procenura ngwe very
Important to the ultimatse hiwhay lor,

Tl combluae Tow of complaxitties pos e emphavle
v team approach fu whter apeelallsts to themy,
maledtag wud eaperimeats laterwet with alunel
shivmittves oo apect! e taake. The faporianl sieps
Tuvndve:r |

1o Problem pereept lon o whtelr the practteal
wonl ta meaesnml o tertmn af the mout Mlkely
vomplleat togs o tetralo=fwlhuewd meteurnlogy,
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may not be wuenaitive to the .omplicationa. A
careful aaseasment muat be made of the errora
involved in simplifying the analyaia.

Serveral authors have attempted to combine
effects of neveral contributing phenomena 1in a
slinple linear combination. Thia allows ua to
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