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o firat,' tvo chapters of this the.ia révièw' the pro~ o~ 
• J 

orographie raine They, consist of a gener~l survey eontaining 
, 

leveral referenc~s to observationa! studies ( using raingauges and 

radar observation~ ) in d~fferent regions of the world. 
~ 

A tvo-dimensional model of t~ se~der-feed~r mechanism of 
. 

orographie rain is then p;esented in the following chapters and . 
eomparisons are made both with other models found in the literature 

and available observations. The modeling approach is based on the . 

prineiple of eontinuity for the water substance and on the 2-U 

theory of small adi batic perturbation of airflow over topographical' 
j • 

ridges of modest d'mensions. ' 

. The modél, wh'ch utilizes ,the' formulation of the 8eed~r-feeder 
. 
,0 mechanism-, sa t i sfaetor ily 

() 

reproduees observed rainfalr rate 

dis~ribution due to topography. Such a model i8 a1so \helpful in . , 
, 

studying ,some aspect's of the phys ies of oro9rap~ic ra'in • 
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tes deux premiers chapitres ~e cette thèse constituent une 
t. l ' 

1 coevue 9~nérale du problèpte' de la pluie orographique. Plusieur,:' 
<1 

r'éférences ~,!lat ives aux études, d' observ~ t ions ( pluviom6tcique. 

eJ: par radar' ) dans di f férentes part ies du globe y sont 

m~ntionnées. 

Dans lés c~apitres suivants, un modèle bi-dimensionnel pour 

la p~uie oro9raph~qu~ utilisant le mécanisme "seeder-feeder" est 

présen~é et comparé à d'autres modèle,. existant dans la 
/ 

littérature ainsi 'gu'aux , observations disRonibles. L'approche 

adoptée lors de la modélisati9n est basée sur les principes de 

co~tinuité pour la substance aqueuse et sur la théorie linéaire 
G 

des petites.per~urbations adiabatique~ pour l'écoulement de L'air 

au dessus d'une crête orographique de dimension modeste.' 
.. 1 .. 1. .' 

'L~ mpdèle ~eproduit d'une façbn·s.atisfaisante·l'~ugme':ltation 

de la précipit~tion ~aus,ée'_par l'orographie. De plus, un tel 
, 

modèlé sert...à l'étude de 
- . 

de la.pluie orographique. 

.. , ..... 
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certains aspect's' concernan't la physi,que 
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CHAPTER Il INTRODUCTION 

\ 
It has been "recognized for a long time that precipitation 

usually increases vith gro~nd elevation. A huge aaount of 

information, throughout the vorld , has been collected concerning 
o 

the distribution of pr,ecipitation' in mountainous area. The 
'-

\ 

folloving statistical correlation is a first attempt to express 

the distribution of annual rainfall with respect to elevation: 

(1.1 ) 

vhe~e R(~ is the annual rainfall'(mm/year) at ground 

level above a reference level zeQ e.g. at sea level), Ro is 

the ra1Âfall rate at the reference level and A , the coefficient 

which describes the rate of increase of~annual precipitation with 

ground elevation. Finally, z.expresses the height of the ground. 

Table 1.1 shov,s specifie examples fot' values of A and B, 

the latter being defined _by the percentage ibcrease of 

prlcipitation vith ground· elevation (e.g. B • A/R.). 

- A 
(mm/year/10Om) 

United k'inrdom 
Hill,Brovning1980) 
, (South Wales) 325 
Chuan and Lockwood (1974) 

(Bast Pennie'S) 200 
(West Pennies) 190 

-Canada 
Storr ,Ferguson (1972) . 

(Marmot Creek,Rockies~) , 60 
Sveeden 

Ryden (1972) y 
Bergeron (1960 r 350- ~ 

Table ,l~l: Specifi~ examplesr~9i values 
(adapted from Smith,19!9) 

, . 
) l 

/' , 
8 ' ..... 

B 
(%/lOOm) 

, 30 

40 
, ~5 

10 1 

6 

for A and B. 

, 
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The linear relation (1.1), however, i8 of little use for the 
011 

,operation~l meteorologist trying to determine an enhancement 

factor of the rainfall rate for a rainband crossing a mountainou8 

area as well as for the scientist trying to understand the causes 

of such enhancement. The reason is that there is a considerable 

scatter about the linear relation (1.1) and also because A and B 

are far from being JundamentAl constants and greatly vary trom 

case to case as suggested in table '1.1. More precisely, since the 

distribution of or09raphic rain depends on many factors other 

than only the elevat ion such, as ,the size and prof i le 'of 

topography, air mass characteristics, vertical profile of 

temperature, wind, humidity ,etc., it becomes obvious that one 

cannot forecast the rainfall ~istribution by a simple relation as 

(1.1) • 

Moreover, relation (1.1) faïls to describe the actual 

profile of rainfa11 rate most often observed; that is a maximum 
• 

on the windward side near the crest of the m6unt.ain· and a sharp 
\ 

decre.as~ on the lee slopes (ra inshadow effect) which is knovn to 

be important for medium and broad "mountains. Finally, (1.1) i~ 

totall.y unable to accÇ>unt. for' the important exception that 

rainfall may incre'ase up to" a c!!rtain height and then decrease ( 
"1) 

especial:ly true for the case of very high mount~ins) • 

The dependenc' of rainfall on 
., 

topography on the 

'climatological 

events where the 

of the steepest 

le i s often a 8um o~ single ra infall 
/ rainfall occurs near .or Qlightly upvind 

slope.- At the'divide, the rainfall is a 

maximum and the lee side is remarkably 

dry. Again, there are important exceptions to this picture and 

'. 

2 

/ 
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, 
some are' sumarized in Smith (1979) vho further points out tb8t 

D 

the size of the mountaîn determines 'vhether the orographie rain' 
~ 

maximum vill occur on the upvind slope or note He' sU9gests that 

for large mountains (mean vidth a > 100 km), the maximum vill 
• 1 

occur on the upwind slope wi th' a t.ain shadow on the lee wher,eas 

for 'small Mountains' (a < 20 km), the maximum t'ends to be more 
, ~ 

nearly ·eentered on the mounta in. This 'seems to . be supporte.d 

independently by Many workers in the field suc'h as Sawye~ (1956) 

who noted that the time taken for a ',strong airflow to cross a, 

hill of small or even moderate dimension ean be short compared 
• wi th the time taken for preeipi tation grovth. More, reeent1y, 

Gocho (1978) uses the above argume~t to explain that Many drops . \ 
of the orographic rain wou1d cQnsequently fall on the lee side of 

Suzuka mountains in 

rainfall maximum t~ere 

Japa"n) ,which helps explaining the 

mountai'n half width i s about 4 km ). 

lee 

/" 
Bergeron (1965) concludes that very smal1 orographic 

~ 

features (height 1ess than ·60 m) si9nificantly~~~_f1uences the 

rainfa1l distribution. He showed a close correlation betveen 

rainfall ànd e1evation; for example, betveen two locations, one 

60 m' higher and 5 km apart, the rainfa1l enhancement is 50 %. 

Accôrding~, a new ~echan!sm must be Ptoposed for exp1aining this 

type of results. The differentia1 evaporation be~veen the bottom 

of the hi1l. and the top is not sufficient . in exp1aining the 
. 

. phenomeno,n. Bergeron (1965) presents a conceptua1 mode1 cal1ed 

th~ seeder-feeder ·mechanism which consists of natüra1 s~eding of 
'-

rlindrops through a feeder cloud (e.g. pannus cloud) generated . ' 

.by the condensatio~ 
( 

of the 'humidity contained upslope in the 

3 

• 
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flov. This mechanism vill be descrïbed in greater 'detaill later. 

, . 
ln'general,t&rrafn influences ~n the distribution. of rain 

can be bro~en dovn' into three mechanisms; 

!) thermal eff~t of orographY; that is triggering of èonvectivè 

showers by elevated heat, sou~ces and by organized mesoscale 

circulation (such as the mountain ~alley winè system) 

2) frictional effects 2! orography; 

different surfaces havi~g different friction factor can produce a 

local boundary layer convergence which leads to enhanc~d rain at 
> 

low levels and 

3) forced upslope flow; 

when a mois~ flow impinges a mountain at right angle, vertical 

motion i~ produced (typic~lly of the orèer of 10-50 Cm/8)~ 
: q 

condensation takes place ana a rdinfall enhar.cement occurs. 

Although, the three effects can simultaneously occur, only , 

the thfid mechanism, is examined in this thesis and ve vill simply 
, 

refe~ to it,in the future, as orographie rair..Thereforè, since no 

attempt ~il1 be done here to simul~te the first tvo phenomena, ve 

shall restrict'our study - along with any pcss1ble conclusions -

to stratiform (steady-state~ precipit~tio~ and to situations 

where the flow is' approximately perpendicular to the mou~tain. 

q . 

2closely packed convective cells found in quasi-steady etat. mon­
soon ~ituations are a1so included' in this definition; •. _ 

" 

.. 
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i . Mo'rebver ,no chingé.:' of 'Qi~ct~on in,' the aï'rflow will he ~ss 'ed .~ 

.... \. 

< \ 
, ~ 

-, ~ . 
, , 

\ 
~. \ ;- ..." ,_ \ .~ \ Il '10. , ..... 

. ,\ due " , te> \ topography ,ignor i~g\' ,t~e: fa~~ \ tWat \ ~~~ ât;t~ ,ine~m ng 

ei~ltr~~ ,"hile pa~~,in9 'o~e~ 'a mo,untai,:~ ,Wil,~ ~~~~ o~~,.: 't~ 

aside, fl~w compiete,ly arou'd or "",SI\. , oyer. 'Any' 'Of. ~II,~' 'abo e "'\ < 
posBibili ty, wo~ld: Burely, give ~i ff.r~nt ra in'fa i\, .d:in::ib~~.ion 'bù , ' 

in cases of airflow crossing, a \r~n~e't: of very l~r?~, ttxt~,~ i,.-~ ~~é \ 

'perpèndicular ,direction '"à, U'Se~Ul • approximatio,n ls. t,~ ~ons'i?er \ 
the f1ow'lifted e'ntirely ~ver. th~ mountai.n. .~,~ \' , '\" 

,. It is 'v~ry important.;. to. '~,xPlain quant,i't~tf~e'l1' . ~~~rv~.d~ , 

rainfall di stribution in any mo'un.~ain ··rang~.· T\lis . repr~s ~t~ ',a 
. ' . \ 

~ " CIl ( 

-,;cruc.i.al operational requi·reinl!rtt sll,n~e orogra~h~c. rain a e tè> 

upBlope flOV' ~ontributes in' many, co~ntries' i: .. , a ' ~arge' pr~ ,O~ " 

/Of the vater sUPply: Browning (1~8'O) ~ports :kat fO,t> the Br'tit" 

'1 sles most of the orographic rain ils.', n~: as intè~se as showér ~ . \' 

thundershowers but by fallin9: fa~rly steadi ly at rates' o~ .è " -. 

\ \ ; , ,-\ " 

typically 2 to 8 mm/h fOT "Pe"riods ' of mànj 11\ 

accumulations can be very largf(!,: 
\ , , L \ 

\ 
. 

, ,~ ~ , 

~ \ '~. 

In ~northern Spain, the S,alfle "phen,omeno~ oecu~s h 

'vinter baroeli,nie' system (Ri ~er~~ 1986) • 'Pinall}, Goch~, _ (1978) .. 
\ . .,.-.. \ .• - \ <. .. 

mentions trem,ndou~ daily aceumul~tions ,\(~ver 200,mm) fallil1g Ou 
\ 

~ from strat i form e10uds assoe iate~ .vi th. tbe f 10" set 
" 

distant approaching typhoon in Japap. ~ 
-. \ ~ '1 

Not only the metèoroloqist i. 

.rainfall in mountainous area, but' 

:; , . 
in erested j in .·P~~di~cting 

'> (i"Ü 1 ~ f" 

also th~ h~~drOlOgist :n)u~t' ~ , 
, j . 

foretell possible floods whieh can oceur from heavy rai'nfa\1~ 

who se "aters concentrate ln nearby va.lleys. 
, .. 

Neesuring orographie rain is a very difficult tesk. BeeBuse - ./ 

of the ç,omplex form o~ mountainous regions, 
'" ~ \ 

local measure by 

\ 
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, 
rai~gauges oan give. a verf 

~ , \ \ ,. . 
aver~ge r,infall ~ea~~ed in 'the neighDorhood ( if, for instance, 

the g~Uge·\l~ppens· to lie in':~ ver-y' d~ep isolated valley or at the 
\. . 

\ .. \ C> , l' , • 

top of 1 a m~pntain ~ak). Anot~er problem vith gauges is that 
.. '1. .., \ • ":a.-' ,,~ •• 

'h~rizôntal rainfalll gradients tend to '~e larg.e in connection vith 
: \ ' ~ 

oro9raphi,c~a nfall 'such tbat a rainfall maxima ,or minima can 
v~ 

6ifferent picture compared vith the 

. . 
, . . ' • \ '.' .l easilY li 1 bet ~en two rainga'\lgès. 

, . l 
" 

" 

" 

, 
.\ ' 

'. 

" '. 

) 

" 

, , . .' . On h~r' hand,; the ' use of radars also presents, 

'. 

" , J . \ <. .. ~ 

~ ~.'i.ffi.cdl~:i:e in \me,a~lft;lri9 o~~graPhiC rain due to the important' 

,problem pf g~~und\ e'c'hoes and hence the. tendency of the radar beam 

: '. '~o pè.· a~';;,e . t~e s~~~ l ov z~ne of ra i nfall, enhancemen t ~ • 
'The pres~IIc~' of stron9. '.vertical gradients of .. 'oro~r~Phic \. 

,t •• 1 ra 'nfa,ll :in~en~\ty' . im~~~es that at ,large ranges, the radar may 

'.' si9~ ficantly \Jnde-t"êstimate the, surface rai~flll', intensi ty in 

. hill~ re13i~nS ac~'OrdingJl ~,o Brow~~n9 (1980). He 9iv~s' the example 
......, 1 

./ 

1 • 
;that, t 75' km, a natr-ow 1 ~degt,é beam. would extend from 400 to , ' 

, • 1 

" 

" . 

, , \ • \ ~ ~ 1: ~ , 

• .+60.0 Pl ... ilbov~ the, height of ,the r~dB;r, over wbich . interval, the 

." 

\ J~"" 

rainfâll\ i~ten~ity may ~ecrease by"a factor of ,2 giving an 
~ M \ • 1 .. 

1 \) a .. • 

, undérest Ünéltion of the: surface rainfall by 25 ,. .' , 
\ ' 

\ 
, Jo 

. ' . 
. 30rog-r.aphic rainfall enhancement usu~lly takes. place in thff first 

âhe k~ o,r two ( Bee chap. 2 and chap. 5.)' 
\ . . ' -

. ~\ ~, " \ 

, l' ... 
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~ ~:: "If .: 
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. ' . ' 

, 

, " 
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The major chall.enge ~f this research project "ill be to 

providè a 

horizontal 

simple numerieel model "hich "ill .. evaluate the 
, < 

and vertical distr-ibution of rainfall r,à'te for an 

idealized, (smoothed) topogr,aphy. This required to model is 
( 

be 

inezpensive to run, simple, an,d ls also expec~ep to contain the 

physics essentiel to the generation and dhrtribut ion of rain. In , ' 

fact, such model could be made operational and, be a key pa,rt of 

a ,combined approac h to the forecasting of orographie rain (see 

Browning, 1980) • 

Another important aspect of the present study will be to 

investigate the effect of mouncain size on th~ nature of ' 

"~rographic raine In the case o~ small hills, for l-nstance, it 

seems that the seeder-feeder mech~nism play~ a major role in 

causing a rainfall enhanc~ment lite ~uggested by B~rgeron (1965) 
, . 

whereas when the size of the topograph~'is sufficiently increased 
\ '/ 4 ~ rJ· • 

• ~ 1 1 

,a nev regime is set 'up where the above mechanism bas l,ss-- v 

importance, (see subsequent chapters ). 

Finally, the last obje~ti ve of thi s ,thesi s is to ma,te 
-clearer the mechanisms of'orographic rain and the relative 

importan~e of tpe factors. influencing orographie enhaneement ----
through the use of a numerical mode!. 
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CHAPTER 21 CAUSES« MECHANt SMS AND DI STR1'BUTION-' or 
'j • 

, OROGRAPHI C RAI N 

.. 
,~.l FACTORS DETERMINING OROGRAPHiC !!!!!,' 1 

If ve'.eonsider onl'y the fQ.reed upslope flov "<.·~he third 

c'atégory of terrain influences deseribed in c~pter 1) as being 

predominant , it'is then possible to,subdivi~e it further into~ 
\. 

three classes. That is; 

\ r 

.a) orograph,ically ~orc'ed vertiêil motion (stable upglide') 
. " 

,\ 1 ~ 

. -
p) inctease of preC:ip.i tat10n by' washout' o-f cloud dr~pletB 

of lov level e16uds by the ra.in falling ·f'rom upper' 
larger seale elouds ( seeder-feeder me~hanism) . '-' , 

, 

.. c) triggering of orographie precipitation due, to lifting 
of ,potentially unstable layers. 

'These, three .independent m~chanisms of prographie rain are 
o 

'J'iov' 'ex~mined" in qreater d~tails here; , 
y , . 

" 

\, 

!) Orographieally. forced. ve~tica1 mot'ion': , 
" , . , 

.. 
Q 

We will der ive a simple expre$sion for the' rate of 
, ,,\ \ (fj 

e,ondensation (COND) of a .flov l'ift'ed by orography to illustrate 

the most important . . . 

. . , 

, . 

, : 

factors' invor~ed' in the inc~e.se 
, , '\ . 

, . , 

\ 

, , , , 
) , 
'. 

8 

\ 

, . ~ . 
\' 

\ 
\;, 

\ 
\ 

\ . 

of rain ~ue 

" . 
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'to topogràphy. Thi, limple relation can be vritten as; 

- ~OND - - ; ( ~ li ) 1 ( 2 .1,) 

, f 
1Ihere ,. i8 the density-of' the air and"'r. ,the satuJated vater 

1 

• ! 
vap6r mixing rati~o.Rel~t,ion (2.1) ,expcesses the rate aJ "hich the 

saturated vater vapor dénsi ty, P" • P. r. ,decreases fo~lo"ing the 

motiQn over topography. 
1\ \ 1 

1 

i 
Tpe condenset'ion ra,te CONDé (in kg/m J • sec)Acan ·ibe furth~r: 

expressed as ($ee 

, . 

" chapter 3); 

CONll -~ ~ (Po r.)- ~ 
·d.z 

- p'r,­
,dz ' ) dt 

r. -• .' ( p':ag~l 
clp sat clz 

'1 

) w (2.2) 
, 

1 , 

,\ ' • i 
vherè v in (2.2),i8 the vertical velocity. The ,cqndensation 

. rate' ia thus proportional" to ·the vertical velocity an4 to a ~erm 
, 

vhich includea the aecrease vith altitude of the satutated vater 
1 

vapor .mixing -, ratio .< folloving a moist adiabatic aurve) 
1 

another term "hich fs du~ to the dec:rea'se of densi ty ~i th z. 
·1 1 

and 

Let 

'us consider v, one of the main fac~o~ of eguation (2+2); ve éan 

see. thit' the condensation rate i8 proportion~l -to the forced 
1 

vertical velocity y vhich ia due' to upslope flOw~ In first 
1 

• 1 

approximation,'" can be taken as order '. of magnitude of W -.O·vh 
" i 

vhere U ia the ave'rage 10" level vind veloei ty perpendicular to 
ï 

• 1 

the mountain rang~ and Vh, the g~adient of topographY.1 It i8 then 
, 1 

clear that .tro~g value of the vind at lov lev.els·comb~ned vith a 
1 

Iteep Ilope of the topography vill tend to gi~e'a stro~g rainfa~l 
, 

enhanc •• ent. For a .given topograpby, the Itrength bf the lov 

9 
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level ~ind 'play's à ...major role. As a ID;"tter fact, the dèpend.nce 
, , 

of the Mean lov level vind ~peed on the' orographie enhane ••• nt (-

P - Po ), has been found by Hill arid Brovning (19'0) to he ~uite 

&ensi tî ve and of ·the fora" 

-4 2.8 
P - Po • 6. 5 X 10 • o. .<2.3) 

'where P is the precipitation rate (mmIh) at the top of __ 

South Wa,les hills (Englan"d) , Po, the- radar derived rainfall rate 
, 

at the coast and U , the 600 m vind speed oriented at right. 

angles of the hills (in mis) .The above relation expresses,of J 
c~urse, indirectlty a ~tron9 relation betveen the vertical _otion 

and the condensation rate. 

One of the problem of oroçiraphic rain is to determlne not 
- \ ' 

only ~he vertical motion ( from the the vind speed) but also'its 

vertical profile which i6 essential in computing the total vater 

con~ A first approach to' the problem is to assume~ the 

vertical motion zero at ,some h,eight ,zN ',so-called the " nodal 

surface " ( fig 2.1). Near-the ground (sayat 10 m above it),the . 
value of v is simply O·Vh vhich is obtained by applying the ~ 

no-slip cond~tion e~g. the airflow follovs the topography near 

the ground) v. 

. , 

10 



.. 

l' 

~ ___ ~~ ________ .,.>~ w • 0 __ 

~-------------

\ ' 

.. 

vertical 
Lr' 

argued 

r 

Pige 2.1 A .i~le representation of airflow 
~Y.r topography • 

" 
Therefor~, flg.2.1 implies a li~ear decrease of 

whicn i8 typical in - the troposphere. Myer.s 
, 

w 

that 'Such a vertical ' profile can be derived . 

• 

in the 

(1962) -from 

o . hydra,ulics principles. But ,according 'to Smith (1979,p ,186) the 

arguments are not applicable to the continuously stratified 

atmoaphere and such an airflow pattérn wquld probably'not occur., 

Moreover, i t 'i s not known wheth.er. the use of. such a model' woule! 

introduce appreciable e.rror ill the èomputation of. total 

condensation. Nevertheless, it provid~s -'with a first 

approximation to modelize the airflow which passes smoothly and 

stobly over the topography and it is given here for completeness • 
., 

Il more gene,ral theory will be presentèd, however, in chapter 

t ( tvo dimensional theory of airflo~ over Mountains ) which 

provides a more theorical answer for the vertical"as well as the 

hori:Î:ontttl variation of)l. 'It then turns out, 8S ve will see, 
r 

that the vertical profile dependJi not only on t'opography and' wil)d 

lpeed and directi'on but as vell as on the vertical structure of 
~ ~ 

te.perature and v~nd •. This'aspect is discussed by Scorer (1949) 

11 
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ana by~Savyer (1956). 

The possibility of. the blecking of tbe flov ov.r the 
1 < ~ 

topography is not considered here. Several other phenomena are . ,. 
possi,ble. in connection vith the airflow o~er ~opography \ ( e.g_ 

funneling, drainage, fotced convergence etc.). Hovever, in 

evaluating the vertical velocity ,v, ve have to ignore many local 

effects and keep' on1y those which are the most appropriate to a 

specifie situation.This ls necessary sinee no complete -theory 

seems to exist which is capable to talé into account hov rainfall 

i~' modified by ~he ai,rflow over mountains. 

So far, w~ have examined only the effect of w. In the 
r • 

following we W~ll look at the first factor in the bracket in 

equation 2.2; tte 'rat/! of decr.ease 01, the 

mi~ing rati~wi h altitude; drs/dp) sato 

saturated vater. vapor 

Por a non~slturated f1ow, lower is the relative h~idity, 
1 • 

more orographic~ lifting distance it takes to reac~ saturation and 

henc~ give a non-zero value to the condensation rate COND. 
, 

Therefore, it 1 c1ear1y appears that 1 __ 

humidity is an important factor 
1 . 

enhanc.emen t • This. i s, 
1 • 

in fact, 

the relative lov lever 

in orographie \, rainfal,l 

strongly , supported by 

observat ions; 
1 

Bergeron in situations of (1965) reports th~t 

strong orographie enhanc~ent. the' lov 1evel air is almost 

saturated.Furth~rmore, Douglas and G1asspoo1e (1947) point out· 

the importanée of strong.moist lov level flov for .producing heavy 
,. : ,- \ y 

orographie rain, in Western Britain. The same point applies to the , 

Western Ghats: mountains in 
1 

. (Sarker, 1966). f' 
1 

On the other hand, Holgate 

12 .. 
.. 1 " 

1 

India durin9 the, monsoon 

. , \ 

(197:4) founa" that hiavf 
',' 

" 
l" • 
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orographi~ raln is associated not only vith h~gh relative 

humldity at 10v' 1evels but also vith a moist layer of 

considerable depth. Movever, Brovning et ·al. (1975), have 
~ . . 
., , i i' d . observed ~eavy orograph c ra n vlth a ry capp~ng layer at 3 km. 

Similarly,. Woodcoek (197~) reports moderate o~ographic rain vith . 
the top of the moist lay~r as low 8s<2.1 km in Hawaii. 

• 1 

- --
Once ~he airflaw has been saturated by orographie lifting , 

the condensation starts and COND in equation (2.2) becomes 
~ 

,prop~rtiona1 to drs/dp (sat). As the temperature T increases, d~ 

/dp~.increases as vell. Saturated air mass having high 
\ 

temperature will then give a .high condensation rate in equ,tion . 
2.2 an~ vice versa., Thfs is clear1y illustrated if we look at a 

tep~igraml 1 drs/dp).A: is stronger for a high temperature than 'for 

a lov one~ If we -( represent the characteristic airmass 
~ temperatuJ;'e by &W, the vet bulb potential temperat~re, then the 

orographie enhaneement should 

secohd'term in the bra~ket of 

"\ 
inerease as 9w incre~ses. The 

• j--- ) 

equation 2.2 represents the effe~t 
• 

of eompressibility. The importance of neglecting or not this term 

"ill be assess.in chapter 5~ 
'''"\-

2) increase ~ precipitation ~ washout 2! là! orographie cloud 
. "\ droplets (seeder-feeder mechanism ). 

Prom radar obser.vations, Hill' et al. (1981) èoncludes that tl)e 

effeet of hill~ of lo~ or moderate dimensions is to intensif y 

eziltlng rain areas ratber 1 

than to produce ~jbr nev areas of 

raine /-

13 
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small hills, using a ' very dense gauge netvork, Bérg.ron 

(1965) points out that unexpeetedly small orographie featur •• 

(hills a few tens Qf meters high) can produee) an orographie 

enhancement of 50 %. Since observations vere done in' autumn at 

latitude 60· N ( Uppsala region, 

rather weak and the observed 

, -
S,!Ieeden}" local convection il 

excess is truly orographic. 

Aècordin~ to Bergeron, the theorl of mountain waves alone cannot 
, 

.expiain the close relation between the topography and the 

rainfall distribution in the case of very small orographic . 
obstacles. Moreover, he suggests that the main • modeling# of the 

.... 

-~ , 

raintall distrib~tion plust occur within the, lowest a~.r layer of"';::' 

0.5 to l km depth. This seems in agreement wi~ 

ob~rvations and consistent with Holgate (19'3) w~o 
orographic enhan~ement occurS at low levels. 

Browning's 

found that 
Î 

In order to explain the regular occurence of these rainfall 

anomalies , the vertical distribution of ~he 
'\ .. 

raintall 
.. 

rate 

associated and the local character of the precip~tation,increa8e, 

Bergeron (1965) postulates the mechanism of seeder-feeder. It. 

eonsists basically of a so-called ,feeder cloud which is produeed 

by foreed up1ift of moist low-level air over topography and a 

so-called~seeder cloud which i5 supposed to exist independently . -'" 

of the hills and having the function of washing out (or 

seavenging) the cloud droplets of the feeder cloud (,fig 2.2). 

The,background rainfall rate pO',hence defined is the mean 

rainfall rate falrin9 from the pre-existing~ seeder cloud and' 
, 

dependènt larger not (i.e related of_. the , scale ascent to 

topography ) • 
-lt seems,. priori, that a high background rainfall rate will 

" l' 

, ,-
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be more ef f ièient in increasing the rainfall rate. 

hypothesh is verified in chapter,:5. 

, . .. 
. . 

' .. 
, . 
• 

, 

. '. , ... . 
seeder cloud . . -. . .#. . . . 

"' . 

\ 
~ \ 
. \ 

\ 
\ 

\ 

Fig 2.2. The seeder-feeder mechanism. The upper 
releaser or' seeder coloud formed by lar.ge seale 
aseent of moist ,air is supposed indepe~den~ of 
small seâle topography. The low-)evel feeder or 
,pender cloud formed by local topographical fea~ 
tures is scanvenged by precipitation elements 
from the releaser cloud. 

Brownin~ (1980) gives some arguments,following 
, 

This 

Sawyer 
< 

" (1956), that ,orographie rain i s not simply the .re,sul t of Cl?~ . 

. particles growing from ft nothing ft and t·h~t the pre-existi,,\ 

rain ~ould play a major r~~è. He claims th~t the ti:me requi red 

for precipItation ~rowth is rather comparable and even greater 

than the 'time ta ken for a strong airflow to cross a hill Qf 
-

moderate dimension. In other ~prds, no orographie enhancement 
• 

15 
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will take place if there is no seeding from above. To fix idees, 

let us review a typical example; for a hill having a mean vidth­

of 3~ km, the time taken for an airflow to cross the hill ia 

approximai:'ély 1500, sec (assumin'g ~\oud droplets follow the mean . , 

air motion, that is about 20 Dl/s ). A typieal time seale often 

given for precipitation growth is 20 minutes or 1200 sec and even 
Cl 

less under spec ia1 ci rcumstances. Based on observat ions on the , 

island of Oahu, . Hawaii.l Woodeoek (1975), for example, estimatea 

that rain can form within and fall continuo~sly from a shallow 

1a~~r of warm 10w level cloud in apout 5-13 minutes. Therefore, 

thi s sug.gests that, prec ipi tat ion can have t ime to f orm in 

orographie lifting and is not really starting from" scratch" 

like ,mentioned . above. For small bills, however, Browning!s 

argument iS'quite ftPpropriate. On the other hand, it is thought 

that the time requir~d for precipitation to form may be variable • 

from case to case and i t i s rather suggested to 'use the cloud 

liguid water content of the feeder c'loud as a, threshold to decide 

if rain cap form independently of the seeder-feeder mechanism'in 

th~ orographic clC?ud. " 

Neverthele$s, ,th~ above concept is useful 

geheralized through a non-dimensional number; 

in tbat it may be 
"-

Ts Ü/a, "where Ts i s 

a·typical time ,scale for precipitation grow,th, U, the mean wind 

sPeed in the lover troposphere and a,' the mean mountain width. If 

thi.s nOll-dimensional numbèr is greater than l, then ve should 

expect no' rain formatio,n in the feeder cloud and' oro.graphie 

enllanéement determi.ned to a great extent ,by, the' seeder-feeder 

mechanism. Conversly, if it i5 Iess than one, the seeder-feeder 

mechanism does not play thè: major role in ôrograp~ic enhaneement. 

, . 
, , -
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Thi s important point will be' further discussed in subsequent 

chapters. 

The concept of time available for growth, on the other hand, 

seems related to the efficiency of release of precipitation. 

Elliot ~nd Hovind (1964) in a study over mountains of Ca1îfornia 

concluded that the efficiency ( e.g., observed rainfa11/~omp~ted 

condensed water) tends to increase vith mountain size. This\is 

consistent with-the fact that for large mountains, droplets 
• 1 . 

embedded in a strong~ flow have plenty of time to grow.before .. 
reaching the lee side where evaporation is expected to take place 

\ 

whereas for very- narrow mountains,the time a+ailable for grovth 

is not suf"ficient and· consec;p:sent'ly prJcipitation efficiency is 

very lov in absence of any seeder raine Also, Elliot and Hovind , . ~ 

found a S~ight \ncrease in efficiency for unstable flow'which can 

be' explained by an improved release mechanism due to the ., 

generation of convective cells • . "\. . 
" Myers (1962) computed an efficiency of 70 % for the large 

Sierra Nevada ( 130 km wide) •. However, efficiency of 

precipitation does not only depend on the mountain ,width or the 

presence of convection but also is closely link to the assumed 

field of l}fting and on the microphysica1 processes l'eading to 

the formation of hydrometeors (Smith ,1979 p 77). It appears that 

when conai-tions are favorable for heavy orographie rain, the 
. 

efficiency is ne~rly,lOO' (Sawyer,1956).But the efficiency can . 
be very small as point out by Browning et al. (1975) who found ' 

values of 10' and 30 'respectively for 2 cases where the 

airmass vas unsaturated and therefore 

./ asèent; before condensation begins • 
.,l_i 

17 

air r'equiring some finite . 
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decreased moi sture content can lead to a decrease effieieney. 

Young (1974 ) in a numerieal simulation of wintertime 

orographie precipitation comi}uted an ineredibly lov value ~ 
effieiency ( O.04tl ,) for the Front Range mountains of Colorado. 

1 

This i5 believed to be a very abnormal case and some atempta to 

explain 'this a~omaly is given by Smith (1979, p 177) who 

eoncludes with the following: 

" Possibly , by considering narrover mountains 
such as .the front range we have stepped ' into a nev 
regime where the time for hydtometeor formation and 
fallout . is the same or longer than the time for the 
air to pass over the mountain .••• The narrower mountains 
can cause pree ipi tation ol1ly by introduction of seeding, 
either natural or artifieial. " 

He f~rther adds that high values~for efficiency ob~ained by 

Sawyer and Myers are questionable and proposed that the vertical 
. 

motion used in tbese ~orks might underestimate the teal vertical 
l 

d~ splacement. Moreover, he suggests - the poss~ibil i ty' that 
, . 

orographie lifting might trigger deep convection. Both effects 

would increase considerably the computed condensed "ater and 

,accordingly reduce the etficiency. 

ln any case 1 it appeàrs t~at a wide ~ange of precipitation 
- . 

efficiency has been obtained from independent workers for more or 

.~ess the similar mountain rahges which probabay reflect the faet 

that precipitation mechanisms are quite complicated especially 

when we deal with orograph,ic precipitation. N,~vertheless, for _the 

o spec ial case of warm stratiform rain, the 

precipi tati'on i5 expected to be large ( 

Atlas,l95B) • 

effie ienc)' of 

see Wexl'et and 

, . 
In summary, enhancement of orographie rainfall depends on 

formation of precipitation due to fo~ced upvar" motion over 

18 1 
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topography ( proces. vhicb creates condensation) and also on th,' 

seeder-feeder méchanism. The importance ,of the former vith 

, respect to the latter is linked to the concept of efficiency (and 

allio to mountain width) al!i vill be again discussed in the next 
\ 

- chapters. 

Another factor can be important in enhancing precipitation; .. .. 
release of potential instability whisP is diseussed below. 

t 

E) TEiggering'2! orographic' precipitation dùe,to release g! 

potential instability: 

Browning (1980) points out that situations' responsible for 

most \~rge falls of orographic rain in Britain are not normally 

associated VIth deep convection. In many of these cases, the 

lover tToposphere vere rather highly stable. On the other'hand, 

in a study of the water balance "of orographie clouds, .Elliot and . 

Hovind . (1964) did not f ind significantly Ihigher precipi tation 
. 

efficiency vith convection (from case studies' for a numerous 

amount of winter st9rms,during a f?ur year period in,California). 

This seems consistent with the case of a relatively dr~er layer . 
lyin9 ,above a lov level moist layer where mixing 'of moist 

convection columns vith the drier 'air above can' reduce the' 
" -

efficiency of precipi tation •. . 
However, potential inst~bility aloft i8 often detected in 

connèction vith orogr~p~ic rainfall enhancement in warm sectors ( 

• Browning et al. 1975) but vhat i8 nct clear ia vhether ' the . . . -,-
convection a10ft ls a IIUljor cause in enh4ncing orographic 

\ .. 
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·precipltation. Most of the orôgraphic rain, Browning addl. ia 

generated in the lov-level cloud and if conve~tion âloft plaYI .' 

role it w6uld be as a result of~ore effective seedi~g of the lov 

level feeder cloud. Such a possioility, neverthelels, leeml to 
, 

lack'observational support according to Gocho (197&) whO did not. 
" 

encounter such phenomenon during very heavy . orog~aphic' 'rainfall 

in Japan. ln . any cases, ~ controversy seems to exist coricerning 
'd 

'stpble versus unstable" upslope rain and is described in greater 

detail by Smith (1979, p178-183). \ 

Spinnângr and Johansen (1955) and in a simi1ar way, Douglas' 

and Glasspoole (1947) and Sewyer (1956),show that ,observed 

intense rainfall ip the Western Europe coast Gan be expla i ned bY- .. 
• ,GO' 

stable uplift if 100 % efficiency of precipitation is assumed.­

But one can ask oneself if it ~is possible to convert such a high 

fraction of the condensed water into precipitation. If not, then 

the empirical vertical velocity profile (such as the one in,.fig 

.. 2.1). must be in error or orographie lifting trigger's deep 

.... '. 

. . 

convection. 

We will try in
l 

this thesis to clarify the above poin.t.. by 

using the mountain vave theory to derive a better 2-D field of 

vertical. v~locity ( see chap 4). Concerning the role of potential 
, 

instability, we will assume that it does not play a major role in' 

orog,rapl)ic rain • . . 

. -• J 
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. -" !.1 VBRTICAL ~ HOR! ZONTAL DI STRI BUTI ON Q! OROGRAPHIC ~ 

, 
. '\ 

' .. 

... 

On a cli~tologica1. tiple sea'l,..' ve have se-en that su'rface " 
... '- '... . 

precipitat~n increàs~s vith, eleva~ion for. a given ,~opography~ 
, . ' ... 

(table '1.1). From case eo."case, ,thi.s ~ttern î$ also ,re~~uèed ~ 

. rn mallJ- "dccasions in connection vith frontal systemS' ..... iç\nging 
/ .. ~ , .. -

the coast of Western Euro~. Fig "~.3\ shows the -horizontal 

distribution across' Sno,vdonia in .. varm secto!' ( vest 

southwesterly flov at lov levels); ,the rainfa'il maximum lies 
l' \ ~ <"\- • • 

very'sligthly upvind of the crest vith ~ general increase of 

precipitation from the coast up to the'-. top and a decrease on the 

lee side. Radar observations over South Wales bills in Britain 

aSlSociated vith baroclini'c" systems also shovs a general tendency 
" of orographic enhancement on vindward slopes (Hill and 

Br9wn1ng,1980). Figure 2.4' reproduc~s results from an ,unpublished 

paper by Nash and Browning (1977) which illustrates .24 h rainfall 

distribution along the orography. Notice that the .peak of tbe 

distribûtion is slightly localized on the lee of such hills. The 

small vidth of these partiçular hills is certainly a factor 

./explaining the displacement of the Peak. Goeho (1978) presents 
~ 

evidence of a strong maximum in the ree of Suzuka mountains (half 

vidth is 4 km) in situations of strong southeasterly flov ( 
A 

Pfrpendicular to the range) associated vith distant moving 

typhoon. 
, 1 

To examine, on the other hand, the vertical structure of 

orographie rain, ve need to 106k at rad~r'data. Yet, Bergeron 

(1965') had argued ~ that from the close lint be.tween the rainfall 

,maxima and the terrain height, one can deduee a very lov level' 

21 
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'origin of orographie rain (in the first 1500 ~). ror'higher 

hil1s, hovever, sueh as South Wales, the layer of orographie 

,e'nhancement is deeper (may be about "2:5 km) but still çonfined 

to the very 'lover t~oposphere aa it can be observed from fig 2.5. 
, . 

, i 

" , 
, " 

Cel 
. .., 

i -::10 
;! 
• ,-'1-

---
1 

Pig.2.3. a) Map shov.ing the topography of Snowdonia 
'and the locations of 22 raingauges whose data are 
plotted in b. ,.-'o-

b) distribution of rainfall (, in mm) along the line 
MM in a) which is mainly in tne period 1530 GMT ,of 
June 26 up to 1220 GMT, June 27 1966. 
c) altitude of the ~aingauge sites. Tne height of 
gauges is indicated by the dotted curve. The full 
curve is a profile obtained by taking the average 
height vithin 3 km of each raingauge site (after 
Pedgeley, 1970). 
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rI9.2.4 a) Distribution of 24h rainfall within sec-
tions 10 km vide across the hills in South Wales 
for 7 cases of prolonged orographie rain~all. ' In 
each case, the vinds were pe~sistèntly from about 
250 degrees and a profile of the·b~ll 810n9 tbis di­
rection is shown in b). (After Nash and Browning, 
1977) • 
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Pig.2.5 • Vertical structure of time-integrated rain­
fall ·pattern over Glamorgan Hille ~(Bngland). Th. a.an 

.. flow' i.8 perpendicular to the range. (After Hill' and 
Browning, 1980). 
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. .a.l SYNO~I C ASPECTS Ql OROGRAPHI C .Ml!! ... 

'rom synoptic studies of Douglas and Glasspoo1e (1947) and 

Savy~r(l956) in the Bristish Isles, we can list features of the 
. 

Iynoptic ~ituation which are associated vith large orographic 

'. rainfall; 

1) é strong lov level flov perpendlcular to an extensive 
topographieal ridge . 

2) an almost saturated airmass having an-extensive depth 
3) a lapse-rate without markedly stable layers.or inver· 

si~ns ( preterably near neutral stability) 
4), a vertical vind-profile vith ~2U/iz2 negative,which 

is often found associated vith a lov level jetstream 
( LLJ). , 

5) an existing upper cloud layér vith the function of 
seeding the lov level cloud 

,Conditions 1,2 and 5 have already been discussed in sOlle 

details earlier. 'Condition 3 and 4 are less obvious but often 

-', found-în connection vi th large·' rainfalls (according to ,the above 

authors) : 
. 

The relative importance of each of theses conditions 

i5 not clear at this time and vi,ll need further investigations ( 

osee sobs~quent ç~aptèrs ) • 

• 

. As mentioned eàrlier, it seems that the strongest rainfall 

enhancement are found in warm sèctors of depressions, in Eur,ope, 
, 

or more precisely from zero ~p to several hundred kilometers 

ahead of ~hé frontal trough and about the seme distance south of 

the low pressure center. Farther south, orogrèphic ra~ofall 

diminishes because the depth of the moist layer deerease~ aQd an 

inversion or very stable layera above appears. 

(,. In fact, Browning et al. (1975) observed orographie effects 

large only in the pre-cold frontal region, . , and that in tbe 

po.t-fro~tal region, the enhancement of rainfall if any ...... is 

25 



, 
,0 

o 

o 

o 

r 

. 
not spectacular compared to that . in the warm sec'tor. At the 

surface cold front i tself', there is even lesi 1 syÎtematic 

orographic influence and heavy rein tends to occur regardless of 

topography fig 2.6. . -

,. Despi te the small nymber of case studieg presented by 

Browning, it is thought that it repre 3ents a typical situation 

in autumn or winter along coastal mountain of Western. Europe. In 

a case study of the orog'raphic rainfall in the Glâmorgan Hills, 

Hill and Brownin9 (1980) point out that 75 , of total rainfall on. 

hills are associated . vith low-levèl winds from the southwest 

quadrant ahead of fronts and troughs. Surprisingly enough, 

orographic enhancement ends with the cold frontal passage. The 
'1 

last statement does not agree, however, with Hobbs et al; (1975) 

who examined the structure of an occluded ftOntal system modified 
o 

by orography ( for Cascade Range in North West US).By using 

aircraft measurements, many soundings and a network of automatic , 

rain gauges they vere able to show. definite influence of the 

mountain on tHe fron~'and strong orographic enhancement at the 

,cOld f~nt rather than ah~~d as' in Browning et al. (1975). The 

apparent discrepancy seems rather hard to explain. Neverthe1ess 

" ,the concept of fronts as de~inite rines indicating a suddeh 

changes of both 'the eirculation and air mass characteristi~s 

occuring at the same time ~ht be too simplisti"c to be 

applicable to actual situations' especially in ,the. cast!' '!of 
. ~ , 

mountainous areas.In other vords, locating th~ exact poaJtion pf 

a cold front might b~ a difficult task in mountains • .. , 
As far as the post-frontal area is coneerned, an ezpl~n.tion 

26 
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\, could l,ie in the) magni tude of the vertical veloci tl' involved; in 

~T"'I 

the case of England, lover hi Ils generate a pattern of vertical 
Jo 

~e~ocity more e~lily '. offset by pOst frontal subsidence compared 
. , 

to the cale of higher _and steeper Cascade mountains. 

~--On-the other band, wi iliams and Pick (1962), in a 
• 

c.li~tological study of the precipl tation in the Wasatch Mountain 

area of nor.tvestern Utah, during the winter \season, show that the 

type of storm ( cold lov versus non cold lov storm) i5 of 

considerable importance in determining the areal distribution 'l)f . . 
orographie precipi tation. In fact, their data show a noticeable 

higher orographie enhancement for non-cold lov stOrm. 

The explanation lies in the' fact that eold lovs formati'on 

over the west-ern North American plateau are usually the result of 
" , 

strong baroclinic situations with protlounced deepening of upper 

trough as i t moves in. Accordingly, strong large-seale upvard 
- -vertical motion are ereated which cah be comparable or greater 

than the orographie vertical motion - which is the orâer of 

_gnl tude of U· ~ reQucing the influence of topography on _ 
, 

the distribution of precipitation. 

orographie enhancement of rain can occur in man}' other 

sitpatio~s than those described a90ve. For example, monsoon rain .. . 
in tbe western Ghats in India is thought to be a case o~ " pure" 

. 
orographie rain ( Sa~ker,1966) vith convection tri9gered by 

topography apparehtly 'not ,pla1ing' an important role,( see chapter 

6) • 

0" the other hand, ~ookin9 at climatologieal data of many 

: .• countrie .. , it leems that orographie enbancement of convective 
J 

rain ia lei., in ge~eral, than ,stratiform raine The reason is 

" 
-·27 
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, 
likely to be related to the fact that updrafts in deep convective 

clouds ~re one or éven two order of magnitude more .han the 

vertical motion genèrated by t~p09raphy (usually .of the order of 

magni tude 10-50 cm/s) implying a possibili ty of reduced 

j 

.-
sensitivity to terr~in influences in cases of convective upslope 

flows. 
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Fig 2.6 Diagrams-showing, for 4 case etudies, 
the distributi~n_of rainfall from the Bristol Channel 
across the Soqth Wales hills to eastern Bngland, along 
paths 40 'km wfde whose to~graphy are given in d). The 
distribution of average rainfall rate ahead of the front 
(in a~, at the surface cold front (b) and behind the cold 
front (c) are compared ( from Browning et al. ,197S) •. 

" 

~8 

. \ 
' •. Wi!I. . '.' . 



o 

• 

-- . 

CHAPTBR 3. Modeling "arm orographie cloud and prec,ipitation rate. 

In the f-irst two chapte'rs a general survey of orographie 

rain "as given. In this chapter, we will briefly reviev some 

orographie models existing in the literature (section 3.1) and 

above aIl to present an al ternate vay to modelize orfgraphie rain 
-

(section 3.2). The objective is to produce a ,diagnostic mode}. ( 
.1 

i.e model with no time dependency) at resolution low enough to 
1 " , predict large ê raiQfall variation over small distaRees (several 

, 
kilometers in the horizontal and several hundred meters in the 

vert,ical). 1 t is also expeeted that the model be numerieally 

simple and to contain the essential physics~equired to explain 

the vertical 'and horizontal distribution of orogrqphie rain. 

The purpos~ of such model will be to st~dy the importance 

and the sensitivity of input parameters on the amount of 
, . 

orographie enhancement for a given topography.These parameters 

are the larg"'e scale variables such as the vertical structure of 
,,-

wind, tf:mperature and humidi ty profiles and background rainfall 1 

\ ./ / , l "11 b' h 1 f h Ta"t:e. A partlcu ar attentlon W1 e glven to t e ro e 0 t e 

see~er-feed~r m~c~anism in enhaneing orographie rainfall rate. 

Numerical experiments~performed on the model ,as we will spe, Gan 

provide operational forecasters vith a better feeling of the 
. 

physi~s ~mporta~t in orographie rai~. It r~hou9h~ that th~ 

model is sui t~ble for ealçulation of .effieieney of pree ipi tat ion­

Qf an qrographic
o 
eloud~ 

1 
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1.1 A review .2!l ~ model·ing of precipitation.!.!l!~ 

We will fitst introduce the sub'jec.t of modelization hy' 

considering a simple, approach' vhich uses the hypothesi s' that all 

the condens~d material precipi tates. To deri ve an expression for 

the rainfall rate let us start with the continuity equation for 

the rainwater substance which can be written; 

clt 

~ .... 
+ V1b( p~ u) St. ( (3.1 ) -

where P .. is the rainwater density; Pt. .. P.Q .. with p. t,he air 

densio.ty â'nd Q_ the rainwater mixing ratio in 9 of water per 9 of 
~ .... 

air. Also u and V 

the water droplets 

represent the horizontal w!ndspeed vector and 
/" 

terminal fall speed respectivel~~ Finally, ~'D 

represents the three dimensional gradient operator" On the r ig'ht 

hand side of equation 3.1, S.. stands for sç>urces minus sinks for 

the rainwater substance. -~, 

... q~ 

1 f we consider steady-s~ate ~d 

assuming a topographieal rid e 

the y direct--ion ) then 3.1 becomes 

(i.e 

(p.u) + 

. 
only two dimensioJ)s,x and z, 

having an infinite extent in 

• 
.. Sa" (3.2 ) 

clz 

Neglecting horizontal variations of the arr densi ty II.. ,and 

that of the largf;! 'seale flov, u, combining the . second and third . 

term in 3.2 and us!ng P,. -P. Q, gives 

cl~l 
p. u 

30 
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Finally,using the definition of the rainfall rate, 

R - Po (V - v)Q .. (3.4) 
- . 

and integrati,ng vith respect to z and neglecting the first 
• - . 

t~rm on the left hand side' (which represe{lts the horizontal 

advection of rainvater mixing ratïo) yields tbe important resultz 

R(x,z). R(z~) + (3-~5 ) 

In eq. 3.5,R(Z~) is the rainfall r~te,at the top of a layer 

of"rnlclness At·. %,: - z. Èquatio,n (3.5) can be used to evaluate 

the horizontal and vertical distribution of the rainfa1l rate due 

to the topography. 

If we assume stratiform precipitation t or more geperally 

stea,dy-state precipitation), the portion of condens~d water 

vapour converted into rainwater is very ~igh and cloud st orage 

does not need to be consi'dered in quant i tat ive calculat ions of 
\ 

precipitation rates (according to Wex1er and Atlas, 1958 and 
, 

Kessler, 1969). This means that 5_in eg. 3.5 ~is simpl-y the rate 

of condensation of water vapor fo11owing the motion which has 

already been given-by equation 2.1; 

. 
~ 

S~ -COND • ;\ P. r. \ 

.. 
(3.6a) 

dr, dpo 
- -Po- r -~ 

dt dt 
(3.6b) 

Bq. 3.6b ~presents the variation of vater, vapor .density 

folloving the air motion. Equation 3.6b can be furthe.r .expanded, 

by uaing the definition of the saturated vater vapor mixing ratio 

\ 
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( ri -0.622 e$/p) and by diffe~entiating it. natural logarithm.. 

The result ls; 

• 

Using the Clausius Clapeyron 

de5 dT 
• L 

e. R"T2 

dividing by dt 

drs l-~- ~: ---- . 
dt R" T 2 dt 

<-. 
dp 

, 
p 

equation 

into (3.7) yields 

l' dp 

1 ~ • 
P dt 

(3.7) 

after 

(3.8) 

\ 
1 

On the other hand, assumin'g that condensation takes place as 

a result of saturated adiabatic expansion and that the condensate , 

precipitates, the ther~odynami~ eguatipn can be vritten as 

dT < RT dp -
dt 

• C~ 
dt 

• (3.9) - L 
p dt 

( 

Eliminating dT/dt from èquations 3.8 and 3.9 and using·c.~ and' 

u-dp/dt gives, after rearranging 

-dr ;1 ~L - C~,T 

1 
s 

(3.10) -= rs ~ . 
dt eL 2 r, +, RC~ TZ 

'1 

-
It should be note t~at drs; /dt and dp. /dt cao also be expanded as . 

" 

dr, -arc ars . ar, irs 
J - • + u- + v- + v (3.11a) 

dt . at .lx cly iz sat 

and a, clP . cl P clP il 
• + u- + v-- + v-. (3.l1b) , 

dt clt .lx cly ~z 
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Sinee stèady-state.is assumed and horizontal variation of all 
, , 

quantities are,nègiected compared to vertical variations ,that . 
i8 i lat- Il lix-a /iy-O , then we ean "rite (using'cu -, -P.g" and 

the hydrostatic equation ) 

dr. -,. 
= 

dt 

Also we ~ave 

/ dp. 
= li 

dt 

Comparing 3.12 a with 3.10 

, .l r-l 
;;- sat 

v ~ï 
~z 

iP. 

.lz 
. glves 

-

li. a~ 
• Q 

sat . IIp sat 

ri RT ( cL 1 - C~ T,) 

p (cL 3 r, + R~ T3 ) 

(3.12 a) 

(3.12 b) 

(3.13) 

The ground rainfa11 ra~e \ is obtained by setting z-O in 
, :t \\ 

equation 3.5 and using 3.6b,3~12a and 3.12b. wé then.have 

t' 

J
Ze [ P. CI clr ... 

o clp sat 

/' 

.lP. ] + r, w---
. az 

(3.148)' R(x,O) • R(Z-c:).-

"G dz (3.i4b) 

where (3.14c)' 

, is called the generat
1
ing functi'on (e.g. Ressler, '1969 ). Note tliat' 

an expre8~ion for ars /ap)....-cis given' in 3.13 and that w-,,(x,z) in 

equaticm 3.14b. 

î , 

Consequently, to 

, 

" '. 

obtain the horizontal distributi~~ of the 
1 

,\, 
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ground rainfa~l rate we' just have to integrate wG in 3.1'b from 

zaO to the top,~. of the orographie cloud. with the formul.tlon 

of the seeder- feeder mechanism, the quantity R(Zt) bence 
~ ~ , 

represen~s the background ,rainfall rate that-is the rainfall rate 
. 

fàlling ,at the top of the orographie cloud. Equation 3.1' 

physically means that aIl the vater vapor condensed in the 

. orographie cloud reaches the ground as precipitation. 

A model based on eguation 3.14' seems to gi~e,' in ~9me cases, 

. a good "estimafipn of the rainfa1l rate due to topography. For 

instance, Collier (1975), using radiosonde data as inputs for' 

large scale variables, computed rainfa11 rate over hilly terrain . , 

in North Wales and verified his calculations vith raingauges 

readings over an area 100 to ~OOO km 2 • He considered the vertical 

velocity v 

ba~oclinic 

in equatipn 3.14a as being the sum of the large scale 

vertical 
\ 

velocity plus ~he orographiè vertical 
1 

ve10cltyand omitted the second term in the .iritegrand, of eg. 
. \ 

3.14a which is the contribution due to the vertical variation of 

air density. 'Collier claimed an er'ror'as,l:ow as 10, per cent in 

the predicted rainfa1l for non-convective situations. This seems 
. -

qU,i te spectacu1ar considering almost total lack of consideration 

for microphysica1 processes by usin'g 3.14 an9 despite a highly . 

p.rametriz,ed profile for w., 
~ 

Similarly, Sarker (1966) used an conceptually equivalent 

version of 3.14 -( with no background .. rainfall rate; i.e R(~ \.0 ) 
to compute the orographie rainfall distribution in t~e,Western , , 

Ghats (India) duri,ng the ~outbwest' mon800n. The vertical velocity . 
~ profile used is based on. the mountain vave th~ory (see chap •• ). 

Results obtained i~ Sarker's peper also look quite 8ati8fact~rf 
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sugge .. ting that the assumpt ion that aIl the vater vapor-, condensed \ . . . 
r,aehes the ground as rain is not very far from ~eality at least 

in those cases. 

Hovever, one can ask himself if the above assumption is 

realistic in general (. see discussi,on in, ebap~er 2). More 

important, eguation 3.14 tells us nothing about the cloud liquid 
- , 

vater content of the orog~aphi~ cloud. Never~beless, equation 

3.1' turns out to give a good ansver in occasions of heavy 
, 

orographic '0 rainfall, the preè:ipita~ion effieiency being h.i9h 

presumably due in great part ta the seeder-feeder mechanism. 

Suppor~ing this point, Bader and Roach (1977) , in a nwnerical 
1 

" , \ 

mode 1 for orographie rainfall_ in warm sectors of depressions, 

showed that .the orographically produced cloud washed out by 
~ 

raindrops falling from a seeder ~loud ( formed by large scale 

ascent) can augment the, rainfall rate by several lIlII\Ih over a 

hill as small as of a t'ew hundred meters high. They solved the 

continuity eguation for the eloud liquid vater 'content and 
t 

assumed that aIl condensation of va~er vapor is auto~tically 

converted·into e~oud water and that the reinfall enhencement is 

on11 due to the vashout of orographie cloud droplets by the 

seeder rain. 
\., 

9n the other hand, Gocho (1~78) is of the opinion that the 
11 

ne?lect of the precipitation drift (first j term on left hand side 

of e~uation 3.3) can also cause an overestimation in the 

increase of precipitation around the hill due to the seeding as 

, .ell~ a~too vind.ard loèa~ion for the distribution of rainfall 
y 

rate .cross the hi Ils in Bader and Roach's model. 

,An interesting model vhieh combined orographic precipitation 
, 

'. \ 35 



Œ 

formed by adiab~tic ascent ( in the feeder cloud ) vith 

precipitation increases due to the seeding mechanllm has been 

proposed by Bell (1978). Conceptuelly, it utilizes equation 3.5 
'v 

but replaces the integ~and'5 by tvo sources that is 
, ., 

5 • Sil + Sa 
, 

vhere 
~ 

'( 3 .1,5) , 

and 

J
OOo "', -52 - Q~ NVE .. a 2 dit'", . '-, 

'~ 

o.. cloud liquid water content ~ 
N -' Marshall-Palmer drop size density '~ 
V - terminal drop fallspeed 

(3~l6) 

\ 

vith 

E - efficiency of collection 
a - dropsize radius 

~ and the restriction that the sum 51 + 52 pe less or equal ~o the 

maximum precipitation rate . P. ~clrs li p) sat. , 

The first term 51' . is the same ,as vG '.( except . for the 
..... 

contribution due to the vertical~variation 
" 

of air density vhich 

is neglected in Bell's model). The generating function il 

. multiplied by\a constant k vhiçh vax:ies between 0 and l depending 
• 

on hov much the orographie cloud is efficient in tr~nsforming the 

water vapor condensed into rainwa~er. The term' 52 limulates the 

washout (or Accretion of cloud drops by falling rainvater ) over ~ 

all drops of radius a. Despite good verification of the model, 
, , 

~~e parameteri~ation of the cloud liquid vater as vell a. the 

o parameterized value for the const.nt Il in equetîon' 3.15. are 

rather arbi trary and. t.' might even lead to vron9 conclusion • 

. ' 36 . 
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c:onc,rnin'g the role bf the seeder-feeder mechanism in increasing 
4 

the rainfa1l rate throug~ equation 3.16. Moreover, the vertical 

velocity profile used ( siml1.r to fig ~.i ) is highly eJpirica1 

and is therefore a· weak poin~ in-- Bell' s model. 

Storebo (1976) a1so supports the idea of an important, role 
. 

p1ayed by the seeder-feeder'mechanism proposed by Bergeron. One 

other significant point also found by Storebo is that increases 

of precipitation across hills seem insensitive to the properties 

of condensatiol) nuclei 1 espec'ially to the number densi ty. 

Colton (1976) presents a fine-mesh mesoscale numerical 

model, finite difference solution for the rainf~ll distribution 

over the Sierras and the Smith Rive'r Basin in California. 

Computed results agrees well with observations but Smith 

(197'9,p189) is of the opinion that· Colton's'assumptions of 100 

per cent re1ease of condénsate with no delay and a, reflective 

upper boundary condition at 1,1 km 'wou~d degra~e his resu1ts. 

Finally, Carruthers and Choulartpn (1983) reformulated the 

Bader and Roach model by including a much better treatment of 
. ' 

airflow and the effect of wind-dri ft of precip'i tation. The~ used 

a dynamical model in which the atmosphere i s di vided into three ' 

layers of different but unifotm stability, They found that 

wind-drift moves the position of maxi~um orographie enhancemènt 

downvind over both long (half width a > 10 km ). and short (~ < 

10 km) hills. It alsod!ign~ficantly reduces the total- and 

maximum enhancement over ~rt' hills. Moreover, they argue that 

\~he Bader and Roach model slightly overestimates the .enhancement 

o~~ short hills while it is adequate over long.hills. ~hough 
. carr~thers and Chou1ar~on pr~vided a reasonable model, the aut;,por 
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of this thesis thinks that curvature of the wind profile ( second 

derivative: of windspeed with respect to z) rather than the \ 

te.perature profile plays a major role in ùetermining the 

vertical velocity· over hills in orogTaphic rain (if' there i. no 
, 

r~l~aSé o'f potent~ insta.bility '). Thls is strongly ,lSupported 

by Sarker (1966) and'Goc~o l1978). 

On the ~ther hand, it seems rather peculiar that Carruthers 

and 'Chou1arton's model (as wel1 as,Bader and Roach's model ) do 

not reproduce t~ fact that the observed rainfall rate is found 

to ~be more depéndent on windspeed and l'ess dependent on the 
1 

pre-existing rainf~l~. 
Fina11y, i t. appe~is ,that no mode1s exi.sts which solve the 

complete form of continuity equation fôr both~loud vater and 

rainwater while using an appropriate solution for the dynamica1 
~ 

pro~lem of orographie rain. Gocho (1978) presents a model which 

, solve on1y the ré?-inwater equation and uses Sarker' s theory for . 

,the dynamical part. His mode1, however, is too: expensiv~ to run 

and is then not suitab1e for sensitivity' tests. The mode1 

. presented be10w i5 an attempt to -improve on the modeling of 

orographie raina A complete testing of ~he model i8 given in 
. 
c.hapters 5 and 6. 

'. 

'. 

. 
, , ,. 
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3.2 Formulation of, a 2 dimensional numerical oro9raphic model -- '; ---

. a) Basic equations 
1 

. 'l'he basic eq)1ations are the continui ty equations for 0 vater 

substance and the differential equation- ~for the vertical 

perturbation velocity. The continuity eq~tion for cloud vater 

and rainwater are; ... 

a~ -- + Vo(Pcu) • Sc (3.17a) 
/'" , at 

\. 

ap,,' a 
+ v·(Pa u) -( Pw\ V). • Sa at az 

(3.17b) 

vith 'Pc and p"being the cloud and rainwater density defined 

as before and S~ and S~ denote m~crophysical processes to be 

discussed later. T~ese eguations imply that cloud droplets share 

the motion o~ the 'wind while raindrops have a finite terminal 

fall speed relative to the air • The vertical Perturbation 

veloci~ can be written 

+ (1% - k 2 ) W •• 0 • (3.18) 

W in the àbove equation is the vertical velbcity,lJ the 

Scorer parameter to be discussed .later and k, the wavenumber of 

the sinusoiQal ground profile. The reader is. referred to chapter . ~ 

t for a complete discussion of equation 3.18. 

As seen before.C ego 3.1 through 3.3), assuming that the 

vhole system)s rn a two-dimensional steady-~ate, the continuity 
... 

equation for rainwater,3.17b,is ) 

( 
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vhich cah be further~expanded to obtain 
...... , 

+ 
,Ix 

-" + 
- ap. 

QD (w - ~) • 
" ~.lz 

~" 
SI. • 

"', We vant to -solve ~ tor the vertical distribution .of the .. 
rainwater mixing ration Q~. SO we rewrite the above eqÜ8tion to 

obtain 

.lo. l (- clO1t tlPo 
• 'P.u- + 0 .. (V-v) 

.lz P. (v-V) .lx tlz· 

.' ~ 
a-

s.l + Po OR - (V-v) ... • 
clz 

(3.19) 

The same procedure applied to 3.17a leads to 

[ . .lOt: '1 , cl Oc .l p. Iv Se] -. -Jl, u ,- .. vOc -:- :- OcP. - + 
- .lz Atv clx .lz 1% 

Equations 3.19 and 3.20 express' the variation of the rain 

and cloudwater mixing ratios vith altitude. We ,do not have to 

vorry a bout- the possibility of having ,,- V in equation 3.19 ainee 
"), 

ve exa~ine,in this thesi~,cases "here the terminal fall speed V ... 

is generally greater than the vertical velocity v (which il 

usually the case for ateady-state precipitation )., As a matt.~ 
• • 6 

of fact, ~ro9raphic ~ainfall generally varie~ from,2-8 -.!br and 

according to . Relkar 
". 

;0- 1 

(1959) the most probable" drop-di ... t.'~, 

tO 

" .. '-. " ";'" 

" 

.. 
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corr •• ponding to this rate of precipitation is .1.00-1.25 mm. The 
1 

terminal velocity corresponding'to this drop-âiameter i8 about 

'.5 a/lec (Belt Î 1950 or Gunn and Kinzer's data ). On the other 
. 

band, the maximum 'vertical velocity that ve are dealing vith is 

of the order of 10-50 cm/s vhich is effectively less than the 

above terminal fall speed. This means that the denominator of 

the first term on the right hand side of 3.19 is generally -different from zero. 

Hovever, in equation 3.20, v· 0 is quite likely to occur 

especi~ly near the crest of the topography ridge.At this 

location equation 3.20 is obviously useless\ Moreover, small 

value of v vill generate, nUmerical instabili~y if integrated 

vith respect to;. To, overcome t~is 'problem we can express the 

continuity 'equatjon ,3.20,as a derivative vith respect to x 

inltead of z, that "is 

-. . , 
_ apo 1 av ] 

- vQc - - OC'Po - + Sc· 
tlz iz 

.. 
A lov value fo~ u, the windspeed, ia not examined here since 

ve are interested in strong vind si tuations. Tbe first, term in 
" . 

the bracket Oh both equations 3~19 and 3.21 represents, in its 

general sense, advection of the vater substance. More precisely, 

for the rainvater equation 3.19,it is ~he p~çipitation drift and 

for.the cloud v~ter ,eq~tion/it, represents the vJrtical advection 

of cloud vater. The second ~erm in both equations 3.19 and 3.21 

accoun~. for the 'effeet of compressibility. -The thi~d term 
, . 

.,_ r,..epre.ent,1 the varretion vith a~titude, of r~indrops -mean fall 

speed vith re.pect to the ground in _t~~t~r equation and 

'1 
" 

'\ 
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the \ir divergence for the ~loud vater equation. The Magnitude 
< 

of the first term in both eguations is often ·th~ Most important 

of the thre~ while the third term in the rainwater equation ~-9ht 

be n1g1ected. 

Equation 3.19 can be in~grated vith respect to z to give 
~ ,. 

the solution of Q. and eqUation\~.2~ vith respect to x to give 

the solution of Oc ~t every grld points. Since there i8 

interact ion through' the microphysical processes betveen 
" 

the tvo 

equations, these are solved nimultaneously. 

In this model, backgrounQ quant i ties such as the wind 

velocity and direction, air density, temperature and humidity are 

considered basic quantïties and ,ar'e hence assumed constants. 1 t 

is also supposed that topography vi th modest diD)ensions (-half 
:J' 1 

width'much less than 50 km and height les's than l km ) will not 
, 

significantly ~hange the assumed hOfizontally constant 

distribution of Qv (water vapor mixing ratio of the basic flov 

)~ In other words,ignoring the 'horizontal temperature and 

humidity changes due to condensation or ,evaporation is a valid 

approximation for saturated airflow over modest topography and it 

is unlikely to çhange rainfall amounts. This is the reason ve do 

not consider here the continuity equation for vater vapor and 

heat. 

b)Microphysic~l processes 

The guantities SR and Sc represen~ the sources and sinkl in 

equatÎ-on 3.19 and 3. ~l respectively. They include condensation, 
@ 

evaporation,autoconversion ~nd coalescence. Since ~e consider a 

non-freezing cloud, Ve do not try to simulate other proce.ses 
-6 
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8uch as deposition,melting or freezing. On the other band, 

breakup ls not important in oro~raphic rain because, as mentioned 

above 1 the lRost probable drop-diameter i s about 1 m1ÎI and rarely 

exceeds 3 mm which is ,apout the threshold for breakup to be a 

likely eYent~ The set of equationa 3.19 and 3.21 repres~nt a 

model where clouds store water and where some microphysical 

processes are reproduced. Moreover, it implies a delay in the 

formation of precipitation in the o.rographic cloud and viII 

permi t us to invest igate, among other th~n.gs, if the orographie ..,. 

cloua can prod~cF rain without being seeded\ from above. , 
We viII now look in details at the microphysical processes 

ve intend to simulate. 

Condensation 

The condensation rate will be expressed in the same form as 

before , - that is ·(see section 3.1) 

\ a , 
. 

COND -= - wG (3,.22) 

1 Because G i9 slvays negative, we will oqtain condensat'ion of 

vater vapor into clouds with w positive and evaporation vith" 

'negative (dovnvard motion ). For condensation to take place ve 

need li moist atmosphere. 

Washout .2!- cloud BI, , rain 

Equation 3.16., can be used to eval uate the washout of cloud 

bl' rain 
\ 

However, 

parameterizatio» (1969) 

to save comp!-Iter 
1· ' -

t lme, RessleI: t s 

adopted instead of the ab~v~ 

• equation, that is; 
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Washout - 5.22Xl0-' m M'" exp(kz/2) 13.23) 

vhere m- P. <Q< + Qv" Q~). The variable m represent. the 

cloud water densi ty\' plus water vapor density minus s,aturated 

water v~por density. '~e units are in kg/mss for the vashout vhen 
-

m and M, the latter being the rainvater content, expressed in 

g/m' and z in km. Notice that when air is saturat~~, m simply· 

represents the cloud liquid water content. The washout process is 

eguivalent to the continuous collection process by collision and 

coalescence. The former termin610gy is used here to emphasiz~ the 
'~ 

fact that the seeder and f~eder (orographie ). cloud are treated 

separatel'Y and that the background rainfall can' enhance the 

precipitation rate through .the process. If such ba~k9round 

rainfall is zero then the process _ simply simulates the growth of 

C) + drop~ets by coalescence within the.orographic cloud. 

. ' 

Autoconversion 

The ·autoconversion process is represehted by the expression;. 

where Q, is the cloud water ~ mi'xing ratio, k1 the autoconversion 

rate and k2t the autoconversion. threshold.' lt i8 ~8sible to 

adjust thèse parameters ' to simulate differe!1t situations. The 

values given- by Kessler (1969) are taken,unless other.ise stated, 

tha,t is 

.> 

" 

'4' 

! 
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kl-lO -, sec-l and ka- 0.5 g/m '. 

Svaporation 2! rain 

rollov~ng Kessler's parametrization (1969), ve have for the 

!vaporation rate (kg/m's); 

EVAPR • ~ 5.4443 X 10 -7 mM 1 ,/u (3.25) 

The quantity m if) ego 3.25 is slightly different than that ,. 
"1 ... 

in eguation 3.23. 1 n the evaporafion scheme, we consider m as the 

fOllowing;, m • Po (Q, + Q,,- Q'vs) where' Q~s is the' perturbated 

saturated water vapor dènsity which is evaluated by considering 
.. 

the distance AD the airflow has moved dowl1 at a gi ven point when 

compar~d to the position at hill top. Therefore, we writ"e' 

Q' . = Q' (T' ,P') 

where .T t -T( z) - ADrcl wi th rd' th~ dry adiabatic lapse rate and 

P', the corresponding air pressure, fig. 3.1. 

. ' 

T,P,z 

rig.3.l' , 

Evaporation of rain will take place in unsaturated air 
, 

(below cloud base',between the seeder and feeder éloud 'and 'in the 

lee of a given topographical obstacle ). 

With all expressions given above, Sk and Sc in ,3.19 and 3.21 
"-

are respectively '-

S-• WASHOOT + AOTOC - BVAPR (3.26.) 

- 45 
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sc~ COND - WASHOur - AUTOC -!VAPe (3.26b) 

C) Terminal velocity of raindrops 

A raindrop 15 assumed to fall relative to the air vith the , 

mean terminal veloci ty (averaged over the whole. raindrop spectra " 

given by Ressler (1969) 

v .. 5.16 exp(O.05z) Ml/a (3.27) 

where V is given in Dl/s, z in km and M, "~he preeip~tation 

content i·n g/m 3 ( M-Po Op.) • 

d) ~umerical scheme 

. :poth equat ions 3. ~ 9 and 3 .• 21 .a~e of the form 

,. 1 1 . , 
Q '.. f (0) (3.27) 

.where Q' r~presents the derivative of water substance iith 
1 

. respect to x for the cloud vater and vi th respect tO z in the' 

rainwater eguation. A centre-differencea schema is 

uncondi t ionnaly uns table .Y.-hen applied to such equation. 

Consequently 1 ve will tt:y a forvard schemè vh.ich seems more 

appropri~te here. But ve' vi 11 integratè equat ion 3.19 and 3.21 

simul taneously in two different spatial variables which are 

direction of motion (\ for the cloud droplets and z 
~ Î . 

for 

hydrometeors) • ".1 though thi s appears- to b~ non-standard, it 

_physically makes more_ sense since c.louds move . "horiz!>ntally and 

the precipita1ion principally vertically. Moreover, other 

numerical procedures vere tried and found rather unstable ev en 

with small integration steps. 
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---- The • c~eme vOf Integration used is illustrated in fig. 3.2 • 

1. 

(x -~,:z) (x,z) (x +Ax,~) 

(x~Ax,z-nz)---".(x,z-~z)---I"""(x +~x,z - Az) . ' "\, 

(x-l:5.x,z-~)---... (x,z- ·~)--(x+~,z - 2l).z) 

l 
etc. etc. etc. -

f 

Fig.3.2 Scheme of ~nteg~~tion 

The Dev value-for the cloud mixing ~atio is evaluated at· 

point (x,Z-Az) by. ... an horizontal· marching from the point 
) '..;Il 

(X-AX,Z-Az) vhile the nev value for rainwater at the same point 

is calcaluted by vertical integration from the point (x,z). The 
~ 

overall marching i8 then from top to bottom in the z direction 

until the ground i8 reached. Then the whQle procedure is repeated 

for a new value of x incrementeà by AX. Once t~e value of ~ is 

• kno.n at a given level it then ~ becomes eaay to evaluate the 

rainfall rate using the folaowing relationship (Kessler,l969 ), 
•• lt 
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(3.28) . 
vi th R in IlUlV'hr ana M in g/ri (M.~. Q,,) •. 

i 

Measurements at various locations have shovn that G and'~ 

a~e usually quite uniform, vith 0.052 < G < 0.089 and 0.84 < ~ < 
, 

0:94. In the model developed in thi s thesis, '~ vi 11 be ta ken ,as 

0.089 and " as 0.94 which is thought 
" 

to take into aècount the 

fact that cloud liquid vater content in orographie warm elouds 
-t l 

,are hfgher than that in non-orographie cloud (8~e Pruppaeher and 

Klett) 1980, p 27 } • 

. - , 

When the scheme deseribed in fig 3.~ is used" equations 3.~9 

and' 3.21 are written 

n Ax [ ~,~ 
Q,(~,z-~z). Oc (X-âX,Z-Az) - --- ,P."---

P. 0 ~z 

~p. ~v 

+ "Oc. - + Q,p;-
clz ~z 

• 
, - ~ ) (lt~AX,Z-AZ) (3.29) 

• 
. cl . . Az [ aa-

-110-0- .+ 
Po (V-v) , iX'· 

P~ <2a -..:.... (V-v) 
iZ 

ip" 
+ Q.(V-w)-,,+ 

az 
sJ . " , (~,z) . 

(3'030 ) 

~Tbe rainfa~l rate at the surface is obtained friOm the value 

'of Q~ at the last grid point in the vertical using the equation 
.~ ,.~ .. 

3.28 and M-PoQ". Note' thft s.. and Sc are given by 3.26a,b and 
, -

evaluated st poi'nt (x-t.X,Z-Az) and (x,~):r:espectivèi·y. 
, • ,'t! 
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. e) Bnvl {Onmental and boundarr condi tions 

Environment.l conditions such #0 
speeeS 

1 and temperature are not assumed 

" 

pressure,density, 

to be' modified br 

vind 

the 

topography and are taken as inputs of the ~sic atm~sphere • 
., 

Change~ of vater vapor mixing ratio due to topography are not 

included in the calculation of rainfall and~ cloud, water 

quantities. 'This is an _ important approximation whose 

justifica~ion lies in the fact that,for stratiform clouds, the 

~mount of vater l~st (condensed) across mountain ridges of small 

extent (.h~lf vidt~ 'tess then 50 km ) iB smali and i~ not likely 

to significan~ly change the results of calculation of rainf~ll 

rates. Moreover , the model does not include ' the net ~eatin~ 

vhich occurs due to con~ensation, def>ositi.on lOBS of ligùid water 
~ 

both from the seeder cl~ud '( by precipitation ) and the feeder 
J 

cloud ( va shed ,out ), nor does the model include the effect of 

cooling due to evapo!ati~n of raine The former is di~cussed in 
. 

Carruthers and Choularton (1983) anp it turns out that its effect 

Is ~nsignif,icant' . ·fW the range 'of hill lengths for which 
/ 

the 

feeder-se~der process is likely to be the dominan~~echanism of 

orog~ephic enhancement ( i. ~ a'::« 200 km ). 

If the environmental airmass is not saturated,the model can 
\ 

take it into account by the .f~llowi~g procedure •. At a given 

level, ve fir8t calculate the distance to reach saturation ( that .. 
i8 equivalent to calculate the lï'fting condepsation ievel). If 

t'bis di.stance ia greate~ than the orographically . . inducea 
Î 1 • 

displacement,~,then no condensation can take pl~ce .It this leve~~ 

:8 pn the other band, if the upvard distance an airmass ' needs to be 

lifted Is less than ~ and if there ls vertical motion th~n 
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condensation takes place and eql.1ation 3.22 is used to .valuate 
, 

the amount of such condensation. Henee, ve,ean include the effect 

of having a non-saturated atmosphere' on t~e calculation , of tbe 

rainfal,l rate enhaneement. 
o 

Since-' ve are using finite differences, ve need boundary 

'condi tions; ,One lateral and one vertical boundary condition. 

Generally -s~~king, boundary conditions will be taken as, the 

value found in the environmental atmosphere at,a distance far 

away from orographi~ influence. F~r example, the orographie 

cloud liquid water content and the rainfall rate a~ the left edge 

of the domain are simply ,taken the same as the back~round 

en;'lironment. ' 

The same, rule i8 applied for the vertical'boundary condit~on 

except that the physical location of thi s upper boundary 

condition'is made variable. That is, we start integrating in ~he 

vertical at'a slightly different location as we go downvind along 

the topography. 
'. 
~ 

This is thought to he' an improvement - at least in principle 
, . 

- over what is found in other models. In f~ct,in his conceptuel 

,model of the seeder-feeder mechanism, Bergeron (1949) assumea an 

horizontal boundary condition~ This implies that tbe maximum 

upward lim!t of the orographie 'cloud is unaffe-cted by the 
, ; 

irregular terrain which is not correct. Bader and Roach (1977) 

i have improved tlie, treatment of the upper boundary condition by 

specifying the rainfall from above as- a constant along a surface 

w,hic~ parallels the irregula.r terrain (fig. 3.'3).ln the éurrent 

o model~ the location of tl~e upper boundary' condition vi Il depend 

on the orographically~ lnduced displacement ~ according to tbe 
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, relationship \ .. 
\ ... 

(3.31) :, .. 
vher. b' il the beight of the '~pper boundary condi t ion above the ' 

ground, ~(x,z.Dc ), the streamline displacement evalua~t a 

,height De specifi~d at the left edge of the d0!D8in and finally z.. 
! 

reptelents the elevatibn of the ground (fig. 3.3). The inco~ing 
1 

(background) rainfall rate is assumed fixed st the upper boundary 

" z -= Z. (x) • l; ( x , z·Dc) + De . 

1 Th. upper limi t De defines not only the extent of . the domain of 

integratiQn in the vertical but ~lso'the phy~ica~·maximum extent 

of the orographie cloud. at the left edge of the doma"i.n (vhere ~ 
, - 1 

tends to zero ). 

It should be note that at z·Zy (1), equation 3.28 i5 

i~verted, ,in order to convert the background rain~all rate R 

(mm/h) into precipitation water content M, (g/m'), that is; 

at 

, 1 
, , 
, 

'·zu(x) 
'. 

.... t , , 
, l 'l, \ .. 

\ 
J, 

\ 
;' f) ve rt i da l ' m~t i on and upwa rd di splacemen t 

, ' 

\ 
'. 

\ 

w. have avbided 50 far ,mentioning' ,any reference to the vaf 
, ','./" . , , 

, vert~ca!' motio~,v,an~ or09ra~hically induced disp~~cem~nt,'a;/ ar~\ 

calculatèd. ~n fact, we obYiously need to evaluate v in ,quat'ion \, 
\ ' 

.. 3,2! and 3.30. unfortunately 1 any attempt to compute v anal .~ 

\ requires the modeling of airflow over topography' vhich ,turn out' 

into a 
.. 

many " made. assuinptions are 

4"" . 
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. Ho'Wever,because of its simplicity the use of the tvo-dlmenaional , 

mountain vave theory to solve the problem ia. attractive and, vill 

be the subject of the next chapter. It should be noted that the 

vertical motion hence calculated is only due- to topography _and 

t~e background ver~ical~motion would ,have to pe added'on the 

result. However, in' our model- the background rainfall rate is 

assumed to already contain the information about that large scale' 
/J • 

vertical motion and the/latter is therefore omited in this study. 

t 

.' 

Fig. 3.3. Upper boundary condition (upper limit of ," 
integration "bieh ia the tirat point of Integration in 
the vertical in the mOdel ). Current model's b~undary 
cond'Ït'ion i5 reprèsented by 'CN,Bader and ,Roach' 8 condi­
tion-!)y BR and Bergeron's horizontal condition i8 also 
indicated (B). J 
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, CHAPTBR 41 !QDELING A'I RP'LOW OVER TOPOGRAPHY 

It has been quite common.to assume that the vertical 

veloc'ities due to a mountain àre confined to the region di.rectly . 
over the mountain and that the slope of the streamlines decreases . 

to zero at some midtroposphere level (like fig 2.1). Dynamically 
'1 

such models might be incorrect as are the attempts to derive them 
. 

f,rom ,the governing equations. MorecSver 1 i t is possible that the 

use of such models would introduce appreciahle error in the 
~ . . d' .calculation of vertical velocltles and con ensatlon rates. . , 

In actual situations, the' lifting a10ft mal' begin well 

upstream of the mountain and values of vertical velocities and 
'--­~pward displacement can be significantly stronger than what 

obtained bl' the simple theory mentioned in chapter 2. More, 

important, the stren9th and general distribution of vertical .. 

veloci ty depend to a great~ extent on the atmospheri'c structure 

and not only on the topçgr~phy·profile. Therefore, in order to ~ 
... 

correctly evaluate the airflow over topography we ; need a better 
, 'te 

theorièal framevork which i5 fortunately'available through the 
1 

moun~ain vave theory approach. 
. t· 

The theori~al re~arches on the problem of the disturbance 

of an atmospheriè current flowing over a m,ountain range have been 

undertaken bl' va-rious author5 (e.9. Queney ., (1'48) ,Scorer (1'49) '" 

and others). Results have shown that most of the characteristics 

observed features can be explained , to a very large extent, bl' "" , 

the hl'drodynamical theory, of int,erna1, small a'diabatic 
, 

perturbations in a' stratified atmosphére without friction. We ' 

'. vill summarize here as~cts of the .theory relevant to the prob~em 
of orographie rain. ~ 

;> 
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( !!21!z lee vaves vill not be discussed sinee lt i8 not' relevant 

to the problem of o.,rogra'phic rain.) 
ifJ l ~ 
~ 

4.1 Ver,t ieal motion and streamline ~ di splacement 2!!!. ! sinusoidal 

corrugation of the ground. 

The disturbance in an air current who se velocity mey var~, .. 
vi~h height, caused by a vave-like corrugation of the ground of 

wavenumber k is obtained in this section. In the second section, 
\ 

>'t, . 
the result is extended to a single ~idge bl' the method 9f Fourier 

Ïlltegrals. We assume a tvo-dimensional flov in the vertical plane 

xz, vith the z axis vertical and the x axis ih the direction of 
. 

the undi sturbed wind. The ground is âssumed ~o have an infini te 

extent in the y direction (perpendic'ular direction). We consider 

fr ictionless, steady, laminar a.rid i sentropic flow • 
.. 

. 
The basic .guat io~s are the tvo equations of motion (x, z), 

\ t' equa 10n of state, 
,1;1 

adiabatic ~quat ion and the equation of 
\) 

continui ty. 

Starting from these equations, Seorer . (1949) obtained,after . . 

linearization (small ampli tude theory.), 

equation for a .sinusoi~l ground profile. 

the folloving vave 

~ [1 c 
f' J i't, 

U'k 2 ;;; 

[~ 1 cl'U 
of: - - -

0' U clz
' 

-

[2-. + - 1 
c' 

~ k' J .. • 

.. 
5' 

9 f' ] + (- + 2,)-
c 2 . Olk ' 

0 

if. 

iz 

(4.1) 

, . , 
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vhere in the above, f­
u­
k-

~he Coriolis paraaeter 
undiaturbed "ll1d speed 

We ~an 

with f 

.. -
wavelength of ground corrugation 
stream func:~ion 

c- speed of lound 
_- l/'(I./.}Z) 1 coeficient of stabillty 

ignore the Coriolis ~ffects if 
li 

fi 
« 1· (4.2 

Ua·k 2 

- 10 -f S-l and u- 15 Dl/s the condi tion 

a) 

fied when 
iSitiS-

L « 1000 km (4.2 b) .. 
where L i8 the wavelength of the ground prof i le (-2./k) • 

The equation (4.1) then becomes 

.. 
I~\ [g yt .. [~- 1 .}2U 

k' Jt .. 0 - - - +, - + - -- (4.3) 
IZ2 c 2 az U2 U IlZ2 . 

Scorer (1949) further showed .that g/c 2 +, • (-1/p)ap/iz. 'By 

using the integration fector 

1 - (4. 4a) 

and by leU:ing 

10 • Ii (4.4h) 

whe,e ... il the density at height Z. 0, we can eliminate the 

'f irat derivati ve in equat; ion '4.3 and obtain; 

, 

l' a 2 ~ 1 (Il' )2 ] , 
- - + - - t • 'O. ,(4.5) 
2, az 2 .4~2 Ilz - - - - kJ -

U az 2 

The firet tvo terma "ithin the, bracket of t4.S) are of the , , 
'. . 

55 .. 



o 

o 

1 

o 
. 
i' 

t •. 

" 

order of 1 km- z compared vi th vo.lues of the order of 5Z1o-e km- I • 
~4- • 

for' the last two. So "e can reduce ,the equation t.5 to, 

+ ( 1 2 - k 2 ) • 0 (t.6) 
~Z2 l 

vhere 13(z) .' - -

This parameter 12 is usua11y known as the Scorer's parameter 

a"ld is hence dependent on the stability ,and on thë second 

derivative of the wind with respect to altitude. It is therefore 
o 

clear that ve~tical velocity and stream1ines profiles depend to a 

large.extent on the atmo~pheric structure. 

On the other hand, the latent heat released by condensation 

should ,be included in the dynamics. Sarker (1966), shows that by 

replacing the dry adi-abatic lapse rate by the saturatéd adiabatie 

lapse rate JS provi'des a useful approximation id treating the 

problem. Onder this assumption the Scorer parameter hence becomes 

(in "first approximation ); 

-g ~ dT/dz - IS~ l ~2U 

l~(z) • - - (4.7) 
TU2 U ~Z2 

In man} si tuations, the first term on the rhs dominates 
-

ove'r the . seeonêl. ~ver, concerning the problem of orographie 

rain, i t iB often observed that the temperature prof ile ls a\ong 

the moist adidsbatic and that a 10" levet jet is present. This 

means that the- second term is more likely to dominate over the 
'lot '\ . 

flrst and that . the curvature of the vind .profile determines ho" 
-

the ai rflov behaves over the topography • 
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To obtain an equation for vertical veiocity " and 

streamline di,placement ,~ , ve just note that by definition 

w • a t/clx 

and ( . tlU 

. 
and ve can "rite equation <4..6) as 

+ ( 1 2 - k 2 )W ~ 0 
clz 2 

(4.8 a) 

(4.8 b) 

(4.9) 

The above equation relates the variation of W with height 

assuming a sinusoidal topography of 'wavenumber k. Sinee i, W a~d 

a: are complex guantities, the complete solution will be of the. 
, 

form ( also using equation 4.4a,b); -
v(x,z). Reàl «p.l, )1/l Wez) exp(ikx) > 

vhere wez) is the solution of '4.9. 
o . . , 

The above results have no practical direct application, 

ainee an unlimited sinusoidal ground profile i8 rarely found in 
, 1 ~~ 

nature. But tbeir generalization by Fou,rier int,grais can be 

utilized ih the solution of the case of an arbitrary mountain. 

\ 
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V 
!.,i Soluti,on'!2!!. single symmetrical mountain riàge 

A very convenient eq~ation for the ground surface 

"bell-shaped" ridge, fig. 4.1 

.' 

l t cJln be a1so represen,ted by 

. z,'. ab [exP( -e) 
o , 

coskx dk 
--_r-- - \ 

lE r. (x,O) 

" 

is the' 

(4.10) 

~ch is very useful in obtaining the mathematic-a1 solution for v 
and ~. 

. , ' 

Fig 4-.1 ; the bel1-~haped. ri,dge;' b is the maximum height 
end'a the wi,dth of the riqge. Z, repr,esents the height of 
terrain above sea level. Negati.ve ~ valu~s Are on the " 
windward si4e vhile posi:tive x \l'alues on the leeward .side: 

An .airstream having neutral static stabi1Hy (.dT/dz. rd or 

r, in the moi st case) and no curv~ture of i ts vind prof i le (lru X 
. . 

"ZU/tlz 2 ,) vould have 1 2 ."0 (i,n eg. 4.-7) and the vertical .. . 
displacement of a streamline ~ would be given by 

ab(a + z) 
, r,(X,.z) . ---------------

(a + Z)2 + x 2 
(, .11) 

, 

\ . 
"here the amplitude. of the .vertical di.placement o'f~ flùid, 

., . 
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particles slov1y falls off vith height. Note here ,that the 

coordinate z is the elevation above the ground surface such that 

. 
Such an .airstream refers to the, potential-flow regime (ideal' 

solution) and is valld when the inverse Qf l(z) i5 much bigger 

than the mountain half width "a- (see Gi11(1982), p 275). 

The vertica4 veloc.ity is, using 4.8a and 4.8b; 

w f x 1 z) • U ( z ). cl ~/ cl x -- . 
, 

(4-.12 ) 

Comb~ning 4.12 a~d 4.11, it is easy to show.·( by setting 
, .. 

clV/clx • 0 in 4.12 } that the maximum vertical velocity occurs at 

a distance x· ± a/V (near the ground) for the bell-shaped 

mountain. ~ 

For 8 non-zero but constant value of 11, the solution foi 
, 

the bell-shaped. mountain can be derived by solving eg. 4 •. 6 and 
, 

uBÎ,ng 4.-Sb (see Queney ,1948 for the derivation). The result- is; 

4 

acos1z - xsinlz ~ ,( P.] lia f 
~(x,z) • - -."Î ab --------- (4.13) 

U. p. b 

The important difference . betveen (4.11) and (4.13) i5 that 

. in the latter the streamli,ne disp1acement has a sinusoidal 

variation 'and does not fal1s off vi th' height. Using equation 

4.l~, it i5 possible.to argue that vertical ve10cities will be 

'stronger in the l~tter case. Moreover, the point of maximum 

vertical ve'locity v'il1 not correspond t6 the poin~ of maximum 

s10pe of the groun~ surface in 4.13 (whereas it does in ~quation 

, .. 
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It should he noted that eguation (4.13) can be 'derivla frOli 
~ 

eq. 4.6. In fact using the hydrostatic approximation (vhich is 

equivalent to assuming k « l Gill,l982), equation 4.6 becomes 

. + 1 2 + • 0 
az 2 

, 
The solution of such equati~n is 

+(x,z) • Real < +s (x) exp(ilz) > (4.14a) 

or ~y using 4. Sb 

u ~(x,z). Real < U. t, (x) "exp(i.lz) > (4.l4h) 

where ts(x) is a complex function whose real part defines the 

surface topography. For the be11-shaped mountain, it can be shown 
\ 

that 

ab 
) 

ts(x) • ( a + i~) (4.15 ) 

vhich yields to (using 4.15 in 4.l4b ); 

00 fi. l/a {acoslz -xsinlz 
~(x,z) -= (--) ab--~--------- (4.16) 

which i5 identical to equation to 4.13 (after multiplic.ating bY 
the integration factor 4.4 and taking the real part). 

So far, ~e have looked at solutions for 12 > 0 in eQuation 

4.7. However, if 1 2 ia negative and constant "ith z ( e.g. 

neutral static stability and ,(llU)Xa 20/.z 2 

. constants) the solut ion for ~ vi Il be 

~(x,z) • Real <ts'(x) exp(-L'z) > 
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exp(-L' z) 1, Po 1"'23.. 

, - Pi /0, 
('.17) 

where L" is the modulus of the complex value of 1. Comparing 

equation 4.17 and 4.13 and 4.11 ve can conclude that" taking into 
1 

account the vertical structure of the atmosphere through 

quantities such as the statie stability and the wind profile 

ôrastically affec'ts the vertical structure of streamline _ 

displacements. More pJ;'ecisely, vertical velocities are expected 

to be significantly greater vith an atmosphere having 1 2 > 0 

(solution 4.13) than one 'having 12 < 0 (solution 4.17). We will • 
take an example to illustrate the point from a practical point of 

view; if the temperature profile i~ along the' sat~rated adiabatie 

lapse rate and if there is a low level jet stream present (110 
( 

Xa 2U/lz2 < 0) it follovs trom the above' (see also equ~tion 4.7) 

that vertical veloci ty due to the mountain will be significantly 

higher when 1 2 > o. In terms of vert ical propagat i~n of energy it , 

means th"t if 13 > 0, energy i5 propagated upward without 
1 

absorption while when 12 < 0, the solution of ~ is exponentially 

decreasing and hence there, is absorpt ion ,( see eguation 4.17 ). 

This provi,des an e,xplanation why large orographie rainfalls tend 
, 

to occur ',vhen l' >0 ( condition already given p JS ). Further 
, 

inveBtig~tion on the importance of the parameter l on orographie 

enhancement will be undertaken in ehapter 5. 
< 

( 
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!.! Solution m !!l aSYDlDletr,ical ridge 
. , 

In Many occasions, the ground profile has. a shape depicted 

in fig. 4.2 which correspond~ to the eguation 

z·· ~(x,-ho). 
'.it a 2 + x:a 

+ a' tan - 1 (xIa) (4.18 ) 

where the ground level ls taken here as z.-h. in order to avoid 

upstream negative values of z,. The solution ( is similar1y 

obtained"by combining 4.l4b vith t s (x), given by ( Sarker,1966), 

[~r 
U( -h.) 

(x,z) • Real 
U(z) 

ab(a+ix) 
~s (x) • + a.' 

a 2 + x2 

The vertical velocity is simply 

w(x,z) • U. )~/}x 

l ~s (.,,) eXP(ilZ)] 

. l tan -1 (xIa) 
1 

+ - ln 
2 

"2 • U( -hJ (Po / PI) Real exp( ilz) a(s (x )/ix l 

(4.19) 

(a' +x') ] 

il' 

(4.20) 

Note: the subscript -ho corre~ponds to the ground level which is 
\1 

used for mathematical \convenience. 

\ 
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1.1 Vert ica1 variation 21 !.!!!. Seorer parameter 
- - f 

So far, ve have cons ider 1 being, con.stant vi th z. Hovever, 

in actual situations it is rare1y the case and ve need to 

considèr 1-1(z) whieh complicates" the solution of,eguation 4.6. 

One simple vay to bypass the mathematical problem ls to 

divide the atmosphere ioto tvo or more layers vhere 1 is 

piecevise constant. "Such approaen vas ta~en ~y ~arker (1966) who 

divided the atmosphere into 3 layers in\ vhich 1 2 is assumed· 
1 . 

constant 'and positive in the lover and 'upper layer and negative 

in the middle layer. 
- .;.... 

He used equatlon 
. 

4.18 to approximate the 
( 

topography of the Western Ghats (India) and calcu1ated 
> 

1 from' 

the vind profile,during the southwest monsoon event (assuming 

dT/dz - rs " in equation 4.7) 

,Computed resul ts of orographie 

'.6 for th~ vertical veloei ty seem 

. 
rainfa11 'bàsed on"equation 

to agree qui te well wi th • 

observations despite the extreme- simple assumption that the rate 

of precipitation is egua1 to the rate of condensa,tion. 

Consequent1y, the dynamica1 part of the solution given by 

Sarker (1966) and slight1y modified by Gocho (1978) has been 

"dopted in this thesis since i t is somevhat general and ean 

reduce to a 2 1ayers model"tSr a one layer mode~ if needed • 
.1 

Bxpressions for streamline disp1aeements and vertical velocities 

are thua given' in appendix B for a 3 layera and for a 2 layers 

aode1. 

Fina11y, it is worth not!ng that equation 4.18 ia quite 

geoerai since a great amount of topography profiles can be 

approximated by simply adjusting parameters a,b and a' to a 

particular situation. 
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4.i Validity 2l 1h! results 

In this chapter it has been ,shown that vertical velocity.and 

streamline displat:ements may depend to a .great deal on the 

atmospheric vertical structure. This is an important relult 

already weIl known in the mountain wave theory •. We have' giv.n 

expressions for the vertical motion and streamline displacements 
-

for the vindward side as vell as the leevard side of both 

symmetrical and asymmetrical mountain ridge. Solutions for other 

- types of topography can be eas i ly der i ved f rom the approach 

given by Sarker (1966) provided i t has a simple' Fourier 

transforme 

However, the thel)ry of small ~diabat ic perturbat ions , used 

above, requires as an essential condition that the perturbation 

may be -considerled as an infini tesimal disturbance. In the case of' 

a typical mountain range, the condition ~s fulfilled if the 

height b is small èompared to both the width a and to L ( where L 

• 1'"1 ). The last statement is equivalent to say that vertical 

veloci~y must be small compared to the wind speed U. 

Nevertheless, it seems probable ,according to Queney (1948) , 
j 

are still qualitatively valid when the ratio b/a 

large as 1/4 ,or even 1/2 in some cases. l'or 

10 mis, the theory of small perturbation 'il 

applicable to any typical mountain top as high as l 

i ts total width i8 not smaller than 10 km. 

For the above resul ts to be valid i t is alson~cel.ary tut 

width " a 'ft he J;Ilucb letas than 100 km otherv! se· Cor iolil 

ta vould affect ~he results. Other assumptions made here are 

in the beginning of this chapter and are, thé motion il . 
~ 
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nonvi.cous, laminar and steady. Fina11y, airflov oYer the 

topography obtained in su~h a vay iJssumed not to be changed b)' 

means of the drag force of the fall ing water. 

The main shortcoming,of this theory is tbat the parameter l 

must be evaluated from the vind profile obtained 'from- a sounding , 
not too far avay from the mountain. Ther~fore,arises the 

possibility of that the sounding be modified by the mountain 

i tself • .Similarly, another ptoblem-"i th ,the use of linear theory 

ia that in a1most saturated atmosphere, even slight lifting will 
"-

bring the air to satura,tion and ''thus change the static stability. 
, ' 

Nevertheless, it is thought tha~ the linear theory provide,s the· 
1 

l , 
best -simple estimation of verltical motion and streamline 

displacements du.e to topography and w~ll ,then be used as an input_ 

to the microphysical model deyelopped 

a~d chap. 5) • 

, , 

r , 

+ 

P 
f , 

in, thi's thesls (see chap.3 

/ 
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CHAPTER 5-: THE BEKAVIOUR OF A 2-D HHMBRlÇAL OROGRAPHIe NODIL 

The ·behaviour o~ 'a tvo-dimensiona1 numerieal orographh: 
-< 

model' based on equations 3,,29 

chapter. 

and 3.30 ia preaented in thia 

The solution for the vertical motion and streamline 

displacement are calcula~ed according t'o the linear theory of 

orographically induced adiabatic perturbation given in chapter 4 

(see also ap~ndix B). The reader is reminded that adopting such 

solution and coupling it vi th the thermodynamical-

micTophyS'ical model giv'en by equations developped in chapter 3 

me~ns that we are assuming no direct feedback betveen the 

dyn~mièal part and the microphy~ical processes of the model. 

, Such\a procedure is h'owever a good approximatïon as discussed in 
\ 
\ , 

chapt~r 3. 
, , 

N~te: ,\the above.approach would not be appropriate if ve studied 
\ 

the orographie -convective precipitation. In fact, the local 

generotion of an orographically induced cumuloniabus in a 

) conditionally unstable airmass implies a strong feedback betveen 

dynamics and microphysics. 
\ 

The sha\~ of the topography profile i8 taken as the heU 

shaped ridge, equation 4.10. The half length "a" ,which 

characterizes the hill or mountain width will be taken in the 

range 5 to 30 km. This range is small enough for Coriolis effects 

to be insigni f fcant and suf f iciently large to be aboye the 1i .. l t 
\ 

where non-hydrostatic effects play 'an important role. Helgbtl 
\ , 

, \ ' 

chosen ~ill. be up\to 1 km;, oyer higher hills,associated up-ard 

displacement of the'. airflov may alter the structurè of t~e leeder 
, ' . 

cloud and also . inf'~uence an)' mid-Ievel precipitation. Anotber 
\ 

\ 
\, 
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problem ve vould have to face in case of hill tops higher than 1 

km is 

vo.uld 

that the feeder cloud vould' have an upvard estent vbich 

r~q~ire ~ in. màny cases the modeling . of sUbfr~eZing 
precipitation processes. The slope ( vhich can be repreaent'ed bl' 

the aspect .r,atio b/a ) also has its restrictions; i t ahould not 
c 

be superidr tç 0.3, otherwise t-hree-dimensional effects vould be 

importan~ ( see Carruthers and.Choularton, 1982). 

The temperature profile often follows the moist adiabatic 
" . 

lapse rate in cases of heavy orographie rainfall~ Such a profile 

is adopted here and only specification of the surface temperature 
. 

is henee needed. Temperature at 'any level is 'given' bl'; 

T(Z+âZ). T( z) + rs ~z (S.i) 

"here 
1 + 5.42"" X 10 3 r, /ET 

fs • r, 
1 + 8.39 X 10' ri /ET2 

see lribarne and yodson, 1973, p 159 ). 

Unless othervise statee, the domain of Integration vill 

g~nerally consists of 50 grid points in the horizontal and about 

the same number in the vertical. Integrations and compu~ations 

are performed trom ~op to bottom "ith a step of integration Az 

and from left to ~ight vith .a step of Integration AX (fig. 5.1). 

At the upper 

ia not necessarily 

. ~\ ~ 

boundary of the ~omain of integtation)( which 

horizontal), 'the rainfall rate is a~~~ed to 

\.. he constant and taken as the ba~k9round rainfall rate'. The 
, -
rai~"ater mixing r~tio at that point is then easi~y obtained 

. from"~he rainfall rate by inverting equati~n 3.28 • At the upper 
• boundary, the cloud liquid vater content ia specified either as 

'1-, 
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zero or as a constant which can be taken as the mean value of 

the cloud liquid'water content of 'the seeder cloud (background 

environment). At t~e left edge of the domain, the cloud liquie! 

water content i8 specified as zero. 

... -.. 

• 

etc 

~ 
. etc .. • • 

/' 

\ , 

. 

- . L 

" 1/ / 

I/)~ ,-,-rf7 , 

1--

Figure 5.11 Doma~n of integration 

1 

The top of the domain ( which does not necessarily . 
correspond to the uppit boundary condition of the orographie 

-; 
~ 

cloud)' is generally taken as z· " kqa • On the other hand, the 
\ , 

domain of integration varies 810n9 x and ia boundeq br z • zu(x). 

It is believed t~at a higher top for the domain of integration 
1 

vould not', significantly change calculations of' ground rain!all '. , 
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rate since most of orographie enhaneement takes place 'at 10" 

.levell. . 
Although temperature belov 1 O·C are possible-vithin the 

domain of Integration and eonsidering that there is no provisions 

for iee micophysics p.ocesses, ve vill consider the mod,l to be 
t 

valld only for those cases having a freezing level relatively 

high (sayat least 2.5 km high). , 

Smoothing operators are used to remove undesirable small 

scale variations in some of the computed guantities such as the 

horizontal"profile of the ground rainfall rate and the orographie 

cloud water content (the smoothing operator used in the model is 

described in appendix D). Pinally, the rainfall rate at the 

grounèl is obtainèd by a· simple linear extrapolation of the 

calculated value' at the last two gr,id points in the vertical. é' 

A computer program accompanies this thesis and vas. vri tten 

in Portran IV language .. 

!.! Results g! sensitivitr experiments 

The behaviour of the . ' relatlvely simple model viii be 

alsessed below. A simple vay to achieve this goal 15 to run 

lensitivity tests. Such test~ are important because they not only 

provide information about the effects of the various assumptions 

but also indicate the relative importance of different factors in 

the amount of maximum orographie enbancement ÂP.-- (differenee 

bet.een the maximum surface rainfall rate, PCV"" and the 

-ba~k9round rainfall, rate,P. ) • 
. ' 

Table 5.1 sUJlbDlrizes lensitivity tests done vith the model. 
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tests 1 1-4) deals ' vith the increese of the 

maximum rain enhaneement AP. as a funetion of ~ specifie 

meteorologieal parameter. The·, second set (tests 15-6) 

~nvesti9a~es the effect of varying'hill length and height and the 

wind structure' (through 1I,la,H) on the' maximum orographie 

enhancement, AP,.. 
r 

Experiment 

1 

2 

. 
" 3 

4 

S 

7 

8 

.. 

To test effect of 
varyil'ig 

windspeed maximum 
S- 30 mis 

relative hbmidity 
0.7 - 1.'0 

background rainfall 
rate 0 - 8 mm/h • . 

~wl potential "et 
Dulb temperature 

8 - 2S·C 

Br'hill mean width 
5 -.30 (km 

wind structure; 
Il,la,H 

Resaler's parame-
, t·rization constants: 

Cl'.'" k a and QCo • 
/il 

space steps 
Ax and Az 

Spec ial changes 

/ 

- b- 2S0m 
AX - 5 km for U~- 20 
and 30 mis and Ax-2.5 
km for UM - 10 mis • 

~ - 2.0 km 

b - 250 m 

AX- 5 km 
a) varying la 
b) varying H 
c) using 2-D potential 

flov model ideal sol.) 

cs-0.l,0.089,0.071,0.052 ~ 
~-1.0,0.94,0.89,O.84 
ka-0.3,O.S and l g/m' 
OC- - 0,0.1 and 0.3 g/m' 

AX-l, 2 • 5 and 5 km 
âZ-SO,lOO and 200 m 

. 

Table 5.1 Summary of sensitivity exper lments 

" 
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r~nally, the last set (test l '-8) examines the sensitivity 

of changing boundary conditions , parametrization constants and 

space 'steps on the maximum rain enhancement ÂPftI\' 
J • , 

The sensi t i vi ty tes,t' p~esented in this .stud)' corresponds to 

\ a lo,,-~evel jet si tuation. The - windspeed profile vi II be 

represented by a ~!pnometrical function that satisfies the 

equation below; 

- _ constant C ,lz (5.3). 
U Ilz 2 

In every case, the atmosphere is divided Cinto two layers 
a ' 

separated by the level of maximum speed,with the Sc~rer parameter 

l 2 ,different but con~~ant in each layetl. ·.The he~9ht of the 
.... . 

maximum speed (U) i5 H and the value Il and la designate the 
" Q" .., 

,Sc,orer paramete.r in the lover and upper layer respeoti vely. Wi th 

·this notation, the wina' profile is; 

[ 

u..-COSll(H-z) 

. ,tJ,.cosl z (H-z) 

z S H d 

tJ(z) • " (5.4) 
z > H 

In all sensitivity experiments, " only one parameter is 

changed'while 'aIl others are kept constants for a ~pecific test • . 
Unlesst,otherwise specified input conditions are 

, .... 

Po • 2.0 mm/h a • 20 km 
< 

U • 20 1I\/s b • ,500 m 
6".r • '15- C R.H.- 100 '1 •. 

0 -- Il -1.0 km-1 Da - -2.5 km 
la - 0.'13 km .... ! 0C0- 0.1 91m 3 , . (R - ./3 km \ , 

) u -2.5 'km " 1 

Az • 100·m \ . 
which repr •• ents our basic set of conditions. 

,..,. 
~ i,\ 

fJ 
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In the 'firS't sensitivity test, l:he vindspeed maximum i8 
1 

varied from 5 to 30 Dl/s. -Figure 5.2 shows that orographie 
, J; 

enhancement AP.increases relatively rapidly vith the maximum 

windspeed U"". For higher value for De , the orographie cloud 

depth at the . left edge of the domain of integration, AP"" is 
, 

gr~ater • Figure 5.3 shows the maximum condensation rate 'and, 

cloud liquid water content in the orographie cloud, as a function 

of the, windspeed corresponding to èase B of figure 5.2. The 
/ , 

condensation rate and the cloud liquid vàter content also 

increase in a 'linear fashion wi th . windspeed •. 1 t should be noted 

that for a glven topography and temperature and wind prOfile, the . , . 
on1y way to change the ,condensation Late in the present model is 

to. change the windspeed component perpendieular .to the hi11 • 
.. 

Another result ( not shown here ) is that ~he position of maximum 

enhan~ement moves slightly towards the hill crest as the 

windspeed is increased ( max. displacement pf.one grid point, e.g 

abou~ 5 ,-km) • 

Diminishing the relative hU,midjty of the' basi~ flov caul!,es a':, 

dramatic decrease of orographie enhancement as depièted in figure 

5.4. For '8 strong windspeed l case A), the influence rapidly 
, 

starts for relative h~i~ity (r.h.) bèlov 0.95 vhile for 

relative1y weak windspeed ( case C), the threshold séems lover ( 
o 

0.88). 1 ~ any case!?, no. orographie enhancement takes place fat 

. r.h •. 10wer than about 0.82°\ With a non~saturated tlov, 

condensatïol1 will take place onl\t if' t~e orOg~aPhieallY-indUCed 0 

. upward displac:ement is greater than the LeL {liftJ.ng condensation , . 

level}. With low r.h., this LeL level i8 so higb that no , 

éQndensation can occur and consequently' no' orographie enhancement . 

• 1 
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Figure 5'.2. Variation of the maximum .rainfall rate . 
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results. This model feature also produces the' folloving result; 

vith redueed r.h., orographie pre,cipitation i8 not only redueed 

but alao reatriete4 to near the hill erest,HC,( figure 5.5). Very 

similar result's concerning this sensitivity test vas obtained by 

Bader and Roaeh (1977). . 
When the background rainfall- rate is 'încreased, the exact· 

sensitivity vith respect to AP_depends on the hill si~e, figure 

5.6. ,For small bills (curve A), ÂP~ depends to a large extent on 
" 

the background rainfall rate PD (especially for p. smaller than., 

1'.0 mm/h) vl?-ile for large hills ( curve B,F), the behaviour of tŒ_ 

vith respect to p. is entirely different. In fact, the orographie 

enhancement, 'i.P"" slightly diminishes' for low p. and slightly 
\. 

inereases for high Po ~ That means that the maximum ntinfall rate 

P,. , (P"" • ÂPIM + ,p. ), is' a~stant or slightly increases 

vi th p. fol:' larg~ hills. 

Because P"" is less dependent on Po ,ve can say - that for 

large hills (a > 20 km), ,t'he seeder-feeder mechanism does not 

play a major role in orographie raine However, for small hi Ils (a 
. . 

< 10 km), curve 5.6 shows a stronger dependence of AP. on Il and 

consequently the seeding rain is quite important in orographie 

enbancement .in 'that case. For intermediate hills (10 km ~ a , 20 

km) a transition of "regime· appears on figure 5.6. Notice that 

in this experiment the aspect ratio (b/a) is kept constant for 

aIl cases A thfough F. This: ensures that the maximum vertical 

velocity is about the same in each,of the cases. 

The effeet of increasin9·~8w is illustrated in figure 5.7 for 

relatively large hills ( a ~ 20 km). Again, we have a linear 
1 

, , 

depepdenee vith the sensitivity of ~ ~n AP. comparable to that 
\ 

'73 
\ 



.. , , 

1 
J 

·0 
1 , 

,0 

\, 

• " 

'" . 
:<J 
.~ .! 

\ 
\ : 
\ 
\ 

1 
\ 
" 
\ 

\ 
\ 

'~ 

r;> tmYtl)= 6E m A:5 " 

(~)6 B: 2 

4 

25 

~igure 5.7 • . Compu~ed.-mazimum orographic enhan­
cement as a function of the vet bulb potential 
tempe~4ture 'w. 0 

~ 
l~1. 

• 

Um: 
A: 3) rrf-, 
B: 20 rrts 
c,~ 1) ~ 

2 r~\ ~o:--" ~ __ -==:::j 
5 20 

a (km) 

. Figure 5.8. t ComputecJ màsimum rainfall rate anhen­
cement a. a func"tion of hill balf vicJth WaW for 
different maximum vind .peed •. 

; 

1 

1 
..j-

'\ 

"' 

(?7J. 

,-

, 

\ 
\ 



1 ... 

~. 

of 0"" over t.P_ found in, fig_ .?3. Notice that a lov tw (e.-g 8-10· 
\ 

c) i. associated vith maritiUle polar airmass -in mid-latitudes ( 

fall or vinter months) vhereas high 9w ( about' 25° C) 

charaeterizes tropical airmass. 

Varying the hill mean vidth brings' about a moderate chan.ge 
IJ 

in the orographic enhancem~nt AP., Reducing "a", the hill half 

vidth means a stronger mean sloP. and obviously st ronger 

vertical veloci ty which results in a' greater AP"II\. As a matter of 

fact, the scale for vertical mo~ion is w- u·va where VH is the 

gradient of topography a10n9 x. For a bell-shaped ridge (equation 0 

t '-

4~18) at x.-a, the vertical velocity is the order of v - u-
2b/a, vhich is inversely proportional to a. For a small height ( 

b- 250 m), the d~pendence of "a" on ~P~ is shown in fig.S.S for 3 

different vind speeds. , 
on the, Testi,ng the influence of varYi::. 111 12 and H 

orographic enhancement is slightly com~icated by thé fact that 

these parameters are related to the basic flow, U{z),through 

equation 5.4; For examp1e, in order to isolate the eff~ct of 

changing H "alone wi~~out changing the surface windspeed, it ls 

necessary to. select 11 in such a vay that t~e surface windspeed DO . 

remains constant. Table 5.2 depicts results obtained vith the 
'\ , 

present mode1 (mode1 P) over a wide range of H (cases A,B,C,D) 

after taking into account the above restriction for Il and H. 

Both the maximum vertical ve10city a10ft (W~) and near the ground 

(W"" ) and the maximum gr?und rainfall rate (P~) are compared 

vi th resul ts obtained by using the potential flow theory (model 

PP', given by equation 4.11) for the treatment of the airflow over 

the topography. In each of the cases, the vind profile is 

7. 

, 

1 
l' 

1 
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o 

\ 
\ , , 

obtained by equation.S.4,and given in figure S.9. 
"' ... The comparison shows that the potential flov lolution leads 

to an underestimation of the orographically-induced vertical 

velocityand orographie enhancement (cases A,B,e). Moreover, , 
o 

one can see that a lov level vindspeed maximum (at level H-./6 or 

./3 ) vith strong rate of decrease of the vind belov it (high 11) 

and lov curvàture Aboye (lQv la) will give, vith the present 

model,the highest value for vertical velocity and maximum 

rainfall rate (case A,E). Anyof the above features vhich is 

missing vill give less ascent. For example, both high levei jet 
... 

case (case D,fig_ 5.9) or a situation characterized by a strong 

curvature Aboye the jet (case F) will give lover vertical 

velocities and hence lower rainfall rate enhancement. Notice that 

in all cases A through F, the maximum vind speed and surface' 

windspeed are the same ( fig. 5.9). 
/ 

Figure 5.10 compares for case A, the vertical vel~city 

profile both computed . .' by model P and model pr. Not ice that the 

potential flow solution gives lover vertical velocities and il 

symmetrical vith respect to the hill crest. Figure 5.11< 

reproduces the ground rainfall rate profile P, as a funetion of 

distance for each of the cases A,B,C,D obtained vith model P and 

case A again but with model PF. It clearly shows that the vind 

structure is quite important in determining the rainfall 
"< 

rate 

enhanc;::ement. 

" 
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case model- la 
km--

H 
km ~ 

A 

B 

C 

D 

E 

F 

p 2 1/16 ./6 
pp 

P 1 1/8 ./3 
PF 

P 1/2 1/4 2./3 
PF 

'P 1/4 1/2 4./3 
PF 

P 1 1/100 ./3 
PF 

P 1 1/2 ./3 
PF 

.. 
o 

33 
15 

29 
15 

17 
15 

15 
15 

37 
15 

17 
15 

,r 

19 
15 

17 
15 . 

16 
15 

15 
15 

17 
15 

16 
15 

6.3 
4.0 

5.9 
3.9 

4.5 
4.0 

3.9 
4.1 

1 

6.3 
3.9 

4.2 
4.0 

Table 5.2: R~sults of sensitivity experiments on 1 
and H obtained by the present model (P) and the PQ­
tential flow solution (PF). 

The set of cases B,E,F tests ~he effect of varring ~nly la 

(curvature above the level H). The results show that on1y for 

strong curvature above a lov level je~ (case F), -' ~rographic 

e~hancement 'is low and comparable ta p~tential flow sÇilution. 

The results of testing' 111 12 and H seem to Agree vith 

observations. As a matter of fact, as discussed in chapter 2, low 

level jet situation are of"'ten found in co~necti?~ vith-~ heavy 

orogfaphic rainfall and it is thought that the treatment of the 
~ " . 

dynamies adoptedin the present mode~ help unders~anding the 

influence of the vind profile on the vertical velocity. The 
, 

PoteoUJll f10v sÇ)l.ution ignores 'the influence of the· vertical 
f 

1 

variatlon of the vind ton the 8trength of vertical motion, .~d i' ' 
. .:.. 
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- therefore not recommended in- si tuat ions of low-level jets. 

In a model which contains constants of parametrizatiol) 

and/or boundary conditions which are more or less , arbi trarly 

defined, the effeet of ehanging those on the model response need 

to be examined. We have seen in equation 3.28 that two constants 

cs and" relate the raintall rate to the rainwater content. 

Sens i t i vi ty test are done in the range of values f or cs and" 

given in chapter 3. Results of table 5.3 indicate an important 

sensi t i vi ty of the orographie enhancement ~P'lll' as those constants 

are ehanged, only for 10w va lues of cs and" (case 4). However, 

for orographie rain, a and 1'l are found relatively high and 

probably e loser to values gi ven in case 2 of table 5.3 where the 

sensitivity is redueed. 

Table '§'.1: -Effect of var~ing ~ and .!l' 

a " ~P"", (mm/h) 
1. 0.100 1.00 3.0 
2. 0.089 0.94' 4.1 
3. ~.07l 0.89 5.9 
4. .052 0.84 9.9 

Sensitivity test was performed 'on autoconversion threshold 

(constant K2 in equation 3.23). Results show. that f()r basic input 

conditions of the present model, the effect of varying kz on the 

orographie enhaneement lis very small ( see table 5 ~ 4) • r 
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Table ~.!: Effeet ,21 varying tne-autoconversion threshold 

1. 
2. 
3. 

0.3 
0.5 
1.0 

ÂP_ (mm/h) 

14 • 2 
4.1 
4.1 

Simarl~, c~nging the boundary condition for the cloud 

liquid water content does not signiffcantly affect much of the 

orographie enhancement (table 5.5). However, for QCo higher than 

0.3 g/m', the computed rainfall distribution near, that boundary 

migh~ be perturbated. However, disturbanees introduced by 
. 

changing ~ at the lateral boundary does 

contaminate the central area of the grid. 

1. 
2. 
3. 

Table -~.~: Effect of varying ~ 

QC. 
(g/m' ) 

0.0 
0.1 
0.3 

AP" 
(mm/h) 

4.2 
4.1 
4.5 

not ser iously 

. 
.~ 

-~ 
P'inally, the last sensi t i vi ty test performed on the present -

-. -
model ia depicted in table 5.6. It consists o,f éhanging the space 

t. 

ateps utilized in numerical computations and examine the effect 

on ~P_. It is found that very special set of values A» and AZ 

make the solution nùmèrieally stable (case 2). Ouncé -this set i5 

obtained the model can be run with other values of Al( and AZ 

provided,the
C

\ ratio AX/Az remains the same. For two expe.riments , 

vith different spaee stepa, but having the ~ame ratio Ax/AZ, ( 

cale 2 and.), the orographie enhancement does not vary in a 
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significant vay. 

Typical behaviour of the present model 

The general behaviour of the model is illustrated by • 

typical simulation. Parameters are 

conditions already given ear1ier. 

those of the basic Inp~ 

The basic st~te atmosphere ' 

values for temperatut'e, pressure, density and wind profile are 

given in figure 5.12. Other 
, 

quantities represent the water vapar 

mixing ratio Q", Qvs the saturated vaTue of Ov , the background 

cloud ,waterînixing ratio Oc;, â'nd rainwater mixing ratio ORo. 

Table 5.6:,Effect of varYing space steps 

~x A-z AP .. co~ents 
(km) (m) (mm/h) 

1. 1.0 100 unstabl'e 
2. 2.5 100 4.2- stable 
3. 5. a ' 100 5.4 stable but not 

realistic on 
the lee side 

4. 5.0 200 3.7 stable 
S 

A typica1 distribution for the vertical moliQn computed by 

the present model is given in figure 5.13. The maximum vertical 

veloci ty, i5 loeated ~ short di stance upwind near the maximUm' 

slope and--a.tJlev'el Z· 1.4 km which slightly lies above the jet 

One can notice that over the hill crest the 
. 

1 

level (st z-./3 km). 

vert ical veloc i ty i S relatively weak and changes its sign above \ 
... .-,..1" 

1.-8 km. Alf~, on the upw!nd aide, vithin the domain of 

\ integration, the vertical velocity slowly increases vith hei9~t 

except close ta hill crest where the maximum, value ia found at . 
~ 

lover'altitudes. Figure 5.13 a1so reveals' aaymmetrical pattern. 
'\ 

.. 
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1 

~ith respect to tbe hill crest although the topography profile is 

perfectly symmetrical ( beh-~haped ridge ). 
i • 

'" "'ig~re 5.14 present~ the upvard vertical displacement Vh~li . 

is'found to ~ncrease vith z on the upvind side and decrease on" 

the lee side. It represents at a
J 

given' level the airflow verticaJ. 
, " 

displacement due to the topography. 

The orographic8illy-indùced condensation rate computed by 

the present model eppears on figure 5.15. Th~ pattern follows . ... 
closelr th8t of the vertical velocity since condensatiQn rate are 

closely linked to W (see equation 3.22). Since ~he model does 

not calculate condensatio~ rates in the seeder cloud (mainly 

above 3 km in this example), the value zero is output whereas 

the true condensation rate due to the topography is not 
1 

necessarily zero. This is an àppr1ximation .which·is, however, 

consistent vith the fact that mo~t f water vapor is found in the 
, . 

lov levels and that drier air above the orographie cloud leads to 
" 

very little condensation at highèr levels. ,This is supported by 
.. 

Betgeron (l965) who concludes th t the main modeling of the 

raintall distribution mus~ occur w thrn the lowest air-layer o!­
ï 

0.5 to l km depth. Therefore, an or 9rapbic cloud of 2.5 km depth 
, 

used.in this model i8 thought to. be sl.1fficient ,and neglecting 

orographically-induced condensation higher above. will not .affect 

main results too drastica~ly • 

The maximum cloud vater conten in this experiment is about 
/ 

0.38 g/m' and this maximum is loc ted at x--5 km and near the 
, . 

orographie cloud 'top (fig. 5.16). ,T e 'Constant value of 0.1 g/m' 
~ - ~ 

~ rapresents the physical delimitatio of the seeder cloud which is 

" 
,~ 

fi. . ' A 

~ located above the feader cloud. Cl ud ev~poration takes place on 
1 

• 
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the lee side to reduce the cloud vater content (~LWC).; do"n to . 

zero. 

The 'corresponding ... vertical distribution of orograpbic 

rainfall rate is dépicted in figure 5.17. Above the top ot ihe . , 
. do~ain of integration, ~he background rainfall rate is constant 

O?o -2 mm/h) and aga in de+ ineates the physical extent of the 

seeder cloud (located mainly ab~e 2.7 km). The increase of 
~ 

rainfal1 rate appears' quite nice1y here on the upwind side 

between xcO and x=-a (a c 20 km). Evaporation of rain on .the ,lee 
, , 

side rapid1y reduces the rainfall rate down to zero. One can , . 

notice that on the lowest 1.5 km above the hill~ about 75 percent 

of' the orographic enha.ncement takes p'lace which is ~n agreement 

withoradar and raingauge observations by Hill et al (1981) and 

with the conceptual model of seeder-feeder ~chanis~ ~dvanced by 

Bergeron (1965). 
~ 

An interesting quantity to eva1uate is the efficieney of · 

precipit:tion (or efficiency 'of wash~~t) of '~he orographie e1~ud. 
, ' \ 

l 'IIP '. ... \ \ .. 

, wi th the present formulation of the seeder-fe~der lne,cha~ism, ,this 
, " 

efficiency (EFPf i5 written 

, , 

\ 
\ 

\ 

1 • , 

~ 

\ 

EFP • o (5.5)~ '. 

where 

c .. 'JO JZt COND dz dx 
-00 0 ' 

i'èpresents the 'rate of 'aonde!1§at ion per 

) : 

( 5.~) 

'V 
unit vidth 

~rpendicular to the airflow in the or~graphic cloud ( in kg/m s) 

and ( 

8,1 -- . 

\ 

; .; 
<. 

'. 1 

\ 

\ 

\ 
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• 1 , 
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· , ". (5.7) 

, . , 

.. ~ 
·1 

,1 , 

. \ 

. 
" 

, 1 

.. 

,'1 ~ • . '. \ 1· : 

,:~: the total orogr Phi~ d,;~m;~~t' of ,ai~l ... a11 rate pe'r .uni t ,i", 
\ ' • . 'l"! 

width.,~t the gr'ouna. w,~ th P~ land.:;,p. ex~resse~~':i? ' uni ts of k~/m~: j ~ '~'I 
,s, P'tgiv!!n in units of 'k, /m.~,,,EFP is ~hen given'as a percentage. ~ 
Notice .that ~'t in the a ~q~ations ls the ':t~p of . ~'he f'eed~r ~~,.' 

, ~ ~ \ ~ 

cloud ev~luatei:l at each PoSi:\i'on x. ;ntegradon' Hmits in the. ).;'. 

ho~rizonta1 dïrect~on, are rom \-00 up to the hy.l cr:est (x-O).,.' 
.. ;t - '\,.., i \ 0: t 

HoweveJ:; thp"a'ctual left dg~,~f·the domain is\ firiit'e and t~ken:' " 
1 

lis - ~; .', t . l , ' 

, . calCUlà~i~? bas~1\ on equa~.~~n. 5.5 . ~br~~gh 5.~ ~hOW that :1 

.. for low hil+.S' ( curve \ A, li , f i~~~e ,5.18),· \' EFP in~~~à6~7' very 

'r~pidly vi t.~· the ba~k~~OUnd ,rain~ill\ rate ~,whereas~' for~ ,l~;n~e9r, 1 

hiils ,(curve l 'EI,F) the: sep~,iti'vity ~ f EFP "vi~p ~esp,e'c\ 1;0 ,Po' is ~j' 
j l' , • Il, 1 • • 

significant1y lesls. Curv~s }~,J ' and \0 depi~t i)pter~edia~e: cases ( "/ 1 ~ 
1 \ ',1 \. ' ,~ 1 (;', ! ,\ 

- lJl\oderate hi1l dimen$ions)~"c' An\'im~o~tant ',implication 0l' figurè::.~it'", .: j , , \ ' , ~.' "\ il 
5.18 i5 that! the seeder:-f~e~~ ~Qrmùl~ti~n ~eeDl's' .ore crt~ia.i f~r ~,' ,,' 

,smal1 hills than f,or l~rgEt ~i ls \' be~ ,use ,~'f~ _he "~i9h se~~l.t\Vi ty ~: '. ~ 
,,' ,) " i " • 

,of' Erp Vithl' respect to' P. \' ,l'n ot' e~ v~rd$" "specifY~Jl~ 1 the 
,/ 1 \ l' '. • r ' 

bac kgr~~?ci ttinfa.l,l. rate la Dt,. , i;: .~~~~~~ pi: ~arge ; Wi ~ : ~ 1 

, :àa~, a' ~\ ·20 k~.) as it is fo: sma\ll ,nd: ni ~erate; ~i11,~ (a <, 20 .~m')... .. 1 i 
\ Thl-à ~havi~ur àppears iil \agr~tmen~,) "vi ~h' various ' f~pua' '. ,; 

< exper-ime' ta- I~d ,'Ob!rvations /e~~rt~d i,n \ .~ini,th (1979). Tq,is ~,~~ \ ! 

\ \, l ' ,\ \ ~'" ' .\ ' . 
a1so in<~ine, Vhb

l
' rt: ,ults o~ figure, t.,. '.\ \' ' 

\ • \\' .... ~ ), \ l , ~ 
The e~~ici,ncy 'of precipitat\~o! "as ~~~ 'maximum ~ïrdspeeq 

i8 incre,sed ià disp1ayed in ~igllre i' ~'" 19."::, t' s~ws a 

Erp 'al ,~:,,~ inc"e~se~,\ vhic~ iS'-,dUè, \to, A ter ln~ ease\,.· of 

\ . ~ , \ \ 

.;, ~.~'~ * 82, l' .,.\ \ \ . \' 

'. 
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condensation rate pet uni t width, Cil than that for p~ 1 the total 

/' ... 
orographie component of tainfall rate per unit width at the 

(round. ... 

The hill dJmension i s expeeted to 'sign if ieantly af feet ... the 
1 

po~ition (x/III) wher.e, the maximum rainfall rate ~ecurs at the 

ground as depicted in table 5.7. 
~, 

. ' 
P III 0.5 mm/h P - 5.0 mm/h 

case hill _ ~ x.../a 
(.:;) 

x../a 
diménsions (km) 

, 
A a a: 5 km 0.0 . 0.0 -1.0 -0.2 

b • 125 m • 
C aa:,15 km -2.5 -0.17 4 -5.0 -0.33 

ba:. 375 ID 
( 

F a= 30 km -7..5 -0.25 -11 ~ 0--- -0.37 
b- 750 m 

Table 5.7 ... 
position of maximum precipitation rate as a funetion 0 
hill dimens·ions for 2 di f ferent Po. 

For small hflls (case A), the ~sition of 

'orographie enhancement i~ loeated near the crest of (at 

a distance x .. 
111\ 

o 'for Po -=0.5 mm/h and ~-1.0 km (or ~ • 5.0 --
mm/h) • For moderate hill (case C) , it oceurs'\ at a location 

slightly more on the - upwind side. P'inaIIy 1 for larcjer hills, 

or 

-(cèse F), the maximum rainfal1 rète occurs on the upwinJl aide at . 

a distance greater than t~ose of the---two above cases. The 

present model hence simulates the façt that' for bigger hills and 

'higher background rainfall rate, ehe location of the maximum 
\ . 
enhancement is moved upwind. .. 

, ~. N~te that the maximum ve~tical velocity and. its location are 
) 

s~milar in . each of the exper iments A thr.ough P' because of. the' 
f 

\. . 
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same aspect ratio (b/a) of the hill. Therefore, the location of ~ 

: 0 probably ld~es -no~ ,depend on dynamical considerations. In fact, 

the posi tlion ~ of the peak in the rainfall rate predominantly 

depends w~éther or not drift effects -are important. Carruthers 

. ' 

o 

f 

and Chou1irton (1983) explain that if the half 1en9~h a is such 

that 

a < C. U/ V 

where C .. i~ a scale 1ength for .. orographie cloud depth, tJ , the 

windspeed,$nd V, the mean t~rminal fa11speed of hydro~e~eors, 

then the "wlnd drift effects are im"portant. Typical values can be-
l ( 

\ - .. taken as" CI)1 • 2.5 km, U = 15 m/s and v = 4 m/s leading to a < 10 

km. This' l\imi~ can explain. large differences between observed 
1 

patterns of precipitation over hills having different ha1f width. 

In Norway, or example, over relat i vely large hills (a'" 20 km ), 

the maximum pree ipi tat ion rate is found weIl upwind of the crest 
---/' 

fhile for smaller bills ( a""J 2 km), wind drift effect is , 
~,important a d the maximum precipitation rate occurs -at the summit 

or on the lee side. This is fai 1\.1 Y consistent vi th computed 

r~sults -~,'t~ble~ 5."7 and with the values just derived above for 

8. 
, 

In the -final experiment, the relat ive importance of each of 

the terms A,B,C of' th~ rainwater eguation are examined. The 

rainwater eguation is repeated here for convenience ". -

vhere 

. -

0" 

-' , 

.l~ 
A· "".Po U.(z)~ 

,.lx 
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represents the horizontal advection of rainvater mizing 

ratio '( precipitation drift effect). The second term in the 

brad~et i5 

which ...!ceounts for 

compressible and f inally; 

,4-
_ Il Pë 

B - (V-w)Q .. -
clz 

the fact that the 

cl 
C = P. Q .. - (V-w) 

clz 

atmosphere ia 

vhich accounts for the variat ion wi th alti tude of the 

fallspeed of precipitation elements with respect to the ground. 

Table 5.8 below compares the effect of excluding each of the 

above terms on the maximum rainfall rate ennancement AP/Wlo lt 

shows that the effect of excluding term A ( pree ipi tat ion dri ft) 

or term B ( compressibility effect) significantly increases the 

orographie enhancement a,nd should therefore not he· neglected in 
\ 

the conservation equation of the rainwater substance whi~e term C 

can be ignored wi thout any consequence. 

r-un with 

, aIl ter"ms included' 
term A excluded 
term B excluded 
term C excluded 

Table 5:8 

, 

AP,.. 
( .mm/b 

3.9 
4.5 
5.1 
3.-8 

1 

Compressibility effect also appears in the condensation rate 

eguation ( see eg.3.l4c). In some models described in chapter 3, , 

variation of air' 'density effect iB not. ineluded in the 

condensation rate. Table 5.9 shows that not taking this term into 
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account causes a significant decrease of the condensation rate, 
~ 

~ximum CLWC and precipitation enhance~ent as calculatee by the 

present model. 

compressibility 
effect 

included 
excluded 

. 
computed maximum 
condensation rate 
( X 10' kg/m's) 

0.79 ' 
0.53 

Table 5.9 

5.3 Comparison vith other models , ,- -

. . 
computed AP_ 
max CLWC (mm/h) 

(g/m' ) , 

0.45 3.9 
0.33 2.7 

Most of experiments performed with the present model 

generally agree with models of Bader and Roach (1977), Carruthers .. 

". 

o and Choularton (19
6
83) and. Gocho (1918). 

,·8 

. 
The mai.n diff~renee betveen the first tvo models and the 

.".-. 
present model is in the treatment of the microphysics of the 

feeder cloud. As a fact, the first two models a~ost ignore the 

mode1ing of the microphysics and conseguently neglect the 

possibility of rain production in the feeder cloud. As a . 
cons'equence, it is expected that the behaviour of the current 

mode1 significantly differs from the s first two as the background 

rainfall rate goes to zero. This i&--~pecially' true for large 

hills sinee- the associated feeder c~oud , can then reach higher 

. clo~d liQuid vater content and then prQduce precipitation wit~~ 

anH ~ck9round rainfall rate. Iq the first two model·s mentioned , 

above, it seem~ , that t~e rainfall enhancement goes to zero as Po 

. approac=hes zero "hile i t is a1so the case for the present model 
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, 
(see curve A,B in figure 5~6). Hovever, for 1arger hills (.e. 

curve C thr.ough F in fig. 5.6' and 5.19), the behaviour 1. 

different. 

The model of Carruthers and Choularton (subs~quently 
. 

referre'd to as CC) represe!lts ~ considerable improvement over the 

Bader and Roaeh's model (subsequently referred to as BR) in the 
, ' 

treatment of the airflow. However,CC's paper cone 1 udes that , 
'1 when large enhancemen~s oceur, with high windspeeds (U > 15 mis ) 

the potential flow treatment (an improved version of ~odel PF 
)... 

descr ibed herë) i 5 suf f ic i~nt ly aceurate to be used f or hi Ils of 

al'l lengths; ne91~c,t of st ra tif ica t ion leadi n9 only ta a sli~ht 

overestimate in the enhancement over long hills. 

Although this conclusion seems reasonable in many cases, it 

is c1ear from table 5.2 (·'casesJ A/B,E) of this thèsis that in. 

situatiQn of a low level jet, the PF solution and CC's solution 

would both underesthnate the strength ~f the vertical velocity 

and accordingly underestima~e the orographie enhaneement. The 

negle~t of th, second t~rm of equation 4.7 ( which represents, . 
the eurvature of the .wind profile) in CC's Îlodel leads to an 

~underestimation of the vertical velocity for many LLJ situations. 

The ,point above is thoug~t ~o be the main reason vhy in CC's 

mode 1., the observed sensitivities (e.g Hill et a1,1981) of the 
, . 

enhancement on the windspeed are not reproduced. 

Figure 5.20 compares resuIts, partIy taken from CC's paper, 

for âP~ as a function' of windspeed obtained from different 
.. 

modeis. Curve A reproduces the sensitiv~ty obtained from the 

preltènt model, t:urve B vith Badet and Roach and curve C vith CC'a 

model. _ It seelJls, then, that the model developed 1'n this thelia . , 
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has a higher sensit:'iYity of AP"" aS a function of vindapeed tun 

O. bo-th CC' s or BR' s model. 

o 

5.! Limitations of the present model 

While noting that the model suggested in appears 

$atisfactory, it is worth discussing its shortco ng8. , 
Although the present model has eliminated some of the 

~ 

limitations of BRis model, it presents some numerical prohlems. 

The scheme of integrat ion is condi tionally stable; that is 

instability developed unless integration steps are carefully 

selected. However, with this "non-standard" scheme used ~see eg: 

3.29 ând 3.30 ), 'it is ratner hard to find a mathematical 

expression for the stabil i ty cr i teria • Findi ng a stable solut ion 

must be done trough trial and error. However, a stable solution 

is usually found with space steps Ax . - 2.5 km and Az-lOO m~ The 

numerical solution is limited by the fact th~t the respQnse of , 

the model tends to detetiorate as the windspeed tends" to zero ( 

EFP becomes over'lOO percent, P, does not exactly tend te zero 

etc.) • 
t:. 

However, the ~in limitation of the model is thought to come 
\ 

from the f1lct that the initial depth (De) of the orographie cloud 

is not speclfied in rigorous way. Figure 5.2 has already shown 

the dependence of AP"" on D, which 
-J , 

is not negligeable. This 

important ,limitation is a consequence of the 8eeder-~eeder 

, formulation and also appears in the ,mqdels of BR ,and CC mentioned -,i 

o , 

!..:: - ~ 

above. On the other hand/a strong gradient in the CL'fC and 
1 • 

condensation rate. n~ar the top of the orographie cloud appears .1 
.........,. 
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1 re.ult of de~Jning a fini te thickness Dc: of. the oro9.r aphic 

cloud· ( .ee fig- 5.15 and -5.16 ). 

Shortcomings co ~cernin9 airflow calculations are a1ready , 

discussed in chapter 4. However, it may be woçth adding that the 

solution for vertical veloci ty and air displace'ment i5 not valid 

above 5 km ( according to Sarker, 1966). But sirice the present 

model does not ex tend Aboye this level, it is not of great 

concern in this case. 

Fina11y, ra infa11 enhanc.ement may not be ent i rely due to 

orography. 1 t might occur by local frictiona1 convergence , 

.. ' processes at low levels, instabi1ity or large scale~ diver~ence. 

The vertical ve10city -arising from these causes are not taken 

into account in the present model. --
./ 

, ' 
r. . • 
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CHAPTER 61 CASE ST,UDIES 

In order to assess the relevance of the model deseribed ·n 

,;- this theM.s to actual si tuations, the model par,ameters vere:' 

matched as far as possible to sorne cases of hea,vy orogra.phie 

raintall occur ing in some regions of the wprld. 

~.l_ Western Ghats (India) 

Heavy rainfall oyer Western Ghats (India) during the 

southwest monsoon is belieyed to be strongly orog~aphic 

(Sarker,l966). The Ghats extends for about 1500 km, in the 

north-south direction. The ayer.àge we.st-east vertical cross 
, 

seétion of this portion àf the Ghats is shown schematically in 

o fi'gure' 6.1. An area located in the Bombay region was or iginally 

selected (~ee Sarket ). 

coastline 
1 

1, Bombay 
Pe, 'en 
Ra Roba 
II Khendal. 
La Lerayla 
Va Vadgacm 
Pa ~oon. 

.------- 60 qJtm ---~-... --~ 

Fig. 6.1 Smoothed profile of Western Ghats (India). 
(trom ~arker, 1966). 

We will make use of the microphysical-dynaPli~a1, model 

developed in this thesis and compared results with both observed 

o and computed results from Sarker's pepere As discussed in chapter 

3, the former model l~ a more complete model than the latter. In 
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fapt, Sarker considered ,that 

J pr.ecip~~ate8 vithout any regerd 

in the model presented bere, 

aIl the condensèd material 

~o microphysical proces+e~ vhile 

a better' formulation of the 

microphysics permit us to evaluate the cloud liguid vate 1 content 
1 

of the prographic" cloud and to st--udy some ~spects of th physics 

of such a cloud. 
> 

In the 7 cases presented below, the model was
o 

run 1 vi th the 

data from Sarker's paper (1966) but vith the formul#lti~n of the 

seëder-feeder mechanism. This former a~proaCh .~eces~it~tes . t~e 
1 

specification of the background rainfall rate.' Howe:erj because 

of lack of radar data, it might be di f ficul t to def lne 1 aval ue 

for PI. We a·re left vith the atltèrnative Qf specif~ing the, 

background r~infail rate as being that of costal station Irainfall 

rate at Bombay'. This is • good approximation i~ eYa~ra1ion lo~s' 
of rainfall ,?n the upwin~ side is minimize.d., In .f~ct'Ithe true' 

background rainfal1 rate should be taken as the rainfal~ rate at 

the top ôf the· orographie cloud. 

The temperature profilè is again defined in each 

and calculated with eguation 5.1 and 5.2. In all 

assumed that the air is saturated. The source 

rainfall rate is, in this case,assumed to be . the midd~e level 

potentlal i notabil i t y.. Th! S 10. intact. • re f o;mUla t lod of the 

problem presented by Sarker. The reader is referred to Jhe above 

'~eference for othe,: details concerning the inp~ data. 1 

To reproduce ~he mountain~f figure 6.1, iequation 

~.18 i8 used vi th the f~11ovin9 values a-18 km: b-S20 m, la' -222.8 

m ~nà b '.256.9 Dt. 'The sa .. e intégration steps wer'-.takeJ for all 

runs and are Az - -100 m and Ale - 2.5 km. In aIl cases, tJe top of ' 
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the model is fixed at 5 . km and the depth of ) the domain' of . 
t 

integration De specified at the left edge is taken as 3.0 km, the 

cloud water content a~ the upper boundary ls assumed to be 0.1 
/ 

91m 3 ." A three layers model is used and the reader is rèferred to 

appendix B for vertical motion and vertical displacemen~. 

solutions. 
\ 

Table 6.1 shows most of the relevant input data while table -
6.2 presents results ~btained from the model. For the sake of 

briefness on1y one case (case j) will be examined in detail here. 

case 

Date 

J 

top of 
1 layer 
z. + 11. 
(km) 

top of 
middle~ . 
layer 
H + h. 
(km) 

la . 
(km -1 ) 

la 
. (km- 1 ) 

p. 
(mm/h) 

SFC vind 
speed 
(mis) 

7/5 
1961 

II 

6/25 
1961 

III 

71'6-9 
, 1963 

2.5 3.25 1.75 

" 
5.25 3.25 

0.6 0.5 0.77 

J 

0.5 0.39 0.39 

.-
0.4 ':/ 0.5 0.4 

25.0 ,2,5.9 24.9 

2.0 2.4 

8.0 6.5 :6.0 

IV V --VI VII 

7(1'l*-' 7/21 
1958 1959 

}/2-4 7/4-6 
1960 11958 

2.5 2.5 2.0 2.25 

4.0 4.0 4.0 2.25 

0.6 0.55 0.67 0.7 

0.32 

0.4 \ 
, 

25.9 

2.2 

8.0 

.. 

0.4 0.7 

0.36 0.27 0.4 

24.9 25.9 25.9 

1.8 2.7 

9.0 7.0 6.3 

Ta'ble 6'.1 1 nput da ta . 
'. 
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case 1 II 

Date 7/5 6/25 
196·1 1961 

W max 34 29 
miR -14 -15 

(cm/s) 

QCo max 0 '126 0.55 
<g/m') 

EFP (,) \ O. 78 '0.6 

R (mm/h) 
compkted 14.3 8.0 

max. 

R (mm/h) 
observed 12.2 

max. 

R(mm!h ) 
Sarker 
max.' 

8.6 

7.7 

. " 

III IV v 

7/6-9 7/11-12 7/21 
1963 1958 1959 

25 34... 34 
-22 . -30 'i -22 

0.37 0.70 0.83 

0.72 0.69 0.73 

b 

8.0 10.5 11.0 

7.8 9.8 8.5 

5.9 8.8 9.0 

, . 

_ VI VII 

7/2-4 7/4-6 
1960 1958 

33 17 
-25 -45 

0.74 0.78 

11.5 5.9 

9.5 3.8 

9.5 

Table 6.2 Results of 7 monsoon cases (India). , 
. ' 

" 
Figure-.r.2 shows the ... vertical velocity profile for~this occasion; 

.-
the .D\8ximumr positive value is 25 cm/sec and is located above t'he 

maximum slope of the mountain and at a level 1.7 km above sea 

level. The maximum negative value is -22 cm/sec near the crest, 

and located at 5 km above sea level. A tilt toward the upwind 

side in the contou~s of vertical motion is again revealed in 

figure 6.2. The max'imum verti~al displacement is over 600 m and 

ia located about 2.2 km àbove sea level ( figure 6.3). The 
, 

i maximum condensation rate (fi9. 6.-4) r.oughly coincides vi th the 

maximum vertical velocity in figu~e 6.2. It should be noted that 

"above a certain level, the condensation Gate is zero which 
} . . . 
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corresponds to th~ physical limit of the orographie cloud in the 

model. The aetual condensation above this level 15 obviously not 

neeessarily zero~ut since the mopel does not ealcul~te the 
, 

condensation rate in the seeder cloud a value zero is simply 
\ 

printed there which does not affect any calculations' concerning 
\ 

~" the orographie cloud. 

The computed'value for cloud water content is illustrated.in 

figurè 6.5. The maximum cloud. liquid water content is 0.37 g/m l 

and located 2 km above the PO~iti~n x--10 km. The constant value 
-, 1 

0.1 g/m' physically delineates the extent of tl,le'- ~eder cloud., 
l ' . . ~ . Notlce that the lowest maxlmum cloud vater content o'ccurs in 

• 
situation of high Po (table 6.2). This is thought to be' 

consistent vith the seeder-feeder mechanism. In faet, higher ~ 

viII produce a higher vashout rate of the feeder cloud and at 

steady-state less water content will remain in the feeder cloud. 

Evaporation of the cloud is clearly visible on the lee side 

in figure 6.5. The spatial distribution of the rainfall rate et 

the ground is shown. in f~9ure .6.6. The, background rainfall rate, 

which fi Ils the upper part, of the domain, is 2.4 mm/h in this . . 
case and is considered to be constant in the seeder cloud. 

Finally, the distribution of rainfall rate at the ground i8 given 

in figure 6.7 and i5 comparêd both vith observations and 

computed results from Sarker's model. One can see a very good , 

agreement ~etween eomputed values and observed ones. Moreover, 

the present .model simulates bette~ the distribution that doe. 

Sarker's mo8el in that case. 

Other cases are summarized in table 6.2. Again, due to 

spac-e .restriction on1y the ground rainfall rate distribution i. 
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shown for cthese 6 rema'ining cases ( see figures 6.8 to 6.13.). 
, . 

Note t'hat the present model tends to overestimate the magnitude 

of surface rainfal1 rate while the opposite'~ehaviour seems ,to 

charact'erize Sarker' s model. 

The mean ,error in estimating the 1 maximum rainfall is 20 'for 

the present model and 17 'for the latter. For many cases the 

genera1 distribution of the rainfaII seems more rea1istic than 

that produced by the Iat~e~ model. For example, the current 

model can produce rain on the lee side whereas the latter is , 

totally uncapable. 

!.2 Northwest Spain (Galicia) 

As a second case study, three ,si tuati~os of 
\ 

raintall trom a warm sector are presented usin~ data 

the " Insti tuto Naciona1 de Meteo'ro1og!a ~ o't. s~,in. 

oro9raphic 

provided by 

The area ,of 

qtudy is given in-figure 6.14 and is one of th, most rainiest 

region of Spain wi th mean annual rainfall in the \ hills between 

1500 and 2000 mm with isolated spots over 

climatiço de Espa~a,1983). 

\ 

20'00 mm 
\ 

\ 

(Atlas 

Three detailed case studies are presented to clarify the 

structure and ~echanism of orographically enhanced "warm seetor" 

rain over hills of 
• 

Ga~icia ( HW Spain , figure 6.14): 'The 

oharacteristic of such' rainfaIIs is thought to be similar in 

nature of that observed in England under similar synoptic 

situation and already described in this·thesis. n 

Some . of the largest orographie rainfalls in Galicia~ are 
QI 

a •• ociated vith a maritime vintertime occluded 10v pressure 
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system. In faet, in Western Europe warm sectors of sueh 8y.te~8 

are usually cloudy vi th un i form pree ipi tat ion flnd poe.ibly 

aeeompanied by bands of shovers which are aligned para.llel' to the 

vinds at about 700 mb (these rainbands are deseribed by Browning 

and Harrold,l969). The lifting of moist low'ievel air over the 

topography i s re·spons ible of the orographie enhancement by 

creating higher condensation in the lov levels over the 

topography. The feeder cloud hence formed is depleted bY)the 

washout, ,mechanism which has the ef fect of increasing the ground 

rainfall rate as we go along the hill. ,The seeder-feeder 

mechanism is especially useful in midlatitude because the' 

background rainfall rate Blay contain a great deal of information 

about the important large scale which i s· ,as an input, 

incorporated, into the present model. In this study, the background 

rainfall rate is taken as a 24 hour rainfall average rainfall of 

the following coastal stations: Pontevedra, Vigo (a), vigo,Salcedo 

:and Laurizan. 

At Santiago de Compostela 

rainfall\is often found to bé two 

station t 428, figure 6.14), 

or three times that of coastal 

stations such as Pontevedra (#484), '{~go( 1496), Rianzo (1444) 

etc. In order to simulate the ra1nfall distribution across hills 

of Galicia, the present model was fed with a smoothed topography 

grven. by the equation; 

• Z .: .. 
. 

vith 

+ al tan- 1 (x/a) + h. 

a • 40 km 
b • 500 m 
a'. - 80 m 
h •• - 140 m 

96 
'. 

(6.1 ) 
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. This smoothed topography approximates relatively well the 

~ctual terrain hetght when the latter is av~raged over a circle 
, 

. of radius of 10 km cent~red on a particular point on the axis AB 

on figure 6.14 ( this oot 
" 

true near point A and B, however) • Point 

o represent s the averaged highes~ point on l~ne AB (which is near 
-

the location x-o in equation 6.1) • Raingauges used for each of 

the three cases are listed in table 6.3, whose number 

corresponds to those marked in fi'gure 6.14. 

raingauge 

La Coruna 
Santiago de Compostela 
La Estrada 
Pùentecesures 
Eva-lO 
Rianzo 
Pontevedra 
Salcedo 
·taurizan 
vigo(a) 
vigo 

387 
428 
468 
474 ' 
437 
444 '" 
484 
485 
486 
496 
496e 

Table 6.3 Raingauges used 
in the case study. 

--
Of ~be many similar situations three have been selected for 
• 

det~i led study. Each case i5 'charàct~ized -br an .pproaching 10v 

pressure system in the northwest ( figure 6.15a,6.16a'and 6.17a 

). The rec:fion under study is hence located in the "warm sector" 

of the systems such that in each of the cases, the' 700 mb is from 

the sQuthwest quadrant (fig. 6.15b,6,.16b an4 6.17b ). It should 
<' , 

be noted-· that large orographie enhancement at Santiago dé 

Compostela occurs much less frequently vith other vind directions 

because the region i8 then _sheltered by higher hills around. 

Tephigrams for .each of. the cases are plotted in fi,ure 6.18. 
'l 
\\ 

1 

'~ 
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• The temperatures profiles are approximated by a conàtant .w curve 
-, 

in eath of the cases. ~lthough actual profiles, are not quite. 

neutral, this approximatIon is us~d here for simplicity and doel 

not modify the vertical velocity. In fact, the parameter ll(Z) il 

dominated --by the "w ind curvature " ef fect (sèê eq. 4.7) in the 

lower layer below 3 km here ) rather than the temperature 

"prof ile. 1 n the upper layer, however, since the " vind curvaturee _-

becomes very weak, the temperature " -. profile dominates. 
r 

Fortunately, in the case's st .. udied ~~te, the tempetature profile 

" -----is nearly neutra! in the upper layer and i5 weIl approximated by 

specif~in9 a constant 9w (above 3 km). The vind profile is taken 

as a t~i90nometrical function similar to equation 5.4 below the 
( 

level 700 mb level. Values for Il,1) and H which best fit the 

actual wind profile arè also given in table 6.4.Above 700 mb, the 
~ 

wind data is fit by,a straight line and the value Il is then 

taken as .zero ( since the second derivative of the vind Bpeed 

with height is zero). Smoothed wind profile is compared vith 

actua1 dataa in figure 6.1' . One can see a change of, curvature at - . 

about 3 km ( 700 mb) vhich corresponds to a change of the , 

paramete.r ' 1 in the present model. Tili 5 is a1so shovn on the 

temperature profil~, ~igure 6.18 which 'indicates a discontinuity 

in the- stabili ty at about that 1eve1. which vould translate in any 

case into_a change of 1 through the first term of eguation 4.7. 

However, on1y the second term of eguation 4.7 is aSlumed 

non-zero, since we consider the temperat~re profile a10ng a moist 

adiabat in 4.7. 

Radiosonde data (vind and temperature) vere obtained from La 
. ' 

Corunâ station. Unfortunately, this état ion is the only one vhich 
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inconvenient (e,specially (for 'l'-Td data) of ,the hills. Tl\is is an 
/' 

sinee the subsi~epe~due to the hills themselves does modify the 

ai~flow and ma~ot represent conditions at the larger Icale. For 

this reason, ~h~ relative humidity on the upvind side of the 
-

hi Ils are tqought to be hither and will De ta ken as 100 

for simpl,iei ty. 

The soundings 

': 
)' 
1 

show that some part of the model 

percent 

domain il 

below O·C where the warm rain parametrizat,ipn is not appropriate • . 
However, since the greatest part of the model domain lies vithin 

,~ , 

temperatures Aboye OoC, effeet~ due to ~bfree~ing precipitation 

processes were ignored. 

The ttalue 
~. 

taken for Dc in 
• 

the numerical calculatiens is 3 

km. 'This value is based on the discussion on tbe choice of a 

low-cloud thickness given in Bader and Roach (1977). 

p 

9,9 
• 
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SlnoE!tic setting for the case studiel 

cale 1 II III 

Date 13/14 feb 3/4 dec 29/30 ROV 
1985 1985 1985 

Period from 18Z on 13th 06Z on 3rd "- 12Z on 29th 
to -- 18Z on 14th 06Z on 4th 

Data used 
from sounding 12Z on 14th 12Z on 3rd 12Z on 29th 

at OOZ on 4th 
~ 

"-
'00 qmb vind-
speed ( mis) '18.6 2"3.0 13.0 

1 1 (kaP ) 0.42 0.436 0.362 

1 2 (km-J. ) 0.0 0.0 0.0 

H (km)· 2.96 3.09 3.015 

mean e .. (·C) 12.5 15.0 14.0 

p. 
, 

1.6 0.9 1.16 
mm/h 

Table 6.4 Summary of rainfa11 cas~s. 

. 
! 

1 
# , 

• • comporient perpendicular to the hill,e.g in the direction 
.., 203 degrees (line Ji' in figure 6.15) • 

. . 
t 

, 
100 
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Numerical resu1ts for the thtee cases are shown . in table 

'~ 6.5. lt includes W max ( maximum vertical ~locity), t max ( 

maxiolum vertical di~placement), effieiency ai precipitation ( 

EFP). 0. max (maximum value Of':~lOUd vat.r }ontentl'; rainfell 

rate at Santiago de Compo~tela {no\, 42B),~~, ~nd finally the 2' 

h . f 11 . d ha \ . ( ) ours average raln a J rate reglstere at t t S~atlon Re. 
\ 

'0,-

\-
ô' -, 

" 
Case 1 _ II III 
Date 13/14 Feb. 3/4 Dec. 29/30 Nov. 

1985 1985 1985 
W max 

(em/s) 13 14 10 

( max 
(m) 353 331 417 .,. , 

EFP (%) 0.74 0.54 0,.75 

Oc max 

0 (g/m'l ) 0.15 ;f 0.22 0.15 

R 
(mm/h) 3.0 2.4 2.5 

• 
Re obs. 
(mm/h) 4.2 3.6 2.1 

Table 6.5 Results of the case 
studies. 

4 , 

For case no.2, the ve'-rt ical velocity p~ofile and orographie , 
\ 

cloud water content is disp1ayed in figure 6.20 and 6.21 , 

respectively while figure 6.22 through 6.24 depict the rainfall 

distribution along the orography for the three cases. For tvo out 

of the three cases, the model underestima~s the rainfaii rate. A 
~ 

possible explanation i5 that an airstream moving from the coast 

.• line running up the vall., .vould f ind i ts vindspeed increased br 

.! 

an effect of convergence into the valley across Santiago ae· " 
( ~ .. -
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Compostela ( funneling effect). The surface vindspeed and 

accordingly the vertical 
< 

motion and prec ipi tat ion rate would then 
1 

be increased. Such boundary layer effeet is obviously not taken 

into account in the presen~~model. There is al~o the possibility 

of releast of potential instability whieh is not considered here. 

!.1 Application ~ other eountries 

The concept of the seeder-feeder méehanism has ·,been 

extensively used in Dritain in explaining radar and raingauge 

observations in hilly regions. Bader and Roach (1977) and Hill et 

al. (1981), among others, have presented case studies of warm 

sector (or pre-frontal) ,situations somewhat similar to the Spain 

case study presented above. 

A model of the seeder-feeder mechanism of orographie rain 
\ 

would certain1y find its usefulness in other parts of the world 

under other synoptic situations ~ e.g. other than coastal regions 

of Western Europe in warm seetors of depressions). In fact, 

McGinn and Giles (1986) elaimed that the apparent orographie 
, 

enhancement of rainfall during persi$tent 'summer conveètive 

storms associated Mith oceluding baroclinic disturbances along 

the Manitoba escarpement (Canada) can be explained by the 

seeder-feeder mechanism. 

The case studies presentRd in this chapter are useful in 
1 

that they illustrate the strong control of topography on 

rainfall. Moreover/~through those, 'the response of the model in 

actual situations vas tested and seems to give a reasO,nable first 

order approximation. 
" 
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In 11' general, dis~paneies betveen observations 

ealculated orographie raihfall rate could be explained by 

folloving reasons; 

l} the model can pnly utilize a simplified smootbed 
profile for the terrain whieh in reality is not so 

2) simple assumption made about the temperature and 
. wind profile might not be entirely representat"'ive 
of the atmosphere (e. g. constant Seorer pa'rameter 
in"one given layer, temperature profile fit by 8,., 
etc. 

and 

the 

3) potent~al instability C'én increase the mean rate 
of ascent and hence the rate of condensat ion and \ 
rate of precipitation over the hill 

4) ,we have considered saturated air in both monsoon 
and Spain case studies while in real i ty i t is not 
50 

5) radiosonde data are not necessar i ly representa­
tive of the large scale' and may be affected by the 
topography in the lover l-eve1s. 

6) limi tations of the raingauges network system. 

Note that assumpt ion 4) ,would contr ibute' to " an 

overe~timation of the precipitation rate. In fact, most of the 

results show that the~D\odel precipitation rate is greater tha~ 

th~ observed precipitation rate (upwind of the hill oniy ) • 

. " 
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CHAPTER 7: SUMMARY AND CONCLUSIONS 

A two-dimensional model.of' the feeder-seeder mechanism of 

orographie rain has been presented. The basic equations of the 

model are the eontinuity equation,for both cloud water and rain 

water, and the differential equation for the vertical 

perturb~tion velocity. The first two equations are solved 

simul~neously using a "modified ft forward scheme for the .. 
numerical integration and Kessler's parameterization for the 

mierophysics. Boundary conditions needed for these two equations 

are set up in line vith the seeder-feeder mechanism • .. 
The dynamieal part of the model i s' eoncerned wi th the 

-differential equation for the vertical motion and streamline 

displacements ( 2-D ~ountain wave t~eory ). !ts solution is based 

on the hydrodynamieal theory of internaI, small ~diabatic 

perturbations in a ·stratified atmosphere--wIthout fr.iction. No 

feedback exists bet~een ,the dynamieal and the /microphysieal 

parts, a reasonabl~ approximation 

problem. 

for the orographie rain 

The numerieal model is concept\~ally simple and inexpensive 

to rune It deseribes the orographie enhaneement experienced by 

an airflow moving perpendicular~y over a relatively small 

topographical ridge ( width greater than 4 km and less than 50 km 

and maximum height less than 1 km ). Only "warm rain" cases in· 
1 

non-frontal situations are examined e.g. warm sector or \ 

pre-frontal orographie rain and monsoon cases ). 

The behaviour of the model was been found quite good (see 

-studies ( chàpter 5) and ia agreement with many observational 

Smith,1979, Hill et al. ,1981 and Bergeron ,1965 among others). 

10f· 
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Moreover, compari sons 
C!> 

tri th other 

i 

models 

i ,il 

(1 ... ' 

\ 

( Carruthers and 
. 

Choularton, 1983, Bader and Roach,1977 etc) reveals a similar 

behaviour and,in some respect, a better simulation -of reality. 

For instance, the increase of the orographie enhancement a8 a 

function of windspeed is more sensitive in the model presented 

-ttlan in the two models mentioned above. The reason is probab1y 

related to a more appropriate treatment of the airflow, whieh 

depends more on the structure of the vind profile than on the 

temperature profile (as in Carruthers and Choularton's model).f 

One of th'e most important aims of this thesis was to 

determine how the orographie enhancement depends on the 

pre-existing ra intall rate. Concerning ·this point, the model 

behaviour is in line with Browning et al (1975). There 
. 

is,however, a difference of opinion eonsisting in whether or not 

seeding rain needs to be present for orograpbic enhaneement to , 

happen. In faet, the above study 
, 

leaves the impression that 

absence of seeding rain leads to, no orographie enhancement for _ 

hills of all l,enghts'. But the model has shown that for< -large 

hills, "hen Po is low, the cloud liguid water content can be high 
, 

enough so that coalescence in the feeder cloud produces rain and 

conseguently appreciable orographie enhancement (see figure 

5.6,curve E and F). 

On the 'other hand, th' size of the hills determines whether . 
the orographic rain will occur on the upwind slope,.closer to the 

crest or slightly on' the leeside. This faet seems to have been 

reprodueed Sucessfully by the present model ( see table 5.7). 

The dependence of Po on the efficiency of precipitation 

(fig. 5.18>, a~dlor on the orographie enhancement (figure 5.6) has 
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led the author to the folloving classification for three regimes 

o ba.ed on the bill half length; 

o 

• 

hill half length 

a < 10 km 
lO km < a < 20 kin 

a > 20 km 

sensi t i vi ty' of Po on P,. 
and of Po on EFP 

strong 
moderate 

weak 

importance of pre­
cipitation ·drift. 

strong 
weak -to modera te 

insignificailt 
\ 

~he justification'for this ~lassification is that for 

large hills (a > 20 km), coalescence and autoeonversion in the 

orographie cloud can be important .because the mean cloud water 

conten~ is generally highei than that for small hills. 

Also,precipitation drift effects can be neglect~d whereas for 
, 

small hills ( a < 10 km) '. most of the hydrometeors exit the 

orographie cloud near crest or on the dovnwind side where 

evapora t i on take~ place., hills ( a between 10 and 20 km 
f 

) represent a ~ransition ion where the seeder-feeder meehanism .. 
and precipitaion drift miiy be significant. Note that when ve 

varied ... the hill half length, the aspect ratio of the hill ( 

height/half length ) remained constant. 

Although the above "classification" is of course not 

absolute, it is thought ~'o clarify the various physical processes 
) 

in connection vith orographie enhancement. It, also should be' 
1 ~ 

pointed out that even this classification follows Carruthers and 

Choularton's results as. weIl as Smith (1979) it i5 not clearly 

demonstrated in those references the -range in which the 

leeder-feeder mechanism is a major mechanism. 

On the other ha~d, the 

mechanism may 
1. 

be explicable 

importance of 

in tel:'ms 
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non-dimensional number; Ts 'Ü/a (see ehapter 2). A value equals 

to unit y for th~s number represents a critieal value over vhich 

the seeder-feeder meehanism may no longer be a major mechaniam in 

orographie rain. That is for a • Ts Ü and vi th typieal values for 
-

Ts and Ü (e.g T&. 1200 sec and U • 15 Dl/s) ve' find a - 18 km, in 

good agreement with the transition region t between 10 and 20 km 

) derived above fcom inspection of figure 5.6 and 5.21. 

Another major conclusion ol this thesis concerns the 

dynamieal part of theomodel. Results of figure 5.10 and of table , 

5.2 show that the wi~d profile plays an important role in 
, 

determining orogrâphic enhaneement; wind profiles having the 
. 

structure of a low-level jet ~ill theoretically give higher 

~enhancement than with other wind pr~files ( ev~rything else being 

the same . 0). Thi s ~avourable 

characterized 'by the presence 

low-level 

Qf a strong 

jet structure 

increase of 

is 

the 
1 

vindspeed up to low-level jet H, and by a very weak decrease of 

vind with altitude above thi~ level ( c~se A,B,E in figure 5.9 ). 

The prediction of the model is then in agreement vith the 

observation that low-level jets are normally associated vith 

heavy o~ographic raine 

On' the other hand, the potential flov solution leads to'a 

significant undere~timation of the precipitation enhancement for 
" 

~ind profiles associated with a typical lov-level jet • It is 

worth rioting that Carruthers and Ch~ularton (1983) elaimed that a 

potential flow solution i8 sufficient1y àeeurate to be used for 

hills · of aIl lengths, and 

would 1ead on1y to a slight 

-;: . ~ 

that the negleet of stratification 
"" . 

overestimate in the enhancement over 
1 , \ . 

long hills. But the'curvature"effect of the vina profile vas not 
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taken into aeeount in the Carruthers a# Choula"~~on' s model. 'l'he 
~ 

latter effeet has been demonstrated here to be quite important. 

Other eonclusions dra~~~del results are listed 

belovs 

1) sensitivity tests show that relative humidity is the most 

sensitive parameter in orographie enhancement folloved by 
1 \ 

vindspeed and vet 
'"' 

bulb poteQtial temperature. The baekgtound 

rainfall rate was found much less sensitiv~ espeeially in the 

case of larger hi Ils wi th Po over 2.0 mm/h, 

/ 2) the ,ef f ie ieney of pree ipi tat ion deereases as the -
• 

vindspeed i~ increased, 

3) vind drift effècts should not ~be neglected in a model of 

orographie rain (espeeially for small hilfs having their half 

length a < ~ {;;v >, 

. 4) neglecting 

condensation rate 

the effeet 

expression 

of compressibili ty , in the 

l,eads -to a signifieant 

• underestimation of thè eomputed orographie enhencement. . , ' 

5) as the hill dimensions ( both half length and ~ight) are 
.' 

increaseç the location of maximum rainfall rate is moved upvind. 

The increase 6f the background raintaii rate also moves this 
~ 

location to the upvind s'ide ( see table 5.7). 

The relevance of the model was also .tested through case 
~ 

, 

studies and. found satisf.actory.' Hence, the fo,mulation -of- the 

orographie problem b, the seeder-feeder mechanism seems to be­

Adequate, easy to understand and can be 'utilized in different 

~ re~ions of the vorld. ,Moreover~ the above mechanism can he 

!~ eatend~d to the modeliza~ion of the orographic enhancement of 

snowfâll (see Choularton and Perry, 1986)'. 
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Application ~ forecasting ~ climatology 

Results of this thesis can help to explain the 
.. 

elimatological seasonal' peak of orogr~hic rainfall enhancement 
o 

in Western Europe. Nash and Browning (1977) and Bleasdale and 

Chan (1972) have both observed that orographie rainfall 

enhance~nt for the British Isles as a whole is intensified in 

the months November- February at the time of highest fregueney'ôf 

windspeed and LLJ when 6w is relativel! low ( although stil~ 
\ 
high 'for the time of the year ). These situations are âssociated 

with saturated airmasses àeeompanying marine low press~re 

systems.. Similar observations have been noted in Northwestern 

Spain in the winter months ( Rivera,l986). 

Tests performed on the present model are in line with these 

climatologieal observations; that is, the model prediets high 

orographie enhaneement in cases of high windspeeds and high 

relative humidities even if 9w is relatively low. This is due to·· 
a 

its greater sensitivity with the first two parameters. 
~ 

Similarly, the extreme sensitivity of relati~e humidity of the 

upwind flow 'on the orographie enhaneement (see fig. 5.~ ) may 

explain the relative larger 
.~ . 

importance of o~P9raphlc enhancement 
, , ' 

in Western Europe as compared to Northeastern America. In faet, 

~arm sectors of low pressure systems coming from the west are 

~ significantly drier ( r.h. 80 per cent) when they cross'hills or , 

mountains of NÉ America whereas warm sectors of depressions over 

hills of Western Europe are wet ( r.h. over 90 per c~nt ) being' 

assoeiated with maritime airmpsses. 

On the other hand, i t is thought that the results 1'­of the 

model and the background litterature accompanying this thesis, 
1 
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can give to the opera~ional forecaster a better feeling for the .. 
u 

relati~e importance of meteoro1ogica1 parameters in -~rographic 

enhancemen t • 
\.~û 

The seeder-feeder mechànism seems a quite useful conceptual 

'mode1 which can be numerically implemented in an easy vay de spi te 

some restrictions such as an obvious di(ficulty of de~ining a , 

constant and uniqu~ ,value for the background rainfall rate. This 

is especially true in cases of. passage of mesoscale rain areas , 

due· to the temporal and spatial' variabi1ity of . the showers 

associated. 
'\ 

Fina11y, another shortco~ing of the theory i5 .that the 

actual orographically induced ëondensatiQn rate 
/ 

might ex tend 
. '\ 

higher than wbat is comp~ted by the model ( see figure 5.15). 

Such an" extra" condensation rate coming from bigher levels 
. 

would certainly increase thè ground rainfall rate ~specially whe~ 

there is release of potential instability. 
f '11.., , 

r 

1 0, 

" ' 
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APPENDIX A: LIST OF MAIN SYMBOLS 

in the text: in the Fortran 
program 

a 
a' 
AUTOC 

b 
c 
C~ • 

COND 
C .. 
C. 

EFP 

EVAPC 
EVAPR 
f 
9 
H 

t k 

" 

XHALF('t 0 r A. 
APRlME 
AC 
AVGRfI 
HTOP or B 

CT 

COND 
CP 
HUBCAG 

SATW 

EFP 

lVPC 
EVPR 

G 
H 

HLCL 
HZERO 

J Kl 
K2 
L 

Ll 
L2 
L3 
LEV. 
CLWC 
RAINM 
MTOP 

RFRG 
BRAFR 
P 
PSLVL 

PT 

QC 
QR 

represents 

~hill mean width (bell-shaped ridge) 
topography parame ter 
autoconversion rate' 
aVêrage relative humidity 
hill height (bell-shaped ridge) 
speed of sound 
rate of condensation per cnit width 
perpendicular to the airflow in the 
orographie cloud • 

. condensat ion rate 
specifie heat capacity of dry air 
height of upper boundary of the oro­
graphie cloud above the ground ( at 
the left edge of the domain). 
saturated vapor pressure with res -
pect to water 

" efficiency of precipitation of an 
orographie cloud 
evaporati6n rate of cloud 
evaporation rate of rain 
Coriolis force 
'aècelerat ion of gray i'ty -, 
height of tne upper layer in the dy­
namical part\of the present model 
hei-.ght of thè---Condensation lèvel 
reference level in topography prd­
file 
wavelength of sinusoidal ground 
profile 
autoconversion paramater 
autoconversion threshold 
vertical wavenumber or Scorer para­
meter· 
vertical wavenumber in layers 
1,2 and 3(Scorer parameters). 

latent heat of vaporization 
cloud liquid water content 
rain water content 
model top; height of t'he ~st point 
of th~ domain of ~ntegration, 
precipitation rate on the ground 
background rainfall rate 
pressure 
sea -level pressure . . 
maximum rate of precipitation 
total orographie component of tain­
fall rate per un.it vidth 
cloud vater mixing,ratio 
rain vater mixin~ râtio 

, 1,. 
1 ~ 

1 :' 

• 1 
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WASHOUT 
x 
Z 
Z, 
z. 

FI 

-Ax 
. Az, 

AP 
AP­
t 
r 
fs 
t­
P. 
p .. 
t 
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Vh 
Q 
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QV' 
QVS 
QVSF 

RS 
RAINB'R 
R 
RV 
S 

TO 
TDO 
TLC~ , 

DPD 
U 
UO,UAVG 

, OMAl 
URFRG 
VTBAR 
W 
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X 
Z 
EL EV 
ZO 

AA 

BB 

DELTA X 
DELTAZ 

\ 

GAMAD 
GAMAS 
XKSI 
RO 

THETAW 
GRADX 

. \ 
\ 

\ 

• 

water vapor mixing ratio 
saturated water vapor mixing ratio 
saturated water vapor mixing ratio 
modified after l,e subsidence 
same as ~s~ 

. rainfal'1 rate 
gaz constant 
,gaz constant 
source or sink in the conservation 
equation 
temperature 
dew point temperature 
temperature at the lifting conden -
sation level 
de~ point'depression 
windspeed 
surface windspeed 
maximum windspeed 
unfiltered ground rainfall r,ate ~ 
raindrop mean terminal fallspeed 
vertical motion 
washout rate-
horizontal coordinate 
altitude 
ground ele~ation 

• height of the. middle laye'r in the 
dynamical part of the model 
constant of-parametrization (rain -
fall rate ) < 

constant of,~rametrization (rain -
fall rate ) 
coeificient of static stability 
numerical horizontal step 
numerical vertical step 
rain enhancement (P, - ~) 
maximum rain enhancement 
ratio of RcI/Ry 
dry adiabatic_lapse rate 
moist adiabatic lapse rate 
vertical displacement 
air density 
rainw~ter density 
stream function 
wet~bulb potential temperature 
gradient of the topography 
vertical motion in pressure units 
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" APPENDIX B: SOLUT' N OF ATION FOR A VARIABLE'l 

\ 

Solut ion of vert ical mot ion and st.r.e-'ml ine di splacement for an 
\ 

asymetrical ridge and for a vertical viriation of lez) is given 

in this appendix. The equat ion we are looking 'a solut ion f rom i s 

+ (f(z) - k 2 ) W • 0 Bl 
~zZ 

, " 

If the ttoposphere is divided into 3 layers where f(z) is 

, constant in each layer, that is 

.. 
z s z. 

( 

f { z) = (lt) z 
= (12)2 
= . (1,) 2 

wh en 
wheri 
when 

z. S z S H 
z ~ H 

B2 , 

The solution in each layer denoted by subscript 1,2,3 are 
& 

respectively (Sarker,1966'); 

( 1,2.3 ( X , z ) = Real < 

i 

• 2 

W 1 2 3" ( X , z) = Rea 1 < •• 

x 
a' (tan-1 

a 

where the subscript -ho 

given by; 
--'" 

a+ix x 
+ a' (tan -1 -

a 

a+ix 
+ 

+ i ln a
2
+x

2 0> 
2 aa 'J 

( 
denotes the 9roun~ level 

, ... 

+ 

B3 

B4 

and A 



.{":,r 
..... <) ... 

é ... \ ~ "6l'b 

'') 

o 

~.. , 

,0 
r 

~ - \ 

'. 

" . ' 

1 

tOSh 
l3 

1,<':" -H)] A • cos Idh+z. ) 1 a (z. -H) + i-sinh 
la 

la 
l,<h.z,,) tinh 12<Z.~ H) 

1l 
l,<z. -H)] sin + i-cosh B5.1 

Il 12 

1
2 

[ + - sin }Ll (z - z.) sin h 1 a ( z. - H ) 
Il 

85.2 

85.3 

A,(Z,O). cos 13(z-H) + isin1 3(z-H) 85.4 

In case of no middle layer where fez) 'is negative (e.g 12 is 

, positive ever'ywhere), Sa,rker' s solution can be reduc~d. to a two 

layer prob1em by setting ~ = H and 13=12 in B5.1 through B5.4; 

la 
A • cos Il ~+H) - i- sin 11 (h+H) 86.1 

Il 
/ 

1 2 "-
Al • cos ll(Z.-H) + i- sin Il (z-H) • 86.2 

Il 

Aa • cos 1 2 (z-H) + i sinl a (z-H) 86.3 

where subscript 1 corresponds to the 10wer layer, subscript 2 

to the uppèr layer 'and H represents the height of the fi rst 
4 

layer. 1 

r 
Fina11y, the result of equation (4.13) can be }'ecovered from 

Sarker's solution by,the following procedure. First,set 

B7 

( 

,.. 



o 

o 

o 

." . 

and 

~ , 

in equation B5. This l is then 

where l is , constant.Also, 

.l 

.. 

.' ~, se 

a one layer model 

(to recover the 

bell-shaped profile) in equation B3. Equation B3 using D7 in 85 

gives 

[( ~ (u. 1 .. iX . 1Z] r,(x,z) = Real -- - ab (cos 12: + isin 
P, U, a 3 +x:l 

whicp is identical to 4.13 (after taking the real part). If 12 

is negative, a similar procedure could be done to recover 

equation~.17 from Sarker's solution. 
t.... 

( . 

", 

, ,f·) 
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APPENDIX C 

, 

A SIMPLE FORMULA TO CALCULATE SURFACe RAINFALL ~ ~ 

Equation 2.1 can be written as 

d 
COND= - - ( Po ~ ) = 

dt 

d 
-w -Cp. r. 

dz 
,..12 

ad 
Cl 

1 f precipitation-size partieles ean form immediately, trom 

the cloud droplets, and if th~se hydrometeors fap 

vert ically, then a simple apprQx imation for the rate of 
~ 

pree ipi tat ion at the ground is· 

( kg ) I: R - = COND dz 
m2/s 

-

rd = - 00 -(A. ~ ) w dz .' C2 v o dz ' ad 

If ~. assume- that the env i ronmental temperatur;e T(z) lies 

along a m lst adiabat, so that ... 

• C3 ~ (P. 1;.)/ 
dz ad 

d(p. r, ) 

dz 

integrating, then gives (assuming'a mean value for w); 

R • 
w -,~ r_1 00 

.... 0 

• ,1'" 

" -



\ , 
J. 

.' 

where w is the mean vertical velocity. As p'and r, te~d to 

o zero as z tends to inf in i ty, the resul t expressed in mm/hr ' 

o 

o 

becomes 

~ (mmlhr)= Po (O)rdO) w' x 3600 C4 

where P.(O) isthe,air density' at the ground level (in kg/m' -and rf(.Q) the satura ted Wj1 ter 
~ /' 

vapor mixing ratio at the 'ground 

(9/9) • 
.-

Moreover, an order of magni t ude for w i s Wc U • Vh where Vh 

is the gradient o~ topography and U the mean lower troposphere 

wind (peed perpendicular to the r idge: the formula hence becomes 

cs 

Formula C.S or C.4 are the most simple relationship for 

computing rainfall rate and is thought ta give . ' 
a .first-order 

. estimate of rainfall rate useful in opet:ational forecasting. 

! 
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APPENDIX D: SMOOTHING OPERATORu 

The numerical solution contains short sca~e oscillations and 
; 

, 

it ls desirable to smooth them. A very simple method of filtering 

is the" 3 point operator "; that is we define a new fùnction ft 
which we want to be .the smoothed version of Zt. Th~s new , 
function will bellinear combination of Zi.,'Z~ and ~ë..-, ,.-t;he 

subscripts 1., (. -l,' +1 refer jo the function Z~ ~evaluated at 

horizontal points 

and/or vertical points 

. \ 

X = lAX 
x,,_, = (L-l)Ax 
X '1.+ 1 = (,-+l)Ai 

Z = I.AZ 
z ... ,=(i.-l)&z 
Zi.+,=(i.+l).z 

The new function can be written as . 
Dl 

In the Fortrért program, this operator ~as used 'to filter out 

short scales oscillation5 in the computed surface rainfall rate 

(in the hori'zonta,l) and the di stribution of the cloud mix ing 

ratio (in the vertical). The va~ue of Y=O.5 was selected for the 

fi 1 ter • 

.. 

, . 
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