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Abstrac . ‘ :
The first two chapters of this thesis review the problem of

*

* O

orographic rain. They consist of a general survey‘ containing
several references to observational studies ( using raingauges and
radar observations ) in different regions of the world.

A two-dimensional model of Egk seédet-fee&gr mechanism of
‘orographic rain is then'g:esented in the“ féllowing chapters and
comparisoﬁs dre made both with other models fpund in the literature

. and aQailable obgervations. The modeling approach is based on the -
= principle of continuity for the water substance and' on the 2-D

theory of small adiabatic perturbation of airflow over topographical -

ridges of modest dimensions. . .

The modél, which utilizes the formulation of the seeder-feeder

- -———

mechanism, satiéfadtorily reproduées observed rainfall rate

¥

distribution due to topography. Such a model is also \helpful in

studying .some aspects of the physics of oroéraphic rain.
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'Les deux premiers chapitres de cette thise constituent une

, revue générale du probléme de la pluie orographique. Plusleﬁrjﬂ

références relatives aux études . d'observations ( pluviométriques
et par radar’ ) dans différentes parties du globe y sont
mentionnées. .

Dans les chapitres suivants, un modéle bi-éimens{onnel pour
lQ piuie orographique utilisant le mécanisme ;seeder-feeder" est

présenté et comparé & d'autres modéles. existant dans 1la

7/

littérature ainsi’'qu'aux observations disponibles. L'approche .

adoptée lors de la modélisation est basée sur les principes de
continuité pour la substance aqueuseget sur la‘théorie linéaire
des peéi;;s,peryurbations adiabatiques pour l'écoulement de lﬂaié
au dessus d'une créfeﬂorographique de‘dimension modeste.

Le modéle reproduit d'une faqbn”satisfaisante'lahugmeptation

de 1la précipitation gausée:par 1'orographie. De plus, un tel

moéé}é sert. 3 1'étude de certains asbecfs‘conéernantJla physique °

d; ia,pluie orographique. =

. , '
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CHAPTER 1: INTRODUCTION

- 5
It has been recognized for a long time that precipitation

usually increases vith ground elevation. A huge amount of

information throughout the world . has been collected concerning

_ the distribution of precipitation’ in mountainous area. The
N

i
following statistical correlation is a first attempt to express

the distribution of annual rainfall with respect to elevation:

JURE

. . R(Z)= R, + Al (1.1)

'whe;é‘n(zp is the annual rainfall (mm/year) at gréund
level aone ; reference level z=0 ( e.g. at sea level), Ro is
the rainfall rgfe at the reference level and A , the coefficient
which describegfthe rate of increase of annual precipitation with

ground elevation, Finally, z, expresses the height of the ground.
' Table 1.1 shows specific examples for values of A and B,
the latter being defined by the percentage ihcrease of

précipita;ion with ground’ elevation (e.g. B = A/R, ).

a—— N A

B
\ - (mm/year/100m) (%$/100m)

United kingdom .
Hill,Browning 51550)

- (South Wales) : 325 . 30
. Chuan and Lockwood (1974) )
. (East Pennijes) ' 200 40
" (West Pennies) I 190 - 25
-Canada - - - -
Storr,Ferguson (1972) .
(Marmot Creek,Rockies) ° - 60 10 ¢
Sweeden L )
Ryden (1972) < ) 7 6
Bergeron (1960 Tl 350 « -
, , , . .
' Table 1.1: Specific examplesﬂof values for A and B.

(adapted from Smith,1979)

’



. " The linear relation (}.l), hgvever, is of little use for the
.operational meteorologist trying to determine an enhancement
factor 6£ the raiﬁfall rate for a rainband crossing a mountainous
area as well as for the scientist trying to understand the causes
of such enhancement. The reason is that there 1is a considerable
scatter about the &inear relation (1.1) and aléo because A and B
are far from being fundamental constants and greatly vary from
case to case as suggested in tablg‘l.l. More precisely, since the
distribution of orographic rain depends on many factors other
than only the elevation such . K as the size and profile of
topography, air mass characteristics, vertical profile of
éemperature, wind, humidity , etc., it becomes obv{ous that one

cannot forecast the rainfall distribution by a simple relation as

~

(1.1).

Moreover, relation (1.1) fails to describe the actual
prbfilé of rainfall rate ﬁost‘often observed; that is a maximum
on the windward side ﬁear the crest of the moéuntain: and a sharp
decrease on thexlee slopes (rainshadow effect) which is known to
be important for medium and broad ‘mountains. Finally, (1.1) is
totally wunable to account for - the iﬁportant exception that\
rainfa%} may increase up to'a certain height and then decrease (
especially true for tﬁe case of very high mountains).

The dependenc of rainfall on topbgraphy on the

‘climatélogicalﬂ time schle is often a sunm of single rainfall

rainfall occurs near or slightly up‘ind

events where the maxi
of the steepest surface slope. At the divide, the rainfall is a

-fraction of the slope maximum and the lee side is remarkably

dry. Again, there afé imporian; exceptions to this picture and

(S

2 -
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q
some are ~sumarized in Smith (1979) who further points out\that
the size of the mountain deierminps~vhether the‘orogiaphic rain:
;:;imum will occué on the upwind slope or not. He suggests that’
_for large moungains ( mean width a > 100 km),‘tpe maximum will
occur on the upwind slope with a rain shadow on “theblee whereas
for 'small mountains- ( a < 20 km), the maximum tendg to be more
nearly -centered on the mountain.This 'seems to 'be éupportéd
independently by many workers in the field such as Sawyet’(l956)l
vho noted that the time taken for a-,strong airflow to 'cro;s a,
hill of ;small or even moderate dimension can be short compared
with the time taken for precipit;tion growth. More recéntly,

Gocho (1978) uses the above argument to explain that many drops

\
ogzépe orographic rain would consequently fall on the lee side of

Suzuka mountains ( in Japan) which helps explaining the lee

rainfall maximum tHere ( mountain half width is about 4 km ).

. -~
Bergeron (1965) concludes that very small orographic

* features (vhe§ght~ less than 60 m ) significanﬁﬁy%§2fluences the
rainfall distribution. He showed a close correlation between
rainfall and elevation; for example, between two locations, one
60 m- h%ghér and 5 km apart, the rainfall enhancement is 50 %.
Acégrdinqiy, a new mechanism must be proposed for\explaining this
type of results. The differential évaporation between the bottom
of the hill. and the top is not sufficiqnt in explai;ing the

- phenomenon. Bergeron (1965) presents a conceptual model called

the seeder-feeder mechanism which consists of natural seeding of

| e ——

raindrops througy a feeder cloud ( e.g. pahnus cloud) generated

.by the condensation ‘of the ‘humidity contained in the upslope

v

3




A

flow. This mechanism will be described in.grehier‘detaili Iaterh

)
4

In general,terrain influences on the distribution. of rain

can be broken down’' into three mechanisms;

1) thermal effegt of orography; that is triggering of convective

shower# by elevated heat. soutces and by organized mesoscale
circulation (such as the mountain valley winc system) .

2) frictional effects of orography;

different surfaces having different friction factor can produce a
local boundary layer convergence which leads §o enhanced rain at

low levels and

1

3) forced upslope flow;

b -

’

when a moist flow impinges a mountain at right angle, vertical
motion is produced ( typically of the order of 10-50 cm/s);
condensation takes place ané a r&infall enharcement Bccur;.
Although,’the three effects can simultaneously occur, only
the third mechanism is examined in this thesis and ve will simply
refer to it,in the future, és orographic rair.Therefore, since no
attempt will be done here to simulate the first two pheﬁomena, ve
shall restrict our study - along with any pcsé&ble conc}usipns -
to stratiform (steady-state)- precfpitptioﬁ‘ and to situations

where the flow is'approxiﬁately perpendicular to the mountﬁin.

¢
RN

6 .

’closely packed convective cells found in quasi-steady state mon-
soon situations are also included in this definition:. ~- -

o i LI
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A due” to topogtaphy 1gnorrngV the fact that‘\an actua -incpm ng

\ ,
airatreaﬂ while pas;1ng oXer a mountazn v:ll -slav °*“'_' ]
Q\ ' -
aside, ffbw completely around or pas& over. Any of ﬁhe abo e Q\\:

possibxlxty would surely give dxfferent raznfal dzstr1gbtzon bu \

in cases of airflow crossxng a\tanget of very large extevt in the

‘Z

- -'

|
perpendicular direction x,q useiyl approximation 1s toxﬁonsxder\

e

the flow lifted entirely over thékmountain. o K X’

It is very importaﬁg to ‘explain quanti%qtiVely'.qﬁgerGed

rainfail distribution in any mdunﬁain “raﬂég.'Tbis 'rebq;s ts{p
4Crucial opefgt{onal re&uirehbnt Ein%e orggraph}é,'rain d e' iQ
upslope flow contributes in-many, countries f@ é'larée-propo éioﬁ
///Bf the water supply. Browning 11980) keports that foﬂ the Br1f1 h

'I1sles most of the orogtaph1c rain is ndt as 1ntense as shower

. : \ 2 _ R

typically 2 to 8 mm/h for “ﬁeride\ of dgny liours, da ly\
‘ v, C S

accumulations can be very large. ‘ \ o e -

xp,

vinter barocl1n1c system (RiverBXIQBG) Plnall%, Gocho (1978) 'é
\ \
ment1ons tremgndous daily accumulatxons (over 200 mm) fallzﬁg ou

"from stratiform clouds assoc1ated with| the flow set up by a

distant approaching typhoon in Japan. - . \?{ Yoo

§ \

I

- Not only the meteorologist is in erestedt ‘in pred1ct1ng .
.rainfall in mountainous area, but  also the hyérolog1st dust i
Lo .

foretell possible floods which can occur from heavy rafnfa*ig

e

vhogse waters concentrate in nearby valleys. . \
. Neasuring orographic rain is a very difficult fask.’ﬁecause

of the complex form of% mountainous regions, local measure by

’ i
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o)\ . easily lie betveen two raxngauges.

.'sig‘
" hil

ra1ngauges oan gibe a very aifferent picture compared with the
averege reinfall meesuted 1n ‘the nezghborhood ( if,for instance,
the gkuge happens to 11e in-a very deep isolated valley or at the
top of a mbuntaln peak) Another problem with gauges is that

‘borizonhal ra1nfalﬂ grad1ents tend to be large in connection with

4

the other hand,- the ' use of radara also presents .

4

orographic_:ai;izll ‘such that a ra1nfall maxima or minima can

difficulties in measug1ng orographic rain due to the important '

\ problem of gyound\echoes and ‘hence the tendency of the radar beam

3

\SO Be above t e shallow zpne of rainfall enhancement?.

T 2

f.The presence ' of strong ~vertical gradients of orogrgphid

ra‘hfqll;intene ty imp;%bé that at large ranges, the radar may
ificantly . undeféé%imate thq surface rain;pll‘intensxty in
regxons accbrdxng to Broun1ng (1980). He g1ves the example

that, t 75 km, a narrow 1 degree beam would extend from 400 to

1600 m -above the’ he:ght of 'the tader, over which ' interval, the

ra:nfall 1ntenszty may decrease by ‘a factor of 2 giving an

}

underestxmatlon of the "surface raxnfall by 25 %. .

1
]
[ P Y
\ -
F

.

\
! i
4

3orographic raxnfall enhancement usually takes place in the first

" ohe km or two ( see chap. 2 and chap.5)

7y
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"The major challenge of this tese;rch project viii be to

providé a simple numerical model which_ vill, evaluate the

o horizontal and vertical distribution <‘>£. rainfall rate for an

ideq}ized‘QSmobthed) topography. This model is required to be

inexpensive to run, simple,<and is also expected to contain the

physics essential to the generatioﬁ and di;trjbution‘of rain. In

fact, such model could be made operatioral and be & key part of

--- a.combined approach to the fofecasting of orographic faih'(see
pkovning,lSBO). ‘

Another impértant aspect of the presgnt study will bento

- investigate the effect of mountain size on the nature of *

sorographic raini In the case of small hills, for instance, it
seems that the seeder-feeéer'ﬁechgnism plqu_a major role in
. 0 ’ causing a rainfall enhqnce‘ment 1i'k'e' $uggested by Be,tgerbn (1965)
\whergas/vhen the size of the tbpography-?s suffic}gntly increased
,8 new regime is set up vhere the ‘abové mechanism has lgss-'g
importance (see subsequent chapters ). L
Finally, the lﬁst objective qf this thesis is to make
Flearer‘ the mechanisms of orographic rain and the relative
importance ’of the factors: influencing orographic enhancement

—r—

ythrough the use of a numerical model.

M

‘ .
+
N .
i . .
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CHAPTER 2: CAUSES,MECHANISMS AND DISTRIBUTION OF -
o ) v
;o - ' OROGRAPHIC RAIN

1

- 2.1 FACTORS DETERMINING OROGRAPHIC RAIN .

If we.consider only the forced upslope flow *(}ghe third
category of terrain influences described in chapter 1) as being
predominant , it'is then possible to.subdivide it further into

. \ .
three classes. That is;

a) orographically torcbd vertical motion (stable uéglide)’
" | ; b) increase of precipitation by washout "of cloud droplets
- . larger scale clouds ( seeder-feeder meqhan1sm) »
. _¢) triggering of orograph:c precipitation due to litting
’ «_of‘potent1a11y unstable layers. :

‘These three .independent mechanisms of orographic rain are

\ . ) : . " . . o J; .

~ 'nov examined in greater details here;
. N * ': 1 - .

. A
» . .
v N N Y . N - B \‘

a) Orographically forced vertical motion:

5 . ¥ . -y H

h]
"

"; . ' - : g
We ‘will derive a . simple - expregssion for the: rate of

condensat1on (COND) of a:flow lifted by orography to illustrate

' . thg most important gactors'involieg‘in the increase of rain due
‘ N y . . N . . N - \ '

8 *

of low level clouds by the rain_ falling £rom upper -
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:tb topogrephy. fhis simple relation can be written as;

Dt

- _ b D o .
Lot - com:--—(ar,) - (2.1)

-

wvhere A, is the density of the air and;‘r, , the satux{ated vater
vapér mixing ratfo.nelgtion (2.1)’expresses the rate at which the
satureteo vater v;por Qéhsity,pﬁ = p 1, ,decreases following the
motion over topography. X T, M l
b The condensation rate COND. (in kg/m3. sec)gc;n -'be further

expressed as (see chapter 3); *|

z .
COND =- — (k rs)' - —‘(ﬁ. I '

9P, .
= ( P.’g—a' - = )w (2.2)
- Jp Isat 9z . : -

—r

vhere v in (2.2)3is the vertical velocity: The:condensation

- rate'is thus proportional to -the vertical velocity ané to a term

" which includes the decrease with altitude of the saturated water

vapor mixing " ratio (following a moist adiabatic éurve) and

another term which is due to the decrease of density with z. Let

T

"us consider w, one of the main factor of equatzon (2i2); we can

see. that the condensation rate is proportional -to the forced
vertical velocity v which is due to upslope flowl In first
approxxmat:on, ¥ can be taken as order of magnitude of v -(U-vh

I
vhere U is the average low level wind veloc1ty perpend1cu1ar to

" the mountain range and Vh, the gradxent of topography.ilt is then

clear that strong value of the vxnd at lov levels' combined vzth a
steep slope of the topography will tend to give: a strong.taznfall
enhancement. For a given topography, the strength bf the 1low

-
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level wind plays a.major role. As a matter fact, the dependence

of the mean low level wind speed on thé:orographic edbanconont ( -

P - Po )’ has been found by Hill ard Browning (1980) to be quite

sensitive and of the férm;
' -4 2.8 '
. P-Po=652X10 U (2.3)

f

South Wales hills (England) , Po, the radar derived rainfall rate

at the coast and U , the 600 m wind sﬁeed oriented at right.

angles of the hills (in m/s),The above relation expresses,of
céurse, indirectlty a Etrong relation betveen the vertical motion
and the condensgtion rate. w q
One of the problem of 6rographic ' rain is to determine not
only the vertical motion ¢ from the tﬁe.wind speed)\buf also ‘its

veriical profile which is essential in computing the total water

conde A first approach to the problem is to assume the

vertical motion zero at .some height ,z, ,so-called the " nodal
éurface " { fig 2.1). Near the ground (say at 10 m abave it),the
value of w is simply - U.-Vh which is obtained by applying the
ﬁo—s}ip condition ( e.g. the airflow follows the topography near

the ground):

v

. 10

'where P is the precipitafion rate (mm/h) at the top of

P
el TN
« =7 ‘Jg
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Fig. 2.1 A simple representati&n of airflov
: over topography.

L . - . LY

Therefore, fig.2.1 implies a linear decrease of w in the

vertical which is typical"ip " the troposphere. ' Myefs (1962)

[ ad

argued that' such a vertical ‘profilé can be derived from

" hydraulics principles. But‘according”to Smith (197§,p . 186) the

arguments are not applicable to the continuously stratified
atmosphere and such an airflow pattern would probably not occur.
Moreover, it 'is not known whether. the use of such a modél'woulé
introduce appreciable error in the ¢omputation of . total
conﬁensatioh. Névertheless, it providés “"with a first
approximation to modelize the airflo; which passes smoothly and
stably over the topography and it is given hege for completehgss.

| X more genqral th;ory will be presented, however, in chapter
& ( two dimensional theory of airflow over mauntains.) which
provides a more theérical ansver for the vertical'as well as the
horizontal variation of w. It then turns out, as we will see,

that the vertical profile depends not only on topography and wind

* speed and direction but as well as on the vertical structure of

temperature and wind. This\dspeét is discussed by Scorer (1949)

4
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:
and bygSavyer (1956).

The possxbllxty of . the blocking of the flow over the
. topography is nbt cons1dered here. Several other phenomena are
p0551b1e_1n connection with the airflow over topography ( e.g.
funneling, drainage, forced ccnveégence etc.).~ However, in
evaluating the vertical velocity ,w, we have-tp ignore many local
effects and keep ‘onl& those which arehthe most appropriate to a
specific situation.This is ﬁecesséry since no complete -theory
seems to exist which is capable to take into account how rainfall
iéﬁmodified by Lhe airflow over mountains.

So far, wL have examined only the effect of w. In the
follovwing we w%ll lo;k at the first factor in the bracket in
éguation 2.2; the ‘ratge of decrease of the saturated water vapor
mixing ratip‘with altitude; drs/dp) sat.

For a nonfsﬁturated flow, lower is the relative humidity,
more orographicglifting distance it takes to reach saturation and
hence give a non-zero value ‘to the condensation rate COND.
Therefore, it :clearly agpearé that the relative low level

|
humidity is an important factor in orographic b rainfall

enhancement. @his- is, in fact, strongly supported by
observations; bergeron (1965) reports that in situations of
strong orographic enhancepent, the low level air is almost

saturated. Furtﬁérmore, Douglas and Glasspoole (1947) point out °

- . the importance of strong.moist low level flow for producing heavy

A

orographic ra1n in Western Britain. The same point applies to the

Western Ghats, mountains in India during the . monsoon

(Sarker,1966). . _—

On the o%her. hand, Holgate (1973) found - that héavy

12

5



e
e
. -

—

;rograpbib' rain is absociated not only with high relative
humidity at lov ™ 1levels but also vith a moist layer of
co?sigfrgb;e ~depth. However, Browning et .al. (1975), have
observed heavy orographic rain with a dry cappjng layer at 3 km.
simila}l;,~w¢odcoc§ (1975) reports moderate of%graphic rain with
the top of the moist layer as low as<2.1 km in Hawaii.

Once ;ﬁé airflow'has been saturated by orographic lifting ,

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

9
‘proportional to drs/dp (sat). As the temperature T increases, dr,

/dp) increases as well. Saturated air mass having high
tqmpet;ture vill then give a high condensation rate in equation
2.2 and vice versa., Th%s is clearly illust;éted if we 1look at a
tepgigram;'drs/dpidi is stronger for a high temperature than for
a low one. If we , represent the ‘ characteristic airmass

temperatu:é by 6w, the wet bulb potential temperature, then the

P

. - \
orographic enhancement should increase as 6w increases. The

. L)
gsecond’ term in the bracket of equation 2.2 represents the effect

" of compressibility. The importance of neglecting or not this term

vill be assess in chaptef 55 .
: R SN

'9) increase of precipitation by washout of the orographic cloud

»

. K
droplets (seeder-feeder mechanism ).

4

——

From radar observations, Hill et al.(1981) ¢oncludes that the
effect of hills of lov or moderate dimensions is to intensify
existing rain areas rather than to produce major new areas of

rain. ’ &

13
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or small hills, using a ' very dense gauge network, Bérgeron
(1965) \ points out that ungxpectedly small orographic features
(hills a few tens of meters high ) can produce) an orograﬁhic
enhancement of 50 $. Since obserQations’ vere done in autumn at
latitude 60° N ( Uppsala region, Syeedén), local convection is
rather weak an§ the_"obéerved excess is truly orographic.
Accprding to Bergeron, the theory of mountain waves alone cannot
_expdain thg close relgtion between the ;opography and the
rainfall distribution in the case of very small orographic
obstacles. Moreover, he suggests that the main "modeling' of the
rainfall distribution must EEEG;«;}thin the lowest air layer of“t:'
0.5 to 1 km depth. This seems in agreement with Browning's
observations and consistgnt with legate (1973) Jbo found that
orographic enhancement occurs at low levels. 4

In order to explain the regular occurence of these rainfall
anomalies , the \vertical distributionﬂ of the rainfall rat;
assoc?a%ed and the local character of the precipitation. increase,
Bergerén (1965) postulates the mechanisﬁ\ of seeder-feeder. I{,
consists basically of a so-called feeder cloud which is produced
by fé}ced uplift of moisf low-level air o;er topography and a
so-called seeder cloud whi;h is supposed to exist independenq}!
of the hills and having the function of washing out (or
scavenging) the cloud droplets of the feeder cloud ( fig 2.2).

The -background rainfall rate Po, hence defined is the mean
" rainfall rate fal?ing from the pre-existing'® seeder cloud and’
dependent of_. the larger scale ascent (i.e not related to
topography ). " ‘ N

It seems,a priori, that a high background rainfall rate will
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be more efficient in increasing the rainfall rate. This

hypothesis is verified in chapter.5.

seeder cloud

3_'\' \j

feeder cloud.

N .

- g P

A

Fig 2.2. The seeder-feeder mechanism, The upper

releaser or seeder cloud formed by large scale

ascent of moist .air is supposed indepefident of

small scdle topography. The low-level feeder or

ppender cloud formed by local topographzcal fea- .
tures is scanvenged by precipitation elements b
from the releaser cloud.

!

Bfowning (1980) gives' some arguments, following Saqu:

- (1956), that orograpﬁic rain is not simply the result of clo a
_particles growing from " nothing " and that the pre-existi}Q‘

rain could play a major ?QIE. He claims that the time reguired
for precipitation growth is rather comparable and even greater
than the ‘time taken for a étréng airflow to cross a hill Qf‘
moderate dimension. In other words, no orographic enhancement

* Q@
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will take place if there is no séeding froﬁ above, To‘fix ideas,
let us review a typical example; for a hilllhaving a mean width’
of 30 km ’ the time taken for an airflov to cross the hill is
approximagély 1500‘seé ( assuming ‘g§yhd droplets follow the mean
air motion, that is about 20 m/s ). A typieal time scale often
givenkfor precipitation growth is 20 minutes or 1200 sec and even
less under special c%rcumstances. Based on observations on the
island of Oahu, - Hawaii, Woodcock (1975), for example, estimates
that rain can form wi;hin and“fall continuously from a shallow
layer of warm low level cloud in about 5-13 minutes. Therefore,
this squestsﬂ that . precipitation can have time to form in
orographic iifting and is not really starting from * scratch "
like .mentioned - above. For small hills, however, Browning's
arguinent is‘duite appropriate. On the other hand, it is thought
khat the time required for precipitation to form may be variable
from case to case and it is rather suggested to use the cloud
liquid water content of the feeder cloud as a, threshold to decide
if rain cap form independently of the seeder-feeder mechanism in
the Srographic cloud.

Nevertheless, the above concept is useful in that it may be
© \ - -

geheralized through a non-dimensional number; T, U/a, vhere T; is

a'typical time scale for precipitation growth, ﬁ, the mean wvwind
speeé in the lower troposphere and a, the mean mountain width, If
this ﬁon—dimensional number is greater than i, then we should
expeét no rain formation in the feeder cloud and ' orographic

enﬁanéqment determined to a great extent by the ' seeder—feeder

7

J

mechanism. Conversly, if it is less than one,the seeder-feeder ‘

mechanism does not play thé:ﬁajor role in érographié enhancement .

-

i



This important point «will be  further discussed in subsequent

chapters.

The concept of time available for growth, on the other han@,
seems related to the efficiency of release of précipitation.
Elliot and Hovind (1964) in a study over mountains of California
concluded that the efficiency ( e.q. obéervedIrainfall/éompaied
condensed water) tends to increase with mountain size. This'is
consisgent with -the fact that for large mountains, droplets
embeddeé'in a strong,gflow have plenty of time to grow.before
reaching the lee side where evaporation is expected to take place
vhereas for very narrow mountains,the time aYailable for gro&th
is not suffigient and ‘conseguenfly précipitation efficiency is
very lov in absence of any seeder rain. Also, Elliot and Hovind
found a slight \increase in efficiency for unstablé 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

3

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

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

1o

presence of convection but also is closely link to the assumed

]

field of 1ifting and on the microphysical processes leading to

" the formation of hydrometeors (Smith ,1979 p 77). 1t appéars that

‘when conditions are favorable for heavy orographic rain,  the

efficiency is nearly 100 § ( Sawyer,1956).But the efficiency can

be very small as point out by ‘Browning et al. (1975) who found .

values of 10 % and 30 % resﬁectively for 2 ‘cases where the

 airmass was unsaturated and therefore air réquirihg some finite .

R4

ascent ' before condensation begins. TKis suggests that a

ey
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decreased moisture content can lead to a decrease efficiency.

Young (1974) 'in a numerical simglation of wintertime
orographic precipitation ccm&utéd an incredibly 1low value
efficiency ( 0.9% %{ for the Front Range mountains of Colorado.
This is believed to be a very abnormal case and some atempts to
explain ;this apomaiy is given-by Smith (1979, p 177) who
concludes with the following;

" Possibly , by considering narrover mountain;

such as .the front range we have stepped ' into a new

regime where the time for hydrometeor formation and

fallout ' is the same or longer than the time for the

air to pass over the mountain....The narrower mountains

can cause precipitation only by introduction of seeding,

either natural or artificial. "

He further adds that high values-for efficiency obtained by
Sawyer and Myers are questionable and proposed that the vertical
motioﬂ’used in these‘ﬁorks might underestimate the real vertiéal
displacement. Moreover, he suggests "tbe possﬁbility* that
orographic liftiné might trigger deep conveétion. Both effects
would increase considerably the computed condensed water and
~accordingly reduce the'qfficiency.

In any Ease , it appears that a wide range of precipitation
.éfficiency has been oBt;ined from independent workers for more or
less the similar mountain rahges which probably reflect the Eact
that precipitation mechanisms are quite complicated especially
vhen ve deal with orographﬁc precipitation. Nevertheless, for _the .
special case of warm stratiform rain, the efficiency of
precipitation is expected to be large .( see Wexler and
Atlas,1958). |

In sumﬁiry, enhancement of ordataphic rainfall d;bendi on

formation of precipitation due to forced upward motion over

18 X
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topography ( process vhich creates condehsation)_and also on the .
seeder-feeder meéchanism. The importance of the former ;ith
* respect to the lattetkis linked to the concept of efficiency (and

- also to mountain width) aqgkvill be again discussed in the next

chapters.

" Another factor can be important in enhancing pregipitation;

release of potential instability whiqhqis discussed below.
) 4

4

4 [

c) Tgiggering of orographic precipitation due to release of

potential instability:

>

Browning (1980) points out that situations responsible for
mostil;rge falls of orographic rain in Britain‘ are not normally
associated with deep convection. In many of these cases, the
lower troposphere were rather highly stable. On the other:hand,
in a study of the water balance ‘of orographic clouds, Elliot and °
Hov{gh- (1964) did not find significantly higher precipitation
efficiency vith\con@ection (from case studies for a numerous
amount of winter storms during a four yeér period in California).
This seems consis;ent with the case of a relatively drier layer
lying above a lov level moist layer where mix}ng of moist
convection columné vith the drier 'air above can" reduce the
effic{ency of ﬁrecipitation.a -

'Hdwever, potential instqbiiity aloft is often detected in
éonnéctioq with orogrqphié rainfail enhancement in warm sectors (
Browning et aI}‘ 1975)‘ but vhat is not clear is whether -the

'éonvéctfon aloft is a major cause in enhancing orographic

4
.
\ P
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:precibitation. Most of the oi&graphic rain, Browning adds, is

generated in the low-level cloud and if convection ilbf; plays a’
role it wéqld be as a result of more effective seeding of the low
level feeder cloud. Suéh a possibility, nevertheless, seems ;o
lack ‘observational support according to Gocho (1978) who did not.
encounter such phenomehon during very heavy .orog:aphic'rainfﬁll

in Japan. In any cases, a controversy seems to exist concerning

. -4 . .
'stable versus unstable’ upslope rain and is described in greater

detail by Ssith (1979, pl78-183).

’ Spinndngr and Johansen (1955) and in a similar way, Douglas
and Giasspoole (1947) and .Sawyer (1956),show that .obserQed
intense rainfall in the Western Europe Ucoast can b; explained b#; '
stable uplift if 160 % efficiency of precipitation is assumed.-
But one can ask oneself if it ’is possible to convert such a high
fraction of the qondeqséd water into precipitation. 1If not, then

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

- 2,1) . must be in error or orographic 1lifting triggers deep

convection.

We will try in this thesis to clarify the above hoinx_by
using the mountain vave theory to derive a better 2-D field of
vertical velocity ( see chap 4). Concerning the rolé of potentihl '
instabiiity, ve will assum; that it does not play a major role in

orographic rain.
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2.2 VERTICAL AND HORIZONTAL DISTRIBUTION OF OROGRAPHIC RAIN

; . R
! . . A Y
¢

On a climatologicai time scalq, ve have seen that surface

)

precxpxtatr%n increases with . elevation for a gzven topography

(table 1.1). From case to‘case, this pqttern ig also teQroduced
‘ ' ]

"in manx.ngccasions in connection with frontal ‘éystgms“ipp&ngipg

the coast of Western éurope. Fig *2.3\ shows the -horizontal
distribution across Snowdon1a in a warm sector ( west
southvesterly flow at low levels ); the rainfall maxiﬁhm lies
very sligthly upqind of the cresf wiih a génerai inérease of

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

"lee side. Radar observations over South Wales hills in Britain

asgociated with baroclini?tsystems also shows a general tendency
Ag o;ographic enhancement on windwaré slopes (Hill and
Brpwdﬁng,l980). Figure 2.4 reproduces results from an unpublished
paper by Nash and Browning (1977) which illustrgte§_24 h rainfall
distribution along the orography. Notice that the .peak of the

distribution is slightly localized on the 1lee of such hills. The

.
Ll

small width of these partiqular hills is certainly a factor |

~explaining the displacement of the peak. Gocho (1978) presents

e&idenpe of a strong maximum in the lee of Suzuka mountains (half
width is 4 km) in situations of sf;ong southeasterly flow (
perpendicuiar to the range) associated with distgnt moving
tyﬁhopn. . ’

To examine, on the oth?r hand, the vertical structure of
orographic rain, we need to lodk at radar-data. Yet, Bergeron

(1965) had argued” that from the close link between the rainfall

maxima and the terrain height, one can deduce a very low level

21
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-origin of 'oroéraphic rain ( in the first 1500 m). nror'ﬁigher

hills, however, such as South Wales, the layer of orographic

" _enhancement is deepé;d ( may be about 2.5 km) but still confined

to the very'lower'tqoposphere as it can be observed from fig 2.5.

i

TOTAL RAINFALL (mm)

~ NEIONT ()

P

Fig.2.3. a) Map showing the topography of Snowdonia
-and the locations of 22 raingauges whose data are
plotted in b. T
b) distribution of rainfall (,  in mm) along the line
MM in a) which is mainly in the period 1530 GMT of -
June 26 up to 1220 GMT, June 27 1966.
c) altitude of the Taingauge sites. The height of
. gauges is indicated by the dotted curve. The full
. curve is a profile obtained by taking the average
~ height within 3 km of each raingauge site (after
Pedgeley, 1970).
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Fig.2.4 a) Distribution of 24h rainfall within sec-
tions 10 km wide across the hills in South Wales
for 7 cases of prolonged orographic rainfall. . In
each case, the winds were persistently from about
250 degrees and a profile of the -hill along this di-
rection is shown in b). (After Nash and Browning ,

e ~ C. 197,
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r}g.z.s . Vertical structure of time-integrated rain-
fall pattern over Glamorgan Hills .(England). The mean

*_ flow is perpendicular to the range. (After Hill "

and
Browning, 1980).
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2.3 SYNOPTIC ASPECTS OF OROGRAPHIC RAIN

b

e ; ' Prom synoptic studies of Douglas and Glasspoole (1947) and
; Savybr(léss) in the Bristish Iéles, we can list features of the
synoptic situation which are associated with large orographic

“

-rainfall;
{

1) a strong low level flow perpendicular to an extensive
topographical ridge
2) an almost saturated airmass having an -extensive depth
3) a lapse-rate without markedly stable layers .or inver-
sions ( preferably near neutral stability)
4) a vertical wind-profile with 32U/322 negative,which
is of:en found associated with a low 1evel jetstream
( LLJ).
5) an exxst:ng upper cloud layer with the function of
seeding the low level cloud
Conditions 1,2 and 5 have already been discuséed in some
of\k. details earlier. ‘Condition 3 and 4 are less obvious but often )
- found”in connection with large- ralnfalls (accord1ng to the above
authors). The relative importance of each of theses cond1txons
is not clear at this time and will need further investigations (
, 8ee subseqguent chapters ).
" As mentioned earlier, it seems that the strongest rainfall
_— enhancement are found in warm séctors of depressions, in Europe,
or more precisely from zero up to several hundred kilometers
" ahead of the frontal trough and about the same distance south of
the 1low pressure center. Farther south, orographic rainfall
diminishes because the depth of the moist layer decreases and an
inversion or very stable layers above appears. |
¢ In fact, Brownlng et al. (1975) observed orographic effects
0 large' only in the pre-cold frontal region, and that in the .

bQSt-troQtal region, the enhancement of rainfall - if any. - is

- . ' 25
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not spectacular compared to éhat "in the warm sector. At the
surface cold front itself, there is even less systematic
orographic influence and heavy reain tends to occur regardless of

topography fig 2.6. ' , v . .

—

-

“Despite the small number of case studies presented by
Browning, it is thought that it repre sents a typical situation
in autumn or winter along coastal mountain of Western. Europe. In

a case study of the orographic rainfall in the Gldmorgan Hills,

ot

Hill and Browning (1980) point out that 75 $ of total rain}all on.

hills are associated. with low-level winds from the southwest
quadrgnt ahead of fronts and troughs. Surprisingly enough,
orographic enhancement ends with the cold frontal passage. The
last statement does not agree, hé@ever, with Hobbs et al. 61975!
who examined the structure of an occluded fréntal system modified
by orpgraphy ( for Cascade Range in North West US).By using

aircraft measurements, many soundings and a network of automatic

_~ rain gauges they were able to show-a definite influence of the

mountain on the front and strong orographic enhancement at the

apparent discrepancy seems rather hard to explain. Nevertheless

,the concept of fronts as definite lines indicating a suddeh

cold front rather than ahead as in Browning et al. (1975). The

-

changes of both ‘the circulation and air mass characteristic¢s .

occuring at the same time MMight be too simplistic to be .

.- applicable to actual situations- especially in tha. casé‘;bf

mountainous areas.IS other words, locating the exact position of
a cold front might be. a difficult task in mountains.

As far as the bost-frontal area is concerned, an explanation

¥
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(2 could lie in Qe’magnitude of the verti/cal velocity involved; in
" the case of Er;gland,a lower hills generate a pattern of vertical
'\\}el‘ocity more easily " offset by post frontal subsidence compared
to the case of higher and steeper Cascade mountains,
77 0n the other hand, yviiliams and Pick (1962), in a

L]

climatological study of the precipitation in the Wasatch Mountain

. area of nortwestern Utah, during the winter iseasou,show that__the
type of ’storm ( cold low versus non cc;ld low st;rm) is of
congiderable importance in deterqnining the areal distribution of
orographic precipitation. 1;1 fact, their data show a noticeable
higher orographic enhancement for non-cold low storm.

The explanation lies in the fact that cold 1lows formation

'oyer thé western North American plateau are usually the result of

_ Btrong barc;clinic situations with pronounced deepening of upper

"o - trough as it moves in. Accordingly, strong large-—scalé upward
vertical motion are created which can be comparable or greater
than the of'ographic vertical motion - which is t:he° order of
magnitude of U-.-Ah - reducing the influence of topography on
the distribution of prei:ipitation. -

orographic enhancement of rain can occur in many other
siteuatio?zs than those described ahkove. For example, monsoon rain
in the western Ghats in India is thought to be a c::se of " pure "
orograpﬁicv rain ( Sarker,1966) with convection trigéered by
topography apparently not ,playiné‘ an important role ,(see chapter

6).

: e countries, it seems that orographic enhancement of convective

rain is less, in general, than .stratiform rain. 'rl;e reason is

- 27 :
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Onn the other hand, looking at; climatoiogical data of many'
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likely to be related to the fact that upd}atts in deep convective
clouds are one or ;ven two order of magnitude _more ghan the
vertical motion generated by topography (usually of the order of
magnitude 10-50 «c¢m/s) implying a possibility of reduced
sensitivity to terrain influence; in cases of convective upslope -

flow;.
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Fig 2.6 Diagrams showing, for & case studies,
the distribution of rainfall from the Bristol Channel
across the South Wales hills to eastern England, along
paths 40 'km wide whose topography 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.,1975).
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CHAPTER 3: Modeling warm orographic eloud and precipitation rate,

In the first two chapters a general survey of orographic
rain vas given. In this chapter, we will briefly review ;omé
orographic models existing in the literature (section 3.1) and
above all to present an alternate way to modelize orfgraphic'rain
(section 3.2). The objective is to produce a.diagﬁbstic model (
i.e model with no time dependency) at resolution low enough to
éredict large drainjgil variation over small distagces (several
kilometers in QPe hprizontal and several hundred meters in the
vertical). It is also expected that the model be numerically
simple and to contai% the essential physicéxfequired to explain
the vertical ‘and horizontal éistribution of orographic rain.

The purpose of such model will be to sﬁ%dy the importance
and the sensitivity of input parameters on the amouht of
orograppic enhancement for a givén topograpﬁy.These parameters

are the large scale variables such as the vertical structure of

windc}eﬁperature and humidity profiles and background rainfall

Taté. A particular attention will be given to the role of the

seeder-feeder mgchanism in enhancing orographic rainfall rate.
Numerical experiments performed on the model ,as we will see, can
provide operational forecasters with a better feeling of the
physrcs 1mportant in orographic rain. It i 1so thought that the

t

model is su1tab1e for calgulation of eff1c1ency of prec1p1tatxon~

_of an orographic cloudw

/ | ‘



3.1 A review on the modeling of grecipitétion,ra'te.

We will first introduce the subject of modelization by’

considering a simple approach which uses the hypothesié\that all
the condensed material precipitates. To derive an expression for
the rainfall rate let us start with the continuity equation for

¢

the rainwater substance which can be vwritten;

Ay

9 Py - A 9 -
— + v‘sp'(pHU) = —(P..v) = . SR ( - (3.1)
ot 0z

where p. is the rainwater density; », = 2, Q, with », the air
density and Q, the rainwater mixing ratio in g of water per g of

air. Also U and V. represent the horizontal windspeed vector and
: ~

the water drc;plets terminal fall speed respectively, Finally, %o

represents the three dimensional gradient operator. On the right

hand side of equation 3.1, S, stands for sources minus sinks for

the rainwater substance. !

If we consider ste;d";r-state nd only two dimensions,x and z,
(i.e assuming a topographical ridde having an infinite extent in

the y directdon ) then 3.1 becomes

a a. s a _ . . .
= (Hu) +  —(pw) - — (PV ) = 8. (3.2)
3§ 0z "} .

Neglecting horizontal variations of the air density » ,and

that of the large 'scale flow, u, combining the .'second and third -

term in 3.2 and using A =4 Q, gives.

20, 2 _ .
P U — = - [P. (v - W)Q‘ ] = s‘o (303}’
X ' 82
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Pinall‘y,using the definition of the rainfall rate,

| R= g (V- w0, . (3.4)

and integrating with respéct to z and Qeglecting the first
term on‘fhe left hand side (vhich reptesépts the horizontai
advection of rainwater mixing ratio) yiglds the important result:

+

3

R(x,z) = R(z,) + J T'S,‘ dz . (3:5)

z
\ ~

In eqg. 3.5,R(z,) is the rainfall rate at the top of a layer
of THickness &z= z; - z. Equation (3.5)-can be used to évaluate
the horizontal 'and vertical distribution of the rainfall rate due
to the topography. .

If we assume stratiform precipitation { or more generally
steady-state precipitat%on ), the portion ofccondensgd vater
vapour converted into rainvater is very high and cloud storage
does not need to be considered in quantitative calculations of
ptecipitétion rates ( according to Wexler and At}aé, 1958 and
kessler, 1969). This means that S,in eg. 3.5 is simply the ;ate
of condensation of water vapor following the motion vwhich has

already been given by equation 2.1;

d Q@
S, =COND = - —ipr, ‘ (3.6a)
x . ; dt )
dr, ds.
B ~p— - I (3.6b)
dt dt :

Egq. 3.6b represents the variation of water. vapor .density
following the air motion. Equation 3.6b can be further expanded,

by using the definition of the saturated water vapor mixing ratio

. " AN .



o

( ry, =0.622 e, /p) and by diffegeﬂtiating its natural logarithm.

The result is;
<

S 2, (3.7)

—— = —— -

dp
Le €s P

Using the Clausius Clapeyron equation

deg ar
= L into (3.7) yields after
e, ., R,T2 .
diyiding by dt
dr, L dar 1 dp
——— e (=== -= - ==-1r . (3.8)

dat R, Tidt p dt

t
On the other hand, assuming that condensation takes place as
a result of saturated adiabatic expansion and that the condensate

precipitates, the thermodynamic equation can be written as

dr, ar RT dp . )
-L— =C— - — — . (3.9)
-1 dt p dt

Eliminating dT/dt from equations 3.8 and 3.9 and using: e=R/R, and

o=dp/dt gives, after rearranging

dr,  RT| el - T ,
v - - = rs — QO . (3.10)
dat p eL?r, + RC,T?

Al

It should be note that dr, /dt and ds, /dt can also be expanded as -

dr, K, oryg or, or :
— o= + U + vV— +w — | (3.11a)
dt ot Ix dy "z sat
and ar ap FY) LY I '
. = . + U P V— 4 w—, (3.11b) -
dat =~ at ix Jy iz
/——\/" ‘ . ~ ) ‘V
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Since stéady-state is assumed and horizontal variation of all
quantitiés are_négiected compared to vertical variations , that
o is o /3t= 3 /ax=3 /ay=0 , then we can write (using w = -p,qv and

the hydrostatic equation )

-

dr; - o . or,

— = v = 0 — (3.12 a)
dt az| sat - Jp |sat —-
Also ve have * — - )
/‘// dp. 3P.
— H " —— ‘ (3-12 b)
at oz - ‘
Comparing 3.12 a with 3.10 gives h -
ar, ‘ L RT( L - Q) '
— = (3.13)
O AN p |sat P (cL?r + RC,T?) ‘ ‘
: v The ground rainfall rate is obtained by setting z=0 in

equatién 3.5 and using 3.6b,3;*12a and 3.12b. We then. have

, ™ L
[2e ar, | 3 Pe o )
R(x,0) = R(z,).- Po 06— + g W=== é\?\ (3.14a).
JO Ip Isat 32 -
[Ze R co
= R(2,) - vG adz T . (3.14b)
. J o
) o s i, s,
Q , _where G = -a3g— + L =, (3.14c)
* op Isat S T 4 )

' is called the ggneratjing function (e.g. Kessler, ‘1969 ). Note that '
an expression for 9r,/dp),is given in 3.13 and that ;v-w(x,z) in ‘.
en equation 3.14b.
Consequently, to obtain thf horizontal distributiﬁgt of the .

; !
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ground rainfall rate we- just have to integrate wG in 3.14b from
z=0) to the ‘top.z‘,of the orographic cloud. With the formulation

0

of the seeder- feeder mechénism, the quantity R(z, ) hence
re;}esengs the background rainfall raté that .is the rainfall rate
falling ,St. the 'top of the orographic cloud. Equation 3,14
physically means that all the water vapor condensed in the

) "orographic cloud reaches the ground as precipitation.

I3
-

A model based on equation 3.14 seems to give, in some cases,

‘a good "estimation of the rainfall rate due to topography. For

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

large séale variables, éomputed rainfall rate over hilly terraiﬁ

in North Wales and verified his _calculations with raingauges

readingsqover an area 100ato~1000 km2, He considered the vertical

. o "~ velocity w in'equati_on 3.14a as being the sum of the large scale

baroclinic vertical | velocity plus “the orographié vertical

. veloéity and omitted the second term in the ~integrand of eq.

ot 3.14a whigh is the contribution due to the vertical variation of

- air density. <Collier claimed an error-as-lov as 10 per cent in

the predicted rainfall for non-convective situations. This seems

. quite spectacular considering almost tot&l‘laci‘of consdderatio;

for mic;ophysical proceése§ by usihg 3.14 and despfte a highly
parametrized profile for w.

'sgmilarly, Sarker (1966) nused" an conceptually equivalent

version of 3.14 ( with no backgrounq,rhinfall rate; i.e R(z }=0 )

to compute the orographic rainfall distribution in the Western

Ghats (India) during the gouthwest°monsoon. The vertical velocity
o profile used is based on. the mountain wave theory (see chap. 4).

Results obtained in Sarker's papér also look quite satisfactory

v
a

34



D A
i

suggesting that the assuﬁption that all the vater vapor:condensed
reaéﬁes'the ground as rain is not very far from reality at least

in those cases.

Hovever, one can ask himself if the above assumption is

realistic in general (' see discussion in, éhap;er 2 ). More

important, eguation 3.14 tells us nothing about the cloud liquid

vater content of the orographic cloud. Nevertheless, equation
3.14 _turns out to give a good answer in occasions of heavy

orogriphic'urainfall, the preéipitapion efficiency being high

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

Supporting this point, Bader and Roach (1977) . in a numerical
model for orographiéorainfall_ in warm sectors of depressions,
g?owed that the orographically produced cloud washed out by

raindrops falling from a seeder cloud ( formed by large scale

ascent ) can augment the  rainfall rate by several mm/h over a

hill as small as of a few hundred meters high. They solved the
continpity equation for the cloud 1liquid twater ‘content and
assumed that all condensation of water vapor is automatically
converted intd cloud water and that'the rainfall enhancement is
only due to the washout of orographic cloud droplets by the
seeder rain. ,

On the other hand, Go;ho (1978) is of the opinion that the
neglect of the precipitation drift (first 6 term on left hand side
of. equation 3.3 ) can also cause an overestimation in the

increase of precipitation around the hill due to the seeding as
e '

:uell as a:too vindward location for the distribution of rainfall

I'e
rate across the hills in Bader and Roach's model.

. An inﬁeresting model vhich combined orographic precipitation

o=

-




‘maximum precipitation rate . 0drs/3 p) sat.

—

4

formed by adiabatic ascent ( in the feeder cloud ) with
precipitation increases due to the seeding mechanism has been
ﬁroposed by Bell (1978). Conceptually, it utilizes equation 3.5

but replaces the integ:andws by two sources that is

-

S =S, + 8,
. i ~ org .
'here sl = \\kpo @ ' (3.15) .
. S dp Isat —
N :
and - ® N
K : S: = | Q. NVEvra? dd\ (3:16)
\ . | BN . |
-~ \ . '
with = cloud liquid water content
- = Marshall-Palmer drop size density NG

= terminal drop fallspeed y
= efficiency of collection
= dropsize radius

m:m«mZg:

- and the restriction that _the sum S,+ S, be less or equal to the
The first term S, ‘is the same as wG ‘(except ' for the

contribution due to the vertigal,variatioﬁ of air density which

-

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

'muliiplied by'a constant k which varies between 0 and 1 dependiﬂg

on how much the orographic cloud is efficieﬁt in transforming the
water vapor condensed into rainwater. The terii S, simulates the
washout (or accretion.of cloud drops b§ falling rainvater ) over
all drops of radius a. Despite good verification of the model,
éye parameteri;atiop of ihe cloud liquid water as vell as the
parameterized v?lue fdf the constant k in equation 3.15. are

rather arbitrary and."might even lead to wrong conclusions

J—
=
&
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. maximum enhancement over 1

10 km ) hills. It alsofy

concerning the role bf the seeder-feeder mechanism in increasing
the rainfall rate through equation 3.16. Moreover, the vertical
velocity profile used ( similar to fig ; 1 ) is highly e$p1r1ca1
and is therefore a weak point in’ Bell's model. /

Storebo (1976) also supports the idea of an important role
played by the seeder-feeder mechanism proposed by Bergegén. One
other gignificant point also found by Storebo ig that increases
of precipitatioﬁ across hills seem insensitive to the properties
of cbndensatiog nuclei, especially to the nﬁmber density.

Colton (1976) presents a fine-mesh mesoscale numerical
model, finite difference solqtion for the rainfall distribution
ovef the Sierras and the Smith River Basin in California,

Computed results agrees well with observations but Smith

(1979,p189) is of the opinion that Colton's’assumptions of 100

‘per cent release of condensate with no delay and a reflective

upper boundary condition at 11 km WOu}d degrade his results.
Finally, Carruthers and Chdulartpn (1983) reformulated the
Bad;; and> Roach model by incIudiﬁg a much better treatment of
airflow and the effect of );ind-drift of precipitation. Thex used
a dynamical model ;n vhich the atmosphere is divided into thf?e‘
layers of different but uniform stability, They found that

wind-drift moves the position of maximum orographic enhancement

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

ignificantly reduces the total- and

Bt hills. Moreover, they argue that

\the Bader and Roach model slightly overestimates the enhancement

o;hr short hills whxle 1t is adequate over 1long hills. AIthough
Carf%thers and Choularton provided a reasonable model, the author

37
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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
temperature profile plays a major role in determining the

vertical velocity over hills in orographic rain (if ~ there is no

L4

release of potenhia{\binstability ). This is strongly supported
and ‘

by Sarker (1966) ocho (1978).

v

On the other hand, it seems rather peculiar that Carruthers

=4

and Choularton's model (as well as Bader and Roach's model ) do
not reprbduce the fact that the observed rainfall rate is found
to “be more depénéent on windspeed and less dependent on the
pre-existing rainféi}i:a&:f T ' , N
Finally, ite appears -that no models exists vhich solve the
complete form of continuity’ equation for _both,cloud vater and
rainwater while using an appropriate solution for th; dfnamicai

proﬁlem of orogfaphic rain. Gocho (1978) presents a model which

" solve only the rainwater equation‘ and uses Sarker's theory for -

‘the dynamical part., His model, howeve;, is too" expensive to run

and is then not suitable for sensitivity tests. The model

" presented below is an éttempt to dimprove on the modeling of °

orographic rain. A complete testing of the model is given in

chapters 5 and 6.

r;



,velociﬁy can be written

% ‘ S .

3.2 Pormulation of a 2 dimensional numerical orographic model

»

" "a) Basic equations

The basic eguations are the continuity equations for water

) N .
substance and the differential equation- for the vertical
pérturbation velocity. The continuity equaxion‘for cloud water

and rain(ater are;

P '

e + v"‘e“) = sC (3.17a)
’ . R} 4

L7y e -

at ‘ oz n

o

with p. and s being the cloud and rainwater density defined
as before and S, and Sn denofe microphysical processes to be

discussed later. These equations imply that cloud droplets share

the motion of- the 'wind while raindrops have a finite terminal

nhfall speed relative to the air . The vertical perturbation

1

) ‘azw ‘
— + (1l -k?2 )W =20 . (3.18)
9z3 ’ *

W in the{ above equation is the vertical velocity,1? the
Scorer parameter to be discussed later and k, the wavenumber of
the sinusoidal gfoﬁﬁd profile. The reader is:;eferred to chapter
¢ for ; complete discussion of equation 3.;#. -

‘A8 seen before ( eq. 3.i through 3.3),‘assuming that tﬁe
v@gle system jé n a two-dimensional steady-étate, the continuité

equation for rainwater,3.17b,is ‘ ;

LT Ty,

¢
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we examine,in this thesig,cases where the terminal sall speed V

*

]

o0 a [ - S
’gu — - - 1P (v - ') Q‘ - sl ’
X °Z C -

vhich cah be further expanded to obtain '

30, ? _ _ 9
pU ~— +A.Qn—[w-V] + pl{v-V ) =~

94X ez ez
» —— a p. '
-+ QR (w - vf3 —_— = S,
. 1 L)
. g 0z

-

o
, We want to-solvelifzr the vertical distribution  of the

B »
rainvater mixing ration Q,. So we rewrite the above equation to

o

obtain
F) 1 a0 > 95
B B g 2
X Z"

0Z I ’. (""V)
. £ : :

FY v, .
+ p,Q“;—-(V-w) + Sy l .« (3.19) |
. z ‘

f The same procedure applied to 3.17a leads to

e, 1 [ e 35, v ‘ |
; o = == =p U =~ - WQ.—— - Qcha— + S (3.20)
o Y } AW ox 9z 92 .

-t

Equations 3.19 and 3.20 express the variation of the rain

and cloudwater mixing ratios with altitude. We do not have to

‘worry about the possibility of having w= ¥ in equation 3.19 since

. is generally greater than the vertical velocity w (which is

. usually the case for steady-state precipitation ), As a matter

of fact, orographic rainfail'éenerally .varieq from 2-8 mm/hr and

according to . Kelkar 2195§) the most ptoypble"dtop-dia-ctef
) ) \
40



corresponding to this rate of precipitation is 1.00-1.25 mm. The
terminal velocity corresponding to this drop-diameter is about
4.5 m/sec (Best ; 1950 or Gunn And Rinzer's data ). On the other
hand, the maximum ‘vertical velocity that we are dealing with is °
of the order of 10-50 cm/s which is effectively less' thﬁf the

" . above terminal fail speed . This ﬁeans that the denominator of
the first term on the right hand side of 3.19 is generally
different from ze;;:

Hovever, in equation 3.20, w = 0 is quite likely to occur

S especially near the crest of the topography ridge.At this

location equation 3.20 1is obviously usele‘ss’q Moreover, small .
value of w will generate numerical instability if integrated

with respect to z. To. overcome this problem we can express the

.

continuity ‘equation ,3.20,as a derivative with respect to x

~

instead of z, that is

‘Q‘ 1 an —‘ apo ] é' e -
~— = — {-pew—— - Q= - Qho— *+ Sc- | . . (3.21)
X U 3z 9z Z B

A low ;alue for. u, the windspeed, is not examined here since

we are interested in strong vindusituations. RThe first term in

T Héhe bracket oh both equations 3.19 and 3.21 represents, in its

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

- . for the rainwater equation 3.19,it is -the precipitation driftd and

for -.the cloud wgter.eguation,it\represents thé igrtical adv;ction

‘ T of clou& vater. The second term in both equations 3.19 and 3.21

- . | accounts for the -effect of compressibility. The third term
®

i e ‘ "- l.;e'pruents the variation with altitude of raindrops mean fall

speed with respect to the ground in.tﬁ?\(gi::?ter equation and

-
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the air divergénce for the cloud water equation. The magnitude
of the first term in both eguations is often fthg most important
of the three while the third term in the rainwater quation afight
be n;glected. . .

:Equation 3.19 can be int;grated with respect to z to give
the solution of Q, and equation\ 3.21 with respect :; x to give
the solution of Q. at every ’grid points. Since there is
interaction through’ the microphysical processes between the two
eéuations, these are solved simultaneously.

z;n this model, background quantities such as the wind
velocity and direction, air density, temperature and humidity are
considered basic quantities and .are hence assumed constants. It
is also supposed that topography with modest dimensions ( ‘half
:idth-much less than 50 km and height 1less than i km ) will not
significantly ~thange the agsumed gsgizontally ‘ constant
distribution of Q, ( wvatér vapor mixing ratio of the basic flow
). In other ‘Gords;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 change rainfall amounts. This is the reason we do

" not consider here the continuity equation for water vapor and

heat. ‘ | . ) qQ

b)Microphysical processes

fhe quantities Sy and S, represent the sources and sinks in
egquation 3.19 and 3.21 respectively. They include condensation,
evaﬁoration,autocon&ersion and 'coalescs;cea Since ve consider a

non-freezing cloud, we do not try to simulate other processes
{“3 . ‘ . * .
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such as deposition,melting or freezing. On the other hand,
breakup is not impontaﬂt in oiographic rain because, as mentioned
above,the‘most‘ probable drop-diameter is about 1 mm and rarely
exceeds 3 mm which is about the threshold gor breakup to be a
likely event. The set of equations 3.19 and 3.21 represent a
modelo where clouds store water and where some microphysical
processes are reproduced. Moreover, it implies a delay 1in the
formation of precipitation in the orographic cloud and will

permit us to investigate, among other things, if the orographic

~

cloull can produce rain without being seeded" from above.
: y
_We will 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)
\ i ‘ o
COND = - wG - (3.22)
r . o .

¥

, Because G is always negative, we will obtain condensation of

vater vapor into clouds with v positive and evaporation with w

'‘negative (downward motion ). For condensation to take place we .

need a moist atmosphere.

Washout of cloud by rain

Equation 3.16 can be used to evaluate the washout of cloud
\ ' , \ ,
by rain . However, to save computer time,Kessle:’s

parameterizatiop (1969) has_been adopted instead of the abgve

equation, that is;

43




adjust these parameters ' to simulate different situations. The

Washout = 5.22X10~¢ m M'/% exp(kz/2) ©(3.23)

» .

vhere m= . (Q; + Q,- Q, ). The variable m represents the
cloud water densit§x"plu§ watef vapor density minus saturated
water vapor density. The units are in kg/m3s for the vashbut when
m and M, the latter being the rainwater content, expressed in
g/m?* and z in km. Notice that when air is‘ saturated , m simply-
représbqts the cloud l}quid water content. The washout process is
equivalent to the continuous collection process by collision and
coalescence. The former termint6logy is used here to emphasiq; the
fact that the seeder and feeder (orographic ). cloud are‘tr:ated
separately and that the background rainfall can' enhance the
precipitaéion rate through .the process. If such background
rainfall is zero then the procesé,_simply,simﬁlates the growth of

droplets by coalescence within the.orographic cloud.

Aytoconversion \ : ) f

Theoaqtoconversion process is represented by the expression;.
AUTOC = k, (P Qc- kj) . L (3.24)

whére Qc is the cloud waters mixing rafio, k, the autoconversion
rate and k,, the autoconversion threshold.: It is pqssible to

~

values given by Kessler (1969) are taken,unless otherwise stated,

that is
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S k;=10-3 sec~* and k,= 0.5 g/m 3.

s BEvaporation of rain _
- Follow_i'ng Kessler's parametrization (1969), we have for the

evaporation rate (kg/m’s):
EVAPR = - 5.4443 X 10 -7 nM13/30 (3.25)
. \ *

‘The qual:xtity m in eq. 3.25 is slightly different than that =
in eguation 3.23. In the evaporat‘ion‘ schem-e, we consider m as the
following; - m = 5, (Q.+ Qu- Q'vs ) where Qi is the perturbated
%_\, | saturated water vapor dénsity which is evaluated by considering

the distance AD the airflow has moved down at a given_point 'when
’ compared to' the posi‘tion at hill top. Therefore, we write-
_J Q' - =Q'(T',P")
_ 0 where T'=T(z) - ADI with Ij, the dry adiabatic lapse rate and

~

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

\ M . X T,P,z ¢ N AD

s S\

rig.3.1° ‘ )

Evaporation of rain will take place in unsaturated air
. (below cloud base,between the seeder and feeder cloud-and in the

lee of a given topogrép'h'ical obstacle ). .

1 L3

2

With all expressions given above, S, and S.in 3.19 and 3.21

5re respectively

~ N ' ‘
Sq® WASHOUT + AUTOC - EVAPR * (3.26a)

4 "
"“:’ . - _‘5 0

.Ti{.ﬁ -
“
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A

Sc= COND — WASHOUT - AUTOC -EVAPC . | (3.26b)

C) Terminal velocity of raindrops
A raindrop is assumed to fall relative to the. ‘air with the
mean terminal velocity (averaged over the whole raindrop spéctta ,

) given by Kessler (1969)

- -

V = 5,16 exp(0.05z) M¥s (3.27)

where V is -given inm/s, z in km and M, “the preci;iiitation

content in g/m 3 ( M=ps Q,). ’ /
d) Numerical scheme
.Both equations 3.19 and 3.2l are of the form
. Q ' = f£(Q) . C(3.2m)

.where Q' represents the derivative? of water substance with
‘ respect to x for the cloud water and with respect to z in the"
rainwater equation. A éentte-dig/f_erencea ~ scheme is

-

unconditionnaly unstablg//w):en fabi)lied to such ei;uation.
Consequently, .we will 71;1:y a forward scheme which seems more
appropriate here. But we will int'egrate equata:ion 3.19' and 3.21 .
simultaneously in two different spatial variables which are
direction of motion (N for the cloud droplets and z for
hydrometeors). Although this appears-to be non-standard , it
physically makes more. sense since clouds move ‘horizontally and
the precipitaﬁon. principally vertically. Moreover, other
numerical procedures were tried and found rather unstable even

#

vith small integration steps.

I
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. The scheme of integration used is illusﬁrated in fig. 3.2.

+ > ¢

(x -Ax,z) (x,2z) (x +Ax,z)

'

Qe
Y
(xrz§x,!-ZSz)——-——-—~’(x,z-ékz)-*****’1: +ka.z - Az)

. 1 ~ ‘i \ .

| e
Qc'
Y T
(x- Ax,z-2\z)——(x,2- '22)

a—

(x+AAx,2 - 2Az)

»

etC. ’ . etCo ! etc. -

s ‘ Fi913.2 Scheme of integration

. . . - ,

The new value for the cloud mixing ratio is evaluated at-
point (x,z-Az) by <an horizontal- marching from the point
(x-ax,z-Az) while the ‘new value for gainwate{,at wihg same point
is éalcaluted by vertical integration from the point (x,z). The
overall marcﬁing is ghen from top to bottom in the 'z direction
until the ground is reached. Then the whole procedure is repeated
for a new value of x incrementeé by ax. Once the value of Qq is
known at a given level it then - becomes easy to evaluate the

rainfall rate using the following relationship (pessler,1969 );

o
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‘ M=oR" .7 (3.28)
with R in mm/hr and M in g/m (M=p, Qq).

Measurements at various locatior{s have shown that ¢ and n

are usually quite umfom, with 0,052 < . < 0 089 and 0.84 < <‘

0.94. In the model developed in this thesxs, ¢ will be taken as
 0.089 and n as 0.9¢ which is thought to take into account the

fact that cloud liquid water content in orographic warm clouds

k4 )

are higher than that in non-orographic cloud (see Pruppacher and

Klett, 1980, p 27 ),

wWhen the schénie described m fig 3.2 is used,. equations 3.19

~ and 3.21 are vritten

ol o Ax Q. YN av
: - Q,_(x z-4z)= Q (x-AX, 2-82) - —lpW—— + WQ— + QcA—
AU iz oz 9z

, - - &] (3.29)
° (x-Ax,z-AzZ) :

4
L 4

N ‘ AZ a A B
) . Qp(x,2-2z)= Qg(x;2) + - ~lo U + po Qqg—(V-w)
, , ‘ Po (V-w)| = ax - 3z ,

) - 95 . .
- ‘ + Qg (V=w)— + Sy ‘
A ; . A 3z J (x,2)

‘The r'ainfal«l rate at the surface is b'btainéd from the value

‘of Q,‘ at the last grid point in the vetncal using the eguation

& .
. 3.28 and M=p, Q,. Note" that §, and Se. ‘'are given by 3.26a,b and’

evaluated at pomt (x-Ax z-Az) and (x,z) tespectively.

. -
- e ¢
R S e W -
<
- '
N '
©
-
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. e) anirohmental and boundary conditions

Environmental conditions such 1‘% pressure,density, wind
speed and temperature are not assumed to be modified by the
topography ond_are taken as inputs of the basic atmosphere.
Changes of water vapor qixing ratio due to topography are not
included in the calculation of rainfall and- 1cloud, vater
quantities. "This is an _important approximation whose
justification lies in the fact that,for stratiform clouds, the
qmount of water lost (condensed) across mountain ridges of small
extent ( half width Tess than 50 km ) is small and is not likely
to significantly change the results of calculation of'rainfgll
rates. Moreovor, the model does not include 'the net heating
which occurs due to condensation, deﬁosition'loss of ligﬁ{d water
both froh the seeder cloud ( by precipioétion { and the feeder
clood ( washed out ), nor does the model include the 'effect of
cooling due to evapo;ation of rain. The former is discussed in
Car;uthers and Choularton (1983) and it turns out that its effect

is insignificant’ f£or the range of hill lengths for which tﬁe

feeder-seeder process is lzkely to be the dominant"flechanism of

orographic enhancement ( 1.e a»<< 200 km ).
If the environmental airmass is not saturated, the model can
\
take it into account by the following procedute.' At a given

level, we first calculate the distance to reach saturatzon ( that

is equivalent to calculate the lifting condepsation 1level). If

this distance is greater than the orographically indocea

displacement,y,then no condensation can take ploce,at this level,

On the other hand,if the upvard distance an airmass 'needs to be

lifted is less than y and if there is vertical motion then

49
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condensation takes place and equation 3.22 is used to evaluate

the amount of such condensation. Hence, we can ihclude the effect

of héving' a non-saturated atmosphere’ on ‘the calculation . of the

X

rainfall rate enhancement.

Since' we are using finite differences, we need boundary

‘conditions; .one lateral and one vertical boundary condition.

Generally ‘spégking, boundary conditions will Dbe tayen as the
value found in thé environmental atmosphere at a distance far
away from orographic inf}uence. For example, the orographic
cloud liquid water content and the rainfall‘rate a;'the left edge
of the domain are simply taken the same as the background
enkironment.-

The same. rule is applied for the vertical'bouddary condit{on

‘except that the physical location of this upper boundary

condition is made variable. That is, we start integrating in ghe
vertical at a slightly different location as we go downwind along
the topography. -

This is thought to pe}?n improvement - at least in principle '

- over what 1is found in other models. In fact,in his conceptual

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

- horizontal boundary condition. This implies that the maximum

upward‘ limit of the orographic cloud is uvnaffected by the
iréegulaf terrain which is not correct. padér and Roach (1977)
have improv;d the treatment of the upper boundary condition by
specifying the raiqfall from above as. a constant along a2 surface
wvhich parallels the irregular terrain (fig. 3.3).In the Eurrent
model, the location of tﬁe upper boundary ' condition will depend

on the orographically’ induced displacemént % according to the
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.relationship ‘o~

O 4 | | h* '« ¢(x,z=D.) - Z, + D, (3.31) .,
vhere h' is 'the height of the ‘upper boundary condition above tl:e .
ground, r(x,z=D. ), the stre‘amline displacement evalluateﬂs‘gat a
height D. specified at the left edge of the domain and fmally z,
represents the elevatzbn of the ground (fig. 3.3). The mcoﬁung

(background) ramfall rate is assumed fixed at the upper boundary f
i

z = Zg(x) = y(x,2=D,) + D, -
' The upper limit D, defines not only the extent of . the domain of
integ‘ratiqp in the vertical but also the physical maximum extent
of the orographic cloud ,at the left edge of the doma‘\i‘:n (zvhere 1

tends to zero ). - ' ’

o It

inverted, in order to convert the background rainfall rate R

should be note that at 2=z, (x), equation 3.28 is
(mm/h) into precipitat{on water content M (g/m?), that is;

N ‘at‘ z= "zu(zj (x); M;su?;"“ - a (‘be

L £) vertical’m'd;:ion énd'u;;w‘ard displacement
) We have avoided so far mentmnmg any reference to the wayﬂ
vertzcal motion,v,and orograph:cally induced disp].qcemqnt,‘z,,“ are\-\
calculated. In fact, wve obviously need to evaluate v in equat’io;w ‘\‘

- 3,23 and 3.30. Unfortunately , any attempt to compute v and r, \

\
y

e' raquires the modeling of airflow over topography: whu:h turn out ' '\
into a  complex task&- unless many assumptions are made. v\
. .

. '
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:However,becaus; of its simplicity the use of the tyo-d{mensionai
mountéin vave theofy to solve the problem is attractive and will
be the subject of the next chapter. It should be noted that the
vert1cal motion hence calculated is only due to topography .and
the background ver§:cal motion would have to be added on the
result. However,1n ocur model- the backgtound rainfall rate is
assumed to already contain the information about that large scale’

P
vertical motion and the’'latter is therefore omited in this study.

Fig. 3 3. Upper boundary condition ( upper limit of
integration which is the first point of integration in
the vertical in the model ). Current model's boundary
condition is represented by ‘CM,Bader and Roach's condi-
tion-by BR and Bergeron's horzzontal condition is also
indicated (B). I



- CHAPTER 4: MODELING AIRFLOW OVER TOPOGRAPHY

It has been guite common to assume that the vertical

velocities due to a mountain dre confined to the region directly

_over the mountain and that the slope of éhe streamlines decreases -

to zero at some midtroposphere level (like fig 2.1). Dynam{éally
such mo&els might be incorrect as are the attempts to derive them
ﬁroﬁ'the governing equations. Moreover, it is possible that the -

use of such models would introduce appreciable error in the

| L
.calculation of vertical velocities and condensation rates.

In actual situations, the lifting aloft may begin well
upstream of the mountain and values of vertical velocities and
upwérd displacement c#n be significantly stronger than \:REE
obtaiﬁed by the simple theory mentioned in chapter 2. More
important, the strength and general distribution of vertical.
velocify depend to a gFeaf' extent on the atmospheric structure
and not only on the toﬁqgraphy~pro£i1e. Therefore,‘ in order to
correctly evaluate theh airfigw over topégraphy we : need a better
theori%al framew&rk vhich is fortunately‘available through the
mountain wave theory approach. | .

The iheorféal‘regharches on the problem of the disturbance
of an atmospheric current flowing over a mountain range have been
undertaken by various authors (e.g. Queney . (1948),Scorer (1949)
and others). Results have shown that most of the charécteristics
observed features can be explained , to a very large extent, by
the hydrodynami;al theory of internal, small adiabatic

perturbations in a’ stratifi;d atmosphére vithout friction. We

- will summarize here aspects of the .theory relevant to the problem

s
Ed

of orographic rain. . e
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( Note: lee waves will not be discussed since it is not relevant

to the problem of orographic rain.) .
. #
é

v
»

4.1 Vertical motion and streamline 'displacement over a sinusoidal

corrugﬁation of the ground. .

The disturbance in an air current vhose velocity may varg-

with height, caused by a wave-like corrugation of the ground of
wavenumber Kk is obtainec} in Ehis section. In the second section,
th‘e result is extended to a single ridge by° the method of Pourier
integrals. We assume a two-dimensional flow ‘1’0n the vertical plane
xz, with the z axis vertical and the x axis in the direction of
the undisturb;d win’d:. The ground is assumed to have an infinite
extent in the y direction. (perpendicular direction). We consider

- -«

fric;ionless,steady,1aminar and isentropic flow.
" The basic equations are the two equatio‘ns of motion (x,z),
equafion of state, adiabatic %eqﬁation and the /equa'tion of
continuity. ) ' |

Starting from these equationé, Scorer "(1949) obtained,after
linearization (small amplitude theory), the following wave

equatiori for a sinusoidal ground profile.

£2 | a2y, -g g f3 t,
- 1 - ——]—— + g+ (— ¢+ 2p)— } —
U%k?] 922 c? c? . U3k a2 ,
qs 1l 930 : \ ‘ . . .
+ - =, == -k?} ¥ = 0 (4.1)
U2 U 9z2 . ‘




f -

vhere in the above; f= the Coriolis parameter
U= undisturbed wind speed
k= wavelength of ground corrugation

t, = stream function

c= speed of sound

¢= 1/0(96/9z) ; coeficient of stab111ty

We can ignore the Coriolis “4ffects if

Pl fz
<< 1- (4.2 a)
_ pak3

With £ = 10-¢ s-2 and U= 15 m/s the condition is_satis-
fied vhen ‘ >

L << 1000 km (4.2 b)
[ 8
“where L is the vavelength of the ground profile (=2w/k).

. The equation (4.1) then becomes

i ) )
a3y, g ov, [ g 1 920 :

— - ~ 4+ f}— +{=— - = — - k2 }¥,=0 (4.3)
9z c? 2Z U3 U 322

Scorer (1949) further showed .that g/c? + g = (-1/p)ap/3z. By

¢

using the integration factor

1 1l 9
I = exp|-+- |—— — dz| = Vp,/p (4.4a)
2 p 0z

Yo = IV (4.4b)

and by setting

.
- ~ ~

where A,. is the density at height z= 0, wve can eliminate the

first derivative in equation 4.3 and obtain;

)

L o2t gs 1 33U 1 32 1 0s\3 «
_— ‘ —— - = — - k: - — — + o— — ’ = 50. .(405)
‘ ox? v2 U 923 20 322 4p2\0z

The first two terms within the . bracket of {4.5) are of the

~
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order of 1 km-? compared with values of the order of 5X10* km-?

o for the last two. So we can reduce .the equatién 4.5 to
. ; o02¢ .
) — + ( 12 - k2 ) = 0 (4.6)
. ez
gs 1l 320 ,
where 13 (z) =+ — -~ - — -
i U 923

This parameter 12 is usually known as the Scorer's parameter
and is hence dependent on the stability # and on thé second
derivative of the wind with respect to altitude. It is therefore
clear that ve;tical velocity and streamlines profiles depehd to a
large.extent on the atmo;pheric structure. ‘

On the other hand, the latént heat released by condensation
o *  should \be included in the dynamics. Sarker (1966), shows that by

; . replacing the dry adiabatic lapse rate by the saturated adiabatic

lapse rate I provides a useful approximation if treating the '

>t

prolﬁlem. Under this assumption the Scorer parameter hence becomes

v

(in first approximation );

-g | dT/dz - L | 193230
1%(2) = . - - ——
v TU3 U 922

(4.7)

In many situations; the first term on the rhs dominates
over the 'second. \However, concerning the problem of orographic

rain,it is often observed that the temperature profile is along

the moist adiabatic and that a low leved jet is present. This

means that the second term is more likely to domin:te over theﬁ

o . first and that ' the curvature of the wind .profile determines how

ﬁ!’d&’.’fs:. n

the airflow behaves over the topography.

»
3
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To obtain an equation for vertical velocity w and

streanmline displacement ,Yy , we just note that by definition

-
—

W=  a¥/ix ) (4.8 a)
and r = */U T~ (4.8 b)

—

and we can write equation (4.6) as

oW - .
_— + ( 12 - k2 )We 0 (4.9)
922 =0 )

The above equation relates the varia.tion of W with height
assumin; a sinusoidal tc\pogréphy of -wavenumber k. Since ¥, W and
Yy are complex guantities, the complete solutior} will be of the,
form ( also using equatioﬁ 4.4a,b);

w(x,z) = Redl <(pe/p )¥ W(z) exp(ikx) >
where W(z) is the solution of 4.9.
The above results have no practical direct applicatioﬁ,
since an unlimited sinusoidal ground profile is rarely found in

! A Y

nature. But their generalization by Fourier integrals can be

L)

utilized in the solution of the case of an arbitrary mountain.

.
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4.2 Solution for a single symmetrical mountain ridge

" A very convenient equation for the ground surface is. the |

"bell-shaped" ridge, fig. 4.1

aib

2, =
) az...xa

It can be also represented by

Zy = ab | exp(—ha) coskx dk
. o . ‘

® o \

= ¢(x,0)

ich is very useful in obtaining the mathematical solution for w
and’ ¢. .

£V

L Fig 4.1 ; the bell-shaped ridge; b is the maximum height
and'a the width of the ridge. Z, represents the height of
terrain above sea level., Negative i values are on the
windward side while positive x values on the leeward side.

An airstream having neutral static stability (.dT/dz = Ijor
I, in the moist case) and no curvature of its wind profi}e (l/0 X
33U/922 .) would have 12 =0 (in eq. 4.7) and the vertical

displacement of a streamline Yy would be given by

'ab(a + 2)

(s s E)s s ad ((4.11)

3

- t(x,z) =

where the amplitude of the  vertical disblacement _o'f“i fluid
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particles slowly falls off with height. Note here that the
coordinate z is the elevation above the ground surface such that
t(x,0) = 2 -
| Such an airstream refers to the potentiai—flow regime (ideal
solution ) and is valid when the inverse of 1(z) is much bigger
than the mountain half width “"a" (see Gill(1982), p 275),

The vett}ca‘! velocity is, using 4.8a and 4.8b; ,

) . 4
vix,z) = U(z)-az,/p:g - . (4.12)

Combining 4.12 an_é 4.11, it 1is easy to show..( by settiné
dw/ax = 0 in 4,12 ') tilat the maximum vertical velocity occurs at
a distance x= % a/\[? (near the ground) for the bell-shaped
mountain.’

For a non-zero but constant value of 1%, the sovlutionlfof
the bell-sh;ped, mount’ajin can be derived by solving eq. 4.6 and

using 4.8b ‘(see Queney ,1948 for the derivation). The result- is;

¢

: W .[ A% | acoslz - xsinlz }
({x,z) = — {-——]A ab - (4.13)
T pd a2 + x3 . '

G

The important difference ~between (4.11) and (4.13) is that
‘in the latter the streémline displacement has a sinusoidal
variation - and does not falls “off with height. Using equation
4.12, ig is possible.to afgue that vertical velocities will be
‘stronger in the latter case. Moreover, the point of maximum
vertical velocity will not correspond té6 the point of maximum

slope of the ground surface in 4.13 (whereas it does in equation
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4.11),
It should be noted tfzat equation (4.13) can be ‘derived from
eq. 4.6. In fact using the hydrostatic approximation (which 1.3
eqguivalent to assuming k << 1 Gill,1982), equation 9.6 becomes
0¥
e + 12 § = 0
0z3
The solution of such equation is :
;i(x,z) = Real < ¥ (x) exp(ilz) > (4.14a)
or by using 4.8b .
U z(x,z)= Real < U, g, (x) exp(ilz) > (4.14Db)
where 1y {(x) is a cdmple:i function whc?se real ‘part defines the

surface topography. For the bell-shaped mountain, it can be shown

that

-

. ) ab
S ' g (x) = - (a + ix) (3.15)
az + xl

which yields to (using 4.15 in 4.14b ); T

U A V2 | acoslz -xsinlz |}
t(x,2z) = ( ) ab— (4.16)
Uy Py a? + x2 )

which is identical to eguation to 4.13 (after multiplicating by
the integration factor 4.4 and taking the real part). .

So far, we have looked at solutions for l’.> 0 in equ‘ation |
4.7. However, if 12 is negative and constant with z ( e.gq.
neutral static stability and .(1/0U)X32U/3z2 Dbeing positive

- constants) the solution for y will be

% M2 U,
t(x,z) = Real <zs'(x) exp(-L'z) > l—-— ———
Py Us

L



azb exp(-L'z) | #, |V2

a’? + x1? ‘ T Py

¢ 4
— (4.17)
a2

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
account the vertical structure of the atmosphere through
quantities such as the static stability and the wind profile
drasticallyg affects the ve:ztical structure 6f streamline _
displacements. More precisely, vert:i;al velocities are expected
to be significantly greater with an atmosphere having 12> 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 is along the saturated adiabatic
lapse rate and if" there is a ‘low level jet stream present ( 1/U
Xd3U/9z2 < 0) it follows_ from the above (see also equation 4.7)
that vertical veloéity due to the mountain will be significantly
higher‘,when 12 > 0. In terms of vertical propagation uof energy it
‘means that ig 12 > 0, energy is propagated wupward wvithout
absorption w};iie when 12 < 0, the solution of ¢y is exponentially
decreasing and hence there is absorption ( see equation 4.17 ).
This provides an explanation why large orographic rainfalls tend
to occur ' when 13 >.0.( condition alre;dy given p 25 )l. Further
inves‘tigptic'm on the importance of the parameter 1 on orograph{c

enhancement will be undertaken in chapter 5.
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4.3 Solution for an asymmetrical ridge
In mahy océasions, the ground profile has a shape depicted

in £ig. 4.2 which cortesponds.to the equation

b
zs‘t t.(x'-ho) =

P

alb N
+ a' tan-1(x/a) (4.18)

a2 + x2
vhere the ground 1level is taken here as z=-h,in order to avoid
upstream negative values of 24 . The solution ¢ is similarly

obtained by combining 4.14b with f (x) given by ( Sarker,1966);

&

P 1/ U('ho)
((x,z) = [-} Real {zs(x) exp(ilz) (4.19)
) Py U(Z) N , ‘
: ab(a+ix) i (a2+x3)
g (x) = : + a' [tan‘l(x/a) + = 1n —-——-—}
, az + x? 2 a3l
The vertical velocity is simply
. ¢
w(x,z) = U; J¢/9x
= U{-h) (r,/ p.\v’ Real | exp(ilz) azg (x)/3x |} (4.20)

Note: the subscript -h,corresponds to the ground level which is
~ X

used for mathematical ‘convenience.

7 /i

rig 4.2. Ground pt%f_\i/ﬁ described by equation 4.18.

/T '.*‘ .
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4.4 Vertical variation of the Scorer parameter

So far, we have consider 1 being.constant with z., However,
in actual situations it is rarely the case and vwe need to
coﬁpidér 1=1(z) which complicates the solution of ,equation 4.6.

" One simple vay to bypass the mathematical problem is to
d{vide the atmospheré into two or more layers vhefé 1 is
‘piecewise constant. Such approadhlwas taken by Sarker (1966) who
divided the agposphere into 3 layers im which 12 is assumed:
constant and positive in the lower andjupper layer and negative
in the‘ middle layer. 'He“us‘ed équ’ation 4.18 to approximate the
(topography of the Western Ghats (India) and calculated 1 from"
| the wind profile during the southwest monsoon event ( assuming
dT/dz = rg-'in equation 4.7)

Computed results of orographic. rainfall'béseé on'équation‘
4.6 for fhe vertical velocity seem to agree gquite well with
observations despite the extreme simple assumption that the rate
of precipitatibb is equal to the rate of condensation. ”

Consequenfly, tke dynamical part of the solution given by
Sarker (1966) and slightly modified by Gocho- (1976) has been
adopted in this tgesis since it is sémevhat general and can
reduce to a :2 layers modelgﬁr a one layer model if needed.
Bxpressions for streamline displacements and vertical velocities
are thus given in appendix B for a 3 ;ayeréyand for a 2 layers
model., | '

Finally, it is worth noting that equation 4.18 is quite
geperal since a great amount of topography profiles can be
appro#imated by simply adﬁusting parameters a,b and a' to’ a

particular situation.
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' 4.5 validity of the results

In this chapter it has been shown that vertical velocity.and
streamline displacements nay de\pet;d to a great deal o;\ the
atmosp{:eric verticai structure. This is a;n important result
already vell known in the mountain wave theory. -‘We have ‘given
expressions for the vertical motion and streamline displacementé
for the windward side as well as the leeward side of both
symmetrical and asymmetrical mountain ridge. Solutions for other

. t;y;;es of topography can\be easily derived from the approach
given by Sarker (1966) 'i:rovided it has a simple' Fourier
transform. c

Hovever, the_thepry of \small adiabatic perturbation.s » used

above,requires as an essential condition that' the perturbation

P | may be -considered as an infinitesimal disturbance. In the case of"

o | a ~typica1 mountain range, the condition js fulfilled if the

\ height b is small E:ompareé to both the vidth a and to L ( vhere L

\ = I ). The last statement is egquivalent to say that vertical °
velocity must be small compared to the wind speed U.

'Nevertheless, it seems probable according to Queney (1948)

hat the results are still quali’“tatively valid when the ratio b/a

r b/L are as large as 18 or even 1/2 in some cases. For

instance, if U= 10 m/s, the theory of small perturbation 'is

practically applicable to any typical mountain top as high as 1

ori2. km if its total width is not smaller than 10 km.

For the above results to be valid it is also 'ngcessary that
the \half width " a " be much less than 100 km othervise Coriolis
o effects would affect the results. Other assumptions made here are
givg in the beginning of this ch?pti!r and are; the motion is

9

64

f:ﬁ-'f";



o3
e

nonviscous, laminar ‘and steady. Finally, airflow over the
topography obtained in suph.a way is /assumed not to be’changed by
means of the drag force of the falling vater. ‘

The maiﬁ shortcbming‘of this theory is that the parameter 1
must be evaluated from the wind profile obtaiﬁéd\from\a sounding
not too far away from tﬁe mountain, Thergfore,ariées the
possibility o} that the sounding be modified by the mountain
itself. .Similarly, another problem-with the use of linear theory
is that in almost saturated atmosphefe,.even slight lifting will
bring the air to saturation ané\thus change the static gtability.
ﬁevertheless, it is thought tha; the linear theory érovide; the -
best -simple estimation of ’v;r&ical motion and streamline
dispiaceﬁents due to topography and wjll-theq be useﬁ as an input _
to the microphysical model dgyelopped in this thesis (see chap.3

and chap.é). ' , 2
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CHAPTER 5: THE BEHAVIOUR OF A 2-D NUMERICAL OROGRAPHIC MODEL

: | The behaviour of a two-dimensional numerical orographic
o K model based on equations 3.29 and 3.36 is presented in this
| chapter.

The solution for the vertical motion and streamline
d'isplacement,are calculated according to the linear theory of
orographically induced adiabatic perturbation given in chapter 4
| (see also appendix B). The ‘reader is reminded that adopting such
"‘\a .solution and coupling it with the thermodynamical-
fnicrophys*ical model given by equations de\;elopped in chapter 3
means that we are assuming no direct feedbac'k between the
dynamical part and the microphysical processes of the model.
Such'a procedure is however a good approximation as discussed in
o clhapt\gr 3. _

the:“\the above.approach would not be appropriate if we studied

the orégraphic -convective precipitation. In fact, the Ilocal

generution of an orographically induced cumulonimbus in a

'conditionally unstable airmass implies a strong feedback between
dynamics and microphysics.

"rhe shé‘pe of the topography profile is taken as the bell

\ shaped ridge, equation 4.10. The half 1length "a" . which

characterizes the hill or mountain width wvill be taken in :he

range 5 to 30 km. Thi's range is small enough for Coriolis effects

to be insignif i‘é‘ant and sufficiently Iarée to be above the limit

vhere non-hydrosé‘e\atig effects play 'an important role. Heights

choéen will  be uﬁ\‘to 1 km; over higher hills,associated upward

o displacement of the\e\\airflow may 'alter the Qtructuté’ of the seeder

cloud and also .influence any mid-level precipitation. Another
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problem we would have to face in caée of hill tops higher than 1

km is ,t!\\a_t the feeder cloud would' have an upvard extent which

would téquire «in, uﬁ’ny cases the modeling — of subfreezing

precipitation processes. The slope ( which can be represented by

the aspect ratio b/a ) alsc; has its restrictions; it should not

' be superior to 0.3, otherwise three—dimensional effects would be
important ( see Carruthers and.Choularton, i982).

The temperature profile often follows the‘ moist adiabatic

lapse rate in cases of heavy orographic rainfall. Such a profile

?

is adopted here and only specification of the surface temperature ‘

is hence needed. Temperature at any ievel is given' by;
T(z+Az)= T(z) + I Az (5.1)

vhere
1 +5.42°X 103 r, /€T

o !‘, = - l" (5.2) .

1l +8.39 X 10¢ r; /€T?

( see Iribarne and Godson, 1973, p 159 ).

Unless otherwise stateli, the domain of integratipn will
generally consists of 50 grid points in the horizontal and about
the same number in the vertical. Integratiors and computations
are performéd from top to bottom with a step of integration Az
and from left to tigfzt with a s.tep taf integration Ax (fig. 5.1).‘
- At the upper boundéry of the domain of i‘ntegration&“ﬁ( vhic;z

. is not necessarily horizontal), the rainfall rate is aséuqed to

U be constant and taken as the background rainfall rate. The

‘rainvater mix"ing ratio at that point is then easi}'y obtained
’ . from the rainfall rate by inverting equation 3.28 . At the upper
e boundary, the cloud liqt;id :ater content is specified either as

¥

)
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zero or as a constant which can be taken as the mhan value of
8 the cloud 1liquid vater content of the seeder cloﬁd (background
enviroﬂment). At tHe left edge of the domain, the cloud liquiJ'

water content is specified as zero. |

_e e o« v e . . . .etc..

. e

Figure 5.1: Domain of integration

The top of the domain ( which does not necés‘s_arily
corrgsmnd to the uppér boundary 'condition of the orographic
clou;i)'is ge;xe”rally taken as z= 4 km. On the other h'and, _the

, "domain of iﬁteération varies along x apd is bounded by z = z,(x).
o . It is believed that a higher top for the domain of integration

vould not . significantly change calculations of ground rainfall

, .
.
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‘ rate since most of orographic enhancement takes place at low
levels. b ‘

Although temper;ntﬁre below' 0°C are possible“vithin the
domain of integration and considering that there is no prov1sxons

for ice micophysics px\ocesses, ve will consider the model to be

E valid only for those cases havmg a freezing level relatively

high (say at least 2.5 km high). . ~

Smoothing operators are used to remove undesirable small

scale variations in some of the computed quantities such as the

horizontal-profile of the ground rainfall rate and the orographic

cloud water conte‘nt (the smoothing operator used in the model is
described in appendix D). Finally, the rainfall .rate at the
3 ground is obtainédd by a simple linear extrapolation of the
calculated value at the last two grid points in the vertical. ..
A computer program accompanies this thesis and was written

in Fortran 1V language.

| \ 5.1 Results of sensitivitz experiments

' The behaviour of the relativély simple model will be
assessed below. A simple way to achieve this goal is to run
sengitivity te:sts. Such tests are important because they not only
'provide information about the effects of the various assumptions
but also indicate the relative importance of different factérs in
the amount of maximum orographic enhancement AP,, (difference )
between the maximum surface rainfall rate, Pgw , and tl*w.e"ﬂ

~_° 'baé\kground rainfall rate,P, ).
'l‘ablu 5.1 sumatizes sennthty tests done with the model.
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The first set ( tests § 1-4) deals - with the increase of the
maximum rain enhancement AP, as a function of ‘a specific

meteorological parameter. The. second set ( tests #5-6)

&

- &
investigates the effect of varying hill lefigth and height and the
wind structure ' (through 1,,1,,H) on the maximum orographic
enhancement, AP,.

Experiment To test effect of Special changes
varying
/
1 windspeed maximum
5- 30 m/s :
2 relative humidity ~ b= 250m
0.7 - 1.0 ax = 5 km for U,= 20
, and 30 n/s and Ax=2.5
* km for U,,= 10 m/s. ‘
3 background rainfall D = 2.0 km
rate 0 - 8 mm/h.
4 ?.,: potential wet -
ulb temperature
3 8 - 250C
5 ar hill mean width b= 250 m
5 ""30(km ‘
) .
6. wind structure; Ax= 5 km
1l,,1,,H a) varying 1,
b) varying H
c) using 2-D potential
flov model ideal sol.)
7 Kessler's parame- "6=0.1,0.089,0.071,0.052 «
" trization constants: n=1.0,0.94,0.89,0.84
C,:n,kz and QC° .' k3-0.3,0.5 and 1 g/m,
‘ & - QC,= 0,0.1 and 0.3 g/m?
8 ‘ space steps Ax=1,2.5 and 5 km
Ax and Az ‘ Az=50,100 and 200 m
v Table 5.1 Summary of éensitivity experime'nts ]
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Finally, the last set ( test 4 7-8) examines the sensitivity

of changing boundary conditions , parametrization constants and
space steps on the maximum rain enhancement AR,,.

The sensitivity tesft’pgrlesented in this study corresponds to
a low-cie'vel jet situation. The. windspeed prof-iie will be
re‘presénted by a \t{ég/pnometrical function that satisfies the

equation below;

~K

1 A :
- = — = constant = 12 (5.3).
U az? .

In every case, the atmosphere is divided‘into two layers

sepaerat‘ed by the level of maximum speed,with the Scorer parameter
12,different but cons“tlan{: in each layer, - The height of the’
maximum speed (U ) is H and the value 1, and i, designate the
\“Sc.orer I.Jax;ameter in the lower Q'ant‘i upper layer respectively. uWith_ )
-this notation, the wind profile is; '

14
¢

, ’ U.cosl, (H~-z) z S H :
U(z) = » (5.4)
" | ‘U,cosl,;(H-z) z >H -

i ) . .
In all sensitivity experiments, only one parameter 1is
changed ‘while all others are kept constants for a specific test.

Unless‘ othervise specified input conditions are

Po = 2,0 mwh a= 20 km
U = 20 nv/s b= 500 m
6, ='15°C R.H.= 100°.
l, = 1,0 km=? De = 2.5 km
l, = 0,13 km-? QG = 0.1 g/m3
fH = v/3 km ' , '

’ - Ax = 2,5'km A J )

« Az = 100 -m . Ce

-

vhich represents our bagic set of conditions.
%. . . o, - ? . "
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In the first seﬁsitivity test, ihe vindspeed maximum is
varied from 5 to 30 m/sl ‘Figure 5.2 shows that orographic
enhahcementx Aa.ihcreases reiatively rapidly with the maximum
'windspeea Un;. For higher value for D, , the orographic cloud

depth Qt the .left'edge of the domain of integrhtion, AP, is

'gfgater. Figure 5.3 shows the maximum condensation rate -and.

cloud liquid water content in the orographic cloud as a function
of thg windspeed corresponding to case B of figure 5.2. The
conden;atioh rate and the cloud 1liquid wdater content alsa
increase in.a linear fashion with windspeed.. It should be noted
that for a given topography and temperature and wind profile, the

only way to change the condensation -—rate in the present model is

to change the windspeed component perpendicular .to the hill,

Another result ( not shown here ) is that the position of maximum .

enhancement moves slightly towérds the hill crest as the

vindspeed is increased ( max. displacement of one grid point, e.g

t

about 5 km),

Diminishing the relative humidity of the basic flow causes a’

dramatic decrease of orographic enhancement as depicted in figure
5.4, For 'a strong windspeed ( case A), the fnfluence rapidly
starts for relative hqmiditf (r.h.) | beélov 0.95 while for
relatively weak windspeed ( case C), the threshold seems lower (
0.88). In any cases, no orographic enhancement takes place for
.r.h, lower than about 0.82. with a non-saturated iflow,
éondensafion will take place on}& if the orographically-induced
.,upward displacement is greater than the LCL (lifting condensation
'_level). With 1low r.h., this LCL level is so high that no

3

condensation can occur and consequently'nd‘orographic enhancement

!
’
v
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Figure 5.2. Vanation of the maximum rainfall tate
enhancement AP, with U_ and D..
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.max clw
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. Figure! 5.3. Computed maximum cloud vater content,conden-
sation rate and orographic enhancement as a function of

u:im speed.

7.‘




o a7 | %nr.h. QQ L o

Figure 5.4. Computed maximum raintali rate cnhahcount,
as a function of mean relative humidity (r.h.) of the up-
vind flov for different maximum wind speeds. ~ .
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results. This model featurg also produces the following result;
vith reduced r.h., orographic precipitation is nét only reduced
but also restricted to near the hiil crest, HC,( figure 5.5). Very
similar results concerning this sensitivity test was obtained by
Bader and Roach (1977).

When the background rainfall-rate‘ iéxincreased, the exact
sensitivity with respect to AR,depends on the hill size, figure
5.6. A For small hi}ls (curve A), AR, depends to a large extent on
the backgfound’rainfall rate P, (especially for P, smaller than
VI.O mm/h) while for large hills ( curve E,F), the behaviour of &P
with respect to Pf is entirely different. In fact, the orographic

F. enhancement 22“ slightly diminishes for low B, and slightly
increas;s for high P, . That means that the maximum rainfall rate
Py ,(P,, = AP, + P, ), is a;;:;‘bqqptant or slightly increases
with P, for large hills. )

" Because P, is less d?pendent on P, , we can say that for
large hills ( a > 20 km), the seeder-feeder mechanism does not

play a major role in orographic rain. However, for small hills (a

< 10 km), curve 5.6 shows a stronger dependence of AP, on R and

consequently the seeding rain is quite important in orographic’
’ enhancement }ﬁ that case. For intermediate hills (10 km ¢ a € 20
km) a traﬁsﬁtion of “regime’ appears on figure 5.6. Notice that
in this experiment the aspect ratio (b/a) is kept éonstant for
all cases A through F. This ensures that the maximum vertical
velocity is about the same in each of the cases.
The effect of increasing4ew is illustrated in figure 5.7 for
e relatively large hills ( a = 20 km). Again, we have a linear

dependence with the sénsitivity of 6, on AP, comparable to that
) \
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Figure 5.7. Computed maximum ofograpmc enhan-

. cement as a function of the wet bulb potential

temperature 6.
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"Pigure 5.8.ic6mputed maximum rainfall rate enhan-

cement as a function of hill half vidth "a" for »
different maximum wind speeds.
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of U, over AP, found in fig. 5.3. Notice that a lowv ¢, (e.g 8-10°
C) is associat;d with maritime polar airmass in mid-latitudes (
fall or winter months) whereas high 6, ( about’ 25° C)
characterizes tropical airmass.

Varying the hill mean width brings about a moderate change
in the orographic enhancement AP.eReducing "a", the hill half
vidth' means a stronger mean slope and obviously stronger
vertical velocity wvwhich resuits'in a greater AP,. As a matter of

fact, the scale for vertical motion is w= U.VH where VH is the

gradient of topography along x. For a‘bell-ghaped ridge (equation °

4.18) at x=-a, the vertical velocity is the order of w = U-
2b/a, vhich is inversely proportional to a. For a small height (
b= 250 m), the dgpendencé of "a" on AR, is shown in fig.5.8 for 3
different wind speeds. ;

Testing the influence of varyi 1,,1, and H on the,
orographic enhancement is slightly com icated by the fact that
these parameters are related to the basic flow, U(z),through

equation 5;4; For example, in order to isolate the éfféct of

changing H -alone without changing the surface windspeed, it is

necessary to select 1, in such a way that the surface windspeed U,

remains constant. Table 5.2 depicts reéylﬁs obtained with the
present model (model P) over a wide rang; of H (cases A,B,C,D)
after taking into account the above restriction for 1, and H.
Both the maximum vertical velocity aloft (W,) and near the ground

(Wyw ) and the maximum gtpﬁnd rainfall rate (R,) are compared

with results obtained by using the potential flow theory (model

PF, given by equation 4.11) for the treatment of the airflow over

the topography. In each of the cases, the wind profile is

2
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obtained‘by equation 5.4 and given in figure 5.9.

The comparison shows that the potential flow solution leads
~to an underestimation of the orographically-induced vertical
velocity and orographic enhanceqent (cases “A,B,C). Moreover,

one can see that a lov level windspeednmaximum (at level H=x/6 or

v/3 ) with strong rate of decrease of the wind belov it (high 1,)

and low curvature above (lo§ 1) will give, with the present
model,the highest value for vertical veiﬁcity and maxiﬁum
rainfall rate (case A,E). Any of tﬂe above features which is
missing will give less ascent. For example, both high level jet
case (case D,fig. 5.9) or a situation characterized by a strong
curvatuée above the jet (case F) will give lower vertical

velocities and hence lower rainfa;l rate enhancement. Notice that

in all cases A through F, the maximum wind speed and surface’

P N

windspeed are the same ( fig. 5.9).

Figure 5.10 compares for case A, the vertical velgQcity
profile both computed. by model P and model PF, Notice that the
potential flow solution gives lower vertical velocities and is
symmetrical with respect to the hill crest. Figure 5.11
reproduces the éround rainfall rate profile P, as a function of
distance for each of the cases A,B,C,D obtained with model P and
case A again but with‘model PF. It clearly sho;s that the wind
structure is quite important in detgrmining the rainfall rate

enhancement. . &
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A case model - ~ 1, l H W P
k- km3' km cm/s cm/s mm’i
, 5 £ Y
A B 2 1716 /6 33 19 6.3
PF 15 15 4.0 '
B P 1 /8 /3 29 17 5.9
PF . 15 15, 3.9
. C P 1/2 1/4 2v/3 17 16 4.5
— : PF 15 15 4.0
D P 1/4 1/2 4x/3 15 15 3.9
PF 15 15 4.1
E P 1 17100 /3 37 17 6.3
- " PF 15 15 3.9
ﬁ. F P 1 /72 w3 17 16 4.2
- PF ‘ 15 15 4.0

* -
[

Table 5.2: Results of sensitivity experiments on 1
and H obtained by the present model (P) and the po-
tent1a1 flow solution (PF). .

The set of cases B,E,F tests the effect of varying only 1,
(curvature above the level H). The results show that only for
strong curvature above a low level jet (case F),“ &rographic
enhancement 'is low and comparable to pbténtial flow sélution.

The results of testing’ 1,,1, and H seem to agree with
observations. As a ﬁa;ter of fact, as discussed in chapter 2, low
level jet situation are often found in coénecti%p withvfheavy

orographic rainfall and it is thought that the treatment of the

Fy u (8} a
dynamics adopted in the present model help understanding the

influence of the wind profile on the vertical velocity. The

potential flow splﬂtion ignores 'the influence of the. vertical

variation of the wind on the strength of vertical motion and ﬁ{ \

' 5
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therefore not recommended in-situations of low-level jets, A

In a model which contains constants 6£ parametriza;ion
and/or boundary conditions which are ,more or less arbitrarly
defined, the effect of changing those on the model response need
to be examined. We hﬁée seen in eguation 3.25 that two constants
¢ and n relate the rainfall rate to the rainwater content.
Sensitivity test are done in the~rénge' of values for ¢ and n
given in‘ chapte; 3. Results of table 5.3 indicate an important
sensitivity of the orographic enhancement AP_,as those constants
are changed, only for 1low values of ¢ and n (cage 4). 'However,
for orographic rain, ¢ and n are found relatively high and

probably closer to values given in case 2 of table 5.3 where the

sensitivity is reduced.

¢ n AP, (mm/h)
1. 0.100 1.00 3.0
2. 0.089 0.94° 4.1
3. .071 0.89 5.9
4. .052 0.84 9.9

Sensitivity test was performed on autoconversion threshold
(constant K, in equation 3,23). Results show that for basic input
conditions of the present model, the effect of varying k, on the

orographic enhancemenflis very small ( see table 5,4). o

8




Table 5.4: Effect of varying the autoconversion threshold

k, '(g/m=) AP, (mm/h)
B 1. ¢ 0.3 4.2 !
2. 0.5 4.1 M
3. 1.0 4.1

Simerly, ch_gnging the boundary condition for the ¢loud
liquid vat;,er content does not significantly affect much of the
orographic enha.ncement (table 5.5). However, for QC, higher than
0.3 g/m?, the computed rainfall distribution near that boundary
might be perturbated. However, disturbancesl introduced by
ch&nging QC, at the lateral boundary does not seriously

contaminate the central area of the grid.

Table 5.5: Effect of varying QG

QC. AP,
- (g/m?) (mm/h)
1. 0.0 . 8.2
k4 20 0-1 4.1
3. 0.3 4.5

Finally, the last sensitivi_t.y test performed on the present
model is depicted in table 5.6. It consists o\féhanging the space
ste‘ps utilized in numerical compufations and ex;mine the effect

‘-__o—n AP, . It is found that very special set of values Ax and Az
make the solution nuiérically stable (case 2), Ounceé this set is
obtained the model can be run with other values of Ax and az
provided the,: ratio Ax/Az remains the same. For two experiments
vith different Qpace steps, but having the same ratio Ax/Az, .(
case 2 and &), the orographic 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 a
typical simulatioﬁ. Parameters are those of th; basic inpu
conditions already given earlier:‘ The basic state atmosphere
values for temperature, pressure, density and wind profile a're'
given in fiqure 5.12. Other quantities represent the wate;'vapor
mixing ratié Q, , Q,, the saturated value of Q, , the\baékground

cloud water mixing ratio QC, dnd rainwater mixing ratio QR,.

«® -
Table 5.6: Effect of varying spéce steps
Ax . Az AP, comments
(km) (m) - (mm/h)
1. 1.0 100 - unstable
2, 2.5 100 4.2 stable
3. 5.0 100 5.4 stable but not
g ‘ realistic on
: ‘ the lee side
4. 5.0 200 - 3.7 stable
s . t

A tfpical distribution for the vertical métiqn coméuted by
the present model is given in figure 5.13. The maximum vertical
velocity. is located a short distance upwind near the maximum
slope and-atylevel z= 1.4 km which slightly lies above the jet

level (at z=vx/3 km). One can notice that over the hill crest the

' vertical velocity is relatively weak and changes its sign above

1.8 km. Algo, on the upwind side, within the domain of

integration, the vertical velocity slowly increases with height

P

except close to hill crest where the maximum. value is found at

lower-altituges. Figure 5.13 also reveals- asymmetricaf pattern.

°
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" the present model appears

. closely linked

rainfall distribution must

'vith respect to the hill crest although the topography profile is

perfectly symmettical ( beiﬁ-shaped ridge ).
{

.Figure 5.14 presents the upward vertical displacement vht;h‘

is found to increase with z on

the lee side. It represents at a given level the airflow vertical

P4

displacemeot due to the topography.

The orographically-induced condensation rate computed by

on figure 5.15. The pattern follows

closely that of the vertical velocity Since condensation rate are

tow ( see egquation 3.22). Since the model does

not rates in the (mainly

calculate condensation seeder cloud

above 3 km in this example), the value zero is output whereas

the true condensation rate due to the topography is not

necessarily zero. This is an apprdximation :whichis, however,

copsistent with the fact that mogt of water vapor is found in the
low levels and that drier air above |the orograph1c cloud leads to
at higher |levels. This

very little condensation is supported by

the

(1965)‘who concludes that the main modeling of

3

Betgeron}
occur within the lowest
0.5 to 1 km d:pfh. Therefore, an orographic cloud of'2.5 km depth
| is thought to ./be syfficient .and neélecting

used.in this model

the upwind side and decrease on’

orographically-induced condensation

main results too drastically.
The maximum cloud water content
0.38 g¢/m®> and this maximum

orographic cloud top (fig. 5.16).

is located at

highef above will not affect

in this experiment is about

x=-5 km and- near the

The ‘constant value of 0.1 g/m?

represents the physical delimitation of the seeder cloud which is

80

® Jocated above the feeder cloud. Cloud evaporation takes place on

L 4
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air-layer of _
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the lee side to reduce the cloud water content (CLWC) down to

zero.
- 1

The corresponding . vertical distribution of orographic

rainfall rate is depicted in figure 5.17. Above the top of the

- demain of integration, ‘the background rainfall rete is constant

(P, =2 mm/h) and again delineates the physical extent of the

seeder cloud (located mainly abqve 2.7 km). The increase of

“rainfall rate ‘appears quite niceiy here on the upwind side
h . ! .

between x=0 and x=-a (a= 20 km). Evaporation of rain on the lee
§iae tapidiy 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 enhancement takes place which is an agreement
with- radar and ralngauge observatlons by Hill et al (1981) and
with the eoncePtual model of seeder-—feeder mechan1sn advanced by
Betgeron (1965). -
y

An 1nterest1ng guantity to evaluate 1s the e£f1c1ency of

prec1p1tat1on (or efficiency 6f washout) of the orographzc cloud.

"With the present formulatzon of the seeder- feeder\mechanism, this

efficiency (EFP) is written o .

, EFP = — e, (5.85):
'Ct ) ‘ ’
vhere . o J
. [0 [z . *
C =" COND dz dx . (ng)
N -00 0 . N
\ (

represents the ‘rate of '-condeggatien per unit width

- parpendicular to the airflow in the orographic cloud ( in kg/m s)

and - . ~ B » oy . !

5
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is the total orogr ph1ﬂ domponent of Faxnfall rate per unit 1
vidth at the ground. w%th Pi\and‘Eg exprgssed 19 fun1ts of k%/m’-i
1 r

.8, atgiVen in units of ‘kg/m.s, EFP is Ehen given as a petcentage.
3

Notxce that zt in the above &quatxons is the top of "the feeder\”
cloud evaluated at each pos1§1on x. Integration -limits in the ,
P . | ..
horizontal direction are (from'-»= up to the hg}l crfst ( x=0).
1,' r .

g However, thg“actual left dgq,&f'the domain is ' finite and taken . 7| °
¢ : |

[ p
/

is -~ x;:
Calculat1on base? on equaﬁKOns 5. 5 through 5 7 show that

>

B fcr low hills K curve! A
rap1dly v1t$ the backﬁiound
hills (curvel E, F) the's

¢ ' )
i, . significantly 1885« Curvéslbﬁ and\D depzct ﬁhter¢ed1ag¢ cases .
- moderate hill dzmenslons)\ ﬂn\xmpoktant l1mp11catlon dﬁ fzgure gz

fiavge‘s 18), EFP 1ngrgases very

rainfalll rate gwhereas”for lpnger |
¢y P
|
!

ensitivity .\pf EFP \rith respect to P., is

R 5.18 is that‘the beeder ~feede ﬁprmulht:én béems more cr§t1ai fpr

o 4

small hxlls #han for large A@ ls because . pf)qhe ngh sensit v1ty “*a

‘" . of EFP thh respec§, to Po \. 1? ot\e: vérds, specxfy%ng the
tta@& for }arge h1§ls (

\ P

Ferate pins (a < 20 km).

background ra1nfall rate is ot as i
Lo i)
say a > 20 km) as 1t is for small and m

\Th1s ehav1our appears in agr mené thh various yloud' i

4 o experame ts 8np obﬁzrvat10ns re ortbd 1n\ §m1th (1979). Th;s ns

\

a8 t?% max1mum& w1ndspeed ‘

| ‘ y)

also in° L1ne vzth results of fxgure t 6. :y
W
The efficiency of precipitatio

5‘19.\ t shovs a decreaée'of

fM

|
EFP as u‘:increqsesﬂ vhich is'due to
Co T A

e ‘ is increased is dzsplayed in hgpre

ter inc easeQ of the
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Faq.~5.19 Bfficiency of precipitation (EFP) as a function
\ of the maximum vind speed., B is the integrated
component of the rainfall rate and C., 'the in -
tegrated component of the condensation rate.
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condensation rate per unit width, C;, thar;. that for Py, the total
orographic cémponent of rainfall rate per :m'it vidth at the
éround. e

The hill djmension is/expected to -significantly affect- the

position (x,) where the maximum rainfall rate occurs at the

ground as depicted in table 5.7. . ’
. P = 0.5 mm/h P = 50 nm/h

case hill . X, X/ b 3 x,/8
dimensions (km) - (ki)

A a=>5km 0.0 ., 0.0 ~  =1.0 . -0.2
b = 125 m N *

C a=-15 km -2.5 -0.17 é -5.0 -0.33
1;=. 375 o ~

F a= 30 km -7.5  -0.25 -11.0°""  -0.37
b= 750 m 3 : .

Table 5.7

Position of maximum precipitation rate as a functiod o
hill dimensions for 2 different P, .

For small hills (case A), the (position of the maxjmum
"orographic enhancement is locate;i near the crest of the hilis\ (at
a distance x.= 0 ‘fo'r;Po =0.5 mm/h and x=-1.0 km for R = 5,0
mn/h). For moderate hill (case C), it occurs*at a location
slightly more on the - upwind side. Finally, for 1larger hills, ‘
(case F), the maximum rainfall rate occurs on the upwind side at - .
a distance greater than those of the "two above' cases. The
present model hence simulates the‘fag«t that for bigger hills and
'!\1igher background rainfall rate, the location of the maximum
enhancement is moved:upwind. . R

C the that the maximum vertical velocity and. its location are

similai in - each of the experiments A through I because of the ,
! (N )

- ~
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. _rainwvater equation is repeated here for convenience

same aspect ratio (b/a) of the hill, Therefore, the location of x,,
probably does ‘ﬁoﬁ‘depend on dynamical considerations. 1In fact,
the posiqion x. of the peak 'in the rainfall rate predominantly
depends wbether or not drift effects ‘are important. Carruthers

4

and ChoulTrton (1983) explain that if the half length a is such

that ,

|

| a<Gl/ Vv
vhere C, is a scale length for ,orographic cloud depth, T , the
windspeed and V , the mean terminal fallspeed of hydrometeors,
Tthen,the w%nd drift effects are %qportant. Typical values can be—
taken as4cé = 2.5km, U =15 mns and V = 4 /s 1leading to a < 10
km. i;}s’ limi; can explain large differences between observed
patt;fﬂg of precipitation over hills having different half width.
In Norway, for example, over relatively large hills (a~ 20 km ),
the maximum precipitation rate is found well upwind of the crest

—_—

(w'hile for | smaller hills ( a~ 2 km), wind drift effect is

simportant and the maximum precipitation rate occurs -at the summit
or on the | lee side. This 1is faixly consistent with computed

results in ‘table” 5.7 and with the values just derived above for

Al

In the final experiment, the relative importance of each of

the terms A,é,c of ' the rainwater equation are examined. The

g

-~

- ) Az
Qg (z-az,x) = Q,(z,x) + - A+ B 3 C+ AUTOC+ W + EVAPR| _
, ‘ li(v-')
vhere - a0, T
) ' A= - pU(z)—
(90X
o - - . 84 . - 3
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-

represents the horizontal advection of rainvater mixing
ratio ( precipitation drift effect ). The second term in the
bracket is
A
- A
B = (V-w)Qqp—
8z
which aceounts for the fact that the atmosphere is
compressible and finally;
. 3 -
C = Po Qk— (v_w)
-—. oz
which accounts for the variation with altitude 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 enhancement AR;. It
shows that the effect of excluding term A ( precipitation drift)
or term B ( compressibility effect) significantly increases the
orographic enhancement and should therefore not be negleﬁted in

. N\ .
the conservation equation of the rainwater substance while term C

can be ignored without any consequence. )
: 5

run with AR,
( ‘mm/h )
- -all terms included 3.9
B term A excluded 4.5
term B excluded N 5.1
term C excluded , 3.8
Table 518 : y

'CompreSSibility effect also appeérs in the condensation rate
equation ( see eq.3.14c). In some nodels described in chapter 3,

variation of air " ‘density effect is not included 1in the

condensation rate. Table 5.9 shows that not taking this term into

85



"account causes a significant decrease of the condensation rate,

““maximum CLWC and precipitation enhancement as calculated by the

present model.

M ®

compressibility compuied maximum computed AP
. effect condensation rate max CLWC (mm/h)
’ ( X 10¢ kg/m3s) (g/m3)-
included 0.79 - ‘ ' 0.45 3.9
excluded 0.53 0.33 . 2.7
' ' Table 5.9

3

5.3 Comparison with other models .

Most of experiments performed with the present model
generally agree with models of Bader and Roach (1977), Carruthers

C and Choularton (1983) and Gocho (1978).

The main difference between the first two models and the

present model is in the treatment of the microphysics of the
feeder cloud. As a fact, the first two models a%gost ignore the
modeling of the miciophysics and consequently neglect the
possibility of rain production in the feeder cloud. As a
consequence, it is expected that the behaviour of the current
model significantly differs from the gfitst tvo as the background
rainfall rate goes to zero. This‘is—~especia11y'true for large
hills since  the assoqiated feeder cloud . can then reach higher
" cloyd liquid water content and then produce precipitaéion withou?
any background rainfall rate. In the first two models mentioned
above, it seems that the rainfall enhancemént goes to zero as P,

'l!, . .approaches zero vhile it is also the case for the present model

86
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(see curve A,B in figure 5,6). However, for larger ﬁills ( see

o curve C through F in fig. 5-.6' aﬁd_ 5.i9), the behaviour is

different., R .

The model of Carruthers and Choularton (subsequently

" referred to as tC) represents a-considerable improvement oéer the

Bader and Roach'é modelq(subsequgnﬁly referred to as BR) in the

treatment of the airflow. However,CC's paper concludes that |,

’1 vhen large enhancemen;é;occur, with high windspeeds (U > 15 m/s )

the potential flov treatment ( an improved version of model PF

B described here) is sufficiently accurate to Ee used for hills of

all lengths; negléc; of stratification leading only to a slibht
overestimate in the enhancement over long hills.

.Althpugh this conclusion seems reaso;able in many cases, it

0 - is clear from table 5.2 (-cases; A,B,E) of this thesis that in.

situation of a low level jet, the PF solution and CC's solution

would both uﬁderestfﬁéte the sfrength of the vertical velocity

and accordingly /underestiméte the orog}aphic enhancement . The

neglect ?f the second term of equation 4.7 ( which represents.

the curvature of the wind profilé ) in CC's fhodel leads to an

~underestimation of the vertical velocity for many LLJ siéuations.

’ The point above is thought to be the main reason why in CC's

modgl, the observed sensitivities (e.g Hill et al,1981) of the
enhancement on the vwindspeed are notffeproduced.

Figure 5.20 compares results, bartly taken from CQ}B paper,

Q

for AP

.. as a function of windspeed obtained from different

models. Curve A reproduces the sensitivity obtained from the
o ' present model, turve B with Bader and Roach and curve C with CC's

model. It seems, then, that the model developed in this thesis

87



Figure 5.20. Variation of the maximum precipitation enhance-
ment as a function of the surface wind speed,U,,as computed by
different models; A; present. model; B, Bader and Roach's model
and C; Carruthers and Choularton's model. S

»




hag a higher sensitivity of AP, as a function of windspeed than

both CC's or BR's model.

5.4 Limitations of the present model

While noting that the model suggested in s thesis appears
satisfactory, it is worth discusg}ng its sho;tco ngs.

Although the present model has eliminated some of th;
limitations of BR's model, ii presents some numerical problems.
The scheme of integration is conditionally stable; that is
instability developed unless integration steps are carefully
selected. However, with this "non-standard” scheme used (see eq.

3.2 and 3.30 ) , ‘it is rather hard to find a mathematical

expression for the stability criteria. Finding a stable solution

must be done trough trial and error. However, a stable solution

is usually found with space steps Ax . = 2.5 km and Az=100 m. The
numerical solution is 1limited by the fact that the response of
the modél tends to deteriorate as the windspeed tends: to zero |
EFP becomes over 100 percent, Py doe; not'exactly £end to zero

»
etc.).

However, the main lim;tation of‘the model is thought to come
from the fact that the initial depth (D.) of the orog;aphic cloud
is not specified in rigorous way. 'Figure 5.2 has already shown
the dependence of AB, on D \which is not negligeable. This
important limitation is a consequence of the deeder-feeder
" formulation and also appears in the models of BR and CC mentioned
‘above. On th; _other hand,a strong géadient in the énwé and

boddengation rate near fhe top of the orographic cloud appears as
\\

v A ]
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-

a result of ée_fﬂining a finite thickness D, of the oro;raphic
cloud-( see fig. 5.15 and 5.16 ). ‘

Shortcomings coicerning airflow calculations are already
di;cugsed 'in chapter 4. However, it may be worth adding that the
gsolution for vertical velocity ané air displacefnent is not valié
above 5 km ( according to Sarker, 1966). But sirce the present
model does not extend above' this level, it is not of great
concern in this case. |

Finally, rainfall enhancement may not be entirely due to
orography. It might occur by 1local frictional convergence
~ processes at low .levels, instability or large scale' divergence.

The vertical velocity-arising from these causes are not taken '

——

into account in the present model.

=
~
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CASE_STUDIES

‘ CHAPTER 6

o . In order to assess the relevance of the model described
;7 this thesdis to actual situations, the model parameters were
matc.hed as far as possible to some cases of heavy oro'gra‘phic

~ rainfall occuring in some regions of the world.

13 V-‘-
6.1 Western Ghats (India) -

Heavy rainfall over Western Ghats (India) during the
southwest monsoon is believed to be strongly orographioc
(Sarker,1966). The Ghats extends for about 1500 km, in the
,no:;th—south direction. The aver\ége' west-east vettic'al cross
section of ~th.i§ portion of the Ghats is shown schematically in

o ' figure' 6.1. An area located in the Bombay region was originally

selected (see Sarket ).

B; Bombay

Pe; Pen

R: Roha

K: Khandala

L: Laravla

coastline V: Vadgaon
- . ) P: Poona

Fig. 6.1 Smoothed profile of Western Ghats (India).
(from Sarker,1966).
We will make use of the microphysical-dynamica‘i, model
developed in this thesis and compared results with both observed
o and computed results from Sarker's paper. As discussed in chapter

3, the former model jis a more coix\plete model than the latter. In

¥

90 -
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The temperature profklé is again defined in each ¢

" and calculated with egquation 5.1 and 5.2. 1In all ruj
assumed that the air is saturated. The source of the ba
rainfall rate is,in this case,assumed to be - the middl

—

fact, Sarker considered ‘that all the condensed material

precipitates without any regard to microphysical procesges vhile

in the model presented here, a better’ formulation

mic;ophysics permit us to evaluate the cloud liquid water, content

of the 9rog;apﬁic”cloud and to study some aspects of the physics

of the:

of such a cloud. L .t A

In the 7 cases presented below, the model was’ run |

data from Sarker's paper (1966) but with the formulati$
approach necessit%

]
Howeveri

seeéder-feeder mechanism. This former

specification of the background rainfall rate.’
of lack of radar data, it might

of specif

be difficult to define
We are left with the alternative J

for BP,.
background r%infail rate as being that of costa% station
rate at Bombay. This is a good approximation if evaporat
of rainfall on the upwind side is minimized. In fact

. t

background raznfall rate should be taken as the ra1nfa11

the top of the orographic cloud.

potential instability.. This 1is,in fact, a reformulatio

problem presented by Sarker. The reader is referred§to

feference for other details concernlng the 1nput data. !

_To reproduce the mountain‘grﬁfTT;‘~3f figure 6.1,5
4.18 is used vith the féllowing values a=18 kmjbyS?O m,|

m and h =256.9 m. The same integration steps were taken

runs and are Az = 100 m and Ax = 2,5 km. In all tases, th

*

91 .

with the
n of‘th
tes the

because

a value

ing the

rainfall

ion loss*

the true:

rate at

ase by e,

s it is
ckgrouﬁd
e level

of the

he above

equation
a'=222.8

for all
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Figure 6.2. Vertical velocity distribution for monsoon case III.
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the model is fixed at 5 km and the depth of A the domain: of .

)

"integration D, specified at the left edge is taken as 3.0 km, the

cloud water content at the upper boundary is assumed to be 0.1
~ . ]
g/m3. A three layers model is used and the reader is referred to

appendix B for vertical motion and vertical displacemenys

\

solutions.
#

\3( .
Table 6.1 shovs most of the relevant input data while table

p——

6.2 presents results obtained from the model. For the sake of

briefness only one case (case 3) will be examined in detail here.

case 1 11 III 1V vV wI VII
Date /5  6/25 1/6-9 7/11-Ir2~ 1/21 >/z-4 7/4-6
1961 1961 ' 1963 1958 1959 1960 1958
top of )
i layer 2.5 3.25 1.75 2.5 2.5 2.0 2.25
z, + h. ) . )
(km) 1 -
top of i
middle.
layer 5.0 5.25 3.25 4.0 4.0 4.0 2.25
H + h, -
(km) v ‘ " ——
', 0.6 0.5 0.77 0.6 0.55 0.67 0.7
(km=1) ‘ \
L . o )
(km=2) 0.5 0.39 0.39 0.32 0.4 0.27 0.7
1, . -~ ~
'(kITI'l) 0.4 N 0.5 0.4 0-4\ 0036 0Q27 0.4
o 25.0 ¢25.9 24.9 25.9 24.9 25.9 25.9

(*C) : -

p. 6;\2 2.0 2-4 202 108 2.7 26‘6‘
(mm/h) * R
SFC wind '
speed 8.0 6.5 6.0 8.0 3.0 7.0 6.3

(n/s) .

Table 6.1 Input data

] $
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Pacti "

case I 11 I11 v v V1 VII

Date 1/5 6/25 7/6-9 1/11-12 7/21 1/2-4 7/4-6

. 1961 1961 1963 1958 1959 1960 1958
W max - 34 29 25 34y 34 33 17
min -14 -15 -22"° -30 -22 -25 -45
(cn/8)
QC, max 0.26 0.55 0.37 0.70 0.83 0.61 0.34
(g/m?) - ‘ .
EFP (%) ° 0.78 0.6 0.72  0.69 0.73 0.74 0.78
R (mm/h) . <o . :
comp¥ted ' 14.3 8.0 8.0 10.5 11.0 - 11.5 5.9
“‘ax. 1
R (mm/h)
observed 12.2 8.6 7.8 9.8 8.5 9.5 3.8
max.
R(mm/h) . }
Sarker B.4% 7.7 5.9 8.8 9.0 9.5 2:4
nlaxok ’

Table 6.2 Results of 7 yonsoén cases (India).
Figure -6.2 show§ the vertical veiocity profile foékthis occasion;
the maximum positive value is 25 cm/sec and is located above the
maximum slope of the mountain and at a 1level 1.7 km above sea
level. The maximum negative value is -22 cm/sec near the crest.
apd located at 5 km above sea level. A tilt toward the upwind
side in the contouis of vertical motion is ‘again revealed in
figure 6.2. The maximum vertical displacement "is over 600 m and
is located about 2.2 km above sea level ( figure 6.3). The
maximum condensation rate (fig. 6.4) roughly coincides with the

maximum vertical velocity in figure 6.2. It should be noted that

"above a certain level,the condensation prpate is zero which

: )
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Figure
a5 a function of distance for case II1I.
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corresponds to the physical limit pf the orographic cloud in the
model. The actual condensation abgve this level is obvioﬁsly not
necessarily zero but since the model does not calculate the
condeqsation rate in the seeder cloud a value zero is‘ simply
printed there which does not gffect any calculations concerning
the orographic cloud. ’

The computed' value for cloud water content is illustrated .in
figure 6.5. The maximum cloud.liquid )water conteﬁt is 0.37 g/m?
and located 2 km above the polition x=-10 km. The constant vaiue
0.1 g/m? physipally delineates the extent of t§;“/§keder cloud.
Notice that the 1lowest maximum cloud water content\ocburs in
situation of high ;3 (table 6.2). This is thoughtJ to be
consistent with the seeder-feeder mechanism. In fact, higher P,
will produce a higher washout 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 fiqure 6.5. The spatial distribution of the rainfall rate at
the ground is shown.in figure 6.6. The background rainfall rate,
vhich fills the upper part  of the domain, is 2.? mm/h jn this
case and is considered to be ’constant in the seeder cloud.
Finally, the distribution of rainfail rate at the ground is giben
in figure 6.7 and is compared both with ' observations and
coﬁputed‘results from Sarkgr's model.. One can see a very good
agreement between computed values and observed ones. Moreover,
the present .model simulates better the distribution that does
Sarker's model in that case.

Other cases are summarized in table 6.2. Again, due to

space restriction only the ground rainfall rate distribution is

L4
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shown for @hese 6 remaininé cases ( see figures 6.8 to 6.13.).
Note that the pfesent model tends to overestimate the magnitude
of surface rainfall rate while the opposite behaviour seems to
characterize Sarker's model. "

'The mean error in estimating the  maximum rainfall is 20 & for
the present model and 17 % for the latter. For many cases the
general distribution of the rainfall seems more realistic than
that produced by the latter model., For example, the current

model can produce rain on the lee side whereas the latter is

totally uncapable. .

4

6.2 Northwest Spain (Galicia)
’ As a second case study,three .situations of ofographic
rainfall from a warm sector are presented usin\ data provided by
the " Instituto Nacional de Meteorologia " o% sj;in. The area of
gtudy is given in'figure 6.14 and is one of th most rainiest
region of Spain with mean annual rainfall in the\ hills between
1500 and 2000 mm with isolaied‘ spots over 20?0 mm (Ailas
climatico de pspéﬁa,1983). .\

Three detailed case studies are presented to clarify the
structure and mechanism of orographically enhanced "warm sector"
rain over hills of Galicia ( NW Spain , figure 6.14): The
characteristic of such rainfalls is thought to be similar in
nature of that observed in England under similér‘ synoptic
s?tuation and already described in this- thesis.,

Some - of the largest orographic rainfalls in Galicia” are

associated with a maritime vintertime occluded low pressure
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system. In fact, in Western Europe warm sectors of such systems
are usually cloudy with wuniform precipitation and possibly
accompanied by bands of showérs vhich are aligned para.\_-llel' to the'
winds at about 700 mb (these rainbands are described by Browning
and Harrold,1969). The lifting of moist lowlevel A'ir over tt;e
topography is re'sponsl;ible of the orographic enhancement by
creating higher condensation in the low 1evels’ ‘over the
topography. The feeder cloud hence formed is depleted by?‘the
washout'.mechani‘sm which has the effeét of increasing the ground
rainfall rate as we ‘gc‘J along the hill.,  The seeder-feeder
mechanism is especially \useful Jin midiatitude becau‘se the -

background rainfall rate may contain a great deal of information

about the important large scale which is” ,as an input, °

N It 4
incorporated into the present model.In this study, the background

rainfall rate is taken as a 24 hour rainéall average rainfall of
th; following coastal stations: Pontevedra,Vigo (a), Vigo,Salcedo
‘and Laurizan, . : .

At Santiago de Compostela ( station # 428, figure 6.14),
rainfall\is often found to bé two or three times that of coastal
stations such as Pontevedra (#484), Vigo($#496), Rianxo (#444)
etc. In order to simulate the rainfall distribution across h’ills‘
of Galicia, the present model was ‘fed vwith a smoothed topography

given. by the equation;

22b
Iy = + a' tan-! (x/a) + h, (6.1)
at+x?
with a = 40 km —
b =500m R
a'= - 80m
h, = - 140 m
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This smoothed topography approximates relatively well the

8 \aﬁctual terrain height when the latter is averaged over a circle
- of radius of 10 km centered on a particular po-u—n: on the axis AB

gn figure 6.14 ( this ({ot true near point A and B,however). Point
O‘represents the averaged highes?: point on liine AB (which is near

the location x=0 in equation 6.1). Raindauges used for each of

the three cases are listed in table 6.3, whose number

corresponds to those marked in figure 6.14.

—- raingauge
La Coruna 387
’ : Santiagn de Compostela 428
La Estrada 468
Puentecesures 474 .
Eva-10 437
Rianxo 444
' Pontevedra 484
Salcedo 485 .
o Laurizan ‘ 486
- Vvigo(a) 496
vigo ' ‘ 496e

Pable 6.3 Raingauges used
in the case study.

—

- -

Of §he many similar situations three have been selected for
det;i'leé study. Each case ‘is -‘chargacthized -by an approaching low
pressure system in the northwest ( figure 6.15a,6.16a and 6.17a
)e ’I‘he redgion under study is he{lce located in the I"warm sector"
of the systems such that in each of the cases, the 700 mb is from
the sogthwest qu;drant (fig., 6.15b,6.16b and 6.17b ). It should
be noted-- that larg: orographic enhancement at Santiago de
- Compostela occurs much less £Arequent1y wvith other wind directio_ns
e because the region is tl;en .Sheltered by higher hills around.

Tephigrams for each of the cases are plotted in figure 6.18.
L] ,
|
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The temperatures prqfiles are approximated by a constant %w curve
in eath of the cases. Although actual profiles . are not quite.
neutral, this approximation is used here for simplicity and does
not modify the vertical velocity. In fact, the parameter 13(z) is
dominated by the "wind curvature " effect (see eg. 4.7) in the
lower layer ( below 3 km here ) rather than the temperature
profile. In the upper layer, however, since the " wind curvature®

becomes very weak, the temperature p?bfife dominates.
Fortuﬁétely, in the cases spedied here, the tempetature profile

‘ P
is nearly neutral in the upper layer and is well approximated by

sgécifVing a constant 6, (above 3 km). The wind profile is taken
as a trigonometrical function similar to equation 5.4 below the
level 700 mb level. Values for 1,,1, ;nd H which best fit the
actual wind profile are also given in table 6.4.Above 700 mb, the °
wind data 1is fit By‘a straight 1line and the value 1, is then
taken as -zero ( since the second derivative of the wind speed
with height is zero). Smoothed wind profile is compared with
actual datac in figure 6.19. One can see a change of curVature at
agout 3 km ( 700‘m5) which corresponds to a change of the
parametey_ 1 in the present model, This is also shown on the
temperature profile, figure 6.18 which 'indicates a discontinuity
in the-stability at about that level which would translate in any
case into_a change of 1 through the first term of equation 4.7.
However, only the second term of eguation 4.7' is assumed

non-zero, since we consider the temperature profile along a moist

adiabat in 4.7. .

L& Radiosonde data (wind and temperature) were obtained from La

Coruna station. Unfbrtunately, this dtation is the only one which
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provides upper air data in the vicinity and is located downwind
of the hills. This is an inconvenient (especially{for T-T, data)
since the subégagpee\due to the hills themselves does modify the
airflow and may not represent conditions at the larger scale. For
this reason, the relative humidity on the upwvind side of the
hills are tngught to be hi?ﬂer and will bé taken as 100 percent
for simplicity.' - - i’ ,

" The soundings éhow that some part of the model domain is
below 0°C where the warm rain parametrizatjpn‘is not appropriate.
However, sihce the greatest part of the model domain lies within
temperatures above 0°C, effects due to subfreezing precipitation
processes were ignored.

The Vvalue taken forg‘Dc in the numerical c;lculatidns is 3

km. This value is based on the discussion on the choice of a

low-cloud thickness given in Bader and Roach (1977).
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Synoptic setti;g for the case studies

case 1 I1 I11I

Date : 13/14 feb 3/8 dec 29/30 mov
1985 1985 1985
Period from 182 on 13th 062 on 3rd N~ 12Z on 29th
to .. 18Z on 1l4th 06Z on 4th
Data used »
from sounding 12Z on 14th 12Z on 3rd 122 on 29th
at 00Z on 4th
700°mb wind® o ~
speed ( m/s) 18.6 23.0 13.0
1, (kmm) 0.42 0.436 0.362
1; (km?) . 0.0 0.0 0.0
H (km). 2.96 3.09 3.015
mean o_(°C) 12.5 15.0 14.0 -
P, ’ 1.6 0.9 1.16
( mm/h ) - ; . .

Table 6.4 Summary of rainfall cases.

‘\

compoﬁent perpendicular to the hill,e.g in the dxrect1on
203 degrees (line AB in figure 6. 15).

-
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Numerical results for the thiee cases are shown ‘in table
6.5. It includes W max ( 'maximum vertical x(elocity), r max (
¥ 4
maximum vertical displacement), efficiency of precipitation (

Y
EFP), Q. max (maximum value of T loud water fontent); rainfall
\
rate at Santiago de Compostela ( no\ 428),R%b Pnd finally the 24

hours average rainfall rate registered at that é;ation ( Rg).
Y

S
\

—

L4

Case I II 111

Date 13/14 Feb. 3/4 Dec. 29/30 Nov.
. 1985 1985 1985
W max
(cm/s) 13 14 10
y max
(m) 353 331 . a7
¥  j
EFP (%) 0.74 0.54 0.75
QOc max b
(g/m*) 0.15 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.
. Q

For case no.é} the vé(tical_ velocity pgofiie and orographic
cloud water content is &isplayg§ 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 two out
of the three casés, the model underestimat®s the rainfall rate. A
possible explanation‘is that an airstream moving from the coast

line running up the valley would find its windspeed increased by

an effect of convergence into the valley across Santiago de -
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Compostela ( funneling effect). The s;}che windspeed and
accordingly the vertical motion and precipitation rate would then
ﬁe increased. Such boundary layer effect is obviously not taken
into account in the presenf‘model. There is also the possibility

of release of potential instability which is not considered here.

6.3 Application in other countries

The concept of the seeder-feeder méchanism has -.been
extensively used in Britain 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 o;ographic rain
would certainly find its usefulness in other parts of the world
under other synoptic situations { e.g. other than coastal regions
of Western Europe in warm sectors of depressions). In fact,
McGinn and Giles (1986) claimed that the apparent orographic
enhancement of rainfall during persistent ‘summer convective
sto;ms associated w{;h occluding baroclinic disturbances along
the Manitoba escarpement (Canada) can be eiplained by the
seeder-feeder mechanism. ’

The case studies presentead in this chapter are ?seful in
that they illustrate the strong —control of topography on

Bthrough those, the response of the model in

rainfall, Moreover,
actual situations was tested and seems to give a reasonable first

order approximation.,

’
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In _ general, disc:#pancies betveen observgtions and
calculated orographic raigfall rate could be explained by the

following reasons;

" 1) the model can pnly utilize a simplified smoothed
profile for the terrain which in reality is not so

2) simple assumption made about the temperature and -
.wind profile might not be entirely representative
of the atmosphere (e.g. constant Scorer parameter
N in-one given layer, temperature profile fit by e,
etc. .
3) potential instability can increase the mean rate
of ascent and hence the rate of condensation and - &
rate of precipitation over the hill

4).ve have considered saturated air in both monsoon
and Spain case studies while in reality it is not
S0 :
5) radiosonde data are not necessarily representa-
tive of the large scale -and may be affected by the
- . topography in the lower levels.

6) limitations of the raingauges network system.

S . @
Note that assumption 4) | would contribute to an

overestimation of the precipitation rate. 1In fact, most of the
results show that the™model precipitation rate is greater than —

the observed precipitation rate (upwind of the hill only ).
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' CHAPTER 7: SUMMARY AND CONCLUSIONS

A tvo-dimensional model of the feeder-seeder mechanism of
orographic rain has been presented. The basic equations of the
model are the continuity equation,for both cloud water and rain
vater, and the differential equation for the vertical
perturbation velocity. The first two equations are solved
simultaneously using a "modified” forward scheme for thé
numerical integration and Kessler's parameterization for the
microphysics. Boundary conditions needed for these two equations
are'set up in line with the seeder-feeder mechanism.

LN

The dynamical part of the model is-concerned with the
differential equation for the vertical motion and streamliﬁ;#
displacements ( 2-D hﬁuntain wave theory ). Its solﬁtion is based
on the hydrodynamical theory of internal, small &adiabatic
perturbations in a stratified atmosphere™ without friction. No
feedback exists between ‘the dynamical and the ’microphysicaf
parts, a reasonable approximation for the orographic rain
problem. .

The numericai model is concepé&ally simple and inexpensive
to run. It describes the orograpﬁic enhancement experienced by
an airflow moving perpendicularly 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:
non-frontal situations are examined ( e.g. warm sector or
pre-frontal orographic rain and monséon caées ).

| The behaviour of the model was been found quite good (see

chapter 5) and in agreement with many observational studies (

. Smith,1979, Hill et al., ,1981 and Bergeron ,1965 among others).

104 | " .
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Moreover,compar isons with other models ( 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 orographic enhancement as a

function of windspeed is more sensitive in the model presented

‘than in the two models mentioned  above. The reason is probably

related to a more appropriate treatment of the airflow, which

depends more on the structure of the wind profile than on the

temperature profile (as in Carruthers and Choularton's model)./

One of the most important aims of this thesis was to
determine how the orographic enhancement depends on the
pre-existing rainfall rate. Concerning -this point, the mo@el
pehaviour is in line with Browning et al (1975). There
is,hovever, a difference of opinion consiéting in whether or not
seeding rain needs to be present f&r orographic enhancement to
happen. In fact, the above study leaves the impression that
absence of seeding rain leads to no orograpﬁic enhanéement for
hills of all lenghts. But the model has shown that for.large
hills, wvhen P, is low, the cloud liquid water conient can be_high
enough so that coalescence iﬁ the feeder cloud prodbces rain and
consequently appreciable orographic , enhancement (see figure
5.6,curve E and F).

On the'other hand, thé,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 fact seems to have been
reproduced sucessfully by the present model ( see table 5.7).

. The dependence of P, on the efficiency of precipitation

(fig. 5.18) and/or on the orographic enhancement (figure 5.6) has

105
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led the aﬁthor to the following classification for three regimes

based on the hill half length;

hill half length sengitivity-of B, on P, importance of pre-
. and of P, on EFP cipitation -drift.
a <10 km strong o strong
10 km < a < 20 kin moderate - weak.  to moderate
' a > 20 km weak insi%nificaht

The justificatién'for this classification is that for
large hills (a > 20 km), coalescence and autoconversion in the
orographic cloud can be important .because the mean cloud water
content is generally higher than that for small hills.
Also,pr;cipitation drift effects can be neglected whereas for
small hills ( a <10 km) ,. most of the hydrometeors exit the
orographic cloud near the crest or on the downwind side where
evaporation taked place. deraté hills ( a between 10 and 20 km

¢
) represent a transition region where the seeder-feeder mechanism

" and precipitaion drift mdy be significant. Note that when we

varied the hill hal £ length, the aspect ratio of the hill (
height/half 1ength ) remained constant.

Although the above l"élassification' is of course not
absolute, it is thought to clarify the various physical processes
in connection with orograghic enhancement. It also should Ee'
pointed oﬁt that even this c}assification follows Carruthers and
Choularton's results as well as Smith (1979) it is not clearly
dgmonstrated in those references the rangé in which the

seeder-feeder mechanism is a major mechanism,

On the other hand, the imp6ftance of the seeder-feeder

.mechanisg may be explicable in terms of the folloving

-4
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non-dimensional number;'mg'EVa (see chapter 2 ). A value equals
to unity for this number represents a critical. value over which
the seeder-feeder mechanism may no longer be a major mechanism in
orographic rain., That is for a = T,U and with typical values for
T, and U (e.g T, = 1200 sec and T = 15 m/s) we find a ~ 18 km, in
good agreement with the transition region ( between 10 and 20 km
) derived above fnom\inspection of figure 5.6 and 5.21.

Another major conclusion of this thesis concerns the
dynamic?l part of the model. Results of figure S.iO and of table
5.2 show that the wind profile plays an impoitant role in
determining orographic enhancement; wind profiles having the
structure of a low-level jet will fheoretically give higher
enhancement than with other wind profiles ( everything else being
the same .°). This favourable low-level jet structure is
characterized 'by the presence of a strong increase of the
windspeed up to 1ow-1evei jet H, and by a very weak decrease of
wind with altitude above this leve} ( case A,B,E in figure 5.9 ),

The prediction of the model is then in agreement with the

. observation that low-level jets are normally associated Qith

heavy orographic rain.

‘On  the other hand, the potential flow solution leads to-a

e significaﬁt underestimation of the precipitation enhancement for
'wind profiles associated with a typical 1low-level jet. It is

© worth noting that Carruthers and Choularton (1983) claimed that a

potential flow solution is sufficiently accurate to be used for
R L4

hills ' of all lengths, and that the neglect of stratification

would lead only to a slight overestimate in the enhancement over

long hills. But the’curvature effect of the vxnd profile was not
¢

Y - 107
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taken into account‘fn the Carruthers aqﬁ‘Choularton's model. The
é ] i
latter effect has been demonstrated here to be quite important.

Other conclusions draun,from’tﬁi//;odel results are listed

below:

1) sensitivity tests show that relative humidity is the most

gengitive parameter in orographic enhancement followed by
/ Y

vindspeed and vet bulb potential temperature. The backgiound

rainfall rate was found much less sensitive especially in the

case of larger hills with P, over 2.0 mm/h,

2) the efficiency of precipitation decreases as the’

windspeedois increased,

3) vind drift effects should not "be neglécted in a mééel of
orographic rain (especially for small hills having‘their half
length a < R.O/V ) ,

4) neglecting the effect o§ compressibility - in the
condensation rate expression leads to ‘a significant
underestimation of the computed orographic enhancement.

5) as the hill dimensions ( both half length and M@ight) are
increaged the location of max}ﬁﬁm rainfall rate is moved upwind.
The increase ¢f the backéround rainfall rate also moves this
location to the ;pwind side ( see table §,7),

The relevance of the model was also .tested éhtéugh case
studies and . found satisfactory.  Hence, the formulation of- the
orographic problem by the seeder-feeder mechanism seems to be
adequate, easy to understand and can \be'utilizgd in different
regioné of the world.',Moreovet} the above mechanism can be
extended to the modelization of the orographic enhancement of
snovfall (see Choularton and Perry, 1986). ‘ |
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Application to forecasting and climatology

o 7 Results of this thesis can help to explain the
| climatological seasonal: peak of orographic rainfa;l enhancement
in Western Europe. Nash and B}owning (1977;’and Bleasdale and
Cha& (1972) have both observed tﬁat orographic rainfall
enhancement for the British Isles as a whole is intensified in
the months November- February at the time of highest frequency'of
vindspeed and LLJ when e, nis relatively 1low ( although still
ﬁigh for the time of the year ). These situations are associated
with saturated airmasses écgompanging marine low pressure
systéms._ Similar observations have been noted in Northwestern

(\ Spain in the winter months ( Rivera,b1986). ' :

N ‘ Tests performed on the present model are in line with these
o climatological observations; that 1is, the model predicts high
orographic enhancement in cases of high windspeeds and high

relative humidities e;en i{ 6w is relatively low. This is due to--
its greater sensitivity with the first two parameters.
Similarly, the extreme sensitivity of relative humidity of the
upwind flow -on the orographic enhancement ( see fig. 5.4 ) may
—- explain the relative latgerl importance of ogpgfhphic enhancement
in Western Europe as compared to Northeastéfn America. In fact,
" warm Sectors of low pressure systems coming from the west are
t{ significantly drier ( r.h. B0 per cent ) when they cross-hills or
mountains of NE America whereas warm sectors of depressions over

. hills of Western Eﬁrope are wet ( r.h., over 90 pef é%nt’) being -

agsociated with maritime airmasses.

o , On the other hand, it is thought that,the results of the
" model and the background litterature accompanying this thesis,
/ e
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can give to the operational forecaster a better feeling for th;

relative importance of meteorological paraheters in .orographic

-~

enhancement. R
\“’on

The seeder-feeder mechanism seems a quite useful conceptual

model which can be ﬁumerically implemented in an'easy way despite

some restrictions such as an obvious Qifficulty of defining a
constant and unique value fér the backgroﬁnd rainfall rate. This
is especially true in cases of. passage of mesoscgle rain areas .
due- to the temporal and spatiar variability of - the showeré
associated. \ '

° Finally, another shortcgﬁjng of the theory is .that the
actual orogr;phicaliy induced condensation rate midht extend
higher than what is coﬁppted By the model ( see figure 5.15).
Sﬁeh an " extra" condensation rate coming from higher 1levels
would certainly increas; thé,ground rainfall rate Fspecially whén

thefe is release of potential instability.

&
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APPENDIX A: LIST OF MAIN SYMBOLS

in the text.  in the Fortran . represents
' program
a XHALEgor A. -hill mean width (bell- shaped r1dge)
a' . APRI topography parameter
AUTOC AC autoconversion rate’
- AVGRH average relative humidity
b HTOP or B hill height (bell-shaped ridge)
c - speed of sound
Ce CT rate of condensation per unit width

perpendicular to the airflow in the
orographic cloud.

COND COND . condensation rate
Cp - CP specific heat capacity of dry air
Ce HUBCAG height of upper boundary of the oro-

graphic cloud above the ground ( at
the left edge of the domain).

e, SATW saturated vapor pressure with res -
. pect to water
EFP EFP + efficiency of precipitation of an
orographic cloud R
EVAPC EVPC evaporation rate of cloud
EVAPR EVPR ! evaporation rate of rain
£ - Coriolis force
g G -acceleration of gravity ’
H H height of the upper layer in the dy-
" namical part,of the present model
. HLCL height of the-tondensation level
h, HZERO reference level 1n topography pro¢* -
file
rk ’ wavelength of s1nusoxdal ground
. - profile
k, " K1 autoconversion paramater
k, K2 * autoconversion threshold ‘
1 - L, L vertical wavenumber or Scorer para-
meter
1, Ll vertical wavenumber in layers
1, L2 1,2 and 3(Scorer parameters). .
1 L3 . .
L: LEV. latent heat of vaporization
m CLWC cloud liquid water content
M RAINM rain water content '
MTOP model top; height of the lst po1nt
. of the domain of integration,
B . RFRG precipitation rate on the ground
P, BRAFR . background rainfall rate
p P , . pressure
o PSLVL sea-level pressure -
P, . - maximun rate of precipitation
P PT . : total orographic component of rain-
fall rate per unit width
Qe QC cloud water mixing.ratio

Qa QR rain water mixing ratio




Qv Qv water vapor mixing ratio
Qw QVs saturated water vapor mixinmg ratio .
QVSF saturated water vapor mixing ratio
modified after lee subsidence
re RS same as Q.
R - RAINFR  rainfall rate T
Re . R gaz constant
R, , RV gaz constant
S S source or sink in the conservation
) equation
T TO temperature
3 T TDO dew point temperature
TLC% . temperature at the lifting conden -
sation level
T-Ty DPD dew point ‘depression
4] U windspeed
Ue U0, UAVG surface windspeed
Ua * UMAX maximum windspeed
- URFRG unfiltered ground rainfall rate -~y
v VTBAR raindrop mean terminal fallspeed
- v W vertical motion
WASHOUT 'WSHOUT - -~ washout rate- .
X X ' horizontal coordinate
4 Z altitude .
24 ELEV - ground elevation
Ze 20 * height of the middle layer in the
@ dynamical part of the model -
c AA constant of parametrization (rain - 9
o fall rate )
n BB constant of.parametrization (rain - .
: fall rate )
] coefficient of static stability "
ax DELTAX numerical horizontal step )
. Az, DELTAZ numerical vertical step .
‘ AP . rain enhancement (P, - R)
AR, : A\ maximum rain enhancement .
€ : ratio of R4/Ry
o, ‘ r : GAMAD dry adiabatic lapse rate
L Ig GAMAS moist adiabatic lapse rate
X XKSI vertical displacement N
_ bo RO air density
RO Pa rainwater density
Cae ¥ stream function ]
' Ow THETAW wet<bulb potential temperature ]
vh GRADX gradient of the topography
0 vertical motion in pressure units




APPENDIX B: SOLU,TI%N OF THE WAVE EQ\SETI.ON FOR A VARIABLE 1
. c ] .
o - '

. \
Solution of vertical motion and streamline displacement for an

. \
agymetrical ridge and for a vertical variation of 1(z) is given

in this appendix. The equation we are looking a solution from is

W
--= + ( f(z) - k? ) W=0 Bl
3z? ,

-

1f the tt‘o'posphere is divided into 3 1ay"ers where f(z) is

constant in each layer, that is

~

-

- £{z) = (4)? when z S z,
s = (l))? when 2z,S z S H B2 .
=" (1,)? when 2z 2 H . .
o The solution in each layer denoted by subscript 1,2,3 are
& -

respectively (Sarker,1966); .

Q

dpo l/2 uhbl‘z'a a"‘ix . X
ll_:,a(xrz)= Real < | — - —— ab +a' (tan-=! - +

i azq,xi
- 1ln > B3
. 2 az‘
1 ‘ Po l/z Al,z,: 9 a".ix
Wia3(x,2z) = Real < [—)| U(-h) —= — ‘|ab .
L] ‘A ax al+x?
’ ' X i al+x? 1
- a 2 al

{
where the subscript -h, denotes the ground level and A

o given by; . ) —

™

u




| .
A= cos l,(h+z,) |cosh 1,(z, -H) + ifsinh lz(a-H)]
2

1, s l,
: - — s8in 1,(h+2z, ) {sinh 1;(2,- H) + i—cosh 1,(z, -H) B5.1

11 13
1,
A,(z,0)= cos 1,(z-2,)| cosh 1,(2,-H) + i--sinh lz(z.-H)\\ .
» . 12

/

1 1, -
y — sin }l(z-z.)[sinh 1,(z¢ -H) + i—zcosh 1,(z, -H)] B5.2

1, 1,
€ 7
d 13 -
A,(z,0)= cosh 1,(z-H) + i —sinh 1,(z-H) ’ B5.3
. 12 y .
A,(2,0)= cosaT,(z-H) + isinl, (z-H) B5.4
' o In case of no middle layer where f(z) is negative (e.g 12 is
*\\ . positive ever’yv}iere), Sarker's solution can be reduced. to a two
BN layer problem by setting z, = H and I3=12 in B5.1 through BS5.4;
! l: .
A = cos 1, ¢h+H) -~ i— sin 1, (h+H) S B6.1
1, .
’ {
. 1, N
. A = cos 1,(z-H) + i— sin 1, (z-H) . . B6.2
1,
S A, = cos 1,(z-H) + i sinl,(z-H) B6. 3
vhere subscript 1 corresponds to the lower layer, subscript 2
to the upper layer and H represents ‘the height of the first
. - .
layer. ’
A Finally, the result of equatioIn (4.13) can be recovered from
9 Sarker's solution by the following procedure. First,set
l-lx-lz'ls B7

e
A
3
s
n




ws -
T

and Zo =H= 0

in equation BS. This 'is then égﬁixgiz:24§9 a one layer model
where 1 is constant.Also, set a'=0 a h=0 (to recover the
bell-shaped profile) in equation B3. Equation B3 using B7 in BS

gives

(cos 1z + isin lz)

2\ Y2 U, a+ix

t(x,z) = Reall| | -- - ab
Py U, al+x?

which is identical to 4.13 (after taking the real part). If 13

is negative, a similar procedure could be done to recover

equation 4.17 from Sarker's solutigp.

~—




APPENDIX C

A SIMPLE FORMULA TO CALCULATE SURFACE RAINFALL RATE -

—

Equation 2.1 can be written as

d d
COND= - —( AL ) = -w —(A L) cl
dt dz ad

0 )
If precipitation-size particles can form immediately, from

the cloud droplets, and if these hydrometeors fail

vertic‘ally,then a simple approximation for the rate of
1S

precipitation at the ground is- ’ .
' kg [ 00 =
R|——]| = . COND dz
mi/s JO
| (= d :
= - —(A g) v dz , C2
- Jo az - |aad

If w assume- that the environmental temperature T(z) lies

along a moist adiabat, so that .
d d(rers )
—{(p.1) = — C3
dz ad dz
‘ S

integrating, then gives (assuming a mean value for w);

0 o R= - W prs
. . , o

-1




, ] v
where w is the mean vertical velocity. As A and r, tend to

zero as z tends to infinity, the result expressed in mn/hr

becomes

R‘(mm/hr)= po(O)rg(O) w X 3600 Cc4

where o (0) is the air density at the ground level (in kg/ni'

- \
) and t{(Q) the saturated water wvapor mixing ratio at the ground

e

(g/g).”
Moreover, an order of magnitude for w is w= U+ VYh where Vh

N
is the gradient of topography and U the mean lower troposphere

wind ﬁeed perpendicular to the ridge: the formula hence becomes

>
4

Rt(mm/hr)= U-vh 2.(0)r, (0) X 3600 C5

4

Formula C.5 or C.4 are the most simple relationship for

computing rainfall rate and 1is thought to give a first-order

‘estimate of rainfall rate useful in opé;ational forecasting.

g
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APPENDIX D: SMOOTHING OPERATOR:

The numerical solution contains short scale oscillations and

it is desirable to smooth them. A very simple method of filtering

is the " 3 point operator "; that is we def?ne a nev function Z;
wvhich we want to be the smoothié version of 2; . This new
function will be g lineqr combination of Z;,,,2. and Z;., ,-the
subscripts ¢, 1-1,i+1 refer fo the function Z, evaluated at

horizontal points A

and/or vertical points : \
Z = (pAZ

Ziw=(ct-1)az

Zi=(t+l)az

The new function can be written as

= 0+ vl Tt 220 - Teay ) D1

Y

In the Fortran program, this operator ﬁas used‘to filter out
short scales oscillations in the computed surface rainfall rate
(in the horihontal)' and thé distribution of the cloud mixing
ratio (in the vertical). The value of V=0.5 was selected for the

filter.
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