' Bnbhotheque nationale
' du Canada

National Library
of Cdnada

3

p

.CANADIAN THESES
ON MICROFICHE

Luchor d

¢

THESES CANADIENNES
" SUR MICROFICHE

Y |
L au/rcf/{{c‘e

NAME OF AUTHOR/NOM DE L AUTEUR

4a1‘¢ Sﬁk\lz\ll [/nc/opf ]A// g[/\ﬁ%

_ Lddi

TITLE OF THESIS/T/TRE DE LA THESE

onl v

Cd,m/

\

a ffzsgsc‘//ﬁ

umvmsmwmvmsw /. 15 Alberla
DEGREZ FOR WHICH THESIS WAS m&semeo/ : “M.
GRADE POUR LEQUEL- CETTE THESE FUT PRESENTEE_ M £
. e N
YEAR THIS DEGREE CONFERRED/ANNEE D oamvr/orv DECE GRADE /f7 a
NAME OF SUPERVISOR/NOM pu DIRECTEUR DE THESE __- ﬂ K Zfaq e

Permission is “hereby granted to the NATIONAL LIBRARY OF
CANADA to microfilm this thesis and to lend of sell copies
of the il s

The author reserves other publrcatron nghts and nelther the

"thesis nor extensrve extracts from it may be pnmed or otﬁer- .

.wrse‘ repfoduced wrthout the author S written permission.

Gy
LIRS

Y

“g’

DATED/DA rf’.._Q/.tnL&S,LZ..i____ SIGNED/SIGNE

/6?7

L auronsat/on est, par la présente accordée 8 la BIBLIOTHE
OUE NAT/ONA[.E ou CANADA de mrcmhlmer cette lhése et
'de préter ou de Vendre des axemp[alres du hlm

L aureur se réserve les autres drorts de pub/rcat/‘on" ni la

I

: .thése ni de /ongs extrarts de cel/e-cr ne dowent étre /mpnmés ‘
7

5 N
'0u autrement feprodurts sans I’ autonsatron ér:(lte de /Aauleur.

-

PERMANENT Ao‘messmésmmc.‘f FIXE

T

[(ﬂ%{"(dl/ L(f | )l,

NL=-91 (3-74)



B )

THE UNIVERSITY OF ALBERTA

\,'A
lA)‘.

{
'LATE SPRING UPSLOPE WEATHER ON THE CANADIAN WESTERN PLAINS:

A MESOSCALE NUMERICAL SIMULATION

% \
T |
- - . : S )
Ny @ RICHARD LAWRENCE RADDATZ.
| RICHARD LAWR Tz
A THESIS
. : L

'SUBMITTED TO THE FACULTY OF GRADUATE STUDIES AND RESEARCH .

IN PARTIAL FULFILMENT OF THE REQUIREMENTS FOR THE DEGREE.
‘OF MASTER- OF SCIENCE
IN

METEOROLOGY
- DEPARTHENT QF. GEOGRAPHY

EOMONTON, ALBERTA.

FALL, 1975



a

'f

1

\T“\ /
™
THE UNIVERSITY OF ALBERTA

FACULTY OF GRADUATE STUDIES AND RESEARCH

.

A
o

The undersngned cert|fy that they have read, and
recommene to the Faculty of Graduate Studles and Research
4 ¢ ' . p)
for acceptdnce, a thesxs entltled ”Late Sprlng Upslope
Weather onfthe Canadaan Western Plalins: A Mesoscaleu
Numerncal Sumulat:on“; submltted by‘Rlchard.Lawrence

Raddatz in partlal Fulfllment of the reqU|rements for

the-degree of Master of‘SClence in Metebrologyi'




- DEDICATED TO

Sherny and Stacey



« - nssTRact:

Arctlc outbreaks over’ the Canadnan Western Plalns durlng the " -

¢

late sprlng period frequently take the form of a cold east northeasterly
‘flow over a warmer, slopnng surface : A mesoscale numerncal model is

_ developed in an attempt to 5|mulate such CIrculatlons Follow:ng

;Lavone_(l972) the atmospherlc structure of. the cold air mass is: repre-‘
sented by three_rayers:f a constant flux layer in contact with the
_earth's”surface,laLWell mixeddplanetary boundary Iayerfcappéd by'an
lnverslon,_an a deep stratum‘of‘oyerlying stable air. Averaglng the

- set of governlng prlmltlve equatlons through the depth of the mlxed

layer ylelds‘predlctlve equations for the~hor|zontal-wlnd‘components,_

>'Potential»temperature 'Speclflc humidlty, and the helght of the,

_lnversion. Time dependent calculat:ons are llmuted to thlS layer by

I

parameterlzzng the |nteract|ons between the mixed layer and both the
underlying and overlynng layerS' Preclpltatlon from llmtted cone
 vective clouds, and latent heat wnthln the layer are. lncluded in.
bterms ot mesoscale varnables.. _ ..__

A 47 6 km by 47, 6 km grvd mesh of l369:pounts coverlng the: ;;'
_ Canaduan Prarrne Prov:nces is used to represent the variables in the
'mesoscale. The governlng equathns are solved numerlcally wlth '{:
terrain lnfluences, surface roughness, temperature varlatlons, and
1monsture fluxes allowed to perturb the mlxed layer from.its- inltlal

]

condlt:ons untll resultant mesoscale boundary layer weather patterns

L 2

volve. L » R o8



The mean‘éprlng topographlc preclpltatlon"pattern.was
successfully reproduced by the simulated late sprlng upslope flow
* with llmlted convectlve precupltatlon hIS lndlcates that late

4. .. . spring upslope weather 1s a contrlbutlng factor to the upward swrng

¢

"in precupltatlon amounts over the Canadlan Western Plalns durlng)the

_ Sprlng perlod ) Mesoscale planetary boundary layer weather patterns
B o - .
l : appear to exert a domrnant control over the locatlon and |nten51ty .

p—

of perturbatlons in the sprlng preclpltatlon pattern' -The ellmlﬁa-
'tlon of surface heatlng sugnlftcantly reduced the area and lntenSIty
of the precuprtatlon A case study baSed on observed lnltlal con-
:dltlons showed that the model could reproduce a‘per5|stent lumlted
conyectlve.preclpltatlon pattern malntalned by up&50pe'flow and that

a low-level trough exerts_a;marked influence on the location and the

- : . . - . o . S

intensity -of the presipitation.

Foind
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tl.l Preiiminary Comments -

y i ‘.
- y .
o hE .$ .
.‘. \\ 0 N s N
Al : PN
) o '
- ’ v
¢ | | " CHAPTER 1
‘ ' N T e
. ’ . /.) v'_,'.i‘ 7.\\ B ’ . ;
*OINTRODUCTION * -~ .~ .

y « -

The numerical'experihent desCribed\in thié'thesis repreSents¢

3

an initial attempt to simulate quantitatively the temporai and Spatlal

.. .
l

b,evoiution of mesoscaie boundary iayer weather patterns resuiting from -

the,interaction of an east—northeasterJy curculation of.arctlc,alr

.with the warmer, siﬁbing Canadian Western'Plains during the iatevspring

é -2 IS

. iperiod- "‘, o . o : .: o ) . ::,: E

' For Canada s Prairue Provunces spring may be deFined as
T . ) - r‘;).

the period March through May - (Longiey;'1972).: However , apring‘iS'a ;

compl cated season-showing sngnificant variations in both time and
o L : R RN e S
space. 'Snow generaliy*covers the'éntire region in eariy'March’ the -

‘spow I'ine ‘moves progressnveiy northeastward pushing north of the,

.

.’

Prairie Provinces by“late May (McKay “and Thompson 1968) ;Climatic

records |nd|cate that . Spr:ng is a time of increa51ng cloudiness
preCnpltatlon and wind speeds (Longley, 1972). Cig. i shows that

IS a]so characterized by a mean east- northeasteriy surface flow over
ali-bgz the westergvareas (Bryson, 1966) o

?

B &N
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I

“Late spr:ng, usually late Aprll or: May,rls th%Jperlod when
the northeast portlon of the Prairie Provnnces (the Canadlan-Shleld
bortuon) ekoerlenoes raprd snow melt,- and the Western)PIalns are snow.”
free. Although the 'wet land surface perlod' on the plalns may be

: qunte short, and llttle or no vegetatnve growth is underway to supply

'_mO|sture through transpuratfdn some water-vapour sources are provided.

by the nunerous ponds .and SIOUghs whlch have been fnlledlby\the snow-
' melt Funoff. These small water bod;es are usually”very shal1ow and
they warn rapidly_afong wi th the snow:free land surface. A maJOr
moisture‘souroe is broyided b snow'melt‘on the ﬁanadaan Shleld

Arctic air Sweeplng dowh over the Pranrne Provances from the -

L T

.east-northeast encounters a relatlve]y warm surface Thns readlly o
encourages evaporatlon as well as vertical fluxes of momentum and

heat. Thus Sprlng s progreSSIOn across thls reglon |nterrupted by
) N L.

. arctlc outbreaks provndes a compl:cate&‘yet fascanatlng period for

s S

study. - N

N

1.2 " Physical Geography

.For‘the %erOSe of thas ‘study ‘the Western Plalns is defnned

as the reg:on between the Canadian’ Shleld and - the Rockles The eastern

boundary extends from the southeast corher of Manxﬁ&ba through Lake
i '

Wlnnlpeg, and nts northern Timit is- roughly along a line running from
.northern Lake WInnlpeg to Fort McMurray then eastward to the Br|t|sh '

.Co]umbla Alberta border between the Hay and Peace Rlvers (Flg 2)

6

The mos t general feature of the rel;ef of the Pralrue “
. _ b

‘PFOVIHCES is the westward upslope From the Hudson Bay Iowlands in

\
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the east to the Rockies in>the west (Fig. 2). Within the plains

region‘the,topographyjis by no'means_uniform} Many lakes, ponds and

'-sloughs oCcupy depressions in the iandscape. Udland areas are found
> S ' ~ . :

’

,throughout the region’ The most notabieais.the'Manitqba escarpment

: |nclud|ng the Pasquua (2700 ft), Porcupine'<266blft), Duck (2700 ft),

| Rldlng (2300 ft), and Turtle (2500 Ft) tabielands;':The‘éypress;Hills

| Tn'sodthéastern Alberta and'southwestern Saskateheman risept644800;ftr.

“ror over ZOOOaftsaboVe the surroundfng_plains;-'A]berta has,a_number .
bf'other‘up1and areas“sueh as the Swan'Hiils'(3800hft) south of Lesser
sfave;Lahe and the‘Bfrch Moqntains_(2806‘ft)'northwestoleort_
Mchurray.' | | » | .

N N 1
| .

'1.3"Late'g;?ing*ﬂpslope'weather-

Late spring on the Western Plains is often dulled 59 extensive
strata (Jf ﬁim?ted cenrective clouds (stratocumULns);'”Cooln moderatetyt
. m0|st wunds gust out of the east- northeast and the ground IS dampened-
- by llght drjzzle showers, not |nfrequent]y muxed with snow. ThIS/
type of weather is not only unpleasant for those trylnglto extend the."
‘short” summer recreat|on pernod but a]so has severe economlc lmpllca-', i

tions. ln an area where agrlculture is st|ll the deor |ndustry,

rey.clouds blocklng out the sun, retard surface drylng and the .

N
NN

p cupltatlon further monstens the earth Th:s tends to keep the o
P farmers off the land durlng the cr|t|cal sprang sownng perlod Thei'.
extenSlve low cloud also.causes_concern to those whose interests are

in aviation:



y','b

' arctlc hlgh movsng from the Great Bear Lake area towards Lake Shperior,v*'r"'

N
'$§%£uation, The cold air mass movnng south westward up the sloplng

———

..'Climatological charts (Longley, |972) |nd|cate that sprlng
s characterlzed by nncreasnng cloudlneSS and precnpltatuon Most '

certalnly one of the contr:butlng factors is‘thd\odturrence of late .

.

sprnng.ups}ope weather,. The‘term upslope generally refers to a

persistent3 shallow, east northeasterly ctrculatlon assoc1ated WIth

outbreaks of arctnc air movung up the gently rlstng slope of the

Western Plalns ln late sprang, thus s normally a. relatlvely unstable

..

~ A
A

’ p]aInS is heated from below by contact with the snow- free ground

~ This. often produces turbulent low- level w:nds, and’ extensnve decks of

R

i

* 1imi ted convective clouds (stratocumulus) accompanled by llght drlzzle

‘showers or snowflurries. ‘LimItEd convectlve condensatlon forms

A

generally lmply that the atmosphere is. characternzed by an unstable ‘
strat:ftcatlon of limited depth. thCh is- tOpped by a marked stable
stratum (Wlllet and Sanders 1959) The air is monstened from below

by (l) the numerous ]akes maklng up’ over half the area of a thawnng '

Canadlan Shleld, tncludnng Iakes Wlnnlpeg, Manltoba and Wlnnlp&gOSlS

'A whnch lie to the east of the Western Plapns and (2)‘the large‘number.

of ponds and sloughs whlch dot the plains. The unstable alr flow
readuly avallable monsture, and the sloplng terraln must certainly
contrlbute to the |ncrea5|ng cloudlness and prectpltatlon durlng thls
season of the year.. | |

. The Synoptlc sntuatlon whnch produees a perSLstent.easts'
northeasterly flow across the Western Plalns usually consnsts of an

/ B

in conJunctlon w;th a Tow (especnally a cold low) movsng across the dil;

[y



northern United States B : '.. N L

The streamllnes of the mean surface wunds for May (Flg 1)

show an . east northeasterly flow over all but the western areas The

'maps for .March and’ Aprll show a snmllar flow pattern (Bryson l966)

v

'These are mean maps The day to- day sntuatcon often shows the arctlc

‘ﬁfont ina trough JUSt east of the Rocky Mountalns, subJectlng the -

N

'entlre Western Plains to an east northeasterly flow

Althodgh the Western Plalns are often saad to be in ‘the rain '

ishadow of the Rocky Mountalns, actually the ROCkleS, and the sloping
terrain from the nudSOn Bay lowlands to the foothulls of the Rockves
-|ncrease rather than decrease prec;pltatlon over the plauns durlng
: the Sprlng peruod vThus has been shown conv:nc;ngly, at least for

Alberta and southwestern Saskatchewan by Relnelt (l969) is

_readuly seen from the mean spring. precnpltatlpn chart (Longley, 1972)

: that the fOOthlllS and upland areas recelve appreCIably more prectpnta-'

LY

t:on than the surroundlng lowland areas : ThlS lends support to the _.
' proposntnon that unstable upslope flow is a contrlbutlng factor to

'nthe lncreased sprlng precupltatlon. o

—

1.4 Outline of the Study |
) ’ : ! . . . . \ . N C e . . = ‘
: Thus study uses a three layer numerlcal model to snmulate-;

a.the mesoscale boundary layer weather patterns nnduced by a moderately o

mocst cold, east northeasterly flow movnng up tne relatnvely warm

slopung Western Plalns Tlme dependent carculatQOns are llmlted to

-

a sungle mnxed layer by parametérnzung the lnter%ctlons of thlS layer e

°

>w1th the underlylng and overlylng layers.» The procedure is based on

V-




N _
‘the hypothesis (after Lavoie, 1972 1974) that a S|ngle well- mlxed

4
layer an\<; used to represent many of. the 5|gn|flcant aspects of

‘mesoscale b undary layer weather dlsturbances, and that these meso-

A scale boundary layer dlsturbances prov1de effectlve control over the

s b

tlocatlon and |nten51ty of convectlve aCthltY

The modeq's ablllty to sumulate 'typlcal' late 5prlng upslope '

‘weather was tested lnntlally The relatlve importance of surface = JORES

e
‘heatlng compared to fructlon and terraln rellef in the productlon of :
'hllmlted convectlve preclpltation was evaluated by runnlng the model

‘{\' .
-,whlle neglectnng vertlcal ~eddy heat fluxes under otherwnse ldentlcal

meteorOIOglcal condltlons . A case study was used to determlne the
model's ablllty to hrndle sntuatlons based on observed lnltlal con-

i ) ;dttlons,

v‘ir?' The detanls of thls study are presented in the follow;ng four-

ﬂ; apters Chapter 2 outllnes the governlng equatlons together w1th

of the numerlcal technuque used in. th|s study, along wath a step by- g

P

‘step outlnne of the numerlcal procedure The experlmental aeSlgn

.

together wuth the vartous results, are explalned in Chapter h A

13

brief summary and conclus:ons make Up Chapter 5.

.“/ E

5 of the model atmosphere Chapter 3 contalns a brlef descrlptlon :

S
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U CHAPTER 2 PR ?{

- THE MODEL

2.1 ‘Treatment of the'PlanetaryiBoundary Layeri

“ Follownng Deardorff (1972), the planetary boundary layer

(PBL) may . be“deflned as the reglon of the atmosphere adJacent to the

. ' '5‘{{%"3 e
earth’s surface where Small scale turbulence is |nduced % f yernal .

convection and w:nd shear Clark (1970) and Deardorff (l972) have

1

’ suggested that there are two possable approaches avallable for the
treatment of the PBL One is to. reSque ‘the vertlcal structure of =
-the lower atmosphere explucntly by placl g several layers ln the e

Hv_lowest 1 to 3 km,» Th|s usually lhvolves (1) parameterlzatlon of ]
' 8 v : ,::. c . m
'fluxes at the. surface Z and (2) modellxng the turbulent dlffusnon, .

.of propertles above Zs, the helght of the lowest model level fA' Ty

second approach IS to parameterlze all aspects of the PBL so that
- j:'ltS structure does not expllcutly come lnto the computatlons Zs'""

"5“|s set at a ‘much greater heoght say‘l km and part (Z s by passed

‘:.\4 Frequently the PBL lS lelded |nto a constant flux d;randtl)
: T e : :
ulayer in whlch the fluxes of heat mOmentum and water vapour are
,1'consndered constant (i.e., hav:ng the same magnatule as at the surface)l"

< Rty

“f_;reachnng some lO to 80 m, and a second h:gher layer in whlch the - s

’:. .



A
layer is a convect|ve layer whlch is well-mnXed s assumed that' v

the mlxed layer |s-capped by an |nverslon. This upper ‘stable layer

\

“fluxes generally decrease with'height. Under . the conditio%ivdescribed.

.

in Chapter l, a well- mnxed atmosphere is often present in t e lowest

- . e

"1 to 2 km of the cold air mass M|x1ng IS lnduced both thermally as.
a result of surface Heatlng ‘along the. traJectory of the arctlc air,
_and mechanlcally by mdderate low leVel Wlnds : Thus the analysns of

~ the PBL may ‘be snmpllfled by assuming that o)erlylng the constant- flux SR

K _ )

i.

completes the atmospheric structure. - - = o

2.2 Thermal Structure-Assumed in the Model Atmosphere . a . o

0 The atmOSphere i's assumed to consnst of three layers deflned

_ by dnstnnct:ve lapse rates of potenRuﬂ temperature (an 3) The

nvert:cal thermal structure |ncludes

(a) a surface layer (Zo to Z ) character;zed by a super-ll

'gadlabatnc lapse rate glVlng rise to a’ condi tion of upward heat. flux

rThe upper lumlt,Ls\get at lO ‘m, the_anemometer level

-y

'veIOC|ty V,_the potentral temperature 6, and the SpelelC humrdity q

of this. layer varies locally

(b) a mixéd layer (Z to\h) |n Whlch the horlzontal wrnd

. are assumed humogeneous in the vertlcal lts upper llmlt is deftned

thy a Flrst order dascontlnunry ln potehtlal temperature. ?E& depth

in’ Space and tlme as a result of several

"forc1ng Factors |nclud|ng (l) varylng surface h at fluxes, (2) varylng

‘ :surface momentum fluxes; (3) terraln slope and (4) the release of ,;fsr'f

Rl

llatent heat from. precnprtatlon __ﬁ'; N ",{". SN c
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(c) an upper layer (Z>h) consustnng of a deep stable stratum:

A wath a constant Iapse rate of potentlal temperature

. - R \.\,\ Ce
. J‘x ‘ .
2.3 Mesoscale Phenomena

The model will be'app]fed to weathg#.systems whose charatter-

LN

'-istic'd}mensions are of the order of tens: of kilometers‘in the hori-
zontal ‘and less than ten kilometers in‘the‘verticai ~These - phenomena
. fall wnthln the scale of atmospherlc motnon usually referred to as

',:mesoscale Ogura (1963) ponnts ‘out that it,is customary to assume"-

. ,
hydrostatnc balance for motnons whoso horlzontal scale is much larger

”;than the. vertlcal scaTe The assumptnon that The pressure ffeld is

v

.;determnned by the den5|ty dlstrlbutlon alone,IWIthout reference to
.Lthe_f:eld of motion, rules out the poss:bility'of simulating individual .
-c0nvective'c100ds. However, itis. hypothesuzed (after Lavoue, 1972

.f&lk) that the locatlon and |ntensuty of convectlve reglons wnll be

vdetermsned by the Iarger mesoscale weather patterns. »
- RN

2.4 Goyerning‘Equation o ‘h,- R

e

‘The basuc equatuons applled to a fluld parcel |n the mnxed’

ﬁ_la*er‘(Lavole, 1972 l97h) are. e

3

ER

Horizontal momentum ‘equation’

Coa e K S L . :
=k foan-ra-g% S ()

<t

' d

V First and second. laws oflthermodynamics '

do _  _va® 8Q . aleM . -
dt = TcTaa.’ : B (2)



Conservation of mass

Definition of{hydrostati;fbaiancéi‘
p oL i T ’ -
o 37 - g e L .. - (5) o
. . : ",‘ ) £ . .
. Definition of potential temperature
Yoog R e
>.' ‘: . 4 . “. ' o . . . ’

Equation of state -

S ke = RT g

-
.
H -

“where tHe_cbOrdinate.éxes ﬁre chosen with the positive Z axis
" up.wa rd, the positive x axis to the east-northeast, and the positive |

y‘axis.td the north-northwest, and where -

RS

:.'is.the verticélrfidx of hbriionfal’moméntum
A Q . is the-vérfiééj %]ux ofiéensiblé heat- '
ﬁf .‘js §he ﬁet chdeh§étfoﬁ.;até‘per unff Vo]ﬁme'l
E'.: is tﬁe.§grtf¢aI flux of Qétéf yabouri

-

Py “is a réferenqe/giéssufe.of_lOOb mb ‘

p "iS'pressure ' ol ' G
v is-the horizontal velocity vettor . - N

L
C .



. ) 1
| | a
q 'iS‘SpeleIC hum|d|ty ' ”'f —~ie
g is the acceleratton due to gravtt%
. _ ) « s the specific volUme df dry atr
| | T s tempeheture | ‘;
- W is»vertieaf velocity
: e fs botehtjal‘temperatUrg‘
t is time ) hv. ’,' . '_fh
f " fslthe Coriolis parameter | ‘ ' o

o

- oL is the latent heat of evaporation
j R i's the gas constant for dry air - o . .
Cp e the specific heat of dry air at constant ‘pressure
. , “. - N . N

-The behaV|our of the hlxed Iayer as a whole may be descrlbed
_hby |ntegrat|ng from Z to h, usung the assumption of vertlcal homo-
‘.gene|ty of hortzontalwwlnd'vejocity, pogentiél tempehature‘éhd.
specffic humfdity.‘:Thhs the parcel derlvatlves of -these quantttleS'

are nndependent of helght

-

| ' (al Horizontal momenium equation S
Averaging (1) through the mixed layer yie}d;
R . . _h S .
R R e R AL EE AT IR
Ts . .

£

Assume that the momentun flux through the. lnverSlon surface Th can be.
- neglected The flux through the lower b0undary can’ be parameterlzed

" by means_of thegbu}k-aerqdynamlc me;hod (Prlestley, 1959)
T

LA

e e

-> _ c
TS —.‘ Dp



. Y ST . o ' B . i . °
. . \ s
where Cp is the drag coefficient and'pS is the density at level Z,.

: L , . s AP
The horizontal pressuré gradient force can be calculated in
terms of 8 by eliminating o between (5) and (6).

e

C e, - 7 ]
Kl Py o)
9z ‘”(g/Cp) 9 SR ' . (10) .

Assuming that pressure is known at some level H within the upper -

stable layer, integrate (]O)-frdmAH'down to an arbitrary level. Z

within the mixed: layer. o T, .
_ . Q o - . o AR (R
_ LK k|_H-h H Z-h [} :
Pz " PHTC P T e M s T T R
. -p . H h h o S

where eh.js the poteﬁtia] temperatqre just above the inversion base,
By'# 0y and 'QZ:E 8. \ ; . ‘ ,
 Taking the horlzontal gradient® of pZ multlplylng by -a and .approx-.
' lmatlng:£n<9H/6h) by the flrst two terms of |ts Taylor serles
f . Y

‘expansion..(since GH/eh'ls approxumetely oge)‘ytelds

. : a Az )
: ; e PR 6, + 6,
| 6, .y - 2g(H - h) HY %)
- aVp,. = - — (aVp), + _V-< ; ,:>‘
6 + 0 : o
# L fo o H) oy
il -2 ‘
\kh‘ . .
I | i)

»>

Becadse’the final ternbin (}2) is. the only one that depends upon

. {
D-.helght the vertncal |ntegratlon ofi\? ls‘readnly accomplnshed

o Lettlng F = gi'(an)H_ represent the pressure gradtent at level H

-

'5/4wfh

v

. ST A a o _ ; . ; . er.' '
R | - - SR \E) o o ' \\\

Pr——, .
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ln order to remove the - crntlcal dependence of the second

and'thrrd"terms of (l3) upon the helght of the undlsturbed level H
i

- the geostrophlc wind shear in the upper stable layer is lntroduced

in terms of the thermal gradient. The thermal wind equatron is-

S (O

1
D1 ko
<1
[es] |
1l
-
Fa gl
x.
. Q) Q>
CONY <d
i
-
<+
N

. where,llg is the geostroph1c wand in the upper layer and w is the

rotated shear vector lf w can be consvdered essantxally constant

in the upper layer, then applylng the deflnlthﬂ of 3 at the |nlt|al
'henght of the lnverSIozw#‘f“
Fu-F o= -W=hn)E s
or IR S S ' SR
Substltutihg‘(l6) into (l} ellmlnates reference to level H, except

8

. for -3-(9 —e)vh Wthh represents the restortng force due to the‘.
h .

deformatlon of the anersnon base, “In order to retaln the lnfluence,:_,

of the stable layer aloft we’ take the effectlve level H to be -

the heught of the snversuon base h }plus one-half~the difference

%



63

%

CThen

B

_ : : : : ¢ \
be tween the initial height hi,'of the inversion and.the maximum - )

'altitude reached by the.fnversioh surface as a result of the various

topographical influences. 'That fs,'fbr the purpose of defining‘é, N

)
i v 3
I D o
H = h + E(hm - hi) I-_‘ - 17)

where hm is the maximum'disfurbed heigﬁt of the inerSion surfate..

B

8 | | - 3Fl“ \
9= (eh:+veH)/2 = %t 5 (hm'fwbi) o (18)..‘ “

(16), and (18) we may Qrite (l}) as

. ,, A .
_%%,-: -V - kex 0 - oo (- h) F

g9 " ton - D i ’ _
rg g Ve sy V- a9
The: time-dependent yar[abiesvare V,:h and e’:'“ﬁ

. (b) Potential temperature equation’

Averaging (2) through the miXed'layér.anﬂ'assuming (%J =,%
yields - LA e T |
. T b 1l T,
i = VeV6 - - - \Q -AQ ) :
ot o LT {h. ZS-) \ h‘ st
o e S SR
. Pty T (20)
e ¢ (h - ‘ZS)T ' 4 SR

_where T''is the vertical gradient of 6 above the inversion.. Using (l4),



where & and T are the mean values for the layer ;_Q% is the heat flux
o , . .

"through the»lnveréion (neglected).; Qs is the heat flux at the lower

‘ boundary (Priestley, 1959)

&= :CppSCH[VI(e -e I ":(22)

. A L . - . M .
‘where , Ts the sensible heat transfer coefficient and 6, is the

'potentlal temperatdre at-ground level M |s the total rate of pro- :

ductlon of partlcles of precnpltatnon size in terms of mass of water
e

.per un|t ‘area by limited. convectlve clouds in the m|Xed layer or,
alternatlvely, tHe local precnpltatlon rate. The pertlnent parameters
are taken to be (I) the depth of the cloud glven by the dlfference '

between the mean cloud top\heught, that |s the helght of the inversion

o

“base and_the llftlng condensatlon level, or the level to whlch un- -
saturated air would have to. be raised dry adlabatlcally to produce
condensatlon (cloud b?pe) and (2) ‘the mesoscale fleld of‘vertlcal o

‘velocities near clou base The preclpltatlon rate may be represented
#ONomhe™t 0 (22)

M= '(e,‘_’cs -

where N = a(D - kl |s a representatlon of the prec1pltatlon from .

llmlted convecflve clouds in the absence of mesoscale vertlcal

"' VelOCItleS (F:g h) The depth of the cloud D must exceed k kllometers

“a

18 .

| before preCIpItatlon is generated and the preclpltatlon rate. lncreases :"

E more and more rapndly WIth lncreaSIng cloud depth Observatlons of

P
J

: mld latutude layer clouds by Mason and Howorth (l952) and more‘

| ~recently, by Stewart (l964) |nd|cate that a cloud must be 400 to 500 m

.G
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thrck for precupltatlon to feach ‘the ground Therefore, k’Qas set
_'at 450 m. Parameter a is a measure of -the eff|c1ency of productlon
' of preC|p|tat|on W|th|n the cloud it was arbltrarlly set to I.O.
WCB.(cm sec I) is the mesoscale vertica1 velocity at cloud base.. Théd‘
parameter'e Qas set'equal'to'bi5dcm'1 eec so that mesoscale subsidence
. ‘ . . . ' . - A’ L. - v .
of 2 cm sec'¥ or mere is sufficient to prevent‘precipitation:

" The proghostic'equetibh for 6 becomes
B Vewe o [0 -
catt v (k- Zs) o

+ =2 » R L (23)

C:f' (h-ZS) c ...,."4*“
[ . : .

(&) Mass cont1nuuty equatlon '

.‘Averagnng (3) through the depth of the mlxed layer ytelds

’ "~The most’ s:gnlflcant contrlbutnon to the change ln Rl of an alr parcel d*.
: . A
is due to vertlcal motlon

o

dw""'“F:;:'_- ‘_d | :d:”[f(ZS)i :d”'

&1
(o

=

] :
cadt 7 c2

Q.

,:where‘cdis the isothermal speed of sound. Ayeragihg (25)'throth the .

- mixed layer gTVes » LR ",v'~'f o . . nﬁ.tffll

a.

& ',__

TR P : S
d 2 e (th+ ws) T L (262,_1*
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“

o top of the mnxed layer when the |nver5|on IS wnped out by heating

iland;

:level h (|ncluded only when 9= B ) jl~._;t3£2-Ql =

Usr/gy(zs) énd’(zs) o
o (ws i+ g(h - zg),/z;:z')»l-_- (h - zs)v;V)

;l '
(h-1z s |

x. |1 -‘g . ' (27)
' -262 ~

entLrely due to the sloplng terraln

M= Vewzoo 0 (28)

Assumlng that the flu:d surface at the top of the mixed layer can be f

: »consudered to be a materlal surface then '

V

T [ _‘ e

. In order to prevent the development of a. superadlabatlc layer at the |

.

'from below equatlon (29) is, modlfued as folldws '

Ly [ ee Nt
cdt N AT RN L o SR
S ; S .eaeh.b s : L 5\

,~where P is the lapse rate of potentlal temperature :n the upper laye

’%-%9 .ls the rate of increase in the hEIth of the top of the

21

; where'w |s the vertucal veloc1ty through Z whlch can be taken to be

¥

.mlxed laygr that wnll malntann a f:rst order dlaCGﬂtanlty lﬂ 6 at :507"



The prognostic equation for 'h becomes

ae e

(d) Moisture continuity”equationl

(o34
-t
-~ .
'-:|—-

Yertieal inteération4of (h) yields

da

"Parameterlznng the morsture flux through the lower boundary

Np——

~ Lg;wj -:}r‘ - '_ ? 95}EIV|(q B _f“_ » :"‘(32) e

'and reta:nlng the monsture flux through the top of the mlxed layerT

because inversions generally dnsplay dry air aloft

Eﬁf %f¢bh3fwh%(q~_{gh); - ’-“’ufhi Vvtf "(335d"':l-5“ ke

;} ,where B is an arbttrary parameter (0 5 and qh IS the specnfic
humldlty JUSt above the lnversoon base;'f '

The prognostlc equatlon for q becomes

c, lvl

."g o h4-‘ ‘ L V:f 5

-.Blwhl.‘ RS

_where M is given by (22) and W, by (27). - PR

| E%' = - (h—%_iz)(sh>_:Es)Vf (Ef%—igj o (31)

22
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(e) The complete set of prognostic equations.
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In employlng the above set of prognost|c equatlons, the
}hypotheses and assumptnons -upon . which they are based must be kept ln
_mlnd ) Ihe guudnng hypotheses for the sumulatlon are: (a)'that the
mode 1’ atmosphere is a reasonable.representatconjof the actual atmos-},-”
: ﬁpheruc structure, (b) that a. 5|ngle well-mlxed layer may. be used toy v

-ﬁreproduce planetary boundary layer weather patterns, and ‘(C) that
‘mesoscale PBL weather patterns control the locatlon and lntehsrty of ..

| convectlve activity. The acceptance oF these hypotheses allows somef

-fsumpllflcatlons of nature., The snmpllflcatlons include:. (a) the

..assumptuon of vertlcal homogeneuty of V 8 and q, (b) ‘the yse of the ‘,_:L

VA»hydrostatnc approx1mat|on _ (c) the mesoscale parameterlzatlon of
.vconvectlve actnvnty and (d) the llmltatlon of tnme dependent calcula- ﬁ

tions . to the mi xed layer wuth parameterlzatnon of the :nteractlons ‘

."between thls layer and both the underlylng and overlylng layers

o Although the above hypotheses and assumptlons may be con-r

v_.sudered unduly restrnctlve, earller work by Lavore (1972 l974) :
"delcates ‘that the mddel provldes a u5eful flrst approxlmatlon to

‘mesoscale bOUndary layer weather patterns sncludnng convectlve ;

:bprecupltatlon lnduced by Surface forcnnb factors Thls Justlfles
_(Further appllcatlons of ‘the’ 5|ngle layer concept to’ those atmospherlc
' sntuatnons where the orlgunal hypotheses and assumptaons apply.

| lmproved parameterlzatlon of vertlcal fluxes, better

vertlcal resolutlon by the nntroductlon of more or other varlables :

' B |n the precnpltatlon prednctuon technlque are areas where changes S

4

Jmay be needed a (hla- .f"..a 8 l.'1.



' 'CHAPTER 3

" METHOD OF -SOLUTION

3.1 NumerfcalvTechnique'-

Prognostlc equattons for V e h, and q form a complete
’a;system of equatlons thCh may be so!ved numerlcally as an lnltlal
value problem wuth approprlate boundary condltlons The fbrward- E
_upstream flnlte dtfference technuque described by Lauole (|972) »
'1Z”and\psed earller by Estoque (1962) 09ura (1962 1963) and Orville .
. (1964 1965) among others, was chosen ‘to represent the partlal
. 'lddernvatnves The scheme consnsts of (l) a forward tume step,. i:t L
M'(Z) one- srded spatlal dlffer nces evaluated upstream of each grid
po:nt for the advectlwe termz, and (3) central dlfferencing for
»non-advectlve terms. Haltlner (]97]) has demonstrated that upstream L

;dlfferenc1ng produces a damped solutlon “ However, the damping f*'y

,characterlstlc of thls technlque should not s:gnPflcantly modlfy

.-

W
'-;the results since the dusturbances‘w;ll be contlnually reinforced

E f and are geographlcally leed Furthermore,,the damplng of short \;
{;wavelengths should effectlvely prevent the nonlinear numer1cal
s lnstablllty that arises from alnasnng of short waves.»;The7l77”

'f;accuracy of thus scheme for snmu!atung propagatnng Waves in: '--.",>.5'fﬁ .

«iﬂ?5"_ m.m VL
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. comparison tosotherffinite.differencingjtechniques'has_been discussed
bydMoJenkamp.(l968) He’lndicates that it ls'less accurate than some
Aalternate techn|ques however,it haslthe'advantage of‘requiring‘less
‘COmputer time. | _ d

A L7. 6 km by 7.6 km‘grld mesh of 1369 ponnts was used to

‘represent numer|cally the variables in the mesoscale The chowce of :'

" a tlme |ncrement ‘was somewhat emplrlcal because a llnear computatlonal

fstabllnty ahalysas of the- complete dnfference equatlons is very dlffl' ’

-cult., The: |ncrement Atwms estlmated Slmply from the stablllty crlterlonr

Jor the basnc two dnmenSIOnal advectlon equation Therefore, the f"

stablluty crlterlon is’

"lf.

egum«z "matmmwl9n)

'~_'where c is the phase speed of the fastest waves, At is the time f

.nncrementy andex is the\horlzontal space_lncrement:- A tlme |ncrement
. . . : T K .
v of.S mln.,appearedlto_be‘aCCeptable:becgusedno evldence of:lnstability‘:
.,showedfup-throUghout’the‘integratlon perlod : | |
A | Small scale perturbattons created by fast.mOVIng dravlty
‘ waves, boundary effects and truncatlon errors may’, if left unchecked
:'blow up and obscure the meteorologlcal phenomena. The growth of
:'such spurlous short waves was effectlvely controlled by explucut

smooth|ng of the predlcted flelds after every fourth tlme step The -

follow;ng smoothlng operator was used to- damp short- waveS'tf

' (Asselln, 1966) | ) - *n;jL:: .

~S(f‘l'?’j)~ = ALj) + "b/t{(Av('ilx;.y,j')::‘+f A(H-lj) L

| l_rf,A(i;;41)f+fA(};jfll--mAA(f;j)l e

| '”Béré~5(l'i)his,t5sfsm°ofhéd'élla‘P°lﬁ?lyélﬁs;fttl,j),l5‘tﬁé*éniﬁh‘

a : " . . . : S : . . : ) . o

-
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p01nt value and b is the smoothtng parameter set equal to-+0 5. »The
b.predlcted flelds are then 'desmoothed' by applynng the abovelOperator
»a second time with b now equal to- -0 5 . This partsally restores the -
amplstude of wavelengths which have been damped by the ortglnal -
smoothrng.- The.response functlon of the smoothing_and desmoothihg'

, ‘ RN
operatore is
| |

Rl = (Y

(T - b+ b cos kiAx) E
i o o

],

I - | -
T

where Ax = grid spaclnoy,b = the.shoothingparameter{n}=vthe’humber,of”
. . . . . i \ : o N

" dimensions and'ki is the wave number.

3;2‘;Numerical.Procedure' R _
The codbutatlonal steps requured for thlS numerlcal sumula- '

tion are guven below

wlnd,‘li L;otentlal:temperatureland'speolfie‘f.:
ihumldity‘ln the nli fare set, unlform over the enulre grnd ‘.The |
pressure eradient l%’ ;fated assumlng level terraln wuthout heat ’
fand'moisture Sercee; ;letuon typlcal of a level land-water surfaeewv.
is lncluded so'that tl ;lnd vectors cross the lsobars at a specnfled
‘angle. The COrlOllS é Fameter fis allowed to vary across the.reglon
- The procedul}rof.calculatlng the pressure from the w:nd
fhfleld was followed because the numerlcal solutlon of the prlmltlve
“equatlons is extremely sens:ttve to lnltlal condltlons.r The prlmltlve

romomentum equatlon equates acceleratton to the resultant of Coruolls,

Y
L
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' frlctlon'and pressure-gradlent forces perlunit'maSS' Thls resultant
s norm lly about ten percent of the lnleIdUal forces, o} that observa-
‘tuonal rrgrs or“nOIse‘ due to mlcroscale phenomena |n the pressure or
‘wrndéflelds may be as'large‘as the acceleratlons themselves Such ‘
';spurlous acceleratvons create’ flctltxous gravnty waves whose ampll-
¥ tudes may be’ larger than those encountered in the" real atmosphere
'(Thompson 1961).. Thns problem can be avonded by 1mposnng the ‘some-
,‘what'artuflcnal condntuon of balance between the Corlolls fnlctlon”
and the pressure gradlent forces at the lnltlal time.. fn view of the‘
~fact thatlthe wind may be consndered the deflnlng parameter for Sprlng
~ upslope weather, the pressure fleld [s Calculated from the wrnd fleld
l th:s ‘ensures a pressure fueld compatlble wath the |nlt|al wind fleld T
ngh frequency gravnty waves in’ the Inltlal wnnd and

pressure flelds are damped by applylng the preV|ously deflned smoothj

nng and desmoothlng.operators. '

3.2.2 Readjustment Process:

At the start of. lntegratron, the surface is uncovared and
~the terrarn rellefbls exposed The momentum and heat fluxes proteed
:to alter the flow whule at the same tlme; vertacal motlons lndUCed
by the wnnds blowcng agannst the sloplng terraln begln to perturb
the upper boundary of the mlxed layer, The readJustment process
‘proceeds as follows: ;ll) advance the horlzontal W|nd components u f:'J
and v to't ; At/2 (2) use these forecast Valuesof'u and v mldway

"through the flrst tlme lnterval to. advance 9 q, and h to t = At

(3) subsequent u and v steps are taken over At but the-wnnd cOnf‘ff
- ! i .ﬂ 77 o
tinues to bewevaluated,at trmes mldway through the ‘interval over .

l-' N

1
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)

Which the other<three fields. are advanced. Tnaf procedUre permits

the ‘max i mum tlme step to be nearly double that reqUIred for - lipear’

computatlonal stablllty wnth the non- staggered format (Lavone 1972);

lntegratton is cont»nued for SIX hours of model time to prov1de a
\_/

suff|c1ent Interval for ‘the V h, 6 and q fnelds to respond to the

’ &

varlous forC|ng factors It»was found that after SLx»hours~the rate

of change of the dependent varlables had become suffIC|ently small

that -a near steady-state‘solutton may be.assumed.

A%

3.2.3 Boundary Conditions

T w

23

.

'The dependent variables.arefhe]d constant at the inflow and |

'§fde*boundaries At the outflow boundarles the vakge of the dep ndent
‘variables are éet equa] at each time step, to the values at the neXt
gnidvboint upstreanﬂ o T 7/*

3.3 Grid Domain, Topography and Drag Coeffifients o

3.3.1 Grfd-Domain

i ' T’ A S
F;gure -5 shows the ‘area of tnterest nd'the qfid<domainL -
,‘The gr;d based on the standard 381 km northern hemlsph pf8>grld

consnsts of 37 rows and 37 columns * The spacnng |s equal to h7 6 km

. / .

~in the X and y dlrectnons true at 60N latttude on a polar stereo- '
?:graphsc pro;ectlon. ‘The. orlentatlon of the grld is such that the _',

© x-axis is nearly parallel to the gradlent of tt terrain W|th the

N

& Canadlan Shleld lynng upstream of the Western P]alns for ., .an. east-'

i

' \northeasterly f1ow- The Contlnental DIVIde prov1des a%natural

A“,'W.

"boundarx to the southwest,“whtleyHudson Bay‘serves_a'SIml]ar functionc- d

.y " DI . . : . Ce
s . ~ . oL
S e T e o - ‘
/ . . ¥ -
o
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to the northeast ~The northwest and southeast edges of the grtd were

—

chosen to |ncorporate the maximum amount of the Canadian Western Plains.
. o ‘

3.3.2 Topographi
The terraln elevatlon at each grud-pount was obtalned from
topographrc maps] of scale l 250 666 A large portton of these data had
nbeen abstracted prevuously by Charette (1971) The terrann gr|d~p0|nt -
'values wefe smoothed u5|ng the same smoothrng operator that was sub-
h:sequently applled ‘to the predlcted flelds Thls prov1ded a smoothed

topographlcal field on the same,scale as the‘atmospherlc motion being

considered.

'3.3.3 Drag Coefficients
In-order to include fluxes of momentum, sepsible heat and -
-moisture in the model, it is necessary to know the spacial distribution

of CD’ the drag-coefficient CH; the sensiblesheat transfen coefficientj

~and C_, the evaporation coeffncuent over the area of |nterest -lt-is

El
also de5|rable to relate these coefflcaents to the horlzontal wind

: Speed and to atmosphernc stablllty b

-y

Follownng Cressman (1960) we&dlscrlmlnate between the drag
coefficient over flat Iand or water (skln drag), and the drag due to, ;

' _terraln rellef (terraun drag) The drag coeffncnent CD is considered

to. be made up of two partlal drag coefflcients C ~and Cz, where ¢, is

: ]Topographnc series’ produced and prlnted in Canada by the
Surveys and Mapping Branch,  Department of Energy, Mines and Resources

Government of Canada and . |n the United States: by the - lnter\or Geo- .
,log:cal Survey, Washlngton, D C. ' . -
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v fhe‘skin drag and C, is the terrain draghcoefficient Vajues ror c,
pfor the standanﬂ 381 km northern hemlspherlc grld were supplted by

Dr. Cressman of NOAA through G. R. Schram These values were extended
~to the 47. 6 km grid, a subset of ‘the standard grld by llnear |nter-
po]ation with minor subjeétive ehanges. - Rather than using a constaht
yalue<of-C as'Cressman (i960)'has:d0ne ;anfattempt Was made to relate-'

‘the sknn drag coeffncnent to the horlzontal wnnd speed (musec 1) usnng

the Fo]lowlng formula (Deacon and Webb I962);
) . o .

_cl = (i‘+ o.7|V[)o.001y

: , oE

“Given the drag coeffucnent for the neutral atmOSphere CD |
as a. functnon of wnnd speed and terraln rellef we proceed to adJust .
these values accordlng to atmospherlc stablllty after . Deardorff (1968)
“For the unstable case, whlch is the only gne that.app]res-ln thls |

simulation, the drag coefficient becomes:

.

¢, f.,(l +‘(Z/a)‘LOQ (} fiaRib))chJ
e o 0.62 o | S
where a. 0 83 C , and Rsb is the bulk Rlchardson number, a -
‘ measure of atmospherlc stabullty R - SR L ." *ﬁ;' .
R = T~ 39 5 | 88+ 0.61 c,'(q_» 90)1
AR LI N I N -

\where Z is the helght where V R and q are known, g is the acceleratlon
‘ due to gravuty, ‘the subscrlpt o refers to surface values wlth IV | =0

‘and T is the vnrtual temperature here assumed to be equal to T whlch

L

s glven by (T £ T )/2

The- sensible heat and water vapour transfer coeffiC|ents R

are'obtarned by'aSSUm'ng Cy =]Cé»= Cy f for the. neutral case and then :=yh

r



. 5 .
~,adJust1ng the values of C on the ba5|s of stablllty after Deardorff
(1968), while contnnulng to assume that Cp = Cypr Therefore, the heat

and ' water vapour transfer coeffacnents become:

"CH = Cc = ('»+3(1}/c).L°9 (- cB}b)) Cbn

,where"c = 0.25 ¢ _°;8°.

: The flelds of»drag coefflelent and transfer coefflcrent grld-
pornt vaIUes are smoothed USIng the prev:ously deflned smooth(ng and
' {desmoothlng operators These values are aSSumed to remaln constant

durlng the |ntegrat|ng perlod

% ’?
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CHAPTER &
EXPERIMENTAL DESIGN, INILTIALIZATION, AND RESULTS -

Sy ;Introduttory”Comments,.

flt has been hypothesizedeatterdLayoie €[972 |97h) that a o
'_snngle well-mtxed Jayer may be used to represent many of the sugnlfu-'h
_cant aspects of mesoscale boundary layer weather dlsturbances and |

that these. dasturbances provtde control over the Iocatton and |ntenSJty
':f of convectlve actnvnty | The present model has been de5|gned to study

.v\the evolutlon of a well-qued planetary boundary Iayer in reSponse to :1"
Wsevera] forcnng factors ¢nclud|ng terraln re]«ef frictlon surfacehh

-heatlng and the releaSe of latent heat accompanylng the formation of

'precrp;tatnon Thns represents an - |n|t|al attempt to S|mulate : fﬁ."

. quantltatlvely the temporal and. spattal evolution of mesoscale atmos- S

- pherlc weather patterns resultrng from the |nteractnon of an east-'-',"'5

: *northeasterly c:rculatlon of moderately monst arctlc atr with the f,~"'i

_ vrelatively warm, slop:ng Canadlan Western Pla:ns durIng Iate Sprtng.__v,.(.;wu

Vertlcally homogeneous |nit|al distrlbutions of the

dependent variables Iayer depth wnnd, specuftc humldlty and potential

._/

”temperaturevwere used.: Detalled upstream topography was nbt delineated ﬂff':‘
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| inrfiariy; béeauséwtﬁere‘€§ Tittle relieflover the Canadian Shield. "
Friction was assumed to. be the‘same over the whole grld so as to
1.proV|de balanced flow wlth respect to the Shneld at all grld polnts
At t =0 the Western Plalns was uncovered' wrth its tdpography, '
roughness dlfferentlal, mousture sources and‘stronger surface heatlng
'The readJustment procedure was. followed at each gr|d p0|nt by means
' of equatlons (19) (23) (30), and (3#) usnng the forward upstream
‘numer|cal |ntegrat|on scheme lntegratlon was contnnued for six hours
of model tlme to provode a sufflcuent lnterval for the PBL to respond
-to {he various surface forc1ng factors ]t was found that after sux
._hours the rate of change of the dependent varlaﬁles had become sufflc-'
tently smail that a.near steady state solutlon Jas achneved .‘f‘vdllij‘h;'
Lavpue (1972' 1974) has shown that the deformatlon of the ’ J
tnversnon surface from |ts |n|t|al helght is 2 useful guude to: the o
tnhtensnty and dlstrnbutlon of mesoscale convective precnpntatton. E
}Follow1ng Lavone but on a scale- nearly one order of magnltude larger
uthan h|s we‘proceed usrng.the hypothesns that the atmospherlc re- '

4

'Sponse on the mesoscale ns dlctated by the behavnour of the mixed £

\

' 'layer as a whole wnth only secondary dependence on the detalled vertndal

BN o

'istructure : ‘m..: o - o "J'.fA‘VV .,ﬁpa:,m. L. g ;,;H.}  ’;JJ

/ <

',y,zr‘Simuiatron‘of.rxpacauftaté"spfing_uPslbpé'wegtheﬁﬁ; ‘
) ; ‘

The most reprefentatnve low-level flo‘ condltions for late
""5prang over the Canadnan Nestern Plains are slmalar to the mean, for
during the encompaSSing perlod March through May, the average surface

C|rculat|on persnsts out of the east-northeast for all but the western

N

IRV




reglons (Bryson, |966) Typlcal daytlme values of atmospheric

'structure and- low level flow were selected to test the ablllty of the

mod 1 to slmulate late sprlng upslope weather ~ The term upSIOpe is

usually applned to a shallow east nprtheasterly cvrculatlon aSSOCIated

‘with outbreaks. of arctnc ajr massas over the Western Plalns ~ Such,
-easterlles are usually conflned to the lowest l to 2 km of the
atmosphere B - D _ 0

S Dur:ng the sprlng thaw perlod the surface of the Canadlan

B Shleld whlch |s normally over. 50 percent water in the summer tlme,“

u:ﬁ,probably approaches a true water or 'Iake surface wuth a temperature

_near OC Contlnental Arctnc air (cA) is modlfled rapldly to a brand
of air very s:m:lar in character to a wnnter cold marltlme Arctlc 'd
(cmA) alr mass, with typtcal wet bulb potentlal temperatures in the

,range —SC < 6 <l—1c ThlS modnfned arctlc alr IS usually referred

"to as transntnonal contunental Arctlc (tcA) The reSulttng unstable-"

t

fturbulent low-level flow further perturbed by. upslope and stronger
“surface heatnng upon reachlng the Western Plalns often produces bR

extens:ve decks of ltmlted convectlye clouds (stratocumulus) Pre-‘~

"capltatlon wlll generally be llght and rntermlttent and may take the .

: form of drazzle or’ snow The duratlon of these~cond|t|ons may be {fl .

r;several days

At tlme t O an east-northeasterly flow of arctic arr,. ";,;;r;;'

'fmodnf:ed to tcA by nnteractlng wnth the Shneld Was assumed to cover’;f

- the entlre grld domaun The model air mass was. horlzontally unuformf5ﬁhf'

T

L

’ W'th the same vertlcal structure and low-level flow at all grtd polnts.;i':ﬁ

)

S e _ chflfj
f"For t > 0 the topography was unc0vered As the antegratlon proceeded
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g nesoscale weather patterns wuth areas of llmuted convectlve precnplta~

tion evolved due to spatlal and. temporal changes in the/well-mlxed
boundary layer » | A | |
| . the 'und:stdrbed' alr mass and surface parameters used to‘,

“unltlallze the Slmulatton of ’typlcal' late sprlng upslope weather _
are outllned below F|g 6 deplcts the tcA soundlng TTﬁe
vwet bulb potentlal temperature ,:Bw : was taken to. ~be -3C vt he o
surface temperaturelebj was assumed to. be OC Jand the |nVerslon J e

. heught h was set at l h km all in accordance wlth the prev1ous -

2 duscusslon The thermal structure of the model the Normand prlnc:ple‘
(Normand l938), and the above values determlned the surface dew-ﬁ e
potnt to be near -6 7C The surface he:ght of the Shleld Z N Was )
set at 250 m- above msl ‘detalled terraln was lgnored at the |n|ttal

' tlme because there is l|ttle rellef 0ver the Shueld. The vertical
structure or representatlve soundlng o('the model atmosphere wasethen

' buult up from surface values ThlS was done because a predlctlve.rolelh

'ij usnng actual data was env»saged in the model's future and lt was felt
ivdes:rable to buzld nnto the vndel the absllty to use the wealth of

| surfate data rather than the relatlvely scarce upper—alr data. The;’:i

.

'.lapse rate of: temperature was arbltrarlly set at lO 2c km 1 for the

L¢

: constant flux layer from the surface Z to the anemometer level Z

'liiand ‘a dry adlabatlc lapse raté of‘9 86 km L was requured by the model

atmosphere from Z to h the top of the well-mlxed layer A near v’vfjk"i.df
_|sothermal layer was assumed above h The superadiabatte surface.?s{ifih,,
_a;ayer ensured an. lnltlal upward heat flux. The laPse rate of de"'i S

’pount was’ set at lO lc km 1 from the surface to Ievel h Thls ?ff,'lrf;lﬁqﬂ .

L B ) . . . . O ERA -
L3 . . . ) . PR e i : S . P R
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"1ifBryson (l966) Flgi 13 Th:s is the mean flow The perlods of

39

: Midecrease wthh |s sllghtly in excess of the.decrease ln.temperature
wnth helght manntanned a.nearly constant 6 value through the boundary
layer and it also ensured an |n|t|al upward flux of mo;sture Th@t

" above - values were then used to compute the model parameters of potentlal

ntemperature}and SPECIfIC humldnty at the varlous levels (see Appendnx)

‘,A'The cloud base g:ven by the llftlng condensatlon level (LCL) -or the

'-level to wthh unsaturated air would have to be ralsed ln a dry- ‘,‘

ad:abatlc expansnon to produce condensatlon was assumed unlform f

..throughout ‘the. air mass and was’ calculated as outllned in Pettersen |

'(1956) (see Appendtx) o .

The greater proportlon of land to’ water surface on the
hwestern Plalns coupled wnth the earlner loss of snow.cover allows }:
‘,the surface of the plalns to heat under day- tlme condltlons to a ;
hpotentlalﬁtemperature ln excess of the surface potentaal temperature
. e; othhe Shield “An excess surfacevpotentlal temperature e value
of hK ‘was chosen to iipresent mnd day condttlons on the plalns».-A;
trahsntlon area between the Shleld and the plalns ‘was lncluded wlth
'-surface excess potentlal temperature taken to be 6 /2 | |

L

Slnce vertlcal homogeneuty of the horlZOntal wund was

v

assumed, a representatlve mlxed layer w1nd ‘Wwas taken from the mean f

‘surface (anemometer level) streamlnne pattern for May glven by

~ nnterest are those days\Lhen the dnscontanIty in the wlnd fleld : '~f;’f>'

'lzes Just east of the Rockles subJectlng the entlre Western Plalns

/ .

.area to an east northeasterly flow. A horlzontal wind from 075

i .

'-ldegrees at 74m sec 71 was taken aSJrepreSentatlve of condltions over "“T‘



. &
the,Shield. ThIS was assumed to be’ the flow at all grtd hounts
lhltially A detauled w1nd fleld was not |ncluded lnltlally for two .
reasonst‘ (a) it is |mp055|ble to obtaln a hornzontal wlnd fleld
that has not already been |nfluenced by topography and ‘(bl u5|ng a

. _unuform fleld avonded the problem of 1nclud|ng real or flctltlous ]

'llnes of convergence or. dlvergence at ‘the - |n|t|al time whlch mlght
::mask the 'true evolutlon of the horlzontal wind fleld in re5ponSe '
to the varlous surface forcung factors. ; B
The horlzontal pressure gradlents were calculatedlfrom thev
wund fteld to avo:d flCtltlouS acceleratlons as dlscussed in Chapter 3

The detalls of these calculatlons are outllned an the Appendlx._ﬂ '

b2 Results

Rl

Trme -mean precnpltatlon maps based on the sub synoptlc net?

'work of cllmatlc statlons show the average dnstrlbutlon of precuplta-.j_:f'-f

ftlon nn the mesoscale.' Cydyonlc and purely convectlve precnpltatlon'
’are expected to be comparatavely lrregular |n thelr :ncndence and

_ /- R
thenr effects become smoothed when long perlods are consndered On " .

~the other hand, surface forcnng factors or . topographlcal lnfluences

'are permanent features. They produce local devnatlons from the ST
' _“\ ,-v\; "r

treglonal average preClp;tatlon and the:r effects stand out on most
';monthly or. longer pernod prec:pltatlon maps (Douglas and Glaspoole
1947) Thus, a good estlmate of the topographlcal prec:pltatlon of

-a reglon may be obtanned from long term cllmatlc records (Relnelt,',t”bg'

1969) The mean (1931 60) Prec:pltallon map for the encompaSSlng ‘fl"

e

sprlng per:od March to May, clearly shows that the hugher elevations

Q.

'ln the Western Plalns also have htgher preclpltatlon (Longley, 1972)

s

Doam
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- The mean spring precipitatlon patterns, therefore, were chosen to

ver i fy the Present simulation‘of"ate spring upslope weather (see

‘ Fig.,7). The per:od whj | f-,eén reférred to as late'spring varies

somewhat’ from year to v ﬁlfpect to the calendar thus the
March to.May preclpltat; :5con51dered most approprlate for
'f,'nerifi(atlon'purt ’ ”
| ﬂ"lhe to;} ; ‘f; __‘lpltation component i.e;,'precipltation' ;
‘.ted lffsomehreferen’ ifpntatlon value can be determlned whach |s
1;devold,of?allftopogr%‘ Mﬁlnfluences anure 85hows the,prec:pltatlon.>
.component due to surf;

fforcnng factors. based on the hypothesls that h

o the generally observed% 'inch value of preC|p|tat|on is entlrely due 1h :

to non- topographic effet :;' Thls leaves lQ-30rpercent of the total

preclpltatlon attrlbutabﬁj*to75urfaCe'forClng factorsFln agreement-

with Relnelt (1969) that t graphnc precnpntatlon represents about

he foothllls and more than 13 percent

_n,alns. Flgures 7 and 8 show preCIpita--3

- 37;per¢ent)of.§he total fg
for the rest of the Westd
‘tion maxima, orfexceSSesTkue to surface influences, in two northwest-f

southeast bands One band lJes over' the foothllls wnth flngers

R ER

o extendlng over the Swan and Cypress h»lls and a second band lles

along the Manltoba escarpment whlch lncludes the Turtle, thlng and {

-2

Duck mountaxns, as well as the Pemb|na, Porcup:ne and Pasquua hills. ‘

Thcs second band extends northwestward from,the escarpment just south-rt ’;
est of, and parallellng, the edge of the CanadlanhShleld The north“':ﬁrd.::
west southeast band structure of the pr;clpjtatlon pattern‘ as well |
”'as the dry pocket |mmed|ately west of the Duck Mountanns and Rldlng

l
L
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Mountains, clearly shows the effect of the east- northeasterly cnrcula-
tion of moderately moist arﬁtic air ascendlng the upland'areas_of the

.Western PTains‘dUring the spring period.

v
(Y

Figure 9 shows the simu[ated precipitatfon pattern produted 3
by the mode] using "typical' late spring upsloﬁe‘weather conditfonﬁ}.
~ Al though the va]ue§.ofithe simulated precipitation rate“and.the.mean

‘ topographieal precipitation for three months cannot readilv.befeom-

4, ] . R A

' pared quantitativelv, it can'be‘seen‘that the simulated wet and dry
i%atterns correSpond qunte well with the actual topographlc precnplta-’
1tton patterns A pumher of . factors are believed to- contrlbute to'.
the d:fference in patterns These |ne]yde,(a)’devtatlons of.aCtual
meteorologlcal condltlons frem those ueedvte inltialize;;he sinuTatfon,

(b) " the snmulatlon included day tame heating, whereas the mean pre-”

, -

Clpltatlon pattern includes both day and night preC|pttat|on, (c) the
lack of mésoscale detall avaulable for the drag and transport co- e
‘efficient dlstrlbutlons and '(H) evaporatuon of precnpntatlon below
,.cPoed. ase,,and wind transport of droplets have been neglected ;It .

‘was aI o realized that the spacang and locatlon of cllmatic stations '

Tead to lnaccuracaes in the :iigbtaht mean precupltatlon pattern.
Nevertheless, consnderlng the above, the snmulated precnpltatton ;

pattern is remarkably SImllar to the mean spring topographlc/pre- :

‘eﬁpxtatlon pattern.. g S ‘_ 7 :” ;,t:f‘i. - R
| _Fugqre 10 shows the've}tieal veloeitfes wH;gehé}axéa*Af:gf, 3

- six hors of. model tine. The {Ia“rge-'scale relief of the Prairie
h'PrOV'nceS may be V'Sua"Zéd as a ‘gently- S10Plng wedgetrlsung frpm o ,
© . the HUdSOn Bay lowlands in the northeast to the Rocky Mountatns tn. -
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'the lowlands to the Rockies. o “'_ v“_’ B

47

b

the west-southwest. An east-northeasterlv.circulation will, therefore,'

-

experience forced ascent and, as a result, small posntive vertical

velocities are expected over the entire region, Cross isobaric flow

leading’ to- horizontal divergence, and the- resultant synoptic-scale

subSidence Will addia negative component to the vertical velocity

values as the Wlnd turns more and more out from the high pressure

centre in the northeast due to increaSing surface roughness from

§

The snmulated vertical veIQCity pattern in the me505cale

reveals other generally more’ Signiflcant, features Looking from

east to. west in Figurelo one sees an.area of marked subsidence where

the Lake of the w°ods area drops off to Lake WInnipeg Further west,
‘there is a north south band of relatively strong ascent along and '",1\;

r‘_;northwest of(the Manitoba escarpment With ‘maxima immediately upwind »f"

N < . ]

of 'the IndIVldual upland areas Corresponding cellular areas of

Lw

subsudence or reduced ascent are observed immediately downwnnd of

these upland areas. The extreme vertical veIOCities in these cells

" are Fisted in Table-l. The general area of pOSitive vertical,velocities
L aSSOCiated With the escarpment can be attributed to the abrupt upslope

._of the relief 'The cellular maxima and minima of vertical veloclties

aSSOCiated W|th the indiVidual upland areas are‘due to the slowing of

'the Tow leTel flow as’ it ascends the ridges and a corresponding ln-:

‘crease in WInd speed immediately downstream from these areas. Nlth

the initial WInd direction nearly perpendicular to the orientation

"of the escarpment, Significant areas of resultant convergence upstream

and divergence downstream from the’ indiVidual ‘hills produced the



Table 1

Extreme vertical velocities - Manjtoba Escarpment

v .upTand‘Area ;'~: Max}AUpujnd'wh A‘Min;_Downwind’wh,“ﬂ
. Y A T o
| thing.hountains"=_ _+2{I.cm sec'r.h‘ T f0¢9=cmhsec-1:.
Quchﬁhquntarns‘ L ;2:7‘¢m-se§'1" e '—i.3,cn'$ecf1;
"{'Porcupine_hi])s}lv'- 42}3,¢m'se¢f} ’ .-i iéo_B'cmégéE'liﬂ
Pastia-Hj!rs" - +z;11cm,s§¢‘le>"je.=fio;4‘¢a ;eé'?.
; Pemb?na H}]ls: r: vﬁrez,hbcm;sec;lbd_ >:'110,9ecmfsecf¥
‘wapawekka:HiI]s:.  w2.97c sec’. -0.5.cn sée‘l

' ;observed'maXima‘and'minima in the‘vertlcal velocnty pattern.
. The plalns reglon contalns - number of other 5|gnlfl
fupland areas each of Whlch acts through forced ascent and frlctlonal

o

heffects to produce vert:cal velocitles as shown in. Table 2 .Fheh.;.'

~footh|lls |n ‘the west produced a north south band of positive vertccal

.velocntles w1th a maxrmum value of 2 4 cm Sec "1, ‘“_f i‘ {- ~-“'

The vert:ca] veloc1ty patterns de5crtbed abOVe are further
o [
',compl:cated by topographh§ deflectcon whlch acts to produce local

vA'areas of convergence on the upwund shoulders of the hllls and areas
of dnvergence on the downwund shoulders.-
Thus, 4t can be seen that the effects of topographical

-

'ojnfluences on - the mesoscale vertncal velocnty pattern are far more

o lntrncate than JUSt general upslope wnth the resultlng vertical Q .

veloc:ty va]ues reduced by synoptcc scale subsidence.= The general

48



" Table 2

" Extreme Vertical\uelocltfes r'other‘upland_areas.

-

Upland area

Max. Upwind W

. Min.

Downwlnd th.

ox ]

-1

_;and dnvergence effects assoc;ated wnth the lnle|dual upland areas, o
"'subsudence resultlng from local downslope and the effect of spatlal
varlatlons of momentum fluxes due to nonunlform surface roughness.

Flgure ll shows the corresponding lnverslon deformatlon

s pattern

’.dlsplacement of the top of the boundary layer or inversnon base havlng E
1‘maX|maxgenerally one grld Iength upwind from the rldges or upland

"bpeaks ¢ Def:nlng the locatson of an upland area as the positlon of

'MoosejMQuntalns lftléfo‘;mgéé;‘ll fQ. 'cm'sec :

Touchwood Hills 't‘j+1§5'§maséc;l 0.5 cri sec™
'Dlrt Hlllsf 2 : +lt$‘cm s¢¢fif ?O.é.cm sec-i

'ﬁYpress”Hllls, +l.7-cm,sec-1v. -O.H:cm‘secqlc

Hhat o St N
5”Cheé¢hamijlls“ . 41;2_cm“secf1f' -0.7 cm sec”!
_Swaanllls' | : i +2.8 cm secfi"' -1.2 cm'seCfP
' jBerh:hoUntelns' t3.5ncmisec'1 -2{3 cm{secflb
i‘upslooe motlon is complicated by mesoscale frlctional conuergence ;’”

It has a marked snmilarlty to the terrann rellef with the

e

TR

':'the approprnate local maxnmum grld pOint terraln helght value, the k‘”'t

v

*terraan helght as shown ln Table 3.

I T

o f,lnverSlon deformatnon was found to: Vary frdm 20 to 50 percent of the
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Table 3
. Inversion deformations o ey

'Uplahd areé Terrain . . Inversfon'Al' ' Ah/zbg*-LOO :
C Ht. (m)  Deformation (m) .

Foothills 983\ 399 . k0.6
. Cypress Hills - 1085)_} o ws o ks
Csenwls e a wo
Dirt Hills. R 276 - 29."8_‘-'
boose Mountains - 723 . oky BT
Touchwood Kills 68k | zus o TR
Birch Mountains .‘_7Ioz' » o259 "  - '  3'6-.9‘5.  ‘ |
- f‘Chée‘c‘hal'rﬁ Hills '_6»9'1_"' R "",",;’_-v'isvl - B 29
Rndnng Mountains ) 632 : ‘, _.:2v2h5 '/§:::f :;~ - :"58;81€_f1:._~
'-Duck Mountanns ' ;   639v: ;{.::‘»'>i30h‘;‘.."‘T ‘ ;Q-g.:47 6:; }.i‘ f;
forcupine Hills 596 276 | AE3
_*;a‘S,quia"""_”sj' 523l BRI ‘*__5«3" L
. 'Wéspawéqu ‘_Hi' s  59 7 - : . 201; : 3142 .'

~';Tuft1ejPémbin§v'i ];‘~589Af 4Tf“.é.f 27l,’_: '_ - ‘ 3<;“'\h6;DuH:; " s

'., #The’ foothllls are deflned as’ a test area of lb grid
ponnts west of Red Deer SR .




Due to-the‘slze and detall of the area of interest-
'selected Cross . sectlon, approx1mately parallel to the flow, was con-"

B T
‘,structed to, dnsplay graphlcally the relatlonship between the terrain

{

'rellef vertlcal velocuttes |nversuon deformatlon, and llmnted e

‘oonvective'preclpitatlon. Thls cross sectioh, shown in Flgs.'l2 13-

coe

"f_and 14, reveals an apparent lnCOnsistency» The vertlcal vel clty

-assoc1ated with the Rndlng Mountalns was larger than that assocnated

wuth the foothtlls yet the |nverS|on deformatnon and the rate of
K .

: precnpltatlon was greater ln the latter area. - Thls resulted from the K

o

‘much larger transfer coeff|CIents and consequently greater vertlcal
' heat Fluxes in the foothllls regnon The |ncrease in the thlckness -
of the mlxed layer was due to the last term of equatlon (30) he,ﬂ'

lncrease reSulted from the |ncorporat|0n oF air, whose potentlal

‘temperature was the same as that of the column ln order to prevent ;:;5,4Q

the development of a Superadnabatlc layer at the top of the mlxed

:_ layer whenever the capplng lnverSIon was WIped out by heatlng from -
’.below‘ ThlS SImulates the well known effect that mountelns and thelr

. foothllls act as effectlve heat sources whlch tend to promote preC|plta--

tlon of a convectlve nature. The subsequent release of latent heat

further warms the layer and lncreases the lnversnon deformatlon. Thus;‘f
;flt can be seen that topography contrlbutes"S|gn|f1cantly both tofjff_;_7
thermal convectlon and to forced astent wlth frlctlonal effects.f howe.:ﬂ
‘fever due to mutual lnteractlonsblt IS usually dlfflCUlt to separatev‘
..fthe relat:ve contrlbutlons of the varlous surface forclng factors to

“the resultann llmlted conveetuve showers. x—l

€
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4.3 A SensitiJ&ty.Experrment

‘.'TherrelativeicontribUtidn ct.surface'heating-compared with-
the topographncal effects of upslope and’ frlctlonal convergence or
dlvergence to the evolutlon of m2505cale boundary Iayer Weather :
patterns wnth Ilmlted convectlve preCIpltatlon was - 1nvest|gated by

s n

runnlng the model whnle neglectnng surface eddy heat fluxes Meteoro; .'
Iogncal condltlons ldentlcal to those used in the preced|ng snmulatlonb
were used-so that the’varlous resuttant fJeIds could'be;compared.
The. sensntlvnty run was an‘attempt to |solate the influence of surface

heatlng and to assign a relatnve magnvtude to it. AltbOUQh the varlous

surface forcung factors are hnghly lnterre]ated\some separatlon was o

et

1possrb|e.

The experiment involved setting the transfer coefficients

for heat equal to zero throughodt the integration“ﬁeridd; 7Vertical‘,'

~fluxes of momentum and. moisture were not interrupted. R

* Figure 15 shows'the inversion defdrmatidn generated after

-six'hours of mode | time. The most obvnous dlfferences between thIS

~ The removal of vertlcal eddy heat fluxes resulted approxlmately in a

pattern and the lnverS|on deformatlon pattern obtalned in the SImuIa-‘
N g
tlon of typical Iate Sprlng upslope weather were the generally much

‘n .

e sma]ler values of the |nversupn deformatlon. The relatlve magnltude‘

\

| of the reductnon in the anver5|on deformatlon may be lllustrated

by consnderlng the two equal size test areas outllned in Flgure 15

A

35 percent reductlon in the lnver5|on deformatlon over the western .’

area where the transfer coeffxcuents were relatlvely large and a- IO

percent reductnon for the eastern area where the transfer coefflcients

» . N -
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were smal ler in magnitudeﬁ "This indicates the relative importance of
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surface heating to the resulting inversion deformation and ultimately L

< to the intensity ofithe limited convective precipitation. Figure 16

\

'shows the reduced precipitation area that resulted when vertical eddy

heat fluxes were neglected. s further‘fllustrates“the significance

of surface heating. Thus, it was'conoluded’thét the area and intensity

of I|m|ted convectlve prec:pltatron whlch occurs when a moderately
m0|st unstable arctcc air mass advances upSIOpe over the Western Plalns

is sugnlf:cantly enhanced by the tnclu5|on ~of surfaCe heatlng.
3 . E

L o k | &
4,47 Simulation of an Observed*PBL.Weather Pattern

The model has been-deyeloped throughkconsfderatfdh.of con*v

‘ditions characteffSticrof late’sprfng’upsIOpe_weéther 6n the Canadian’

O

. ' 5
Westerh -Plains. The followung case study provlded an |ndependent

test of the ab|lnty of the model to S|mulate boundary layer weather

3

~ patterns derived from’ Qbservatlons. ' S o

- .
Rs
o

In order to>reproduce a persistent limited convective

precipitation éituation maintained by anveast-northeasterly cichLétionu

’.

w

of tcA air lnteractnng wnth the Western Pla|ns, we began by estabhash-‘f
. % N ) ‘ 0

|ng representative alr mass and flow parameters for the perlod and

area of interest. This was achieved .through an examinatlon pf‘the _

“tephigrams and hodographs for the upper air stations within or near .

the ‘grid. RepreSentétive soundings were then ¢ 10sen and»used to .-

establtsh the air mass structure specnfled to be unlform over the

' entlre grld at t = 0. A_low-level flow patternrwaS‘obtalned.by

_ca]culattng_the vertical meén»of‘the miked-layer'WiBJS»for the -

EY
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representative upper air stations.

IR Case Study (Aprll 26 1969l ‘
| The Synoptlc sntuatlon of - Aprnl 26 lZOOZ (F:gs 17\ l:).
has7been'descr|bed by Relnelt (l96§) as belng representatlve of
shal low upslope curculatlons east of the Rocky Mountanns The surface

'_map has an Arctvc high pressure centre northeast of Great Bear Lake

- wrth a r|dge line extendlng southeastward over Hudson Bay The. hlgh

in conJunctuon with a deep low Iocatediln North‘Dakota, has establtshed'l

- N < . . " ' ) . . : B s .. ) .
‘a persistent northeasterly f10w‘over'mostaof the Western Plains -A'_-

surface trough wthh extended northwestward fgom . the low-pressure
4centre along a Tine from the Cypress Hulls to Just east of the Swan

S :
AHnlls has produced a northwesterly flow over Alberta west of the

~

trough line.. The Tow= level flow ‘was remarkably snmllar to the mean

~ May surfacevstreamllne pattern-(Flg. . The 700 and 500 mb maps

‘jﬁ~(Figs l8‘and 19) showed a moderate to strong northeasterly clrcula~

t»on of considerable depth in Saskatchewan and Manltoba north of

the antense low but over Alberta the northeasterly flow ;had become

weak to. moderate and qulte shallow under the rldge that was . |ntenslfy-»:‘>*

"lng at upper levels

A narrow spur of preClpltat«on parallellng the Rocktes was

- imanntalned by upslope flow (Relnelt 1969) and was lntenslfled bY

A’-nn southern Manntoba and Saskatchewan was, at least partly, of cyclonlc

;orngln The trace of precapltatlon |n northern Manltoba was attrlb-
‘_uted tor weak upslope and to low level convergence due to onshore

‘t:‘low-level convergence along the trOUgh. A second area of preclpltation
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Y500 MB ANALYSIS|.

 Fig. 19. 500 mbanalysis 261200 GT, April 1969, ' :°

.1200Z 26 April. 1968.| - .



An examlnatlon of the tephlgrams for the upper air statlons '

WIthln or nmear the grld |ndlcated that the 261200 GMT sounding for

‘ The Pas was representatlve of . condltnons in the. arctlc alr mass: modlfled

. to teA. by tnteractlng wlth the Canadlan Shleld but not yet modtfled
by contact wuth the Western Plalns ThlS was the de5|red state for

: |n|t|al|zat|on of the . model Alr mass parameters for the model

'Some adJustments were made based on the 270000 GMT soundlng for The

7 -Pas and the 261200 GMT and 270000 GMT soundnngs for Fort Smith

, Edmonton and Glasgow ln order to obtaln the most representative con-'
' dlthﬂS in the tcA alr mass The nnltlal low-level flow east of the
ltrough was. obtanned by calculatnng the verttcal mean wlnd from The
26]200 GMT hodOgraph usung only those levels whlch were below ;

:the,lnverSIon;; A snmllar procedure, based malnly on Edmonton s |

vhodographs gave the representatlve low level flow west of the trough
t.Thls provnded the flow pattern over the area of |nterest.1 The |2i()al
| condltlons were' (a) T élOCli (b) Td =-6€ (c) h = l350 m and

(d) V= 050/8 m sec l east of the trough and 335/8 m sec } west of

T

- the trough where the trough was snmulated by a column three grld

'1'p01nts w:de over wh»ch a lnnear transttlon |n w:nd directlon from

| 335 to 050 degrees took place The snow llne for 26l200 GHT ls

'ancluded in Flgure l7 The areas covered WIth snow, were assumed ;Mff -

T,f to have surface temperatures of OC as was the Shleld ln the east

f'and the mountaxns along the western edge of the grndt The remalnlng

area was assumed to have an excess surface potentlal*temperature of

iv\‘

hK due to a smaller albedo. Narrow transltlon zones were lncluded as

therefore were taken malnly from the 261200 GMT soundlng for Thp Pas.' ,

\'..“'.



Lo f'through Aprn 26, 1969 e e -"

in the PreVIOUS sumulatlon As no clear-cut. outflow boundary exnstedb

the«degehdent varlables were’ held constant at all lateral boundarles.
The upstream and downstream soundlngs (ans 20, 21 22, 23)

for the pertod of the weather dlsturbance show the persustence of .. the

[ .
~air mass structure belng consndered as. well as some of the changes

that occurred to the |nverSton helght over tlme and space 'The low-.'f

;' level wnnd profiles (see Table h) for the same statlons lndicated
that the assumptlon of vertlcal homogenelty ln the horizontal wind

fleld was- reasonable -

A successful snmulat:oh was defined as the reproduction of
‘the precnpltation pattern whtch actually occurred on Aprll 26 1969
' For verlfacatlon purposeés the actual preCIpltathn pattern was';- B
fobta:ned from the danly records of the climatlc statuons wnthin the
.'.area of lnterest (Flg 24) |
h h 2 Results :

KR

Due to the- nature of this case._ only the spur of preciplta- L,

thon paralle!ang the Rocky Mountarns was. consrdered The locat|on of

K

65

.

_'thns precnp;tatnon band was further east and the amount of preciplta- :

v . .

;ltuon was greater than wou]d have been expected on the baSlS of the Lff
'mean sprlng precnputation map alone (see F|g 7) These‘aspects of
i the preCIpltatlon band therefore were attrlbuted to the effects of.
) “the Iow Ievel trough extendnng northwestward frbm the North Dakota

~IA The preClpltathr was manntatned by upSIOpe flow and persisted

Fagure 25 shows the precnpltation pattern generated after

'41,51x hours of model time.- The slmulated trough had the desured effect,

SA .
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- Table 4

‘Low-level Wind Profiles - April 26, 1969

Station-g,

261200 GMT

270000 GMT

Height'
- (gpm)

Wind -
~ (deg/mps) .

" Height "

.. Uind’_‘

-(qph) "~ (deg/mps)

'.bThe-PaS'“.

273A‘

591

1014
1456

040708

" 050/11

054/13

052/10 -

. 273
621

o4

1493

040/08
- ok5/08
- 051/09

056/09

Fort Smith

D
@

203 ‘, _
© 260 .

659

070/04“
~ 070/0k
- .118/05

_‘293
2hs
658

1085

120706
. 120/06
121705

122/05

.Glasgow

885

R E R
1826

©38/14
1023/22
- 054722

1009
L1461
L1930

01814
022/16 -

o8

’Edmohton 

766

1053

1503
1978

315/04
335711
337710
340710

. 766
1061
S 1516
1993

:03k/!1["

338/02
~333/03 .
- 329/0k
| 326/05
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The model successfully reproduced thedband of precipitathon leaving
a dry tongue over the’ f00th|lls, and the amount- of the precipitation
\ g o

was enhanced over that produced in the simulation of 'typlcal' late

' sprlng upslope weather The nnclusnon of snow cover on the mountalns.
'i along the western edge of the grld\and the subseqUent lack oF strong
upward heat fluxes in this areéa also contrrbuted to the productlon of’
this dry tongue, Houever, the locatlon and quantlty of preCIpltatlon
was malnly due to upslope flow east of the trough and downslope flow
%

rtlcal veloctty pattern.

.4west of the trough.

N Figure 26.illustrates‘the simulatedb
l_The mos t notable- feature was the pattern of vertical veloc1t|es over'
'Alberta Here, the vertlcal veloc:tles were larger than those found
in. the earller s:mulatlon This effect was due’ to strong low-level
’convergence along ‘the trough and to the. sllghtly stronger low-level
flow Spot value comparlsons of the resultant henght of, the lnversion
. base and muxed layer wunds are glven in Table 5 The comparlsons,
whnch were severely l|m|ted by the number of upper air statlons in dh
the area of |nterest ponnted to a successful reproductlon of the
inversion baSe helght and low- level flow patterns that actually
occurred on Aprll 26, l969 however, the data were too limited to i%,

b, '

u.draw any frrm conclusnons
v , : S ‘
Based on the: veruflcatlon of the precnpitatlon pattern and
_the spot value comparlsons of the helght of the lnver5|on base and 1‘1
low level flow pattern it was concluded that the model and the slngle-

layer concept of the PBL could adequately snmulate some aspects of an.

A_ observed boundary layer weather pattern
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Table 5

s

N ihversioanasb Height and‘Miked—léyer Winds

L

'Windé**(deg/mps)i» !

Location 1/1 h*(gpﬁ) " h#®# (m) Wind#**(deQmeS)
CEdnonton 1984 1965 332/06 347/05
TGlasgow . 1881 713 025/18 018/06
The Pas |‘~475” 1376 '0'49/10 049709 -

l

. *Heaght .of the inversion base:at 261200 GMT plus the
-ihetght of- the lnverslon base -at 270000 GMT d|v1ded by two.

:atr statnon

**Two gr:d polnt average in the vn;inity of the upper

v ***Vertlcal mean of ‘the: low-level winds at 261200 GMT , o
plus the vertical mean of the low-level wands at 270000 GMT: R

: dlvaded by two.
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: stlon of tg? atmospherlc structure assocuated W|th arctlc outbreaks

CHAPTER 5

SUMMARY AND CONCLUSIONS
A three layer mesoscale numerlcal model has been used to
Slmulate boundary layer weather patterns |nclud|ng llmlted convectlve

precupltatlon lnduced by a moderately mo:st east-northeasterly

o

cnrculatlon of arctlc air over the relatlvely warm, sloplng Canadian
‘fWestern Planns durlng late sprnng T|mé-dependent calculatlons were f
ellmnted to a slngle mlxed' layer by parameterlzlng the interactlons

of thls layer with both the underlylng and overlyung layers. lelted o

vectlve precnpltatlon and the release=of latent heat’ wlthln the

‘layer have also been parameterlzed. A k7.6 km by 47. 6 km grld mesh

) of 1369 ponnts coverung the Canadlan Pra4rle Prov1nces was used to :

w4

.represent the varlables ln the mesoscale The governlng equatlong 6 -;

were solved numerlcally wsth‘surface forcrng factors allowed to .

.P prb the mlxed‘ layer from its lnntlal condltlons untll resultanti' o

'mesoscale boundary layer weather patterns evolved

v Experlments usung condntnons 'typlcal' of late sprlng |
AR . R
upslpﬁe weather reVealed that. -

/
.-/’ .

B

g
ity
o R

Cyebd it
B, ¢ .
aadis .

3

(l) the model atmosphare provlded a reasonable representa-ﬂ |



&

over-the Canadian western'Plains duringulate“spring.

(2) the mean spring topographic preclpitation pattern could
be reproduced by the szmulated late spring upslope flow with' llmited »
: 'convectnve precipitatlon ‘lhe mixed‘ layer representation of the \
"planetary boundary la;er allowed this to be: done relatively slmply '
.‘,and wuth modest computer requirementsl Approxlmately 6 5 mlnutes of

Central Processung Unlt (CPU) time and 820 page-mnnutes of CPU storage

on an lBM 360 c0mputerwere requured to samulate 6 hours of model time.lr R

(3) the limited convective"precipitation produced vaén
_east northeasterly curculatlon over the western Plalns was intlmately
related “to the conflguration of the relref and that upslope weather

condltlons persiSted as long as the iow-level flow remalned essentlally R o:ﬂ

'unchanged.«~ o L e *i", e

(h) late Sprlhg upslope weather is a contributing ﬁactor to L
';the upward SW|ng in precupltation amounts over the Western Plains
- during the Sprlng pertod._

s(S) meSoscale‘PBL.weather'patterns’exert a~dominant control

-

"over the locatlon and lnten5|ty of perturbattons in the spring p(S'v.if v

caent

cupitatlon pattern., RN }vT"'_ n ,'tf Lo ’ijf_;)

The sensnthlty of late spr|ng upslope weather on. the EREE
lCanadlan Western Plains to. surface heating has been eXPlOred\\\lt
: ;was found that the area and |nten5|ty of llmlted convective preclplta- o

‘tion was slgnlflcantly.reduced when upward heat fluxes were neglected., ai}f;;:f




”thatzid

’preqlpitationfpattern'maintaineddby.upsfope'flow,:

3

* A simulation based on observed initial conditions showed

¥

8

(1 the’model:was capable of reproducing a;limited 60nvectlvewr

(2) a low-level trough exerts a marked influence on the

'l0cat|on and lntenSIty of the prec1pltatlon. o

ThlS numerlcal experlmemt has provided a, preliminary look at

'late sprnng upslope weather on the Canadnan western P)alns However,

Ca ndmber of problem areas\remaln. Parameterazatlon 'lnltlallzatlon, ,

and verlflcatnon could all be rmproved by the lncorpOratlon of

"rnformatnon on a smaller scale.u The lack\of detall avallable for

2

"the mesoscale dlstrnbutnons of drag and trahsfer coefflclents ls a

,.-.

pa:ﬁﬁtularly acute problem. Many more studles are needed to complete

-~

is hoped that a better Understandtng of thls s«gnlfICant weather .bv

snmulatlon has provnded further InSIght lnto mesoscale planetary

A“boundary layer weather patterns |nduced.by surface forcing factorSr'}*

o

':our understandnng of late spring upslope weather.“ Nevertheless, lt'l -

phenomenon has been achteved More generally it |s<hoped that thls; ;_"‘
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‘ASse1in,

Ball

'Barry, P.J.
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- APPENDIX

* BUILDING THE MODEL ATMOSPHERE

o , : s L

The model atmosphere was assumed to consist, of three layers

def:ned by dastlnctave ]apse rates of potentlal temperature (see Fig.

3). The vertlcal structure of the model atmosphere was bunlt up from

B . . Ty

_surface parameters in. the follownng manner: - -‘A\7ﬁ

*Cﬁlculatlon of temperature T and dewponnt temperature Td at
the varlous levels in the vertlcal . _' -
| (l) Level z ;: f “'5=u{'l‘i"j - 1,'t - bn":T%u
e e e
ST = T (2 - 7))

S

g -Qﬁére‘Y;>= ;,g%-was the superadiabaticuiapse rate_ofh -
. .» 4‘ . .“- c€ . »“\ ! I ‘. . . -, . I
. temperature.

S o T#s b Tdo f‘[E(zs'f Zd)]e_

Td o

i, where-E“* r'?}*-was,the-lapse_rate of dewpoiﬁt'temperaturegret"v

,t?) Leuelstm and_hf,yhere“lm Fp(lsi+jhrl2t*fh;A R
T nEezh " O
; f:'Where‘y_Wasfthé:drf-adfabatje lepse'rateidfitempereturea g



.

pthe temperature and vapour pressure values to potenttal temperature
: and SpECIflC humldlty values The vertccal mean of the horlzontal
n'pressure gradlent was obtauned |n terms of ‘the. norlzontal wind whic
_has-been ssumed constant wlth heught The somewhat arbitrary

| ondltlon oF balance between pressure gradlent COFiOllS and frlctl n

"jfﬁorces was assumed at t = 0 Vertlcal homogenentv of the horlzo.tal

IR - K ,de‘ %*-Tdsff‘[E(Z - zo)]

e , e
o’ s’ "h

'(dynes em™2) for levels 2, 2, and h using the Clausuus-Clabeyron

(b) Calculatlon of equnllbruum vapour pressures e

equatlon ,'

. C e .3 'L—!—-—'-L
e = 6. x 103 EXP R'(273 @

gh

where L was the latent heat of evaporatton assumed constant at the oc

' value of 597 3 cal gm . Rw was ‘the specxflc gas constantvfor water

.vapour. .
u}:. - " L. e L '_‘\ oL P
(c) Calculation,ofrthe‘cloud.base_height-or ee “r".
ZCB =‘”Zo‘+‘:-f————- n--(Pettersen,L1956) . _t
. ' . Y _ 00]7Y ) . ) L. ) L : L

alfwhere Z o T and Td were ‘the |n|tlal values of terraln henght, surface

temperature and deWp01nt temperature._

. o e
(d) Calculatlon of the vertical ‘mean- of the hornzontal pressure

C : ; e

'_‘ «Pressure.values‘at the various levels were needed to’convert

V2

v

-

oA
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: wind lmplies that one pressure gra¥ient applies_atgall levels.‘ The
:preSSure gradient is calculated bylaveraging-the balanced equation of
' motion through théjmixed layer while neglecting the fluk of:momentum

._through the inverslon s‘_face whnch tops thts homogeneous layer

Thus, the equatlon of moti becomes the Ekman balance equatlon I
- . a+ . ’
0 =-k x fV.- _an’+a—T- g Do S
_ ‘ K S S ey

c -

BT

v , , 'gﬁ ]
Wlth the assumptlons outllned above and wnth T, = C prIV the above <L

equatlon becomes

- N .cDIvlv o
v aVp. = - k x fV - = . .
. . ' R (hfzs) N
Q&he pressure values at the varlous levels were then obtalned in the
follow:ng manner\' an calculated above was applled at level Z
Slnce den5|ty varles only sllghtly wnth pressure and an: expllclt .

.value of pressure is. requlred to |ntegrate the above, |t seemed qulte

: sufflcuent to use the’ standard pressure helght relatlonshlp based on

'A" ,‘Jy,., :
‘ the U S. Standard Atm05phere to obtaln flrst guess pressure and '

'hdenSIty flelds at level Z “ _. - B o *
T B M
| D e 5. 65><105R
by = 101325 1. 6 5 x 10757,
B PR 288.16
P, =p.}1 = YS(ZS' ZO)» S,’r oL o
R I & |
: . 0 -
o IR
- ' yﬁ(Z -2) YR : N ’
p = pl1.- - AR .- .dynes em~2
m s Lo <
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“and from the Equation of State

86

e

N S

O V. .
: a = - (lm\ ) =» RTm/Pm
— ' » '\

The pressure field at level Zm was thenigiven'byﬁ
o o | . ' ¥

) v - i \\
N\ e -

v B L
f axAéx + 3y 8y _

)
N 4 .

where p n is the (l,l) grld pOInt value of . the first- guess pressure

fleld Because the above protedure gave pressures somewhat larger than
: ™ .

.expected on the 'basis of experlence with the type of synop(uc s:tuatlon
: belng consndered the value of p m was red ced by about“l percenth

. { ‘
before the lntegratlon was carrled out Preﬂ%ure flelds at‘levels

Zo’ ZS and h were then calculated u51ng the |ntegrated form of the.
hydrostatic equation. o Y

e | g 1 PR ;
b, EXP —%/(zm_ )| .

RT)

©
1}

where

1 s
. g . .
- 9 (7 -
PQ A IEXP = (Z Zo) .
 where | o, Lo
“ _ Q‘ AN B o
T, = (T +71)/2 \ .
= -i_ R 4
Ph p, EXPf (z h)
: RT
-3
‘th.er.e. ’ ) ) ; - ) v . . s!.
T3 - ’(Tm + th)/z‘ ,

Y



\(e) Calculation of potential femperatureé'at levels Zp, 2, and h
TR | .
6 = T| B« . : S
- p L

, : -

\ where P, is the reference level of 1000 mb and k = R/C with C equal

to the specnflc heat at ‘constant pressure for dry air
‘ R

l ‘Q. ‘. : ° ' . ‘Uv

) - o Voo
e . 0.2k cal_gm"l‘K’l,
o , .
| | e o
(f) Calculation of specific humidity. at levels ZO,;ZS and h
. ) o - .'0.6228 o ' - ‘ i
N 7 0378 ’

(g ) Calculatton of mean mlxed layer (Z to h) values used to

|n|t|al|ze the model

D
I

.(gs‘+_eh)/z

and

<

o
fl

(ag +q)/2. T T



