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SRR ABSTRACT .

"In thls 'study, a numerlcal weather predlctlon modelwlsA Al
developed and tested on some selected synoptlc srtuatlons ;
~ over western Canada. A fliour- level model of the atmosphe
hls formulated 1n whlch a predlcmnon 1s obtalned hy numerlcal‘
: solutlon of the qua51-géostroph1c omega and vortlcity : f;
_equatlons.. The horizontal grld (wlth a grld p01nt spa01ng B
of 200 km) encompasses Western Canada and parts of the

Northwest Terrltorles, the Yukon, Alaska, the Easterg

Pac1f1c Ocean and the northwestern Unlted States. ‘The
.Adams-Bashforth tlme stepping- scheme v1th a tlme 1ncrement

%2 hour is employed to achtéve the'forecast; 'Three“

Ausynoptic 51tuat10ns uere chosen in whlch the western

Cordnllera of North Amerlca appeared to have some 1nf1uence -
. RS "
on the development and movement- of cyclones in western '

.Canada. In- data sparse areas of the grld bogus data areiil

_generated 1n an attempt to prOV1de an accurate aua1y51s for

1n1t1allzatlon of the forecasts.

- The. study focuses -on_ the 1mportance of dlfferent
e X

vformulatlons of the lower boundary condltlon in the f

numerlcal model. Terraln elevatlons at each grld p01nt are
..obtalned from topographlc charts,_whlle frlctlonal drag

“e

-jcoeff1c1ents are 1nterpolated to the grld from Cressman 'S



' been employed in other numerlcal models are compared vlth

i
e

’

'yveloc1ty at the lower boundary was assumed to orlglnate at

' achieved

(1960y data: Several lower boundary condltlons whlch have

ach.other. The relatlve accuracles of the 12 hour -
~ v ( N : V4

‘forecasts are obtalned through the calculataon of root-mean- »

square errors betveen the forecast and the observed

P
The testlng shous that frlctlonally-lnduced vertlcal
motlon at the lower boundary\ls as 1mportant as orographlc

lrft and sub51dence 1n accurate predlctlon of lee

cyclogene51s. The best forecasts uere achleved if a .

1sllghtly smoothed terraln vas. employed and the vertlcal B

4
-

-

the terraln surface rather than at the 1000 mb surface. 71:“

A \ 2

-the 850 mb geostrophlc ulnd rather thaw a geostrophlc vlnd

at terraln helght vas e}"oyed in calculatlons of frictlonal

and orographlc components of the vertlcal veloc1ty 1n the

planetary boundary 1ayer, a more accurate fOrecast Has'

..'
o

In concluslon, the four~level quasl-geostrophlc model
) A \ .
vlth a sultable lower boundary condltlon shows skill 1n

-»short term weather predlctlon over Hestern Canada.;;_

orvie

Tie

;»geopotential helght fIEIdS-l‘.‘ E _'ef"s“J_‘ : _’ftj_':

T
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o  CHAPTER I | o

INTRODUCTION

1-1Agre11minary Coqmeggg‘ i N -
T / 3 S
N“méflcal prediction of meteorologlcal systems on the[

<sYnopt1c scale has achleved a high degree of sophxstlcatloa
over the past tvo. decades, and many of the phys1cal c,__" .
.ppocesses_vhlch govern atmospherlc motlonschave been |
included 1h_the numerical Qodels; . Only limited'success hés
been achleved in the slmulatlon of the cyclogene31s observed
in the lee of major mountaln rarges\ ;ithough most models l
are able at least to predlct the gross char CteDlSthS of
thlS phenomenon.s 51nce advances in compute technology haxe
allowed the direct solutlon of the prlmltlve eq atlons of f
motlon, most attentlon has recently focused on prlmltlve
equatlon models. However such modeis, whlle loglcally gulte‘

stralght-forward tené to. be dlfflcult to 1mplement because

of thelr séhs1t1v1tg to the 1n1t1allzatlon of the data.  £sei

LTI



vell‘they'require a large amount.ofhcomputlng to achieve a

forecast.

T A humerical model based on the system<of filtered
geostrophlc equatlons is somewhat less strlngent in 1ts
requlrements because grav1ty osc1llat10ns present in the
primitive equat ons_nodels have no solutlon in the I
geostrophio'for ulatlon. Although the geostrophlc
assumptlon is a powerful constralnt betveen the horlzontal
wind and the pressure gradlent, especially near the. surface
-of the earth, successful dupllcathh‘of synoptic scale

motlon u51ng the geostrophically fllyered Systen of

equatlons has been achleved for many years. In thls'study,

/
— s

a geostrophlc model wlth«éour levels in the vertlcal is ‘_
developed and tested(An\an area encompa551ng Western Canada, :
1nclud1ng parts of the Northuest Terrltorles, the Yukon,'
Alaska, the Eastern ‘Pacific 0cean as vell as the'
northwestern ﬂnlted States. Therpurpose of thlS study is to‘.
paSSESS the 1n£luence of the louer boundary condltlon of the
numerlcal model 1n the predlctlon of weather systems 1n
.Hestern Canada, espec1ally 1n relatlon to the 51mulat10n of

»
W

the lee cyclogene51s process.

e

1.2 Studles of Lee Cyclogenesis a é Numerical ﬂeégl_i.ns o

e 5]_

"

Since it 1s throngh the vert1ca1 veloc1ty that

o ")

_atmospherlc potentlal energy 1s converted 1nto klnetlc 7

energy (Lorenz, 1955), nany dlagnostlc stu%%es have examlned

B

. LA . : ‘ R . . ) . : ' ':,



C

/
._studles have focused on the lower boundary conditlon and

the vertical velocity or o'm"ega fields (w = 3—%) at the‘

surface of the earth as vell as at levels well above ~
orographlc features. In an early,study, Newton (1956)
calculated ve ical velocities* 051ng the adlabatﬁc

assumption. e 1nd1cated that the horlzontal varratlon of

frlctlonal drag at the surface may be of prlmary 1mportamce

~in the ’nltlal lov-level lee cyclogene51s.

, . ‘ A
Dlagnostlc studles us1ng ‘the qua51 geostrophlc omega‘e\
equation have been- employed to study the role of the 4

ver%lcal velocity field in the mechanlsm of c1§culatlon
'y

, ch@nge in the lower to middle troposphere; Haltimer, Clarke .

and Lawniczak (1963) and Stuart (1964) utilized onega.

equatlons to evaluate theco flelds, and tq\estlmate the

relative magnltudes of terms in the vort1c1ty equatlon

Fan

‘respon31ble for the developme4¢ of barocllnlc waves. In §~
'later study, Schram (1970) showed that wlth certalu lower

-'boundary COndlthgﬁ. areas of vortlclty productlon were well

correlated wlth favored areas of lee cyclogen951s ln Hestern

¢

Canada,

Actual numerlcal predlctlou usrng the qua51-geostroph1c

-flltered equatlons has been exten51ve1y developed but few -

»espec1ally on the lee cyclogenes1s problem.f_ﬂany models

' formulated for predlctlon on llmlted area grlds have;fn

1ncluded crude parameterlzatlons of: the processes Ulthln the

I

_atmospherlc boundary layer at the surface of the earth .The K



. s \
early two-level model of Thombson and Gates (1956) included
only the large scale ascent of air over orographic featuresr
The incorporatlon of a representatlve 1ower boundary
condltlon 1n numer1cal models vas 1scussed-by Sawyer -

(1959) . Hls derivation of frlctl nal effects uas hased on
the theorydof the.flow in the planetary, boundary 1ayer as
vell as on synogtic experience.y The two-level nodel. of
.Greystone (1962) was tested on fifty dlfferent synoptlc B
Cases over the north Atlantlc and Europe. Only a small.
chanqe in forecast error was noted- when forecasts employnng
a sophlstlcated lower boundary were compared with those o

employln? no. orographlc or frlctlonal 1nfluence.

: Most flltered equatlon models have made use. of ‘the drag»
coefflclents tabulated by Cressman (1960) for the entlre
northern hemlsphere._ As well, the hlghly smoothed orographyv
of the northern hemlsphere provmded by Berkofsky and .Bertoni
(1955) 1is generally employed 1n predlctlon models such as '
'those of Cressman (1963) and Danard (1966).yinore recent |
uork ﬁlth the prlmltlve equatlons has allowed the‘:. |
.1ncorporat10n of more sophlstlcaUed boundary layer nodels _»1
' 1nto the large scale predlctlons. The prlmltlve equatu)n‘fx

: model employed by Egger (1972, 197&) was used to 51mulate o

o the flow 1n the VlClnlty of the hlgh mountalns of Europe and~»

_ North Amerlca, whlle Danard (1971) studled the formulatlon
' of frlctlonal effects in the boundary layer of hlS prlmltlveiu-

.“.equatlon model ‘



1.3 Qutline of This Study

In’this study; aufour-level.model is'developed
employlng the qua51-geostroph1c system of equatlons to
obtain short range (12 hour) predactlon of weather systems

.over Western . Canada, Testlng of the model was conducted on
three cases in Uthh sone degree of lee cyclogene51s vas. \

4
obServed to occur Hlthln the, short pred;ctxon perlod

.

The empha81s in the study.ls on the formulatlon.of a
Lower boundary condltlon for the numerlcal model whrch
permlts tbe most accurate predlctlon of the motien and
development of weather systems 1n the v1c1n1ty of the
Canadlan Rocky Mountalns. 51x dlfferent parameterlzatlons
?'*of the lower boundary condltlon are tested.v Quantltatlve
i comparlsons of the forecasts are obtalned fhrough
calculatlon of the - root-mean-square errors between forecast

and observed (or Verlflcatlon}fgeopotentlal flelds.

g
&

In Chapter II the quaSL-geostrophlc system of

predlctlon equatlons and the detalls of the model atmosphere;hﬁ

'_are brlefly descrlbed Chapter III descrlbes the data
: extractlon and analy51s procedure, whlle the numerlcal

_ technlques employed 1n the model are presented 1n Chapter

IV, The results of the testlng of the th_ee cases arez‘f

detaﬁﬁed in Chapter V, and 1n Chapter V; a brlef summary and“,~

1 the concl%stons of the study are presented.
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CHAPTER II

> . THE MODEL

2.1 Th

Prediction Equation
A |

4& Predi
|

L L

The predmctlon equatlon used in this study 1s an-
) approx1mat10n to. the complete vort1c1ty equatlon thCh, when

'wrltten in a coordlnate sybtem vith’ psessure P along the . >f 
- vertlcal axis R 1s."

551" \/ V(§+'F) (g“‘F) +°~’éq+ﬁ VUX 3p° O S
,vIn thls equatlon, éﬁ is. the vertlcal component of the‘

F—_‘.

jrelatlve vortlcity, ‘f the COrlOllS parameter, \/” the '
.ihorlzontal ylnd AR EFE the vertlcal Veloc1ty 1n pressune; -
ffcoordlnates, and ‘7 the horlzontal gradlent operator. Lflv' .
’.thle studles by Stuart (196&) and Schram (1974) have shownh‘.
"hgthat the last term on the left-hand-51de of equatlon (2 1) ml’;'

/. Yoo :
B A
may on occh31on be of some 1mportance, 1t 15 generally




f 7
_ S '
ignored in numerical'prediction models. The anale1s of

.‘Hlln-Nlelsen (1959) has shoun that if thls tv1st1ng term is
'-1gnored the vertlcal advectlon term W QF’ :should also be
ilgnored 51nce the two tend to compensate each other..pAs
‘well he 1ndicates that if ‘the dlvergence term(C+f) éf; ' is |
retalned the absolute vortlclty,_5'+'f . Should be-replaced |
';hy a constant 1n thlS term only. All of these modlflcatlons
:hare necessary because the 1ntegral of the complete vort1c1ty17
_equatlon over a closed surface is zero.» Hence any R
: 51mp11f1cat10n to the VOtthlty equatlon should attempt to

) retaln thlS property. '

W1th these 51mp11f1catlons, the resultlng quasi-‘3'~ o
geostrophlc VOrt1c1ty equatlon 15°‘ |

it

-where ‘f, ‘is the average value of the COIlOllS parameter -

'; :over the reglon of 1nterest. The horlzontal wlnd has been

,replaced by the non-dlvergent geostrophlc wlnd"

p-andftheﬁrelative'vorticitfvbipitSféeostrophiC_cdunferpart:75{

‘}4;@<§hége7éguati¢nsggéz;is,théjhéight;ofeanfisbban;éssurfgce_z”



U . . . " . 7 -
- in geopotentlal meters ( gpm ) and g is, the grav1tatronal ‘
acceleratlon (assumed constant) ;  stng the standard
deflnlthDS of the LaplaC1an and Jacoblan operators, the :

qua51 geostrophlc vort1c1ty equatlon may nou be urltten._'

S (VP 2RV3E ) _T(Z g +{) oo
B 4_2{2" The Di nostlc Omeqa. “Egua‘i.: on B ' -

\

In order to der1Ve a dlagnostlc equatlon for omega, use
’1s made of the qua51-geostroph1c thermodynamlc equatlon in

- the pressure coordlnate system. o

ga‘L(é”) g/ i I (Z @Z' tow=0 l"?.e""_

e,

1s a statlc stablllty

Q10/

SO - usol
In thls equatlon, Cf— =)

7‘dparameter where x.ls the spec1flc volume of the a1r and €9

"‘;the potent1a1 temperature. The statlc stablllty is

5perm1tted to be a functlon of pressure only 1n this veﬁ51on_ﬁ"
3fof the thermodynamlc equatlon, for 1f c:f were spat;ally
.tifvarlable, 1t may be shown (Haltlner 1971 pp 73 7“) that p

1-igloba1 1ntegrdl constralnts on the thermodynamlc equa%lon;fn;

ﬂ.iwould be v1olated Hlth the generally stable atmospherlc ['d'”'

‘7(str4t1f1catlons of w1nter months 1n hlgh 1at1tudes, cr 1s a‘r g

~gvp051t1%e number, and 1s evaluated,as 1nd1cated 1n Chaptgrfflf:h"
, i | | | S

:{Iv‘_,ivgﬁyem~ f,_f' :ng{fh‘;foa_ad fgff?f*f!"

k]



The tlme-derlvatlves in equatlons (2 5) and (2.6) may
be elininated by operatlng on the former Hlth s%, and on
the latter with K7 and subtractlng, yleldlng the quasx-r

' ' . y 1
v\geostrophlc omega equatlon' '

G‘Vw{

_Prom thls equatlon it may be observed thch atmospherlc -

.'condltlons tend to glve rlse to negatlve w (ascent).‘ Hithv

2
).QP

warm advectlon 1nto an area J;(Z ) 1s pos:.t:.ve and

‘thus (u is negatlve.\ On the other hand subsldence wlll be».'\

’.a55001ated wlth cold advectlon. If vort1c1ty advectlon"'

.i'lncreases wlth helght,.then é :]- Z fg +{) is posz.tlve and‘ﬂf'_"‘

| ascent vlll be 1n1t1ated Thus in a 31tuat19n ulth a short.V
,iave propagatlng 1n a vesterly flou, an area of ascent wlri

" be located betueen the trough and the downstream rldge.;A

l

Equatlons (2 5) and (2 7) are a closed set for a>and

B T2G 00T ) e

T«, 3

~and are solved sequentlally us1ng numerlcal technlques.;lTnef

Q "

v_approxlmatlon of these equatlons by flnlte-dlfference 'ffd{f"‘f

;analogues and the mefhod of solutlon vlll be descrlbed 1n

4f“dChapter IV. Li 1 '7;_7-ffe ,M_,;vfﬁtiftfd

®

S.;2 3 The Horlz t 1foi§fF;ffsfft»7

In the horlzontal, atmospherlc parameters are -' |
. \ ;

ta{represented on. a grld of p01nts OVer the area indlcated 1n ;tif

.;'Flgure 1 The qud 1s so orlented that the prime regron.of

L e
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ﬁtpigufe:T;Y‘TﬁeJdréalﬁeitent‘offtﬁé“Lo}iioﬁiai?gniﬁ.
point 12,74 lies to the west'of Ednm

et

. _grif. “gria
onton, Alberta. . The ..

‘'scale ‘indicated'is ‘the.grid point spacing trueat: 609 N

'The‘area.outlined;is}that"for5whi¢hﬁ;odt-meah-etxqrsﬁieré; -

-




o spac1ng dw; ‘is. glven by"”

L

1
interest is located near the center of the. area, wlth the
Rocky ‘Mountain chaln essentlally blsectlng the area. The n'é
grid 1tself is ‘a matrix. of- 21 rovs and 23 columns and the
grld element is &~ square on ‘a polar stereographlc

prOJGCthR. " The grid- interval is 200 kllometers (km) , true

at latltude 60° north whlle elsewhere on the grld the

4

-0

vhere D is 200 km apd n the map scale factor deflned‘by;‘

‘..mi»,-'*r |+SIN ’60 o R ,(2.'9),
- ,"' SIN. v¢_u | . ‘

3 o ., f

In ‘this eguation ¢>“‘~ isythe‘latitude’of'gridipoint i,d.

2.4 ﬁhe«Vertical RegreSentatigg-

'Th]that co ,-0 at 200 ‘ab and 00 003 at the. lower boundary.,.

c~

In the vertlcal, the model atmdsphere has flve layers,_

'separated by the four prlmary 1sobar1c surfaces' 300, 5004
‘700 and 850 mllllbars (mb) uh1ch colnc1de Hlth the standard
.v'levels at uhlch data are measured 1n the real atmosphere. |

h “;The 1nput of data is at the four prlmary levels and the o

. \.4

ffhomega equatlon 1s solved at the 1ntermed1ate 1evels, uoo, E;;“h

,i600 and 775 mb subject to’ the vertlcal boundary condltlons

“_..

e.vA schematlc vertlcal cross-sectlon of the model atmosphere

';*15 111ustrated 1n Flgure 2.”f'
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-

 Figure’ 2.. The i'ie’j:t'ifca'l' §t;ucture -Uf"'the",h,ode'l._'at'-mbséhé'r;é' ‘. h |
-using pressure as the vertical coordinate. The . vorticity .. [

equation is solved at leiel's‘}"la”be.lled‘jz"',- and the omeqa . .

. equation at levels labelled @ -,
v the’ ‘loye,r"rqbo‘undar'y originates ei

terrain. pressure sur ‘ac_:.'eAPt"‘_,, o

... The vertical velocity at -~ .

ther at 1000 mb or at the



=

The lower boundary in the model 1s the terraln surface,
and the lower boundary condltlon is therefore the
spec1f1catlon of omega at thls surface. The»vert1cal

L]

velocity has two chponents in the model which are .

'7determined respectively by; a) the earth's topography, and

“b) the friction.in_the.surface’bouddary iaYer. _

ay Tbe'prographic Vertical Velocity

\

» .
compones f the Vertlcal ve1001ty in the form"

1where FJJlS the helght of ‘the terraln above sea level and

'f;'and “\Q' are. respectlvely the atmospherlc den51ty and

the hOrlzontal wind veloc1ty at terraln helght ‘ Convertlng

to pressure coordlnates, thls expre551on reduces to"
/ o

'where F; 1s the pressure at terraln helght. In’ the model,;

™

tlner (1971) gives an expr9551on for the orographlc

:FQ 1s evaluated to be the pressure at a helght f{t 1u the i

gL s, Standard Atmosphere.f In pr1nc1ple, 1t should be

-vi90551b1e toﬁéstlmate terraln pressure from actual

atmospherlc constlons aloft, but such a reflnement uas not



p

> - i - :
believed %o be.necessary,TSincehthe grad%ent of terrain
vpressure rather than its absolute Value is of'importanoe in
ééhation (2.11). In the vicinity of.a uountaih, the
‘synoptic pressure gradlent will be very much smaller than,.
the varlatlon of pressure with helght. Thus the addltlonal

[y

-computatlonal compllcatlous requlred ‘to forecast terraln
pressures are not ]ustlfled by the very small percentage
changes ant1c1pated in CQ\} The details reqardlng the

deterulnatlon of Flt ‘and 'VQ will be discussed in Chapters

&

III and IV.

b) Thet Prictional Vertical Velocity

The frlctlonally-lnduced vert1ca1 velocxty Jt the top

~ !
. L4
[y

3

of the boundary layer is determlned in the model by a
parameterlzatlon of the agedstrophlc ‘mass transport in the
pplanetary boundary layer (PBL) The eguatlon relatlng the.

horlzontal dlvergence and the turbulent Reynolds shear

stress in the PBL may be wrltten ( followlng Haltlner, 1971)

as: oo S T
. N , ‘

v'\7

| a/lo/ 'f '

! 3 g r”f\ ‘

.x‘ ?‘\ 'v \ : \

where ??éxand 2},.are the horlzontal shear stress componentSr'

in the X and Y d1rect10ns respectlvely dﬁ} to the veftbcal.

‘ulnd shear.w These are assumed to vanlsh at the top of the
' B

=PBL; If thls-equatlon 1s 1ntegrated from the botton to the?,y

0

top of the PBL the result1n9 expre581on for the ;.iv”

FORBGT ) e

f
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frictionally-induced vertical velocity component Q){ atithe

top of the PBL is:

) ’sz

-9/7 (557~ 55, ),0,‘ o e

/ A
. — .
The surface stress [ is assumed, in this model, to

i —
be prbportional to the square?of the wind speed \4" at a
height of ten meters (anemometer leVel) ac rding to the

relatlonshlp'

"7: =ﬁ_ Cq V: \—: _

The drag éoeff1c1ent (:4 depends on - the rpughness of the.

(2.14) :

underlylng surface, thle fﬂ_‘ls the alr den51ty at terraln

height }4 .- As u1th the - pressure, the - den51ty at, terra1n4

A fhelght 1s glven the value correspondlng tOothat 1n the u. S.

¥

'"Standard AtmOSphere. Thus the fr1ct10na1 vertlcal veloc1ty

i
i
W

is nowwwrltten:,.‘

P

/f[a vaM)ﬁ—(m lvl)] @

A whefe, UQ and. V, are respectlvely |ﬂgﬁg-and y—components

YA

of the horlzontal“ulnd

»
3

, There are several methods by thCh \/ may be

: estlmated | Some quas1-geostroph1c models use the value of

.""’-. 7, )
\éo at’ a- 1eve1 near terr¥1n helght., Danard (1966) for

.-v"



o | | |
-] . ¢ .

example used the 850 mb geostrophic wind. Some models dse
the geostrophic 1000 mb wind. forecast by the model vhile
others. employ a vlnd whlch is extrapolated to terraln height
from the flow at hlgherwlevels (e.g. Cressman, 1963f in
_the model used in the current study, experiments_aere
jconddcted USing'the 850 mb geostroohic wind,aas vell as, a ;
.geostrophic wlnd extrapolated to .terrain helght by means of

~ the Altken.polynomlal thCh is described 1n Appendix A.

The geostrophic wind 50 may‘be further modified in
the calculation of the Vert cal velocity CQ; . Follouihqo
' Savyer (1959) ,- Greystone (19 ) and Haltlner (1971) , a |

» - ) - B
representatLVe value for-f\Q’ may be considered’to be

- smaller by a fraction r, than the magnltude of the -

geostrophic wind \/éo at the top of the planetary bouudary

'layer. ThlS wlnd may also be turned through some angle ol

—

Afrom the dlrectlon of \/o . Maklng these assumptlons,lt

. may be shown from a con51deratlon of Flgure 3 that

"’lle'—'r (uaoCOS"‘*Uaé S’Nd) ‘ i
B ©(2.16)
= r ('U’ao-cos & +U-3,SIN~=() ‘

vhere 1L3,'and U'oare respectlvely the x-and y-components of .
— .

the geostrophlc wlnd \/ o.' Substltutlng 1nto equatlon:

(2. 15)1 the complete expres51on for the frlctlonally-lnduced;‘f--7

'Vertlcal veloc1ty at the t0p of the boundary iayer becones.

w{_g/f[ég{ft(lar (U cos£+u.3,smot 'V '}

{ftcar%u Uos’“‘“)'vs l?]
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, - at: the top - of the- planetary boundary. layer, the
surface sgress afid- the resultant wind . vector =V, ‘at :

anemoneter level employed in. the calculatlon ‘of .the: _

frlctlonally—lnduced vertlcal velocxty at the top of the

. PBL.. 0 L T R

o

» -/Fiéure‘3' The relatlonshlp between the geostrophlc W1nd
... vector

R



Both the_reduction factor r and'the turning &ngle A
are dependent on the nature of the underlylng surface. |
~Savyer (1959) suggests that A pay vary fron 60 over the .
sea to 30° over land and to 359 over mountalnous areas.
Greystone (1962), in hlS two-level model, con51dered values

for e& of 39.to 6° over the sea,and 300 elsewhere.»

“The value of r used in Greystone's model vas .35 over
| land and .85 over the sea, vhlle the drag. coefflclent had
‘one constant value over land and another value over the sea._'
In the models of Cressman (1960 1963), Danard’ (1966) and o
many others, the drag coeff1c1ents vere varlable in- space,
with a max1mum value over mountaln rldges and a smaller oﬁ
'constant value over the sea surfaces and flat land. lThe .
'drag coeff1c1ents used 1n the current study are the‘
emplrlcal values calculated by Cressman (1960), vhlch are

. modified by the ;nclus1on of a.varlable r'and oL as tf' 4
indicated.in equation;(é.l7) The justlflcatlon for such a
."modlflcatlon is that ve. are attemptlng to deternlne thefv’

parameterlzatlon of the lover boundary condltlon vhlch best

51mulates atmospherlc development near ‘the mountalns..fn'.

{4:dlscu551on of the dlfferent comblnatlons of the parameters

'used at the lover boundary vlll be glven 1n Chapter v.tv.d"*

ZWhlle CJ{ 1s assumed to orlglnate ct the top of the
_fPBL, in most flltered eguatlon models Hlth a: pressure

'A coordlnate system, the th1ckness of th;s layer ls 1gnored ln‘”.
'v‘comparlson v1th the thlckness of the next layer above.,w?d ;

2 8 «
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. yhus;-dn-these modeis 0)4‘15 considered“to.originate;at.
hterrain'height. 1f the=thickneSS'of the-PBi wvere taken into'
account, there uould be two optlons avallable' ‘the PBL
thlckness could be spec1f1ed as constant # tlme and
| varlable 1n space, or a predlctlve equatlon for thls 1ayer'
'could be specifled The flrst_Optloh is equ;valept to a -
modlflcation of the terrain height field which does hot seeh:
'-justlfled becausp of the smoothed topography already presenth :
in the model. The second optlon is dlfflcult to epploy in a
Eflltered model, although 1s is more anenable to 1nc1us1on 151‘
a prlmltlve eguatlon model u51ng the sxgma pressure
coordlnate system. | ' '?f»f» e
Thus in. flltered models, both CO* and Cdt are. assumed::“

to orlglnate at terraln helght F* (and hence Fi ) ‘Aﬁ L
evern more crude assumptlon often used for convenlence 1s>

‘ that the terraln-lnduced vertlcal ve1001ty orlglnates at
some louer pressure surface, for example the 1000 mllllbar

surface.- such an assumptlon allovs a 51mp1er representatlon; .
' ' o

.j-:of vertlcal der1vat1Ves near the louer boundary.: A full

'"déscrlptlon of the dlfferent boundary condltions tested 1n

.the model ulll be presented 1n Chapter v



| CHAPTER III

DATA ACQUISITION AND ANALYSIS -

~

For two of the three cases chosen for study (January 5

-and narch 5, 1972), the upper a1r data were extracted fron

.

| the Northern Hemlspherlc Data Tabulatlons, (NHDT), avallable

' from the Natlonal Cllmatlc Center 1n Ashev1lle, North

,:Carollna,-u S. A. These data were in the form of radlosonde :Qf

-reports from whlch the temperature, vlnd, and geopotent1a1

‘_helght at the four prlmary 1evels were coded on cards.- For

hfabout 85 upper a1r statlons lylng on or near the grld the

"ff‘above data were extracted for both the 1n1t1al tlme and for

‘fthe verlflcatlon tlme, 12 hours later.; In the thlrd case

"Q(Aprll 27, 197&%, the data vere obtalned from the records of ,?-7

: ;”the Canadlan Meteorologlcal Center (CMC) at Dorval, Qﬂ%bec.
L I :
fThls data uas made avallable 1n magnetlc tape form, and

con31s+ed of the output of the Cuc objectlve analysrs ;fﬁff\

:§:.<

-

o
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program on the 381 ka. hexagonal grld used in the hem15pher1c:

nhmerlcal weather predlctlon model run by CHC. N e

'With the radlosonde data avallable at standard upper

lau: statlons only, a large area of the grld is not covered

ﬂulth observatlons 1n the flrst tvo cases. These data sparse5

~areas over the Eastern Pac1f1c Ocean are espec1ally

‘ troublesome uhen attemptlng ob]ectlve analy51s, because the

" computer. program descrlbed 1n Sectlon 3. 3 ulll extrapolate f

funrealxstlc flow patterns and gradlents 1nto these areas.
*Conseguently, bogus data must -be generated A suff1c1ent

"den51ty of bogus data p01nts were selected so. that Do’ grld

' -pornt was further than 2 or 3 grld 1ntervals fron any bogus ‘

: data poant. Geopotentlal helghts, calculated geostrophlc

vinds and temperatures vere then estlmated at these poxnts_"l‘u

'.,from the CMC objectlve analy51s avallable 1n map form. ;r:hf,fV

t51nce these maps are based on an ana1y51s Hlth a much nore”’l”

_ R :
’exten51ve data base than that avallable 1n thlS study,

'conS1stent and reasonably accurate analy51s should therebyfx,g\

| ibe poss1ble 1n the data sparse areas of thls study,_hlbc,ii

v'ftestlng of alternate bogu551ng technlgues vas undertaken.pﬁz_».

‘:nto extrapolate the 300 mb bogus data from that at 700 and

"?500 mb. For g‘is purpose a 51mple eguat on. uas obtalned by;jtu”

?[to the 300 mb Pressure surface. The resultlng equatlon lS'ifﬁhS

Slnce ho 300 mb maps were aVallable, 1t was necessary"yvif:

- filntegratlon of the hydrostatlc equatlon frdn 700 and 500 nb’fdf;



Z {Z +7 57(T T oéZ 3/0399 R

.vhere Z.’, Zs and Z3 are. the geopotent1a1 helghts 1n |
meters at 700 500 and - 300 nb respectlvely, and ‘T; and
“.-rs are the temperatures in degrees Ce151us at 700 and 500
.xfmb; ThlS equatlon uas tested at radlosonde stations in the:'
: v1C1nty of the data Sparse area, and a representatlve..
Ccorrectlon value uas determlned based on the mean dlfference /
.betveen the reported and extrapolated 300 mb helght at these:
.statlons.p ThlS corrected extrapolatlon equatlon vasﬁ}henﬂ igg f’
_used to generate 300 mb helghts over the Eastern Pacxflc. |

awportlon of the grld.

342 Sur aoe}gata_g<

The terralu helghts used 1n the model were those

'urextracted by Schram (197u) The objectlve technlque for B
]-fobtalning these helghts at grld p01nts con51sted 1u’g’ |

) l

”Tdddetermlnlng the average terraln helght wlthnn a circle of

*ffrradlus 100 km atound each grld p01nt u51ng 1 1 000 000 World

‘d"Aeronautlcal Charts.f In the current model thls terrain

7f5helght fleld 1s converted to pressure 1n the U S.‘ Standard

 "1Atmosphere (Hess, 1959) by maklng use of the formula o

D P”'-1013 25[1“(0 0055/283)fﬁt ]5‘257 A 51m11ar formula?:?i?}“r"

‘l} vas: used to determlne the atmospherlc density at terrain;ff;}f'”f'A

helght g Flgure u deplcts the terraln pressure fleld used 1n ;fﬂ;}7g
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Flgure u Pressure at terraln helght calculated u51ng the
Unlted States standard AtmOSphere. The unlts are nllllbars.

| D LT . ) M -'_‘_".'



,Bigﬁr945~.iThe analy51s of the Cressman drag coefflclents, _j A3__

The uDlts are: 10-3 (dlmen51onle53). ”,V$u}>_:



the model.

The drag coefficiénts,fwhich were supplied by

" Dr. G. Cressman to "f-,¢1 Schram, have been 1nterpolated to'
‘the 200 km- grld used 1n this study. The drag coeff1c1ents.

' were in the form of grld p01nt data as dlscussed by Cressmanb
'(1960) in hls study wlth the barotr0p1c model : These“
coeff1c1ents are composed of two components a constant

»
value of 1. 296x10-3 (dlmens1onless)\over all surfaces, and

an addltlve quantlty whlch 1s a functlon of terraln

Jroughness. 'Thus the drag coefflcient ranges up to. sllghtly

 UNDERLYING SOURPACE 103 x DRAG COEFFICIENT e

WATER R ‘<," casr; 3
< LAND Ty, 3<ca<a 0.
<ﬁ°UﬂTAINSe T eadul0 f’h

'Table_1;* Surface regimes'as a'fuuctioﬁjOﬁ drugtcoefficieut{;ffi

-h1n excess of 8x10" the 1atter over ery rough mountalns.ufff
"Flgure 5 shous the drag coeff1c1ent over the area of thlS

As 1nd1cated 1n the dlscu551on of the 1ower boundary R

:v'fl‘",cond]_tlon,vthe turnlng apgle . o( 7 and the reductlon

.‘.

E D

4j11factor, m, are varlable in space dependlng on the nature of B

| dthe underlylng surface._ In thls study, three reglmes were x'ﬁ:;



chosen, in each owahich‘ci- and;r assume constant»Values.c
The reglmes represent mountalnous areas, relatlvely level
;land surfaces and exten31ve _water surfaces. The-crlter;on _
for dlstlngulshlng among these areas is based on the o
_magnltude of the. Cressman drag coeff1c1ents. In thls study,v
rthe three reglmes and the correspoudlng range of drag

coeff1c1ents are glven in Table 1¢J The partlcular values of -

ol and r tested are discussed in Chapter'vf

3,3 The Objective Analys;g‘

An. objectlve analy51s program simllar to that descrlbed
fby Glahn and Hallenbaugh (1969) is used to 1Jterpolate the
vmeteorologlcal flelds to the grld poihts for machlne
calqulatlon. Studles of a. smmllar type of quectlve f,_

,analy51s procedure by Stuart (1974) suggest that such a

gpares favorably wlth the most careful hand
fe objectlve method 1s essentlally onetof '”J
;pprox1mat10n, and 1s completely descrlbed by d
;allenbaugh as vell as’ by Bergthorssen and Doos
h(19$%j é by Cressman (1959).; It lS the technlque S
freque ;Y'applled in the anal§51s of spatlal flelds for %iﬂ[i7'

: Heather predictlon and analels.h.u;g;qu

1 ;ce small scale 1rregu1ar1t1es 1n the analyzed fields
,hmay ampllfy durlng tlme 1ntegrat10n of the numerlcal model,-

"1t 1s de51rable to remoVe such two-grld-lnterval

fperturbatlons from the 1n1t1al fields.. All helght flelds :7'”J“”
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',were,therefore snoothed ih the first tuo casesfusing the
teChnigues described'in Appendix B. " The resultant fields
appéﬁled reasonably accurate over the contlnent. Hhen
compared with the reported radlosonde data, the analyzed
flelds had a mean absolute dev1at10n over the entlre grld of
approx1mately 20 gpm- at all four 1evels. The accuracy over
the data sparse areas. is of course d1ff1cult to assess and

hence only a qualltatlve judgement could be made. Hovever,

’ - Q

ulth the use of a suff1c1ent denslty of bogus data p01nts,

'as.suggested ‘above, the analys1s was cons1stent u1th that of .

" the CMC.'_At 300 mb no such comparlson could be made and, as” o

' descr1be¢ an‘chapter V, some dlfflculty v1th predlctlon at
this level may have been partly due to an 1ncorrect

1n1t1allzat10n of the geopotentlal fleld.

In the ~third case, the upper alr geopotentlal helght
data uere extracted from a magnetlc tape supplled by CHC.n A
' 51mple program was’ wrltten to extract the data fron a | '

sectlon of the CHC grld uhlch contalned the smaller grid

used in thlS study._ Slnce the CMC grld spac;ng 1s 381 km, R

:1t was necessary to perform an 1nterpolat10n to the 200 km
vvgrld of thlS study ut111z1ng the objectlve analy31s progranff"
No smoothlng onjbogu551ng df the resultant geopotentzal |
'f1elds was done, as the orlglnal CHC analy51s was heav1ly

.'smoothed

Slnce the surface pressure (mean sea level pressure)

pfleld 1s not forecast dlrectly, the actual surface pressure f*ﬁﬁﬂ:



data does not enter into the model. \preée}; since”lt is
desirable to obtain a forecast surface pressure map for
comparison withvthe’actual surface analysis, such aefleld,
'vas.obtained,:using the Aitkg§ polynomial.to ektrapolate the
surface pressure ‘from the forecast geopotentlal fields
aloft. In order to assess the e€rrors whlch could beiv
expected from such a procedure, the surface pressure field
ﬁat the 1n1t1al tinme 1n the-flrst case was objectively
analyzed u51ng a program 51mllar to that already descrlbed
A comparlson of this actual mean sea level pressure fleld ,
and the extrapolated pressure field appears in Chapt@r V.‘
Generally there was good agreemeut betueen the extrapolated
and the actual flelds when the broad scale fe%tures vere.
compared. .' ‘ _
3.-«"4_'.1‘11 B §.t._£..s §ta.b.1.l_.tz _P‘ v.u.le.t:e :

C. J -

‘The static Stablllty parameter Cf used 1n the model

is a functlon of pressure only, and 1s computed u51ng the.’“ e

’

temperatures avallable 1n the radlosonde ascents.‘ A sxmplefA

-

second-order centered-dlfference approx1mat10n to the statlc

_ Stablllty eguatJ.on 'O"l =—‘; gg o was formulated and for o
each of the three 1nterned1ate levels,fcyy vas calculated at ;3
each radiosonde statlon 1n the forecast area.p}Aﬁlorlzontal o

:average <3“ /vas then calculated at each level and used in i
the solutlon of. the omega equatlon., Slnce a large statlon-iif
to-stataon varlablllty was noted 1n Cf the standard

dev1atlon at each lemel vas also calculated E The numerical

.- 0
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values of the mean stability parameter and the standard
deviation are given in Table_z; ‘In general, the.largest
absolute deviationsffrom the Mean occur at hlgh-latitudes at
theiuod wb level, since the trOpopause is approachlng this
level at these latltudes.~ At low levels, there are a few
stations 1nd1cat1ng an unstable‘Stratification (cf<0). Thus

unfortunately, the mean values used are not representatlve

of .any particular reglon of the grld.

‘In the current model some’ testlug of dlfferent values

‘of the statlc stablllty paraueter was perﬁormed A mean
stablllty was calculated for only those radlosonde stations
lylng in the sectlon of the gr1d getueen yso and 65° north
}and to the west of the Hanltoba-SaskatchEHan border. ThlS
mean was found to dlffer from the overall grld average by up
to- twenty-flve perCent» However, when these stabllltles

. were employed in the solutlon of the omega eguatlon,_onlyd

very small percentage changes (generally less than flve

3

percent) 1n the vertlcal veloc1ty and helght tendency flelds

+

'uere noted.’ Comparlsons of the vert1ca1 veloc1ty and
forecast height flelds as calculated usxng varlable and

constant statlc Stabllltles by Haltiner et al (}g63) and by
e ‘

Cressman (1963) haVe 1nd1cated that only small peﬁbentage

‘ changes occured.g

Ty P

‘Since 1t appears that the SOlutlon to the omega

equatlon 1s relatlvely 1nsen51t1ve to the manner 1n vhlch e
- "ﬂl “
g'the static stablllty is’ 1nc1uded 1n numer1ca1 models, 1t L
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775 @b 600 mb - 400 mb

oASE . MEAN SD MEAN SD - MEAN SD
C 1 2.552.84 2,38 2.52  4.93 5.39

‘2 2.212.38 2,32 2,41 460 5.11
'fj ; -'i.79_H.9z -,.‘2;14'5.17.‘* 3.79.g;63

‘Table 2. Mean and standard deyiation (SD) of the statlc .
stablllty over the complete id "(10—* gn—* cm* s2) at three.
‘levels 1n the model. - T e S '

vould seem justlflable to use a constant value of the.
stablllty at each 1evel In fact many models have employed ."
a stability based on mean yearly values or: on. those

e

o :
calculated from a standard atmosphere." o ‘
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w'l

CHAPTER IV

'NOUHERICAL PROCEDURES

4. 1 Horlzontal Fln%te-lefetence 09 _t

.-a)'FirSt‘Derivatives,

The standard centered dlfference formulatlon lS used

_for the horlzontal derlvatlves appearlng 1n equatlon (2 17)

i

'f_uhlch 1s the expre551on for the vertlcal veloc1ty at the

‘lower boundary. Thus, Hlth reference to Flgure 6 whlch
-111ustrates a nlne p01nt sectlon of the 1nter10r of the:;

eﬁggrld the x-and y-derxvatlves of the fleld A at the p01nt
Vii,j are represented by the second-order formulae'.

Q/
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Figure 6.' The horizontal grid point structire used in the
at longitude 1150 7 o S R REa
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At the boundarles of " the grld the horlzontal.
;derlvatlves are approx1mated by one-51ded derlvatlves..;For’
example 1f point 1+1 J lay along the northern edge of the
grld then the x-derlvatlve would be calculated 1n the usual ’
] manner, uhereas the y-derlvatlve would be approxlmated by
'3:the flrst-order formula-

. ':a\¥;_ R L | S .

(‘”J

A 31m11ar technlque 1s used to calculate the x—derlvatlve atfﬁt~*

'the eastern and western boundarles and the y-derlvative at

the southern boundary._ _

‘ As 1nd1cated 1n Sectlon 2 5, the horlzontal u1nd used

\.1n the calculatlon of the terraln-lnduced vert1ca1 veloc1ty o

.is a functlon of the geostrophlc u1nd In the model, thlS

 may be elther the 850 mb geostrophlc wlnd or a geostrophlc .fﬂ

»wlnd extrapolated to terraln helght Slnce the 850 mb levelf'57-”;:

'ifls a forecast level the calculatlon of the wlnd 1n the

7f1rst 1nstance 1s readlly performed by taklng theuhorxzontal,lﬁl'

;'derlvatlves of the 850 mb Qu}ght fleld

' @

In order to obtaln extrapolated v1nds, the 1nformat10n ;A;-'m

./\,

4 at the four pr1mary levels 1n the vertlcal 1s extrapolated o
to terraln helght by maklng use of the Altken polynouial

Q=#.‘
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*

.'ﬂhlle the geostrophlc wlnds calculated at each of these
~levels above a grld p01nt i,5 could be' extrapolated to
'lterraln helght dlrectly, it vas found that rather;h“ |
unaCCeptable Hlnds would be extrapolated if large vertlcal
vlnd shears occured %hls problem,'lnherent in the use of Lo
. the Altken polynomlal tis greatly dlmlﬂlShed 1f the o |

geopotentlal helght is extrapolated, and then the

hgeostrophlc wind calculated Thus w1th respect to p01nt i, j;;vpﬂ

of Flgure 6, the geopotentlal helght 1s extrapolated to an
, L
1sobar1c surface whlch 1ntersects the terraln at pressure

'(P ) af The helght at each of the four p01nts i, ji1 and
111 j on thls 1sobar1c surface 1s then extrapolated from the‘
;'“geopotentlal helght at the prlmary levels above each of

;these p01nts.j Thus four extrapolatlons per grld p01nt are '

're%ulred 1n order to calculate both components of the

N

geostrophlc wlnd vector at polnt 1 j

The procedure 1s repeated for each of the 19x21

flnterlor grld p01ntS and allows a second-order calculation

"1 of the geostrophlc ulnd to be made at terraln helght Alongo?}’“

hfthe edges of the grld extrapolatlon is made in’ a 51milar s

'_‘manner, except that one-51ded flrst—order derlvatlves are

:calculated for the wlnd components parallel to the bOundary ,,s'”

fif'of the grld In cases where £he terraln height rlses above -

.;the 850 mb surface,‘an 1nterpolat1on 1s perforned making use;;,,,,

'ifdof the geopotmntlal helghts of the four prlmary leyels.a~;f}
Tﬂﬂﬂ@ﬁ&ﬁ@@&@?@u&ﬁhi*?“

RN
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Hlth reference to Flgure 6, the standard flnlte—‘
/-

dlfference f1Ve—p01nt Laplac1an operator for varlable A may

‘be expressedvas | 0‘

(V A) =( |u,,+A|. l,i +At)ﬂ M= L’.A”)/ ' ?é—t (’-l.u)
This ‘.°Pef.af".’r'.is;',acclu‘ate.- to O.f,derfédzu‘
.t I R 2|
| _cftTheeJaCobiahr'
. B | w | e . |
: Hlth the Jacoblan of tvo varlables A and B deflned as

".J(A B)zség—-)B;_ . the flnlte-dlfference egulvalent may be ﬂf;ffu'

o éy exey ‘
-f'urltten 1n its flve-p01nt form as'

J_( B)u ® [(Ata:.' Au-l)( HNNB -u) PEEE T
L ( u-ﬁ : tJ l)(AGnJ—A"'J ]/Lfdu J—++ ;/.}ﬁ;'.

' j+'l !\"‘ :
. where : 1s the flnlte-dlfference representatlon for :]—

In pIEdlCtlon models, non-llnear computatlonal

7_1nstab111ty may arlse 1f the representatlon of the advectlve*tr'

5-a(or Jacoblan) terms 1n the predlctlve equatlon 1s not

'n”performed 50’ as to conserve the mean Square vortic1ty and
?ﬁﬂthe energy;of-the system. Arakawa (1966) has shown that a };EQU
gfflnlte-dlfference Jacoblan of the form~*ff" ORI

'”t{“f’**-ﬁf”:*r’V
uﬁl_;ftﬁ?v;., e

(u 5)

 will copseive ‘both energy and mean Squareé vorticity. The :

. AR

o :_"3*;9'}" i
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'1varioﬁs~Jacobian operators in this equation are defined as

QA a A B . T
B P
2 "A' 2 (ge Loxe
:5){; (83’;)*3 ( 5") =I e

1 The flnlte-dlfference farmulatlons analagous to equatlon
(u S) for each of b and c 1n equatlon (a 7) may then be
comblned 1nto the nlne-p01nt Arakawa Jacoblan for use 1n Rhe

o VOIthlty equatlon.‘

'-au.Ziggv ertlcal g;ggs ;;”fl" '

B sance thls model has'Fnequally”spaced 1nfornation |
_.rlevels 1n the vertlcal, 1t 1s not p0551bfe to use a’ 51nple'
:centered dlfference formulatlon for the flrst and Second
A{dderlvatlves of (d, whlch appear 1n equatlons (2 3) and
.;{(2 5). Instead a- welghted dlfférence schene is used »
ji'Haltlner et al (1963) calculated these derlvatlves based on S
:e;the assumptlon of a: quadratlc varlation of (0 vlth height fdﬁt'“f
ui;over three“Succe551ve levels. In thls study, a sxnilar

:7fover1app1ng parébollc Proflle 1s assuned Hlth the finite-fd*d¢;ﬁ5ff

Efadlfference formulatlon based on the second order Altken aﬁﬁz"d

d}polynomlal. The fln1te~d1fference approxlmations £or the c

;3f1rst and second derlvatives of the Altken polynom1a1 are ff7“5:'

: Rt '-.'.,“u'qxg‘_-,,
_dlscussed 1n Appendlx A.:ggdjf*f#*‘-” LU
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‘ In several portlons of the grld the terraln rlses

above the 850 ‘mb- shrface to just belov the 700 mb surface.,

Y

4 In these areas, spec1al consxderatxon has to be glven to the'

o evaluatlon of the vert1ca1 derlvatlves of the LW fleld

thle 1t may not be phy51cally neanlngful to' evaluate the

S forc1ng functlons 1n the VOIthlty equatlon at the 850 nb

-

level 1f that surface 11es belou the terraln surface,'aff*
;~.changes 1n the vort1c1ty and flov patterns at 850 mb st111
occur due in part to the lnfluence of the topography.; Thus

,1t 1s de51rable to parameterlze these changes even lf the

terraln ‘in places lles sllghtly above the 850 nb surface.;ifiﬂpgu

L4

In portlons of the grid uhere the terraln rlses above 850
mb the d1vergence at 85@ mb vas extrapolated from that

ts calculated at the terraln helght, The 820 mb level vas

chosen as the cutoff level beyond whlch no extrapolatlon vasp;°'“

/

attempted ' Thls surface 11es just above the hlghESt :icy;

mountaln rldgesiln the central and northern portlons of theu'

grld Where the terraln rlses above the 820 mb level, the llffk*

' 850 mb d1vergence vas set to zero.‘ Thus at 850 mbv the -

horlzontal dlvergence uas calculated over all of the reglon?,;v

of 1nterest even though the terraln rlses above the 850 nb 7;&fﬁ¢?

A

surface at several p01nts.v 51nce the terrain does not rzse<f3"”'

' abrve the 700 mb level, no- problems arose 1n the evaluation?ffp”

of the dlvergence at that level.;,'}ifisﬁrﬁ

o In the omeqa equatlon,'the second derivatlvﬁw

»jfth QO f;eld thh respect to pressure 1s evaluated at?t-e;

Q'r’ :




775 mb level‘ In regions of hlgh terraln, this'term was ;
: P
evaluated in - a manner con51stent wlth the calculation of the

’.flrst derlvatlve of co - Slnce by the contlnulty

r_equatlon, the: second derlvatlve of o) wlth respect to p 1s

7-3u1th helght the dlvergence both above and belou 775 nb

’qegulvalent to the rate of change of horlzontal dlvergence
enters 1nto the calculatlon of 3;9 In reglons where the
Nterraln lay above 820 mb, the evaluatlon of the rate of -

' ;change of dlvergence wlth helght 1nvolved only the |
;‘dlvergence above 775 mb, th& dlvergence below thls level ﬁ':w

'“:ubelng set equal to zero..fﬁ'tg’

Ao Th fg e step L TP o Y
The vort1c1ty equatlon used 1n thlS study is’

"essentlally a non-llnear advectlon equatlon wlth a 51nk or L

: YA
-t.source of vort1c1ty, f GF’v Omlétlng thls sxnk term,
'fllnearlzed one-dlmen51ona1 form of the vort1c1ty equatlon aT‘15~j

Sy

Ry (S +«‘ ) = - C 5 << +v‘ ) S we
_ : _1_} u ..-A“ »f~ o ‘r *rp;{,,w
RN R B S ST
Vuhere C lS the advectlon speed of the vortlcity'§7+f'1n the BT
A;dx-dlrectlon.‘ If the advectlon term on the rlght-hand-side

?ffof th1$ equatlon 1s approxlmated by a centered dlfference

”f:formulatlon, and a centered tlme dlfference 15 employea,‘rekﬁhﬁ‘f

”fgthen the Courant-?rledrlchs-Levy (CFL) condltion for linear SR

ff.computatlonal Stablllty of the naﬁerlcal solutlon of
B . TR ) R



equation (4.8) is:

at &2 ey
on a grid wlth spac1ng zsx employxng a tlme step of length
: Q;;. The tuo dlmen51onal analogue of equatlon (u 9) can be ‘
1;shohn to‘be;.' | o | |
- = : - . _ _
'g In flltered models, 1n uhlch rapldly propagatlng grav1ty or

: sodnd waves cannot occur, C %%1 be the maxlmum v1nd speed

'1n the atmosphere.~ In the cases chosen, thls max1mum speed R

'ifoccurs at the 300 mb 1evel, and vlth the grld spac1ng of_,‘l‘

R

1'approx1mately 400 km used 1n thls model, the maxxmun f’*ff'v
| "allowableggame step is’ 1n the range .5 to .75 hours ,”'

: dependlng on the 300 mb v1nd speed._‘;f,
thle the correct ch01ce of the tlme increment is a. 'i{;e,

':fsuff1c1ent condltlon to ensure 11near computatlonal

N

iffstablllty,'a non-llnear 1nstab111ty may be aSSOClated wlth

‘sgthe flnlte-dlfference representatlon of the advectlon tern.

Tf;hs 1nd1cated 1n Sectlon u 1, the Arakaua Jacob1an,>51nce 1t DR

e .

;;conserves both mean square vont1c1ty and mean klnetlc energyi‘;:d}

7?}should ellmlnate thls nonllnear 1nstab111ty.‘ However, as
!,fﬂaltlner (1971) pggnts out, these conservatlve properties fjﬁr
}f:have only been proven for the contlnuous time derivatlve

rfcase and not for the f1n1te—d1fferenc1ng tlme step



‘fﬁseparatlon of the solutLons between the even and odd tine
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- The. standard centered*tlme—dlfference technlque used to

eforecast a. new fleld X is: . SR .. eb/ -t

&epresentatlon of the rlght-hand-51de of the -
5equat10n., The procedure is. started Hlth a forvard'i

{;accordlng to"'
L o o B PR
' :T-'_\X°'”+At"f o o S DR (4.12)

‘As shoun b =Ha1t1ner (1971), when thls forward-then-' =
‘  erence technlque is. employed, nelther the the o

ic1ty nor mean energy of the flou are.ﬁ

even-wlth the Arakaua formulatlon of the Jacoblen{fj
v5The resolt 15 a non-linear 1nstab111ty, whlch 1s 1n1t1a11y u
'“f?manlfested as a small amplltude temporal osc1llat10n of the.
; humer1ca1 solution.:{' ' . | s

As 1nd1cated by Gerrlty (1972), thls osc111at10n or

':if’teps is generally not a serlous problem 1n most numerical

'tejmodels prOV1ded that the varlatlon of the vort1c1ty f1eld

i RSO

i . . r-"
'k,between succe551ve tlne steps 1s snall. However, in a

S

e
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baroclinicvmodelgsuch>as that of the current study, thei

a

o sources of VOrticity Hhich arise from the flowkof the‘

.
atmosphere over steep terrain may show large spatlal and

Apptemporal varlatlons.' The resultlng separatlon of the

nunerlcal SOlUthDS wlth tlme then becomes very largeh and
.*at some”po?ht in tlme the osc1llatlon reaches such a -
.magnltnde that the predlcted flelds are severely dlstorted
and further predlcklon is meanlngless.ﬂ This 1s the

.manlfestatlon of non- llnear 1nstab111ty.

Thls dlfflculty has been recognlzed for some tlme, and

w

,many procedures have been suggested to overcome thlS so=. .,

called 'weak 1nstab111ty' 'Gates (1960)=used‘altechn1que in

whlch the forecast vas begun wlth a’ short forward tlme step

ﬂ followed by a sequence of centered tlme steps of 1ncrea31ng R

' length untll the flnal de51red length of tlme step vasi"

b

-

achleved : Such a procedure reduces the 1n1ta1 amplltude of

-Athe oscallatlons but does not filter them out completely._.fh53

YThus the osc1llat10n stlll 1ncreasesvln tlme and the»

)

"pr0cedure has to be re-lnltlated afterzseveral tlme steps iR

'\' T TR . I
v : P

'h'followlng some temporal smoothlngq

An 1nvestlgat10n of several t h stepplng technxques»”

\

*e?has been undertaken by many authors, espec1a11y wlth

ﬂ:freference to the prlmltlve equatlon mode s 1n whlch some/_th-?fif

N

lfﬁtemporal smoothlng 1s generally found t° be necessary'dglnhd.jihhb

3bfpaper by Lllly (1965), seve@hl flnltewdlfference operators

"fwere tested 1n detall for a systen of advectlon eguatlons. :lfl““f

e

.
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- The numerical and analyt1ca1 solutlons to the 51mp11f1ed
system of equat;bns were. compared and 1t vas shovn ‘that the.

standard cent red dlfferenceoformulatlon 1n tlme exhlblted

N - -

“extreme 1nstab111tyvresult1ng.1n‘t1me spllttlng.of the
npme;iéal solution when;certain‘combinations‘of initial |
conditions nere specified Several pther tlme stepplng
technlques of varylng complexlty and computatlonal
"fefflcdency vere. also tist;d, and»all appeared'to~haveer
i 1mproved stablllty. Lllly 1nd1cated ‘that the Adams-' '
.Bashforth method seemed to be- one of the most eff1c1ent in
terms, of computatlon tlme‘requlred ‘per t1me~step, and that
it. exhlblted close agreement wlth the analytlcal solutlon to.
the 51mp11f1ed equatlons. The dlfference‘fogmulatlon“fon
1‘thls technlque 1s-'df J A o |
X X [3}2 ' '/Zf -'J’-”‘ L 13)
: ’5. : L
Ayhere.aqaln n 1nd1cates the tlme level X is the predlcted
S;fleld and 'f the tendency fleld.,‘.:33f353*e.{,_Q?f -

S S w@ g -
.cFurther tests on. the accuracy of Varlous tlme stepplng

’_ftechnlques were undertaken by Molenkamp (1968) agaln u51ng a *}f_f

nn51mple advectlon model.x B'comparlson'of’several tlme
dfustepplng procedures suguested that the Adams'Bashforth
;technlque was of comparable accuracy to thevcenilfed-~;
dfdlfference formulatlon uheniboth were used to predict the fjﬁ;
advectlon of 51mp1e pattérns. ‘As- Hell, the Adams;B;shforth "
‘fftechnlque showed a smaller tendency towards damplng of the :

‘/ . "'.'".
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)

& ~ ‘
~advected fields than did the centered-difference

formulation. ' : B - -

'T

'In the present study; forecasts werebflrst computed

3u1th the flrst forward-then-centered dlfference technlque,
igut 1t became ev1dent th#t a tendency toward separatlon of -;d
the solutlons at alternate tlme steps 1ncreased with certain
lowerwboundary condltlons._ In Flgure 7, the dlfferences -
forecast from the 1n1t1al value of the 850 and 500 mb’
.geopotentlal helght at grld p01nt (12 14) are plotted'as a
functlon of time. The grld p01nt chosen is the closest one .
,'to Edmonton, Alberta as shown in Flgure 1.f The osc1llatory
nature of the solutlon 1s most apparent at 850 mb uhere,the _
lower boundary condltlon 1s most 1nf1uent1al and the
amplltude of the osc1llat10n rapldly 1ncreases wlth tlme.‘f
By abouyt n1ne hours (or 18 tlme steps), the 050111at10ns

have commenced at hlgher levels and the forecast has lOgg
's1nce becone meanlngless. Hhen the" Adams-Bashforth tlme

| step is used and all- other 1n1t1a1 condltlons are unchanged,;_
the forecast shows no tendency towards OSC1llat10n. Thus”
\the Adams-Bashforth tlme step ylelds a computatlgpally |

stable solutlon to the tlme-dependent equatlons for thls o

'*case and no. further problems attrlbutable to the time e
e oo ‘

' stepplng procedure were encountered

. u;d_§g;ution~g§7thepDiffggen tia 1 E&uations B

4 .
I -2 3%
r. '

The right hand sides of the"&areieityfand,omégaopf"
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equations consist of forcing functions composed of

dlfferentlal operators actlng on other dlfferentlal

'ioperators, for example, the Jacoblan operating on the

Laplac1an of the helght fleid Because of the manner in
'whlch the operators are formulated in the f1n1te-d1fference
: scheme, these forcing functlons can be evaluated only over a;

KN

tportlon of the grld thch excludes a strip two grld points

| 'wlde all around the lateral boundary., The solutlon to the

omega equatlon then con51sts of f1nd1ng a 51multaneous'
solutlon to a set of 969 flnlte—dlfference equatlons - one
»equatlon for each of 17x19x7 p01nts 1n the three dlmen51onal‘

vgrld The vort1c1ty equatlon is solved at each of four

1

plevels 1ndependently, and therefore a solutlon to four Sets .. -

of 323 (17x19) flnlte-dlffereuce equat1ons is requlred

The solutlons to the- flnlte-dlfference forms of the“» |
vvort1c1ty and onega equatlons are achleved by means of an,
:»flteratlve process known as Llebmann over-relaxatlon.k Thlsr:

ipprocedure is: frequently used in numerlcal weather |
!predlctlon, and the technlque 1s descrlbed in texts by

".Thompson (1961) and Haltlner (1971) ' A brlefidescrlptlon of |
-the technlque, and the parameters used to achleve the e
_numerlcal solutlon follovs.\ =?'7.?fi f'?i' ,nlff-f.%f

0‘-

The vortlclty and omega equatlons may be wrltten 1n the«ﬁ?*f

fform of a Helmholtz eguatlon as follous'7

PTG e
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| [ - o o |
vhere T=T(x,y,p,t) is the (W or the height tendency'

' o ‘ S . .
field and the forcing function is 6. F is. a function which
involves the second deriéative‘of W in'the omega

equatlon, while F is zero in the vort1c1ty equatlon._ Hhen f

equatlon (4 1u) is represented in flnlte-dlfference form,
. : oo
the followlng relatlon is obtalned. _ o

q7 .721} -+ F< FZJK o _isf-: Faciax_ o f(“f‘?)‘.

, o : . ) . R
‘where lesk 1s the m'th approx1mat10n to the fleld T at

: 2 S
‘1p01nt (1 3, k) and i‘kt_ 1s the flve~p01nt Laplac1an operator:

'deflned in equatlon (u u). The functlons K and K' 1nvolve_ :
the grld spac1ng and the statlc stablllty, and R 1s the

‘.re51dua; which is to be made as small as p0551b1e. F new
estimate for the T fleld may be derlved from the preV1ous

'estinate(uslng,the eqnataon.h~ B

' Lo ‘.\ o S ,.“. - ‘ N
In-this'eQuation"A?‘bls the relaxatlon parameter, uhlch

4 \
')

”should be chosen so as to max1mlze the rate of convergence '
.of the 1teratlon technlque. Through experlmentatlon lt uas,"

| found thatuln'the solutlon of the vortlc ty equatlon,.as;

‘lvalue of 0. QS for }Se allowed a convergent solutlon to he

'1»ach1eved 1n 25 to 35 1terations at each t1me step., The sameh“rhtl

'-ffvalue of /3 used 1n all three cases tested
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In the solutlon‘of the omega equatlon, 1t was found
necessary to use a value of“/3_ in Case 3 dlfferent from'i
dthat used in Cases 1 and 2. A numerlcal solutlon to ‘the
vomega equatlon was achleved in 15 to 25 1terat10ns 1f a
'value of /3 —O 285 was. used 1n Cases 1 and 2 uhlle 1n Case
3, a value of' < =0. 245 was the optlmum value uSed to =
"'achleve rapld solutlon. The rate of convergence in the
‘,solutlon to the omega eguatlon was very sen31t1ve to the ;
Z“relaxatlon parameter. An lnCrease of only 8% 1n ,K3 o
"resulted in a doubllng of the number of 1terat10ns requlred
hto solve the omega equatlon in Case 3 Both the CJ and the
d_helght tendency leldS were calculated to an accuracy such |
that the largest res;dual was ahout 1% of the synoptlc scale.?vi
o.value to be expected from a scale analysis of the «flffew7""
s_vortlcltles and omega eguatlons.; Thls corresponds to an .;f{
h»error of about 10‘Z mlcrobars ST l for the O) 'field and
110‘5 gpm S"'1 for the helght tendency/fleld.»h nff’

h The numerlcal solution descrlbed above 1s essentlally
u?ithe solutlon to a- boundary value problem at each t1me step: 1“17{
dIn general the values of the functlon T in eguatlon (Q 1u)
" are. unknovn along the lateral and vertlcal boundary and must

v';be SpeC1f1ed as. a function of tlme.» In the omega eguatlon,

"the upper and louer boundary condltlons have a“

'fdescrlbed Along the lateral boundar1es,\'”

i_zero at each grld polnt in the outermost two rous of points
' 2 . . . o S , : o
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i/' In the vortlclty equatlon, the lateral boundary
condltlon for the helght tendency fleld may be Spec1f1ed in :
la number of ways.. As in the‘ omega equatlon, the
Aspec1f1cat10n is, made in -the outermost two rbws of p01nts.;'
.1In _many flltered equatlon models, a clamped lateral boundary
{condltlon or. E%g =0 1s assumed.' ThlS condltron is - :
'reasonable if the area of solutlon for the vortlclty
‘equatlon covers a hemlsphere S0 that the lateral boundary
extends 1nto subtroplcal reglons.\”éynoptlc scale changes 1n.
the flow patterns, and hence 1n the geopotentlal fleldp vary
.bvery slowly wlth tlme in these reglons compared to the .
..changes observed in’ mlddle to hlgh latltudes. Thus for
.1ntegratlon perlods of from one to three days‘over a’
- hemlsphere, the clamped boundary condltion does not resultv

s

1n serlous errors.,j"

If the 1ntegratlon area 1s small however, the

fflassumptlon of a clamped lateral boundary condltlon w111

~_?_result 1n more serlous error, espec1ally 1f the 1ntegrat10n

,'perlod is more. than a fev hours. In order to minlmlze thlS e

“"dproblem, the grld lS made large enough that the reglon °f

;:flnterest at the center of the grld is far removed from the };;eff

"_tlateral houndarles.. For example 1n the models of Petterssen'f;ij

::flet al (1962), Pedersen (1962), Greystone (1962) and Danard ;;_;»

SN

‘:,f(1966), the lateral boundarles are approxlmately aooo to

}‘5000 km from the 1nter10r reg1on of 1nterest,_w1th the &“i “hb?d

: result that the clamped boundary condltlon has only a. small
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:effect on:the-behavior of Synoptic scale motions‘at the

.center of _the gr1d ~»In the current model however, the.

L boundarles are lOCated in reglons where the atmosphere is

'b under901ng rapld c1rculatlon changes and the clamped

" small area grld of short grld length 1s meshed 1nto a
;?fcubortlon of a large scale grld, The lateral boundary )

-Tucondltloﬁ on the meshed gr1d 1s spec1f1ed by the 1nterlor

:*boundary condltlon vould be erroneous.

Hany reglonal models have been fornulated 1n vhlch a

‘-.solutlon of the large scale model whlch may 1tself cover a -

: hemlsphere._ In fact, several meshlngs have been employed

\‘ﬂ:igolng down to a grld s1ze as small as 1/8 of that of the.jili_j;

..'{hemlspherlc grld The flltered equatlon models of Hlll

e (1968) and Shap1ro and 9' Brren (1970) are tvo eXamples 1n TA o

f Uh1Ch such a procedure has been employed._i_i5i*~f:=gﬂ'

In the current study, since it was not fea51ble to

- ﬂdevelop a hemlspherlc four-level model to provide the

"fxlateral boundary condltlon, 1t had to be specrfled 1n a

.;_fdlfferent uay./ In an early baroclrnlc model run by Thompsontlg"

°7fh:and Gates (1956), the lateral boundary condltlon for the

":;fdlfference between the 1n1t1a1 height fleld and that

'tendency field was spec1f1ed to be the qbserved 24 hour

Slydlhelght tendency averaged over a perlod centered at the tine }ﬁi'€5

fj:of 1n1t1allzatlon of the forecast In the Eurrent study, -ffﬂdd*

“fhelght tendency ﬂleld was«calculated based on the height

'lf"observed 14 hours after the 1n1t1a1 tlme.- Thls tendenc{ wasfﬁ”fgf
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»

" used as a lateral boundary condltlon for the solutlon of the f
vort1C1ty equatlon at each t1me step.- The lateral boundary'7
condltlon for the tendency fleld vas therefore constant Hlth

tlme.

Hrth suchwa spec1f1cat10n of the lateral boundary
condltlon, the model is a 51mulation model rather than a
true forecast model. However, the solutlon 1n the 1nter10rieff*;
of the grld should now be able to reflect varxatlons 1n the
lover boundary condrtlon whlch 1s the purpose of thls study.k:i;b
Informatlon galned on the 1mportan¢e of the lower boundary ”

: condltlon could then be 1nc1uded 1n a neshed predlctlon

model. 2d

Wlth the 1n1t1a1 and boundary condltlons spec1f1ed 1n
the manner descrlbed above, a forecast 1s achleved followinqiyi,i
a stralghtforuard marchrug procedure.; At each trme step, ‘

the omega equatlon 1s solved subject to the lateral and
vertlcal boundary condltlons 1ndlcated 1n prev1ous sections.ﬁﬁf;?
At th1s p01nt the vortlcity fleld is exn11c1tly smoothed

u51ng the smoothlng operator descrlbed 1n Appendix B. This ;f'

smoothlng should help to COntrol llnear computational

1nstab111ty.f The vort1c1ty and omega fl 1ds are thep usedﬁfiw

1n the vort1c1ty equatlon whlch 1s solved subject to 1ts
lateral boundary condltlons.l The abova cycle (solutlon of '

the omega then VOIthlty equatlon) 15 repeated after %t;ey._
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N\

generatlon of a new geopotentlal helght fleld at each txme

step, untll the de51red length of foreéast is achleved I@e’

vort1c1ty, helght and CO flelds at any t1m3 step can be

lstored or prlnted out for later analy51s. '

o All programs uere wrf&ten ‘in the Fortran language apdxr

‘complled u51ng the Fortran H compller.x The compllatlon and

vrunnlng vere. done on " the Unlver51ty of Alberta IBH 360/67

‘computer and requlred apg;t 1 mlnute of procesggng tlme per:

"hour of forecast.“ Becaus of the 1arge numher of loglcal

~;tests wrltten 1nto the program, the program 15 rather

. lntflClent, and 1t 1s expected that a large sav1ng 1n Vg~-"- L
-processor t1me could be achleved were the programs rewrltten B

”_1n a streamllned form. j753-

R
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\

’]{ hour perlod fOllOVlng the in1t1a1 time of the forecast.'glniﬂ‘7

- 'fcuap.rm_-v,-.; L

. RESULTS AND DISCUSSION .

b

Aithough three cases were chosen to demonstrate the

‘Af’lnfluence of the lover boundary condltlon 1n the numerical B
PredlCthD. MOSt Of the experlmentatlon was condncte& on theffi;};
January 5 1972 case, hereafter referred to as Case 1.* This f{Vfﬁ

was a case of major cyclogeneSLS 1n the lee of the Canadlanclf"ﬂ

Rocky Mountalns, most of thé\activ1ty occurlnq in the 12

Ca ‘e 2 (Har. s, 1972) and Case 3 (Apr. 27, 197u), actual lee

o

cyclogene51s dld not occur but it appeared that the Rocky

Hountalns had an effect on the movement and 1nten51ty of thee,ffnﬁj

. \

exlstlng synoptlc features.ﬁ The synoptlc 51tuations for

Cases 1 to 3 are descrlbed fully bel°"-ftgﬁ'ﬁf“'*

0 In the ;f_a,u-ayih;g a’is'c;j'i;'s[-‘s;’i:@néi. ‘sost ‘of the emphasis will.
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.,be on the 850 b geopotent1al fleld althouéh a ddscussion of

- N
' the surface pressure flelds is presented 1n the Case 1

',forecasts. In. Cases 2 and 3, s1nce “the surface pressurf

/-

';patterns were very 51m1lar to the 850 mb patterns, llttle

add1t10na1 1n51ght lnto the valldlty of d1fferent lower '
o

»boundary condltlons could be galned frOm examlnatlon of . the_ o

) _surface pressure forecasts.

, . : : : ) . -
5. 2 Testlgg of hg Nume rcal Proc d ures /'g,_x

.o

- e

: R i R . |
In the 1n1t1al testlng on Case 1, numerous forecasts of;: '

£

":length 1 to 3 hours vere run to test the numerlca} B

Ve fprocedures employed 1n the model. The response of the modelﬁrt

/

o

' boundary layer vlnd uas tested., To evaluate the 1nfluence

;of dlfferent comblnatlons of ok and r, three hour forecastskkdf,‘
~'-’of the surface pressure flEld vere computed The forecast~7gf

e pressure chanqe pattern uas then subjectlvely compared ulth o

) SN 0.,

the aCtWﬁl 3 h°“r pressure change (lsallobarlc) flelds uhichyif;ci
od,nwere analyzed from surface maps. The terrain-lnduced “ﬂ}JV\
.filvertlcal veloC1ty flelds were also subjectlvely compared
'd'wlth the observed 1ow level cloud patterns._ The assunptléhyffg_]u

' f;1s made that the presence of low cloud 1nd1cates the

presence of moderately strong ascent.} Therefore, a

”ﬂqualltatlve comparlson of the areal extenf of observed cloudfhf;ff[
'?i'patterns and vertlcal ve1001ty flelds as computed at the

-@Q louer boundary of the model 1s an 1nd1cat10n that the loverlﬁ'fffe

;i7*b°°“darY °°“d1t1°“ is performlng reasonably well. _[ﬂ&7

e to the reductlon factot and turnlng angle used to obtaln thet7~5



c o din further dlscu551ons as ci -10 20 QO) over sea, land and

: forecast uas observed when r vas varled.; As a result of

u\ & e

R In the prellmlnarY testlng, it vas. found that the ‘

'turnxng angles had only a small ap arent effect in modlfylng

:'the vertlcal veloc1ty fleld and hen e the resultant height

'tendency-flelds.t It uas.therefore dhc1dedrto use a flxed'

- L
set of turnlng angles in all subsequent testlng.- The ch01ce L

:of tliese- angles was - based partlally on the flndlngs of
' Sawyer (1959), -and Greystone (1962),‘and on the summary
e provrded in Petterssen (1956), and partlall&kon the__

rsubjectlve comparlsons of the terraln 1nduced vertxcal

';veloc1ty flelds wlth the-hbserved low level cloud piszrns.

.f. :The angles chosen vere 10° ,200 and 400 (to be abbre 1ated

mountalns respectlvely An exhaust1ve testlng of the effect

P

'of varlatlon of the turnlng angles, employlng many 12 hour 234~7w

"fforecasts, was beyond the sc0pe of thls vork.-n:f5nf$

The reductlon factor T was also tested 1n the sane

;manner as o( and a great varlatlon 1n the accuracy of thef'.

¢

':ithlS testlngl the best reductlon factors for use ln f Qﬂ

hffdetermlnrng the boundary 1ayer urnd were 1 0 over the sea,

”'O 9 over land and 0 8 over mountalns (abbrev1ated

:3ffr 1 0,.9,.8). Slnce the frlctlonally-lnduced vertlcal

'f,veloc1ty 1s proportlonal to the square or the boundary layer f}flf

“’prlmltatlons on’ avallable computer tlme dld not @ernlt the

:“3fw1nd,'and hence tocthe square of the reductron factors, the -f”d”'

7fgfvert1ca1 ve1001ty 1s very sensative to small changes in r.;y;;if»l



3comp1ete testlng of the reductlon factor in 12 hour- \‘%'
forecasts. A fev runs Hlth dlfferent sets of ¢ are compared
1n the folloulng sectlons to 1llustrate the effect of the

reductlon ﬁactor on the predlcted flov patterns.;'

051ng the above set of‘turnlng angles and reduction
’factors, other varlatlons in the lover boundary condltion
were then tested Twelve hour forecasts were run to test
‘_the effects of smoothlng of ‘the terraln, the use of
extrapolated versus 850 mb geostrophlc wlnds in calculatlon
‘vof 033 , and the level at thCh OJS orlglnates, elther ' |
. 'terraln helghtror 1000 mb The results of these tests are '

A\"

;1Llustrated 1n Section 5 3.

In order to obtaln a quantltatlve comparlson of the

'-,forecasts, root mean square (RHS) errors between the

(

;forecast and observed (verlflcatlen) geOpotentlal helght
‘flelds were calculated at the four prlmary forecast levels f

in the model., The standard formuYa for thls quantlty

"'s.

RMS / % F O) <s1>

'ffftvhere Fis the forecast geopotentlal height at p01nt k and

"f'to lG the observed value.. Thls Statlstlc was calculated for

7hf~fthe entlre grld and on the subsectlon of the grld centered

r'lfover Alberta as 1nd1cated 1n Flgure 1 Over the vhole grld

'_?the number of p01nts Vas 483 vhlle over the Alberta sectlon
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it was.dS. - The forecast geopotent1a1 helght and surface

pressure fleld changes at the gr1d point. closest to - Edmonton
vwere also compared vith the 12 hour changes rn those flelds
observed at Edmonton. In the folloulng dﬂscu551ons of theA
"dlffereut runs made'for-Case 1, these statlstxcal measures '
will be compared along ulth the forecast helght and- presfure

‘patterns.

5 3 Case 1 Janu__l __9_7

o,

Flgure 8 shous the ohjectlve aualy51s of the 850 and
:;500 mb geopoteutlal helght flelds at?the 1n1t1a1 time in
h:Case 1. An 850 mb low and 500 mb trough were 1n1t1ally
-mov1ng eastwards across;the Gulf of " Alaska tovard Whltehorse
(XY).j A trough at 850 mb and also at 700 mb (not showu)
”'extended south from the lov to Just west of Vancouver _ |
Island. eA large area of wvarm a1r advectlon extended ahead

- of the 1ow 1nto the southern Yukon, central Brltlsh Columbla

"and 1nto western Alberta..'.~”

In Flg“fe 9, the 1n1t1al objectlve analysls of the ;-'”“'V

4surface pressure fleld 1s compared wlth the surface pressure

N

',Jfleld whlch was extrapolated fron the ob]ectlve aualyses . ’
'aloft f The actual analy51s (top) 1nd1cated that a deep (968

i mb) surface lou ¥as 1n1t1ally present sl ghtly south of the;l"""‘

AT

Jv.p051t10n of the low at the 850 mb level., In the f7§"'ﬁ*

| jextrapolated f1e1d thls feature 1s shrfted northward but 1t

'léfls of approx1mately the same depth as the analyzed cyclone. hf,. -

,-_v\_; 5"",

i, \

-
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850 MB ANALYSIS
. 12 GMT JAN 5 1972

:?{gure_a ' Inltlal 1sobar1c ana1y51s at 850 and 500 mb 1n

~Case 1. 'Geopotential helghtSfare in decameters.

1nterval 1s 6 decameters.

Contour
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_ ?‘MPO[AYED anatvsis L\
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Figure”9.’ In1t1al surface ana1y51s and the 1n1t1al surface
. .pressure field extrapolatea to nean sea level. in Case 1.0
»Pressures are 1n mb. Contour 1nterva1 1s u mb. -

C - . . . s . . . . '." -
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The lee trough extendlng\into Alberta is in‘uuchvthe‘same.

. postion"as that of the'actual.ahalysis. ;The trough off,the
" British Colunbla‘coast, however isda much}more:significant
-r’feature‘in the-extrapolatedfanalysls, probably becauselit ;

reflects the trough analyzed at hlgher levels. The
overempha51s of thls trough in tlie extrapolated analysrs
1nd1cates that perhaps the bogu581ng aloft ‘over the Eastern
‘Pac1f1c may not have been gulte correct In splte of the
Jobv1ous dlfferences 1n the two surface pressure flelds in
the data sparse areas, the extrapolatlon technlgue appears |
to glve a reasonable representatlon of the mean sea’ level

\

‘pressure fleld at the 1n1t1al tlme.-

- The RMS error'between the analyzed and extrapolated
,pressure f1elds was’ calculated uslng equatlon (5 1) 0ver
Alberta, thls error was 3.6 mb vhlle over the whole ﬂap, the
error 1ncreased to 'S. 0 mb These errors are 1n part due to
'the bogdssrng problems dlscussed 1n Chapter III, and 1n partj"
'. due to errors 1nherent in the extrapolatlon technlque.”'lne'r'

' estlnate of the magnltude of the latter errors is’ glven 1n

Appendlx A.

‘The. analyses of the. geopotentlal and surface pressure

l'flelds for 0000 GHT January 6 1972 (the verlflcatlon fleldsah
lnfor the 12 hour forecasts) are shown 1n lgures 10 and 11 .
}The 850 mb ana1y51s 1nd1cates that a 51gn1f1cant change 1n
H”the low level c1rculat10n pattern had occured over Alberta.t&fh

R ]

A sharp trough has been formed the axis of thCh lles rf-
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Flgure 10.”‘Ver1f1cat10n analy51s at 850 and 500 mb in Case:?
1., ﬂelghts in decameters.. ’
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' t/rOugh north central Alberta. In. the 12 hour perlod, the
850 ‘mb helght fa]l at Edmonton (EG)- was 100 gpm. The closed
low 1n1t1ally in the Gulf of Alaska had moved slowly 1nland
'?and fllled by 70 gpm vhile the trough through central
Hanltoba had shifted eastward _ At 500 .mb, the flow’ 0ver L

Alberta sh&fted from northwesterly to west-northwesterly

"‘-w1th the approach and broagenlng of the r1dge lnltlally

'A present through central Britlsh Columblaf' The trough

’1n1t1ally 1n the Gulf of Alaska is no longer present and a;
strong, essentlally zonal flow 1s eV1dent all across the

pwest—central_portlon pfzthe grfd.

“f/f The - extrapolated surface pressure fleld is presented in
'lFlgure 1 along wlth the surface analy51s whlch 1s a ,l”.‘

‘suhjectlve hand analysis of the observed surface press:re‘e'
‘fleld. No objectlve analysls of thls surface pressure fleldl

was attempted.; Agaln lt 1s evldent that the extrapolation

Altechnlgue performs uell w1th a tuln-centered surface lo“ 1n

h,,Alhprta lylng only sllghtly to the northwest of 1ts correct

'prSLtlon.' The depth of this feature has been correctly
extrapolated, as has the strong pressure gradlent lylng ;f':
ialong the Rocky ﬂountalns from uest-central Alherta to i
'hfhsouthern uontana.~ The extrapolated ana1y51s also 1nd1cates Qf

‘the presence of a secondary 1ow south of Vancouver Island.;‘
fThls weak feature 1s apparently assocxated wrth the eyt
hoccludlng frontal wave on the actual surface analysxs, the e

ffapex of wh1ch uas analyzed to be 1n that area.‘A

A : I . Wl



_Flgure 11 Verlflcatlon anal‘51s at the surf
'surface. pressure field extrapo‘-ted to mean. sea

f.the uppecr. 1evel verlflcatlon fle'ds.
Sis. 8 mb Lo : ' '
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S b Comparlson of. Sev 1 Forecast Runs Case 1

" 5.4.1 Suoothing of thehiopographyiaRunS'1&}”13;_1C S

’, The topograph1ca1 fleld used 1n this. study was that _'. h
extracted by Schram (197&) from aerologlcal charts.. thlefavu

‘ .great deal of smoothlng is. 1nherent 1u the extractlon" |
'"technlgue used, the topography 1s qulte steep in many places
'and slopes as large as 8)(‘!0'3 (dlmen51on1ess) exlst.' Prom a h

"'scale analy51s of guasx-geostrophlc motlons, Haltlner (1971)

-fy"

-1ndicafes that the maxlmum perm1351ble slope should be of
pthe order of 1x10~ On the other hand, a- 31m11ar fgfi°
'._calculatlon by Sawyer (1959) of the xatlo Of vertical to
§";horlzontal dlmen51ons 1n orographlcally 1nduced ‘:fpv”gpgﬁf}
gpdlsturhances, suggested that slopes as large as 8x10‘3 are |

-freasonable. In the model used by Greystoue (1962), the

»max1mum slopes of hlS smoothed terraln were as. large as'_”ﬁfni

——

fﬁ7x10— 3, Hlth these confllctlng ideas,‘lt then seens

‘wuhde51rable to test the sen51t1v1ty of the model to the p;f}Y'V
steepness of the underlylng terraln.;z»ﬂﬂﬂ,.

' In thls sectlon, a comparlson 1s made of the 1nfluende

two dlfferent topographlcal flelds on. the forecast One Vt

:fforecast uses the orlglnal topography,}(Run 1A), and a
“TSecond (Run 1B) uses a topographlcal flea whxch 1s obtalned}.
>f:dby means of\a 51ngle appllcatlon of the spat1a1 smoothlng :
t_,operator descrlhed 1n Appendlx B, to the orlglnal | »

"f?topography.ﬁ In a thlrd run, (1C), the boundary layer
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-Vertlcal veloclty uas calculated u51ng the smoothed
;topography but.a% orlglnates at 1000 mb In Runs 1A and
" 18, Cdaxorlglnates at the partlcular topographlcal surface _t”
_used These three runs\demonstrate the 1mportance\of the ;5?
topography in- the calculatlon of - the dlvergence flelds at

‘ZJthe louest 1evels 1n the model. )
- / , . . .

: Flgure 12 shovs the smoothed terraln fleld (converted
h;to preSsure 1n the u. s.- Standard Atmosphere) ih uhlch the

maxlmum terraln slope has been reduced to about 2 5x10’ i' A”

' 7hcomparlson of Flgure 12 wlth the orlginal topograph1ca1 ‘:i

'*:fleld of Flgure u shows that the helghts of some_'peaks' 1n
h'mountaxnous areas uere reduced by up to 50 mb by the -

"'smoothlng operator.}_}ﬂ; _‘QT_,a"

fh In Runs 1A to/1C,‘the boundary layer wlnds were all
~'icalcu1ated through extrapolatlon as descrlbed 1n Sectlon
.'t;dgt;f The turnlng angles;e( 10 20 40 and reductlon faCtors
h‘fr 1. 0,.9,.8 uere used to calculate the frlctlonal component.:i
:.::of Cda The peak values of the total vertlcal velocxty at
:d;the louer boundary at the 1n1t1al t1me vere reduced by up todw

-]_'20% Hhen the smoothed boundary was used but ‘the shapes of

»_giggt;tiei?f,fa‘

Qulte 51gn1flcant dlfferences 1n the forecast

{hethe Cda flelds were not notlcably altered

’ijgeopotentlal helght and surface pressure flelds are appanent

:; Runs 1A and 1B are compared 1n Flgures 13 to 15. fﬁtvif s

d'-comparlson of the 850 mb forecast flelds 1n Flgure 13

xr;flndlcates that hoth runs«tend to flll the Gulf oé Alaska lov 17
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. Figure.12. Smoothed terrain pressure field labelled in mby ..~ ..

;
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<

- and generate a lee trough at 850" mb through east-central'
Alberta.. However in both cases, these tendenc1es are .
underforecast in 12 hours (C'fa. Flgure'10); A 51gn1f1cant
_dlfference in the RMS errors for the 850 mb forecasts over
u:Alberta is lndlcated 1n Table 3 and the most accurate f

'fforecast is obtalned wlth the unsmoothed terraln. Flgure 1u5”

Sy

'Rns ERRORS -~ ~ _FIELD CHANGES

CAsE 1 MAP/ALBERTA e,j;' FORECAST/ACTUAL :
3‘*RqN“_"850 mb- 500 mb. 850 mb 500 mb usL
: 'a(gpm) ©ogemy (gpm) - (gpm) (mb)

- ep - en ----- ---------- ] ---'-ﬁ---"— ----- - -

B 311720/15*' 31/58.:.jf83/-300.,80/35.--26/-1u e
1B 19/36 32753 -W4/2100 52735 =9/
1C o 25/58 2947 =36/-100° 56735 -6/-14 -

Table 3 Root-mean-square (RHS) errors for Run 1

‘calculated for the whole grid. (MAP). and over the 35 point

Alberta subsection (ALBERTA) . Field changes at grid- POlntv_;“*
© 12,14 are compared wlth the observed changes -at Edmonton, .

'<_tA1berta. N g

.'hjcompares the 500 mb forecasts of Runs. 1A andfim;i thle the ¥ f
.;dlfferences between the two are small there 1s a tendency »
:=ffor both forecasts to over1ntens;fy the 500 mb trough as it e

e .
‘Qﬁmoves 1n1and from the Gulf of Alaska. As a result of thls:irfg

‘

'ffspurlous 1nten51f1catlon, the upper-level helght gradlent

f‘$OVer western Alberta was forecast to be someuhat 1n excess

'wffof 1ts actual value., The 1ncorreCtly forecast 4]1f'f??fﬁd*3fe5
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o

;1 at 850 mb 1s approx;mately f Wrrs =

alncrease in “Fl ;V Thus,

1nten51f1catlon Ln the mlddle to high troposphere vas
observed in all runs performed wlth Case 1. aThe~squrces of =

‘thl§ error vill.bewdiscussed belov.

At the surface, both Runs 1A and 1B forecast the
development of a. lee cyclone in north-central Alberta, as
111ustrated in Flgure 15. This feature @s much better“

deflned in Run 1A, and the forecast p051t10n of the lov

- center .Was vlthln about one grld length (200 km) of the

actual p051t10n 1nd1cated in Flgure 11 The major

dlfference between £he tvo runs vas in the pressure change

‘ forecasta1n the 1ee of the mountalns. ThlS dlfference is

1llustrated in- Table 3, vhere the 12 hour pressure changqa
forecast wlth the orlglnal terraln (1A) vas almost double
the observed value, whlle wlth the smoothed topography,

(18), the pressure change vas about one-half of that

| observed R S R '._ e

\
.\\ . ) ] ) TR . R ) o . . ,‘ A K ST e
R . . . . ! . . . s . oGt

Frdm a comparlson of Run 1A and Run 1B, 1t is apparent:;.

that the smoothness of the topographlc surface has a

-,51gn1flcant effect on the formatlon and rate of

'O-

1ntensxfncat10n of the 1ee cyclone in thls numerlcal model.”"

The reason\for thls effect becomes apparent when the naturej?

°f the dlverdémce term at 850 mb in the vort1c1ty equation‘f77:

0

1s examlned ' Th flnlte-d4fference analogue for thls term |
. G
115 Py

and smoothlng of
he terraln v111 resuht 1n a decrease of 603 and an

'i’

efhls term vmll generally tend to G
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 fields for Run 1C are shown in Figure 16. . The most apparent

deepening of the Alberta trough and theﬁsmallfamount of
o, . . ) 9 \ . ,

1

’ decrease in thq lee of the mountains due to both effects and

vort1c1ty productlon vill be reduced If FQ is set:equal

‘.to 1000 mb i.e. 033 originates at the 1000 mT surface,'

>

the vort1C1ty production i. further reducedy

-

The twelve hour forecast 850 mb and surface pressure

features of the 850 mb field are the underprediction of the

R

v‘fillinngf the Gulf of Alaska lov as it_mOVQd inland;ﬂ‘fhe

-surface pressure. field shows no formation of a closed, -
. . . o . . . : [

cyclone in'Alberta andsthe slightly intensified lee trough

‘was shlfted to the north of the p051t10n predlcted in Runs

- 1A and 1B.‘ he statlstlcs in Table 3 verlfy the 1naccuracy

‘ of thls forecast at- lou levels over Alberta. It is of

_ 1nterest, houever, to. note that the RHS error at 500 mb vasi‘

"louer in Run 1C than in elther of the other tvo runs.

Cressman (1963) observed only small changes Ain the‘
)

hemlspherlc predlctlon pattern when comparlsons vere made of]
500 mb forecasts, Hlth cog at 1ooo ‘mb or at P ;,‘A‘}; L

‘p51m11ar trend is noted in the current study at 500 mb. (Table,‘~

K

'3) but at 850 mb and at the surface, the forecast ‘is- qulte

[

”rlnferlor uhen the crude approx1mat10n of Cda g 1000 mb 1s

émployed.n In the cases tested by Danard (1966)4§slng a

T em.

df51m11ar multllevel qua51-geostroph1c model - poor- forecasts

vere obtalned 1n mountainous areas- a. result that 1s ﬁ* °~*

) [ %W

_apparently due 1n part to the fact that 1n hlS model, 31 o

knf
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- originated at 1000 nmb.

S5.4.2 Friction and'Topography: Runs ZAQ 2B and 2¢

In order to determlne the relatlve 1mportance of
frlctlonal convergence ‘and orographic llft ‘in the 12 hour
forecasts, three runs vere made. Run 2A vas a forecast ulth _
'a completely smooth and. flat lower boundary. The boundary |
layer vertlcal veloc1ty 603 vas Set to- zero everywhere over
the grld, and the lower boundary pressure vas set to 1000
wb. Run 2B 1llustrates the effect of the orographlc
component of vertlcal veloc1ty only. CJa uas calculated:
u51ng an extrapolated horlzontal vlnd and ‘the smoothed
t0pography descrlbed 1n the prev1ous sectlgh _ In Run 2C,‘j'
" the full frlctlonal effect wvas 1ncluded in addltlon to the
aorographlc 1nfluence.- The frlctlonal vertlcal ve1001ty '
was calculated USlng the extrapolated ulnd 1n its. unreduced'Al
1form (r 1 0 1. 0 1, 0) and the standard set of turnlng angles 5
_ ci 10 20 4o’ as’ well as the smoothed topography used 1n Run o

'121B. .

ln all three of these runs, the vorticrty fleld was ’

B exp11c1tly smoothed every two 1teratlons u51ng the smoothlng?a

.operator descrlbed in Appendlx B, as compared to Runs 1A 13_}

7:Land 1C where the smoothlng was done ever 12 iteratlons.

Zatmhls was done to see whether aore frequent smoothlng |
: 1

'5;51gn1flcantly altered the forecast flelds or . RHS errors.,

‘ The resultlng forecast flelds are shown in Flgures 17

. . »‘I. .
N .
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. through'zo, and the statistical ccmputationsﬁare summparized

_ RusdERaoas : e"‘f"FIELD'CHANGEs
CASE'ﬁ | MAP/ALBERTA C FORECRST/ACTUAL
RON 850 mb 500 mb ~ 850 mb fssoo mb CMSL .
NI N S
28 42/51 45,73 -63/-100 53/35  =9/-14 .
2B 36/59. 39770 .je28/-1oo $1/35  E5/-14

2 C- 20/492 26)&7 ~,-37,31Q0fv6b735¢v__7/51u

_ Table a "RMS errors'and fieidfChanges at f, onten_forA
Run 2. R T S
‘ - : : . e
in'Table'u;' Dlscu551on wlll agaln center on the 1ow level
' develogment, and a brlef dlscussion of some - of the inltlal

éu flelds wlll be presented f For the sake of brev1ty, a ~3

:~comparlson of only the 500 mb statlstlcs wlll be attempted

“F‘the forecast flow patterns at this 1evel be1ng v1sually

f'llttle different from those of Runs 1A and 1B.f;v

The 850 mb and surface~pressure forecasts for the flat
“5fr1ct10nless boundarj condltlon of Run 2A are illustrated 1n 5'
}Flgure 17.. As 1s to be expected wlth such a poor Hbundary
{rcondltlon, no lee cyclogene51s is predlcted and the steady

| ;Jdeepenlng of the 850 mb and surface 1ow Centers 1s apparent
'; rThe lnland propagataon of the 850 mb and surface troughs 1s f

4 /

"_clearly 1nd1cated Both move eastward a dlstance of 1000 km |

B At
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in the 12 hour perlod whlle the low in the Gulf of Alaska‘
noves very slowly eastward ‘ The forecast surface pressure
'_change at. Edmonton refleCts the approach of the trough at B

the surface and aloft. .ihe RMS errorsffdr thsarun are

ES
&

_‘large and further 1nd1cates that in Case 1, the lower

-boundary has a major 1nfluence 1n‘the dev%lopment of the lov
»lflevel features. ._-Mjf‘f'ﬁ’ - }:, 4] ‘;:'ﬂ '|' ?ifs

Flgure 18 shows the orographlc conponent of the
’terrarn-rnduced vertlcal veloc;ty fleld at the 1n1t1al tlme
'lfln Run ZB, as uell as the Cd fleld at 600 mb At the lower ;i
houndary,vthe orographlc llft lS strongest along the uest
“;coast of Brltlsh Columhla, whlle several areas of subsxdence
'loare ev1dent to the lee of the Rocky Hountaxns through
-northeastern Brltlsh Columhla, southern Alber&a 3nd on the

'huontana-Wyonlng border.s The maxrnum ascent computed at the N

L4

5southern tlp of the Alaskan Panhandle uas about 12 cm s-l

e
>

)

Jf:The sub51dence in northeastern Brltlsh Colunbla had a{?ﬂ,»t?€b;
'-Lmaxlmum value near 3 5 om s*-1 whlle a more 1ntense area«of

L SN

”,sub51dence assocrated wlth the flow off the south coast of
g ST s g

';Alaska had a peak value of nearly 8 cn SJ‘.fh,Viﬁﬁt fflh:h:u‘

At 600 mb, the CA) pattern is typlcal of that observed
"B_ulth all comblnatlons of the lower boundary oondltlon at the ﬁfﬁ

U#Tlnltlal tlme 1n the Case 1 forecasts.g Tne uaxlmun area of

~ . 1

f_fascent over the Alaskan Panhandle 1s a55001ated ulth the SOU"f‘

V;snb trough 1n the Gulf of Alaska.o Although not 1ndlcated in “jjé

7ifrlgure 18, an area of very veak sub51dence was'ln'“

- c L% . q-
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_-Flgure 18., oro raphlcally lnduced dnega field at the o
‘FTsurface‘(boito_) -and’ ‘the -onega fLel;Eat 600 mb (top) for the
y>1n1t1a1‘t1me ig Run 28, At the surface, w=—0 9(0 vhere '4'
- -ig the. Vertlcal veloc1ty ih, cm's-t and W is. the 'vertical
':veloc1ty' in“microbars s=1..  At.600 mﬁ,'w"1;27co hv”~v
Negative values of - W denote scent uhlle ‘b51tive values :
denpte sub51dence.,

-

.
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_850 mb through the term ;f eP

. ffachleved ﬁfFlgure 20 shows the full vertlcal veloc1ty

[f‘Zu' and very strong aséent is 1%duced 1n thiS area.;g,

79
present'over Alberta at thisvtime.Q

In Flgure 19,. the lou level forecasts of Run 2B are

L

‘shoun, and there 1s ‘some 1ndlcatlon of an. 1mprovenent over '
“the f191ds forecast in Run 2A. The 850 mb trough whlch vas -
: _observed to be mov1ng through Brltlsh Colunbla in Run 2B is n
: :now con51derably weakened and a lee trough 1s generated 1n

'“northern Alberta. The rate of deepenlng of the 850 mb 1ow

.,,1s reduced but the tendency 1s st111 of the urong slgn.s,_f'
'fThe forecast surface pattern shows some evldence of theiuae.ic
.'fgeneratlon of a weak cyclone 1n northern Alberta, but the ﬁ"':‘
ffsurface cyclone center 1n the southvestern Yukon 1s the’j@ht”f#
.':domlnant feature. Strong antlcyclogene51s is also occurnng
‘fln eastern Idaho. It 1s assoc1ated v1th the exten51ve area

- of strong ascent {nduced 1n that reglon at the 1ouera,f;ﬁf .

%

‘Liboundary of the model (see Flgure 18).4 This ascent results

f'ln the Calculatlon of a large negative vort1c1ty tendency at

'?when the/frlctlogal conponent of vertlcal veloc1ty 1s

» \.

*iylncluded in Run zc/ a mdbh more reasonable forecast 1s

S OJt+ OJ; at the 1n1tial tlme.c Several featnres are of
”npartlcular lmportance.; The tern oJ{ 1s qultéglarge, as is

“ffevldent from a comparlson/of F ures 18 and 20.; Along the

L

fffvest coast of Brltish cOlumbla, Ja)4 1s of the same s1gn as

: '

-4

'frPartlcularlyanteVOrthy 1s the strong band of ascent 'i;ytf:

S e T e L g .
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_extendlng 1nto the Pac1f1c Ocean south of Shlp aYP.' This.

band is assOC1ated ulth the surface trough and frontal

\
. system i\dlcated in Flgure 9. The vertlcal veloc1t1es are .

West of Edmonton, sub51dence has been enhanced

. Qulte large wlthln thls band,'attalnlng peak va@ues of about
11 cm 5“%\

A\ . -

:by the 1nclu510n of frlctlon., In many other areas, CO{ 1s
B

}larger than and opp051te ln 51gn to cot . Thls is most.

| apparent 1n central Idaho uhere the orographlc llft

lbblndlcated in. Plgure 18" has been masked by the- large

3

fffrlCthDdllY*lhdUCEd subsrdence.'
At 600 mb, the shape of the oJ pattern at the 1n1t1a1
",tlme 1s qulte s1m11ar to that of Flgure 18.A A notable l

- increaseein the mlddle level CJ ﬁleld 1s ev1dent however.,f

At the center of the ascent area over whltehorse (XY), the

i

: peak value vas 1ncreased by . about 30% owlng to the enhanced

T

7Jf'low leVel ascentrd,'fff:ff-{id~:f}d

The forecast 850 mb and surface pressure flelds for Run
| “”2C are shown ln Figure 21 where the effects of the ;f*i'ﬁ '
dh frlttlonal conVergence are clearly indlcated. At 850 mb the
'Q{i&ov 1n the Gulf of Alaska has been completely fllled. 3Ihpfb;:;

W

“ihfsplte of the nearly COrrect helght tendency forecast 1n thrs .

1’yaarea, the formatlon of the 1ee trough 1n Alberta 1s still

1'vv,_j‘no-t; very well handled The forecast 850 mb helght change;ﬂ:

*::‘Edmonton uas much less than the observed value (see Table a

'*:iﬁj The RMS errors over Alberta were reduced from those of

s;Runs 2A and ZB whlle over the vhq}e map, thls re!uctlon was By
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“fotecast at 850 mb and the surface wifhfww
,rog aphy at,the lower bouhdary. ~




qulte large at both 850 and 500 mb.

:,,«,
1

The surface.pressure pattern also shows some

’ improvement. A closed lee cyclone is clearly 1nd1cated
'although the depth and locatlon of thlS feature are not
”gulte correct. /The effect of the change in 51gn of the_;;
-fleld over Idaho 1s also qulte ev1dent, and the ssfong
'ant1cyclogenes1s whlch uas predlcted there in Run 2B has
fbeen greatly reduced ' As well the horlzontal pressure‘
e‘gradlents over the PalelC near sh1p HYP compare qulte'
‘faYOrably v1th those of the actual analysis for the forecast-:
'.verlflcatlon tlme (Plgure 11)\and they are an 1mprovement .

over the strong gradlents forecast 1n Runs 22 and 2B. |

‘“b'

In the three runs descrlbed 1n thls sectlon, the
: 0‘ . i .
1mportance of frlctlon in the development of weather systems~g,

a

near the mountalns is apparent.f In the model, strong

tiwfrlctlonally 1nduced‘escent along thé vest coast of Brltlsh'

v-}Columbla comblned Hlth weaker ascent aloft results in the

-

‘ v
generatlon of antlcycionlc vort1c1ty at 550 mb and the

approachlng cyclone fllls.i There 15 houever, a detrimental ;v'l

3 effect at 850 mb in” the lee of the mountalns. : In Run 2c, /

the generatlon of anticyclonlc vort1c1ty due to fr1ct10na1
&

ascent at the lower boundary prevents the prOper deepening
of the 850 mb trough and surface cyclone 1n northern e

Alberta.. Thus a Sllght adjustment to the frlctronally-1f¥F~»E'

k]

livlnduced o) fleld 1s ne%essary, and thlS 1s accompllshed bngVf

\



’"“they both employ an unsmoothed topograph1cal field and

‘;‘lS one of the vorst at upper levelS- wf:rdzlhd"_' "4

84

boundary layer is parametarized. S ‘ .

‘s

' 5.4.3 Spall Frictional vertical Velocity: Run 3
o o® : R .

G (

In this run, the 1mportance of the magnltude of: the.

©

'frlctional convergence in the numerlcal model is further.
demonstrated.. In the calculatlon of'oo§ the turglng
angles ES 10,20, uO and ‘the; reduction £ ctors r:.5,.2,.2'
were used ulth an extrapqiatZd horlzontal wlnd at. theﬂ}ower b
boundary. In add1t10n,.the unsmoothed terraln was used andff

”;~the vertlcal velocxty at the lower boundary orlglnated at
thig ;%rraln surface. o d.t '3'--" . _;: "; e
The forecast 859 nb and surface pressure flelds for o

thls run are shown 1Q\F%gure 22 and the statlstlcs are

~

‘llsted in Table 5 Theseq@tatlstlcs are compareﬁ Vlth those

Ay
of Run . 14 51nce the two runs are 51m11ar 1n tﬂe sense that
! o

‘

,,'dlffer only in: the amount of frlctlonal convergence at theJ’“'
}lower boundary. Run 3 1s of 1nterest because 1t 1s the

"‘worst low level forecast of any of the rugs attempted and 1t

Tow0 -

LU

At 850 mb the Iow in- the Gulf of Alaska has rapldly

'7§ deepened in, the 12 hour perlod whlle an aso°mb trough was

VTLfeature vas too rapld as 1s ev1dent 1n t

Hformed ov%r Alberta,_the rate of 1nte ; 1nhof thls B

'ueld'change B

',7?forecast at Ednonton. The surface pressure'é%recast is a

&_ l

J':reflectlon of the 1naccuracy at 850 %h | The;leercycloneiuasv‘f
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"generatéd in approximately the correct p051t10n but 1t was
" a - i : .
-forecast approximately 27 mb too deep. A slmhlaE error in

\

the forecast of the pressure chAnge at Edmonton is. 1nd1cat%d

: Al

. : l L
in Table 5. +When these statistics are compared a?th those

~of Run 1A,.the\d1fferences\3re qu1 e 51gn1flcant Thus it
' ) )

' RNS ERRORS. . FIELD CHANGES
- CASE 1 MAP/ALBERTA | FORECAST/ACTU&L.‘
RUN? 850 ab. 500 mb, .850°mb 500 mb . MSL
(gpm)  {(gpm) * = c(gpm) - - (gpm)  (mb) -

3 47,70 3766  -124/- 1oo 55/35 =35/-14

1A 2016 31758 ~83/-100 80435 <26/-14
) . . o . '
e . v BRI ( 4 .

. . RN
e d

Table 5. RMS errors and,fleld changes at Edmonton for
Run 3 compared wlth those of Run 1A.° R e

is apparent that fr1ct10nally~1nduced ascent plays an
1mportant role in the rate of 1nten51f1cat10n of cyclones.
If ‘this’ ascent is not large enough to oppose the orographlc

‘sub51dence 1n the lee of the mountalns, whlch in th;s TUn 1s

L qulte Large u1th the unsmoothed terraln, there is generallx

"5strong vort1C1ty productlon in the lee of the mountalns

7resu1t1ng in the 1ntense cyclogene51s observed

. N . . - . - - . . .
. . . : . . ) - R . L .
o
N
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4.4 The 850 mb Wind in PBL Computations: Rup 'y

In all of the forecasts descrlbed to this p01nt the
/

horizontal wind ysed" in thé lower bOundaLy layer

<

,calculatlons vas obtalned by exggapolatlon from the upper

#

level elght fields. In thls sectlon, the results of an

experimsdat are descrlbed in thch the 850 mb geostrophlc
_wind was used 1n the PBL. '-In Run Q the turnlng angles and
| reductlomvfactors were‘adentmcal to those of Run 1B, and
'"31nce the smoothed topography was also employed, Run Q Vlll
be compared with Run’ 1B to 1lhustrate the dlfferences vhlch

A
occur in the numerical predlctlon vhen tuo dlfferent

>

'boundary layer wlnds are used
: e

. . . '
Flgure 23 shows the 850 'mb and surface pressure flelds

‘forecast in Run 4., The low at 850 mb was moved 1nland 1n a.
correct manner but the rate of fllllng uas quite slov. “The |
troughlng over Alberta was vell deflned at thlS level but
it was sllghtly underforecast both in terms of the magnltude
" of the helght changes at- Edmonton as well as the sharpness
of the Alberta trough At the surface athe lee cyclone 1s

well-organlzed and 1t is forecast within 3 or u mb of its

<
*

observed depth However, the posltlon of the center 1s }‘ﬂ

about five hundred kn northwest of the correct p051tion.' .

eﬁhen the statlstlcs are compared wlth those of prev1ous-
runs, ;t is seen that overall Ruh 1 produced the best
forecast vith one notable exceptlon at - 850 mb over Alberta._'”'

'At both 850 and 700 mb (not shown), Run 4 exhlblted the
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. be zero in. thlS model

RMS‘ERRORS

‘CASEV1" NAP/ALBERTA
“RUv | 850 mb S00-mp

(gpm).  (gpm)"
Y 55}32"'
-a1.§7 19/36 32/53
Tabieﬂ6.

Q vﬂp_' \Q

'
' ’ 4 l‘ ~

“alowest RMS e€rrors over the whole map whlle at 500 mb the'

o -4uy-100

. PIELD CHANGES

FOREcAST"/IAQTb‘AL{

850 mb 500 nb HSL
_(gpm) . (gpm) - (nb) |
-63/-100 5535 =12/-14
52/35.”}19/-1u‘-”“

RMS errors and fleld changes at Ednonton for :
Run 4 compared with those of Run 18. »

R A

.error was the second lowest over both Alberta and the vhohg"“

hmap.p

at Ednonton uas also achleved wlth thls run.»

.-

These

statlstlcs are someuhat surprlslng because it was not h

expected that an 850 mb wlnd would prov1de a’ good

_approx1matlon to the PBL Hlnd, except perhaps 1n the blqher

mountainous areasr

however the dlfference 1n the forecasts"

’::'1s llkely due to the fact that the extrapolatlon was to‘

f

The best agreement ulth tE”\observed pressure change,:_x

terraln helght 51nce the thlckness of the PBL 1s assuned to’ 3

A model formulated wlth a boundary_.,.l

frlayer of some flnlte thlcknessvmlght be expected to yleld a,rp

. better forecast._'”'\'

-

' -statlstlcs and glves a low

"el forecast vhlch is”

Slnce thlS run appears to gznerate the best set of

"reasonable, the lower boundary condltlon used in Run u is

W4 L 1
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'forecasts done on Cases 2 and 3 and the. sourCes of these

two forecast runs are shown 1n Flgures 26 and 27.A‘The

,'~2A.

1';prom1nent feature at:850 mb was the/closed low near the )

'”Queen Charlotte Islands uhlch was movlng rapldly

[ - RN B .' ‘_ “ . - 7‘: a ) . . 90 .l

\ \‘:

tested 1n Cases 2 4nd 3 and the results are descrlbed below.
In all the runs done on Case 1 systematlc errors vere ﬁf"

apparent as the model over-lntenslfied the 500 b tggugh and

| tended@;o dlsplace the low level features somevhat to the t?

north of the correct pOSLtlons whlch are 1nd1cated 1n

Flgures 10 and 11 Slmllar errors were noted in the

™.

'errors are dlscussed in Sectlon 5.7.

" ‘ . ’ ‘ ) \"‘ ‘_>>
RS N . N / . \

)

The ana1y51s of the 1n1t1al and flnal condltlons for

{

»
: thlS case are shown in Flgures‘Zu and 25, and the results of

AR SR

'“Table 7. : Two runs vere attempted for each of Cases 2 and 3

to show the dlfference between two dlStlnCt sets of lover

.boundary condltlons Run 1 1s a forecast vlth the full
'-louer bOUndary condltlon as tested 1n Run u of Case 1 and

Run 2 has the flat and frlctlonless (31mp1e) boundary of Run :

v

Flgure 24 sho s'the 850 and 500 mb analyses at the ")"ff'

“oilnltlal time 1n Ca e_2 (1200 GMT March 1972). The.'"'

- northeastward at that t1me.~ Thls feature _was assoclated

.“

2

-

L3

'statlstlcs generated from these forecasts are tabulated in
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with a 500 mb trough and low initially orlented along

longitude 140° H. Wlth the westerly flou présent over the
by .
ARocky Hountalns, there is some: 1nd1cat10n of the presence rf

14

'a lee trough at 850 mb, extvndlng from Edmonton to east of

Great FPalls (GTP) and thence southeastward through central
. j _ S
‘-Ryomlng. L ' LT e | . .
Lo . R . ) . g ’ . r -. o
: 1

In the followlng tvelve hour perlod the 850 mb lov R
~cont1nued mov1ng east—northeast to 11e on’ the Alberta
Blltlsh Columbla border as shown in Flgure 25 The shape of“

u

'thls low. and “the assoc1ated trough became elongated wlth the
hmajor axls of. the trough extendlng from southern Alaska |
»through ves t= central Alberta, and thence essentlally along.-
.the lee of the mountalns through eastern Wyomlng and

| Colorado. The posrtlon of a trough uhlch h&d extend@d sduth]

l5j~of the 1n1t1a1 850 Bb low, remalned flxed durlng the penlod
vhen the low moved 1nland ' At 500 mb the southern sectloni
of - the trough swung eastward through about go of longltude
.whlle the northern portlon of the trough remalned flxed.,\»f

_ Both the 850 and 500 mb lous deepened sllghtly 1n the 12

‘hour perlod

The 12 hour forecasts of the 850 mb flelds for the full;f“r
. and s;mple lower boundary condltlons are shown¢tn Flgure 26.51'
ixIn RUH 1. the overall appearance of/the forecast patternﬁisff-‘f

:‘dgqulte 51m11ar to the actual verlklcatlon fleld of Flgurer24;l

- v

r

il;The p051t10n of the lou center vas about 200 km north offifsiﬂih

”fqbserved poslt1on,gbut the orlentatlon of the trough wasbi R

N



e

SIS
Figure 25.
" 500 mb. .

Y

300 M8 ANALYSIS.
00 GMT MAR 6 1972
[ and .

[ B50MBANALYSIS -

. QOGMTMARSTIP7Z- - Y LT

: ’“ ‘ o s -—" K\:"

~Analysis at ve

Pl e

rification time at’'850 mb-and at .

“

S N O S Ve

v




CASE 2 v
.850MB FROG VA
RUN} ‘ 3

Me%

S Ll case2 -/_—',_\:so.

v 850 MBPROG -l /\ o :
. RUNZ N : »:
‘ ; PR ok f‘”-'" f : et
"Figﬁfe‘éé 850 mb forecasts Wlth full lowgr boundary f’.
.“'co‘pdltlon (Run 1) and flat frlct:x.onless boundary condltion
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‘ gULte similar to- that of Flgure 25 This is-in contrast to
[ 4

A’the pattern forecast in Run 2 wrth the flat frlctlonless
boundary condltlon dlscussed in Run 2A of Case 1. Wlth no

orographlc or frlctlonal 1nfluence present, an essentlally
* N
circular low vas forecast to move . 1n1and at a much slower

Speed than that observed As uell, the trough south of the
low was forecast to nove in and wlth the 1ow 1n Run 2. . In
Run 1, frlctlonal ‘and’ orographlc ascent comblned to weaken u

‘ﬂand slow ﬁhls feature 1n its passage through Hashlngton.. A

~ .

‘weak rldge vas. malntalned along a llne through the Alberta-'

Brltlsh Columbla hbréég{and south.through vestern Montana.

The forecast depth of the 850 mb low and the 1nten51ty,

& of the clrculatlon were qute dlfferent 1n Runs 1 and 2.

While the 850/ mb low vas deepened in- both runs, the rate was
‘

not as large i Run 1 as in Run 2. The observed deepenlng "

/

of the center vas only 10 gpm whereas in Run 1 a fall of 60,
3gpm was forecast Wlthout the presence of lower boundary
effects to prov1de a control on the deepenlng fate, a change"

f
1n depth of -140 gpm was forecast in Run 2

The 500 mb forecast of Run 1 is shown 1n Plgure 27 and'

the statlstlcs pertalnlng to thlS case ane glven in’. Table 7 j“fﬁ

The error 1n the 500 mb geopotentlal pattern reflects the

/ﬂ fact that the speed of the trough and 500 nb low uere

2

T’forecast to be too great.5 Hhen Flgures 27 and 25 area-f

compared 1t 1s seen that the southern portlontof the najor ffj{
) iSOO mb trough was moved -a dlstance of 12° longltude 1n 12
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: 570
CASE 2 -

500M8 PROG
RUN1

Figure 27. 500 -mb forecast with full lower boundary

condition. : T L R
7’ :
-~ RHS ERRORS - | AFIELD'CHANGES
. !
CASE 2 . HAP/ALBERTA R FORECAST/ACTUAL L

RON. 850 @b . 500.mb 850 mb 500 mb. NSL.
(gpm)  (9pm) . (gpm) -y - (gpm) ,1 4@p)4.

‘;;-' .1 2083 27753 .-121/-117 -59/-31 =16/~ 156,4
T uq/jd".39/7u , S1717-117 -su/-31 -27/-15

Table 7. RMS errors and fleld changes at Edgpnton for B
- the full and 51mple lower boundary condltlons of Case 2. °

‘  / ;”_

uz_y»wx¢::-‘““”g _ ;,-_.;,;.¢ ‘; '/J~’
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hours or 50% faster than the.actual speeg As wvell, the.lou
was forecast to deepen by 50 gpm 1nstead of the observed 10’
;bm. A 51m11ar érror in the 500 mb fleld over Edmonton is
indicated in Table 7 wvhere the forecast change vas. I
approx1mately tvlce the observed When the statlstlcs for
Runs 1 and 2 are compared at low levels, 1t is seen that a.
much better forecast, was achleved wlth the full lower |
“boundary condltlon.. In fact the large 850 n®- helght and
surface pressure changes vyere almost perfectly forecast in

Run 1 With this lower boundary condltlon, 51gn1f1cant

skill is’ demonstrated.

5.6 Case 3: April 27, 1974

The synoptlc srtuatlon 1n thls case dlffers
51gn1f1cantly from that of the other two cases, andhln
contrast to Cases 1 and 2, only sllght changes 1n the
"weather patterns occured in the 12 hour forecast test ,
perlod | The analyses at the 1nit1al tlme (0000 GHT Aprll
27,>197u), are shovn in Flgure 28 0ver the central portlonl
;of the map, the c1rculat10n at 500 mb was domlnated by a
closed 1ow, the center of whlch vas nov1ng slowly eastvard
‘acrpss Oregon and Idaho through a- dlstance of approxlmately
.:300 km- 1n 12 hours. As thls feature began to cross the

) s
'Rocky Mountain chaln at the tlme of the analy51s of Flgure

o

.:'28, the center appeared to accelerate and by the end of- the

”'112 hour" perlod 1t vas: located 500 km to the nbrtheastras
: , . R T ,

. O
v e



500 mB aNALksIS
00 GMT APR 27 1974

" €50°MB ANALYSIS
00 GMT APR 27 1974

Flgure 28. Geopotentlal analy51s at the 1n1t1a1 tlme at 850
mb and 500 .mb for Case 3
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Geopotentlal analysls at, the verlflcatlon tlme
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shown in Figure 29.

At low levels, sOuthern Alberta wasﬂexperlenc1ng heavy
snow and strong/wlnds vhich may be partially attrlbutahle to
the .presence gf the trough at 850 mb 1n that are&" The low -
center shown at 850 mb i Flgures 28.and 29 had formed s
several'hours prior to this analy51s tlme, and 1t did, not
~ move apprec1ah1y,1n the 12 hour perlod‘of thls study. Hith‘
the approach of thef 00 mb low howeuer, the veak trough &$\
analyzed to the west of the 850 mb low becanme’ qulte sharp in
12§hours. ThlS 1nten31flcatlon, comhlned wlth the strong

upslope gradient through southern Algzrta at all levels, was

largely respon51b1e for the severe veather experlenced..

, : o ~ 4
The - results of two forecast runs are Shown in Flgures'
30 and 31 and the statlstlcs tfe sumnarlzed in Table 8. 'The

‘same: sets ofvlower boundary-condltlons vere’ tested in ;Lse 3
' ' ».
as 'in Case 2. 1In Flgure 30» the two’ 850 mb forecasts are

'conpared' Run 1 wlth the full lover boundary condltlon
-ishows a sllght fllang by 30 -gpm. of the 850 mb 1ov.f ?hé -

'sharpenlng trend of the southern Alberta trough is

i 1ndlcated ,and thlS is sllghtlywmore pronounced than that
‘forecast by Run 2.. In Run 2 the 850 mb low was deepened by -
f3() gpm,and_th center of the low was shlfted westward,,.‘;
*closer:to_thee;%o mb low center. ;“" S
: o e _ o 7( RS S

The resultskof ‘Run 1 are shovn in’ Flgure 31 At 500 mb

b

7the motion of the low center vas forecast vell. Althougb

' the speed of movement of the low vas sllghtly less than that '

N
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) CASE 3.
500MB PROG -
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!

“Pigure 31. 500 mb. forecast with ihe_fullfioier:bOuﬂdary‘

i

i
B

_ \€§ }

condition. ' o -////

R@§5r33035~'-v'““ - PIELD CHANGES i
CASE 3 HAP/ALBERTA ' FORECAST/AGTUAL

---_—q ——————————— q--—-—---—--—--d--—-—---------—b

.. RUN 850 mb 500 ®b ' 850 mb. 500 mb. MSL
/9pm) (gem) T (gpm) (gpm) (mb)

© o omipns asom oo e e e

| _1"- 1u/13 | 17/12 20719 ’-16/—10 7/5'

| f2'}l-19/35w.»15/22.'.'-39/19‘.-~39/~1o '-5/5

Table 8.. Rus errors and fleld changgs at Edmonton for

.. the full and 51mp1e boundary condltlons of Case 3.

P
I

BN RO w
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.observed the deepenlnq‘gf 40 gpm comg)res well ‘with the '

observed deepenlng of 30 gpm. In Run 2" (not shoun) the only

major dlfference was that the low was forecast to. deepen by

'over 70 gpm durlng the same perlod.

A comparlson of the Statlstlcs in Table 8 shows much

._the same trend as that of the other tuo cases. wlth the |
full 1oyer boundary COﬂdlthD, actual 1nten51f1cat10n is
:somewhat reduced at all levels. . At 850 mb over Alberta,
thls resulted in a reductlon of RMS errors by OVer 60% uhe@\
compared to Run 2. At 500 mb Run 1 agaln gave a better

~lforecast over Alherta than dld Run 2, although over. the

- ~whole map, -the flat frlctlonless lower boundary condltlon hj,

-”gave a marglnally better forecast ’ The fleld changes at
_Edmonton vere handled extremely well wlth the full lower

Jhboundary condltlon (Run 1) but qulte poorly 1n Run 2 vhere

~Ahe wrong trend vas forecast at. low levels. -l‘»5>"\ 7«55“g‘

Y

@ ..

| In these statlstlcs, one. of the most apparent‘features
- is the fact that the RMS errors are generally much snaller a-:
-irthan those of Cases 1 or 2., Thls may be partly due to the
"?‘better analy51s of the 1n1t1al condltlou of Case 3 provzded
~l,.by the CMC objectlve analy51s. Hovever the maJor reason foW‘-
{ ;Othe small error uas that only a. small 12 hour change 1n the
”ffueather systems occured and‘no rapld movement or | i |
'{flnten51f1cat10n of the weather systems was ohserved
rhe’results of thls case verlfy the results noted above

f'h'ln the\testlng of Case 1 It is agaln evident that the
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N
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prediction.  The partlcular boundary Condltlon used 1n Run

1, wlth 850 mb geostrophlc wlnds employed in the boundary ,@

layer computations, 1s a parapeterlzatlon whlch_prov;des an’

accurate 12 hour forecast.

in the Hodel

5.7 Sys tematlc Errggg

!
-

One of the most serlous errors 1n the model vas th )
1naccurate forecast of the upper level 1sobar1c flelds T
ThlS error was Iargest at JOO mb but in Case 1 the 500 nb
error was also of some 51gn1f1cance.. thle these flelds

themselves were not of 1nterest in thls study, errors at‘

these levels appeared to be the cause of systematlc errors

at lower levels.- Hhen the 300 mb forecast flelds were

analyzed the presence of a’ small amplltude vave pattern of
short wave length (2 or 3 grld lengths) was note& ThlS

pattern was most evldent 1n Case 1 but vas also pre&ent wlth

v reduced amplltude 1n Cases 2 and 3 There vas a very sllght

The ampllflcatlon of the ‘wave pattern Ulth t1me lndicates
Q

that sbme form of computat10na1 1nstab111ty may have been

e present 1n the model...:

“Hhen RMS errors at 300 mb vere computed,_they vere

1
observed to be much larger thah the error calculated at

» 1ouer levels.. In the runs of Case 1 the Ras error over the

3 ‘.v'.-.
whole map ranged between 70 and 90 gpn, uhlle over hlberta ~;'

A

-lower'boundary condition has atmajor influence on numerical :

e
»

'1nd1cat10n of a s1milar occurrence at 500 mb in all cases.dgﬁh
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'thls error increased to 200 gpm or. hlgher in many of the
runs, For Cases 2 and 3 the.RuS errors vere much smaller at
300 mb dropplng to around 80 gpm over hlberta in Case 2 and.

to 30 to 40 gpm 1n Case 3.

I:

To estlmate the effect of large errozz at 300 mb in thek
trapolatlon A

| extrapolated surface pressure fleld )} the

' program vas tested on real data. It vas observed that the
1

’}_dlrect effect was essentlally below detectlon and that

.-y

changes in the 300 mb helght of 200 gpm resulted 1n a changef

s .

| 1n the extrapolated pressure of - only 0 5 mb Thus -even

"though ‘the 300 mb fleld»may be 1n serlous error, the surface..

-~

r;pressure field 1s not dlrectly affected by thls.wj'

\yr-;
i |

"‘ﬁif, Errors 1n.the geopotentlal.flelds at lower levels are
1nduced by the errors aloft because all levels of the nodel
h»lare related?through the omega f1e1d Because of the 1ntense,f
.spurlous wave pattern 1nduced at 300 mb large vert1ca1 A}
;‘veloc1t1es are generated at uoo mb through the solutlon of
:the omega equatlon.j Slnce thlS fleld 1s lnfluentlal 1n
dbarocllnlc development at 500 mb through the dlvergence term;‘h
:-of the vortlclt;.eguatlon, the error at 300 mb eventually |
';propagates to 500 mb and perhaps even louer wlth time.prnfzjfr
A";Case 1 for example, the 500 mb trough overlnten51f1es A§~ttfijh
'moves 1nland Thls occurs because of an 1ncorrect forecast;f;;
:f»of the hlgh level OJ flelds, apparently caused*by errors ;ﬂfd
A.at 300 mb Slnce the maJor region of 500 mb error was over;lly

7¢the southern Yukon, there 1s a tendency for the
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extrapolation of .an area of artificially fi

.
-pressure in the

A

_northern‘portions of thefgrid., Hence~thexsurface lee
cyclone and trough tended to be systematlcally shlfted;.

orthvard in Case 1, in Splte of a qplte accurate forecast
at 850 mb o f ’ji,' | |

There are tuo p0551ble reasons for the lnstablllty at

\ ~

300 nb. A careful examlnatlon of the 1n1t1al 300 ab fleld

'_generated by the objectlve ana1y51s program 1n Case 1 showed

that a strong vlnd jet of 78 m s -1 vas located dlrectly

‘-above the 500 mb trough in the Gulf of Aiaska.‘ Prom a

“:QspeC1f1cat10n of the lateral boundar

-

| con51deratlon of the radlosonde statlon reports of . the

h300 mb wind as well as. the CHC 500vmb analy51s 1n that area,
- a wlnd of thls magnltude appeared to be about tuo tlnes too
'“~large. Thls dlfflculty wlth the analy31s is belleved to "-
A_.have been caused by the 1nab111ty to prov1de good 300 nb
;bogus data 1n that reglon.' Hlth the CFL condltlon (equatlon
u 10) barely Satlsfled at the 1n1t1a1 tlme,‘the jet may

"strengthen to the p01nt that the stablllty crlterlon is
' fiv1olated.l Thus, analy51s errors at the initial tmne, ;uihh?f;
FCau31ng 1nstab111ty to be 1n1t1ated, nay be one reasonbfor
the large error at 300 mb aud therebytfhe contanlnatlon of :5“

=f'the forecast at lower levels.

A second reason for the errors at 300 mb 1s the

y condltlon for the ‘
gvort1c1ty equatlon. As Charney et al (1950) orxglnally e

»ftlndlcated, a suff1c1ent cond;tlon for the solutlon of the

(‘:’."'. -
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vortidi ty equatlon is that the. helght fleld be spec1f1ed on
al} lateral boundarles and the vort1c1ty fleld on the 1nflow
boundary. In the. model used 1n this study, the VOIthlty is
specified on all lateral boundarles, 1nclud1ng the outflov
vboundary, by means of the observed vort1c1ty change (as
- obtained from the observed helght change) over a 12 hour“
perlod Thls change is assumed to be 11near wlth tlne and
on the outflow boundary, an 1nconsrstency results uhlch can'a
‘be descrlbed in- terms of a mlsmatch between the vort1c1ty

S
: \belng advected towards the boundary and the NOIthlty belng

3Q-kcarr1ed through the boundary bY the boundary condi 1on. ‘The

;7‘result of thlS mlsmatch 1s that the vort1c1ty not caréied
through the boundary is reflected back 1nto the grld at the
outflov boundary.‘ This’ phenomenon 1s descrlbed by Shaplro '

:and o' Brlen (1970) who glve an example 1n which such a -

bmlsmatch causes the fornatlan of large amplltude n01se ln_ffd'

1

the vort1c1ty fleld at the outflow boundary.i In a paper byf"

Fennlck (1973), several experlments were descrlbed 1n whlchlf:
';:such a reflectlon caused the generatlon of two grld length o

L oSc1hdat10ns 1n the helght and vort1c1ty flelds.;'h_ﬁfff"

5 : . ’\s,f

Thus 1t appears that the osc111atlons obsérved in the iff
. S

'p309 nh fleld 1n thg forecasts of thls study nay havocﬁhen.*:in
h{l&aused by,an 1ncorrect spec;flcatlon of the outflev houndary

*r;condltlon.‘ At 300 mb the v0rt1¢1ty advectlon 1s large :157”7

v

:fbecause of the strong gradlents present at that leveh wlth

'T,the result that the reflectlon problens are nost pronounced

"’F

::fat that level.gn_ [,:rr””
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There are seveDAI'methods vhereby tlhese problems are
»eliminated }the best belng a Lagranglan advectlon scheme
, descrlbed by Shaplro ‘and 0! Brlen (1970) in whlch the
‘vort1c1ty on the outflow boundary 1s spec1f1ed to be thatv
advected by the model. ‘The alternatlve 1n most models is
‘Vthe use of spatlal smoothlng to ellmlnate the reflected
‘_n01se.. Although smoothlng was used in the current study, 1t
'rdld not appear to be suff1c1ent to remove the n01se
“completely The smoothing was applled to the vort1c1ty
field rather than the geopotent1a1 faeld and thls also nay
have been a mlstake? Hovever further testlng of solutions
td This problem were beyond the scope of thls study.
rtalnly 1f thlS type of model were to be used for extende&
length forecasts, an {7;rovement in the spec1f1catlon of the’
'clateral boundary condltlon vould be necessary.w It appears

that -an - advectlon schene for the outflov boundary could Q.7

IR S

sufflce.‘
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 CHAPTER VI

I summary amp CONCLUSIONS .

A'four-level model of the atmosphere was fornulated in

L

vhich the qua51-geostroph1c vort1c1ty and onega eguatlons ”“
‘ jvere solved to obtaln short term predlctlon oﬁ atmospheric

T motlons over Western Canada. These eguatlons, wlth pressure

- as the vertlcal coordlnate, vere- solved nunerlcally on a

.G

grid encompa551ng Hestern Canada, the Yukon, parts of the

Northwest Terrltorles, Alaska, the Eastern Pac1f1c Ocean and
| the northwestern Unlted States._ The grld p01ht spacing vas
' a
200 km.l To ensure non-llnear computatlonal Stablllty, it

N

was found necessary to employ the Adans-Bashforth tine
- Stepplnq procedure wlth a step 1ength of one-half hour.,.w
f]*Three synoptlc 51tuatlons were chosen ln which some degree

of cyclogeneslé‘ln the lee of the Rocky Mountains had

Jf occurred 051ng an objectlve analy51s scheme, the data uere.fo

‘4

analyzed at 850, 700 500 and 300 mb for 1nput in the nodel.
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The data ¥ere obtalned from the Northern Hemlspherlc Data |
‘Tabulatlon summarles for the first tvé cases, bogus data :
belng 1ntroduced 1nto the objectlve analy51s program in the “/
data sparse reglons of the Eastern Pac1f1c.: In the third ;o
‘case, the initial data cons1sted of ‘the output of the-
objectlve analy 5 program used by the Canadlan .;_
Meteorolog1Cal Center 1n Dorval Quebec. ThlS data was

1nterpolated to the grld used in thlS study from th%g

s -

°'hemlspher1c gr1d data employed at cuc.

Twelve hour forecasts were computed for each of the

three cases in order to test dlfferent parameterlzatlons of
the lower boundary condltlon. Extensrve testing of several
. types of lower boundary condltlon vas carrled out on Case 1
thlle 1n Cases 2 and 3, only 11m1ted testing vas done to
1ver1fy the results observed 1n the forecasts of Case 1., The
vertlcal veloc1ty at the lower boundary, 603 v con51sted of
orographlc and frlctlonal components, calculated u51ng.thevr

‘wlthln thevmodel.» In the calculatlon”off

geostrophlc u1'
the friction 4 component of 603 ’ the geostrophlc v1nd_uas&
modlfledﬁto 51mulate the vlnd near. the bottom of the A
..planetary boundary layer.a Por purposes of comparlsonf"
'lhforecasts were' also computed vlth a flat, frlctlonless lower>7

boundary where the vert1ca1 veloc1ty vas zero.».

Vertlcal ve1001tlés 1n the boundary layer were
:s,’calculated usigg two dlfferent 1deallzed terraln surfaces

- wlth d1fferent amounts of smoothlng.> The vettlcal veloc1ty
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_vertlcal ve1001t1es had to be qu1te 1arge to obtaln an

111

AY

AN

vas assumed to originate at the terraln surface but for

'comparlson #a forecast was. computed in whlch the vertlcal

’ .

weloc1ty was assumed to orlglnate at the 1000 mb surface.

In érder to obtain a guantltatlve assessment of the many

: forecasts, a root-mean-square error between the forecast ~and

the verlflcatlon flelds wvas calculated. 6 As well, the
forecast changes of the'%%opotentlal helght and surface
pressure fields near Edmonton, Alberta vere compared Hlth‘

the observed changes at Edmonton.

It vas. found that the pressure level a; vhich the pl@
i

boundary 1ayer vertlcal veloc1ty 1s assumed to orlglnate is

;o
-important 1n the numerlcal model. leferences in the

‘smoothness of the terraln field: resulted in sllghtly

different forecasts. A more accurate result vas achleved 1f

the max1mum slope of the tepraln vas reduced and small scale"

'F1rregular1t1es 1n the terraln were removed by spatlal

»

,smoothlng. If ‘the boundary layer vert1ca1 velocity

orlglnated at the 1000 mb surface, the forecast OVer Alberta

'deterlorated notlcably.

A forecast run w;th only orographlcally-lnduced

_vertlcal veloclty at the lower boundary vas ‘shown to exhiblt

‘e

' comparatlvely 11ttle sklll whlle 1f frlctlon was 1ntroduced n

;a much more accurate progn051s uas achle ed Prlctlonal '

K, B

1\

oaccurate forecast.’ Thus 1t appears that frlctlonal effects'

) e

‘.are at least as 1mportant as large scale orographlc llft and:”‘
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subsidence, in governing the behavior of veather systenms

near. the Canadian Rocky Mountains. This is in broad

agreement with the,results of Newton (1956), who found that _

frlctlon is the dominant factor in the flrst few hours of

lee cyclogéne51s. In the current model, the absence of any

-

(frictional or orographic éffects results ‘in a poor forecast.

Tt appeared\that the\use of an 850 mb ge ophic wind,
rather than a- wind extrapolated to the lowe boundary,

resulted in a sllghtly more accurate forecast It is

‘probable however, that nore extensive testing of the

extrapolation techuigue,'and w:proved parameterization of -

'the frlctlonally-lnduced vertital veloc1t1es should result

in the attalnment of yet more accurate fogecasts.‘

‘This study has demonstrated that some aSpects”of'tbe o
AR

. ”iee cyclogenes1s process can be successfully dupllcated wlth

a multl—level qua51-geostroph1c model. In- forecastlng the '

lee cyclone, 1t is of utmost 1mportance to fornulate a lover
boundary condltlon 1n Uthh frlctlonal effects are properly_:

parameterized. Mlddle to upper tropospherlc flow as vell asf'

that at, lowest levels is modlfled if boundary 1ayer effects

are properly taken 1n€o account ‘i?ﬁ’a
T _' s
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APPENDIX A

THE AITKEN POLYNOMIAL .

- )

leen the set of n+1 poxnts {x.)f(x )} {x” {(x )} ,,,,,}
{‘x,,, -f-(’x,,)} the n'th order Altken opolynomlal Bblch '

mterpolad:es thls set 1s deflned by. '

3# -7‘”5 g_1i€?5é%j11EM;;* xh—x V v ““f,ff

Ol--c m<1h 'x' n

f‘051ng thls result, a second-order parabollc 1nterpolat10n of j]’

'_the functlon ‘F(X) 1s.. o

L. P [ St . Lo A ) Vo

;i'."'hex:’e' R

f(x Ax)ka )--(x° x)f()ci] (a 3f£;;1
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ﬂ?«;z_ T Xa X [(xafx”(xg)_—(xr X)q((xz')]g N LN

- The- firet' deriv.etive‘.of_'- H?,,L i wlth 'resneCt to, X 1s éi-npl}y: :'
: fP xl x. [(xa-x) = (X X)IP H’ H> 1’ )

‘ wnere K ‘ﬁz. = ,rx,,[‘;(x) ‘;(Xa)} Lo
a ”CL‘_“"‘«[“X?)'* ’(;Q‘QJ T

 » The _second d'etivative iEn reduces to. o

- .' “ ,'_L S o " | : ! | , : ) SR

-~

‘ In the numer;cai nodel, the oo f1e1d 1s assuned to havevf',:.i}f,".'{,
| e}parabollc proflle wlth respect to pressure and the first |
' «.,vand second derzvatlves of w are obtalned from equations

(A 3) to (A 6) uhereP 7C and w {(x) Then glven the 5
omega fleld ((_o,, (,.3, ,a)l) at three levels (P. v /O, | P ), the
'. :flrst derlvatlve of Cc) atf level }0 can be shovn to nbe of the:_"_vl

o flnlte-dlfference forn- ST

p; 1 ',f"-"‘é"-iw <P- 'i—:zP) -, <ﬂ+f’ 2?35’
,’ —~—- {co,_(P ‘R AP) ~w, (p +P, :ap)j]

vhlle the second derlvatlve is smply' " :
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It'may he readilyuverified that<if“t ese derivatives-aﬂe

(.8

: evaldated at’ presSure F7 and if the dlfferences f’ /7 and

\<%9 F’ are equal, the, standard centered dlfference forns for ;,

-the‘firSt and second derlvatlves are obtalned o

As vell as us1ng the Altken polynomlal to 1nterpolate
the a) fleld, a thlrd-order form P,,, is used to approxluate 2

I
-_pressure in’ the vertlcal Thls thlrd-order polynom

the logarlthmlc varlatlon of geopotent1a1 helght wi %ﬂ _ffp
:?1 is |
| then used to extrapolate the nean sea level pressure to zero;7
_':geopotentlal helght. For thls case the dependent variable
is the pressure and the 1ndependent varlable 1s the\height
",fof the four 1sobar1c surfaces: 850, 7oo soo and 3oo'-b R

-above each p01nt 1n the horlzontal grid

In order tO Obtaln Aan. estlnate‘of‘the error associated

,tlwlth the use of the 1nterp01at1ng POlYn0llal to eXtrapolate BT
vrsurface pressures, the technlque was ;;sied on a rando.ly

_e.gchosen set of 18 radlosonde ascent reports. The '.f]"“

”.fgeopotentlai helghts of the four 1s°bar1c.surfaces uere usedfi'

vﬁ1n the program and the pressure at the heﬁght above mean seaf}f

_level of the radlosonde statlon was extrapolated This

;ipressure uas then compared vith the actual stat;on presSure S

rifreported at the radlosonde statlon. The dev1at1onsffron thef ff

..v;,>‘\.
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observed pressure vere in the range of zero to 51x mb and

‘.the standard dev1at10n for the 18 soundlngs (at 10 dlfferent

statlons) was calculated to be 2 6 mb. Th1Suerror is -

-’assumed to be the approx1mate error exlstlng in the

)

'extrapolatlon of the mean sea 1evel pressure naps 1n the ' gv

B  d1SCusS1ons 1n Case 1. SRR - ’;‘ ' S \\g;

4
5
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APPENDIX B -
. .

 SPATIAL SHOOTHING

Small scale irregularltles are 1ntroduced 1nto

'meteorologlcal flelds by the numer1ca1 technlques used in ,“'fV

~the objectlve analysxs prograns.f These 1rregu1ar1ties arr

often descrlbed as- n01se, vh1ch 1s superinposed upon the

'QJmeteorologlcally 51gn1f1cant uave patterns. N01se of wave :fji”

helength tuo-grld\}engths or. less 1s a partlcular prohlen'

.

Yf;slnce such noxse 1s alxased 1nto the 1onger vave patterns. o
rffwhen numerlcalfpredlctlon of the neteorological waves ts
"”attempted these a11ased short uaves vill often tend to

fffanpllfy wlth tlne, thereby distortlng or obscnrlng the :fnﬂ

'fffmeteoroloqlcal phenolenas;er,g3'

Even 1f thls n01se LS not 1nit1a11y-present, 1t nay hy;jff*ﬁ

P

wjlntroduced 1nto the predlctlon because of the truncation

e

}fferrors assoc1ated wlth the f1n1te—d1fference representatipn,g*f"‘
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. : \ . 3
- of the partlal der1Vat1ves in the meteorologlcal equatlons.'
Thus it i's de31rable to remove the nplse 1n1t1ally and
perhaps perlodlcally from the flelds.‘nThls is accompllshed

‘ by means of spat1al smoothlng.

e

“The theory of smoothang technlques vill not be.
‘descrlbed here. The reader is referred to d1scu551ons in
Haltiner (1971) and Asselln (1966) A two-dlnen51onal

,_smoothlng operator may be vrltten in flnlte-dlfference forl‘~

: as:'

[A8]

T ’5/4# ‘174‘?, IR ‘.B'*i’.;.
nhereﬂ;:; 1s the smoothed value of the fleld f at point
‘(i;jy;f«ﬂ7; is ‘the flve-p01nt Laplac1an operator deflned ini
-equatlon'(u n) and S 1s a smoothlng paraneter Uthh nay he
negatlve. In the current study, S 1/2 vas used 1n all | '
o smoothlng. It uay ‘be shown that this value of the snoothingﬂoe'
1;oparameter completely fllters out the tuo-grld-lenqth noise L
'ie}and danps out vaves shorter than two-grld-lengths._ WaVes
"ilonger then tvo—grld-lengths are also danped sonevhat, but
}»»thls danplng is not very severe for the neteorologically
ife's1gn1ficant waves of the quasl-qeostrophlc systel.f:}fftr?eii'u
‘ smoothing vas applied to the vort1c1ty field and was'
;5;done both at the 1n1t1a1 tine and at regularly spaced .
A}1ntervals 1n the forecast perlod. The frequency vlth which

r—smoothlng was performed seened to have llttle effect on the
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-magnitude of the RHS errors in the forecasts.
The same smoothlng operator Has also applled to the

‘pressure and den51ty fields at ternaln height (obtalned

“051ngfthe U. S. Standard Atmosphere).



