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" In this‘ diagnostic study, a;n analysis of the three 5’

dimensional voftical motion fields -associated with some selected G

: : .
\ . § 1

IR model is formulated to obtain the vertical v‘elocity fielda by .’

solution of the quasi-geostrophic omega equation. Avgrid”lncom-

."*57?\ passing western Canada inclyding as well 'parts of the N'orthvost

' .TaMriu, Alaska and eastern Pacific cha.n,\and a small wrt e

of the’ northwestern United States is “used w&h a horizontal %rid Ty
L N

i

T istance sf 200 km. in the x_and ¥y d:l.rections. Three _8ynoptic - . =
O situations were chosen so as. to portray the influence of the-: ’
’ N ’
o ~

) mestern Cordillera of North America with pvarticu.lar ePohasis on

the initiation ard ‘development of lee cyclonesg;over Alberta and the

Nort\:hwest Territories.' | | v
X ooy . :
With the help of the topographic charts, surface

&

elev Ions at each grid point are detetmined. 'l'he drag coefficient
ateach grid point is determined by objectively interpolating

Cressman s data over North: America. Spec-ial consideratio‘n is _
- . . . . : o .
glven to the inadequate data tretwork, especially over the North—

west Territories and a larSe part of the eastern Pacific Ocean. f B

' s
_Data from Lark Juliet flights are included ,to get adequate coverdge -
~ ° over the f’acific"oc'ean,.'v}hile; hypbtheticg‘l upper-gir data have

- A} N

Id v'o'.

«® A
[
LY . -

»'4*’1, . . AN



P

. !
)

.

qnalysis scheme. -
‘ £ o o

I
' ]

The 1utluegce of orogr‘phy and sutfaee frictbn on the
i §
vertical velocigy f!‘fda is carefully evaluated by mitably changing\

’ ‘the lower boun&y condﬂionﬁ The divergence and tilting terme df \/ P

{‘e Iépo calculated over selected test area‘n /

7.3'

,the voroicity {ﬁtion

The 1ncorpgr

'on of orography and surface friction throu
A _ //

the lover boundaﬁ condit‘ion changed the vertical velocity valueo at
775 mb by as much as 30 pi rcent in some areas, the influence c)f thie ”

I .
lower boundary was quite 8 11 at higher levels especially at 400*!8‘ ¥
Further, the inclusion of tll lower boundary enhanced the vorticity - '

_production On the lee side of the mountain barriers whiile inhibiting

.

the same on the wu\dward side._ . 7. PR ‘ .
. : . Co

The total influence of ordgraphy and’ surfaice fric‘ti'o’n_ P ,‘/ .

- appears to Provide a link in the formation of lee cyclones over .4 -

Alberta”and the! Northwest Territories.

vi'
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. T CHAPTER I * = . TP .

INTRODUCTION S

. . : n .
. . ’ .
- ) . PN .o 0 , : . s . .
: A .
. N ) -

l.l-Preliminary Comments . _ . S

'
1)

One ‘of the moat important parameters required to predict_

atmospheric motions and precipitation is the vertical compon%nt of- ' . e
-« ‘the wind, w or omega (w = —B-in the pressure coordinate system).
AR Vertical motion is important on all scales of ;tmospheric motion ' *
A ] ranging from thermals to synoptic scale systems. It provides - the . '”. ‘ -p

,mechanism for the vertical transport of almost any atmospheric .

property, influencing the distribution of mass, momentum and energy
in the atmosphere. Lorenz (1955) has shown that .a knowledge of
. v(ytical motion patterns is necessary to determine the conversion

“of potential to kinetic energy and related energy transformations of

-

the atmosphere.

e

On the synoptic scale the vertical velocity is only a

gxe Eeitsentimeters per’ second too small for reliable measuremen's}

.

For such scales of atmospheri%;motion it bécomes neCessary o

estimate~the vertical motien fjelds using computational pethods

'applied to data gathered on other parameters. Genera Ys. omega is
! ’ '
estimated- by using kinematic or adiabatic techniqu

N

(Panofsky, 1946)



&

[ ' .
or by the well-known omega equgtion, a B8econd order partial differ-

‘ential equatipn, which can be conveniently 8olved by numerical

(g . . :
methods. , ‘ _ ' : .
. ’ '

,The,studywproposed—hereAwill—examine tne three dimensional f

L 4

omega fields for some selected synoptic situations over western

Canada.. This will be done by solving the omega equation on a grid . e

L
encompassing western Canada, including as well part of the Northwest

Ierritories, the Yukon Territory, Alaska, the eastern Pacific Oceany

and a small part of the: northwestern United States; More specifically;
this study will assess the influence of the earth's orography and

surface friction on the uertical motion fields in the mid-tropospheref

.

. . . . N
~ T -
-

v . -

l.2 Related Work ’ o . N

The need for a diagnostic equation for vertical motion was
o

recognized as early as 1922 by Richardson who derived what is now -

known as' the RichardsonvKuation. Panofsky (1946) discussed the

: adiabatic and the kinematic methods for determining vertical motion.

Y

-iThe adiabatic method utilizes the thermodynamic equation under the

h\ .
assumption of adiabatic flow to derive a vertical veloeity equal to

the adiabatic temperature change (with time) divided by the difference

between the actual and adiabatic lapse rates. This technique is hampered

3

by the lack of temperature data more frequent than at lZ—hour .

[+ .
intervals, which can lead to non—representative local temperature

B

derivatiVES. The kinematic method is simple in concept, making it
a very attractive method for determining vertical motion., Utilizing
the continuity equation in pressure coordinates, the divergence of -

L 4 .
’ ¢



_ 3
thex:orizbntal wind}is integratedmoVer a finite layer of the atmos- .

phere. Knowinglthe value of omega at the bottom of the layer, omega

\ o~

may be easily determired at the" top @f the layer. _Because of the

A‘bﬁsig_dgpendenceiof_theckinem ‘ ~hod—on—the—divergence“field;
e
the method cannot be applied using a simplified non-divergent

representation of the wind; it is necessary to utilize actual

’

horizontal wind data. Errors in these data along with a minimal

v

density in the observational network make implementation of this

method difficult and as such, the method has not been used exten-

- .

.sively, However,,as the density of observations increases,,this

method may beéome more usefjl.in determinaﬁibn of ‘vertical velocities.

There has been a renewed in/erest in the kinematic method and a recent

»

.study (Smith 1971) employs this technique to obtain vertical motion
. ' e
fields over eastern and central United States where the network of
. . ©

radiosonde stations is fairly good However, data density over

" North America is still far ;from sufficient to permit implementation

of this method on an operational basis,

Miller and Panofsky (1958) listed available techniques.for

\

determining vertical motion adding to the above the vorticity methbd
and the NWP (numerical weathet prediction) method which makes use

of the electronic computer. With the advent of electronic computers

J e
BN

‘“more involved\equations were developed g ‘

The first appearance of the-omega type equation seems to-

P

©

have occurred in, 1955 with Smagorinsky and Collins (1955) Fjdrtoft
(1955) develope::z differential equation for vertical motion in the

Z coordinate system which corresponded to the omega equation in the -
L I



_11954), o' Neirl (1966) and many others have used the omega equation

pressure coordinate system. Morae recently, Cressman (1963), Stuart

in their studies. Smith (1971) found thap results from the kinematic

f“

method' can be comparable in accuracy to the results from the omega
equationvuhen certain cdrfeCtions are applied.
‘o A

The onega equation used by the above authors was basically

adiabatic. Aubeft (1957) consider® the. release of latent heat,
L
incorporating this-effect as a diabathg term in the omega equation.
\ .
Danard (1964), folloying 1his lead has further considered the -

\

fluence of released latent’heat on development, and has also

considered the effec of longwave radiation as well Smebye

) circulation change. He found’that fr

, » .
‘nunferical models. Cressman‘(1960) present

-

(l958)’demonstrated thaé\inclusion of latent heat effects for
determining vertical motion is essential for precipitation com-
putations. - Thus the role of released latent heat may be quite \

significant in a prediction'_odel;_hoﬁever, for diagnostic studies

- this facto(\jay be omitted.wilhout causing any serious error.

Th important‘influen e of the Planetary_Boundary Layer

on the behaviout of atmosphetiC'n tions is well recognized. vNewton
(1956) studied the effects of surface friction on the mechanism of
ction was”the dominant factor
during the first few hours of development. ‘Sawyer (1959) gave a
conptehensive discossi%n on the'inclusio- of'terrain effects into
his’ well known chart
of drag coefficients suitable for incorporat ng into numerical .
models of the atmosphere. Greystone (1962) a Danard (1969L amcng

others, have continued along this 1ine, demonst ating that the effects



.

- .
[ L]

R of surface fripcion and orography play an important role 1in the

dynamics of the - athosphere. oo

. o ® L n

1.3 Outline of This Study S ~ S
n e,
In this study, a detailed analysis of the three dimensional

vertical \B@ion fields associated with three selected .synoptic

situations over western Canada is- performed by. sodving a guitable

form of the’ .omega equatjion as described 'in Chapter The synoptic

situations are: chosen so0 as' to portray the inf ce of the western

-
/

: Cordillera of North Aperica, with particular emphasis on the initi—
" ation and development of lee cyclones over Alberta and the Northwest
rritories. The study is diagnostic in nature with the following

'o jectives: P A N .
R \ i . L}

(a) A-:comparison 6f the three dimensional vertical motion
hY

B patterns obtained with and without the orographic influence and the

C-

effects of surface friction. These effects will be introduced through

a realistilc lower boundary condition in the solution of the omega

equation,f -

°
3

(b) K quantitativ(e 'asse'ssment"'of the influence of oro- l‘
graphy and surface’frictioh bv evaluating the divergence and the .
tilting term of the vorticity equation, this is done by obtaining

*vertical velocity fields for two diffexent lower boundary conditions.,

The ‘details of'this study are presented in the following

five hapters; Chapter II outlines the development of the omega» <

equation, together wi?h details of the model atmosphere. Chapter 111



study.

"in Chapter Iv.

The details of data acquisiﬁion and analysis-' are presented

The various résult§ of this study are detailed if

By ]

Chapter V, ‘while a brief aumma:y_and—conciustons maké up Chapter VI.

S ' o , 1
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2.1 I‘)vevelopment'of the O'mega Equation SR ' : o ot

.
The diagnostic equation for omega (w)‘ in ‘a. general ‘quasi-

8eostrophic systen;b can . b% derix‘r‘ed fro;n?two e.uations.;' . B J . . : .f‘

'f; . 1) An appropriate form ofuthe vorticity equation -

;‘ﬁ ‘ é) A form of the thenmqpynam#t equation which is energetically t
(cOnsistent With the above vorticity eé%ation.' o .(ﬂ' L '-_:¢

¥
The complete form of Lh%=vorticity equation in the (x,y,p,t)

N ,
frame can be wrftten, followiggﬂThompson (1961) asv. /_
; < e 2t ' v '
‘ T — I. - —- ——t— = =
. s ;; v r;+f) + ur—i (g;;f) d K. Vo x ™ 0 . (2.1)
B “';V\ﬂth‘h('ﬂ X
. e X

wher¢ r'is the relative vorticity (z; k «Vx V), v is the horizontal

wind fris the Coriolis parameter and V is the horizontal gradient operator.:.
. The vprticity; eq:ation -can be suitably modified under a
quasi—gec\struophie assumxition. The quasi-geostrophic assumption, ‘or
the quasi—geostrophic filter as it is often called is afpowerful » )
-constraint bt{tween the horizontal wind 'and the pressure} field in tt>e n
. .

free atmosphere. An explicit relat.ionship between the horizontal ’

wind and the pressure gradient is obtained from the divergence
%

vequation using appropriate scaling‘considerations. B} 'In the pressur‘e )

e L , N
. . - .
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| coordinate system the quasi-geostrophic assudption is written és

. ’ ’ ) ) : !ﬁ " yI N

i

¢ Lo . ] v

o

where V is the geoStrophic wind g ds the acceleration dhe to gravity.

- and Z is th@ height of the prg’ssure surface. .The mean: value of the

[\

Coriolis parameter, f is ta en over the entire grid making the wind

'

-

strietly rotational

For such a filtering assumption the compLete vorticity

equation (2. 1) reduces to
e -

_35 . am "\ . 0,. . o .
T <1/V ) V(c+f) + = " . L f/ (27?)

This well known’ form of the quasi-geostrophic vorticity\equation

containing a divergence Ferm, g?'—s- has been obtain‘..by Lorenz

(1960), .and used 4; Haltiner et al (1963) and Stuart (1964) .. .

L4

’ among many others.. ‘An expression for c can be determined through

the geostrophic wind assumption yielding O -‘ - : ' ;

adiabatic process the first law of thermodynamics is simply the.con—'.
t’ ; 3 .
servation of potentiai\t§mgerature e, which can be expressed -as

./ . ) . ) ‘ ) -
o @emel (2.5)



By suitable manipuiatidn of this gquation through the u qf the

equation of,—jhte and the definition of potential Oemperature we can

write the fhllowing form of the thermodynamic equation in the p co-

ordinate framq as

E_ =0 _ . .
at ap + ( >+ ow | 0 " o ] (2.6),
Here, g = - %ﬂgg is a static stability factor, which is permitted
[}

~ .

to be at most a function of pressure, J 1is* the Jacobian operator and
a is the speciﬁic volume. The static stability factor specifies the

stability of the atmosphere thnough the gradient of potential tempera-
te
" ture along the vertical (pressure) axis and is almost always positive. 6

By applying qhe operator g%- to (2 3) and applying the

\

Laplacian operator, V2 to (2 6), he time dependent term can be

: eliminated and this yields the quasi-geostrophic omega equation as‘

P

follows: .. t | o - , ‘ !
] . ‘ . B : ) - v’ - .. . »‘ c.
- S T _
onw + Ez 2-2 ‘= g-iLVJ(Z,n) - & V2 J(Z,jg) P 20207
ap2 - 9p - ap’, A
_ 3p £ A N o
In this expression4 = ¢ +f 'is the absolute vorticity.. Equation

v
(2. 7) is three dimgnsional partial differential equation relating

vome" Vihe vertical velocity,,to twocf“rms, namely the differential

;advection aof voé;ic1ty in the vertical, and\the'Laplacian of the N

' thermal advection. These two terms-on thf Iight hand side of equation

(2 7) are typically called the forcing functions, as omega will be
zero if these terms are. zera. . . ‘

0

The solutioh oY the omega equatigd is most commonly‘obtained

i

by numerical methods, since the analytic solution is not possible in
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, : . : L -
most cases, The usual numerical solftidh technique 1s to express

the‘equation in finite difference formron a sxitable horizontalsgrid«-~~~¢~—

covering the region of interest. Since the equation is yhree dimension—
‘al in nature, the.atmospheric structure in the vertical direction must -

also be specified at some selected discrete levels. These details are-k
L . . ‘&r '

given below.

. . ) " ) 5 w
2.2 Horizontal and. Ve¥tIcaT Structure of the Model Atmosphere

ﬂ . .
The basic ‘grid used in- thds study is shown in Figure 1. N

o -

/
As mentioned in Chapter I, our main interest is to study the weather -

systems arnd their development in the' lee of the Canadian Cordillera.
‘ - A . .
Accordingly, the grid is approximately centered qver the region of I

main interest namely Alberta and parts of Northwest Territories,
this helps minimize the influence of \arrors arising from boundary
,conditions over the central region of 1nterest. Hore details regarding

thé grid ize, etc., will appear in the fext chapter. «

. The vertical structure of the model, atmosphere for this
study ig depicted in Figure 2, The input levels of the geopotential

uhelght data for the model are at 300, 500, 700 and 850;millibars (mb),
4
’respectively.. This structure, with suitable boundary conditions,

L3

allowed a solution to “the omega equation to be obtained at the 400,

v600 and 775 mb levels. e R ,

In order to obtain a numerical solution of the omega equ ion,» se
suitable lateral and vertical boundary conditions need to be specified ) o

Details of the lateral boundary conditions are included in th next

chapter. For vertical boundary conditions, the top of the m del

atmoébhere is. assumed to be at 200 mb where omega is taken to be zero

4

. . . .
. .. . o, ‘ \
. . . R . .
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Fig. 1. The basic horizontal grid‘afea, containing 21 rows and
23 columns (not shown). The small dot north of Edmonton (EG) used for
referencing purposes, only @appéars on all_subseguent charts. See the
table of symbols for a 11;}\gf stations indicated by the two letter
identifiers. ' - ‘

.



-

o . )
A .
-300 mb j*__z
AQ_O_mb_______________________‘_:_w
jOO~nib Z
-@Q_m_b______ _______ -,
700 mb : , 7
C amb L _ - el
850 mb } _ J z
pg a)"\\ 4 ‘
O_':.. - ,—.w,‘ Neal ~eeee e wg
1000 mb . " oz0

Fi;jfzt\\}he'Vertical structure of the model atmosphere, =

Geopotential height levels ate lgbeiled Z, .and the omega equation:
-solution levels are labelled w, ’ ' . - :

\
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everywhere. Observational and related studies show that on the _ s

synopfic scale, vertical, velocity continues to diminish in the upper
troposphere and becomes quite small around 200 mb or so. Similar

upper boundary conditions have been utilized by Dangrd (1966) and
! -
.others, The lower boundary condition near the earth's surface is of

-~

‘utmost importance for the study as it is through this condition the

4

influence of orography and surface friction will be ingrnduced-in the

. I ®
omega solution. The details of the lower boundary condition are

/ gi}en.in.the following gection.

2,3 Vertical"Velocity Near the Earth's Surface
In geﬂeral, the vertical motion nedr the‘}earth's

surface is mainly influenced-by tws’factors? 1) the earth 8 orography
(or topograph;) and 2) thipsurface friction. Both these factors

contribute to the vertical elocity near thetearth's surface. The
o : . | . .
contribution to vertical velocity near the earth's surface. due to

‘orography will hereafter be .demoted by WL while the contribution
. »

“due to surface friction will be denoted by-mf

The terrain induced vertical motion can be obtained from
the expression ST Coo T R
N . N * : ‘ .

Wy e -'go'g 66 « Vh .vi (see Haltiner, 1971): (2.8)

0 - . - g .

Here, oo is the density of the air at the earth's surface, V is the

horizontal surface wind and Vh is the gradienv or slope of the
00 s

terrain height. Equation (2.8) yields the terrain induced vertical
velooity in. pressure coordinates. —

-
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' - o | Cou . s
. The frictionally induced vertical motion, w,

f @
obtained by considering ageoetrophiq.ness tt@nspbtt }n the friction

» can be
layer or_tﬁe'Planetary Boundaty Layer. This transpeft 1s related to -
the stress at the:earth's surface. Above the friction'layer in the

free atmosphefe, this stress 18 normally éssumed to be, zero.

‘ Fol}Uﬂtng Haltiner (1971) an expression relating stresses

. &

~~—(r4-,¢-) “to-w, can-be- obtained*as S

£
L | - ¥y PTux _ ‘ '
K N - —s;z alre o S (2.9)

The subscriut‘o,-denotes the terms in.questien'te be values at the
' eerth‘s surface; whefeas we is assumed to eppiy at the top of tne
f‘fnictien‘layer; The friction layer may be*a,few hundred meters deep,
but_its'depth is small compered to the height of the next layer in .

I . : . -
the model. Therefore the pressure at the top of the friction layer

: has been assumed to be the\same'as‘the presSure,at the earth's surface.

Using the square ielationship between surface stress and

the horizontal wind v

- 3 "‘c~-v'§7»- .7 " (210~‘
] L ;TQ L p Vo o:f R B - .10)
“a more'apprburiate ekéression for dflcan be obtained by substituting -
: Voo .

(2. 10) into* (2 9), This yields

£ i
' 4

]- (p »C u 'V ) -'—- (g ‘CD vV )] o i (i.li)

o"v, - . . .
-

L where C is a drag coefficient relating surface stress to wind speed

.D

¢ . -
»

- and uo and vo are, respectively, the east-west and north—south c0m—

: _ponents of the‘surface wind.~ V is the surface wind speed dhd V is

' e . i . . _- .
: . n ¢ M . ' )
’ . ) . "N - *
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, and as shown in the following equation~-- - .
o, 2NC Wy :
Ry m" L . . R .

* will be discussed in Chapter V.

the surface wind,velocity vector. It should be noted that Equation

- .

(2. ll) not only relates mf :o drag, wind speed and wind direction, ‘but

-also to the horizdntal variation in these parameters.
The contribution to’ vertical motion at the earth's surface

hy friction and orography can be determined by taking the sum of- mt

>»

- w8. - wy b . | , (2.12)

¢ . . .

This value’ of wg is assumed to apply at the earth's surface., As the

study ‘used pressure as the vertical coordinate, station pressures

by

~were analyzed over tHe grid area to determine the position of the

lower boundary of the model atmosphere.

Once the upper and lower boundary values are determined v

f the omega equation can be solved numerieally. _This procedure will‘be‘

described i the following chapter. o g‘ ._ ¥ ' e

Since thenmain objective of this study was to evaluate in

detail the,influence of orography and surface friction on vertical

. motions, variations of the lower boundary conditibn were employed so

as to yield, suitable comparisons. More details of t ‘ !variatipna



i;j“CHA?TER.III Ir_ |

NUMERICAL PROCEDURES

. 0

3.1 The Grid o

As'mentiOned earlier, a basic'grid having'Zl rowA.and 23
columns over the area of interest (see Figure ]_) was used in the study.
The grid spacing was 200 km in the x and y directions, tgue at 60N
-latitude on a polar stereographic projection. This basic grid together
with tht vertical structure of the atmosphere as defined in Figure 2
‘allowed the following to. be obtained. .

3.2 Finite Difference.Equations- ' .

In order to.facilitate discussions on the finite difference :

form of various equations, the variables were suitably subscripted as

r A
" »

described below..
For a given»grid‘point‘variable, the subscripts i,j denote
;"respectively the row and the column Zf the.horiaontal grid containingf'
‘the'variable.'.Row numbers "increase in value to theﬁsouth 'while
column numbers increase in value to the east as indicated in Figure 3. .
In addition finite differencing along the vertical will involve B
variables at different 1evels. These levels will be denoted by three

1etters, u, C, and 2 such that for a central level denoted by ¢, u and

g . - ‘ ' 16
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. the expressions.

. 18,
. . i ) ,).‘
) will refer to the level above and below it._ Reference to the levels
]
is omitted when finite differencing involves all the variables per-
taining to the same level o , _
For the polar stereographic projection (true at 60N) the'
map factor m is given by S . '»m“w_“;“wmm_luﬁmmmrbhmw,“ I
- 1 + sin (n/3) .
. m = : : ' (3.1)
) 13 . . ' ‘
| , 1+ sin ("'1;[)
where ¢ij is the latitude of the grid point 1j. At 60§ the true
distance between consecutive grid points is D(= ZOOnkm)‘since mis .

equal to l at that latitude, at any other latitude, the true¥, grid

spacing at a grid point 1§ is given by n
. . 4 =~L.A, T @Bay

For.convenience, dij will be used in the finite difference expressions,'

thus eliminating the need for explicit inclusion of the’map factor in '.

“

The.Laplacian‘

t.

The.best known form of the Laplacian in finite difference
form is the five point Laplacian which (for a variable, w)‘can be -

written ag: - . T o .

- R PR ST S w, | E
.?Zwij\ o oi+1, § i-l,j 2,J+l j_’j_l i4 » | (3.3)
L < . d i g

awhere ?2 denotes the finite difference form of the Laplacian. Equation |

(3.3) was used wherever a Laplacian was. required in a- finite difference

expression, except in the case of geostrophic relative vorticity.
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Since thds vorticity wouLd be supject to A further finite differenciné
\ N

process (through the Jacobian operator) before being included in the

.omega equation,- it was felt that the geqstrophic relative vor\ieity

. " should be determined as accurately as possible. Hence the nine point

__LUAHW._Laplacian written—below “was- used for- this—purpose onIy.
o\ . ST " . . ' " ' . ’
, . . 1 N N L . B . C . ) '
v Z = . PR SN
A P 6a? .[éi+1;j+1 21,341 F Zi—l,Jrl 2141,3-1 "
. . j . . . s . ‘

* "(Zi j+1 23,3 Y 350t Zir,y) _2021_1]

xHere, TZZ 13 represents the nine point Laplacian of the geopotential '

height field Z at a grid . point ij. ‘ The use of the nine point Laplacian;

reduces the truncation error, which is prgportional to h“’for the

\

- , nine point Laplacian and to h2 for the five point Laplacian where h- is )

the (normalized) grid. spacing.v '

The Jacobian . f’j L S 4

The- Jacobian of  two variables, A and B ‘is defined as

R T S R 3&&;__@_:9_3 o Gy

The corresponding finite difference form- of this expression, using

L}

- centered differencing is ) o -
e .l, = \ R - ". :
s T B T A P By g - Bi,j-l’]

_where J(A;B)ij’is the valueiof the Jacobian at thevgrigipbint'ij}.
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-Using expressions (3.3) 'and (3.6) the:finite.difference analog. bf the
‘ right‘hand side of *the omega equation‘can easily be ohtained. - -;>

W
Y

- Finite Differencing Along the Vertical (Pressure) Axis

—The- finite differencing expressions~f8§«the first -and— second_—~—w~———
._partial derivatives in the vertical direction were developed using |
central differences. Since the input levels and the solution 1evels

,in the model were not uniformly spaced everywhere, slight modifications

were necessary to write the finite difference expressions.

For the first defivative, say‘gﬂ, the finite differente

: P
expression at.a level ¢ is. a ";ﬁ : -
_ o ‘ _ ‘ -
29_) ° \ = wil!- -wi|u . ' (3.7)
Jise 7 Pige T Page S

L

‘This expression is assumed to beiapplicableAat.the central level.' If

the pressure differences between'consecutive levels are equal'everyf
‘where, ‘this expression would be valid exactly at the central level.
S - . ' 2 - SO .

)

: The-second derivative -%—% can be writteniasl
. L p . . - Y
g -azw) P Pae g
apz | ' ) L ' . . .:A
CAHe T Pyg TP

v

'~ This can be further:simplified by Substituting througthquation 3.7).
Fbr the 1owest,level (namely 77S'mb) where. the}omega equation.

is applied in the model atmosphere, finite difference expressions will

involve the lower boundary conditions which:are applied at the surface o

s .

. level. Since the surface pressure (pg) varies from grid point to

b}

2
grid point, the finite difference form for '——7 is suitably modified

-
..



to obtain o : ‘ ©
“g ~ “i9c “19¢ T “19u
2 Py P .~ Pu
. g s e - \ u [
) 2 ] [y 2 . o

‘fg%aérg;¢.réfets-tg'the 775'mb‘1eiel,'g the ground level and.n the 600 mb

\

xpis equation demonstrates explicitly how the lower boundary

Ly
: isﬂ‘ﬂgprporated fﬁto the numerical solution of the omega equation,

fthrough the rate of change of divergence with respect to pressure.

»

-3;3:Solution-of the_Finite Difference Equations

' Using the expressions detailed in"the~previous sectidn, the -
" . . K A . -

‘finite difference form of the omega equation (Equation (2 7)) is
-developed ‘over the basic grid
| | Since the‘right hand side of the omega equation involves a’
vh Jacobian as well as the Laplacian of a Jacobian, finite differenc
formsnfor these‘terms.can»be written only over the‘interior of the : \\\i
grid excl&ﬁing'Z grid,points omvall sides‘of the;iateral.boundary.
» Accordingly, there will be a matrix of 323 finite difference equations~
(one ‘for each of ‘the 17 x 19 interior grid points) involving values
_of omega at all interior grid points.» ‘The’ most convenient method of o
'numerically solving such a set of equations is the relaxation method.
o In this method an initial guess field is used for the values of omega .

3everywhere including the lateral beundary and a residual (difference

-between the ‘two sides ofcthe equation) field is constructed This

B

<

S~
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residnal field is utilizel to systematioally correct the initial guess |

-fyS\ . field to obtain an improved field of omega values. This cycle of

operation is repeated as many times as. necessary till the residual .

.® a

field is everywhere smaller than a preassigned tolerance 1imit. The WV

———— RIS, 3

correction to the initial guess field’can be made using a couple of
different methods. The method used for this study was the well known
, extrapolated Liebmann prdtedure which can be briefly described as

2

follows.

L - ,
- For the mth cycle in the relaxation procedure the finite
difference form of the omega equation can be written'as | .""5
8 m . .mh . " .‘ . B L 2
2 2 G,, = R © . (3.10)
‘7 ( )ij 13- My (3.10.
Hére the superscript m refers to thepcyc1e, ij ' is the value of the

. d . . . ' A o
" right hand side of the omega equation, often called the forcing‘function, i
: : e ‘ : - : R y

and Rij is the residual'at”the grid point ij.- The superscript m does .
not appear in G as the value.of -the forcing.function doeS.nothchange

ij

during the relaxation procedure.

v

Choosing a specific level, say 400 mb (denoted by c),

>,

'y Equation (3 10) is expressed in finite difference form as follows.l -
o . T e o
c m : m S, om . , .
) - . + + B —4 D .
d%j‘(wi,jfl,c +-“-’1,j+1,c “5-1,3,¢ ¥ Ui,y 0T Mige) o
, .- S S P SR S ¢ 15 § DR
S - S T T R S
. (Apij)"'E ©ige * Ogga T Page) T Cuge T Fage

In thiS‘expression, L denotes thé 600.mb level‘while u denotes the -
: 200 mb level and .9, is- the mean. value of static stability at. level c.}_’

» . Since Py jyp is- equal to P, - p in this case, the expression Apij
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has been used to indicate the pressure interval Assuming Rij

results solely fr0m an ‘error in mijc’ a new value wT}i' can be defined;

K

T AT
4w ijc?

. a . R

el [ __,,_...A,A_e..__m S m_._ '

LAy az SIS R 1-1,3 2t “’1+1 yise
o | |

o (3.12) .-
| ‘-'23-“- 2& kﬁl Wt - Zmel) -G ,'.'= #0:
(APiJ)2 ij2 iju_ ije” Tdfe .
o = . - R S
Subtracting Equation‘(3;12) from'Equation g?.ll) givéS’
 w ) - - a2 I
0 . = . ' : o T ) .
¢ [, mEl . . __2f2 ml’ m = I o a
-?ﬁ(““uc ‘e““’ijc') (APij)z “ige 7 Cuged T Ryge o 0 G
X , . . . A o ) . .. ‘. ) . i ‘ \
'Solving.for” wm+1 yiekds. L S . D
T L ije T S -
Sl _m *m . ;’ HERE “.' S - o
i_‘lc N “’ijc"f“-“-R c - (3_'14? o

where . ’ oo ! T ; TS

fo 2 | AR
4 _< f o ‘ S
. (d‘?‘ + Z(Api yz) ¢ . e ‘. -

ij

S is‘éaiié& thefrelaxation‘factor.' For the standaxd Poisson type
lof equation the (normalized) relaxation factor is 0. 25. This-is
fstrictly true. for a.two. dimensional equation. Since the omega equation L
'is three dimen31onal in nature and o and Z%;J in fact vary in the |
v'vertical the relaxation factor varies slightlﬁ from level to level i f'ii‘
"in the model atmosphere. Through several test runs it was §0und that .
a single value of - the relaxation fa. tor could be used for all the solut-}"" .

. iom levels, permitting convergence to the soluti?n in about 25 to 35

R "

LY

L]



“and O‘Neill (19673 '777‘ .

- . . . 3 . . . Lo
) . » - . N . hl o .- ‘e
Iz o C

‘cycles (or scans). The optimum relaxation factor was foun& to vary '

vy

from 0. 26.to 0. 32 for the three cases for(which the omega equationrwas

‘ naolved, this agrees well with similar caIculations reported by Stuant

© e
‘I

\
v“

The computation procedure starts .at the lowest level (namely

C

:,775 mb) - - where the omega solution is sought rn the model. atmosphere.‘ .

*. .

 As describ@d earlier, the lower boundary condition (at the earth' h
/ '.

‘surface) in the model atmosphere TE incorporated in the finite differ-"

ence form of the OMega equation at 775 mb Using suitable lateral

~boundary conditions (to be described later) and an initial guess field

‘ .

.. .the residual field is calculated beginning at the _top left hand corner

of,the (horizontal) grid According to the- extrapolated Liebmann

Li‘procedure an impr%wed value of omega as given by Equation (3. 14) is
: » m@ .

‘-aSSignedfto ‘that grid point if the residual there is more than a pre-?

lassigned'tbleranﬂb limit;u-This calculation procedure’is'repeated at

[

ﬁvmthe next grid point in the row and 1n this~way the entire grid at oner.A

: level (775 mb) is scanned Having scanned one level the calculation
><(roceeds toqphe next level (namely 600 mb) Where the omega solution "

: is required Using -an equation similar to (3 10) the ‘entire grid is

scanned as before and improved values of omega are obtained Finally‘i

v A-'s\&-' 4
the calculation proceeds to ghe
o H ,"

rtopmost level (which‘ds 400 mb) where‘v, |

~the omega equation is applied'ang'a similar procedure is carried out.- o

Once an.improved guess fieid of omega is obtained at all
{

‘the three 1evels, the calculation procedure returns to the lowest

.leVel for the next cycle. This chain of operations is continued

- ‘until the residuals at all grid points at all three levels are within“

Lo - I‘r:.-
B H

. o, - T
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“the prescribed(}olerance limits. The tolerance limit was set at two
1

" to three orders of magnitude smaller than the typical magnitude of

the forcing function of the omega equation.ﬂ_m",Ml_m:”ﬂlﬂu,._wzummif—~~~~m<u~—4

Kl

’ -. . i . ‘ ‘. i

' 3 b The Initial. Guess Field and Lateral Boundary Conditions

As a forerunner to the determination of the gdess field the

. grid point values of the orographically and frictionally induced -

vertical motion (w ) were calculated The initial guess field was set

Tat

. as 0. 75 mg at 775, mb 0.5 mg at 600 mb and 0.25" wg at 400 mb-, This ’
included values of omega at the lateral boundary as well as over the

interior grid ‘As mentioned previously, these edge values did not'

chang% in subsequent sweeps as the omega equation was not solved at -

the edges of the grid due to the nature of the finite difference

o

equations. These edge values then formed the lateral boundary con—

ditions for the solution of the omega equation. Some experimentationg'

o
4

.fwith the lateral boundary showed that a somewhat more sophisticated

lateral boundary condition did not significantly change the solution.

v

( .‘ In order to follow-this numerical procedure, data at various & .-

levels of the model atmosphere are required to yield the omega solution,

The acquisition and analysis of these input data will be discussed in

the next chapter. f AR . C o -

4



' CHAPTER 1V
- DATA ACQUISITION AND ANALYSIS

4.1 Preliminary Comments
L) ~ .
The data required to 501ve the omega equation can be placed

o

~in: two categories:

1) geopotential height,data 5\ ‘ e
. — / : “

2) data pertaining to,the lower boundary.

Most of this information was- obtained from the Northern Hemispheric

Data Tabulations (NHDT) which were available from the National \v

Climatic Centre in &Eheville, Noxth Carolina, u.s. A.“ The information'

.was in the form of radiosonde reports for upper air data and coded

¢ P

:vsynoptic reports for surface data. Grid point data of . terrain height
'were abstracted from maps available in the Map Library of the Depart-

. ment of Geography at this University, an objective format was used

to .ensure that the data abstraction was consistent from grid point to
grid point._ The grid point values of the drag coefficient were

obtained by suitably re-analyzing a map of drag coefficients supplied

" by Dr. Cressman of the National Oceanic and Atmospheric Administration :

(NOAA) in Washington,,D c., . U.S. A

)

The following sections will detail the procedures used to

analyze these data. ' P
' - ’ .. ~ - N ‘
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4.2 Analysis of Geopotential Height Data

. Grid point values of the geopotential height data were

‘"required in order to calculate the absolute vorticity as well ag
advection terms in the forcing funcfion of the omega equation,

Until the advent of electronic computers, maps of the gédf\\
-potential height field were analyzed subjectively. Although this type
of analysis can be performed quite accurately, there is always a
possibility of variation in analysis technique from person to _Pperson,
On the other hand, a computer can be utilized to produce maps based on
a suitable objective analysis scheme.' Such a procedute always ensures
la\consistentlmap analysis free of human bias. |

In this study a computer progra developed by Glahn and.

fqenbaugh (1969) was employed to analyze the geopotential height

’

. data over ‘the grid area, This»method is basically similar to that

used by Bergthorssen and D85s - (1955) and Cressman (1959), The analysis

' method is one of successive approximations, embodying the geostrophic “~
‘ wind relationship (Equation 2 2), permitting the use of geopotential
heights add\seported winds in adjusting the "first Buess'' o€ the < - —
_ geopotential height field analysis. The method involves a series of
_jsweeps 'Or passes over the ‘data, On each sweep, a correéiion is made
to all grid points within a radius of . R grid intervals from an ob— )
servation, R is called the radius of influence. R.varies with each
_sweeq; normally decreasing in- value as the analysis becomes more
refined.- Any errors in the observations are detected Ehrough a proe
cess which compares the grid analysis to the station report. ‘The
geopotential height or the wind (or both) -can be judged to be in

"
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- error 1if the analysis and the observation différ‘by more ‘than a certain

\

predetermined error limit. In such 8 case ‘the observation is not used

to make corrections to the anaIysis during the sweep in question.: The"
. . ’ . .
- observation may be accepted again on*subsequent sweeps if the observation

[N

-

5\

end the analysis CDme into better agreement. Smoothing was. performed

b .

%4“~—f~l~on—the_final sweep in order to remove’ wavelengths less than twice the
v ‘ grid interval (about 490 km) from ‘the analysis. Such wavelengths can
| lead to instabilities in ‘Aumérical computations. Approximately one
hundred radiosonde reports were available For the grid are; and
vicinitx, Additional data at 500 and 300 mb levels were available
(in Case ly\from the weather reconnaissance flight Lark Juliet,
operated by the Ud&ted States Air Force. These data were extremely
useful for analysispurposesover the eastern Pacific Ocean and the
: Gulf of Alaska, where the flight operates.
| With the Lark Juliet data as an exception; very few obser-
. vations were available over the Pacific Ocean, a similar problem
uxisted over the eastern half of the Northwest Territories. To
”ensure that the analysis scheme would not develop any serious errors \\\
it was necessary to introduce synthetic (or bogus) observations over
.these data-sparse regions. This bogussing process is performed
-routinely in’ most operational analysis methods. Geopotential heights
were bogussed over the Pacific 0cean at 850 706, 500 and 300 mb
'u51ng a method described by Whitehead (1965) ‘which develops the
heights on the bas1s of observed surface pressure and temperature,

this surface information was available from Marine Synogtic reports.

'The method determines the geopotential heights on the assumption that-



| The lapse rate is determined. by assuming that the d:nsity of e atmos-
phere coincides with that of the standard atmosphere at so height:
above the surface. This height was assumed to be the gtale height of
the atmosphere (about 8 km). A modification of s'method was used
Mto ‘obtain (bogus) geopotential heights over the land stations. ~ The
modification essentially consisted of adding the elevation above sea

-~

‘level of'the station to the derived'heights; the:original assumption
of the scheme was - that the station was at sea level. . Land boé:s I
tations were 1ocated at Ennadai Lake (EI) and Contwoyto Lake (WO),.-

both in the eastern half of the Northwest Territories, and at Saskatoon,

:'Saskatchewan (XE). The bracketed letters are the code letters used to
identify the stationfin normal weather office operations., The actual _‘ i/

;1ocations of these~stations can be seen-in.Figure)l; The bogussing

‘e,'in~order to determine the error.in the‘bogussing system

‘schemgy was also performed-at locations where a radiosonde report was
A r ' ‘ B '
avai

for the particular meteomological situation under consideration. It

. was assumed that a similar error would be present at bogus stations

within ‘a reasonable distance from the actual observations, and an

i) : : .
_;appropriate adJustment was made to the bogus report. Bogus values

| ’ .
were.also considered in light of- careful hand analyses and computer ,

analyses from the Canadian Meteorological Centre at Dorval Quebec.'v~

The obJective ana1y51s procedure with the bogus data included 5

‘results in quite reasonable analyses of geopotential heights. Mean

4
’,

deviations of the analyzed geopotential height fields from the observed

data were approximately 5 m at 850 and 700 mb, 10 m- at 500 mb and 15

4
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to 20 m at 300 mb. Part of the larger deviations atfibo'and 300 mb
were due to the fact&that‘verification procedure'compared the analysis .

to’ observations even though the observations had been rejected by the

analysis routine.

4.3 iié?é{ihiﬁ;?ié}{'é‘f’“’éh'é"’ii&{c'i&}; Field

: Values of the geostrophic relative Vbrticity [ were obtained

‘at 850, 700, 500 and 300 mb using the nine point Laplacian of the
analyzed geopotential height field. As mentioned in Chapter III the
T o =
‘nine point Laplacian was'used in order to obtain a'g;eater'accuracy

"in. the vorticity v%lues. The absolute vorticity n can, be obtained
1

:“simply by adding £ the Coriolis parameter to the relative vorticity.

\ \

Even though care Was,taken to ensure accuracy in the;geopotential

height analysis, a few areas of negath absé_-lute vorticity appeared.

This may_have been caused“by the_gegs ophic,assumptiongin the‘height L

. . ! R . L
analysis program. .However, it is also'possible that,the absolute '
vorticities in these areas were indeed negative. Moghl and Holle .

’ (1972) have discussed the implications of anomalous winds and negative

vorticities. In any event, these negative (vorticity) areas were quite '

small, andfwere not considered to be a serious problem.,

.

‘4 4 Determination of the Stability Factor .
The stability factor ¢ =-—~%-%§ was evaluated using the
radiosonde reports from the NHDT for each of the stations used in g

analyz1ng the heigﬁt fields. The faceor was calculated at the solution

levels for the omega equation, namely 775, 600 and 400 mb. Eor each*»'
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.

j case, a mean value of ¢ was determined at each of the. three 1evels,‘in‘ .
keeping with the- assumptions made in section 2 1. These mean values |
were used in the numerical solution of, the omega equation.: The staticv
stability‘at be mb was - generally larger than theavalues at the other.

-two levels as shown by Gates*(196l) Individual va es of static

stability varied more widely from location to’ location than first ' -f,

expected' the most marked departures from the mean values occurred at

,the northern Canadian observing”?ites. Mean values‘;f static stability B }
l used in the solutioﬂ of the omega equation are presented in Table 1.

(See page 36. )

4.5 Analysis of Surface Data - ' ) -

«

Several parameters per\aining to meteorological cond‘tions
at the earth s surface wer7 required in order that Equations (2. 8)
.y and- (2 ll) could be used to determin& the vertical motion at the top
of the frietion layer. These are: dg o '

.l) Surface winds’

‘.~2) Surface station pressure

3) Surface temperature.~q" o,
In addition, grid point values of the terrain height were required
SO that orographically induced vertical motion could be determined
for use 1n Equation (2. 8) Both these equations also require p . the
surface density.. This was determined using the . equation of state,
P, = pd Rd TO,IWhere Rd is the gas. constant for dry air. Grid point o

values of the surface pressure P and surface temperature T werec

Y

used in conJunction wit Bd.to-obtain grid point values,of po. _
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Terrain Height Data

o

The height of the terrain above sea level for each of the

)

483 grid points was obtained by hand in an objective manner, using

World Aeronautical Charts (1 1,000,000 in scale). These charts are

Tl

published in S?nada by“theeSurveys and Mapping~Branch”“Department _f‘““g*‘“”“

. Energy, Mines{and Resources and in the United States by the U S. Coast
and Geodetic Survey and ‘the United States Army Corps of Engineers. |
Twenty-five grid points uithin a circle of radiusvloo km centered over
a grid point were analyzed by eye' the points were so distributed so
as to yield higher weightage to the values near the grid point in |
questionr The (31mple) mean value of d.ese 25 points was taken to be
'the value of the terrain height for that grid point A plastic overlay °
‘drawn to - the appropriate scale was used to ensure consistency in -
placing the twenty—five points on the map relative to the grid point.
‘Figure 4 depicts the. analyzed terrain height data as obtained over

‘the grid. Height gradients were calculated from these data using
‘centéred finite differencing methods.‘ The gradiggts were then used“

in Equation (2 8) along with surface density to obtain wt, the oro—
graphically induced vertical motion at the earth' *surface.:

Drag Coefficient Data

o8 ]
Drag coefficient data (supplied by Dr. Cressman of NOAA) ?
| were re-analyzed to the 200 km grid from the original 381 km grid
using biquadratic interpolation.. Figure 5 is a map of these drag
.coefficients foruthe grid used in: this study.’ Dnless otherwisa

bindicated on. this map, the value of the drag coefficient is

' 1296 X lO 6 (dimensionless)

.“,.'.
)
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Fig. “4, " Anal
are meters (m),.; -

.

yéié of the grid point ‘terra
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in height data. Units




. Fig. 5. Analysts of drag coefficients. Units are 1073 .
(dimensionless). = B . -

o
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Objective Analysis of Surfaie Wind Pressure and Temperature

‘0 N

. The network of stations reporting surface data is of course ‘iv.,'

-

much’ more denée than that of. radiosonde data. Approximately 300

—uui«—~~w~surface reports'were—available for™ each case. An objective analysis

“
]

. tures. AJl these data were. available from the synop}és s@quences ./ A

ftthe Edmonton Weather Office and the Arctic Weather Office, both TS Y

'lanalyzed fields were - then used in determining the field of mf and

program outlined by Glaﬁn, Hollenbaugh and Lowry (1969), o@igina\;y |

.designed to analyze ‘sea level pressures, was modifid{ slightly to

x

analyz station pressure, observed surface winds, and station tempera- )
. .

listed in the NHDT The objective analysis system interpolated

« ’ o

Surface data to the grid points using Bessel's Interpolation Formula

which 1s biquadratic in nature._ In’areas where the gradient of

4

',station pressure (in garticular) was strong,.the biquadratic idter—'

.'polation schemeshad difficulty i properly fitting the data to the

‘o

.grid A slight modification of the computer program counteracted

- this problem, greatly improving the analyses in these areas.

In spite‘%ea large number of surface: observations, bogus '_.'

<

'data vere necessary over the Pacific chan since data over the ocean
were generally sparse w1th most marine reports being concentrated

' along shipping routes. - Theé bogus data were introduced after a_'

careful inspection of sunface weather charts,kindly supplied by

t

¢

‘;located at Edmonton, Alberta. - a : o RV ’i_. -

E)

The same. analysis technique was used to analyze station

vtemperature and observed surface winds (in. component form) ' These . o9

)

liwhich were added to obtain wg, the total vertical motion at the

“:‘ ! .? o
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earth's-surface. With grid point values of station pressure analyzed

4

the lower boundary was incorporated into the model atmosphere as

outlined in section 3. 2 and the omega equation was solved numerically.mm_;_

“The™ results are presented in the next chapter.‘.

f . i .
-
/ . t)
S775mb o 600 mb 400 mb
l ) :! ' ’
¥

c\a.séi — -000255 -, 000238 . +000493
Case 2 - oooz21 :000232 000460 |

Case 3 - 00076 . . - 4oo199 .000379

. Table 1. Values of the static stability factor used in - ]
" the solution of ‘the omega equation, Units are gm cml+ sec2 B
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‘RE%DLTS‘ANP DISCUSSION .
5.1 Preliminary:Comments A oY e 'i~ A W

In order to explicitly evaluate the influence of. surface
friction and orography on vertical motion, two distinctly ifferentj

»

lower boundary conditions were chosen to .yield suitable comp risons.

n

’pressura set at 1000 mb everywhere over the grid with the vertical

: motion at the earth s surface set to: zerdg This condition repre-

' »The first, -a simple lower boundary, consisted of . the surface}sfation ‘

sented a- flat, frictionless surface. .The second boundary condit on ‘,-‘

'ucalled the Eull lower boundary consisted of the obJectively analyzed

J'surface station pressures, along with the vertical motion at the‘
'earth s surface in response to both orography and surface friction.
This boundary condition thus inconporates the effect of the earth'
.irregular surface in general and that of the western Cordillera in

particular on the vertical motion fields.

-ﬂ For quantitative comparison the tilting term (—k * Y x 3;

o -
and the divergence term (c+f)—;-of the full vorticity equation were

PESY

‘7'evaluated using the omega fields obtained with the two different

lower boundary conditions. These two terms indicate the changk in

.

37 B . ,- E ,.wi
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vorticity with time following a parcel of air, and are baroclinic ip
nature. It may be recalled that in. the quasi-geostrophic formulation )

" of the omega equa\kon, only - the divergence term is included while

" the tilting term is dropped out of the vorticity eugation hecause////

of scaling considerations.‘ Consequently, the calculations made here

i K

_are meant to provide (at least) a first approximation to the actual

-~
P

magnitudes of the tilting and the divergejcé:terms. ﬁecause of the

L3
s

importance of these baroclinic terms inkvorticity production, a .
-
detailed assessment- of these terms was dqne over selected test areas
‘ N
-0 for each case,‘this procedure provided a quantitative evaluation of
' B 1

- ' the influence of orography and surface fridtion. The various results

— _ for each of the three chosen cases are described in’ the following % ’ T
W ‘ -‘-‘ . ’ - -

.5.2 Case '1"(05 January 1972: 1200 GMT)
ey

The various results for Case 1 are presented in Figures
6 to 13 and Tables 2 to 5. Figure 6 shows the surface analysis for
Case l along with the 500 mb geopotential height analysis, including

the absolute vorticity pattern.l At the surface a deep (964 mb) low

p P ey
AP,

' pressure system mov1ng slowly eastward was situated in the Gulf of ot

r Y

Alaska Satellite photographs received at the University of Alberta
shOWed that the system was occluded at this time. In addition a lee ' 'g
trough was established at the surface over. Alberta At 850 mb (not :
‘shown) a similar pattern existed with major areas of warm air ad-
vection present over the southern Yukon and over northeastern Alberta.
At 500 mb a ridge was present along a Iine through central British |

\

Y

- ey TT
Py g 12T -



SURFACE ANALYSIS CASE1 Y
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. ‘
s N\
. 500 MB ANALYSIS CASE1 ( 810! .
N N . ! 1
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Fig. 6. ‘Syrface analysis and 500 mb anélysis ingluding
absolute vorticity for Case 1 (05 January 1972, 1200 GMT).
Pressures are in mb, geopotential h’eights'i_n. decameters, and
vorticity units-are 1072 gec™l, - : " ' '

LN
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“;7 wdhte ly west of the ridge and northwesterly to. the east of the ridge,

3

¥

—

_ . S 9 ‘
Columbia (B C.) to the southern Yukon; the airflow was west-south-

, .

‘ .

l‘,

'present over the" Alaskan Panhandle with a weakér area of PVA over
P o U

Lake Athab sca. Twegae hours later a new low (with bentral «pressure -

985 mb) deVeloped in northeastern Albetta, while the Gulf of Alaska
ow had drifted inland ang filled drastically. L
i T -
Figure 7 shows the analysgL of orographically induced -

vertical motion and the sum. of orographic and frictionally induced

veruicalcgotion (denotég.w ; on the figure) —eAa_gfpecﬁed a major

area of ascent was situated along the.west coast while subsidence*'

’ 4 ‘,.»_,-....r-sm-ﬂ—k

prevailed along the eastern slopes of the Rocky Mountains through

. _over Alberta, A major areéd of ‘positive vorticity ad&ection (PVA) was

-

.o

~most of Alberta into the United States. Ascent—of up to 5 cm sec-l.

. .

«

.was noted 0ver‘the Alaskan Panhandle. Descent of approximasely 1 cm

s X

sec'»"l was present along the easternaslopes of’the Rocky Mounﬁgins in

lbe a, 1ncre 0. 3 cm sec 7! over Wyoming. A comparison of <
,J:__. ,‘L ' '

these two- analyses reveals that ascent on, the west coasthas en-

-

r.

hanced by about 25 percent as a result of inclusion of. frictional :'

e/fects into the calculation. A similar but lesser effect occurs

~on the sub31dence pattern along the eas;ern slopes of the Rockies.

In areaa.of relatively even terrain the effect of including friction
. r .
,

resulted in. changes-which were' generally an order of magnitude less

- v

than the values of vertical motion idhuced by orography alonet
Figure 8 shows the vertical motion patterns obtained at
the 775 mb level using .the . simple and the’ full lower boundary con~
:.ditions. Ascent over. the Alaskan Panhandle increased 25 to 30

percent when the full boundary was included Ascent decreased Cw

o

. r~

e
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. - _ . : . e
Fig. 7. Orograpﬁically induced vertical motion (OROGRAPHIC) and

. the sum of orographically. and frictionally induced vertical motion

(0 T+F). _At this level w = - 0.9 w, where w is the. vertical velocity
: =1 . : . ; -1

in cm sec ° and w is the vertical velocity in microbars sec”'.. .
Negative values of omega denote ascent and positive values of omega
denote subsidence. . ' ° : ) ‘

¢
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Fig. 8. Vertical motion patterns at 775 mb- obtaired using the .
-two different lower boundaty'condi ions.. At this-level w = - 1.1»w,,fﬁ;_




is - logical, since the terrain in that area is relatively flat, and
-~

43 -

somewhat oVer the southern Yukon, Littleé change in the ascent pattern

over’ Lake Athabasca occurred when the full boundary was included, this

-
here is li&&#@ variation in surface friction.

Table 2 demonstrates effectively the differences in Omega

. values at the three solution levels obtained with the two different

lower boundaries. These values of omega refer to the ninth row of

‘ the grid running from the Alaskan Panhandle to the vicinity of Lake

Ce

b Athabasca (see Figure ll) The differences in omega values are quite

!—"

v significant at the 775 mb level where the inclusion of the full

boundary changes the values byl.; much:as 30 percent at some grid

points. As would be expected, the 10wer boundary exerts a dimin-v

_ ishing influence on the omega solution at higher levels, especially 5

\ . 0

"o at 400 mb

Figure 9 shows the vertical motion patterns at ‘the 00
and 400 mb. levels using the full lower boundary conditions. The
corresponding vertical motion patterns using the simple lower -

. ‘,y“\
boundary’are not shown since they are\basically similar to those

of Figure 9. These vertical motion patterns agreed well: with the

"
reported surface‘weather phenomena at the analysis time. A large
area, of precipitation (snow) existed in northern B. C. and the Yukon,

correlating with the ascent pé*tern in those areas._ Also, a separate '

. area of snow over Lake Athabasc% was in phase with ‘the separate area-
. of ascent shown on the vertical mption analyses. Figure 10 is the

o satellite photograph of the weather pattern mainly over the Pacific

Ocean and B C., taken about eight hours after the analysis time

s

=
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. Table 2. Values of omega
- columns 8 to 17 ‘(see ‘Fig. 11).

level for both lower boun

(Caséil)'taken from row 9 of the grid

‘Values ‘are shown for each solutien.

-

. ) , ‘A 44
: . 775 mb
BOUNDARY . . -
. ’ Y
Full ~4b =24 =02 0.2 | 013+ 0.3 © 0.1 -0.1 1.3 0s6.
. Simple -3.2- -1.9 -0.5 0.2 . 0.0 04 o1 ~0.2 -1.4  -0.7
: O ; o/
600 mb
Full | =33 .29 . -19 0.3 0.2 0.1 0.2 0.3 -2.1 0.8
Simple =2.9 -2.8 -2.0. 0.1 0.0 0.0 - 0.1 0.4 -2,1° -0.9
4400 b
. B . : - o . " . ,. o ’ . . !
Full | -1.6 -2.5 <1.1 _.0.1. -0.7 =2.0 -0.8 -0.6 - -0.5 0.0
S Simple 1.4 -2.5 1.1 0.1 =0.8 -2.1 -0.8 -b.7 -0.6 -0.1
. ‘ | . \ E ) : ' " . .

dqu'conditions. Units are micfobarS’pe; sec.;
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, Fig. 9. Vertical motion patterns at 600 mb and 400 mb obtained
using the full lower boundary. At 600 mb, w = -~ 1,27 o. - At 400 ‘mb,
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(1200 GMT) - The photograph demonstrates effectively that the Gulf
of Alaska low was occluded and shows extensive cloud cover over o

Vancouver Island and central B. C."
o The top half of Figure 11 shows the test areas used in
this case for comparison of the baroclinic terms, namely the diver—

'gence and tifting terms of the vorticity equation at various levels

‘“in the atmosphere. Area 1 was chosen to demonstrate the’ effect of

‘“the eastern sloﬁbs of the Rocky Mountains, and Area 3 to show the
. - ‘
‘ﬂeffect of the sharply rising terrain on the west coast on the baro-

clinic terms. Area 2 was- chosen mainly because a great deal of
' 1ascent was occurring in that area, Area 4 was,chosen because the
v;terrain‘was flat in that area, and also because the new. low developed
on the western boundary of that area. The test areas in all three

I3

cases contained .an average of 20 grid points. _ S "'\*

.

yt-, The bottom>half of Figure 11 shows an analysis of the
.'tilting term at 775 mb using the omega fieId derived incorporating
‘the full bdundary. Positive values indicate that parcel vorticity
fis increasingdbith time; the reverse is true for negative values.
_'Note that the tilting term is most active in areas of frontal ;'La

,

. _activity (see surface analysis) '~x*

ﬁ_#;;#g,%ﬁﬁgﬁé Figure 12 shows the analyses of the divergence term at
<775 mb and 400 mb derived from the omega fields using the full
. boundary.: Again, positive values indicate parcel vorticity

1ncreasing with time (convergence) and negatiVe values indicate -;“

‘
£

3 parcel vorticity decreasing with time (divergence) At 775 mb

as expected,convergence appears in the vicinity of ‘the Gulf of
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N . . B >
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. Fig. 10, Satellite photograph of the 'metéb\rological situation: for
Case 1. The Queen Charlotte Islands are visible in the right center of
the photograph, with the occluded low at the top centre. ‘The photograph .
“was taken by the ESSA-8 weather, satellite about 2000 GMT, Q5 January V
1972, about ten hours after analysis time, . 7 o

Y

B Y

g 0

C e



- Fig. 11.

Teét areas and an analysis of the tilting term (TILT) at

: mb for the full lower boundary condition:. Units of .the tilting -
‘term are 1.25 x 10~ -10 sec ~2, The dotted ‘line in_ the test area diagram
is part.of row 9 of: the grid from which sample omega values were taken

'(Table 2).
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Fig. 12. Analysis of the divergence term (DIV) at 775 mb and /
400 mb ‘for the full lower boundary condition. Units are 2 8 x 10" /
 sec™2, o ~ St A o
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Alaska low and over Lake Athabasca._ Since these two areas are

“,associated with low level ascent, a compensating divergencé should

» be expected aloft._ .The 400 mb divergence analysis confirms y
L O 0-.- . !
with divergenCe present over both areas. In general the m‘:,_
i,

value of the divergence term is approximately double that of _'Li’ ;4‘? L

& . i B
, tilting term when the mean is calculated over the entire grid

e
Figure 13 shows the analyses of the sum of the tilting i‘Vt
iand the divergence terms (TILT + DIV) at 775 mb for both boundary
conditions. Significant differences are noticeable in these two
_'analyses. For the full boundary case, vorticitg production increases
up to 30 percent over the Yukon. On the west coast where vorticity
was increasing with time in the simple boundary case, a change:of
'sign occurs when ‘the full boundary is-inclu d; the inclusion of
tthe fdll boundary leads to decreasing vortiS:ty in that area, -
Tables 3 to 5 list the mean values of the individual baroclinic.‘) : ;'M

terms and their sum by test area for both boundary conditions.'

For each test area these tables demonstrate the same result"‘

Bl S

to the lee of the mountains, vorticity production is enhanced through

inclusion of the full boundary, on the windward slopes of the'

Cordillera vorticity production is- inhibited when the full boundary
is included These results agree with the findings of MbClain (1960) j\f
Rt and others. Note that in Area 4, relatively minor differences appear' .

-;' in the values of the baroclinic terms, again a result of the rela-

e

tively even terrain in that area.-:.'

' When the full boundary is included two- major results were ‘

e{ -

obtained for this case.’ These are., (l) marked changes in omega

-



———

R

‘\{ .'o. ‘&f’ {.11 ’
. /,' \ -"i?)\/d\" %"f%‘/\\? .

¥

A

Fig. 13. Analysj

divergence term at 775 mb
Units are 3.3 x 10710 gec™
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gor_both lower boundary cong}tions.
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.

Full » Bgunda Ty

‘Stmple Boundary -

.

- s
. ‘ i ,;60@ i
e 400
S

fwen

. | 775
2 - 600
o . 400

. 775

37 600
T 400
775

400

-0.3

- =0.5-

+0.1

-102
-2.3
5107:

. -0.9 .

+0.4

' ~0.04

4

+0.3
-0.4
~0.2

PE

~0?6

;004:
+0.1

- +0,2

-0.4

 -0.3

L)
. Table 3. - Mean grid Eoint vélues-of’thé tilting term for each
test area. Units are 10~10 sec” 4, N\ - R "
' - e
. ,‘
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each test: area.

Units are 10

sec™2

-
”
. ' . \ ‘ .
Area  Level (mb) ' " Full Boundary  Simple Boundaif
775 +0.3 -0.7
600 +1.6 40,8
400 -1.1 +0.6
| 775 .87 4.8
_ 600 +0.5 . +0.6
400 ~6.0 -6.1
| 775 ~0.7 +0.8
600 - -1.2 -0.8
400 -1.2 ~0.9
”~ s ‘
775 +1.8 +1.7
400 ;' -1.2_ : -1.7:
Table 4. Mean grid point values of the divergence term for }3‘ ‘



P

dw.».ymAreg»¢'~ ~J~Leve1*(pb7““’““’”‘Fuli'Bbuﬁ&&t§“'m> “_mSiﬁbiéEoundary .

| 775 00 el
o - 600 ' Ce4l2 +0.4
| 400 T w2, ‘ +0.7

. 775 464 46,7
2 600 . . -1.8 .. -1.8.
400 IS Y C-7.5

775 . : CsLe o e |
3 600 ¢ -0.8 - . =0.1
. 400 L 12 ~0.9

775 2.2 0 g 40
4 e00 “0.7 T 10
400 . L5 . =20

-

. L
'Table 5. Mean grid ‘point values for the sum ofi;heltilting
term and ‘the divergence term for each’ test ‘area. Unit$ are
10710 gec™2, : / S :
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5.3 case 2 (05 March 1972: 1200 cffr)

"

values at 775 mb,but little change in the basic vertical motion
pattern and (2) enhancement of vorticity production to the lee of

the Rocky Mountains, accomp&nied by inhibition of vorticity pro-

'iduction windward of the Rockies.~ The ‘next two- cases, altﬁough

presented in lesser detail demonstrate the same effects,

a

¢

R

The results of this case’ are presented in Figures 14 to 19

"and . in Table 6. GFigure 14 shows the surface analysis and the 500 mb,’

) \‘_—-"

geopotential height analysis for this case. At. thé surface, a well

developed frontal wave (associated with.a 992 mb low) was just over

. Vancouver Island at analysif time, The systen was moving northeast-

west., At. 500 mb a southwesterly flow prevailed over the eastern

'Pacifit Ocean and B‘C. to a ridge‘aiong the B, C -Alberta border, -

-ward Unlike Case I, this system approached Alberta from the south— :

The flow was northwesterly over Alberta.. Although not shown on the *

,.500 mb analysis, significant PVAvwas present from Vancouver Island
'»to east central B C. A second area of BPVA was’ Located along a line

" from southern Idaho to 30uthern Alberta. A significant area of

-

')vnegative vorticity advection (NYA) was situated along a line from

Puget: Sound tor Just west of: Edmonton. At 850 mb (not shown) warm O

~air advection assoc1ated with the frontal wave was located over -

"‘Washington and southern B. C An area of weak warmaair advection,

associated with the front in Alberta, stretched from northeastern

[ 2

B C. to southern Saskatchewan. Twenty four houns after analysis time
a 985 mb’ low was established 200 km. east of Calgary. Careful

'A-‘ L
. “-;,,.'.
X
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_inspection of tbe meteorological charts for this -24 hour period did
' not conclusively show that a _new low developed east of Calgar‘y, ‘more
' ’ certainly the existing 992 mb »low over Vancouver Island. moved inland

._ and deepened significantly upon crossing the Rocky Mountains. e 1_'4‘,_

The top half of Figure 15 shows the analyzed vertical

s, L

___i_Jnotion -at-the- earth s surface. ‘A WEak"area of ascent predominatés

- —

over the eastern Pacific Ocean due to. the cyclonic cir'l:ulation in
. . "
' that area' ascent: over Vancouver Island is due mainly to upslope

flow. Weak subsidence prevails to the lee of the Rocky Mountains.v

Figure 16 shows the' vertical motiorqx pattern at 775 mb

.

'for the two lower boundary conditio‘ns.' Little difference is notice-

’ able’ between the two charts, although ascent-n 'r Vancouver Island

. 2

is: in fact enhanced 20 percent nea%" the centrw of this area when the

'full lower boundary is incorporated. ‘The small ascent areas over
Idaho and gontana ‘decreased in intensity when l‘;he £u11 boundary was ,
.v_included kls in Case 1, similar but’ weaker changes occurred in the .
600 and 400 mb vertical nlotion fields 3upon inclusion of the full :
'-lower boundar;ﬁ Figure l7 shows the 600, and 400 mb vertical motion
pattérns obtained uging the full lower boundary. L A‘ | . 1-44
. - 5y

";E;..;.f,; The vertical motion fieLds agreed rquite well with the

reported weather phenomena. A large area of sfiow in B C "and the

Yukon:pincided with - the ascent patte.rns ‘portrayed in Figures 15
.to 17 Generally clear skies over northen‘ Alberta verify the mid

: 'level subsidence over that a;ea,' The sateilite photograph for this w' b

. : e
R case (Figure 18) correlates well with the ané‘lyzed vertical motion‘H

R R , . “ s
B ; . ‘84 L.

-.vfields.” N el T




‘ .
A .
. .
. P
‘
» e
[ )
v
f
L]
U - H U,
1
1)
‘ »*
<1 .
»
-y
®
. i
. O
w T+F CASE 2
v N
- Ay
M !
e
g

A‘JI.

! ;
' s e T
o “ o ' L ’; . S O <
. : - . ) S 7
' " . <o T T A
o . TEST AREAS CASE 2 J L 0. |
/ ) . . ‘ g . , . “:, o ' . . )
Ly ‘ G T R -
A PR . P : ‘ -
P i S e O o ’
o Low kL o L

s Fig. 15. Vertical motion at the earth's surface and the test
78 TEs used for mparisen of the baroclinic terms of the vorticity
equ,;ation.“u ? I v '

I,

.
e T

~_‘Q', L ; ; ’ S o




A e

w 775 SIMPLE CASE 2

T
P
P
1 N
. w 775 FULL CASE 2
i o
U I
- -

. - Tty RS

¥
ey

‘

Fig. 16. _Vefticél motibﬁ pétfé%héﬁék 775 mb for the two lower

boundary conditions. e BN T

ANt e e LT e gy s .
Lo . .- - . B - - . .
- PR . . PR -




Rl

Ly

. ) . X .
T

)
B4

s

: “Fig. 17, 'Nrtical motion patterns .at 6
' full lowqr boundary condition, NS

L) ’ -
»
.
A
ol
‘e
N
.
4
. -
¥
o
v
¢
- .
-
. »
L)
.
[
-
-
.




¥

RN

61"

o

L

i

.. -Rigl 18.4Satellite photograph of the meteorological aonditions

for Case 2;7'Véﬁgpgvéf4IEIaﬁd}liabpbeﬁeatﬁL:héVﬁﬂitEicldud'mass'at

. -the right centre®t the photograph,: with the A¥askan Panhandle visible
. as ‘& brignt™and’ above Vancouver dbland... A.second band of cloud is

situated just west of the Panhandle. The photogr pﬁ”was
ZOOO‘GMT; 05 March 1972 by'ESSA—S.', S o
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These analyses also indicate that parcel vorticity is decreasing

’is decreasing with time.' Area 2 is 1OCated over the significann o

B vorticity production zone in central B C. Area 3 is located where

- are in agreementzWith those of Case 1. Vorticity production is x

ward 31de when the full boundary is included The vorticitv pro—

T ﬁaduction areas are not in the same locations ds in Case 1 This o

e b

"

The sum of the baroclinic terms at 775 mb for the two different

duction occur: one over central B. C., and a. second'area over Montana. _

P
1'@

- boundary conditions aré present’in Figure 19. de maxima in vorticity pro~‘

with-time—along'the front in’northern and; eastern Alberta.‘ Vorticity

production over. the eastern slopes of the Rockies inCreased notice-'

P )
- - L

q .
: ably when the full boundary was included” Vorticity production

-~

,also increased in central B, C., inspection of. the terrain heights '
(Figure 4) shows that this area is to the lee of the'Coast Range.-
The test areas used for comparison of the baroclinic terms.

(Figure 15, bottom half) were chosen on the saﬂe basis as in Case " 1

Area 1 is located west of Vancouver Islan& where parcel vorticity

.~ .

- )

the 985 mb low appeared 24 hours later, in the lee of the Rocky
STy ‘ Co .- . ,
Mountains. “.HV;P).

Table 6 compares the mean values:of the baroclinic terms

tle

over the test are‘% for the two boundary conditions._ The resuIts '

L)

enhanced to the lee of mountain barriers and inhiﬁé;ed on the wind-"r

”suggests ‘that orientation of the mid level atmospheric flow to the( L

"hxmountain barrier may be an’ important factor in. lee cyclogenesis..
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. “ : . .
‘ ) : B .8

Area_‘..{ _Eévelﬂ(mb) ' i FuliFBoundafy'. . Simble Boundary - =* ' -

778 ;,‘:';J" ,' 60 =5.3
1 b0 4 _1-'; L 46.7 o
| 400" o .‘+2.4' | RAR 42,6

. T

) B L L 483
2 s0 a3

400 19 8.2

B Y T P
3 500"'f. K . -1.9.}>> - i 7' ~2.6"

B A 13 |

Table 6. - Case 2 mean grid point.valqés‘for the sum df.theAj R v
L tilting term and. the divergence terms for each test area. .Units - '*':5; -
are.10~10 sec™2, S = o R :
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”5.4-'Caée 3 (2'1 tay. 1972: lZOO‘GMT)

The results for this case are presented in Figures 20 to

25, and in-Table 7. Case 3 differs significantly from Case 1 and

;Case_Z;m»Although~a—low p;essure‘system developed in northwestern ;MW

Alherta, the large scale ciﬂculation features of the atmosphere were -

changing ‘as. well At analysis time at 996 mb, 'a low. pressure system

'(see Figure 20) was situated over northern—ﬁaﬁ. The system moved

eastward to just south of Great Slaye Lake in 24 hours, deepening

: only to 992 mb At 500 mb the flow was weak over Alberta and B C.

A trough extended from a low situated over the Gulf of Alaska to a '

{second low over Idaho. This entire system moved inland to the lee

of the Rocky Mountains in 12 to 24 hours.' PVA was situated over

.. the Alaskan Panhandle, but at the same time, cold air advection was L E_;

":‘present in the same area. ~Another area of PVN was locq/ed over

the Mackenzie Mountains. This PVA together with warm air advection

at 700 mb .(not . shown) is a good combination for producing ascent.. _ A‘, f?
Figure 21 (top half) shows the analysis of vertical motion b

;at the earth's surface.: A general pattern of weak aﬁceht is preva—‘

'e.Lcnt west of the Continental Divide. An ared.of weak subsid T s

C W

appears over the southern Yukon and the southern. Mackenzie V
Another area of weak ascent located near Bismarck North'Dak:ta
‘(BIS) is associated with ‘the upslope flow in that area.

Figure 22 shows the analyzed vertical motion patterns at
775 mb for the two lower boundary conditions.. Very little difference

is apparent between these analyses, as the vertical motion at the'

earth's surface is generall weak in this case. Some changes are
y 5 , : s a _
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SURFACE ANALYSI§ CASE 3) , ~
'\ -4' . N - :__“/ '(\ R ~‘=e...—.‘.
o ‘ \ ,Q‘/\_;\L 8 ..’o. .' ) \.,. '25 vk 5.22‘ ‘ ‘
- e R
- )
U‘%‘
P

o Fig 20. Surface ’analys‘is. and 500 mb geopotent
. for Ca's'é 3 (21 May 1972, 1200.GMT). . ‘ s
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‘Fig. 21, Vertical motion at the earth's surface and the test
areas used for comparison of the baroclinic terms of the vorticity -

equation._
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- apparent in the small ascent areas in the northwestern U.S. The

<

' area of ascent over the Mackénzie. Mountains is in response ‘to PVA

“and warn air advection, as mentioned ‘earliér. The verticaI ‘motion

" fields at the 600 and 400 mb levels are presented in Figure 23,

'with the system over the nQrthwestern U.S., bdg"

Reported surface weather phenomena did not correlateA

.particular&y well with the derived vertical motions in this case.

.

However, ‘the satellite photograph of the weather pattern (Figure 24)

R4

' taken some eight hours after analysis time, did show organized cloud

Apatterns in the ascent areas.- .

" Figure 25 shogs xhé analysis of the baroclinic terms at

'775 mb for the two lower boundary conditions.isSome differences are

Jl“_'

noticeable beQween the two analyses.. A small area of vorticity

Ay ¢

production appears southwest of Edmonton in the full boundary case.

o

MaJor changes occur in the vorticity productionﬁpattern associated

-

apparent in the, vorticity production area over ‘the. Mackenzie

o

o !

. Mountains. When the mean values of ‘the baroclinic terms are con—

)sidered for the test areas (Figure 21 bottom half), it is evident

that vorticity production is enhanced to the lee of the mountains

eV o

‘and inhibited wdndward of these barriers when the full boundary .

is 1ntroduced The-mean values of the baroclinic_terms are shown .

,
]

in Table 7. o
._5.;.5 Su‘ z-:‘ S ;o ' E s
ST In all three cases, "the derived vértical motion patterns '

-y

agreed reasonably wa with the obserVed weather phenomena at or

I\ -~



JER

L , Fig; 23. Vertical motion pagterns
A full lower boundary condition.)“
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_he tilting term aﬂd the divergence té%mzfor

'eq tist.' Units aré 3.5 x 10

.
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N inhibitg‘the vorticity production to, the windward side. )

-‘\

is i?cluded in the solution of the omega equation, however, the
‘major features of the veﬁédcal motion patterns do not -alter sig— .
~'nif1cantly.v A similar difference in vertical motion values%peaf's
| at 600 and 400 mb but to a lesser extFnt than at 775 mb., Intro— ,'

"duction of the full low?r boundary in, the model indicates that a’

4

near the‘analysis time. Differences of up to 30 percent in the
.

ve;tical motion values appear at 775 mb when the full lower boundary
. \\}

L‘(

4

o i

w:
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~

v
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w,
major mountain barrier induces vorticity product}on to its lee and
,\ 1
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W, ... SUMMARY AND CONCLUSIONS

. T . : )
‘fﬁu-;?;. . ’... ) . . . . )
‘e ~-$'“> N -t ) \

'"fcthhf" In this study a four level model of the atmosphere was
‘3&@/ "

) ﬁhormuiated to obtain the three dimensional vertical velocity fields‘

A f

by‘solution of “the. ﬁhasi-geostrophic omega equation. The omega

‘e

N equation was solved numerically over a gr1d encompassing western

Canadaﬂamqst bf the Northwest Territories, Alaska and parts of the

eastefg P%tific.Ocean.l A,gfid with 2t TOWS and 23 c81umns was

. constructed—and a grid distance of 200 km was used in the x and y
v b
direction. Three. synoptic situations were chosen from which input
- v‘, . ,,0

data at various levels were coustructed using an- phjective analysis

,.‘,;.'

scheme.‘ Data from Lark Juliet flights were utilized to improve ‘the

o

data coverage over the Pacific Opean. In addition, synthetic data

el . N

L {
' were introduced over areas of 1naquuate coverage in order«to**“““

-
e -
.

improva the accuracy of the objective analysis SCheme.
N : . o
: In the solution of the omega equat:wn, t* differen't'~
lower boundary condltions were used The first, a simple lower )

oL 1v,

boundary consisted of a flat, fricbionless surface and was rep- .

- resenﬁsd by zero vertical velocity everywhere.f The second boundary

: R
. condition incor ated the analyzed station pressuggs and observed
| vge ‘

o TR .o (" e T > - - . :
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: ’ winds at the earth's surface, along with‘chefully evaluated terrain

‘e .
heights and drag coefﬁiCIeht data.. Using this information, the_ .

values’of orographically and frictionally induced vertical motioq

at the earth's surface;were calculated and applied at the qtation, B

’

et

Toxs

PR

pressure 1e;g1 in: th&e model atmosphere, forxp,_i"ng ar reali‘ic lower

bouhdary condition. For quantitative assessment,_the divergence

and the ti‘ting terms of the’ vorticity equation were evaluated over

"v ! 5

. 3 séLected test areas using the two different b0undary,conditiqu.

RS

r fviéi‘  The results of applying the realistic 1ower boundary

“ condition compared to the simple lower boundary condition were «‘

N 4

twofold Firstly, the valués of omega at 775 mb changed by as

\tmuch as 30 percﬁnt, with diminishing changes at higher levels.r.l:
. Y .
These changes in turn augmented the papterns of the divergence

A "n

‘ and ‘the, tilting terms of the vortic1ty equation, enhancing vorticity

production to the lee‘of maJor mountain ba’riers in western Canada ’

’

‘while 1nh1biting vorticity productiqn on the windward side. Through
. ‘ .

a detailed analysis of these. terms specific areas of enhancgﬁ Ag]»_fx

vortic1ty production were noted For the three synogtic situatiodg 4g: -
. T

studied.here, it appgars that these vorticity production areas

- ‘could be correlated to known areas of cyclogenesis in the lee of f

the western CordilIéra.»,ﬂfdp’

L.

“,

to low. level convergence.: These findingsi

',

o - i : -:‘ o
'Prﬁ:lction was enhance ,in areas of orographic descent d!fe;ﬂla’lnly

——

e i e



orographically intensified diffluent cross barrier flow superimposed

on a zone of low level convergence and orographic deecent."

This. study has brought out, the importance of orography \

..and surfaCe ‘frict‘ion on vorticity production which may provide a ‘- .

SNSRI o -.__~__¢ e e

) \.‘ . o i ) ‘e L L Ce /_’.'

.,1.link in the formation of cyclonesl?o the 1ee of ' thé Canadian Rockies.

These results may pmve to 'be important tOWards deve@ment of a

K suitable prediction model for weather systems over western Canada.
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