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A method, for T(—)bh.'li'ning the nonryvostroph‘m compdn

observed Wind is 0\tt\l.ﬁe(i Two techniquey are used to obt(&,‘
diverggnce nnd rﬁlnt}ve vorticity og theenon geoatro!phlc c#wonenh
The effects of smwrll 1qﬁluenCes on the agoostrophic diyarge:}?e and .

relative voxticlty are disvussed includlng condenfmtional heaging, .
' . 1

bra«lgnllt winds, nnd te rrain effec.ts S p &
' Two'case studies of the 200-400 mb layer ove a p&rtly
of the WQétern (‘ordilleta are preseqted The results of thi%e studkés

indicate that horf{zontal thermal ad\lection‘was the dominagt influenct /

controllinz, tngeos‘trophic wind, wli:\ oonde\nsat:ional heating‘
‘gradient wind influcnces having only nm; effects. . It ‘“ concl’ua.ed
that prevailing atmosphq‘ic stability and‘:he methoda. of gnalys“éw
employed did not permit’ sufficient resolution ©f the wind field to ™
delineate terrain influencgs in the ¢ases studied. $omerugge§tions
for further work are made wiUﬂ\ the acbpe of the methods ;iiscleed

which may help to detexrmine tertain effects. '
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v o e CHAPTER I

- 1 ,
: INTRODUCTORY REMARKS AND THE GALCULATTON | y
e : . OF DIVERGENCE AND VORTICITY o |
. n ! \
. T . . ' ) .
. - N "Q'
1.1 Introiustion A ‘ . : \

lb{»ﬁ?)ximationa are an integral part of meteorology. wlit.hp\x'.t “
them, most px:oblema would be so domplex as to deny solution. However,
the pressure on the metecrological community to prodyce better forecasts
,covering longer periods of tix;xe has forced meteqralogis:a to re-examine ' X
the ramificatigns of the approx‘imations ;xsed indealing with atmospheric
phenomena. Interactions between the Earth's suxécq and the atmosphere
have emerged as one of thée major areas where rough approximations are
no longer sufficient. In particular the ‘We,stern. Cordilliera isv,a factor’
which must be given due consideration: it affects atmospheric motions .
on all scales ~~ from the valley wind to the planetaxy wave. The advent
‘of the digital computer and the profusion of numerical circulation '
~nodels which followed have ddne .much to clarify the mount:ain“atmospherev
fnteraction. This clarificqtiﬂn (qfor synoptic scale featurés) has come
about prinqipally thrpugh ‘thq use of the « -equation in conjunction: with '
" the quasi-geostrophic uation¥ (cf. Haltiner, 1971) As Sawyerx (1959)
. points out, the quasi—zostrophic system does not pemit the evaluaiiqn K
" of ageosk:yphic effects since this type of motion is 13(101‘@3’ Hy the d
. equations, - While this doea not pppear to.be a serious defect for ‘broad

i . o

“f'OOO Jam, ) and 1qw (maximum height 2 300 m) mountains, ageosr.réphic

\ "gf cts gxiaipg ﬁgom a barrier having the dimensmna and eomplﬁxit\y of \1 N
.gl” Westem Gordillera may bue signifmanj:. . A [ 5
,.{41” On the Qynopcic scale, t;rrain 1nduced vertical, moti.er have i

~.am impor:ant Lnflugncg Q;; developments in the Vietnity of mpunt&ins.
_ ‘Y'Smce these induced vertlgal Velopit;ies must eventually be dgmped out at
g some . level abwe the ﬁamiai.n, it follows ghat chey must c:‘:eate a.
loeql.:_l.spd neld gf. hogizont:al diva:senge and cotwgrgenuc'e, Namias yand
: Qlﬁpp (1946) dist:Wgre.d chu f}eld whilg using mpnthly mean mpo Qf. thq
10,000 foot. level ‘
Xt " and' an;mmad ’u:

‘.
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hwhnnlhmn,i(lhlhmn“hm (m~dhmrmwwuzmd1mlmlvnv?Nchy
of this component will also be neglected. Tt fn the ln(vmhul purpose
ot this study to tey and determine (f the ageostrophic wind cgmponent
over the Weatern Cordillera shows any vy'l‘«l(-\Qv on a synoptft scale of
apatial organfzat{ion that can be attributed to torrain l!\lluuncn in
terms of divergence and the vertfcal component of the ruln(lvu‘vurtlcny.
The datn-gatheripg network around and fn the Cordillera s
not suflfciently dense to permit an {nvest| fon at _any.level below
that of the highesat level of the terrain l.&()()() m in the n\y,ﬂo%
studied. The 700 mb level was chosemsas the lowest acceptable level to
be examined.  laduced vertical motfons will be the principal agent by
which terrafn offects are conmunicated to the upper levels of the
atmosphere. At the 400 mb level these veloctitlea will Renerally be
about one order of magnitude less than thetir initial value (Berkofsky,
1964), hence “the analysis was terminated at this level
4he methods cmployed will be aimple in vlow of the lack of
n& adequa;e thepry dealing with ageoatrophic winds. The ageostrophic

component‘till be found by subtracting an objectively-analyzed
geostrophicwind from the obaer;ed wind vectors, The calculationsofuﬂ
the divergence and vertical component of relative vorticity is
diacuased fin sﬁm 1.2. Later discussion {section 2.5) will show.

the llmltga‘acéuracy of these me s, with the reault that the presence,

‘and nog t;he magnitude, of ageostgfolhic effects will}be of prime concern.

® It should be noted at this point that the (x,y,p,t)

coordinate ayftem wtll be used throughout thia theais. The coordinates
/ x and y will faefer to the finita difference grid in the normal Cartesisn

sensc. In this respect u'ﬁx/dt. and vedy/dt, All motiona will be with
pressure surfaca, and subscript "A" will denote

a » L]
L)

refareance to a

ageostrophic.

To obtain consistent and ressonahle estimates of atmaspheric
vorticity and divergence is a continuing problem in aynopiac
miteorology, Numerous techniques have been proposed and used for

-aﬁupnttni'thoon quantities. The method chosen depends mn sany factors, -

. .
.
L



*n

mlnm\ ol which are: ‘
-~ The purpose Tor which the quantitics ave botag obtatned;
-- '.l'hu required accuracy;
-~ The gquality and amount of inttial data requived or
avallable; .

-~ The east of computation;

-~ The ﬂlii\\sphvrlv procanses to bo raken into consideration.

Dectding on the method o be used usually fnvolves a conpromise of one
or more of these factora., Two methods appropriate for the ageostrophic
winds were ghosen for use in thia study. The (irst method will be

dalled the Fuadamental Method tn which

3 S

‘.D“e}u sﬁf)r S .
),

where DF and QF are reapectively the hortzontal divergence and vertical

(1.2.1)

component of relgtive vorticity in the (x,y, p,t) coordinate system.
The prlncipal advantage in using (1.2.1) lies in the easc with which
these equations can be evaluated, HoweVer, the fundamental method has
an inherent disadvantage which must be recognized when it is used,
Thtskdrawback is its mensitivity to errora and Gauuaiaﬁ neoise in the
tnitial observations, and in subsequent analyses of both the pressure-
surface hetghtl and the wind vector, Observational errors can be
partially removed by careful checking, but Gaussian noise is difficule
to remove becausa of the rather arbitrary nature of tha choica as to

what constitutes noise. While methads of polynomial fitting'and

" harmontc Annlyﬂia have been devised for minimizing the above mentioned
. errors, their usage is again limited by what is chosen as the lavel

=
of significance,

‘As a compromise, the decision was made to use the time-
nJcra;od ageostrophic components as the basis for calculating the
divergence and vorticity by the use of (1.2.1) under the assumption
that the actual uncertainties {b the values for specific timgs would
tond to cancel in fﬂn averaging procedurs, even though the theoretical

uncertainty 1s increased (section 2.5), The avaraging may also remove
' +

1 v .

-~



ot minfmize unwanted ageostrophic offects e appnnyluh minor
disturbanced moving through the regpion sLuJ vy The shifttng of the
flow patterns during the interval over which tho averages were taken
will mean that the calceulated results will apply to the mean flow of
the period.

The sccond method of estimating the vorticity and divergence
of the ageostrophic deviatfon 18 that -p'ropoaud by Bellamy (1949), 1€
{t can be assumed tﬁnL‘vnrlntlonn {n the wind field are linear between

" any two bhsorvlng stat{ions forming the vertices &f a triangle, then

ft can be shown (Appendfix 1) that the divergence and relat ive vortficity

of the flow contafned within the triangle are given by: .
: 3
Dy = Z‘ ~ \E&‘ sin(p; -~ )
Y | .
(1.2.2)

in whicl*subscript { represents the ith vertex of the triangle,‘vA {s -~
the ageostrophic wind apeed, P& is the azimuth of the opposing side

and o is the direction of VA (both measurcd- alockwise from the
positive y axis of the grid), and h;1s the length af the perpendicular
to the opposing aide through the 1t -vertex.

As employed in Ehis study, the Bellamy method requires

Beveral conaiderations. First, since 1t waa uaqg on the ageoatrophic
wind fleld, it will be senaitive to the gccuracy o!tthe observed

winds and pressure-~surface heights. Sécond, the triangles employed
*ahould be as.close to being equilateral as possible. This 1s necessary
to ensure that the results represent two-dimensional phenomena. To l’
satiafy this condition; no triangle ahould have any interior angles ‘

.

greater than 90°, .
h The third factor to connider is the point in space to
which the Bellamy estimates apply. 1f tho trtnngl‘& were perfectly
cquilatgxnl the obvious cholca would be the pbinc at which the
bisectors ot tph interior angles intersect. 'ﬂu trianglea used in .i
this study were not truly aqutlntoral.owith the result that the
"center of gravity" of the triamgle was chosen as the point to which

. 4 B )
*



the results would apply,* Nddy (1973) indicates that thia will introduce
a geometrical bias into the results.

L The assumption of lipear variations in the agcostrophic
wind fiold between stations appears rceasonable with the scale of

analysis used and the size of the variationsa Involved.
.

\



CHAPTEFR 1%

v POSSIBLE SOURCES OF THE ACEOSTROPHIC WIND DEVIATIONS

2.1 Introduction

To obtafin the ageostrophic deviation, the wind fiold was
decomposed into two components -~ ona {n geostrophic balance ( V’ ),

nnd a non-~geostrophic component ( v’\ ). Hence, thae observed wind

( \/ ) oan be represented mathematically as:
- = -
\ra \/3-*‘ Va s (2.1.1)

Thus, from (2.1.1) we have:

\.&Aﬂ M,"‘As .
(2.1.2)

.

'
’

N i)
L

where

u:‘a ~:};(§i};3? | | (2.1.3)
vy 53%),

in which z is the geopotential height of the referenca surface p,

ALl

the acceleration due to gravity is g, and £ represents the Coriolia
paramater., ' I .
To presuppose that the aseog:rppré‘ic deviations calculated
are generated solely by terxain influences would be folly since
ageostrophic deviationa #y arise from many facgorﬂ;"ﬂawaver. to
try and decompose them into componaents due to each, while theoretically
pdgsible in some cases, wonld be very d‘ifftcult for practical pu‘l..
In lien o tbin. the rest ot this chapter vill be devot.ad to dincuuing
" the effadts that the influences listed below would huva o the values

 of divergence and voxttcigy of the ageostrophic \und. to qid i.n
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interproting the results: ,
(1) ‘KtmOSphéric oomprossibi iy,
(11) The presence of curved flow ({.e. the "gradient wind")
(111) Thérmal influentes due to condensation processes,
(1v) Propagation of measurement errors,

(v) Terrain influgnces.

.

2.2 The Assumption of Incompressibility

| Batchelor (1967) émployed'tho mothods, of scale analyais to
the atudy of tha conditions under which the assumfption of {ncompxessib-
111ty was justified whﬁn consldering the velocity distribution in a
moving fluid. He assdmed that the fluid flow can be characterized by
a scale length L such that variations in the fluid velocity <7 are
small over dietances that are small compared with L. Furthermore,
the variations of \/ in both time and.’space ‘are assumed to have the
magnitude ‘L’ . The order- of magnitude of _the .spatial derivatives
Qf components of <7 will then be given by U/L., For the purposes
of this study, the 1ength scale was chosen to be half ‘he width of
the main current at 500 mb which was found to be about seven degrees
of latitude, or roughly Bxlos meters .at 45°N. The scale velocity
thus becomes the qentral value of this current which has a typical
value of About 40 m secil. / ¢

Let us assume an atmosphere having constant composition

and choose as the parameters of state the denaity § and specific
.entropy 3. Then the rate of change of preasure experienced by a
material element can be expressed as:

PO |

ﬁ..c %p ( \f%% B fz.z.l)
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Rearranging (2.2.1) givea:
Lde—1 dp 1 (3 ds " (2.2.2)
v, dt Jocg d’l pc (—8":){)_9 dt
\
T
But , o \ "
‘ . ‘i?'l;q
—_ A gfé = V‘V »
£ Nt

'hnd it {s to be shawn that
—_t
|v- V]|« U/L

Hence the assumption of incompressibility will be justified 1f:

. . »
Lodp-sa () Bl e
k(‘.z d PCR 3 f) t . ' )
* At this point the mathematics becomes somewhat 1nvolved |
|
"The total derivatives in (2.2,3) are expanded (uaing the isentropm i .
assumption ta expand dp/dt) and the condition is imposed tRAT all ' e
terms must be much leas than U/L The rehder is refﬁfred to
Bachelor's text for :he dataila, but the resulting inequalities are
given by: o \ ' ‘ '
. , 2 .
(1) _l.L’l « | _—
¢’ v !
s
2 ) #

) '%[l « e T
T L U I S A

AR N ¢ § ,a’ofn «U- L A
) ) ) ; ) ] » : . . ] . oo . ,”_‘;‘»__r"‘
) ' . . L 4* “ “‘ S . : : . ’», VI' *'v:” . . :} ‘;y"v;{ u} e ’ h .“" }' ’ : . '- , i;‘ "j‘”:!»..:é;

B

3-‘“.
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in which:

h,

o,
n

[p]
o
»

T

X

3)

¢)
n

)

-
3}

W

3

- or is approximately 8 x 10% m

A measure of the dominant frequency of oscillation

in the flow ficld, chosen to be every three days or
-6 -1

‘about 4 x 10 sec

o

The isobaric cocfflcient of thaxmal expansion

3.92 x 107 *¢"} @ -17.8°C and 1013 mb .
Y

Specific heat at constdnt presasure of dry air d’

0.240 cal. gm"t °¢™} ' !

)Y, the tic viscosity ;
0.132 cm® sec™} Yo 0°C and 1013 mb '

L]

A measure of the temperature diffefeans in the fldid\

chosen to be 50°Ce

The thermal d{fflisivity of dry air
0.184 cmz sec.” @ 0°C

- .
The local adiabatic speed of goupd
320 m sec”? @® 5 kn

S

The scale of vertical motions, chosen to be the

height of a'homogenous (;? = constant) atmosphere

L ]
w

Magnitude of vertical valociciap,‘chdseﬁ to be

approximately 0,1 m bgc"l N ‘){f
oY " : |
; Substitution’ into the inequalities (1)#(v) shows thac
all 1gfc-hénd-9&dg-'are‘ét least two orders of«magnitude less than - .,
h .upitj, This was. conaidered . uufficienc to warrant neglectﬁng atmospheric
. cqnprebaihglgzy, and hence 1tn contribution to tha divqraancc or
‘ vmici:y ef the a:eoat:rophic wind, 1 tooan R )
T - e : ‘ \\\_
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2.3 Results Avising from the Gradient Nind

The flow patterns .of the atmosphere, fin the cases chosen
for study, show cvidence that in some areas the consideration of a
gradient wind would be appropriate. Unfortunu£e1y, the ngeessity
of culculgtinb the curvatuve of the flow makes the gradient wind a
difficult quantity to calculate, with any degree of accuracy,

The definition of a streamline may be expressed as:

(2.3.1)

F e

dy .
T;’t"

where‘y is a function of x only.‘ 1f we assume that the obscrved wind

speed (V) is in fact the gradient wind speed G, then:
. - ¢

)

WPr u? s G2 | (2.3.2)

. 4 ™
”

Let us further assume that the flow can be represented by an

infinitely broad current flowing from west to east in which the

equation of a streamline is given by: ’
< m—p . - \
szA .
J > S , N
ﬂf a € +ia (2.3,3)

»
where Q, A *and A are constanta and A\ can be an'y desire& contoﬁr
spacing. A Value of ~asl and N 320 was ‘found to yleld a contour shape .-
shwon in Figure 1 which is roughly similar to those of intareat in
the case stu fes 1f x and 'y are in units of grid-interval. ’

. o
- . A Y




vorticity ( Q O and divergence ( D ) of the wind afong a streamline: )

]) = + P | | | -
%}ﬁ Vs ) |

Q-VKa-3V
| on

wh P fs the ﬂlnglé which the wind makes with the x ‘axis, Ks is the

cux‘vntuxe of tlm streamline, and s and n measure distapce along and
N

p(.rpendicular to the left of the 'streamline if ’1ng in the direction of the
tlow.

For the purposes of this analysts, the screaml,tms trajectories,

and contours will be assumed to ‘be coin‘ent and given by (2.3.3).

. . P
I VAR,
a' o N

th 1 The hypothecical field of flow for es:imatlns the gradient L
wind connribunion to the aaeoszxophiq diversence and relacive vortietcy,.

i ) . ) v ' e
' “;iégg'?étgekiégn7(;956) page<4?3 | R B
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Substitution into (2.3.4) gives:

9{ )
’ ’ D ::L +GQ§_ Y ¢
o .cr J3 In ‘ 5 /
: (2.3.5)
Q=G - 3G :
G =
R 3¥n )
rin

where the substitution K -1/R hag been made, R being the radius of ¥
curvature of the contour. Subscript G denotes "of tie gradient wind".

. The final assumption to be made 1is that the gradient wind
speed (G) involved in the equécions‘(2.3.5) is the maximum posaible
at, any poiné along ‘the contour,. Making this assumption, and sétting
G to some constant value such that it will not be & function of
position, will lead to calculated results wﬁich are the maximum
possible at any given point along the contour for the chasen gradient .
**wind speed. ' oA

Using these assumptions, equations (2.3, 5) were evaluated

(see Appendix I) for the flow pattern of Figure 1, afeuming a value - o
for G of 40 m sgg_l; the results are shown in Figure 2..

s 2510

]

T

r | S
-0 -9 -8 -T #/ -5 -4

‘v"
T
i

o F:l.s, 2 ha 'l:he divnrzenqa (dotted I.Lnel nnd vqrt:tq;w guoltd n,na) of
‘the gtadient. wind for the flow field of Fig. 1 using n.sag-l W

Qrdmat@ unitl gh aen*l, Abﬂeiln \mi.u N elken to. ba grg\;n;end- “‘)

Ll e S i
- PR S R . e G N ,_l_ . e S T
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“An examination of these results indicates that the relative
A 5 —1

{1 vorticity of the gradient wind may be of the order of 10 for
strong flow exhibiting moderate curvature. The divergence arising from

this wind does\not appear to be significant, having a maximum value of

6

- -1
‘order 10 1. For values of G ocher than 40 m sec , for instance

G', the refafionshipa:

, & “\a40 \ ‘ :
N 1 o . (2.3.6)
‘ G - .
o Qo =(%) Yo c '
. . ‘ . *
o

. ! *
can be employed using the results in Figure 2.

2.4 Thermally Induced Vorticity and Divergence

Danard (1964) in a case study of a rapidly developing cyclone
. found that the release of latent heat due to condensation in tﬁé free
atmosphere could result in considerable changeé in the large-scale
veltical motions. Vertical velocities in areas of acﬁive condensation
i were found to vary by a factor of two or three from those calculated
.y - when release of latent peat was neglected. 1In a previous but similar
}- atudy by Auhert '(1957), the same "conclusiins were drawn, and it was

"shown that these effects are rapidly damped as one moves away from nhe

D "\ resion in which condensation is occurxing, ¢

‘¢ " These two studies indicate that a ‘consideration of thermal
‘_\:«.- . effects can considerahly alter the darived pattexns and magnicudes
XW;‘ \ of vertical velocity,. Thus, i)nce, .

a:; ! . ) . ‘ . oo . |
! . T D ae-L_w I l (2.4

ST P . -
ot A 0 ' - .
[ s B - L ' . .
. . [ . . v . ! : ‘ :
o ' . . L, RN N
. , 5 . »

oo c '

whqre b ’Sepreaents t;ha hobnriq divetsan"e 9“/ 8 ¢°n‘umt SR
!unface an(! w 5 dp/d% 1; 18 ev; dem:‘ that an mél“"‘m °£'ihem1ﬂ‘ 3
effeqt- my !%tar the m&ni.tudu gud diatrtlwum oﬂ di.versen“ |

sy com:annapmunre. '“rf“P". o

o . o R
[ . : . N ! . . as
A f . e e g Gao, oA R P o . S HRFEE P



LAt us assume that the wind gpeed at a poinﬁ in thqsfree
A .
atmosphere, with no condensation occurring, .is given by:

+

I
No +
9

Let us further assume that if condensation occurred at this

- o |
\ V w ok' T (2.4.2)

point, then the vertical speéd would be doubled,"While the total wind
: ' \

a A
(,\A_ ) remained the same such that: 'ﬂ
* —_ —_ A
Vo = \/c+‘2w°k . ' (2.4.3)
— . ' '

where \4>~ represents the wind components albng the pressure surface
with condensation. Solving (2.4.2) and (2.4.3) for the change in

horizontal wind speed gives:

where

" Thus, 1n'orden for the ho -izont:'dl wind to éhange by only
ong meter per second, the initial vertical wind speed would have to be
- at; least one méEEE‘ﬁer second, Vartical veloegcias of :hiq magnitude.
generally occuf only in the most 1ntenae aubaynoptic sysnems.x A more
. likely vertical velocity ‘of say 10 cm seq would xequire an adjustment
of only 0.l m sec ! in tzhe hori;.qgtg@l components. Beaolution of the
vectot to this deggee wign 'the data availjblg i8, not possible.
In view of th*p, quggti;pciva estimate! of the affects of

N

condensationnl hgahing‘wffg considereq $ppr§ct$c§ ﬁmith hhe methoda
of" calcuhum gmplpyed. ugwever, qx_mlltative judmnsa vmra mde i.t
;uqh wgrq cm&d.md neges ' ‘ A

e
B
!
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2.5 Propagation of Errors-Loading. to Spurious andfor Uncertain Results

I“'aﬁ much as this study 1is basicgl)&'an analysis of
ntmospherlé meﬁgyre@cnts, it was deemed necesdary to examine how the
errors in thesc measurcements would affect the cnlculateg valuea_of
“divergence and vorticity. The method of error analysis chosen was

d

that outlined by Baird (1962). ‘ .

. As part of the data check{ the heights of the 700, ébO,
500, and 400 mb surfaces computed using the hydrostatic éssumption
were compared to the values reported on the ascent recordings. If
the observed heights are accepted as the correct values, then the

probable'error (P.E.) in the calculated values would be given by:

P E:.;=%%| 0,? - | - IR
’r ‘ )

where ‘0}} represents the variance of the difference in the

two height values.

- However, the observed height valués axe not the "true"
values, but incorporate exxoxs from Seyerql sources, such as instryment
and observer exrors. An estﬁmate. of the 'obdelxjv:agional.; @rrors was
obtained from a study déne by Rapp (1952)." Tﬁé'ﬁrgh;hié erxor
calquiate&ﬁg; the method,g}vsn above, and Rapp's estimétes of the

error in the observed heighta are given in Table 1.
. i

~ .
. . . 1Y -
#Pfféau?e Pevel ‘Tb)f AP'E-CH£SFé)< ) ?fE'OH<$PmD )
o 700 Lotaa rtag
‘ 600 . ' - 24 - . 8.8
s roC Lo
. 500 . \ 2-4 w , *6.8 “h‘:fq’.\v - '
) TN 3 X Y
. Q?o; : ’ 2- 7 T . 11.7 ")f:l. ‘

]

S | ’Tgblé“i, A comparison of the probable efro§31n thy
" caleulated heights “accepting the observed value as correct (P.E, \,CV >

P

and the probable error, 14’ the obsexved heights' (B.E. )%

. RN : .

i v 4 + B . i
, } ¥ . . il
c ’ ' 0 ©
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Stnce the diftfevence between the caleulatod awd obsorved
helghta lies well within obacrvatfonal crrvor, ft ‘wan Jdeetded that the
obacrvat {anal 1‘!‘[‘()1‘;i plven by Rapp could be used an the wneertaloty

L) T ) -
ln_tlm caleulated hegphta ( si_ ) of the varfous pressure surlaces,

The uncertatuty in the heighta of thoe pressure surfaces
will laond to an uncertadnty tn the caleulated geoatrophtce winda as
dafined by (? 1.1), wh}.u“ fn Curn wlll lead to further un«ulldlnly
fn the AIBQOﬁllnphlt d()mpdlwnlﬂ (lanml by (V.1. 2). Note that there
will aluo be a con(rlbutlon to the error {n the ageostrophle components
due to uuc«rtn(ntlou 1; éhv observed wind spoecds (5((’81[). Rapp's

0
valuea for the prnb.\blelorror in the obacrved wind speeds are glven
N .

fn Table 2.,

~‘ ?ll*,‘t{!iﬂ (lm} ;f’ P, F..“(m aecgl) < BB (i secﬂl)
. 05— " . 0.21 0.35
1.0 , . 0.45 : 0.45
1.5 “ 0.38 0.27
2.0 0.42 0.18 —_
2.5 0.51 0.53
3,0 0,43 . 0.61 \\
3,5 0.24 0.19
4,0 0.31 0.60
4.5 0.46 0.85
5.0 0.83 0.99
5.9 0.90 0.69
6.0 » o 0.70 1.00
6.5 " Q.49 1.50
7.0 "" 0.40 0.54
7.5 A AP %) 1.80
8.0 s 0.49 0.84
8.5 1.99 2,80

<L

L.
L

J
- '; ‘?y
v t\"h‘é"z. The probable error in the obnrved wind componenu
(after Rapp, 1982). i \

0

' !
‘b 4 :
’E{‘,’*‘ » ’7 . )

v el
. 0!
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Rapp attributes the lnconstntency (o the PoE ol tha
wind speed between consccutive Tevels to the sampling Lechndgue
caployed. Since the crrora at all levels ave ol the sane m:\gnltudu’
an arithmetic mean was used tor the valuea trom 0.9 to 7.0 km ‘
inclustve, ylelding values ot SW0.48 m soc land 3V 20,60 m see” L,

1t should be noted that Rapp's crror catfmates are
probably very conscrvative aince the obscrvera dn the experiment
and the conditions under which the raw data were collectad wore of

a higher qunll!_y B those involved in the routine program of upper’
. \'

alr sounding. Carrying through the error analysis as given in

# Appendix 11 gave the following expressions for the uncertainties in

the divergence and vorticity as calculated by the fundamental

(subacript F) and Bellamy (subscript B) mothoda:
$D, - bﬂsntﬁ( SﬂHg%) , (2.5.2)

_2

- Sﬁnﬁ;ﬁ(rﬁrﬁ_%)()g+3%) (2.5.3)

)( §ur3%§ , (2.5?.4)

An examination of the ratios SB./Sﬁ, a;nd 56./56’ -

shows that the results of' the Bellamy method will generafily be less
uncertain than those of the fundamental method. Thus, if tha two

.m:h‘od; yield similar results, then some semblance of the actual

physical situation can be attributed to the calculated valuea
‘inspite of the large potential for errer shown by the sample results

., - of Table 3, ' ¢

ki |
+ f@



Lovel (mb) SDF' ‘SQI‘ (sochl)
! ‘ '
f v, 700 91 x 1070
PR 600 37
500 42
400 67

Table 1. The uncertalntices in the ageostrophic leur cnee
and VUxtl«I(y Riven by (2,5.2) using H=185.9 km, $Svr0.060 m sec
£-1. 11074 nec-l at S0°N, and Table 1.

2.6 Divergence and Vortfcity Induced in th Upper tluw by Mountninouﬂ

Textat
(/ If an air stream impinges on a mOund;}n barrier, the terraln-
induted vertical motions will hdve an effect on the air stream.
Berkofaky (1964) studied three methods of comput {ng the fall-off with
hefght of the terrain-fnduced vertical motiona, He suggested that

eqpation (2.6.3) 1a a viable alternative to more complicated methods,

, L
(A3 (J.;) (ih) (2.6.3)
an P‘ g

~ Where p 18 the verxtical velocity at the initial level

pe And:

-gag.—r’anl ]
PP
1s the stability factor with:

L}

.

k=R =0.288 .
Cp ‘
Studigs by Charette (1971) and Hopkinson (1972) suggest
that terrain induced vertical notlonl over the Weatern Cotdtllora can
be of the order of 110-20 cm sec (or roughly +10-20 b sec” ) at
the 850-mb level. Using these figures and the redfosonde data for
the case studies together with equationa (2.4.1) and (2.6.3) indicated

18
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that terrain tnduced divergences could be ot the order of
L10~'}0x10—6 nocﬂl at the 625-mb ldyel. While thias {a a very erude
cat tmatoe, Lr‘ does scerve to 1mlic..1tts that Sn regiona whare oxtensive,
and abrupt changes in topography oEcur, such as the windward and the
lee slopes of the Western Cordillera,‘thv resulting vertical motions
may generate divergence at levels well above the terrcatn that 1is
synoptically significant {f the motions are sustalned over a large
cuough area. . |
| No suitable mcthod could be found for estimating terrain
{nduced vorticitiea in a simple fashion. Clearly, the largest terrain
et focts mu;t occur at the point at which the atmosphere and the surféce
are in contact (i.e. the boundary layer). If one assumes that the
terrain itself {8 a pressure surface such that variations in the;

he Lght £ of the pressure surface are given by variations in “"‘T
height of the terrain, then the expression for the relative vorticity

Q of this hypothetical surface assuming the Corjiolis parameter £ does

not vary would ba given by:

(3
@ =g Ve 2 (2.6.4)

The values of Q so produced are of the order of 10.3 seenl

assuming & grid interval of 185.3 km in the area of interest (see
Section 3.1). While the processes of atmospheric dissipation rapidly
reduce this value, some portion must be trans fdrred to higher levels
of the atmosphere by verticul motions. However, the nature of the,
decay 48 not certain; hence the portion of the calculated ageastrophic
vo;ticity‘nrtsinslfrom terrain effects must also be uncertain. In
view of these problems, the calculated relative vorticities will be
comparad with the terrain Laplacian for agreement in sign, with due

allowance given to the other factors discusaed in this chapter.



2.7 Swmary
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(111)
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Having shown in Section 2.2 that tha uaaumptlon'

of lnsomprosutbllity is juutifiud for the scales of

mot Lon {nvolved in this study, divergence and vorticity
‘arising from compraéasibility effects were considered
undetectable, and therefora neglacted,

The vontribQFlou to the ageostrophic wind from
condensational heating 18 felt to be undetectabla

with the quallty of the data avallable, However, the
effoctslon the magnitudae ‘of the calculated divergence
may be aignifiéant and will be acknowledged in a
qualitative mannerx.

The flow patterna indicateq that the cyclostrophic
component of the gradient wind may contribute
significantly to the agcostrophic wind. In areas where
this occurs, allowance was made in the calculated
divergence and vorticity by using the results in

Figure 2 and (2.3.6). .
Propagation of observational errxora through the
caleulations leads ta large uncertainties in the

divergence and vorticity. A rough estimate showa that

20
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the values calculated by the Bellamy method will geherally

be less uncertain than those of the fundamental method.
In 1nterpretiﬁg the calculated fields of dIVergence

and vorticity, more amphasis~will be placed on those
regions where the resulta of the two methoda are
comparable, '

Terrain induced vertical velocities may make a
significant contribution to the field of horizontal
velocity divergence. The magnitude of ‘this contribution
will depend on the apeed and direction of the low level
flow (1.e. balow 700 mb) singe this will affect the
Lnitial vertical velécities. However, a rough estimate

sindicates that terrain induced divargenge of the order
may exist, Tyg terrain cpﬁtrtbnttnga

6 1

sec

¥

of 10-30x10"



to the ageostrophic vorticity patterns at and above
700 mb are questionable, hence the patterns will only

be compared with the tervain Laplacian for qualfitative

'
corrcelation.

21



CHAPTER LII
THE DATA AND THE ANALYSIS PROCEDURES

3.1 The Finite-Differencing and OblqchVc-Anﬂlyalu Crid’\

The grid employed was desfgned to be used in conjunction with
A pqlnr-steroobxaphic map proj%ction having a standard latitude of 60°N
The grid interval M used 18 185.3 km, The reference meridinn chosen
{8 80°W since it {8 roughly parallel to the Alberta portion of the .
Rocky Mountains and facilitate®Mhe interpretation of the results. An
{nitial grid of 14x10 grid intervals was used giving 165 grid pbiqps-
As shown in Figulte 3 the gqograpifical area covered inclddes Washington,
Oregon, Idaho, and most of British Columbia, Alberta, Wyoming, Montana,
and Nevada. The radiosonde statjiofis used for the raw data are shown
in Figure 3. ’

The equations for finding the grid coordinates of the data
points from their latitude and longitude are derived in Appendix IV,

The pertinent two relations areg

a
i

Yo =15 +% ( ban e cos x@—tanYs cos q,)’ . (3.1.1)

fﬂ A

Xy = “—g(ﬁk“% Siney — ’fan“iz’: $in «P) (3.1.2)

in which aubncriptl P qnd s represenc "princibal-grid pqtnt" nnd
"amgion" rgapectively. Y s the cp-latitude, o, u tho angla
benmen the reference mer:Ldun (SO’W) and. the mertdtqn through the

' point, J=Rx( licos Yo ) whgre RE i® the radius of the earth gnd ’Y, is
t;he ncandard co-lptitude, :

+
f



*

Fig.. 3 \ The Hn;t.n-diffnmu and objective~analyais grid. Stations
_ shown are the ‘datae points, The thin dgcsad 1ine is the approximate
.‘poguim of !:M 1500 m ASL term;n gquﬁm:’ Grid mtsrvsl u 185 3 im.,

»\”;i
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TRUE NORTH
AN

GRID NORTH

Fig. 4 The geometry for transforming the observed wind direction
to yleld wind components which are referred to grid north.

. The observed wind direction must be transfgrmed in order
to obtain component velocities which are consistent wi‘tl‘l the grid
empioxed. Using the geometxy shown in Figure 4, the transformed wind
cé;npments are given by equations (3.1.3)

4

u= *‘*VSln X

l o | (3.1.3)
va-Vcosy ) . o
‘. yhete '! = p- "“5'-"566 if ;Qﬂﬁs7566
' Ke0 - . 1 s=®g=360
,Q'P'P*s"f o 1£"'o";'ﬂ"§‘a"‘5,"°".

-, and 8. 1s the vWind direction measured clockwise from true north.

. < L [ . - Sy '
RN T . . . R ¥ ' N
. ' Tt [T R . , =
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3.2 Synoptic Description of Case Studices
Two cases ware chosen for this study. The first CASG
covaered ‘the period from 21 Decémbor 1200 GMT to 24 December 0000 GMT 1971,
inclusive. The upper-level flow during this period was dominuted by
a strong low in the Gulf of Alaska which moved rapidla out of the Culf
at the end of the perfod to a position ﬂbout 300 nuuc{cal milcs west
of the Oregon coast, A\woak qunsi stntionary ridge from Central
Alberta to the Dakotas perslsced through the period and maintained

¢

a strong to moderate flow from the gouthwest over southern British
Columbjia 4nd Washington-State. beﬁint depressions over the area
at 700 mb were in the 0-5°C range for most of the period,

The surface charts showed a double-centered low pressure
system, with one center near Queen Charlotte Island, and the other
about 100 nautical miles southwest of Vancouver island. This system
was bringing maritime afir {nto southern British 'Columbia and Alberta
as well as the Pacific Northweat states. An Arctic high was over
Alaska and pushing continental Arctic afir into Alberta from the noctheast.
During the period the Arctic high broke down, but an unst ructured
region oé hiéh pressure was set up over Alberta and Saskatchewan. The
Jlow centers combined and shifted sliéhtly sdy;h to join with a low
which moved up the United States coast. The baroclinic zone sﬁifted
from southern British Columbia and Alberta into the Washington, Idaho,
and Montana area. N '

The second case studied in detail covered the period
16 January 1200 GML to .18 Japuary 0000 GMT, 1972 inclusive. The
synoptie features were &imilar to.the previous case, At the beginning
of the period the upper flow was characterized by a strong low over
the Gulf of Alaska with a trough extendiné into northeastern
Saskatchewan. Dufing the period the upper low weakened into a brSad
trough on a NNE-§SW line- through northwestern Bricish Calumbia. A
weak ridge from Edmonten to Great Falls, Montana, peraisted through -
most of the period. The major current shifted sbuth from central
,Britinh Columbia and Alber:g fo a poaition near the United States
" border, maintainins\a rdqu east-west oriencacion,throughouc the "
perLod Dewpoint degreasiona at 700 mb were in the 0-5° C range over
most of :he :esion fox moat of the periog " : '

L L .



Surface features werelmarked by a at‘rong low jin the Gulf
of Alaska bringing maritime air into southern British Columbia and
Alberta. During this period an Arctic high moved into northern
Alaska and stalled there, pushing continental Arctic air into Alberta,
and driving the baroclinic zone south‘through Central, British Columbia
and Alberta. By the end of the period the Gulf low had weakened
considerably, but exhibited only a mgnor‘southward shift, while the
baroclinic zone extended through southern British Columbjia and Alberta

In both cases'studied . there was considerable ayclonic
activity along the baroelinic zone although no major developments
ensued. The regions over which continuous precipitation occurred during
the periods was analyzed and an average precipitation area produced

for each case as shown in Figures 5 and 6.
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N
3. 3 The Aorolggfgal and Terrain Data A : ‘ “ .

Since analyses were desireéﬁat levels not reported in the

vmonthly summaries of radiqgonde ascenta, it was neceBsary to obtain

| the reeorQs of camplete upper—air soundings. DPata for canadian "
radiosonde stations were avallable from the Atmoslpherit Environment ’

~‘aarv1ce as ‘Adiabatic Charts and: wgnda Alofc Computation foxms, Dara

_for United States atacions came from the U,S, Depgrtment. of Commerce
Environmental Data Serviae as. WBAN 31 Adiabatic Charts, WBAN 20 BN

~Winda Alaft Compu;Atlon Sheets ann RAOB Computer listings. AIL data -
_were obgainad on. microfilm, : .

y Qressure, q;ﬂﬁexatnre, relative humtdity (qr dewpbint"

fﬁu dePPQ#ﬁipﬂ): wind speed, :32 wind direction wers | abaqracﬁed onta - f;ff§\ .
nwrcaa at ﬂll rethFed 1eve1§ up: i/ ok

oding ahegts~fram the ab




and including the 200 mb level wheve possible. The abstracted data
were then transferred onto punch cards for computer analysis. The
height in geopatential meters Z of the desired levels was obtained

" using the standard equation: “a

£ :ik—ﬁj*lln(f_@) (3.3.1)

ey
' 9.8 Pi

-

in which 1 represents the 1th level, R is the gas constant for dry
air, and T* ta the mean virtual temperature in Kelvin degrees of the
layer between pressures Pi and Pi 1 At breSSure levels wheré the
temperature and moisture variables were pot specifically given, they
were obtained by linear interpolation between the reported values
above and below that of the desired level. The interpolated values
were used in (3.3.1). The calculated heights were used‘to 2bta1n the
. iiind speed and dipéction‘at the desired lévelslfrom the wind sounding,
by linear interpolation where necessary. -Missing data were not
'interp01ated from Surrounding stations, o '

Several checks were made of the punched data to minimize
the” errors arising from the abstraction process. The punched data
were checked manually against the coding sheets. The punched dhta
were then listed by compater print-out and the print-out checked
hanually‘for apparent inconsiBtencies. Finally, the calculated heights
of the 700, 600, 500, and 400 mb surfaces were checked agafnst the
heights reported on: the adiabacic charts or RAOB computer listings,
Height differencea of six or more geoPotential metera were c0n81dered
T18n1f1cant for this fiﬂa* check. .

Terrain heights were extracted at balf-grid Lntervals over
the geographical area bounded by grid points five to twelve inclusive
in :he y-direction, and three to elaven inclusive ip the x-direction,,
. The highesc elgvntion withip a 10 nautieql mile radiua of chh point
| was used as the hgight at ‘these, points. To, obtqun the height at the
'ﬁuu-ggm pmn;g, thq extmct;ed nenmin hgishts wem averasqd -

port
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follows: for interiox grid points

Z.. =1 v Z

L) '0( "‘"VA)J"V2+ (,j-V2. : ‘:*‘/g,)'—x'/z‘f Zl:-f‘/l,j —

”

7 oL+l .7

L/, jt¥a jrva ‘_n'/,;,j,uz [-'/. a,j

+2 4, )

and for grid points on the boundary
.

= _é_ (‘Z‘(:f'/ﬁ. .). + Z.‘-'D..}‘ Z‘:"Vﬂ'pj)l

where Z 1,1 is the terrain-height at grid poiat (4,3). The
Canadian terrain heights were extracted from World Aeronautical Charts
1CAO, National Topographic Series (1:1,000,000). U.S. portions

came from Topographic Maps of the U.S. (1: 5 000, 000) and National
_Topographic Maps (1:250,000), . both published by the U.S, Department
of InterLor Geological Suxvey. The smoothed terrain contours are

shown in Figure 7, and the Laplacian of the smoothed terr&in is shown’

in Figure 8, - * ' o

e

3.4 The Ob.ectwve -Analysi

" The objective analysia program used was givgx by Olahn, |
Hollenbaugh- and Lowry (1969)A . This was based on a program developed
‘by Cressman (1959)‘which in turn was based on the genaral method
described by Bengchérssen and Doos (1955). 1t waa chosen begauae it
can analyze a height field without using the g@strophic wind'
‘ relatipnship, although uhis can be inclnded iﬁ desired (cf Glahn and
"'.Hollenbaugh, 1969 ). Cressman ,(1959) pointa our. ‘that - if wind 18
‘used Iln the analysis to obtain mora aceurate hei&ht. gradtgnta, then
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in aveas of relatively dease obacrvat fong the ru.:ml( fng analysia way
di (for appreciably from poost rophic (r fhe wind and heipht tields do
not wpree well with the poeost rophie approximat ton. The balance

equit fon could bd a sultable alternative aincee it favolves the use

of a atream tunction, and hence would try to toree tho vesultdng analyaia
to be non-divergeat, Hawvever, [naccuracios in the obacrved data, and
the neceasity of solving a Poisson uquulim\ over the prid tend to
produce an analysis which docs not ditfer appreciably from that using
the geostrophic relattonship. To circumvent thia problem and effact
n’cunaidvrubln aaving in computét tlmohonly the helght field was
analyzed and the geost rophic winds were obtained using cquations
(2.0.3).

» The method of analysis consists basfcally of uslug the
reported data to muke succcasive corrections to an initial guess by
making scveral passes (or acans) over the grid., In this study, the
average value of the obscrved field was used as the flrsf'guosa to
{aitialire the grid. Bilincar or biquadratic lnﬁurpolatlon ia used
to interpolate from the grid pointa to the station positfion. Thia
occasions a change to the individual grid point values from all
station observationa within a prescribed radius of influence from the

grid point. 4 The corrections to the grid values can be made by three

d1fferont~dathodl: ’
y
Cost 3 (0.~ A
5' -
4 2 (Ong = Aay),
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{n which Cl g g Are the corrections to be applied, n {8 the number of
y 4oy
stations affectiny the grid point, ()x y fa the observed station
)

value, and A is thd futerpolated stat ton value. The wolpht funet ton,
L)

Wl ta the one used by Cresaman (195%9) and 1a deffoed by:

"\\/‘9 ‘NZ‘_‘ d&

'ON af-d*

whera N 18 the radtus of tnflucnce for the scan and d is the distance
from the lvh atatfon to the pgridpoipt, The radfus of influence can
be varfed for each scan, Correctfons of type 03 lead to a more rapid
convergence to the general level of the data within the {nflucnce
circle,

In regions of sparse data, there 18 a tendency for
discontinuitieds to develop at the distance where the weight factor

apprdaches zcro (.e. when d, approachca N). This nccessitates the

L

"use of a smoothing operator, The one employed is given by: .

in which b 1a a pumber specified by the programmer and can be vartied
with each scan, Sl 3 is the smoothed value of the grid-point values
Ai 5’
will be dones .

It was necessary to use sixtaen passes fqr the pressure~

Clearly, if the smoothing parameter b ia zero then no smoothlng

lurﬁnco analyses and nine passes for the wind- f&eld analyses in order
to produce good nsrgnment with subjectively analysed samples, '

e et Sty e e e e e o »
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1.5 The Analysis Procedure

.

The raw data werao nnulyzvd as desceriboed {n Scetion 3.2,
with the pressure heipght and wind components boing extracted at 25 mb
{ntervala from 700 mb to 400 mb inclusfve, A‘(lmu—nVnrngc of the
hefghits for cach level was used as the data fnput for the objoective
analysfs to obtain tha mean (low patterns.

A geostrophic wind at cach level for every arugton and time
was obtained by objectively analyzing the hefght ficlds and usiag

cquations (2.0.3). This allowed u, and Va to be computed. A time-

A
average of tht\gguostruphlc components was then calculated for each
station and level. The station values of UA and VA werc used for the
Bellamy calculations. An objective danalysis of n, nnd"\?A at each
level was carried out to calculate the divergence and vorticity

by the fundamental method,

.
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CHAPTER TV

THE RESULTS OF 'THE ANALYSES

4.1 Iantroduction
In ovder to reduce boundary effects, and also becande

ccentered-space tinfte diflerences were cmployed, the ageostrophic wind

components and the relative vorticity and divergence associated with

them were computed for a reduced portfon of the grid as shown in Figure 9
Ll
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The results of thy divergence and relat tve varticity
calculations will be presented as vertical averages over the intervals
700-625 mb, 600-525 mb, and 500-400 mb, which will bo referred to as
the low, middle, and high levels, respectively. Also, for comparison
purposes and to make the charts more legible, scveral transparent
overlays arc located {nside the back cover of the thesis. Thesao
include the smoothed contours of the terrain for the reduced grid
as shown in Figure 7, the average precipitation arcas for the Uuuthér
and Januaty periods studied and shown {n Figures 5 and 6, and the

terrain Laplacian of Figure 8,

4.2 The Geostrophic Flow for the December Study

The time-~-averaged geostrophic flow patterns for three levels =
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, Decambar study for (a) 650% (b) 550 #h,. (<) 430 mb.

-

The flow shows reasonably constant directions at all levels.
Maximum geostrophic winds at all levels were found over the Washington
area with values ranging from 20 m sec—l at 700 mb to 30 m sec-l at
400 mb, Thohaverﬂgv position of the upper low is indicated to bae
northwest of Vancouver lslandﬂ Confluent flow occurs along the coast
to the east of Vancouver lsland while diffluecnce is prevalent over
the arca east of 120°E. Weak ridging occurs at all levels in the

vicin{ty of the Alberta portion of the Racky Mountains,

[

4.3 The Ageostrxophic Wind Fields of the December Study

The direction of the time-avuragod‘ﬂgoostrOphic deviations

showed little change with height as shown by the samples in Figure 11.
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The strgngest ageostrophic winds were found over Vancouver
Island, Agnghinh maximum speeds of 14 m sec ! at 400 mb. Comparison
with bihUrL 10 shows that the ageostrophic Lomponont ovoer Vancouver
Ishand is prvdominantly ncross thu cohtours toward lower contour values.
Although the geostrophic winds show a general incrcase in speed at
prograssively higher levels, a similar trend 13 not apparent in the
ageostrophic winds.

4.4 The Apcostrophic Divergence Flelds of the December Study
13

The differcpce found by subtract Mg the divergence

" calculated by the fundamental method from tha obtatnéd by Bellamy'sa
technique wus obtained at the positions of the Béllamy triangle |
centroids for each level, The resqléing 78 values had a mean of
0.4x10°% sec”t with a standard deviation of 11. 2x10 0 et A
comment on these results is necessary. To compare the results in
this manner is not strictly valid’since the fundamental method and
Bellamy method use different regions of data to compute the vorticity
and divergence. In épite of this, a difference in sign occurred

at only 14 of the 78 available points. If the Bellamy values weye
incorporated with the fundamental values by some method, the results
would show only minor changes from those obtajined by the fundamental
method alone. Hence, onfy the fundamental results are presented in
Figure 12 because of the more éomplete coverage obtaiped over the area

Of conceaern. .
. The major convergence cell near 50°N, 125°W fits well with
the prev1ous1y noted confluent megn flow over this area. Similarly,
the divefgence area over Alberta is reflected by the diffluent nature
of the mean flow over the eastern portlonﬂ of EE; grld The ° N
divergence cell centered near 46°N, 122°W is surprisingly stfons
éonsiderihg the weak diffluence of the mean flow ‘in this area. Gradient
.wind contributions cdn only account for about 20-25% of ' the observed
values. Eatimated gradient wind contribunions gver Monf!kg and the
extreme southern pogtiona of Axhﬁggg rdnged from d2310 Q ¢t in the

. .low levels to -4x10 6 1 Ln che higher levels. The gradient wind
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cannot aceount for the strong néture-of the Becondary convergence call
which appears fn the high levels over idaho, élthough it (= prqubly
a contributing factar, ' .

divergence cell which is centered over §1°N, 115°W at low levela s
accompanied by a weakening iggthe middle levels as it pasges’ through
the region of gradient w‘ind auced convergence, A markeh 1inereasq in
the inténsiny of thi’s(cgll 1s shown*in the higt& levels as it mgves’ out
‘of the area Ainl"ﬁdi'avn!;\,_yvind rinfluéhce‘. - 3 A ‘
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the method deseribed in; Section 4,4 gave. a mean "d_;iffetem;é of .
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the divergence values, the difference of the vorticity values was

prmaruy one of magnitude -~ not of sign. Hence only the fundt}méntal

results are presented in Figure 13, - | '
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When compared with the mean geOStrophic flaw of Figure 10,

one finds that the ageostrophic relative vor:ieities have the oppoaite

"polarity" to that. expected frqm the geostrophic motions It ahOUId :
be noted .that" thia diﬂference would probably pot be rgflec:ed in tha o  \ :
geoacnophic vornieigy field since 1: 18 of order 1q 0‘1 ‘while ﬁﬁ , (ﬁ
the ageoqtrophic VOrcigigies are of order 10 5 ¢ ’}" l“ﬁ’ w ;o "'
ﬂrison of the 18 level varticicy ‘pattern w;:h thg ' o
. ‘:errain Laplaciqn 9f Figu;p 8 shows gpod agreement. for‘che region of
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wortfoity valuces since the componenta ol novthward deviatton are

v
cons{derably stronger than the aouthward components,

4.6 The Mean Geostpophic Flow for the Japuary Study

Aa f(ndigated by Figure 14, there 48 1ittle chanpge o the
mean tlow patterns with hefght,

At low leveld there ia conflueat tlpw over Vancower

\('Mon(llnx ‘sant to roughly 1?0"w,. and geuerally dittluent flow over

~

/\lbq-rt_’n, The middle and high leveda show a strengthening of the tlow

The confluent zone ol the low-~level tlow disappears at higher levels,
but there im still some fndfcation of difflucence over Montana and the
castern portions of Alberta. Maximum geostrophde wind specds rapged

-1 -1
from 25 m sec at 704 mb to 45 m amcc at 400 mb,
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Pig. 914 The un»«cyqnm‘ro.;royhtc flow of "the January study
for (a) 630"mb, (B) 330 mb, (€) 450 mb, Contour {nterval is 50 gpm.
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4.7 The Mean Agcostrophic Deviations tor the January Study

The mean ageosatrophic deviations for the January case study
for which samples are shown in Flgure 15 do not exhibit the same degree
at conafstency with ﬁvighl found in the December case,

The mm;( not able change occurs fn the vicinity ot Vancouwver
taland. A basically geostrophic low-level tlow fa indicated by the

* pelatively small westward ageostrophic winds tn this area. A southward
component appedars over (‘hlu area in the middle levela which increasces

« in strength with hegght up to the 400 mb level. Other areas of the
gurid show the same bastc features at all levels -- aouthward deviations
over the eastern portions of Alberta, and caat to northeastward
duv‘ldtlonu over ldaho and Montana. The center of amall deviations near
Fdmonton in the low and middle levels shifts to the southwest at high
lovela to a position near Vernon, B.C. Small agcostrophic components
are found at all Tevels over the southern portions of Washington State,

o~

»

ne

GREAT FL L8
~

’ [ ] ~
"e L . 10 ‘\ .|
) Fig. 15a ¢
]

Fig. 15 The time-averaged ageostrophic wind componcnta of the y
lnnun'y study for (a) 650 mb, (b) 55Q mb,. (¢) 450 mb.

AN



ATR!

AL

1eh 120

Vs X ”
s ’
7 e PRIN GEORGE
\ '

113

/ ’
PORT HAR/Q{ e PRIN GEOROE
4 e -/ e

’

p
7\

. -k \
!

L

~ ~ ,
&oatnxr/(tm/m
. v

N . T
AN N7
\\\ / ~ -
LS ~
).)( PR | /
- N
/’ \ | \\ ~ 00
N . OREAT FaL LS\
" R ¢ /f‘ e h ~ [
20 10mosec ' 7 as b 1o S
Fig. 15b
Y ey -
o 130 120 s 120 ns

-~

~
~

47

b !



The ageostrophic winds above Idaho, Montana, and the

eaBtern portions of Alberta Indicate a strong to modu;atu cross-

contour flow at

all levels,

The strong southward ageostrophic component

above 600 mb around Vancouver lsland also gives strong crosawcontour

flow in this arca.

The c¢ross-contour flow over Alberta and Vancouver lsland

is interesating in that it {s directed towardp higher geopotential,

making {t difficult to finterpret as a frictional effvcl!

4.8 The Ageostrophic Divergence Fields of the January*Study

The fundamental results are predented In Flgure 16.

The ageostrophic divergence values of the Bellamy method show good

‘ "6 -
agreement with these results, having a mean difference of 1x10"° sec

-6
with a standard deviation of 6x10 sec
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The low-level results show a center of convergence near

SO°N, 122°W and a center of divergence near 46°N, 118°W, with

convergence prevailing over Alberta and British Columbia. The appearance.

of the southward ageostrophic component over Vancouver 1sland above

600 mb results in a southwest shift of the main convergence center
which reaches maximum intensity through the middle levels, The middle
and high levels also show the appearance of secondary centers of
convergence and divergence over Montana and Alberta, respectively. The
weak curvature of the mean flow resulted in negligible gradient-wind

effects at all levels,

4.9 The Ageostrophic Vorticity Fields of the Japuary Study

The difference found by subtracting the fundamental results
5 -1

from the Bellamy resulta had a mean value of —0.2£10-‘ sec = with a

standard deviation of 1x10”5. The two sets of results showed good

agreement in sign. The fundamenta) results are given 15\F13ure 17.
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The stdong aouthwnrd.ﬂgv&ﬁtrophtc wind components in the
middle and high levels over Vancouver fsland are reflected in the
northwest shift, and increase fu strength at these levels of thoe positive
centoer which ugguurs in the low levels over the Central Nu;hingrqn arca.

While the low-~level vortieity pattern shows some corralation
with the terrain Laplacian of Figure 8, the agreement {8 péor in the .
upper levels. As with the Decomber case, the relative vorticity of
the nguostfophlc doviations is of the opposite sign to that of the

mean flow in the same arcas, -

~

4.10 Terrain and Condensat fonal Heating Influences in the Results

The main objective in undertaking this investigation was

to try and detect terrain influence in the wind field at levels
where direct intexference by the terrain would not occur. Unfortunately,

attempts to correlate the calculuted nbvosrrophic deviations with the
tercain features of Figure 7 were unauccessful with two possible
exceptions. These exceptions fnvolve th€ small area of precipitation
located neax 49°N, 122°W which occurred in both the periods investigated.
An ‘examination of the soundings for Port Haxdy and Quillayute during

the January period indicated latent instability in the levels near the
surface which could be {t1ggered by the forced agcent encountgred by

the air in these low levels as it suxmounted the Coast Range. Air rising
due to this instability could not penetrate much abave 600 mb because of
a strong inversion from this level to about 500 mb, The latent heat
releasgd by condensatipn in this rising air and the resulting preclpicion
may account for part of the low-lével convergence ovek this area.
However, Aubert (1957) has shown that the large§; valyag of convergence
genarated by condensational ﬁeacing should occur ba103\: e level of
greatest condensation, Hence, the observed maximum of convergence over
this area in the 600 to 525 mb levels cannot be explained by either
' terrain or condenaational heating effects. An analysis of the secondary
center of precipitation for the December study produced simildr- repults,
with the exception that the factor inhibiting vertical motions was a
lapse rate ecmewhat leas than pleudg-adiabatie abova 550 mb,

\\
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The soundings for the other stations 1n that portion of the
grid for which ageostrophic winds wore Cnlu:ulul‘vd showed that Port
Havdy and Quillayute were the only stations for both periods with any
significant degree of fnstability pr&sunt, This implies that terrain
elfects were probably of a very minor nature at the levels anulyséd.

The major procipitation arca which occurred over Alberta
during both the Degembar and January porfods was caused by weak frontal
activity {n the 850 to 700 mb layers andsmay account. for the weak
convergance In the lower layers over Alberta during the January period.

It {8 apparent that some other controlling AInfluence must
ba present that was not considered in Chapter I1. The cffects of
hovizontal thermal advection have been neglected to this point
and will now be examined with regard to the results.

. ]

4.11 Ihermal Advectfon Effects for the December Study

The December soundings for the stations enclosed by or “l
bonrdcrinb on the reduced grid of Figure 9 were examined for evgdence
of horizontal thermal advection. When the results of this {nvestigatfon
were compared with the computed agebstrophic'deviacions of Figure 11,
it was found that in general, a southward uguostrophic\component oécufred
with cold advection, while a northward component occurred with warm’
advegtion., In the light of these occurrences, the effects of a strong
but slowly moving trough of warm air aloft which moved inland from.the
Pacific during the perfod. are shown by the warm advection above and to
the gest of Vancouver Island. This warm advection {s responsible for
the strong ageostrophic convergence around Vancouver 1sland. The
relatively light ageostrophic winds aver Washington are a result of the
time-averaging procedure. However, the strong divergerdce over this
area reflects the dominant effect of cold advection following the passage
of the trough of warm air. ‘Wamm ﬁdVection 1n'the middle and high levels
~accounts for the secondary cell of convergence found at these levels,
The weak warm advection above 700 mb over Alberta and the Princa George
axea 1s off-set by strong advection of cald air below this level
resulting in net ageostrophic dlvergence.
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4,12 Thermal Advection Effocts for the Jamuary Study

As oue might oxpect from the rather complicatoed pattaern of

the ageostrophic winds for the Januavy study, thermal advoection was

somewhat more difficult,to determine from the sound}ngs. However,

goveral features were apparent. The southward deviations over Alberta

I
accompanfed cold advection at all levels and resulted in the diyergence

which appears in the middle aad high layers. As noted fn Scction 4.10

tha low level convergence may be due to condensational heating UftLLLBA

The soundings for Princa Peoxbo)und Port Hardy indicated

that the strong southward ageostxophic component which develops over
' o :

and to the west of Vancouver Island above 600 mb accompanfes the

advection of a’'warm dry air mass into this arca at thasae levels, a#hile
weak cold advection was present below 6504mn The narrow swath of
LY

ageostrophic winds having a northward component found over central

Reitish Columbia at all levels up to 500 mb waa caused by strong wamm
advection below 500 mb 1n this area during thL first half of the period
Thus, the convergence axea which appears over most of British Columbia,

Vancouver Islund,’ nd the noxthwest portions of Washington is a simple

consequence of a rather complex thermal advection pattern.
L " *

4.13 " Summary of the Results
The time-averaged ageostrophic wind cémponents that were

calculated show reasonablq agreement with the characteristics putlined

in a general SCudy by Godson (1950), The‘divergence values calculated

from the ageostrophic winds lie in the generally accepted rapge of

107% sec™ to 107> sec” for synoptic scale atmospharic motions, The
- o1

ageostrophic relative vorticities, with magnitudes of grder 10"° sec
conform. to the normal gssumption that the divergenc componenc of the
wind field has a relative vorticity which is ope ordex OE magnitude

less than that of the rotational (1 e. quasidgeostrophic) component i

which 1s of order 10 4 .1 . .

There appears to be-a weak contfibution by condenqatiqn#l

heating to the - ‘low level convergence found over Alberta during the ) !

period. of the Januaxy atudy. Candensational heating ?‘3 ‘also contribute

ta the low 1ev¢r couVergence found over British Columbig in both period’
. : i
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studiced. Gradient winds had a small effect on divergence arcas over

Washington and Alberta during the December periods, but were negligible

during the January period.

It is felt that the apparent abscnce of terrain influence
throughou? the 700-400 mb layer during both periods may be caused by
tha sthbiiity of the atmosphere over the arca studiéd. The correlatfion
betwoun'tnﬁrmal advection and the regions of ageostrophic divergence
and convorﬁence suggests that horizontal thermal advection was the

fnfluence controlling the ageostrophic deviations,
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CHAPTER V 'y

“ SUMMARY AND (CONCLUSLONS, WITH SOMK
SUGGESTIONS FOR FURTHER WORK ‘

5.1 Summary of the Methods/Fmployed and the Calculated Results

Two methodg were outlined that are suitable for caleylating

the divergence and relative vorticity of the ageostrophic wind.! The
first method is referred to as the fundamental method and is based on

the kinematfc definfitions of divergence and vorticit}. The second

technique is one deQelopad by Bellamy (1949), and was intendeds primarily

as a qheck on the values found using thd fundumental methods. The
merits and drawbacks of the two methods were discussed and it was

decided to use the time- averaged ageostrophie.wind fields for both
methods in order to reduce the effects of observational errors.

The ageostrophic Gomponent of the obsexved wind was

~ @

obtained by subtracting an objectively analyzed geostrophic compopent -

from the pbserved wind. Possible sources of the ageostrophic wind

component were discussed, including atmospheric compressibility, the

gradient wind, diabatic Qfating‘by condensation, and terrain influences.

Quantitative estimates of the-contrfbutioné these factors could make
to the ageostrophic divergence and relative vorciciny wera obtained

where posalble. A rough est/imate was obtained of the uncertalnty in

' the vorticxty aqd divergenc causad by errors in the observations,
¥

indicating that/the values obtained by the Bellamy technique will
generally be less uncertain thap those of the fundamental method,
Two case studiea of the ageostrophic wind field were .

Tpxeééntéd one Erom'December 1971, ‘and the other from January 1972.

| Fog objective analysis purposes, andJQONfacilitate the comput tions,.
A finite-differencing grtd ‘covering the geographical area studied was
, ‘lemployed / 'I.‘he pomion of the. grid for whﬁ;ch the ageoscrogahic divergence
‘i.and rqlative ?Qrticity we:e oaleulqted 1ncluded the Eouthern pértions

%FLthh Columbia Bnd Albenca, the state Qf) ashingcon, and porti@ng

e
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of Tdaho and Montana, A smoothed topography for the terrain of thesec

areas was gptained, and the Laplacian of this topogeaphicygl suxface
was computed. ‘ t:i

‘Using the original radiosonde ascent recorvdings, the
geopotential heights of the pressure. surfaces from 700 to 400 mb at 25-mb
intervuls' as wall as the corresponding wind vectors, were obtained at
each obeervinb station within the a;eu covaered by the grid, giving a
total of thirteen luve}é’ A time- averubo of the calculated heights for
each level at each station was used to obtain the objectively analyeed
mean flow for each of the two periods, The geostrophic wind was obtained
for each station at every level and time using objective. analysis and
finitﬂe—vdtfference technlques. This permitted<ghe computation of the
ageostrophic winds at the desired levels for each station and time. .
A time-average was taken of the ageostrophic components and esed to
calculate the Bellamy yalues of the ageostpophic dieergence and
vorticity. An objective analysis of these average ageostrophic
components permitted the calculation of the fundamental'values for the
vorticity and leergence. \ '

» The. time- aVeraged ageostrophic wind fields for both periods
conformed to the normal: assumption that the djvergent pBrtion of the
~observed wind is generally an order of maguitude-less than the rotational
partion. Cross~contour components appearxed at all levels over'various
,portions of the grid The aign of the Bellamy and fundamencal results
showed_generally good agreement, with acceptable differences 1in
magnitude. The ageoscrophic divergence values occurred in the

synOppically acceptable range of flo” & to 10 "3 aec~1, while  the

-5 ~1

‘ ageostrOphic relative vorticities. were of the order of 110™ sea”",

S CondenSational heating appe7red to eontribute to eonvergence
in the 700 to 625-mb layer gver ‘Alberta during the January period
Diabatic heating may also have given some low lev ;.support to the
convergence which oceurred over British Columbia' gpring \och periods. ‘
Ageostgpphlc components arising frpm the gradienn vind had a minox '
effect pn the divergence fields duning the Decembgr period but were

.
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N : .
. . LR
. B

[

-9

57



’

No .cm"n-l.\( fon wan evident botwoen the apeostiophic wind
fields and the tevrath, while the apeostrophic vortiett e showed

tatt aprveement with the teveatn Laplactan to only the Towent levels
studiced  « The ‘\,-\.;.wlruphh‘ winds and the diverponce tiolda devived
trom them did show a );nm.l cottelatfon with hovltzontal thermal adveet fon
that occurred duping the periodas stadfed, suppest by that this was the
jit Yuence control ling the apeostiophie deviations tor both peviods,

Iy

S Conclusions ,

No conclustomd could be drawn on the nature of terrvain

taflucncen dn the appeg @x«m during the pertoda studiced, However, thia
: gL

docs nat me cflects were not present -~ rather that

ghe mo LQW&
s .M ta At ) i
,w\m ;{%-rmtl sultictoent resolution of the wind field

T&“aétoc( the resulta of tervain fnflucnce,  The low level

Recdata avatlable, and the prevatliog atmaespheric

nt nl:ﬂl

to be

v
nature of the precipitation which occurred, and the calculatod mean
flow patterns resulted in ouly minor effects from the influences of
condensational heating and the gradient wind,

The rather unexpected ability ot hotvizontal thermal advection
to accoumt for the dominant features of the ageostrophic divergence
fielda of both perfods satrongly suggests that thia'aa the controlling
{nfluence on the agecostrophic wind flelda. More work (s required te
clarify the relatiounship betwecn thermal advection and the agcostrophic
wind, Howaver, it appears that the aynoptic-acale ascent or subsidence

accompanying thermal advection may bn responsible for the non-geostrophie

components of the flow for the two cases gtudied, e

5.3 Sumgestions for Fugthep Work

Perhaps this {nvestigation would be aided most by studying

several more C.QQQI of astrong flow across tha Western Cordillera to

'

try and determine if there is some festyre of the ageostrophic wind
field which appears fognlnrly over QGBQYporgiona of the terrssn, In
this connection, and in the light of the rasults of the present study,

.
i
i
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ft would be adviaable to check the atmospheric soundiaps closcly tor
the provailing stabititiens and the tovels at which condensat fonal
heat oy would be most aipntticant,.  Also, 1t would probably be ot
some holp o tdeat it ving lvl'ld}n cltectn 1t the prid \ann\ expanded to
fnelude more area east ot the (Tnn‘llllnm. This expanston would allow
compar faons o be drhiva hmm‘,“” Atean ol strony and x\'.-uk terrain

ol tect,  The prid expansfon would probably prove most protitable over

the Continental Unfted States bevause of the data coverage avallable.

)
. ¢ .
It da folt that the wse of time-averaged apeostrophic windas

v

may l\;ny& resalted {o o ltoas of (hu‘utnll necessary to fdentify terraln

ftaufluencea,  Thus, the studw ot the data for apecific times as opposed

to time~averaged data may prove to be of some use {n resoalving terrain
el tecCa, although the vesults would be more susceptible o observatfonal

crrors, 1t would also be {ntereating to use the data at aspecfiticrtdmes

to examine the conditions, in the ageostrophic wind flelds during
periods of lee cyclogenesis to sce (L there 14 some distingulishing

feature which accompanies thig phenomenon,

A}
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LIST OF SYMBOLS

Ovorbar () denotea "time average!

Antorviak (%) denotes "actual value", excepting virtual

tonperature

’ S denotes "wncertainty ]

A Aren as measured on a congtant-presaure surflace

Ai., The value of g, variable at a prid point

A"-‘j Station value of a varfable faterpolated from surrovinding
prid points .

C& Correctfon applied to a grid-point variable during an objective {
analyaia

C Adlnhat.tc speed of sound ln‘nlr

Cp Specific heat at conatant preasure of «dry air

I))Q Respectively, the divergenco and vorticity on a xeference surface

I)P»QP lsobaric diverggnse and vorticity, respectively \

])F“Da Isobaric divorgbﬂﬁc caleulated by the fundamental and Bellamy
mathods,respoctlvély '

])G )QG‘ Réapuctlvely. the faobaric divergence and vorticlity of the

gradient wind

Distance on the grid from the 1th station

= 2L g8in § . the Corlolis parameter .
Gradient wind aspeed

Acceleration of gravity

Teo o +» £~

Grid fnterval o

-

Perpendicular distance from the (:h vertex ta the opposing
side of a Bellamy triangle .

=

Curvature of a atreamline®or trajectory .
Length scale of horizontal velocity variations
Length acale of vertical velocity variationa
Maas , .
Radiys of influence used in the objectlve'amlygla
Frquancy of oscillation

Distance perpendicular to a stresmline or trajactory

33 Z23mr >

Os, The [obserfed atation value of a variable at poaition (x,y) on
, the grid ' - o .

ﬂ.,?. The [grid positions of an observing. station in the xeand y-

‘ ] directions, raespectively ‘

"P'"pp’ The/ grid positions of the principal grid peint
. / |

i
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Q

P Mredsgure
QFiQt\ lLaobarie rolative vorticlty caleulataod by the tundamental and
Bolbamy moethods, reapectively
R The apecitic yna condtant tor dry etr—>>
R Radtus of curvature of a atreamling or t1‘11|(~;‘(«)1*y
RE\ Radius of the carth ,. .
g The fmape -plave distance trom the North Pole to a poent on the
prid measured alonyy a mevldian
S Spectitfic entropy .
8 Distance along a streamline or tralectory
y The grid-pojat value of a vartable after a amnullliug.oporntlon
T Tempoerature (°K) A
™ . ( l+1.()()9‘_y“) T, tha virtual temperature (°K) ‘
. 1 tw
t . Ttme
U Horfzontal scale velocity ' ' .
war Obaarved wind components on an {sobarlc surface
TRA Calculated ageostrophic wind compounants on an tsoharic suxface
W,V (,‘al(:ul‘ated geostrophlic wind compouents on an la«ﬁ%ic ‘surface
O Observed wind vectgr .
‘OA Ageostrophic wind vector on an isobarlc surface
Vs Geostrophic wind vector on an isobaric surface
W( ] Nz-df , & welght. function |
szdf .
W Scale vertical velocfly )
w Mixing ratio . | .
2: Terrain haight .
2 Geopotential height of a pressure surface
o The direction of the ageocatrophic wind component
e |Angle 5atweJn e reference meridian and the meridian through
. & atation
®xp Angle between vefarence meridian And the meridian through
" the principal-grid-point
- Wind dir ;AOn at the Lth vertex of a Bellamy trinnglo';
p ‘Wind diroc;ion measured clockwiste from some referance direction ‘
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A\l ‘e .
lgobavle coetliciont of thermal expianaion

-

th .
Az fmuth of the stde opposing the | vertex of a Bellamy

' tringgle
Finlta diffarcnce N )
Contour spacing : .(
A InOlellrt:'()f the tomperature difference In a fluld
= 'R Lhurmwl‘nffuﬁlvgry of dry alrx

x ob P

¢

P

Dynaniic viscosfty
Kinematic viﬁcoaityf

Stabil{ty factor

benaity
Variance
Latitude
Angle between the perpendicular to a contour and the x-axis

Co-latftude

£ <o U™ » < °F

= 4p , velocity S!EPendicular to an isobaric surface
dt

~
v - 0 = ¢5 %‘p-kf33$ , the three-dimensional del-operator
R
Vp The two dimenslonal del-operator on a constant-preasurxe
‘® surface
v: ., Two~dimensional Laplacian on a comstant-pressure surface
[
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C o APTENDEX T

DIVERGENCE AND VORTTCITY USING T BELLAMY TRUANGLE METHOD

Consnfder the cquation of continuity in the Lorm:

o

~ 1 de V~\7 | | (A.l,l')
P d% '

as applied to a parcel of alr moving on a constant pressure surface

having an arca on thils surface of A, unit thickness, and contafning

mass m of air, Applylng (A.L1.1) to this parcel would yleld:

A4 (R)-Y

' -
_tdm + 1 dA < V.-V (A.1.2)
mat Adt

Wi . .
Since mass must be ‘conserved, (A.1,2) reduces Lo

ﬁ'_/é R IAY
" or .

)
A

| Dyel | (A.1.3)
A4 e

vhere D represents the velocity dLvergenQekbf the parcel as it movea

St

a

along the pressare surface. Let the surface area of the parcel be
triangular ahapk as shown in Figure Al.. '

s

reprgseﬁ%ed Dby a

'
P

LI -



Al ) ' . ()()

ko
Y

/ |
Fig. A.1 The geometry of the Bellamy Txiangle. ( !

. .

The arca of the triangle is givan by '
P

. °

a

A=1beh
| 2

ULl we assume that the wind speed j8 zero at vertices b and c,
and intreases linearly to Vn at vertex a, then the outflow (or inflow) «.
ot abr Lrom the,volume of unit thickness in some arbitrary unit time

O (’ vlﬁ repretsented by
AA= | ( hunh) be -~ 1 h, be
A A
whence '

RO S

(A,1.4)

"
i

'

where Dpa represents the partial divergence at vertex a. Referring to ¢
Figure' Al, one finds that |

. A
’ls;“l ~Va sin (ebc"“?u)

-



\\ o ‘ | v —
/‘ ) ! ‘

Thus (A.1.4) can be written:

7 Dpm - Ve sin (- )

Carrylng throuph a simflar arguwent for the remaining

vertices and suwmming the results pives:
t

, |
Do = ) =V sin (p( ~ o&i) (A.1.5)
izl . '

where the numbexs 1,2,3 are substituted for the 10[t0f5 a,b,c and /3£
represents the azimuth of the afde opposing vertex i, Resules of this
Qperation yield posftive values for divergence and negative values for
conveaergence, |

To obtain the partial vertical component of vortickty at the

ith vertex one .ieed only add 90° to the wind directjion and use (A.L.5)..

A

Thus:
Q‘:"‘v' Siﬂ( ~(0\-¢~TF
t X pt‘ I ——
\ Fi ' ) 2 ))
| 4 |
T s .
= ~—5%/,~ cos (=)
( ,
and ‘ . ,
i ‘ 3 ‘ - ‘
| Q= Vi cos (pr 0&;): | (A.1.6)
I i,:'rl h" ‘ . -
L.t \ k. ' . ' .
Use of (A.1,6) yields positive values for cyclonic vorticity
and ne'gatiwﬁvalues for anticyclonic verticity, o '
. -
. ] 1“ ‘ A . .

ik



APPENDIX TI

GRADIENT WIND VORTTICLTIES AND DIVERGENCES

Fmploying the prime notation to indicate ditfferentiation

1

A
with respect to x, the radius of curvature of a strcambine (R) 18

given by:
(A.2.1)

3
. R= ('*ii‘)/ﬂ
kui;u

\

/ L]
Txation.s (2.3.4) become: /

Since G {s assumed copstant, e
(A.2.2)

1

D. = Gdp

e 75k _
' ¥ L
(A.2.3)

Qy- G
"R |

also, aince F:‘-’ p(%) , we find: /'
3 - 9f Ix "
3h° 5 5 DR
* ¢
. . P
() ': ' | .\_‘\ | * r“,‘ :
R . 68 o



. } . , v ‘\

But ¢ E \ ‘ . {
B = arctah (9’) \ (A.2.5)

Cand thus:

(':j ’l J‘.'_"- _?
A Y = ! g .2,
\ %% | rJ‘J'R R ' ‘ 20

/
P,
A
An ’ )
|
| A
| S L
~OX Y <f(x)
N6 —
« {
[
[ : : '? x

Fig. A.2 The.finite~dL£ference elements for evaluating the partial
derivatives-in the equations for the gradient wind divergence and relative
vorticity. ' .

Referring to Figure A.2 and using finite»diffééquQs ta represent the’

vt [

partial derivatives:

. ! i
’ ’ + N . X L . ;h " .
’ . ' ' [~ IS v
Lo . . . . o . L R
. T .’ " = H ",,4-
{ R - .
“u ¥ N . . R
i . » 4 1 'y "
— N e '
Ce . W "&ﬁ I | M ; el n'.
- e e 18 o 148 i g b, LR TSN AN N




Al

\ ! é
e
b= -f
R .l
Y
’
and using (A.2.7) glves:
' L)
a}_ = —SINg . ) , ‘ (A.2.8)
on . .

5

Using (A.2.8) and (A.2.6) we obtain:
2t iry® sing E
N R | :
I-o. 3: | /"\ ' .‘ .

Thus, (A.2.2) and (A.2.3) become:

1

]
i
]

De = '“‘QE:if o (A.2,9)

, R . | .

Qe= & - L (a2a10)
R . E . :‘
f '/

where R ;Lq given by (A 2.1). . P

Equac;ons (A, 2.9) ‘and (A. 2 10) wete evaluated on_ an

. 1B 360/67 compute: usmg G=40 m sec =1 *an,d x and y were t;aken o be
measqred in grid 1m;ervals of 185 3 km, : Values were cdl@nlaced fm:

\ v Co RS
o xe-lo to 10 in i.ne:emns of 0. 5, R SRt . u
i ’ \ ‘, ; ) ‘ ) -
S o S , ‘ o
R ' A N

vy



..

¥
{ : .
. ’ r v,

: ~

Sinc® the pavamoters (4., R, y', ete.) do not change if”a

L . ' ' )

\
ditferent value of G is choaeh‘ it is clear that:

‘ R
/
(3]
Cos 40/ ‘

and '

/ A
Qqﬁ(g—) Q4o ,
40
whare Dy, and Qq, are the divergence and vortieity ostimates for

the new gradicnt wind speed G'. LN S

\
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DEREVALTON OF b UNCTRTAN LTS IN LW D RGENEL AN

VORTLOrEEES CALCUEATT D /Y T PEEDAN RTAL AND HLIL&MY MELHODS
C

.
I Lrntte ditterence gotat ton, the ceostrophic wfnd component s
\ ld P *

calvanlated trom the \h‘lx'llll ticld e phven he?
N .
\- '
) °

9 ;&jiH( ’I 4)

(£,-#)) -

—
\\
¥

9
-9 2 f H

where Hoas the petd doteoval, the toage tactor ot the map has been

neplectod, and the subacriptys reter to the polatd as given in Fopure ALY
. .

A}
‘«
»
' 2

.
L
)
¢ ‘L
. .
. le 0 v 03
- . . *~=—H— ‘
. ‘ .
' 1
L + * \
. ~ . \
., \ b a \ ’. . .
v 4 .
L] ) s
._- * ‘\_ . ' . . ' . ‘ -
Fig. As3 The grid-point o;d'ertn; for‘nlculutng the geostrophtc winds
on a gondtant pressuce sunface, '
) R ) ] " , ) i . ' p .

’ | * i i‘ = ' ' '
* i v

. ¢ . v *n . . .
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I the tollowing Jdevivattons, only ¢ he cquag bona tor the
woesb-cant component of-veloctty (a) will be prenented where posaible,
dtnee thoae Tor the novth-sonth component (v) will have the name o,

oo that the pressure hefphts ac the peid pofuta ave Juat
extrapolattoas trom the data points, the uncertafnties In the fndtial
data et (Hoey the hetpht™ calealated from the radfosonde data) will
be commtnfeatod to the prid potat values,  To (ry\.uhl calealate how
mach ol the foftéal uncortatnty in the heipht valuea will be trannterred
to the prtd points by the objective analyats vout fne would be ditfteult.,
In licu ot thia, ft was assumed that the uneort .lllnly ( :){ ) in the
Infttal data set would apply cqually to the prid values,

Using this assumption, (A, 3.1) can bo exprossed ans;

J

uj e ujf (J{éﬁ (A.1.2)

wh®re u \v  are the calculated valuea, and superscrlpt * {8 used to
) N .

indlcato "actual value™, .

Using (A.3.2), the ageostrophic components of tha wind are:

2 PR .
ul = (w-u wtou)-(ust qdZ :
A | 3) )~ (4 3%}]) (A.3.3)
/ 2
where,u and { are thu obseyxved wind c&%boncntlﬁ Lcttlhg uA=u—u8.

~<4l‘3’

i .
. Q. '
(A.3.4) .
¢ . ; .
LA o | A .
I;' N L3 - -~
. ' [
\ n“ ‘x ] .‘5
-'/ ! & . P
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/
: \ |

. The average ol the ageoatvophic componenta at o piven
level at o piven potnt can thuan be exprenaed an:

" * - ( )
’LLAr W u Z‘ S(“J%z

Y

wvhore I ia the number ol values over which the averape was taken,

However, since Su and 3f. are not constdored tunctions of time,

(A.3.3) can be slwplitied to: , \
. 5 [ v
A, = U-Ug* (Swr g2 )
: fH
) (A.3.6)
- T 1 )
u, od,
N ’, A
. ) Employing finite dxl(eroncvu to qvnluntn the derivatives
gives the average fundamental dive r;;oncc ( v* ):
: .
i L]
- ﬁt{ﬁ(5u+3v+23é1} (A7)

¢

¥

*

.

.
= ) '

The ung.%tatnty involvad én the fundamefital vorticity

~

w?uld be identical., Thus:
T B SRe g lineivleag i)

. ' R
) B . . » e




1
whore S D' and (\()", are the aneertatntics dn the averape diverpence
and vortietty calealated by the tundapental method,
Lot ws now examine the Bettamy method ot diverpence
[
caleulat fon as plven hy (1.2.2):
' -
. |
" D o= V_ sin (g ) ‘ (A.3.9)
B
\
LY}
Since thy! Bellamy caleulations atilized the avorape
apeodtrophile components, the wind apeed in (A.3.9) 18 givea by:
)
N ‘
e e "
- 0A I A .
V= ]ad2 4+ v ) A.3.10
J At Va y (A.3.10)
\
‘ +
(
Thia means that the angle o represents the direction of
tha average ageostrophic wind as measured f{n a clockwise manner Trom .
the y-axts of the grid, oK :
|
Y ’
ok darctankgﬁ,) | (A1)
r (Y ' A -
. ~UA
n ‘
\ \
. . . , ,
Fgom calcul\ue: .
. ' . '“*
SV %V 3u,+%_\[ §u’ oo
o , ' N ; N 'v .
.' " - A oot '
L ' o \ ) "\ * .
and sing (A 3. 10) Bli"ﬁ'- S e
N . ) ) B ’ ¢ : .
' ?' - \\ ' ' ’ ) T i . 3 ‘ .
T . \ » , . ' s v |t.’ ‘

$Va . ( a, H w, +V, 3.175 ) L (A3 Ty iy

*[a m} S S
’ o .o
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. ‘ ! 45 * ‘s
L ‘ '“\' .

Sliad barly

Y = Dol St 1 D S
Ju RRY

‘unll n::ih% (A1) )'.lvmu'

i

o Sdem (v St u, 8T,)

Aoy ? 313
(LAﬁjUk (A )

Now, from (A.3.9)

"A

§D°= - f;'_itn’_(hﬁjj_) Y f‘\R/ 05 (B-) S (A.3.10)

-

nb%tltUtinh for V, 9V, and g and afmplifyling glves:.

35 ol ffcos (p- «)[vAéu - uAéuA]

e hfu‘ﬂ*'u‘ﬂ‘

T ssin(eea) [aAsaAfb;wA]E

However, sana (A 3 9) must be evaluated ac the three

vartices of the crungle nnd r.ha maults qumned. thq total uncertainty’

/6
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in the Bellamy divergence becomes:
D =+ \ e
SDB _Z‘ [\ j,,il...t?;f;ti {COS(P-N){VA SLLA
a1 L h Wi+ VA \
—u,\%a‘r‘/\]ﬁ sin (-« [uAsaA
+ VU, D UAN o

.

Loy

(A.3.15)

| . ;
. v \
Carcytng through a similax mmlkﬁln for the Bellamy

vorticitics plves:

{éos (g~ ) .[’LIAY\LL’A

>}
1
1t
- L\OO‘
- —
,];

o a (A3.16)

Making the Tollowing upproxim&tions hof\ 3 H Su_m SU,

and taking S!ﬂ(@ -t) COS(? og') to be of order one will 51mp11fy .

(A 3. 15) and (A 3. 16) to: .
. . N ’ 1

. 8D ( _ O )(su,"f $ ) (A3.)
B ~ foo — ) Y

SealgnCeng). ©

. 4 "‘ . . N Ca ': . ‘ .
- 'vt.' | N .
' ot r e ‘ .

‘\. 3 .
} <
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where £ hag boen LurtBer assumed that the terms fnvolving Ua and VP\
have some average value Lor the three vertleoes,

With the above assumptfons (A 3.8) becomes:
S@F: SQFV“L%‘ (§u+a§é> / (A.3.19)

Ustayg (A.3.17), (A,.3.18) amd (A.3.19) to evaluate the

ratlos S:ﬁ /S’D mad S-— / Sa pives the rosult
. F 2 F

that the uncortainties {n tho Bellamy divergence will be less than that

‘Jl\hziflmd:ununml mothod 1f la/\‘> 0 » while .the same xesult

appl My for the vorticities 1f \’{;*A\)o .o



APPENDIX IV
TH PQUATLONS FOR 'l'R/\NH'l"URMlN‘fI GROGRAPLHLCAL,
/ .
. POSTTIONS INTO GRID POSTTIONS A
. - 3
Lot the gedd polnt (15, 1) bo called the pefucipal -prid-polnt.,
Lot the grid P\Lli(L&HI ol the peinedpal-prid-paint bo Pp.

Let the grid position of the atigttion be Pﬂ.

Then the grid posttions for the statlon will be given by:

[

B

- K
"~ \

' (A4, 1)
“Ye= 17 '(PP,’PS,)

NORTW POLE

' 0(380“(3 ‘

»
f‘ L}
o s R
. - * * |
| | . | |
K} v » ; ° l
N 8O W e
.. . * ' | ‘."
| f‘ . ‘ ‘ ‘ . . . "'v -
¥ ' s L) . . " L o -
Fig. A.A The jmage-pl@l geomitry fqr transforming latitude afd L
« longitude inte grid-point tiona o ' S ¥ R
j dguaieude fnto gridep AR R ‘ -
g " . . ' ',-. o L ] . A ‘ .
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Reterring to Flpure Ald one Cinds that:

ij =T\__\ {P(YR) ~r(¥p) cos mp}

(A.4,2)

’Px:"#!\{t"(‘f'?) Sir\.,o«P} o .

fn which © i8 the distance fn kilometors from the pole to the pefnt as
measured along a meridian on the fmage plane, '\*’R {8 the ro.furunec‘
co-~lat frude (40°N), ’YP {s the co-latttude of the prln(‘.1plu~};r1d-~pulntl
(40°N), .

Similarly: '

e .,

’Ps*j'-‘-ﬁlf‘("\fa)"ﬁ(ws)cos 0\5} o | "

(As4.3)

». Psz'l {r‘(“f;)s'mms"s .
g - . * : -
w‘t_mre ‘-"fs 14 L\se cg-latitude of the station,. - | ’

For ‘a polar stercographic projection, Saucier (I’SS)ggives
« the fpxprepsion for‘r("}' ) as: ' :

\. ‘ ’ ", ‘ M
. ‘; " S - T | ,
< r(Y)s R (l + cos‘Y ) hm 2. .' C(ans)
. PR VS | |

».
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.

fn which \*’ ts thes co-latttude of the desired point, RI‘ is tha

cadiug of the cavth (6371.22 ), and V\Po fa the ataondard co=lat itade

[ov the map projection ('S(\"ﬁ). Equatfon (AL4.4) incovporates the fmage
) ’ ‘

scale malycon WQ,
|

Comblontuy (A4, 1), (AA,2), (A1) and usiong (A4.04)

pglvas:

1 "

o=t + I (?ran ¥p c0s oo ~tan Vs cos 0«5)
(A.4.5)

%o = I+ T Uan"‘ﬁ{ sina g ~tanYe sm.o\P>

H 2 2
|,' ’
[o]
where .

. ;Ts RE(|+COS'“’;) /4'/ |

i
. h !
7 L,
if ! .";/ P / I ‘ I‘@



