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ABSTRACT

For each of three synoptic situations, all the terms, in thevor­
ticity equation are computed at 1000,.850, 700, and 500 mb. When
the results based on diagnostic vertical motion fields are studied in
s orne detail, they show thClt the terms neglected in the Central Ana­
lysis Office baroclinic model attain their tnaximum tnagnitude in
the neighbourhood of developing disturbances. In these regions,
especially at 1000mb, their sum may approach or exceed that of
the terms retained.

A / /
VALEURSEXTREMESDESTERMESNEGUGES

'"DANS L' EQUA TION DE TOURBILLON

par

John Campbell
and

David Davies

'"RESUME

Pour chacune des trois situations synoptiques, tous les
termes dans l'equation de tourbillon sont calcules a 1,000, 850,
700 et 500 mb. Lorsque les re sultats base s sur les champs de .
mouvement vertical analyses sont etudies tant soit peu en detail,
ils indiquent que les termes dont ne tient pas compte Ie modele
barocline du Service central d'analyse atteignent leurs grandeurs
maximums dans Ie voisinage des perturbations en voie de formation.
Dans ces regions, particulierement aI, 000 mb, leur s omme peut
approcher des termes retenus ou meme les depasser.
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1. Introduction

Most nUITlerical weather prediction models presently in use are
based on the vorticity equation~c',/ This approach, by effectively filtering
out sound and gravity waves, permits, numerical integrations to be
performed using time steps of the order of one hour.

In practice, several of the non-Ifnear terITlS appear'{ng in the com­
plete vorticity equation are awkward to handle. They are, therefore,
dropped completely in the baroclinic model used operationally at the
Central Analysis Office (l). Although to some extent, this is a practical
necessity at the present time, because of cOITlputing power considera­
tions, the justification usually given is that, on the average, the sum of
the dropped terms in an order of magnitude sITlaller than that of the
retained terms. A subjective evaluation of the Central Analysis Office
operational baroclinic forecasts indicates that there are deficiencies
in the handling of short waves. It is, therefore, pertinent to inquire
whethe I' or not improved forecasts would be expected if extra terms
of the vorticity equation were included in the Central Analysis Office
modeL

When discussing simplifications of the vorticity equations, most
previous authors have corifined their remarks about the relative mag­
nitudes of dropped and retained terITlS to average conditions over the
whole grid. No particular attention has usually been paid to extreme
conditions; although Schaefer (2) recently did a study of the vorticity
budget of a selected cold low. The purpose of the investigation reported
here, was to compute the terms neglected in the Central Analysis Of­
fice baroclinic model - in the 'middle and lower troposphere for three
synoptic situations - with a view to examining their extreITle values
rather than their average values as has usually been done in the past.
By this means, it'was hoped to obtain some indication of the probable

.'. .
worth of including extra terms in the Central Analysis Offic;:e model.

Mathematics Student John Campbell at the University of Water­
loo Cooperative Programme was employed as a cOITlputer systems
prograrruner 1 at the Central Analysis Office for the work term
September - December, 1965.
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2. The Vorticity Equation

The cornplete forrn of the vorticity equation is:

o Q . Q /\ 0 V oW__ V • ~ Q-W~-K. n Wx -H+ Q._"0 t - --H· V H . a p - V H 0 p "0 p

where

.s, J, and! are unit vectors in the x, y and z directions:

V is the horizontal wind
-H

\7H :;!~ +ll.a x 0 y'

uJ ;:; dp.
ill'

f :: 2 ...0. sin p;

(2. 1 )

Q =K· \1 xV +f- H-H
, the absolute vorticity;·

(2. 2)

is the ·angular velocity of the Earth;

and '/J is the latitude.

It is convenient to divide the hori~ontalwind into a rotational cornponent,
YJr and a divergent cornponent, VH. The rotational part of the wind

can then be described by a scalar strearn function (\fJ ) field:

r 1\ . g.
V ·=K x- V llJ
-H - - fo H r

The divergent part of the wind can sirnilarly be described bya scalar
velc>citypotential function (X) field:

(2. 3)

In both cases, the factor ~ is rnerely inserted for convenience of units,
fo

to rnake \fJ and X rneasurable in decarnetres. In the derivation of the
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vorticity equation in the above ,forrn from. the equations of m.otion, by
"operating on them. with k· V X, use has been m.ade of the continuity

t " f{equa Ion:

(2.4)

The sim.plified form. of the vorticity equation used in the Central
Analysis Office baroclinic m.odel is:

(2. 5)

where fo is the value of f at 45° N. (See Appendix 1 for the reason for
replacing Q by f in the divergence term..)

, 0

3. Definitions of "Usual Term.s" and "Missing Term.s"

For the purposes of the present paper, the "usual term.s" are de­
fined to be:

( a)

( b)

r
- V '\7 Q, the rotational advection term.; and
-f{ f{

fO W , the f _ divergence term..
g "0 po ..

, the divergent advection term.;( a)

The "m.is sing term.s" are defined to be:

d
V V Q
-f{ f{

(b) -woQ
Op

, the vertical advection term.;

1\

(c) , - k \Jf{ LJ x d VH the twisting- tilting term., which can be
"0 p' further

r d
broken down into two parts due respectively to Yf{ and Yf{

and (d) (Q - fo) -0 L0 the (Q - f, )-divergence term.. The sum. ofthe usualo '
-0 p' , ' '

terms phis"the sum 9fthemissing terms is defined fo:b'e the com:plef~vorticity

Ie
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tendl'ency. Note that in the present contextthe c'ornplete'vort~citytendency refers to

O'Q'0 t as com.puted from equation (2.1) j liC~~s not refer-to the total

. d' . dQtime erlvatlve-
dt

4. Input Fields

All computations were carried out at six pressure levels, 1000,
850, 700, 500, 300, 200 mb, over the rectangular 504 point grid shown
in Fig. 1, which is a 21 x 24 subsection of the regular Central Analysis
Offic e 1 709 point octagonal grid. Only two fi elds, tp and tJ, were.
required at each pressure level to evaluate the usual and missing
terms of the vorticity equation, since X can be computed from ~ by
relaxing the continuity equation (2.4). " a p

Stream function ('Y )£ields were readily available from an applica­
tion of the operational balance equation program to the objectively
analysed height fields.

Vertical motion (w) fi,elds were readily available from four sources;

(i) From a previously programmed version of the diagnostic
scheme of Haltiner et al (3) for obtaining vertical motion
fields from objectively analysed height and temperature
fields, under the assumption that static stability is a
function of pressure only.

(ii) From the first-hour (forward time- step) stream function'
tendencies given by the Central Analysis Office baroclinic
model, by an application of the ther:modynamic equation
in the form:

.e

\7 ~ IIJ 6 f ov H (~) + gf W = a (4. 1)

where (f ~ 1 0 ef'e o~ is the static stability parameter,

(: 'K
- T (p) is the potential temperature,
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P is 1000 mb,
o

K

R IS the gas constant,

C is the specific heat at constant pr~ssure,
p

f' IS the density,

T is the temperature.,

(iii) From the second-hour (centred time-step) stream function
tendencies given by the Central Analysis baroclinic model.

(iv) From the diagnostic Haltiner program using a variable
static stability. It should be noted that the effects of
release of latent heat were not included in the compu­
tation of any of the LV IS.

The missing and usual terms were computed four times for each
of the cases studied, using vertical motion fields from each of these
sources in turn. The results obtained using the Haltiner diagnostic
vertical velocity, with constant static stability, will be presented and
discussed in some detail; although space considerations make it im­
practical to include charts of the individual terms in this report. The
results obtained using !he vertical velocities from the three other
sources will be discussed briefly, and some mention made of the dif­
ferences among the four sets'of output charts.

5. Technical Details

Simple fi'rst order 'finite difference approximations were used
to evaluate the X- and Y - derivatives occurring in the usual and
missing terms.

For the p_derivatives of all quantities the following formulae ,were
used:

(i) At the interior levels, the formula given by Haltiner et al (3),
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where F is any variable and the subfixes K, L, and U refer to centre,
lower, and upper respectively; and!J. Pu is the separation between the
centre and upper pressure levels, and lJ. p.!. is the separation between
the lower and centre pres sure levels 0

( ii)

if

At 1000 mb o

IF F <... C (F) (See note at end of section),
1000 - 850 . C

if

if

"'AF F F
.Q....::... =1000 - 850
'0 p 1000 150

( F F }(F' F70'0)-,;,~~OandFI000-F700 -, 4
'. 1000 -850 1000 ~ - /' ' '

F 1000 - F 850'

(50 2a)

(5.2b)

( FlOOO~F850).
150 .,

( 50 2c)

if (F - F ) (F - F )?:- 0 and F - F
1000 850 1000 700 - 1000 700

F F L. 4,
1000 850

".,

~ F\
1

F
(F IOOO - F 700>] (F - F )

= - 1000 850
:OP 1000

·2
2(FlOOO - F 850) 150

(50 2d)

(iii) At 200 mb,

if If 300 ~,f200,1 L. t (F) (See note at end of section),
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(5. 3a)

if

if

(F300 - F ZOO) (F 500 ~ F ZOO) L 0,

'd. F 3 . F 300 - F ZOO
'":\ =2" ( . 100 ) ;
o P ZOO

( F - F ) (F - F )~ 0
300 .200 500 ZOO ~

and F 500 - F ZOO
F- F ? 8,

300 ZOO

'(5.3b)

(5.3c)

if and
F F

500 ZOO

F 300 - F ZOO
L... 8 ...

O.F
() P

ZOO

1
="2 (5.3d)

(Note: t fF) is some small positive number, lre-chosen for each
particular F. When F isW, E is taken as 10- 0 mb/hr; when F is

"f' E is taken as 10-
10

dkm. )

5. Results

Three synoptic situations were studied: lZZ February·Z4th, 1965;
OOZMarch 18th, 1965; and OOZ January 8th, 1965. Charts of the height
fields at 850 and 500 mb are presented here, together with the 850 and
500-mb charts of the complete vorticity tendency and the $um of the
missing terms, both as computed from the diagnostic vertical motions
based on constant static stabiliti~s. For each case, four grid-points
are cho sen at which the missing terms contributed appreciably to the
complete vorticity tendency, at least at some of the levels. For these
twelve selected points, Tables are given in which the values of all the
individual terms are listed separately.
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The charts of Figs. 2- 7 are those for the case Of 12Z February
24th, 1965. The m.ain feature of interest was the disturbance in southern
central United States. This low subsequently developed into a m.ajor
storm. as it m.oved north_ eastwards, although the rapid deepening phas e
did not com.m.ence until twelve hours after m.ap tim.e. Two of the
selected points, A and B, were taken near the centre of th~ 850,·m.b
low. The other'two points, C and D, were taken in the Atlantic trough
near Newfound~andwhich was approaching its rnaxim.um. intensity at
m.ap tim.e. Tables 1-4 list the values of the individual term.s at these
points.

The charts of Figs. 8_13 are those for the case of OOZ March 18,
1965. Them.ain feature on the m.ap at 850 m.b is the low over the Great
Lakes which had been deepening for the previous thirty-six hours, and
which continued to deepen for the next twelve hours. All four selected
points, E, F, G, and H, were taken in the neighbourhood of this low.
Tables 5-8 list the values of the individual term.s at these points.

The charts of Figs. 14-19 are those for the case of OOZ J·anuary
8th, 1965. They show a typical N,orth AIl?-erican ~inter situation. Three
short waves were m.oving around the long wave trough centred over the
continent. Point I was selected in the short wave trough over the
South-western United States, which was not very active because it was
m.oving ip.to the)gn,.g wave trough position. Points J and K were selected
in the intensifyi~g:lowover the Gulf of St. Lawrence,. which entered a
rapidly deepening phase twelve hours after m.ap tim.e. The fourth
point, L, was chosen in the low south::=-east of Greenland, which was
nearing the end of its deepening phase at OOZ and began filling about
twelve hours later. Tables 9-1'2 list the values of the individual term.s
at these points.

6,. Discus sian

The charts of Figs 2-19 show that at both 850 and 500 m.b the sum. of
the'm.issing term.s does indeed tend to be'relatively m.uch sm.aller in
m.agnitude than the sum. of the usual term.s. The corresponding series
of charts for 1000 and 700 m.b, which are not included here, confirm.
this finding. though m.arginally so at 1000 mb. When all the charts are
considered together, it is eviderit that the m.issing term.s ,are relatively
rather m.ore im.portant at 1000 m.b than they are at 5 00 m.b.
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In the vicinity of developing short wave disturbances, however, this
general rule breaks down and the ITlagnitude of the SUITl of the ITlissing
terITlS can approach and even exceed the magnitude of the SUITl of the
usual terITls.

An inspection of the computer print_outs of charts ofthe individual
terITlS reveals that their relative iITlportance varies froITl level to level.
At 500 ITlb, on the average, the rotational advection terITl is the dOITlinant

one, the Q- fo ~~ and :to - divergence terITlS the next dOITlinant, and

the other terITlS ITluch sITlaller. At 1000 ITlb, on the average, the Q- f
. 0

~p and f _ divergence terITlS are the dOITlinant ones, follo~ed by the
(0 - f o >- di~ergence terTI), the rotational advection terITl, and the di_
vergent advection terITl, \whi~h all appear to be roughly cOITlparab1e
with each other and bigger than the reITlaining terITls. Another inter- .
esting general property which shows up in the print-outs of the indi­
vidual terITlS is that the portion of the twisting-tilting term arising
froITl the divergent part of the wind is, on the average, an order of
ITlagnitude less than the other portion of the twisting-tilting terITl arising
"froITl the rotational part of the wind; These findings about the relative
ITlagnitude of terITlS ITlaking up the vorticity equation are siITlilar to '
those obtained by Schaefer (2).,

Tables 1-12 show that the ITlagnitude of the SUITl of the ITlissing
terITlS exceed,s the ITlagnitude of the SUITl of the usual terITlS at seven of
the twelve points studied at 1000 ITlb, at six of theITl at 850 ITlb, at three
at 700 ITlb, arid at one at sao, ITlb. At ITlany of the twelve points the SUITl
of the missing terITls at 1060 ITlb is an order of ITlagnitude greater than
the SUITl of the ITlissing terITlS at 500 ITlb.

The sets of charts and tables for the W' s froITl the other three
sources exhibit siITlilar 'features. I~ the case of the diagnostic W 1 S in­
corporating variable static stability all the affected terms generally show
slightly increased ITlagnitudes, but the actual grid-point values tend to be
closely correlated with those for constant static stability. For the two
sets of therITlodynaITlic W I S all terITlS cOITlputed froITl the first hour
streaITl function tend~neies are about the saITle ITlagnitude as, and closely
correlated to, their counterparts cOITlputed froin the second hour ten­
dencies. A cOITlparison between terITlS cOITlputed froITl the diagnostic
LJ f s with constant stability and the corresponding ones cOITlputed froITl
the therITlodynaITlic W f s show varying degrees of correlation at the
different levels. At 700 and 5,00 ITlb the correlation is quite good, al­
though in both cases the the rITlodynaITlic W terITlS tend to be slightly
bigger than the diagnostic W terITls.
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A.t 850 and 1000 mb the correlation is poor or very poor, although
again, the t.."h.ermodynarnic lJJ tern1.stend to be larger than their diag­
nostic counterparts.

'There are three reasons for these low-level discrepancies. Firstly,
the 850'-mb thermodynamic vertical motion fields were based partly
on the values for the I OOO'-mb strearn function tendencies given by the
Central Analysis Office baroclinic ITlOdel, and these are known to be.
in need of irnprovement. Secondly, although in both approaches the
mountains and friction yertical motion at the ground was computed
from the formula given by Cres sman (4), in the diagnostic case the
interpolated terrain-level winds are geostrophic, whereas, in the
thermodynamic case they are obtained from the stream functions.
Thirdly, the problem of assigning vertical motions inside mountains
was handled slightly differently in the two approaches. In the diagnostic
approach, the value of the rnountains and friction vertical motion at
the ground was simply us ed for all levels below the height of· the

. terrain. For instance, if at the (i, j) grid_point the mountain pressure­
height was 600 mb and the mountains and friction vertical motion at
the ground was W ij 9 then the following assumptions were made:

g

= Wij

850
= wij = uJi j

1000 g
(6. 1)

In the thermodynamic approach vertical motions due to mountains and
friction had to be computed separately, since lower boundary effects
had not then been incorporated into the baroclinic model, and these had
to be added to the values com.puted from the stream function tendencies
to give the total vertical motion fields. Above the terrain, the moun­
tains and friction contribution to the vertical motion was assumed to
drop off linearly from the computed value at ground leyel to zero at
200 mb. Instead of the above section, again for a mountain pres sure­
height at 600 mb at the (i, j) grid-point, a continuation of the linear
increase with pressure was used below ground level:

(600 _200) ij
(700- 200) W700 =

(600-200) 1J
(850-200) W 850

= (600-200) W ij =W ij
(1000-200) 1000 g (6. 2)

At 1000 and 850 mb in mountainous regions these seemingly trivial
differences in the handling of the lower boundary condition will play
havoc with the correlations between the results from the two approaches.
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The differences among the four sets of results would seem to indi­
cate that the lower boundary complications do tend to make the 1000 and
8So-mb computations unreliable. However, since the comments made
at the beginning of this discus sion apply just as forcibly in low terrain
and ocean areas as they do elsewhere, and since th~y are just as appro­
priate for the diagnostic W results as they are for the others, their
qualitative validity still stands even if their quantitative validity does not.

It might be argued that it still has not been proven conclusively that
the missing terms are important in the vicinity of short wave disturban_
ces, because approximations were ITlade in the computation of both the
diagnostic and the thermodynamic vertical motions, and conceivably
these could lead to gross errors in the computation of the missing terms.
This is unlikely to be the case because from a study of the results,
and also from physical considerations, it appears evident that for
most of the missing terms large magnitudes are closely associated
with large magnitudes of oW , and so necessarily with large magnitudes

~
of mid-troposphere vertical motions. In general, particularly in the
neighbourhood of developing short waves, the inclusion of extra terms
in either the diagnostic W- equation or the thermodynamic equation
would serve to boost mid- troposphere vertical motions, not to dampen
them; and most certainly not to dampen them by an order of magnitude
or more, as would be required to make the missing terms insignificant.

The discussion so far would seem to indicate that beneficial effects
would be expected if the missing terms could be incorporated into the
Central Analysis Office baroclinic model. These effects would probably
show up in the form of an inc reased linkage between the levels in the
neighbourhood of short waves; and this is precisely. the type of improve-

. ment which seems to be needed.

There remains the discussion of partial inclusion of the missing
terms. If only the vertical advection and twisting- tilting terms were
neglected, then some simple computations based on Tables 1-12 lead to
some interesting figures. At 1000 mb the number of points at which the
magnitude of the neglec.ted tenllS exceeds that of the retained terms
drops from seven right down to nil; at 850 mb from six to one; and at
700 mb from three to one. But at 500 mb the number increases from
one to two. As a closer inspection of the computer output charts of the
individual terms shows, these figures are quite typical of the type of
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thing encountered at grid-points located in and around short waves. It
would, therefore, seem likely that the inclusion of the divergent ad­
vection term and the full (Q - f)-divergence term into the Centralo
Analysis Office model would lead to improved short_wave forecasts.

However, the experience elsewhere, for instance, at the National
Meteorological Centre in Washington (5), has been that the inclusion of
extra terms into the vorticity equation only leads to limited improve­
ments in the quality of the forecasts. One possible reason for this is
that there is a numerical problem in computing the missing terms with
sufficient accuracy. Certainly, the results of the present study do
indicate that the missing terms in the lower levels are moderately
sensitive to changes in the vertical motion fields. Another possibility
is that the problem of scale becomes important for the missing terms.
It is well-known that interactions between superimposed flows of dif­
ferent wave number stakes plac e via the non-linear terms in the
vorticity equation. It could be that in the real atmosphere some highly
significant exchanges take place between synoptic scale disturbances
and smaller scale phenomena of dimensions of less than one grid-length.

As has been demonstrated by Danard (6)(7), it is also very impor­
tant to include the effects of release of latent heat into baroclinic
models. In areas of development u..J can be increased by as much as a
factor of 2 or 3 by the addition of a latent heat term. Thus, it is probable

\

that the divergence, vertical advection and tilting terms are even more
important than indicated by this investigation, at least in some areas
and at some levels.

7. Conclusions

The Central Analysis Office baroclinic model is based on a sim­
plified form of the vorticity equation. Three case studies indicate that
the sum of the terms neglected, though unimportant in most regions,
can sometimes be larger in magnitu.de than the sum of the terms re­
tained. This happens in the neighbourhood of developing short wave dr"s­
turbances, and is particularly apparent at 1000 mb. In these areas, a
less simplified version of the vorticity equation, in which the divergent
advection and full divergence terms are retained, would appear to give
low level vorticity tendencies much closer to reality. However, in prac­
tice there may be numerical problems to be overcome before the extra
terms could be computed with sufficient accuracy to make their in­
clusion worthwhile.

APPROVED,

J. R. H. Noble,
Director,
Meteorological Branch.
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APf>ENDIX 1

The reason for replacing Q by f in the divergence terITl of equa_
o

tion (2.5) was first given by Wiin_Nielson (8). Given any horizontal
vector, A

H
, the integral of~ .. A over any area,. (J , of a pres sure

- v H -H ~

surface ITlay be transforITled into a line integral, thus:

(9. 1 )

and soby (9. 1):

where dS is a (~calar) areal eleITlent of) , dl is an eleITlent of the

boundary line enclosingJ, and An is the cOITlponent of A H on the

boundary which is perpendicular to dl and pointing outwards froITl~.
If~ is a close~ area,:Jf *, in which case it would be a cOITlplete pres­
sure surface surrounding the Earth, then:

~.! An dl = 0;

j-t~ VH A H dS = O.

(9.2)

(9. 3)

Writing:

.3 = C2 VH + W C>~H x~,

oP (9.4)

the cOITlplete vorticity equation (2.1) becoITles:

= 0

"OQ
~+

, (9. 6)

(9. 5)

b .Y(9.3).

surface~* sur-

v . q = 0
H -

ExaITlining the integral of "'0 Q over a closed pres sureat
rounding the Earth, using equation (9.5):

..,g~ i ~~ dS =
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Replacing (9. 5)witt(2. 5),'itcan l;>~ s~en t~at th~ same p:rop~rty is pre­
served:

'. [dQ'
..£t! () t dS ==

==

== a

f .. :-QW]d.So -0 p

by(9·~..3).

(9. 7)

Note that the replacement of Q by f o i$ e?sential fC?:f th,is condttio~ to
be satisfied by (2.5). Some controversy $'I;lrrpurlds the ul?ef\J.~~.e9S of
this substitution. It seems that it is advantqgeous forloI1g pertoq
forecasts and disadvantageous for short pl;lriod forec;a$ts!

If instead of (2.5) a simpHficqtiop qf th~ vOl'tic;;~ty eq\l:ation is '\,ls~d

in which the divergent advec;ti0rl te:t:n:l is retaine4r i~ is no longer ad_
vantage~)Us to substitute f

o
for q, everl fo,! long raA~~ fc;>recasts;

In this case:

(9.8)

. 1t"O Q dS

~*)) o't (9,9)

Ie

= a by (9. -3).
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TABLE 1 ,.

Values of the Individual Terms in the Vorticity Equation as
Computed at Point A for the Case of 12Z, February 24th, 1965.

level 1000 mb 850 mb 700 mb 500 mb

W -0.9 - 8.1 _8.3 _4.8
g"w 600 '250 . -68 _166
of" 5980 5460 4290 3.250Q /

f 2990 2990 2990 2990

vertical advection 2 46 56 3'

divergent advection 39 24 _4 4

rotati onal advection -92 -19 21 _127

rotational twisting 0: -24 -5 5

divergent twisting .:.1 1 1· 0

total twi sting _1 -23 _4 5

(Q - fo)-divergence 137 44 -4 8

Q-divergence 360 136 -29 _54

f o - divergence 223 92 -25 -62

sum mis sing terms 178 90 43 18

sum usual terms 130 73 _4 -189

complete '0 Q 308 163 39 _170

at
-1 ;oW, 10-4 -1 _4 -2

(Units: W' mb hr Q, f, hr ; rest 10 hr )

Op
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TABLE 2 .

Values of the Individual Terms in the Vorticity Equation as
Computed at Point B for the Case of 122, February 24th, 1965.

level 1000mb' 850mb 700 mb 500 mb

W
L5 4.7 -0.2 _6. 1'Ow

~p ._330 40 308 61
Q 5570 . 5330 4370 3580
f 2950 ' 2950 2950 2950

vertical advection _1 -19 _1 8
divergent' advection _106 _41 1 -11
rotational advection 139 9 ... 42 93

rotational twisting 7 -60 -54 -37
divergent twisting -3 3 4 2
totaltwi sting 4 -57 -50 -35

(Q - f o )- divergence -61 7 21 -1
Q_divergence -182 22 135 22
£ _divergence -121 ., 15 114 23

0

summis sing terms _164 -110 -30 -39
sum usual terms 18 24 72 .115
complete "0 Q _147 ' - 86 42 77

of

(Units: mb hr,...1 OW, Q, £, 10- 4 hr- l . 4-2
W, , . , rest 10- hr )

op
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TABLE·')

Values of the Individual TerIlls in the Vorticity Equation as
COIllputed at Point C for the Case of 122, February 24th, 1965.

level 1000 Illb 850 Illb 700 Illb 500 Illb

W 0 -4.7 -4.0 -3.3
~

400 130 -40 - 83" p
Q 5050 6060 4730 4990
f 3560 3560 3560 3560

vertical advection 0 5 18 3
diver gent advecti on 97 12 _5 -16
rotational advection 54 36 102 235

rotational twisting 0 6 -8 _3
divergent twisting 0 3 2 0
total twi sting 0 8 _6 -3

(Q - f)-divergence 54 31 -4 . -110
Q- div e.rg enc e 201 81 -19 -42
f _divergence 147 50 ' _15 _31a .

SUIll Illi ssing te rIllS 150 56 3 -27
SUIll usual terIllS 201 85 87 204
cOIllplete ,J 9 352 141 91 178

a-t
(Units: (.J , Illb hr

_1
OW, Q, f, 10- 4 hr· 1 , rest 10- 4 hr- 2 ).,

"

OP
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TABLE 4

Values of thelndividual Terrus in th.e·Vorticity Equation.a~

Computed at Point Df.or the Case of 12Z, February 24th, 1965.
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TABLE 5

Values of the Individual Terrns in the V6rticity Equation as
Com.puted at Point E for the Case of OOZ, March 18th, 1965.

level 1000 mb 850 mb -700 mb 500 mb

ill 1.1 10. 1 9.0 2.3

-0 P -770 -266 184 238
Q 6240 6230 5750 5850
f 3450 3450 3450 3450

vertical advection 0 -17 _15 7
divergent advection -215 - 80 -7 -2
rotational advection 122 -4 -20 48

rotational twisting -1 13 0 14
divergent twisting 0 -9 -10 _3
total twi sting 0 4 _10 10

(Q - f)_divergence . -195 -67 38 51
. 0

-479 _165 106Q- d1vergence 139
f o-divergence -284 -98 68 88

sum mis sing terms _410 -159 6 66
sum usual terms . -162 -102 48 136
complete OQ -572 -261 55 202

at
_1 . d LJ 10- 4 hr

_1
; rest 10- 4 hr- 2 )(Units: lJJ , mb hr .--' , Q, f,

'O'p
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TABLE 6

Values of the Individual Terrns in the Vorticity Equation as
Com.puted at Point F for the Case of OOZ, March 18th, 1965.
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TABLE?

Values of the Individual Terrns in the Vorticity Equation as
Computed at Point G for the Case of OOZ, March 18th, 1965.

•
level

w
~
op
Q
f

vertical advection
divergent advection
rotation~l advection

rotational twisting
divergent· twisting
total twi sting

(Q - fo)-divergence
Q_divergence
f -divergenceo .

1000 mb

3.9
940

5330
3480

o
75

-190

-2
1

-1

154
503
349

228
159
387

850 mb

- 8. 1
524

5330
3480

8
24

6

29
_3

26

85
279
194

144
200
343

700 mb

-11. 8
115

5020
3480

24
_3·

49

38
_3

36

15
58

.43

72
91

163

500 mb·

_10.6

-220
4610
3480

19
-8

136

21
1

22

-20
-101

- 81

13
54
67

•

•
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TAB+..E 8

Values of the Individual Terms in the Vorticity Equation as
Computed at Poin'tH for the Case of 002, March 18th, 19 65.

level 1000 mb 850 mb 700 mb 500 mb

iAJ -1. 5 -9.1 -12.4 -11.3...a..w...
OP 580 _361 100 -266

Q 1770 2910 3910 3520
f 3470 3470 3470 3470

vertical advection -12 -65 ':'36 58
divergent· advecti on -91 -47 -7 10
rotational advection -137 132 168 215

rotational twisting -3 -15 -6 28
divergent twisting -7 2 3 1
total twi sting -10 _13 -3 29

(Q._ f )-divergence -Ill -28 2 5
0 103 105 39 . _94Q-divergence

e f -divergence 214 133 37 -99
0

summis sing terms -225 -153 -45 102
sum usual terms 77 266 205 116
complet~~ _148 113 160 218

"0 t

(Units: W , -1,~ Q, f, 10-4 h -I, -4 -2mb hr .
'"0 p'

. r .. rest 10 hr ).
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TABLE 9

Values of the Individual Terms' irithe Vorticity Equation as
Computed at Point I for the Case of OOZ, January 8th, 1965.

level 1000 mb 850 mb 700 mb 500 mb

ill 6.4 6.4 9.4 11. 3
C>P 0 _101 -156 189

Q 1740 3180 4770 7460
f ~3270 3270 3270 3270

vertical advection 59 64 111 102
divergent advection 11 -8 _16 _7·
rotational advection -208 -106 -117 -319

rotational twisting 26 24 13 20
divergent twisting 4 3 3 -2
total twi sting 30 27 16 18

(Q - f .)-divergence 0 5 -17 71
Q-divgrgence 0 -32 . -74 141 e I

f -divergence 0 -37 -57 700

summissing terms 100 88 94 184
sum usual terms '. -208 -144 -174 -249
complete OQ -108 -55 .:. 81 --66

ot
(Units: Ltj, bh-1 dt,J Q, f, 10- 4 hr- 1 ; rest 10- 4 hr- 2)m r ;OP'
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TABLE 10

Values .of the Individuctl Terms in the Vortidty Equation as
Computed atPoint~J for the Case of OOZ, January 8th, 1965.

level 1000 mb 850 mb 700 mb 500 mb

w
~
~p

Q
f

-0.1
164

6560
3870

-2.6
176

6210
3870

-5.3
149

5870
3870

-7.4
- 76

5900
3870

vertical advection
divergent advection
rotational advection

o
9

16

6
3

-15

7
-4
25

4
_3

299

. rotational twisting.
divergent twisting
total twi sting

-2
o

-2

o
1
1

-8
1

-8

-8
o

-8

(Q - f)_divergence
o

Q-divergence
f -divergence
o

47
108

61

44
109

65

32
88
56

-17
-45
-28

-23
271
249

27
80

108

54
50

104

54
76

130

summissing terms
sum usual terms
complete 2> Q

ot

(Units: tJ, mb hr- l ; ~LU, Q, f, 10-
4

hr-
l

; rest 10- 4 hr- 2 )
u p

•.~
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TABLE 11

Values of the Individual Terllls in the Vorticity Equation 'as
COlllputed at Point K for the case' of OOZ, January 8th, 1965.

level 1000 lllb 850 lllt> 700 lllb 500 lllb

w -0.3 -1.3 . -5.6 -9.9.:a...w.
op 391 178 -14 -109

Q 5770 5200 4220 3360
£ 3950 3950 3950 3950

vertical advection 1 26 31 5
divergent advection 30 11 _3 -8
rotationafadvection -23 22 73 99

rotational twisting 7 .5 11 . 11
divergent twisting -1 -1 -2 _1
total twi sting 6 4 9 10

(Q - f }-divergence 81 27 -1 4
. 0

226 -6Q-dIvergence 93 -37 efo-divergence 145 66 _5 -41

SUlllllli s sing te rlllS 117 68 36 11
SUlll usual terlllS 122 88 67 58
cOlllplete . '0 Q 239 156 103 70

at
(Units: W, 1~ 10- 4 hr -1; ·-4~2lllb hr - ;. , Q, f, rest 10 hr )

<Jp

•
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TABLE 12

Values of the Individual Terms in the Vorticity Equation as
Computed at Point L for the Case of OOZ, January 8th, 1965.

level ,1000 mb 850 mb 700 mb 500 mb

W 22.8 16.8 10.8 4.9a..&-
0 p 406 400 353 245
Q 6900 7280 7430 7280
f 4620 4620 4620 4620

vertical advection 68 30 3 7
divergent advecti on 38 10 _4 2
rotational advecti on 20 -30 -54 -148

rotational twisting _16 -20 -13 -7
divergent twisting _3 -2 -3 -4
total twisting -19 -21 -16 -11

e (Q _f )-divergence. 130 143 131 88
Q-div2rgence 280. 291 262 178
f~-divergence 150 148 131 90

summis sing terms 217 161 115 87
sum usual terms 1 71 118 76 -57
complete oQ 388 279 191 29

~

-1.~ 10- 4 hr- 1 ; -4 -2
(Units: vJ , mb hr , "0 p' ,Q, f, rest 10 hr )
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Figure 1
The 504-Points Grid
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Figure 2
850 MB Feb. 24 1965 1200Z



Figure 3
500 MB Feb. 24 1965 1200Z



Figure 4·
·Corrtplete Vorticity Tendency (Units 10-4 hr- 2 )

850 MB Feb. 24 1965 1iooz



'Figu~e 5
Vorticity Tendency Due To Missi:n:"g Terrns (Unitsl0-4 hr- 2)

850 MB Feb. 24 1965 1200Z



Figure 6
Complete Vorticity Tendency (Units 10-4 hr -2)

500 MB Feb. 24 1965 l200Z



Figure .7
Vorticity Tendency Due To Mi"ssing' Terms (Units 10-4 hr- 2)

500 MB Feb. 24 1965 1200Z



Figure 8

850MB Mar. 181965 OOOOZ



Figure 9
500 MB Mar. 18 1965 OOOOZ
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Figure 10

.Comp~ete Vorticity Tendency (Units 10-4 hr -2)
850 MB Mar. 18 1965 OOOOZ



Figure 11

Vorticity Tendency Due To Missing Terms (Units 10-4 hr- 2)
850 MB Mar. 18 1965 00002



Figure 12 .

Complete Vorticity Tendency (Units 10-4 hr- 2)
500 MB Mar. 18 1965 OOOOZ



Figure 13
Vorticity Tendency Due To Missing Terms (Units 10-4 hr- Z)

500 MB Mar; 18 1965 OOOOZ



Figure 14
850 MB Jan. 8 1965 OOOOZ
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Figure 15
500 MB Jan. 8 1965 OOOOZ



Figure 16
COInplete Vortidity Tendency ( Units 10-4 hr- Z)

850 MB· Jan. 8 1965 OOOOZ
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Vorticity' Tendency Due
850 MB

Figure 17
To Missing
Jan. 8 1965

Terms (Units'10- 4 hr":'Z)
OOOOZ

•
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Figure 18
Complete Vorticity Tendency (Units 10-4 hr- 2)

500 MB Jan. 8 1965 00002



Figure 19
Vorticity Tendency Due To Missing'Terms (Units 10-4 hr- Z)

500 MB Jan. 8 1965 00002
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ABSTRAC;T: For each of three synoptic situations all .
the terms in the vorticity equation are.
computed at 1000, 850, 700, and 500 mb.
When the r~sult~;·p.~sed on diagnostic
v.ertical motion' fields are studied in

~. .. . . .., -.. .

some detail, they show:.that the terms
neglected in the Central Analysis Office
baroclinic model attaim .their maximum I

magni tudes in .the neighbo~rhood of develop_~

ing disturbances. In these regions, es- J

pecially at 1000 mb, their sum may :
approacp. or exceed that of the terms :
retained. 1

ABSTRACT: For 'each of three synoptic situations all
the terms in the vorticity equation are
computed at 1000, 850, 700, and 500 mb.
When the results based on diagnostic
vertical motion fields are studied in
some detail,. they show that the terms
neglected in the Central Analysis Offic e
baroclinic model attain theirmaxim~m

magnitudes in the neighbouhood of develop­
ing disturbances. In these regions, es­
pecially at 1000 mb, their sum may
approach or exceed that of the terms
r.etained.
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the terms in L~e vorticity equation are
computed at 1000, 850, 700, and 500 mb.
When the results based on diagnostic
vertical motion fields are studied in
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neglected in the Central Analysis Office
baroclinic model attain their maximum
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For each of three synoptic situations all
the terms in the vorticity equation are
computed at 1000, 850, 700, and 500 mb.
When the results based on diagnostic
vertical motion fields are studied in
some detail, they show that the terms
neglected in the Central Analysis Office
baroclinic model attain their maximum
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