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Abstract

In this thesis we consider the problem of computing the horizontal pressure gradient force
under o coordinates, within a discrete numerical model. This calculation has previously
been found to be accompanied by large truncation error when performed in regions of steep
(mountainous) terrain. Corby et al.(1972) proposed a limited solution by showing that
if one considered an atmosphere where temperature varied linearly with log p, a certain
finite difference scheme could be used for which the discretization error vanished when no
geostrophic wind existed.

We take this as a starting point, and extend the result of Corby et al.(1972) to a
case where a simple wind exists by requiring that isobaric surfaces be tilted rather than
horizontal isothermal planes, as was true in his study, as well as to a more complicated case,
in which isobaric planes carry a temperature variation, and for which we have derived an
accompanying truncation error. In addition we show how the selection of temperature and
finite difference scheme by Corby et al.(1972) can be seen to be a consequence of an attempt
to transform the continuous hydrostatic equation into a discrete version of it, without loss
of accuracy. Finally, we show the importance of employing data which 1s consistent with

both the finite difference and continuous equations by conducting a numerical experiment.

Examiners:

Dr.M.Danard, Supervisor (Department of Computer Science)

Dr.B’Ehle, Departmental Member (Department of Computer Science)

Dr.D.LobY; Outside~-Member (Department of Physics and Astronomy)

Dr.J Pewey—F<¥ernal Examiner{F

tment of Physics and Astronomy)



Table of Contents

Abstract i1

Table of Contents 1il
List of Symbols and Abbreviations vi
List of Tables vil
List of Tables in Appendix B Viil
List of Figures x1il
1 Introduction 1

2 Relevant meteorological equations 3
2ol » Pressuretpradient iorcemraracy. SeOsiin Wiwn { F SIS s e d s 4
2.25 "Hydrostaticequation s 1.4 % s 55 o o 5% dr Ak m e sy i 5
2.3 Horizontal pressure gradient force evaluated on a constant pressure surface 7
2.4 Horizontal pressure gradient force under o coordinates . . . . . . . ... .. 7
2.9 Barotrepic atmosphere.. < . o e e 5 tia  Bish s ag e e e A e e 9
2.0 Barodlinic abmosphere. ;. . . i ain 0t e te e et e e e o f 9
2.7 Geostrophicwind . . . . . . .. ... e 9

2NN EGHelIE FONCe: o e it s s D e w s wa e st SR S T 10
2:7.2 'Geostrophic wind equaion . & . : = - o i n s i h e s e e 10
273 Thermaliwandiequation o .o o o aeits SRS B e 11l

111



Discrete model calculation of horizontal pressure gradient in sigma coor-

dinates
3.1 Isobaric geopotential gradient in sigma coordinates . . . . . . ... .. ..
3.2 Continuous vs. discrete equation considerations . . . .. ... . ... ...

3.3 Findingof Corbyetal. (1972) . .. ... ... ... .. .. .. .......

Numerical experiments

Bl MOtIVALIONT - B ool b age og v o o o e e e B s e o LR e el
4.2 ExperineRtdesighii o ol 0 vie ol s o da b ek U S TR
4.3  Atmospheric Model Description . . . . . . . . . .. ... L.
4.4 Three atmospheres tobe tested . . . . . .. .. ... ... ... ...
4.5 Surface temperature and pressure under 7= Alnp+B . .. ... .. ..
4.6  Surface temperature and pressure under T'= Az+ B . . ... .. ... ..

4.7 Limiting value for Corby’s scheme under 7'= A2+ B . . ... ... .. ..

Barotropic atmosphere with horizontal isobaric surfaces
5.1 Numerical Tesudls -« . o oo e e e e s e e e e bR

hZ2 Truncationerrorfor T = Az B . . . & . o a o al TR

Barotropic atmosphere with isobaric planes inclined to the horizontal

6.1 Analysisfor T=Alnp+ B . . .. . . . . e
#0812 AnalysisHor T = Az LB . 0 e el e e St e e e e
6.3 Limit value for finite difference scheme when T'=Az+B . . . . . . . . ..
6 = Numericaliresultis 5 N it - v s s e e s s s e e

6.5 ° Trnuncationerror for T=HWe -t B'm Case Il . . .. o0l o e -

Simple Linear Baroclinic Atmosphere

7.1  Linear Baroclinic case for T'= Alnp+ B, + Co(z —2(®)) . . . . ... ..

7.2 Isobaric slope difference . . . . . . . . . . ... L.
7.4  Adiniterdiference anialog. . ¢ {0 i s v - w o osm s e sk e e aE s s
7.4  Analysis for o levels above the surface . . . . . .. ... ... .. .. ...
750 S SuppoLting IPEORGSIHONS - 5 L el o o e e s
7.6 Analytic Vg when T'= Alnp + B, + Co(x — JJ(R)) ..............
7.7  Analytic Vg when T'= Az + B, + Co(x — UL R Uy ol pe S L
7.8 Numerical Fe8uE v v v & ov b v v e wn e e e e e A b e s s

v

13
13
15
19

25
25
27
27
28
30
32

34
34
36

41
41
47
47
48
49



Summary and Conclusions

Supplementary derivations

Al T = Az + B is not consistent with the discrete hydrostatic equation

A.2 Case III Finite difference scheme limit for 7'= Az + B
Tables of Numerical Results

Derivation of a Product Rule

Ideal gas constant R

Computer program listings

References

81

83
83
86

88

113

115

116

133



List of Symbols and Abbreviations

P pressure
o sigma, ratio of pressure to surface pressure

p density

R the ideal gas constant

ik temperature

G lapse rate of temperature with respect to height

0] geopotential »

‘79 geostrophic wind vector

A central differencing operator

) central differencing operator with divsion by the interval considered
F averaging operator

Fl(z) differentiation of F with respect to x

1% gradient operator

In logarithm to base e

P a fixed point of observation at sea level

2 variable that increases toward the east with respect to P

Yy variable that increases toward the north with respect to P

2 variable that increases skyward toward the zenith with respect to P
Z(x) mountain surface height at x in the x - z plane

V1



List of Tables

1 Mountain surface as seen from above (with height in tens of m) . . . . ..
2 Mean magnitude (m/sec) and maximum vector deviation from expected 179_,
for barotropic case with horizontal isobaric surfaces . . . ... .. ... ...
3 Mean magnitude (m/sec) and maximum of vector deviation from expected
l_/‘g, for barotropic case with tilted surfaces . . .. ¢ Lo ool oL,
4 Mean magnitude (m/sec) and maximum of vector deviation from expected
Vgs for baroclinic case with (%%)p = N g o ATV SR
5 Mean magnitude (m/sec) and maximum of vector deviation from expected

V,. for baroclinic case with (%%) o 200 A0 mt. e v componmt of. .
P

Vil



List of Tables in Appendix B

CASE I.A - Horizontal isobaric planes under T'= Alnp + B

B.1 Analytic u component of surface geostrophic wind (10™m/sec) . . . . . . . . 89
B.2 Finite Difference u component of surface geostrophic wind (10~'m/sec). . . . . . 89

B.3 Deviation (Analytic - Finite Difference) in calculation of the u component of

surface geostrophic wind (10™m/sec) . . . . . . . . . . oon e s v DY
B.4 Analytic v component of surface geostrophic wind (107m/sec) . . . . . . . . 90
B.5 Finite Difference v component of surface geostrophic wind (10~"m/sec). . . . . . 90

B.6 Deviation (Analytic - Finite Difference) in calculation of the v component of

surface geostrophic wind (10~m/sec) . . . . . . . . . . . . . . . ... .9
B.7 Analytic surface geostrophic wind velocity (10~ ''m/sec) . . . . . . . . 91
B.8 Finite Difference geostrophic wind velocity (10~"m/sec) . . . . . . . . 91

B.9 Deviation (Analytic - Finite Difference) in calculation of surface geostrophic

Wit GH T oalees) <. Fipitg Difegange) s caiguiabrop of Upe g component of | gf

Vil



CASE I.B - Horizontal isobaric planes under T' = Az + B

B.10 Analytic u component of surface geostrophic wind (m/sec) .

B.11 Finite Difference u component of surface geostrophic wind (m/sec). . .

B.12 Deviation (Analytic - Finite Difference) in calculation of the u component of
surtace geostrophic wind{mieecy”, . .05, PUTNRT L DO WNEEL L L vl

B.13 Analytic v component of surface geostrophic wind (m/sec) .

B.14 Finite Difference v component of surface geostrophic wind (m/sec).

B.15 Deviation (Analytic - Finite Difference) in calculation of the v component of
surface geostrophic wind (m/sec) . . . . . . . ... ... ...

B.16 Analytic surface geostrophic wind velocity (m/sec) .

B.17 Finite Difference geostrophic wind velocity (m/sec) .

B.18 Deviation (Analytic - Finite Difference) in calculation of surface geostrophic

wind (m/sec) .

CASE II.A - Barotropic atmosphere - tilted (parallel) isobaric planes under V,T' =

under 7'= Alnp + B.

B.19 Analytic u component of surface geostrophic wind (m/sec) .
B.20 Finite Difference u component of surface geostrophic wind (m/sec). . .

B.21 Deviation (Analytic - Finite Difference) in calculation of the u component of

surface geostrophic wind (10™""my/sec) . . . . . .. ... ... L.,

B.22 Analytic v component of surface geostrophic wind (m/sec) .

B.23 Finite Difference v component of surface geostrophic wind (m/sec). . .

B.24 Deviation (Analytic - Finite Difference) in calculation of the v component of
surface geostrophic wind (10™Mm/sec) . . . . . . .. ...

B.25 Analytic surface geostrophic wind velocity (m/sec) .

B.26 Finite Difference geostrophic wind velocity (m/sec) .

B.27 Deviation (Analytic - Finite Difference) in calculation of surface geostrophic

wind (107"'m/sec) .

92
92

92
93
93

93
94
94

94




(=1

CASE II.B - Barotropic atmosphere - tilted (parallel) isobaric planes under V,T =
under T'= Az + B.

B.28 Analytic u component of surface geostrophic wind (m/sec) . . . . . . . . 98
B.29 Finite Difference u component of surface geostrophic wind (m/sec). . . . . . 98

B.30 Deviation (Analytic - Finite Difference) in calculation of the u component of

gurtace geostropluc wind (m/fsec) . . . Sl o « o mpne s spes ok s w au 98
B.31 Analytic v component of surface geostrophic wind (m/sec) . . . . . . . . 99
B.32 Finite Difference v component of surface geostrophic wind (m/sec). . . . . . 99

B.33 Deviation (Analytic - Finite Difference) in calculation of the v component of

surface geostrophic wind (m/sec) . . . . . . . ... ... L 99
B.34 Analytic surface geostrophic wind velocity (m/sec) . . . . . . . . . . 100
B.35 Finite Difference geostrophic wind velocity (m/sec) . . . . . . . . . . 100
B.36 Deviation (Analytic - Finite Difference) in calculation of surface geostrophic

Wind TERTREOR o o Tl e s T el LR e o B

1.0+ 107°C°/m
CASE III.LA.1 - Baroclinic atmosphere - with V,7 = 0 , under
0

T=Alnp+ B, + Co(z — x(R)).

B.37 Analytic u component of surface geostrophic wind (m/sec) . . . . . . . . 101
B.38 Finite Difference u component of surface geostrophic wind (m/sec). . . . . . 101

B.39 Deviation (Analytic - Finite Difference) in calculation of the u component of

surface geostrophic wind (10~ m/sec) . . . . . . . . . . ... ... ... 101
B.40 Analytic v component of surface geostrophic wind (m/sec) . . . . . . . . 102
B.41 Finite Difference v component of surface geostrophic wind (m/sec). . . . . . 102

B.42 Deviation (Analytic - Finite Difference) in calculation of the v component of

surface geostrophic, Wwind my/Bech i, . o vot ine cnboeduting of $las ipicmminopaid v 102
B.43 Analytic surface geostrophic wind velocity (m/sec) . . . . . . . . . . 103
B.44 Finite Difference geostrophic wind velocity (m/sec) . . . . . . . . . . 103

B.45 Deviation (Analytic - Finite Difference) in calculation of surface geostrophic
wisd B senty o ioge o e IE e et b et b el e & ousctan bt A0B




1.0 x107°C°/m
CASE III.B.1 - Baroclinic atmosphere - with V,7' = 0 , under

0
T =Az+4+ B, + Co(z — :c(R))..

B.46 Analytic u component of surface geostrophic wind (m/sec) . . . . . . . . 104
B.47 Finite Difference u component of surface geostrophic wind (m/sec). . . . . . 104

B.48 Deviation (Analytic - Finite Difference) in calculation of the u component of

surface geostrophic wind (m/sec) . . . . . .. ... ... ... ... .. ... 104
B.49 Analytic v component of surface geostrophic wind (m/sec) . . . . . . . . 105
B.50 Finite Difference v component of surface geostrophic wind (m/sec). . . . . . 105

B.51 Deviation (Analytic - Finite Difference) in calculation of the v component of

surlpce peostrophic Wind Amfeec) . « .« .« o 8T oo s b o i e o m e s e a e 105
B.52 Analytic surface geostrophic wind velocity (m/sec) . . . . . . . . . . 106
B.53 Finite Difference geostrophic wind velocity (m/sec) . . . . . . . . . . 106
B.54 Deviation (Analytic - Finite Difference) in calculation of surface geostrophic

wind {gofseed o o . L e s e st e v o e S e e e w b 16

2.0 % 1075C°/m
CASE IIILA.2 - Baroclinic atmosphere - with V,T' = 0 , under
0

T=Alnp+ B, + Co(z — z(R)).

B.55 Analytic u component of surface geostrophic wind (m/sec) . . . . . . . . 107
B.56 Finite Difference u component of surface geostrophic wind (m/sec). . . . . . 107

B.57 Deviation (Analytic - Finite Difference) in calculation of the u component of

surface geostrophic wind (107 m/sec) . . . . . . .. . . ... ... ... ... 107
B.58 Analytic v component of surface geostrophic wind (m/sec) . . . . . . . . 108
B.59 Finite Difference v component of surface geostrophic wind (m/sec). . . . . . 108

B.60 Deviation (Analytic - Finite Difference) in calculation of the v component of

surface geostrophic wind (myfsec) . . . . . ... cn Lo i i e s 108
B.61 Analytic surface geostrophic wind velocity (m/sec) . . . . . . . . . . 109
B.62 Finite Difference geostrophic wind velocity (m/sec) . . . . . . . . . . 109

B.63 Deviation (Analytic - Finite Difference) in calculation of surface geostrophic
W (el - o T MR e PO il L v o b A R

X1




2.0% 10"500’/771
CASE III.B.2 - Baroclinic atmosphere - under V,T" = 0 , under

0
T =Az+ B, + Co(z — .’L‘(R)).

B.64 Analytic u component of surface geostrophic wind (m/sec) . . . . . . . . 110
B.65 Finite Difference u component of surface geostrophic wind (m/sec). . . . . . 110

B.66 Deviation (Analytic - Finite Difference) in calculation of the u component of

surface geostrophic wind (m/sec) . . . . . . . . ... ... 110
B.67 Analytic v component of surface geostrophic wind (m/sec) . . . . . . . . 111
B.68 Finite Difference v component of surface geostrophic wind (m/sec). . . . . . 111

B.69 Deviation (Analytic - Finite Difference) in calculation of the v component of

surface geostrophic wind (mfBet) . . . . . . o v 0w s w5 s s s E s E s B E s b s 111
B.70 Analytic surface geostrophic wind velocity (m/sec) . . . . . . . . . . 112
B.71 Finite Difference geostrophic wind velocity (m/sec) . . . . . . . . . . 112

B.72 Deviation (Analytic - Finite Difference) in calculation of surface geostrophic

L R R RS T D

x11




List of Figures

BOWw N e

Pressure gradients illustrated. . . . ... ... ... ..

An example of o surface configuration over a mountain.

Geometrical calculation of isobaric geopotential gradient.

Measurement of constant pressure plane slope difference.

x1il




Chapter 1

Introduction

One of the central problems in numerical modelling is to find finite difference analogs for
continuous equations in such a way as to maintain consistency within the discrete world,
as much as possible (Arakawa and Suarez, 1983). Computation of the horizontal pressure
gradient force (HPGF) within a discrete model under ¢ coordinates has been reported
to be accompanied by a large truncation error, when performed in the vicinity of steep
mountainous regions, by a number of reasearchers: Kurihara (1968), Kasahara (1974),
Tokioka (1978), Simmons and Burridge (1981). Several attempts to approach the problem
assuming an atmosphere where temperature varies under a constant lapse rate 7' = Az + B
(Gary, 1973; Nakamura, 1978), were unable to show substantially satisfactory results. On
the other hand, Corby et al.(1972) proposed a temperature structure (7'= Alnp + B) and
finite-difference scheme for which no ensuing truncation error was found when calculating
the HPGF, but only in a simple case when there was no geostrophic wind present. Danard
(1989), and Danard et al.(1993) also assumed a linear variation with Inp in calculating the
HPGF from surface observations of temperature and pressure.

In this thesis, we will show the importance of choosing data extrapolated from functions
that are consistent with the discrete version of the basic driving equation of an atmospheric
model. After introducing pertinent meteorological background for discussion of this problem
including the sigma coordinate in Chapter 2, we will then proceed in Chapter 3 to show
that if we wish to transform the continuous hydrostatic equation into a discrete analog
of it, we can determine what a suitable temperature structure (henceforth T-structure or
T-function) for doing so might be. Following this will be a review of the finite difference

scheme recommended by Corby et al.(1972), to be referred to as the Corby finite difference



scheme for simplicity throughout the rest of the thesis, showing that no discretization error
should result when an atmosphere is at rest.

In Chapter 4 we compare data (surface temperature and pressure) extrapolated from
a T-function consistent with the discrete hydrostatic equation we have chosen, to that
of a T-function not consistent with it, although consistent with the continuous version
of the hydrostatic equation. This will be carried out by means of a series of numerical
experiments computing the HPGF from these surface temperature and pressure values,
along terrain of a cosine shaped hill. We further show that although the non-consistent
T-function (T' = Az + B) discrete model experiences truncation error in calculation of the
HPGF, in the limit as the grid size goes to zero the HPGF converges to the correct value.

Chapter 5 reports on the numerical results of the comparison between the two different
T-structure models (7' = Az+ B and T'= Alnp+ B) when no geostrophic wind is present.
Corby’s claim (see first paragraph of this Introduction) is empirically verified. However,
when 7' = Az + B is employed, the calculated surface geostrophic wind differs from its
expected value. A derivation for this truncation error is also carried out, using Taylor’s
series.

In Chapter 6, the author’s own geometrical argument is presented which shows why
Corby’s finite-difference scheme of twenty years ago will be applicable to a more complex
case - a barotropic atmosphere in which isobaric planes are parallel, and tilted with respect
to the horizontal (but carry no temperature variation). In addition, it is shown that the
scheme is equally valid on any sigma level above that of the surface, although we are
primarily interested in the surface sigma level. Once more we show that when 7' = Az + B,
calculation of the HPGF has an accompanying truncation error and we derive its formula.

The most complex of the three atmospheres we consider in this thesis is presented
in Chapter 7. It is a simple linear baroclinic atmosphere where the temperature varies
according to B, + Co(z — 2(®)) on constant pressure planes (with y fixed for clarity of
discussion). In this case the geostrophic wind vector varies in the vertical as given by the
thermal wind equation. For the case of T'= Alnp+ B, this vertical variation is put to use
in calculating the truncation error for the HPGF. It is found that this discretization error
has a Laplacian form to it and an exact expression for this truncation error is derived, for
any arbitrary o level. The case when T' = Az + B, + Co(z — I(R)) occurs in a baroclinic

atmosphere is analyzed as well.



Chapter 2
Relevant meteorological equations

The governing meteorological principles that will serve as a basis for the derivations in
‘this thesis are presented in this chapter.

As a preliminary step to the study of the pertinent meterology related to the problem
of computing horizontal pressure gradient force, it will be convenient to place a cartesian
coordinate system at a fixed point of observation at sea level. For the sake of definiteness,
we will choose this point P as part of the Northern hemisphere, and take positive x to be
directed eastward from this point, positive y to point northward from it, and positive z to
point skyward toward the zenith with respect to P. The x - y plane is chosen tangent to the
spherical earth at P. We will call the unit vectors in the positive x, y and z directions i, f,

and k respectively so an arbitrary vector 7 will be written as

= rrf+ ryf+ rZE (2.0.1)
or as
Tz
F= |ry (2.0.2)
Tz
where
1 0 0
i=10|,7=|1],k=10 (2.0.3)
0 0 1

All derivations presented in this chapter are standard ones in meteorology, and are
adapted from Holton (1979), unless it is noted otherwise. A discussion of the pressure

gradient force including its definition, derivation and several of its uses, will now follow.



2.1 Pressure gradient force

The force which arises due to spatial variation in pressure is called the pressure gradient
To

force (PGF). Let us consider the cube of dimensions Az, Ay and Az with center | y, | in

2o
X

the pressure field p | y |. If we denote by F1’°"% the normal force acting on the left face

z
zo— As
of the cube, at Yo , in the positive x direction, and by —F2x°+'A2_I, the normal force
zO
z,+ 5%
~acting on the right face of the cube, at Yo , in the negative x direction, then as a
2o

result the net pressure gradient force acting on the cube over the distance Az is

PEF &= Flzo—%—z = F2z°+%- (2.1.1)
But because force is pressure times area this can be rewritten as follows
Lo — '%‘ z, + A_2x_
PGP =p Yo *x[Ay] x[Az] —p Yo * [Ay] * [Az]. (2.1.2)
Z, z,

The pressure functions on the right hand side (RHS) of the above equation can be expanded

by the following Taylor’s series

z, — -‘32—’” i z z
1 dp ) [Ax] :. 1{02p v [A:cr
— o A ol * | — —_— A— -
p Yo Pl Y 119 Yo ) 211 5,2 Yo B )
z5 Z, 7 P Zod s
(2.1.3)
and
o % T, T &
L1 dp ) [A:c] 9 1{321) = [Az]2+
= —_— — % | —— e m—
p Yo Pl Y% 192 Yo ) 214522 Yo )
) 2o Zod p=g, 2o g=z,
(2.1.4)
We now introduce the mass M, of this volume element as
=20+ 5% ry=yo+SY rr=zo+4E .
M = / / 5l gl dedy ds (2.1.5)
Z:ZO_% y=yo—%2 113:1‘0—ﬁ

z




z T
where p | y | is the density at point | y |. If we require that each of Az, Ay, Az be suf-

z 2z
ficiently small so that the density is uniform throughout the cube, the mass can then be

written as

M = p|y, | *x[Az] x[Ay] * [Az]. (2.1.6)

2o d

The PGF per unit mass in the x direction can then be given by

&x x
PGF%e 1, 0p 1.1.8 [Azr
JdeR JOP e Appeg@l B e 2.1.7
M oloz | ¥ } 2*3!p{6x3 = b 2 L2335
25 2o

BE=Xs =T

from (2.1.2), (2.1.3), (2.1.4) and (2.1.6). Taking the limit of (2.1.7) as Az — 0 yields the

pressure gradient force per unit mass in the x direction

PGF® 1 dp
D (2.1.8)

where it 1s understood that the partial derivative with respect to z written in this way is
taken at constant i and constant z. (Of course, analogously 33; will be taken at constant
z and z, and £ at constant z and y.) Observing first that the argument (2.1.1) through
(2.1.8) is valid for arbitrary z,, and secondly that this argument could be reproduced for
the y-directed PGF and z-directed PGF, we conclude that the pressure gradient force per

unit mass in three dimensions will be

DI~ D= D=

(2.1.9)

©

W sk
[l
|
|
<
)

2.2 Hydrostatic equation

An important application of pressure gradient force is the role it has in vertically
offsetting the downward pull of gravitational force on a parcel of air. An atmosphere is said
to be in hydrostatic balance if the pressure gradient force acting upward on a volume V
of air with mass M exactly matches the gravitational force acting downward on it. This
condition can be stated as

dp

-~V = My, (2.2.1)



which can be rewritten as follows

9p
J e AT : 222
5. = P4 (222)
By the inverse function theorem, one can then obtain from (2.2.2)
1
it (2.2.3)
dp p
We will assume that our atmosphere follows the ideal gas law
1
== RT (2.2.4)
p

where R is the ideal gas constant (see Appendix D) and 7' is temperature. We therefore
have from (2.2.3) and (2.2.4)

T
i g (2.2.5)
dp P
Defining the geopotential ¢ of an element of mass under consideration by
& =gz, (226)

the product of the gravitation constant g and height z of this mass above sea level, allows

(2.2.5) to be rewritten as
T
A (2.2.7)
dp P
This is known as the hydrostatic equation.

If we now consider the pressure gradient force in the horizontal, and on the basis of

(2.1.9) define

18
1 35
-~ Vip= |13 (2.2.8)
0

as the horizontal pressure gradient force per unit mass, we see that knowledge of the density
field is required for evaluation, and such information may not always be easily available.
However, if we assume that constant pressure surfaces are continuous, an attempt to measure
the discrepancy in pressure between two such surfaces a distance Az apart, could instead
be replaced by an effort to measure the pressure difference between these same two surfaces
in the vertical, after multiplication by an appropriate transformation factor. The density
term could perhaps be absorbed into another factor for the new expression that develops
from an application of the hydrostatic equation. Such an approach is now presented in

detail below.




2.3 Horizontal pressure gradient force evaluated on a con-
stant pressure surface
Using geometric considerations it is now shown that the horizontal pressure gradient

force i1s actually equivalent to the geopotential gradient on a constant pressure, that is

isobaric, surface as indicated below :

TR

g%
=|_ (g%)p : (2.3.1)
0

dAe IR

1
p
=1
P
0

Focusing attention on the £ component of the above, and referring to Figure 1 on the next

page, one may note that the difference in pressure between isobaric planes p; and p; is
Py —pf = Py —pi- (2.3.2)
The pressure change over Az is then
(st _ (sEst)  (22) e
Az Az Az )’

where the - sign has been introduced to account for the fact that the direction of increasing

positive z corresponds to a direction of decreasing pressure. Taking the limit of (2.3.3) as

Azx — 0 yields 3 5 5
)7 e SO 1 g
(01:)2 B (0z) ' (33:),,' 1244)

(52) -
az = g pl
and insering it into (2.3.4) provides the following conclusion, with the use of (2.2.6)

S, o

and this is what was to be shown. Since a similar argument could be made for the y directed

PGF, we are assured that (2.3.1) holds.

However, recalling (2.2.2)

2.4 Horizontal pressure gradient force under o coordinates

Digressing now for a moment, this opportunity is taken to make a few comments about

the x component of the HPGF presented in (2.3.5). We point out that when this expression



Figure 1: Pressure gradients illustrated.
The pressure gradient with fixed z is p? — pf!, while the pressure gradient at fixed z is

p¥ —pf.



is derived with ¢ coordinates, in which the vertical measure given by pressure is replaced by
the ratio o of this pressure to surface pressure, that is o = p—%, it will expand into a sum of
two terms each of which will give rise to truncation error in a finite difference formulation
(a detailed discussion follows in Section 3.1). In the process, values for temperature as well
as for derivatives of pressure and geopotential taken along surface terrain will need to be
determined. Because of the difficulty which may ensue with o coordinate HPGF evaluation,
it is desirable to begin study first under a simple atmosphere and then subsequently under

a more complex one.

2.5 Barotropic atmosphere

If an atmosphere has the property that each surface of constant pressure has constant
density then it is known as barotropic. By observation of the ideal gas law (2.2.4), this then

implies that such a surface has constant temperature and so is described as isothermal.

2.6 Baroclinic atmosphere

More generally, however, an atmosphere in which an isobaric surface is not necessarily
one of constant density is called baroclinic. In this case the isobaric surfaces can have
varying temperature, as inspection of the ideal gas law indicates.

In the models to be developed in this thesis we will be able to prescribe the isobaric
surfaces to embody the conditions associated with the atmospheres mentioned above and

so provide a variety of settings under which to evaluate the HPGF.

2.7 Geostrophic wind

We will show in this section that once a method to compute the HPGF is developed,
it will also enable us to calculate what is known as the geostrophic wind with little extra
effort. This is a constant velocity wind that results when the HPGF is exactly opposed by
the Coriolis force (discussed below) on a constant z plane. Meteorologists have found that
the geostrophic wind approximates the real wind to within about 15 per cent in mid to high
latitudes, above the 1 km level where frictional force plays a more negligible role (Wallace
and Hobbs, 1977). Hence in conjunction with our investigation of the HPGF we will be able

to develop a simple interesting wind model as well. In this regard, we note that although a
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person may be interested in knowing the motion of a wind relative to certain fixed points,
for example several cities, account must be taken of the fact that the earth itself is turning.

This aspect is now considered.

2.7.1 Corilolis force

Air motion as viewed by a stationary observer, who is part of a rotating frame of
reference (the earth), appears to be under the influence of a deflecting force. This force is
known as the Coriolis force. For instance, to a person standing in the Northern hemisphere,
an incoming wind travelling straight down a line of longitude looks as if it is being deflected
to its right, that is to the west, because at the same time the viewer is being moved eastward
by the counterclockwise spin of the earth. The effect of the Coriolis force on horizontal wind

flow is given by

Fo=—fkxV, (2.7.1)
where f = 2Qsin(f) is the Coriolis parameter at latitude 6, Q the earth’s angular speed,
u
and V = | v | is the horizontal velocity of the particle.
0

With this in place an operational definition of geostrophic wind can be given.

2.7.2 Geostrophic wind equation

The geostrophic wind vector results when the sum of the pressure gradient force and

the Coriolis force is zero on a horizontal plane. This can be written as

1 2yl 4
- =Vap—fkxV,=0 (2.7.2)
p
Ug
where V, = vg | . Moving the pressure gradient term to the RHS, multiplying by -1, and
0

then taking a cross product with k yields

Lo

fL:X V.g X k= —lvh pX E, (273)
p

which then implies for non zero f (that is, for a latitude other than that at the equator)

el

= % [—%vh px 13] : (2.7.4)
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This is known as the geostrophic wind equation. Upon evaluation of the cross product in

(2.7.4) we find that

55l
V,=| 75 & (2.7.5)
0 |
or by (2.3.1)
(&),
Vo= 4 (3%),, : (2.7.6)
Y

By comparing (2.7.5) with (2.2.8) one sees that if one can compute HPGF components, then
by simply dividing by a (non-zero) Coriolis parameter f one can obtain the geostrophic wind

vector components, up to a factor of -1.

2.7.3 Thermal wind equation

Given that we have an expression for the geostrophic wind, we may wish to examine
how it varies in the vertical. We start by applying partial differentiation with respect to p
to (2.7.6) obtaining

av,
Fpiz% 2 [(%),,] . (277)

Since it 1s assumed that the second order partial derivatives are continouous, one can then

interchange their order, and so conclude that

. r-(2 el
=l (2]z]) |- S
0

Employing the hydrostatic equation as written in (2.2.5) yields
3 | =RT
- o (55 [ pg Dp
Y _9 (&[=E]). |- (2.7.9)
dp [ | \%=Llrsl/p
0
Since evaluation is done on a constant pressure surface, then
R (90T
Feln)
=R (3T |. (2.7.10)
(%),

T

0
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Bringing the factor p over to the left hand side (LHS) provides the conclusion

oV, R (%%)"
s =7 |- (), L
0

which is known as the thermal wind equation.

We recall from Section 2.5 th 8tT a barotropic atmosphere temperature stays constant
(%),

on an isobaric surface, that is (%5) = (. This in conjunction with (2.7.11) shows that
P

0

the geostrophic wind vector remains constant with height in such an atmosphere and hence,

as pointed out at the end of Section 2.7.2, so does the HPGF.



Chapter 3

Discrete model calculation of
horizontal pressure gradient in

sigima coordinates

3.1 Isobaric geopotential gradient in sigma coordinates

In a 1957 paper Phillips suggested that in order to capture some physically significant
measure in a vertical coordinate, of a space field F, one should replace the height of each
point in a vertical column of air, by the corresponding ratio o, of air pressure at that level
with respect to that at the surface, that is, o = p-P— This recommendation has become a
standard practise in meteorology (Mihailovic and Janjic, 1986), as the earth’s surface then
coincides with a coordinate surface (Kurihara, 1968).

One consequence is that the (previously) single vertical variable z, now becomes repre-
sented by the product ops, where p; is the surface pressure and o is the ratio just cited.
More significantly, differentiation of the field F, with respect to z on a constant p surface
produces two terms on a constant o surface since the vertical coordinate is now a dependant
variable.

For F (z, o(z,p)) we have

(aF (z,ai(r,p)))p i (aF(x,;(x,p)))a . (Qﬂ%ﬂ(’j&@) . (W)p. (3.1.1)

13
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If now F (z, o(x,p)) = p = o ps(z), then

('g'g) 7 (W) " <W)a + (ﬂ%@) + (%‘E) . (31.2)

or

0= 'o'* (%’:)a + ps(z) * (%)p, (3.1.3)
that is 9 g
: ATl ey i

Upon inserting this expression into (3.1.1), we find that

((?F(r, U(z,p)))p O (0F(x,a(z,p)))a A (BF(J:,U(:E,P))) v [L] *(5ps)a.

Ox Oz do ps(z) Oz
(3.1.5)
We now recall the hydrostatic equation (2.2.7)
0¢ _ RT
op p

and then restrict our attention to a vertical column, and so z is fixed, hence ps is constant.

Now because p = o p;, we have

0 _ _RT

Sl stee. (3.1.6)

Appyling (3.1.5) to ¢ yields
<a¢(x, U(r,p)))p _ <3¢>(r,0(r,p))>a B [0¢(r,0)] . [ o ] 4 (3198)0, (3.1.7)

e 0z 9o ps(z) Oz
and thus
() - (st [ 8], [ 2], (2) oo

This can be rewritten as

(w(z—’;x(ap—)))p = <w>a + RT(z,0) * (alnp(+’(rn>. (3.1.10)

Derivation (3.1.1) through (3.1.10) is due to Haltiner and Williams (1980).
Computation of (%%) is of fundamental importance in determining wind flow in mete-
P

orology as it is effectively a calculation of the HPGF, which was discussed in Section 2.3.
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From (3.1.10) we see that after transforming to ¢ coordinates, (g%) appears as the sum
P

of two terms. However, it has been found that when one computes and then adds these
two components in a discrete numerical model, large truncation errors result, especially
over mountainous regions (Kurihara,1968; Nakamura,1978). In such a case, the two terms
may individually be 10 to 20 times larger in magnitude than a typical value of their sum
(Sundqvist, 1975), but of opposite sign (Arakawa and Suarez, 1983). Hence the gradi-
ent sought is a small ’residual’ sum (Corby et al., 1972) and evidently quite sensitive to

inconsistent truncation in the two components (Sundqvist, 1975; Mesinger, 1982).

3.2 Continuous vs. discrete equation considerations

A continuous equation such as (3.1.10) holds exactly, for all real-valued x in the range

of discussion. However, the two terms contain pure derivatives, for instance :

(31np(1‘,03)) ~ Yim Inp(z + &%, 05) = Inp(z - 4%, 0,) (3.2.1)

dz Az—0 Az
and this presents a problem in a discrete model of an atmosphere. To calculate a number
which is to represent a derivative in the model setting, our only resort is to perform some
sort of differencing on the finite set of values at our disposal. For example
In p(:r(i) + %, os) —In p(z:(i) — %, os)
Az

(3.2.2)

Az

wa(;_")) evaluated at z = z(!) where 5~ 1s some multiple of the x-

might represent (
directed grid unit involved. (The notation to be followed throughout this thesis will have
vertical indices carried in subscripts, and horizontal ones in supercripts.) Clearly there will
be a discrepancy between the true value and the finite-difference approximation in all but
a few select cases. This is known as the truncation error due to discretization.

Hence great care should be taken to approximate (non-linear) functions to as high a
degree of accuracy as is possible with the finite amount of data available. To this extent, we
may be aided (or harmed) by the selection of functions we cite from which to extrapolate
values, such as temperature and pressure, for the large number of points which comprise
the entire grid.

The problem to be addressed then, is to define a model atmosphere and finite-difference
approximations for the two components of the isobaric geopotential gradient, shown in

(3.1.10), such that the discretization error which arises is as small as possible. As has been
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noted by Arakawa and Suarez (1983) and also by Mesinger et al.(1988), such errors do
not appear to be susceptible to elimination in general, however they might be required to
vanish for particular atmospheres. So, in an appropriately chosen setting, since the two
terms are of opposite sign, one could hope that the truncation error which results from
the first term might match that which arises in the second, so that there would be no net
analytic truncation error in calculating the sum (Corby et al.,1972).

Let us recall the hydrostatic equation (2.2.5). We have two variables which vary in the
vertical, p and z. In addition, we have a function 7', which also varies in the vertical. We
will now study several consequences of allowing 7" to be a function of p (which we will find
leads us to our desired goal), and will later return to consider a case where T is dependant
on z, by way of comparison.

We take some guidance for our investigation into a T'(p), or T'(¢'), atmosphere by noting
a warning from Sundqvist’s (1975) research: if we had a finite difference representation of
the hydrostatic relation it would (in general) yield T'(¢) values different from the ones we
would obtain from an analytic representation, on account of vertical truncation (please note
Appendix A.1). Considering that 7" values are of essential importance to our calculation of
isobaric geopotential gradient, we should guard against this occurrence, if at all possible.

We are then left with the task of arriving at a finite difference equation to represent
the continuous hydrostatic equation (as exactly as possible) in a discrete world model. We
start by inspecting (3.1.6), rewritten as

0¢ (o)
Olno

= —RT(0) (3.2.3)

Now, a finite difference form representing (3.2.3) might take on a form similar to

¢<U’+%l]n j =) = —RT(0) (3.2.4)
where Alno; = ]na'H_% — lnai_;_.

Following the o surface model used by Corby et al.(1972), we will think of the hydrostatic
equation as being centered about Ty 1) in the vertical. This will allow us to make use of
the values for o; and T'(o;) which are stored on full ¢ levels. So we will rewrite the above
as

¢ (sa41) = 8(%psn-2) = —RT(0i4y) xAIoy, (3.2.5)

From this last equation, we see that one way of assigning a value to T (at a half o level)
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would be to calculate the average of the temperature at the full o levels just above it and
just below it.

With this in mind, let us see whether we can somehow preserve the continuous form
of the hydrostatic equation (3.1.6) within a vertical interval [sg, s] (we will think of sp as

fixed and s as varying). We now investigate whether there is a class of functions T that can

/:zs _RT(0) T T (sB) + T(s)] " /:=s 1 iks (3.2.6)

=95 o 2

satisfy

=sp O
where T is a function of ¢ alone. We are asking the mathematical question: Is there some
T for which the integral of T'(¢) divided by o over the (real line) [sp, s] will exactly equal
the average value of T' (o) over that interval, times the difference of the logarithms of the
endpoints of that interval ?

We note that if there is such a 7', it will be a temperature function because it will satisfy

the hydrostatic equation (3.1.6), and furthermore, because

=+ 94(c) . _ [=* RT(0)
v/a=sB 0o = /a:sB _T da, (327)
we would then have
#(s) — ¢(sB) = — R[T(S) -;T(SB)] * [Ins—Insp ] (3.2.8)

as an exact equation, and could choose the endpoints to be appropriate o levels.

We are in effect asking : For what class of functions 7', will there be no loss of accuracy
by transforming the hydrostatic equation from the continuous model to the discrete one
(that is, no truncation error) 7

We will study the following equation

/uu=y (@) dy = [T(y) + T(yo)] * Iny — Iny,]. (3.2.9)

=Yo u 2

First we differentiate

d Mu:y (T(U)> du] _d [[T(y) + T(yo)] o T (3.2.10)

d_y =Yo u d_y 2

and then use the fundamental theorem of calculus

410 (5 ] - 22
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to obtain
T(y) _ [l dT(y)] 1 [T(y) + T(yo)]
el | ¥ lny — Iny,)] + - * 5 : (3.2.12)
We collect like terms
i [M] = [1 T/(y)] # [Iny — Iny,], (3.2.13)
2 Y 2
and are left with ) )
T(y _T(yo /
= .2.14
y*[Iny — Iny, o g
so
: R i) (3.2.15)

y*[lny — Iny] — T(y) =T ()
Integrating we see that

/y:w [y*[lnyl— In yo]] dy = /y:w [T(y?i(?(yo)] i i

Since the argument is increasing, we may bypass absolute value signs and write

In[lnw — Inw,] = n[T(w) = T(w,) ]+ Ci, (3.2.17)
which implies
[nw — Inw,] = Cy [T(w) — T (wo)], (3.2.18)
or
T(w)y=Cz [Inw] + Cj (3.2.19)

where each C; is a constant (i=1,...,4). Thus, if we want our discrete hydrostatic equation
to exactly equal our continuous one, over the interval [0, 0 + Ac], given that we assume T
is a function of o, one way to do it would be to choose T'(¢) = Alno + B (with A and B
constant), and to choose (on the basis of (3.2.8))

R[T(0i41) + T(0:)]
2

#(ciy1) — @(oi) = — * [Inoiy1 — Inoy] (3.2.20)
or, in shorthand, with o = Titlds

8o (4(0)) = —RT(0), (3.2.21)
where we define the difference operator as

F(:r+%£)—F(z—%)
Ay(z)

byay (F(z) ) = (3.2.22)
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with Ay(z) = y(z + %) - y(z - -A—2£), and the average operator as

Fe+5)+F=-5)

Flz) = 5

(3.2.23)

Clearly, because p = o ps where p; is constant for fixed z, this entire argument could have
been performed for pressure p, instead of for o; this would have left us with the conclusion

_R[T(pu) + T(p)]
2

gzv—gz2 = ¢(pv)—é(pL) = * [Inpy —Inpr] (3.2.24)

for an U(pper) and L(ower) pressure level, where we have used (2.2.6) in the first equality.

3.3 Finding of Corby et al. (1972)

We will follow the convention adopted by Corby et al.(1972) in describing a o model
of n levels by placing o1 at the top of the atmosphere and Trtd at the earth’s surface, in
deriving a formula for the geopotential at the kth o level. (Please see Figure 2, where n=5.)

We first write

R(T(ok) + T(0k+1)) "

Ok — k41 = 5 (In ok — Inoy] (3.3.1)
T(ok T

Pk+1 — Pkt2 = R( (GLH);- (k+2)) * [Inogyo — Inogtq) (3.3.2)

Pn-1 — On = R(T(an—12)+T(an)) ¥ [Inop, —Inop_q] (3.3.3)

$n — 95 = ~— RT(Un) * Inoy (334)

and then sum, to obtain

i=n-—1 i o
by SR Z R(T(Uz)';T( i+1)) g

lno; —In o,-+1]] — RT(op) *Ino, (3.3.5)
1=k
where the o, terms represent the hydrostatic equation (derived above) taken between the

surface o and the o, th level. This can be rewritten as

n+%!

l=n-1
O — s = Z —w * In (EH'—1> + RT, * In (—1-) (3.3.6)

e 2 o} Oy,

where n is the number of levels in the model.
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Figure 2: An example of ¢ surface configuration over a mountain.
A o = @ surface 1s comprised of points in the atmosphere where the ratio of air pressure
to surface pressure is Q (a fixed number), where of course, Q¢ [0, 1]. For instance, in the
illustration above, o = 1 is given by 051, ¢ = 0.5 by 03, and and o = 0 by o1, with the

2
labelling of o levels following the convention established in the Corby model.
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We have in (3.3.6) a discrete form of the hydrostatic equation which experiences no
loss of accuracy due to vertical truncation. Corby et al.(1972) note that use of (3.3.6) is
intended to be restricted to modelling within the troposphere, roughly the first 10 km of
the atmosphere. This recommendation will of course be respected.

With this in place, we will now present the main result of the paper by Corby et al.
(1972): that in a barotropic atmosphere when isobaric surfaces are horizontal planes, that
is (%)p = (%)p = 0, and therefore there is no geostrophic wind (please see (2.7.6)), by
considering g (%)p = (g%)p, finite difference forms for the two terms in (3.1.10) can be
chosen such that the sum appears without truncation error. Of course a similar argument
holds for (g—yq)p = 0 as well. Please note that both sets of derivations presented below,
(3.3.7) through (3.3.13), and (3.3.14) through (3.3.27), are due to Corby et al. (1972).

We start this derivation by substituting 7'(p) = Aln p+ B, where A and B are constants,
into Eq (2.2.7) and integrating in the vertical between the surface level and p,, and are left

with
RA 2 2 o
$s(z) = ¢o(z) + T((lnpo(:z)) — (Inps(z)) ) + R (B [Inpy(z) —Inps(2)]). (3.3.7)

We take the difference of the average (both linear operators incidentally) of each of the

terms in the above equation to obtain

6: (2s(2)) = 6 (2.(2)) + %Aifsjg( (Inpo(2))” = (Inps(2))? )+ R 6, (B Inpolz) — Inps(2)])

(3.3.8)
and expand the right hand terms to find
_— RA — s o
6 (3.2) = - -6 (=(np,(2)) ) - RB & (nps(2)) (3.3.9)

where we have used the fact that 6, (d)o(:r)) = Uiand 0 ((lnpo(:l:))2) = 0 since Corby et
al. (1972) required that the initializing constant pressure surface be a horizontal plane, and

clearly 6, applied to any function of a constant number is zero. We now have

6: (2:(2)) = — RA(Inp,(2) + 6= (nps(z))) — RBS, (Inps(2)) (3.3.10)

which follows from a lemma concerning differences of averages of products proved in Ap-

pendix C. After absorbing terms we obtain

6: (7)) = — R(Alnpa(z) + B+ 6, (Inpa())) (3.3.11)
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or

6: (7s(2)) == R(Tu(2) # b= (Inps(2))) - (3.3.12)

Hence we see that if there is no geostrophic wind, we can write

0 = & (3:(2)) + R (Tu(2) * 6, (Inps(2))) , (3.3.13)

and so we should choose our finite difference components as the two terms on the right hand
side of the above equation.
We may further prove that no error propagates upward through any of the o levels above

the surface. Take the difference of the average of each term of (3.3.6) to obtain

6 (2%(2)) = & (3:(2)) (3.3.14)

[(5: (A(ors1+ (@) + & (Al(or+pa)(@) + & (2B)) « In (E%]')]

| &y
-]
|
L

.N
Il
b

+ R6 (A n(on +p)(@) + )*m(a—ln).

)
Since 8, is a linear operator, and because é, ( ) 0, we may rewrite Eq (3.3.14) as

6 (212) = & (6.0) (33.19)

R n-1
T3

=5

[ (Al“ oit1(z) + A Inps(x)) ¥ e (ﬂ) ]

|

Rn—] O_I+l>]
+§IZ:[ (Alnal +Alnps(:c)) *ln<—oT

+ R & (A nou(2) + A Inpy(z)) + In (:—n)

However since a difference operator of a function evaluated on a constant o surface

yields a zero result, we will be able to drop several terms

6 (2x(@) = 6 (3:(2)) (3.3.16)
+ 25 s (@) w(222)] 4 g.zk[ (TTn®) + (%))

=k
+ R A (8 (nps(x))) * In (U_ln)
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We now have

6. (9(x)) = & (W)+RA§[6I (Wpa(@)) *1In (%:-‘)]HM (5 (Wps(@))) + In (%)

(3.3.17)

and so can express this as

6 (@) = 6 (4:(2)) + RAnZ_:l (6 (nps(2)) * (o141 = no)| =R A (62 (Inps(2))) *In oy
i=k

(3.3.18)
The telescoping sum leaves us with
b (6:) = 8 (7:()) (3.3.19)
+ RA 6, (Inps(2)) * non(z) — RAS, (Inps(x)) * Inow(z)
— RA 6, (ln ps(z)) * Ino,(z),
which we can state as
6: (3:(@) = 6 (3:(2)) = RA Inoy(x) * 6, (Inp,(2)). (3.3.20)

At this point we first use the fact that (1) é, (f(.r)) = bz (f(x)) which can be shown by
taking T'(z) = 1 in the derivation of Appendix C, and then the fact that (2) on a constant

o surface o, In [ox(z)] * g(z) = In[ox] * g(2) = In [ok(2)] * g(z) for any g(z), in order to be
able to rewrite Eq (3.3.20) as

6 (2%(2)) = 6 (4:(2)) — RAI[ok(2)] * b, (Inps(2)). (3.3.21)

But on this same constant o surface, we also have In [o4(z)] = In[o%] = In [0k (z)] for any z,

hence by substitution we conclude that

6: (9:(@) = 6 (%:(2)) - RA[ox(2)] * & (Inpy(2)). (3.3.22)

Now we insert our expression for 6 (d)s(:c)) from (3.3.11) to obtain

bz (m) = =R (A Inps(z)+ B 6, (lnps(x))) — RAInog(z)* 6 (Inps(z)), (3.3.23)

and absorb under the (linear) averaging operator to arrive at

6. (6(2) = - R(AI(ps+ o)(2) + B+ & (npa(2))) (3.3.24)
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This leaves us with

6: (3:(x)) = — R(AInpe(z) + B * & (Inps(2))) , (3.3.25)

that is
bz (m) = —-R (m* bz (In ps(:c))) . (3.3.26)
0= 06, () + R (T(z) * b= (In ps(2))) - (3.3.27)

Hence the Corby finite difference scheme holds for any ok level. However, we will
predominantly be interested in the surface level. In this regard, Corby et al.(1972) have

shown that when there is no geostrophic wind, if one were to choose 6, (d)s(:c)) as the finite

difference expression for (%-I—)) , and then choose R (m* 6z (In ps(:c))) to represent
R T [os(z)] * (@f’r(zl) , then the individual truncation errors for (3.1.10) would be of
equal magnitude but of opposite sign and so cancel exactly (mutually compensating). We
think of this as the simplest possible case, and as necessary conditions to expand upon,
in order to expect to avoid large truncation error in more general settings, an observation

Mihailovic and Janjic (1986) also make in reviewing the value of the work by Corby et
al.(1972).



Chapter 4

Numerical experiments

4.1 Motivation

We have seen that by proposing a suitably selected temperature structure 7' = Aln p+ B,
the continuous hydrostatic equation can be transformed exactly into a discrete version, and

can also be algebraically manipulated to determine

6 (2:(2)) + R (T5(2) * 6 (I ps(2))) (4.1.1)

as a precise representation to (%) + R T [os] * (%ﬂ) in a case where isobaric surfaces
are horizontal planes.

We will now examine the above finding in a numerical experiment. In addition, we wish
to test the sensitivity of (4.1.1), to another set of data, likewise derived from the analytic
hydrostatic equation (and for which (4.1.1) will converge to a correct solution as the grid
interval |Az| — 0) but which will however, be governed by a different temperature structure
(T' = Az + B). Such a comparison may give an indication of the critical importance of
choosing grid point values of 7',p and z so as to reduce horizontal truncation error (Kasahara,

1977), for this problem.

4.2 Experiment design

A numerical study was done to calculate the initial geostrophic wind at the surface of
a cosine shaped mountain under the two different temperature structures just mentioned,

using the Corby finite difference scheme. The computer programs used were adapted from

25
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000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000
000 000 000 000 000 003 010 016 019 010 003 000 000 000 000 000 000
000 000 000 001 012 031 052 068 073 068 052 031 012 001 000 000 000
000 000 001 016 048 085 121 145 154 145 121 085 048 016 001 000 000
000 000 012 048 099 154 204 238 250 238 204 154 099 048 012 000 000
000 003 031 085 154 226 289 331 346 331 289 226 154 085 031 003 000
000 010 052 121 204 289 361 410 427 410 361 289 204 121 052 010 000
000 016 068 145 238 331 410 462 481 462 410 331 238 145 068 016 000
000 019 073 154 250 346 427 481 500 481 427 346 250 154 073 019 000
000 016 068 145 238 331 410 462 481 462 410 331 238 145 068 016 000
000 010 052 121 204 289 361 410 427 410 361 289 204 121 052 010 000
000 003 031 085 154 226 289 331 346 331 289 226 154 085 031 003 000
000 000 012 048 099 154 204 238 250 238 204 154 099 048 012 000 000
000 000 001 016 048 085 121 145 154 145 121 085 048 016 001 000 000
000 000 000 001 012 031 052 068 073 068 052 031 012 001 000 000 000
000 000 000 000 000 003 010 016 019 010 003 000 000 000 000 000 000
000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000

Table 1: Mountain surface as seen from above (with height in tens of m)

the initialization routine of the wind model program IDEAL85 (Danard and Galbraith,
1985) prepared by the Atmospheric Dynamics Corporation. However, all details related to
the problem with which we are concerned are presented in this chapter, and the source code
appears in Appendix E.

The programs were compiled and executed under two different methods for computing
surface temperature and pressure (following from the two different temperature profiles)
with the aim of calculating the isobaric geopotential gradient, used to determine the initial
geostrophic wind, by (2.7.6). The truncation errors which resulted from using the two
temperature profiles were compared. Details are given in Appendix B.

An ideal hill was constructed over a 17 by 17 square grid, which had a cosine profile when
projected onto any plane containing k and passing through the center, with the elevation
tailing off to zero within 1 unit of the boundary. (A grid size ’unit’ represented 5000m and
the hill apex varied from 1000m to 5000m.) Please see Table 1 above, with mountain top
5000m.
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4.3 Atmospheric Model Description

We can define a model atmosphere by assuming an initial constant pressure surface of
say 850 mb, that is p, = pgso. (One millibar is defined as 1 mb = 10~2 bar = 103 dynes /
cm 2.) The height of the psso surface is typically approximately 1500m. Also it is pointed
out that the ¢, referred to in Eq’s (3.3.7), (6.1.23) and (7.4.9) is the geopotential associated
with this p,.

Further, we take as given, both the 850 mb height zgég) and temperature Tgs(:) directly

Z(R)

R
¥ and temperature Tf( ) are also

above a fixed surface reference station, whose elevation z
known. Since the distance between neighboring radiosonde observations of isobaric height
far exceeds the width of the hill, which is 80 km, this problem falls into the category of
meso-beta modelling (model scale on the order of 20 km to 200 km, Orlanski (1975)) and
so the isobaric surfaces are taken to be planes.

Given these premises, we can then determine the constant pressure planes above and
below, pgso by either procedure (1) or (2) below, depending on whether we choose our
vertical coordinate to be height z (as in (1)), or pressure p (as in (2)).

(1) We assume a fixed lapse rate of temperature with respect to height (based on ngé‘)
and TSI(R)) and then employ the hydrostatic equation to pick up associated pressure for all
points in the vertical column z(f).

(2) We assume that temperature is a function of pressure, and it increases between
the points zgég) and zf(n) according to this function. (Of course we will be interested in
studying T'(p) as indicated in (3.2.19) by the reasoning of Section 3.2.) Since Tg;g) and
TSI(R) are known, a pf(m can be found by using the hydrostatic equation. Hence once again
all the temperature and pressure values can be determined within the vertical column z(f).

In either case, the pressure and temperature distribution of the entire atmosphere can
be specified, given that we state the temperature variation on pgso we wish to study, since
we can extrapolate within any column z to find 7" and p values, using the parameters

determined by (1) or (2) as the case may be.

4.4 Three atmospheres to be tested

We undertake our numerical study over a series of three atmospheres of increasing
complexity, and compare the resulting mathematical noise that ensues in the case of ' =

Az + B with that for T = Alnp + B (each alluded to in Section 4.3), when calculating
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initial geostrophic wind at the surface of the mountain. Please note that in our analyses
we will consider only the x-component (so study will take place in the x - z plane), however
the experiments will make use of both x and y components.

In the first two cases the atmosphere will be assumed barotropic, so there will be no
temperature variation on isobaric surfaces, while in the third case the atmosphere will be
baroclinic, hence a temperature distribution can and will be prescribed for these surfaces.

In Case I we assume the p, = pgso surface to be a horizontal plane and so no geostrophic
wind is present. In the x - z plane pgsg will appear as a line. The slope of this line will be
denoted by mgso, hence the fact that pgsg is horizontal will be written mgsg = 0. We then
have for any z

(R)
2850 = 2850 - (4.4.1)

If we call the temperature gradient on the pgso plane kgso, where kgso is unrelated to l;,
then we can write the fact that temperature remains constant on this plane as kgso = 0.
We have for arbitrary z

(R)
srso = Tgso . (4-42)

In Case II the pgso surface will be a tilted plane with slope msgso, a fixed number, so for

each z we will have
2850 = Zgég) + mgs0 Z. (4.4.3)

However, we will keep the temperature gradient on this plane to be zero (kgso = 0), and so
once more (4.4.2) will hold.

Finally, in Case III a (non-zero) slope mgso remains in the pgso surface, hence we will
have (4.4.3) again, but we will set the temperature gradient on this plane to be a fixed
number kgso, and so we will have

z(R)

850 = Tgs0 + ksso 2. (4.4.4)

These conditions will be true regardless of whether the atmosphere is defined with the
first temperature structure mentioned above, or the second. We will therefore be looking

at six different cases.

4.5 Surface temperature and pressure under 7'= Alnp+ B

We begin with the case where temperature follows the rule T'= Aln p+ B, and proceed

then to determine the surface temperature and pressure.
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We must first calculate A and B. To do so, we consider the column of air over the
reference station at 2(f) and will denote the temperature at the 850 mb level by Tgs(é" (and
pressure by pgf.,f}’), while at the reference station level we will call the temperature Tf(R)

(and the pressure pf(R)). We can now write

72 = A mp™® +B (4.5.1)
and
=Y = A gty + B. (4.5.2)

We subtract (4.5.2) from (4.5.1) to find that

T - g
A = 2 4.5.3
In pz™ — Inp&ig) s
and then solve for B ) o s o
B T;SO lnp: = T: ]np§50 (4 5 4)
= In 2™ _ In p2® ' 3
n pg N Pgso

However since lnpi(a) 1s not yet known, we must integrate the hydrostatic equation

(2.2.7) for fixed z = 2(R) between the surface level and the 850 mb level

Z=2850 P=P850
/ d¢ = —R/ (Alnp+ B) dlnp (4.5.5)
zZ=2z, P=Ps
to arrive at
2(R) g - . RA 2 (R 2 (R 2(R) =(R)
92850 — 92 =g [ln Psso — In“ pg ] ~ R'B [Inpsso — Inp; ], (4.5.6)

where we have used (2.2.6). Substituting for A and B from above we find, after certain

terms cancel, that

[ g 9(ehs — 2" +1InpZso. (4.5.7)
v o) N
: IR(TED +T7D) ’

We now use this expression and substitute it into (4.5.3) to obtain

(R) (R)
R (107 - (5

A = 4.5.8
TR e
Derivation (4.5.1) through (4.5.8) is valid for an arbitrary point z, not just 2(®), since we
have assumed that 7= Alnp + B describes the entire atmosphere. Hence we have
T - L%
Wy = (50 = z) + In pgso- (45.9)

3R(Tg50 + T7)
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However, by subtracting (4.5.2) from (4.5.1) (each, with argument z) we notice that

17— T%
lnpf - lnpgso — __"A—850, (4510)
hence
Iy = Ts50 _ 9(%8s0 — 73) (4.5.11)
A R(T50 + T2)'

and therefore . .
R (45.12)

We conclude that

» 2Ag(2§y — 2% .
Ts = \/ ( 85102 8) +(T850)21 (4'5'13)

and once Ty is known we can then find In p{ from equation (4.5.9). Of course, B can now

be found from (4.5.1), (4.5.8) and (4.5.13).

4.6 Surface temperature and pressure under 7' = Az + B

If temperature varies linearly with height, then computing the surface temperature is
straightforward, once the surface height 1s given.

The temperature at the surface of the terrain over point z¥ is provided by the linear
function

T(z) = Ty = Tgso +7 (2850 — 23) (4.6.1)
where the lapse rate of temperature with respect to height is

T _ pa®

850 3
TR _ AR (o)
2850 — %5

To compute the surface pressure requires that we integrate the hydrostatic equation
(2.2.2) between the surface level and the 850 mb pressure level. We will write the integrand

as follows (for z fixed)

—gdz = RT*d(Inp"), (4.6.3)
and so, obtain
/z=2850 g Al /P=P850d1 X (4 64)
= . R o — by (Inp®). 16

Now we evaluate the right hand side

g [ 1 z <
z=2,
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Using (4.6.1) leaves us with the following evaluation

T=Tss0 1 Tz
g T g 850 " -
RJr=1, -—4I¢ Ry - ( T= ) In pgso — Inpg (4.6.6)
We finally arrive at
T? \ %
Ps = Pgso ("—: ) ) (4.6.7)
850

hence the temperature and pressure at the surface are readily found (where of course pgs, =
850 mb for any z).
This formula can be evaluated as follows for the three cases under investigation. For

Case I (where kgs0 = 0 and mgso = 0), we have

R

(R) (R)
TS = T8 % [y = 22] (4.6.8)

In Case II (kg50 = 0 and mgso is non zero) surface temperature is given by

(R) (R)
TP =T +7 [(z80 +msso z) = 22| . (4.6.9)
Finally, in Case III (where both kgso and mgso are each non zero) surface temperature is
provided by
(R)
T? = Tgo+7 [(s850 + maso ) — 2] (4.6.10)

(R)

where of course Tgsq = Tgso =+ ksso ¢ as was pointed out in (4.4.4).
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4.7 Limiting value for Corby’s scheme under 7' = Az + B

In this section we will show that the Corby finite difference scheme will converge to the
expected result in the limit as the grid interval Az — 0 when the T = Az + B profile is
used and the atmosphere is assumed barotropic, as is true in Case I and Case II.

Let us first consider the Corby finite difference scheme given by (4.1.1)

bz (92(z)) + RTs(z) * bz (In ps(z))

with surface terrain height given by Z(z) = zf, which for the model with which we are

concerned 1s

Z(z) = —Hagﬂ (1 + cos (2%)) (4.7.1)

where L is the period, which we take to be the length of the base of the mountain, and
Hgapez 1s the height of the mountain top.
If we expand (4.1.1) according to (3.2.22) and (3.2.23) we will find that we can rewrite

it as
c= & ; = (4.7.2)
where
B Z(x+ Azx) — Z(z) Ts(x + Az) + Ts(x) Inps(z+ Az) —Inps(x)
C*‘[g[ Aa ]+R[ ) : R (47’3)
and
B Z(z) - Z(x — Az) Ts(z) + Ts(x — Az) Inpg(z) —Inps(z — Az)
C_—[g[ Az ]+R[ 2 3 Az (47'4)

If we suppose that T} is a continuous function, and that ps is a continuously differentiable
function, then we can take the limit

Ts(z + Az) + Ts(z)] y [ln ps(z + Azx) — Inp,(z)
2 Az

dps
dz

lim R[

Az—0

] = RT, (4.7.5)

If we further assume that Z(z) is a continuously differentiable function (true by (4.7.1)),

then we can take the limit

X Z(z+Az)—Z(z)] _dZ
Al;crllog [ Az =9 (426}

and obtain a continuous function as a result.
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Now combining (4.7.5), (4.7.6) and the definition of C from (4.7.3) gives

3 dZ dps
_ 92 aps 47.
ARG = gy T RT G S
and by an analogous argument, C_ converges to the same limit. Hence from (4.7.2) we have
s dZ dps
= g— : : 4.7.8
PRl Pl Sl

When T'= Alnp+ B in Case I, the sequence (3.3.7) through (3.3.13) shows that (4.7.2)
has value zero, and so certainly Alir_r}OC = 0. The continuity and differentiability conditions
are satisfied because of (4.5.13), (4.5.9) and (4.6.8).

However when T' = Az + B for Case I, we proceed as follows. From (4.6.7) we have

x T=
In [pg;)] = Ri7ln [518750—] (4.7.9)
Now, consider (4.7.9) with argument z + Az and subtract from it (4.7.9) with argument z.

Then note that pgs, is constant for all z (because it is an 850 mb surface) and that Tgs, is
constant for all z (with value Tg”s((?)) for a barotropic atmosphere (Cases I and II). We can

then conclude that
In pF+4% — In p? _gln TE+8% _ InT?

= 4.7.10
Azr Ry Az 1 ( )
and so
8 (Inps(z)) = Riéx (InT(z)). (4.7.11)
74
We then know that (4.1.1) becomes
b2 (9Z(z)) + RTy(z) + Riéx (InTy(z)). (4.7.12)
i
By analogy to the derivation of (4.7.5) through (4.7.8), we have
: dz dInT, dZ ¢ dT,
= .g— —_— =t = y 4.7.1
Al;lzllloc gdz+RTs dz gd:c+7 dz e

where the continuity and differentiability conditions previously mentioned are satisfied be-
cause of (4.7.4), (4.6.1) and (4.6.8).
Eq (4.6.8) shows that %II- = —« for Case I, hence we have

, a7 g iNid 2
WC = g——-=y— = 0. 4.7.14
R Cdd

This shows that when temperature is given by the distribution T(z) = Az + B, the
Corby finite difference scheme (designed for T'(p) = Alnp + B) converges to the correct
solution as Az — 0. Recall that in the case we are studying we have no geostrophic wind,
and so (3.1.10) is zero, hence we expect our finite difference expression to tend to zero in

the limit.



Chapter 5

Barotropic atmosphere with

horizontal isobaric surfaces

5.1 Numerical results

We now consider numerical results of the experiment testing the claim of Corby et
al. (1972): that when constant pressure planes are horizontal, the HPGF (3.1.10) will be
zero when computed with the finite difference expression (4.1.1), and hence so will the
geostrophic wind components (2.7.6).

The reader is directed to Appendix B, where each section is comprised of nine tables:
the first three concern the u component of geostrophic wind (with a display of ideal values,
results calculated from Corby’s scheme (4.1.1), and the difference between the two), the
next three - the v component, followed by three (in the same format as that just mentioned
above) dealing with the magnitude of the geostrophic wind (g-wind) vector.

The information reported in Appendix B is for a mountain of apex 5000m. This figure
(height) draws its importance from the fact that as far as modelling elevated terrain on
the earth’s surface is concerned, for all but possibly a small number of exceptions, one can
think of mountains as rising above their immediately surrounding terrain by no greater
than 5000m. However, information in Tables 2 through 5 shown on P.35, P.48 and P.80 are
for mountains of apex 1000m through 5000m. All calculations were performed in double
precision arithmetic (16 digits) by the IDEAL programs of Appendix E.

At present we are interested in Cases [.A and [.B in Appendix B, which show a contrast

between using 7' = Alnp+ B (Tables B.1 - B.9) versus T'= Az + B (Tables B.10 - B.18) as
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Mt MVD MAX MVD MAX
Top T=Az4+B|T=A2+B | T=Alnhp+B |T=Alhp+ B
5000 m | 0.01326522 | 0.60260431 | 0.1121 %1012 | 7.8771 % 1012
4000 m | 0.00666070 | 0.30216594 | 0.0872 10712 | 4.6794 % 10~12
3000 m | 0.00275663 | 0.12487604 | 0.0824 x10~'2 | 3.0822 % 10712
2000 m | 0.00080152 | 0.03625426 | 0.0652*10~'2 | 2.6838 % 1012
1000 m | 0.00009835 | 0.00444144 | 0.0950 x 10~12 | 3.0078 * 10~'2

Table 2: Mean magnitude (m/sec) and maximum vector deviation from expected ‘793 for
barotropic case with horizontal isobaric surfaces

a temperature profile, when computing Vg,, for this simplest of cases - when an atmosphere
is completely at rest. (This means that the geostrophic wind components are expected to
be identically equal to zero - as is indicated in B.1, B.4, B.7 as well as B.10, B.13 and B.16.)
Comparing the u component deviation from expected value (B.3 and B.12), v component
deviation (B.6 and B.15) or g-wind velocity deviation (B.9 and B.18), one sees that the
T = Alnp+ B temperature profile exhibits cbnsiderably smaller departures from expected
values than its T' = Az+ B counterpart. (The analytic truncation error when T'= A ln p+ B
iIs zero - as indicated by (3.3.13) - but is non-zero (see (5.2.18)) when T'= Az + B.)

Table 2 above summarizes the mean value of vector magnitude deviation, MVD, of

Corby finite-difference calculated g-wind, Vg{d, from expected (analytic) g-wind, l_/.y“’"‘”y“'c :

MVD =~
n® <

n n
=

Z \/[uanalytic(i,]') — ufd(i,j)]2 5 [v“n“lytic(i,j) A vfd(i,j)](‘),

=1

(5.1.1)

and the maximum discrepancy between l-/.g“,”“ly“'c and Vy{d experienced over the entire grid,
denoted MAX.

The results for five mountains with apex varying from 1000m through 5000m are pre-
sented in Table 2 at the top of this page, as captured in MVD and MAX measures (both
shown in m/sec). The ratio of MVD value for T'= Az + B to that for T = Aln p+ B at the
corresponding hill height is on the order of 10 : 1. So the key conclusion to be drawn is
the preferability of selection of T'= Alnp+ B for the finite difference scheme (4.1.1) used.

The result of Corby et al.(1972) as summarized in (3.3.13) showed that when 7' =
Alnp + B, since the analytic discretization error is zero, the only truncation error that
will occur is that due to accumulation of roundoff from machine calculation and function

evaluation. Hence the numbers which appear in Table 2 for MVD and MAX for this



36

temperature structure (T-structure) must be given this interpretation. We note that this
type of mathematical noise in MAX (last column in Table 2) is on the order of -4
m/sec. Taking differences of logarithms of nearly equal numbers has been found to be an
especially suspect source for loss of accuracy in machine compuation. For example suppose
two adjacent grid points have pressures of 1000 mb (1.000#10° Pa) and 1005 mb (1.005%10°
Pa). Suppose further that the logarithm’s intrinsic function gives 16 significant figures.
However In (1.005 * 10°) — In (1.000 * 10°) = 11.51791300648126 — 11.51292546497022 =
0.00498754151104 which has only twelve significant figures. Hence a loss of four significant
figures has been experienced in this instance due to finite digit computation.

By comparison, when T' = Az + B the MVD and MAX errors which appear have
contributions from both machine roundoff (and function evaluation) as well as analytic
truncation error. The last is due to inconsistency between the discrete hydrostatic equation
and this temperature profile. As this seems to be a major factor, we will analyze it more

thoroughly in Sections 5.2, 6.5 and Appendix A.l.

5.2 Truncation error for T = Az+ B

Recalling the basic equation with which we are concerned (3.1.10), we first note that
it is a statement concerning 7'(z,0) and p(z, o). However since we are only interested in
studying the geostrophic wind at the surface (of mountain terrain Z(z) ), we can think of
T(z,0s(x)) and p(z,0s(z)) as functions of only one variable x (and in fact these are given
by (4.6.7) and (4.6.8)).

Let us recall the pressure-temperature correspondence for the case we are analyzing

from Section 4.6, by noting (4.6.7) from which we can ascertain

dinp; g dInTy

dr =~ Ry dz {5 )

We will now begin our study of the truncation error associated with the Corby finite differ-
ence scheme, by examining the second term on the right hand side of (3.1.10). That is, we

will attempt to find an expression for

dlnpf

RT (z) * -

— RTy(z) * 6, (In py(2)) (5.2.2)

which using (4.6.7) and (4.7.11), can be expresssed as
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gdinT? ¢
Ti(z) * e — =Ts(z) * 6 (In Ts(x)) (5.2.3)
where
Ty(z) + 6 (In Ty(z)) = (5.2.4)
l[Ts(z + Az)+ Ti(z) InTy(z + Az) — InTy(z) L
2 2 ' Az
Ts(z)+ Ts(xr — Az) InTy(z) — InTy(z — A:c)]
2 ' Az '

First consider the Taylor’s series
Ty(z + Az) = Ty(z) + ——T'(:c) [Az] + — [TII z)] +[Aa]? % [Tll(2)] (AP + ... (5.2.5)

Then after division by T we use the resulting expression as an argument to the In function,

we will have

Ts(:c+A:r)] 1 [ 1 [7) . 1 [zl
08 ol e | (PR, PRI N LN LA L A
“[ Tu(2) o T bl R T ol R T ol o s
(5.2.6)
If we recall that
In[1 oty ARG B L 5.2.7)
n[+a]_a—?+?—7+..., (
then by setting o = Y '=5 -}1-7;2 [Al‘] and calculating the first several low order terms we
obtain
L [Ts(HA’)]— 5' = ! o[z [Az] + |- R EH [Az)? +
Az T |- |n|72|T |T gk kORI a1
(5.2.8)
We also have from (5.2.5)
TS(I‘+A1‘)+T3(I) - 1 I 1 ” 2 |”
- =T, + 37HAd] + 53— [7]] * [As) o 3' [ (ae]® + ...
(5.2.9)

Hence multiplying (5.2.8) by (5.2.9) yields the following
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Ts(z + A;) + Ts(z) 3 InT,(z + AAz:: —InTy(z) i (5.2.10)

1 sTiTl 7 [Ts']3
I _3LT | 7 Az]?
6 ~1 1, TugpE|lTt

[ 2
1 [Ts]
Tl e g, A 1
S + 2 s Tg [AI] +

i iyl a7t n) s (o]
S e etttk e A R R
2 3T, T mp TRm

Y BT U R 7] sod] A i[n)
120 a7 un tu o7 16 P 3 [P @) s

We can show in a similar manner that

Ts(x)+T;(z—A.T) . lnTs(x)—lAnTs(f—Az) ¥ (5.2.11)
T

|2
1 7] 1 1T”T 7 T ]
o+ | ipng 8 O Pl oL 7 2
L g A il 4pteTil - o T3] [Az) +

S

1l ol I [d]2 [ I'4
1 T[4] 1 Ts Ts + 1T~’ Ts] 5 )
24 3 T, 2 [T) 12 [T,)°

(A2

70 1 77 gl 7Ts”| [Tslr T' [Tll] 13T.s!| [TS|]3 3 [TS'JS
120 24 T, 12 T, 24 1] 16 ) 24 [P 40 [1)

If we subtract from [Ts(x) * ﬂg;pﬁl] = [%I(—I)-] the average of (5.2.10) and (5.2.11)

(and multiply through by % ) we will obtain as the truncation error due to the second term

of (3.1.10)

gdlnT
dz

T,(z) + < = %Ts(x) x 6, (InTy(z)) = (5.2.12)

sl 7 (7]
"y 5 —Ts”|—— e AT . [A::]2
Y |67 " T8 T, T 12T

| awtd a2 wm O] s[d) L

¥ 120 T R U TN R T R Y

[Az
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To calculate the contribution to the truncation error from the first term of (3.1.10), we

add the following two series where Z(z) is the height of the surface terrain (by Eq (4.7.1)).

diir) _ [Z(I+AA2—Z(I)] . _%[Zn] +[Az] - 31-!'21“] [Az] —.. (5.213)
C_i{dii) 1 [Z(x)—iif—m)] . +%[le] «[Az] — %rzlll] [Az)? +.. (5.2.14)
and divide by 2 to arrive at
diir) B '[Z(r 4 AI)Q;I-Z(I - AI)H d _% [Zm] [Az)? _% :z(")] s[Az]* — ... (5.2.15)

After we multiply by g we have
d¢3(1‘)~ Z(l + AI) o Z(I - A.’l’) P g Il 2 g (V) 4
[ o - [g [ 9Az H = a8 [Z ] [Az]® - =] [Z ] * [Az] (5—2 16)

From (4.6.8) we have
AR —%T', (5.2.17)
and so by adding (5.2.16) and (5.2.12) we obtain

qu&;ix)] + RT,(z) + .‘“_“d’#] - [ Z@)] + RT@ + 6 (npa(2))]  (5.2.18)
g SO 7 [T’l]3 Az)?
=-5|*%T nEp|P

Lo B Tt iT’m [TJ]2 v gT,” [T,']3 E[ 3']5

r{ R T, 120 W O % [P s

[Az)* + ... .

We have arrived at an expression for the truncation error in Case I when T'= Az + B.
Of course, Eq (5.2.18) could be reported in terms of Z(z), Zl(z), and higher order derivatres
by (5.2.17).

We make two further observations about this result at this point. First, if we take the
limit as Az goes to zero, we see that the Corby finite difference scheme tends to the analytic
result, as was shown previously in Section 4.7.

Secondly, one might ask under what condition, if any, does the truncation error vanish.
Setting Eq (5.2.18) to 0, implies that all the coefficents of powers of Az would have to be
zero. For instance, this would require that

sty 1 7]
g 1, 12 )P

=0. (5.2.19)




If we consider an interval on which T,(z) is not zero, this would leave us with

il
Sqllgl = L1281
8**" 12 [T
Now either Tsl = 0, or we would have
T 147
Tsl - W67
which would lead us to
Tulz) = [ﬁx]ls
A & T
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(5.2.20)

(5.2.21)

(5.2.22)

where K, is a constant of integration. If now, we were to substitute this result into the

coefficient for [Az]* in Eq (5.2.18) we obtain a non-zero result. Hence for the truncation

I

error to vanish we must have 75 = 0 as mentioned above. This means that the temperature

along the surface of the mountain must be constant, and by (4.6.8) that the lapse rate 7 is

zero. We conclude that the atmosphere must be isothermal for this to happen.



Chapter 6

Barotropic atmosphere with
isobaric planes inclined to the

horizontal

We consider in Case II a barotropic atmosphere in which the pgso plane is set tilted
with respect to the horizontal (so that a vector normal to pgsg will have zero y component),
and hence the slope of pgsp in the x - z plane, mgsg, will be a fixed non-zero number. The
temperature gradient on pgso is of course zero (ksso = 0). In a barotropic atmosphere the
geostrophic wind vector remains constant with height (as was discussed in Section 2.7.3),
and so all isobaric planes will then be parallel, because (2.7.6) will be the same at any

pressure, that is height, level.

6.1 Analysis for T = Alnp+ B

Here the experiment revealed that exactly the same finite difference approximations
used in Case I could be used to obtain a similar result, that is, mutually compensating
analytic truncation errors in the two terms, yielding a zero net (analytic) truncation error.
(Please see Tables B.19 through B.27, with particular attention to B.21 and B.24 which
reflect the precision of the calculation.)

We will show that this result was to be expected. To do this a somewhat different
approach to that used in Section 3.3 for the problem of computing (g%)p will now be

undertaken. We will investigate the problem graphically, and use a geometrical argument.

41
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Figure 3: Geometrical calculation of isobaric geopotential gradient.
The i1sobaric plane which intersects mountain segment FAD at point A has slope %—% = ’74[%.
We will show that when 7" = Aln(p) + B, this can be computed solely as a function of
temperature and In ( pressure ) values, taken at surface points F, A, and D.
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Figure 3 on P.42 shows the isobaric plane (EC) which cuts the terrain surface (FAD)

(7) 8¢

at A, or zg7/. We will derive a finite difference expression for (g; based on this

)p,(z(i))
assumption. However, if the isobaric plane were to pass through point A at a different
angle, perhaps in a way such that C would be above surface point D, an analogous derivation
could be put forth which would be the same as the one we will present, differing only in the

placement of several plus and minus signs but reaching the same final result. We write

6¢> z(Cj+l) _ zgﬂ)
o = =0 ||[e——s 6.1.1
(Bz (&) gmsso = g [ Ax ( )

(141) : :
or, by adding and subtracting ﬁgz_’ and then using the notation p,(:c“)) = pgj), we have

9¢ " Zg+1) L Zg’+1) Zg+1) - zgﬂ)
(a)pgn =9 [—A—_ g |l o e
and because zfg) and zg+]) are of equal height we can write
96 L[ L0 2G4 _ U+
(a)p?) =g [—Ar = | Mg . (6.1.3)
This can be restated as
96 eonef 4G ) 2G*D _ G+
(E)p(j) = [__Az -9 R L e (6.1.4)

The mountain surface height at z(7) is Z(r(j)), but we will write it as zgj) here and for the

rest of the thesis when it is used as part of a finite difference expression, since it is a more

compact notation and because pgj) and Ts(j) terms will also appear in such an expression.
We now integrate the hydrostatic equation (3.2.24) with T = Alnp + B between an

U(pper) and L(ower) pressure level to obtain
RA
g = 921 = ——- [(lnpU)2 - (lan)2] — RB [lnpy — Inpr]. (6.1.5)
Factoring provides us with

RA
g — 9721 = ——- [(Inpy =Inpr) * (Inpy+1Inpr)] — RB [Inpy — Inpr]. (6.1.6)

Recalling that T'= Alnp + B allows (6.1.6) to be rewritten as

T(pu) + T(pr)

5 * Inpy — Inpg) (6.1.7)

gz — g9z = —-R
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and we can now apply (6.1.7) to line segment DC as follows

; . di Pp + T P : |
y[zgﬂ)] = g[z(cjﬂ)] = - R[ ( ) - ( ) * []npgﬂ)_lnp(cgﬂ) ]
(6.1.8)
Thus
(%) = M + R T(pg+l))+T(pg+l)) : ]np(Dj+1) _lnp(cj+l)
(91' ng) AI 2 Az |
(61.9)

and since EAC represents a constant pressure plane (line) we have

(G+1) _—(3) (4+1) @) 1) (4)
() = g[———z’ > ] + R[T("D Rads )] ' [“"’D mPs ] (6.1.10)
Ps

oz Az 2 Az
or
(@) [ [ R TV + 7)) | [npd™ —Inpd? (6.1.11)
Iy RON Az 2 Az i Gl
Rewriting (6.1.11) with the average operator yields
04 R D) ( (i+3)
— = _ 5 &z s ) 1.12
(ar)pm 9[ = + RT(ps " *") # 6;(Inp ) (6.1.12)

We note that (6.1.12) is centered at zU+3) but we would rather have it centered at 20,

therefore we will derive a corresponding form where this is so. We start by developing a

formula for the same (%) G’ however, using values on the left side :
Pl
PR CEE TGRS )| R ol W
gz ) o = ¢ Az e Y7 az |
(6.1.13)
Thus we have ) ) ) _
<?2) _ | DT (6.1.14)
Oz ) 0 g Az 4 Az . =
and : _ . .
<a¢) wos J2l) ezl oifil x ofir it
/). | $ Az i Az n Ba

With a similar argument to the one used previously, we now have

(28) - [ | T 6E ), s < s
81: p(sj) . Ax 2 AI

(6.1.16)
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and so

0 {. sz) —z_.(,j_l) T(p ))+T( (— 1)) lnp(J) lnp(] 1) A
[ m—g[A— = A » (6117

Bz / z 7 z

or

08) _ [ 76¥) + )] , [ — npt ™
(a_x)pm = g[ Az A 5 * e . (6.1.18)

In averaging notation we then obtain

8 ) _ 61 . -
(a—f) g 7 [Z—Ai + RT(ps~ ’) * bz (lnpff ’)). (6.1.19)
Ps

We now take one half the sum of (6.1.12) and (6.1.19) to obtain the expression

o £j+1)_ £J 1) —_— -,
- [ AT )« )
Ps

(6.1.20)
and so we have
0 2£j+1)  » zgi—l) 4
(E) W 9[ BT emaaed S RlT(p?)) * b (lnp(’))J (6.1.21)
Ps
or : 13
gmegso = (—a;::) - — g(Sz (zﬁ”) o+ R[T(P ) * 6 (ll‘lp(J))} (6122)
Ps

where we have used (6.1.1) on the left hand side,g times the slope of the isobaric plane
intersecting the mountain at point A. (As mentioned on P.41, this slope is the same as that
of the initialising pgso plane in a barotropic atmosphere, mgsg.)

Incidentally, we note that references to Az are absorbed within the calculation of the
horizontal pressure gradient force, that is, regardless of what size Az is, the result is still
gmsgso. Hence our numerical experiment loses no generality by employing only one grid size.

We will now show that (6.1.22) will hold on any of the o levels above the surface. We
start in the same manner as was done previously in Chapter 3, and indeed, much of that
derivation follows in the same way. Equation (3.3.8) still holds so we expand its right hand

side to give

6 (3:(2)) = b (3o(2)) - %5 (=(np.)?) - RB6.(Taps) (6.1.23)
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By analogy to (3.3.10), (6.1.23) may be written

6 (7)) = 6. (%)) — RA(Taps+6,(Inp.)) — KBS, (npy). (6.1.24)

We gather terms to obtain

6: (#:(2)) = 6z (90(2)) — R(AIn(ps)+ B +6,(Inp,)) . (6.1.25)

This means that

b (6:2) = 6 (3:) - R(T+5:(npy)). (6.1.26)

Substituting (6.1.26) into (3.3.22) gives

bz (M) = 0 (¢>—o($—)) - R (Ts* bz (lnps)) — R Alnoy x 6; (Inps). (6.1.27)

That is
bz (m) = & (m) = R (Tk* bz (lnp,)) ) (6128)

6 (3:(@) + R(Texb6:(nps)) = & (3:(0)) - (6.1.29)

From equation (3.1.10) and (2.3.1), the left hand side of equation (6.1.29) is the negative

of the horizontal pressure gradient force at the kth o level. Since the right hand side of

or

equation (6.1.29) is constant in the vertical, the HPGF is independant of height. This is
what one would expect in a barotropic atmosphere, as was pointed out earlier in Section

2.7.3.
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6.2 Analysis for T = A2+ B

Given that the pgso surface is a tilted plane with slope mgso and zero temperature gradient

(hence T, = Tsrs(g)), we know that the temperature 77 at an arbitrary point 2% is
(R) (R)
T? = Tg +7 [(sE50 +msso z) = 2°] (6.2.1)

by analogy to (4.6.9). Let us determine conditions for a constant pressure surface

Pt = pj;tg;. (6.2.2)

If we replace p? and 7Y in equation (4.6.7) by p? and 77¥, and make use of equation (6.2.1),

we obtain &
(R) )
T T +7 [(e80 +msso ) — 27| | ™
Pz = P850 —® : (6.2.3)
Tgso
Similarly,
L - Tow + v (28 + meso (z + Az)) — 2+22] |
Pr+Az = P850 5 - (6.2.4)
Tgso
Equating (6.2.3) and (6.2.4) we have
T +7 |20 +mssox —2°]  Taq +7 e + meso (z + Az) — 25447 e
TS0 Ts50
After simplification this reduces to the condition
21+Az =l = meso Ar (626)

which we note is independant of pressure value p. Since the increment in z on any constant
pressure surface is a fixed multiple (mgso) of the increment in z, this means that constant

pressure surfaces are parallel planes. This result is to be expected in a barotropic case.

6.3 Limit value for finite difference scheme when 7 = Az+ B

The derivation of Section 4.7, (4.7.9) through (4.7.13), can be repeated for the problem
of determining the limit of the Corby finite difference scheme (4.1.1) for Case II, as the
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atmosphere is barotropic here as well, with T constant and 77 given by (4.6.9). Recall

(4.7.13)
' dzZ g dTs
1 = g— 4+ =—.
A;TOC Il " 5 dz

Inspection of (4.6.9) shows that

dz

: dZ g
Iy S —_— e . 6.3.1
ll_mOC' =E g—x + [7m350 7dz] gmsso ( )

When the Corby finite difference scheme is supplied with 7' = Az + B data, it will
converge to the correct value in the barotropic case as the grid interval tends to 0. That is,

(6.3.1) yields the same value as (6.1.1) or (6.1.29).

6.4 Numerical results

Mt MVD MAX MVD [ MAX

Top T=Az4+B|T=A2+B | T=Alnp+B|T=Alhp+ B
5000 m | 0.01326564 | 0.54579312 | 0.1520 * 10~ | 4.9258 + 10~ 12
4000 m | 0.00666091 | 0.27927330 | 0.1439 % 10712 | 4.6185 + 1012
3000 m | 0.00275672 | 0.11267600 | 0.1395 %1072 | 4.7979 + 102
2000 m | 0.00080155 | 0.03272225 | 0.1414 1072 | 4.1478 + 10712
1000 m | 0.00009835 | 0.00402228 | 0.1457 * 10~'2 | 4.4551 « 10~ 12

Table 3: Mean magnitude (m/sec) and maximum of vector deviation from expected Vg, for
barotropic case with tilted surfaces

Since in this chapter we have set the psso plane to be tilted with respect to the horizontal
(with slope mgso), and have further required that there be no temperature gradient on this
plane, we then know that the expected u (respectively v) geostrophic wind component
can be calculated from (6.1.22) with no accompanying analytic discretization error when
T = Alnp+ B. This was found to be supported by the numerical experiment, as one may
see by inspecting tables B.19 and B.22 (ideal u and v) and comparing them with B.20 and
B.23 (finite-difference computed u and v) repectively. But as before, when 7' = Az + B,
there is a noticeable truncation error as seen in the departure (B.30 and B.33) of the u and
v Corby finite difference components from their ideal values (B.28 and B.31).

From Table 3 above, one can see that when 7' = Alnp+ B, the truncation error is very

small (MVD is on the order of 107'? m/sec). But on account of the derivation of Section
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6.1, culminating in (6.1.22), we are assured that the mathematical noise in evidence under
MVD and MAX for this T-structure can be attributed solely to accumulation of machine
roundoff error and function evaluation error over the entire 17 by 17 grid.

We further note from Table 3, that both MVD and MAX errors for T'= Az + B are on
the order of 10'! times greater than that for 7= Alnp+ B. (These figures are comparable
to those found for Case I in Table 2, and this is evidently so because there is no analytic
truncation error when 7'= Alnp+ B in either Case I or II, but there is when T'= Az + B.)
The experiment indicates empirical evidence to suggest a strong preference for using the
T-structure consistent with the discrete hydrostatic equation, in conjunction with (4.1.1)
to calculate surface geostrophic wind. In the next section we will derive a formula for the
discrepancy between the Corby finite-difference calculated geostrophic wind component and
its expected value in a barotropic case when 7' = Alnp + B. This will be (6.5.28),(6.5.21)
and (6.5.24). After we review these equations from the perspective of T'= Alnp + B, and
in particular (6.1.7), then it will be evident that the analytic truncation error, (6.5.21) and
(6.5.24), would vanish for this T-structure. This is reviewed in Appendix A.l.

6.5 Truncation error for T = Az + B in Case II

We can apply the argument of Section 5.2 to obtain the truncation error when 7' = Az+ B
for Case II since Tg;, is constant by (4.4.2) and so (4.7.11) will still hold. Since we have

from (4.6.9) that
dT, dz
dg(;x) =7 [m850 = E] (651)

where Z(z) = 27, we can cite (5.2.18) as the desired error with T/(z) as just given. This
truncation error is reported in terms of 7'(z) and its derivatives (or equivalently Z(z) and
its derivatives). However, we will now take another approach to the study of this problem,
motivated by the geometrical analysis of Section 6.1 and Figure 3. We will show that an

evaluation of Corby’s finite difference expression on T' = Az 4+ B data will yield the slope
5

of the isobaric plane intersecting the surface point | 0 | , plus remaining terms. (Whereas

7
previously it was desirable to refer to grid points with subscripts (5 — 1,7, + 1) to present
formulas such as (6.1.20) and (6.1.21) in a natural and unambiguous way, the grid interval

Az will play a more prominent role in the following discussion, and so surface heights,
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temperatures and pressures will use (z, Az) notation.)
We consider the Corby expression for the horizontal pressure gradient force (cf. the

right hand side of equation (4.1.1))

s [°+ s C-] (6.5.2)
2
where
z+Azx T c+Azx T z4+Az T
_ l2p z5 Tp o + T4 In pp" =% — In p%
N [—Az ] + R H 3 * o (6.5.3)
i Az o 2 Az ’ o

with superscipt notation referring to Figure 3. (Note that c is a geometric equivalent of C

from (4.7.2).) We focus our attention solely on c4 for the moment, and obtain the following

(by adding and subtracting appropriate terms, and using the fact that p% = pI+A$)

1:+A2: T [ 4+ Az r+Azx z+Az z+Az
_ D~ 24 —2p  +2¢ _ |z "tz
cy =g [ e ] +g - g } [ e } + By + E; (6.5.5)
with b o " A
Tl‘ xr TL’E t 4 ] X T - l X X
e tslts i
3 +A ] +4A +A
_TI T T:L‘ l s T E l I xr
E2=R[ c 2+ A *[“p Ax“pc ] (6.5.7)
We now have
z+Az =z [ z+A:c r+Azx
. [CTAJ L [_g ik ] + El] + B (65.8)
Since we are analyzing T = Az + B we have
TB+AI‘ & T5+Az g In T5+A:c —In Tg-}'Aw
Now if we set
TEHAT = TEEA 4y [¢hs0 + msso (¢ + Az — 2(7)] (6.5.10)

where

TEHAT = T&o + ksso (z + Az — 2P, (6.5.11)
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then we can write

TE+As T:I+A:: = gaitie, (6.5.12)
and
T5+Ar — T§+A$ d 7ZE'+AI' (6513)

Hence Fq 1s

sl

g (T§+AI _ 7211‘)+A::) + ( z+Az _ 7zg+A:)] ; l:]n (T:I+Az: g 7ZB+A::) —In (Tﬁ+A$ e 725+Ax)

oy 2 Az
(6.5.14)
z+Az_ z+Azx
We note here that £, would have been —g fD—A:C——-] under the T' = A In p+ B structure,
but is not so for the temperature profile we are considering now.
We turn to investigate E3. Eq (6.5.7) can be rewritten as
~TEYA% 4 T2 In p5tA% — In p?
- il
Fese= Bt [ = * 3 (6.5.15)
where we have used the fact that pgrAz = p%. Let us evaluate the second factor, by
considering the two points
T c+Az z(R) T
L= T850 — kgso Az + 7 [2850 + mgso T — ZA] (6516)
and
TEHAT = TEhAT 4 [2ig + meso (¢ + Az) — 25+27] (6.5.17)
We first subtract, and then divide by Az, to find that
T5 - TEHA° 28 — 2587
4| =—k - -], 6.5.18
[ Ar 850 + 7 | —m™ss0 . ( )
and an inspection of Figure 3 reveals that
ZI Ly Z:L'+A:L‘
A Af = - mpz (6519)

is the negative of the slope of the constant pressure plane which passes through the surface

] TE o TEras S -
point | 0 |. In Case I, mgsg = mp= = 0, and kgso = 0, hence ['A_AzL_] = 0, while in
9
T:_T1+A1

z

Case II, mgso = mp+, and kgso = 0 so [ ] = 0 once more. So by (6.5.15), E2 = 0,
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and hence the evaluation of (6.5.2) for the two barotropic Cases (I and II) is summarized
by (6.5.28). However, for the general result, we refer back to equation (6.5.8), (6.5.14),
(6.5.15), and (6.5.18) and write

cy = gmpz + H+(ZB+AI,ZE-+A:C) + M, (6.5.20)

where

(6.5.21)

z+Az r+Az
H z+Ar _r+Azy\ _ —2p + 20
+(zp 7%, 267 ) = —g +

Az

g (T§+AI _ 7zic)+A:v) 3 (T§+A$ " 728-0-131')] []n (T‘:EI-FA:L' 22 7ZE+AI) —In (Tj+A$ e 723+A::)]

Y 2 Az
and )
ln p7" 2% — In p%
My = R [—ksso + 7 [mp= — mgso]] * [ e 5 pA] : (6.5.22)
We find after a similar derivation for c_ that
- r—Azr _r-Azx
c- =g mp + H_ (25 °%, 25 °F) + M_ (6.5.23)
where P 5
=0T =T
H_(z57%%,257%%) = —g [ ’E A: o ] + (6.5.24)

S

g9 (T.’L}—Al‘ _ 7ZE—A1') + (TSxI—Ax = 72;-[\1‘)] |:ln (Tﬁ-Ar _ 7ZE—AI) —In (Tj_Az _ 72;—Ar>:|

o 2 Az
and "
: —Inp% + Inpa =%
M_ = R [—ksgso + 7 [mpz — mgso]] * [ Fa ) il ] : (6.5.25)
In order to reach this last result we made use of
Az z—Az—z(R) z(R)
T58% = Tg 2o~ 4y 2850’ +msso (z — Az — 2(P)] (6.5.26)

and
T = Ty + ksso (z — Az — z(P)), (6.5.27)
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In conclusion, we have found that when T'= Az + B the Corby expression expands as

follows

Gy -
2

1 1
= gmyps + SHy (557, 2845%) + SH_ (5727, 275%) (6.5.28)

for Case I and II; and in general it can be written as

tt ‘2”- = gfgr (6.5.29)

1 1
+5He (5507, 25" 0%) + G H- (2, 55 %)

+ R [—kgso + 7 [mp= — mgso]] *

[ lnpf;'AI —2Inp5 +1In pf:_AIH
5 .

L

(Eq (6.5.29) will be of use when investigating Case III.) To interpret these formulas in
[z

terms of the surface terrain and the point | 0 |, one can employ the following zg"m” =

L 25
2% — mpz Az, and zg"AI = z% + mp=Az. Note that (6.5.28) can be viewed as the sum of
the ideal result gm,s plus a truncation error for Case I and II. (Please see Appendix A.l

for further discussion.) We will show later on in Section 7.7 that (6.5.29) can be similarly

viewed as ideal plus truncation error for Case III.



Chapter 7

Simple Linear Baroclinic

Atmosphere

In this chapter we will investigate the consequences of allowing temperature to vary
under T'= Alnp+ B, + Co(z — I(R)) in Sections 7.1 through 7.6, and then we will consider
T=Az+4+ B, + Co(z — .’L'(R)) in Section 7.7 for comparison.

7.1 Linear Baroclinic case for 7= Alnp+ B, + C,(z — :z:(R))

If temperature varies on the constant pressure planes, we will have what is known as
geostrophic shear which means that the geostrophic wind vector will be different at different

heights. This implies that an isobaric plane with pressure value ¢, for instance, which cuts

(1)
the mountain surface at point 0 will in general have a different slope from that of
Z(z9)
z(9) (
the psso plane at 0 . We will use g [% . to represent the slope
. = psso(z(7))
2850(1(1))

L0+ _ (5-1)

of the pgso plane, and ¢ [ T to stand for the slope of the constant pressure

]p,(z(]))

surface intersecting the mountain in the column of air over (/). We show that

54
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LAit) _ L (i-1) At _ G-
g[ \ QAIQ L,(zm) :g[ 28z ] ! i
[T D) + 6, (in p(J))J + RCo [‘“ g 5 21n4p"’ +1n ng_l)l :
()
where ngl) represents the height of the isobaric plane that intersects 0 , over the
Z(z(j))

(-

point zU+1) and z D for the height of this same plane over the point z(U=1). Of course,

291 is the height of the mountain at the point 2/+1) and z.(q] Y the terrain height at the

point 2=1). We begin by decomposing (7.1.1) into a ’right’ and ’left’ half

[zé, $1) ((]J):l
e = (7.1.2)
Az pa(z(9)
(741) (5) —— (741) (7)
2 =z (G+3) (i+3) Inps " " —Inps
g[ = } + RT(ps )*6r(lnp )+RC'0 [ 7 ],
(9 _ (5-1)
g [—z" il ] = (7.1.3)
Az pe(z(D)
() _ ,6-1) e In o) 4 In =1
g |:Zs Axs ] + RT(p(J 2)) 61; (lnp(J 2)) 4 RCO [ nps ‘;‘ N ps J )

Recall that to find an expression for zyy — zp,, the vertical line segment between U(pper) and
L(ower) heights, we can make use of (3.2.24)

T(pv) + T(pr)

5 ] * Inpy — Inpr].

We direct the reader to Figure 3, and apply this to line segment DC, by recalling (6.1.8)

T(pgﬂ)) ok T( (J+1)) ] , [lnp(1+1) 5 pgﬂ) ]

g zg+l) _ Z(cj+l)] = ;

But note that in this linear baroclinic case the temperature will depend on the x position on

(4) (G+1) _ (J) (4)

the constant pressure surface ps'’. We see from Figure 3 that pg = ps’. Similarly,

pgﬂ) = pﬁf“’. Thus we rewrite the above eq (6.1.8) as

T(p5™) + T (™)
2

g g+l) - Zg+1)] = -

}*[lnp(”l) In pU ] (7.1.49)
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But, since we are currently investigating 7= Alnp + [B(z) = Bo + Co(z - a:(R))], where
the constant C, = (%%) , we see that
P

T (p(g+1)) e ) ol [Bo +C, ((z(:‘) 4 B~ x(R)) o A,)] +C, Az, (7.1.5)
which holds since ng) = g) on the constant pressure plane; this reduces to
T (pi*)) = Anpe™ + [B, + C, (z¥) = ™) + C, As, (7.1.6)
or
POE) =T () s =T (@) sa @

Of course, we also see from Figure 3 that
T (pg“)) -7 (pgm)) : (7.1.8)

and so we have

T () + 7 () T (6¥) + T (p) "
[ — ]z[ T +[°2’”]. (7.1.9)
= (G+1) _ (+1)
[__"D A‘:C J: (7.1.10)

8[|z T el ] 8e ) st -t

g 2 Az g 2 Az

But we can write this as

(341) _ _(541) ST W S e T (4)
[_____ZD e ]:_RT(p£J+2)) v & (n*P) - Ia; [‘“p’ g ] (7.1.11)

Az g 2
z(9)
If we let m,;) be the slope of the constant pressure surface which intersects 0 , the
Z(.’L‘(j))

contour of the hill, at (/) then

y zg‘ﬂ) ¥ zg+1) . Z(Dj+1) _ zg+1) ) zg’+1) _ zgﬂ)
Az Az Az ’
(7-1.12)

r [zé”” - 2f)
m = [T a

Jps(z(j))
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or by interchanging the order of the summands, and multiplying by g, we obtain

(+1) _ ) (G+1) _ ,(+1) (+1) _ ,0) (+1) _ ,(G+1)
> -z 2 -z 25 — 2 z -z
g[q 9] =g{0 B ng[ ]—Q[D C ]’
ps((9))

Az Az Az Az
(7.1.13)
and so
(G+1) _ ,0) (+1) _ () e b 4 (7+1) (7)
Zg — 2 i Zs — Zs (1+5) (J+§)) In ps — In ps
g [_Az ] =g [—Ax ]+RT(ps JEX (ln Ps +RCo 5
p,(z(]))
(7.1.14)
We show in a similar manner, the corresponding result for calculating the slope from the
pla
left hand side of 0 . We see from Figure 3 that
Z(2\9))
) [ [ A
5 Az e Az : Az : =
but this can be rewritten as
-'z_'(Aj) - Zg)q - -____z;j) - zg_l)q B .—zg_l) - Z(Fq‘—l)q (7.1.16)
¢ Az | =3 Az ’ i Az j : o
or ~ . ok - . o = - . - -
zfg) - zg) N 29 = Y g zg_l) - zg_l) (7.1.17)
s | &= |7 = | Az ) : i Az _p
We expand the temperature terms as follows
T(pg™) = Anpe™ + [B, + C, (aW) - Az — 2®))] (7.1.18)
which holds since pg_l) = pg) on the constant pressure plane. Adding and subtracting Az

we find

i (pg—l)) = Aln pf;(m S5 [Bo + Co * ((’f(j) - Az - ‘”(R)) ¥ A"’)] -G, Az, (7.1.19)

and this is then

T (p§7") = Anpz™ + [B, + C, (2 = 2®)] - C,A, (7.1.20)

and so

T (pg-l)) —T (p:w)) —C Ar=T (pg)) ~C, Az. (7.1.21)
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We find from Figure 3 that we also have
T(p(F]—I)) - T( gj—l)) . (7.1.22)

Hence we may write

T(p87) + T (pE ") ] - [T(ng)) + T(7) } A [C" i ] (7.1.23)

2 2 2

We now continue by applying (7.1.4) and (7.1.23) to the particular case

(1-1) (3-1)
L . S B 7.1.24
g [ — ] ( )
_R TEY) + TEY ™) Inp{?) — In pl =) +R [Co Az ] X Inp{) — Inp¥ ")
2 5 Az 2 Az 4
(7.1.95)

and this can be rewritten as

[Zg—l) 24 () (-1)

. =i, j— 2 g = s
] = —RTY D) « &, <1np£’ 2)) + RC, [l“p AL } (7.1.26)

9

Azx 2

Now we use the above result to conclude

() _ ,G-1)
g [__zq i J = (7.1.27)
e p*(z(9)
(7) {3=1) e S ] (4-1) _ ] (7)
25 — 25 ~% -3 nps n ps
Q[ST] + RT(P? 2)) * b <lnp§J 2)) = RCO[ s ) £ J .
In summary, we add a half of each of equations (7.1.14) and (7.1.27) to find that
G+1) _ ,G-1) G+1) _ ,G-1)
zg | —2q |z =2
. [ 2Az } diond [ 28y ]+ (R
ps(2(7))

(7)

(). 2Inps’ + In ps

(7-1)

i+ 1 i ;L pELE In ps
RT(p* ) 56, (ln;oﬁ“”) +RT(pY " ?) x 6, (ln Y 2)) +RCo [ AP ;

and this can be rewritten to yield the desired result (7.1.1).

|
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7.2 Isobaric slope difference

In order to calculate the discrepancy between the slopes of the constant pressure
surfaces at the 850 mb level and that at the surface, over point z;, we differentiate the

hydrostatic equation with respect to x, on a constant p surface (plane)

a 6¢) (6)34) (6)—RT
— =) =(=) = ={|=—) —. 721
dp (61‘ B oz /,0p 9z/y P ( )
We interchange the order of differentiation (as we are assuming continuous second order
partial derivates)
0 6¢) <6T> 1
mmeilfmet | = el &, 22
dp (61‘ g oz /, * P ( )

and integrate in the vertical column of air over point z

[ () < op [ (ZEE) L[E] ey

where we use the fact that the temperature gradient is constant, say Cp, on the constant

(g%)w - <g_i)pg = —R (E;%)p * [Inpr — Inpg], (7.2.4)

%), * 7 (5), s tor sl = (57)
(6:: ", + R e, *[Inpr —Inpg] = ), (72:5)
This becomes

@> (O—T) 6 — In p.(zN] = (?2)
<6x (1) g + R (5 p*[lnpsso(x ) = Inpy(z )] g - el (7.2.6)

Although this is true in the continuous (or analytic case), we will show in the next

p-surface. Now

and so

section that the analog holds (exactly) as well, in the finite difference case, that is

z(j+l) o z(j_l)
J 2

(7+1)
2q — 2

: ‘ (1-1)
] + RCo [ln Pgs)o —In p_(j)] =4 [T] y O(R3.7)
peso(x(2)) pe(z(7))

where we use (%I) = Cp. But since we have seen in Eq (7.1.1) that
P

r
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40 _ G- a6 6 -
g Az Nk 2Az

ps(z;)

R[T(pﬁf)) + &, (In pﬁf))J + RCo

I:lnp(’+ ) 21np£j) + lnpgj_l)]
4 )

we can combine these two equations into

(5+1) _ (5-1) : 4] (7) ] (7+41) —-92] (7) 1 (1-1)
g [—z ey } +Rco*[lnp£’5% £ ]—RCO R fle g Dle..| -
T 4 4
peso(z(2))
(7.2.8)
(741) (7-1)
g s | () (7)
Q[T] +RlT(p ) * & (lnp )J
ps(z;)
and so
—_ ] (74+1) g) 1 (4=1)
bz ( (8]5)0) + RCo 1“Pss.o - RCo [ == o 2]n4p vkl = (7.2.9)

g6 ((J)) < R[T(pm) . 5. <lnp(1))J

However, since pgso is a constant pressure plane, we can use the fact that the average of a

constant number is that number itself, and so In pgso(z) = In pgso(z) to conclude that

o () ) - ) = () + 2 - o)

(7.2.10)

We summarize this as

6 (ds50(2)) + RC, lln psi‘z())] :(6:@) + R (@] +6: (nps(2))) . (7:211)

where we denote the initializing plane pgso. If we rewrite (7.2.6) with the right hand side

expanded with ¢ coordinates we will have
o &) | = ¢s(21) G) dln py(z19))
(32),  +RCo [mpssola?) ~npz0)] = (BT +R T [ou(e)] | S
(7.2.12)

Subtracting (7.2.11) from (7.2.12) produces the truncation error, since (7.2.12) is an identity

Pgso(2(1))

for the continuous version, and (7.2.11) is an identity for the discrete analog of it. Because
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the 850 mb surface is a plane, we know that (% — bz (¢g50(x)) = 0. Thus the
Pgso(z(4))
truncation error is

Inps(z + Az) — 2 Inps(z) + lnp,(z-—Az))

RCO( 2

(7.2.13)

which for fixed Az is roughly proportional to the curvature of In p,. We can see one effect
of this by inspecting Tables B.41 and B.59. Evidently, the discrepancy between the analytic
and finite difference computations of the v-component (ie Eq (7.2.13)) is smallest halfway
up the hill, where the curvature or second derivative of a cosine hill changes sign and p; is

approximately a linear function of x.

7.3 A finite difference analog

At this point we wish to show that the analytic equation

()., - (), =4, v

has a corresponding finite difference form. We denote 850 mb values by | ]psso, and values
(7)
z
taken on the tangent to the mountain at point 0 by [ 1, -
Z(z(j))

We will now derive the following equality, which can be viewed as a finite difference
analog of Eq (7.2.6)

g |:zl(]j+l) —zg_l)] =5 [z(Lj+l) —zg—l) lnpU—Ian]
psso(z;) Ar pa(z(?)
(7.3.1)

It is an expression for the difference between the slopes Uy Uy Us and Ly Ly L3 when

:—RC(] Al*[

2 Az 2 Az La )

temperature on constant pressure planes is given by T'(z) = Aln(p) + B, + C,(z — z(R))).
We split the left hand side of (7.3.1) into two parts

[ (7+1) () [,0) (i-1)7
i z -z zy) — z
1 [g U U ] 341 % U

— (7.3.2)
Az AT ] Peso(l‘(J))J

P850 (z(]))

1
2

WEAREY ) =]
4 T P T |
pe(z;) 4 PS(I(J))

L

and recombine terms to obtain



j+1

Figure 4. I\‘Ieasuremeut, of const

: 5
ANt pressyre plane slope differep ce due to (-;Z:) =1G3!
P
In 3 barochmc atmos rhere, an isobarje 5€0potentia| gradient 4¢ one hejght sa
| 5£0] 8 )

Z;

L | = 0 n general i not he (he SAMe as that g another height. for Instance,
) (o) (o]

%5

z;
Uy | = Ueik. for.a fixed x.

U

J
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2 . - :
% [g [M] i [M} } + (7.3.3)
& paso(2() & pa(z()

L[ ) _ 6
2 ¢ Az iy Az "
PB.';O(T(“")) p,(z(]))

which can be rewritten as follows, using the notation of Figure 4

1 [ La+1) —z““)] zg:l)_zg:l)}}
5|9 ——= 1| +

Us U,
Az Az

(4+1 +1 (4+1) (4+1)
llg 0 >}_g 0 _ Y ” o
2 Az Az ! o
We will study this expression in the form
% [Uu+§) _ LG+ L pl-h Lu—%)] , (7.3.5)
where
e B z[(JjH) - zg+1) Z{(Jj:l) ok zg';l)
JT3) - UT3) — B RS S e 7.9,
U 2 L 2 g e y e ( 3 6)
and
L= L G-1)] -1 _ L G-1)
pli-2) LU= = % 4% % ' (7.3.7)
z
S L+ (G+1) L h [L(+1)_,(1+1) 4 Ses ) (=t)
Wlth Ofcourse U(]+§) =g ._Uﬁ.m_l‘ﬁ_ : L(J+5) =4 .EZTLL ’U(]_'Q') =g _UITU‘L_

. (3=1)_ _(3-2)
and LU-3) = g [Z—Lﬁri’ﬁ—] . We will establish the main result of this section by deriving

-1 [+ - L6+)],

Liy6-d _ LU-9) = -k [Co AI] A [ln(pu) _]n(PL)]
2 2 Az ps(@)
(7.3.8)
after which we will add the average of (7.3.6) and (7.3.7) to obtain (7.3.1). We start by

noting that pgjl) = pgl) = pV on the constant p plane (in Figure 4) and so
T (o) = A (p5°) + [Bo 4 Co (¢ 4 Az = 2®) — A2)]| + C, Az (7.39)

becomes

T (st = Al (55™) + [Bo +C, (29 = 2®)] 4+ ¢, Ac, (7.3.10)
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or
T (pg) =T (55) + G Az (7.3.11)
However, since pg:'l) = p(le) = pr, on the lower constant pressure plane,

T (p(Lj:l)) = Alnp?™ 4 [Bo +Co (=9 + Az - JD(R)) 5 Az)] +C, Az,  (1.3.12)
and we have by analogy to (7.3.10) and (7.3.11)
T(pg) =7 (vf)) + Co A=. (7.3.13)

We now apply (7.3.11) and (7.3.13) to

oot L) _ L G+1)
pits) =g |2 __Is | — _ R

] , (7.3.14)

Az 2 AT

T(Pg:l)) + T(P(LJ:I)) :l " [lnpU —Inpg

and so obtain

(4) ()
pUh = _p T(py’) + T(pr’) 4 [ lnpU—lan] _RC, Az # []npU—lan] -
2 Az Az
(7.3.15)

But we also have
zg;) p ! Z(le)
Az

LUtd = g

(9) (3)
A4 T(pU ) + T(pL ) [ In s — In pL]
e [ 5 S e 30

Therefore we can calculate the difference as

(7+1) _ ,(+1)
ZU3 = ZU2

1 ! 1
e S e TG
2 [U A e g ] ) 2 Az

2 Az

o[ -

[—_RC;" Ar] * [ —lnpUA_zlan] , (7.3.17)
and can also show in a parallel manner, that
{i-1) _ a=1) (5-1) (1-1)
k [U(j—%) = Fi=% ] =g v, T U = o P Lt
2 2 AT 2 A
[——”RC;" Ax] " [ ——l"p”A_x]an] , (7.3.18)

and so (7.3.1) follows by adding (7.3.17) and (7.3.18).
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7.4  Analysis for o levels above the surface

We consider the temperature structure 7= Alnp+ [B(z) = B, + Co(z - z(R))} where

(%)p AR (%i:),,' (7.4.1)

We now derive what this implies for ¢ on the o} surfaces, by starting with (3.3.14), namely

O (m) = &g (d)—_,(z_))

|
=2
|
L

.,.
Il
>

[(&c (A (o1 # 7)@)]) + 6: (A [(or * pa)(@)]) + b2 (2B(2))) * In (E)J

ol

1
+ R6 (AT on * p)@)] + B() * In (?) .
However, since B is now a function of x, we expand the above equation, (3.3.14), to obtain,
instead of (3.3.15),
6 (2x(2) = 6 (3:(2)) (7.4.2)

[5x <A1“01+1(1‘) + A lnps(x)) Vi (ﬂ) ]

gl

V85 [ ()« (22)]

+ 35 5= (7T o (%)

i=k

+ R 6, (A Ino,(z) + A Inps(z) + B (x)) * In (%)

But because a difference operator of a constant evaluated on a constant o surface yields a

zero result, we can rewrite this as

6 (@) ) = 6 ( %.(2) ) (7.4.3)

1

e B [ () + (2] 25 [ () - (22

=k

[5x (2B@)) = 1n< ;‘)] + R(A b (5:(2)) + 62(B(2)) * In (U—ln)



We combine the second and third terms on the right, to arrive at

6. (x(2)) = & (:(2))
+RAZ[ (7e@) « i (2
+R§[ B(x)) *1(’“)

+ R (A6, (Inps(2)) + 62 (B(z))) # In (%)

)
|

Since In (%) =In(01+1) — In(oy), the above equation may be written

6 (9x(2) = & (6:,())

+ RAY [6: (WD) + (n(ouea) — In(a0))

=K

n—1
+ R[5 (B®@) + (o) = inen)]
=k

~ R (A5, (np,(2)) + 8 (B(@))) * In(ow).

The telescoping nature of the sums leaves us with

6 (3:(2) = & (.))

+ RA 6, (lnp (1‘) * Inop(z) — RA G, (m) * Inog(x)

+R6: (B () * Inow(z) — Ré& (B (2) * o)

— RA &, (lnps(:t)) * Ino,(z) — R6, (B—(IT)_) * Ino,(2),

which can be compactly written as

66

(7.4.4)

(7.4.5)

(7.4.6)

bz (m) = b (m) — RA Inoi(z) * 6, ( [ps (:::)]) — R In[ok(z)] * 6, (B_(:L'))

But because evaluation is on a constant o surface we have

(7.4.7)

6 (26(@)) = 6 (?s(2)) = RAW[ox(@)] * & (0 [ps(2)]) - R In[ox(2)] + 6 (B(2))-

(7.4.8)
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We now take a moment to show that

bz (Wz)) = 6 (d)o(a:)) - R ([T(2)] # 6 (Inps(x))) + R C, [m i"—(?} (7.4.9)

We start by applying the average operator and the difference operator to the expression
for ¢,(z), given by equation (3.3.7), but with B(z) in place of B,

6 (%.(2)) + %RA 6. (In2po(x) — W2 py(z)) + R 6 (B(x) * (npo(z) —Inp,(2)) ) -

(7.4.10)

Equations (7.4.10) through (7.4.17) are all expressions for 6, (¢s(z)). Since p, is constant
(7.4.10) becomes

6 (4o(2)) - %RA 6 (In? ps(2)) +R 62 (B(z)) #In po(2)— Rz (B(z) + Inps(2)) - (7:4.11)

We make use o Appendix C in the second term and Proposition 1 (derived in Section 7.5)

in the last term to obtain

bz (050_(1)) -RA (ln [ps(z)] * 65 (In ps(z))) + R 6 (-E(—:c_)) *Inp,(z) (7.4.12)

-R (B(:r) * b (lnps(z)))

Inps(z + Az) + Inps(z — A:c))
5 :

At this point we split the last term into two halves, and then add and subtract another

_RCa (

selectively chosen expression to arrive at

b (30(@)) =R A (n[ps(2)] + bz (In ps(2))) + R b2 (B@)) * Inpo(2) (7.4.13)

n (B(x) * 6, (lnps(ﬂf)))

C, (lnps(x+A:t) + ]nps(x—Ax))
IR
2 2
Co (lnps(:r+A:c) + lnps(:r—Ax))
-] =2
2 2
& lnps(:r))
+2R 5 (-———2
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After gathering like terms, we find that

5 (m) “RA (ln [Ps(2)] * 62 (In [ps(x)])) +R6,; (?(:T)) *In p,(z) (7.4.14)
-R (B(x) * O (lnp,(x)))

Go (lnp,(:r-{-A:r) — 2Inps(z) + lnps(z—Az))
—R =2
2 2
Inps(z + Az) + 2Inps(z) + Inps(z — Azx)
-R C, 9 i

We now make use of Proposition 2 derived in Section 7.5 in absorbing the middle two terms

from above, and then rewrite the last term to arrive at

6: (?o(2)) = R A (In[ps(2)] # b (Inps(2))) + R C, Inpo(2) (7.4.15)

R (B(2) + 8 (Inps(x)))
—R Co (lnps(r)) >

This yields the following by use of the fact that p, is constant

by (m) - R ([Alnps(r) + B(z)] * 6, (Inps(:r))) + RC, (Inpy(z)) = RC, (Inps(z)) .

(7.4.16)

We now employ the definition of 7', and combine the last two terms to find

b (Wz)) — R ([T,(2)] # 6 (In ps(2))) + R C, (Inpo(z) —In Ps(3)) (7.4.17)

Finally, we use a log property to arrive at (7.4.9)

6: (2(2) = 6 (2(2)) - R ([Ts(@)] * & (inps(2))) + R G 0

In po(z)jl ,

which is the conclusion we sought.

We recall equation (7.4.7), rewritten as

6: (3:@) = 6 (4:(2)) = RA[ok(z)] * bz (nps(2)) — R Co Inox(z), (7.4.18)

or more usefully as

6: (3:(@) = 6:(4:(2)) = RAW[ox(x)] * bz (Inps()) = R C, In[ox(2)].  (7.4.19)
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Substituting (7.4.9) in the first term on the right side of (7.4.19), we now find that é, (¢k(x))

18

6: (9e(2)) —R ([A(nps(2) + In0x(2)) + B(2)] * &z (Inps(2))) +R G, [mw —lnak(x)] .

ps(z)
(7.4.20)

This is

Oz <¢o(r)) =R ([A (In[ps * ok] (z)) + B(z)] * 61 (lnps(x)))+R Cs [lnpo(z) —In(ps * a’k)(:r)J ,
(7.4.21)

which i1s

6: (4()) = R ([A(npe(2)) + B(@)] * 6z (Inps(2))) + R Co

Po(2)
In pk(:r)} ; (7.4.22)

Finally

In p—)} . (7.4.23)

b (3(@) = 6: (3:@) - R (@) * & (nps(2)) + R Co ngﬂ

We conclude that, in a linear baroclinic atmosphere we have on o level k

o (#5(2)) + R (Tk(2)]* bz (inps(2))) = 6 (4,(2)) + R Co [ln ;%] . (1.4.29)
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7.5 Supporting propositions

Proposition 1

6: ((Bo + Co(z — 20) * Inpa(z)) = (7.5.1)
—_— In p, A Inps(z - A
(Bat Cole—2.)). % b (lnps(:r)) + G ( nps(z + :c)-; nps(z z)) _
We start with
6: (B Inps(z) + Co (z = 20) *Inpy(2)) = (7.5.2)
B, &, (Inp,(2)) +
& Az Az g Az Az
be (7(1 + 5= %) * Inps(z+—-) + (2 — 5 —2o) * Inps(z - T)) :
Expanding the difference operator as it pertains to the second term of the RHS of (7.5.2)
yields
Co [(x+Ax—1z,)*Inps(z — Az) + (z — z,) *Inps(z)
=2 (7.5.3)
2 Az
Co ( —(z—2z,) * Inps(z) — (z— Az —1z,) * Inps(z— Ax))
+=2 :
2 Az
Now collecting the 2 — z, terms implies that
Co it (]n ps(z+ Azx) + Inps(z) — Inps(z) — Inps(z — A:r)) ’ (7.5.4)
2 Az
or
Co (2= 25) %6, (Tnpe(2)) - (7.5.5)
Gathering the Az terms in (7.5.3) gives the expression
s 1 S =
c, ((Az)* o (”A“)QZ nps(z A’)). (7.5.6)
z

Observation of (7.5.2), (7.5.5) and (7.5.6) allows us to conclude that Proposition 1 is valid.
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Proposition 2

(Bo + Co(z — z,)) * 6z (Inps(z)) = (7.5.7)

Inps(z + Az) —2 Inps(z) + Inps(z - A:L‘))
y ;

(Bo + Colz = 75)) + & (Inp,(2)) + co(

We start by noting that

(Bo+Colz—20)) # 6:(nps()) = (Bo+Co (z-125)) *+ 6 (nps(x), (7.5.8)

which is

B, 6z (Inps(z)) + Co(x — zo) * 6z (In ps(z)). (7.5.9)

The first term can be written as

B, b, (Inps(2)) , (7.5.10)

however the second term

Co(z — z,) * 62 (In ps(2)) (7.5.11)

requires applying the difference operator, which yields

Inps(z + %5) — Inps(z — -‘%)

7.5.12
o ( )

Co(z —z,) *
Now expanding the average operator in (7.5.12) leaves the following

Co(z + %~ 20) Inpu(z+a2) ~npy(z) Co (=5 = %) Inpy(z) = Ip(z = An)

2 Az 2 Az
(7.5.13)
Collecting z — z, terms, we have
9 (e ip ¥ (lnps(x-I-Az) — Inps(z) + Inps(z) — lnps(z—Ax))’ (7.5.14)
2 Az
which is :
Co(z — z,) * & ( lnps(:z:)). (7.5.15)
We gather the % terms to find
Co Az Inps(x + Az) — 2 Inps(z) + Inps(z — A:z:))
— | — 5.1
= (55« ( - . @s19)

and this completes the proof of Proposition 2 on the basis of (7.5.10), (7.5.15) and (7.5.16).
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7.6  Analytic I_/:, when T = Alnp + B, + Cy(z — )

Since we wish to compute the surface geostrophic wind via finite differences of surface
temperature and pressure values, we should have, in addition, a method to calculate an ex-
pected geostrophic wind as well. Although it is not possible to have one analytic geostrophic
wind (g-wind) vector to which the Corby finite difference scheme will converge under both
temperature profiles (as we will show in Sections 7.6 and 7.7), we can derive the analytic
g-wind vector for the T'= Alnp + B, + Co(z — x(R)) temperature structure based on the
thermal wind equation (2.7.11), and will do so below. We will then derive the analytic
g-wind vector for the T' = Az + B 4+ C,(z — x(R)) atmosphere in the next section, and
in an experiment will compare the discrepancy between the analytic and finite-difference
computed g-wind components for each of these respective temperature profiles. We start

with the thermal wind equation (2.7.11)
(
- v
A7 = 5 (375
Olnp ~ f |\, |’
0

Now because T'= Alnp + B, + C,(z - x(R)), then (%g—) = C,. Furthermore because we
P

have been isolating our analysis throughout the thesis to the x - z plane, we set (%"5) =10
P
(Note however that computations in the experiments are performed for x - y - z space.) We

can easily integrate (2.7.11) from the surface to the 850 mb pressure level to obtain

0

- - R P8s0

V.qsso T Vys = }-_ ii (%%)p *In Ds . (7'6'1)
0

We see incidentally that the effect of letting temperature vary with x appears in the v,

component,. Vg, can now be calculated by

Ug, Uggso 0
A B P R ?(%%)p*ln% . (7.6.2)
0 0 0

We state the following as the analytic surface geostrophic wind components :
Ug, = Uggsos (7.6.3)

R/OT
o, = Voo + ($> +In p;"’o. (7.6.4)
V4 S
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7.7  Analytic I—/’g when T'= Az + B, + C,(z — :z:(R))

Let us determine the shape of a constant pressure surface of value Q mb, say pg, above
and below that of pgsp when temperature varies linearly with height, in the vertical. For

X

every x on such a surface the ratio [59—] clearly must be constant. Hence we can let
850

, PG g 13
=ln|——| =—=—In|—7 .1
2 ! [Pgso] Ry 4 [Tgso ( )

where the second equality follows by analogy to (4.7.9). Employing (4.4.4) and an equation
similar to (4.6.1) with z{ replaced by zg(z), we may write (7.7.1) as

o [ ks 2] 49 [(ED + maso )~ z0(2)] —
J =1 ; ol
R7 Tgs(g) - k350 x
If we set
R~y
ky=es (7.7.3)

where k; is unrelated to kgso or I::, then by multiplying (7.7.2) by %Z and taking the expo-
nential we obtain
z(R)
ky [T85: + ksso -’B] =
2(R) 2(R)
[Tsso +7 2850 ] + [ksso + 7 mss0] = — 7 2Q(2). (7.7.4)
Solving (7.7.4) for zg(z) yields

1-k1]

«(R) | (R 1-k
2Q(z) = [[ TSS(? + Zség] * [msso % [ E 1] ksso] z, (7.7.5)

and we see that the constant pressure surface pg intersects the x - z plane in a straight line,
R

i
with the slope of this isobar being mgso + [%1] kgso where k; = [;E-f;] * from (7.7.1) and
z
(7.7.3). (Since this argument is independant of the y-component it will hold in the | ys

z
plane for any fixed yy, and because the pgso surface is itself a plane, we are then assured

that the pg surface will be a plane as well.)
We will now show that the limit to which the Corby expression converges under the

temperature profile discussed in this section is gmy= where my= is the slope of the isobar
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T
which passes through the point | y; | with Z(z) the height of the mountain at x. We
Z(z)

refer the reader to Figure 3 (where we will focus our derivation around surface point 2%),
and begin the proof by restating the result found in (6.5.20) written, with the substitution
of (6.5.22), as

z+Az _z+Azx In pz+Az lnpi
cy =g mps + Hy (25777, 2677%) + R [—ksso + 7 [mps — maso]] * 5 :

For convenience we repeat (6.5.21)

+

z+Azx r+Azx
H z+Az _c+AzT\ __ —Zp + Zc
+(zZp %257 ") = —g A

(T:I+Ax - 7zf)+Ax) + (Tst:cl+Ax 1 8 7zé+A’)} [ln (T:tI+A:: o 7ZB+Aa:) in

(T\;+Az o 7zé+Az)
; 2 Az ] :

Clearly from Figure 3

1 ]an+A.’L‘ In Pﬁ <)
A‘;Ezo[ 2 32 iR

and so the last term of Eq (6.5.20) vanishes in the limit. Thus our main concern will be the
second term of (6.5.20), which we will study as it is expressed in (6.5.21) and will use the

following notation

Jim Hy (25 P il £ Jim Hy+ lim Hy o+ lim Hy. (7.7)

We note from Figure 3 that that 25 = Z(z), 254" = Z(z + Az) and 58T = Z(z) +

myp: Az, and so we can calculate

[2(z + A2) + Z(2)] + [2(x) + mypz Az — Z(2)] _

g [Zl(x) - mpg] ,

lim Hi = lim —
a]cr—r.lo ; ;TO g Az

(7.8)
We investigate the factors comprising the second term of Eq (7.7.7) :
( z+A.’v Ll I+A.’L‘) %+ (T1:+Aa: <. 7Zé+AI)
lim Hoy = g lim [ ] = ET:: (7.9)
Az—0 Y Az—0 2 )

where Eq (6.5.10) has been used to derive the limit of Eq (7.7.9). Also

In [Q(z + Az) = In Q(x)] = In [R(z + Az) — In Q(’”)]J (7.10)
Az

lim Hoy = lim
Az—0 Az—0
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where
Qz + Az) = Tgg + ksso (z + Az) +7 [0 +msso (z +Az) — Z(z + Az)|, (7.7.11)

and of course
.’L‘( R)

Q(z) = Toa’ + ksso =+ [zg‘ég’ + masp T — Z(:c)] , (7.7.12)
with

R(z + Az) = TSIS(:) + ksso (z + Az)+ v [zgég) + mgso (z + Az) — [Z(z) + my A:c]] !
(7.7.13)

We use the fact that the In function is continuously differentiable, along with an application

of the chain rule, to conclude that

ksso + 7 [msso = Z’(z)]

. InQ(z+ Az) - InQ(z)
Pt [ Az ] = e 2(R) ¢ R4
TSSO + kgso T + 0 [2850 + mgso T — Z(I)J
By a similar argument we can state that
. In R(z + Az) — In Q(z) ksso + 7 [msso — mpg]
Al}cr_r’loli e ] = — 5 =, (7.7.15)
Tgso + ksso = + [2350 + mgso T — Z(-’l?)]
Hence
7 s = 2@y [meso = my) _ 7 [21@) + ] (7.7.16)
Az—0 2T Tz T: 0 T ’ o
and so we have obtained from (7.7.9) and (7.7.16)
dim Hay s Hyy = g [-2(2) + my] . (7.7.17)
Overall, we then have from (7.7.7), (7.7.8) and (7.7.17)
: z+Azr _z+Azx . : 1 =
A B 0 e o b o Bl i, s =
g [Z'(x) - mpg] +9 [—Zl(z) + mpg] =0, (7.7.18)

and referring back to (6.5.20) we conclude that

AliToCJr = giMys. (7.7.19)
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It can likewise be shown that limaz—oc- = gmyp= , and so
e eries
SR | Sl
o B

We will now find an expression for the m,: reported in terms of surface temperature
and then one based on surface pressure. In the process we will verify what was suggested
in (7.7.5) regarding this slope.

Since we are studying the constant pressure plane pg, we have

T T= T:r+A:z:
h=ln|2e =Ly |9 =Ln|2 | (7.7.21)
Pgs0 Ry Tgso Ry Tes6°"

This tells us that

N {[Tgsf:)'*ksso 2|+ [(z856 + maso x)—ze(r)]J
w—
)

= -
R Ty + ksso 2
g [Tg"s((?) + ksso (z + Az)] + [zgég) + msgso (z + Az) — zg(z + A:c)] (7.7.22)
—In o4
Ry Tgl‘é(})l) + ksso (1‘ + Al‘)

Equating the arguments of the In functions, and letting 2g(z + Az) = Z(z)+ mpz Az where
z

Z(z) 1s the mountain height, and pg is the pressure at [ 0 |, leaves us with

i
ZA

5 [Tf(sf(i)) + ksso I] * [msso e mpa] Az =

(
7 ksso [(ngg) + mss0 ) — F(x)} Az. (7.7.23)
We now find that
ksso } 2(R)
mgsg — Mpz = | —z————| |2850 + ™850 T — F(I) : (7724)
PQ [ sz:s(g) b k850 > [ 5 ]

If we now write pg, as py, we then are left with

mgs0 — Mpz =

1 ksso 2 -

— |———| [y2z850 — 23] . 7.7.25
5 [Tgs(éq) + ksso - [7 850 — 7 s] ( )
Making use of the definition of Tg;,, and then adding and subtracting appropriate terms,
we obtain

megs0 — mpf =



"

1k " 2(R) o z(R)
7 [ngfo] e H 8s0 7 [2850 + mss0 T — st - [T§:50+7 [2850 + mgso = — ngo“] :
850
(7.7.26)
We see that
I [&
mpz = Mgs0 — — [ iso] * [T — Tgsol (7.7.27)
850
or multiplying by g we obtain
T.’L‘
gmpz = gmgso + £ #50 [1 - T: ] ) (7.7.28)
7 850
and when converted to pressure terms we have
g A
gmypz = gmgso+ = ksso |1 — [ == ] : (7.7.29)
7 Pgso

Putting together our last two results: (7.7.20) and the preceding equation, shows that the
Corby formula will converge to gm,z, with numerical value provided by the right hand side
of (7.7.29). We also note that this analytical result might have been inferred from (7.7.5).
The reader is referred to Appendix A.2 for another derivation of the fact that the Corby
scheme converges to (7.7.28) .

Incidentally, dividing (7.7.29) through by f will yield the v-geostrophic wind component

z
at 0
Z(z)

g g g iy

}_-mpf = ?msso Sl 7_f kgs0 [1 - @] : (7.7.30)
This 1s - .

g (or 1
Uga = Vg2 +—(—> *[1— s] 7.7:31
s O A s

or, in term of pressure

R

R <6T) [pf ]—}
Vgr = Vgz. =+ — | — ¥ |[1—-|—— . T0.32
o i f \oz P850 ! P850 ( )

A similar result can be found for u,, where (7.7.32) will have an equivalent form except
the v’s will be replaced by u’s and the x’s replaced by y’s. Since we have decided to set

(%%)psso = 0 we will obtain for ug,,

Hy. = Gy (7.7.33)
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At this point we will show that indeed, these are the analytic surface geostrophic wind
components for the case we are studying in this section.
To find the temperature variation with x along an isobar p = pg, we differentiate (7.7.4)
and then use (7.7.1), (7.7.2) and (7.7.3) to find
5

%l
oTZ p:r
( Q) = ky ksso = ksso [ 2 ] ' (7.7.34)
P=PQ

Oz Pgs0

Therefore, by integrating the thermal wind equation (2.7.11) (as it pertains to the v-

component only) we have

R
R [P=psso [T dp R [P=P8s50 p ‘;1 dp
=t 7 [ 5], S et 7 l’“ s | 01

=Ps 850

and so
R =Ry
Vg3 = Vggy, + Fhsso [pesol T+ /p (]

This simplifies to the following

=Ry [[Pss.o]%1 - [Pf]%Ij| _ (7.7.57)

R
Yoz = g5, T+ 7 ksso [pgso] ¢ *

Finally, we have

Ry
g ps ]
Vgz = Vgz. + — kgs0 1—[—] 3 7.7.38
Sl ot S [ PEs0 ( )
and so the analytic result for this case is then
Tf
Vgz = Ugz -+ i kgs0 [1 = [ _,: ]] - (7739)
1f 850
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7.8 Numerical results

From Tables 4 and 5 below, one can see that the truncation error is smaller under the
T = Alnp + B, 4+ Co(z — 2 profile than that for T = Az + B, + C,(z — (), at each
height, and for both kgsg factors.

lfowever, the error roughly doubles (for either distribution) when the baroclinity factor
kgso doubles.We take note that, as was shown previously, there is an analytic truncation

error for the T'= Alnp + B, 4 C,(z — 2(1) case, here (see (7.2.13)).

Mt MVD MAX MVD MAX

Top T=Az4+B|T=A2+B | T=Alnp+B |T=Alhp+ B
5000 m | 0.01542758 | 0.55813387 0.00800488 0.27240320
4000 m | 0.00917657 | 0.31426375 0.00634361 0.21759538
3000 m | 0.00548133 | 0.18007625 0.00471451 0.16294712
2000 m | 0.00325935 | 0.11465569 0.00311544 0.11007571
1000 m | 0.00158277 | 0.05851451 0.00154451 0.05786726

Table 4: Mean magnitude (m/sec) and maximum of vector deviation from expected V‘g_, for

baroclinic case with (%ZT) =1.0%107°C°/m
P

Note that B(z) = B, + Co(z — ) with C, = (

v—)p = kgso

Mt MVD MAX MVD MAX

Top T=A24+B|T=A24+B | T=Alnp+B |T=Alnp+ B
5000 m | 0.02059560 | 0.72353997 0.01598677 0.65080601
4000 m | 0.01426472 | 0.48102181 0.01266937 0.45898628
3000 m | 0.00985721 | 0.35201274 0.00941601 0.33273572
2000 m | 0.00636065 | 0.23045890 0.00622244 0.22144827
1000 m | 0.00315656 | 0.11912680 0.00308490 0.11780949

Table 5: Mean magnitude (m/sec) and maximum of vector deviation from expected Vg, for

baroclinic case with (%%) =2.0%107°C°/m
P
Note that B(z) = B, 4+ Co(z — x(R)) with C, = (%%) = ksso
P

Tables B.37 - B.45 (in Appendix B) detail computations of surface geostrophic wind
vectors for (%) = 1.0+ 107°C°/m when T = Alnp+ B, + Co(z — 1.(’{)) and tables
1\

B.46 through B.54 for T' = Az + B, + Co(z — ;r(")). Note that since we set (%’;) = (),
P

there was no accompanying analytic truncation error (although there was some due to
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calculation performed on a finite precision machine, or machine error for short) when 7' =
Alnp+ B, +Co(z —2®) in the u, component (Table B.39), whereas there was analytic (as
suggested in (6.5.29)) in addition to machine error for T'= Az + B, + Co(z — z(®)), shown
in Table B.48.

Tables B.55 - B.63 show results for (gg)p = 2.0%10"%C°/m when T = Alnp + B, +
Co(z — zP), and B.64 through B.72 for T = Az + B, + Co(z — z(®)). Note that once
again when the baroclinity factor is zero in the y direction, analytic truncation error is
non-existant when T'= Alnp+ B, + Co(z — :c(R)). Hence Table B.57 exhibits only machine
error. However when T'= Az + B, + Co(z — z(R)) the results shown in Table B.66 have a
contribution from both of these types of error.

The analytic geostrophic wind components for 7= Alnp+ B, + Co(z — :c(R)) are given
by (7.6.3) for u and (7.6.4) for v, and for T = Az + B, + C,(z — () by (7.7.33) for u and
(7.7.32) for v repectively. These equations are used to generate tables B.37 and B.55 for u,
and B.40, B.58 for v if T is a function of p in the manner indicated above. However, when
T is a function of z (as previously specified), the associated u components generated, may
be found in B.46 and B.64, while the associated v components in B.49 and B.67.

Since there is a temperature gradient on the pgso plane, the thermal wind equation
(2.7.11) has been used to show that there will be different analytic targets for the two
temperature structures. In comparing the two we conclude that when 7" = Alnp + B, +
C,o(z —z(R)) the Corby calculated geostrophic wind components are closer to their expected

values than is the case when T = Az + B, + C,(z — z(R)).



Chapter 8
Summary and Conclusions

In this thesis we have developed a derivation that shows if one wished to pass from the
continuous hydrostatic equation to a discrete version of it, one method of doing so would
be to use a temperature structure of T = Alnp + B along with the discrete hydrostatic
equation (3.2.24)

_ RIT(pv) + T(pw)]

5 * [Inpy — Inpr)

¢(pv) — ¢(pL) =

where py and py, are upper and lower pressure levels. This combination was used to verify
that the Corby finite difference scheme for computing the horizontal pressure gradient force
in o coordinates is accompanied by zero analytic truncation error when an atmosphere is
at rest.

We extended this result to a barotropic atmosphere in which a wind was present because
of the tilt in the slope of the initializing p, plane, and explained with a geometrical argument
how a finite difference scheme making use of only surface temperatures and pressures could
represent the isobaric geopotential gradient (equivalent to the horizontal pressure gradient
force). We further derived an expression for the analytic truncation error that ensues for
T = Az + B computation of HPGF, originating from a geometrical analysis.

We concurrently conducted a numerical experiment in which we compared the com-
putation of geostrophic wind under the temperature profile mentioned above, with that
of T'= Az + B, which is an ostensibly legitimate alternative in that it satisfies the ana-
lytic hydrostatic equation, and was shown to converge in the limit to the same result that
T = Alnp+ B geostrophic wind components did. However, since this temperature struc-

ture was not consistent with the discrete version of the hydrostatic equation which was

81
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implicit in the Corby scheme used for this calculation, it produced worse net (analytic plus
roundoff) truncation error than 7'= Alnp + B did in each case considered. An expression
representing the analytic part of this error was derived, both with a Taylor series expansion,
and separately by a geometrically motivated study.

Furthermore, we showed that the combination of A lnp+ B temperature structure with
the Corby finite difference scheme could be used in a simple linear baroclinic atmosphere,
but for which there was some associated analytic discretization error, and for which we gave
a formula which exhibited a Laplacian form.

Overall, the results of our analysis supported by the outcome of the numerical ex-
periments, indicated the necessity of choosing data consistent with one’s finite difference
equations and not just consistent with the continuous equations. In particular, it was shown
that T'= Alnp+ B is a more suitable temperature structure for the Corby finite difference
scheme than is 7'= Az + B to compute HPGF in o coordinates.




Appendix A

Supplementary derivations

A.l1 T = Az+ B is not consistent with the discrete hydro-

static equation
We have from (3.2.24) that when T'= Alnp+ B
T + Tx =
glsf = 1) = —R [TEL| + Inpfy ~ Ing)

for upper and lower levels, U and L. Furthermore, if we choose U to be the 850mb level,

and L to be arbitrary, we then have
T T RA T I T T
Jegso) S UEER= T [(lnPsso)2—(lnP )2] — R B [Inpgso — Inp”] (A.L1)

for z fixed. This then implies

B RA N2 RB T RA & 2 RB ¢ z ] 1‘]
0= % [(lnP ) ] g (Inp®] + H % [(lnpsso) ] + p [In pgso] + 2850 — 2
(A.12)
or
0=oc1 [np®)® + e [Inp®] + c3(z%) (A.1.3)
where
RA
c1 = _E’ (A14)
B

83
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and
RA RB
() = [[3 [tnre? ] + s+ du] -] (A19)
Solving this quadratic equation yields
1
= ; s 2
Ingt = —2tlesl — dnes(d)] (A.17)
261
1
alagi el 2
npz = —2= [0 —darcs(@)]? (A.18)

261
However, by comparing temperatures at the 850 mb level to those below it, it can be shown
with simple algebra that the appropriate branch to choose is the negative one. Hence

—62-[C22—4°163(2)]§
Pla)=ce %5 . (A.1.9)

and differentiation with respect to z (with z fixed) produces the pressure profile for this

case,
%
a z =1 -52—[522_4C1C3(2i
p@EZ) = [— [C22 —46163(2)] T] xe 2¢) . (A.1.10)
However, when T' = Az + B, we can write the temperature as
(R) (R)
(2)= [Tsxso + 7 2359 ] + [ksso + 7 * mgso] z — 7 2° (A.1.11)

which for fixed x can be summarized as

T z) sl 127 (A.1.12)

where k% = [Tgéf) + v zgég)] + [ksso + 7 * msso] z is constant.

The pressure is (by (4.6.7)

kT — 2" vt

P: = P8so [—x ] ) (A.1.13)
850
or by taking logarithms
Inp; — In pgsg = EQ-[lnTz—lnTgso,]. (A.1.14)
v
When differentiated with respect to z (with z fixed) yields
T T

S e L (A.115)

P 0z Ry T® 0z
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We then have

9p*(2) _ g i 7
= Ll
0z Ry [k — v27] &7 iy

which implies

p*(2) _ _ 9 PEso [kz - 72”] L (A.1.17)
0z R Tg5 Tgso

Note that this is a different pressure profile from that determined by 7' = Alnp+ B (which

satisfies the (discrete) hydrostatic equation presented at the start of this section). We recall
z

that whether 7= A2+ B or T'= Alnp+ B, the point | 0 | on the 850 mb intializing
T
2850 g
plane, carries the same value for pressure. And so, the fact that %‘12- is different in the two
cases, leads us to suspect that (3.2.24) is not satisfied when T' = Az + B. Indeed, we can

show this in a few lines. We have from (4.6.7), for upper and lower levels
Inpl;y = Inpf = %[InTﬁ - InT7],

and so

v+ T%

T T:L‘
—R[—IQ—L]*[lnpﬁ—lnpﬁz—R[ 5

g z T
5 ] *E‘[]nTU-InTL], (A.1.18)

but from (A.1.12) we see that the right hand side is just

g [(kr —v2) + (k° = 72})
2 2

] * [In (k¥ = yz57) = In (kK* — v27)], (A.1.19)

which is certainly not g [z{; — zf], as it would have to be, if one hoped for it to experience
no vertical truncation. (Please compare the first equation of this section (Eq (3.2.24)) for
the T-structure ' = Aln p+ B, with (A.1.18) and (A.1.19) which follow when "= Az+ B.)
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A.2 Case III Finite difference scheme limit for T = A2+ B
We can rewrite (4.6.7) for Case III with T'= Az + B as

- ("

P&so Tgso

since x is fixed for this equation, which was derived from vertical integration. Now using

(4.6.10) and (4.4.4) we have for Z(z) = z7

[ ;g ] [ngg’ + ksso :c] oi i [Zgég) + magso T — Z(x)] (A2.1)
TgSO [ Térs(:) + kgso T ' i
Hence, recombining terms and recalling (4.6.7) leaves us with
s
pe [Tg”;g) ey zgéﬁ)] + [ksso + v msso) = — 7 Z(z) | ™
P850 Tgso + ksso =
which by taking logarithms we can write as
g To+ T, z—v Z(x)
In[pi] = In[pgse] + = In [ (A.2.3)
o Ry Tgé:) + kgso

where Ty = TBIS(,?) + v zg’ég) and T, = kgso + 7 mgso. Subtracting (A.2.3) with argument z

from (A.2.3) with argument z + Az leaves us with

In [p*42] = In[pf] = (A.2.4)

9 [ln [T0+Tg [z + Az] — v Z(I+Az)} o [T0+Tg z—7 Z(x)] }
Ry TE + ksso [z + Az] TES + ksso =

which we can rewrite as wy(xz) — w(z) where

wy(z) = Ri‘y In[To+ Ty [t + Az]—yZ(z+ Az)]-In[To+ Ty z — v Z(z)]] (A.2.5)

and
2(R) z(R)
wa(z) = % [In [T&o  + ksso [z + Az]] = In [T&g + ksso 2] - (A.2.6)
We now have e (@) (@)
. Inpft2%¥ —Inp? . wi(x . wo(z
= el fm 0L A2.
Frs S e o e (A27)

where

wy(z) g Ty —7 Z'(x)
m — = — A2
Aalc—>0 Az R~y [T0+T1 r—v Z(z) ( 8)
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and

1
Armo Az Ry |TEP

 222) _ 8 [ L } . (A.2.9)
Tgso + ksso*z

We also note that

lim l.Tf i o

Jim ; ] =Ty =To+ Ty z—v Z(z). (A.2.10)

Now, recalling the Corby finite difference scheme presented in (4.7.1) through (4.7.3), we

continue by evaluating the limit of (4.7.2), written as

) Z(z + Az) + Z(z) { i e i In pZ*+4% — In p?
Aim [g [ 5 ] +R 7 * o , (A211)
which is
T, — v Z\(z To+T, z—7v Z(z
Y 1 Y T&o  + ksso =
or
g g To+ Tyx — v Z(x)
= [kss0 + v msso] — =ksso [ ; (A.2.13)
1 7 TS + kgso =
We can rewrite this as follows
To+T,z—v Z(x
g—ksso + gmsso — gksso + [ - (:) e )] : (A.2.14)
2 B TSISO + IC850 T
But if we note that
z(R)
T0+Tg:c—7Z(x)]_ 1+7 [Zsso +m8501‘—Z(13)] (A2.15)
Tgé:) + kgso = [Té%(:) + ksso I] ,

then we can write (A.5.14) as

(R)

7 |#8s50" + msso z — Z(z)

gmsso — Zksso [ ) ] : (A.2.16)
74 TSISO + kgso

We finally obtain as the limit of (A.2.11) the right hand side of (7.7.28)
Tgs0 — Tf]
Tg50 ‘

gmgso + kaso £ [

It can be shown in an analogous manner that the limit of (4.7.2) is also (7.7.28), and so

(4.7.1) has this limit as well.



Appendix B

Tables of Numerical Results

The tables on the following pages are the results of calculations performed by the CASE
programs in Appendix E to compute surface geostrophic wind (components) under two
different temperature profiles 7= Alnp+ B and T = Az + B in each of three different
cases: (I) when isobaric planes are horizontal, and so, no (geostrophic) wind is present; (II)
when 1sobaric planes carry no temperature variation, and are parallel to each other, but

inclined with respect to the horizontal (geostrophic wind present); and (III) when isobaric

Co
planes are such that V,7'= | 0 | for C, fixed (and so are not parallel one to the other),
0

but are inclined with respect to the horizontal (geostrophic wind present). The results in
Appendix B are for a hill with apex 5000m at latitude 48 °, and computations have been

performed in double precision.
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0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

-0.0000
-0.0000
~0.0505
-0.1485
0.0248
0.1835
-0.0081
-0.1163
-0.0000
0.1163
0.0081
-0.1835
~0.0248
0.1485
0.0505
-0.0000
-0.0000

0.0000
0.0000
0.0505
0.1485

-0.0248 -0.1437
-0.1835 -0.1855

0.0081
0.1163
0.0000

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

-0.0000
-0.0505
~-0.1368
-0.0520
0.1437
0.1855
-0.0246
-0.0635
=0.0000
0.0635
0.0246
-0.1855
-0.1437
0.0520
0.1368
0.0505
-0.0000

Table B.2 Finite

0.0000
0.0505
0.1368
0.0520

-0.1101
-0.1375

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

Table

-0.0000
-0.1595
-0.2114
-0.0984
0.1101
0.1375
0.0266
-0.0451
-0.0000
0.0451
-0.0266
-0.1375
-0.1101
0.0984
0.2114
0.1595
-0.0000

CASE I.A - Horizontal isobaric planes with T = Alnp+ B

0.0000 0.0000
0.0000 ©.0000
©0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 ©.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000

©0.0000 0.0000

B.1 Analytic u

0.0266 -0.1653
-0.0294 0.0303
-0.0653 0.1112
-0.0120 -0.2134

0.0260 0.1121

0.0930 0.2652

0.1143 -0.3743
-0.1820
-0.0000

0.1620

0.3743
-0.2652
-0.1121

0.2134

0.0653 -0.1112

0.0294 -0.0303
-0.0266 0.1653

0.0000 -0.0266 0.1653

0.1595
0.2114
0.0984

0.0246 -0.0266

0.0635
0.0000

-0.1163 -0.0635
-0.0081 -0.0246

0.1835
0.0248

0.1855
0.1437

-0.1485 -0.0520
-0.0505 -0.1368
0.0000 -0.0505

0.0000

Table B.3 Deviation (Analytic - Finite Difference) in calculation of the u component of surface geostrophic wind (10

0.0000

0.0451
0.0000

-0.0451

0.0266
0.1375
0.1101

-0.0984
-0.2114
-0.1595

0.0000

0.0294 -0.0303
0.0653 -0.1112
0.0120 0.2134

-0.0260 -0.1121
-0.0930 -0.2652

-0.1143 0.3743
0.1888 0.1820
0.0000 0.0000

-0.1888 -0.1820
0.1143 -0.3743
0.0930 0.2652
0.0260 0.1121

-0.0120 -0.2134

-0.0653 ©.1112
-0.0294 0.0303
0.0266 -0.1653

282822822322382333¢
g38888383388888s33

OOOOOOOQPOOOQOQOO

component of surface geostrophic wind (10

-0.1479
0.0206
0.0973

-0.0263
0.0922

~0.2607

-0.187¢
0.5570

-0.0000

-0.5570
0.187¢
0.2607

-0.0922
0.0263

-0.0973

-0.0206
0.1479

0.1479
-0.0206
-0.0973

0.0263
-0.0922

0.2607

0.1878
-0.5570

0.0000

0.5570
-0.1878
-0.2607

0.0922
-0.0263

0.0973

0.0206
-0.1479

8
8%88888888

-0.1151
-0.1676
0.0701
0.0066
0.1129
-0.0804
0.3678
-0.1567
-0.0000
0.1567
-0.3678
0.0804
-0.1129
-0.0066
-0.0701
0.167¢
0.1151

Difference u component

0.1151
0.1676
-0.0701
-0.0066
-0.1129
0.0804
-0.3678
0.1567
0.0000
-0.1567
0.3678
-0.0804
0.1129
0.0066
0.0701
-0.1676
-0.1151

0.0000
0.0000
0.0000
©.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
©0.0000
0.0000
0.0000
0.0000
0.0000

-0.1479
0.0206
0.0973

-0.0263
0.0922

-0.2607

-0.1678
0.5570

-0.0000

-0.5570
0.1878
0.2607

-0.0922
0.0263

-0.0973

-0.0206
0.1479

0.1479
-0.0206
-0.0973

0.0263
-0.0922

0.2607

0.1878
-0.5570

0.0000

0.5570
-0.1878
-0.2607

0.0922
-0.0263

0.0973

0.0206
-0.1479

0.0000
0.0000
©0.0000
0.0000
©0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

-0.1653 0.0266
-0.02%4
-0.0653
-0.0120
0.0260
0.0930
0.1143

0.0303
0.1112
=0.2134
0.1121
0.2652
-0.3743
-0.1620
-0.0000
0.1820
0.3743
-0.2652
-0.1121
0.2134
-0.1112
-0.0303
0.1653

0.1653
-0.0303
-0.1112

0.2134
-0.1121
-0.2652

0.3743

0.1820

0.0000
-0.1820
-0.3743

0.2652

0.1121
-0.2134

0.1112

0.0303
-0.1653

©0.0000
©0.0000
0.0000
0.0000
0.0000
©0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

=-0.1
-0.

-0.0266
0.0294
0.0653
0.0120

-0.0260

-0.0930

-0.1143
0.1888
0.0000

-0.1888
0.1143
0.0930
0.0260

-0.0120

-0.0653

-0.0294
0.0266

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
©0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0
0.1888
-0.1143
-0.0930
-0.0260
0.0120
0.0653
0.0294
-0.0266

0.0000 0.0000
0.0000 ©.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000

0.0000 0.0000

-11

-0.0000
-0.1595
-0.2114
-0.0984
0.1101
0.137s
0.0266
-0.0451
-0.0000
0.0451
-0.0266
-0.1375
-0.1101
0.0984
0.2114
0.1595
-0.0000

of surface geostrophic wind (10

0.0000
0.1595
0.2114
0.09€4
-0.1101
-0.1375
-0.0266
0.0451
0.0000
-0.0451
0.0266
0.1375
0.1101
-0.0984
-0.2114
-0.1595
0.0000

0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
©0.0000 0.0000
0.0000 0.0000

m/sec).

-0.0000
-0.0505
-0.1368
-0.0520
0.1437
0.1855
-0.0246
-0.0635
-0.0000
0.0635
0.0246
-0.1855
-0.1437
0.0520
0.1368
0.0505
-0.0000

-11

0.0000
0.0505
0.1368
0.0520

0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0©.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
©0.0000 0.0000

-0.0000
-0.0000
-0.0505
-0.1485
0.0248
0.1835
-0.0081
-0.1163
-0.0000
0.1163
0.0081
-0.1835
-0.0248
0.1485
0.0505
-0.0000
-0.0000

m/sec).

0.0000
0.0000
0.0505
0.1485

-0.1437 -0.0248
-0.1855 -0.1835

0.0246
0.0635
0.0000

0.0081
0.1163
0.0000

-0.0635 -0.1163
-0.0246 -0.0081

0.1855
0.1437

0.1835
0.0248

-0.0520 -0.1485
-0.1368 -0.0505

-0.0505
0.0000

0.0000
0.0000

-0.0000
-0.0000
-0.0000
-0.0000

0.0266
-0.1771
=0.1917

0.0271
-0.0000
-0.0271

0.1917

0.1771
-0.0266
-0.0000
-0.0000
-0.0000
-0.0000

0.0000
0.0000
0.0000
0.0000
-0.0266
0.1771
0.1917
-0.0271
0.0000
0.0271
-0.1917
-0.1771
0.0266
0.0000
0.0000
0.0000
0.0000

=11
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m/sec).



0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0000
0.0000
-0.0505
-0.1368
-0.2114
-0.0653
0.1112
0.0973
0.0701
0.0973
0.1112
~0.0653
=0.2114
-0.1368
~0.0505
0.0000
0.0000

0.0000
0.0000
0.0505
0.1368
0.2114
0.0653
-0.1112
-0.0973
-0.0701
-0.0973
-0.1112
0.0653
0.2114
0.1368
0.0505
0.0000
0.0000

Table B.6 Deviation (Analytic - Finite Difference) in calculation of the v component of surface geostrophic wind (10

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0000

0.0000
-0.1485
-0.0520
-0.0984
-0.0120
-0.2134
-0.0263

0.0066
-0.0263
-0.2134
-0.0120
-0.0984
-0.0520
-0.1485

0.0000

0.0000

0.0000
0.0000
0.1485
0.0520
0.0984
0.0120
0.2134
0.0263
-0.0066
0.0263
0.2134
0.0120
0.0984
0.0520
0.1485
0.0000
0.0000

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

Table B.4 Analytic v

0.0000
0.0266
0.0248
0.1437
0.1101
0.0260
0.1121
0.0922
0.1129
0.0922
0.1121
0.0260
0.1101
0.1437
0.0248
0.0266
0.0000

Table

0.0000
-0.0266
-0.0248
-0.1437
-0.1101
-0.0260
-0.1121
-0.0922
-0.1129
-0.0922
-0.1121
-0.0260
-0.1101
-0.1437
-0.0248
-0.0266

0.0000

CASE LA - Horizontal isobaric planes with T = Alnp+ B

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0000
-0.11N
0.1835
0.1855
0.1375
0.0930
0.2652
-0.2607
-0.0804
-0.2607
0.2652
0.0930
0.1375
0.1855
0.1835
-0.1771
0.0000

B.5 Finite

0.0000
0.1771
-0.1835
-0.1855
-0.1375
-0.0930
-0.2652
0.2607
0.0804
0.2607
-0.2652
-0.0930
-0.1375
-0.1855
-0.1835
0.1771
0.0000

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0000
-0.1917
-0.0081
-0.0246

0.0266

0.1143
-0.3743
-0.1878

0.3678
-0.187¢
-0.3743

0.1143

0.0266
~0.0246
-0.0081
-0.1917

0.0000

0.0000
0.1917
0.0081
0.0246
-0.0266
-0.1143
0.3743
0.1878
-0.3678
0.1878
0.3743
-0.1143
-0.0266
0.0246
0.0081
0.1917
0.0000

0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000

component of surface geostrophic wind (10

0.0000 0.0000
0.0271 0.0000
-0.1163 0.0000
-0.0635 0.0000
-0.0451 0.0000
-0.1888 0.0000
-0.1820 0.0000
0.5570 0.0000
-0.1567  0.0000
0.5570 0.0000
-0.1820 0.0000
-0.1888 0.0000
-0.0451 0.0000
-0.0635 0.0000
-0.1163 0.0000
0.0271  0.0000
0.0000 0.0000

0.0000
-0.0271
0.1163
0.0635
0.0451
0.1888
0.1820
-0.5570
0.1567
-0.5570
0.1820
0.1ees
0.0451
0.0635
0.1163
-0.0271
0.0000

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0000
-0.0271
0.1163
0.0635
0.0451
0.1888
0.1820
-0.5570
0.1567
-0.5570
0.1820
0.1888
0.0451
0.0635
0.1163
-0.0271
0.0000

0.0000
0.0271
-0.1163
-0.0635
-0.0451
-0.1888
-0.1820
0.5570
-0.1567
0.5570
-0.1820
-0.1888
-0.0451
-0.0635
-0.1163
0.0271
0.0000

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0000
0.1917
0.0081
0.0246
-0.0266
-0.1143
0.3743
0.1878
-0.3678
0.187¢
0.3743
-0.1143
-0.026¢6
0.0246
0.0081
0.1917
0.0000

Difference v component of surface geostroph

0.0000

0.0000
0.1771
-0.1835
-0.1855
-0.1375
-0.0930
-0.2652
0.2607
0.0804
0.2607
~0.2652
-0.0930
-0.1375
-0.1855
-0.1835
0.1771
0.0000

-11

0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
©0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
©0.0000 0.0000
0.0000 0.0000
m/sec).
0.0000 0.0000
-0.0266 0.0000
-0.0248 0.1485
-0.1437 0.0520
-0.1101 0.0964
-0.0260 0.0120
-0.1121 0.2134
-0.0922 0.0263
-0.1129 -0.0066
-0.0922 0.0263
-0.1121 0.2134
-0.0260 0.0120
-0.1101 0.0984
-0.1437 0.0520
-0.0248 0.1485
~0.0266 0.0000
0.0000 0.0000

ic wind (lo_um/sec).

0.0000
-0.1711
0.1835
0.1855
0.1375
0.0930
0.2652
-0.2607
-0.0804
-0.2607
0.2652
0.0930
0.1375
0.1855
0.1835
-0.1771
0.0000

0.0000 0.0000
0.0266 0.0000
0.0248 -0.1485
0.1437 -0.0520
0.1101 -0.0984
0.0260 -0.0120
0.1121 -0.2134
0.0922 -0.0263
0.1129 0.0066
0.0922 -0.0263
0.1121 -0.2134
0.0260 -0.0120
0.1101 -0.0984
0.1437 -0.0520
0.0248 -0.1485
0.0266 0.0000
0.0000 0.0000

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0000
0.0000
0.0505
0.1368
0.2114
0.0653
-0.1112
-0.0973
-0.0701
-0.0973
-0.1112
0.0653
0.2114
0.1368
0.0505
0.0000
0.0000

0.0000
0.0000
-0.0505
-0.1368
-0.2114
-0.0653
0.1112
0.0973
0.0701
0.0973
0.1112
-0.0653
=0 2114
-0.1368
-0.0505
0.0000
0.0000

=11
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0.0000
0.0000
0.0000

0.0000
0.0000

0.0000
0.0000
0.0000
0.0505
0.1595
0.0294
=0.0303
-0.0206
0.1676
-0.0206
-0.0303
0.0294
0.1595
0.0505
0.0000

0.0000
0.0000
0.0000
-0.0505
-0.1595
-0.0294
0.0303
0.0206
-0.1676
0.0206
0.0303
-0.0294
-0.1595
-0.0505
0.0000
0.0000
0.0000

m/sec).



0.0000
0.0000
0.0000
0.0000
©0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0000
0.0000

0.0000

0.0000
-0.0715
-0.2019
-0.2129
-0.1947
=0.1115
-0.1516
=-0.0701
-0.1516
=0.1115
-0.1947
-0.2129
-0.2019
-0.0715

0.0000

0.0000

Table B.9 Deviation (Analytic - Finite Difference) in calculation of surface geostrophic wind velocity (10

CASE 1A - Horizontal isobaric planes with T =

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
©0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
©0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
©0.0000
0.0000
0.0000
0.0000
0.0000

Table B.7 Analytic surf

0.0000 0.0000 0.0266
0.0505 0.1617 0.179%¢6
0.2019 0.2129 0.1%47
0.0735 0.1742 0.1859
0.1742 0.1558 0.1399
0.1859 0.1399 0.1315
0.2148 0.1152 0.2887
0.0687 0.1026 0.3219
0.0066 0.1129 0.0804
0.0687 0.1026 0.3219
0.214¢ 0.1152 0.2887
0.1659 0.1399 0.1315
0.1742 0.1556¢ 0.1399
0.0735 0.1742 0.185%
0.2019 0.2129 0.1%47
0.0505 0.1617 0.179%¢
0.0000 0.0000 0.0266

0.0000
0.0000
0.0000
0.0000
©0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
©.0000
0.0000
0.0000
0.0000
0.0000

0.1653
0.19%41
0.1115
0.2148
0.1152
0.2887
0.5293
0.2615
0.3678
0.2615
0.5293
0.2887
0.1152
0.2148
0.1115
0.1%41
0.1653

©0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

ace geostrophic wind velocity (10

0.1479 0.1151
0.0341 0.1676
0.1516 0.070)
0.0687 0.0066
0.1026 0.1129
0.3219 0.0804
0.2615 0.3678
0.7877 0.1567
0.1567 0©0.0000
0.7877 0.1567
0.2615 0.3678
0.3219 0.0804
0.1026 0.1129
0.0687 0.0066
0.1516 0.0701
0.0341 0.1676
0.1479 0.1151

0.1479
0.0341
0.1516
0.0687
0.1026
0.3219
0.2615
0.7877
0.1567
0.7877
0.2615
0.3219
0.102¢
0.0687
0.1516
0.0341
0.1479

Table B.8 Finite Difference surface geostrophic wind

0.0000 0.0000 -0.0266
-0.0505 -0.1617 -0.179¢6
-0.2019 -0.2129 -0.1947
=0.0735 -0.1742 -0.1859
-0.1742 -0.1558 -0.1399
-0.1859 -0.1399 -0.1315
-0.2148 -0.1152 -0.2887
-0.0687 -0.1026 -0.3219
-0.0066 -0.1129 -0.0804
-0.0687 -0.1026 -0.3219
-0.2148 -0.1152 -0.2887
-0.1859 -0.1399 -0.1315
-0.1742 -0.1558 -0.1399
-0.0735 -0.1742 -0.1859
-0.2019 -0.2129 -0.1947
-0.0505 -0.1617 -0.1796

0.0000 0.0000 -0.0266

-0.1653
-0.1941
-0.1115
-0.214¢
-0.1152
~0.2087
-0.5293
-0.2615
~0.3678
-0.2615
-0.5293
-0.2887
-0.1152
-0.2148
-0.1115
-0.1941
~0.1653

-0.1479
-0.0341
-0.1516
-0.0687
-0.1026
-0.3219
-0.2615
-0.7877
-0.1567
-0.7877
-0.2615
-0.3219
-0.1026
-0.0687

-0.1479 -0.1151
-0.0341 -0.167¢
-0.1516 -0.0701
-0.0687 -0.0066
-0.1026 -0.1129
-0.3219 -0.06€04
-0.2615 -0.3678
-0.7877 -0.1567
-0.1567 0.0000
-0.7877 -0.1567
—0.2615 -0.367¢
-0.3219 -0.0804
-0.1026 -0.1129
-0.0687 -0.0066
-0.1516 -0.0701 -0.1516
~0.0341 -0.1676 -0.0341
~0.1479 -0.1151 -0.1479

Alnp+4+ B

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000

h m/sec).

0.0000
0.1617
0.2129
0.1742
0.1558
0.1399
0.1152
0.1026
0.1129
0.1026
0.1152
0.1399
0.1s55e
0.1742
0.2129
0.1617
0.0000

0.0266
0.1796
0.1947
0.1859
0.1399
0.1315
0.2887
0.3219
0.0804
0.3219
0.2887
0.1315
0.1399
0.1859
0.1%47
0.1796
0.0266

0.1653
0.1941
0.1118
0.2148
0.1152
0.2887
0.5293
0.2615
0.3678
0.2615
0.5293
0.2887
0.1152
0.2148
0.1115
0.1941
0.1653

velocity (10_11 m/sec).

-0.0266 0.0000
-0.1796 -0.1617
-0.1947 -0.2129
-0.1659 -0.1742
-0.1399 -0.1558
-0.1315 -0.1399
~0.28687 ~0.1152
-0.3219 -0.1026
-0.0804 -0.1129
-0.3219 -0.1026
-0.2887 -0.1152
-0.1315 -0.1399
-0.1399 -0.1558
-0.1859 -0.1742
-0.1947 -0.2129
-0.1796 -0.1617
-0.0266 0.0000

-0.1653
-0.1941
=0.1115
-0.2148
-0.1152
-0.2887
-0.5293
-0.2615
-0.3678
-0.2615
-0.5293
-0.2887
-0.1152
-0.2148
-0.1115
-0.1941
-0.1653

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
©0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0000
0.0505
0.2019
0.0735
0.1742
0.1859
0.2148
0.0687
0.0066
0.0687
0.2148
0.1659
0.1742
0.0735
0.2019
0.0505
0.0000

0.0000
-0.050%5
-0.2019
-0.0735
-0.1742
-0.1859
-0.2148
-0.0687
-0.0066
-0.0687
-0.2148
~0.1859
-0.1742
-0.0735
-0.2019
-0.050S

0.0000

0.0000
©0.0000
0.0000
0.0000
©0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
©0.0000
0.0000

0.0000
0.0000
0.0N15§
0.2019
0.2129
0.1%47
0.1115
0.1516
0.0701
0.1516
0.1115
0.1947
0.2129
0.2019
0.0715
0.0000
0.0000

0.0000

0.0000
-0.0715
-0.2019
-0.2129
-0.1947
-0.1115
-0.1516
-0.0701
-0.1516
-0.1115
=0.1947
-0.2129
-0.2019
-0.0715

0.0000

0.0000

-11

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
©0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0000
0.0000
0.0000
0.0505
0.1617
0.1796
0.1941
0.0341
0.1676
0.0341
0.1941
0.1796
0.1617
0.0505
0.0000
0.0000
0.0000

0.0000

m/sec).
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0.0000
©.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

-0.0000
=0.0000
-0.0000
-0.0000
-0.0000
-0.0001
-0.0002
-0.0001
-0.0000

0.0001

0.0002

0.0001

0.0000
-0.0000
-0.0000
-0.0000
-0.0000

0.0000
0.0000
0.0000
0.0000
0.0000
0.0001
0.0002
0.0001
0.0000
-0.0001
-0.0002
-0.0001
-0.0000
0.0000
0.0000
0.0000
0.0000

Table B.12 Deviation (Analytic - Finite Difference) in calculation of the u

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

-0.0000

-0.0000

0.0000
0.0000
0.0000
0.0004
0.0028
0.0052
0.0040
0.0012
0.0000
-0.0012
-0.0040
-0.0052
-0.0028
-0.0004
-0.0000
0.0000
0.0000

OPQQOOOOPQOOOOOOD

CASE LB - Horizontal isobaric planes with T = Az + B

.0000 0.0000
.0000 0.0000
.0000 0.0000
.0000 0.0000
.0000 0.0000
.0000 0.0000
.0000 0.0000
.0000 0.0000
0000 ©0.0000
.0000 0.0000
.0000 0.0000
.0000 0.0000
.0000 0.0000
.0000 0.0000
.0000 0.0000
0000 0.0000
.0000 0.0000

coooooocooo0000000
2838323838288388%

883882388883388838
000000000000 00000

0.0000
0.0000

2282282282228223:!
8888 g8

8888838888883

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
©0.0000

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

Table B.10 Analytic u component of surface geostrophic

0.0000
-0.0000

Table B.11 Finite Difference

0.0000
0.0000
0.0012
0.0107
0.0267
0.0314
0.0192
0.0052
0.0000
-0.0052
-0.0192
-0.0314
-0.0267
-0.0107
-0.0012
-0.0000
0.0000

=0.0000 -0.0000
~0.0005 -0.0074
-0.0148 -0.0570
-0.0567 -0.1567
-0.0991 -0.2317
=0.0974 -0.2083
~0.0541 -0.1102
-0.0140 -0.0277
-0.0000 -0.0000
0.0140 0.0277
0.0541 0.1102
0.0974 0.2083
0.0991 0.2317
0.0567 0.1567
0.0148 0.0570
0.0005 ©0.0074
-0.0000 0.0000

0.0000
0.0005
0.0148
0.0567
0.0991
0.0974
0.0541
0.0140
0.0000
-0.0140
-0.0541
-0.0974
-0.0991
-0.0567
-0.0148
-0.0005
0.0000

0.0000
0.0074
0.0570
0.1567
0.2317
0.2083
0.1102
0.0277
0.0000
-0.0277
-0.1102
-0.2083
-0.2317
-0.1567
-0.0570
-0.0074
-0.0000

-0.0003
=0.0241
-0.1268
~0.2948
-0.4001
~0.3433
~0.1768
-0.0438
~0.0000
0.043e
0.1768
0.3433
0.4001
0.2948
0.1268
0.0241
0.0003

0.0003
0.0241
0.1268
0.2948
0.4001
0.3433
0.1768
0.0438
0.0000
-0.0438
~0.1768
-0.3433
-0.4001
-0.2948
-0.1268
-0.0241
-0.0003

=0.0014 -0.0021
-0.0436 -0.0525
~0.1952 -0.2239
-0.4187 -0.4688
~0.5450 -0.6026
~0.4570 -0.5017
-0.2324 -0.2541
~0.0571 -0.0623
-0.0000 -0.0000
0.0571 0.0623
0.2324 0.2541
0.4570 0.5017
0.5450 0.6026
0.4187 0.4688
0.1952 0.2239
0.0436 0.0525
0.0014 0.0021

u component of surface

0.0021
0.0525
0.2239
0.4688
0.6026
0.5017
0.2541
0.0623
0.0000
-0.0623
-0.2541
-0.5017
-0.6026
-0.4688
-0.2239
-0.0525

-0.0014 -0.0021

-0.0014 -0.0003
-0.0436 -0.0241
-0.1952 -0.1268
~0.4187 -0.2948
~-0.5450 -0.4001
-0.4570 -0.3433
-0.2324 -0.1768
-0.0571 -0.0438
-0.0000 -0.0000
0.0571 0.0438
0.2324 0.1768
0.4570 0.3433
0.5450 0.4001
0.4187 0.2948
0.1952 0.1268
0.0436 0.0241
0.0014 0.0003

0.0014
0.0436
0.1952
0.4187
0.5450
0.4570
0.2324
0.0571
0.0000
-0.0571
-0.2324
-0.4570 -0.3433
-0.5450 -0.4001
-0.4187 -0.2948
-0.1952 -0.1268
-0.0436 -0.0241
-0.0014 -0.0003

0.0003
0.0241
0.1268
0.2948
0.4001
0.3433
0.1768
0.0438
0.0000
-0.0438
-0.1768

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000 0.0000
0.0000
0.0000
0.0000
0.0000

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

wind (m/sec).

-0.0000 -0.0000 -0.0000
=0.0074 -0.0005 -0.0000
-0.0570 -0.0148 -0.0012
~0.1567 -0.0567 -0.0107
-0.2317 -0.0991 -0.0267
-0.2083 -0.0974 -0.0314
-0.1102 -0.0541 -0.01%2
-0.0277 -0.0140 -0.0052
-0.0000 -0.0000 -0.0000
0.0277 0.0140 0.0052
0.1102 0.0541 0.0192
0.2083 0.0974 0.0314
0.2317 0.0991 0.0267
0.1567 0.0567 0.0107
0.0570 0.0148 0.0012
0.0074 0.0005 0.0000
0.0000 -0.0000 -0.0000

geostrophic wind (m/sec).

0.0000
0.0005
0.0148
0.0567
0.0991
0.0974
0.0541
0.0140
0.0000
-0.0140
-0.0541
-0.0974
-0.0991

0.0000
0.0000
0.0012
0.0107
0.0267
0.0314
0.0192
0.0052
0.0000
-0.0052
-0.0192
-0.0314
-0.0267
-0.0567 -0.0107
-0.0148 -0.0012
-0.0005 -0.0000
0.0000 0.0000

0.0000
0.0074
0.0570
0.1567
0.2317
0.2083
0.1102
0.0277
0.0000
-0.0277
-0.1102
-0.2083
-0.2317
-0.1567
-0.0570
-0.0074
-0.0000

0.0000
0.0000

-0.0000
-0.0000
-0.0000
-0.0004
~0.0028
-0.0052
-0.0040
-0.0012
-0.0000
0.0012
0.0040
0.0052
0.0028
0.0004
0.0000
-0.0000
-0.0000

0.0000
0.0000
0.0000
0.0004
0.0028
0.0052
0.0040
0.0012
0.0000
-0.0012
-0.0040
-0.0052
-0.0028
-0.0004
-0.0000
0.0000
0.0000

222222333233
§8888888882838832

cooo0ooo0o0o00O00OO0COO0O0O0O
88888

component of surface geostrophic wind (m/sec).
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0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
©0.0000
0.0000
0.0000

0.0000

0.0000
-0.0000
-0.0012
-0.0148
-0.0570
-0.1268
-0.1952
-0.2239
-0.1952
-0.1268
-0.0570
-0.0148
-0.0012
-0.0000

0.0000

0.0000

coooooo000
=
o
-~
=3

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0000

0.0000
0.0000
-0.0004
-0.0107

0.0000
0.0000
0.0004
0.0107
0.0567
0.1567
0.294¢
0.4187
0.4688
0.4187
0.2948
0.1567
0.0567
0.0107
0.0004
0.0000
0.0000

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

CASE 1.B - Horizontal isobaric planes with T = Az + B

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

Table B.13 Analytic

0.0000
~0.0000
-0.0028
-0.0267
-0.0991
-0.2317
-0.4001
~0.5450
-0.6026
~0.5450
-0.4001
-0.2317
-0.0991
-0.0267
-0.0028
-0.0000

0.0000

0.0000
-0.0001
-0.0052
-0.0314
-0.0974
~0.2083
=0.3433
-0.4570
-0.5017
-0.4570
-0.3433
-0.2083
~0.0974
~0.0314
-0.0052
-0.0001

0.0000

0.0000
-0.0002
-0.0040
-0.0192
-0.0541
=0.1102
-0.1768
-0.2324
-0.2541
-0.2324
-0.1768
-0.1102
-0.0541
-0.0192
-0.0040
-0.0002

0.0000

0.0000

foEsndaone s
8888888%88
8388888888

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
©0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0000
©.0000
0.0000
0.0000
0.0000
©.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0000

©0.0000

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
©0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

v component of surface geostrophic wind (m/sec).

0.0000
~0.0001
=0.0012
-0.0052
-0.0140
=-0.0277
-0.0438’
-0.0571
-0.0623
-0.0571
-0.0438
=0.0277
-0.0140
-0.0052
-0.0012
-0.0001

0.0000

0.0000
0.0000

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0000
0.0001
0.0012
0.0052
0.0140
0.0277
0.0438
0.0571
0.0623
0.057M
0.0438
0.0277
0.0140
0.0052
0.0012
0.0001
0.0000

0.0000
0.0001
0.0052
0.0314
0.0974
0.2083
0.3433
0.4570
0.5017
0.4570
0.3433
0.2083
0.0974
0.0314
0.0052
0.0001
0.0000

Table B.14 Finite Difference v component of surface geostrophic wind (m/sec).

0.0000
0.0000
0.0028
0.0267
0.0991
0.2317
0.4001
0.5450
0.6026
0.5450
0.4001
0.2317
0.0991
0.0267
0.0028
0.0000
0.0000

0.0000
0.0001
0.0052
0.0314
0.0974
0.2083
0.3433
0.4570
0.5017
0.4570
0.3433
0.2083
0.0974
0.0314
0.0052
0.0001
0.0000

0.0000
0.0002
0.0040
0.0192
0.0541
0.1102
0.1768
0.2324
0.2541
0.2324
0.1768
0.1102
0.0541
0.0192
0.0040
0.0002
0.0000

0.0000

0.0623
0.0571
0.0438
0.0277
0.0140
0.0052
0.0012
0.0001
0.0000

0.0000
0.0000

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0000
-0.0001
-0.0012
-0.0052
-0.0140
-0.0277
-0.0438
-0.0571
-0.0623
-0.0571
-0.0438
-0.0277
-0.0140
-0.0052
-0.0012
-0.0001

0.0000

0.0000
-0.0002
-0.0040
-0.0192
-0.0541
-0.1102
-0.1768
-0.2324
-0.2541
-0.2324
-0.1768
-0.1102
~0.0541
-0.0192
~0.0040
-0.0002

0.0000

0.0000
-0.0001
-0.0052
-0.0314
-0.0974
-0.2083
-0.3433
~0.4570
-0.5017
~-0.4570
=0.3433
-0.2083
-0.0974
-0.0314
-0.0052
-0.0001

0.0000

0.0000
-0.0000
-0.0028
-0.0267
-0.0991
-0.2317
-0.4001
-0.5450
-0.6026
-0.5450
-0.4001
-0.2317
-0.0991
-0.0267
-0.0028
-0.0000

0.0000

0.0000
©0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0000
0.0000

0.0000

0.0000

0.0000
0.0000
0.0000
0.0012
0.0148
0.0570
0.1268
0.1952
0.2239
0.1952
0.1268
0.0570
0.0148
0.0012
0.0000
0.0000
0.0000

0.0000

0.0000
-0.0000
-0.0012
-0.0148
-0.0570
-0.1268
-0.1952
-0.2239
-0.1952
-0.1268
-0.0570
~-0.0148
-0.0012
-0.0000

0.0000

0.0000
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0.0000
0.0000
0.0000

0.0000
0.0000
0.0000
0.0000
0.0005
0.0074
0.0241
0.043¢
0.0525
0.0436
0.0241
0.0074
0.0005
0.0000
0.0000
0.0000
0.0000

0.0000
0.0000
0.0000
-0.0000
-0.0005
-0.0074
-0.0241
-0.0436
-0.0525
-0.0436
-0.0241
-0.0074
-0.0005
-0.0000
0.0000
0.0000
0.0000

Table B.15 Deviation (Analytic - Finite Difference) in calculation of the v component of surface geostrophic wind (m/sec).



0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
©0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0000
0.0000
0.0000
0.0000
0.000S
0.0074
0.0241
0.0436
0.0525
0.0436
0.0241
0.0074
0.0005
0.0000
0.0000
0.0000
0.0000

0.0000
0.0000
0.0000
-0.0000
-0.0005
-0.0074
-0.0241
-0.0436
-0.0525
-0.0436
-0.0241
-0.0074
-0.0005
-0.0000
0.0000
0.0000
0.0000

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
©0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0000
0.0000
0.0000
0.0013
0.0151
0.0573
0.1269
0.1952
0.2239
0.1952
0.1269
0.0573
0.0151
0.0013
0.0000
0.0000
0.0000

0.0000

0.0000
-0.0000
-0.0013
-0.0151
-0.0573
-0.1269
-0.1952
-0.2239
-0.1952
~0.1269
-0.0573
-0.0151
-0.0013
-0.0000

0.0000

0.0000

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0000
0.0000
0.0013
0.0151
0.0627
0.1599
0.2954
0.4168
0.468e
0.418¢
0.2954
0.1599
0.0627
0.0151
0.0013
0.0000
0.0000

CASE L1.B - Horizontal isobaric planes with T = Az + B

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0000

©0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
©0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

©.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0©0.0000
0.0000 0.0000
©0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000

Table B.16 Analytic surface geostrophic wind velocity (m/sec).

0.0000
0.0005
0.0151
0.0627
0.1402
0.2513
0.4037
0.5452
0.602¢
0.5452
0.4037
0.2513
0.1402
0.0627
0.0151
0.0005
0.0000

0.0000
0.0074
0.0573
0.1599
0.2513
0.2946
0.3605
0.4578¢
0.5017
0.4578
0.3605
0.2946
0.2513
0.1599
0.0573
0.0074
0.0000

0.0003 0.0014
0.0241 0.043¢
0.1269 0.1952
0.2954 0.4188
0.4037 0.5452
0.3605 0.457¢
0.2501 0.2364
0.2364 0.0808
0.2541 0.0623
0.2364 0.0808
0.2501 0.2364
0.3605 0.457¢
0.4037 0.5452
0.2954 0.4188
0.1269 0.1952
0.0241 0.043¢
0.0003 0.0014

0.0021
0.0525
0.2239
0.4688
0.602¢
0.5017
0.2541
0.0621
0.0000
0.0623
0.2541
0.5017
0.602¢
0.4688
0.2239
0.0525
0.0021

0.0014
0.0436
0.1952
0.4188
0.5452
0.4578
0.2364
0.0808
0.0623
0.0808
0.2364
0.4578
0.5452
0.4188
0.1952
0.0436
0.0014

0.0003
0.0241
0.1269
0.2954
0.4037
0.3605
0.2501
0.2364
0.2541
0.2364
0.2501
0.3605
0.4037
0.2954
0.1269
0.0241
0.0003

0.0000 0.0000
0.0074 0.0005
0.0573 0.0151
0.1599% 0.0627
0.2513 0.1402
0.2946 0.251)
0.3605 0.4037
0.4578 0.5452
0.5017 0.6026
0.4578 0.5452
0.3605 0.4037
0.2946 0.251)
0.2513 0.1402
0.1599 0.0627
0.0573 0.0151
0.0074 0.0005
0.0000 0.0000

Table B.17 Finite Difference surface geostrophic wind velocity (m/sec).

0.0000
-0.0000
-0.0013
-0.0151
-0.0627
-0.1599
-0.2954
~0.4188
-0.4688
-0.4188
-0.2954
~0.1599
-0.0627
-0.0151
-0.0013
-0.0000

0.0000

0.0000 -0.0000
-0.0005 -0.0074
-0.0151 -0.0573
-0.0627 -0.1599
-0.1402 -0.2513
-0.2513 -0.2%94¢
-0.4037 -0.3605
-0.5452 -0.457¢
-0.6026 -0.5017
~-0.5452 -0.457¢
-0.4037 -0.3605
-0.2513 -0.2946
-0.1402 -0.2513
-0.0627 -0.1599
-0.0151 -0.0573
-0.0005 -0.0074
0.0000 -0.0000

Table B.18 Deviation (Analytic - Finite

-0.0003 -0.0014
~0.0241 -0.0436
~0.1269 -0.1952
~0.2954 -0.4188
-0.4037 -0.5452
-0.3605 -0.4578
-0.2501 -0.2364
~0.2364 -0.0808
~0.2541 -0.0623
~0.2364 -0.0808
-0.2501 -0.2364
-0.3605 -0.4578
-0.4037 -0.5452
-0.2954 -0.4188
~0.1269 -0.1952
-0.0241 -0.0436
~0.0003 -0.0014

-0.0021
-0.0525

-0.0014
-0.0436
-0.2239 -0.1952
-0.4688 -0.4188
-0.6026 -0.5452
-0.5017 -0.4578
~0.2541 -0.2364
-0.0623 -0.0808
0.0000 -0.0623
-0.0623 -0.0808
-0.2541 -0.2364
~0.5017 -0.4578
-0.6026 -0.5452
~0.4688 -0.4188
~0.2239 -0.1952
-0.0525 -0.0436
-0.0021 -0.0014

-0.0003
-0.0241
-0.1269
-0.2954
-0.4037
-0.3605
-0.2501
~0.2364
-0.2541
-0.2364
-0.2501
-0.3605
-0.4037
-0.2954
-0.1269
-0.0241
-0.0003

-0.0000 0.0000
-0.0074 -0.0005
-0.0573 -0.0151
-0.1599 -0.0627
~0.2513 -0.1402
-0.2946 -0.2513
-0.3605 -0.4037
-0.4578 -0.5452
-0.5017 -0.6026
~0.4578 -0.5452
-0.3605 -0.4037
-0.2946 -0.2513
-0.2513 -0.1402
-0.1599 -0.0627
-0.0573 -0.0151
-0.0074 -0.0005
-0.0000 0.0000

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

©0.0000
0.0000
©.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0000
0.0000
0.0013
0.0151
0.06€27
0.1599
0.2954
0.4108
0.4¢88
0.4188
0.2954
0.1599
0.0627
0.0151
0.0013
©0.0000
0.0000

0.0000

0.0000
0.0000

0.0000

0.0000

0.0000
-0.0000
-0.0013
-0.0151
-0.0573
-0.1269
-0.1952
-0.2239
-0.1952
-0.1269
-0.0573
-0.0151
-0.0013
-0.0000

0.0000

0.0000

Difference) in calculation of surface geostrophic wind velocity (m/sec).

0.0000
0.0000
0.0000
0.0000
0.0005
0.0074
0.0241
0.0436
0.0525
0.043¢
0.0241
0.0074
0.0005
0.0000
0.0000
0.0000
0.0000
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CASE IL.A - Barotropic atmosphere - tilted (parallel) isobaric planes with Vp(T) = 0, under T = Alnp+ B

-4.3878
-4.3878
-4.3878
-4.3878
-4.387¢
-4.3878

-4.3878
-4.3878

-4.3878
~4.3878
-4.3878
-4.3878
-4.3878
-4.3878
~4.3878
~4.3878
-4.3878
-4.3878
-4.3878
-4.3878
-4.3878
-4.3878
-4.3878
-4.3878
-4.3878

0.3478
0.1901
-0.0654
-0.1909
-0.0719
0.2333
0.0414
-0.0771
-0.2063
0.0155
-0.0352
-0.1799
0.1248
0.3163
-0.0178
-0.4575
-0.0%00

Table B.21

~4.3878 -4.3878 -4.3878 -4.3878 -4.3878 -4.3878 -4.38768 -4.387 -4.3878 -4.3878 -4.3878 -4.3878 -4.387¢

-4.3878 -4.3878 -4.3878 -4.3878 -4.3878 -4.3878 -4.3878 -4.38 -4.3878 -4.3878

-4 3.7. -4.3878 -4.3878 -4.3878 -4.3878 -4.3878 -4.3878 -4.3878 ~4.3878 -4.3878

~-4.3878 -4.3878 -4.3878 -4.3878 4.3878 -4.3878 -4.3878 -4.3878
-4.3878 -4.3878 -4.3878 .3878 -4.3878 -4.3878 -4.3878
-4.3878 8 -4. 878 -4.3878 -4.3878 -4.3878
-4.3878 8 -4.38 .’ e 4. 8 -4.3878
-4.387¢ -4.3878 -4.3878 -4.3878 -4. -4.3878
-4.3878 -4.387¢ -4.3878 -4.3878
-4.3878 -4.3878 -4.3878 -4.3878
-4.3878 -4.3878 -4.3878 -4.387¢
-4.3878 -l 387e -4.3e78 -4.3878
3878 -4.3878 -4.3878
-4.3 ~4.3878
bl 3 -4.3878
-4. JG7I -4.3878 4.3878 -4.3878 -4. -4.387¢
~4.3878 -4.3878 -4.3878 -4.3678 -4.3878 -4.3878 -4.3878 -4. !‘7' —l !.70 -4.387¢ -4.3878 -4.3878 -4.3878 -4.3878
Table B.19 Analytic u component of surface geostrophic wind (m/sec).

-4.3878 -4.3878 -4.3878 -4,3878 -4.3878 -4.3878 -4.3878 -4.3878 -4.3878 -4.3878 -4.3878 -4.3878 -4.3878 -4.3678
~4.3878 -4.3878 -4.3878 -4.38768 -4.3878 -4.387 ~4.3878 -4.3878 -4.3878 -4.3878 -4.36878 -4.3678 -4.3878
~4.3878 -4.3878 -4.3878 -4.3878 -4.3878 -4.3878 3878 -4.387¢ -4.3878 -4.3878 -4.3878 -4.3878 -4.3878 -4.3878¢
-4.3876 -4.3878 -4.3878 -4.3878 -4.3878 -4.3878 -4.3878 -4.3878 -4.3878 -4.3878 -4.3878 -4.3878 -4.3678 -4.387¢
~4.3878 -4.3878 -4.3878 -4.3878 -4.3678 -4.3878 -4.3878 -4.3878 -4.3878 -4.3878 -4.387¢ -4.3878 -4.3677 -4.3878
-4.3878 -4.3878 -4.3878 -4.3878 -4.3878 -4.3878 -4.3878 -4.3878 -4.3878 -4.3878 -4.38768 -4.3876 -4.3878 -4.3876
~4.3878 -4.3878 -4.3878 -4.3878 -4.3878 -4.3878 8 -4.3878 -4.3878 -4.3878 -4.3878 -4.3678 -4.387¢
~4.3878 -4.3878 -4.3878 -4.3878 -4.3878 -4.387 8 -4.3878 -4.3878 -4.3678 -4.387¢ -4.3878 -4.3878
-4.3878 -4.3878 -4.3878 -4.3878 -4.3878 -4.3878 L] 3878 -4.3878 -4.3878 -4.3878 -4.3878 878 -4.3878
-4.3876 -4.3878 -4.3878 -4.3878 -4.3878 -4.3878 -4.3878 -4.3876 -4.3878 -4.3878 -4.3878 -4.3878 3878 -4.3878
~4.3878 -4.3878 -4.3878 -4.3878 -4.3878 -4.3878 -4.3878 -4.3878 -4.3878 -4.3878 -4.3878 -4. !l7l -4.3878 -4.3878
~4.3878 -4.3878 -4.3878 -4.3878 -4.3878 - ~4.3878 -4.3878 -4.3878 -4.3878 -4.3878 -4.38768 -4.3878
-4.3878 -4.3878 -4.3878 -4.3878 -4.3878 - -4.3878 -4.3878 -4.3878 -4.3878 -4.3878
~4.3878 -4.3878 -4.3878 -4.3878 -4.3878 - -4.3878 -4.3878
-4.3878 -4.3878 -4.3878 -4.3878 -4.3878 -4.38 -4.3878 -4.3878
~4.3878 -4.3878 -4.3878 -4.3876 -4.3878 -4.3878 387e —4 3878 -4.3878 -4. 3'7! -4.36878 -4.3878
~4.3878 -4.3878 -4.3878 -4.3878 -4.3878 -4.3878 -4 3878 -4.3878 -4.3878 -4.3878 -4.3878 -4.3878 -4.3878 -4.3878

Table B.20 Finite Difference u component of surface geostrophic wind (m/sec).

0.3035 0.1577 -0.0947 0.2702 0.2075 0.1215 0.1774 0.0956 0.3119 -0.1707 0.0516 -0.2505 0.2026 -0.1925
-0.0177 -0.3745 0.1771 -0.1976 -0.0391 -0.1828 0.0528 -0.2063 0.1144 -0.3038 -0.0016 -0.4247 0.0078 -0.3550
~0.1949 0.2454 0.0021 0.1156 -0.2025 0.0945 -0.1614 0.1889 -0.2970 0.1156 -0.2339 0.2291 -0.2338 0.2807
-0.0350 0.1023 -0.0401 0.1095 0.0276 0.1238 -0.2867 0.1238 -0.0668 0.2038 -0.0401 0.1967 -0.5100 0.3442

0.0491 -0.2822 0.1762 0.0716 0.1742 -0.2780 -0.1098 0.0997 0.2686 -0.0229 0.1762 -0.2350 0.2144 -0.4536

0.1028 0.1481 0.0544 0.2878 0.4933 -0.2082 0.1780 0.1694 0.3044 0.0990 0.0544 0.1481 0.2680 0.0150
-0.1305 0.1220 -0.1651 0.3608 -0.1891 0.0965 -0.5536 -0.3755 -0.0946 0.1721 -0.0707 0.2165 -0.2248 0.0414

0.0485 -0.1222 0.1662 -0.1622 -0.3106 -0.0819 -0.0290 —0.6247 0.0906 -0.2566 0.0482 -0.1104 0.0840 -0.0889

0.1447 -0.1621 0.1919 -0.4925 0.3807 -0.0677 0.2863 -0.1385 0.0975 -0.2093 0.0503 -0.1739 0.0975 0.0326
-0.2076 0.1048 -0.1600 0.0975 0.0335 0.3005 -0.2481 0.4893 -0.3677 0.2391 -0.0420 0.0812 -0.1486 0.1128

0.2547 0.0730 0.0769 0.2590 -0.3712 0.0985 0.2765 0.1928 0.1008 0.0230 0.0297 0.0258 0.0186 0.1182

0.2574 -0.0946 0.1406 -0.1871 -0.2038 0.1201 0.3002 -0.1633 0.1738 -0.1871 -0.0481 -0.0003 0.1630 -0.1268
-0.2082 0.0524 -0.1700 0.0291 -0.1680 0.2842 0.1160 0.2842 -0.3569 0.1236 -0.1700 -0.0420 -0.2553 0.1731
-0.1690 -0.0253 -0.1426 0.0855 -0.3991 0.1656 -0.1791 0.2601 -0.2103 0.0855 -0.2369 -0.2141 -0.1439 -0.0274

0.1494 0.0846 0.2873 -0.0622 0.0671 0.0061 0.1676 -0.4660 -0.1689 -0.1565 -0.0667 0.1621 0.1239 -0.3611
=0.1135 0.0243 -0.0087 -0.3508 0.2576 -0.3067 0.0243 -0.3067 -0.1436 0.0858 0.1917 0.1875 -0.0925 0.3240
-0.1561 -0.1356 -0.4902 0.1448 -0.0595 -0.0232 0.0618 0.4313 -0.1157 0.2007 0.1311 0.0500 -0.0011 0.2009
Deviation (Analytic - Finite Difference) in calculation of the u component of surface geostrophic wind (10 1

m/se
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CASE IL.A - Barotropic atmosphere - tilted (parallel) isobaric planes with Vp(T) = 0, under T = Alnp+ B

-8.9963 -8.9963

-8.9963 -8.9963
- 963

.9963

L
-8.9963 -8.9963 -8.9963
-8.9963 -8.9963 -8.9963 -~

L . L
.9963 -8.9963 -8.9963 ~8.9963

Table B.22 Analytic v component of surface geostrophic wind (m/sec).

-8.9963 -8.9963
-8.9963 ~8.9963
~8.9963 -8.9963
-8.9963 -8.9963
-8.9963 ~8.9963
~8.9963 -8.9963
~8.9963 ~8.9963
~8.9963 ~8.9963
~-8.9963 ~8.9963
-8.9963 -8.9963
~-8.9963 -8.9963
~8.9963 ~8.9963
-8.9963 -8.9963
~8.9963

-8.9963 -8
-8.9963 ~8.9963

-6.9963 -8.9963 -8.9963 -8.9963 -8.9963 -8.9963 -8.9963 -8.9963 -8.9963 -8.9963

Table B.23 Finite Difference v component of surface geostrophic wind

0.1808 0.0773 -0.3100 0.1502 ©0.0777 -0.081¢ -0.1104 -0.0188 0.1825 -0.2020
0.0707 0.2416 -0.0938 -0.0918 -0.0477 -0.0452 0.1677 0.1860 -0.1242 -0.1097
0.1325 -0.0533 0.0309 -0.0570 =-0.1251 0.0185 -0.0742 0.0574 -0.1176 0.1920
-0.2287 -0.0812 0.0535 -0.0826 0.1274 0.0011 -0.0034 0.0039 0.0783 -0.0421
0.1255 0.0124 -0.0545 0.1069 0.0762 -0.0409 -0.0860 -0.0367 -0.0121 -0.0%900
-0.1151 0.0676 0.1241 0.1516 -0.1530 -0.2748 0.1737 0.0793 0.0284 0.1486
~0.0084 -0.0142 0.0380 =-0.1151 0.1467 -0.0692 -0.0624 0.2513 -0.0354 -0.1514
-0.1361 -0.0124 -0.0366 0.2220 0.4323 -0.1709 0.0556 0.3766 -0.3210 -0.2050
0.0800 0.0491 0.1315 0.2305 -0.1234 -0.1889 -0.0152 0.1350 0.0459 -0.0248
-0.0417 0.0819 -0.0366 0.0331 0.3379 0.0414 -0.3927 -0.0010 0.3398 0.0782
-0.0555 0.2690 0.1324 -0.0206 0.0522 0.2612 0.2445 -0.3387 -0.3186 -0.0569
-0.0679 0.0676 0.1241 0.1516 0.0829 0.0320 0.1500 0.2210 -0.2078 -0.0402
-0.2049 0.1063 -0.0545 0.0126 0.0762 0.0063 0.0085 0.0105 -0.0121 0.0044
0.3186 0.0368 -0.2769 =-0.1298 0.0330 0.0484 -0.0034 0.0039 -0.0633 0.0995
0.4209 -0.1566 -0.2051 =~0.0570 0.1817 -0.0524 -0.0624 0.0220 -0.0469 -0.1385
-0.0223 -0.1508 0.1829 0.2859 -0.2365 -0.1780 0.1943 0.1211 -0.0652 -0.1215
-0.1048 0.0038 -0.0253 -0.2025 0.1461 0.0974 -0.1315 0.1340 -0.0298 -0.1771

Table B.24 Deviation (Analytic - Finite Difference) in calculation of the v component of surface geostrophic wind (10

19963
-8.9963

(m/sec).

-0.0412
0.0273
0.2220

-0.1783

-0.0230

-0.012¢

-0.2099

-0.0410
0.1685

-0.0410

-0.1154

-0.0128

-0.0230
0.1050
0.1513

-0.0190
0.1383

-8.9963

0.1974
-0.1426
-0.1651

0.4521
-0.0900

0.0437
-0.1576
-0.1594
-0.0321

0.0294
-0.0634

0.1381

0.1460
-0.0908

0.0975

0.2631
-0.0074

-8.9963
~8.9963
-8.9963
~-8.9963
-8.9963
~8.9963
-8.9963
~8.9963
~8.9963
-8.9963
~8.9963
~8.9963
-8.9963
-8.9963
~8.9963
-8.9963
-6.9963

96

-8.9963

-0.0466
0.0442
-0.1006
-0.4088
0.0102
-0.0387
-0.1383
-0.0181
0.1240
-0.0890
0.0505
-0.2452
-0.1070
0.2358
0.1366
-0.2109
0.1020

—11/sec).



CASE II.A - Barotropic atmosphere - tilted (parallel) isobaric planes with Vp(T) = 0, under T = Alnp+ B

10.0093 10.0093
10.0093 10.0093
10.0093 10.0093
10.0093 10.0093
10.0093 10.0093
10.0093 10.0093
10.0093 10.0093
10.0093 10.0093
10.0093 10.0093
10.0093 10.0093
10.0093 10.0093
10.0093 10.0093
10.0093 10.0093
10.0093 10.0093
10.0093 10.0093
10.0093 10.0093
10.0093 10.0093

10.0093 10.0093
10.0093 10.0093
10.0093 10.0093
10.0093 10.0093
10.0093 10.0093
10.0093 10.0093
10.0093 10.0093
10.0093 10.0093
10.0093 10.0093
10.0093 10.0093
10.0093 10.0093
10.0093 10.0093
10.0093 10.0093
10.0093 10.0093
10.0093 10.0093
10.0093 10.0093
10.0093 10.0093

0.0423 -0.2956
0.0517 -0.055¢
-0.1267 -0.0336
0.0309 0.2210
0.1609 -0.1343
-0.0938 0.0584
~0.1682 0.0647
-0.0824 0.1011
~0.1526 -0.1354
0.152¢8 0.1284
-0.0179 -0.0616
0.0449 -0.0517
-0.0835 0.2755
-0.0767 -0.2123
~0.0744 -0.4437
0.2149 0.0698
-0.2700 0.1627

10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093

10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.009%3
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093

Table B.26 Finite Difference

-0.1386
-0.0529
~0.0597
0.0282
0.1126
-0.1256
-0.0407
0.0648
0.0270
-0.1195
-0.2737
-0.0192
-0.1190
-0.0218
0.1037
0.1249
0.0561

10.0093 10.0093 10.00%3 10.0093 10.0093 10.0093
10.0093 10.0093 10.0093 10.0093 10.0093 10.0093
10.0093 10.0093 10.0093 10.0093 10.0093 10.0093
10.0093 10.0093 10.0093 10.0093 10.0093 10.0093
10.0093 10.0093 10.0093 10.0093 10.009) 10.0093
10.0093 10.0093 10.0093 10.0093 10.0093 10.0093
10.0093 10.0093 10.0093 10.0093 10.0093 10.0093
10.0093 10.0093 10.0093 10.0093 10.0093 10.0093
10.0093 10.0093 10.0093 10.0093 10.0093 10.00%3
10.0093 10.0093 10.0093 10.0093 10.0093 10.00%3
10.0093 10.0093 10.0093 10.0093 10.0093 10.00%3
10.0093 10.0093 10.0093 10.0093 10.0093 10.0093
10.0093 10.0093 10.0093 10.0093 10.0093 10.0093
10.0093 10.0093 10.0093 10.0093 10.009) 10.0093
10.0093 10.0093 10.0093 10.0093 10.0093 10.0093
10.0093 10.0093 10.0093 10.0093 10.0093 10.0093
10.0093 10.0093 10.0093 10.0093 10.0093 10.0093

10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093

10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093

Table B.25 Analytic surface geostrophic wind velocity (m/sec).

10.0093 10.0093 10.0093 10.0093 10.0093 10.0093
10.0093 10.0093 10.0093 10.0093 10.0093 10.0093
10.0093 10.0093 10.0093 10.0093 10.0093 10.0093
10.0093 10.0093 10.0093 10.0093 10.0093 10.0093
10.0093 10.0093 10.0093 10.0093 10.0093 10.0093
10.0093 10.0093 10.0093 10.0093 10.0093 10.0093
10.0093 10.0093 10.0093 10.0093 10.0093 10.0093
10.0093 10.0093 10.0093 10.0093 10.0093 10.0093
10.0093 10.0093 10.0093 10.0093 10.0093 10.0093
10.0093 10.0093 10.0093 10.0093 10.0093 10.0093
10.0093 10.009) 10.0093 10.0093 10.0093 10.0093
10.0093 10.0093 10.0093 10.0093 10.0093 10.0093
10.0093 10.0093 10.0093 10.0093 10.0093 10.0093
10.0093 10.0093 10.0093 10.0093 10.0093 10.0093
10.0093 10.0093 10.0093 10.0093 10.0093 10.0093
10.0093 10.0093 10.0093 10.0093 10.0093 10.0093
10.0093 10.0093 10.0093 10.0093 10.0093 10.0093

0.3201 -0.2535 -0.1606 0.0203 0.0215 -0.0250
0.0068 0.1691 0.0600 0©0.1208 -0.1739 -0.0767
-0.0286 0.0005 0.2013 -0.0581 0.1375 -0.1343
-0.0306 0.0263 -0.1267 -0.0552 0.12e¢8 -0.0577
-0.0282 -0.1274 -0.1448 0.1566 0.1254 -0.0107
-0.1354 -0.2624 -0.0787 0.3384 -0.2341 -0.1455
0.03¢2 -0.0547 -0.0488 0.0199 0.2988 -0.061)
-0.0400 -0.1284 -0.2522 0.1695 -0.0373 -0.0647
-0.2023 0.0087 -0.0560 0.1995 -0.1119 -0.0606
0.1030 -0.0725 -0.3163 -0.1689 0.4617 -0.2135
-0.1526 -0.0950 0.1156 -0.2778 -0.3409 0.2199
-0.1732 -0.0542 0.0149 -0.0814 -0.2665 -0.1270
0.1235 -0.0240 0.0052 -0.1302 -0.0584 -0.1339
0.3114 0.0792 0.1453 -0.1160 0.0815 -0.1174
0.0584 0.0785 -0.1927 0.0444 -0.0174 0.1846
-0.1606 -0.1030 0.0997 0.2945 -0.1853 0.0256
0.2377 0.1187 -0.1053 -0.0773 0.0911 -0.3094

10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.00%3
10.0093
10.0093
10.0093

-0.3007
0.0615
0.2359

-0.0410

-0.1069

-0.159%0
0.0734
0.2489

-0.0838

-0.1442
0.2421
0.110%
0.1673
0.1490
0.1162
0.1215
0.0776

10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093

0.2563
0.2318
-0.2231
-0.0515
0.0%09
-0.1769
0.0606
0.29¢8
0.1140
-0.1750
0.0410
0.118]1
-0.0561
-0.1270
0.1931
0.0716
0.0712

10.0093
10.0093
10.0093
10.0093
10.0093
10.00%3
10.009)
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093

10.0093
10.009)
10.009)
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093

surface geostrophic wind velocity (m/sec).

0.0144
-0.0238
-0.0970

0.1778
-0.0565
-0.0123

0.2197

0.0158
-0.1736

-0.1617

10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093

10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093

-0.0675
0.3144
0.0480

-0.492¢6
0.1839

-0.1041
0.0469
0.1918
0.1052

-0.0620
0.0457

-0.1240

-0.1128
0.1755

-0.1566

-0.3187

-0.0153

10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093

10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093

-0.1311
-0.1410
0.0739
0.1142
0.08e5
-0.1512
0.2455
0.0803
-0.1556
0.0973
-0.0309
-0.0627
0.2096
0.3057
0.0300
-0.0947
0.1515

10.0093
10.0093
10.0093
10.0093
10.00%3
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.009)

10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0083
10.0093
10.0083
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093
10.0093

Table B.27 Deviation (Analytic - Finite Difference) in calculation of surface geostrophic wind velocity (lo_llm/sec).

o7



CASE I1.B - Barotropic atmosphere -

-4.3878 -4.3878
-4.3876 -4.

-4.3878 -4.3878
-4.3878 -4.3878
-4.3878 -4.3878
-4.3878 -4.3878

-4.3878
-4.3878

~4.3878 -4.3878
~4.3878 -4.3878
-4.3878
-4.3878
~4.38
-4.3879
-4.3880
~4.3879
-4.3878
-4.3877
-4.3876
877

~4.3¢
-4.3878
~4.3878
~-4.3878 -4.3878

0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0004
0.0000 0.0028
0.0001 0.0052
0.0002 0.0040
0.0001 0.0012
0.0000 0.0000
-0.0001 -0.0012
-0.0002 -0.0039
-0.0001 -0.0051
-0.0000 -0.0028
0.0000 -0.0004
0.0000 -0.0000
©0.0000 0.0000
0.0000 0.0000

~4.3878

-4.3878
-4.3878

~4.3878

Table B.

~4.3878

-4.4420
~4.4018
-4.3878
-4.3739
-4.3338
~-4.2906
-4.2888
-4.3312
~4.3731
~4.3873
-4.3878

Table B.29

0.0000
0.0000
0.0012
0.0107
0.0267
0.0315
0.0193
0.0052
0.0000
-0.0052
-0.0182
-0.0314
-0.0266
-0.0107
-0.0012
-0.0000
0.0000

0.0000
0.0005
0.0148
0.0568
0.0992
0.0975
0.0542
0.0140
0.0000
-0.0139
-0.0540
-0.0972
-0.0990
-0.0566
-0.0148
-0.0005
0.0000

Table B.30 Deviation (Analytic -

tilted (parallel) isobaric

-4.3878
-4.3878
-4.3878
-4.3e78
-4.3878
-4.3878
-4.3470
-4.3078

e -4.3078

-4.3878
-4.3878
-4.3878
-4.3878
-4.387
-4.38

-4.3878
-4.3
-4.387¢
-4.3878

~-4.
-4.3878

planes with Vp(T) = 0, under T = Az 4+ B

-4.3878
.3¢

-4.387¢
-4.3687¢
-4.387¢
~4.3878

-4.3878
~4.3e78

s -4.3878

-4.3878
-4.3878
-4.387¢

-4.3878

-4.3878¢
-4.3878
-4.387¢

-4.3878
-4.3878
-4.
-4.3
-4.3878
-4.3878

28 Analytic u component of surface geostrophic

-4.3878
~-4.3952
~4.4449
-4.5447
-4.6197
~4.5963
~4.4981
-4.4155
-4.387¢
-4.3602
-4.277¢
-4.1797

-4.3878

-4.3081
-4.4119

-4.3875

-4.3900
~4.4404
-4.6119
-4.8569
-4.9908
~4.08%¢
~4.6421
~4.4502
-4.387¢
4.3256
-4.1340
-3.8865
-3.7857
-3.91%4
-4.1641
-4.3354
-4.3857

-4.3892
-4.4315
~-4.5832
-4.8068
-4.9332

~4.3864

-4.3881
~4.4119
-4.5148
~4.68
-4.7882
-4.7313
~4.5648
-4.4317
-4.3878
~4.3441
-4.2112
~4.0449
~3.9881
~-4.0933
-4.2611
-4.3638
-4.3875

-4.3878
-4.387¢
-4.3878
-4.3878

-4.3878
-4.3
-4.3
-4.3878
-4.387e¢

-4.3878
~4.3952

-4.3878

-4. L
-4.387¢

wind (m/sec).

-4.3878
~4.3883
-4.4026
-4.4446
-4.4871
-4.4853
-4.4420
-4.4018
-4.3878
-4.3739
-4.3338
-4.2906
-4.2888
-4.3312
-4.3731
~-4.3873
-4.3878

-4.3878

-4.387¢8
-4.3878
-4.38%0
-4.3985
-4.4145
-4.4193
-4.4071
-4.3931

-4.387¢

Finite Difference u component of surface geostrophic wind (m/sec).

0.0000
0.0074
0.0571
0.1569
0.2319
0.2085
0.1103
0.0277
0.0000
-0.027¢6
-0.1100
-0.2081
-0.2315
-0.1566
-0.0569
-0.0073
-0.0000

0.0003
0.0241
0.1270
0.2950
0.4003
0.3435
0.1770
0.0438
0.0000
-0.0437
-0.1766
-0.3429
-0.3997
-0.2945
-0.1267
-0.0240
-0.0003

0.0014
0.0437
0.1954
0.4190
0.5453
0.4572
0.2325
0.0572
0.0000
-0.0570
-0.2321
-0.4565
-0.5446
~0.4184
-0.1950
-0.0435
-0.0014

0.0022
0.052¢
0.2241
0.4691
0.6029
0.5020
0.2543
0.0624
0.0000
-0.0622
-0.2538
~0.5013
~0.6021
-0.4684
-0.2237
-0.0525
-0.0021

Finite Difference) in calculation

0.0014
0.0437
0.1954
0.4190
0.5454
0.4573
0.2326
0.0572
0.0000
-0.0570
~0.2321
-0.4566
-0.5446
~0.4184
-0.1950
-0.0435
-0.0014

0.0003
0.0241
0.1270
0.2950
0.4004
0.3435
0.1770
0.0439
0.0000
-0.0437
-0.1766
~0.3429
-0.3997
-0.2945
-0.1267
-0.0240
-0.0003

0.0000
0.0074
0.0571
0.1569
0.2319
0.2085
0.1103
0.0277
0.0000
-0.0276
-0.1100
-0.2081
-0.2315
-0.1566
-0.0570
-0.0073
-0.0000

0.0000
0.0005
0.0148
0.0568
0.0992
0.0975
0.0542
0.0140
0.0000
-0.0139
-0.0540
-0.0973
-0.0990
-0.0566
-0.0148
-0.0005
0.0000

0.0000
0.0000
0.0012
0.0107
0.0267
0.0315
0.0193
0.0053
0.0000
-0.0052
-0.0192
-0.0314
-0.0266
-0.0107
-0.0012
-0.0000
0.0000

-4.3878
-4.3878
-4.3878
-4.3883
-4.3906
-4.3930
-4.3918
-4.36%
-4.3878
-4.3866
-4.3839
-4.3827
~4.3850
-4.3874
-4.3878
-4.3878
-4.3878

0.0000
0.0000
0.0000
0.0004
0.0028
0.0052
0.0040
0.0012
0.0000
-0.0012
-0.0039
-0.0051
-0.0028
-0.0004
-0.0000
0.0000
0.0000

of the u component of surface geostrophic wind

-4.387¢

~4.387¢
-4.3878
3e7e

L]
-4.3876
-4.3877
-4.3878
-4.387¢
-4.3878
-4.3878
-4.3878

0.0000
0.0000
0.0000
0.0000
0.0000
0.0001
0.0002
0.0001
0.0000
-0.0001
-0.0002

(m/sec).
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CASE IL.B - Barotropic atmosphere - tilted (parallel) isobaric planes with Vp(T) = 0, under T'= Az + B

~8.9963 ~8.9963 -8.9963 -8.9963 -8.9963 -8.9963 -8.9963
~8.9963 -8.9963 9963 -8.9963 -8.9963
-8.9963 -8.9963 -8.9963 -8.9963 -8.9963
-8.9963 ~8.9963 -6.9963 -8.9963 -8.9963
~8.9963 ~4.9963 -8.9963 -8.9963 -8.9963
~8.9963 ~8.9963 -0.9963 -8.9963 ~8.9963
~8.9963 ~8.9963 -8.9963 -8.9963 -8.9963
~8.9963 ~0.9963 -8.996) -8.9963 -8.9963
~8.9963 ~8.9963 ~8.9963 -8.9963 -8.9963
~8.9963 9963 -8.99%6¢3 -8.9963
~8.9963 9963 -8.9963 -8.9963
~8.9963 9963 -8.9963 -8.9963
~8.9963 ~8.9963 -9.9963 -4.996 —8.9963
~8.9963 ~0.9963 -8.9963 -6.9963 -8.9963
-8.9963 -8.9963 -8.9963 -8.9963 -8.9963
-8.9963 -8.9963 -8.9963
-8.9963 -8.9963 -8.9963 -6.9963

Table B.31 Analytic v component of surface geostrophic wind (m/sec).

9963
-8.9963
~8.9991
=9.0231 -9.0016 -8.9963
-9.0957 =-9.0104 -8.9963

.0241 -8.9964
.0403 -8.9964
=-9.0536 -8.9964

-9.0535 -9.1534 -9.2265
-9.1235 -9.2917 -9.397
=-9.1920 -9.4158 -9.5422

~9.2207 -9.4659 -9.5999 ~9.0589 -6.9964 -8.7728
=9.1920 -9.4158 -9.5423 ~9.0536 -8.9964 -8.8014
-9.1235 -9.2917 -9.3971 ~9.0403 -8.9964 -8.8698

~9.0535 -9.1534 -9.2285 ~9.0241 -8.9964

~9.0104 -8.9963

-9.0112 -9.0532 -9.0957 .
.9976 -9.0071 -9.0231 9.0016 -8.9963 -8.9951
.9963 -8.9968 -8.9991 -8.9963
.9963 -8.9963 -8.9963 -8.9963

~8.9963 -8.9963 -8.9963 -8.9963 -8.9963 -8.9963 -8.9963 -8.9963

Table B.32 Finite Difference v component of surface geostrophic wind (m/sec).

.0000 0.0000 0.0000  0.0000 ©0.0000 0.0000 0.0000 ©0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
-0000  0.0000 0.0000 0.0001 ©0.0002 0.0001 0.0000 -0.0001 -0:0002 =-0.0001 -0.0000 0.0000 0.0000 0.0000
.0000 0.0004 0.0028  0.0052 0.0040 0.0012 0.0000 -0.0012 -0.0039 -0.0051 -0.0028 -0.0004 -0.0000 0.0000
0.0108 0.0268 0.0315 0.0193 0.0053 0.0000 -0.0052 -0.0191 -0.0313 -0.0266 -0.0106 -0.0012 -0.0000

-0149 0.0569 0.0994 0.0976 0.0543 0.0140 0.0000 -0.0139 -0.0539 -0.0971 -0.0989 -0.0566 -0.0147 -0.0005

.0572  0.15T1 0.2322 0.2088 0.1104 0.0278  0.0000 -0.0276 -0.1099 -0.2079 -0.2313 -0.1564 -0.0569 -0.0073

127 0.2953  0.4008 0.3439 0.1772 0.0439 0.0000 -0.0437 -0.1765 -0.3427 -0.3995 -0.2943 -0.1266 -0.0240

.1956 0.4194 0.5459  0.457¢  0.2329 0.0573 0.0000 -0.0570 -0.2319 -0.4563 -0.5443 -0.4181 -0.1949 -0.0435
0.2244 0.4696  0.6036 0.5026 0.2546 0.0625 0.0000 -0.0622 -0.2537 -0.5010 -0.6019 -0.4682 -0.2235 -0.0524
0.1956  0.4195 0.5459 0.4578 0.2329 0.0573 0.0000 -0.0570 =-0.2319 -0.4563 -0.5443 -0.4182 -0.1949 -0.0435
0.1271 0.2954 0.4008  0.3439 0.1772 0.0439 0.0000 -0.0437 -0.1765 -0.3427 -0.3995 -0.2943 -0.1266 -0.0240
0.0572 0.1571 0.2322 0.2088 0.1104 0.0276  0.0000 -0.0276 -0.1099 -0.2079 -0.2313 -0.1564 -0.0569 -0.0073
0.0149 0.0569 0.0994 0.0977 0.0543 0.0140 0.0000 -0.0139 -0.0539 -0.0971 -0.0969 -0.0566 -0.0147 -0.0005
0.0012 0.0108 0.0268 0.0315 0.0193 0.0053 0.0000 -0.0052 -0.0191 -0.0313 -0.0266 -0.0107 -0.0012 -0.0000
0.0000 0.0004 0.0028 0.0052 0.0040 0.0012 0.0000 -0.0012 -0.0039 -0.0051 -0.0028 -0.0004 -0.0000 0.0000
0.0000 0.0000 0.0000 0.0001 0.0002 0.0001 0.0000 -0.0001 -0.0002 -0.0001 -0.0000 0.0000 0.0000 0.0000
0.0000 ©0.0000 ©0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

coooococooo0
=3
o
-
~N

Table B.33 Deviation (Analytic - Finite Difference) in calculation of the v component of surface geostrophic wind (m/sec).
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CASE IL.B - Barotropic atmosphere - tilted (parallel) isobaric planes with Vp(T) = 0, under T = Az + B

.0093
10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.009) 10.0093 10.0093 10.0093 10.0093 10.009) 10.0093 10

10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 lggg:; :g:g::
10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10'0013 10.00,’
10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 1 .00” 10‘00'!
10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 !g.oo,, IO‘ s
10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 lo.oon u’.oo,’
10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 :o.oo" “’.oo,,
10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 0.00’] IO.W’)
10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 ‘0’00’1 10.00’3
10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 :0'00,3 1°.°°”
10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.009) 10.0093 .“” 10.000!
10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0083 10.0093 l.g.oo'J 10‘00’!
10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.“” I0.00’!
10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 ‘0.000J 1o'oon
10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 l°.°°” 10-00’)
10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 1 ‘00!3 10.00’)
10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10.0093 10. .

Table B.34 Analytic surface geostrophic wind velocity (m/sec).

10.0093 10.0093 10.0093 10.0093 10.0093 10.0095 10.0100 10.0103 10.0100 10.0095 10.0093 10.0093 10.0093 10.0093 10.0093
10.0093 10.0093 10.0093 10.0096 10.0127 10.0201 10.0266 10.0325 10.0285 10.0198 10.0125 10.0096 10.0093 10.0093 10.0093
10.0093 10.0093 10.0103 10.0184 10.0392 10.0692 10.0976 10.1096 10.0954 10.0621 10.0299 10.0134 10.0095 10.0093 10.0093
10.0093 10.0106 10.0237 10.0564 10.1073 10.1593 10.2046 10.2237 10.1954 10.1252 10.0512 10.0106 10.0045 10.0084 10.0093
10.0098 10.0239 10.0722 10.1423 10.2001 10.2391 10.2724 10.2860 10.2479 10.1436 10.0268 9.9649 9.9703 9.9973 10.0089
10.0160 10.06€30 10.1644 10.2608 10.2888 10.2625 10.2425 10.2394 10.193€8 10.0675 9.9178 9.8460 9 9.9605 10.0028
10.0311 10.1255 10.2839 10.3941 10.3669 10.2465 10.1525 10.1234 10.0746 9.9311 9.7528 9.6766 9.8
9. S

10.0487 10.1861 10.3902 10.5086 10.4344 10.2360 10.0859 10.0369 9.8211 9.6140 9.5295 9.9703
10.0567 10.2115 10.4335 10.5551 10.4634 10.2388 10.0656 10.0094 9.7620 9.5615 9.4721 9.9623
10.0486 10.1850 10.3858 10.4969 10.4111 10.2004 10.0361 9.9622 9.7819 9.5887 9.5167 9.9702
10.0310 10.1221 10.2675 10.3483 10.2733 10.0940 9.9497 9.9007 9.7736 9.6532 9.6274 9.9877
10.0159 10.0586 10.1373 10.1772 10.1096 9.9647 9.8432 9.8000 9.7637 9.7317 9.758¢ 10.0027
10.0098 10.0215 10.0489 10.0562 9.9968 9.8903 9.7958 9.7604 9.7914 9.8219 $.6772 10.0089

10.0093 10.0103 10.0143 10.0088 9.9703 9.9014 9.8380 9.8130 9.8664 9.9134 9.9607 10.0081 10.0093
10.0093 10.0093 10.0092 10.0054 9.9892 9.9581 9.9265 9.9133 9.9243 9.9509 9.9799 10.0004 10.0093 10.0093
10.0093 10.0093 10.0093 10.0091 10.0062 9.9990 9.9904 9.9865 9.9902 9.9987 10.0060 10.0091 10.0093 10.0093 10.0093
10.0093 10.0093 10.0093 10.0093 10.0093 10.0092 10.0087 10.0084 10.0087 10.0092 10.0093 10.0093 10.0093 10.0093 10.0093

Table B.35 Finite Difference surface geostrophic wind velocity (m/sec).

-0.0000 -0.0000 -0.0000 -0.0000 -0.0000 -0.0001 -0.0006 -0.0009 -0.0006 -0.0001 —0.0000 -0.0000 -0.0000 -0.0000 —-0.0000
-0.0000 -0.0000 -0.0000 -0.0002 -0.0033 -0.0108 ~0.0193 -0.0232 -0.0191 -0.0104 -0.0031 -0.0002 -0.0000 —0.0000 -0.0000
-0.0000 —0.0000 —0.0009 -0.0090 -0.0298 -0.0599 -0.0883 -0.1002 ~0.0861 -0.0528 -0.0206 -0.0040 -0.0001 0©.0000 -0.0000
-0.0000 -0.0013 -0.0144 -0.0491 -0.0979 -0.1499 -0.1953 -0.2144 -0.1660 —0.1158 -0.0418 -0.0012 0.0049 0.0009 0.0000
-0.0005 -0.0146 -0.0629 -0.1329 -0.1908 -0.229¢ -0.2631 -0.2786 -0.2386 -0.1343 —0.0175 0.0445 0.0390 0.0120 0.0005
~0.0067 -0.0537 -0.1551 -0.2514 -0.2795 -0.2531 -0.2332 -0.2300 -0.1844 -0.0581 0.0916 0.1633 0.1263 0.0488 0.0065
-0.0218 -0.1161 -0.2745 -0.3847 -0.3576 -0.2372 -0.1432 -0.1141 -0.0653 0.0782 0.2565 0.3327 0.2550 0.111¢ 0.0215
-0.0394 -0.1767 —0.3808 -0.4992 -0.4251 -0.2267 -0.0766 -0.0276 0.0256 0.1682 0.3953 0.4798 0.3717 0.1742 0.0390
—0.0474 -0.2021 -0.4241 -0.5458 -0.4540 -0.2295 -0.0562 ~0.0000 0.0558 0.2274 0.4476 0.5373 0.4166 0.2004 0.0471
~0.0393 -0.1757 -0.3764 -0.4876 -0.4018 -0.1911 -0.0268 0.0271 0.0762 0.2274 0.4207 0.4927 0.3765 0.1753 0.0391
-0.0216 -0.1127 -0.2581 -0.3390 -0.2639 -0.0846 0.0596 0.1086 0.1392 0.2357 0.3561 0.3819 0.2723 0.1154 0.0216
-0.0066 -0.0492 -0.1279 -0.1678 -0.1003 0.0447 0.1661 0.2094 0.2168 0.2457 0.2776 0.2505 0.1543 0.0534 0.0066
-0.0005 -0.0121 -0.0396 -0.04686 0.0105 0.1190 0.2136 0.2489 0.2393 0.2179 0.1874 0.1322 0.0625 0.0145 0.0005
-0.0000 -0.0009 ~0.0050 0.0006 0.0391 0.1080 0.1714 0.1963 0.1810 0.1430 0.0960 0.0466 0.0143 0.0013 0.0000
-0.0000 -0.0000 0.0001 0.0039 0.0202 0.0513 0.0826 0.0960 0.0850 0.0564 0.0295 0.0090 0.0009 0.0000 -0.0000
-0.0000 -0.0000 0.0000 0©0.0002 0.0031 0.0103 0.0169 0.0229 0.0191 0.0107 0.0033 0.0002 0.0000 -0.0000 -0.0000
-0.0000 -0.0000 -0.0000 -0.0000 0.0000 0.0001 0.0006 0.0009 0.0006 0.0001 0.0000 -0.0000 -0.0000 -0.0000 -0.0000

Table B.36 Deviation (Analytic - Finite Difference) in calculation of surface geostrophic wind velocity (m/sec).
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1.0+10°°C%/m R
CASE II1.A.1 - Baroclinic atmosphere - with VpT = 0 ,under T = Alnp+ Bo+ Co(z — =z )
0

~4.3878 -4.3878 -4.387¢
-4.3878
-4.3878

~4.3878 -4.387¢ -4.3878

-4.3878

-4.387¢

-4.387¢ -4.3878
L] -

-4.387¢ -4.3878

-4.3878 -4.3878

-4.387¢ -4.3878 -4.3878

-4.3878
-4.3878

-4.3878 :
-4.3878 -
=4.3070 -4.3878 -4.3878 -4.3878 -4.3878 o
-4.3878 -4.3878 4.3878

-4.3878 -4.3878
~4.3878 -4.387¢

-4.3878
-4.3878
-4.387¢
-4.3878 -4.387¢ . 8 -
-4.3878 -4.3878 -4.3878

~4.3878 -4.3878
~4.3878 -4.3078

~4.3878

3876 -4.3878

-4. L -4.3878
-4.387¢ -4.3878

-4.3878 -4.3878

3
-4.3878

~4.3876 -4.3878 -4.387¢

Table B.37 Analytic u component of surface geostrophic wind (m/sec).

-4.3878 . -4.38 -4.3878 -4.3878
-4.3878 -4.3 -4.387¢
-4.3878 -4.3878 L 878 -4.387¢ -4.3878
-4.3878 ~4.3878 -4.3878 -4.3878 -4.387¢ -4.3878 . 3 - -4.3878
-4.3878 -4.3878 -4.3878 -4.3878 -4.3878 -4.3878 -4.387¢
387s L
-4.3878
-4.3878 .
-4.3878 -4.3878
-4.387¢ 2
-4.3878
-4.3878
-4.
-4.
-4.387¢ . -4. -4 8 -4.3878 . L]
~4.3878 -4.3878 -4.3878 -4.3878 ~4.3878 -4.3878 -4.3878 -4.3878 -4.38768 -4.3878 -4.3878 -4.3878

Table B.38 Finite Difference u component of surface geostrophic wind (m/sec).

0.1406 0.0825 -0.0347 -0.0990 0.0349 0.2921 0.3813 0.1480 -0.0452 0.3119 -0.0410 -0.0059 -0.2183 0.1458 -0.2005
-0.1820 0.0256 -0.0543 0.0958 -0.1856 0.2678 -0.1355 0.1471 -0.1120 0.1144 -0.4749 0.0601 -0.2014 0.0165 -0.4824
0.1128 -0.1779 0.2543 0.0493 0.1627 -0.2497 0.0001 -0.2559 0.2834 -0.2970 0.0684 -0.1867 0.1362 -0.1688 0.3720
0.1123 0.0003 -0.0393 0.0543 0.2983 -0.0668 0.1238 -0.1924 0.1238 -0.0668 0.2038 -0.1345 0.1967 -0.1029 0.3059
-0.1691 0.0728 -0.3766 0.0817 -0.0229 -0.0146 0.0997 0.0790 -0.0891 0.2686 -0.1173 0.0817 -0.1406 0.2379 -0.6297
-0.1030 0.1028 0.0537 0.0544 0.1934 0.2100 -0.1139 -0.1997 0.1694 0.3044 0.0046 0.1488 0.1008 0.0084 0.0504
-0.0176 -0.2013 0.2165 -0.1651 0.2192 0.0941 0.0022 -0.3647 0.0965 -0.0946 0.2664 -0.0235 0.1692 -0.2248 0.3128¢
-0.0122 0.0014 -0.1104 0.2134 -0.3274 0.1378 0.2249 0.3250 -0.2471 0.0906 -0.1858 -0.0226 -0.1104 0.0721 -0.2335
-0.0883 0.2273 -0.1621 0.2155 -0.3037 0.0503 -0.4453 -0.0441 -0.2329 0.0975 -0.5870 0.1683 -0.1739 0.1211 -0.2005
0.0095 -0.2429 0.0458 -0.1837 0.2156 -0.0844 0.0881 -0.2716 0.3949 -0.3677 0.2628 0.0052 0.0812 -0.1132 0.2957
-0.0824 0.0894 0.1202 0.0769 0.1646 0.3841 0.3817 0.2765 0.0040 0.1008 0.2118 -0.0647 0.0730 -0.0286 0.2834
0.0443 0.0686 -0.0003 0.1406 -0.1871 0.1738 -0.2576 0.2059 -0.4465 0.1738 -0.2816 -0.0481 -0.0475 0.0214 -0.1268
0.2643 -0.1373 0.0996 -0.0756 0.0291 -0.3569 -0.0935 -0.0728 0.2842 -0.3569 0.1236 -0.2643 0.0052 -0.2082 -0.0271
0.1538 0.0117 0.1163 -0.1897 0.2743 -0.3991 0.0712 -0.1791 0.2601 -0.2103 0.1800 -0.1426 0.1163 0.0147 0.0633
0.0580 0.0621 0.1480 0.0513 -0.1094 0.1615 -0.2772 0.2619 -0.3716 -0.1689 -0.0149 -0.0196 -0.0216 0.3744 -0.1149
-0.3402 0.0660 -0.1044 0.1200 -0.4629 0.1987 -0.1651 0.0243 -0.0943 -0.1436 -0.1797 0.0970 0.0659 -0.0552 0.1501
-0.1294 -0.0584 -0.0735 -0.2846 0.2020 -0.3677 0.0813 -0.0267 0.4603 -0.1157 0.2134 -0.0246 0.1565 -0.1885 0.1722

. s —11
Table B.39 Deviation (Analytic - Finite Difference) in calculation of the u component of surface geostrophic wind (10 m/sec).
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1.0:10_5C°/m (R)
CASE III.A.1 - Baroclinic atmosphere - with VpT = 0 ,under T = Alnp+ Bo+ Co(x — =z )
0
-14.0364 -14.0341 -14.0317 -14.0293 -14.0269 -14.0246 -14.0222 -14.0198 -14.0174 -14.0151 -14.0127 -14.0103 -14.0080 -14.0056
-14.0357 -14.0333 4.0309 -13.9371 -13.7063 -13.4933 -13.4077 -13.4888 -13.6970 -13.9229 ~14.0096 -14.0072 -14.0049
~14.0349 -14.0102 -13.6464 -13.0108 -12.3364 -11.8331 -11.6466 -11.8290 -12.3279 -12.9975 -13.6279 -13.9665 -14.0065 -14.0041
-14.0118 -13.5010 -12.4902 -11.2555 ~10.0940 -9.2722 -8.9751 ~-9.2690 -10.0670 -11.2438 -12.4731 -13.4781 -13.9634 -14.0034
~13.6495 -12.4916 -10.8225 -8.9791 -7.3221 -6.1757 -5.7658 -€.1735 -7.3169 -6.9697 -10.8075 -12.4702 -13.6218 -14.0026
-13.0152 -11.257¢ -8.9799 -6.5723 -4.4544 -3.0049 -2.4896 -3.0038 -4.4512 -6€.5653 -8.9674 -11.2385 -12.9886 -13.9105
-12.3418 -10.0970 -7.3231 -4.4544 -1.9560 -0.2568 0.3436 -0.2587 ~-1.9566 -4.4496 -7.3128 -10.0795 -12.3165 -13.6817
-11.8395 -9.2756 -6.1766 -3.0044 -0.2580 1.6067 2.2669 1.6061 -0.2579 -3.0011 -6.167¢ -9.2595 -11.8151 -13.4706
~11.6541 -8.9791 -5.7668 -2.4885 0.3454 2.2682 2.9488 2.2673 0.3451 -2.4858 -5.7566 -8.9635 -11.6301 -13.3666
-11.8379 -9.2741 -6.1751 -3.0028 -0.2564 1.6083 2.2686 1.6077 -0.2562 -2.9995 -6.1663 -9.2579 -11.8136 -13.4691
-1 388 -10.0939 -7.3200 -4.4512 ~-1.9548 -0.2556 0.3469 -0.2555 ~-1.9534 -4.4464 -7.3097 -10.0765 -12.3135 -13.6788
-13.0107 -11.2533 -8.9753 -6.5676 -4.4496 -3.0001 -2.4848 -2.9990 -4.4464 -6.5606 -8.9628 -11.2339 -12.9641 -13.9061
=13.6436 -12.4856 -10.8164 -8.9729 -7.3159 -6.1694 -5.7595 -6.1672 -7.3108 -8.9636 -10.8015 -12.4643 -13.6159 -13.9967
~14.0044 -13.4936 -12.4827 -11.2479 -10.0864 -9.2646 -8.9675 -9.2613 -10.0794 -11.2363 -12.4656 -13.4707 -13.9760 -13.9960
~14.0260 -14.0013 -13.6375 -13.0018 -12.3274 -11.8240 -11.6375 -11.8200 -12.3189 -12.9685 -13.6190 -13.9776 -13.9976 -13.9952
-14.0253 -14.0229 -14.0205 -13.9267 -13.6959 -13.4829 -13.3973 -13.4763 -13.6866 -13.9125 -14.0016 -13.9992 -13.9968 -13.9945
~14.0245 -14.0222 -14.0198 -14.0174 -14.0150 -14.0127 -14.0103 -14.0079 -14.0056 -14.0032 -14.0008 -13.9985 -13.9961 -13.9937
Table B.40 Analytic v component of surface geostrophic wind (m/sec).
~14.0364 -14.0341 -14.0317 -14.0293 -14.0269 -14.0246 -14.0222 -14.0198 -14.0174 -14.0151 -14.0127 -14.0103 -14.0060 -14.0056
~14.0357 -14.0333 -14.00€1 -13.9028 -13.7108 -13.5252 -13.4494 -13.5206 -13.7014 -13.8887 -13.9691 -14.0096 -14.0072 -14.0049
~14.0294 -13.9254 -13.5784 -13.0011 -12.3791 -11.9123 -11.7388 -11.9081 -12.3706 -12.9677 -13.5600 -13.9019 -14.0009 -14.0041
=13.8903 -13.3760 -12.4342 -11.2738 -10.1769 -9.4034 -9.1229 -9.4000 -10.1717 -11.2620 -12.4171 -13.3532 -13.8621 -13.9978
-13.4566 -12.3638 -10.7769 -9.0257 ~-7.4497 -6.3598 -5.9702 -6.3574 -7.4443 -9.0160 -10.7638 -12.3425 -13.4291 -13.9068
=12.8079 -11.1277 -8.9475 -6.6447 -4.6215 ~3.2384 -2.7470 -3.2371 -4.6179 -6.6373 -6.9346 -11.1082 -12.7816 -13.7023
-12.1237 =7.2994 -4.5475 -2.1573 -0.5330 0.0424 -0.5326 -2.1554 ~-4.5421 -7.2087 -9.9471 -12.0966 -13.4197
-11.6143 -6.1563 -3.1109 -0.4785 1.3056 1.9367 1.3053 -0.4777 -3.1070 -6.1491 -9.1255 -11.5901 -13.1886
~11.4264 -5.7503 -2.5996¢ 0.1176 1.9576 2.6083 1.9571 0.1179 ~8.6269 -11.4026 -13.1001
-11.6128 ~6.1567 -3.1093 -0.4768 1.3072 1.9383 1.3069 -0.4761 ~9.1239 -11.5686 -13.1871
-12.1207 ~7.2963 -4.5443 -2.1541 -0.5298 0.0457 -0.5294 -2.1522 -9.9440 -12.0956 -13.4167
-12.8034 ~8.9429 -6.6400 -4.6168 -3.2337 =3.2323 -4.6131 N =-11.1037 -12.7771 -13.6978
-13 07 -12.3578 -10.7728 -9.0196 -7.4436 -6.3536 -6.3512 -7.4381 -9.0098 -10.7577 -12.3365 -13.4232 -13.9009
-13.8829 -13.3686 -12.4267 -11.2662 -10.1713 -9.3958 =9.3924 -10.1641 -11.2544 -12.4096 -13.3458 -13.8547 -13.9904
-14.0204 -13.9165 -13.5695 -12.9921 -12.3701 -11.9032 -11.7298 -11.8991 -12.3616 -12.9787 -13.5510 -13.8930 -13.9920 -13.9952
~14.0253 -14.0229 -13.9977 -13.8924 -13.7004 -13.5148 -13.4390 -13.5102 -13.6910 -13.8783 -13.9787 -13.9992 -13.9968 -13.9945
-14.0245 ~14.0222 -14.0198 -14.0174 -14.0150 -14.0127 -14.0103 -14.0079 -14.0056 -14.0032 -14.0008 -13.9985 -13.9961 -13.9937
Table B.41 Finite Difference v component of surface geostrophic wind (m/sec).
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 -0.0229 -0.0342 0.0044 0.0318 0.0417 0.0318 0.0044 -0.0342 -0.0229 0.0000 0.0000 0.0000
-0.0056 -0.0848 -0.0680 -0.0097 0.0428 0.0792 0.0922 0.0781 0.0427 -0.0098 -0.0680 -0.0847 -0.0056 0.0000
-0.1215 -0.1250 -0.0560 0.0183 0.0849 0.1312 0.1477 0.1311 0.0847 0.0181 -0.0561 -0.1249 -0.1213 -0.0056
0.1929 -0.1278 -0.0436 0.0466 0.1276 0.1841 0.2044 0.1839 0.1273 0.0463 -0.0438 -0.1278 -0.1927 -0.0958
.2072 -0.1302 -0.0324 0.0724 0.1671 0.2335 0.2574 0.2333 0.1667 0.0720 -0.0327 -0.1302 -0.2070 -0.2082
-0.2181 -0.1323 -0.0237 0.0931 0.1993 0.2742 0.3012 0.2739 0.1988 0.0926 -0.0241 -0.1324 -0.2180 -0.2620
-0.2252 -0.1338 -0.0183 0.1065 0.2204 0.3011 0.3303 0.3008 0.2198 0.1059 -0.0188 -0.1340 -0.2250 -0.2620
-0.2276 -0.1344 -0.0165 0.1111 0.2278 0.3106 0.3405 0.3102 0.2272 0.1105 -0.0170 -0.1346 -0.2275 -0.2864
-0.2252 -0.1338 -0.0183 0.1065 0.2204 0.3011 0.3303 0.3008 0.2198 0.1059 -0.0188 -0.1340 -0.2251 -0.2820
-0.2181 -0.1323 -0.0237 0.0931 0.1993 0.2742 0.3012 0.2739 0.1988 0.0926 -0.0241 -0.1324 -0.2180 -0.2620
-0.2072 -0.1302 -0.0324 0.0724 0.1671 0.2335 0.2574 0.2333 0.1667 0.0720 -0.0327 -0.1303 -0.2071 -0.2082
-0.1929 -0.1278 -0.0436 0.0466 0.1276 0.1842 0.2044 0.1840 0.1273 0.0463 -0.0438 -0.1278 -0.1927 -0.0958
-0.1215 -0.1250 -0.0560 0.0183 0.0849 0.1312 0.1477 0.1311 0.0847 0.0181 -0.0561 -0.1249 -0.1213 -0.0056
-0.0056 -0.0848 -0.0680 -0.0097 0.0428 0.0792 0.0922 0.0791 0.0427 -0.0098 -0.0680 -0.0647 -0.0056 0.0000
0.0000 0.0000 -0.0229 -0.0342 0.0044 0.031e 0.0417 0.0318 0.0044 -0.0342 -0.0229 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Table B.42 Deviation (Analytic - Finite Difference) in calculation of the v component of surface geostrophic wind (m/sec).



1.0 +10°5¢%/m

CASE III.A.1 - Baroclinic atmosphere - with VpT =

14.7085 14.7063
14.7076 14.705¢
14.7071 14.7048
14.7064 14.6828
14.7057 14.3375
14.6176 13.7349
14.3991 13.09%86
14.1977 12.6264
14.1176 12.4527
14.1962 12.6250
14.3962 13.0958
14.6134 13,7306
14.7000 14.3318
14.699) 14.6757
14.6986 14.6963
14.6979 14.6956
14.6972 14.6949

14.70685 14.7063
14.7078 14.7056
14.7071 14.6995
14.7011 14.5669
14.6141 14.1539
14.4188 13.538)
14.1493 12.8933
13.9293 12.4155
13.8452 12.2399
13.9279 12.4141
14.1465 12.8905
14.4145 13.5344
14.6084 14.1483
14.6940 14.5598
14.6966 14.6910
14.6979 14.6956
14.6972 14.6949

-0.0000 -0.0000
-0.0000 -0.0000
-0.0000 0©0.0053
0.0053 0.1159
0.0916 0.1835
0.1969 0.1962
0.2498 0.2053
0.26864 0.2109
0.2724 0.2128
0.2684 0.2109
0.249¢ 0.2053
0.1969 0.1962
0.0916 0.1835
0.0053 0.1159
~0.0000 0.0053
-0.0000 -0.0000
-0.0000 -0.0000

14.7040
14.7033
14.6013
14.1961
13.2398
12.0827
11.0092
10.2611

9.9939
10.2597
11.0064
12.0785
13.2341
14.1891
14.6727
14.6934
14.6927

14.7017 14.6995
14.7010 14.6115
14.3345 13.7307
13.2385 12.0805
11.6781 9.9938
9.9946 7.9024
8.5371 €.2525
7.5765 5.317¢
T7.2463  S.0444
7.5752 S5.3169
8.5344 6.2503
9.9904 7.8985
11.6725 9.9683
13.2314 12.0735
14.3260 13.7222
14.6911 14.6015
14.6904 14.688)

14.6972 14.6949
14.3915 14.16¢88
13.0935 12.6204
11.0065 10.2580
8.5362 7.5757
€.2525 5.31e1
4.0049 4.3954
4.3954 4

4.4014
4.3953 4.1
4.8036 4.395)
€.2492 5.3154
8.5309 7.5706¢
10.9995 10.2511
13.0850 12.6€119
14,3616 14.1789
14.6859 14.6836

14.6927
14.1074
12.4457

14.0975

0
0

14.6904
14.1845
12.6166
10.2551
7.5739
5.317%
4.3954
4.6725
4.939%
4.6731
4.3952
5.3140
7.5689
10.2482
12.6081
14.1746

14.60€81 14.6059 14.6036 14.6814 14
14.3827 14.5960 14.6829 14.6607 14
13.0855 13.7181 14.3169 14.6567 14
11.0000 12.0697 13.2224 14.1744 14
€.5317 9.9854 11.6643 13.2197 14
€.2503 7.8966 9.9833 12.0647 13
4.8043 6€.2491 0.5262 10.9931 13
4.3954 5.3160 7.5694 10.2465 12
4.4014 $.0430 7.2397 9.97%8 12
4.3953 S$.3151 7.5681 10.2451 12
4.8030 6.2469 €.5256 10.9904 13
€.2469 7.8927 9.9792 12.0605 13
$.5264 9.9799 11.6567 13.2140 14
10.9931 12.0626 13.215) 14.1673 14
13.0770 13.7096 14.3084 14.6502 14
14.3728 14.5880 14.6730 14.6707 14

14.6813 14.679) 14.6768 14.6746 14.6723 14.6700 14

Table B.43 Analytic surface geostrophic wind velocity (m/sec).

14.7040
14.7033
14.6004
14.0773
13.1193
11.9615
10.8880
10.1403

9.8734
10.1389
10.6852
11.9573
13.1136
14.0702
14.5919
14.6934
14.6927

14.7017 14.6995
14.6792 14.5788
14.2698 13.7215
13.1857 12.0976
11.637¢ 10.0357
9.9654 7.%9627
8.5167 €.3192
7.5616 5.37€7
7.2332 5.1001
7.5603 S.3778
8.5141 €.3169
9.9613 7.9588
11.6321 10.0302
13.1786 12.0905
14.2613 13.7130
14.6693 14.5689
14.6904 14.688)

14.6972 14.6949
14.3958 14.2191
13.1338 12.6%47
11.0844 10.3767
6.6459 7.7266
€.3727 5.4535
4.8095 4.4201
4.4138 4.577%
4.389%4 4.8047
36 4.5784
8l 4.4197
€.3692 5.4506
8.6406 7.7215

P

14.6927
14.1470
12.5321
10.1232
7.4092
5.1767
4.3880
4.7%62
5.1045
4.7965
4.3881
5.1742
7.4041

14.6904
14.2147
12.6%08
10.3737
7.7246
5.4527
4.4200
4.579
4.8045
4.5783
4.4196
5.4498
7.7195

11.0774 10.3698 10.1163 10.3668
13.1253 12.6862 12.5236 12.6823
14.3858 14.2092 14.137]1 14.2048
14.6859 14.6836 14.6813 14.6791

Table B.44 Finite Difference surface geostrophic wind

-0.0000
-0.0000
0.0809
0.1188
0.1205
0.1212
0.1212
0.1208
0.1205
0.1208
0.1212
0.1212
0.1205
0.1188
0.0609
-0.0000
-0.0000

-0.0000 -0.0000
0.0218 0.0326
0.0647 0.0092
0.0528 -0.0171
0.0404 -0.0419
0.0291 -0.0603
0.0203 -0.0667
0.0149 -0.0609
0.0131 -0.0557
0.0149 -0.0608
0.0203 -0.0666
0.0291 -0.0603
0.0404 -0.0419
0.0528 -0.0171
0.0647 0.0092
0.0218 0.0326
-0.0000 -0.0000

-0.0000 -0.0000
-0.0042 -0.0303
-0.0403 -0.0743
-0.0779 -0.1187
-0.1097 -0.1508
-0.1201 -0.1354
-0.0846 -0.0246
-0.0184 0.0948
0.0120 0.1347
-0.0183 0.0949
-0.0845 -0.0244
-0.1201 -0.1352
-0.1097 -0.1508
-0.0779 -0.1187
-0.0403 -0.0743
-0.0042 -0.0303
-0.0000 -0.0000

-0.0000
-0.039¢
-0.0663
-0.1329
-0.1637
-0.1319

0.0132

0.1426

0.1821

0.1427

0.0135
-0.1317
-0.1636
~0.1329
-0.0863
-0.039¢6
-0.0000

-0.0000
-0.0303
-0.0742
-0.1186
-0.1507
-0.1352
-0.0246

0.0947

0.1345

0.0948
-0.0244
-0.1350
~0.1506
~0.1186
-0.0742
-0.0303
-0.0000

Table B.45 Deviation (Analytic - Finite Difference) in calculation of surface

14.6881 14.6859 14.6836 14.6814 14
14.3869 14.5653 14.6611 14.6807 14
13.1257 13.7089 14.2522 14.5779 14
11.0778 12.0865 13.1695 14.0556 14
$.6412 10.0270 11.6237 13.0992 14
€.3700 7.9565 9.9539 11.9434 13
€.3154 8.5075 10.8719 12
$.3765 7.5541 10.1256 12
5.0984 7.2263 9.8591 12
5.3755 7.5528 10.1242 12
€.3131 €.5049 10.8691 12
7.9526 9.949¢ 11.9392 13
10.0215 11.6€181 13.0936 14
12.0795 13.1625 14.0486 14
13.7004 14.2437 14.5694 14
14.5554 14.6512 14.6707 14
14.6768 14.6746 14.6723 14.6700 14

velocity (m/sec).

,under T = Alnp+ Bo+ Co(z — x(R))

L6791 14.6768
.6784 14.6761
€777 14.6754
.€557 14.6747
.3111 14.6740
.7097 14.5861
.0748 14.3681
.6036 14.1672
.4303 14.0874
.6022 14.1658
.0719 14.3653
.7055 14.5019
.3054 14.6604
L6486 14.6676
6692 14.6669
.6685 14.6662
.6678 14.6655

.6791 14.6768
6704 14.6761
6724 14.6754
.5400 14.6694
-1278 14.5826
.5137 14.3677
-8697 14.1188
.3929 13.8993
.2177 13.8155
-3914 13.8979
.8668 14.1160
.5095 14.3835
.1221 14.5770
.5329 14.6623
.6639 14.6669
.6685 14.6662
L6678 14.6655

-0.0000 -0.0000 -0.0000 —0.0000 -0.0000 -0.0000
-0.0042 0.0326 0.0218 -0.0000 -0.0000 -0.0000
-0.0402 0.0093 0.0647 0.0808 0.0053 -0.0000
-0.0777 -0.0169 0.0529 0.1167 0.1157 0.0053
~0.1094 -0.0416 0.0406 0.1205 0.1833 0.0914
-0.1198 -0.0599 0.0294 0.1212 0.1960 0.1965
-0.0843 -0.0662 0.0207 0.1213 0.2051 0.2493
-0.0184 -0.0605 0.0153 0.1209 0.2107 0.2679
0.0120 -0.0554 0.0135 0.1207 0.2126 0.2719

-0.0163 -0.0605 0.0153 0.1209 ©
-0.0842 -0.0662 0.0207 0.1213 ©
-0.1197 -0.0599 0.0294 0.1212 ©
-0.1094 -0.0416 0.0406 0.1205 ©
-0.0777 -0.0169 0.0529 0.1187 ©

-2107 0.2679
.2051 0.2493
-1960 0.1985
.1833 0.0914
.1157 0.0053

-0.0402 0.0093 0.0647 0.0808 0.0053 -0.0000

-0.0042 0©0.0326 0.0218& -0.0000 -0
-0.0000 -0.0000 -0.0000 -0.0000 -0

geostrophic wind velocity (m/sec).

.0000 -0.0000

.0000 -0.0000
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CASE III.

-4.387¢
-4.3878
-4.387¢
~4.387¢
-4.3878
~4.387¢
-4.3878
-4.3878
-4.3078
-4.3878
~4.3878
-4.3878
~4.3878
-4.387¢
-4.3
e -4.3
~4.387¢

-4. ’l'l‘
-4.387
-4.3878
~4.3878

-4.3839
-4.3827
-4.3650
~-4.3874
-4.3878
~4.3878
-4.3878

-4.3878

0.0000
0.0000
0.0000
0.0004
0.0028
0.0052
0.0040
0.0012
0.0000
-0.0012
-0.0040

-0.0052
-0.0192

B.1 - Baroclinic

-4.3878 -4.3878 -4.387¢
-4.
-4.387
-4.3878
-4.3878
-4.3878
-4.387e
-4.3e7¢

~4.387¢
-4.387¢
-4.3878
-4.3e78
~4.3878
~4.3e7e

~4.3878 -4.3878
~4.3878 -4.3878
~4.3878 -4.387¢
~4.3078 -4.3478
~4.3878 -4.3878
~4.3878 -4.3870

~4.3e7¢

-4.3878 -4.3878 -4.3878
-4.387¢ ~4.3878 -4.3878
-4.3878 -4.3878 -4.387¢

-4. ”70

-4.3878

1.0 +10°%¢C%/m

atmosphere - with VpT = 0

0

~4.3878 -4.3878 -4.387¢

387 -4,
.3878 -4.3878 -4.367¢
-4.3876 -4.3878 -4.347¢
~4.3878 -4.3478 -4.3878
-4.3878 -4.387¢ -4.3e78
-4.3678 -4.3878 -4.307
-4.3687¢ -4.3078 ~4.3470¢
~4.3878 -4.3878 -4.37%
-4.3878 -4.3078 -4.387¢
~4.3878 -4.3878 -4.387¢
-4.3878 -4.3478 -4.3878
-4.3878 -4.3878 -4.3878
-l.)‘7. -4.387¢ —4.3878
-4.3878 -4. ”1‘ -4.387¢
.3878 -4.3478 -4.3878
-4.3878 -4.3878 -4.3878

,under T'= Az + Bo +

i
~4.3878 -4.387¢
-4. !l’ll -4.3e7¢
s —4.387¢

-4.3878
-4.3878

—4 )l"l -4, )07‘
~4.3878 -4.3¢78
~4.3878 —4.3878
-4.387¢ -4.3¢7¢
~4.3878 -4.3478
-4.3878 -4.387¢
~4.387¢ -4.3¢70
-4.3878 -4.3878
-4.3878 -4.387¢
-4.387¢ -4.3878
~4.387¢ -4.3878
s -4.3876
.387e -4.387¢

Table B.46 Analytic u component of surface geostrophic wind (m/sec).

-4.3878 -4.3878 -4.3878 -4.36881
~4.3878 -4.3883 -4.3952 -4.4119
3690 -4.4027 -4.4450 -4.5149
<3966 -4.4447 -4.5450 -4.6832
~4.4146 -4.4673 -4.6201 -4.7887
~4.4194 -4.4855 -4 5967 -4.7318

L3878 -4.3878 -4.3878 -4.3878
.3826 -4.3738 -4.3601 -4.3440
~4.3686 -4.3337 -4.277¢ -4.2109
~4.3564 -4.2904 -4.1794 -4.0444
-4.3611 -4.2806 -4.1559 -3.9875
=4.3771 -4.3311 -4.2310 -4.0929
~4.3866 -4.3730 -4.3308 -4.2610
-4.3878 -4.3873 -4.3805 -4.3638
~4.3878 -4.3878 -4.3878 -4.3875

~4.3892 -4.3900 -4.3e92
=4.4315 -4.4404 -4.4315
~4.5834 -4.6121 -4.5433
-4.8072 -4.8573 -4.8070
~4.9337 ~4.9912 -4.9334
~4.8456 -4.8902 -4.8452
-4.6206 -4.6423 -4.6205
~4.445]1 -4.4503 -4.4450
-4.3878 -4.387¢ -4.3878
-4.3307 -4.3255 -4.3308
-4.1555 -4.1338 -4.1556
~3.9308 -3.0862 -3.9311
-3.8427 -3.7853 -3.8430
=3.9690 -3.91%0 -3.9693
-4.1926 -4.1640 -4.1927
=4.3442 -4.3353) -4.3443
-4.3864 -4.3657 -4.3864

-4.387¢
~-4.387¢
-4.38%

-4.386]1 -4.387¢ -4.387¢
~4.4119 -4.3952 -4.388
~4.5148 -4.4449 -4.402¢
~4.6828 -4.5447 —4.4446
-4.7882 -4.6197 -4.4870
~4.7313 -4.5962 -4.4852
~4.5648 -4.4981 -4.4419
-4.4317 55 -4.401¢
-4.3878 -4.387¢ -4.387¢
~4.344)1 -4.3602 -4.3739
-4.2112 -4.2778 -4.3339
~4.0449 -4.1798 -4.2906
~3.9681 -4.1564 -4.2089
~4.0933 -4.2313 -4.3312
~4.2611 -4.3309 -4.3731
~4.3638 -4.3605 -4.3873
-4.3875 -4.3878 -4.3€78

~4.3878

Table B.47 Finite Difference u component of surface geostrophic wind (m/sec).

0.0000
0.0000
0.0012
0.0108
0.0268
0.0315
0.0193
0.0053
0.0000

0.0000
0.0005
0.0148
0.0569
0.0994
0.0977
0.0543
0.0140
0.0000
-0.0140
-0.0541

0.0000
0.0074
0.0572
0.1572
0.2323
0.2088
0.1105

0.0003
0.0241
0.12711
0.2954
0.4009
0.3440
0.1772
0.0276 0.043%
0.0000 0.0000
-0.0277 -0.0438
=0.1102 -0.1769

-0.0571
-0.2324

0.0014
0.0437
0.1956
0.4194
0.5459
0.4577
0.2328
0.0573
0.0000

0.0022
0.0526
0.2242
0.46%4
0.6034
0.5024
0.2545
0.0625
0.0000
~0.0623
-0.2540

0.0014
0.0437
0.1955
0.4191
0.5456
0.4574
0.2326
0.0572
0.0000
-0.0571
-0.2322

-0.0437
-0.1766

0.0003
0.0241
0.1270
0.2950
0.4004
0.3435
0.1770
0.0439
0.0000

0.0000
0.0074
0.0571
0.1568
0.2318
0.2084
0.1102
0.0277 0.0140 0.0052
0.0000 0.0000 0.0000
-0.0276 -0.0139 -0.0052
-0.1100 -0.0540 -0.0192

0.0000
0.0005
0.014¢
0.0568
0.0992
0.0974
0.0541

0.0000
0.0000
0.0012
0.0107
0.0267
0.0314
0.0192

-4.3878
-4.3878

-4.387¢
-4.3878

-0.0052

-0.0028
-0.0004
-0.0000

0.0000

0.0000
0.0000

-0.0314
~0.0267
-0.0107
-0.0012
-0.0000

0.0000

-0.0974
-0.0992
-0.0568
-0.0148
-0.0005

0.0000

-0.2084 -0.3434 -0.4570

-0.2319 -0.4003
~0.1568 -0.2949

-0.5452
-0.4188

-0.1952
-0.0436
-0.0014

-0.0570 -0.1269
-0.0074 -0.0240
-0.0000 -0.0003

-0.501¢
-0.6026
~0.4688
-0.223¢
-0.0525
-0.0021

-0.4567 -0.3429 -0.2080 -0.0972

-0.0313

Co(z —

-4.3878

-4.3878

-0.5448 -0.3997
~0.4185 -0.2945
-0.1951 -0.1267

-0.2314
-0.1565

-0.0969 -0.0266 -0.0028
-0.0566 -0.0107 -0.0004

-0.056% -0.0147

-0.0436 -0.0240 -0.0073 -0.0005
~0.0014 -0.0003 -0.0000 0.0000

-0.0012

-0.0000

0.0000

-0.0000
0.0000
©0.0000

-4.3687¢ -4.3878

-4.387¢

Table B.48 Deviation (Analytic - Finite Difference) in calculation of the u component of surface geostrophic wind (m/sec).

-4.3877
-4.387¢
-4. Jl'll
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-14.1156
-14.1149
-14.1083
-13.9662
-13.5334
-12.9103

-14.1034

0.0000

0.0000
-0.00s8
-0.1241
-0.1837
-0.1552
-0.0955
-0.0336
-0.0071
-0.0336
-0.0955
-0.1552
-0.1837
-0.1241
-0.0058

0.0000

0.0000

CASE III.B.1 - Baroclinic

-14.1132
-14.1124
-14.0886
-13.5643
-12.5297
-11.273¢
-10.100e

-9.2759

-8.9791

-9.2743
-10.0977
-11.2692
-12.5235
-13.5566
-14.0794
-14.1017
-14.1009

-14.1132
-14.1124
~14.0016
-13.4465
-12.4560
~-11.2988
-10.2628
.5610
L3141
.5595
-10.2597
-11.2942
-12.4499
-13.4389
~13.9924
-14.1017
-14.1009

0.0000
0.0000
-0.0870
-0.1178
-0.0737
0.0250
0.1620
0.2851
0.3349
0.2852
0.1620
0.0251
-0.0737
=0.1178
-0.0870
0.0000
0.0000

-14.1107
-14.1099
-13.713¢
-12.5282
-10.8329
-8.9799
=7.3319
-6.2014
-5.7993
-6.1999
-7.3288
-8.9753
-10.8267
-12.5206
-13.7046
-14.0992
-14.0985

Table

-14.1107
~14.0864
-13.6467
78
81
-9.1795
-7.7088
-6.7288
-6.3861
-6.7273
=7.7057
-9.1749
-10.8820
-12.4902
-13.6375
-14.0756
~14.0985

-12
-10

Table B

0.0000
-0.0236
-0.0671
-0.0304

0.0553

0.1996

0.3769

0.5274

0.5868

0.5274

0.3769

0.1996

0.0553
-0.0304
-0.0671
-0.0236

0.0000

-14.1083
-14.0131
-13.0610
-11.2714

-8.9791

~6.5906

-4.5187

-3.1163

~2.6205
-3.1148

-4.5156
-6.5860
9730
.2637
-13.051e
-14.0024
-14.0960

B.49 Analytic v componen

0.0000
-0.0351
-0.0047

0.0501

0.1442

0.2798

0.4339

0.5597

0.6085

0.5597

0.4340

0.2799

0.1442

0.0501
-0.0047
-0.0351

0.0000

atmosphere - with

~14.1058 -14.1033
-13.7755 -13.5563
-12.3711 -11.8581
-10.0978 -9.2724

~-7.3308 -6.2004
~3.1167
~0.4%67
1.2564
1.8728

1.2579
~-0.4936
-3.1121
-6.1943
. -9.2648
-12.3619 -11.84%
=13.7647 -13.5456
-14.0935 -14.0911

-14.1083 -14.1058 -14.1033
~13.9780 -13.76802 -13.5892
-13.0563 -12.4168 -11.9400
-11.3215 -10.2026 -9.4091
-9.1232 -7.5113 -6.3954
~6.8704 -4.7913 -3.3693
~4.9526 -2.4799 -0.799%98
-3.6760 -0.9369 0.9180
-3.2290 -0.3953 1.5217
-3.6744 -0.9354 0.9195
-4.9496 -2.4769 -0.7967
-6.8659 -4.7867 -3.3647
-9.1171 -7.5052 -6.3692
-11.3138 -10.1949 -9.4015
-13.0471 -12.4096 -11.9308
-13.9673 -13.7695 -13.5785
-14.0960 -14.0935 -14.0911

0.0000 0.0000
0.0048 0.0328
0.0477 0.0818
0.1048 0.1367
0.1805 0.1949
0.2727 0.2526
0.3675 0.3031
0.4409 0.3384
0.4688 0.3512
0.4409 0.3384
0.3675 0.3031
0.2727 0.2526
0.1805 0.1949
0.1048 0.1367
0.0477 0.0818
0.0048 0.032¢
0.0000 0.0000

VpT =

1.0 =10

~14.1009 -14.0984
-13.4683 -13.5516
-11.6685 -11.8540

1.8733
0.0749
-2.6168
-5.7922
-8.9675

~11.6593 -11.8448
-13.4576 -13.5409

-14.0886 -

t of surface geostrophic wind (m/sec

14.0862

-14.1009 -14.0984
-13.5112 -13.5842
-11.7622 -11.9333

-9.1229
-5.9%86
-2.8684
-0.2118
1.5646
2.1891
1.5661
-0.2088
~2.8638
-5.9925
-9.1152
-11.7530

-13.5004 -13.5735
~14.0886 -14.0862

0.0000
0.0428
0.0938
0.1477
0.2003
0.2470
0.2837
0.3072
0.3152
0.3072
0.2837
0.2470
0.2003
0.1477
0.0938
0.0428
0.0000

0.0000
0.0326
0.0793
0.1261
0.1669
0.1971
0.2155
0.2242
0.2266
0.2242
0.2155
0.1971
0.1669
0.1261
0.0793
0.0326
0.0000

*5C°/m
0
0

-14.0960 -14.0935
-13.7659 -13.9985
-12.3625 -13.0473
-10.0907 -11.2596

=7.3257 -8.9697
~4.5155 -6.5617
-2.1109 -4.5139
—0.4956 -3.1130
0.0734 -2.6178
-0.4941 -3.1115
~-2.1078 -4.5109
-4.5109 -6.5791
-7.3196 -8.9636

-10.0831 -11.2519
-12.3533 -13.0361
=13.7551 -13.9878
~-14.0837 -14.0813

-14.0960 -14.0935
=-13.7702 -13.9631
=-12.4021 -13.0322

~9.3953 -10.1569 -11.2468
-6.3652 -7.39%80 -8.9193
~3.3128 -4.5681 -6.4476
-0.7120 -2.1253 -4.2627

1.0318 -0.4726 -2.7607

1.6456 0.1120 -2.2250

1.0333 -0.4711 -2.7591
~0.7090 -2.1222 -4.259%6
-3.3082 -4.5635 -6.4430
-6.3590 -7.3919 -8.8131
~9.3877 -10.1493 -11.2391
-11.9241 -12.3929 -13.0230

-13.7595 -13.9524
-14.0837 -14.0813

0.0000 0.0000
0.0043 -0.0354
0.0396 -0.0151
0.0662 -0.0128
0.0723 -0.0504
0.0526 -0.1361
0.0144 -0.2512
-0.0230 -0.3524
-0.0386 -0.3928
-0.0230 -0.3524
0.0144 -0.2513
0.0526 -0.136)
0.0723 -0.0504
0.0662 -0.0128
0.0396 -0.0151
0.0043 -0.0354
0.0000 0.0000

-14.0910
-14.0903
-13.6947
-12.5108
-10.817¢
-8.9674
-7.3216
-6.1927
-5.7912
-6.1912
-7.3186
-8.9628
-10.8116
-12.5031
-13.6855
-14.0796
-14.0788

):

-14.0910
~14.0667
-13.6220
-12.4270
-10.6751

-14.0560
-14.0788

.50 Finite Difference v component of surface geostrophic wind (m/sec).

0.0000
-0.0236
-0.0727
-0.0837
-0.1427
-0.2630
-0.4215
-0.5602
-0.6157
-0.5602
-0.4215
-0.2630
-0.1427
-0.0837
-0.0727
-0.0236

0.0000

-14.0886
-14.087¢
-14.0640
-13.5406
-12.507¢
-11.2541
-10.0832

-9.2597

~-8.9635

-9.2582
-10.0801
-11.2495
-12.5017
-13.5330
-14.0549
-14.0771
-14.0763

-14.0886

~10.9664

-14.0763

-12.3508
-11.8398
-11.6517
-11.8383
-12.3478
-13.0336
-13.6823
~14.0532
-14.0754
-14.0747
-14.0739

-14.0788
=13.9345
-13.4755
~12.7694
-12.0025
-11.4170
-11.1980
-11.4154
~11.9994
-12.7648
-13.46594
-13.9269
-14.0697
-14.0747
~-14.0739

0.0000

0.0000
-0.0058
-0.1263
-0.2129
-0.2688
-0.3484
-0.4229
-0.4536
-0.4229
-0.3484
-0.2688
-0.2129
-0.1263
-0.0058

0.0000

0.0000

105

,junder T = Az + Bo + Co(z — z(R))

-14.0837
-14.

~14.0737
-14.0730
-14.0722
~-14.0714

~13.9752
-14.0680
-14.0730
4.0722
-14.0714

0.0000
0.0000
0.0000
-0.0058
-0.0993
-0.2219
-0.2935
-0.3331
-0.3464
-0.3331
-0.2935
-0.2219
-0.0993
-0.005¢
0.0000
0.0000
0.0000

Table B.51 Deviation (Analytic - Finite Difference) in calculation of the v component of surface geostrophic wind (m/sec).



1.0+10%Cc%/m

CASE II1.B.1 - Baroclinic atmosphere - with VpT =

14.7842
14.7835
14.7028
14.7821
14.70813
14.6905
14.4652
14.2579
14.1756
14.2565

14.7725

14.7842
14.7635
14.782¢
14.7765
14.6873
14.4925
14.2210
14.0235
13.945¢
14.0220
14.2280
14.4880
14.6€15
14.7692
14.7740
14.7733
14.7725

-0.0000
-0.0000

14.7819 14.7795
14.7812 14.7788
14.7604 14.7561
14.7577 14.2563
14.4018 13.2757
13.7826 12.0976
13.1315 11.012¢
12.6500 10.2613
12.4733 9.9939
12.6486 10.2599
13.1266 11.0098¢
13.77€3 12.0933
14.3959 13.2699
14.7504 14.2490
14.7716 14.7473
14.7709 14.7686
14.7702 14.767¢

14.7748
14.6840
13.7763
12.0953
9.9938
7.9176
€.29¢5
5.381e
5.1108
5.3810
€.2963
7.913e¢
9.968)
12.0882
13.7696
14.673e
14.7631

14.7772
14.7765
14.3967
13.2744

14.7655

14.7701 14.7678
14.2488 14.1651
12.6439 12.4662
10.2562

14.7725
14.457¢
13.1262
11.009%

8.541)7

9.9%03
7.2714
5.1112
4.30884
4.7704
$.0522
4.710
4.3085
5.1069
7.2665
10.2513 9.9834
12.6353 12.457¢
14.2386 14.1545
14.7584 14.7561

11.0029
13.1176
14.4472
14.7608

0
0

14.7654
14.2440
12.6400
10.2553
T7.5942
5.3815
4.4158
4.5640
4.7705
4.5645
4.4155
$.378e
7.5892
10.2484
12.6314
14.2341
14.7537

,under T = Az +

14.7631 14.7607 14.7584
14.4482 14.6701 14.7577
13.1181 13.7654 14.3804
11.0034 12.0843 13.2579
8.5393 9.9854 11.6738
€.2962 7.9119 9.9833
4.8692 6.2951 8.5358
4.4157 $.3800 7.5897
4.3884 5.109¢ 7.2657
4.4155 5.3791 7.5884
4.8678 €.2929 8.5331
€.2929 7.%081 9.9792
8.5340 9.9799 11.6681
10.9964 12.0772 13.2507
13.1094 13.7567 14.3017
14.4380 14.6598 14.7474
14.7514 14,7491 14.7467

Table B.52 Analytic surface geostrophic wind velocity (m/sec).

14.7819 14.7795
14.7812 14.778¢
14.7749 14.6734
14.6394 141477
14.2278 13.2152
13.6372 12.1324
13.042¢ 11.1690
12.6190 10.5220
12.4667 10.2959
12.6167 10.5162
13.0373 11.1511
13.6296 12.1053
14.2203 13.1916
14.6318 14.1337
14.7661 14.6639
14.7709 14.7686
14.7702 14.7678

Table

-0.0000 -0.0000
-0.0000 -0.0000
0.0055 0.0627
0.1163 0.1087
0.1740 0.0606
0.1454 -0.0348¢
0.0887 -0.1564
0.0311 -0.2607
0.0066 -0.3020
0.0319 -0.2563
0.0913 -0.1412
0.1487 -0.0120
0.1757 0.07¢3
0.1186 0.1153
0.0055 0.0834
-0.0000 -0.0000

-0.0000 -0.0000 -0.0000

14.7772
14.7541
14.3393
13.2647
11.7765
10.2168
6.0971
8.0407
7.7482
9.0241

14.7748
14.6527
13.7922
12.1997
10.2264
8.2663
€.6905
5.7454
5.4479
5.7020
8.8408 6.5419
10.1285 8.0379
11.6966 10.0197
13.219¢ 12.0791
14.3215 13.7470
14.7435 14.638)
14.7655 14.7631

B53 F

-0.0000
0.0224
0.0594
0.0097

-0.0888

-0.2222

-0.3525

-0.4440

-0.4761

-0.4287

-0.2989

-0.1380

-0.0145
0.0474
0.0684
0.0227

-0.0000

-0.0000

0.0313
-0.0138
-0.1044
-0.2325
-0.3487
-0.3920
-0.3636
-0.331

0.0226
0.0357
0.0000

14.7726 14.7705 14.7684
14.4693 14.2935 14.2221
13.2140 12.7695 12.6341
11.2261 10.5660 10.3354
8.9060 8.0773 7.8035
€.7340 S5.9018
5.1952 4.6893
4.5297 4.5389
4.4056 4.6442
4.4436 4.4273
4.2311
5.1742
7.455¢
10.9858 10.2049
13.1207 12.6460 12.4689
14.4444 14,2565 14.1794
14.7607 14.7580 14.7555

-0.0001 -0.0004
-0.0119 -0.0447
-0.0878 -0.1456
-0.2162 -0.3078
—0.3643 -0.4813
-0.4355 -0.5197
-0.3253 -0.2735
-0.1139 0.0253
-0.0172 0.1266
-0.0280 0.1373
-0.0169 0.1843
0.0286 0.2053
0.0397 0.1352
0.0171 0.0464
-0.0032 -0.0107 -0.0113
0.0027 -0.0179 -0.0246
0.0001 0.0004 0.0006

-0.0006
-0.0571
-0.1679
-0.3451
-0.5321
-0.5581
-0.2587
0.0531
0.1486
0.1706
0.2494
0.2815
0.1786
0.0614

14.7658
14.2088
12.7632
10.5536
8.0532
5.0695
4.6750
4.5632
4.686)
4.4523
4.2157
5.137¢
7.4301
10.1923
12.6398
14.2518
14.7533

inite Difference surface geostrophic wind

0.0561
-0.0084
-0.0177

0.0004

14.7584
14.7353
14.315¢
13.1979
11.5797
9.7920
$.2062
7.1485

14.7632 14.7607
14.4597 14.6385
13.1983 13.7694
11.1845 12.1303
8.90123 10.0446
€.5767 17.9181
$.0353 6.1970
4.4568
4.389)
4.3696
4.7157
6.0960
8.3991 9.8346
10.9436
13.1050
14.4349
14.7513

14.7491 14.7467

velocity (m/sec).

-0.0000 -0.0000
0.0315 0.0223
-0.0040 0.0646
-0.0460 0.0600
-0.0592 0.0940
0.1913
0.3295
0.4412
0.4805
0.4583
0.3875
0.2789
0.1694
0.0977

-0.0001
-0.0115
-0.0802
-0.1810
-0.2731
-0.2804
-0.1661
-0.0411
-0.0008 0.1897
0.0460
0.1521
0.1949
0.1349
0.0528 0.0680
0.0044 0.0324 0.0737
0.0032 0.035% 0.0227
0.0001 0.0000 -0.0000

Bo + Col(zx —I(R))

14.7537
14.7530
14.7522
14.7296
14.3744
13.7567
13.1071
12.6268
12.4505
12.6253
13.1042
13.7524
14.3686
14.7223
14.7435
14.7428
14.7420

14.7514
14.7506
14.7499
14.7492
14.7484
14.6578
14.4332
14.2264
14.1444¢
14.2250
14.4303
14.6534
14.7426
14.7419
14.7411
14.7404
14.7397

14.7560
14.7553
14.7326
14.2338
13.2%551
12.0792
10.9965
10.2467

9.979¢
10.2453
10.9937
12.0750
13.2493
14.2266
14.7239
14.7451
14.7444

14.7537
14.7530
14.7468
14.6092
14.1727
13.5039
12.7607
12.2316
12.0270
12.2293
12.7751
13.4963
14.1652
14.6016
14.7380
14.7428
14.7420

14.7514
14.7506
14.7499
14.7437
14.6517
14.4463
14.1539
13.9100
13.8155
13.9085
14.15098
14.4419
14.6478
14.7364
14.7411
14.7404
14.7397

14.7560
14.7553
14.6493
14.1050
13.0880
11.8234
10.6150

9.7546

9.4442

9.7485
10.5964
11.7958
13.0643
14.0911
14.6398
14.7451
14.7444

-0.0000
-0.0000
0.0834
0.1288
0.1672
0.2559
0.3815
0.4921
0.5356
0.4968
0.3973
0.2792
0.1851
0.1355
0.0841
-0.0000
-0.0000

-0.0000 -0.0000
-0.0000 -0.0000
0.0055 -0.0000
0.1204 0.0055
0.2017 0.0948
0.2528 0.2115
0.3264 0.2793
0.3952 0.3164
0.4235 0.3289
0.3961 0.3165
0.3291 0.2794
0.2561 0.2116
0.2034 0.0948
0.1206 0.0055
0.0055 -0.0000
-0.0000 -0.0000
-0.0000 -0.0000

Table B.54 Deviation (Analytic - Finite Difference) in calculation of surface geostrophic wind velocity (m/sec).
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2.0+1073C%/m
0
0

CASE III.A.2 - Baroclinic atmosphere - with VpT =

-4.3878 -4.3878

-4.3878 -4. )l7l

-4.3878 -4.387¢ -4.3878
4 -4

-4.387¢ -4.3878 -4.3878
~4.3878 -4.3878 -4.3878
-4.3878 -4.3878 -4.3878
3878 -4.387¢
8 -4.3878

-4.3878
-4.3878
-4.3878

L3878 -4.3878 -4.3878
~4.3878 -4.3878 -4.3878
~4.3878 -4.3878 -4.3878
~-4.3878
4.3

.387¢
-4.387¢

-4.3
-4.3878

387
-4.3878

.38
-4.3878

-4.3878 -4.3878
-4.3878 -4.387¢

4.
-4.3878

,under T = Alnp+ Bo + Co(z — I(R))

-4.3878

-4.3878
-4.3878

-4.3878
-4.387¢
-4.3878
-4.3878

-4.3878

-4.3878 -4.3878

~4.3878 -4.3878

~4.3878 -4.387¢

-4.3878 -4.387¢
387

~4.3878 -4.3878
-4.3878 -4.3878
~4.3878 -4.387¢
~4.3878 -4.38
-4.3878 -4.38

-4 3878 -4.387¢ -4.3878 -4.3878 -4.3878 —‘.)‘7‘ —l:)l7'
Table B.55 Analytic u component of surface geostrophic wind (m/sec).

-4.3878 -4.3878 -4 3878 -4.3878 -4.3878 -4.3878 -4.3878 -4.3878 -4.3878 -4.3878 -4.3878 -4.3878 -4.3878 -4.3878 -4.3878
-4.3878 -4.3878 - 76 -4.3878 -4. -4.3878 -‘ 3878 -4.3878 -4.3878 -4.3878 -4.3878 -4.3678 -4. 1'7. -4.3878
-4.3878 -4.3878 - 8 -4.3 -4.38 -4.3 7 -4.3878
~-4.3878 -4.3878 -4.3878 -4.3878 3878 -4.387 -4.3 -4.3878
-4.3878 -4.3878 - 878 -4.3878 -4.3678 -4.3878 -4.3878 ~4.3878 -4.3878 -4.3878
-4.3878 -4.3878 878 -4.3878 -4.3878 -4.3878 -4.3878 -4.387¢ -4.387¢
-4.3878 -4.3878 876 -4. !.7. ~-4.387¢ .387¢ -4.387¢ -l.;‘?‘ -4.387¢
-4.3878 -4.

-4.3878 -4.387¢

-4.3878 -4.3878

-4.3878 -4.3878

-4.3878 -4.3878 -4.3878 -4.3878 -4.3878 -4. !l7.
-4.3878 -4.3878 -4.3878 -4.3878 -4.3878 -4.3878
-4.3878 ~4.3878 -4.3878 -4.3878 -4.3878
-4.3878 -4.38

-4.3878
-4.3878

-4.38

-4.3
~4.3878 -4.3878 -4.3878 -4.3878

-4.3
-4.3
-4.3
-4.3878
-4.3878
-4.3878
-4.3878
~-4.38
-4.3878

e
-4.3878
-4.3878
-4.3878
-4. 1‘7.

4.

~-4.3878 -4.387¢
-4.36878 -4.3878
-4. 3.7! ~-4.3878

78
-4. 3.7. -4 3878 -4.3878 -4.3878

Table B.56 Finite Difference u component of surface geostrophic wind (m/sec).

0.2394
0.1669
0.0571
-0.0907
~0.2318
0.2333
0.2184
-0.2777
-0.3155
0.0951
0.0710
-0.2036
0.3199
0.3126
-0.2919
-0.2588
0.1840

0.1909
-0.0580
-0.4474
-0.1575

0.2615

0.1264
-0.1540

0.0485

0.0621
~0.1958

0.1367

0.1158

0.0750

-0.0474 0.2264 0.2306 0.0163 0.3013
-0.2403 0.2164 -0.3864 -0.0626 -0.0412
0.2631 -0.1631 0.0684 -0.1553 0.0001
0.2675 -0.1345 0.1095 0.0276 0.0294
-0.3294 0.0817 -0.0229 0.0799 -0.0891
~0.0880 0.0544 0.2878 0.1156 -0.3026
0.1692 -0.1651 0.4553 -0.0946 -0.2810
-0.1104 0.1190 -0.3038 -0.0510 0.0361
-0.162)1 0.1683 -0.4453 0.2391 -0.4690
0.0930 -0.1364 0.3808 -0.1788 0.0645
0.1674 0.0769 0.1646 -0.1824 0.6650
~0.0946 0.1406 -0.3760 0.173¢ 0.1201
0.0052 -0.0756 0.0291 -0.2624 0.0953
-0.1468 -0.0725 -0.1426 0.0855 -0.3991 -0.0232
-0.1921 -0.1057 0.1457 0.0322 0.1615 -0.1828
-0.0295 0.1079 0.0568 -0.3744 0.2340 -0.0943
-0.0286 0.1125 -0.4571 -0.0417 -0.0047 0.0277

0.3860
0.1707
-0.2559
~0.2867
0.0790
0.3668
-0.3647
0.1598
0.4515
-0.2716
0.2765
0.3002
~0.0728
-0.1791
0.2619
0.1187
-0.1372

0.2387
-0.2063
0.0945
0.1238
-0.0891
0.1694
0.1%09
-0.1055
-0.4453
-0.0535
0.0040
-0.2576
0.2842
0.2601
-0.4660
-0.0235
0.3201

Table B.57 Deviation (Analytic - Finite Difference) in calculation of the u component of surface geostrophic wind (10_11

0.3119 -0.2412
0.1144 -0.5458
-0.2970 0.1156
-0.0668 0.2983
0.2686 0.0716
0.3044 0.1934
-0.0946 0.2664
0.0906 -0.3982
0.0975 -0.3273
-0.3677 0.2628
0.1008 -0.0714
0.1738 -0.0928
-0.3569 0.2179
-0.2103 -0.0089

-0.0852
0.0747
-0.1395
-0.1345
-0.0127
0.1488
0.0709
0.1190
0.0503
-0.1600
-0.0647
-0.0481
-0.0756
-0.0481 -0.1197
-0.1689 0.0322 -0.2792 -0.2407
-0.1436 0.1153 -0.0632 0.2771
-0.1157 0.0461 0.0795 -0.0662

-0.2437
-0.2241
0.1451
0.2203
-0.2822
0.0537
0.2165
-0.0986
-0.1621
0.1284
0.0258
-0.0003
0.2884

0.1659
-0.0959
-0.2381
-0.2253

0.0491

0.1500
-0.0832

0.1666

0.0385
-0.2194

0.0422

0.2102
-0.1373
-0.1918 0.1786

0.2141 -0.4208

0.0223 0.2179
-0.0819 0.4937

-0.2795
-0.3364
0.1667
0.3143
-0.3420
-0.0440
0.1358
-0.2187
-0.1651
0.2337
0.2834
-0.1681
0.0055

m/sec).
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2.0+107°C%/m
0
0

CASE IILLA.2 - Baroclinic atmosphere - with VpT = ,under T = Alnp+ Bo + Co(z — I(R))

=19.0731 -19.0667 -19.0602 -19.0538 -19.0473 -19.0409 -19.0345 -19.0280 -19.0216 ~19.0088 -19.0023 -18.9959 -18.9895
-19.0716 -19.0652 -19.0587 -18.8694 -18.4068 -17.9797 -17.6071 -17.9675 -18.3819 -16.8312 -19.0073 -19.0009 -18.9945 -18.9861
~19.0701 -19.0190 -18.2902 -17.0183 -15.6696 -14.6630 -14.2896 -14.6530 -15.6482 -16.9837 -18.2407 -18.9549 -18.9930 -18.9866
-19.0240 -18.0011 -15.9792 -13.5107 -11.1894 -9.5474 -8.9540 -9.5408 ~11.1739 -13.4629 -15.9357 -17.9402 -18.9470 -18.9651
-18.2996 -15.9632 -12.6461 -8.9619 -5.6514 =-3.3620 -2.5444 -3.3596 -5.6435 -8.9431 -12.6113 -18.2254 -18.9836
-17.0312 -13.5170 -8.9635 -4.1525 0.077¢ 2.9714 3.9983 2.9692 0.0777 -8.9385 ~-16.9619 -18.7999
-15.6850 -11.1965 -5.6523 0.0794 5.0649 8.4562 9.6559 8.4499 5.0575 -5.6364 -15.6209 -18.3434
~14.6806 -9.5546 -3.3609 2.9767 0.4609 12.1820 13.4965 12.1729 6.4484 -3.3514 -14.6204 -17.%221
-14.3100 .9620 -2.5418 4.0075 9.6663 13.5032 14.8579 13.4930 9.6520 ~2.5346 ~14.2512 -17.7546
-14.6776 -9.5515 -3.3578 2.9799 8.4641 12.1853 13.4997 12.1762 8.4517 -3.3483 -14.6174 -17.9192
-15.6790 -11.1904 ~5.6461 0.0857 5.0713 8.4626 9.6624 8.4564 5.0639 0.0855 -5.6302 -15.6149 -18.3375
-17.0223 -13.5079 -8.9543 -4.1432 0.0873 2.9809 4.0079 2.9787 0.0872 -8.9293 ~16.9530 -18.7910
~18.2877 -15.9712 -12.6340 -8.9496 -5.6391 ~-3.3495 -2.5319 -3.3472 -5.6311 -8.9309 -12.5992 -16.2135 -18.971e¢
~19.0091 ~17.9862 -15.9643 -13.4956 -11.1742 -9.532]1 -8.9387 -9.5255 -11.1588 -13.4678 -15.9208 -18.9322 -18.9703
~19.0523 -19.0012 -18.2723 -17.0004 -15.6516 -14.6450 -14.2715 -14.6349 -15.6302 -16.9658 -18.2229 -18.9752 -18.9688
~19.0508 -19.0444 -19.0379 -18.8486 -18.3860 -17.9568 -17.7863 -17.9467 -18.3611 -18.8104 -18.9865 -18.9801 -18.9737 -18.9673
~19.0493 -19.0429 -19.0365 -19.0300 -19.0236 -19.0172 -19.0107 -19.0043 -18.9979 -18.9915 -1€.9851 -16.9767 -16.9723 -18.9659
Table B.58 Analytic v component of surface geostrophic wind (m/sec).
-19.0731 -19.0667 -19.0602 -19.0538 -19.0473 -19.0409 -19.0345 -19.0280 -19.0216 -19.0152 -19.0088 -19.0023 -18.9959 -18.9895
-19.0716 -19.0652 -19.0130 -18.8011 -18.4157 -18.0433 -17.8904 -18.0310 -18.3906 -18.7629 -19.0009 -18.9881
-19.0590 -18.8496 -18.1544 -16.9991 -15.7551 -14.6213 -14.4738 -14.8109 -15.7332 -16.9640 -18.7858
-18.7810 -17.7514 -15.8676 -13.5475 -11.3592 -9.8096 -9.2491 -9.8024 -11.3429 -13.5189 -17.6908
-17.9140 -15.7280 -12.5593 =-9.0553 -5.9067 -3.7300 -2.9526 -3.7268 -5.8974 -9.0353 -12.5236 -15.6736
-16.6171 -13.2572 -8.8991 -4.2977 -0.2564 2.5047 3.4843 2.5036 -0.2548 -4.2871 -13.2104
=15.2493 -10.9326 -5.6054 -0.1071 4.6664 7.9083 9.0545 7.9033 4.6611 -0.1051 -10.8932
-14.2308 -9.2877 -3.3249 2.7633 8.0201 11.5603 12.8370 11.5727 8.0100 2.75%4 -9.2537
-13.8553 -8.6939 -2.5095 3.7849 9.2108 12.8826 14.1780 12.8740 9.19%0 3.7787 -8.6619
-14.2278 -9.2846 -3.3218 2.7665 8.0234 11.5836 12.8402 11.5759 8.0132 2.7626 -3.3104 -9.2506
-15.2432 -10.9265 -5.5992 -0.1008 4.6727 7.9148 9.0610 7.90%8 4.6674 -0.0988 -5.5817 -10.8872
-16.6082 -13.2481 L] -4.2883 -0.2469 2.5142 3.493¢ 2.5131 -0.2453 -4.277¢ -8.8637 -13.2014
=17.9021 -15.7160 -12.5472 -9.0431 -5.8943 -3.7175 -3.7143 -5.8851 -9.0230 -12.5115 -15.6616
-18.7662 -17.7365 -15.8526 -13.5324 -11.3440 -9.7943 -9.7671 -11.3277 -13.5038 -15.8087 -17.6759
-19.0412 -18.8318 -18.1366 -16.9612 -15.7371 -14.8033 ~14.7929 -15.7153 -16.9462 -18.0872 -18.7681
-19.0508 -19.0444 -18.9922 -18.7803 -18.3949 -18.0225 -18.0102 -18.3698 -18.7421 -18.9409 -18.9801
-19.0494 -19.0429 -19.0365 -19.0300 -19.0236 -19.0172 -19.0107 -19.0043 -18.9979 -18.9915 -18.985]1 -18.9787 -18.9723 -18.9659
Table B.59 Finite Difference v component of surface geostrophic wind (m/sec).
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 -0.0457 -0.0683 0.0089 0.0636 0.0832 0.0635 0.0087 -0.0683 -0.0456 0.0000 0.0000 0.0000
-0.0112 -0.1694 -0.1357 -0.0192 0.0856 0.1583 0.1842 0.1580 0.0851 -0.0196 -0.1357 -0.1690 -0.0111 0.0000
-0.2429 -0.2498 -0.1117 0.0368 0.1698 0.2621 0.2950 0.2616 0.1689 0.0360 -0.1121 -0.2494 -0.2422 -0.0111
-0.3856 -0.2552 -0.0868 0.0935 0.2553 0.3680 0.4082 0.3672 0.2540 0.0921 -0.0877 -0.2552 -0.3846 -0.1912
-0.4141 -0.2598 -0.0643 0.1451 0.3342 0.4666 0.5140 0.4656 0.3325 0.1433 -0.0657 -0.2602 -0.4133 -0.4155
-0.4357 -0.2639 -0.0469 0.1866 0.3986 0.5479 0.6014 0.5466 0.3965 0.1844 -0.0486 -0.2646 -0.4351 -0.5229
-0.4498 -0.2669 -0.0360 0.2133 0.4408 0.6017 0.6595 0.6002 0.4384 0.2108 -0.0379 -0.4493 -0.5628
-0.4547 -0.2680 -0.0323 0.2226 0.4555 0.6205 0.6799 0.61%0 0.4531 0.2200 -0.0343 —0.4543 -0.5716
-0.4498 -0.2669 -0.0360 0.2133 0.4408 0.6017 0.6595 0.6002 0.4384 0.2109 -0.0379 -0.4493 -0.5628
-0.4357 -0.2639 -0.0469 0.1866 0.3986 0.5479 0.6015 0.5466 0.3965 0.1844 -0.0486 -0.4351 -0.5229
-0.4141 -0.2598 -0.0643 0.1451 0.3342 0.4667 0.5140 0.4656 0.3325 0.1433 -0.0657 -0.4133 -0.4155
-0.3856 -0.2552 -0.0868 0.0935 0.2553 0.3680 0.4082 0.3672 0.2540 0.0921 -0.0877 -0.3846 -0.1912
-0.2429 -0.2498 -0.1117 0.0368 0.1698 0.2622 0.2951 0.2616 0.1690 0.0360 -0.1121 -0.2422 -0.0111
-0.0112 -0.1694 -0.1358 -0.0192 0.0856 0.1583 0.1842 0.1580 0.0851 -0.0196 -0.1357 -0.0111 0.0000
0.0000 0.0000 -0.0457 -0.0683 0.0089 0.0636 0.0832 0.0635 0.0087 -0.0683 -0.0456 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Table B.60 Deviation (Analytic - Finite Difference) in calculation of the u component of surface geostrophic wind (m/sec).



2.0+107°C%/m

CASE IIL.A.2 - Baroclinic atmosphere - with VpT =

19.577¢
19.5762

19.5713

19.5544 19.5482

19.5776 19.5713
19.5699
19.5575
19.2868
18.4436
17.1867

19.5544 19.5482

-0.0000 -0.0000
-0.0000
0.0109
0.2366
0.3747
0.4007
0.4192
0.4304
0.4341
0.4304
0.4192
0.4007
0.3747
0.2366
0.0109
-0.0000
-0.0000

19.5650 19.5587 19.5525
19.5636 19.5573 19.3729
19.5186 17.5749
18.5282 14.2054
16.574¢ 9.9784
14.2113 6€.0412
12.0256 4.3085
10.5140 5.3022
9.9785 5.9425
10.5112 5.3040
12.0199 4.3887
14.2027 €.0348
16.5630 13.3742 9.964
168.5137 16.5563 14.1910
19.5012 18.7918 17.5575
19.5433 19.5370 19.352¢
19.5419 19.5356 19.5293

19.5462 19.5399 19.533¢
18.9225 16.5073 168.3398
16.2723 15.3054 14.948)
12.0190 10.5074 9.971)
7.1548 5.5277 S.0722
4.3885 5.2992 5.936)
€.7012 9.5268 10.6061
9.5310 12.9481 14.1918
10.6156 14.1962 15,
9.5339 12.9512 14.1949
€.7060 9.5325 10.6120
4.3887 5.3046 5.9427
7.1451 5.5202 5.0659
12.0048 10.4936 9.957¢
16.2550 15.2862 14.930¢
1€.9023 18.4671 18.3195
19.5231 19.5168 19.5105

0 )
0

19.5274 19.5211
18.4955 16.89%8)
15.2958 16.2517
10.5014 12.0046
$.5263 7.1405
5.2940 4.3885
9.5213 €.695¢
12.939%6 9.5199
14.1886 10.6026
12.9427 9.522¢
9.5270 6.7005
$.3034 4.)ee7
5.5187 7.13a8
10.4675 11.99%04
15.2706 16.2344
18.4753 18.878)
19.5043 19.4980

under T = Alnp+ Bo + Co(x—:(R))

19.5149
19.3356
17.541)
14.1789
9.961¢
6.0352
4.3085
5.2986
5.936¢
5.3004
6

19.4918

Table B.61 Analytic surface geostrophic wind velocity (m/sec).

19.5650 19.5567 19.5525
19.5636 19.512¢ 19.3063
19.3535 18.6772 17.5563
16.2856 16.4631 14.2404
16.3286 13.3037 10.0624
13.9644  9.9220 6.1419
11.7802 7.1185 4.3891
10.2720 5.5053 S.1855
9.7385 5.0548 S.79%47
10.2692 5.5034 S5.1872
11.7746 7.1137 4.3890
1).955¢ 9.9138 6.1354
16.3171 13.2923 10.0514
18.2711 16.4486 14.2260
19.3362 18.6598 17.5389
19.5433 19.4925 19.2861
19.5419 19.5356 19.5293

19.5462 19.5399 19.533¢
18.9312 18.5692 18.4206
16.3547 15.4571 15.1243
12.1772 10.7462 10.2371
7.3581 5.7589 S5.2087
4.3953 5.052¢4 5.6030
6.4053 9.0440 10.0617
9.1420 12.3837 13.5661
10.2026 13.6094 14.8414
9.1448 12.3868 13.5692
6.4100 9.0497 10.0675
4.3%4¢ 5.0571 S5.6069
7.3482 5.7509 S.2818
12.1631 10.7323 10.2233
16.3374 15.4399 15.1070
18.9109 18.5489 18.4004
19.5231 19.5168 19.5105

19.5274 19.5211
18.5572 16.9068
15.4472 16.333¢
10.7396 12.1620
$.7569 7.3507
$.0518 4.3952
9.0397 6.4014
12.3766 9.1331
13.6012 10.1919
12.3796 9.1359
9.0453 6€.4061
5.0566 4.3%47
5.7488 7.3408
10.7257 12.1478
15.4299 16.3163
18.5370 18.8866
19.5043 19.4980

19.5149
19.2691
17.5223
14.2131
10.0443
6.1345
4.3891
5.1834
5.7%07
5.1850
4.3e89
6.1260
10.0334
14.1988
17.5050
19.2489
19.4918

19.5086
19.5072
18.7610
16.52e8
13.352¢
9.9574
7.1430
$.521)
5.0672
5.5194
7.1381
9.9492
13.3414
16.5143
a7

1
1
1

19.5086
19.4627
18.6291
16.4207
13.2700
9.6985
7.1047
5.4984
5.0502
5.4965
7.0999
9.68903
13.2586
16.4063
1e.611¢
19.4425
19.4855

Table B.62 Finite Difference surface geostrophic wind velocity (m/sec).

-0.0000
-0.0000
0.1651
0.2426
0.2459
0.2469
0.2453
0.2420
0.2400
0.2420
0.2453
0.2469
0.2459
0.2426
0.1651
-0.0000
-0.0000

-0.0000
0.0445
0.1320
0.1077
0.0820
0.057¢
0.0370
0.0218
0.0161
0.0218
0.0370
0.0577
0.0819
0.1077
0.1320
0.0445

-0.0000

-0.0000
0.0666
0.0186

-0.0350

~0.0840

-0.1007

-0.0006
0.1168
0.147¢
0.1169

-0.0003

-0.1006

-0.0840

-0.0350
0.0186
0.0666

-0.0000

-0.0000 -0.0000
-0.0086 -0.0618
~0.0824 -0.1517
-0.1583 -0.2388
-0.2033 -0.2312
0.2469
0.4828 0.5445
0.5644 0.6257
0.5888 0.6508
0.5644 0.6257
0.4829 0.5446
0.2475 0.3338
-0.2159
-0.2657
-0.1762
-0.0808
-0.0000

-0.0000
-0.0808
-0.1762
-0.2658
-0.2166

0.3333

-0.0061
-0.2031 -0.2307
-0.1582 -0.2387
-0.0824 -0.1517
-0.0086 -0.0618
-0.0000 -0.0000

-0.0000
-0.0085
~0.1514 -0.0819
-0.2382 -0.1574
~0.2306 -0.2021
0.2462 -0.0067
0.4816 0.2942
0.5630 0.3869
0.5873 0.4107
0.5630 0.3869
0.4817 0.2944
0.2468 -0.0060
-0.2301 -0.2020
-0.2382 -0.1574
-0.1514 -0.0819
-0.0617 -0.0085
-0.0000 -0.0000

-0.0000
-0.0617

-0.0000
0.0665
0.01%0

-0.0342

-0.0828

-0.0993

-0.0005
0.1153
0.1459
0.1153

-0.0003

-0.0992

-0.0828

-0.0342
0.0190
0.0665

-0.0000

-0.0000
0.0445
0.1319
0.1080
0.0828
0.0589
0.0383
0.0229
0.0171
0.0229
0.0382
0.0589
0.0828
0.1080
0.1319
0.0445

-0.0000

19.4961
19.4%47
19.4932
19.4484 19.4856¢
18.7461 19.484

17.5203 1
16.2254
15.2647
14.9114
15.2618
16.2197
17.511¢
18.734¢
19.4340 19.4711
19.4759
19.4745
19.4730

19.4899
19.4804
19.4870

19.5024
19.5009
19.4561
18.4690
16.5221
14.1672
9.

19.4668

19.4793

19.4961
19.4947
19.4824
19.212¢
18.3724

19.5024
19.5009
19.2915
18.2260
16.2762
13.9201
11.7437
10.2413
$.7098 1
10.2385
11.73e1
13.9115
16.2646
18.2124
19.2742
19.4807
19.4793

19.2864
19.4603
19.4697
19.4683
19.4668

19.4731

-0.0000
-0.0000
-0.0000
0.0108
0.1862
0.4044
0.5082
0.5461
0.5544
0.5461
0.5082
0.4044
0.1862

-0.0000
-0.0000
0.1646
0.2422
0.2459
0.2472
0.2458
0.2426
0.2407
0.2426
0.245¢
0.2472
0.2459%
0.2422
0.1646
-0.0000 .
-0.0000 -0.0000

-0.0000
-0.0000
0.010¢
0.2358
0.3127

-0.0000

Table B.63 Deviation (Analytic - Finite Difference) in calculation of surface geostrophic wind velocity (m/sec).
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CASE

-4.3878
-4.3878

-4.3878
-4.3878

-4.3878
-4.387¢

~4.3878

-4.3878
-4.3878
-4.
-4.3883
-4.3906
-4.3930
~4.3918
3e%0
3e7e
866
~-4.3838
-4.3826
-4.3850
-4.3874
-4.3878
-4.3878
~4.3878

-4.3878

0.0000
0.0000
0.0000
0.0004
0.0028
0.0052
0.0040
0.0012
0.0000
-0.0012
~0.0040
-0.0052
-0.0028
-0.0004
0.0000 -0.0000
0.0000 0.0000
0.0000 0.0000

Table B.66 Deviation (Analytic - Finite Difference) in calculation of the u

II1.B.2 -

-4.3878
-4.3878
-4.3876

8
-4.3878

-4.3878
-4.387¢
~-4.387¢
~4.3878
-4.3878

Baroclinic atmosphere -

~4.3878
-4.3878
-4.3878
-4.3878
~4.3878

-4.387¢
-4.387¢
-4.3878

4
-4.387¢ -4.3878

-4.3878 -4.3878
-4.3878 -4.387¢

-4.38
~4.3¢
-4.38

with VpT =

il
-4.3878 -4.3878

-4.39
3878 -4.3878

20+107%C%/m
0

-4.3878

~4.38

-4.38
-4.38
~4.38

-4.3878

,under T' = Az + Bo + Co(z _I(R))

-4.387¢
-4.3878
-4.3878
~4.3878
7

-4.3878

-4.3878
-4.3878

Table B.64 Analytic u component of surface geostrophic wind (m/sec).

-4.3878 -4.387¢
-4.3883
-4.3890 -4.4027
~4.3986 -4.4449
~4.4147 -4.4875
~-4.4857
4072 -4.4422
.3931 -4.4019
-4.3878 -4.3878
~4.3826 -4.3738
-4.3336
-4.2902
-4.3611 -4.2684
-4.3771 -4.3309
-4.3866 -4.3730
-4.3878 -4.3873
-4.3878

-4.38

~4.4194

-4.3685
-4.3563

-4.3878

Table B.65

0.0000 0.0000
0.0000 0.0005
0.0012 0.0149
0.0108 0.0570
0.0269 0.0996
0.0316 0.0979
0.0194 0.0544
0.0053 0.0141
0.0000 0.0000
-0.0052 -0.0140
-0.0193 -0.0542
-0.0315 -0.0976
-0.0268 -0.0994
-0.0107 -0.0569
-0.0012 -0.0148
-0.0000 -0.0005
0.0000 0.0000

-4.3878
-4.3952
~4.4451
~4.5452
~4.6205
-4.5970
-4.4985
~4.4156
-4.3878
~4.3601
-4.2774
~4.1790 -4.0439
-4.1555
-4.2307
~4.3307
-4.3804
-4.3878

-4.3881
-4.4120
.5151
.6836
-4.7093
-4.7323
-4.5653
-4.431e
~4.3
-4.3440

-4.3875

Finite Difference

0.0000
0.0074
0.0573

0.0003
0.0242
0.1273
0.1574 0.2958
0.2327 0.4015
0.2092 0.3445
0.1107 0.1775
0.0278 0.0440
0.0000 0.0000
-0.0277 -0.0438
-0.1104 -0.1771
-0.2088 -0.3439
-0.2323 -0.4008
-0.1571 -0.2953
-0.0571 -0.1270
-0.0074 -0.0241
-0.0000 -0.0003

~4.3892
~4.4316
~4.5836
~4.8077
-4.9343
~4.8461
~4.6209
~4.4451
-4.3878
-4.3306
~4.1552
~3.9303
-3.8421
-3.9686
-4.1924
-4.3442
~4.3864

u component of

-0.0014

~4.3900
~4.4405
-4.6122
-4.0576
~4.9916
~4.8906
-4.6425
~4.4503
-4.387¢8
~4.3255
~4.133¢
-3.8858
-3.7848
-3.9187
-4.163¢e
-4.3353
~4.3857

~4.3892

-4.4451
-4.387¢
-4.3307
-4.1555
-3.9309
-3.8428
-3.9692
-4.1927 -4.2611
-4.3442

-4.3864 -4.3875

surface

0.0003
0.0241
0.1270
0.2950
0.4004
0.3435
0.1770
0.0439
0.0000
-0.0437 -
-0.1766
-0.3429 -
-0.3997
-0.2945
-0.1267
-0.0240
-0.0003

0.0022
0.0527
0.2244
0.4698
0.6038
0.5027
0.2547 0.2327
0.0625 0.0572
0.0000 0.0000
-0.0623 -0.057
-0.2542 -0.2323
-0.5020 -0.4569
-0.6030 -0.5450
~0.4691 -0.4187
-0.2240 -0.1952
~0.0525 -0.0436
-0.0021 -0.0014

0.0014
0.0437
0.1955
0.4193
0.5458
0.4576

-4.387¢
-4.3952
-4.4449
~4.5446
-4.619¢
-4.5962
-4.4980
-4.4155
-4.3878
-4.3602
-4.2779
-4.1799
-4.1565
-4.2313
-4.3309
-4.3805
-4.3878

0.0000
0.0074
0.0571
0.1568
0.231e
0.2084
0.1102
0.0277
0.0000
0.0276

-0.1099

0.2079

-0.2313
-0.1565
-0.0569
-0.0073
-0.0000

-4.387¢
-4.3883
~-4.4026
~4.4445
~4.4869
-4.4852
~4.4419
-4.4018
~4.387¢
~4.3739
-4.3339

-4.38
-4.3985
~4.4145
-4.4192
~4.4070
-4.3931
-4.3878
-4.3026
~4.3687
~4.2907 -4.3565
-4.2890 -4.3612
-4.3312 -4.3772
-4.3731 -4
-4.3873
-4.3878

3e7e
-4.3878

geostrophic wind (m/sec).

0.0000
0.0005
0.0148
0.0567
0.0991
0.0974
0.0541
0.0140
0.0000
-0.0139
-0.0539
-0.0971
-0.0989
-0.0566

0.0000
0.0000
0.0012
0.0107
0.0267
0.0314
0.0192
0.0052
0.0000
-0.0052
-0.0191
-0.0313
-0.0266
-0.0107
-0.0147 -0.0012
-0.0005 -0.0000
0.0000 0.0000

-4.
-4.3878

-4.3878

-4.3878
-4.387¢
3878

—4.3878
-4.3878
—4.3878

-4.3883
-4.39%06
-4.3930
.3918

-4.3878

0.0000
0.0000
0.0000
0.0004
0.0028
0.0052
0.0040
0.0012
0.0000
-0.0012
-0.0039
-0.0051
-0.0028
-0.0004
-0.0000
0.0000
0.0000

-4.3878

-4.387¢

-4.3878

0.0000
0.0000
0.0000
0.0000
0.0000
0.0001
0.0002
0.0001
0.0000
-0.0001
-0.0002
-0.0001
-0.0000
0.0000
0.0000
0.0000
0.0000

component of surface geostrophic wind (m/sec).

-4. L]
~4.387¢
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~19.2314

~19.2084
-19.2069

=19.2314

~15.4309
-16.7554

0403
.9161
-19.1984
-19.2084
-19.2069

0.0000

0.0000
-0.0115
~0.2493
-0.3819
-0.3673
-0.3177
=-0.2622
-0.2380
-0.2622
-0.3177
-0.3673
-0.3819
-0.2493
-0.0115

0.0000

0.0000

CASE III.B.2 - Baroclinic atmosphere - with VpT =

-19.2247
~19.2231
-19.1755
-18.1275
-16.0593
-13.5488
-11.2040

-9.5551

-8.9620

-9.5520
-11.1979
-13.5396
~16.0470
-18.1121
-19.1572
-19.2017
-19.2002

-19.2247
-19.2231

-15.8432
-17.8661
-18.9829
-19.2017
-19.2002

0.0000
0.0000
=0.1743
-0.2460
-0.2039
-0.1065
0.0293
0.1515
0.2010
0.1515
0.0293
-0.1065
-0.2039
-0.2460
-0.1743
0.0000
0.0000

~19.2180 -19.2113 -19.2046
~19.2164 -19.0212 -18.5446
~18.4247 -17.1185 -15.7309
-16.0552 ~13.5424 -11.1969
-12.6668 -8.9619 -5.6688
~-8.9635 -0.0503
~5.6697 4.7572
-3.4104 7.9866
-2.6067 9.1242
-3.4073 2.7565 7.989%¢6
~-5.6636 -0.0427 4.7633
-8.9543 -4.1799 -0.0412
~12.6546 -8.9496 -5.6566
-16.0399 -13.5271 -11.1816
-18.4063 -17.1002 -15.7205
-19.1950 -18.9998 -18.5232
~19.1935 -19.1868 -19.1801

3.7442

~19.1979 -19.1912
€.1052 -17.9279
-14.7130 -14.3332

~-3.4114 -2.6092
2.7485  3.7357
7.9823 9.1148

11.4841 12.7095

12.7155 13.9728

11.4872 12.7126
T7.9684 9.1209
2.7577  3.7449

=3.3991 -2.5969

-9.5326 -8.9387
~14.6946 -14.3148
-18.0838 -17.9065
-19.1734 -19.1667

2.0+107°C°%/m

0

0
-19.1845 -19.177¢ -19.1645
-18.0926 -18.5188 -19.1629
-14.7027 -15.7170 -18.3734
-13.5142 -16.0105
-8.9431 -12.6316
-4.1803 -8.9385
-0.0487 -5.6539
2.7477 -3.4009
3.7364 -2.5994
2.7508 -3.397¢
-0.0426 -5.647¢
2.7556 -0.0411 -4.1711 -8.9293
~3.3968 -12.6194
-9.5260 -15.9952
~14.6844 -18.3551
-18.0712 -19.1416
~19.1600 -19.1534 -19.1467 -19.1400

Table B.67 Analytic v component of surface geostrophic wind (m/sec).

-19.2180 -19.2113 -19.2046
~19.1693 -18.9509 -18.5540
~18.2878 -17.1040 -15.8302
-15.9679 -13.6113 -11.3872

-19.1979 -19.1912
~18.1708 -18.0134
~14.8753 -14.5204

~9.8157 -9.2490
~3.7€69 -3.0092
2.2716  3.2424

7.4203  8.5482

10.8650 12.0961
12.0761 13.3433
10.8681 12.0992
7.4265 8.5543

2.2807 3.2516

-3.7747 -2.9970
8005 -9.2337

569 -14.5020
1493 -17.9%20
-19.1734 -19.1667

-19.1845
-18.1578
~14.8623
~-9.7981
-3.7560
2.3257
7.5030
10.9719
12.1925
10.9749
7.5091
2.3348
~3.7437
-9.7628
-14.8439
-~18.1364
~19.1600

Table B.68 Finite Difference v component of surface

-12.6763 -9.1527 -5.9756
-9.1309 -4.5403 -0.4852
-6.0233 -0.5731 4.199%4
-3.9198 2.0916 7.337¢
-3.1774 3.0294 8.4413
-3.9168 2.0946 7.3407
-6.0172 -0.5670 4.2055
-9.1217 -4.5311 -0.4760

-12.6661 -9.1405 -5.9633

-15.9526 ~-13.5960 -11.3719

~16.2695 -17.0857 -15.8118

~19.1479 -18.9295 -18.5325

~-19.1935 -19.1868 -19.1801
0.0000 0.0000 0.0000

-0.0471 -0.0703 0.0094
-0.1369 -0.0145 0.0913
-0.0873 0.0688 0.1903
0.0115 0.1909 0.3067
0.1674 0.3512  0.4349
0.3536 0.5243 0.5578
0.5095 0.6619 0.6490
0.5707 0.7148 0.6829
0.5095 0.6619 0.6490
0.3536 0.5243 0.557¢
0.1675 0.3512 0.4349
0.0115 0.1909 0.3067

-0.0873 0.0668 0.1903

-0.1369 -0.0145 0.0913

-0.0471 -0.0703 0.0094
0.0000 0.0000 ©.0000

0.0000 0.0000
0.0655 0.0855
0.1623 0.1872
0.2679 0.2950
0.3755 0.4000
0.4770 0.4933
0.5619 0.5666
0.6191 0.6134
0.6394 0.6295
0.6191 0.6134
0.5619 0.5666
0.4770 0.4933
0.3755  0.4000
0.2679 0.2950
0.1623 0.1872
0.0655 0.0855
0.0000 0.0000

0.0000
0.0652
0.1595
0.2569
0.3470
0.4209
0.4737
0.5043
0.5142
0.5043
0.4737
0.4209
0.3470
0.2569
0.1595
0.0652
0.0000

~19.1778 -19.1711 -19.1645
-18.5276 -16.9110 -19.1159
~15.7999 -17.0576 -18.2311
=11.3324 -13.5196 -15.8697
~5.8588 -8.939%0 -12.4450
~0.2644 -4.1154 -8.6437
4.5463 0.1118 -5.2100
7.7907 2.9970 -2.6243
8.9361 4.0218 -1.9695
7.7937 3.0001 -2.8212
4.5524 0.1179 -5.2039
-0.2553 -4.1062 -8.6345
-5.8466 -8.9267 -12.4327
-11.31711 -15.8544
-15.7815 0 -18.2127
-18.5062 L -19.0945
-19.1534 -19.1467 -19.1400

geostrophic wind (m/sec).

0.0000 0.0000 0.0000
0.0088 -0.0705 -0.0471
0.0829 -0.0252 -0.1424
0.1511 0.0055 -0.1408
0.1979 -0.0042 -0.1866
0.2142 -0.0649 -0.2948
0.2042 -0.1605 -0.4439
0.1848 -0.2493 -0.5766
0.1754 -0.2854 -0.6299
0.1848 -0.2493 -0.5766
0.2042 -0.1606 -0.4439
0.2142 -0.0649 -0.2949
0.1978 -0.0042 -0.1866
0.1511 0.0054 -0.1408
0.0829 -0.0252 -0.1424
0.0088 -0.0705 -0.0471
0.0000 0.0000 0.0000

-19.157¢
-19.1563
-19.1088
.0644
-16.0034
-13.5017
-11.1651

-11.15%0
-13.4925
-15.9912
-18.0491
-19.0905
-19.1349
-19.1334

-19.1578
-19.1563
-18.9342
-17.7975
-15.6867
-13.0830

=-19.1334

0.0000

0.0000
-0.1747
-0.2669
-0.3167
-0.4188
-0.5579
-0.6823
-0.7326
-0.6823
-0.5579
-0.4188
-0.3167
-0.2669
-0.1747

0.0000

0.0000

-19.1511
~19.1496¢
~19.1481
~19.1007
-18.3576
-17.0604
~15.6890
~14.6695
~14.2941
~14.6665

-19.1263
-19.1267

-19.1511
-19.1496
~19.1366
~18.8498
=17.9474
~16.5805
-15.1196
~14.0194
-13.6111
~14.0164
-15.1135
-16.5714
-17.9352
~18.8346
~19.1183
~19.1283
-19.1267

0.0000

0.0000
-0.0115
-0.2508
-0.4102
-0.4799
~0.5694
-0.6501
-0.6830
-0.6501
~0.5694
-0.4799
-0.4102
-0.2508
-0.0115

0.0000

0.0000

ol

,under T = Az 4+ Bo + Co(z _,_-(R))

~19.1445
~19.1430
~19.1414

~18.0427
-18.4729
-18.9398
~19.1262
-19.1247
~19.1231
-19.1216
-19.1201

~19.1445
-19.1430
~19.1414
~19.1284
~18.9408
-18.5136
=17.9172
=-17.4244
~17.2346
-17.4213
=-17.9111
-18.5044
-18.9286
-19.1132
-19.1231
-19.1216
-19.1201

0.0000

Table B.69 Deviation (Analytic - Finite Difference) in calculation of the v component of surface geostrophic wind (m/sec).



19.7321
19.730¢
19.7292
1s.712M
19.7262
19.5407

19.7321
19.7306
19.7292
19.7164
19.5338

19.1292 1

18.5%9
18.1361
17.9684
18.1301
18.5729
19.1202
19.5218
19.7018%
19.7112
19.7097
19.7082

-0.0000
-0.0000
-0.0000
0.0112
0.1924
0.4115
0.5018
0.5212
0.5208
0.5212
0.501¢
0.4115
0.1924
0.0112
=0.0000
-0.0000
-0.0000

Table B.72 Deviation (Analytic - Finite

CASE 1I1.B.2 -

19.7256 19.71%0
19.7241 19.717%¢
19.722¢ 19.6711
19.6762 18.6509
18.9495 16.6479
17.6049 14.241¢
16.354) 12.032¢
15.3706 10.5144
15.0097 9.9785
15.3€76 10.511¢
16.3484 12,0269
17.6759 14.2329
18.937¢ 16.6361
19.6612 18.63¢61
19.7047 19.6532
19.7032 19.6%67
19.7017 19.6952

19.71%0
19.7117%¢
19.501¢
18.4145
16.4585
14.1502
12.0649
10.6544
10.159%4
10.647)
12.0471
14.1218
16.4324
183345
L4031
19.69%¢7
19.6952

19.725¢
19.7241
19.7114

16.0415

-
-
-
-
~
“
-

19.7017

Table B.71 Finite

-0.0000
-0.0000
0.0112
0.2428
0.3706
0.3542
0.304¢
0.2508
0.2274
0.2515
0.3069
0.3568
0.3720
0.2430
0.0112
~0.0000
-0.0000

-0.0000
-0.0000
0.169%¢
0.2364
0.189%4
0.0915
-0.0343
-0.1400
-0.1009
-0.1357
-0.020)
0.1110
0.2037
0.2415
0.1701
-0.0000
-0.0000

Baroclinic atmosphere -

19.7125
1s.7110
18.9%400
16.6440
13.405)
9.979%¢
7.1693
$.557)
5.1037
5.5554
7.1644
s.9M5
130
16.6292
16.9221
19.6%01
19.¢88¢

19.7060
19.5207
17.6719
14.2355
9.9704
€.0664
4.38
S.1802
S.7¢e2
S.1s18
4.3880
€.0601
9.9674
14.2210
17.6541
19.499
19.6821

-

Table B.70 Analytic surface geostrophic wind velocity (m/sec).

19.7125
19.6652
18.8103
16.5750
13.4491
10.1732

T7.4042

S.8942

5.4174

s.eMn2

7.415)
10.0802
13.3724
16.5300
18.785¢
19.6441
19.688¢

19.7060
19.453%
17.6722
14.3501
10.2529
6.4612
4.5340
4.0859
5.3320
4.7
4.3140
€.1640
10.0408
14.23%
17.62¢0
19.4297
19.6821

-0.0000
0.0668
-0.0003
-0.114¢
-0.2745
~0.39%48
~0.14¢8
0.29%43
0.4362
0.3447
0.0732
-0.1039
0.0213 -0.0734
0.0992 -0.0180
0.136S 0.0282
0.0461 0.0702
-0.0000 0.0000

~0.0000

0.0458

0.129%¢

0.069%0
-0.0438
~0.1934
~0.3149
-0.33¢9
-0.3137
-0.315¢
-0.2509
-0.1087

19.699%4
19.05¢¢
16.3391
12.0259
7.1¢06
4.3)001
6.4aMm7
9.1125
10.1245
$.1152
€.4762
4.3)e00
7.1569
12.0117
16.3214
19.035¢
19.675¢

19.6995
19.0713
16.4615

12.0858
16.3759
19.039%¢
19.6755

with VpT =

19.6929
10.629)
15.3533
10.5079
5.5579
$.177¢
9.1087
12.293¢
13.4513
12.29¢7
9.1141
S.1024
$.5504
10.4%40
15.3357
10.60e5
19.6491

19.6932
18.7033
15.5654
10.9299

19.6¢88

0

20+10°°C%m
o

,under T = Az 4+ Bo + Co(z — I(R))

19.6864 19.6799 19.6734 19.6649
16.4570 18.6171 19.0)15 19.4020
14.9697 15.3435 16.3160 17.6373
9.9713 10.5018 12.0114 14.208¢

5.5565
5.1%66

$.1050
S.1e7
10.1160 9.10)9
13.4457 12.2664
14.6456 13.4429
13.4485 12.2092
10.1215 9.1092
5.7686 5.1014
5.09¢7 5.54%

7.162)
4.3e8)
6.4669
9.102¢
10.11)0
9.1055
€.4714
4.3800
1.157

9.9%1¢
6.0604
4.)601
$.1772
$.760
$.1%ee
4.3880
6.0540
9.9506

9.9576 10.4079 11.9972 14.1%1)
14.9722 15.3259 16.3003 17.619%¢
16.4362 160.5963 19.0107 19.44612
19.6626 19.6560 19.6495 19.6430

19.6869 19.6002
16.552¢ 10.6%0¢
15.235) 15.5529
10.4470 10.913¢
5.8285 6.200¢
5.8678 S5.3%46¢
9.7275 e.0116
12. ¢ 11.64381
14.046) 12.9560
12.8491 11.79e5
9.5007 6.5623
5.0668 4.5720
4.8277 5.3650
10.0309 10.5574
15.0880 15.4247
18.5069 18.6495
19.6621 19.6557

19.6734
19.045¢
16.432)
12.2418
7.5645
4.7307
€.442¢
6.9629
9.9553
0.9226
6.2015
4.0529
1.07172
12.0347
16.3467
19.0137
19.6495

19.6669
19.4150
17.6272
14.2630
10.0621
€.169%4
4.49%
$.3)66
S.9521
$.292¢
4.2795
$.85%
9.8470
14.1517
17.5011
19.3%08¢
19.6430

19.6604
19.6589
16.8%1
16.6009
13.3720
9.957¢
7.156¢8
$.5515

19,6365

19.6604
19.6131
16.7551
16.400)
13.2291

781
6. S
$.2300
4.009%¢
$.2040
€.7123
9.6418
13.1517
16.4354
18.7304
19.5921
19.6365

Difference surface geostrophic wind velocity (m/sec).

-0.0001
-0.0147
-0.1225
-0.2848
-0.4894
~0.3690
0.2600
0.5404
0.6108
0.5855
0.5251
0.3162
-0.0145
-0.0741
-0.0545
-0.003¢
0.0001

-0.000)
-0.0740
-0.2121
-0.4220
-0.6621
-0.1745
0.3672
0.5547
0.6027
0.597¢
0.6042
0.6384
0.1644
-0.0795
-0.1014
~0.0535
0.0003

-0.0005 -0.0003
-0.095¢ -0.0737
-0.2456¢ -0.2094¢
-0.4757 -0.4120
-0.7235 -0.6441
-0.1051 -0.19%81
0.3884 0.2923
0.5568 0.442)
0.5993 0.4849
0.5994 0.4%07
0.6208 0.5270
0.7018 0.6094¢
0.2710 0.16040
=0.0733 -0.069%4
-0.115¢ -0.09¢7
=0.0707 -0.0532
0.0005 0.0003

-0.0001
-0.0141
-0.114)
-0.2504
-0.4042
-0.3506
0.0243
0.139¢
0.15717
0.182¢
0.2499
0.3351
0.0755
-0.0374
~0.0464
-0.0030
0.0001

-0.0000
0.0670
0.0101

-0.0544

-0.1005

-0.1090

-0.1113

~0.159%4

-0.10%0

-0.113¢
0.1085
0.1947
0.103¢
0.0424
0.0385
0.0704
0.0000

-0.0000
0.0457
0.1350
0.1206
0.1429
0.2193
0.310)
0.3215
0.29%04
0.3448

-0.0000

19.6539
19.6524
19.60¢1
18.5897
16.5%40
14.19%¢e
11.99%)
10.4842

9.9505
10.4014
11.9%0¢
14.1881
16.5023
16.5%4¢

19.6301

19.6539

19.4301

-0.0000
-0.0000
0.1699
0.2567
0.2900
0.387¢
0.5100
0.6132
0.6519
0.6179
0.5247
0.4075
0.3124
0.2618
0.1705
-0.0000
-0.0000

19.6474
19.6459
19.6444
19.59e2
16.0747
17.615¢
16.2910
15.3117
14.9524
15.30e8
1€.2e51
17.6068
18.862¢
19.5833
19.6265
19.6€251
19.6236

19.6474
19.6459
19.6332
19.3539
18.4767
17.152¢
15.7445
14.6%04
14.3009
14.68¢e
15.73¢5
17.1411
18.4635
19.3388
19.6154
19.6251
19.623¢

-0.0000
-0.0000
0.0112
0.2443
0.39%0
0.4630
0.54¢5
0.621)
0.6515
0.6220
0.5487
0.4656
0.3993
0.2445
0.0112
-0.0000
-0.0000

Difference) in calculation of surface geostrophic wind velocity (m/sec).

19.6409
19.639%4
19.6379
19.6364

1%.6171

19.6409
19.6394
19.6379
19.6252
19.4424
19.02¢5
10.4467
17.9684
17.7044
17.9654
18.440¢
19.0175
19.4305
19.6104
19.6201
19.618¢
1.1

-0.0000
-0.0000
-0.0000
0.0112
0.1925
0.4239
0.5461
0.6032
0.6199
0.6032
0.5462
0.4239
0.1925
0.0112
-0.0000
-0.0000
-0.0000
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Appendix C

Derivation of a Product Rule

To show that (C.1) is true, we expand both terms on its RHS, and then add the two.

6 (T(2) + U()) = T(x) * 8:(U(2)) + U(2) * b (T(x)) (C.1)

Observe that

) TG V) U

1s actually

TU (24 42) =T (2 + 42)U (¢ - 42) + T (2 - 42)U (2 + 42) - TU (= - 42)

2Az '
(C3)
Now expand the averaging operator to obtain the following two terms
TU(z+Az) — T(z+Az) U(2)+ T (z) U(z+ Az) —TU (x) (C.4)
4Ax '
TU(z) + T(zx) U(z—Az)-T(z— Az) U(z) + TU (z — Ax)
¥+ K : (C.5)

We introduce the corresponding terms from the companion expression (i.e. second term on

RHS of (C.1))

UT(z+Azx) — U(z+A2) T(2)+ U (2) T(z+ Az) - UT ()

A (C.6)
5 UT(z) + U(z) T(z - Ax) ;ZQEI_AI) T(z)+UT(x—Ax)’ .7)
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and then sum to end up with

TU(:L‘-{-AI)—TU(:L’—AZ‘).

s (C.8)
We now expand LHS side of (C.1.1) to find
TU (z+4%) + TU (2 - &°
5x( =+ %) ( 2)) (C.9)
2
and this is
TU(z+ Az) + TU(z) — TU (z) — TU (z — Ax) (C.10)

2Azx
Because (C.10) equals (C.8), then (C.1) holds.



Appendix D

Ideal gas constant R

The value of the gas constant R for different gases is determined using Avagadro’s
hypothesis that at a given temperature and pressure gases containing the same number of
molecules occupy the same volume. Experimental work has shown that at a pressure of P, =
1014mb and temperature T, = 0C°, 22.4 kliter (= V,) of a gas will have a mass in kilograms
equal to the molecular weight of the gas p. This quantity of gas is defined as 1 kmol.
Hence by the ideal gas law, %L%:ﬂ =R, butR= %,where R* is the universal gas constant
and p has units of kilograms per kilomole. From experiments R* = 8314.3 J/C° kmol.
In thg atmosphere, the apparent molecular weight of air pu4, is determined by patm =
—?;1;% where the m; represent the fractional contribution by mass (3(=k m; = 1) of
{he N ?lilcfiividual gases comprising the atmosphere, and the y; are the respective repective
molecular weights. The predominant gases in the atmosphere are nitrogen (m; = 0.7551),
oxygen (mg = 0.2314), and argon (mg = 0.0128), having respective molecular weights
1 = 28.02, po = 32.00, and p3 = 39.94, in kilograms per kilomole. One then finds that
fatm = 28.98 by the formula just cited. Therefore, the dry gas constant of the atmosphere
Rq = 287J/C°kilogram = 2870000dyne ¢cm/C° g. This is the value of R used in the CASE

programs. (The explanation of R is due to Pielke (1984).)
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Appendix E
Computer program listings

The programs presented in this Appendix, called CASEip.c and CASEiz.c (wherei =1,
I1, or III, with p representing 7'= Alnp+ B and z representing 7' = Az + B), comprise the
source code for the numerical experiments discussed in Sections 4.4, 4.5 and 4.6 on pages
27 through 31. The main purpose of the numerical study was to compare geostrophic wind
components computed by the Corby finite difference scheme (4.1.1) under the two different
temperature structures. Since the central results of Chapters 6 and 7 (namely (6.1.22) and
(7.2.10)) were shown to be independant of initial geostrophic wind angle and magnitude,
as well as independant of grid size interval, the corresponding parameters were fixed in the
programs without loss of generality to what was to be investigated.

The latitude taken was 48 °, however this only affects the geostrophic wind component
calculation in the factor :} where f = 2Qsin(0) with 0 the latitude, and € the earth’s angular
speed. The reciprocal of the Coriolis parameter, -}r, actually serves only as a scaling factor
after the finite difference scheme has been applied, as noted from (2.7.6). Hence selecting
one particular latitude is not a significant restriction to our investigation, notwithstanding
the facts that (1) f is zero at the equator and so I-/:q is not defined there, and (2) because
sin(f) is nearly zero for low latitudes, clearly % will magnify whatever truncation error
results in the (g%)p calculation by a large amount. These problems would occur however
for any type of scheme used to compute the HPGF at low latitudes.

The CASE programs were adapted from IDEAL85 (Danard and Galbraith, 1985). They
compute the surface coordinates of a cosine shaped hill, as well as the temperature and
pressure at those points based on the model in Chapter 4. The Corby finite difference

scheme (4.1.1) is then used on this data to compute surface geostrophic wind components.
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tinclude <s$tdI0.h>

#include <math.h>

#include <string.h>

/* Case I with T = A 1ln p + B.

Barotropic atmosphere with horizontal iscbaric planes.

113154

The program is written in C. */
main ()
{
#define SIZEP 21
double 2Z85,TT85, AAAl,AAA2, DZDX,DZDY, F, LEN, uansc, ufdsc,difxsc,vansc,vfdsc,difysc, fdvelsc, anvelsc,difvelsc;
double GDEL, HOLD, UBS, VBS, MAXDIF,G, PXS,PYS, TREF, ZREF, T85R, Z85R,R,DELL, H, L, VDIFTOT, UDIFTOT, FDVEL;
double X[SIZEP],Y([SIZEP), ZS[SIZEP)[SIZEP),TTS(SIZEP)(SIZEP),LNPS[SIZEP) (SIZEP),DIFVEL[SIZEP) [SIZEP]:
double PX([SIZEP)([SIZEP),PY(SIZEP) [SIZEP),DIFY(SIZEP)(SIZEP],DIFX([SIZEP) [SIZEP), QQ(SIZEP)[SIZEP];
int S
/7
R = 2870000.0;
G = 980.0;
= 0.000103;
/* Pressure, temperature and height values are written in cgs (cm,grams,sec) units.
Temperature at the (sea level, ZREF = 0) reference station is 295.2 degrees Kelvin.
Over the reference station, the 850 mb plane is at height 1540m, and the temperature there is 286.2 degrees Kelvin.
The mountain apex H is 5000m above sea level. The grid interval DELL is 5000m.
DZDY is the (Z - Y) slope of the 850mb plane. DZDX is the (Z - X) slope of the 850mb plane.
DZDYP is the (Z - Y) temperature gradient DZDXP is the (Z - X) temperature gradient. L7
ZREF = 0;
TREF = 295.2;
ZB5R = 154000:
T8S5R = 286.2 ;
H = 500000;
DELL = 500000;
DZDX = 0
DZDY = 0:
for(i=1;1<SIZEP ;1i++)
{ for(3=1;J<SIZEP ;3++) {
¥ il Initialize matrix 2S with mountain surface heights.
The mountain's shape is such that it exhibits a cosine profile within any vertical plane containing the apex. .
LEN = sqrt ( ((4 - 11) * (4 - 11)) + ((3 - 11) * (3 - 11)) ) :
2s( 4)]{3 1 = (H/2) * (1 + cos ( LEN * ( 3.141592653589793 / 8.00 ) )
if ( LEN > 8.0 ) 2S(1](3) = O:
}
}
fprintf (stdout, "\n");
/* 1Initialize arrays X and Y to hold grid point positions. Index j of array X increases eastward
and index i of array Y increases northward i
/* The reference station is at (X(3), Y(13]), 0) L
for(j=1;)<SIZEP; j++) ( X[3J) = (3 -3 ) * 500000 ; }
for(i=1;1<SIZEP;i++) { Y[1] = (1 - 13 ) * 500000 ; }
/* Formulas below have been derived in Section 4.5 U
AAAl = 980.0 * (285R - ZREF) ;
AAA2 = ( ((TREF * TREF) - (T85R * T85R)) * R ) / (2.0 * AAAl) :
fprintf (stdout, "\n");
for(i=1;1<SIZEP;i++) {
for(3=1; J<SIZEP; j++) {
VAl Initialize 850mb plane with height and temperature values. LY
2285 = Z85R + ( Y[1]) * DZDY + X[3] * D2DX ):
TT85 = T85R;
GDEL = 980.0 * (2285 - 2s (1](3]):
HOLD = (((2 * AAA2) * GDEL) / R ) + ( TT8S5 * TT85 ):
VA Initialize (mountain) surface temperature values. L
TTS(1] [3] = sqrt ( HOLD ) :
Y i Initialize 1ln surface pressure values. LU
INPS[1][3] = ( (2 * GDEL) / (R * (TT85 + TTS(1](3] )) )
Vol Analytic surface geostrophic wind components u_{a)} and v_{a}). &y
UBS = 0;
VBS = 0;
/= Analytic surface geostrophic wind magnitude L4
QQ(1][3] = sqrt ((UBS * UBS) + (VBS * VBS));
}
for(i=1;1< 14;1++) { fprintf (stdout,"™\n"); }
fprintf (stdout, ™ CASE I.A - Horizontal isobaric planes with T = A lnp + B " );
fprintf (stdout,"\n") ;fprintf (stdout, "\n"); fprintf (stdout, " b ¥
for (1=19;1>=3;1--) {(
for(3=3;3<20;3++) |
uansc = UBS * lell ;
fprintf(stdout,"%7.4f ", uansc );
}fprintf (stdout, "\n"); fprintf (stdout, ™ s T
}
fprintf (stdout, "\n Table B.1 Analytic u component of surface geostrophic wind ( 10%(-11) m/sec)." ):
for(i=1;1< 26;1++) { fprintf (stdout,"\n"); }
VDIFTOT = 0.0;
for(i=3;1<20;1++) {
for (3=3;3<20; j++) {
I Corby finite difference surface geostrophic wind component u_{fd} is calculated by multiplying
the Y directed pressure gradient by - { 1/F ). iy
PY (1][3) = - € ¢ G * ( ( Zs[4+1)(3) - 2S(1-1](3])) / (2.0 * DELL) ) )
+ R *
( ( ( TTS(i+1) (3] + TTS[1](3) ) 1440 9
* ( ( LNPS(1+1](3) - LNPS(1][]]) / DELL )
+ ( ( TTS(4]) (3] + TTS(1-1](3] ) / 4.0 )
* ( ( LNPS[4](3]) - LNPS[1-1) (3] ) / DELL ) ) ) / F ;
7 Difference between analytic and Corby finite difference v surface geostrophic wind components ® )
DIFY(i][3] = VBS - (PX[i][3] / 100):
/= VDIFTOT is an accumulator for the MVD error s

VDIFTOT = VDIFTOT + ( DIFY[i) (3] * DIFY[1](3) ):
}



/*

/*

/%

/%

/*
/*

/%
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fprintf (stdout, " i )
for (1=19;1>=3;1{--)
for(J)=3:3<20;3++) (
PYS = PY [1]([3] 7/ 100 ;
ufdsc = PYS * lell;
fprintf (stdout, "%7.4f ", ufdsc );
}fprintf (stdout, "\n"); fprintf (stdout, " Gl

fprintf (stdout,"\n");
fprintf (stdout, " Table B.2 Finite Difference u component of surface geostrophic wind (10%{-11) m/sec)."):;
for(i=1;1< 26; hb) { tprintt(stdout,'\n"), }
fprintf (stdout, ™ )s
for (1=19;1>=3;1--){
for(3=3;3<20;3++) {
difxsc = DIFX[1] ()] * lell;
fprintf (stdout,"%7.4f ", difxsc );

}fprintf (stdout,"\n"); fprintf (stdout, " bl b 4
fprintf (stdout, "\n Table B.3 Deviation (Analytic - Finite Difference) in calculation G 87
fprintf (stdout, "\n of the u component of surface geostrophic wind (10%{-11} m/sec). "):
for(i=1;1< 26;1++) { fprintf(stdout,”\n"); }
fprintf (stdout, " CASE I.A - Horizontal isobaric planes with T = A lnp + B " );
fprintf(stdout,"\n"); fprintf (stdout, "\n");fprintf(stdout," 2 5

for (1=19;1>=3;4--){
for(3=3:3<20;3++) {
VBS = 0 ;vansc = VBS * lell
fprintf (stdout, "%A7.4f ", vansc );
}fprintf (stdout, "\n"); fprintf (stdout, " bl 3
fprintf (stdout, "\n Table B.4 Analytic v component of surface geostrophic wind (10%{-11} m/sec). "):
for(i=1;1< 26;1++) ( fprintf (stdout,"\n"); ) b d
for(1=3;1<20;4++) {
for(3=3:3<20;3++) {
Corby finite difference surface geostrophlc wind component v_{fd} is calculated by multiplying the

X directed pressure gradient by { 1/F ). =
PX(1](3) = C( G * ( (2S[1)(3+1] - ZS[1][3-1)) / (2.0 * DELL) ) )
+ R+
( ( ( TTS[4][3+1) + TTS[4])[3) ) 7/ 4.0 )
* ( ( LNPS[1](3+1] - LNPS[4i](3] ) / DELL )
+ ( ( TTS[1](]] + TTS(4](3-1] ) / 4.0 )
* ( ( LNPS[1][3]) - LNPS[1](3-1]) / DELL ) ) ) / F :
Difference between analytic and Corby finite difference v surface geostrophic wind components x4

DIFY (1) (3] = VBS - (PX[1][J] / 100):

VDIFTOT is an accumulator for the MVD error L
VDIFTOT = VDIFTOT + ( DIFY({]([3) * DIFY(1i)([3) ):

}

)
fprintf (stdout, " .52
for (1=19;1>=3;1--)(
for(3=3; 3<20 ;3++) {

PXs = PX [1](3) / 100 ; vfdsc = PXS * lell;
fprintf (stdout, "87.4f ", vfdsc );

}fprintf (stdout, "\n"); tprlntf.(stdout, k8 15 |
fprintf (stdout, "\n Table B.5 Finite Difference v component of surface geostrophic wind (10%{-11) m/sec). " )
for(i=1;1< 26,1«) { fprintf(stdout, "\n"); }
fprintf (stdout, ):

for (1=19;1>=3;1--)(

for(3=3:3<20;3++) |
difysc = DIFY[1][3]) * lell;
fprintf(stdout,"%7.4f ", difysc );

}fprintf (stdout, "\n"); fprintf (stdout, " L38 5] |
fprintf (stdout, "\n Table B.6 Deviation (Analytic - Finite Difference) in calculation " );
fprintf (stdout, "\n of the v component of surface geostrophic wind (107{-11} m/sec). " ):
for(i=1;4< 26;i++) { fprintf (stdout,"\n"); }
fprintf (stdout, " CASE I.A - Horizontal isobaric planes with T = A lnp + B " );

fprintf (stdout, "\n");fprintf (stdout, "\n"); fprintf (stdout,™ " );
for(i=3;1< 20;4++) {
for(j=3;3<20;3++) {
Analytic surface geostrophic wind magnitude w
anvelsc = QQ[1][3] * lell:
fprintf (stdout,"%$7.4f ", anvelsc );
}fprintf (stdout, "\n"); fprintf (stdout,™ " ); }
fprintf (stdout,"\n");
fprintf (stdout, " Table B.7 Analytic calculation of surface geostrophic wind (10%{-11) m/sec). " ):
for(i=1;1< 26;1++) ( fprintf (stdout,"\n"); }
for (1=19:;1>=3;4--) {
for (3=3:3<20;3++) |
Corby finite difference surface geostrophic wind magnitude *f
FDVEL = 0.01 * sqrt ((PX[1](3] * PX[1 ])[3]) + (PY [4][3] * Y (1]1[3])) :
fdvelsc = FDVEL * lell;
fprintf (stdout,"%7.4f ", fdvelsc);
DIFVEL{1][3] = QQ(4])[3) - FDVEL ;
}fprintf (stdout, "\n");}
fprintf (stdout, "\n"):
fprintf (stdout, " Table B.8 Finite Difference calculation of surface geostrophic wind (10°{-11} m/sec). "):
for(i=1;1i< 26;1++) { fprintf (stdout, "\n"); }
MAXDIF = 0.0;

for (i=19;i>=3;1--)({
for(3=3;3<20;3++) { */
Find maximum (MAX) error *yt
if ( MAXDIF < fabs ( DIFY(41)[J] ) ) MAXDIF = fabs( DIFY(i](3] ):
Difference between analytic and Corby finite difference surface geostrophic wind magnitude L7

difvelsc = DIFVEL(1]([]3] * lell ;
fprintf(stdout,"%7.4f ", difvelsc ); }fprintf(stdout,”\n"):}

fprintf (stdout, "\n Table B. 9 Difference (Analytic - Finite Difference) in calculation");
fprintf (stdout, "\n of surface geostrophic wind (10*{-1l}m/sec). " );

for(i=1;1< 26;i++) ( fprintf (stdout,"\n"); )

Compute MVD error x/

VDIFTOT = sqrt (VDIFTOT) / 289; ;

fprintf (stdout,"\n"); fprintf(stdout, "%20.16f", VDIFTOT );
fprintf (stdout,"$20.16f", MAXDIF ):

17/

return 0;



#tinclude <StdI0.h>
tinclude <math.h>
#include <string.h>

/* Case I with T = A z + B.

Barotropic atmosphere with horizontal isobaric planes.
The program is written in C.

main ()

{
fdefine SIZEP 21

/*

/*

/*
/*

/%

/=
/*
I
/*

I

/*

I
/*

double 2285,TT85,AAAl,AAA2,DZDX,DZDY,DTDXP, DTDYP, F, LEN, EXTRA, GAMMA, UBS, VBS;

double GDEL, HOLD, UBS, VBS, MAXDIF, G, PXS,PYS, TREF, ZREF, T85R, 285R,R,DELL, H, VDIFTOT, UDIFTOT, FDVEL;
double X[SIZEP),Y[SIZEP),2S[SIZEP)([SIZEP],TTS(SIZEP)(SIZEP),LNPS(SIZEP) [SIZEP];

double PX[SIZEP)(SIZEP),PY(SIZEP)(SIZEP),DIFY(SIZEP)(SIZEP),DIFX[SIZEP) [SIZEP],QQ[SIZEP][SIZEP];
int 1.3

//

R = 2870000.0;

G - 980.0;

F = 0.000103;

Pressure, temperature and height values are written in cgs (cm,grams,sec) units.

Temperature at the (sea level, ZREF = 0) reference station is 295.2 degrees Kelvin.

Over the reference station, the 850 mb plane is at height 1540m, and the temperature there is 286.2 degrees Kelvin.
The mountain apex H is 5000m above sea level. The grid interval DELL is 5000m.

DZDY is the (Z - ¥Y) slope of the 850mb plane. DZDX is the (Z - X) slope of the 850mb plane.
DZDYP is the (Z - Y) temperature gradient DZDXP is the (Z - X) temperature gradient.

ZREF = 0;

TREF = 295.2;

ZB5R = 154000

T85R = 286.2 ;

H = 500000;
DELL = 500000;
DZDX = 0 .'
DZDY = 0

for (1=1; 1<SIZEP ;{++)
{

for(3=1;J<SIZEP ;j++) {
Initialize matrix ZS with mountain surface heights.
The mountain's shape is such that it exhibits a cosine profile vithln any vertical plane containing the apex.
LEN = @sqrt { 4it » 12p * {3 = 21)) o4 f03 = 13) ¥ () - 11))
Zs(1](3] = (H/2) * (1 + cos ( LEN * ( 3.141592653589793 / 8. 00 ) ) )i
iAf (LEN > 8.0 ) zS{ 4]J[3 ] = O :
; }
fprintf (stdout, "\n") ;fprintf (stdout, "\n"); fprintf (stdout, "\n");
Initialize arrays X and Y to hold grid point positions. Index j of array X increases eastward
and index i of array Y increases northward
The reference station is at (X[3], Y[13], 0)
for(j=1; J<SIZEP; j++) { X[J] = ( J - 3 ) * 500000
for(i=1;1<SIZEP;i++) { Y[1] = (1 - 13 ) * 500000
for(i=1;1<SIZEP; i++) ({
for(j=1; J<SIZEP; j++) (
Initialize 850mb plane with height and temperature values.
2285 = Z8SR + ( Y(1) * DZDY + X([J) * DZDX ):
TT85 = T8S5R ;
Formulas below have been derived in Section 4.6
GAMMA = 9.0 / 154000 ;
Initialize (mountain) surface temperature values.
TTS[(1]) (J] = TT85 + GAMMA * (2285 - zS [1][3]) :
Initialize ln surface pressure values.
INPS[1][3] = (G / (R * GAMMA) ) * log ( 1 + ((GAMMA * (2285 - ZS[1](3])) / TT85) ) :
Analytic surface geostrophic wind components u_{a} and v_{a}.
UBS = 0 :
VBS = 03
Analytic surface geostrophic wind magnitude
Q1] (3] = sqrt ((UBS * UBS) + (VBS * VBS))
b

}
for(i=1;1< 14;i++) { fprintf (stdout,"\n"); }
fprintf (stdout, " CASE 1.B - Horizontal isobaric planes with T = Az + B " );
fprintf (stdout,"\n"); fprintf (stdout,"\n");fprintf (stdout,” ")
for (1=19;1>=3;1--)(

for(j=3; 3J<20;3++) {

fprintf (stdout, "$7.4f ",UBS );

}fprintf (stdout, "\n"); fprintf (stdout, " s ()

}

fprintf (stdout, "\n Table B.10 Analytic u component of surface geostrophic wind (m/sec).

for(i=1;1< 26;1++) { fprintf (stdout,"\n"); )}
VDIFTOT = 0.0;
for(i=3;1< 20;4++) {
for (3=3:3<20;3++) {
Corby finite difference surface qeoscrophic wind component u_{fd} is calculated by multiplying
the Y directed pressure gradient by - 1/F }s
BY (£ oy = afl G ¢ (15(1*11[11 - 2s[1-1](3]) / (2.0 * DELL) ) )
+ R+«
( ( ( TTS[1+1)[3] + TTS(11[3] ) £14201 %)
* ( ( LNPS(1+1](3] - LNPS[1](3]) / DELL )
+ ( ( TTS(1)()) + TTS(1-1](3] ) / 4.0
* ( ( LNPS([1][3) - LNPS[1-1][3] ) / DELL ) ) } / F ;
Difference between analytic and Corby finite difference v surface geostrophic wind components
DIFY([i] [j] = VBS - (PX([i] (3] / 100):
VDIFTOT is an accumulator for the MVD error
VDIFTOT = VDIFTOT + ( DIFY(4] (3] * DIFY(1](3] ):
}
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fprintf (stdout, " )G
for (i=19;1>=3;1i--) {
for(3j=3; 3<20 ;3++)

PYS = PY (4](3)) / 100

fprintf (stdout, "87.4f ", PYS );

}fprintf (stdout, "\n") ; fprintf (stdout, " ol )
fprintf (stdout, "\n Table B.11 Finite Difference u component of surface geostrophic wind (m/sec)."):
for(i=1;1< 26;1++) { tprintf(stdout,"\n ¥ }
fprintf (stdout, " )z
for (1=19;1>=3;1--)(

for(3=3;3<20;3++) {
fprintf (stdout, "87.4f ", DIFX(1](3])):

}

fprintf (stdout,"\n"):fprintf (stdout, " ) ¢
}
fprintf (stdout, "\n Table B.12 Deviation (Analytic - Finite Difference) in calculation®);
fprintf (stdout, "\n of the u component of surface geostrophic wind (m/sec).");
for(i=1;1< 26;1++) ( fprintf (stdout,”\n"); }
fprintf (stdout, "™ CASE I.B - Horizontal isobaric planes with T = Az + B");

fprintf (stdout,"\n") ; fprintf (stdout, "\n"); fprintf (stdout,™ ™ );
for(i=3;1<20;1++) {
for(j=3;3<20; 3++)
fprintf (stdout,"¥8.4f ", VBS);
}fprintf (stdout, "\n"); fprintf (stdout,” " );}
fprintf (stdout, "\n Table B.13 Analytic v component of surface geostrophic wind (m/sec)."):
for(i=1;1< 26;1++) { fprintf (stdout,”\n"); }
for(i=3;1< 20;1++)
for (3=3;3<20;3++) {(

Corby finite difference surface geostrophic wind component v_{fd} is calculated by multiplying the
X directed pressure gradient by ( 1/F }. *®/
PX[1](3]) = C( G* ( (2S[1)[3+1) - 2S[4)(3-1)) / (2.0 * DELL) ) )
¥R ®
( ( ( TTS{4](4+1] + TTS(4](3) ) / 4.0 )
* ( ( LNPS[1](J+1) - LNPS(i](3) ) / DELL )
+ ( ( TTS[4] (3] + TTS[1](3-1] ) / 4.0 ) '
* ( ( LNPS[1][3) - LNPS[1](3-1)) / DELL ) ) ) / F :
Difference between analytic and Corby finite difference v surface geostrophic wind components L
DIFY(1i] (3] = VBS - (PX[1][3] / 100);
VDIFTOT is an accumulator for the MVD error L4
VDIFTOT = VDIFTOT + ( DIFY[1i]([Jj) * DIFY[i]([3) ):
}
}
fprintf (stdout, " bl
for (1=19;1>=3;1--) {
for(3=3; 3<20 ;3++) {
PXS = PX [1])(3) / 100
fprint f (stdout, "87.4f ", PXS
}fprintf (stdout,"\n"); fprintf(stdout,"™ ®3:)
fprintf (stdout, "\n Table B.14 Finite Difference v component of surface geostrophic wind (m/sec)."):

for(i=1;1< 26;1++) ( fprintf (stdout,"\n"); }
fprintf(stdout,™ " );
for (1=19;1>=3;41--)({
for(3=3;3<20; 3++) {
fprintf (stdout,"$8.4f ", DIFY[1](3]);
) fprintf (stdout, "\n") ; fprintf (stdout,™ " );}

fprintf (stdout, "\n Table B.15 Deviation (Analytic - Finite Difference) in calculation™);
fprintf (stdout, "\n of the v component of surface geostrophic wind (m/sec)."):
for(i=1;1< 26;1++) { fprintf (stdout,”"\n"); }

fprintf (stdout, ™ CASE I.B - Horizontal isobaric planes with T = Az + B " );

fprintf (stdout, "\n"); fprintf (stdout, "\n"); fprintf (stdout,™ " );
for (1=19;1>=3;i--)
for(3=3:3<20;3++) {
Analytic surface geostrophic wind magnitude wf
fprintf (stdout, "$7.4f ",00(1] [3]):
}printf (stdout, "\n"); fprintf (stdout,™ " )
fprintf (stdout, "\n Table B.16 Analytic calculation of surface geostrophic wind (m/sec)."):
for(i=1;1< 26;1++) ( fprintf (stdout,"\n"); }
for (i1=19;1>=3;1--)(
for (3=3;3<20;3++) {
Corby finite difference surface geostrophic wind magnitude wy
FDVEL = 0.01 * sqrt ((PX([1i](3J] * PX(1]1(3]) + (PY[1](3] * PY[1](3]))) :
fprintf (stdout, "$7.4f ",FDVEL);
DIFY(k] (3] = Q@Q(1](J] - FDVEL ;

}
fprintf (stdout,"\n");} :
fprintf (stdout, "\n Table B.17 Finite Difference calculation of surface geostrophic wind (m/sec)."):
for(i=1;1< 26;1++) { fprintf (stdout,"\n"); )
MAXDIF = 0.0;
for (1=19;1>=3;1--)(
for(j=3;3<20;3++) {
Find maximum (MAX) error Y
if ( MAXDIF < fabs ( DIFY[1]([]J) ) ) MAXDIF = fabs( DIFY(1] (3] ):
Difference between analytic and Corby finite difference surface geostrophic wind magnitude */
fprintf (stdout, "$7.4f ", DIFY([1](3]):
}fprint f (stdout, "\n") ;)
fprintf (stdout," Table B.18 Difference (Analytic - Finite Difference) in calculation ™ );
fprintf (stdout,"\n of surface geostrophic wind (m/sec). ™ );
for(i=1;1< 26;1++) { fprintf (stdout, "\n"); }
Compute MVD error *7
VDIFTOT = sqrt (VDIFTOT) / 289; ;
fprintf (stdout, "\n"); fprintf (stdout,"%20.16f", VDIFTOT ):
fprintf (stdout,"$20.16£f", MAXDIF ):
/"

return 0;



#include
#include
tinclude

/*

Case

<StdIO.h>
<math.h>
<string.h>

II with T = A 1ln p + B.

Barotropic atmosphere with parallel isobaric planes inclined with respect to the horizontal.

The

main ()

{
fdefine

I*

I
/*

/*

/*

/"
/*

I

/=

/%

/*

/*

doub
doub
doub
doub
int
/7

R

G
F

program is written in C.

SIZEP 21

le 2285,TT85,AAAl,AAA2,DZDX,DZDY, DTDXP,DTDYP, F, LEN, di fxsc,difysc,difvelsc;
le GDEL, HOLD, UBS, VBS, MAXDIF,G, PXS,PYS, TREF, ZREF, T85R, Z85R, R, DELL, H, VDIFTOT, UDIFTOT, FDVEL;

le X([SIZEP),Y(SIZEP),2S[SIZEP)(SIZEP), TTS(SIZEP][SIZEP),LNPS(SIZEP] (SIZEP],DIFVEL(SIZEP] [SIZEP];

le PX([SIZEP)[SIZEP],PY([SIZEP] (SIZEP],DIFY(SIZEP)[SIZEP],DIFX[SIZEP) [SIZEP],QQ[SIZEP] [SIZEP);

1,3

= 2870000.0;
= 980.0;
= 0.000103;

Pressure, temperature and height values are written in cgs (cm,grams,sec) units.

Temperature at the (sea level,

ZREF = 0) reference station is 295.2 degrees Kelvin.
Over the reference station, the 850 mb plane is at height 1540m, and the temperature there is 286.2 degrees Kelvin.

The mountain apex H is 5000m above sea level. The grid interval DELL is 5000m.
DZDY is the (Z - Y) slope of the 850mb plane. DZDX is the (Z - X) slope of the 850mb plane.
DZDYP is thn (2 - Y) temperature gradient DZDXP is the (Z - X) temperature gradient.

ZREF
TREF
Z85R
T8SR
H

DELL
DZDX
DZDY
for(
{

f

}
}
fpri

- = 9.45532738115e-5 :
- 4.61168237962e-5
1=1;1<SIZEP ;1++)

or (J=1; J<SIZEP ;3++) {
Initialize matrix 2S with mountain surface heights.

The mountain's shape is such that it exhibits l cosine protllo vlthln any vertical plane containing the apex.

LEN = sqet ¢ (ff = 11) & (1 -'11)) + 3 -—11) ¢

e 25
ZS[ 1)[(3 ) = (H/2) * (1 + cos ( LEN * (3. 111592653509793 / S 00
if

( LEN > 8.0 ) 2s(4](3) =~ 0;

ntf (stdout, "\n");

) )i

Initialize arrays X and Y to hold grid point positions. Index j of array X increases eastward

and
The
for(
for(

index i of array Y increases northward

reference station is at (X(3), Y(13], 0)
4=1;§<SIZEP;3++) { X[J] = ( 3 - 3 ) * 500000 ; }
1=1;1<SIZEP;i++) { Y(i] = (1 - 13 ) * 500000 ; }

Formulas below have been derived in Section 4.5

AAAL
AAA2
fpri
for(

}

for(
fpri
fpri

= 980.0 * (285R - ZREF) ;

= ( ((TREF * TREF) - (T85R * T85R)) * R ) / (2.0 * AAAl) :
ntf (stdout, "\n");

1=1;1<SIZEP; 1++) {

for(3=1; J<SIZEP; 3++) (

Initialize 850mb plane with height and temperature values.
2285 = ZBS5R + ( Y[1) * DZDY + X[)] * DZDX );

TT85 = TB5R ;

GDEL = 980.0 * (2285 - zs (1](3])) :

HOLD = (((2 * AAA2) * GDEL) / R ) + ( TT85 * TT85 ) ;
Initialize (mountain) surface temperature values.

TTS[i] [J] = sqrt ( HOLD ) :

Initialize ln surface pressure values.

LNPS[1][3] = ( (2 * GDEL) / (R * (TT85 + TTS(i](3] )) ) :

Analytic surface geostrophic wind components u_{a)} and v_{a}.

UBS = - 0.01 * ( (G * DZDY) / F ) :

VBS = 0.01 * ( (G*D2DX) / F ) :

Analytic surface geostrophic wind magnitude
Q1] ()] = sqrt ((UBS * UBS) + (VBS * VBS)) :
}

i=1;1< 14;4++) {( fprintf(stdout,"\n"). }

121

i 4

s

*y

*f
s

L

*
*/
7

ntf(stdout,” CASE II.A Barotropic atmosphere - tilted (parallel) isobaric planes with delp T = 0, under T= A lnp + B " );
):

nt f (stdout, "\n") ; fprintf (stdout, "\n"); fprintf (stdout, "\n"); fprintf (stdout,"\n");fprintf (stdout, "

for (1=19;1>=3;1--){
for(3=3;3<20;3++) |(

}

fpri
fpri
for(
for(

fprintf (stdout,"%7.4f ", UBS );

fprintf (stdout, "\n") ;fprintf (stdout, " o 13

ntf (stdout, "\n");

ntf (stdout, " Table B.19 Analytic u component of surface geostrophic wind (m/sec).
1=1;1<26;1++) { fprintf(stdout,"\n"); }

1=3;1<20;1++)
for (3=3;3<20;3++) {

Corby finite difference surface geostrophic wind component u_{fd} is calculated by multiplying

the Y directed pressure gradient by - { 1/F }.

PY [1113) = = ( ( G * ( {( 2zS(1+11(3) - ES({1-1](3)) / (2.0 * DELL) )} }
& TR &

( ( ( TTS[4+1](3) + TTS(4](3] ) / 4.0

* ( ( LNPS[1i+1][3] - LNPS[1]([3]) / DELL

+ ( ( TTS[1](3) + TTS[i-1][3) ) 7/ 4.0

* ( ( ILNPS[1][3) - LNPS(i-1](J] ) / DELL

Difference between analytic and Corby finite difference v surfa

DIFY([1] (3] = VBS - (PX[1][3] / 100);

VDIFTOT is an accumulator for the MVD error

VDIFTOT = VDIFTOT + ( DIFY([1][3J] * DIFY([1][3] ):
}

)
)

)
ce geos!

/
t

F ;
rophic wind components

&7
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fprintf (stdout, " LB
for (1=19;1>=3;1--){(
for(3=3; 3<20 ;j++) {(
PYS = PY (1](3) / 100 :
fprintf (stdout, "87.4f ", PYS );
}fprintf (stdout, "\n"); fprintf (stdout," Ll (0
}
fprintf (stdout, "\n Table B.20 Finite Difference u component of surface geostrophic wind (m/sec). ");
for(i=1;1i< 26;1++) { tprlntf(stdout."\n")‘
fprintf (stdout, " ):
for (1=19;1>=3;1--)
for(3=3;3<20;3++) {
difxsc = DIFX(1)([3j] * lell ;
fprintf (stdout, "87.4f ", difxsc );

}fprintf (stdout, "\n"); fprintf (stdout, " ® )sh
fprintf (stdout, "\n Table B.21 Deviation (Analytic - Finite Difference) in calculation " );
fprintf (stdout, "\n of the u component of surface geostrophic wind (107{-11) m/sec)." );

for(i=1;14< 26;1++) { fprintf(stdout,"\n"); }
fprintf (stdout,”™ CASE II.A Barotropic atmosphere - tilted (parallel) isobaric planes with delp T = 0, under T = A ln p + B");
fprintf (stdout,"\n");
fprintf (stdout, "\n"):
fprintf (stdout, " L
for(i=3;1<20;4++) {
for(3=3;3<20; J++)
fprintf (stdout,"%7.4f ", VBS );
}fprintf (stdout, "\n");fprintf (stdout, " oy
fprintf (stdout, "\n Table B.22 Analytic v component of surface geostrophic wind (m/sec).");
for(i=1;1< 26;1++) ( fprintf (stdout,"\n"); } |
VDIFTOT = 0.0;
for(i=3;1< 20;4++) (
for (3=3;3<20;3++) {
Corby finite difference surface geostrophic wind component v_{fd} is calculated by multiplying the
X directed pressure gradient by { 1/F ). L4
PX[1][3] = ( ( G* ( (2s[1)(3+1) - zs(4]1(3-1)) / (2.0 * DELL) ) )

L

( TTS(1] (3] )
LNPS(1] (3]
TTS([1) [3-1]

LNPS([1] [3-1

inite differ

( ( TTS[i]) ()
* ( ( LNPS[4])[
+ ( (TTS[4] ()
* ( (LNPS[4][

Difference between analytic and Corby

DIFY[1][J] = VBS - (PX[1](3) / 100):

VDIFTOT is an accumulator for the MVD error *J

VDIFTOT = VDIFTOT + ( DIFY([4])([3] * DIFY(1](3) ):

}

+1) /4.0 )
3+1) ) / DELL )
] /
3] /
ce

AR

) 0 )
1 ELL ) ) ) / F; '
en surface geostrophic wind components */

}
fprintf (stdout, " o [
for (1=19:1>=3;i--) {
for(3=3;3<20;3++) |
PXS = PX [1)[3] / 100 ;
fprintf (stdout, "S7.4f ",PXS );
}fprintf (stdout,"\n"); fprintf(stdout," o T
fprintf (stdout, "\n");
fprintf (stdout,™ Table B.23 Finite Difference v component of surface geostrophic wind (m/sec). ) '}
for(i=1;4i< 26;1++) { fprintf.(stdout,"\n"). }
fprintf (stdout, " y:
for (1=19;1>=3;1--) {
for(j=3;3<20;3++) {
difysc = DIFY(1][Jj] * lell ;
fprintf (stdout, "87.4f “,difysc);

} fprintf (stdout, "\n"); fprintf (stdout,” 2
}
fprintf (stdout, "\n Table B.24 Deviation (Analytic - Finite Difference) in calculation " );
fprintf (stdout, "\n of the v component of surface geostrophic wind (10%{-11) m/sec). " ):
for(i=1;1< 26;1++) { fprintf (stdout,"\n"); }
fprintf (stdout, " CASE II.A Barotropic atmosphere - tilted (parallel) isobaric planes with delp T = 0, under T=A In p + B");
fprintf (stdout, "\n");
fprintf (stdout,"\n"); fprintf (stdout, " Ll

for (1=19;1>=3;1--)
for(3=3:3<20:3++) {

Analytic surface geostrophic wind magnitude L7 4
fprintf (stdout, "$7.4f ",Q00(4][3])):
}fprintf (stdout, "\n") ;fprintf (stdout, " *dsi)
fprintf (stdout, "\n Table B.25 Analytic calculation of surface geostrophic wind (m/sec). )z

for(i=1;1< 26;1++) { fprintt(stdout,"\n ) ¥
fprintf (stdout, " LR
for (1=19;1>=3;1--) (

for (3=3;3<20;3++) {

Corby finite difference surface geostrophic wind magnitude %/

FDVEL = 0.01 *  sqrt ((PX[1][3] * PX[1 1(3)) + (BY [1](3] * PY (41(3])) :

fprintf(stdout,"87.4f ", FDVEL);

DIFVEL([1] (3] = QQ(4] ()] - FDVEL ;

}fprintf (stdout, "\n"); fprintf (stdout, " * Vs

fprintf (stdout, "\n Table B.26 Finite Difference calculation of surface geostrophic wind (m/sec). i 14
for(i=1;1i< 26;1++) { fpuntf(stdout."\n"). }
fprintf (stdout,™ $o

MAXDIF = 0.0;
for (i=19:1>=3;1--) {
for (3=3;3<20; 3++) {

Find maximum (MAX) error f
if ( MAXDIF < fabs ( DIFY([1]([J] ) ) MAXDIF = fabs( DIFY(1)[Jj] ):
Difference between analytic and Corby finite difference surface geostrophic wind magnitude ny

difvelsc = DIFVEL(1][]] * lell ;
fprintf (stdout,"%7.4f ", difvelsc );

}fprintf (stdout, "\n"); fprintf(stdout," LA
}
fprintf (stdout, "\n Table B.27 Difference (Analytic - Finite Difference) in calculation " );
fprintf (stdout, "\n of surface geostrophic wind (10%{-11} m/sec). " ):
for (i=1:i< 26;1i++) ( fprintf(stdout,"\n"); }
Compute MVD error L7

VDIFTOT = sqrt (VDIFTOT) / 289; ;

fprintf (stdout,"\n"); fprintf (stdout,"$20.16f", VDIFTOT );
fprintf (stdout, "%20.16f", MAXDIF );

/7

return 0;
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tinclude <StdI0.h>

#include <math.h>
#include <string.h>
/* Case II with T = A z + B.
Barotropic atmosphere with parallel isobaric planes inclined with respect to the horizontal.
The program is written in C. *4
main ()
#define SIZEP

/*

/*

/*
/*

/%
/*
/*
/*

/%

/*

/*
/*

21
double 2Z285,TT85,AAAl,AAA2, DZDX,DZDY, DTDXP,DTDYP, F, LEN, EXTRA, GAMMA, UBS, VBS;
double GDEL, HOLD, UBS, VBS, MAXDIF,G, PXS,PYS, TREF, ZREF, T85R, Z85R, R, DELL, H, VDIFTOT, UDIFTOT, FDVEL;
double X[SIZEP],Y(SIZEP],ZS[SIZEP][SIZEP) ,TTS(SIZEP] [SIZEP],LNPS[SIZEP) [SIZEP];
double PX[SIZEP][SIZEP],PY[SIZEP] [SIZEP),DIFY(SIZEP][SIZEP), DIFX[SIZEP] [SIZEP],QQ(SIZEP][SIZEP];
int 1,3
/7
R = 2870000.0;
G - 980.0;
F = 0.000103;
Pressure, temperature and height values are written in cgs (cm,grams,sec) units.
Temperature at the (sea level, ZREF = 0) reference station is 295.2 degrees Kelvin.
Over the reference station, the 850 mb plane is at height 1540m, and the temperature there is 286.2 degrees Kelvin.
The mountain apex H is 5000m above sea level. The grid interval DELL is 5000m.
DZDY is the (Z - Y) slope of the 850mb plane. DZDX is the (Z - X) slope of the 850mb plane.
DZDYP 1is the (Z - Y) temperature gradient DZDXP is the (2 - X) temperature gradient. */
ZREF
TREF = 295-2:
2Z85R = 154000;
T85R = 286.2 ;
H = 500000;
DELL = 500000; |
DZDX = - 9.45532738115e-5
DzZDY = 4.61168237962e-5 ;
for(i=1;1<SIZEP ;i++)
{

for (J=1;4<SIZEP ;3++) {
Initialize matrix ZS with mountain surface heights.
The mountain's shape is such that it exhibits a cosine p:ofll. vithln any vertical plane containing the apex. L
LEN = sqre ({1 <11} * - 319y + (5 = 21y * ¢y -
S 11[3 )= ¢H/2) * (1 +'cos ( LEN % ( 3. 141592653509793 / 0 00) ) ):
if (LEN > 8.0 ) 2zS[i)[3) = O ;:
}

}
fprintf (stdout,"\n");
Initialize arrays X and Y to hold grid point positions. Index j of array X increases eastward
and index i of array Y increases northward wy
The reference station is at (X([3], Y[13], 0) L4
for(§=1; J<SIZEP; J++) { X[9] = ( 3 - 3 ) * 500000 ; )
for(i=1;1<SIZEP;i++) { Y({i] = (1 - 13 ) * 500000 ; }
fprintf (stdout,"\n");fprintf (stdout, "\n");
for(i=1;1<SIZEP;i++) (
for(j=1; J<SIZEP; j++) {
Initialize 850mb plane with height and temperature values. */
Z285 = Z8S5R + ( Y[1i] * DZDY + X[3] * DzDX ):
TT85 = T85R ;

Formulas below have been derived in Section 4.6 e
GAMMA = 9.0 / 154000 ;

Initialize (mountain) surface temperature values. f
TTS[i][J] = TT85 + GAMMA * (2z85 - ZS [(1][3)) 3

Initialize 1ln surface pressure values. *f
LNPS{1][3] = ( G / (R * GAMMA) ) * log ( 1 + ((GAMMA * (2285 - ZS(41](3])) / TT8S) )

Analytic surface geostrophic wind components wu_{a} and v_{a}. L7

UBS = - 0.01 « (G*D2ZDY / F ) ;

VBS = 0.01 * (G *D2DX / F ) ;

Analytic surface geostrophic wind magnitude */
QQ[1]1(J] = sqrt ((UBS * UBS) + (VBS * VBS)) :

}

}
for(i=1;1< 14;1i++) { fprintf (stdout,™\n"); }
fprintf (stdout, ™ CASE II.B Barotropic atmosphere - tilted (panllel) isobaric planes with delp T = 0 under T = Az + B");
fprintf (stdout,”\n"); fprintf (stdout,"\n");fprintf (stdout," )z
for (1=19;1>=3;i--) {

for(3=3;3<20;3++) {

fprintf (stdout, "%7.4f ",UBS );

}fprintf (stdout, "\n"); fprint f (stdout, " flle B ¢
fprintf (stdout, "\n Table B.28 Analytic u component of surface geostrophic wind (m/sec).");
for(i=1;1< 26;1++) { fprintf (stdout,"\n"); }
VDIFTOT = 0.0;
for(i=3;1< 20;1++) {

for (3=3;3<20;3++) {

Corby finite difference surface qeo:crophic wind component u_{fd} is calculated by multiplying

the Y directed pressure gradient by - 1/F ). =
BY TLRESw=i §iNIes e vy ZS[l*lllJl - Zs(4-11(3)) / (2.0 * DELL) ) )
+ R *
( ( ( TTS[1+1] (3] + TTS(1][3] ) /4.0 )
* ( ( LNPS[1i+1](J] - LNPS(4i]([3]) / DELL )
+ (" ( TTS(4) 13) + TTS(i-1][3) ) / 4.0 )
* ( ( LNPS[1](3] - LNPS[i-1][J] ) / DELL ) ) ) / F :
Difference between analytic and Corby finite difference v surface geostrophic wind components =4

DIFY[i] (J] = VBS - (PX(1]([3] / 100);
VDIFTOT is an accumulator for the MVD error a7
VDIFTOT = VDIFTOT + ( DIFY[i](3]) * DIFY[41](3] ):

}



/*

/*
/*

/*

I

/*
/*

/*

fprintf (stdout, " b’ 7
for (1=19;1>=3;1--)(
for(j=3; 3<20 ;3j++) |
PYS = PY [1][3] / 100
fprintf (stdout, "$7.4f ", PYS );
}fprintf (stdout, "\n") ; fprintf (stdout, "
fprintf (stdout,"\n");

"))
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fprintf (stdout,” Table B.29 Finite Difference u component of surface geostrophic wind (m/sec). "):

for(i=1;1< 26;1++) { tpnntt (stdout, "\n"); }
fprintf(stdout, " vy
for (1=19;1>=3;1--){(
for(3=3;3<20;3++) (
fprintf (stdout,"$7.4f ", DIFX([1][9]));
}fprintf (stdout, "\n"); fprintf (stdout, "
fprintf (stdout, "\n
fprintf (stdout, "\n
for(i=1;1< 26;1++) { fprintf (stdout,™\n"): }

Table B.30 Deviation (Analytic - Finite Difference) in calculation ™ );
of the u component of surface geostrophic wind (m/sec). ™ ):

fprintf (stdout, " CASE II.B Barotropic atmosphere - tilted (parallel) isobaric planes with delp T =0, under T = Az + B");

fprintf (stdout, "\n") ; fprintf (stdout, "\n");
fprintf(stdout,"” " );
for (1=19;1>=3;1--)

for(3=3;3<20;3++) {

fprintf (stdout,"$8.4f ", VBS);

}fprintf (stdout, "\n"); fprintf (stdout," -
fprintf (stdout, "\n
for(i=1;1< 26;1++) { fprintf(stdout,™\n"); }
for(i=3;1< 20;1++) {

for (3=3:3<20;3++) {(

Tabl

e B.31 Analytic v component of surface geostrophic wind

Corby finite difference surface geostrophic wind component v_{fd) is calculated by multiplying the

X directed pressure gradient by { 1/F )

PRELICI) = " € ¢ 6 * (¢ z8li1()e2] - isllllj-ll) / (2.0 * DELL) ) )
+ R *

TTS[1] [J+1)
£ LNPS (1] [3+1)
* TTS(1] [3]

b LNPS[1]) (3]
Difference between analytic and Corby
DIFY([1])[J] = VBS - (PX[1](J] / 100);

(
(
(

M+

VDIFTOT is an accumulator for the MVD erro:

VDIFTOT = VDIFTOT + ( DIFY(41])(3] * DIFY[1
}
i
fprintf (stdout, " * 8
for (i=19;1>=3;1--) {
for (3=3; 3<20 ;3++) {
PXS = PX (1][3) / 100 ;
fprintf (stdout,"$7.4f ", PXS );
}fprintf (stdout,"\n"); fprintf (stdout, "
fprintf (stdout, "\n
for(i=1;1< 26;1++) ( fptintf (stdout, "\n"); }
fprintf (stdout,™” "
for (1=19;1>=3;1--) (
for(3=3;3<20; 3++) {
fprintf (stdout,"$8.4f ", DIFY(1)(3)):
}fprintf(stdout, "\n") ; fprintf (stdout," -
fprintf (stdout, "\n
fprintf (stdout, "\n
for(i=1;4< 26;1++) ( fprintf (stdout,"\n"); }

TTS[1](3] )
LNPS(1] (3] )
TTS(1](3-1) )
LNPS(1] [3-1])
inite differen

r

1031 )

ol 2o |

Table B.32 Finite Difference v component of surface geostrophic wind

)il

ol

£ 4.0 )

/ DELL )

/4.0 )

/ DELL ) ) ) / F

ce v surface geostrophic wind components

(m/sec).™);

L2

L7
7

(m/sec) .");

Table B.33 Deviation (Analytic - Finite Difference) in calculation ")
of the v component of surface geostrophic wind (m/sec). " ):

fprintf (stdout, ™ CASE II.B Barotropic atmosphere - tilted (parallel) isobaric planes with delp T = 0, under T = Az + B");
fprintf (stdout, "\n") ;fprintf (stdout, "\n"); fprintf(stdout,™ " );

for (1=19;1>=3;1--){
for(3=3;3<20:3++) {

Analytic surface geostrophic wind magnitude

fprintf (stdout, "87.4f ",00(4] [3]):

}fprintf (stdout, "\n") ; fprintf(stdout,™ " );

fprintf (stdout, "\n
for(i=1;1< 26;1++) { fprintf (stdout,"\n"); }
for (1=19;1>=3;1--){

for (J=3;3<20;3++) (

*Y

Table B.34 Analytic calculation of surface geostrophic wind (m/sec)."):

Corby finite difference surface geostrophic wind magnitude
FDVEL = 0.01 * sqrt ((leill)l * PX(4]103)) + (PY[1](3) * PY[4](3])) &
+ FDV :

fprintf (stdout, "%7.4f "
DIFY([4] (J] = 00[1][]] = FDVEL :
}fprintf (stdout, "\n");
fprintf (stdout,™\n");
fprintf (stdout,”
for(i=1;1< 26;i++) { fprintf (stdout,"\n"); }
MAXDIF = 0.0;
for (1=19:1>=3;1--){
for(j=3;3<20;3++) {
Find maximum (MAX) error
if ( MAXDIF < fabs ( DIFY[i][]] )

fprintf (stdout,"$7.4f ", DIFY(1](3));
}fprintf (stdout, "\n");}

fprintf (stdout, "\n

fprintf (stdout, "\n

for(i=1;1< 26;1++) { fprintf (stdout,"\n"); )

Compute MVD error

VDIFTOT = sqrt (VDIFTOT) / 289; ;

fprintf (stdout,"\n"); fprintf(stdout, "$20.16f",

fprintf (stdout, "%20.16f", MAXDIF ):
1/
return 0;

Table B.35 Finite Difference calculation of surface geostrophic wind

) MAXDIF = fabs( DIFY([1] (3] ):
Difference between analytic and Corby finite difference surface geostrophic wind magnitude

&f

(m/sec)."):

=y
~f

Table B.36 Difference (Analytic - Finite Difference) in calculation "):

VDIFTOT );

of surface geostrophic wind (m/sec). " );

g
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#include <StdI0.h>
#include <math.h>
#include <string.h>

/* Case III with T = A lnp + B + C (x - xref).
Baroclinic atmosphere with x-directed temperature gradient (1 * 10°{-5) degrees Kelvin/m),

but no y-directed temperature gradient. The program is written in C. */
main ()
{
#define SIZEP 21

double ZZ85,TT85,AAAl,AAA2, DZDX,D2ZDY, DTDXP, DTDYP, F, LEN;
double GDEL, HOLD, UBS, VBS, MAXDIF,G, PXS,PYS, TREF, ZREF, T85R, Z85R, R, DELL, H, VDIFTOT, UDIFTOT, FDVEL, di fxsc;
double X(SIZEP],Y([SIZEP),2S(SIZEP)[SIZEP),TTS[SIZEP] (SIZEP), LNPS[SIZEP] (SIZEP),UBS[SIZEP] (SIZEP],VBS([SIZEP] [SIZEP);
double PX([SIZEP)([SIZEP),PY[SIZEP) [SIZEP], DIFY[SIZEP)(SIZEP),DIFX[SIZEP] [SIZEP],QQ[SIZEP][SIZEP];
int 1.3
7/
R = 2870000.0;
G = 980.0;
E = 0.000103;
/* Pressure, temperature and height values are written in cgs (cm,grams,sec) units.
Temperature at the (sea level, ZREF = 0) reference station is 295.2 degrees Kelvin.
Over the reference station, the 850 mb plane is at height 1540m, and the temperature there is 286.2 degrees Kelvin.
The mountain apex H is 5000m above sea level. The grid interval DELL is 5000m.
DZDY is the (2 - Y) slope of the 850mb plane. DZDX is the (Z - X) slope of the 850mb plane.
DZDYP is the (Z - Y) temperature gradient DZDXP is the (Z - X) temperature gradient. */
ZREF = 0;
TREF = 295.2;
285R = 154000;
TBSR = 286.2 ;
H = 500000;
DELL = 500000
DZDX = =~ 9.45532738115e-5 ;
DZDY = 4.61168237962e-5
DTDXP = 1.0e-7 ;
DTDYP = 0.0 ;
for(i=1;1<SIZEP ;i++)
{

for(3=1;3<SIZEP ;j++) {
! i Initialize matrix ZS with mountain surface heights.
The mountain's shape is such that it exhibits a cosine px‘onla \uthin any vertical plane containing the apex. Y
IEN = sqrt (043 = 13} & (L - 31)) * (3§ - IX) * 3 -~ 1)) )
2S[ 1)(3 ) = (H/2) * (1 + cos ( LEN * ( 3. 141592653589793 / 8 00 ) ) )
if ( LEN > 8.0 ) zs[ 113 ] = o
}

}
fprintf (stdout,"\n"); fprintf (stdout,"\n");fprintf (stdout,"\n");
/% Initialize arrays X and Y to hold grid point positions. Index j of array X increases eastward
and index i of array Y increases northward b
/* The reference station is at (X(3], Y[(13], 0) i
for(3=1;3<SIZEP;§++) { X[J] = ( 3 - 3 ) * 500000 ; }
for(i=1;1i<SIZEP;1++) { Y[1i] = (1 - 13 ) * 500000 ; }
/* Formulas below have been derived in Section 4.5 »yl
AAAl = 980 * (285R - ZREF) ;
AAA2 = ( ((TREF * TREF) - (T85R * T8SR)) * R ) / (2.0 * AAAl) ;
for(i=1;i<SIZEP;1i++) {
for(j=1; J<SIZEP; j++) {
7 31 Initialize 850mb plane with height and temperature values. )
2285 = Z8SR + ( Y[4]) * D2ZDY + X[3j) * DZDX ):
TT85 = TBSR + ( Y[1] * DTDYP + X([3j] * DTDXP ):
GDEL = 980 * (2z85 - 2zs [1](3)) :
HOLD = (((2 * AAA2) * GDEL) / R ) + ( TT85 * TT85 ) ;

£» Initialize (mountain) surface temperature values. L4
TTS[1) (] = sqrt ( HOLD ) :

i Initialize 1n surface pressure values. Note from the derivations w7
of Sections 4.5 and 7.6 that - LNPS[1])(3] = - ( lnps(1i](3] - 1np850([1](3] ) = 1lnp850 - lnps(i] (3]
which is what is required wjp
LNPS[41)(3] = ( (2 * GDEL) / (R * (TT85 + TTS(11(3] )) ) :

5 Analytic surface geostrophic wind components u_{a} and v_{a}. &4
UBS[1][3] = - 0.01 * (G * DZDY / F) ;
VBS[1i] (J] = 0.01 * (G * DzZDX / F) - ((R * LNPS[1]([Jj] * DTDXP)/F) ) ;

I* Analytic surface geostrophic wind magnitude w/

Q0 (1] (3] = sqrt ((UBS[4][J]) * UBS(1]([3]) + (VBS[1i]([3] * VBS(1](3])) :
}

}
for(i=1;i< 14;i++) ( fprintf(stdout,"\n"); }
fprintf (stdout,”™ CASE III.A.I Baroclinic atmosphere - with dalp T =(1.0 * 10-5,0,0), under T = A lnp + B + C (x-xr)" );
fprintf (stdout,™\n");fprintf (stdout, "\n"); fprintf (stdout, " ¥:
for (1=19;1>=3;1i--) {
for(j=3:3<20;3++) {
fprintf (stdout,"%7.4f ",UBS([1i][(]) ):

}
fprintf (stdout,"\n"); fprintf(stdout,™ ol

fprintf (stdout,"\n");
fprintf (stdout, " Table B.37 Analytic u component of surface geostrophic wind (m/sec).™ ):
for(i=1;i< 26;1i++) { fprintf (stdout, "\n"); }
VDIFTOT = 0.0;
for(i=3;1< 20:4+4+) |
for (3=3;3<20; j++) {

il Corby finite difference surface geostrophic wind component u_{fd} is calculated by multiplying
the Y directed pressure gradient by - { 1/F }. */
BY [ [3) = = & ¢ g: ¢ (2s[4+1)(3) - 2Zs(4-1]1(3]) / (2.0 * DELL) ) )
+
( ( ( TTS[i+1] (3] + TTS(i])[3] ) yyjol
* ( ( LNPS[441](3] - LNPS[i][3]) / DELL )
+ ( € TrS[4)(9) + TTS[i-1](3) ) / 4.0 )
* ( ( LNPS[1](3] - LNPS[4i-1]{3) ) / DELL ) ) ) / F ;
/% Difference between analytic and Corby finite difference v surface geostrophic wind components *y
DIFY[i] [J] = VBS - (PX[i](3] / 100);
/% VDIFTOT is an accumulator for the MVD error P

VDIFTOT = VDIFTOT + ( DIFY[i](3j] * DIFY(1](3] ):
}
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fprintf (stdout, " *3

/*

/*
/*

/I

/*

I

for (1=19;1>=3;1--) {
for(3=3;3<20;3++) {
PYS = PY [1](3) / 100
fprintf (stdout, "N7.4f ", PYS )
)Jfprintf (stdout, "\n"); fprintf (stdout, " ¥ 34
}
fprintf (stdout,"\n"):
tpnn:f(sr.dout, Table B.38 Finite Difference u component of surface geostrophic wind (m/sec). bt 1§
for(i=1;1< 26;1++) { tpr!.ntt(stdout “\Na");
!ptinr.t (stdout, " 3
for (i=19;1>=3;4--) {(
for(3=3;3<20;3++) {
difxsc = DIFX([1]([3] * lell ;
fprintf (stdout, "V7.4f ", difxsc ):

}fprintf (stdout, "\n") ;fprintf (stdout, " [ 2
}
fprintf (stdout, "\n Table B.39 Deviation (Analytic - Finite Difference) in calculation " );
fprintf (stdout, "\n of the u component of surface geostrophic wind ( 10°{-11}) m/sec). " ):
for(i=1:4< 24:1++) { fprintf (stdout,"\n"); )
fprintf (stdout, ™ CASE III.A.I Baroclinic atmosphere - with delp T =(1.0 * 10-5,0,0), under T= A Ilnp + B + C (x-xr)" );
fprintf (stdout, "\n");
fprintf (stdout, "\n") ;fprintf (stdout, " Lyl T

for (1=19:;1>=3;4--) {
for(3=3;3<20;3++) |{
fprintf (stdout,"87.4f =, VBS[1])(3) ):
}fprintf (stdout, "\n"); fprintf (stdout, ™ = ¥t

fprintf (stdout, "\n");
fprintf (stdout, " Table B.40 Analytic v component of surface geostrophic wind (m/sec). L5
for(i=1;1< 26:;1++) ( fprintf(stdout,"\n"); )
for(1=3:;1< 20;:1++) {
for (3=3;3<20;3++) {
Corby finite difference surface geostrophic wind component v_{fd} is calculated by multiplying the

X directed pressure gradient by { 1/F }. ./
PX[1)()] = (( G* ( (2s[1)([3+1] - 2ZS(1)(3-1)) / (2.0 = DELL) ) )
- ] IR
( ( ( TTS(1)[3+1] + TTS(1]([3) ) / 4.0 )
* ( ( LNPS[1)(3+1) - LNPS{1][)) ) / DELL )
+ ( (. TTS[4](3) + TTS[1](3-1] ) / 4.0 )
* ( ( LNPS[1](3]) - LNPS(4])([3-1)) / DELL) ) ) / F ;
Difference between analytic and Corby finite difference v surface geostrophic wind components 7

DIFY(1] (3] = VBS - (PX[1](3) / 100):
VDIFTOT is an accumulator for the MVD error 74
VDIFTOT = VDIFTOT + ( DIFY[4]([3) * DIFY([4](3] ):
}
}
fprincf (stdout, ™ il 7
for (i=19:1>=3;1--) {
for(3=3;3<20 ;3++) (
BXS = PBX [£](3) # 100 ;
fprintf (stdout, "87.4f ", PXS );

)fprintf (stdout, "\n"); fprintf (stdout, " 0 ]
fprintf (stdout, "\n");
fprintf (stdout,” Table B.41 Finite Difference v component of surface geostrophic wind (m/sec). Wiy

for(i=1:;1< 26:1++) {( tprinr.f (stdout, "\n"); }
fprintf (stdout, ™ ):
for (1=19;1>=3;1--) {
for(3=3;3<20;3++) {
fprintf(stdout,"V7.4f ",DIFY(1])(3])):

}printf (stdout, "\n"); fprintf (stdout, " W B
fprintf (stdout, "\n Table B.42 Deviation (Analytic - Finite Difference) in calculation " );
fprintf (stdout,"\n of the v component of surface geostrophic wind (m/sec). " );

for(i=1;1< 24; 100) { !prlntf(stdout,"\n ), )
fprintf (stdout,
fprintf (stdout, ™ CASE III.A.I numcunic atmosphere - with delp T = (1.0 * 10-5,0,0), under T = A lnp + B + C (x-xr)" );
fprintf(stdout,"\n"); fprintf(stdout,"\n");fprintf (stdout,™ " );
for (1=19;1>=3;41--) {(
for(3=3;3<20;3++) {
Analytic surface geostrophic wind magnitude iy
fprintf (stdout, "V7.4f ",QQ(1])(3)):)
fprintf(stdout,"\n");fprintf (stdout,™ " ); |}
fprintf (stdout, "\n Table B.43 Analytic calculation of surface geostrophic wind (m/sec). A LI
for(i=1;1< 26;1++) { fprintf (stdout,"\n"); }
for (1=19:1>=3;1--) {
for (3=3;3<20;3++) {
Corby finite difference surface geostrophic wind magnitude L7/
FDVEL = 0.01 * sqrt ((PX[(4][3] * PX[1])[3]) + (PY[L]([3) * PY[1)(3])) :
fprintf (stdout, "V7.4f ", FDVEL):
DIFY(1][3] = QQ(1)([3) - FDVEL ;
}fprintf (stdout, "\n");}
fprintf (stdout,™\n Table B.44 Finite Difference calculation of surface geostrophic wind (m/sec). 7
for(i=1;1< 26;1++) ( fprintf (stdout, "\n"); }
MAXDIF = 0.0;
for (1=19;1>=3;1--) (
for(3=3;3<20;3++) {

Find maximum (MAX) error *4
if ( MAXDIF < fabs ( DIFY[1](3] ) ) MAXDIF = fabs( DIFY(i][3] ):
Difference between analytic and Corby finite difference surface geostrophic wind magnitude */

fprintf (stdout,"V7.4f ",DIFY([1])([3]):
}fprintf (stdout,™\n"); }

fprintf (stdout,"\n Table B.45 Difference (Analytic - Finite Difference ) in calculation " );
fprintf (stdout, "\n of surface geostrophic wind (m/sec). " );

for(i=1;1i< 26;1++) ( fprintf (stdout,"\n"); }

Compute MVD error “f

VCIFTOT = sqrt (VDIFTOT) / 289: ;

fprintf(stdout,™\n"); fprintf(stdout,"%20.16f", VDIFTOT ):
fprintf(stdout,”%20.16f", MAXDIF );

/1

return 0;



t#include <sStdIO0.h>
{include <math.h>
t#include <string.h>

/I

Case III with T = A 2z + B + C (x - xref).

Baroclinic atmosphere with x-directed temperature gradient (1 * 10~{-5) degrees Kelvin/m),

but no y-directed temperature gradient. The program is written in C.

main ()

{
fdefine SIZEP 21
double ZZ85,TT85,AAAl,AAA2, DZDX,DZDY, DTDXP, DTDYP, F, LEN, EXTRA, GAMMA;

/”

/*

I
/*

/*

/*

/"

I

/"

/"

double GDEL, HOLD, UBS, VBS, MAXDIF,G, PXS, PYS, TREF, ZREF, T85R, Z85R, l,Dl‘iL, H, VDIFTOT, UDIFTOT, FDVEL:
double X(SIZEP),Y(SIZEP),ZS(SIZEP)(SIZEP),TTS(SIZEP)(SIZEP),LNPS(SIZEP) (SIZEP), UBS(SIZEP) [SIZEP], VBS(SIZEP] [SIZEP);
double PX([SIZEP)(SIZEP),PY(SIZEP) (SIZEP),DIFY[SIZEP)[SIZEP),DIFX[SIZEP) [SIZEP), QQ[SIZEP) (SIZEP);

int 1,3 :

1

R = 2870000.0:
G =- 980.0;

F = 0.000103;

Pressure, temperature and height values are written in cgs (cm,grams,sec) units.
Tempaerature at the (sea level, ZREF = 0) reference station is 295.2 degrees Kelvin.
Over the reference station, the 850 mb plane is at height 1540m, and the temperature there is 286.2 degrees Kelvin.

The mountain apex H is 5000m above sea level. The grid interval DELL is 5000m.

DZDY is the (Z - Y) slope of the 850mb plane. DZDX is the (Z - X) slope of the 850mb plane.
DZDYP is the (Z - Y) temperature gradient DZDXP is the (Z - X) temperature gradient.

ZREF = 0;

TREF = 295.2;
Z8SR = 154000;
TBSR = 286.2 ;

H = 500000;
DELL = 500000;
DZDX = - 9.45532738115e-5 :
DZDY = 4.61168237962e-5

DTDXP = 1.0e-7 ;
DTDYP = 0.0 ;
for(i=1;1<SIZEP ;i++)
{

for(3=1;J<SIZEP ;3++) {
Initialize matrix 2ZS with mountain surface heights.

The mountain's shape is such that it exhibits n cosine pronlc vnhxn any vertical plane containing the apex.

LEN = sqrt ( ((1 - 11) * (1 - 11)) + ((3 -11) *

1 - 1) 2
Zs( 1)(3 ) = (H/2) * (1 + cos ( LEN * ( 3.141592653589793 / ! 00 )

if ( LEN > 8.0 ) 2s( 1])(3 ) = (]
}

}
fprintf (stdout, "\n");

Initialize arrays X and Y to hold grid point positions. Index j of array X increases eastward

and index 1 of array Y increases northward
The reference station is at (X([3), Y(13]), 0)
for(3=1:J<SIZEP:J++) { X[3J] = ( 3 - 3 ) * 500000 ; )
for(1=1;1<SIZEP;1++) { Y(i] = (1 - 13 ) * 500000 ; }
fprintf (stdout, "\n") ; fprintf (stdout, "\n");
for(1=1;1<SIZEP;1++) {
for(3=1: J<SIZEP; j++) (
Initialize 850mb plane with height and temperature values.
2785 = 2ZB85R + ( Y[(1) * D2DY + X[3j] * DZDX ):
TT8S = TBSR + ( Y(1] * DTDYP + X(3j) * DTDXP );
Formulas below have been derived in Section 4.6
GAMMA = 9.0 / 154000 ;
Initialize (mountain) surface temperature values.
TTS(1][J] = TT85 + GAMMA * (2285 - 2S [1])(3)) H
Initialize 1ln surface pressure values.

Note from the derivation of Section 7.7 that EXTRAX = ((DTDXP * G)/(GAMMA * F))
INPS[i][3) = (G / (R *» GAMMA) ) * log ( 1 + ((GAMMA * (2285 - 2S(1])(3]))) / TT8S) )
EXTRAX = ((DTDXP * G)/(GAMMA * F)) * ( 1 - (TTS[1)[)])/TT8S) ):
Analytic surface geostrophic wind components u_{(a)} and v_{a}.

UBS[1)[3] = - 0.01 * (G * D2DY / F )
VBS(1] (3] = 0.01 = ((G * DZDX / F ) + EXTRAX) ;
Analytic surface geostrophic wind magnitude

?Oh)[ill = sqrt ((UBS(1])[3) * UBS(1](3)) + (VBS[1](3] * VBS(L)(3])) :

}
for(i=1;1< 14;1++) { fprintf (stdout,"™\n"); }
fprintf (stdout,”™
fprintf (stdout,"\n"); fprintf (stdout,"\n");fprintf (stdout,”
for (1=19;1>=3;4--)(
for(j=3;3<20;:3++) {
fprintf (stdout,"87.4f ", UBS(1] (3] ):

}
fprintf (stdout,™\n");fprintf (stdout, " LA

fprintf (stdout, "\n
for(i=1:;1< 26:1++) { fprintf (stdout,"\n"); }
VDIFTOT = 0.0
for(1=3:1< 20:1++) {
for (3=3;3<20;3++) (

Corby finite difference surface geostrophic wind component u_{(fd) is calculated by multiplying

the Y directed pressure gradient by - { 1/F

CASE 1II.B.1 Baroclinic atmosphere - with delp T =
e

Table B.46 Analytic u component of surface geostrophic wind (m/sec).

).
PY [1](3] = - ( ( G * ( ( 2S(4+1])(3) - 2S(4-1)(3)) / (2.0 * DELL) ) )
* R *

( ( ( TTS(141)[3) + TTS(4](3) )
* ( ( LNPS[1+1][3] - LNPS[1][3])
+ ( ( TTS(4)[)) + TTS(4-1](3) )
* ( (LNPS[1][3) - LNPS(1-1](3) )

DIFY([i] (3} = VBS - (PX[i])([3) / 100):

VDIFTOT is an accumulator for the MVD error

VDIFTOT = VDIFTOT + ( DIFY(4)[Jj) * DIFY[i][]] ):
}

Table B.12 Deviation (Analytic - Finite Difference) in calculation of the u component of surface geostrophic wind (m/sec).

/
/
/
/

0

4.0 )
DELL )
4. )
DELL )

) )/ F
Difference between analytic and Corby finite difference v surface geostrophic wind components

(TTS (1) [3)/TT85) )

(1.0 * 10-5,0,0), under T = Az+B+C(x-xr)"
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/*

/*
/%

/*

/=

fprintf (stdout, " =Yy
for (1=19;1>=3;1--)({
for(3=3: 3<20 ;3++) {
kK= 22 =%

PYS = PY {1][3) / 100 : fpzim:t(stdom: "$27.4f ", PYS );}
)i

fprintf (stdout, "\n"); fprintf (stdout, "

fprincf (stdout, "\n
for(i=1;1< 26;1++) { (pr!ntt(lzdout,"\n")‘
fprintf (stdout, " )i
for (1=19;1>=3;1--)(
for(3=3;3<20:3++) {

fprintf (stdout, "€7.4f ", DIFX[1](3)):

fprintf (stdout,"\n");fprintf (stdout, "

)

fprintf (stdout, "\n
fprintf (stdout,” \n
for(i=1;1<26;1++) { fprintf (stdout,"\n"); }
fprintf (stdout, "

}

Table B.48 Deviation (Analytic - Finite Difference) in calculation ™ );
of the u component of surface geostrophic wind (m/sec).

CASE III.B.l1 Baroclinic atmosphere - with delp T =

fprintf (stdout,"\n") ;fprintf (stdout, "\n"); fprintf (stdout,™ " );

for (1=19;1>=3;4--){(
for(3=3;3<20;3++) {

fprintf (stdout,"V8.4f ", VBS[1][]] ):

fprintf (stdout,”\n");fprintf (stdout, ™
fprintf (stdout, "\n
for(i=1;1< 26;1++) { fprintf(stdout,”\n");
for(i=3;1< 20;4++) {

for (3=3;3<20;3++) |{

Corby finite difference surface geostrophic wind component v_{fd} is calculated by multiplying the

}

bl X}

Table B.47 Finite Difference u component of surface geostrophic wind (m/sec).
}

(1.0 * 10-5,0,0),

-

Table B.49 Analytic v component of surface geostrophic wind (m/sec). "

}

X directed pressure gradient by { 1/F ).

PX{1](3) = L€ 2 ¢ ( E8lE) (1) =

*= R

( ( ( TTS[4] [3+41)
* ( ( LNPS[1)[3+1)
+ ( (TTS(1) (3]

* ( ( LNPS[1](3)
Difference between analytic and Corby
DIFY[4] (3] = VBS - (PX[1i][]] / 100);
VDIFTOT is an accumulator for the MVD

Zs(1](3-11) / (2.0 * DELL)

+ PESEAVE3Y ) 7 4.0 )
- LNPS[1] (3] ) / DELL)
+ TTS(1](3-1) ) / 4.0 )
- LNPS[1][3-1]) / DELL ) )
finite difference v surface

error
VDIFTOT = VDIFTOT + ( DIFY[1) (3] * DIFY(4](3] ):

}
}
fprintf (stdout, ™ b (2
for (1=19:4>=3;1--)(
for(3=3;: 3<20 ;3++) {
RS =, BX [1)13] 7100, .
fprintf (stdout,"V7.4f ", PXS )
Hfprintf (stdout,"\n"); fprintf(stdout,”

}
fprintf (stdout, "\n
for(i=1:1< 26;1++) ( fprintf (stdout, "\n");
fprintf(stdout,"™ " );
for (1=19;1>=3; l-‘)(
for(3=3;3<20;3++) {

fprintf (stdout,"%8.4f ", DIFY(1][3));

} fprintf (stdout, "\n");fprintf (stdout,
fprintf (stdout,"\n
fprintf (stdout, "\n
for(i=1;1< 26;4++) ( fprintf (stdout, "\n");
fprintf (stdout, "
fprintf (stdout, "\n");fprintf (stdout, "\n");
fprintf(stdout,” " );
for (1=19;1>=3;1--){
for(3=3:3<20;3++) {
Analytic surface geostrophic wind
fprintf (stdout, "87.4f ",00Q(1)[3]):
}fprintf (stdout, "\n"); fprintf (stdout, "
fprintf(stdout,”\n");
fprintf(stdout,”
for(i=1;1< 26;1++) { fprintf (stdout, "\n"):
for (1=19:4>=3;1--)
for (3=3;3<20;3++) {

® ¥

Table B.50 Finite Difference v component of surface geostrophic wind (m/sec).

}

" .

}
CASE III.B.1 Baroclinic atmosphere - with delp T =

magnitude

ol T

Table B.52 Analytic calculation of surface geostrophic wind (m/sec).

}

Corby finite difference surface geostrophic wind magnitude

FDVEL = 0.01 * sqrt ((PX[1][3) *
fprintf (stdout,"%7.4f ", FDVEL);
DIFY(4][3) = QQ[i)([3] - FDVEL

}fprintf (stdout, "\n");

)

fprintf(stdout,"\n

for(i=1;1< 26:1++) { fprintf (stdout, "\n"):

MAXDIF = 0.0;

for (1=19;1>=3;1--)(

for(3=3;3<20;3++) {
Find maximum (MAX) error
if ( MAXDIF < fabs ( DIFY([1])[])

Difference between analytic and Corby finite difference surface geostrophic wind magnitude

fprintf (stdout,"%7.4f ",DIFY(1)[)
) fprintf (stdout,"\n");

tf (stdout, "\n

ntf (stdout, "\n

i1< 26;1++) { fprintf (stdout,"\n");
te MVD error

70T = sqrt (VDIFTOT) / 289; :

ntf (stdout,"\n"); fprintf(stdout,"%20.1
fprintf(stdout,"%20.16f", MAXDIF ):

PX(1](3)) + (PY[1](3) * PY[

) )

Y E
geostrophic wind components

):)
Table B.51 Deviation (Analytic - Finite Difference) in calculation ™ );
of the v component of surface geostrophic wind (m/sec). z

1030

(1.0 * 10-5,0,0), under T = Az+B+C(x-xr)" ).

Table B.53 Finite Difference calculation of surface geostrophic wind (m/sec).

}

) ) MAXDIF = fabs( DIFY[4]

1):

Table B.54 Difference (Analytic - Finite Difference) in calculation
of surface geostrophic wind (m/sec). :

}

6f", VDIFTOT ):

3] ):

128

)i

under T = Az+B+C(x-xr)" ):

):

7
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#include <StdI0.h>
tinclude <math.h>
#include <string.h>

/* Case II1 with T = A lnp + B + C (x - xref).
Baroclinic atmosphere with x-directed temperature gradient (2 * 10~(-5) degrees Kelvin/m),
but no y-directed temperature gradient. The program is written in C. L
main ()
{
ddefine SIZEP 21
double Z285,TTES,AAAl,AAA2,DZDX,D2ZDY, DTDXP,DTDYP, F, LEN;
double GDEL, HOLD, UBS, VBS, MAXDIF,G, PXS, PYS, TREF, ZREF, T85R, 285R, R, DELL, R, L, VDIFTOT, UDIFTOT, FOVEL, di fxsc;
double X|[SIZEP),Y[SIZEP],2S(SIZEP)(SIZEP],TTS[SIZEP)[SIZEP),LNPS([SIZEP) (SIZEP),UBS[SIZEP) [SIZEP), VBS[SIZEP] [SIZEP];
double PX[SIZEP)(SIZEP),PY(SIZEP) (SIZEP],DIFY[SIZEP)(SIZEP),DIFX([SIZEP) (SIZEP),QQ[SIZEP) [SIZEP)
int 1,3
7/
R = 2870000.0;
G - 980.0;
§ = 0.000103;
/* Pressure, temperature and height values are written in cgs (cm,grams,sec) units.
Temperature at the (sea level, ZREF = 0) reference station is 295.2 degrees Kelvin.
Over the reference station, the 850 mb plane is at height 1540m, and the temperature there is 286.2 degrees Kelvin.
The mountain apex H is 5000m above sea level. The grid interval DELL is 5000m.
DZDY is the (Z - Y) slope of the 850mb plane. DZDX is the (Z - X) slope of the 850mb plane.
DZDYP is the (Z - Y) temperature gradient DZDXP is the (Z - X) temperature gradient. */
IREF = 0;
TREF = 295.2;
Z85R = 154000;
T8SR = 286.2 ;
R = 500000
DELL = 500000;
DZDX = - 9.45532738115e-5 ;
DzZDY = 4.61168237962e-5
DTDXP = 2. 00 7 :
DTDYP = 0.
for(1=1; 1<SIZEP 11+4)
for (J=1;3<SIZEP ;Jj++) |
/o Initialize matrix 2S with mountain surface heights.
The mountain's shape is such that it exhibits a cosine profile vlthxn any vertical plane containing the apex. ./
IEN = sgre (O - 133 % (3 = 1333 ¢ (€3 = 12} ® =100 )
2s{ 4)[(3 ) = (H/2) * (1 + cos ( LEN * ( 3.141592653589793 / C 00 ) ) )i
if ( LEN > 8.0 ) 2s[ 1)(3 ) = 0 .;
) }
fprintf (stdout,"\n"); fprintf (stdout,"\n"):fprintf (stdout,"\n");
/* Initialize arrays X and Y to hold grid point positions. Index j of array X increases eastward
and index i of array Y increases northward 2/
/* The reference station is at (X[3], Y(13]), 0) *f
for(j=1; J<SIZEP;3++) { X([(3) = (3 -3 ) * 500000 ; )
for(i=1;1<SIZEP;1++) ( ¥Y(1] = (4 - 13 ) * 500000 ; )
/* Formulas below have been derived in Section 4.5 L
AAAl = 980 * (285R - ZREF) ;
AAA2 = ( ((TREF * TREF) - (T85R * T85R)) * R ) / (2.0 * AAAl) ;
fprintf (stdout,"\n");
for(i=1;1<SIZEP; {++) {
for(j=1; J<SIZEP; 3++) {
= Initialize 850mb plane with height and temperature values. ./
7285 = Z85R + ( Y[i]) * DZDY + X[3j) * DZDX ):
TT85 = TBSR + ( Y(i) * DTDYP + X([3] * DTDXP );
GDEL = 980 * (2285 - zs (1)(3]) :
HOLD = (((2 * AAA2) * GDEL) / R ) + ( TT85 * TT8S )
i Initialize (mountain) surface temperature values. g
TTS[1] (3] = sqrt ( HOLD ) H
i Initialize ln surface pressure values. Note from the derivations wy
of Sections 4.5 and 7.6 that - LNPS[1])(3] = - ( lnps(1)(3J) - 1lnp8S50{1][3]) ) = 1np850 - lnps(i][3]
which is what is required L
LNPS[1)[3J) = ( (2 * GDEL) / (R * (TT85 + TTS[1)(3) )) )
Vd Analytic surface geostrophic wind components u_{a) and v_{a}. */
UBS(1)[3] = - 0.01 * (G * D2DY / F) :
VBS[1][3) = 0.01 * (G * D2DX / F) - ((R * LNPS[1]{3] * DTDXP)/F) )
% Analytic surface geostrophic wind magnitude w7
?OH![)I = sqrt ((UBS([1](3) * UBS([1)(3)) + (VBS(1](3) * VBS[1](3])) :
}
for(i=1;1< 14;1++) { fprintf (stdout, "\n"); }
fprintf (stdout, " CASE III.A.I Baroclinic atmosphere - with dnlp T = (2.0 *» 10-5,0,0), under T = A lnp + B + C (x-xr)" );
fprintf (stdout, "\n"); fprintf (stdout, "\n"); fprintf (stdout, " ):
for (1=19;1>=3;4--) {
for(3=3;3<20;3++) {
fprintf (stdout, "N7.4f ",UBS(1)([3) ):
)
fprintf (stdout,"\n"); fprintf (stdout," L 1
}
fprintf (stdout,"\n"):
fprintf (stdout, " Table B.55 Analytic u component of surface geostrophic wind (m/sec)." ):
for(i=1;1< 26;1++) ( fprintf(stdout,“\n"); }
VDIFTOT = 0.0;
for(i=3;1< 20;1++) {
for (3=3;3<20;3++) {
™ Corby finite difference surface geostrophic wind component u_{fd} is calculated by multiplying
the Y directed pressure gradient by - { 1/F }. L7
PY [11(3] = - ( ( G * ( ( 2zS(i+1)(3) - 25(4-1])(3)) / (2.0 * DELL) ) )
4+ R *
( ( ( TTS[4+1][3) + TTS[4]([3) ) /4.0 )
* ( ( LNPS[1+1])(3) - LNPS[1][3]) / DELL )
+ ( ( TTS[1](3) + TTS(4-1)[3) ) / 4.0
* ( ( LNPS[1][3]) - LNPS[i-1][3] ) / DELL ) ) ) / F ;
Vs Difference between analytic and Corby finite difference v surface geostrophic wind components L g
DIFY(4] (3] = VBS - (PX[1]([J] / 100);
i VDIFTOT is an accumulator for the MVD error =/

VDIFTOT = VDIFTOT + ( DIFY([1)(3) * DIFY(1)(3]) );
}
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fprintf (stdout, ™ it 4
for (1=19;1>=3;1--) {
for(3=3;3<20:3++) |
PYS = PY [1)(3] / 100
fprintf (stdout, "V7.4f ", PYS );
}fprintf (stdout, "\n fprintf (stdout, " bl N7

fprintf (stdout, "\n");
fprintf (stdout,™ Table B.56 Finite Difference u component of surface geostrophic wind (m/sec). L ¥
for(i=1;1< 26;4++) |{ !pnnr.f(stdout,"\n 5 ¥a
fprincf (stdout, " ):
for (1=19:1>=3;1--) {
for(3=3; 3<20;3++) |
difxsc = DIFX(1)(3) * lell ;
fprintf (stdout, "\7.4f ", difxsc );

}eprintf(stdout, "\n");fprintf (stdout, " L1
}
fprintf (stdout,"\n Table B.57 Deviation (Analytic - Finite Difference) in calculation " );
fprintf (stdout, "\n of the u component of surface geostrophic wind ( 10°{-11} m/sec). "):
for(i=1;1< 24;1++) ( fprintf (stdout,"\n"); )
fprintf (stdout,” CASE III.A.I Baroclinic atmosphere - with delp T =(2.0 * 10-5,0,0), under T = A ln p + B + C (x-xr)" ):
fprintf (stdout,"\n");
fprintf (stdout, "\n"); fprintf (stdout, " T =
for (1=19;1>=3;1--) {

for(3=3;3<20; 3++) {
fprintf (stdout, "\7.4f ", VBS[1][J] ):
}printf (stdout, "\n"); fprintf (stdout, ™ LI 5

fprintf (stdout, "\n Table B.58 Analytic v component of surface geostrophic wind (m/sec). ")
for(i=1;1< 26;1++) { fprintf(stdout,"\n"); }
for{i=3;1< 20;1++) {

for (3=3:3<20;3++) {

Corby finite difference surface geostrophic wind component v_(fd) is calculated by multiplying the

X directed pressure gradient by { 1/F }. o
PX[1](3]) = € € G* ( (2S[4](3+1) - 2S[4)(3-1)) / (2.0 * DELL) ) )
L
( ( ( TTS[1)(3+1) + TTS(4])[3) ) / 4.0 )
* ( ( LNPS[{](3+1) - LNPS[1](3] ) / DELL )
+ ( (TTS[1])(3) + TTS(1])(3-1) ) 7/ 4.0 )
* ( (LNPS(1)(3) - LNPS[i])(3-1)) / DELL ) ) ) / F :
Difference between analytic and Corby finite difference v surface geostrophic wind components .y

DIFY(1}(J) = VBS - (PX(1](3) 7/ 100):

VDIFTOT is an accumulator for the MVD error &7
VDIFTOT = VDIFTOT + ( DIFY([1](3] * DIFY[1)[3) ):

i

}

fprintf (stdout, " Lot

for (1=19;1>=3;1--) {

for(j=3; 3<20 ;3++) {
PXS = PX [1](3] 7 100 ;
fprintf (stdout, "%7.4f ", PXS )

Mprintf (stdout, "\n"); fprintf (stdout, ™ * 35
fprintf (stdout, "\n");
fprintf (stdout, ™ Table B.59 Finite Difference v component of surface geostrophic wind (m/sec). A

for(i=1;1< 26; 100) { tprxntf{s:dout oty 7 tad) 3
fprintf (stdout, )i
for (1=19:1>=3;1--) {
for(3=3;3<20;3++) {
fprintf (stdout,"%V7.4f ", DIFY([1)(3)):

}printf (stdout, "\n"); fprintf (stdout,” i}
fprintf (stdout, "\n Table B.60 Deviation (Analytic - Finite Difference) in calculation " ):
fprintf (stdout, "\n of the v component of surface geostrophic wind (m/sec). " );
forti=1:1< 24:1++) { fprlntf(s:dout,"\n“)' ]
fprintf (stdout,” )i
fprintf(stdout,” CASE III.A.I Baroclinic atmosphere - with delp T =(2.0 * 10-5,0,0), under T=A In p + B + C (x-x1)" ):

fprintf (stdout,"\n"); fprintf(stdout,"\n");fprintf (stdout,™ " );
for (1=19;1>=3;1--) {
for(3=3;3<20;3++) {
Analytic surface geostrophic wind magnitude L §
fprintf (stdout,"V7.4f ", QQ(1](3)):
}Mprintf (stdout, "\n"); fprintf (stdout,™ ™ ); }
fprintf (stdout, "\n Table B.61 Analytic calculation of surface geostrophic wind (m/sec). =
for(i=1l:1< 26;1++) { fprintf (stdout,"\n"); )
for (1=19;1>=3;{--)
for (3=3;3<20;3++) {
Corby finite difference surface geostrophic wind magnitude wf
FDVEL = 0.01 * sqrt ((PX[1][3) * PX(1](3]) + (PY[1](3] * PY(1)([3])) :
fprintf (stdout,"%V7.4f ", FDVEL);
DIFY(1] (3] = QQ(4]) (3] - FDVEL
fprintf (stdout,”"\n") ;)
fprintf (stdout,"\n");
fprintf (stdout,™ Table B.62 Finite Difference calculation of surface geostrophic wind (m/sec). Lt o
for(i=1;i< 26;1++) { fprintf (stdout, "\n");
MAXDIF = 0.0;
for €1=19:1>=3;1--) {
for(3=3;3<20:3++) {

Find maximum (MAX) error =y
1f ( MAXDIF < fabs ( DIFY[1)[3] ) ) MAXDIF = fabs( DIFY(i](3) ):
Difference between analytic and Corby finite difference surface geostrophic wind magnitude LA

fprintf (stdout, "87.4f ",DIFY[1i](3)):
fprintf (stdout,™\n");
}

fprintf (stdout,”\n Table B.63 Difference (Analytic - Finite Difference ) in calculation " ):
fprincf (stdout,"\n of surface geostrophic wind (m/sec). ™ ):

for(i=1;1< 26;1++) { fprintf (stdout,"\n"); )

Cermpute MVD error */

VDIFTOT = sqrt (VDIFTOT) / 289; :

fprint f (stdout, "\n"); fprintf (stdout,"%20.16f", VDIFTOT );
fprintf (stdout, "$20.16f", MAXDIF ):

1’

return 0
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#include <stdIO.h>
#include <math.h>
finclude <string.h>

/* Case III with T = A z + B + C (x - xref).
Baroclinic atmosphere with x-directed temperature gradient (2 * 10~{-5) degrees Kelvin/m),
but no y-directed temperature gradient. The program is written in C. LS
main ()
{
tdefine SIZEP 21

/*

/*

/I
/"

/*

/"
/*

I

/.

/”

/=

I/

double 2285,TT85,AAAl,AAA2, DZDX,DZDY, DTDXP, DTDYP, F, LEN, EXTRA, GAMMA;

double GDEL, HOLD, UBS, VBS, MAXDIF,G, PXS,PYS, TREF, ZREF, T85R, 285R, R, DELL, H, L, VDIFTOT, UDIFTOT, FDVEL;

double X[SIZEP),Y[SIZEP), 2S[SIZEP)(SIZEP),TTS(SIZEP)[SIZEP), LNPS(SIZEP) (SIZEP), UBS(SIZEP) (SIZEP), VBS(SIZEP] (SIZEP);
double PX(SIZEP)(SIZEP),PY(SIZEP)(SIZEP),DIFY(SIZEP)([SIZEP]),DIFX[SIZEP) (SIZEP),QQ(SIZEP) [SIZEP);

int 1,3

1/

R = 2870000.0;

G - 980.0;

F = 0.000103;

Pressure, temperature and height values are written in cgs (cm,grams,sec) units.

Temperature at the (sea level, ZREF = 0) reference station is 295.2 degrees Kelvin.

Over the reference station, the 850 mb plane is at height 1540m, and the temperature there is 286.2 degrees Kelvin.
The mountain apex H is 5000m above sea level. The grid interval DELL is 5000m.

DZDY is the (Z - Y) slope of the 850mb plane. DZDX is the (Z - X) slope of the 850mb plane.

DZDYP is the (Z - Y) temperature gradient DZDXP is the (Z - X) temperature gradient. -y
ZREF = 0;

TREF = 295.2;

Z85R = 154000;

T8SR = 286.2 ;

R = 500000;

DELL = 500000;

DZDX = - 9.45532738115e-5 ;

DzZDY = 4.61168237962e-5

DTDXP = 2.0e-7 ;

DTDYP = 0.0 ;

for(i=1;1<SIZEP ;i++)

for(3=1;3<SIZEP ;3++)
i

Initialize matrix ZS with mountain surface heights.
The mountain's shape is such that it exhibits a cosine profile within any vertical plane containing the apex. ~/
IEN = sgrt ( ((1 = 312) & (£ - 21)) ¢ (€3 —21) * (3 -120)) ¥ ¢
2s[ 1)[3 ) = (H/2) * (1 + cos ( LEN * ( 3.141592653589793 / 8.00 ) ) )z
if (LEN > 8.0 ) 2S[ 1)(3) = O ;
}
}
fprintf (stdout, "\n");
Initialize arrays X and Y to hold grid point positions. Index j of array X increases eastward
and index i of array Y increases northward L
The reference station is at (X(3], Y[13]), 0) ®f

for(3=1:J<SIZEP;3++) { X[3) = ( 3 - 3 ) * 500000 ; )
for(1=1;1<SIZEP;i++) { Y[1] = (4 - 13 ) * S00000 ; })
fprintf (stdout, "\n");fprintf (stdout, "\n"):
for(i=1;4<SIZEP; i++) {(
for(3=1; J<SIZEP; 3++) {
Initialize 850mb plane with height and temperature values. %
2285 = ZB5R + ( Y[i) * DZDY + X[3j] * DZDX ):
TT85 = T85R + ( Y[1]) * DTDYP + X[J] * DTDXP );

Formulas below have been derived in Section 4.6 =)
GAMMA = 9.0 / 154000 ;

Initialize (mountain) surface temperature values. «/
TTS[1)[3J) = TT8S + GAMMA * (2285 - 2S (1)(3]) H

Initialize 1ln surface pressure values. o4

Note from the derivation of Section 7.7 that EXTRAX = ((DTDXP * G)/(GAMMA * F)) * (1 -
INPS[1](3) = (G / (R * GAMMA) ) * log ( 1 + ((GAMMA * (2285 - 2ZS([1)(3))) / TT8S) )
EXTRAX = ((DTDXP * G)/(GAMMA * F)) * (1 - (TTS[1]([3])/TT85) ):

Analytic surface geostrophic wind components u_{a} and v_{a}. A
UBS[1)[3) = - 0.01 » (G * D2DY / F ) :

VBS(1])(3) = 0.01 * ((G * DZDX / F ) + EXTRAX) ;

Analytic surface geostrophic wind magnitude &
QQ(1](3) = sqrt ((UBS[1)(3) * UBS(1](3]) + (VBS[1](3) * VBS[1](3])) :

]

(TTS (1] [3)/TTES) ) g

]
for(i=1;1< 14;1++) ( fprintf (stdout,"\n"); }

fprintf (stdout, " CASE II11.B.2 Baroclinic atmosphere - with delp T = (2.0 * 10-5,0,0), under T = Az+B+C(x-xr)" );
fprintf (stdout,"\n"); fprintf (stdout,™\n");fprintf (stdout,™ L 3
for (1=19;1>=3;1--) {

for(3=3;3<20;3++) {
fprintf (stdout, "¥7.4f ", UBS(1]([3]) ):

}
fprintf (stdout,"\n") ; fprintf (stdout, " ")
}
fprintf (stdout,"\n");
fprintf (stdout, " Table B.64 Analytic u component of surface geostrophic wind (m/sec).");
for(i=1;1< 26;1++) ( fprintf (stdout,"\n"); }
VDIFTOT = 0.0;
for(i=3:1< 20;1++) {
for (3=3;3<20:3++) {
Corby finite difference surface geostrophic wind component u_{fd) is calculated by multiplying
the Y directed pressure gradient by -~ { 1/F }. L
PY [1](3] = - ( ( G * ( ( 2S(4+1](3) - 2S(4-1](3)) / (2.0 * DELL) ) )
+ R *

( ¢ ( TTS[1+1)[3) + TTS[4)(3]) ) 1 &0 )
* ( ( LNPS[1+1][3) - LNPS[1](3]) / DELL )
+ ( ( TTS(4)(3) + TTS[1-1)(3) ) / 4.0 )
* ( ( LNPS[1)[3) - LNPS[4-1)[3) ) / DELL) ) ) / F ;
Difference between analytic and Corby finite difference v surface geostrophic wind components iy

DIFY([(1][3) = VBS - (PX[1][)) / 100);
VDIFTOT is an accumulator for the MVD error L
VDIFTOT = VDIFTOT + ( DIFY[i](3J) * DIFY([i][3] ).

}
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fprintf (stdout, ™ S
for (1=19;1>=3;1--) {
for(3=3; 3<20 ;3++) {
PYS = PY (1)(3) / 100 ;
fprintf (stdout, "V7.4f ", PYS );)
fprincf (stdout,"\n");fprintf (stdout, " g

fprintf (stdout, "\n Table B.65 Finite Difference u component of surface geostrophic wind (m/sec)."):
for(i=1;1< 26;1++) { (pnn:((s:dout,"\n Y ¥
fprintf (stdout,” ):
for(i=3;1< 20;1++) {(
tor(J-J 3<20;3++) |

22 = 3%
tpnn:f(udout,'n.u ",DIFX(k][3)):)
fprintf (stdout, "\n") ;fprintf (stdout, " ® ¥k
fprintf (stdout, "\n Table B.66 Deviation (Analytic - Finite Difference) in calculation ™ );
fprintf (stdout, "\n of the u component of surface geostrophic wind (m/sec). " ):
for(i=1;1< 26;1++) { fprintf (stdout,"\n"); }
fprintf (stdout,” CASE III.B.2 Baroclinic atmosphere - with delp T = (2.0 * 10-5,0,0), under T = Az+B+C(x-xr)");

lpnntt(stdout,'\n') fprintf (stdout, "\n");
fprintf(stdout,™ " );
for (1=19;1>=3;1--){(

for(3=3:9<20:9++) {

fprintf (stdout,"\8.4f ",VBS([1) (3] );)

fprintf (stdout,"\n") :fprintf (stdout,”™ " ):)
fprintf (stdout, "\n Table B.67 Analytic v component of surface geostrophic wind (m/sec)."):
for(i=1:1< 26;1++) ( fprintf (stdout,"\n"); )
for(i=3;1< 20;1++) {

for (3=3;3<20;3++) |

Corby finite difference surface geostrophic wind component v_{fd) is calculated by multiplying the

X directed pressure gradient by { 1/F }. 7
PX[1](3) = «( ﬁ: ( (2s[1)[3+1]) - 2zs(1](3-1)) / (2.0 * DELL) ) )
+
( ( ( TTS[1)(3+1) + TTS[1](3] ) /7 4.0 )
* ( ( LNPS[1)(3J+1) - LNPS[1)(3) ) / DELL )
+ ( ( TTS(1)(3) ¢ TYS[1])(3-1) ) /7 4.0
* ( ( LNPS[1](3) - LNPS{4](3-1)) / DELL ) ) ) / F ;
Difference between analytic and Corby finite difference v surface geostrophic wind components .y

DIFY[1][3) = VBS - (PX[1][3) / 100);

VDIFTOT is an accumulator for the MVD error Y
VDIFTOT = VDIFTOT + ( DIFY([4](3J] * DIFY(1)(3] ):

}

)
fprintf (stdout, " a0}
for (1=19:1>=3;1--){
for(j=3: 3<20 ;j++) {
PXS = PX [1])(3) 7/ 100 ;
fprintf (stdout,"V7.4f ", PXS );}
fprintf (stdout, "\n"); fprintf (stdout," S o)
fprintf (stdout, "\n Table B.68 Finite Difference v component of surface geostrophic wind (m/sec).");
for(i=1;1< 26;1++) ( fprintf (stdout, "\n"); }
fprintf (stdout, " ):
for (1=19;1>=3 i--)(
toz()-3:3<20 I++) |
fprintf (stdout, "V8.4f ", DIFY([1)(3]):)
fprintf (stdout, "\n"); fprintf (stdout,™ " );

i)
fprintf (stdout, "\n Table B.69 Deviation (Analytic - Finite Difference) in calculation " );
fprintf (stdout, "\n of the v component of surface geostrophic wind (m/sec). " ):
for(i=1;1< 26;4i++) ( fprintf (stdout, "\n"); )
fprintf(stdout, " CASE III.B.2 Baroclinic atmosphere - with delp T = (2.0 * 10-5,0,0), under T = Az+B+C(x-xr)" );

fprintf (stdout, "\n");fprintf (stdout, "\n");
fprintf(stdout,™ " );
for (1=18;1>=3;1--){
for(3=3;3<20;3++) {
Analytic surface geostrophic wind magnitude 7
fprintf (stdout, "V7.4f ", Q0(1])(3)):)
fprintf (stdout, "\n");fprintf (stdout,™ " ); |}
fprintf (stdout, "\n Table B.70 Analytic calculation of surface geostrophic wind (m/sec). " );
for(i=1;1< 26:1++) { fprintf(stdout,"\n"); }
for (1=19:1>=3;1--){
for (3=3:3<20;:3++) {
Corby finite difference surface geostrophic wind magnitude ~7
FOVEL = 0.01 * sqrt ((PX[4)[3] * PX[1](3)) + (PY (1][3) * PY ([1](3])) :
fprintf (stdout,"87.4f ", FDVEL)
DIFY(1] (3] = 00[11(1] - FDVEL
} fprintf(stdout,"\n")
}
fprintf (stdout, "\n Table B.71 Finite Difference calculation of surface geostrophic wind (m/sec)."):
for(i=1:1< 26;1++) { fprintf (stdout,"\n"); }
MAXDIF = 0.0;
for (1=19; 3zde==)
for(3=3:3<20;3++) {
Find maximum (MAX) error L
if ( MAXDIF < fabs ( DIFY(1][3] ) ) MAXDIF = fabs( DIFY(1][3] ):
Difference between analytic and Corby finite difference surface geostrophic wind magnitude Lt
fprintf (stdout,"V7.4f "=, DIFY([1](3)):
}fprintf (stdout, "\n");

}
fprintf (stdout, "\n Table B.72 Difference (Analytic - Finite Difference) in calculation");
fprintf (stdout, "\n of surface geostrophic wind (m/sec). " ):
for(i=1;1< 26;1++) { fprintf (stdout,"\n"); }
Ccmpute MVD error of
VDIFTOT = sqrt (VDIFTOT) / 289; ;
fprintf(stdout,"\n"); fprintf(stdout,"%20.16f", VDIFTOT ):
fprintf(stdout, "820.16f", MAXDIF );
1/
return 0;

Table B.15 Deviation (Analytic - Finite Difference) in calculation of the v component of surface geostrophic wind (m/sec).
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