Asymptotic
Modeling

of Atmospheric
Flows




R. Zeytounian

Asymptotic Modeling
of Atmospheric Flows

With 6 Figures

Springer-Verlag
Berlin Heidelberg New York
London Paris Tokyo Hong Kong



Contents

1, Imtroduction . .......coiriiiiiii ittt iiieeeeeeneaeeeaann

2. TheEquations ...............ciiiiiiiiiiiiiinininnennn.
2.1 The BulerEQUAtIONS: «wwismenssmesminmenmenmennemnenns
2.1.1 Steady Flows ........... .o,

2.2 The Tangent Plane Approximation .....................

2.3 The So-called 5-Plane Approximation ..................

2.4 Different Forms of the Euler Equations .................
24.1 The Euler Equations for 4, 9, w, 7, w, and 9 .....
242 The Euler Equations for @, v, w, II,and § .......

2.4.3 The So-called Primitive Equations ..............
2.5 The Non-dimensional Non-adiabatic Equations ...........

3. Internal Waves and Filtering .............................
3.1 The Case of dT /dZ = 0. The Wave Equation .........

3.2 The Vertical Structure of the Internal Waves .............

33 Hltering ...ttt e
33.1 Quasi-static Filtering .............. ... ... ...

3.3.2 Filtering of Waves with Frequency og4—s ........

3.3.3 “Boussinesq” Filtering .................. ... ...

3.3.4 Isochoric Filtering (Quasi-Incompressible) ........

3.3.5 Deep Convection Filtering (“Anelastic”) ..........

3.4 Conclusions and Bibliographical References .............

4. Rossby Waves ........ ... .. i i
4.1 An Evolution Equation for Rossby Waves ...............
4.2 Rossby Waves in Linear Theory .......................
4.3 Rossby Waves in a So-called Barotropic Atmosphere ......
4.4  On the Problem of Hydrodynamic Instability .............
4.5 Conclusions and Bibliographical References .............

5. A Presentation of Asymptotic Methods ....................
5.1 The Matched Asymptotic Expansions Method ............
5.2 The Multiple-Scale Method ............... ... ... ... ...

10
11
16
17
18
19
22

26
27
30
36
36
37
38
39
40
42

44
44
48
53
57
60

63
65
72



Some Applications of the MMAE and MSM  ...............

6.1

6.2

6.3
6.4

Application of the MMAE to Adiabatic Flows with

Small Kibel NUMDETS: . uvinvssvsmmssoscmsvuvemsams smns
Double-Scale Structure of the Boussinesq Waves:

Linear Theory ..........cooiiiiiiiiiiiiiiiiiiiininn,
Various Hydrostatic Limiting Processes .................
A Triple-Deck Structure Related Local Model ............

The Quasi-static Approximation ..........................

7.1
T2
7.3
7.4
75

7.6
7.7

The Exact Quasi-static Equations ......................
Asymptotic Analysis of the Primitive Equations ..........
The Boundary Layer Phenomenon and the Primitive Equations
Simplified Primitive Equations ........................
The Hydrostatic Balance Adjustment Problem

(in an Adiabatic Atmosphere) .............. 0.,
Complementary Remarks 1 ...........................
Complementary Remarks 2 .................ccvvunn...

The Boussinesq Approximation ...........................

8.1
8.2

8.3

8.4

8.5
8.6

The Boussinesq Equations ..............ccooiiinnen...
Some Considerations concerning the Singular Nature
of the Boussinesq Approximation ......................
Three New Forms of the Boussinesq Equations ...........
8.3.1 Taking into Account the Shearing of a Basic Wind;
the So-called Long Equation ...................
8.3.2  Generalized Boussinesq-Type Equations ..........
8.3.3  Quasi-static Boussinesq Equations;
the Problem of Meso-scale Circulations ..........
Concerning a Linear Theory of the Boussinesq Waves
(ROZE 00) 55wt i 0 5 5,5 57598 Kby B & 6 87 o 56806 6 6§ 88 0
The Problem of Adjustment to the Boussinesq State .......
Complementaty REMATKS s cmssmewnssmms s nsmas e e

The Isochoric Approximation ............................

9.1
9.2

93

9.4

95

The Isochoric Equations  ......... ... ... .. ... ...
Some Considerations concerning the Singular Nature

of the Isochoric Approximation ........................
The Relation Between the Isochoric and

Boussinesq Approximations ..............c.. i,
Wave Phenomena in the Isochoric Flows ................
94.1 The Long Wave Theory .......................
9.4.2 The Short Wave Theory .............. ... ... ...
9.4.3 Solitary Internal Waves .......................
Complementary Remarks ......... ... ... ... oLt

79

75

78
89
97

107
109
115
117
119

123
130
136

142
144

147
149

149
151

152

155
164
168

177
178

180

181
186
186
190
193
195



10.

11.

12.

13.

The Deep Convection Approximation ..................... 202
10.1 The “Anelastic” Equations of Ogura and Phillips ......... 203
10.2 The Deep Convection Equations According to Zeytounian .. 205

10.2.1 The Quasi-static Deep Convection Equations ...... 208

10.2.2 A New Approach for the Derivation of the
Deep Convection Equations

(Case of the Adiabatic Atmosphere) ............. 209
10.3 The Relation Between the Boussinesq and the
Deep Convection Approximations ...................... 210
10.4 Complementary Remarks :....cvviivivedosinninns e e, 213
The Quasi-geostrophic and Ageostrophic Models ............ 220
11.1 The Classical Quasi-geostrophic Model ................. 225
11.2 The Adjustment to Geostrophy ...............c..cooo... 228
11.3 The Ekman Steady Boundary Layer and
the Ackerblom Problem: i:isicsissdonassnensnmsnasnas 232
11.4 The So-called “Ageostrophic” Model ................... 236
11.4.1 The Equation for the Ageostrophic Model ........ 237
11.4.2 The Problem of the Unsteady Ekman Boundary Layer.
Adjustment to the Ackerblom Model ............ 239
11.4.3 The Problem of Adjustment to Ageostrophy ...... 245
11.4.4 The Second Approximation Steady Ekman Problem 250
11.5 Complementary Remiarks i ...::vvvvisaiwntesdinissiorsar 255
Models Derived from the Theory of )
Low Mach Number Flows ................ ... .. ... . ... 263
12.1 The So-called Classical “Quasi-nondivergent” Model
and Its Limitations .......... ... .. iiiiiiiiiein... 265
12.1.1 Analysis of Singularities Related to the
Monin—Charney Limiting Process ............... 269
12.2 The Generalized Quasi-nondivergent Model
and.Its LIMItAtions s.svsmwsms smsumesmsnmstmsmesmosnms 273
12.3 Analysis of Guiraud and Zeytounian’s Recent Results ... .. 278
12.4 The Problem of Adjustment to the
Quasi-nondivergent Flow ............................. 287
12.5 Complementary Remarks ............... ..o, 290
The Models for the Local and Regional Scale
Atmospheric Flows ........ ... ... .. .. ... ... .. . .. 295
13.1 The Free Circulation Models .......................... 298
13.1.1 Inncr DEgEneraciCs w.uwwsnwsimmsmmesmemesmissnyn 299
13.1.2 Outer Degeneracies ............ovuveieneunnnnns 302
13.1.3 Matching. Formulation of the Free
Circuldtion Probleml ....ssiwssnssmsssssansmsse 303
13.2 The Models for the Asymptotic Analysis of Lee Waves .... 304



13.2.1 Emergence of the Vertical Structure.

Condition for z = 400 ..., 305
13.2.2 The General Requirement for Trapped Lee Waves .. 311
13.2.3 Non-linear Models for Two-Dimensional
Steady Lee Waves  .........cvviiiiniennennnn. 315
13.2.4 Asymptotic Interpretation of the Long Model
in the Troposphere ..............ccocvvvenn... 330
13.2.5 Asymptotic Representation of Three-Dimensional
Linearized Lee Waves in the Lower Atmosphere ... 340
13.3 Modeling of the Interaction Phenomenon
Between Free and Forced Circulations .................. 346
13.3.1 Formulation of the Regional Boundary Layer Problem 347
13.3.2 ‘The.Interaction Model ..uisnuimssnsimnisnsnnss 350
13.4 Complementary Remarks ..................cooiiinn.. 353
13.4.1 A Model for the Local Winds of Slopes and Valleys 353
13.4.2 Double Layer Periodic Slope (or Valley) Winds .... 356
13.4.3 Low Mach Number Flow over a Relief .......... 361

13.4.4 Asymptotic Formulation of the Rayleigh-Bénard
Problem via the Boussinesq Approximation

for Expansible Liquids ..:smeeitnbenmimmenms o u 371

Appendix. The Hydrostatic Forecasting Equations
for Large-Synoptic-Scale Atmospheric Processes . ........... 379
A.1 The Governing Equations ..............ccovveeeen.... 379
A2 The Hydrostatic Model Equations ...................... 381
A.3 The Large-Scale, Synoptic, Boundary Layer Equations ..... 383
REIEFENCES cnvsmmisosmms s mssmasms s v sfasmeas s 8asenssng s 387
Subject Index ... 393

Xl



