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THE A E R O D Y N A M I C S  OF ATMOSPHERIC SHEAR FLOIVS 

J. E. Cermak and B. W. Marschner 

1. INTRODUCTION 

The AGARD Spec ia l i s t s ’  Meeting on t h e  Aerodynamics of Atpospheric Shear Flows was sponsored by t h e  F lu id  
Dynamics Panel which w a s  cha i red  by Professor  R.N.Cox, UK. 
per iod  15-:7 September, 1969. 
Mr.E. Dobbinga, Netherlands; Professor  J. J. Ginoux, Belgium; Professor  B. W.Marsohner. USA; Professor  E. Truckenbrodt. 
Germany; and Professor  J .Valens i .  France. 
of re ferences .  

This  meeting was held i n  Munich, Germany dur ing  t h e  
Members of t h e  Program Committee were Professor  A.D.Young, UK (Chairman); 

Papers presented at t h e  meeting are appended t o  t h i s  r epor t  as a list 

St imula t ion  f o r  t h i s  meeting was provided by a Round-Table Discussion on I n d u s t r i a l  Aerodynamics held i n  
Gottingen. Germany on 14 September, 1969, following t h e  AGARD Spec ia l i s t s ’  Meeting on Flu id  Dynamics of Rotor 
and Fan-Supported Ai rc ra f t  at Subsonic Speeds. 
UK, with p resen ta t ions  given by Professor  E. Truckenbrodt, Germany; Mr. E. Dobbinga, Netherlands; Professor  J. E. 
Cermak, USA; Professor  J .Valens i .  France; Professor  J. J. Ginoux, Belgium; Professor  J .L.  Taylor, Norway; and 
Dr.E. W.E.Rogers, UK. General t o p i c s  d iscussed  at t h e  Round-Table Discussion which were later excluded from 
t h i s  meeting were t h e  following: flow i n  duc t s ,  unsteady multi-phase flows, medical and b io log ica l  aerodynamics, 
a g r i c u l t u r a l  aerodynamics, and aerodynamics of fans .  

This d i scuss ion  w a s  under t h e  chairmanship of Dr.R.C.Pankhurst, 

The ob jec t ive  of t h i s  r epor t  is t o  p l ace  t h e  ove r -a l l  con t ibu t ions  of t h i s  meeting i n t o  perspec t ive  with 

Hopefully, i f  t h i s  understanding 
regard  t o  needs f o r  f u r t h e r  research  and development requi red  t o  reach a fundamental understanding of t h e  sub- 
j e c t  matter and/or t o  adequately cope with t h e  r e l a t e d  p r a c t i c a l  app l i ca t ions .  
can be achieved i n  an ob jec t ive  manner, t h i s  r epor t  can provide guidance t o  AGARD personnel for s t imu la t ion  of 
new research  i n  c e r t a i n  areas.  

Following t h e  program of paper p re sen ta t ions  as shown i n  t h e  list of re ferences ,  a Round-Table Discussion w a s  
convened t o  summarize t h e  meeting and t o  g ive  a l l  p a r t i c i p a n t s  an-opportunity t o  comment. 
of Professor  B. W. Marschner., USA (Chairman); Professor  J. E. Cermak, USA; Professor  H. Panofsky, USA; Professor  
R.S.Scorer, UK; and Mr.C.Scruton, UK. The d i scuss ion  w a s  opened t o  a l l  p a r t i c i p a n t s  a f t e r  each panel member’ 

The panel cons is ted  

presented  a b r i e f  prepared summary. 
as p a r t  of t h e  AGARD Conference Proceedings No.48. 
meeting but w i l l  focus  on t h e  prev ious ly  s t a t e d  ob jec t ive .  

These summary s ta tements  and d i scuss ions  were t r ansc r ibed  
Therefore,  t h i s  r epor t  w i l l  no t  dwell  on a 

Spec i f i c  Conclusions and Recommendations are presented following a s ta tement  of t h e  Purpose 
Meeting and a Program hra lua t ion .  

2 .  PURPOSE A N D  SCOPE OF M E E T I N G  

Many aeronaut ica l  problems a r i s e  as a r e s u l t  of atmospheric motion near t h e  e a r t h ’ s  su r face  

and w i l l  appear 
review of t h e  

and Scope of t h e  

The s t a b i l i t y  
and con t ro l  of a i r c r a f t  during take-off and landing; t h e  loca t ion  and des ign  of landing s i tes  f o r  VSTOL alr- 
c r a f t ,  e s p e c i a l l y  he l i cop te r s .  i n  and near c i t i e s ;  ground-air  communications by t ransmiss ion  of electromagnetic 
energy; t ransmiss ion  of a i r c ra f t -gene ra t ed  noise  to .popula ted  a reas ;  t he  v i s i b i l i t y  l i m i t a t i o n s  imposed by fog 
and smog; and the  behaviour of high-speed a i r c r a f t  moving through gravity-wave systems are a few well  known 
examples. In each case t h e  time and space v a r i a b i l i t y  o f  wind v e l o c i t y  or  r e f r a c t i v e  index or dens i ty  is a key 
f a c t o r  i n  t h e  problem. The c h a r a c t e r i s t i c s  of v a r i a b i l i t y  i n  t h e s e  q u a n t i t i e s  wi th in  t h e  atmospheric sur face  
l a y e r ,  i . e . ,  turbulence and gravity-wave s t r u c t u r e ,  a r e  s t rong ly  a f f ec t ed  by s t r a t i f i c a t i o n  of t h e  mean 
atmospheric temperature,  v e r t i c a l  wind shear  and the  su r face  f e a t u r e s  of topography, bu i ld ings ,  t r e e s ,  etc. 
Another important aeronaut ica l  problem a r i s e s  from t h e  occurrence of c l e a r - a i r  tu rbulence .  Although t h i s  
problem a r i s e s  most o f t en  at  e l eva t ions  above t h e  atmospheric sur face  l a y e r ,  t h e  main caube appears t o  be 
assoc ia ted  with in t ense  wind shear  and thermal s t r a t i f i c a t i o n  j u s t  as f o r  t h e  problems encountered at lower 
l e v e l s .  
f lows a r e  v i t a l l y  important t o  t h e  ae ronau t i ca l  engineer.  

Thus, t he  d i s c i p l i n e s  o f  micrometeorology and mesometeorology r e l a t e d  t o  t h e r m a l l y - s t r a t i f i e d  shear  

During t h e  last decade important advances i n  micrometeorology and mesometeorology have been made through 
greatly acce lera ted  research  e f f o r t s  s t imula ted  by app l i ca t ions  t o  non-aeronautical  problems’**. Many of t h e s e  

* Professor Marschner replaced Professor Truckenbrodt who could not attend due t o  i l lness.  
Proceedings of an International Symposium on Soundary Layers and Turbulence wi th  Geophysical Applications, 19-24 September 
1966, Kyoto. Japan. Published in Physics of F l u i d s  10. No.9, September 1967 (edited by K.F.Bowden, F.N.Frenkie1 and 1.TanI). 

**Proceedings IUCRM Colloquium on Spectra of Meteorological Variables, 9-19 June 1969, Stockholm, Sweden, Published in 
Radio S c i e n c e ,  December 1969. 
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advances i n  knowledge have been achieved through coopera t ive  e f f o r t s  of atmospheric s c i e n t i s t s  and f l u i d  dynami- 
c i q t s .  p a r t i c u l a r l y ,  i n  t h e  a r e a  of labora tory  s imula t ion  of atmospheric motions. Accordingly, it was h igh ly  
appropr ia te  f o r  t h e  F lu id  Dynamics Panel t o  organize a meeting t o  simulate app l i ca t ion  of new knowledge and 
techniques  i n  meteorology on micro- and meso- scales t o  aeronaut ica l  problems. 

In essence,  the .pr imary  purpose of t h e  meeting was t o  s t imu la t e  communication between atmospheric s c i e n t i s t s  
The ob jec t ives  of t h i s  communication and aeronaut ica l  engineers through t h e  common language of f l u i d  dynamics. 

were t o  e s t a b l i s h  what is known about motions o f  t h e  atmosphere near t h e  e a r t h ’ s  su r face ,  t o  s t a t e  t h e  b a s i c  
problems r e l a t e d  t o  such flows and t o  examine some of t he  app l i ca t ions  t o  i n d u s t r i a l  problems which m a y  have 
aeronaut ica l  i n t e r e s t .  

The scope of sub jec t  matter covered by t h e  meeting is ra the r t  wel l  def ined  by its t i t l e  “Aerodynamics of 
Atmospheric Shear Flows ‘ I .  

cons idera t ion  was given t o  shear layers at ‘ h i g h  a l t i t u d e s  ( c l e a r - a i r  tu rbulence)  and shear  flow over mountainous 
topography (mountain lee-waves). 
t h r e e  t o p i c a l  a reas :  

Primary emphasis was placed on motion i n  t h e  atmospheric su r face  layer. Secondary 

Within t h i s  range of sub jec t  matter t h e  papers  were confined t o  t h e  following 

I. Flow s t r u c t u r e  - tu rbulence ,  mean motion 

11. Basic problems - d i f fus ion ,  s i m i l a r i t y ,  and labora tory  s imula t ion  

111. I n d u s t r i a l  problems - wind fo rces  on s t r u c t u r e s ,  d i f fus ion .  

The chosen scope of material provided ample oppor tuni ty  f o r  development of s i g n i f i c a n t  con t r ibu t ions  of aero- 

A f u t u r e  meeting could be devoted p r o f i t a b l y  t o  these two 
nau t i ca l  I n t e r e s t .  Other r e l a t e d  sub jec t  matter having important aeronaut ica l  app l i ca t ions ,  such as s t rong  
convective motions and thunder-storms, were excluded. 
t op ic s .  

3 .  PROGRAM EVALUATION, 

This  eva lua t ion  a t tempts  t o  analyze t h e  con t r ibu t ions  of t h e  meeting w i t h  regard t o  completeness of funda- 
mental knowledge and adequacy f o r  treatment of t h e  applied problems. 
research  are iden t i f i ed .  Unfortunately,  t h i s  eva lua t ion  r e f l e c t s  t h e  wr i te rs ’  strength’s and weaknesses i n  t h i s  
sub jec t  matter: t he re fo re ,  each reader  should moderate these comments w i t h  h i s  personal  knowledge and exper iences  
i n  t h e  f i e l d .  

Where poss ib l e ,  d i r e c t i o n s  f o r  f u r t h e r  

3 . 1  St ruc tu re  of Atmospheric Shear Flows 

Papers 1, 5, 6 and 8 g ive  va luable  information on micro-s t ruc ture  of t u rbu len t  shear  flows, p a r t i c u l a r l y  from 
t h e  view-point of s i m i l a r i t y  theory.  Agreement of v e r t i c a l  v e l o c i t y  f l u c t u a t i o n  spectra w i t h  Monin-Obukhov 
similarity i n  t h e  su r face  l aye r  (from an e l eva t ion  of about z,, t o  30m) is a usefu l  r e s u l t  which s i m p l i f i e s  t h e  
s p e c i f i c a t i o n  of shear and thermal s t r a t i f i c a t i o n  on v e r t i c a l  turbulence.  However, such agreement has  been 
v e r i f i e d  only f o r  flow over f la t  boundaries of uniform roughness and temperature which leads t o  plane homogeneous 
turbulence.  T h i s  means t h a t  f o r  flow over su r faces  of non-uniform roughness, temperature and v e r t i c a l  relief 
no confidence can be placed on t h i s  r e s u l t .  
boundary condi t ions  w i l l  t h e  Monin-Obukhov similarity be r e s to red  o r ,  f o r  a flow separa ted  i n  pass ing  over a 
h i l l  or s t r u c t u r e ,  how far downstream from reattachments w i l l  s imi l a r i t y  be r e s to red?  Research i n  both t h e  
l abora to ry  and t h e  f i e l d  w i l l  be requi red  t o  answer such questions.  On t h e  o the r  hand, Monin-Obukhov s i m i l a r i t y  
f a i l s  f o r  l ong i tud ina l  and lateral v e l o c i t y  f l u c t u a t i o n  spec t r a .  T h i s  f ind ing  opens an i n t e r e s t i n g  but d i f f i c u l t  
a r e a  f o r  i nves t iga t ion  - r e l a t i n g  t h e  long wave-length long i tud ina l  and lateral  v e l o c i t y  f l u c t u a t i o n s  t o  t h e  
geometry of d i s t a n t  upwind meso-scale topographic f e a t u r e s  and/or convection of large-scale long i tud ina l  v o r t i c e s  
d iscussed  i n  Paper 20. 

We must ask ques t ions  such as how f a r  downstream from a change i n  

No con t r ibu t ions  were presented on t h e  turbulence characteristics of wakes i n  t h e  atmosphere downstream from 
bui ld ings ,  h i l l s ,  pa tches  of t r e e s ,  etc. Information on i n t e r a c t i n g  shear  flows is badly  needed before  some of 
t h e  aeronaut ica l  problems l i s t e d  i n  t h e  in t roduct ion  can be a t tacked  successfu l ly .  The s tudy  repor ted  i n  Paper 
16 is a sample of t h e  type o f  research  required.  
and labora tory  measurements i n  wind-tunnels capable of s imula t ing  t h e  turbulence  c h a r a c t e r i s t i c s  as well as t h e  
mean v e l o c i t y  c h a r a c t e r i s t i c s  of oncoming atmospheric flows. 

However, t h i s  must be expanded t o  inc lude  f i e l d  measurements 

Paper 7 in t roduces  a mechanistic model f o r  t r e a t i n g  tu rbu len t  f lows i n  which t h e  mean v e l o c i t y  grad ien t  
becomes zero o r  t h e  mean flow f i e l d  becomes three-dimensional.  Since these  f e a t u r e s  are gene ra l ly  present  i n  
atmospheric shear  flows, f u r t h e r  development and v e r i f i c a t i o n  of t h e  model should be undertaken i n  s p i t e  of Its 
complexity. 

S t r a t i f i e d  atmospheric flow over complex t e r r a i n  produces s t rong  g rav i ty  wave systems such as those  descr ibed  

However, attempts t o  s tudy  such flows over real topography ( three-  
i n  Paper 3. 
of flow over simple two-dimensional ridges.. 
dimensional systems) have been very  few. For t h i s  reason, Paper 11 r ep resen t s  an extremely important development 

Extensive a n a l y t i c a l  and experimental  researah  e f f o r t s  have been devoted t o  t h e  s tudy  of t h i s  type  

Proceedings of a Symposium on Mountain Meteorology 26 June 1967. Colorado State Universi ty ,  Fort Collins, Colorado. A t -  
mospheric Science Paper No.122 (Edited by E.R.Reiter and J.L.Rasmussen). 



3 

i n  t h e  c a p a b i l i t y  t o  desc r ibe  complex flow s t r u c t u r e  over mountainous and h i l l y  t e r r a i n .  
t he  model descr ibed  i n  Paper 11 does not include su r face  shear  e f f e c t s :  t he re fo re ,  it is capable of p red ic t ing  
flow s t r u c t u r e  on t h e  meso-scale but not on t h e  micro-scale.  

The present  form of 

The occurrence of c l e a r - a i r  tu rbulence  a t  high a l t i t u d e s  o f t en  r e s u l t s  from i n s t a b i l i t y  of s t r a t i f i e d  shear  
l a y e r s  such as those  descr ibed  i n  Paper 4 .  
descr ibed  i n  Paper 2. The au thors  of both Papers 1 and 2 suggest t h a t  mountain lee-waves can per turb  t h e  upper- 
l e v e l  shear  l a y e r s  and produce i n s t a b i l i t y  which leads  t o  c l e a r - a i r  turbulence.  
a l s o  produce i n s t a b i l i t y  of t h e  s t a b l y  s t r a t i f i e d  shear  layer. 
f l i g h t  rou te s  it fo l lows  t h a t  t h e  c a p a b i l i t y  t o  fo recas t  mountain lee-wave development must be cu l t i va t ed .  
sub jec t  was not  d i scussed  a t  t h e  meeting; however, o the r  conferences* have considered t h e  p red ic t ion  problem. 
Atmospheric g rav i ty  waves can a l s o  be c rea t ed  from flow over a f l a t  t e r r e s t r i a l  sur face  of non-uniform temperature ‘ 
which produce a “heat-mountain” . 
meeting. 
turbulence which m a y  be t r i gge red  by such a phenomenon. 

3.2 Basic Problems Related t o  Atmospheric Shear Flows 

Mechanisms f o r  t h e  development of i n s t a b i l i t y  i n  these  l aye r s  a r e  

Strong convective motions m a y  
For app l i ca t ion  t o  t h e  planning of a i r c r a f t  

This 

No con t r ibu t ions  on “heat-mountain” lee-wave formation were presented at t h e  
Much he lp  is needed from t h e  atmospheric s c i e n t i s t  t o  he lp  an unsuspecting p i l o t  a n t i c i p a t e  c l e a r - a i r  

One c l a s s  of b a s i c  problems r e l a t e d  t o  atmospheric shear  flows is centered about t h e  extension of our know- 
ledge on classical shear  flows t o  account f o r  complicating f e a t u r e s  encountered i n  t h e  atmosphere. 
f e a t u r e s  of concern are thermal s t r a t i f i c a t i o n ,  high roughness elements ( f o r e s t s  and c i t i e s ) ,  non-uniformity of 
su r face  roughness and/or su r face  temperature,  non-planar boundaries ( h i l l s  and mountains), r o t a t i o n  of t h e  flow 
system, and uns teadiness  o f  t h e  boundary condi t ions .  These f ea tu res  complicate a n a l y t i c a l  e f f o r t s  t o  t h e  poin t  
of f r u s t r a t i o n .  Therefore,  t h e  study of simulated atmospheric shear  flows i n  t h e  labora tory  t o  acqui re  both 
bas i c  knowledge and the  s o l u t i o n  t o  s p e c i f i c  problems, has been developed in t ens ive ly  during t h e  last decade. 
Cont r ibu t ions  t o  t h i s  s e c t i o n  of t h e  meeting - Papers 12, 13, 14, 15, 17. 18. and 22 - revea l  t h a t  t h i s  approach 
can be of g rea t  value.  

The dominant 

Special labora tory  f a c i l i t i e s  and s imula t ion  techniques have not been developed which can be used t o  s i m u l -  
taneously s tudy  t h e  e f f e c t s  of a l l  t h e  f e a t u r e s  l i s t e d  i n  t h e  preceding paragraph. 
meteorological wind tunne l s  l i k e  t h e  one shown i n  Paper 12 can s imula te  many micro-scale f e a t u r e s  o f  atmospheric 
su r face  l a y e r s  o r  l a rge - sca l e  flow fea tu res  on t h e  meso-scale; however, micro-scale motion cannot be simulated 
c u r r e n t l y  i n  a model sca led  t o  s tudy  mesometeorological motions. This means t h a t  t h e  inves t iga to r  o f  a bas i c  
atmospheric-shear-flow problem must des ign  h i s  experimental f a c i l i t i e s  t o  optimize similarity f o r  t h e  s c a l e  of 
motion he wishes t o  study. On any s c a l e ,  compromise with exact similarity is usua l ly  necessary. A challenge 
f o r  t h e  fu tu re  is t o  become ab le  t o  es t imate  t h e  consequences of approximations t o  exac t  similarity when t h e  
simulated flow is used i n  t h e  study of a p a r t i c u l a r  problem. 

For example, s p e c i a l  

In t h e  study of micro-scale motions of t h e  atmospheric su r face  l aye r  i n  a wind tunnel  only p a r t i a l  s imilar i ty  
is a t t a i n e d  because of Reynolds number l imi t a t ions .  This d i f f i c u l t y  has motivated many e f f o r t s  t o  synthes ize  
t h e  s t r u c t u r e  of shear  layers i n  a manner which maximizes t h e  e f f e c t i v e  Reynolds number. The long t e s t - s e c t i o n  
wind tunnel  such as r e f e r r e d  t o  i n  Papers 12 and 17 y i e l d s  s a t i s f a c t o r y  r e s u l t s ;  however, such f a c i l i t i e s  are 
c o s t l y  and cannot be developed easily from e x i s t i n g  aeronaut ica l  type wind tunnels .  Accordingly, e f f o r t s  t o  
u t i l i z e  s h o r t  t e s t - s e c t i o n  wind tunne l s  by in t roducing  g r i d s ,  s c reens  and/or vor tex  genera tors  such as descr ibed  
i n  Papers 13. 14 and 16 are common. The r e s u l t s  given i n  Paper 14 i nd ica t e  t h a t  a system based on l a r g e  longi -  
t ud ina l  vor tex  gene ra to r s  has promise of y i e ld ing  t h e  flow c h a r a c t e r i s t i c s  des i r ed  with a modest length  of 
working sec t ion .  

The s t a b i l i t y  of s t a b l y  s t r a t i f i e d  shear  l a y e r s  in t roduces  another important class of bas i c  problems. Paper 
15 presen t s  t h e  r e s u l t s  of a coordinated e f f o r t  t o  s tudy  these  flows by t h e  use of ana lys i s ,  l abora tory  simula- 
t i o n  and f i e l d  data. This paper not only provides d e f i n i t i v e  r e s u l t s  but o f f e r s  an exce l l en t  example o f  how 
s t u d i e s  of atmospheric shear  flows can be made complete by combining t h e  r e s u l t s  of ana lys i s ,  l abora tory  s t u d i e s  
and f i e l d  measurements. 

Turbulent d i f f u s i o n  c o n s t i t u t e s  a class o f  bas i c  problems which has been s tud ied  i n  t h e  labora tory  and i n  t h e  . 
atmosphere with s i m i l a r i t y  theory  providing a b a s i s  f o r  comparison of da ta .  
advance i n  t h e  app l i ca t ion  of t he  Lagrangian s i m i l a r i t y  hypothesis i n  the  atmospheric sur face  layer .  By t ak ing  
i n t o  account t h a t  t h e  l a t e r a l  turbulence l eve l  is not uniquely spec i f i ed  by l o c a l  similarity parameters an 
add i t iona l  parameter o;/u* is introduced i n t o  t h e  ana lys i s .  This extended S i m i l a r i t y  formulation g ives  pre-  
d i c t i o n s  which a r e  i n  exce l l en t  agreement with t h e  d a t a  obtained from t h e  d i f fus ion  experiments o f  P ro jec t  
P r a i r i e  Grass. 
meteorological condi t ions  is st i l l  open. 
d e a l t  with,  t h e  a n a l y s i s  presented i n  Paper 19 o f f e r s  a promising approach. 

Paper 21 p resen t s  a s i g n i f i c a n t  

The ques t ion  of what is t h e  appropr ia te  value of wv/u* f o r  a p a r t i c u l a r  s i t e  and s p e c i f i c  
When d i f fus ion  through t h e  e n t i r e  planetai-y boundary l aye r  must be 

F lu id  dynamical e f f e c t s  produced by r o t a t i o n  o f  t h e  e a r t h  introduce some i n t e r e s t i n g  bas i c  problems. In t h e  
case  of an atmosphere wi th  uns tab le  dens i ty  s t r a t i f i c a t i o n  long i tud ina l  v o r t i c e s  a r e  shown t o  form which are 
analogous t o  t h e  classical Taylor-Gortler v o r t i c e s  - Paper 20. These motions should have a profound e f f e c t  on 
d i f fus ion  i n  t h e  atmosphere; however, no known d i f fus ion  model accounts f o r  such motions. Additional research  
should be devoted t o  a determination of how t h e  s t r e n g t h  of l ong i tud ina l  v o r t i c e s  v a r i e s  i n  time. 

Proceedings of a Symposium on Clear Air Turbulence and Its Detection, 14-16 August 1968, ’he Boeing Company, Seatt le.  
Washington. Published by Plenum Press, 1969 (Edited by Yih-Ho Pao and A.Goldburg). 
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3 . 3  I n d u s t r i a l  Problems Related t o  Atmospheric Shear Flows 

Problems of d i r e c t  aeronaut ica l  app l i ca t ions  were excluded from t h e  group of cont r ibu ted  papers on i n d u s t r i a l  
problems. 
However, t h e  kinds of i n d u s t r i a l  problems discussed at t h e  meeting were se l ec t ed  because of t h e i r  importance 
r e l a t i v e  t o  t h e  support  of aeronaut ica l  a c t i p i t i e s .  

Thus, t h e  many problems assoc ia ted  with f l i g h t  dynamics during take-of f  and landing were not considered. 

' 

Non-aeronautical i n d u s t r i a l  problems r e l a t e d  t o  atmospheric shear  flows a r e  encountered pr imar i ly  in  t h e  a t -  
mospheric su r face  l aye r .  
problems; wind-shelter design; dispers,ion of a i r  re leased  i n s e c t i c i d e s  and f e r t i l i z e r s ;  evaporation of water 
from water su r faces ,  so l1  and p l a n t s ;  wind generated movement of s o i l ,  water and snow; d ispers ion  of e l e c t r o -  
magnetic energy; e t c .  Papers 23 through 27 t r e a t e d  only t h e  f i r s t  t h ree  of t hese  t o p i c s  with major emphasis 
on problems r e l a t e d  t o  wind loading on s t r u c t u r e s .  

These include wind loading on s t r u c t u r e s ;  d i f fus ion  assoc ia ted  with air  po l lu t ion  

Paper 23 provides an exce l l en t  review of wind loading on s t ruc tu res .  The g r e a t e s t  d i f f i c u l t y  in  t h e  a n a l y s i s  
of such problems is r e l a t e d  t o  t h e  scarcity of appropr ia te  types  of wind da ta ,  p a r t i c u l a r l y  i n  c i t y  complexes. 
Since t h e  c o l l e c t i o n  of appropr ia te  s ta t is t ical  wind d a t a  by meteorologists wi th in  c i t y  complexes f o r  use by 
s t r u c t u r a l  engineers is an almost impossible t a s k  another approach is necessary.  The approach which has been 
used t o  s tudy  loading on r ecen t ly  p r o p o s d  monumenta1,structures is t o  measure d i r e c t l y  wind loading on a model 
of t h e  s t r u c t u r e  surrounded:by a model of t h e  c i t y  over which a simulated wind is generated i n  a wind tunnel .  
In t h i s  approach t h e  meteorologist  is c a l l e d  upon fo r  information about t h e  l a rge - sca l e  wind motion (d i r ec t ion ,  
speed and s t a b i l i t y )  t o  be expected f o r  t h e  area. Using t h e  most severe of these  winds a s  ambient f lows over 
t h e  model, information on l o c a l  wind statistics is provided by t h e  aerodynamicist from measurements i n  t h e  
simulated flow. 
statist ics a r e  measured in  t h e  prototype and model flows. The d a t a  could be analyzed on a comparative b a s i s  
t o  determine how f a i t h f u l l y  t h e  model s imula tes  a c t u a l  l o c a l  wind s t r u c t u r e .  

A need st i l l  remains f o r  a wel l  coordinated labora tory  and f i e l d  study i n  which the  same wind 

The new experimental d a t a  on drag  response of a f l a t  p l a t e  as a func t ion  of t h e  non-dimensional frequency 
(nD/V) and r e l a t i v e  longi tudina l - in t ' egra l  tu rbulence  scale (L,/D) presented i n  Paper 24 is, indeed, welcome. 
Provided t h e  upwind turbulence s t r u c t u r e  is known, t h e  r e s u l t s  presented can be used t o  g ive  at  l e a s t  a f i r s t  
approximation t o  wind fo rces  on the  upwind face  of l a rge  bui ld ings .  Further research  on t h i s  problem should 
include a sys temat ic  s tudy  on the  e f f e c t  of t h e  r e l a t i v e  l a t e ra l - in t e ,g ra l  tu rbulence  s c a l e  
response and moment response. 

Ly/D on both drag  

No new r e s u l t s  were presented on how t o  p red ic t  concent ra t ion  of p o l l u t a n t s  downwind from power p l a n t  and 
o ther  i n d u s t r i a l  smoke s tacks .  
plume is s t rong ly  heated o r  cooled (by wet-scrubbing) no r e l i a b l e  p red ic t ion  methods a r e  ava i l ab le .  
dynamicist should f i n d  t h i s  problem both cha l lenging  and rewarding. 

When the  atmosphere is s t rong ly  s t r a t i f i e d ,  e i t h e r  s t a b l y  or unstably,  or t h e  
The f l u i d  

4 .  CONCLUSIONS 

The meeting accomplished wel l  t h e  primary purpose f o r  which it w a s  intended - s t imula t ion  of communication 
between atmospheric s c i e n t i s t s ,  aeronaut ica l  engineers  and f l u i d  dynamicists.  Evidence t h a t  t h e  meeting w a s  
t i m e l y  and appropr ia te  is given by t h e  subdued d iscuss ion ,  primarily by t h a t  part of t h e  de lega t ion  composed 
of ae ronau t i ca l  engineers ,  following many papers devoted t o  t o p i c s  on s t r u c t u r e  of atmospheric shear  flows. 
This observation a l s o  sugges ts  t h a t ,  as ide  from t h e  review paper,  t h e  atmospheric s c i e n t i s t s  assumed a g r e a t e r  
f a m i l i a r i t y  with t h e  sub jec t  matter by the  group than was a c t u a l l y  warranted. 
on s t r u c t u r e  of atmospheric shear  flows s a c r i f i c e d  f o r  t h e  same number of review papers  could have enhanced t h e  
intended communication process.  

One or two of t h e  research  papers 

Papers cont r ibu ted  t o  t h e  meeting revealed t h a t  c h a r a c t e r i s t i c s  of t he  atmospheric su r face  l aye r  over l eve l  
homogeneous su r faces  o f  l a rge  ex ten t  a r e  wel l  e s t ab l i shed .  However, i n  t h e  more usual circumstances where t h e  
uniform su r faces  a r e  made non-uniform by one o r  more f a c t o r s  such as temperature,  high roughness elements 
( t r e e s ,  bu i ld ings ,  e t c . ) .  and topography very l i t t l e  knowledge of flow s t r u c t u r e  which is gene ra l ly  appl icable  
is known. The complex boundary condi t ions  develop flows having l a rge  spatial  v a r i a b i l i t y  which is h ighly  s i g n i f i -  
can t  t o  m a n y  ae ronaut ica l  appl ica t ions .  T h i s  s i t u a t i o n  p resen t s  t o  t h e  atmospheric s c i e n t i s t s  a challenge f o r  
establishment of bas i c  knowledge on the  space v a r i a b i l i t y  of atmospheric va r i ab le s  through simultaneous mul t ip le -  
point sens ings  d i s t r i b u t e d  over a three-dimensional g r id .  

Contributions from f l u i d  dynamicis'ts documented an ever increas ing  use of labora tory  s t u d i e s  t o  inves t iga t e  
Simulation of t h e  atmospheric shear  flows both bas i c  and appl ied  problems r e l a t ed  t o  atmospheric shear flows. 

has been approximated s u f f i c i e n t l y  wel l ,  p a r t i c u l a r l y  f o r  micro-scale motions, t o  permit usefu l  ve loc i ty  space- 
v a r i a b i l i t y  s t u d i e s  t o  be accomplished i n  the  labora tory .  This type of atmospheric modeling can be used t o  
determine flow s t r u c t u r e  i n  urban complexes, i n  wakes downwind of s t r u c t u r e s ,  i n  f o r e s t  c l ea r ings ,  and near 
wind breaks. No o the r  approach t o  obta in  such d a t a  appears t o  be f eas ib l e ;  t he re fo re ,  e f f o r t s  t o  improve the  
atmospheric s imula t ion  c a p a b i l i t y  of labora tory  f a c i l i t i e s  should be encouraged. 

A g r e a t e r  e f f o r t  should be made t o  communicate t o  meteoro logis t s  t he  type of wind d a t a  needed by aeronaut ica l  
engineers.  
po in t s  w i l l  exceed prescr ibed  va lues  - f o r  p a r t i c u l a r  meteorological and su r face  condi t ions  a r e  badly needed. 
The presenta t ion  of a review paper i n  t h e  i n d u s t r i a l  problems ses s ion  on a sub jec t  such as ana lys i s  of a i r f o i l  
response t o  gus t s  would have helped genera te  d iscuss ion  on t h e  kinds of vind data des i red .  

Exceedance s ta t is t ics  - e . g . ,  t h e  p robab i l i t y  t h a t  t h e  d i f f e rence  i n  v e r t i c a l  wind speed a t  two 

. 
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5. RECOMMENDATIONS 

(a )  The q u a l i t y  of t h e  environment i n  a l l  o f  t h e  NATO coun t r i e s  is becoming an i s sue  o f  v i t a l  importance. Hence, 
it appears t h a t  t h e  f l u i d  mechanics panel must t ake  a more a c t i v e  r o l e  in  t h e  area of atmospheric flows as 
they p e r t a i n  t o  ques t ions  of po l lu t ion ,  f l i g h t  problems, and o the r  l oca l  phenomena. 

(b)  Knowledge on atmospheric shear  flows is expanding r ap id ly  through research  on many f r o n t i e r s  of importance 
t o  aeronaut ica l  app l i ca t ions .  
flows a r e  being developed i n  many count r ies ;  t he re fo re ,  t h e  F lu id  Dynamics Panel should i n i t i a t e  planning 
f o r  a follow-up meeting on Atmospheric Aerodynamics i n  1972 or  1973. 

( c )  An e f f o r t  should be exer ted  t o  plan and f inance  a coordinated f i e l d  and labora tory  s tudy  t o  ob ta in  d a t a  
t o  v e r i f y  s i m i l a r i t y  between t h e  wind-tunnel generated flow and the  corresponding atmospheric shear  flow. 
In  p a r t i c u l a r ,  a study of flow over an i so l a t ed  topographic f ea tu re  would be usefu l  t o  test the  concept 
of laminar-flow modeling of meso-scale atmospheric motions. 

The c a p a b i l i t i e s  f o r  numerical s imula t ion  and labora tory  s imula t ion  of these  

(d) The Flu id  Dynamics Panel should develop c lose r  dommunication with meteorologists and f l u i d  dynamicists 
working on micro- and meso-scale motions of the  atmosphere. Addition t o  t h e  Panel of someone ac t ive  in  

’ t h i s  f i e l d  should be considered. 
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