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Boundary	  layer	  separa.on	  (BLS)	  
If	   a	   sufficiently	   large	   reversed	   pressure	   gradient	   force	   at	   the	   surface	   is	   imposed	  
against	  a	  boundary	  layer	  flow,	  the	  boundary	  layer	  may	  detach	  from	  the	  ground	  and	  
regions	   of	   strong	   turbulence	   known	   as	   rotors	   may	   form	   downstream	   of	   the	  
separa8on	  point.	  
	  

Introduc8on	  

Bluff	  body	  BLS	   Wave	  induced	  BLS	  

BLS	  Regimes	  

N	  	  …	  stra8fica8on 	   	  	  
U	  	  …	  flow	  speed	  	  
H	  	  …	  mountain	  height	  
L	  	  	  …	  mountain	  half	  width	  
	  

NH/U	  …	  degree	  of	  non-‐linearity	  of	  the	  flow	  
NL/U	  	  …	  degree	  of	  hydrosta8c	  effect	  
H/L	  	  	  	  	  …	  ver8cal	  mountain	  aspect	  ra8o	  

The	  loca.on	  and	  the	  regime	  of	  BLS	  depend	  on:	  

com
bined	  to	  

Laboratory	  experiments	  	  
Laboratory	  experiments	   confirm	  
that	   these	   quan88es	   are	   key	  
governing	   parameters	   and	  
characterize	  the	  flow	  regime.	  
	  Fig	   1	   (right):	   The	   occurrence	   of	  
bluff	   body-‐,	   wave	   induced-‐	   and	  
no	   BLS	   is	   shown	   in	   dependence	  
of	   NH/U,	   NH/L	   (dashed	   grey	  
lines)	  and	  H/L.	  This	  plot	   is	  based	  
on	  water	  tank	  experiments.	  
[adapted	  from	  Baines	  1995]	  

Mo.va.on	  for	  this	  work	  

Although	   the	  mechanisms	   behind	   BLS	  were	   extensively	   inves8gated	   in	   the	   recent	  
years,	   li[le	   is	  known	  about	  the	  onset,	   the	   loca8on	  and	  the	  type	  of	  boundary	   layer	  
separa8on	  in	  dependence	  of	  the	  atmospheric	  flow	  regime.	  	  
Therefore	  numerical	  experiments	  are	  carried	  out,	  to	  inves8gate	  the	  response	  of	  BLS	  
to	  NH/U,	  NL/U,	  H/L	  and	  surface	  fric8on.	  
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Set	  of	  numerical	  
experiments,	  
presented	  in	  Fig.	  4	  
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Numerical	  Experiments	  

For	  each	  of	  the	  five	  surface	  roughness	  lengths	  (z0	  =	  0.001,	  0.05,	  0.1,	  0.2,	  0.5	  m)	  a	  set	  
of	  30	  simula8ons	  with	  different	  combina8ons	  of	  NH/U	  and	  H/L	  (see	  blue	  dots	  in	  Fig.	  
1)	  is	  carried	  out.	  

With:	  
U	  =	  10	  m/s	  
H	  =	  1000	  m	  

The	   input	   sounding	   and	   the	  
topography	   (cosine	   shape)	   are	  
adjusted	  for	  each	  simula8on	  with	  
the	   corresponding	   values	   in	   the	  
red	  boxes	  below.	  

U(z)	  =	  10	  m/s	  and	  H	  =	  1000	  m	  
are	  constant	  for	  all	  simula8ons	  

Ver.cal	  resolu.on	  

Simula8on	  results	  
The	  surface	  roughness	  length	  in	  the	  simula8ons	  of	  Fig.	  2	  is	  z0	  =	  10	  cm	  .	  Thus,	  flow	  at	  the	  surface	  is	  decelerated	  due	  to	  fric8on	  
and	  the	  boundary	  layer	  separates	  from	  the	  surface	  in	  case	  of	  a	  sufficiently	  strong	  reversed	  pressure	  gradient.	  

Examples	  of	  wave	  induced	  BLS	  on	  the	  lee	  side 	  	  	  	  	  	  	  	  	  Overturning	  of	  isentropes	  	  
Examples	  of	  BLS	  induced	  by	  wave	  breaking	  alod 	  	  	  	  	  	  	  	  	  Non-‐hydrosta8c	  wave	  modes	  
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Summary	  &	  Outlook	  
•  The	  regime	  diagram	  by	  Baines	  1995	  	  (Fig.	  1)	  can	  

be	  confirmed	  to	  a	  large	  part	  with	  numerical	  
simula8ons	  

•  Governing	  flow	  regime:	  mainly	  impacts	  the	  size	  	  
Surface	  fric8on:	  impacts	  the	  interior	  structure	  
of	  rotors	  

•  Linear	  theory	  suggests	  that	  rotor	  characteris8cs	  
like	  height	  and	  strength	  of	  the	  reversed	  flow	  …	  

•  Move	  from	  2D	  simula8ons	  to	  3D	  (more	  realis8c)	  
•  Use	  different	  mountain	  shapes	  and	  aspect	  ra8os	  	  
•  Compare	  the	  findings	  with	  real	  case	  studies	  and	  

measurements	  (e.g.	  T-‐REX	  data)	  
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Rotor	  height	  and	  strength	  
Detec.on	  algorithm	  
An	   algorithm	   detects	   the	   first	   rotor	   on	   the	   leeside	   based	   on	   the	  
poten8al	   temperature	   field	   (rotors	   are	   neutrally	   stra8fied)	   and	  
records	  its	  height	  and	  strength.	  Using	  these	  values,	  the	  strongest	  and	  
the	  highest	  rotor	  state	  can	  be	  detected.	  	  
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|ŵk(x, z)|2atmr(k2>N2/U2) = k2U2
0 · e−2|m|z

u(x, z, k) = −ikU0ĥk · e−i(kx+mz)
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|ûk(x, z)|2terr = ĥ2k
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Linear	  model	  
Solu8on	  of	  the	  Taylor	  Goldstein	  Equa8on:	  

[m/s]	  

Fig.	  4:	  Linear	  predic8on	  of	  the	  maximum	  wave	  
amplitudes	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  of	  a	  mountain	  wave	  
(sinusoidal	  ridge)	  at	  a	  height	  of	  10	  km.	  	  
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|ûk(x, z)|2atmr(k2>N2/U2) = |m|2 U2
0 · e−2|m|z = (k2U2

0 −N2) · e−2|m|z
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	  	  	  	  	  …	  Fourier	  transform	  of	  terrain,	  	  	  …	  horizontal	  wave	  number	  
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|ûk(x, z)|2atmr(k2<N2/U2) = N2 − k2U2
0
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|ŵk(x, z)|2 = k2U2
0 ĥ

2
k
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Fig.	  3:	  Height	  (led)	  and	  strength	  (strength	  of	  reversed	  flow,	  right)	  of	  
the	   highest	   and	   strongest	   rotor	   state	   in	   each	   simula8on	   of	   the	  
parameter	  space	  spanned	  by	  NH/U	  and	  H/L	  with	  z0	  =	  10	  cm.	  	  

Fric8on	  sensi8vity	  test	  
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Physical	  domain	  

It	   appears,	   that	   rotors	   can	   act	   as	   a	   virtual	   obstacle	   for	   the	   incoming	   flow.	   In	   the	   example	   below,	  
there	   is	   an	   obvious	   difference	   in	   the	   downstream	   upper	   atmosphere	   between	   the	   FS	   and	   the	  NS	  
simula8on.	  A	  test	  with	  rotors	  replaced	  by	  topography	  suggests	  that	  rotors	  can	  act	  like	  topography.	  

Rotors	  as	  virtual	  obstacles	  

While	  the	  governing	  flow	  regime	  mainly	  influences	  the	  size	  of	  rotors,	  fric8on	  changes	  the	  rotor’s	  
interior	   structure.	   For	   weak	   surface	   fric8on,	   the	   interior	   structure	   is	   a	   large	   single	   horizontal	  
vortex	  with	   a	   strong	   reversed	   flow.	   If	   surface	   roughness	   increases,	   the	   single	   confined	   vortex	  
breaks	  up.	  Another	  sensi8vity	  test	  (not	  shown)	  suggests	  that	  surface	  roughness	  underneath	  the	  
rotor	  plays	  an	  important	  role	  in	  the	  break-‐up	  process	  rather	  than	  the	  strength	  of	  the	  upstream	  
vor8city	  sheet.	  Hence	  it	  is	  likely	  that	  the	  break-‐up	  is	  a	  result	  of	  sub-‐separa8on	  inside	  the	  rotor.	  
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Fig.	  5:	  Values	  of	  horizontal	  wind	  speed	  (top)	  and	  spanwise	  vor8city	  (bo[om)	  of	  three	  iden8cal	  
simula8ons	  (NH/U	  =	  1.25	  and	  H/L	  =	  0.2)	  with	  the	  excep8on	  of	  the	  surface	  roughness	  length	  z0.	  
The	   8me	   frames	   correspond	   to	   the	   strongest	   rotor	   state.	   Dashed	   lines	   are	   the	   rotor	   shapes	  
detected	  by	  the	  algorithm.	  Indicated	  values	  are	  local	  maxima	  (eta)	  or	  minima	  (U).	  

Fig.	  6:	  Poten8al	  temperature	  contours	  of	  three	  iden8cal	  simula8ons	  with	  the	  excep8on	  of	  the	  lower	  
boundary	  condi8ons.	  Red	  contours	  show	  regions	  of	  reversed	  flow.	  
Led:	  free-‐slip	  (FS);	  Center:	  no-‐slip	  (NS);	  Right:	  rotors	  replaced	  by	  topography,	  but	  free-‐slip	  (no	  BLS!)	  

The	  numerical	  experiments	  are	  carried	  out	  using	  the	  Bryan	  Cloud	  Model	  CM1	  (Bryan	  
and	  Fritsch	  2002).	  Beside	  its	  capabili8es	  as	  a	  cloud	  resolving	  LES	  model,	  CM1	  can	  be	  
used	  for	  LES	  simula8ons	  of	  flow	  over	  complex	  topography	  as	  well.	  

Design	  of	  experiments	  
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	  	  	  	  	  …	  are	  mainly	  influenced	  by	  the	  mountain	  wave	  
	  	  	  	  	  in	  case	  of	  narrow	  topography	  	  
•  Rotors	  can	  acts	  as	  a	  virtual	  obstacle	  and	  trigger	  

“mountain”	  waves	  
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Transi8on	  line	  between	  no	  separa8on	  and	  post	  wave	  induced	  
separa8on	  in	  the	  regime	  diagram	  of	  Baines	  1995	  in	  Fig.1	  

0	   30	  20	  10	  -‐10	  

U	  [m/s]	  

1	  

1	  

1	  

3	  3	  

3	  

2	  

2	  

4	  4	  
4	  

Note:	   The	   output	   8mes	   in	   Fig.	   2	  	  	  	  
correspond	  to	  the	  strongest	  rotor	  state	  
(maximum	  of	  the	  reversed	  flow).	  
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It	  is	  striking	  that	  there	  is	  an	  op8mal	  H/L	  (depending	  on	  NH/U)	  for	  which	  the	  the	  highest	  and	  strongest	  rotors	  occur	  (see	  Fig.	  
3).	  It	  appears	  that	  this	  behavior	  is	  well	  in	  line	  with	  the	  linear	  model	  predic8ons	  of	  the	  wave	  amplitude	  in	  Fig.	  4.	  It	  can	  be	  
shown	  that	  maximum	  wave	  amplitudes	  occur,	  if	  the	  topographic	  forcing	  (depends	  on	   	   	   	  )	  is	  in	  op8mal	  resonance	  with	  the	  
atmospheric	  response	  (func8on	  of	  N,	  U	  and	   	   	  ).	  This	  suggests	  that	  the	  rotor	  characteris8cs	  are	  mainly	  determined	  by	  the	  
mountain	  wave.	  However,	  this	  argument	  is	  not	  valid	  for	  wide	  mountains	  (lower	  two	  rows)	  because	  rotor	  forma8on	  occurs	  
then	  underneath	  a	  self	  induced	  cri8cal	  level	  and	  the	  simple	  linear	  model	  can	  not	  be	  applied	  anymore.	  

The	  results	  in	  Fig.	  2	  (below)	  show	  the	  following	  proper.es:	  
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2
k
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|ûk(x, z)|2atmr(k2>N2/U2) = (k2U2
0 −N2) · e−2|m|z
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