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Key	
  components	
  of	
  hurricanes:	
  



Numerical	
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  =	
  26	
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  0.65)	
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  model,	
  SST	
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  (2003)	
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Mo/va/on:	
  

•  Much	
  can	
  be	
  learned	
  about	
  hurricane	
  intensity	
  by	
  studying	
  the	
  
maximum	
  possible	
  intensity	
  

–  A	
  specific	
  ques/on:	
  	
  What	
  does	
  it	
  take	
  …	
  in	
  terms	
  of	
  resolu/on,	
  
physical	
  processes,	
  etc	
  …	
  for	
  numerical	
  models	
  to	
  reproduce	
  the	
  
strongest	
  hurricanes?	
  	
  

•  Knowledge	
  of	
  maximum	
  intensity	
  comes	
  from	
  three	
  general	
  
methods	
  …	
  	
  



Method	
  1:	
  	
  Observa/ons	
  

–  Collect	
  as	
  much	
  data	
  as	
  possible	
  

–  Choose	
  a	
  relevant	
  environmental	
  parameter:	
  	
  e.g.,	
  sea-­‐surface	
  temperature	
  

–  Advantages:	
  	
  accurate	
  (especially	
  in	
  Atlan/c;	
  	
  airplane	
  reconnaissance)	
  

–  Drawbacks:	
  	
  limited	
  physical	
  insight,	
  not	
  useful	
  for	
  some	
  applica/ons	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
(future	
  climate)	
  

Atlan/c:	
  	
  DeMaria	
  and	
  Kaplan	
  (1994)	
   East	
  Pacific:	
  	
  Whitney	
  and	
  Hobgood	
  (1997)	
  



Method	
  2:	
  	
  Theore/cal	
  Models	
  

–  Use	
  governing	
  equa/ons	
  and	
  assump/ons	
  about	
  the	
  important	
  
processes	
  in	
  tropical	
  cyclones	
  

–  Advantages:	
  	
  excellent	
  physical	
  insight,	
  adapts	
  to	
  different	
  condi/ons	
  	
  	
  	
  	
  	
  	
  
(e.g.,	
  future	
  climate)	
  

–  Drawbacks:	
  	
  requires	
  a	
  great	
  deal	
  of	
  knowledge	
  about	
  tropical	
  
cyclones	
  and	
  many	
  approxima/ons;	
  	
  tends	
  to	
  underpredict	
  
maximum	
  intensity	
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Method	
  3:	
  	
  Numerical	
  models	
  

–  Use	
  a	
  /me-­‐dependent	
  numerical	
  modeling	
  system	
  

–  Advantages:	
  	
  it’s	
  easy!	
  	
  (don’t	
  need	
  a	
  great	
  deal	
  of	
  obs,	
  don’t	
  need	
  to	
  
assume	
  much	
  about	
  TC	
  structure)	
  

–  Drawbacks:	
  	
  uncertain/es	
  in	
  physical	
  parameteriza/ons	
  (turbulence,	
  
air-­‐sea	
  exchange,	
  moist	
  processes,	
  etc);	
  	
  can	
  overpredict	
  maximum	
  
intensity	
  

WRF	
  simula/on	
  (Yongsheng	
  Chen)	
   Hill	
  and	
  Lackmann	
  (2009)	
  



What	
  controls	
  maximum	
  intensity	
  in	
  numerical	
  models?	
  

•  Nonhydrosta/c,	
  cloud-­‐resolving	
  model	
  (CM1)	
  
–  Bryan	
  and	
  Rotunno	
  (2009,	
  MWR)	
  

–  Same	
  numerical	
  techniques	
  as	
  WRF	
  (ARW)	
  

–  Height	
  coordinate,	
  energy-­‐conserving	
  equa/ons	
  
•  Setup:	
  

–  Axisymmetric	
  (r,z)	
  …	
  (now	
  3d)	
  
–  Homogeneous	
  environment	
  

–  Constant	
  SST	
  	
  (26.1	
  °C)	
  
–  Ini/alize	
  with	
  weak	
  vortex	
  
–  Δr	
  =	
  1	
  km,	
  	
  Δz	
  =	
  250	
  m	
  
–  Ck	
  /	
  Cd	
  =	
  1	
  
–  Simple	
  liquid-­‐only	
  microphysics	
  

–  Simple	
  radia/on	
  

Bryan and Rotunno (2009)"



yellow	
  =	
  cloud	
  

orange	
  =	
  rain	
  

contours	
  =	
  v	
  (m	
  s-­‐1)	
  

Ini/al	
  condi/ons:	
  

t	
  =	
  10	
  days:	
  



Time	
  series	
  of	
  vmax	
  (m	
  s-­‐1)	
  

Observed	
  max	
  	
  	
  	
  	
  	
  	
  
(~65	
  m	
  s-­‐1)	
  



Model	
  components	
  inves/gated:	
  
[see	
  Bryan	
  and	
  Rotunno	
  (2009,	
  MWR)	
  for	
  details]	
  

•  Resolu/on*	
  	
  (as	
  long	
  as	
  Δr	
  <	
  8	
  km,	
  Δz	
  <	
  500	
  m)	
  

•  Numerics	
  	
  (e.g.,	
  advec/on	
  scheme)	
  

•  Ini/al	
  vortex	
  	
  (affects	
  size	
  more	
  than	
  intensity)	
  

•  Governing	
  equa/ons	
  	
  (energy-­‐conserving	
  equa/ons	
  change	
  Vmax	
  by	
  ~10%)	
  

•  Microphysics	
  	
  (fall	
  velocity	
  of	
  condensate	
  maxers	
  most)	
  

•  Surface	
  exchange	
  coefficients	
  	
  (but	
  not	
  as	
  much	
  as	
  theory	
  says	
  they	
  should)	
  

•  Turbulence	
  	
  (rela/vely	
  unexplored	
  topic	
  un/l	
  recently)	
  



Turbulence	
  in	
  mesoscale	
  models	
  
(including	
  this	
  axisymmetric	
  model):	
  

Turbulence	
  eddy	
  viscosi/es:	
  

Where: 	
  S	
  is	
  deforma/on	
  

	
   	
  Nm
2	
  is	
  squared	
  Brunt-­‐Vaisala	
  frequency	
  

	
   	
  lh	
  is	
  a	
  horizontal	
  length	
  scale	
  (unknown;	
  	
  specified	
  here)	
  

	
   	
  lv	
  is	
  a	
  ver/cal	
  length	
  scale	
  (unknown;	
  	
  specified	
  here)	
  

horizontal:	
  

ver/cal:	
  

• 	
  This	
  turbulence	
  model	
  is	
  used	
  because	
  it	
  has	
  only	
  one	
  free	
  parameter	
  	
  
	
  	
  	
  (a	
  length	
  scale	
  l)	
  that	
  is	
  intui/ve	
  and	
  obtainable	
  from	
  measurements	
  



Sensi/vity	
  to	
  horizontal	
  turbulence	
  length	
  scale:	
  

RE87	
  PM03	
  HOS06	
  

Bryan and Rotunno (2009, MWR) "

(using	
  lv =	
  200	
  m)	
  



Bryan and Rotunno (2009, MWR) "

Output from axisymmetric model: 

M and θe  at  z = 1.1 km 

(dots	
  show	
  loca/ons	
  of	
  Vmax)	
  



Emanuel (1997)"

χ	
  =	
  entropy	
  (θe),	
  or	
  M	
  

Arrows:	
  	
  radial	
  velocity	
  

Strong	
  frontogenesis	
  is	
  a	
  fundamental	
  characteris/c	
  of	
  hurricane	
  eyewalls:	
  



Emanuel (1997)"

diffusion	
  is	
  frontoly/c!	
  	
  (limits	
  frontal	
  collapse)	
  

χ	
  =	
  entropy	
  (θe),	
  or	
  M	
  

Arrows:	
  	
  radial	
  velocity	
  

Strong	
  frontogenesis	
  is	
  a	
  fundamental	
  characteris/c	
  of	
  hurricane	
  eyewalls:	
  



lh	
  =	
  1500	
  m	
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  =	
  0	
  m	
  

Color	
  contours	
  =	
  θe	
  

Black	
  contours	
  =	
  diffusive	
  tendency	
  

Simula/ons	
  that	
  vary	
  only	
  in	
  horizontal	
  
turbulence:	
  



v	
   m	
  

Analy/c	
  solu/ons	
  to	
  advec/on/diffusion	
  equa/on:	
  

Rotunno and Bryan (2011; under review)"



Rotunno and Bryan (2011; under review)"Zhang et al (2011)"

Observa/ons	
  
(dropsonde	
  data)	
  

Idealized	
  simula/ons	
  

Comparison	
  of	
  simula/ons	
  to	
  observa/ons:	
  	
  azimuthal	
  velocity	
  (v)	
  



Rotunno and Bryan (2011; under review)"Zhang et al (2011)"

Comparison	
  of	
  simula/ons	
  to	
  observa/ons:	
  	
  radial	
  velocity	
  (u)	
  

Observa/ons	
  
(dropsonde	
  data)	
  

Idealized	
  simula/ons	
  



Historical	
  Context	
  

•  Why	
  hasn’t	
  this	
  importance	
  to	
  horizontal	
  diffusion	
  in	
  
numerical	
  models	
  been	
  iden/fied	
  before?	
  

•  Hardware:	
  	
  computers	
  are	
  more	
  powerful	
  
–  Δx	
  ≈	
  1	
  km	
  is	
  now	
  common	
  
–  (collapsing	
  onto	
  grid	
  at	
  Δx	
  ≈	
  10	
  km	
  produces	
  reasonable	
  solu/on!)	
  

•  So|ware:	
  	
  numerical	
  models	
  are	
  becoming	
  more	
  accurate	
  
–  MM5:	
  	
  2nd-­‐order	
  transport	
  scheme	
  
–  WRF	
  (ARW):	
  	
  5th/6th-­‐order	
  transport	
  scheme	
  	
  (retains	
  smaller-­‐scale	
  structure)	
  

•  Theory:	
  	
  “classical”	
  boundary	
  layer	
  theory	
  assumes	
  isotropic	
  diffusion	
  
(e.g.,	
  Batchelor	
  1967)	
  
–  There	
  appear	
  to	
  be	
  different	
  mechanisms	
  for	
  horizontal/ver/cal	
  turbulent	
  processes	
  in	
  

hurricanes	
  (at	
  least	
  in	
  the	
  eyewall)	
  



Uncertain/es	
  in	
  surface	
  exchange	
  coefficients	
  

� 

Vmax ~
Ck

Cd

⎛ 
⎝ ⎜ 

⎞ 
⎠ ⎟ 

1
2

The	
  exchange	
  of	
  energy	
  and	
  momentum	
  between	
  the	
  surface	
  (ocean)	
  and	
  the	
  
atmosphere	
  is	
  parameterized	
  by	
  bulk	
  aerodynamic	
  formulae:	
  	
  

� 

τ rz = CdVu
τ rz = CdVv

τ zθ =CkV θsurf −θ( )

Theore/cal	
  models	
  (see	
  review	
  by	
  Emanuel	
  2004)	
  find	
  that	
  Vmax	
  varies	
  	
  
as	
  follows:	
  	
  



Bell (2010)"

Observed/diagnosed/retrieved	
  exchange	
  coefficients	
  



Model	
  Setup	
  

•  Axisymmetric	
  model:	
  	
  Δr	
  =	
  1	
  km	
  	
  	
  	
  (some	
  3d	
  results	
  later)	
  

•  Δz	
  varies	
  (20	
  m	
  to	
  250	
  m);	
  	
  17	
  levels	
  below	
  1	
  km	
  
•  Two	
  environments	
  considered:	
  

–  Rotunno	
  and	
  Emanuel	
  (1987):	
  	
  Ts	
  =	
  26	
  C,	
  	
  CAPE	
  =	
  400	
  J/kg	
  

–  Dunion	
  (2011)	
  “moist	
  tropical”	
  sounding:	
  	
  Ts	
  =	
  29	
  C,	
  	
  CAPE	
  =	
  2400	
  J/kg	
  

•  Two	
  microphysical	
  schemes:	
  
–  Rotunno	
  and	
  Emanuel	
  (1987)	
  liquid-­‐only	
  scheme	
  

–  Morrison	
  et	
  al	
  (2009)	
  double-­‐moment	
  mixed-­‐phase	
  scheme	
  

•  Nominal	
  setup:	
  	
  Ck	
  =	
  constant	
  =	
  1.2x10-­‐3,	
  	
  Cd	
  =	
  constant	
  
•  Following	
  results	
  presented	
  in	
  terms	
  of	
  Ck/Cd	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  (recall	
  that	
  obs/lab	
  results	
  are	
  finding	
  Ck/Cd	
  ≈	
  0.5)	
  	
  

•  See	
  Bryan	
  (2011,	
  MWR,	
  in	
  press)	
  for	
  more	
  details	
  





-­‐-­‐-­‐>	
  Horizontal	
  gray	
  line:	
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  Vmax	
  	
  (see	
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  2011	
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Maximum	
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  above	
  surface)	
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-­‐-­‐-­‐>	
  Horizontal	
  gray	
  line:	
  	
  average	
  value	
  from	
  dropsonde	
  observa/ons	
  (Powell	
  et	
  al	
  2009)	
  



Height	
  of	
  Vmax	
  	
  

-­‐-­‐-­‐>	
  Horizontal	
  gray	
  line:	
  	
  value	
  from	
  composite	
  analysis	
  of	
  dropsonde	
  data	
  (Zhang	
  et	
  al	
  2011)	
  



Results	
  using	
  different	
  Ck	
  

(here,	
  showing	
  only	
  simula/ons	
  with	
  lh=1000m	
  and	
  lv=50m)	
  



Comparison	
  of	
  axisymmetric	
  model	
  and	
  3D	
  model	
  

(here,	
  showing	
  only	
  simula/ons	
  with	
  lh=1000m	
  and	
  lv=50m)	
  

(azimuthally	
  averaged)	
  



Zhang and Montgomery (submitted)" Zhang et al (2011)"

horizontal	
  (Kh)	
   ver/cal	
  (Kv)	
  

Es/mated	
  eddy	
  diffusivity	
  (K)	
  from	
  flight-­‐level	
  observa/ons	
  

further analysis shows lh	
  ≈	
  750	
  m	
   further analysis shows lv	
  ≈	
  100	
  m	
  



mesovor/ces	
  at	
  	
  
eye/eyewall	
  interface	
  

Aberson et al. (2006)"

Quasi-­‐2D	
  turbulence	
  probably	
  caused	
  be	
  shearing	
  instability	
  
(or	
  combined	
  baroclinic/barotropic	
  instability)	
  



Summary	
  

•  Horizontal	
  turbulence	
  processes	
  are	
  an	
  important	
  component	
  
of	
  hurricane	
  dynamics	
  
–  in	
  the	
  boundary	
  layer	
  (z	
  <	
  1	
  km)	
  
–  primarily	
  in	
  the	
  eyewall	
  (near	
  max	
  winds)	
  

•  Best	
  es/mates	
  for	
  Category	
  4-­‐5	
  storms:	
  
–  lh	
  ≈	
  1000	
  m	
  	
  (although,	
  axisymmetric	
  models	
  need	
  larger	
  lh)	
  

–  lv	
  ≈	
  50	
  m	
  

–  Ck/Cd ≈	
  0.5	
  


