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A	
  Century	
  of	
  Research	
  
on	
  Hurricane	
  
Forma-on	
  
Mechanisms	
  

“…it	
  would	
  seem	
  that	
  the	
  cause	
  of	
  the	
  
origin	
  of	
  the	
  tropical	
  cyclone	
  may	
  be	
  
found	
  in	
  the	
  countercurrent	
  theory	
  as	
  
to	
  ini8a8on	
  of	
  the	
  cyclonic	
  center,	
  
while	
  the	
  convec8ve	
  theory	
  accounts	
  
for	
  its	
  maintenance	
  a;er	
  having	
  
started.”	
  
	
  
E.	
  H.	
  Bowie,	
  1922:	
  Forma8on	
  and	
  
movement	
  of	
  West	
  Indian	
  Hurricanes.	
  
Mon.	
  Wea.	
  Rev.,	
  50,	
  173-­‐179.	
  

1950s:	
  Upper-­‐tropospheric	
  triggers	
  of	
  
tropical	
  cyclones	
  (Ramage,	
  Riehl,	
  Colón)	
  
	
  
1960s:	
  Linear	
  instabili3es	
  (CISK):	
  (Landers,	
  
Charney	
  and	
  Eliassen,	
  Ogura,	
  Gray).	
  First	
  
idealized	
  numerical	
  models	
  (Kasahara,	
  Kuo,	
  
Ooyama,	
  Rosenthal,	
  Anthes)	
  
	
  
1970s:	
  GATE,	
  easterly	
  waves,	
  other	
  tropical	
  
wave	
  precursors	
  to	
  TC	
  forma-on	
  (Carlson,	
  
Houze,	
  Zipser,	
  Frank(s)	
  for	
  Atlan-c	
  TCs)	
  
	
  
1980s:	
  Finite-­‐amplitude	
  nature	
  of	
  cyclone	
  
forma-on:	
  not	
  a	
  linear	
  instability	
  (Shapiro:	
  
wave	
  dynamics;	
  Emanuel:	
  air-­‐sea	
  interac-on,	
  
McBride,	
  Schubert	
  and	
  Hack)	
  
	
  
1990s	
  and	
  2000s:	
  MJO	
  and	
  tropical	
  waves;	
  
wave	
  accumula-on;	
  large-­‐scale	
  control	
  
versus	
  upscale	
  growth;	
  top-­‐down	
  versus	
  
bo;om	
  up	
  



A	
  Century	
  of	
  Research	
  on	
  Hurricane	
  Forma-on	
  

Ooyama’s	
  1969	
  
linear	
  stability	
  
analysis	
  

Eta	
  is	
  Measure	
  
of	
  condi-onal	
  
instability	
  
	
  
Condi-onally	
  
neutral	
  
disturbances	
  
don’t	
  grow	
  



Top-­‐down	
  vs.	
  Bo`om-­‐up?	
  

Montgomery	
  et	
  al.,	
  2006:	
  JAS	
  

Bister	
  and	
  Emanuel,	
  1997:	
  JAS	
  

Warm	
  

Cool	
  

Vor-city	
  
ini-al	
  
condi-on	
  

Vor-cal	
  “hot”	
  towers	
  

See	
  review	
  ar-cle	
  by	
  Tory	
  and	
  Frank,	
  2010	
  



Tropical	
  Waves	
  as	
  a	
  Dynamical	
  Guide	
  



Formation of a 
Cat’s Eye: a 

Nonlinear 
Critical Layer 

Dunkerton et al. 2009, ACP 

The Zoo of Recirculation 

Easterly Wave at ~4 km AGL 
(Gray 1998, MAP) 

Parcels 
recirculate: 
moisture is 

trapped 

Jump in 
mean state 
vorticity 

r=0	
  in	
  
this	
  talk	
  



Courtesy	
  CIMSS,	
  University	
  of	
  Wisconsin	
  

08	
  UTC	
  9-­‐16	
  Sept.	
  2010	
  

















OW=	
  
Courtesy	
  of	
  Mark	
  Boothe	
  and	
  Mike	
  Montgomery,	
  NPS	
  

Numerical	
  Model	
  Depic-on	
  of	
  Recircula-on	
  Regions	
  

1.  Features	
  usually	
  well	
  captured	
  in	
  short-­‐
range	
  forecasts	
  

2.  Co-­‐moving	
  frame	
  is	
  crucial	
  
3.  Vor-city	
  without	
  deforma-on	
  is	
  more	
  

discrimina-ng	
  
	
  



Dropsonde-equipped Aircraft used in 2010 
 

NSF PREDICT: GV (Montgomery et al., 2012: BAMS) 
 PRE-Depression Investigation of Cloud systems in the Tropics 

NOAA IFEX: G-IV and P-3 (Rogers et al., 2013, BAMS) 
NASA GRIP: DC-8 (Braun et al., 2013: BAMS) 

NASA	
  DC-­‐8	
  

NOAA	
  G-­‐IV	
   NSF/NCAR	
  GV	
  

GV	
  Flight	
  Track,	
  
30	
  August,	
  Fiona	
  

NOAA	
  P-­‐3	
  

Region	
  of	
  overlap	
  
for	
  all	
  aircrah	
  



Ques-ons	
  
•  Is	
  convec-on	
  fundamentally	
  different	
  within	
  recircula-on	
  

regions	
  than	
  elsewhere	
  in	
  the	
  tropics?	
  
•  How	
  are	
  these	
  thermodynamic	
  signatures	
  related	
  to	
  

dynamics?	
  
•  Do	
  these	
  signatures	
  dis-nguish	
  developing	
  and	
  non-­‐

developing	
  cases?	
  
•  Can	
  the	
  observa-ons	
  point	
  to	
  the	
  most	
  appropriate	
  

theore-cal	
  model	
  of	
  hurricane	
  forma-on?	
  



Stra-fica-on	
  of	
  Dropsondes	
  
1.  Average	
  IR	
  temperature	
  within	
  10-­‐km	
  of	
  drop	
  

•  “Cold”	
  cloud	
  tops	
  (<	
  -­‐20C)	
  
•  “Warm”	
  cloud	
  tops	
  (>	
  -­‐20C)	
  

2.  Stage	
  of	
  development	
  
•  ND	
  –	
  non-­‐developing	
  
•  L2	
  –	
  developing,	
  <	
  2	
  days	
  prior	
  to	
  genesis	
  

3.  Radius	
  from	
  “pouch”	
  center	
  (Dunkerton	
  et	
  al.	
  2009,	
  ACP)	
  
•  <	
  200	
  km	
  (also	
  examined	
  300	
  km)	
  
•  >	
  200	
  km	
  



The	
  Dropsonde	
  “Neighborhood”	
  

-­‐80°C	
   20°C	
  -­‐60°C	
   -­‐40°C	
   -­‐20°C	
   0°C	
  

10	
  km-­‐radius	
  circle	
  around	
  
dropsonde	
  loca-on	
  

1315	
  UTC	
  9/21/2010	
  
4-­‐km	
  pixels	
  



Histograms	
  of	
  cloud-­‐top	
  temperature	
  
Averaged	
  within	
  10-­‐km	
  of	
  dropsondes	
  

-­‐20oC	
  

#	
  of	
  drops	
  



Perturba-ons	
  (anomalies)	
  
1.  For	
  temperature,	
  remove	
  large-­‐scale	
  environment	
  

•  Changing	
  condi-ons	
  over	
  longitude/season	
  
•  Reducing	
  variance	
  within	
  composites	
  

2.  Reference	
  state	
  defined	
  by	
  NCEP	
  analysis	
  
•  Nearest	
  6-­‐h	
  analysis	
  
•  1000-­‐km	
  radius	
  from	
  center	
  
•  Mandatory	
  pressure	
  levels	
  

3.  No	
  reference	
  state	
  for	
  rela-ve	
  humidity,	
  or	
  air-­‐sea	
  
temperature	
  difference	
  



Profiles	
  in	
  Developing	
  and	
  Non-­‐developing	
  Systems	
  
(comparison	
  of	
  inner	
  (<	
  200	
  km)	
  and	
  outer	
  (>	
  200	
  km)	
  radii)	
  

Sta-s-cally	
  significant	
  
difference:	
  inner	
  vs.	
  outer	
  

Pr
es
su
re
	
  (h

Pa
)	
  

Pr
es
su
re
	
  (h

Pa
)	
  

Less	
  Stable	
  
Inner	
  Region	
  

More	
  Stable	
  
Inner	
  Region	
  

95%	
  confidence	
  
intervals	
  

Temperature	
  Anomaly	
  
from	
  Large-­‐scale	
  Mean	
  

Non-­‐
developing	
  
Composite	
  

Developing	
  
Composite	
  



Spa-al	
  
Distribu-on	
  of	
  
Stra-fica-on	
  
Anomalies	
  

Red:	
  	
  
warm	
  aloh,	
  
cool	
  beneath	
  
	
  
Blue:	
  
Cool	
  aloh,	
  
warm	
  beneath	
  



Profiles	
  in	
  Developing	
  and	
  Non-­‐developing	
  Systems	
  
(comparison	
  of	
  inner	
  (<	
  200	
  km)	
  and	
  outer	
  (>	
  200	
  km)	
  radii)	
  

95%	
  confidence	
  
intervals	
  

Pr
es
su
re
	
  (h

Pa
)	
  

Pr
es
su
re
	
  (h

Pa
)	
  

Not	
  much	
  
difference	
  

Moister	
  
Inner	
  Region	
  

Rela-ve	
  Humidity	
  



Holloway	
  and	
  Neelin	
  2009,	
  JAS	
  

Moist	
  Tropical	
  Sounding	
  Composite	
  
Dunion,	
  2011:	
  J.	
  Climate	
  

Marked	
  Dependence	
  of	
  Rain	
  Rate	
  on	
  Humidity	
  

Developing	
  
Composite	
  



Where	
  does	
  the	
  Moisture	
  Come	
  From?	
  

Folkins	
  and	
  Mar-n,	
  2005:	
  JAS	
  

Beneath	
  
anvils	
  

From	
  the	
  NSF/NCAR	
  GV	
  

Small	
  cumulonumbi	
  
Large	
  areas	
  of	
  anvil	
  cloud	
  



Buoyancy	
  
of	
  hypothe-cally	
  lihed	
  air	
  parcels	
  
using	
  soundings	
  to	
  define	
  the	
  

“environment”	
  

•  Lih	
  from	
  100	
  m	
  
•  Entrain	
  at	
  10%/km	
  
•  Assume	
  ½	
  of	
  condensate	
  

falls	
  out	
  

•  Core	
  of	
  developing	
  cases	
  
is	
  more	
  stable	
  

•  Parcels	
  less	
  buoyant	
  

+	
  means	
  parcel	
  accelerates	
  upward	
  



So,	
  wait….	
  The	
  atmosphere	
  is	
  more	
  stable…so	
  where	
  
does	
  the	
  intense	
  convec-on	
  come	
  from	
  that	
  

characterizes	
  TC	
  forma-on?	
  

1.  Some	
  other	
  process	
  
rapidly	
  destabilizes	
  
the	
  atmosphere.	
  

	
  
2.  The	
  really	
  intense	
  

convec-on	
  is	
  
coincident	
  but	
  not	
  
causal.	
  

MODIS	
  image,	
  Courtesy	
  Naval	
  Research	
  Laboratory	
  

16	
  UTC	
  14	
  September	
  



Surface	
  fluxes	
  and	
  Boundary-­‐layer	
  Recovery	
  

Answer:	
  Surface	
  
fluxes	
  

Dev	
   Non-­‐Dev	
  

Recovery	
  -me	
  
scale:	
  T=H/CEV,	
  
12-­‐24	
  h	
  

Wind	
  speeds	
  NOT	
  significantly	
  different	
  



Scenario	
  echoes	
  Bister	
  
and	
  Emanuel’s	
  Schema-c	
  

However:	
  
	
  
1.  Unlikely	
  that	
  mesoscale	
  

cyclone	
  descends	
  through	
  
the	
  process	
  shown	
  above	
  

2.  Importance	
  of	
  storm-­‐induced	
  
fluxes	
  suggested	
  but	
  not	
  
clear	
  

Red:	
  Non-­‐developing	
  
Black:	
  Developing	
  

Average	
  of	
  wind	
  speed	
  Smes	
  air-­‐sea	
  temp.	
  diff.	
  



Intermi`ency	
  of	
  Deep	
  Convec-on	
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AdvecSve	
  Sme	
  scale	
  comparable	
  
to	
  recovery	
  Sme	
  scale.	
  

What	
  is	
  Special	
  About	
  “200	
  km”?	
  

700	
  mb	
  
tangen3al	
  wind	
  



Gaston:	
  
Weakened	
  
with	
  -me	
  

Ma`hew:	
  
Developed	
  on	
  
Sept	
  23rd	
  

700	
  mb	
  
tangen3al	
  wind	
  



Summary	
  
•  Findings	
  are	
  consistent	
  with	
  several	
  previous	
  studies	
  

–  Emanuel	
  (TEXMEX)	
  and	
  Raymond	
  (TEXMEX	
  and	
  TPARC)	
  
–  Dunkerton,	
  Montgomery,	
  Wang,	
  Tory	
  (reanalysis	
  data,	
  TPARC)	
  
–  Both	
  are	
  relevant	
  but	
  not	
  complete	
  

•  What	
  is	
  new	
  here?	
  
–  Direct	
  observa-ons	
  that	
  reconcile	
  differences	
  in	
  previous	
  studies	
  
–  Scale	
  for	
  the	
  region	
  of	
  thermodynamic	
  transforma-on:	
  -me	
  scales	
  for	
  

recircula-on	
  and	
  recovery	
  
–  Forma-on	
  of	
  a	
  Lagrangian	
  boundary?	
  Radial	
  gradient	
  of	
  poten-al	
  

vor-city	
  for	
  r	
  >	
  200	
  km	
  



Summary	
  
•  Tropical	
  waves	
  and	
  hurricane	
  forma-on	
  

•  What	
  I	
  have	
  leh	
  out	
  
–  Ver-cal	
  shear	
  and	
  vortex	
  alignment	
  (subject	
  of	
  another	
  talk)	
  
–  Observa-ons	
  that	
  can	
  resolve	
  the	
  evolu-on	
  of	
  convec-ve	
  features	
  

(the	
  next	
  fron-er)	
  

“…the	
  relevant	
  wave	
  structure	
  is	
  
the	
  baroclinic,	
  first	
  internal	
  
ver-cal	
  mode,	
  allowing	
  the	
  waves	
  
to	
  both	
  modulate	
  ver-cal	
  shear	
  
and	
  to	
  produce	
  opposing	
  vor-city	
  
anomalies	
  between	
  the	
  lower	
  and	
  
upper	
  troposphere…”	
  
Frank	
  and	
  Roundy,	
  2006:	
  MWR	
  

Then	
  what	
  happens???	
  
Many	
  wave	
  periods,	
  not	
  
many	
  cyclones	
  



Backup	
  Slides	
  



Smith	
  and	
  
Montgomery	
  
(2011):	
  
Profiles	
  warm	
  
throughout	
  

Davis	
  and	
  
Ahijevych	
  
(2013):	
  The	
  big	
  
signal	
  is	
  within	
  
200	
  km	
  of	
  the	
  
center	
  (also	
  Z.	
  
Wang,	
  2012)	
  



Compe-ng	
  Time	
  Scales	
  
•  Anvils	
  moisten	
  lower-­‐to-­‐middle	
  troposphere	
  

(convec-ve	
  -me	
  scale)	
  
•  Moisture	
  is	
  circulated	
  (advec-ve	
  -me	
  scale)	
  
•  Pulses	
  of	
  convec-on	
  on	
  quasi-­‐diurnal	
  -me	
  

scale	
  (recovery	
  -me	
  scale)	
  

Gamache	
  and	
  Houze	
  (1982):	
  Mon.	
  Wea.	
  Rev.	
  



Schumacher	
  et	
  al.	
  (2007):	
  JAS	
  

Large	
  areas	
  

Evapora-on	
  or	
  
Mel-ng	
  

Condensa-on	
  or	
  
Freezing	
  



Effects	
  of	
  Ver-cal	
  Wind	
  Shear	
  
•  Introduces	
  convec-on	
  asymmetry	
  
•  Misalignment	
  of	
  vortex	
  also	
  induces	
  shear	
  

Total	
  Shear	
  (obs)	
  

Background	
  Shear:	
  ECMWF	
  
Background	
  Shear:	
  GFS	
  


