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A Century of Research
on Hurricane
Formation
Mechanisms

“..it would seem that the cause of the
origin of the tropical cyclone may be
found in the countercurrent theory as
to initiation of the cyclonic center,
while the convective theory accounts
for its maintenance after having
started.”

E. H. Bowie, 1922: Formation and
movement of West Indian Hurricanes.
Mon. Wea. Rev., 50, 173-179.

1950s: Upper-tropospheric triggers of
tropical cyclones (Ramage, Riehl, Coldn)

1960s: Linear instabilities (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 formation (Carlson,
Houze, Zipser, Frank(s) for Atlantic TCs)

1980s: Finite-amplitude nature of cyclone
formation: not a linear instability (Shapiro:
wave dynamics; Emanuel: air-sea interaction,
McBride, Schubert and Hack)

1990s and 2000s: MJO and tropical waves;
wave accumulation; large-scale control
versus upscale growth; top-down versus
bottom up



A Century of Research on Hurricane Formation
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F1c. 3. The growth rate of small-amplitude disturbances as a
function of the horizontal scale I (size of ascending region).
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Top-down vs. Bottom-up?
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Tropical Waves as a Dynamical Guide
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The Zoo of Recirculation
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Latitude

5ll;mldl Forecast Time: 2010000012

08 UTC 9-16 Sept. 2010

Morphed composite: 2010-09-03 08:00:00 UTC
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Latitude
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Latitude
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Latitude

5ll;mldl Forecast Time: 2010001212

Morphed composite: 2010-09-12 08:00:00 UTC
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Latitude

Pouch Forecast Time: 2010081312 Morphed composite: 2010-09-13 08:00:00 UTC
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Latitude

5l5mld| Forecast Time: 2010001412
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Latitude

5l5mld| Forecast Time: 2010001612

Morphed composite: 2010-09-15 09:00:00 UTC
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Numerical Model Depiction of Recirculation Regions

PGl44L: 2010091112 (48h GFS valid at 12Z13SEP2010)

Level Tracked: 825 hPa
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1. Features usually well captured in short-

range forecasts
2. Co-moving frame is crucial

3. Vorticity without deformation is more

discriminating

OW=(vx — uy)2 = (ux— Uy)2 = (ox+ uy)2:



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)
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Questions

Is convection fundamentally different within recirculation
regions than elsewhere in the tropics?

How are these thermodynamic signatures related to
dynamics?

Do these signatures distinguish developing and non-
developing cases?

Can the observations point to the most appropriate
theoretical model of hurricane formation?



Stratification of Dropsondes

1. Average IR temperature within 10-km of drop
 “Cold” cloud tops (< -20C)

“Warm” cloud tops (> -20C)
2. Stage of development
e ND - non-developing
e L2 -developing, < 2 days prior to genesis
3. Radius from “pouch” center (bunkerton et al. 2009, Acp)

e <200 km (also examined 300 km)
e >200 km
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Frequency

Histograms of cloud-top temperature

Averaged within 10-km of dropsondes
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Perturbations (anomalies)

. For temperature, remove large-scale environment
* Changing conditions over longitude/season
 Reducing variance within composites

. Reference state defined by NCEP analysis
* Nearest 6-h analysis

e 1000-km radius from center

e Mandatory pressure levels

. No reference state for relative humidity, or air-sea
temperature difference



Profiles in Developing and Non-developing Systems
(comparison of inner (< 200 km) and outer (> 200 km) radii)
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Profiles in Developing and Non-developing Systems
(comparison of inner (< 200 km) and outer (> 200 km) radii)
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Marked Dependence of Rain Rate on Humidity gg>10.24
. Holloway and Neelin 2009, JAS 10.24

| I5.12
4 B82.56
| B91.28
0.64
0.32
0.16
0.08
0.04
1 pm0.02
| BR0.01

1 I0.005

Pressure (hPa)

Pressure (hPa)
o w »
o o Q

0.0025

100G, / 0 40 60 80 100 0%
Rel. Hum. (%)

Moist Tropical Sounding Composite
Dunion, 2011: J. Climate




Where does the Moisture Come From?

From the NSF/NCAR GV

Folkins and Martin, 2005: JAS
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So, wait.... The atmosphere is more stable...so where
does the intense convection come from that

characterizes TC formation?
‘v. ol o ol

4% 3
~" 16 UTC 14 September

1. Some other process
rapidly destabilizes
the atmosphere.

2. The really intense
convection is
coincident but not
causal.
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Surface fluxes and Boundary-layer Recovery

200

8 2 : T T T T T T T TT (b)I
< Dev Non-Dev 300 S \
S | | L2—— D R |
(.D L g 400 - ci;z)rz)irm zggéirm 4
c z 500 TN T
= £ 600 B |
o 700
800t A5 1
S 900 T
GJ -2 ‘]OOO 1 1 |
I: -2°C +0°C +2°C +4°C +6°C
< Answer: Surface Ty (parcel) - Ty (env) (°C)
e fluxes | :
2 -4 L_ o 1 | | L 11 I I I T Y Y Recovery tlme
0 100 200 300 400 500 scale: T=H /CEV,
Distance from Center (km) 12-24 h

Wind speeds NOT significantly different



Scenario echoes Bister
and Emanuel’s Schematic

However:

1. Unlikely that mesoscale
cyclone descends through
the process shown above

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

‘Mesocyclone extends
down to boundary layer

Cold, humidified air fills
lower troposphere

Low-level 6, begins
to recover
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Intermittency of Deep Convection

(a) Gaston (c) Matthew
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FIG. 3. Time-radius diagrams of cloud-top temperature derived from Geostationary Operational Environmental Satellite (GOES) IR
data, where the 75th percentile temperature within each radial ring of 20-km width is plotted. Arrows indicate when dropsonde missions
occurred (black for GV, red for NOAA or NASA). Dashed lines denote time of tropical storm formation for Karl and Matthew.
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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 observations that reconcile differences in previous studies
— Scale for the region of thermodynamic transformation: time scales for
recirculation and recovery
— Formation of a Lagrangian boundary? Radial gradient of potential
vorticity for r > 200 km



Summary

* Tropical waves and hurricane formation

¢. W Pacific Annual Cycles of Genesis and Wave Activity “...the relevant wave structure is
:ZZ ' . the baroclinic, first internal

a0 vertical mode, allowing the waves
5250 3 to both modulate vertical shear

3 o0 ) £ and to produce opposing vorticity
§ 1501 i ? anomalies between the lower and
B 100 BNl 21 & upper troposphere...”

" 50 £ Frank and Roundy, 2006: MWR

EJ)an Feb  Mar Apr May JL‘m Jul Aug S!ap Oct Nov Dec 0@

FIG. 4. Mean annual cycles of storm genesis (storms per month) and of OLR variance in the indicated filter bands for each of the Then What happens ???

six cyclone basins. The line colors are as follows: cycle of cyclogenesis (black); MJO (heavy blue); ER (thin blue); MRG-TD type (red);

and Kelvin (green). Variance values are the squared filtered OLR anomalies averaged over the day of the year and smoothed for Many WGVE periOdS, nOt
plotting with a 5-day running mean.
many cyclones
 What | have left out

— Vertical shear and vortex alignment (subject of another talk)

— Observations that can resolve the evolution of convective features
(the next frontier)
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Competing Time Scales

Anvils moisten lower-to-middle troposphere
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Effects of Vertical Wind Shear

* Introduces convection asymmetry

* Misalignment of vortex also induces shear
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