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Introduction 

•  First airborne dual-Doppler observation in 
Hurricane Debby (1982) – Marks and 
Houze (1984)�

•  Ground-based Doppler observation in 
remain of Hurricane Alicia (1983) – 
Bluestein and Hazen (1989)�

•  First ground-based Doppler observation in 
Typhoon Vernon (1987) by the CAA radar�



First Concept of Airborne Doppler Radar 

Lhermite (1971) – Journal of Applied Meteorology	





Basic Dual-Doppler Analysis 

Jorgensen, Hildebrand, Frush (1983) – Journal of Applied Meteorology	





Multi-Doppler Synthesis 

Vr = u sin(a)cos(e) + vcos(a)cos(e) + (w + wt )sin(e)
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Doppler Synthesis Approaches 
•  Forward Local (Sprint/Reorder & Cedric) 

– Empirical Interpolation of Vr (Distance weighted 
averaging), then local synthesis 

•  Forward Global (Gamache, Raymond & 
Carrillo*) 
– Empirical Interpolation, then global synthesis 

•  Reverse Global (Gao et al. 1999/2004, Bell) 
–  Interpolation from grid to radar space during cost 

function minimization 



3-D Variational Formulation (Gamache 1997, Reasor et al 
2009): Solve two or more radial velocity equations and mass 
continuity equation simultaneously. 
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Advantages / Disadvantages 

Error 
Propagation 

Memory/
CPU 

Diagnostics Multiple 
Data 
Sources 

Anisotropic 
Filtering 

Extra 
Balance 
Constraints 

Forward 
Local 

Vertical Low/Fast Established Difficult Possible Difficult 

Forward 
Global 

Horizontal 
& Vertical 

High/
Slow 

Complex Possible Difficult Possible 

Reverse 
Global 
(Bell) 

BG Error 
Covariance 

Low/Slow Moderate Yes Yes Possible 

Multiple analysis techniques are a good thing!	





Navigation Correction 
•  Drift �
•  Pitch�
•  Roll�
•  Aircraft H. Speed�
•  Aircraft V. Speed�
•  Aircraft Altitude�
•  Tilt (Fore)�
•  Tilt (Aft)�

Testud et al. (1995)�
Georgis et al. (2000)�
Bosart et al. (2002) �



Data QC (A Nightmare) 

Original Reflectivity Data	



Automated Edit	



Hand Edited	


ELDORA Data: ~3 second/rotation (2 sweeps) 

   40 sweeps/min 
For a 10 min leg:  400 sweeps 
For a 2-hour case:  4800 sweeps 
Average 30 min/sweep for interactive editing 
2400 hours = 300 days saved with Auto Edit 

Enable not only real-time dual-Doppler wind 
display but also “data assimilation” 





Rainband Structures 



Miniature Supercells  
in TC Rainbands  

Eastin and Link (2009)	



Ivan (2004)	



Lee et al. (2008)	
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Investigate Tropical Cyclone Genesis Using ELDORA Data 
Robert Houze, Wen-Chau Lee, Michael Bell (2009) 

Where is potential 
vorticity generated 
during TC genesis? 	



Supports the bottom 
up theory, one of the 
two competing TC 
genesis theories.	



Unprecedented 300 m 
resolution of a 
convective burst 
episode during 
RAINEX (2005)	





Velocity Track Display (VTD) 



The Grand Parents of VTD – Carbone and Marks (1989) 



The VTD Family of Techniques 

VTD – Lee et al. (1994)	


EVTD – Roux and Marks (1996)	


GBVTD – Lee et al. (1999)	


GB-EVTD – Roux et al. (2004)	


EGBVTD – Liou et al. (2006)	


GVTD – Jou et al. (2008)	


GrVTD – Wang et al. (near submission)	





VTD  Formulation 

For L=3, M=N=2:	



Axisymmetric	


Tangential Wind	



Axisymmetric 	


Radial Wind	





VTD-derived Axisymmetric Quantities: 

Vertical Velocity	



Angular Momentum	



Pressure Gradient	





Hurricane Charley Axisymmetric Structure 
13/08 – 14/02 UTC 

Tim
e 

Reflectivit
y	



Tangential 
Wind	



Pressure 
Deficit	



Vorticit
y	



-80 
hPa	





Cat. Maximum  
Sustained 
Wind 
Speed m/s 

Minimum 
Surface 
Pressure 
mb 

1 33-42 >980 

2 43-49 979-965 

3 50-58 964-945 

4 59-69 944-920 

5 >70 <920 



Vorticity Regime Transition 

Kosin and Eastin 
(2002)	



Dianna 
(1984)	



Ring	



Monop
ole	



Simulati
on	



Insitu 
Aircra
ft 	


Obs.	



GBVTD Retrieved (Lee and 
Bell 2007)	









Hurricane Humberto (2007) 

•  Rapidly Intensified from TD to Hurricane in 16 hours before 
landfall, accompanied by a contraction of the eyewall 

•  VORTRAC captured this rapid intensification, agreeing well 
with USAF recon dropsonde measurements 



VORTRAC Outside of US 

•  Central Weather Bureau – Taiwan 
•  Typhoon Monitoring and Warning System (30 June 2010) 

– China 
–  Retrieved 3D winds 
–  Environment wind 
–  Typhoon center 
–  1 hr and 3 hrs QPE/QPF 
–  Wind radii diagnosis 
–  Applied in Typhoon 1003, 1010, and 1013 
–  34 kts and 50 kts wind radii 



 Airborne Phased Array Radar 
•  Aging ELDORA, community needs for higher 

spatial resolution and dual-Pol capability, 
emerging phased array radar technology 

•  Community survey in 2006 
•  Four C-band active element scanning array 

(AESA) conformal antennas 
–  Dual Doppler (V, σv) 
–  2 x better along track resolution (~200 m) than the 

current ELDORA system  
–  Dual polarization H,V linear 

•   ZH, ZDR, KDP, RHOHV 

Antenna Size: 

~2.0 m X 1.5 m 

>2000 elements 

NSF C-130	



•  American Recovery and Reinvestment Act (ARRA) 
funding to assess risks for AESA development 
(collaborated with MIT Lincoln Lab) 
•  Phased approach: 2-D array -> sub-array -> single 
array -> 3 additional array faces  
•  Potential future collaborators: MIT/LL, CSU, Ball 
Aerospace, NPS/CIRPAS, UMASS, OU 



The Future 

•  Leave it to Frank! 
•  Happy 60th Birthday, Frank. 

NCAR is supported by the National Science Foundation. 


