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Background & Objectives

ER-2 Radars

Summary & Future Work

• NASA’s Global Precipitation Mission (GPM) and Aerosol Chemistry Ecosys-
tem (ACE) Mission Formulation  have conducted  the Integrated Precipita-
tion and Hydrology Experiment (IPHEx) during May-June, 2014 with the 
center of operations in Asheville, NC. 

• NASA ER-2 remote sensing aircraft was instrumented with 3 radars @ 4 
frequencies from X- to W-band. Also, the UND Citation, NASA Polarimet-
ric radar (NPOL), and ground-radars participated.

• Here we highlight the structure of severe hail storms from the IPHEx on 
23-24 May 2014 with emphasis on the vertical structure and wind re-
trievals from the ER-2 radar measurements.

• ER-2 Remote sensing package:

• Preliminary study hints at mechanisms that produced copious hail 
exceeding 5 cm in North and South Carolina. 

• WSR88D polarimetric data analysis is in progress for these storms.
• Multifrequency radar retrievals in progress.

 • Examination of Ku/Ka-band polarimetric (LDR) observations in 
progress.

 2D Winds   23 May 2014  23:16-23:21 UTC

Radar: 9.6, 13.5, 35., 94 GHz
Radiometer: 10.7 (H&V), 19.35 (H&V), 37.1 (H&V), 
50.3, 52.6, 85.5(H&V), 89 (H&V), 165.5 (H&V), 
183.3+/1, 183.3+/-3, 183.3+/-7 GHz

4 Frequencies at Nadir 

Support for this work comes from the NASA PMM Program, the NASA 
Global Precipitation Mission (GPM), and the NASA ACE decadal mission. 
We would like to thank Liang Liou of Morgan State U. for providing the 
attenuation correction routine used for X-band in the above plots.

Hail Storms on 23-24 May 2014

•  3 downlooking radars were �own: High-altitude Imaging Wind and 
Rain Airborne Pro�ler (HIWRAP; Ku and Ka-band; nadir pointing), 
Cloud Radar System (CRS; W-band; nadir pointing), and ER-2 X-band 
Radar (EXRAD; X-band; nadir-pointing and conical scanning).

•  EXRAD’s conical scanning beam is approximately 280 o�-nadir. The 
2-D (curtain below plane) and 3-D winds can be calculated from 
EXRAD data.

First Echoes Captured by Airborne Data

   Left Panels: Re�ectivity at W-band  (top) through X-band (bottom).  
    Right Panels: Doppler corrected for aircraft motions. Positive is down.

•  First echoes develop 
at about 7 km alti-
tude --> typical for 
very strong updrafts.

•  Vertical velocities in 
these �rst echoes are 
at least 20 m/s.
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      Cell 1

     Left: 2D wind retrieval from Cell 1.  Erroniously 
large wind vectors are due to aircraft devia-
tions from straight and level �ight track. 
Right: Winds from full conical scan used to 
construct �gure on left.

      23 May 2014 ~23:16.  4 fre-
quencies of re�ectivity (left) 
and vertical velocity (right).

3DVAR Wind Retrieval

   Radar Sensitivities at 10 km range
•  HIWRAP Ka-band: -12 dBZ 
•  HIWRAP Ku-band: -10 dBZ 
•  CRS W-band: -28 dBZ
•  EXRAD X-band: -8 dBZ

>23 May 2014 
storms photo-
graphed from 
65kft by ER-2 
pilot.

This flow configuration is conducive for hail development via re-
cycling since ascending hail will fall back into the inflow/updraft.

• Overshooting tower at 22:18 extends to 14.5 km altitude.
• First echo for new cell development at 6-8 km altitude ~22:17.
• Updrafts at ~23:18 and ~23:23 are ~10 km wide.
• Multiple scattering at the higher freqs (Battaglia et al. 2016)

• Charleston, SC 24 May 2014 @ 0 UTC sounding showed most instability
• High CAPE ~2700 J/kg
• Winds are toward southeast at all levels, not much directional shear.
• Storm motion is ~16.7 ms-1 toward 1250.
• A few large cells dominated, but generally multicellular behavior.

   Method for Winds in “Curtain” Below Aircraft (Heyms�eld et al., 1996)

• EXRAD has conical scanning and nadir beams.  The forward and rear-
ward looks from the scanning beam are used to obtain the horizontal 
winds in the cross section below the plane.

• The nadir beam with its higher resolution is used to obtain the vertical 
velocity. 

• Nadir beam re�ectivity is corrected for attenuation using the alpha ad-
justment method (Iguchi and Meneghini, 1994).

• Fallspeeds are estimated similar to Heyms�eld et al. (2010) with the 
addition of hail fallspeed estimates.  Hail fallspeeds exceed 25 m/s).
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   Method (Guimond et al., 2014))
• Retrievals of the three-dimensional 

wind vector over the entire radar 
sampling volume are performed 
with the three-dimensional varia-
tional (3DVAR) algorithm described 
in . 

• The 3DVAR method combines an ob-
servational error term as well as 
constraints that include the anelas-
tic mass continuity equation, a La-
placian �lter and the impermeability 
condition at the surface.  

•  The horizontal and vertical winds 
are calculated.  The fallspeeds for 
hail will be accounted for in the 
future but not in the �gures to the 
right. 

•  Storm relative �ow is shown.  In�ow 
to Cell 1 is from the southeast. Out-
�ow above 10 km altitude is also 
toward the southeast.
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