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Research GoalResearch Goal

““ To develop methodologies for To develop methodologies for 
simulating spacesimulating space--based radar based radar 
observations of precipitation using observations of precipitation using 
current spacecurrent space--based precipitation based precipitation 
radar observations and earthradar observations and earth--based based 
radar measurementsradar measurements””
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Background on spaceBackground on space--based radar based radar 
observations of precipitationobservations of precipitation

1997 Current

Tropical Rainfall Measurement 
Mission (TRMM)  satellite

• Precipitation radar (PR)

• TRMM Microwave Imager (TMI)

• Visible and Infrared Scanner (VIRS)

• Clouds and the Earth’s Radiant Energy System 
(CERES) 

• Lightning Imaging Sensor (LIS) 

Future

Global Precipitation 
Measurement (GPM) satellite

• Dual-frequency precipitation 
radar (DPR)

• GPM Microwave Imager (GMI)

• Additional 8 constellation satellites 
carrying passive microwave rain radiometer 

Instruments on board TRMM

Joint mission between  NASA (US)  
and JAXA (Japan)

Joint mission between  NASA (US) 
and JAXA (Japan)

Instruments on board GPM
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Coverage area : 37o S - 37o N PR
- 13.8 GHz Ku-band radar (2.17 cm. wavelength)            
- Horizontal res. at nadir : 4.3 km. ( 5 km. postboost)   
- Range res. : 250 m.
- Swath width : 215 km. ( 245 km postboost)
- Altitude : 350 km. ( 402.5 km postboost)

Background : TRMMBackground : TRMM-- PR  PR  ((Currently operating)Currently operating)

215 km



PR-U Swath 
Width= 245 
km

DPR
Dual-frequency
Precipitation Radar
Ku and Ka Bands

Flight Direction
Surface Track

Speed = 7.2 km/s

5 km

Altitude = 400 km

PR-A Swath 
Width = 100 
km
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Global Precipitation Measurement (GPM) Satellite
• Coverage area 65oS – 65o N

Dual-frequency Precipitation Radar (DPR)
- Ku-band (13.6 GHz) similar to TRMM-PR
- Ka-band (35.6 GHz) –0.87 cm. wavelength

Key benefits of GPM-DPR

• Improve accuracy of rainfall 
rate estimate via accurate estimate 
of DSD parameters.

• Be able to discriminate between 
rain and frozen precipitation 

Background : GPMBackground : GPM--DPRDPR
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MotivationMotivation
Plan of deploying DPR on GPM

Knowledge base:  Developing 
methodologies

for representative simulation 

Theoretical framework
System Design and

Retrieval Algorithms

• Simulation model

TRMM-PR 
observations 

• Radar parameter’s parameterization

• Airborne precipitation radar (APR-2)
designed to emulate DPR

• global precipitation
measurement

• Vertical Profile of
Reflectivity (VPR)

• Phase-height transition information

Airborne experiment

Dual-Polarization
ground-based radar
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Theoretical FrameworkTheoretical Framework::
Electromagnetic & MicrophysicsElectromagnetic & Microphysics

• Radar cross-section of precipitation particles

constant dielectriccomplex  is                

particlesion pricipitat offactor  dielectric is
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• Specific attenuation (k) of wave propagating 
through precipitation defined as
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• Extinction cross-section of precipitation particles 

Theoretical FrameworkTheoretical Framework: : 
Electromagnetic & MicrophysicsElectromagnetic & Microphysics
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• Measured reflectivity (Zm) is defined as



The particle size distribution (PSD)  is
based on the normalized gamma model:
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Theoretical FrameworkTheoretical Framework::
Electromagnetic & MicrophysicsElectromagnetic & Microphysics
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Ze and k of various type of precipitation particles are 
computed based on 1000 pairs of  PSD parameters (Do and Nw)

At 3 radar frequencies :  1)   2.7 GHz (S-band) 
2) 13.6 GHz (Ku-band) 
3) 35.6 GHz (Ka-band)

Note : log = log10

Reflectivity (Reflectivity (ZeZe) and specific attenuation () and specific attenuation (k)k)
computationcomputation

Precipitation Particle Do (mm) Nw (mm-1m-3) μ

Rain 0.5≤ Do ≤ 2.5 3.0 ≤logNw ≤5.0 -1 ≤ μ ≤4.0
Melted particles 1.0≤ Do ≤ 3.0 2.0 ≤logNw ≤4.0 0

Aggregation of ice 
crystal (snow/graupel)

0.5≤ Do ≤ 2.0 2.0 ≤logNw ≤4.0 0

Precipitation Particle Density (g/cm-3) Water Fraction (WF)

Rain 1.0 1.0

Melted particles Vary with WF 0.01 – 0.85

Aggregation of ice 
crystal (snow/graupel)

0.1 – 0.4 0.0
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kk--ZeZe Relation and variability of Relation and variability of ZeZe
with frequencywith frequency

Dry Snow Dry Graupel
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kk--ZeZe Relation and variability of Relation and variability of ZeZe
with frequencywith frequency

Partially-melted paritcles Rain
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Coefficients

kk--ZeZe Relation and variability of Relation and variability of ZeZe
with frequencywith frequency

Ze(Ka) = a + b*Ze(S)

k(Ka) = α*Ze(Ka)β

Ze(Ku) = a + b*Ze(S)

k(Ku) = α*Ze(Ku)β
Ze(Ka) = a + b*Ze(Ku)
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ObservationObservation CharacteristicsCharacteristics
of TRMMof TRMM--PRPR

Horizontal cross-section
Of reflectivity 

Vertical cross-section
Of reflectivity 

Vertical profile 
of reflectivity 
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TRMMTRMM--PR attenuationPR attenuation--correction algorithmcorrection algorithm
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ε is correction factor, defined in a form as

ε is used to adjust α coefficient of k = αZeβ. Then
It is also called “α adjustment” method.

HB solution is unstable when PIA is large

Surface reference (SR) technique is used as
a constraint, defined as
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Characterization of vertical profileCharacterization of vertical profile
of reflectivity (VPR)of reflectivity (VPR): : SelfSelf--organizing maporganizing map

Convective rain  profiles

Land

Ocean
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Characterization of vertical profileCharacterization of vertical profile
of reflectivity (VPR)of reflectivity (VPR): : SelfSelf--organizing maporganizing map

Convective  profiles 
Land  vs. Ocean
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Characterization of vertical profileCharacterization of vertical profile
of reflectivity (VPR)of reflectivity (VPR): : SelfSelf--organizing maporganizing map

Stratiform rain with bright band

Ocean Land
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Characterization of vertical profileCharacterization of vertical profile
of reflectivity (VPR)of reflectivity (VPR): : SelfSelf--organizing maporganizing map

Stratiform rain with bright band
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ε is correction factor

(Chandrasekar et al., 2005)
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Distribution of Distribution of DDoo and and NNww
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Distribution of Distribution of DDoo and and NNww
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Global Map of Global Map of DDoo andand NNww

Nw Map  

mm.

Do Map  
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GPMGPM--DPR Observations DPR Observations 
CharacteristicsCharacteristics

PR-U Swath 
Width= 245 
km

DPR
Dual-frequency
Precipitation Radar
Ku and Ka Bands

Flight Direction
Surface Track

Speed = 7.2 km/s

5 km

Altitude = 400 km

PR-A Swath 
Width = 100 
km
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DualDual--frequency retrieval techniquesfrequency retrieval techniques

1.  Attenuation-corrected-reflectivity-based: 

Two PSD parameters (Nw, Do) are inferred by
non-Rayleigh scattering

Integral or differential equations.

- Solve forward  or backward
Backward : Stable but require SRT.

Forward :  SRT is not required  but not stable
when attenuation is large

2. Attenuation-based : Differential Attenuation Difference (DAD)
- Attenuation convert to rain rate directly using k-R relation
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Microphysical Model development for simulationsMicrophysical Model development for simulations

Airborne Precipitation 
Radar (APR-2) 
•2 Channels: 13.6 GHz

35.6 GHz
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Convective Rain

Stratiform Rain
With bright band

Example profiles from the airborne experiment

Microphysical Model development for simulationsMicrophysical Model development for simulations



Stratiform rain model Convective rain model

Dry snow

Melting layer:  Wet snow

Rain

Surface

H
ei

gh
t

Melting layer:  Wet graupel

Rain

Dry graupel

Surface

Microphysical Model development for simulationsMicrophysical Model development for simulations
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Stratiform rain with bright band

Microphysical model development for simulationsMicrophysical model development for simulations

Dry snow

Wet snow
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DFR = f(Do)

DFR = f(Do)
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Microphysical Model development for simulationsMicrophysical Model development for simulations

Rain Do Nw

DFR = f(Do)



36

Microphysical Model development for simulationsMicrophysical Model development for simulations

Convective rain

Wet graupel

Dry graupel

DFR = f(Do)

DFR = f(Do)

Do Nw
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Microphysical Model development for simulations

Rain

DFR = f(Do)

Do Nw
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Microphysical Model development for simulationsMicrophysical Model development for simulations

Ze(Ku) = a + b*Ze(S)
k(Ku) = α*Ze(Ku)β
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Simulation of KaSimulation of Ka--band radar observations band radar observations 
using Kuusing Ku--band radar  observations (PR)band radar  observations (PR)
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Simulation of KaSimulation of Ka--band radar observations band radar observations 
using Kuusing Ku--band radar  observations (PR)band radar  observations (PR)
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Simulation of KaSimulation of Ka--band radar observations band radar observations 
using Kuusing Ku--band radar  observations (PR)band radar  observations (PR)

Stratiform with BB

Stratiform with no BBConvective 

All rain types
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Simulation of KaSimulation of Ka--band radar observations band radar observations 
using Kuusing Ku--band radar  observations (PR)band radar  observations (PR)

Ze(Ku) Ze(Ka)

2 km

4 km

6 km
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Simulation of KaSimulation of Ka--band radar observations band radar observations 
using Kuusing Ku--band radar  observations (PR)band radar  observations (PR)

2 km

4 km

6 km

Ze(Ka) Zm(Ka)
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Simulation of KaSimulation of Ka--band radar observations band radar observations 
using Kuusing Ku--band radar  observations (PR)band radar  observations (PR)

PIA(Ku) PIA(Ka)
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Simulation of KaSimulation of Ka--band radar observations band radar observations 
using Kuusing Ku--band radar  observations (PR)band radar  observations (PR)

Ze(Ku) Ze(Ka)

Zm(Ku) Zm(Ka)
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Simulation of KaSimulation of Ka--band radar observations band radar observations 
using Kuusing Ku--band radar  observations (PR)band radar  observations (PR)
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Simulation of KaSimulation of Ka--band radar observations band radar observations 
using Kuusing Ku--band radar  observations (PR)band radar  observations (PR)

Ze(Ku) Ze(Ka)

Zm(Ku) Zm(Ka)
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Simulation of KaSimulation of Ka--band radar observations band radar observations 
using Kuusing Ku--band radar  observations (PR)band radar  observations (PR)
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Simulation of KuSimulation of Ku-- and Kaand Ka--band radar observations band radar observations 
using dualusing dual--polarization radar  measurementspolarization radar  measurements

Five dual-polarization parameters: 

Horizontal 
Cross-section

Zh

Zdr

Kdp

ρhv

Ldr

Vertical  
Cross-section
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Simulation of KuSimulation of Ku-- and Kaand Ka--band radar observations band radar observations 
using dualusing dual--polarization radar  measurementspolarization radar  measurements

Rain*hail 
Hail

Dry graupel

Wet Snow

NONE
Rain

Dry snow

Wet graupel



52

Simulation of KuSimulation of Ku-- and Kaand Ka--band radar observations band radar observations 
using dualusing dual--polarization radar  measurementspolarization radar  measurements
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Simulation of KaSimulation of Ka--band radar observations band radar observations 
of tropical storm using TRMMof tropical storm using TRMM--PR observationPR observation
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Simulation of KaSimulation of Ka--band radar observations band radar observations 
of tropical storm using TRMMof tropical storm using TRMM--PR observationsPR observations
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DSD parameters estimation DSD parameters estimation 
of tropical storm using TRMMof tropical storm using TRMM--PR observationsPR observations
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SummarySummary

Observations of precipitation from space are discussed. 

Theoretical computations of radar reflectivity and specific
attenuation of precipitation particles at 3 different radar
frequencies are described, and the model relations of the two are  
constructed.

Characteristics precipitation observations from a spaceborne PR    
are illustrated, and characterization of the vertical profile of  
reflectivity are performed.

Drop size distribution (DSD) parameters using the PR  
observations are estimated and statistics  and global map are 
shown.
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Characteristics of observations of precipitation by spaceborne
dual-frequency radar (DPR) and dual-frequency retrieval  
techniques are discussed.    

Development of microphysical models for simulation of   
precipitation observations based on airborne radar observations  
are described.

Methodologies of simulation of precipitation observations are
described and results of the simulation using TRMM-PR  
observations and dual-polarization ground-based radar   
measurements are shown. 

Simulation of tropical storms observation and DSD parameters 
estimations are shown. 

SummarySummary
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Conclusions
Theoretical relations between Ze and k and variability of Ze with  
frequency can be used to simulate radar observations of   
precipitation from one frequency to another.    

Simulation of Ka-band observations based on TRMM-PR  
observations suggests that TRMM-like retrieval algorithm can be 
used in Ka-band channel because of stronger PIA(Ka). However,  a loss of   

signal may occur, when strong attenuation is present, thus preventing the use  
of dual-frequency algorithm.

Phase-height transition information obtained via dual-polarization 
measurements  can be used to improve the simulation scheme. 

The simulation of a High Plain precipitation regime (CSU-CHILL) suggests 
that dual-frequency can be always applicable for this precipitation regime. 

Simulation of Ka-band observations of tropical storms suggest 
that for most part of storm cell, dual-frequency algorithms are 
applicable.
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Suggestion for future workSuggestion for future work
More airborne data from a variety of precipitation regimes (maritime and 
continental) should be included to further generalize the microphysical model.

A quantitative simulation of DPR observations using long-term observations 
of the TRMM-PR on a global scale should be performed so that statistical  
characterizations of  a global diversity of DPR observations can be 
constructed.

A quantitative testing of dual-frequency algorithms on the simulated 
observations of the DPR should be done so that their robustness and    
uncertainty can be statistically characterized. 

More simulation of DPR observations using ground-based radar dual-
polarization measurement should performed. A more sophisticated  
microphysical models could be further implemented such as snow on the     
ground and hail, based on dual-polarization radar measurements. 



61

Acknowledgements
Dr. V. Chandrasekar (My advisor)

Committee members: Dr. Anura. P. Jayasumana, Dr. Branislav
Notaros, and Dr. Paul W. Mielke

Dr. V. N. Bringi, Dr. M. Thurai

Members of the Radar and Communication lab.



62

Thank you

Questions ?
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Back up slides
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SpaceSpace--based radar observations based radar observations 
of precipitation: What are their general of precipitation: What are their general 

characteristics ?characteristics ?

TRMMTRMM--PRPR

GPMGPM--DPRDPR


