
Active Sensing •  Range resolved (pulsed) systems 
 
•  Frequency modulated systems  
 
•  Radar 
       - radar equation 
       - reflectivity properties 
       - attenuation 
       - dual polarization 
•  Lidar 
       - Lidar equation 
       - The lidar inversion problem:  
            backscatter-to-extinction ambiguity 
       - High spectral resolution lidar 
       - lidar in space – multiple scattering 
       - DIAL 
• Doppler systems 
       - Principles of Doppler wind  
                                        measurement 

•  Strength of backscatter 
•  Polarization of  backscatter 
•  Attenuation of pulse 
•  Phase change 



For more information on Radar: 

AT741 : Radar Meteorology 
 

Topics Covered: 
•  Microwave scattering theory 
•  Radar engineering 
•  Doppler principles 
•  Polarimetric radar 
•  Dual-wavelength radar 
•  mm-wave radars  



Radar & Lidar Wavelengths 
532 nm Calipso Laser (Nd:Yag freq doubled) 



Characteristics of different transmitters 
 

 

 
Transmitter 

 
Advantage 
 

 
Disadvantage 
 

Laser (visible, infrared 
wavelengths; 0.5-10 X 
10-6 m) 

Sees* all particles of a 
few 0.1 X 10-6 m and 
greater, able to provide 
high resolution 
 

Attenuates heavily in 
moderately thick cloud, 
multiple scattering 
confuses ranging (from 
space)  

Mirowave   
 
 mm wavelength (e.g. 
3mm) 
 
  
 
 
 
cm wavelength (1-10 
cm) 
 

 
 
 

Sees* all particles of a 
few ~5 X 10-6 m (most 
cloud particles) and 
greater. No multiple 
scattering effects 
 

 
Less attenuated under 
heavy rain  

 
 
 

Attenuation in moderate 
to heavy rainfall 
 
 
 
 
 
Unable to see majority 
of cloud  

* Depends also on volume concentration of particles; sees ice and water 
particles with almost equal sensivity 



Range resolved systems 

insert 8.3 

Pulsed systems  
            - finite pulse length h and echoes are 
               spread along the path 
            -  sampling at equally spaced times 
               t establishes the range gating 
            -  the volume of echoes are thus  
               contained in a range element of h/2 
            -  sampling period is thus  t ≥ h/2c  
               so sampling points are independent of  
               each other  
 
Pulses are transmitted at a rate known as 
the pulse repetition frequency (PRF) 
          

€ 

PRF <
c  

2Rmax



Microwave Wavelengths: 

€ 

fGHz =
30
λcm

10 cm ßà 3 GHz (S-band) 
5 cmßà6 Hz (C-band) 

3 cm ßà 10 GHz (X-band) 
1.5 cm ßà 20 GHz (K-band) 
1 cmßà 30 GHz (Ka-band) 
3 mm ßà 90 GHz (W-band) 
2 mm ßà 150 GHz (D-band) 

 
 



• Estimated ~27 µm of effective rms surface error 
based on analyses of mold. 

• Final rms accuracy: ~5 µm 

• The challenge – maintain surface smoothness 
of a 1.85 m antenna 

• The required rms surface accuracy of M1 is 50 
µm (~ wavelength / 50) 

CloudSat’s collimating Antenna 

Composite Graphite Antenna 



Sample Microwave Beam Pattern 
 29 GHz (1 cm) Feed-Horn 

G =
I p

Pt / 4πR
2

Antenna Gain G: 
Defines the directionality of a beam. 

Actual Flux (W/m2) 
crossing a unit area at 

R 
Flux from an isotropic 

emitter 



13 cm Wavelength feed horn 



Radar Reflectivity 

Power returned to radar after being  
scattered from cloud volume is related  
directly to size of particles in the volume 
 
In atmospheric sciences, we express 
this returned power in terms of the 
quantity Z, the radar reflectivity 
 
For a hypothetical cloud (particles all 
the same size), the power returned (or Z) 
is proportional to the square of the  
water and ice content (w) of the (radar) volume           
                         BUT 
For real clouds, particles in the volume range in 
size.  The power returned (i.e. Z) is approximately  
proportional to the square of the  water and ice  
content of the (radar) volume. The degree to which 
this proportionality exists varies from cloud type 
to cloud type.                      Z ~awb 

. . 
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. 

. 
. 

Z =aw2 



Radar 

Insert 8.6 
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insert 8.7 
Scattering from a particle of size r

Isca =
S(Θ) 2 Iinc
k2R2

2 =
Iincλ

2

R2
2 Cs (r,Θ)

for   a  volume dV of distributed particles

Isca =
Iincλ

2

R2
2 dV n(r)∫ Cs (r,Θ)dr

Basic scattering equation 

Energy incident on volume 
is defined by antenna gain   # of particles 

per unit volume 
of size r 



Pr = IscaAe =
Iincλ

2

R2
2 dV n(r)∫ Cs (r,Θ)dr

Pr =
PtGλ

2

4πR1
2
Ae
R2

2 dV n(r)∫ Cs (r,Θ)dr

for   monostatic systems
R1 = R2

Ae =Gλ
2 / 4π

dV ≈ R2ΔφΔϕh / 2
Pr
Pt
=

G2λ 4

(4π )3R2
ΔφΔϕh

2
n(r)∫ Cb(r)dr

Z ≡ λ 4

π 5 ⋅10−7 K 2 n(r)∫ Cb(r)dr

General form of radar equation (no attenuation) 

€ 

Pr
Pt

= C
K 2

R2
Z

Function of Instrument parameters: 
Pt, G, h, ΔΦ, Δφ and λ 

Index of refraction of water (or ice) 
as function of λ 

Function of Scatterers only. 
Units: mm6 m-3 



Radar equation (no attenuation):  Rayleigh scattering 

Cb(r) = πr2Qs
2πr
λ
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Cb(r) =
π 5

λ 4
K 2 D6

Z ≡
λ 4

π 5 ⋅10−7 K 2 n(r)∫ Cb(r)dr

it follows that

Z = n(D)∫ D6dD

Weather radar (cm):  
Z→ precipitation 
 
mm radar: 
Z → cloud water content 
         (liquid and/or ice) 
 

Radar Reflectivity often expressed in dBZ 
dBZ = 10log10(Z) 

So a 50dBZ differential 
in reflectivity means 5 orders 
of magnitude 

This Z defined 
wrt to water 



E.g. of DC8 airborne radar 
data stratiform 

precipitation 

convective 
precipitation, 
suggestion of  
hail 

ice particles 
feeding precipitation 

CloudSat 94 GHz radar- 
MDS~-30 dBZ 

E.g. derived from  14 
GHz TRMM radar 
MDS~19 dBZ 



insert fig. 8.9 

But: this relationship is dependent on the precise DSD 

Z-R Relationship 

€ 

Marshall  Palmer Distribution :
n(D) = N0e

−ΛD

Z = N0 e−ΛD
0

∞

∫ D6dD

Z = N0(6!)Λ−7

R =
1
ρ

m(D)n(D)v(D)dD
0

∞

∫

R =
π
6
ρN0 D3e−ΛDaDbdD
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∫

R =
π
6
ρN0a

Γ(4 + b)
Λ4 +b

Z = ARB Z ≈ 200R1.6



Z-Snow 

Size Distribution ~  
Exponential: 

But we have a complication,  
snow might be regarded as a  
‘mixture’ of water, ice and air 
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Ks =
ms

2 −1
ms

2 + 2
= Pw mw

2 −1
mw

2 + 2
+ Pi 

mi
2 −1

mi
2 + 2

Pw ~ ρs
2

Pi ~ ρs (1− ρs ) /ρi

The ‘effective’ density of snow, ρs, is highly 
variable  - for dry snow typically 0.02-0.06 g/cm3 



Z-Snow 
But we have a complication,  
snow might be regarded as a  
‘mixture’ of water, ice and air 

€ 

Ks =
ms

2 −1
ms

2 + 2
= Pw mw

2 −1
mw

2 + 2
+ Pi 

mi
2 −1

mi
2 + 2

Pw ~ ρs
2

Pi ~ ρs (1− ρs ) /ρi
As with liquid precipitation; 

b
e ASZ ~

(dry snow) 



Z- Ice water content 
relationships 

At   mm wavelengths (& for non-Rayleigh scatterers, e.g.
ice crystals, precipitation)

Z =
K 2

0.93
n(D)D6 f (D)dD∫

f(D)  is a Rayleigh-to-Mie correction factor

0.93= value of  K 2  for water at cm wavelengths

(  K 2  =  0.686 at 0oC  at 94 GHz)

For the same reasons, there 
is not  a one-to-one relation 
between cloud water and ice 
contents and  mm wave 
radar reflectivity 

mm-wave Z and cloud water/ 
ice water content 



Radar equation with Attenuation 

Attenuation 

Radar signals are attenuated by atmospheric gases, cloud particles, and precipitation. 

γσσ Rkwk pc
D
gas

D
ext ++= (usually expressed in dB/km) 

Pr =C
K 2

R2 Z    exp(−2 σ ext (R ')dR ')
0

R

∫

Cloud 
water 

Precip Gases: 
O2, H2O 



At microwave wavelengths, attenuation by gases is solely 
due to absorption by water vapor and molecular oxygen: 

D
O

D
OH

D
gas 22

σσσ +=

Water Vapor (22 GHz): 

Oxygen (60 GHz): 
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(From Ulaby et al (1981).) 

Attenuation by Gases 

•  f in GHz 
•  T in K 
•  P in hPa 



Examples:  S-band Radar (10 cm) 
                   TRMM PR (14 GHz) 
                   CloudSat CPR (94 GHz) 
 
at p=1013 mb, T=300K, and  

kmdBD
gas /0069.0=σ

kmdBD
gas /0281.0=σ

kmdBD
gas /5281.0=σ

3/5.7 mgv =ρ

To estimate attenuation by cloud particles we invoke the Rayleigh approximation, 
since the radar wavelengths are much longer than the radii of typical cloud particles: 

•  absorption dominates since it is proportional to size parameter while 
scattering is proportional to size parameter to the fourth power 

•   )KIm(QQ absext χ−=≈ 4

σ c
D = kcw = −

10
ln10

6π
ρLλ

Im(K )w dB / km( )

Attenuation by Cloud Particles 



•  attenuation by ice particles is negligible since  
  they have extremely small imaginary refractive indices 
•  liquid particles are negligible for weather radar but  
  become important at high frequency 

Ice (-20 C) 10 cm 14 GHz 94 GHz
n 1.78 1.78 1.78
k 0.0002 0.0007 0.003

Im(-K) 9.00E-05 0.0003 0.001
kc* 7.00E-05 0.0011 0.029

*In dB/km/g/m 3̂.

Data from University of 
Wyoming 95 GHz cloud 
radar in marine stratus off 
the coast of Oregon. 
(Vali and Haimov (1998)). 



Attenuation by precipitating particles 
is most often parameterized in terms of 
rainfall rate, R, using semi-empirical 
expressions. 

Attenuation by Precipitation 

( )kmdBcZRk d
p

D
p /== γσ

•  Attenuation is small at S-band except in heavy rain 
•  At 10 GHz and higher, attenuation becomes significant 
•  Parameterization of attenuation by rainfall is a large 
source of uncertainty in retrievals due to their sensitivity 
to drop size distribution (DSD), particle shape, the 
presence of mixed-phase particles, and non-Rayleigh 
effects (above 10 GHz) 

Rain 3 GHz 14 GHz 94 GHz
kp 4E-06 0.014 0.744

gamma 1 1.21 0.734
c 0.00003 0.0003 0.012
d 0.62 0.755 1.163



Observed Precip  
attenuation at 94 GHz 
 
Li et al., 2000 

T’storm over Kansas 

surface 

airborne 

Reconstructed 
unattenuated  
reflectivity 

Precip 
attenuation 



TRMM PR VS. CLOUDSAT CPR 

PR: 14 GHz 
CPR: 94 GHz 

Haynes et al. (2009) 

In project 5 you will 
investigate rain from 

TRMM PR vs. CloudSat 



Example of 14, 94 GHZ radar Precipitation retrievals 
and effects of attenuation  



CloudSat: Rain detection more robust through 
“Path-Integrated Attenuation” 

•  PIA good to +/- 1 dB over 
ocean 
•  Minimum detectable rain-
rate is 0.02-0.05 mm/hr 
•  Represents an average RR 
through the raining column 
•  In project 5 you will 
investigate this method vs. a 
more traditional method 



CloudSat detected much more rain at high latitudes than 
previous estimates 



CloudSat detected more cloud ice than seen in previous 
observations and present in models 



•  2007 arctic cloud 
reductions associated with 

anomalous weather 
patterns. 

 
The increase in sunshine 
could melt 0.3 meters of 
ice or warm the surface 
ocean by 2.4 degrees 

Kelvin. 
 

Kay et al. (2007) 

Arctic Cloud Cover 



Multi-parameter Radar 

 

(ii) Dual polarization 
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In principle, there are  16 
different returned power 
parameters; in practice, two are 
typical used in a dual 
polarization radar:  
 

ZDR & PHH 

VV

HH

P
PZDR log10=



Dual-Pol Offers 4 
Primary Parameters: 

•  Z 
•  ZDR 
•  CC 
•  KDP 

Upgrades completed 
to ~ 150 NWS radars 
to Dual-Pol in June 

2013 





Oblateness of raindrop is related  
to rain-drop size  

Polarimatric methods for measuring  
rainfall 
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Λ = 2.6 ZDR−0.63
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By measuring ZDR & Z, you 
can get R with fewer 

assumptions than with Z alone. 





Phase Discrimination Via ZDR & Z 

ZDR & Z can give you a 
reasonable guess on phase too! 











February 10, 2013 Tornado 
Hattiesburg, MS 

Speaker: Alan Gerard, meteorologist-in-charge, Jackson, Miss., NWS Forecast Office 

•  Doppler radar reveals rotation in storm approaching Hattiesburg 
•  Without dual-pol, need spotters or “ground truth” to verify 

tornado 



With Dual-pol:  Confirmed 
Damaging Tornado 



Differential Phase Shift ΦDP 








