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RAINFALL SENSING
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RADAR METEOROLOGY

L ecture’s contents

> Radar sensor

e Pulsed, Doppler, and polarimetric systems

e Receiver sensitivity, antenna specifications and radar volume resolution
> Radar equation

e Atmospheric refraction and attenuation

e Radar equation for single and distributed scatterers
> Radar signal

e Signal statistics and decorrelation

* Noise reduction techniques
> Radar applications

e Clouds and precipitation

« Rainfall backscattering and polarimetric measurables
> Radar products

e Radar measurements and error budget
e Examples of radar measurements and estimates



RADAR METEOROLOGY

Historical perspective

> Radio era
e 1886: H. Hertz experiments e.m. wave reflection
e 1902: G. Marconi carries out radio-propagation experiments
e 1922: object detection with continuous wave instruments
e 1932: object detection with pulsed wave instruments

> Radar era
e 1938: construction of radars for aircraft detection and ranging
e 1941.: first use of radars for cloud observations
e 1960s: use of radars for qguantitative rainfall estimation
e 1970s: use of Doppler radars at VHF-UHF for turbulence and wind

» Computer era
e 1980s: impact of computers on data acquisition and processing
e 1990s: use of digital receivers and pulse forming
e 1990s: use of radars for weather nowcasting
e 2000s: spaceborne radars and sensors’ synergy



RADAR METEOROLOGY

Context and objectives

» Radar (RAdio Detection and Ranging)
e Pulsed incoherent and coherent radars (Doppler or MTI)
< Continuous-wave and frequency modulation (FM-CW)

> Meteorological radars
< Rain (weather) radars: rainfall monitoring from ground and space
e Cloud radars: cloud monitoring from ground and space
- Stratosphere-Troposphere (ST) radars: wind profiling from ground

> Weather (rain) radars

e Monitoring of three-dimensional (3-D) structure of rainfall and winds
- Covering large areas (100-400 km) around ground site
- Measuring of e.m. backscattering due to cloud hydrometeor volumes

< Advantages with respect to:
- optical sensors (e.g, higher penetration, any meteo condition)
- radiometers (e.qg., ranging capability, )
- rain-gauges (e.g., larger effective coverage, rain structure)

< Disadvantages: high power, complexity, maintenance



RADAR METEOROLOGY

A system approach
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RADAR METEOROLOGY

L ecture’s contents

> Radar sensor
e Pulsed, Doppler, and polarimetric systems
e Receiver sensitivity
e Antenna specifications
< Radar volume resolution

» Radar equation

e Atmospheric refraction and attenuation

e Radar equation for single and distributed scatterers
> Radar signal

e Signal statistics and decorrelation

e Noise reduction techniques
> Radar applications

e Operational problem overview

e Clouds and precipitation

e Rainfall backscattering and polarimetric measurables
e Example of radar measurements and estimates



RADAR SENSOR

Pulsed microwave systems

> Principle

e Send a train of short, high-power pulse High Beams See
of e.m. energy at high frequency (GHz) Snow and

- E.m. energy, captured by atmospheric Melting
objects, is partially absorbed and re- Snow
irradiated (scattered) into many
directions among which that of radar
(backscattered: radar echo)

e Angular resolution: derived from the

13 iy
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S and ofher

oo Crystals
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0C {centrad @ 1-3km)
Melting Snow and
other [ce Cryatals

acreas
antenna pointing direction and limited D"z:::fg
by its beam W!dth . Imli'.'iduaannge Volumes  Low Beams see
e Range resolution: derived from the two- Rain only
way time employed by radar pulse echo L L
(antenna-object-antenna) and depending AT
by medium light velocity
> Legenda
- PRF: Pulse Repetition Frequency "
- RF: Radio Frequency (f;,)
- PP: Peak-to-peak power SRR . -

- P,: Peak power of the transmitter



RADAR SENSOR

Principle of pulsed systems
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RADAR SENSOR

Principle of operation
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RADAR SENSOR

Pulsed incoherent scheme
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RADAR SENSOR

Pulsed incoherent system

> Radar components

e Master oscillator (MO): system reference oscillator

e Modulator: device which determines the form e repetition of RF pulse

< Power oscillator: microwave tube (magnetron or klystron amplifier)

e Duplexer: 3-port circulator which separates TX from RX signal

e Local oscillator (LO):  device which controls mixer frequency

e Mixer: device which mixes RF signal with LO doing amplification and filtering
< Amplifier: band-pass amplifier and filter for noise reduction of IF signal

e Video detector: detector of IF envelope power at baseband

» Signal processing

T itted Radio F i.e, GH
Spe (1) = [Acos( 27f,t) Jrect (£, 1) ransmi adio Freguency (i.e., GHZ)

Xpe (1) = a(t)cos [27f t + o (1)] Received Radio Frequency
Xmix (1) = @(t) cos [27f ot + ()] dbeos 272 (fo + fo )]t mixer signals

X;g (1) = a(Hb CcOS [Zﬂ'fct + (p(t)]z a’(t) cos [2ﬂ'fct + (D(t)] | ntermediate Frequency (i.e., MH2)

a’(t)|2 Base-band signal (i.e., kHz)

Xpg (1) = X (t)|2 =



RADAR SENSOR

Doppler frequency shift

Doppler frequency shift

u, u-f _ ucosé -

f d = = — =
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If leaving tar get: f
Velocity vector

O<mn/2 = ;<0
If approaching target:
0>n/2 =f,>0
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Twice a Doppler frequency shift
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RADAR SENSOR

Pulsed coherent scheme

Per poter determinare la velocita Doppler del bersaglio puntiforme
devo usare un

RICEVITORE COERENTE

A cos[ot + D] Cos[wt] (COHO)
(%} (%/V /2
=< =<
' '
1(t) = A/2 cos[DP] Q(t) = A/2 sen[®D]



RADAR SENSOR
Pulsed coherent scheme
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RADAR SENSOR

Pulsed coherent scheme

e L’atmosfera e un bersaglio distribuito, ossia e costituita da un elevato
numero di bersagli elementari (idrometeore)

e L’eco radar e la somma di tanti contributi elementari del tipo visto
in precedenza (impulso rettangolare a RF)

1 VRX
Bersaglio

1 i
RN

V'_'_

Y
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RADAR SENSOR
Pulsed coherent system

L’eco ricevuto all’istante tO e la somma dei contributi di tutti i
bersagli elementari che si trovano ad una distanza dal radar

compresatra c- (t,-T)/2 e c-1,/2
Il segnale ricevuto viene prima campionato (nel GPM-500C con
una frequenza di 2.4 MHz, ossia ogni 417 ns) e quindi i campioni
vengono processati.
Ogni campione e rappresentativo di un volume elementare
(tronco di cono) con altezza pari a (c - T)/2
18




RADAR SENSOR

Pulsed coherent system

> Detection of received signal phase

_ |27 do(t) _ _4rdr() _ 47 _ __?
o= Trw| = WO =IOy ¢ 22ty0) =/ =200

» Signal processing

Ser (1) = [Acos(27z( Ty + ft)|rect( f,t) =[Acos(27ft)Jrect( f,t)

Xge (1) = a(t) cos[ 278t + o(t)] = a(t)cos[znfot — 277[2r(t)}

Xmix (1) = a(t) cos[27z( fy + )t + (t)] {bcos[27ft]}

X g (t) = a(t)cos[27f t + @(t)]|= &'(t) cos|g(t) |cos(2f -t ) - &'(t)sin[¢p(t) |sin(27f ;t)

Xig (t) = | (t)cos(2af t) - Q(t)sin(27f t) = Re{[ 1(t) + jQ(t)]e ™ et }: Re{a'(t)ej(pt(t) Jei? et }
_[1@®) =&(t)cos|p(®)]

es(t) = {Q(t) = a/(t)sin[p(1)]

with V(t)=1()+ jQ()



RADAR SENSOR

Doppler velocity ambiguity

» Signal sampling (Shannon) theorem S0}
< A signal with a finite energy (a maximum

spectral frequency f,,) is reconstructed from its !
temporal samples if the sampling frequency fg: ',

f T f T
MR T M N TUNY
> Unambiguous Doppler frequency | | |
- If maximum frequency is f.: ‘
f

2‘ fmi,2
R — f12/2
fd > fd max — —2 = Urmax = + fl’ —4 "

- Velocity-range limit /r 4 . _ ﬂ 3
Ur max'max = [( frﬂ)/4)] [CTc)/z] — (0/1)/8 DZANEE 0 B

A 1 AT 7

» Ambiguity reduction techniques

e Doppler phase measured between 2 pulses a 8 [ ‘ B
- Dual-PRF: double of unanmbiguos fd T
e Phase and polarization pulse coding




RADAR SENSOR

Issues on coherent systems

> Microwave transmitter

» MAGNETRON: self-oscillating microwave tube with cylindrical structure (cross-field device), able to
handle high power (up to 2000 kW peak). A high (up to 50 kV) DC voltage is applied to coaxial cathode
(+) and anode (-) together with a static magnetic high field (up to 1 A/m). The emitted electron beam is
spatially modulated (bunches) and output is coupled into one of ring resonant cavities. The latter
determines the radio-frequency (RF) signal. Oscillation condition is governed by Hartree’s curve. Overall
efficiency is about 50%.

* When input voltage is pulsed (as in radars), no inter-pulse coeherence is guaranteed (even though
phase information may be retained by injecting a CW signal).

e KLYSTRON: microwave-tube amplifier with a linear (linear-field) structure, able to handle medium
power (up to 1000 kW). An electron beam is formed by an electron gun (thermoionic emission by
cathode-anode at > 1000 K), passes trhough 2 or more resonant cavities in succession and is collected
on a collector. Electric field of first cavity gaps induce electron bunches whose are “focused” on (load)
resonant cavities which produce output RF signal.

* Within pulsed radars, klystron is used as an amplifier excited by a local microwave oscillator. These
scheme guarantees a high phase purity (low phase noise) and an inter-pulse coherence.

> Base-band detection
< Amplitude: logarithmic detector in order to deal with large amplitude (i.e., a'(t)) dynamics.
e Phase: linear detector to extract in-phase I(t) and quadrature Q(t) components



RADAR SENSOR

E.m. wave polarization

Wave Polarization

Z
“ertical Folarizati

AR

an
Vi 17

L

Horizontal Polarization

- y

> Polarization states

Curve described in 3-D space
by the free end of the mono-
chromatic wave vector

e Horizontal H (w.r.t. ground)

e Vertical V

e Circular (LHC, RHOC)

» Linear polarizations

E(r,t) = Egp(t)cos[27ft + p(1)]

Eov(t) = Egy(1)2
Eon(t) = Egn()X

Target (drop) £

m.)

Horizontal polarization

Target (dropy 11Ih

m)

YVertical polarization

2

2



RADAR SENSOR

Issues on polarimetric radars

» Configuration

 Alternate transmission

- Single-transmitter and single-receiver >
Alternate transmission between H and V fields Time
Single receiver
Anomalous propagation removal E,y
Polarization switching

. Hand V non-contemporary data E,
e Simultaneous transmission

- Single transmistter and dual receiver
Simultaneous transmission of H and V fields
No polarization switching (costly and loss)
No delay in H and V acquisition data HVHVHVHVHVHYV
Fast scanning (half time w.r.t. alternate trans.) T
Cross-polarization effects in received data >
Dual receiver and limitation in polarimetric features Time

> Receiver

< Digital receiver at IF stage
= Sampling of IF signal (A/D digitizers)
- Digital processing of binary 1/Q sequences

— T
— <<
> T
L,

— T

— >

e e




RADAR SENSOR

Alternate polarim. system

A

\4

H/V Orth. Transd.
Elevation CQVQD Feed CQVQD Elevation
rotary A NS — 4 rotary
joint (V) joint (H)
Antenna reflector
-V channel H channel

Azimuth rotary joint

y A

E H/V Polariz. Switch j

|F Mixer Circulator

Gy

H/V Channel
Digital Receiver

(H,V) (V,H)
oy v 0

Co-processor (Vi 6, Ziyy Zpr: Oop Pryvs LDR)
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RADAR SENSOR

Simultaneous polarim. system

A

\4

H/V Orth. Transd.
Elevation CQ"QD Feed CQVQD Elevation
rotary A A rotary
joint (V) joint (H)
Antenna reflector
L \/channel H channel
\channel >
l Azimuth rotary joint

{rculator; Cirev)| gtor
Ph./Amp. Contr. 4—[ 3-dB Power Div. ]—' Ph./Amp. Contr.

A

IF Mixer IF Mixer
V Channel ¢ con osail. .| HChanne
Digital Receiver \_/ Digital Receiver
v (H) (H)
l( )v v Q(V) l A4 A4 Q

Co-processor (Vy,, 6, Zy, Zprs Opp Pry)
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RADAR SENSOR

Recelver sensitivity

> Noise sources

- cosmic, artificial (human) and atmospheric emission (H,0, O, at MW)
- internal, due to electron thermal mobility (white Gaussian noise at MW).

> Internal noise of receiver

- Receiver input power with a resistance load at T, and bandwith B,: N=KT,B,
- Noise figure F, or equivalent noise temperature T,: T,=Ty(F,-1)

Ni=KToB, —— Radar receiver ——> Ny=F,(GN; )= k(T+ To)B,
s — GTo.By | . §=GS

>  Minimum detectable signal
- Minimum signal detectable over the noise receiver (e.g., -110 dBm = 1011 mW)

S /N S S
n=— N = JMin = |:nNiN— - Fn(kTOBn)N_
S/ No 0lMin 0lMin
- Matched filters to increase S/N: for square pulses. B,=1/t and triangular shape




RADAR SENSOR

Aperture antenna basics

> Radar antennas

e Parabolic reflector antenna
e Prime-focus feeder (horn)

= Optional radome protection
e Optional polarization capability /\ —s

|

|

> Antenna radiation 5 :

a midal horn g

= Radiation pattern function o 3 : e
f(8,¢) = FFT[Ex(xy)] (>>%’€é‘ﬁ Lig
_ z

- lIrradiated eletric far-field (for r=L4/2) \/ |

— jkr |

€ |

E(r909¢)=EOf(99¢)T - v—]

|

hd POWGF ﬂUX denSity [W/mZJ (b) Conical horn (c) Classical parabolic antenna

1
P(r,0,0) = ——[E(r.0,0)" =— |1 (0,9)
21 2101

27



RADAR SENSOR

Antenna parameters

» Directivity and Gain

P(r,0, f (6, 2 7
D(6,p) = ( q”z):‘ (6.9) , G(0,9)=n,D(0,p) ok J
V\,ll. /4nr \Nr /4r _:) Main lobe
> Effective area
Wh y

. . . 2 20
Ac(0,9) = P(r0.0) 4r D(8,9) =Dy |fn(6.9)

» Beamwidth (reflector antennas)

2 A 4r
(O35 /2,0)" =0.5 = O3q3 =70, Dy = .
(O308)" =

Side lobes
-30

o0

degrees off axis)
g

L)

90 90

> Polarization capability

e Ortho-Mode Transducer (H/V) at horn feeder
= Low sidelobes (<30 dB) similar for H/V patterns 120 Back lobe

e Isolation between H/V patterns (no cross-pol.) _
- Azimuthally symmetric radiation pattern at H/V 150 180 150

e Effects of supporting struts and radome paneling

Spillover

radiation 120




RADAR SENSOR
Antenna parameters

Example:
Radar GPM-500C

Cassegrain dual-offset

fascio di 0.9° (a -3 dB)
velocita max 30 deg/s
lobi secondari molto bassi
ottima simmetriatraH eV




RADAR SENSOR

Antenna diagram

A 0o
\ PATTERN CUT
XPOL — w100
/ \ F =555 GHz
Example: PHI = 80 Deg .
- O
Radar GPM-500C .
g’ AT -30.0
Cassegrain dual-offset = } \ \
& s oo
- fascio di 0.9° (a -3 dB) - L
- velocita max 30 deg/s (\/ e
- lobi secondari molto bassi Ak .
ima simmetr WV T o
- ottima simmetriatraHe V }‘v L % ﬁ f‘ M
N\ " VL AL

@ 8 6 4 -2 0 2 4 6 8 10
THETA {Deg)



RADAR SENSOR
Volume resolution

(c- T)/2|/
1 1




RADAR SENSOR

Volume resolution

Spatial resolution

- Capability of discriminating 2 objects in space (range,
zenith and azimuth in spherical coordinates)

Radial resolution o7
= Resolution in range: Ar :7

Matched receivers have a lower radial resolution
Use of pulse compression to increase spatial res.

Transverse resolution AS

* Resolution in zenith-azimuth:  AQ=— = AS=r2Aer293dB
r

Affected by side lobes contribution.

Pulse volume resolution
Vi = ATAS = (¢7/2)r Q= %(01/2)r2®3d5®3d5

- Volume varies with range (for 1° and 1 us, at 100 km Ar=150 m and AS=17452m?)

= Energy volume distribution can be not uniform in range (e.g., matched filters) and in
transverse direction (e.g., directivity angular variation)

32



RADAR METEOROLOGY

L ecture’s contents

> Radar sensor
e Pulsed, Doppler, and polarimetric systems
e Receiver sensitivity
e Antenna specifications
e Radar volume resolution

> Radar equation

e Atmospheric refraction and attenuation

e Radar equation for single and distributed scatterers
> Radar signal

< Signal statistics and decorrelation

* Noise reduction techniques
> Radar applications

e Operational problem overview

e Clouds and precipitation

< Rainfall backscattering and polarimetric measurables
e Example of radar measurements and estimates



RADAR EQUATION

Atmospheric refraction

> Atmospheric refractivity

- Refractive index: C Z <
nN=— = /gr — n/_ Jn// /“' B
V ‘\'

e Refractivity:

N=(n-1)10°= f(p/T,e/T? P -
> Optical rays
e Geometrical optics equation: Atmosphere with N,=313 and H=7 km
1 10° dN _ PO - IR o NN SN (-
—=———cos 3, N(2=Nye z/H Hiviving T TP
p N dz dipSapNpN
with p ray curvature. T % g S S o=
- If standard atmosphere, dN/dz=-40 [N/km] Eol L) 1/ =
- Earth effect. radius R,=4/3R;=4/3(6370)=8500 £ s |/ T T
- Rays are rectilinear and Earth flatter | _-_-;;;—"-“-:ﬁ ,5 - .
> Specific attenuation Ry
- For two-way path, the attenuation factor L: ons Iy B S I S N I S
180505 -L ] | T
) Ir o RANGE o 2523ﬁ“§@x@~5:~~% .
dW =—2oWdr = W(r)=Wye 0 =W, L2(r) ez |
380\400



RADAR EQUATION

Single scatterer form

» Power flux density upon scatterer
R(T0.:0) =15 Gy | 1a(0.0) LD

» Backscattering radar cross section WG
u(0.0,p) =m0
| sY
» Received power W
P(r.6,p)=—2t-p="b_| Wi ¢ £(6,0)L = W,=AP =/1—26P
B 4mr* ' 4wt 4wt MU SRRV

» Radar equation for a single scatterer

4 2 2 2 A2 2
WrG,%,,\fn(H,(p)\ A L W As L 2 O
Ws = O = O =IWs =C,L°—2
R [ (475)3 br4 A7 12 br4 R r?

- For a point target, f,=1 and Wgxe=<1/r4. Constant C,; depends on radar specs.

35



RADAR EQUATION

Effect of distributed scatterer

> Distributed scatterers

» Set of a large number N, of equal-size scatterers, simultaneously n
present in the same resolution volume Vyin, With randomly
distrubuted phase and totally filling the volume ( e.g. raindrops).

e Volumetric reflectivity [m]

Nyar Noare Nyare . WT! GM
n= (—ZH T J = ZO‘bI. = dV[—Zi;VO-b' j =dVn

dv i=1

.
R
.
A

» Particle and total received power Wo f
Ry

2 12
dWRi: WTGMf’
(47)

ACK) WRPIACZ?

I I‘.

1 1

2
L b1

L2 ndv

Mo . e dv
W, = 2.dW, zc - LbiC Lzbl =

1

Wi = de =[ C—— LGdV_<W >

36




RADAR EQUATION

Distributed scatterer form

> Distributed scatterers

e Set of a large number of scatterers, simultaneously present in the
same resolution volume V,;, with randomly distrubuted phase and
totally filling the volume ( e.g. raindrops).

> Total (average) received power WG,
2 12 0, 4 2 A2 0, 4
Wy o WG Vo Oy, (WGE o 00
(47) I (47) Vin

where dV =dr(r’dQ), V,,. :radar resolutionvolume

> Radar equation for volume scattering
fn(91¢)|4 Q~ 1 ﬂ®3qu)
2 =2 Qlno

[ P - 3% (Probert - Jones correction )
' or r-  8In2
WGy A’ | 70,,® U
<W, >=| -1 \PpAr— 348 346 = l<W, >=C,L" =~
! ( (47) j o 8In2 R S

37




RADAR SIGNAL

Signal fluctuations

> Power fluctuations of radar echo 0
- Complex envelope due to i-th scatterer:

Vi) = Ael? D o (t)=—dar (t)/ A+ |
- Total complex envelope due to distributed scatterers: M4 /4__\55‘—_-&—5;’5
VI =10+ QM) =Y. Vi) =Y. Aef® = At)el 7O
= In-phase and quadrature components s i
{I (t) =Re[V(t)]= A(t)C(.)S o(t) Gith Ao m,¢ _ art99
Q(t) = Im[V (t)] = A(t)sin ¢(t) |
» Radar echo power

W (t)=kV(t)V(t) =A*(t)= kY A+ kziij AAe j(-47/ 2)(r—r;) :{

WRdc + W

Rac
<W,>+W,

= From one pulse to next, power fluctuation W, are related to scatterer random
displacement (velocity or Doppler frequency).

e It results <W_.>=0 and W_. decreases doing averages on independent samples (such that
displacement > ). For estimating A®, samples must be correlated to avoid ambiguity.



RADAR SIGNAL

Statistics of power fluctuations

> Distribution of I, Q

= For the central limit, V(t) is Gaussian so that | and Q
< A and ® are independent random variables with ® uniformly distributed in O-2x.

1

p(l,Q) = \/272
o

> Marginal distribution of A, ¢

2 2 2
e 7+QD297 1 0(1,Q)dIdQ = p(A @)dAde, dIdQ = AdAdy

A A2 :
O(A D) A A2 ) _ P(A) = \/272 e Rayleigh pdf
= 5 o
270 0(@)=1/27 Uniform pdf

» Square-law detector statistics of received power

Wi = A%, dWg =2AdA, p(Wg )dW, =p(A)dA = p(Wg)= ﬁ We/20° By bonential pdf



RADAR SIGNAL

Decorrelation time

> Dopppler spectrum
- Duration ty needed to ensure sample

independence depends on volume and " N
wavelength

= Doppler spectrum is of Gaussian type for E \
uniform regions: 102

~t3 /207
p(fq) = poe ; fa =2/

E \\4\\“’
- ‘f\\ /9’ »
- s A
S Ioc »
" \ X N\
) . . X N N
» Time autocorrelation function:
1 1 \
1 1||!\||1\|1 Ill\illllf\lll ll.

o 2m(2I o, o 1 .
f N (ms™h)
SPECTRUM STANDARD DEVIATION <O ms
Show: ¢,=0.5m/s
Rain: c,=1nVs

DECORRELATION TIME 15 (m

2 2
—ty< /2
R(ty)=Re 4 "“t o, =

> Decorrelation time t; .

Rlie) R =002 =i =270,



RADAR SIGNAL

Time-space data integration

» Signal variance reduction
- For meteorological appliatio, W is of
interest so that W,. must be reduced

- How many independent samples of received
power must be averaged to accurately
estimate W, .=<W> using a square-law
detector?

1 & 2 2
Ji :;ZIWRn with p(/,)d], =p(4,)d(4;,)

3p k=100

« The final pdf is almost Gaussian for k>10
« For k=30, <W> error estimate is about 1 dB

> Spatial integration

- For fast scannig, spatial averaging is
performed together with time integration

» Reduction of measurement spatial
resolution (e.g., range similar to transverse)




RADAR METEOROLOGY

L ecture’s contents

> Radar sensor
e Pulsed, Doppler, and polarimetric systems
e Receiver sensitivity
e Antenna specifications
< Radar volume resolution

» Radar equation

e Atmospheric refraction and attenuation

e Radar equation for single and distributed scatterers
> Radar signal

e Signal statistics and decorrelation

e Noise reduction techniques
> Radar applications

e Operational problem overview

e Clouds and precipitation

e Rainfall backscattering and polarimetric measurables
e Example of radar measurements and estimates



RADAR APPLICATIONS

Clouds and precipitation

Genus

Cumulus

Cumulonimbus

Stratus

Stratocumulus

Nimbostratus

Altostratus

Altocumulus

Cirrostratus

Cirrocumulus

sym.

Cu

Cb

St

Sc

Ns

As

Ac

Cs

Cc

Region

Vert. develop.

(0-6 Km)

Vert. develop.

(0-12 km)

low

(0-2 km)
low

(0-2 km)
middle
(2-6 km)
middle
(2-6 Km)
middle
(2-6 km)
high
(6-12 km)
high
(6-12 km)

Soecies

Mediocris
Congestus
Incus

RR (mmvh)

0
<30
<60

10+100

<2

Cirriform Stratiform Cumuliform




DYNAMIC METEOROLOGY

Alr mass flows and winds

Due to the earth's rotation

Objects deflect to the right
in the northern hemisphere

O—

Northern Hemisphere

Southern Hemisphere

O,/'

Objects deflect to the left
in the southern hemisphere

Pressure

Gradient
! Force
Coriolis Resulting
Force Path

B 2008 Ereypetopadia Britanniaa, oo

Actunl Earth

Polar cell

Ferral ool

Hadey
cali

Haday coll
Farrel ol




DYNAMIC METEOROLOGY

Circulating cells

POLAR GELL

FERREL CELL

HADLEY CELL
Tropical air Bows north

Air flows. south

y HADLEY CELL
ir camies heal south

ks over sublropical
zone

Coaol air flaws norh
FERREL CELL

POLAR CELL

CIRCULATING CELLS

The Hadley cells have the most regular pattern of air movement,
and produce extreme wet weather al the equator and extrema
aridity on the desens. The polar cells are the least well-defined

WARIABLE SNOW ARD ICE ALBEDO

MOBILE POLAR FRONT

POLAR CELL
S,

f— " COLD RAIN, SNDW, AND ICE

TEMPERATE CELL

-——_.___‘_

DESERT BELT
HADLEY CELL =,
TTe—————p  DRYTROPICS

INCOMING
SUNLIGHT

_""—-—-..__.-_ COOL RAIN

VARIABLE REFLECTIVE
CLOUD ALBEDD.

---..__‘_+_

CRY TROPICS
HADLEY CELL

- DESERT BEI.I'\-\

TEMPERATE CELL

COLD RAIN, SHOW, AND ICE




DYNAMIC METEOROLOGY
Cyclones and anticyclones

p:caf @

0° Equa torial trough or _Z .
— L - = = —
\ ‘\ Mde wi

30° Sub-tropical Righ belt

Surface
convergence

; r ‘ - : -
(?Yﬁ })NiC FLQW . E’ . Ai:\ltTICYG'LONIG FLOW
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Warm fronts
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CLOUD GENERA
Cold fronts




CLOUD FRONTS

Cold, warm and occluded

.

Increasing height

Increasing height

.

| Cool Air
—r

Cold Occlusion

Warm Air

Cool Air
——

Warm Occlusion




PRECIPITATING CLOUDS

Time and space scales

CHARACTERISTIC TIME
1day- 1month | 1hour —1day |21 hour —1minute
200-2000 km |- Fronts M eso-q, scale
- Hurricanes
H (tens of days)
Ol 20-200km - Squall lines M eso-B scale
R - Cloud clusters
I - Mountain and
Z lake disturbances
@) (2 hours to 1 day)
N 2-20km - Thunderstorms [ M eso-y scale
T (tens of minutes to
A hours)
L 0.2-2km - Tornadoes Micro-o. scale
- Deep convection
(few minutes to 1
S hour)
2 0.02-0.2km - Thermals Micro-f scale
L (few minutes)
g| 0-001-0.02km - Plumes Micro-y scale
- Turbulence
(less than a
few minutes)




PRECIPITATING CLOUDS

Stratiform process

Cloud Top
~4-7 km

1 km

0.5-1 km

Surface




PRECIPITATING CLOUDS

Ice crystals
——————————————————————————————————

As for droplets (condensation/evaporation), ice crystals can initially grow by vapor deposition and evaporate by sublimation.
The probability of presence of ice particles in a cloud increases with decreasing temperature below zero.
At -10°C the probability to find ice is around 50%, while at -20 °C it raises to 95%.

Main ice crystal shapesare: (a) columnar or prismatic, (b) disc, (c) dendrite




PRECIPITATING CLOUDS

Convective process

Updrafts Downdrafts Dissipation
~10-15 km
height Evaporatlon

. | " ua
e o« WA & B =
tra; ectory N
Surface
to tN Ej’VolutiOn
time

53



PRECIPITATING CLOUDS

Graupel particles

GRAUPEL FORMATION BY RIMING

eIce crystals fall through supercooled cloud
droplets

Supercooled droplets, that hit ice crystals, Natural graupels (boxes are 2mm on aside)
freeze to it

*Eventually the frozen droplet can hide the
original shape

*Due to strong updrafts, hailstones can form

Aoed ol o
“ )
"0
Plane crystal

Without tumbling prech o
(rotation) @
Columnar crystal *%t

e
e [é)
of plane branches < g
S an
Rimed crystal Lump graupel
s, (e o [* B8 | &

by hy

Rodotg Sreenbo | 3§ & .
e K G




RADAR APPLICATIONS

Drop size distributions

> Modified Gamma distribution

N(D) = N D& P | with D : drop diameter; Ny, £, A : parameters
0 0. M

> Moments of order n: m, :TD“N(D)dD - NOFJEQLﬁH)
e Drop concentration [#/m3]: 0 Ny =my
e Equivalent water content [g/m3]: M = (z/6)pmy
= Median volumetric diameter [m]: Dy=M/2

= Precipitation intensity [mm/h]: R, =(7£/6),0I D’N(D)[u,(D)-w]dD [kg/m’s]
0

u(D)=ab® = R=R,/p=(z/6)am,, [m/s=mm/h]



RADAR APPLICATIONS

Examples of size distributions

s
10%— T T !"! T 3
F N(D)=ND" exp(-AD) 1 500
- 1 2)
- W=1gm™3 Dy=2mm 1
. J 450k
\ . A #(dBz) R(mm h”) o
- -2 49.0 23.2
I.O"E- \-. 4] 45,7 22.3 —': wol o
F 2 44.5 22, 3
: : '.§ %0} 151
— L 4 E
e = wof
S o3l i =
w107 E S
o ] o 250}
IE S
r ] w
= I ] =
o 1 1 2 w0}
=z | ] g 1]
..1"_.. 150} {1} Stokes (1013 mb, +20°C, 100% relolive humidity)
102 - [2) Present results (400 mb, -16°C, 100% relative humidity
o ] (3) Present resulls (500 mb, -87C, 100% relative humidity)
N ] 100 | (4) Present resulls (700 mb, +14*C, 100% relative humidity)
r 1 (5) Present results (1013 mb, +20°C, 100% relative humidity)
r 1 sof « Kinzer-Guan (1013 mb, +20°C, 50% relalive hamidity)
D i L A 1 1 L 1 L A A A L L L Il 'l 1 A 4
10t 0 2/ 0 75 W0 150 200 250 300 350 400 450

RADIUS (microns)



RADAR APPLICATIONS

Atmospheric attenuation

0,,: atmospheric gases
o,: cloud and ice
o,: rain and graupel (precipitating)

=k, =0.4343[0,(D)N(D)dD [dB/km] =
0 0L = 0, + Ol + 0L




RADAR APPLICATIONS

Radar reflectivity

> Volumetric reflectivity of particles with different size

_ Yoy 250s(DIN,(D)
dVv %

r 1
1 >.20,(D,)N(D,) = [o,(D)N(D)dD [;}
0
> Rayleigh reflectivity and reflectivity factor
SD<< A: 7 =J‘[”/|1—:<|D6}N(D)dD = Z EID6N(D)dD

> Mie reflectivity and equivalent reflectivity factor

D> A:

e Dielectric factor K Water |K|?=0.930
Ice |K|?=0.176

Melt ‘K‘ZZO.ZOS



RADAR APPLICATIONS

Examples of radar reflectivity

Power-law relation: Z=aR

T T T T /' T T VALl
fe3 10° s , 16 y,
E 221 200 R s
6
10°E I780R_ Snow +  Stratiform ,/ .
: ~/ TN,
— + / -1
- / 7
’ ’
! / ’
‘ ’
10°k 7/ / i
a ,/ 135 i
L / / 300 R
- -~ — / .
i - o - . YA Convective
= = E I / P
“’2 “’2 GE 4 /. //
= % £ 10 |_- , / -
N =
~N - ./ E
L /
3 '/ ”
107k / A -
F ’ ”
a / ” |
C . ’
[ / s
L T . R S ST T i | ‘ //
a5 0 100 '00_5 1 10 00 2 ,/ 7
R{MM/HR) R (MM/HR) 10"t 4 A4 PR | A .|....Iz N
10 1 10 10 10
R (mmh')



RADAR APPLICATIONS

Hydrologic relationships

Snow
Stratiform Thunderstorm [Sekhon and
[Marshall and Palmer, |Sekhon and Srivastava,

Parameter 1948 Srivastava, 1971] 1970]
Z-R Z=200R" Z =300 R"™ Z = 1780 R**
M-R M = 0.072 R"® M = 0.052 R"™ M = 0.250 R®™
Dy-R D, = 0.09 R"* Dy, =013 R"™ D, = 0.14 "
IR I'=41R"" =38R """ r=29Rr""
N,-R N, = 0.08 N, = 0.07 R™" N, =0.025R "™
M r=2Mm"% r=2m"" =11 M""
Naote:

. s L -1 [ —3 3 P [ —1 . 4
Zisinmm®m * Risinmmh™', Misingm "m °, Dyisincm, I'is in cm™ ', Ny is in cm




RADAR APPLICATIONS

Polarized measurements

» Backscattering matrix
- The scattering field is related to the incident one by:

. i H-pol.
E,’ r [Sw Sw]E
- The S matrix is the complex backscattering
matrix, whose terms are: V-pOI.

Spp = ‘Spp‘empp

> Interpretation and Symmetry
- Diagonal terms S, and S,,,, represent linear co-polarized components
S,y - H transmission, H reception

- Off-diagonal terms are cross-polarized components
Syy : H transmission, V reception

- For a spherical particles, the cross-polarized terms are zero.
= The cross-pol. terms are equal for reciprocity (unless medium is anysotropic).

61



RADAR APPLICATIONS

Polarimetric definitions

Polarimetric form of radar equation

- Radar equation can be generalized to polarimetric form
= Complex envelope V will be polarization dependent, i.e. V,

Co-polar radar reflectivity (mm®m-3)

Zoy = (A2 | KPY<|Suul > Zw =2 /7° [K Py < syl >
Differential reflectivity

ZDR — IOLog ‘SHH ‘ 2 LNEAR HoRiZ ONTAL I%

Y

<\SW\ > e

Linear Depolarization Ratio (LDR) M
| .

LDR=10Log </Swv|’ >
<|Suul* >




RADAR APPLICATIONS

Polarimetric examples

Ly
T

. [ 5| <‘S|—|H‘2> Obla'l'e 9 ZDR > O
W@< HZ;, for=10teg_ - 2. Sphere > Zz = 0
\l/

~ Prolate > Z, < O

Raindrops < 0.3 mm —m 73, =0dB |

Zarr#1.5dB Zgr# 2.0 B Zar# 3.0 dB ‘
© O O H
2,70 mm 345 mm 530 mum "4'
LZar 7 4.0 dB Zarm 3.5 dB Zar7 0.3 dB !
O o |

SBlmwm ] 0 7 mm B rm




RADAR APPLICATIONS

Polarimetric definitions

> Correlation coefficient
<Sy S >

o
Puv = = Pry | e’

V<[Sul ><[swf >
» Differential propagation-phase shift (°/km)

K., =@/1ReUE[)fHH(D)— fW(D)]N(D)dD} W
/4 0
Pop zzjKDP(r')dr'+§hv

» Oblate particles tend to slow down H-pal.

Op = arg(< Sy S.:H >) waves with respect to \VV-pol. ones
* This effect is larger for liquid than ice particles
* 0 is due to particle-induced phase shift




RADAR APPLICATIONS

Polarimetric definitions

> Specific attenuation (1/km)

180

tyy =2:107 = 22 Alml|< 4757, (D,, ) >]

» One-way path attenuation _
Attenuation of

backscattered power

AHH(r):jaHH (r')dr' (dueto arange bin)
along the pai

< Wy, >= C2L?-IH (r) ZHHz(r) =
e Application r

)\ (1)

=C, (e 2 ))HrH—z




RADAR APPLICATIONS

Polarimetric theory

a b
@ y Differential reflecivity vs. ellipsoid axial ratio
10.%1—

Right circular transmitted Ellipsoidal scatterer -
polarization At
g 8.0k o
HE‘ | .8
Y -
= 6.0 o7 . .
X z Particle density
L7} .6
=] —
Left elliptical backscattered & 5
polarization with axes = 4.0
A =a;-a; (small axis) = 4
B = a, + a, (large axis) = -
=
2 - .3
=
(=]
=1
g 2.0 2
Right circular component =
received by transmission
channel of amplitude B
Left circular component 2, = (B-A)/2 ;
received by orthogonal (main) 0.0
channel of amplitude %0 40 60 80 1.0C
0.00 .
a; = (A+B13,f2

AXIAL RATIO a/b




RADAR APPLICATIONS

Polarimetric features

Table 1. Values of polarimetric variables [or precipitation types (Irom Doviak and Zrnic¢

1993).

Zy (dBZ) Lz (dB) Py Kpp (7 km™) LDE (dB)
Diwrizzle = 25 LA =0.99 L =-34
Kain 25 to G0 Lo to =0.97 O to 10 =27 to =34
Diry snow = 35 O to 5 =099 0 to 0.5 =-34
Dense snow = 25 O to 5 =0.95 O to |l =25 to =34
Wet snow = 45 0 to 3 0.5 to .95 O to 2 -13 to -18
Diry graupel 40 to 50 -0.5 to 1 =>0.99 -0.5 to 0.5 = -30
Wet graupel A0 to 55 -5 to 3 =0.949 -5 to 2 20 to 25
Wet bail (=< 2 cm) 50 to GO -0.5 to 0.5 =0.95 -5 to 0.5 = -20
Wet hail (= 2 cm) 55 to TO <-(}.5 =0.9G -1 to 1 -1 to -15
Rain/h ail 50 to TO -1 to 1 = (.90 Ot 10r 10y to 240




RADAR APPLICATIONS

Polarimetric advantages

TasLe 1. Attributes of polanmetric vanables (for 5- and 10-cm wavelengths).

Attribute Immune to
Independent propagation LUsed for Independent
of absolute effects Immune to gquantitative of concen-
Variable radar calibration noise bias estimation tration
Z no no no yes o
s yes Ty Ty yes Yes
K. Ves Ves Vs yes no
P yes yes no no yes
& VEeSs no VEes no VeSS
LDR yYes no no no YEes




RADAR APPLICATIONS

Rainfall polarimetric estimators

3 Light Rain § From Slngle'pOI
08 {1k &4 Moderate Rain ::

B Heavy Rain R: R(Zh9zdr)

TF
aus

K To dual-pol. retrieval
e -E'n R=R(Zh, Zr)

R —— R=R(Kgp)

Fractional Standard Error

o
[o%]
1
|

RJ(Z}() Rz(ZH) R(Z”,ZDR) R;(KDP) RJ(KDP) RJ(KDBZDR) RZ(KDBZDR)



RADAR APPLICATION

Measurement issues

Dual-pol. radar equation \olume h

M pulse

ZVViRh,v(r'e'(P)_ Ny

pulse i=1

<Wpn,(r,0,0)>=

2A4y yv (r,0,0)

Zyywy (r.0,0)= Czrz <Wgn, >(r,0,¢)e

where Py: received power at h or v pol.
C: radar constant, I': range =
A: path attenuation at h or v pol. P
Z: reflectivity at h-h or v-v pol. . '
Ng: noise level
M: number of pulses

Radar ¢~




RADAR APPLICATIONS

Operational Issues

» Calibration objective

e Determine with precision and accuracy the instrumental constant C in
radar equation equation
< Transmistter power, loss of radiofrequency chain (e.g., guides, mixers, couplers)
< Noise level in the receiver chain, receiver gain and linear dynamics (no distortions)

» Calibration techniques

< Internal calibration: measurement of each radar component and module
- Suitable instrumentation (e.g., synthetic pulse generator, network analyzer)
< Periodic controls (antenna, TX) vs. frequent controls (oscillators, noise)
- External calibration: measurement of reference radar targets
- Large metallic spheres such that ¢, is equal to the geometric section
< Rain-gauge time-series data
- Difficult measurement set up and ambiguities
= Overall calibration obtainable: >1 dB

» Ground-clutter contamination
e Spurious echoes backscattered by ground and obstacles
- Spectral, statistical and static removal techniques
« Coupling with beam occulation, anomalous propagation, reflectivity gradients



RADAR PRODUCTS

An overview

i

File : 2002050808402781. ppv
Tupe : PRIV

File : 20020503155423563, voz Fomped 129.0 bm

Type : VCUT(Z»

Reange: 170.7 km
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RADAR PRODUCTS

Comparison among instruments

Rain gauges

Precipitazione {mm/3hr) 13MAY2002 03:00 UTC




RADAR PRODUCTS
Comparison among instruments

M eteosat | R

ERSA- O34

W.R.O.C.
G5 oct. U6 21:51 gssgmd(i)m(;




RADAR PRODUCTS

Comparison among instruments

Rain field spatially interpolated

from rain gauges

Prempdumone(nun/Shd 15MAY2002 0300 uTc

FINTE saaern -."------.---------.------".------'-':"--- ____

462N

...........

&

File : 2002051301002617,sri
Type ; SRI
Range: 125,00 km

Rain field derived from ARPAP

C-band radar
Range = 125 km

NS ROV e

-MI]

Wim T SUOSSIINE 0Ok, ek

13.05.2002
01:00:26

ek
M >= 100.0

85.0-100.0
F0O,0- 85,0
G0, 0-
50, 0-
40, 0-
30.0-
25,0~
20,0~
15.0-
10,0~

70,0
B0, 0
50,0
40,0
30,0
25,0

EEEEE
i—‘I\JLTI"'\I
PRRRS

TorinosTtalia

Scan B 1 125 km
Disp B : 125 km
Disp Resi 0,500 km
PRF: 1100 ~ 0

TS : 55

CC : Doppler B
A<Br 200 1.5
H ¢ 10,000 LS
SL ¢ 1,000 km

0,10C

REGIOME PIEMOMTE
Settore
Meteoidrografico




RADAR PRODUCTS
Polar volume scanning

elevation

SCANNING STRATEGY
Elevation angle 6: 0-20 with variable step
Azimuth angle ¢: 0-360° with 1° step

* Height

Slant Range




RADAR PRODUCTS

Plan Position Indicator (PPI)

Projection on the ground plane of radar 3-D polar data acquired upon
a conical surface (constant elevation, azimuth betwen 0° and 360°)

V'

Z




RADAR PRODUCTS

Example of PPI

H-pol. Reflectivity at 2° elevation

File 1 2002050314202663, ppz
Tupe @ PPI{Z}
Range: 125,0 km

03.05.2002
14:20:26

dEZ
W 64.7- 70,0+
B 59.3 64,
B 54.0- 59.
. 48,7- 54
43,3- 43,
29,0- 43,
32,7- 39,
27,3- 32,
22,0- 27,
16,7- 22,
11,3- 16,
6,0- 11
0,7- &,
-4,7- 0
-10,0- -4

RN IR = R N N R = S RN I R Y RN [ P B

TorinosItalia

Scan R 1 125 km
Disp Bt 125 km
Dizp Res: 0,417 km
[F& 1100 0

T5 @ 55

CC ; Doppler &
RZ 0.0-359.0
EL 2,0 deg

REGIONE PIEMONTE
Settore
Meteoidrografico

File : 20020%50808402781, ppv
Tupe : PPI{V}
Range: 125,0 km

Radial velocity at 2° elevation

¥

08.05.2002
08:40:27
me's
B 13.9- 16,0
B 11.7- 13.9
9.6- 11.7
. 7.5- 9.6
5,3- 7.8
3.2- 5.3
1,1- 3.2
-1,1- 1.1
=B, = =i,
=g, 3= =82
W 7.5 5.3
B -9.6- 7.5
B -11.7- -9.6
W -13.9--11.7
W -16.0--13.9
Torino/Italia

Scan B 1 125 km

Disp R 1 125 km

Disp Res: 0,417 km

PRF: 1100~ 0
11

T5 : 55

CC ¢ Doppler b
AZ 3 0,0-359,0
EL & 1.2 deg

REGIONE PIEMONTE
Settore
Meteoidrografico




RADAR PRODUCTS

Range Height Indicator (RHI)

RHI: Vertical scan for constant azimuth angle ¢

N.B. A vertical Section -
can be obtained by re-
processing a 3-D polar
volume as well. In this

case 1t 1s called / - , b
“Vertical Cut”. Y




RADAR PRODUCTS

Example of RHI and VCut

File : 2002050813102083.vcz 5 5 3 08.05.2002
Type & VCUT(Z) 1 d 11’
oraet ' 5B5 kn taglio dall origine 13:10:20
dBZ
4 B 61.0- 65,0+
B 57.0- 61,0
B 53.0- 57.0
= 49,0- 53,0
45,0- 49,0
41.0- 45,0 C >
37,0- 41,0
33,0- 37,0
29,0- 33,0
25,0- 29.0
I 21,0- 25,0
B 17.0- 21,0
B 13.0- 17.0
B 5.0- 130
B 5.0- 3.0
TorinosItalia
Scan B ¢ 125 km
Dizp B ¢ 58 km
0.0 T T Dizsp Res: 0,100 km
0.0 29,1 58,3 EEFQ }100 o0
TS5 : &5
File : 2002050919302662,vcz . . . 09.05.2002
Tupe 1 VCUTZ)
Tupe s VAT@ taglio qualsiasi 19:30:26
dBZ
W e5.7- 0.0+
B 61.3- 65.7
I &7.0- 61,3
| B2.7- 57.0
| 48,3- 82,7
44,0~ 48,3
39,7- 44,0
35,3- 39,7
Z1,0- 35,3
26,7- 31,0
B 22,3 25,7
B 18.0- 22.3
B 13,7- 15.0
& B 3.3 13,7
W 5.0 9.3
Torino-Italia
Scan B3 125 km
Disp R 3 60 km
Dizp Resi 0,100 km




RADAR PRODUCTS

Constant Altitude PPI

CAPPI: Horizontal cut of polar volume at a constant altitude

00000 : 28.5 50 100 74 58 4.4 3.0 2.0

00000 B 1'2

range (km)




RADAR PRODUCTS
CAPPI processing




RADAR PRODUCTS

Example of CAPPI

File :
Type 3
Range:

2002050314202659, hez
CAPPI (£}
125,0 km

03.05.2002
14:20:26

e
R

™

|

(]

1

(23]

]
P T T
e Mt B el Y Bt [ Y Nt e Y st s Y Rt )

EEEE
L=l
=l
|
(2]

Torino/Italia

Scan B ¢ 125 km
Disp B : 125 km
Disp Res: 0,417 km
PEF: 1100 / 0

RS 1 1

TS 1 &5

CC ; Doppler &
RoD: 7.,9-125,0 km
H 3 5,00 km

REGIONE PIEMOMTE
Settore
Meteoidrografico




RADAR PRODUCTS

Hor.-Vertical Maximu Intensity

HVMI: Horizontal-vertical projection (3 axes) of maximum reflectivity
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Example of VMI

File 1 2002050314202692. caz 03.05.2002
Tupe : MAX(Z) @
Range: 125.0 km 14:20:26
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Torinos/Italia

Scan B 1 125 km
Digp B :; 125 km
Digp Res: 0,417 km
PRF: 1100 - 0

RS 1

TS ¢ 55

CC : Doppler &

H ¢ 12,00 km

LS & 0,250 km

REGIONE PIEMONTE
Settore
Meteoidrografico
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Errors in rainfall retrieval

1. Inhomogenheity of rain cloud within
the radar beam

——
——
e
e s

2. Evaporation of rainfall below the = I~ |- __
radar beam

. . i No PE je— Partial ——af PE Complete
3. Understimation due to orographic screening screening screening

effects on rainfall process

4. Bright-band effects due to melting
layer

A
v
/7

5. Path attenuation due clear-air gases
(water vapor and oxygen) and rain

Height {km)

6. Anamolous propagation due to air

refractivity — second-trip echoes 71?

7. Beam screening due to presence of

obastacles (hills, mountains) Dry
po===nnan0

8. Calibration erros within the radar
system
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Examples of radar artifacts (1)

Ground clutter

Anomalous propag.
Multiplereflections

Bright band
Secondary lobes effect
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Examples of radar artifacts (2)

Estimate of surface rainfall from
stratiform or convective Z-R relation ?

stratiform Bright Band

L L L L L L L 1 1
0 5 10 15 20 25 30 35 40 45 50
Riflettivita' (dBz)




RADAR PRODUCTS

Examples of radar artifacts (3

Max. unamb. velocoty: u_,,= +16m/s Max. unamb. velocoty: u,,,= +32m/s
Mode: single PRF=1180 Hz Mode: dual PRF=1180 Hz, 787 Hz
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Examples of radar artifacts (4)

C-band radar: affected by rain path attenuation S-band radar: immuneto rain path attenuation
] R(Z) - Cimarron | 2] R(Z) - WSR-88D
40 T T L 140 L
» 60592 L O6.08.93
120_ 7] 120_ -
mcu: — 100 R
£ a0[ — £ 80 7
g 80 - g ad ]
40 - 40 -
o0k . 20[ N
0: ol '
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Radar data processing
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Example of data processing

START-
NEXT RANGE 5
BIN |

SIGNAL= SIGNAL NOT
NOISE CONTAMINATED

MIN. DET.
SIGNAL
S>T1

SIGNAL
QUALITY INDEX
sQl>T2

DOPPLER
V] > T3

STATISTICAL
FILTER
Sigma>T4

CLUTTER MAP
CONTAMINATED
SIGNAL?
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Surface rainfall C-band retrieval
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Retrieval expected accuracy

S_band- Fractional Standard Error
R(Zw) ] . 1/2
radar | ~ (Rt ~Ram ')
.75 = FSE =

5 : : (Reim)

E Algorithms;

f§ R,=M-P

g R,=WSR-88D

R4,= G. et al. (rob)
R, (Ky,)=S-Z
R,(K4,)=G-S (lin)
SN, T ' el Wl Ry, =G-S (rob)

0. . 150 200 250. - R4,,=R-Z (log)

Rainfall Rate (mm h™')
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Path attenuation mitigation

Sband radar: immuneto rain path attenuation ~ ©-Pand radar: corrected for rain path attenuation
using fully polarimetric data (Zh, Zdr, Kdp)

[ R{Z) - WSR-88D = R(KDP)

140 B —T—

06,0893 06.08.95




Height (km)

Height (km)
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Hydrometeor classification

Hailstorm in Florida observed by S

band polarimetric radar

Rudur Retlectivity (dBZ)
7 P e S T

Height (km)

o 20 40 60 80 100 120 0o
Range (km)

Ditterential Retlechivity (dB)
: RS e T T

40 60 80

Height (km)

K . i@y
60 80 100 120
Range (km)

i 03

Height (km)

Hydrometeor Identification

= T e d; ML [ T
15 . oif [ -
10 - ~
5 =
¥ . =()°
| Rain T 1=0
. Moderate _ ]
- Heavy
0 | LA i o' vyl S R I TR A P [
0 20 40 60 80 100 120
Range (km)
Light Moderate Heavy Hail Hail/RainGraupel Dry Wet Crystals
Rain Rain Rain Snow Snow

... and derived hydrometeor
classification



