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OutlineOutline
1.1. Volume Scattering with LVolume Scattering with Layerayeringing

1. 1. QuasicrystallineQuasicrystalline Approximation Approximation (QCA/DMRT) (QCA/DMRT) simulate all 4 brightness simulate all 4 brightness 
temperature channels: 18V, 18H, 37 V and 37 Htemperature channels: 18V, 18H, 37 V and 37 H

2. Polarization and frequency dependence2. Polarization and frequency dependence
3. 3. Comparison with CLPX GBMR ground measurements for all 4 channelsComparison with CLPX GBMR ground measurements for all 4 channels

2.2. Volume ScatteringVolume Scattering
1. Numerical Maxwell Model based on 3D Solutions (NMM3D) of     1. Numerical Maxwell Model based on 3D Solutions (NMM3D) of     

Maxwell equationsMaxwell equations
2.  Comparison between NMM3D/DMRT and QCA/DMRT2.  Comparison between NMM3D/DMRT and QCA/DMRT

3.3. Rough Surface Scattering with Layering : Numerical solutions Rough Surface Scattering with Layering : Numerical solutions 
of Maxwell Equations:of Maxwell Equations:
1. There can be Large 3rd and 4th Stokes due to interactions of1. There can be Large 3rd and 4th Stokes due to interactions of

rough surface with layeringrough surface with layering
2. Large 32. Large 3rdrd and 4and 4thth parameters observed in WINDSAT Data overparameters observed in WINDSAT Data over

GreenlandGreenland



Dense Media:Dense Media: Collective Scattering EffectsCollective Scattering Effects

a)  Snow:  dense media  ice grains lie in close proximity within a 
wavelength 
b) Induced dipoles/multipoles have near field coherent interactions
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Lorentz-Lorentz law: and         : averaged multipole amplitudes; 2  Nmax number of 
equations

Quasicrystalline Approximation (QCA): Lorentz Lorenz law and Quasicrystalline Approximation (QCA): Lorentz Lorenz law and EwaldEwald 
OseenOseen Extinction TheoremExtinction Theorem
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Comparison between QCA/DMRT and Comparison between QCA/DMRT and 
classical independent scatteringclassical independent scattering

Extinction Rate frequency dependence 
Comparison:
QCA shows weaker frequency dependence 
than classical theory

Extinction Rate fractional volume 
dependence comparison: 
QCA simulation saturates with fractional 
volume
Classical theory simulation linearly increase 
fractional volume

2a=1.2mm, fv=0.2 

2a=1.2mm, freq=18.7GHz 



Phased Matrix ComparisonPhased Matrix Comparison

For same grain size, QCA simulation shows more forward scattering 
than classical Mie theory

diameter=1.2mm, fractional volume=0.2, Freq=18.7GHz



MultiMulti--layer Dense media radiative transferlayer Dense media radiative transfer

Passive Microwave Remote Sensing

The boundary conditions are
At 

At

At

0=z

N layers of snow with the    th layer of snow from              
to
Dense media radiative transfer equations in the    th 
layer :
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4 channels :18V, 18H, 37V and 37H4 channels :18V, 18H, 37V and 37H 
Polarization and frequency dependencePolarization and frequency dependence

Tb simulation

•snow densities fluctuate but generally increase as the snow depth increases 
•Large density fluctuation near the surface is due to thin ice crusts near the surface
•snow grain sizes increase as the snow depth increases 
•snow temperature decreases at first and then increases as the snow depth increases

Multi-layer model predicts larger polarization difference and smaller 
frequency dependence than a single-layer snow model

hypothetical, but realistic, snow packs

channel
Single- 
layer

smooth

Multi- 
layer 

smooth

Single- 
layer
rough

Multi- 
layer
rough

18.7v 241.3 241.2 240.5 240.9

18.7h 215.7 209 226.6 216.8

36.5v 207.4 208.9 207.6 209

36.5h 192.8 188.5 193.1 188.7

18.7v-18.7h 25.6 32.2 15.7 24.1

36.5v-36.5h 14.6 20.4 14.5 20.3

18.7v-36.5v 33.9 32.3 32.9 31.9

18.7h-36.5h 22.9 20.5 33.5 28.1



Brightness Temperature  change withBrightness Temperature  change with new new 
snow accumulationsnow accumulation on thin snow packon thin snow pack

Hypothetical snow profiles of 2 days ; new snow in 
profile 1 turned to the 2nd layer in profile 2 after new 

snow accumulated in the 2nd day

18.7V

18.7H

36.5V

36.5H
210

220

230

240

250

260

270

profile1 profile2

Tb
Tb for different profiles.

Tb decreases as new snow accumulates on thin snow pack

Profile 1                                      Profile 2

14cm,dia=0.7
den=0.26

15cm,dia=0.3
den=0.07

13cm,dia=0.4
den=0.15

10cm,dia=0.4
den=0.15

dia=diameter (mm)
den=density(g/cm^3)

15cm,dia=0.3
den=0.07

12cm,dia=0.5
den=0.17

13.5cm,dia=0.7
den=0.27



CLPX Ground based Microwave Radiometer  CLPX Ground based Microwave Radiometer  
measurementsmeasurements

LSOS snow pits location in 2003

LSOS is a 100m×100m study site which has flat topography with a uniform 

pine forest, a discontinuous pine forest, and a small clearing

Location: CLPX Local-Scale Observation Site (LSOS), Colorado
Time:18-26 Feb. and 25 March 2003 
Instrument: Ground Based Passive Microwave Radiometer (GBMR-7)
Frequency: 18.7GHz and 36.5GHz       Incident angles: 54 degree
Data: Brightness temperature



CLPXCLPX 
snow profiles used as input to DMRTsnow profiles used as input to DMRT

Snow profiles of grain size, snow density and 
snow temperature of LSOS at Feb.21,2003

The snow profile  based on snow pit measurements at snow pit #2 of 
CLPX. 
The averaged snow parameters  from Variable Infiltration Capacity (VIC) 
Macroscale Hydrologic Model simulations



Comparison with GBMR point Tb observations : all 4 channelsComparison with GBMR point Tb observations : all 4 channels 

polarization differences and frequency differencespolarization differences and frequency differences 

18.7GHz 18.7GHz vv--hh;   36.5GHz ;   36.5GHz vv--hh

1)The model Tb prediction (left figure) show close agreement with the ground Tb observation.
2) Polarization difference (18.7v-18.7h and 36.5v-36.5h,right figure) from DMRT show close 
agreement with observations. 
3) Frequency difference(18.7v-36.5v and 18.7h-36.5h, right figure) from DMRT show close 
agreement with observations.
4) Multilayer model better agreement with GBMR than single layer

 

model

TB comparisons
TB polarization

 

difference and 
frequency difference comparisons



NMM3DNMM3D 
(Numerical Maxwell Model based on 3 D Solutions of (Numerical Maxwell Model based on 3 D Solutions of 

Maxwell Equations)Maxwell Equations)

Computer generation of particles random shuffling and bonding, several 
thousands of particles
Solve Maxwell equations numerically for the Generated Samples:
Solutions of Maxwell equations fluctuates;  results  averaged over 20-25 
solutions of samples

Simulated sticky particles 
fv = 40%



FoldyFoldy--lax lax Multiple Multiple SScattering cattering EEquationsquations
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Comparison with Experiments : Comparison with Experiments : 
Scattering Power Law dependence on Frequency

Frequency 
(GHz) 18 35 60 90

NMM3D - 2.79 3.04 2.75

Experiment - 1.59 3.82 2.25

Independent 
Scattering - 4.04 4.06 4.05
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Phase Matrix, P11 and P22 : Comparison Between Phase Matrix, P11 and P22 : Comparison Between 
Classical  ,QCAClassical  ,QCA and and NMM3DNMM3D

P11 and P22 (τ=0.1). Particles with diameter of 1.2mm ; 20% of volume 
fraction, 25 realizations,number of particles 2000
Sticky particles (QCA,NMM3D) have larger scattering 



• Extinction rate :  diameter = 1.2mm , stickiness τ=0.1 , frequency 
18.7GHz and 37GHz.

• NMM3D in agreement with QCA up to 20%, but start to deviate 
at 30%

Extinction rate Extinction rate vsvs fractional volumefractional volume

Frequency = 18.7GHz Frequency = 37GHz
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Presenter
Presentation Notes
Do not say kappas because nobody know what is kappas The extinction coefficients as a function of fractional volume at two frequencies 18.7GHz and 37GHz are plotted. The kappas of independent Mie scattering is proportional to the fractional volume.  The kappas of (QCA) and kappas of (NMM3D) increase with fractional volume until a peak is reached.  For kappas of QCA, this peak appears at fractional volume 17% for both 18.7GHz and 37GHz.  The effects are a result of coherent wave interactions. At small fractional volume, incoherent scattering increases with concentration.  The incoherent scattering rises to a peak with concentration. As the fractional volume further increases, coherent forward scattering increases at the expense of incoherent scattering.  This saturation effect is more pronounced at 18.7GHz. At the higher frequency of 37GHz, there are more incoherent waves created because of larger phase fluctuations associated with shorter wavelengths.  When the fractional volume is less than 20%, the kappas of NMM3D agree with kappas QCA. However, for concentration of 30% and 40%, the difference between the kappas (NMM3D) and kappas (QCA) increases. Thus NMM3D depart from QCA at fractional volumes higher than 20%.



i) : extinction rate, 

ii) : absorption rate,                               : NMM3D phase matrix (bistatic scattering 
coefficient per unit volume) from direction      into directions ′)

NMM3DNMM3D--DMRTDMRT
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Presenter
Presentation Notes
Radiative transfer equation is an integro-differential equation that governs the propagation of specific intensity.
Consider a medium consisting of  a large number of particles. We have intensity I at all direction and all position due to scattering. 
Consider a small volume element,  dl is along the direction of s, 
Three kinds of changes that will occur to  intensity I as it pass through the volume element
Firstly, Extinction that contributes a negative change
Secondly, Emission by the particles inside the volume dV that contributes a positive change
Finally, Bistatic scattering from direction  s’    into direction   s    that contributes a positive change
scattering coefficient, absorption coefficient and phase matrix are volume scattering features.
This equation builds a relation between microwave signatures and snow volume scattering features
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Of Tb than QCA



Rough Surface over Layered Media
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Greenland map showing study site locations for WindSat data

WindSatWindSat data over Greenlanddata over Greenland



• observed by 
WindSat over the 
Summit study site 
in Greenland 
during April 2003. 

• Large third and 
fourth Stokes 
parameters were 
observed

Third Stokes parameter        Fourth Stokes parameter



SastrugiSastrugi: Wind induced rough surface: Wind induced rough surface

•Aligned rough surface: Aziumthal
 

Asymmetry

•large rms
 

height 

•large slope



Third and Fourth Stokes parametersThird and Fourth Stokes parameters

Past Studies
• Non-spherical particles aligned;  Volume Scattering Can 

Create Large Third and Fourth Stokes parameters
• Smooth surface over layered media:  zero 3rd and 4th 

Stokes parameters
• Azimuthal Asymmetric Rough Surface over half space of 

snow:  Very Small 3rd and 4th Stokes parameters
• Past studies of rough surface scattering have not shown 

large 4th Stokes parameter

Present Study
• Azimuthal Asymmetric Rough Surface of Snow over 

Layered media



Numerical Solution of Maxwell equations: Surface 
Integral equations

• G is dyadic  green function in upper half space

• (G1

 

+G1R

 

) is dyadic  function in lower half space

•Periodic boundary condition to account for deep 
subsurface reflections from layering

similar equation for magnetic field
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Method of Moments convert surface integral equation into matrix equation
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Sinusoidal surface : comparison between Kong’s MIT 
group  (1992)(no layers) and layered media

(a)
 

MIT’s case 

ε1

 

=12

(b) sin-surface over 2 layers media 

ε1

 

=12
 

, ε2

 

=1 

MIT case (1992): 4th Stokes parameter ~= 0 

Present case : 4th Stokes large for rough surface over 
layered media



Results I for layered snow 
(effects of total internal reflection)

•θ=55 deg.
•Freq = 10 GHz

•2 layers

•Physical temperature = 250 K

•Total internal reflection



Results I for layered snow (continue) 
(four stokes parameters as a function of azimuth angle)
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Comparison of results between rough surface 
and rough surface over 60 layers

Sastrugi-type rough surface (large 
slope and large height)  over 60 
layers (profile)

•Rough surf. Shown in left fig.

•θ=55 deg., Freq = 10 GHz

•Physical temperature = 250 K

•60 Layers

Permmitivity:

ε1=1.8+0.0006i

ε2=1.3+0.000325i

ε3=1.8+0.0045i

ε4=1.6+0.0045i

ε5=1.8+0.0045i

……………….

ε60=3.2+0.0008i

Thickness of each layer:

Random between 1~1.5 cm
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Comparison of results between rough surface and rough surface 
over 60 layers (continue)  

(a) 1st & 2nd Stokes parameters       (b) 3rd & 4th Stokes parameters
• one

 
realization

•θ=55 deg., Physical temperature = 250 K

• Freq = 10 GHz

• Th
 

& Tv
 

over layered media smaller
 

than without layers

• U & V     over layered media larger
 

than without layers



1.1. Volume Scattering with LVolume Scattering with Layerayeringing
1. 1. QCA/DMRT QCA/DMRT simulate all 4 channels: 18V, 18H, 37 V and 37 Hsimulate all 4 channels: 18V, 18H, 37 V and 37 H
2. 2. Comparison with CLPX GBMR ground measurements for all 4 Comparison with CLPX GBMR ground measurements for all 4 

channels to account for frequency channels to account for frequency depdencedepdence and and polariationpolariation 
dependencedependence

2.2. NMM3D/DMRTNMM3D/DMRT
1. Numerical Maxwell Model based on 3D Solutions (NMM3D) of     1. Numerical Maxwell Model based on 3D Solutions (NMM3D) of     

Maxwell equationsMaxwell equations
2. comparison with QCA/DMRT: NMM3D/DMRT has weaker 2. comparison with QCA/DMRT: NMM3D/DMRT has weaker 

dependence in snow densitydependence in snow density

3.3. Surface Scattering with Layering : Numerical solutions of Surface Scattering with Layering : Numerical solutions of 
Maxwell Equations:Maxwell Equations:
1. Large 3rd and 4th Stokes may be caused by interactions of rou1. Large 3rd and 4th Stokes may be caused by interactions of rough gh 

surface with layeringsurface with layering
2. Large 32. Large 3rdrd and 4and 4thth parameters observed in WINDSAT data overparameters observed in WINDSAT data over

GreenlandGreenland

SummarySummary


	Slide Number 1
	Outline
	Slide Number 3
	Slide Number 4
	Comparison between QCA/DMRT and classical independent scattering
	Phased Matrix Comparison
		
	4 channels :18V, 18H, 37V and 37H�Polarization and frequency dependence
	Brightness Temperature  change with new snow accumulation on thin snow pack�
	CLPX Ground based Microwave Radiometer  measurements
	CLPX�snow profiles used as input to DMRT
	Comparison with GBMR point Tb observations : all 4 channels� polarization differences and frequency differences       �    18.7GHz v-h;   36.5GHz v-h	
	NMM3D�(Numerical Maxwell Model based on 3 D Solutions of Maxwell Equations)�
	Foldy-lax Multiple Scattering Equations
	Comparison with Experiments : �Scattering Power Law dependence on Frequency
	Phase Matrix, P11 and P22 : Comparison Between Classical  ,QCA and NMM3D
	Extinction rate vs fractional volume 
	Slide Number 18
	Tb comparisons �QCA/DMRT and NMM3D/DMRT
	 Rough Surface over Layered Media
	Greenland map showing study site locations for WindSat data
	Slide Number 22
	Sastrugi: Wind induced rough surface
	Third and Fourth Stokes parameters
	Numerical Solution of Maxwell equations: Surface Integral equations�
	Method of Moments convert surface integral equation into matrix equation
	Sinusoidal surface : comparison between Kong’s MIT group  (1992)(no layers) and layered media
	Results I for layered snow�(effects of total internal reflection)
	Results I for layered snow (continue)�(four stokes parameters as a function of azimuth angle)
	Comparison of results between rough surface �and rough surface over 60 layers
	Comparison of results between rough surface and rough surface over 60 layers (continue)  
	Summary

