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Retrieval of Snow Parameters from'Ku- .
and Radar Backscatter Measurements
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Outline of Presentation

ARadiative transfer formulation for radar backscatter of snow-
covered terrain

ABackscatter sensitivity of Ku- and X-band backscatter for
SWE over ground

AThe inversion problem for retrieving snow mass (SWE) of dry snow
over ground and winter snow on glaciers

ARadiative transfer formulation and backscatter sensitivity for
snow accumulation on glaciers

AProcessing line for SWE retrieval from satellite-based SAR
measurements

AAuxiliary data for segmentation and retrieval initialization
AApplication example for retrieval algorithm
AConclusions
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RT Transfer for SWE Retrieval

1 )e/ 0 r
° r P (65675~ ) g, F)aw A

. Si Total scattering phase matrix of the layer

. . . . l r 1§
accounting for scattering at interfaces, in volume, \
volume-interfaces, and multiple scattering in layer =, 00 P | -

___________________________________________________________________________ Medium 3

______________________________________________________

. Coherent backscatter terms:
. - Direct at interfaces (a), (b)
. - Direct volume (c ), without multiple

Air

Incoherent backscatter terms:
' - Multiple scattering in volume of (C) | snow q
- Volume/ground & ground/volume

(ground surface separated in |
1 I /
. coherent and non-coherent terms) Grou%
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For iterative retrieval of physical parameters the number of free variables needs
to be small, focussing at the main factors (multiple scattering lumped in sV)

The basic equation accounts for the coherent contributions T Single Layer:

| . 12857 a(a)e
1) =5 7a) s o)+ (1700 ) € n

One-Way Loss Factor: ‘ \Ft’ R
L(q)=exp(k.d,seqz) = explk', SWEseag)  Air
SWE = r, d, . —\a
Extinction coefficient: k, = k + k, B 25
! Snow | . - oSy )T

Density-nor mal i z=eldlr, kOk,/ks0 dgts o ‘\‘7% [

Volume scattering contribution:  ee————
Ground
S, g & 1 0 2 Scattering
S\f/,pq( t):TfZ( t)??pq%_ Lz—()gCOS(qt)l‘J
6 C f,pq\7t /= g

Scattering albedo w= k. /(k, + k)
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Semi-empirical RT formulation for dual layer snow model
(Multiple interactions not specified, lumped in observed signals)
A G
as as 2? Sf, ( )
S:‘,pq(qi)zsf,pq(qi)-l-s\f/,po( t1)+s\f/,2pq( t2)Li(q1)+(Tf ( tl)) AR

%)

e u

6L:(9.)C ()

L1 Loss factor

Strategy for inversion:

- Layer 1 represents the top snow
layer governing the mass and
energy fluxes with the atmosphere

d,L

1

- For cold snow Layer 2 properties
change slowly by constructive
metamorphism of grains - apply L5
snow process model

- Iterate for SWE and w of Layer 1

H. Rott - Hydrology WS April 2010



Backscatter Sensitivity to SWE i Variations of o

Volume Scattering Albedo and Background Signal

CLPX-Il, Colorado, Winter 2006-07

Rabbit Ears Oak Creek North Park
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PolScat s° (13.9 GHz) vs. in situ measurements of SWE
Forward computations with RT model, w =0.80, w =0.75, w =0.70
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Concept for SWE Retrieval

Inversion of Physical Forward Model

Basic concept: Iterative matching of forward model and backscatter
measurements to estimate free state variables

Input data requirements :
- Backscatter forward model
- Land cover data, DEM

- First guess snow parameters (from snow climatology or numerical
meteorological data)

Important: Need for reliable and well tested forward model
Advantages - Physical basis clearly defined

- Widely applicable
Implementation options:

Deterministic - Very sensitive to noise in measurements and model
- Solution may be non-unique
Statistic - Unique solution, less sensitive to noise

- Reliable statistical data base on snow parameters needed
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Statistical Inversion for Retrieval of SWE

A semi-empirical radiative transfer model with reduced number of free
parameters is used. The Nelder-Mead optimization algorithm is applied.

- | i
Cost Function: J(X):a_[ (x1 XiCy Copennn n) Z] a (x ] x]')
i=1 2S| J

Freeparameters E_E_I_E_O_l:\_/\_/_ajr?d__é_'l_'_—r;{éa_e_l “““““““
ASWE ' Z; Backscatter Measurement
5 s Measurement noise .
;Avolume scattering coefficient kg '« State variablles (
Or scattering albedo w c; Configuration parameters :

........................................................................................................................................

|, A priori standard deviation

_____________________________________________

Variational Data Assimilation
J(X) = (X= X,) B (X~ %) + (Yops~ HIXD) R (Yops~ HIX]); DI(X)Y min

Requires background field x,, and variance (physical snow parameters)
. H1 transformation operator from state vector x to observation vector y
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o _ _ enveo
Statistical Inversion for Retrieval of SWE

RT model with reduced set of free parameters for iteration

54 0)= T2 a)e s codg)1- e 2SS 2 (g el 2 WE
P Vg 2 t, & cosg pa & cosg

k 4 density normalized extinction coefficient

\
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Measurement vector of backscatter:  S; =Q g—cosqt 1-t°)+s.°t ¥
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(1) SO ...................... ......................
SWE (or depth), kq (f)), <T> | [ R SRR S CE e
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RT-Formulation for Retrieval of Snhow Accumulation .enveo’
on Glaciers

s'(g)=s*(a)+suda)+ Tl s? (o))

sVws - Vvolume scatter \

OCO0O0O0O00OOPRPROCOOOOOOOOO0O0OO OOOOOOOOOOOO cooo00c00O
AC Q

O0O00000CORQRAOCO0O0O0000000000O AC O000O0000O00O0OAQOCO0000O0
)

by Winter SnOW Wintersnow Zggoooo ‘-': R° :-.° 000 .:-‘ Tsnow wo(snow)
o

Wo(WS) < wy(firn)

Frozen Firn wyfirn)

Ls(ar) = explldysseaz ) = explk, SWE,sseaz )

Sg - backscatter of frozen firn from early autumn period
Iterate for SWE,, 5 by same procedure as for SWE on land
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Backscatter Sensitivity to Winter Snow o

Accumulation In the Percolation Zone of Glaciers

AdB|

™0 20 30 40 50 60 ) 700 700 600 800 1000
SWE [mm]

incidence angle [degd]

Broken Line T Frozen firn (early autumn)
Full Line T Firn and winter snow

Forward calculation of s°
sensitivity to SWE, starting from |

Winter snow o -
Equiv. particle radius r = 0.2 mm S~ observed in early autumn
Ellipsoid axis ratio = 0.50
Snow density = 300 kg/m3
Snow depth = 1m
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SWE Processing Line 1 Part 1: Segmentation enveo
Landcover Map Atmospheric SAR Level 1B
DEM Parameters GTG sAMap

) . Atmos. Corrected
—>  Water Surfaces sAMap

( Open Land & A
—> Transparent >

L Vegetation )

, w v v v
—> Glaciers sAMap sAMap sAMap

\ J Open Land Glacier Lakes, Rivers
—» Dense Forests _ £|

N J s A Ratio Segmentation

Dry/Wet Snow
v
sAMap
Dry Snow
} ! v
Dense Forest Wet Snow SWE Retrieval SWE Retrieval g(ra?:gisdsa:?g
Area Map Area Map for Open Land for Glaciers Pro ductsy
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SWE Processing Line T Part 2: Iterative Retrieval e

|

sAMap (Ku/X , vv vh) sAMap (Ku/X, vw;vh)
Time Series Dry Snow
Decomposition
> Snow Volume/
Background

\ 4

ComputeS Asor
Snowpack

?

&2

Compute Retrieval
Statistics and Diagnosticg¢———
Generate Quality Map

Compare Modelleds A

to Measurements
¢TR

> TR

A

l
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Modify Free
Parameters

A

A

Vegetation Density
DEM
Local Incidence Map

1st Guess Snow
Parameters
(Snow Process Models
Meteo Models)



AAtmospheric parameters for transmissivity correction (e.g. ECMWF
analysis)

ATopography (DEM) i for geocoding and local incidence angle

SRTM at f <60°; ASTER GDEM; national e.
AVegetation maps

Gl obCover (ESA, 300m), ECOCLI MAP,
ABackground signature (snow-free case) from the SAR time series

A Snow statistics (climatology)

A1st guess of snow parameters (e.g. gridded numerical meteo data from
GCM and regional model s, distribu

AFor glaciers: Classification of diagenetic facies
- Dry snow zone - Percolation zone - Glacier ice zone
(Classification of facies by means of multi-temporal backscatter ratios)
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Maps on SWE, SD, r, <T>in 6 h time steps available

Modeled Snow Water Equivalent (Hourly) for 2008 March 27, 6:00 Z
7246 km

Cut Bank
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SAFRAN/CROCUS

A SAFRAN delivers the fields
of required meteorological
input parameters (6 h
steps)

A CROCUS computes the
snow pack properties
(mass, temperature,
density, liquid water,
layering)

PROCESSES
ATMOSPHERE
e’ i
pa
incamingf | n 5,,.;“.
=olar =y IR radiation o
ardd -
reflecied sansle and
latant haat flusss ,
\ T?;Wim wind !
— ¥
LE
* - condusctian .
- meling refresziag
SMOW - percolaticn —
COWVER - metarmerphasis -
- sattling =
sOoIL ! [}
meit runof ground hest Nus

CROCUS variables

S—
; k ++
Temperaiuns
B0V TYpEs AV..-J{ +
L
BRI
rakstune oo
denaity ——-— LI
o o
- 1
- =12 o T
0,5 a3 O dansity
o E-5 2 moEsLing %]

AComputes snowpack mass and properties in semi-distributed manner
(elevation zones Bz = 300 m, 6 orientations, 3 slope classes;

local wind effects)

AOperationally used for snow hydrology, avalanche forecasting etc.
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Proposed Concept for Correction of Vegetation Effects \&NVeO

Snow free condition
GVM
s° s°
|1 /vegetated/

vegetated
Model
— Vegetation » Estimated
correction s®
A
» Treshold >«
no | _Yyes
: |
: Vegetation | |
correction l
|
l ! '
|
L swe Trend SWE l
I mparisQ First Estimation
: |
no |
I SWE | VYE€s !
I Value Snow condition
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Test of SWE Retrieval Concept

CLPX-II Kuparuk River Study Area, Alaska, February 2008.
Background: TerraSAR-X VV. Colours: Swath of PolScat on TerraSAR-X;
Blue: X-band VV. Red: Ku-band VV. Green: Ku-band VH.

H. Rott - Hydrology WS April 2010



