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Contents of the Lecture

1. Radar Signal Propagation in Snow and Ice

*  Snow Morphology

» Dielectric Properties and Signal Penetration

+ Radar Backscatter Signatures

»  Sea Ice Backscatter Signatures

2. SAR Application for Snow Cover Monitoring

* Snowmelt Area Mapping

+ Experimental Study on Retrieval of Snow Mass (SWE)
+ Repeat-pass INSAR Retrieval of SWE

* Snowmelt Runoff Modelling
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Snow Properties after Melt/Freeze Metamorphism 1%

P 1F 4FF Hand Hardness

Grain clusters after several cycles of
melt/freeze metamorphism
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Rotmoos - Temperature Gradient Metamorphism
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Microwave Permittivity of Ice and Snow \ENvVeo)
Ice: 4
e =3.15 = —
€ = 0.001 to 0.0001 f (v, T) g For snow density p = 0.45 g/cm3
Vo (-0.1°C) = 7.3 KHz 3E
Dry snow: -
e =1.0+1.7p+0.7 p? = 2;
Wet snow: © o F
e =e(dry)+Ae -
Ae=0.23V, /L -i(v/ vo)] 1 E &
V,, [% volume] e
v, relaxation frequency for 0 S
wet snow (ca. 10 GHz) 0 2 4 6 8
Liquid Water Content [% ]
gL AVE
Pk, 2me’ | Penetration depth for lossy medium, ' >> ¢*
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Measurement of MW scattering, emission and
penetration, Dronning Maud Land, Antarctica
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Microwave Penetration Depth in Dry Snow \enveo)

p _k_e_ks+ka 3 dry snow
'k, and k, [m™1] I
absorption & scattering coefficient. |

10
Dry snow: kg > k,
Data base

Alpine snowpack (Méatzler,
1987)
Field measurements 1 -

Penetration depth [m]

Antarctic snow (Rott, 1993)
Field measurements

Retrieved by inversion of [ 1 L L
satellite MW radiometry, 49 105 21 36 94
Antarctic Plateau (Rott, 1993) Frequency [6Hz]
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Microwave Penetration Depth in Wet Snow \éj;’i‘ﬁ

Microwave permittivity of water
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Radar Signal Propagation for Snow over Ground \Enveo)
1st order radiative transfer (RT) formulation for singe layer
c® = Goas + Yzas [(Gov / 2ke)(1' t’zs) cos 0 + Gogt’s]
Snow volume contribution Ground
‘ f \ c° = backscattering cross section

6°,, = backscat at air/snow interface
Yas = transmission coefficient air/snow
c°, = volume backscattering coeff.
c°, = backscatt. coeff. of ground
k. =k, + k, volume extinction coeff.
t, = transmissivity of snow layer

>, = exp(-k.d,/cos0”)
d, = snow depth

oy = kg / k, single scattering albedo
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Radar Signal Contributions for Dry Snow over Ground ‘&MV€%

0 - s X 5 0
——WV_tot SWE =80 mm —WV_tot SWE = 250 mm
5 = = VV_snow -5 = = VV_snow
e Wosoil [ 0 0 e VV_soil

= _-10
@ @
= 3
2. .15 ;
> > g
> ” > ’
% s ===8now volume % #F

-20 . - -20 .

- contribution depends y
. ’
L on snow mass and K
25 i grain size R
p
s X-Band Ku-Band L/ X-Band Ku-Band
-30 J A 3 -30 Y .
5 7 9 11 13 15 17 19 21 5 7 9 11 13 15 17 19 21
Frequency [Ghz] Frequency [Ghz]

Backscatter coefficients ¢°, VV polarizations, 6 = 40°
Computed by dense medium Radiative Transfer model; grain size @ 1.0 mm
For snow mass (SWE): 80 mm (40 cm show depth) and 250 mm (120 cm d)
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Backscatter Sensitivity to Snow Mass— Impact of Grain Size \&MV€9)

RT simulation for backscatter of dry snow over ground
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Main parameters for backscatter intensity: SWE and effective grain size (eGS)
eGS - parameterization for backscatter efficiency of the snow volume
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Complex Structure of Natural Snow Packs enveo

Snow cover is a
sintered medium.

For backscatter
modelling the
scattering efficiency
is parameterized by
effective grain size
(has different
scattering phase
function).

Multiple layers

Air (@) (c) (h)(b)(d)e)  (9)()

Snow ds

Multiple
Scattering -

= 3

Ground Ty
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X-Band Backscatter Signatures of Snow \Enveo)
X-Band Co- Polarized 0 X-Band Cross-Polarized
0 i
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-40 T T T T -40

0 20 0 60
Incidence Angle [deg]
@ snow-free (meadow)
O dry snow (fine-grained) — low loss medium
O wet snow — low c° (absorption)

Measurements in Alpine valley (Leutasch)
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C-Band Backscatter Signatures of Snow \ENveo)
sk C-band oF C-band
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Measurements in Alpine valley (Leutasch)
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Main Factors for Backscattering of Snow, Ku- to L-Band T

WET SNOW Dominant Scattering Mechanism: Surface Scattering

+ Liquid water content dominant factor
* Surface roughness important
+ Grain size relevant for high SAR frequencies

DRY SEASONAL SNOW: Scattering in the Volume and/or at Lower Interface

* 0° of medium beiow snow dominating for seasonai snow at f<~10 GHz
» Grain size important for f>~10 GHz

+ Snow Mass (snow water —> Little sensitivity of ¢° at X- to L-band;
equivalent, SWE) Ku-band sensitive to SWE, but ambiguity
with grain size

REFROZEN SNOW (e.g. firn area on glaciers): Volume Scattering
* Volume inhomogeneities (grains, grain clusters, ice lenses, ice pipes, ..)
+ Internal interfaces between snow layers of different density
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Main Factors for Backscattering of Snow, Ku- to L-Band T

WET SNOW Dominant Scattering Mechanism: Surface Scattering

* Liquid water content dominant factor
+ Surface roughness important
* Grain size relevant for high SAR frequencies

DRY SEASONAL SNOW: Scattering in the Volume and/or at Lower Interface

+ 0° of medium below snow dominating for seasonal snow at f<~10 GHz
» Grain size important for f>~10 GHz

* Snow Mass (snow water — Little sensitivity of ¢° at X- to L-band;
equivalent, SWE) Ku-band sensitive to SWE, but ambiguity
with grain size

REFROZEN SNOW (e.g. firn area on glaciers). Volume Scattering
+ Volume inhomogeneities (grains, grain clusters, ice lenses, ice pipes, ..)
* Internal interfaces between snow layers of different density
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Dielectric Properties of Sea Ice

—
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107_ T T T LR T E
Penetration depth i ]
for different ice types 1
ok Te-lecc 4
_______________________________________________ F Purelce 1
| Strong Variability of £* in [ ]
dependence of brine content % 1
Sea ice is a heterogeneous £
mixture of pure ice crystals, gas E
(air) bubbles and brine pockets g
in either liquid or solid forms
— Absorption losses dominate
in young sea ice
— Scattering losses dominate in
multi-year ice 102 L L

H. Rott Tutorial SAR- Cryosphere — Part 1
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b) First-Year Ice
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High brine content — high i
absorption / emission coefficient |
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Salinity and Structure of Multi-Year Sea Ice \enveo)

. _ T
c) Multiyear Ice & = = =8
<Tg>

T rough surface

Cair pockets
r=1.5mm

S < 170
o=7 SMicm3

o O~ -Q
© Fig: NASA SP-489 o
o el

o ¢

10 mm

Multiyear Ice, Losses dominated by volume scattering
(Shokr, 1991) — air bubbles, grain clusters
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L-band and C-Band Discrimination of Sea Ice vs. Water \Enveo)

Winter conditions
L-band VV C-band HH

T T T 0 T T T
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® Calm water © Calm water
uFY ice m FY ice
=4r A MY ice 1 r AMY ice

Radar cross section o? (dB)
Radar cross section ¥ (dB)

—-28} i
_36 1 = ._.50 =l e 1 1
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Angle of incidence # (degrees) Angle of incidence # (degrees)

Ref: Ulaby and Long, 2015
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Contrast between ICE Types at Different SAR Q‘L‘i‘ﬁ
Frequencies

Winter conditions

First year thin vs. thick Multi-year vs. first year
8 — 20 —_—
' A, (dB) = 3 A; (dB) =
1.5 GH “ L e 1.5GH
i -:- 9.0 GH; ﬂgymm(dB)—demedB)- . = 9.0 GH; U&Y(dB) _O%Y )
=<~ 13.0 GHz 16F = 13
6F | = 17.0 GHz 1 - 17
vv-pol 141

o contrast Ay (dB)
S
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Radar cross section contrast (dB)
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T

3t b § 8t
6F
L
4}
1F
2+
0 & > & L L 0 L L L L L L
0 10 2_0 30 40 50 60 70 0 10 20 30 40 50 60 70
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Ref: Ulaby and Long, 2015
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Sea Ice Deformation Features in L-Band and C-Band \envea)

EMAC airborne campaign Gulf of Bothnia, March 1995

C-band VV.

Ref: Dierking and Dall, 2017
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L-Band Sensitivity on Thickness of Thin Sea Ice

Thin sea ice retrieval from ALOS/PALSAR, L-band HH Ref: Tqyota etal. 2011
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SAR Algorithm for Retrieval of Snowmelt Area enveo
o T
>| Co-registrai K Processing line for Sentinel-1 IW mode
l Speckgmer | i data (C-band, VV & VH polarization) 5
:Nagleretal., 2016 |
l Ratio Calculation |
PR T S w7 vy [
Basic Concept:
Fusion
—- * Uses C-band or X-band SAR data
Ratio Image  Exploits the contrast of
¥ backscatter between wet snow
| Segmentation |

and snow-free (or dry snow)

reference conditions

SRt e e i+ Applies the backscatter ratio

(0° wetsnow/ O reference) 1O COMpensate
for topographic effects, Change
detection

v = < .
DEM Geocoding, Image Simulation H Incidence Angle

Map, Layover Mask /
» Applies a segmentation

Land Cover Postprocessin; (Limits for 6i;
L M:a" P Corrections f°'“""°°"°’°"5;“’ I procedure for separating the two
@ Quality surface types in ¢°- ratio images
N flags e
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Impact of SAR Geometry in Mountainous Terrain \Enveo)
Across track geometry Fore-
Layover shortening Shadow
Radar . . R o o L
- E' F Image Plane
/ \\ AI=BI C|=Dl
. c.T
7\ .
B £
Z
E
Z /%3 / 7

Topographic distortion depends on local in

cidence angle

Surface resolution across track: Ar = ct/(

2sin0;,.)

local
incidence
L angle
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Sentinel-1 Backscatter Signatures of Wet Snow  \EMVEQ)

Backscatter ratio (wet snow vs. snow-free surfaces) Sentinel-1 VV- and VH-
polarized channels in dependence of local incidence angle, 8, Otztal Alps

5 T - T T T - 5 r
A2 A2
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g IIIIII IIII 5 II
3 I 3 I
gt
-10 -10
”gg' ] snow M'dn ] ——
El snow free El snow free
-15 L5
20 40 60 80 20 40 60 80
o) (b) o (°)
Cross-pol provides better discrimination at low off-nadir angles
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Snowmelt Area by Sentinel-1 SAR IW Mode Data enveo
6.0°E 8.0°E 10.0°E 12.0°E 14.0°E
50
47.0°N
46.0°N

45.0°N

44.0°N

Nagler et al., Remote Sensing, 2016

I decrease of wet snow extent from April 20-23 to May 14-17, 2015 B wet snow extent, July 1-4, 2015
Wl decrease of wet snow extent from May 14-17 to July 1-7, 2015 layover / foreshortening
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Snowmelt Area by Sentinel-1 SAR IW Mode Data \enveo’

240°'W 220°'W 200°W 18.0°'W 16.0°W 140°W 120"
-66.0°N
66.0°N -
-65.0°N
65.0°N|-
<464.0°N
64.0°N[-
100 150 km
enveo
L \__w;_ _ L L s s L 463.0°N
240" 220'W 20.0°W 18.0°W 16.0°W l40'w
B decrease of wet snow extent from May 17 and 22 to June 10 and 15, 2015 Bl wet snow extent on june 10 and 15, 2015
B 1ayover / foreshortening
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Snowmelt Area by Sentinel-1 SAR IW Mode Data \enveo’

Snow map Troéllaskagi Peninsula, Iceland

19.0°W 18.5°W 18.0°W 17.5°W 18.5°W
T
|

|
|
|
|
|
|

B snow [ water [ no data I wet snow water [l no data W layover/foreshortening
Landsat, 27 June 2015 Sentinel-1, 26 June 2015
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Wet Snow Extent on Glaciers, from TerraSAR-X Data \ENve2)

G - Gepatsch Glacier

H- Hintereis Glacier | Red — wet snow; yellow - layover |
(Otztal) ‘

25 Dec 2010 10 July 2009
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NoSREX campaign towards Ku-& X-Band SAR for SWE \&nveo)

5 -15
- Xw  Xvh
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SnowScat ¢° (dB) at Ku-band (16.7 GHz) and X-
band (10.2 GHz), 6 = 40° winter 2010/11, versus
SWE in snow pits, Sodankyl, Finland (NoSREXx-2).

 Phase-A studies for ESA Earth Explorer Candidate CoReH20, Rott et al., 2009 |
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NoSREX campaign towards Ku-& X-Band SAR for SWE \&nVeo)

=
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18
R v
z -
E14{‘
120 (
80-120 [mm]: 60}, /
121-160 60 80 100 120 140 160 180 20C
>161 : SWE ipysitu [mm] {
| Dense Forest SWE retrieved from SnowSAR dat¢
vs. in situ point measurements
SWE map, derl_\(ed from SnowSAR . SWEgs— SWE= -5mm
s{{‘ data, Sodankyla, 15/03/2011 Stand. error : 12.7 mm
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0,
Repeat-Pass INSAR for Retrieval of Snow Mass enveo

. Basic Approach: !
.+ Differential processing of repeat-pass InSAR data to obtain ¢¢ny i
i+ Propagation path length through dry snow is related to SWE i

Total interferometric phase difference: = Pfar + Propo T Pamm + Psnow

Phase delay in dry snow pack: | Guneriussen et al., 2001 |

%A¢snow —

Ay = 2kAdS(cos 0-1+156 p_sin 02 )

For incidence angles 6 < ca. 40°:

Adspow = 4%0 (CO"SI-A.G ASWF)

{ Ay, = 2T = ASWE = 3.2 cm (C-band)

1(0=23°) = ASWE=14cm (L-band)

L-band: Reflection from snow/ground
interface dominates

H. Rott Tutorial SAR- Cryosphere — Part 1 ESA/CONAE SAR Course 2018

36

18



Impact of Frequency for IN'SAR SWE Retrieval \enveo)

—_——

The InSAR SWE retrieval algorithm is based on dominating return from
snow/ground interface. Effects caused by scattering contributions from
snow volume are neglected —> Preference for long wavelength.

—100— - vw—w—7100 100

5 G L-band wf‘d X-band

£ 5G

5 sor 80- 80

2P v

£ 60t 60} 60}

g

£ 40f 40F 40f sG

o

=

=]

£ 20p 20f 20

£ \/

=1

£ v AS M

O 0l ity J oo N = N ) e S
20 40 60 80 20 40 60 80 20 40 60 80

0;[deg] 0;[deg] 0j[deg]

Relative contributions of the main scattering terms for dry snow of 2.5 m depth
and R; = 0.5 mm over soil at L-, C- and X-band. AS - scattering from the air/snow
interface, SG - scattering from the snow/ground interface, V - volume scattering
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Phase Sensitivity to SWE and 2z Ambiguity \enveo)

SWE for Ao=27 Impact of refraction on phase

_ g:g:,?ﬂ | Example for L-Band with

— L-Band SWE =20 mm

T T T T
— — p=0.1g/em? h=20cm : P
g — p=0.2g/emd h=10cm : P
£ gl — m03gems h=tbem  [ihihed
S —— p=0.4g/em® h="5em : : : N
& = — p=0.5g/em? h=4em : : : HY
I ol linear approximation |: : H
@ !
2
d H
= :
: H : : : : : : _ 7
00 10 20 30 40 50 60 70 80
incidence angle [deg]
| Relation SWE <> Snow Depth, for A¢=2m, 6=40°c = % 10 320 30 40 50 60 70 80
i ; incidence angle [deg]
SWE SD(100 kg m®) SD(300 kg m3) :
{L-Band: 120 mm  1.20m 0.40 m Corrections for refractions (density) |
i 1 needed at 0 > 40 deg. |
' C-Band: 28mm  0.28m 0.09 m 9
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Impact of Temporal Decorrelation on Coherence \Enveo)

Model calculations for temporal decorrelation due to snowfall or snow drift
causing changes in phase delay at sub-pixel scale

08 g,
L ,
snow density £ i ‘

@ G

Q 06— 0.1g/cm3 1.16 L.

o | 0.2g/cm3  1.33

[0 -=-:03g/cm3 1.53 B

£ :

S04 & G

0.2 < Estimate for decorrelation, assuming
. @ variations of phase delay at sub-pixel
(6=23°% C scale for snow above rough surface with
0 N - = __ Gaussian distribution for o,
0 10 20 30 40 50 60 70 80 90 10C
Sz [mm] 5
e e S e ; 2
o, standard deviation of phase length within | |}/femporal‘ =exp| — 1[47”] 6__2[00591, —Je— Sin@,—z )
pixel due to snow fall, for distributed sc 2\ 4
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Temporal Change of INSAR Phase & Relation to SWE \enveo
17 March 1994 20 March 1994 23 March 1994 26 March 1994 29 March 1994
164 m
Each colour:
APhase = 2.0 rad
‘Franklin ASWE =1.0cm
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18 March 1994 21 March 1994 24 March 1994 27 March 1994 30 March 1994

Alaska North Slope, 3-day ERS-1 repeat pass
Changes of SWE due to snowfall and wind erosion/deposition
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ASWE for Ao=2m
160 T T T

— C-Band
— S-Band
L-Band

140}

2n phase
ambiguity for
SWE

120
100}-+--
80
60
40
20 Luzi et al.
2009

0,

0:---10---20----30---40---50---60---70--- 80
incidence angle [deg]
T T

- :
I SWE retrieved :
g 50 from phase
E 501 g
o
2 40}
a2 ¥
= 300 — :
8 10 : / ~ Impact of snow
> i density (refraction
a g Phase change s v )
< due to snowfall
03 06 09 12/03/2006 “10Miar 05 2006 Mar 06 2006 Mar 09 2006 Mar 12 2006
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Processing System for Snowmelt Runoff Forecasting @

i

i -

enveo’
i \&nveo)

Hydrological Medelling Platform

Snow melt Rainfall sail [Evepotranspiration

‘ o “ o “ o “ Mo

Pre-processing of meteorological data
(measurements and forecasts)

[pairt = grid -> HRU]

Relational Database
station dat, forecasts(MOS, EPS, D
- tunatf measurements
- basin parameters and HRU data
- link to external raster cata of basins (e.g. DEM, map of surface types)

External raster data
9. DEM

Basin Setup Remote Sensing
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- elevation (min, max, mean) *maps of LAl , NDVI
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IRSL software toolbox
Processing of RS data:

Basin specific hydrological
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* maps of LAI, NDVI
Rl Tefita *land cover fypes

Satelie data
*SAR
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Meteorolagical data Hysholagical data
[stetion & madel] [station]

T T | Nagler et al., 2008
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No of HRUs

Vent -17

Huben - 27
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B forest
[ low vegetation
[] bare soil

[[] glacier

Vent Vent

(a) (b)
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