_____

Validation and uncertainties of a multi frequency altimetry snow
depth product over the Arctic ocean at different scales
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Measurement of sea ice thickness by altimetry

Snow load +

lower speed propagation in Ku within snow
range Ku
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CryoSat-2

Measurement of sea ice thickness by altimetry
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“ASD or KaKu solution”

still in production at LEGOS (2013-2024, NH+SH)
but LRM altimetry and bellow 81.5° of latitude
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Measurement of sea ice thickness by altimetry
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LaKu snow depth product

CryoSat-2:

Doppler beam: (300-450)m x 1.5 km

IceSat-2:

Granules: Lsx 17m, Ls € [10m,150m]
Swath: 6.6 km x 10 km

Missions Launched Main payload

CryoSat-2 &7 ; April 2010 Ku-band SAR (SIRAL)

|ICESat-2 h’ Sept 2018 6 beams LIDAR (ATLAS)

Carret et al.
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LaKu snow depth product
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Comparisons with other snow products

°'128'°_—°¢1---—-"+2f--\__g 3 Taylor diagram o
e Y 7 LaKu: LaKu UoL, , LaKu Kacimi

0.105 0> s

o= >0 . KaKu: KaKu LEGOS, KaKu UoL, KaKu UIT

< E %. .
0 R Radiometry: AMSR-Bremen
0.* \ /oo
0.0750 N N Models: PIOMAS, NESOSIM, SnowModel-LG
va o _
0.060! Y SnowMotlel-LG Climatology: W99m
N, %= LaKu Ul
0.045 = S = NESOSIM \ _ ,
0> —X 5 - Correlations above 0.8 with all products (except KaKu
0.030} | FEGOS \ UIT abd KaKu Uol)
AMS 5 \_

PIOMAS | ; N f . . :
0OBrs s Ku Kpehyt ke - Best agreement with LaKu Kacimi, LaKu UiT, AMSR,

] i ' | KaKu LEGOS

0'089000 0.015 0.030 0.045 0.060 0.0g 0.090 0.105 0.120
Standard deviation

LaKu LEGOS
Carret et al. [Carret et al. 2024] 9



Cryo2ice Symposium 2024.

Comparison and validation of the snow depth product

In situ datasets CEBird

« Airborne survey with an
ElectroMagnetic induction

o Campaign in winter and in summef
since 2009

« Variable measured: snow depth

BGEP

o 4 moorings in the Beaufort Gyre
with an upward-looking sonar

« Daily data since 2003

o Variable measured: draft

Operationnal IceBridge

« 10-year mission to collect polar data between ICE
and ICESat-2

« Airborne measurements

o Period of campaign: April 2019

« Variable measured: snow depth

— OIB

—— ICEBIRD t
—— BGEP \

Carret et al. 10
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Comparison with OIB snow radar
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Comparison with OIB snow radar
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Comparison with BGEP moorings !?

radar freeboard FB,,+ snow depth SD => Draft
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Comparison with BGEP moorings
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Comparison with BGEP moorings
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Carret et al.
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Comparison with BGEP and ICEBird
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Uncertainty on Sea Ice Thickness

SIT Equations 0 (1+Tp)ts5—p, +
SIT(FB, ,SD) = —" Pw Ps) ” — Pw ™ Ps (Equ. 1)
(FBr 30) = 5=, FBru Pu- P °P
SIT(FB,,, SD) = %_ FB,, + ZS ZW SD (Equ. 2)
Pw Ps - Pw 15 E 3
SIT(FBKUI FBLa) = Dv - D I:BLa + m (1 + T:os) ' (FBLa_ |:Bku) (Equ. 3)
w |

Error propagation equation (case 3)

~ Pw” (ps_ pw)/C/Cs 2+ u2 pw+(ps_ pw)/C/Cs °

Ugt= Uggkul PP, ] FBLaser | p.-p, ]2"'
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Carret et al.
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Uncertainties
et e 15 La o
1.2 i )i S Ku = RO
FB La + auxiliary SD i
1.0 Tt — . FB_LASER
FB Ku + auxiliary SD £10
= LaKu
0.4 Simultaneous La Ku = 0.5
0.2
%Po0 0.02 0.04 0.06 0.08 0.10 0.12 0.0- - -
unc fb

= For a fix value of uncertainty: larger impact of FBlaser to the total SIT uncertainty

- Simultaneous laser and Ku measurements - reduction of SIT uncertainties + estimation of Snow Depth

Carret et al. 18
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Uncertainties
a) b)
By 158 o
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= For a fix value of uncertainty: larger impact of FBlaser to the total SIT uncertainty

- Combining laser and Ku measurements = reduction of SIT uncertainties + estimation of Snow Depth

Carret et al. 19
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CRYO2ICE

On July the 16th 2020, CryoSat-2's orbit was raised in order to periodically align ICESat-2 orbits over
the Arctic ocean every 20/19 orbits (IS2/CS2).

e 20 tracks of coincidental measurements per month
e With a 2-3 hours delay
* Thousands of kilometers transects

IS2 granules

CS2 Doppler beams

300-4507,
Satellite footprints: Glis2
e CryoSat-2: Glcs2
» Doppler beam: (300-450)m x 1.5 km ~17m ‘
e |ceSat-2:

» Granules: Lsx 17m, Ls € [10m,150m]
» Swath: 6.6 km x 10 km

Carret et al.
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PIOMAS

Carret et al.
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R RMSD Bias Slope
AMSR 0.55 0.072 0.045 0.34
LaKu grids 0.70 0.055 -0.002 0.77
NESOSIM 0.26 0.124 0.067 0.40
PIOMAS 0.25 0.104 -0.081 0.12
snow_lg 0.31 0.103 0.028 0.44

W99 0.40 0.089 0.035 0.51

Carret et al.
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CRYO2ICE

FB Laser vs FB from draft BGEP + SD C2I
R=0.94 ; RM5D=0.05 ; slope=0.91 ; dmean=0.04

FB Laser vs FB from draft BGEP + SD LaKu
R=0.91 ; RM5D=0.05 ; slope=0.82 ; dmean=0.02
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© 0.3 e T . .. . o 0.3 s o
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Conclusions

Good agreement between the Laku snow depth product and the in situ data

The different LaKu snow depth solutions are very coherent -> stable solution

SAR Ku processing based on physical model retracker provide better solutions (tested with TFMRAS50)

The KaKu solution is less efficient but close to LaKu. Recall: LRM versus SAR/Lidar!

See also the amazing results about LRM Ka processing shown in a poster from [Landy et al] !

™
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\
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Conclusions

Good agreement between the LaKu snow depth product and the in situ data

* The different Laku snow depth solutions are very coherent -> stable solution

* SAR Ku processing based on physical model retracker provide better solutions (tested with TFMRAS50)
 The KaKu solution is less efficient but close to LaKu. Recall: LRM versus SAR/Lidar!

See also the amazing results about LRM Ka processing in a poster from [Landy et al] !

Simultaneous bi-frequency measurements lower SIT uncertainties.

The CRYO2ICE project is an opportunity to demonstrate it
Results very promising for CRISTAL (and CIMR) ...

... but still work to do : Ku penetrations, ice and snow densities, Ka processing

... and need for in-situ snow depth measurements !

Results published soon in [Carret et al., Scientific Data 2024]

Carret et al. 25
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