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Importance of Snow over Sea ice

e snow acts as a thermal insulator

=> it slows down the growth of the sea ice

« snow acts as an UV reflector
=> it increases the ice albedo
* snow acts as a light filter
=> it limits planktonic development under the ice

« snow acts as a gas filter
=> it limits ocean/atmosphere gas exchanges

e SNOW increases ice friction

=> it limits ice breakers progression

1 Key Knowledge Gap [IPCC Special Report of the Ocean and Cryosphere (SROC])
“Snow depth on sea ice is essentially unmeasured,

limiting mass balance estimates and ice thickness retrievals”
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Sea Ice Thickness by Altimetry: Effect of snow load Eesa

ranges Ku

sea ice P
- ™ _FB
SIT Py =~ Pi

_v_
hydrostatic equilibrium equation
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Sea Ice Thickness by Altimetry: Effect of snow load Eesa

ranges Ku :
J Snow Layer involves:

Ku speed reduction + snow load

seaice SIT —

hydrostatic equilibrium equation
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How to Estimate Snow Depth over Sea Ice ?

Until recently, only the Warren 1999 climatology ‘ @
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April 2013

P Modified Warren
April BT
Warren SD 2 -
Climatology —-

For MYIl: SD =SD

warren
OSISAF Ice type For FYI: SD = SDwarren I 2.
April 2013 :
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How to Estimate Snow Depth over Sea Ice ?

Models of Show Accumulation

Using:

« Re-analyses models (MERRAZ2, ERAS, ...)
for snow precipitations and wind

» Sea Ice Drift

‘%
Main Available Snow Depth Products
PIOMAS 1980-now NH
GIOMAS 1980-now NH+SH
NESOSIM 2002-2011 | NH
2012-now

SnowModel-LG 1980-2018 | NH

, etc.
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How to Estimate Snow Depth over Sea Ice ?

Models of Snow Accumulation Multi-frequency Passive Radiometers
Using:
* Re-analyses forecasts (MERRAZ2, ERAS, ...) AMA?I\I/TSE{_(S(QE)éZZCE;;\)Na)md
for snow precipitations and wind
» Sea Ice Drift -
7N b : @ e
l Lo l /*:‘w:'d‘ ) Solar array paddle >
- s . Tb37 = Tb19 — k] (1 — C}
= GRB7/19) = Ty T T — ka1 = ©)

Main Available Snow Depth Products

PIOMAS 1980-now NH [Meier et al 2018] 2002-2011 | FYl only
GIOMAS 1980-now | NH+SH 2012-now | NH + SH
NESOSIM 2002-2011 | NH [Rostosky et al 2018] | 2002-2011 | NH
2012-now
2012-now
SnowModel-LG 1980-2018 | NH + [Winstrup 2019]
ofc + [Braakmann-Folgmann et al 2019]
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How to Estimate Snow Depth over Sea Ice ?

Models of Snow Accumulation Multi-frequency Passive Radiometers Bi-frequency Altimeters
Using: AMSR-E (2002-2011) and
« Re-analyses forecasts (MERRA2, ERAS5, ...) CryoSat-2 (Ku) Saral (Ka)
oreca . AMSR-2 (2012-now)
for snow precipitations and wind

e Sea Ice Drift p

4
T
v wiall) NESOSIM
recipitation (snowfal Advanced Microwave
] B

Scanning Radiometer 2

-+ l / l -— Solar array paddle >
e < lceSat-2 (laser)
oy oy k(10 W pEeh

GR(37/19) = J5 T Tbre — k(1= ©)

1y

Main Available Snow Depth Products

PIOMAS 1980-now NH [Meier et al 2018] 2002-2011 | FYIl only ASD | [Guerreiro et al 2016] | 2013- | 82°NH
Ka/K i | 2021 H
GIOMAS 1980-now | NH+SH 2012-now | NH + SH Da/STu famler i : IO 2018] o ;;NH
u awrence et a =
NESOSIM 20022011 | NH [resiaslyy elel 2008 20022001 ) NA KalKu B
2012-now 2012-now
Ku/la [Kwok 2020] 2018- | NH
SnowModel-LG 1980-2018 | NH + [Winstrup 2019] ser 2019
ofc + [Braakmann-Folgmann et al 2019]
..., etc. ;
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How to retrieve Snow Depth with Altimetry?

range Ka

ranges Ku
g (or laser)

SD = range Ku — range Ka

[Guerreiro et al. 2016]

g + (1-¢/9pw T ps op

seaice SIT—pW pz pw pl

hydrostatic equilibrium equation
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Snow Depth

~n
~
-0.20 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 0.20 -0.20 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 0.20
[Garnier et al. in The Cryosphere 2021] .,
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Products comparison

Models

PIOMAS 03-2015

180°

Modified W99

W99m 03-2015

mean: 0.22 std: 0.11

std: 0.08

mean: 0.21

MERCATOR 03-2015 NESOSIM 03-2015

180° 180°

mean: 0.18
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180°

std: 0.06

AMSR2B 03-2015
180°

03-2015

Passive Radiometers

Altimetery

ASD 03-2015

180°

mean: 0.14  std: 0.09

DuST 03-2015

180°

0.4

snow depth (m)

0.1

0.0
mean: 0.10  std: 0.07 mean: 0.22  std: 0.12 mean: 0.19 :;d:0.0ﬁ mean: 0.21  std: 0.08 [Garniereta/ 2021]
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Comparison against OIB airborne Snow Radar

OIB 2015-03-29 track

0.5 : :
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Track points [Garnier et al 2021]
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Comparison against OIB Snow Radar

Models Passive Radiometers
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CRISTAL Copernicus Polar Altimeter

First Ka/Ku satellite altimeter ... for 2027
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Simultaneous sea ice thickness and snow depth mesurements !
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Comparison against OIB Snow Radar

Models Passive Radiometers
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Penetration depends on Snow Type !

ICESat-2 AltiKa (Ka) CryoSat-2 (Ku)
’ —~9
l"' -
] -t\9
532 |
m 35 13.575
GHz GHz
v ’? !
,? grain crust snow
Snow f ice lens  Moisture brine  size and shape ice

sea ice

sea water

V.Nandan, J.Stroeve, J.Yackel, ..., MOSAIC, etc.
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FYI Snow Penetration correction

[Nandan et al, GRJ 2017] Effect of Snow Salinity on CryoSat-2 Arctic First-Year Sea Ice Freeboard Measurements

BGEP mooring Penetration correction law in FY| snow layer:
(principle schema) As = 1.4022229 + 0.9114689Hs — 0.0437265Hs? + 0.00061Hs>

. A A
eI ;
C R0 i»{ :‘7 ; 2.5
-0.8
2.0
| ]
]
15 3 = » a“' 0.6 <
=y L] L 2
E = L] J n £
£ 10 = £
o ¢ . o i | =
e ! o M tal
._. - (0.4 4
0.5 | u .
AZFP6-ice 0.0 -0.2
- 2.5
Water Column aftel" CorreCtlon - 0.8
Backscatter 2.0
: -
i3 - o - 0.6 s
= - - - - m | b+
= 10 ] L = '] I
= : = =
= >
e i -_. 9 - 04k
0.5 & = B
0.0 - 0.2
mooring_draft
m draft_from_radar_freeboard_corr_nh_sarin_myi_uyi_20hz _env3_sd_climato ASD_nh_snow_depth_mean-ma
. . R . . R =03 e draft_from_radar_freeboard_20hz_mean_c2esaD1RN_sd_climato ASD nh_snow _depth_mean-ma
illustration of the principle from hydro-international.com - 0.0
2004 2005 2006 2007 2008 2009 2010 2011 2012 2013
time 18

- == 4 |1

i

— I Il O I = = e Bl EE 2= E — B WL » THE EUROPEAN SPACE AGENCY



Main messages

- Ka/Ku approach works well ... in Spring over West Arctic basin
Miss of validation data East of Arctic and whole Antarctic
Operation Ice Bridge has ended -> no more systematic snow depth data (AWI?, see A.Jutila presentation)
=> Need for a (Copernicus?) airborne and/or drone-borne snow radar for Cal/Val

Sea Ice Extent

- Need more studies to determine the conditions of Ku penetration into snow s
Bl 2050-09-277
Need more studies to evaluate if Ka penetrates or not the snow / Csals e

=> |ceSat2 is a good opportunity

- Importance not having delay for the launch of CRISTAL
=> try a relay with the already 12 years old CryoSat-2 -> 20277
=> no relay means no more sea ice thickness monitoring in summer at all | |

(their will be not more autumn sea ice bellow 81.5°N from ~2025)
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Snow laser/Ku versus Ka/Ku
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Ka/Ku Snow Depth Validation with OIB
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Results over Arctic
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How to retrieve Snow Depth ?

25
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