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Figure 3 -60: Comparison between ASPeCt -BIO [RD -09] in situ SIT (x -axis) and SICCI -2
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SICCI -2 SIT and AEM TSIT. Crosses denote single co -located data pairs. Filled
circles denote 0.5 m T binwide averages of SIT and TSIT of the respective satellite
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Figure 3 -83: Time series of the mont hly grid -cell mean sea -ice draft obtained from
SICCI -2 SIT data (diamonds) and estimated from AWI ULS data (triangles) for the
three AWI ULS in the western Weddell Sea. Error bars denote the sea -ice draft
retrieval uncertainty computed as the root mean squ ared sum of the retrieval
uncertainties of SIT and sea  -ice freeboard; the uncertainty in sea -ice concentration
IS NOt taken iNt0 ACCOUNL. s s aeeeeee 101

Figure 3 -84: As Figure 3 -83 but for the four AWI ULS locations in the eastern Weddell
Sea along the Greenwich meridian (see Figure 3 -82). ooooovviiiiiiieeeeeeeee, ... 103
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Figure 3 -85: Scatterplot between mean ULS sea -ice draft and mean SICCI -2 sea-ice
draft based on Envisat data only. Diffe rent AWI ULS sites are denote by different
symbols, those in the western Weddell Sea (dominated by perennial sea ice) are
given in green; those in the eastern Weddell Sea (seasonal sea ice) are given in
black. Superposed are lines of the linear regression between the sea -ice draft data
sets separately for seasonal sea ice (black) and perennial sea ice (green) AWI ULS
sites. Sea -ice draft values < 0.2 m have been excluded from the regression
ANAIYSIS. it e eeeeeee e e e e . 103

Figure 3 -86: Inter -compariso n of NSIDC ICESat versus SICCI -2 Envisat sea -ice
thickness (SIT) for ICESat measurement period ONO3 (see Table 3 -11). a) ICESat
SIT, note that SIT values are interpolated over the polar data gap; b) Envisat SIT,
the white circular disk denotes the polar da ta gap; d) Difference Envisat minus
ICESat SIT; c¢) histograms of the SIT from both sensors for coinciding grid cells
toget her with the count of data pairs ANO, t he
ARMSDO as wel |l as the mean diff ermge)scatterplatiaf i ts st an
all co -located SIT values (black crosses) superposed by the mean Envisat SIT per
0.2 m ICESat SIT bin. The error bars denote plus/minus one standard deviation.

Thered dashed lineisthe 1  -to-1fitline. .iiiiiiiiiiiis e, 108
Figure 3 -87: As Figure 3 -86 but for ICESat measurement period FM04 (see Table 3 -11). 109
Figure 3 -88: Histograms of the NSIDC ICESat SIT and the SICCI -2 Envisat SIT for the

Arctic Ocean for late fall (ON periods, left column) and win ter (FM periods, right

column) for winters 2003/04 through 2005/06. In each image the number of valid
data pairs, the mean difference Envisat minus ICESat SIT and its standard

deviation and the RMSD is given (see also Table 3 -13). .o, . 110
Figure 3 -89: Scatterplot of individual data pairs SICCI -2 Envisat versus NSIDC ICESat

SIT (black crosses) and mean Envisat SIT val ues derived for 0.2 m wide ICESat

SIT bins starting with 0.0 m to 0.2 m (red diamonds). Error bars denote one

standard deviation; the dashed red line denotes a 1 -to-1 fit line. Like in Figure

3-88, the left (right) column is for ON (FM) periods for winters 2003/04 through

2005/06.  cocvieiiiiie s e e 112
Figure 3 -90: Distribution of the difference SICCI -2 Envisat minus NSIDC ICESat SIT for

ON periods (left) and FM periods (right) for winters 2003/04 through 2005/06

(from top to bottom). s e 114
Figure 3 -91: Comparison of SICCI -2 Envisat SIT and NSIDC ICESat SIT for grid cells

with FYI concentration > 85% (left column) and MYI concentration > 85% (right

column) for ONO3. Difference SICCI -2 Envisat SIT minus NSIDC ICESat SIT for a)

> 85% FYI and b) > 85% MYI; histograms (c,d) and scatterplots (e,f) of the

respective sub -sets of the data sets (compare Figure 3 -88 and Figure 3 -89). .... 116
Figure 3 -92: As Figure 3 -91 butfor FMO4. ... e e 117
Figure 3-93: As Figure 3 -93 but for > 85% FYI concentration. .........ccoecivvvieennenn. 118
Figure 3 -94: As Figure 3 -89 but for > 85% MYI| concentration.  .......cccccvviveeveeeeeennn, 120
Figure 3 -95: Top: NSIDC ICESat SIT for periods ON04 and ONO7; middle: SICCI -2

Envis at SIT for these periods; bottom: SICCI -2 Envisat SIT for grid cells with >

85% MYI concentration. See text for black circles and red arrows. ... 123
Figure 3 -96: Inter -comparison of JPL ICESat versus SICCI -2 Envisat sea -ice thickness

(SIT) for ICESat measurement period ONO3 (see Table 3 -11). a) ICESat SIT, note
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that SIT values are interpolated over the polar data gap; b) Envisat SIT, the white

circular disk denotes the polar data gap; d) Difference Envisat minus ICESat SIT;

c¢) histogra ms of the SIT from both sensors for coinciding grid cells together with

the count of data pairs #fANO, the root mean square
the mean difference and its standard deviation; e) scatterplot of all co -located SIT

values (black cross es) superposed by the mean Envisat SIT per 0.2 m ICESat SIT

bin. The error bars denote plus/minus one standard deviation. The red dashed line

is the 1 -to-1 fit line. Note the increase in range of the SIT difference from -2.4 m é
24m( Figure3 -86)to -40m é 4.0 m..her.e. ... . 125
Figure 3 -97: As Figure 3 -96 but for ICESat measurement period FM04. ... 126

Figure 3 -98: Maps of the SIT difference Envisat minus ICESat using the JPL product
(left) and the NSIDC product (right) for periods ON0O3, ONO4, and ONO5. ... 127

Figure 3 -99: As Figure 3 -98 but for periods FM04, FMO5, and FM06.  ..........oooviiiines 128

Figure 3 -100: Histograms of JPL ICESat SIT and SICCI -2 Envisat SIT for the Arctic
Ocean (compare Figure 3 -88) for ON -periods (left column) and FM -periods (right
column) for winters 2003/04 through 2005/06. In each image the count of valid
datapairs HfANO, the mean difference Envisat mi nus I C
deviation and the root mean squared..diffeBence §HRM

Figure 3 -101: Scatterplot of individual data pairs SICCI -2 Envisat versus JPL ICESat SIT
(bla ck crosses) and mean Envisat SIT values derived for 0.2 m wide ICESat SIT
bins starting with 0.0 m to 0.2 m (red diamonds). Error bars denote one standard

deviation; the dashed red line denotes a 1 -to-1 fit line. Like in  Figure 3 -89, the left

(right) colum n is for ON (FM) periods for winters 2003/04 through 2005/06. e 132
Figure 3 -102: Distribution of the difference SICCI -2 Envisat minus JPL ICESat SIT for

ON- periods (left) and FM  -periods (right) for winters 2003/04 through 2005/06. 134
Figure 3 -103: As Figure 3 -101 but using only grid cells with > 85% FY| concentration. 137
Figure 3 -104: As Figure 3 -103 but for > 85% MYI concentration —  ..........cccooeeiieeenns 139

Figure 3 -105: Monthly meanSICCI -2 SI T (al so named fASATO) versus th
SIT based on ship -based observations (also named AASPecCt ¢
Hemisphere. Error bars denote + 1 standard deviation of the monthly mean. Size
of the symbols denotes the number of vali d co -located data pairs for the respective
monthly mean value. Thick solid line is the linear regression line (not forced
through zero). Given in the lower right corner is the mean difference and its
standard deviation (in parenthesis), the equation of the linear regression, the root
mean square difference (RMSD), the number of monthly data pairs N and the
squared linear correlation coefficient R2. The diagonal dashed line denotes the line
Of 1 -10-1 @QreemMENt. oo e eeee e 144

Figure 3 -106: As Figure 3 -105 but showing results for the Southern Hemispher, winter
MONENS. o iis e e .. 145

Figure 3 -107: As Figure 3 -105 but showing results of the Southern Hemisphere,
SUMMEr MONENS. i e ries eeeee e 145

Figure 3 -108: As Figure 3 -105 but for the snow depth and with the statistical
parameters grouped in the upper left instead of the bottom right corner. Note that
N is smaller by one compared to Figure 3 -105 because during one of the winter
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deviation; e) scatterplot of all co -located SIT values (black crosses) superposed by
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difference SICCl -2 minus NSIDC SIT and its standard deviation and the RMSD is
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Figure 3 -114: Scatterplot of individual data pairs SICCI -2 SIT versus NSIDC SIT (black

crosses) and mean SICCI -2 SIT values derived for 0.2 m wide NSIDC S IT bins

starting with 0.0 m to 0.2 m (red diamonds). Error bars denote one standard

deviation; the dashed red line denotes a 1 -to-1 fit line. Like in  Figure 3 -113, the

left (right) column is for ON (MA) periods for winters 2010/11 through 2012/13. 155
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1 Introduction
11 Purpose and Scope
This document informs about the results of the valida tion and inter -
comparison of the SICCI project Phase 2 seaice thic kness (SIT) data set .
1.2 Document Structure
After this introduction and the list of references, the document describe s the
Sea Ice Thickness validation and inter -comparison efforts
1.3 Document  Status

This is issue 1.1 released to ESA as part of the project 0s contractual
deliverable set.

14 Applicable Documents

The following table lists the Applicable Documents that have a direct impact
on the contents of this document.

Acronym Title Reference Iss ue

AD-1 Sea Ice ECV Project ESA-CCI_SICCI_PMP_D6.1_v1.3 1.3
Management Plan

Table 1-1: Applicable Documents

15 Reference Documents

Acronym Title Reference Issue
RD-01 Algorithm The oretical Pedersen, L. T ., etal. V2.2,
Basis Document (ATBDv1) Sep.

2017

RD-02 Product Validation Plan Laxon, S.,and L. T. vli.l,
(PVP) Pedersen , SICCI - Sep

PVP-05-12 2012

RD-03 Data Access Requirement Kern, S., SICCI -P2- v2.0,
Document (DARD) DARD-08-15 Sep

2015

RD-04 Round Robin Data Skourup, H., et al., June

Package for SICCI 2 SIT 2016

RD-05 Product Validation and Kern, S., etal., ESA - V1.1,
Intercomparison Report CCI-SICCI -PVIR Feb

for SICCI 1 2015

page 18 of 193
ESA UNCLASSIFIED - For Official Use



Product Validation & Intercomparison Report (PVIR

Ref. SICCI-PVIR-SIT

-SIT)

Version 1.1 / 23 July 2018

Acronym

Title

Reference

Issue

RD-06

CryoSat -2 estimates
Arctic sea

and volume

of

ice thickness

Laxon S.W., K. A.
Giles, A. L. Ridout, D.
J. Wingham, R.
Willatt, R. Cullen, R.
Kwok, A. Schweiger, J.
Zhang, C. Haas, S.
Hendricks, R.
Krishfield, N. Kurtz, S.
Farrell and M.
Davidson (2013),
Geophys. Res. Lett.,
40, 732 1737,
doi:10.1002/grl.5019
3.

n.a.

RD-07

Variability of Arctic sea ice

thickness and volume from

CryoSat - 2.

Kwok R, Cunningham
GF. 2015, Phil. Trans.
R. Soc. A 373:
20140157.
http://dx.doi.org/10.1
098/rsta.2014.0157

n.a.

RD-08

Snow depth on Arctic sea
ice

Warren, S. G,, |. G.
Rigor, N. Unterstei ner,
V. F. Radionov, N. N.
Bryazgin, Y. I.
Aleksandrov, and R.
Colony, Journal of
Climate, 12, 1814 -
1829, 1999.

n.a.

RD-09

Chlorophyll -a in Antarctic

sea ice from historical ice
core data

Meiners, K. M. and

14 others,
Geophysical Research
Letters , 39, L21602,
2012

n.a.

RD-10

Helicopter -borne
measurements of sea ice
thickness, using a small

and lightweight, digital EM

system

Haas, C., Lobach, J.,
Hendricks, S.,

Raben stein, L.,

Pfaffling, A., Journal of
Applied Geophysics,
67(3), 234 -241. 2009

n.a.
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Acronym Title Reference Issue
RD-11 Sea ice remote sensing, Haas, C., J. Lieser, J. n.a.
thickness profiling, and ice Lobach, T. Martin, A.
and snow analyses Pfaffling, S. Willmes,
V. Alexandrov, and S.
Kern, In U. Schauer
and G. Kattner with
contributions of the
participants (Eds.),
The Expediti on
ARKTIS XIX/1 a, b and
XIX/2 of the Research
Vessel POLARSTERN in
2003, Rep. Pol. Mar.
Res., 481, pp 13 -46,
ISSN 1618 i 3193,
(2004)
RD-12 The Sea Ice Experiment: Jennifer K. n.a.
Dynamic Nature of the Hutchings, The Sea
Arctic Ice Experiment:
Dynamic N ature of
the Arctic(SEDNA)
Applied Physics
Laboratory Ice
Station (APLIS)
2007, Field Report
RD-13 Reduced ice thickness in Haas, C., Pfaffling, n.a.
Arctic Transpolar Drift A., Hendricks, S.,
favors rapid ice retreat Rabenstein, L.,
Etienne, J. -L., Rigo r,
I. Geophys. Res.
Lett., 35, L17501,
2008
RD-14 Russian - German Please contact n.a.
Cooperation: The Thomas Krumpen:
Transdrift | Expedition to thomas.krumpen (at)
the Laptev Sea awi.de,
Funding Agency:
BMBF (German
Federal Ministry of
Education and
Research)
RD-15 Synoptic airborne Haas, C., S. n.a.
thickness surveys reveal Hendricks, H. Eicken,
state of Arctic sea ice and A. Herber,
cover // Seasonal Ice Geophys. Res. Lett. |,
Zone Observing Network, 37, L09501,
Pan- Arctic Measurements doi:10.1029/2010GL
and Arctic Regional 042652, 2010
climate model Il Netcare (AWI)
simulations) PAM-ARCMIP report,
Funding Agency
(SIZONet): NSF
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Acronym Title Reference Issue
RD-16 BREA i Beaufort Regional http://www.beaufortr n.a.
Environmental ea.ca/publications/
Assessment data provided by C.
Haas
RD-17 The Expeditions El Naggar , S., G. n.a.
ANTARKTIS -XXIl/1 and Dieckmann, C. Haas,
XXI11/2 M. Schréder, and M.
of the Research Vessel Spindler, Reports on
Polarster n in 2004/2005 Polar and Marine
Research , 551 ,
268 pp, 2007,
https://doi.org/10.231
2/BzPM 0551 2007
RD-18 The Expedition of the Lemke, P ., Reports on n.a.
Research Vessel Polar and Marine
Polarstern to the  Antarctic Research , 586, 147
in 2006 (ANT -XXI/7) pp, 2009,
https://doi.org/10.23
12/BzPM_ 0586_2009
RD-19 The Expedition of the Lemke, P., Reports on n.a.
Research Vessel Polar and Marine
Polarstern to the Research , 679, 154
Antarctic in 2013 (ANT - pp, 2014,
XXIX/6). https://d _0i.0rg/10.23
12/BzPM_0679 2014
RD-20 The Expedition of the Meyer, B. , and L. n.a.
Research Vessel Auerswald, Reports
Polarstern to the on Polar and Marine
Antarctic in 2013 (ANT - Research , 674, 130
XXIX/7). pp, 2014,
https://doi.org/10.23
12/BzPM_0674_2014
RD-21 Upward Looking Sonar The data were n.a.
data at BGEP Moo rings collected and made
from 2003 through 2013 available by the
Beaufort Gyre
Exploration Project
based at the Woods
Hole Oceanographic
Institution
(http://www.whoi.ed
u/beaufortgyre)
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https://doi.org/10.2312/BzPM_0551_2007
https://doi.org/10.2312/BzPM_0586_2009
https://doi.org/10.2312/BzPM_0586_2009
https://doi.org/10.2312/BzPM_0679_2014
https://doi.org/10.2312/BzPM_0679_2014
https://doi.pangaea.de/10.1594/PANGAEA.829623
https://doi.pangaea.de/10.1594/PANGAEA.829623
https://doi.org/10.2312/BzPM_0674_2014
https://doi.org/10.2312/BzPM_0674_2014
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Acronym

Title

Reference

Issue

RD-22

Deterioration of perennial
sea ice in the Beau fort
Gyre from 2003 to 2012
and its impact on the
oceanic freshwater cycle

Krishfield, R. A., A.
Proshutinsky, K.
Tateyama, W. J.
Williams, E. C.
Carmack, F. A.
McLaughlin, and M. -
L. Timmermans, J.
Geophys. Res.
Oceans, 119, 1271 1
1305,
doi:10.1002/2013JCO
08999, 2014

n.a.

RD-23

Thickness of sea ice
measured in the Fram
Strait. Environmental
monitoring of Svalbard
and Jan Mayen (MOSJ)

Norwegian Polar
Institute (2018),

URL:
http://www.mosj.no/
en/climate/ocean/sea
-ice-thickness -arctic -
ocean -fram -
strait.html

n.a.

RD-24

Thinning of Arctic sea ice
observed in Fram Strait:
1990 -2011

Hansen, E., S.
Gerland, M. A.
Granskog, O.
Pavlova, A. H. H.
Renner, J. Haapala,
T. B. Loyning, and M.
Tschudi, Journal of
Geophysi cal
Research , 118, 5202 -
5221,
doi:10.1002/jgrc.203
93, 2013

n.a.

RD-25

Sea ice draft in the
Weddell Sea, measured
by upward looking sonars

Behrendt, A., W.
Dierking, E.

Fahrbach, and H.

Witte , Earth System
Science Data , 5,

209 -226, doi:

10.5194 /essd-5-209 -
2013, 2013

n.a.

RD-26

Sea ice thickness,
freeboard , and snow
depth products from
Operation IceBridge
airborne data

Kurtz, N. T., S. L.
Farrell, M.
Studinger, N. Galin, J.
P. Harbeck,

R. Lindsay, V. D.
Onana, B. Panzer,
and J. G. Sonntag,
The Cryosphere, 7,
1035 -1056,
doi:10.5194/tc  -7-
1035 -2013, 2013

n.a.
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Acronym Title Reference Issue
RD-27 Arctic Sea Ice Freeboard Yi, D. and H. J. Zwally. 2014 -
and Thickness, Version 1 2009 , updated 2014 - 04-15
04 -15. [Arctic].
Boulder, Colorado
USA. NSIDC: National
Snow and Ice Data
Center. doi:
https://doi.org  /10.506
7/ISXIVISA2XIZT .
[2016].
RD-28 ICESat over Arctic sea Kwok, R., and G. F. n.a.
ice: Estimation of snow Cunningham,
depth and ice thickness Journal of Geophysical
Research, 113,
C08010, 2008
RD-29 An improved CryoSat -2 Kurtz, N. T., N. Galin, n.a.
sea ice freeboard retrieval and M. Studinger.
algorithm through the use 2014. The Cryosphere,
of waveform fitting 8:1217 -1237.
doi:https://doi.org/10.
5194/tc -8-1217 -2014.
RD-30 CryoSat -2 Level -4 Sea Ice Kurtz, N. and J. Versio
Elevation, Freeboard, and Harbeck. 2017 . ni
Thickness, Vers ion 1 [Arctic]. Boulder,
Colorado USA. NASA
National Snow and Ice
Data Center
Distributed Active
Archive Center. doi:
https://doi.org/10.506
7/96JO0KIFDASS .
[2018].
RD-31 Estimating Arctic sea ice Tilling, R. L., A. n.a.
thickness and volume Ridout, and A.
using CryoSat -2 radar Shepherd, Advances in
altimeter data Space Research,
2017,
https://doi.org/10.101
6/j.asr.2017.10.051
RD-32 Retrieval of multiyear ice Kern, S., Technical 2.0,
(MYI) seaice Report, ESA -SICCI -2 Sep.
concentration (SIC) from 2016
satellite microwave
brightness temperatures

Table 1-2: Reference

Document s

1.6 Acronyms and Abbreviations
Acronym Meaning
AMSR-E Advanced Microwave Scanning Radiometer aboard EOS
AO Announcement of Opportunity
ASCII American Standard Code for Inform ation Interchange
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Acronym Meaning

ASIRAS Airborne Synthetic Aperture and Interferometric Radar Altimeter
System

ATBD Algorithm Theoretical Basis Document

CM-SAF Climate Monitoring Satellite Application Facility

DMSP Defence Meteorological Satellite Program

DWD Deutsc her Wetterdienst

EASE2 Equal-Area Scalable Earth Grid 2

ECV Essential Climate Variable

Envisat Environmental Satellite

ERS European Remote Sensing satellite

ESA European Space Agency

EUMETSAT | European Organisation for the Exploitation of Meteorologic al Satellites

FB Freeboard

FCDR Fundamental Climate Data Record

FOC Free of Charge

FOV Field - of - View

FTP File Transfer Protocol

GB GigaByte

GCOM Global Change Observation Mission

H Horizontal polarization

H+V Horizontal and vertical polarization

L1B Level 1b

MB MegaByte

MODIS Moderate Resolution Imaging Spectroradiometer

MSS Mean Sea Surface

n.a. Not applicable

NetCDF Network Common Data Format

NSIDC National Snow and Ice Data Center

OCOG Offset Centre of Gravity

OoIB Operation Ice Bridge

OSI-SAF Ocean and Sea Ice Satellite Application Facility

ow Open Water

PI Principal Investigator

PMW Passive Microwave

POES Polar Operational Environmental Satellite

PRF Pulse Repetition Frequency

RA Radar Altimeter

RADAR Radio Detection and Ranging

SAR Synthetic Aperture Radar

SGDR Sensor Geophysical Data Record

SIC Sea Ice Concentration
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Acronym Meaning

SIRAL SAR/Interferometric Radar Altimeter

SIT Sea Ice Thickness

SSM/I Special Sensor Microwave / Imager
SSM/IS Special Sensor Microwave / Imager+Sounder
B TeraByte

t.b.d. To be determined

™ Thematic Mapper

ULS Upward Looking Sonar

URL Uniform Resource Locator

Y Vertical polarization

WGS84 World Geodetic System revision -84
Table 1-3: Acronyms
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2 Preface
The products are described in the netCDF file attributes  and in the Product
User guide (PUG). The algorithms used to obtain the products are described
in the Algorithm Theoretical Basis Document (ATDB) [ RD-01]. The Product

Validation Plan (PVP) [ RD-02] revea s the steps and strategies that ought to

be used for the validation. The sources for the data to be used are compiled

in the Data Access Requir ement Document (DARD) [RD  -03]. The data of the
Round Robin Data Package for SICCI -2 were use for the evaluation of the
sea-ice freeboard [RD -04].

The validation and inter -comparison steps presented in this report were
mainly carried out using the v09 SIT product; v1.0 was issued mid January,
which was too late to include this data into this report

We note that pas sages of this report, where data input and methodologies

did not change with respect to the SICCI phase 1 project are 1 -to-1 copies
of the respective report (PVIR) delivered in the contex t of the SICCI -1
project [RD-05].
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3 Sealce Thickness Evaluation
Evaluation and consistency checks of the SICCI Phase 2 SIT product has

been carried out. Sea-ice thickness (SIT) products are available for the
Southern Hemisphere year -round for the tim e period 06/2002 through
04/2017 , and for the Northern Hemisphere for wint ers 2002/03 through
2016/17 1 based on Envisat RA -2 (until 03/2012) and CS -2) (since
11/2010) data. Winters comprise the months October to April.

Elements of the evaluation are:

9 Evaluation of the  SICCI 2 freeboard product using the data collection
of the R RDP2

9 Evaluation of the SICCI -2 along -track freeboard product against air -
borne observations

9 Evaluation ofthe SICCI 2 sea -ice thickness product with:
0 In-situ observations
o0 Airborne el ectromagnetic (EM) sounding
0 Moored upward looking sonar (ULS) data
1 Inter -comparison with independent satellite observations : ICESat
9 Inter -comparison with ship -based sea -ice thickness estimates
1 Inter -comparison with independent satellite observations: CryoSat -2

We note that we skipped any evaluation / inter -comparison with data f  rom
submarine ULS. We recommend to keeping this evaluation source in mind

for the case that also radar altimetry of ERS1/2 satellites will be used to

compute sea -ice thickness because for that period the submarine ULS data

are an invaluable evaluation data source because of the lack of other
sources such as airborne EM sounding or OIB data.

We note further that we carried a consistency check of the data in the way

that we compared data and/or time series for specific locations with focus

on the overlap peri od between Envisat and CryoSat -2. This work could be
considered an element of the long -term evolution. But since its results are
important for the understanding of the limitations of the SICCI -2 SIT
product and to get a feeling about SIT range, we present these results here,
before we come to any evaluation. We will refer to figures and tables of this

part with 3 -X.

3.0 Consistency Investigation

This investigation targets i) the (sea -ice) freeboard, ii) the (sea -ice)
freeboard uncertainty, iii) the sea -ice thickness, and iv)  sea-ice thickness
uncertainty.

We select 7 (Northern Hemisphere) and 6 (Southern Hemisphere) ( see
Figure 3-1 and Figure 3-2) to investigate the temporal development of
parameters i) to  iv) for the period 2002 through 2017 but also in particular
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for the overlap period CryoSat -2 (CS2) 1 Envisat from November 2010

through March 2012 . For each location freeboard values of a 11 x 11 grid
cell box (Northern Hemisphere, = 275 km x 275 km) or a 5x5 grid cell box
(Southern Hemisphere , = 250 km x 250 km ) are averaged if a minimum of

3 valid freeboard values is present. The smaller number of grid cell boxes
used in the Southern Hemisphere is explained with the larger grid cell size:
50 km compared  to 25 km for the Northern Hemisphere.

For both hemispheres also the hemispheric averages of parameters i) to iv)
are investigated for the overlap period.

We use only data where the status flag indicates nominal retrieval (= 0).

In addition to that it tur ned out that the sea  -ice thickness uncertainty peaks
at abnormally high values thanks to the extraordinary and unrealistically

high or low snow density values. Therefore, for the investigation of the
Northern Hemisphere hemispheric -wide sea -ice thickness a nd its uncertainty
only grid cells with snow density values between 100 kg/m3 and 400 kg/m3

were allowed.

Figure 3-1: Sample freeboard map (March 2003) for the Northern
Hemispher e with the seven locations marked by black diamonds.

Going from | eft to right these are fiSouthern
AiNorth of Bering Straito (Nof BS) , ABGEP moor
fiCanadi an Arctic Archi pel agoo (CAA) , ACentr al
AfLaptevd SeERBS) , and AFr am BSdtertleai thedsize(aRds ) .

orientation of the symbols do not represent the actual grid cell box

used.

page 28 of 193
ESA UNCLASSIFIED - For Official Use



Product Validation & Intercomparison Report (PVIR -SIT)

Ref. SICCI-PVIR-SIT Version 1.1 / 23 July 2018

Figure 3-2: Sample freeboard map (September 2002) for the
Southern Hemisphere with the six locations marked by black

diamonds. Going clockwise around the continent starting at the

Antarctic Peninsul a these ar e ACentral Sout h
(Csws) , ANorth of Neumayer Stationd (NofNS),
Stati ondo (Nof SS), ANorth of Amery 1l ce Shelfo (N
(RS), and AAmundsen Seao (AS). Note that the s

of the symbols do not represent the actual grid cell box used.

Sea-ice freeboard
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Figure 3-3: Time series of the hemispheric avera ge freeboard
difference CS2 minus Envisat for the Northern Hemisphere for the

overlap period of CS2 and Envisat. Note that only months October

through April are used.
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Figure 3-4: As Figure 3-3 but showing the standard deviation of the
freeboard difference CS2 minus Envisat for the Northern
Hemisphere.

Figure 3-3 shows that for the Northern Hemisphere, hemi spheric freeboard
retrieved from CS -2 and Envisat agree within 0.02 m except for Nov./Dec.
2011. Absolute differences tend to be larger during late fall than during

winter and early spring. The standard deviation of the fre eboard difference
isaround 0.05-0.06 m( Figure 3-4).

0.04 N

NAUAEYadh W

-0.02

CS—-2 minus Envisot freeboord [m]

-0.04

11/2010 02/2011 05/2011 08/2011 11/2011 02/2012
12/2010 " 03/2011 " 06/2011 "~ Q9/2011 " 12/2011 " 03/2012
a1/2011 " 04/2011 " 07/2011 ~10/2011 " 01/2012

Month /Year

Figure 3-5: Time series of the hemispheric avera ge freeboard
difference CS2 minus Envisat for the Southern Hemisphere for the
full length of the overlap period of CS2 and Envisat.

For the Southern Hemisphere, shown in Figure 3-5, CS-2 and Envisat
freeboard also agree  mostly within 0.02 m. The standard deviation of the
freeboard difference is quite stable during winter months and into sp ring
(November) around 0.09 m; it is larger than in the Northern Hemisphere

(compare Figure 3-4). From late spring through late fall standard deviations

are generally above 0.1 m ( Figure 3-6).
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Figure 3-6: As Figure 3-5 but showing the standard deviation of the
freeboard difference CS2 minus Envisat for the Southern
Hemisphere.
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Figure 3-7: Time series of the regional mean radar (blue) and sea -

ice (black) freeboard for Envisat (diamonds) and CS -2 (crosses) for
Northern Hemisphere regions Fram Strait, Canadian Arctic
Archipelago, and Central Arctic (see Figure 3-1). Vertical bars

denote plus/minus one standard deviation computed from a
minimum of 3 and a maximum of 11x11 grid cells. Black and blue
symbols have been separated a bit along the time axis for better
visibility. Note the dif ferent scales of the y - axis.

In Figure 3-7 we show the entire time series of the radar freeboard and the

sea-ice freeboard for the seven regions in the Nor thern Hemisphere
(compare Figure 3-1). There are almost no negative radar freeboard values.
There are no negative sea  -ice freeboard values. Month ~ -to-month changes in
freeboard seem to be reasonable with expected changes in the ice
conditions. Note that different changes in ice conditions can cause differ ent
month -to-month changes in sea -ice freeboard. 1) Drift of thick ice, e.g.

page 32 of 193
ESA UNCLASSIFIED - For Official Use



Product Validation & Intercomparison Report (PVIR -SIT)

Ref. SICCI-PVIR-SIT Version 1.1 / 23 July 2018
multiyear ice (MYI) into or out of a region replacing first -year ice (FYI) or
being replaced by FYI most likely causes a month -to-month increase or
decrease of the sea -ice freeboa rd. 2) Thermodynamic sea  -ice growth causes
in increase in sea -ice freeboard. 3) Sustained snow fall without too much
thermodynamic sea -ice growth can cause a decrease in sea -ice freeboard.
These need to be kept in mind when interpreting t he time series sho wn in
Figure 3-7 (and also similar Figures of this kind after that)
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Figure 3 -7 continued for Northern Hemisphere regions Southern

Beaufort Sea, North of Bering Strait, and Laptev Sea (see Figure
3-1). Note the difference scales of the y - axis.
Differences in the monthly freeboard between CS -2 and Envisat seem small

for the overlap period and tend not to exceed 0.05 m. The largest
differences occur in regions Nor th of Bering Strait ( Figure 3-7 €)) and
Laptev Sea ( Figure 3-7 f)), both regions dominated by FYI. The average
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differences between CS -2 and Envisat freeboard are of the order of a few
centimeters at most as illustrated in  Table 3-1.

8) -
™~ .F. I _E
L o 3
03 2004 2005 2008 2007 2008 2009 2010 2011 2012 2%
Year, region: BGEP Mooring Area
Figure 3 -7 continued for Northern Hemisphere region BGEP mooring
area (see Figure 3-1).
Table 3-1: Summary of the inter - comparison of the freeboard for the
Northern Hemisphere for the seven regions shown in Figure 3-1:
CAA: Canadian Arctic Archipelago, FS: Fram Strait, CeArc: Central
Arctic, NofBS: North of Beri ng Strait, LS: Laptev Sea, SBS: Southern
Beaufort Sea, BGEP: BGEP Mooring Area. Given is the average
difference of the regional mean freeboard CS2 minus Envisat
(FBDIff) and its standard deviation (SDEVofFBDIff), the difference
CS2 minus Envisat of the reg ional freeboard standard deviation
(FBSDEVDiIff) and the number of months with valid data (maximum:
12).
Region CAA FS CeArc NofBS LS SBS BGEP
FBDiff [m] 0.027 0.022 -0.002 -0.022 -0.08 -0.008 -0.014
SDEVofFBDIff [m] | 0.020 0.02 0.013 0.019 0.020 0.013 0.017
FBSDEVDiIff [m] -0.001 | 0.016 0.004 -0.017 0.014 -0.06 -0.002
NofMONTHS 12 12 12 10 12 12 12

On average, CS -2 provides larger freeboard than Envisat for the regions
dominated by MYl (CAA and FS) while the reverse applies for regions
dominated by FY 1 (NofBS and LS) where CS -2 provides smaller freeboard
than Envisat. The standard deviation of the freeboard difference is around 1

to 2 cm. There is a tendency that freeboard from CS -2 is more variable than
freeboard from Envisat in region FS (positive FB SDEVDIff) while it less
variable than from Envisat within regions LS and NofBS.
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Figure 3-8: Time series of the regional mean radar (blue) and sea
ice (black) freeboard for Envisat (diamonds) and CS
Southern Hemisphere regions Central Southern Weddell Sea, North
of Neumayer Station, and North of Syowa Station (see

Vertical bars denote plus/minus one standard deviation computed
from a minimum of 3 and a maximum of 5x5 grid cells. Black and
blue symbols have been separated a bit along the time axis for
better visibility. Note the different scales of the y - axis.
In Figure 3-8 we show the entire time series
sea-ice freeboard for the six regions in the Sou
Figure 3-2). There are no negative values of the radar and
freeboard. Month -to-month changes in freeboard seem to
with expected changes in the ice conditions which differ from those in the
Northern Hemisphere in two aspects.

Figure 3-

-2 (crosses) for

2).

of the radar freeboard and the
thern Hemisphere (compare
the sea -ice

be reasonable
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Figure 3 -8 continued for Southern Hemisphere regions North of
Amery Ice Shelf, Ross Sea, and Amundse n Sea (see Figure 3-2).
Note the different scales of the y - axis.

First, MYI is basically confined to the region Central Southern Weddell Sea
(CSWS); only region Amundsen Sea (AS) might also occasionally have some

MYI. Therefore in bullet 1 ) of the explanation to Figure 3-7 MYI and FYI
should better be replaced by thick and thin sea ice. Secondly, an additional

bullet 4) applies to the Southern Hemisphere: Snow fall paired with flooding

and subsequent snow -ice formation can cause a rather constant sea -ice
freeboard. Characteristic for region CSWS ( Figure 3-8 a)) is a peak in
freeboard in early winter followed by a decrease throughout winter; this can

be explained by bullet 1): thick ice being replaced by thin ice. In contrast to

the Nor thern Hemisphere (compare Figure 3-7), most regions in the
Southern Hemisphere do not reveal a general increase in freeboard during

winter. Occasionally such an increase is observed, e.g. in years 2004, 2012,
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and 2013 in the Amundsen Sea or in years 2007, 2012, and 2014 in region
North of Amery Ice Shelf (NofAlS). Otherwise freeboard tends to vary

around one value during winter. It needs to be noted that year -round but
particularly from late spring to fall wet and layered snow on top of the sea
ice can affect the freeboard retrieval from both Envisat and CS -2 because of

a reduced penetration depth of the radar waves into the snow.

Differences in the monthly free board between CS -2 and Envisat seem small
for most regions during winter of the overlap period and tend not to exceed

0.1 m. Differences can be substantially larger in the transition months from

spring to fall, e.g. in region CSWS and Ross Sea (RS). Three different types
of differences can be notified: A) CS -2 freeboard exceeds Envisat freeboard

in most of the months, e.g. regions CSWS, AS, and NofAlS; B) Envisat
freeboard exceeds CS -2 freeboard in most of the months, e.g. region RS; C)
Month -to-month varia tions in the sign of the difference, e.g. region North of
Syowa Station (NofSS) and North of Neumayer Station (NofNS). The
average differences between CS -2 and Envisat freeboard can be up to

several centimeters as illustrated in Table 3-2.

Table 3-2: Summary of the inter - comparison of the freeboard for the

Southern Hemisphere for the six regions shown in Figure 3-2:
CSWS: Central Southern Weddell Sea, NofNS: N orth of Neumayer

Station, NofSS: North of Syowa Station, NofAlS: North of Amery Ice

Shelf, RS: Ross Sea, AS: Amundsen Sea. Given is the average

difference of the regional mean freeboard CS2 minus Envisat

(FBDiff) and its standard deviation (SDEVofFBDiff), the difference
CS2 minus Envisat of the regional freeboard standard deviation

(FBSDEVDiIff) and the number of months with valid data (maximum:

17).
Region CSWS | NofNS | Nofss | Nofals| RS AS
FBDiff [m] 0.040 | 0012 | 0.003 | 0.009 | -0.08 | 0.025

SDEVofFBDiff [m] 0.038 0.023 0.028 0.043 0.050 | 0.0

FBSDEVDIff [m] 0.017 0.009 0.006 0.0 -0.028 | 0.006

NofMONTHS 17 11 10 10 11 12

On average, CS -2 provides larger freeboard than Envisat for two regions:

CSWS: ~0.04 m and AS: ~0.02 m. In contrast, for the region RS, wher e
MY is practically absent and much less deformation occurs compared to the

other five regions, CS -2 provides smaller freeboard than Envisat ; the
average difference is 0.07 m. The time series of the freeboard ( Figure 3-8
e)) clea rly indicates a jump in freeboard from higher values for the Envisat

period and lower values for the CS -2 period. Because this region is located
downstream of the Ross Ice Shelf polynya, the largest coastal polynya in the

Southern Hemisphere, it can be exp ected that the sea ice at that location is

quite thin. Therefore it can be stated that CS -2 freeboard estimates are
more realistic here. The reason for the freeboard overestimation by Envisat

in this region needs to be investigated. Hence, except for the r egion RS we
observe a relatively smooth transition between the Envisat and the CS -2
period.
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The standard deviation of the freeboard difference CS -2 minus Envisat is, on
average, twice as large as in the Northern Hemisphere (compare Table 3-1)
and takes values between ~0.02 m (NofNS) and ~0.04 m (RS, NofAlS,

CSWS).

The difference between the freeboard standard deviations suggest a larger
variability of the CS -2 freeboard within the 5x5 grid cell box used for regions
CSWS, NofNS, an d NofSS while the reverse applies to region RS where the
variability of the Envisat freeboard exceeds that of the CS -2 freeboard. This
is, however, not surprising in view of the notable larger freeboard obtained

with Envisat than with CS -2 for this region ~ (see again Figure 3-8 e)).

Sea-ice freeboard uncertainty
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Figure 3-9: Time series of the hemispheric average freeboard

uncertainty difference CS2 minus Envisat for the Northern

Hem isphere for the overlap period of CS -2 and Envisat. O  nly months
October through April are used.
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Figure 3-10: As Figure 3-9 but showing the freeboard uncertainty
difference standard deviation.
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Figure 3-9 llustrates that for the Northern Hemisphere the hemispheric
average difference CS -2 minus Envisat freeboard uncertainty is negative
throughout the overlap period a nd takes absolute values around 5cm. The
freeboard uncertainty for Envisat retrieval is hence considerably larger than
for CS -2. The standard d eviation of the difference increases from 3-4 mm
during late fall to 7 -8 mm during late winter / early spring ( Figure 3-10).
With that the difference in the freeboard uncertainty is one order of
magnitude less variable than the difference in the freeboard itself (compare

Figure 3-4).
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Figure 3-11: Time series of the hemispheric average freeboard
uncertainty difference CS2 minus Envisat for the Southern
Hemisphere for the full overlap period of CS -2 and Envisat.
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Figure 3-12: As Figure 3-11 but showing the freeboard uncertainty
difference standard deviation.

Figure 3-11 shows the respective time series for the Southern Hemisphere.

Like in the Northern Hemisphere the hemispheric average freeboard
uncertainty diffe rence CS -2 minus Envisat is negative and absolute values
are about 5cm 1 very similar to the Northern Hemisphere. That is, also in
the Southern Hemisphere the Envisat fr eeboard uncertainty is considerably
higher than for CS -2. The standard deviation of th e freeboard uncertainty
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difference is larger than in the Northern Hemisphere and mostly takes
values around 8 mm during wint er without too much variation (Figure
3-12). This temporal behavior is in line with the observations of th e
freeboard itself (see Figure 3-5 and Figure 3-6) as is the relationship
between magnitudes of freeboard differences and freeboard uncertainty

differences, which is similar to that observed for the North ern Hemisphere.
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Figure 3-13: Time series of the regional mean freeboard uncertainty

for Envisat (diamonds) and CS -2 (crosses) for Northern Hemisphere
regions Fram Strait, Canadian Arctic Archipelago, and Central Arctic.
Vertical bars denote plus/minus one standard deviation computed

from a minimum of 3 and a maximum of 11 x11 grid cells.
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Figure 3 -13 continued for Northern Hemisphere regions Southern
Beau fort Sea, North of Bering Strait, and Laptev Sea.

Figure 3-13 illustrates that freeboard uncertainties for the seven regions of

the Northern Hemisphere are quite constant throughout the entire time

series of each sensor with littl e variation during the winter (as indicated
already by Figure 3-9). There is a clear reduction (= improvement ) in
uncertainty between Envisat and CS -2. The largest variations in the
freeboard uncertainty occur in regions Central Ar ctic (CeArc) and Canadian
Arctic Archipelago (CAA). As summarized in  Table 3-3, average differences
in the freeboard uncertainties are negative and uniform at ~5 cm . The
standard deviation of these differences is 4 mm for region CAA and less than
that for the other six regions. There is almost no difference in the spatial
variability of the freeboard uncertainty within the 11x11 grid cells.
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Figure 3 -13 continued for Northern Hemisphere region BGEP moorin g area
(see Figure 3-1).
Table 3-3: Summary of the inter - comparison of the freeboard
uncertainty for the Northern Hemisphere for regions: CAA: Canadian
Arctic Archipel ago, FS: Fram Strait, CeArc: Central Arctic, NofBS:
North of Bering Strait, LS: Laptev Sea, SBS: Southern Beaufort Sea
BGEP: BGEP mooring area . Given is the average difference of the
regional mean freeboard uncertainty CS2 minus Envisat (FBerrDiff)
and it s standard deviation (SDEVofFBerrDiff), the difference CS2
minus Envisat of the regional freeboard uncertainty standard
deviation (FBerrSDEVDIff) and the number of months with valid data
(maximum: 12).
Region CAA FS CeArc NofBS LS SBS BGEP
FBerrDiff [m] -0.047 -0.049 -0.049 | -0.049 -0.049 -0.049 -0.049
SDEVofFBerrDiff [m]| 0.003 0.001 0.001 0.001 <0.001 0.001 <0.001
FBerrSDEVDIff [m] 0..004 | <|0.001] 0.001 | <0.001 | <]0.001] | <|0.001] <0.001
NofMONTHS 12 12 12 10 12 12 12
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Figure 3-14 illustrates that freeboard uncertainties for the six regions of the

Southern Hemisphere (see

the entire time series per sensor with little variation during the winter an
with a considerable reduction in uncertainty between Envisat and CS
which is the same as in the Northern Hemisphere. The largest variations in

Figure 3-2) are also quite constant throughout

the freeboard uncertainty occur in region Central Southern Weddell Sea
(CSWS) where one can note kind of a se
cycle is, however, smaller than 0.01 m.

uncertainty values are observed throughout the entire time series in all
regions and can most likely be attributed to very few data points in

asonal cycle; the amplitude of this
Isolated elevated freeboard

combinatio n to transition period retrieval conditions such as wet and layered

snow.

Table 3-4: Summary of the inter

- comparison of the freeboard

uncertainty for the Southern Hemisphere for the six regions shown

in Figure 3-2:CSWS: Central Southern Weddell Sea, NofNS: North of

Neumayer Station, NofSS: North of Syowa Station, NofAlS: North of
Amery Ice Shelf, RS: Ross Sea, AS: Amundsen Sea. Given is the

average difference of the regional mean free
minus Envisat (FBerrDiff) and its standard deviation
(SDEVofFBerrDiff), the difference CS2 minus Envisat of the regional
freeboard uncertainty standard deviation (FBerrSDEVDIff) and the

number of months with valid data (maximum: 17).

board uncertainty CS2

Region CSwWs NofNS NofSS NofAIS RS AS
FBerrDiff [m] -0.048 -0.048 -0.048 -0.049 -0.049 -0.049
SDEVofFBerrDiff [m] 0.001 0.005 0.002 0.002 0.002 0.004
FBerrSDEVDIff [m] -0.001 <0.001 0.002 0.001 <0.001 <0.001
NofMONTHS 17 11 10 10 11 12

As summarized in Table 3-4, average regional differences in the freeboard
uncertainties in the Southern Hemisphere are
are hence very similar to the values found

standard deviation of t

four regions. There is almost no difference in the spatial variability of the

freeboard uncertainty within the 5x5 grid cells.

ESA UNCLASSIFIED

uniform, amount ~5 cm and
for the Northern Hemisphere. The
hese differences is 5 mm for region North of
Neumayer Station (NofNS), only 1 mm for CSWS and 2

- For Official Use
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Figure 3-14: Time series of the regional mean freeboard uncertainty

for Envisat (diamonds) and CS

- 2 (crosses) for Southern Hemisphere

tation,

regions Central Southern Weddell Sea, North of Neumayer S

and North of Syowa Station (see

Figure 3-2). Vertical bars denote

minimum of 3

plus/minus one standard deviation computed from a

and a maximum of 5x5

grid cells.
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Figure 3-15: Time series of the hemispheric average sea -ice
thickness difference CS2 minus Envisat for the Northern Hemisphere
for the overlap period of CS -2 and Envisat. O  nly months  October

through April are used.
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Figure 3-16: As Figure 3-15 but showing the sea -ice thickness
difference standard deviation.

Figure 3-15 shows that for the Northern Hemisphere, the hemispheric
average sea -ice thickness retrieved from CS -2 and Envisat agrees within 0.2
m except for Nov/Dec 2011. Absolute differences tend to be larger during

late fall than during winter and early spring. The standard deviation of the
freeboard difference  isaround 0.5 m (Figure 3-16).

Note that these are basically the times 10 versions of Figure 3-3 and Figure
3-4.
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Figure 3-17: Time series of the hemispheric average sea -ice
thickness difference CS2 minus Envisat fo r the Southern Hemisphere
for the full overlap period o f CS -2 and Envisat.
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Figure 3-18: As Figure 3-17 but showing the sea -ice thickness

difference standard deviation.

For th e Sout hern Hemisphere ( Figure 3-17), CS-2 and Envisat sea -ice
thickness also mostly agree within 0.2 m  The standard deviation of the
thickness difference is quite stable during winter months and into spring

(November) around 0.9 m; it i s larger than in the Northern Hemi sphere
(compare  Figure 3-16). From late spring through late fall standard
deviations are generally above 1 m ( Figure 3-18). Note that these are

basically the times 10 ver  sions of Figure 3-5 and Figure 3-6.
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Figure 3-19: Time series of the regional mean sea -ice thickness for
Envisat (diamonds) and CS-2 (crosses) for Northern Hemisphere

regions Fram Strait, Canadian Arctic Archipelago, and Central Arctic

(see Figure 3-1). Vertical bars denote plus/minus one standard

deviation computed from a minimum of 3 and a maximum of 11x 11
grid cells. N ote the different scales of the y - axis.

In Figure 3-19 we show the entire time series of the sea -ice thickness for
the seven regions in the Northern Hemisphere (compare Figure 3-1). The
seasonal development of the sea  -ice thickness seems to be reasonable in

view of the different ice conditions. Unlike for the freeboard which does not
need to increase necessarily during winter due to the reasons laid out in the
context of Figure 3-7, sea -ice thickness increases during most of the winters
for basically all six regions. Even in the region Fram Strait (FS), where ice
conditions are dominated by the export of sea ice out of the Arctic Ocean,
local changes in sea -ice thic kness due to thermodynamic ice growth or
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deformation are not completely mimicked by the properties of the sea ice

upstream of the FS; that sea ice is of course also experiencing thickening

during winter. Winters with minor sea -ice thickness increase in the FS are
2008/09 and 2010/11 ( Figure 3-19 a)). Obviously, due to the presence of

MYI ice, sea -ice thicknesses are largest in regions FS and CAA, followed by

the Central Arctic (CeArc). Of note is the small increase in sea -ice thick ness
from higher late fall/early winter sea -ice thickness values in region SBS in
2014/15 ( Figure 3-19 d)) and in region BGEP in 2013/14 and 2014/15
(Figure 3-19 g@)) which presumably can be explained with the survival of FYI

/ import of MYl ice from the direction of region CAA.
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Figure 3 -19 continued for Northern Hemisphere regions Southern
Beaufort Sea, North of Bering Strait, and Laptev Sea (see Figure
3-1). Note the difference scales of the y - axis.
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Figure 3 -19 continued for Northern Hemisphere region BGEP
mooring area (see Figure 3-1).

The time series suggest a smo  oth transition between Envisat and CS -2 for
basically all regions except perhaps regions North of Bering Strait (NofBS)

(Figure 3-19 e)) and Laptev Sea (LS) (  Figure 3-19 f)). Until including winter
2009/1 0, typical late fall/early winter sea -ice thickness values in these
region were between about 0.5 m to 0.8 m (or 1.0 m) i retrieved from
Envisat. Starting with winter 2010/11 these values decrease to around 0.5

m or even below 0.5 m (see region LS) T retri eved from CS -2. While this
could be the temporal trend with sea -ice thickness values at the beginning

of winter decreasing, it could also be an effect of the change of sensors.
Actually, Figure 3-19 e), f), and g) reveal that sea -ice thickness values from
Envisat (diamonds) are located by between ~0.2 m and ~0.5 m above
contemporary CS -2 values (crosses). This applies to 8 of the 12 months

with valid overlapping data for region LS, to 4 months for region NofBS, and

to 3 months for  region BGEP. It seems to be more pronounced in the second
winter of the overlap period (2011/12) and it seems to be more common for

early winter months. We actually believe that smaller sea -ice thickness
values at the beginning of winter , as are obtained w ith CS -2, are more
reasonable but more comparisons are needed to prove this statement.

Table 3-5: Summary of the inter -comparison of the sea -ice thickness
for the Northern Hemisphere for the seven regions show nin Figure
3-1: CAA: Canadian Arctic Archipelago, FS: Fram Strait, CeArc:

Central Arctic, NofBS: North of Bering Strait, LS: Laptev Sea, SBS:

Southern Beaufort Sea, and BGEP. Given is the average difference of

the regional mean s ea -ice thickness CS2 minus Envisat (SITDiff) and

its standard deviation (SDEVofSITDiff), the difference CS2 minus

Envisat of the regional sea -ice thickness standard deviation

(SITSDEVDiIff) and the number of months with valid data

(maximum: 12).

CAA FS CeArc NofBS LS SBS BGEP
SITDiff [m] 0.197 0.16 4 -0.018 -0.212 -0.264 -0.073 -0.128
SDEVofSITDiff [m] 0.144 0.178 0.108 0.177 0.187 0.118 0.160
SITSDEVDIff [m] -0.012 0.131 0.030 -0.170 -0.133 -0.048 -0.017
NofMONTHS 12 12 12 10 12 12 12
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The average diff erences CS2 minus Envisat sea -ice thickness of the seven
regions summarized in  Table 3-5 reflect the results of the average difference

CS-2 minus Envisat freeboard (see Table 3-1). Positive differences,i .e.CS-2
sea-ice thickness exceeds Envisat sea  -ice thickness, are observed for MYI
dominated regions CAA and FS. Negative differences, i.e. Envisat sea -ice

thickness exceeds CS -2 sea -ice thickness, are observed for FYI dominated
regions NofBS and LS. Absol ute differences for th ese four regions are
between 0.16 m and 0.26 m. For the MYI dominated regions, a factor of 7

or 8 translates between freeboard difference and sea -ice thickness
difference; for all other regions the average sea -ice thickness difference is
10 times the freeboard difference.

The largest variation in the sea -ice thickness difference is observed for
region s FS, LS, NofBS and BGEP: almost 0.2 m i which is again similar to
10 times the variation in the freeboard difference (see Table 3-1). Variations
in the sea -ice thickness differenc e are smaller for the other three regions
with the minimum one observed for region Central Arctic (CeArc): 0.11 m

and region SBS: 0.12 m.

Table 3-5 reveals final ly, that also the difference in the variability of the
sea-ice thickness values within the 11x11 grid cell boxes is driven by the
variability of the respective freeboard values i regarding the sign as well as
regarding the magnitude. For the basically FYI covered regions NofBS and
LS the Envisat sea -ice thickness varies more than for CS -2. Absolute
differences in the sea -ice thick ness standard deviation are 0.13 m for LS

and 0.17 m for NofBS; other re  gions exhibit differences < 0.05 m | except
region FS, wh ich shows the largest positive difference: 0.13 m , .e. CS -2
sea-ice thickness varies more (in the 11x11 grid cell box) than Envisat. It

seems straightforward to understand why region FS has such a large
difference pointing to a more variable CS -2 than Env isat sea -ice thickness:
the finer spatial resolution allows to resolve more different ice types and

provides more different sea  -ice thickness values. Why this difference is also
large in regions NofBS and LS and, in addition, has a different sign , needs to
be discussed.
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-2 the sea -ice thickness in the

Southern Hemisphere regions does not increase too much during winter if it

does increase at all. There is almost no seasonal cycle i
Northern Hemisphere (se e Figure 3-19). The main exception is the region
depicted in the Weddell Sea (CSWS,
replaced by thin young ice originating from the Ronne
-ice thickness decreases during winter until

October/November. After that the sea

polynya and

hence the sea

ESA UNCLASSIFIED

in contrast to the

Figure 3-20 a)) where thick old ice is

-Filchner Ice Shelf

-ice thickness in that region increases
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until a maximum in March/April. It is challenging to explain this increase.

One reason could be that due to summer mel t the fraction of the thick old
ice in that region increases at the expense of the thin younger ice. Another
reason could be enhanced thickness gain due to deformation. However, no

matter, which explanation holds it seems that the maximum sea -ice
thickness of more than 4 m or even 5 m obtained by both Envisat and CS -2
is too large. One possible reason for this could be the usage of a snow depth

product which 7 in comparison to snow depth buoy data of the AWI T seems

to drastically under -estimate snow depth  on sea ice.
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Figure 3 -20 continued for Southern Hemisphere regions North of

Amery Ice Shelf, Ross Sea, and Amundsen Sea (see Figure 3-2).
Note the different scales of the y - axis.
One exa mple for at least a few seasonal increases in sea -ice thickness is

region North of Amery Ice Shelf (NofAlS) years 2010, 2012, and 2014
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(Figure 3-20 d)). In most regions sea
(North of N eumayer Station, NofNS,

around 1.5 m

higher (NofAlS) in early winter

3-20 c)) e arly winter sea

i
dominated by FYI. Only for region North of Syowa Station (NofSS,
-ice thickness values below 1.0 m are observed

-SIT)

Version 1.1 / 23 July 2018

occasionally. It seems relatively likely that the sea
general over -estimated by Envisat and CS

Still, the time series of the average regional sea
Southern Hemisphere shown in

the transition between Envisat and CS

months differences between Envisat and CS

exceed 0.5 m,

however.

-ice thickness values are already
Figure 3-20 b)) or even
despite the fact that these are regions

Figure

-ice thickness is in

-2 in early winter.

-ice thick ness in the

Figure 3-20 illustrate that for most regions
-2 seems to be smooth; for single

-2 sea-ice thickness can easily

As has been discussed already in the context of
seems to have serious problems with sea

reflected in way too thick sea ice with values between 1.0

m for the Envisat period in an area where smooth thin FYI generated in the
-ice cover in most years. The
-2 for years 2011+
T but might still be too thick.

We also list region NofAlIS here because of the quite inconsistent sea
thickness values found for winter 2013 (

Ross Ice Shelf polynya is dominating the sea
sea -ice thickness values obtained with CS
ore realistic for this region

much smaller

seem to be much m

the overlap period s

difference has different signs.

Table 3-6: Summary of the inter
for the Southern Hemisphere for the six regions shown in

3-2: CSWS: Central Southern Weddell Sea, NofNS: North of

-comparison of the sea

Neumayer Station, NofSS: North of Syowa Station, NofAlS: North of
Amery Ice Shelf, RS: Ross Sea
average difference of the regional mean sea
minus Envisat (SITDiff) and its standard deviation (SDEVofSITDiff),
the difference CS2 minus Envisat of the regional sea

standard deviation (SITSDE

valid data (maximum: 17).

ea-ice thickness values derived with Envisat and CS
region NofAIS differ by more than 0.8 m for a few months and this

Figure 3-8 e), Envisat
-ice conditions in region RS; this is
m and above 2.5

-ice

Figure 3-20 d)). Note that during

-2in

-ice thickness

Figure

, AS: Amundsen Sea. Given is the

-ice thickness CS2

-ice thickness

VDiff) and the number of months with

Region CSWS NofNS NofSS NofAIS RS AS
SITDiff [m] 0.3%7 0.116 0.045 0.092 -0.643 | 0.230
SDEVofSITDiff [m]] 0.358 0.215 0.272 0.407 0.478 | 0.361
SITSDEVDIff [m] 0.184 0.087 0.060 0.028 -0.248 | 0.048
NofMONTHS 17 11 10 10 11 12

The average differences CS2 minus Envisat sea

regions summarized in

CS-2 minus Envisat freeboard (see

sea-ice thickness exceeds Envisat sea

-ice thickness of the six
Table 3-6 reflect the results of the average difference

Table 3-2). Positive differences, i.e. CS -2

regions but region RS with a maximum difference of ~0.4 m for regio
NofSS. Negative differences,

CSWS and a

i.e. Envisat sea

minimum of ~0.05

observed for region RS where the

ESA UNCLASSIFIED

m for region
-ice thickness exceeds CS

absolute difference exceeds 0.64
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-ice thickness, are observed for all

n

-2 sea-ice thickness, are only
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all regions the sea -ice thickness difference can be approximated by 10 times
the freeboard differ ence (compare Table 3-2). The standard deviations of
the sea -ice thickness difference are in line with those of the freeboard

difference (see Table 3-2). The smallest variation in the differences of ~0.2 2
m is observed for region NofSS, the large st one occurs in region RS: 0.48

m. As with regard to the difference of spatial variabilities of the sea -ice
thickness between CS -2 and Envisat we can also elaborate on Table 3-2 and
have CS-2 providing a larger spatial variability of sea -ice thickness
particularly for regions CSWS with absolute differences of ~0.2 5 m ( Table
3-6) but also for regions NofNS: ~0.1 m, while for region RS Envisat

provides the larger s patial variability :0.25m
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Figure 3-21: Time series of the hemispheric average sea -ice
thickness uncertainty difference CS2 minus Envisat for the Northern
Hemisphere for the overlap period of CS -2 and Envisat. O nly months

October through April are used.
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Figure 3-22: As Figure 3-21 but showing the sea -ice thickness
uncertainty difference standard devia tion.

Figure 3-21 shows the time series of the hemispheric average sea -ice
thickness uncertainty difference and Figure 3-22 the respective standard
deviation for the Northern Hemisphere. Figure 3-21 reveals that hemispheric
average sea -ice thi ckness uncertainties are about 0.4 m larger for Envisat

than fo r CS-2, i.e. 9 -10 times larger than the freeboa rd uncertainty shown

in Figure 3-10; the shape of the g raphs of Figure 3-21 and Figure 3-10 are
very similar. Like for the freeboard, the standard deviation of the sea -ice
thickness uncertainty difference CS-2 minus Envisat is small und and quite
uniform arou nd ~0.1 m (Figure 3-22).
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Figure 3-23: Time se ries of the hemispheric average sea -ice
thickness uncertainty difference CS2 minus Envisat for the Southern
Hemisphere for the full ove rlap period of CS -2 and Envisat.
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Figure 3-24: As Figure 3-23 but showing the sea -ice thickness
difference standard deviation.

Figure 3-23 shows the time s eries of the hemispheric average sea -ice
thickness uncertainty difference and Figure 3-24 the respective standard
deviation for the Southern Hemisphere. Sea-ice thickness uncertainties
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differences range between 0.3 m and 0.4 m at hemispheric scale, with the
smaller uncertainty obtained with CS-2. The standard deviation of the
hemispheric average sea -ice thickness uncertainty difference ( Figure 3-24)
is ~ 0.2 m during winter and slightly higher during summe r i afactor of 10
-12 compared to the respective standard deviation of the freeboard
uncertainty difference (compare Figure 3-12).
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Figure 3-25: Time ser ies of the regional mean sea -ice thickness
uncertainty for Envisat (diamonds) and CS -2 (crosses) for Northern
Hemisphere regions Fram Strait, Canadian Arctic Archipelago, and

Central Arctic. Vertical bars denote plus/minus one standard

deviation computed f rom a minimum of 3 a nd a maximum of 11x11

grid cells.

Figure 3-25 displays the time series of the regional mean sea -ice thickness
uncertainty for the regions in the Northern Hemisphere. Sea -ice thickness
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uncertainties  are substant ially above 1 m for Envisat (1.2 m to 1.8 m) and
around 1m (0.8 mto 1.4 m)for CS -2; during some winter seasons in some
regions uncertainties might be larger than that, i.e. Central Arctic 2007/08

and 2008/09 ( Figure 3-25 c)). | t seems like uncertainties are on average
larger for FYI dominated regions such as the Laptev Sea ( Figure 3-25 f))
than for MYl dominated regions such as CAA ( Figure 3-25 b)). We can
observe a larger vari  ation over winter for the MYl dominated regions than

the FYI dominated regions, e.g. compare Laptev Sea with Central Arctic. For
all seven regions we observe a  considerable reduction in sea  -ice thickness
uncertainty from Envisat to CS-2. We note that also the regional sea -ice
thickness uncertainties are about 10 times larger than the regional
freeboard uncertainties.
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Figure 3 -25 continued for Northern Hemisphere regions Southern
Beaufort Sea, North of Bering Strait, and Laptev S ea.
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Figure 3 -25 continued for Northern Hemisphere region BGEP
mooring area.
Table 3-7: Summary of the inter - comparison of the sea -ice thickness
uncertainty for the Northern Hemis phere: CAA: Canadian Arctic
Archipelago, FS: Fram Strait, CeArc: Central Arctic, NofBS: North of
Bering Strait, LS: Laptev Sea, SBS: Southern Beaufort Sea , BGEP:
BGEP mooring area . Given is the average difference of the regional
mean sea -ice thickness unce rtainty CS2 minus Envisat (SITerrDiff)
and its standard deviation (SDEVofSITerrDiff), the difference CS2
minus Envisat of the regional sea -ice thickness uncertainty standard
deviation (SITerrSDEVDIff) and the number of months with valid
data (maximum: 12).
Region CAA FS CeArc NofBS LS SBS BGEP
SITerrDiff [m] -0.280 -0.316 -0.391 -0.448 -0.461 -0.375 -0.413
SDEVofSITerrDiff [m] 0.028 0.043 0.023 0.051 0.016 0.041 0.037
SITerrSDEVDIff [m] 0.020 0.015 -0.004 -0.015 -0.016 -0.037 -0.021
NofMONTHS 12 12 12 10 12 12 12

Table 3-7 demonstrates that the absolute differences in the sea -ice
thickness un certainty between Envisat and CS -2 range between 0.28 m for

region CCA and 0.46 m for region Laptev Sea. Clearly, Envisat sea -ice
thickn ess uncertainties exceed CS -2 uncertainties and the difference is
largest for FYI -dominated regions. The standard deviations of the

uncertainty differences range between 0.02 m and 0.05 m and seem not to

reflect any dependence on sea -ice type. The spatial variation of the sea -ice
thickness uncertainties within regional boxes selected is between +/ -
0.02m, except for region SBS: ~ 4 cm. We note that this difference is

positive for MYl -dominated regions (CAA and FS) and negative for FYI -
dominated regions.
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Figure 3-26: Time series of the regional mean sea -ice thickness
uncertainty for Envisat (diamonds) and CS - 2 (crosses) for Southern
Hemisphere regions Central Southern Weddell Sea, No rth of
Neumayer Station, and North of Syowa Station (see Figure 3-2).
Vertical bars denote plus/minus one standard deviation computed
from a minimum of 3 a nd a maximum of 5x5 grid cells.
In the Southern Hemisphere sea -ice thicknes s uncertainties take values

around about 1 .2 m for CS -2 and around 1.7 m for Envisat ( Figure 3-26).
Regions with a notable fraction of perennial / old ice, e.g., the Central
Southern Weddell Sea (CSWS) and also the Amundsen Sea, r eveal even
larger uncertaintie s of up to > 2 m (Figure 3-26 a) and f)). We find a
pronounced seasonal cycle in the sea -ice thicknes uncertainties in region
CSWS. We find a substantial reduction of the sea -ice thickness uncertainty
from Envisatto CS -2.
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Figure 3 -26 continued
Amery Ice Shelf, Ross Sea, and Amundsen Sea (see

Table 3-8 illustrates how much sea
average, between the Envisat and the CS

2013

-ice thickness uncertainty improve
-2 period; the improvement is

2014 2015 2016 2017

for Southern Hemisphere regions North of

Figure 3-2).

S, on

smalles for region CWSW: 0.22 m and largest for region Ross Sea: 0.53 m.

For the remaining four regions the improvement is ~
transition between Envisat and CS
of the sea -ice thickness uncertainty.

0.4 m. smooth this

-2 is in the Southern Hemisphere in terms
The standard deviation of the

difference is largest in region CWSW: 0.13 m and smallest in the two other

regions from the ce
0.07 and 0.06 cm. Allr  egion s but the Ross Sea
the uncertainty standard deviation between CS

having a more variable sea

ntral and eastern Weddell Sea used, NofNS and NofSS:

show a positive difference of
-2 and Envisat, i.e. CS
-ice thickness uncertainty

-2 is
than Envisat; values

range between 0.03 m and 0.07 m. This difference is ~0 m in the Ross Sea.
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Table 3-8: Summary of the inter -comparison of the sea -ice thickness
uncertainty for the Southern Hemisphere for the six regions shown

in Figure 3-2:CSWS: Central Southern Weddell Sea, NofNS: North of

Neumayer Station, NofSS: North of Syowa Station, NofAlS: North of
Amery Ice Shelf, RS: Ross Sea, AS: Amundsen Sea. Given is the
average diffe  rence of the regional mean sea -ice thickness
uncertainty CS2 minus Envisat (SITerrDiff) and its standard

deviation (SDEVofSITerrDiff), the difference CS2 minus Envisat of

the regional sea -ice thickness uncertainty standard deviation

(SITerrSDEVDIff) and th e number of months with valid data

(maximum: 17).
Region CSWS NofNS NofSS NofAlS RS AS
SITerrDiff [m] -0.221 -0.393 -0.406 -0.388 -0.534 -0.377
SDEVofSITerrDiff [m][ 0.130 0.073 0.062 0.087 0.094 0.091
SITerrSDEVDIff [m] 0.073 0.044 0.060 0.035 -0.008 0.034
NofMONTHS 17 11 10 10 11 12

Additional Results

In this sub -section we provide values of the correlation, the number of valid

data pairs, and the overall average differences in freeboard and

uncertainty as well as thickness and its uncertainty fo
hemispheres for the overlap period Envisat CS -2.

All correlation values shown in the following figures and tables are computed
assuming a linear relationship between the two data sets over a maximum

its
r the entire

number of 12 months for the Northern Hemisph ere and 17 months for the

Southern Hemisphere. Note (again) that for the Northern Hemisphere only

months October through April are considered while for the Southern

Hemisphere data from all months are used.
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Figure 3-27: Time series of the correlation between valid freeboard
values for the Envisat 1 CS-2 overlap period for the Northern
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Figure 3-28: As Figure 3-27 but showing results
Hemisphere.

for the Southern

Figure 3-27 and Figure 3-28 illustrate that freeboard is only moderately
correlated between Envisat and CS -2 in the monthly freeboard maps. In the
Northern Hemisphere ( Figure 3-27) th e correlation varies between 0.2
0.65 without a seasonal cycle but with clearly better results for the first
winter of overlap . In the Southern Hemisphere ( Figure 3-28) we observe
relativel y constant correlation values of ~0.55 throughout the freezing
season.

5 and
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Figure 3-29: Time series of the correlation between valid freeboard
uncertainty values for the Envisat T CS-2 overlap period fo
N orthern Hemisphere

r the

Figure 3-29 illustrates that the correlation between monthly maps of the
freeboard uncertainty is similar to that found for the freeboard itself ( Figure
3-27). In the Southern Hemisp  here ( Figure 3-30), correlations of freeboard
uncertainties are more variable and smaller (around 0.45) than correlations
of the freeb oard itself (compare  Figure 3-28).
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Figure 3-30: As Figure 3-29 but showing results for the Southern
Hemisphere.

The correlation between sea  -ice thickness maps obtained with Envisat and

CS-2 in the Northern Hemisphere is as low as for the freebo ard; i t takes
values between 0.25 and 0.65 ( Figure 3-27) with higher values during the
first overlapping winter and lower values during the second one . The

correlation is notably larger in the Southern Hemisphere with values
between 0.4 5and 0.7 (Figure 3-32) and a mean during winter of ~0.65

O~8 T T T T T T
@ 0.6
73]
L
C
=
L
=
- 0.4
9
o
p
8 021 _
O‘O_ 1 1 1 1 1 1 I 1 I 1 |
11/2010  01/2011 03/2011 10/2011 12/2011 02/2012
12/2013 ~ 02/2011  04/2011  11/201f ~01/2014 ~ 03/2012
Month /Year
Figure 3-31: Time series of the correlation between valid sea -ice
thickness values for the Envisat i CS-2 overlap period forthe

Northern Hemisphere
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Figure 3-32: As Figure 3-31 but showing results for the Southern
Hemisphere.
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Figure 3-33: Time se ries of the correlation between valid sea -ice
thickness uncertainty values for the Envisat 1 CS-2 overlap period

fo r the Northern Hemisphere
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Figure 3-34: As Figure 3-33 butshow ing results for the Southern

Hemisphere.

In contrast to  Figure 3-31 and Figure 3-32, the correlation between sea -ice
thickness uncertainty values b ased on Envisat and CS -2 is ~0.6 in the
Northe rn Hemisphe re. It is hence better correlated than the sea -ice
thickness itself and also than the freeboard and freeboard uncertainty m aps
(Figure 3-27 through Figure 3-30). In the Southern Hemisphere, the
correlatio n between the respective sea  -ice thickness uncertainties is of the

same order of magnitude with a winter -time average of ~0.65 1 similar to
the sea -ice thick ness itself (compare  Figure 3-32).

For the Northern Hemisphere, the numbe r of valid data pairs varies between

a low of ~2500 in October 2011 to a high of ~10200 in February 2011. For
the Southern Hemisphere, the number of valid data p airs varies between a
low of ~400 in February 2011 and a high of ~5400 in September 2011.
Note that the data of the Southern Hemisphere have a grid re solution of 50
km compared to 25 km for the Northern Hemisphere and therefore the

numbers given for the Southern Hemisphere would increase by a factor of 4
would a grid with 25 km resolution be used.

Summary

1 The average hemispheric difference between CS -2 and Envisat is about
0.02 m for freeboard . Itis around 0.1 m for sea -ice thickness.

1 Hemispheric scale correlations of the four quantities between Envisat
and CS -2 are relativ ely low: between 0.45 and 0.65

1 On regional scale for the Northern Hemisphere , freeboard is
overestimated by CS -2 compared to Envisat by 2 -3 cm for regions with
an applicable MYI fraction; in regions dominated by FYI , freeboard is

underestimated by 2 -3 cm by CS -2. This translates in to a sea -ice
thickness which is overestimated by CS -2 compared to Envisat by

~0.2m for regions with an applicable MYI fraction; in re gions dominated
by FYI, sea -ice thickness is und erestimated by CS -2 by ~0.2 m.

1 A bit contradictory to that: Envisat seems t 0 overestimate sea -ice
thickness in FYl -dominated regions i particularly during early winter.

T On regional scale for the Southern Hemisphere, freeboard is
overestimated by CS -2 compared to Envisat by between 1 cm and 5 cm
for five of the six regions; the la rgest overestimation is observed for the
region selected in the southwestern Weddell Sea which has the highest
MYI fraction of all six regions. In contrast, for region Ross Sea CS -2
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und erestimates freeboard by about 7 cm compared to Envisat. The time
series reveals a jump in freeboard between both sensors. This
translates into respective sea -ice thickness overestimations by CS -2 by
between 10 and 50 cm for the five above -mentioned regions. For region
Ross Sea, sea -ice thickness is underestimated by CS -2 by about 50 cm
compared to Envisat. The location of region Ross Sea suggests that the
CS-2 estimates are more realistic

1 In the Southern Hemisphere regions , freeboard and sea -ice thickness
and reveal a smooth transition between Envisat and CS -2 period for
four to five of the six regions; r egion Ross Sea has a jump in freeboard
and sea -ice thickness when transiting from Envisat to CS -2

M Overall we find considerable improvement of the uncertainty of
freeboard and also sea -ice thickness from Envisat to CS -2. The
improvement in freeboard uncertainty is ~ 0.05 m uniformly across
regions and hemispheres. The improvement in sea -ice thickness
uncertainty is more variable and depends on region and ice type. It can
range between 0.2 m and 0.5 m.

M Overall, sea -ice thicknes s values seem to be more realistic in the
Northern than in the Southern Hemisphere. This applies to the seasonal
cycle but more so to the values at the beginning of the freezing season
which almost without exception seem to be too large (by about 0.5 m
to 1.0 m) in the Southern Hemisphere. In addition, mean monthly sea -
ice thickness for the region selected in the southwestern Weddell Sea
varies between ~ 1.5 m and over > 6 m which is too thick.
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3.1 Evaluation of the SICCI 2 sea -ice freeboard (SIF ) product

In the following analysis results from NASA Operation IceBridge (OIB) snow

radar and airborne topographic Mapper (ATM), has been used. The ATM is a

green laser, which is presumed to measure the snow surface, thus giving

the total freeboard (sea  -ice freeboard + snow depth) Fiota - This combined
with the snow depth SD obtained from the snow radar provides directly a
measure of the sea -ice freeboard (SIF) Fg for direct evaluation of SICCI -2
which we used; we discarded negative SIF values resulting f rom SD > Fya -

FS‘I = Ftota.! — 5D

OIB data has been the collected in each Arctic spring season (March & April)
since 2009 to present, and does provide a seasonal evaluation. Here we use

the official level 4 S ea Ice Freeboard, Snow Depth, and Thickness product
(IDCSI4) for the period 2009 -2013 downloaded at nsidc.org, together with

the inter -mediate Quick Look (QL) product covering 2014 -2016. Thus, OIB
provides data in the overlap period between ENVISAT and CryoSat (2011 -
2012).

The OIB data provides along -track measurem ents with a horizontal
resolution of 40 m. In order to compare with SICCI -2 SIF the OIB
observations have been p repared by averaging them over 50 km sections
along Zrack . If all samples are available this will include an average of 1250

points.

For each o f the 50 km averaged OIB data points we have collocated the
corresponding SICCI2  satellite data by averaging all observation s which fall
into a search radius of 25 km centered at the respective 50 km OIB section

i for both SICCI -2 Envisatand CS -2 data.

As the SICCI -2 SIF gridded products are monthly products we take all
measurements within +15 days of the OIB observation date. For each OIB
measurement we end up having in the order of 500-1000 satellite points
depending on latitude.

0.2 - '

3
0.1 - i
0.0 :

1 U U 1 1 1 1
46000 47000 48000 49000 50000 51000 52000 53000 54000
Seconds of Day

Figure 3-35: Example of along -track intercomparison of collocated
SIF from OIB (green), Envisat (blue) and CS -2 (red) from March 16,
2011.
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As an example the along -track sea -ice freeboard from OIB flight on March

16, 2011, is sh own in Figure 3-35: OIB (green), Envisat (blue) and CS -2
(red). Along this particular track we find a high correlation between OIB and

Envisat SIF, whereas CS -2 tends to overestimate SIF slightly. However, all
estimates agree with  in the expected uncertainties.

Figure 3-36: Locati on of all OIB tracks used in the
the overlap period between Envisat and CS -2 shown in

comparison for
Figure 3-37.

SICCI2 ver 1.0 OIB 2011-2013

SICCI2 vs OIB 2011-2012
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a) Sea ice freeeboard (m) b) ENVISAT sea ice freeboard heights (m)
Figure 3-37: Comparison of the data pairs from location shown in

Figure 3-36; a) histogram of collocated SIF f rom OIB (green),
Envisat (blue) and CS -2 (red); b) scatterplot of CS -2 vs Envisat SIF
in the overlap period (i.e. from the red and blue parts of the
histogram in a)) with, from top to bottom, the linear regression line

equation, the linear correlation coef ficient R, the root mean squared

error (RMSE), and the count of valid data #
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If we look at the histogram ( Figure 3-37 a) in the overlap period (2011 -
2012) between Envisat and CS-2 we find an almost perfect match b etween
OIB and SICCI2 SIF , which is also reflected in the mean and mode values
presented in Table 3-9. Further the scatter plot between Envisat and CS-2,
Figure 3-37 b), show s an excellent correlation of 0.8 with RMSE 0. 07 m.

Figure 3-38: Location of all OIB tracks from 2009 -2012 used in the

50

40

w
o
L

(8]
o
'

comparison for the overlap period with Envisat shown in Figure
3-39.
SICCI2 ver 1.0 OTB 2009-
SICCI2 ENV 2009-2012 2012
' * 055
0o y = 0.2554x + 0.1425
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Figure 3-39: As Figure 3-37 but using only the official level 4 OIB
data overlapping with Envisat, i.e. 2009 -2012, which locations are

given in  Figure 3-38. Colors in b) denote the SICCI -2 SIF standard

deviation in meters.

This is not quite consistent if we look into the freeboard distribution of all

OIB data in the Envisat (2009 -2012) and CS -2 (2011 -2013, 20 11-2016
including QL) shown in  Figure 3-39, Figure 3-41, and Figure 3-43.We see in
general that CS -2 tends to overestimate OIB SIF, whereas Envisat tends to
underestimate it. Th is tendency is also reflected in the differences in mean

and mode ( Table 3-9) and by a relative low correlation of ~0.56 for CS -2 vs.

page 70 of 193

ESA UNCLASSIFIED - For Official Use



Product Validation & Intercomparison Report (PVIR -SIT)

Ref. SICCI-PVIR-SIT Version 1.1 / 23 July 2018

OIB and only 0.3 2 for Envisat vs. OIB (see image b) in Figure 3-39, Figure
3-41,and Figure 3-43).

In general, it has been concluded that a lower correlation of satellite
altimetry derived freeboard and thicknesses compared with OIB is found
compared to other evaluation dat a, such as upward looking sonars and/or
AEM sea ice thicknesses ([RD-06], [RD -07]).

. =180°
N

Figure 3-40: Location of all OIB tracks from 2011 -2013 used in the
comparison for the overlap p eriod withCS -2 shownin  Figure 3-41.
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Figure 3-41: As Figure 3-37 but using only the official level 4 OIB

data overlapping with CS -2, i.e. 2011 -2013, which locations are
given in  Figure 3-40. Colors in b) denote the SICCI -2 SIF standard
deviation in meters.

However, in our cases the coverage of data is not overlapping. The
comparison Envisat/OIB prim arily is in the FYI region north of Canada, while
the comparison CS -2/0OIB covers both, FYI regions north of Canada and MY
regions north of Greenland.
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The color scale in image b) of Figure 3-39, Figure 3-41, and Figure 3-43 is

the standard deviation of all CS -2/Envisat SIF values within the 25 km
search radius around the respective OIB section center. It is seen that a
lower standard deviation is related with low freeboard values and vice versa.

This fits well with the fact that thicker sea ice is rougher resulting in a larger
variation in sea -ice freeboards (standard deviation) than thinner sea ice.

Figure 3-42: Location of all OIB tracks from 2011 -2016 used in the
com parison for the overlap period with CS -2shownin  Figure 3-43.

SICCI2 ver 1.0 OIB 2011-2016
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Figure 3-43: As Figure 3-37 but using the official level 4 and the
quicklook OIB data overlapping with CS -2, i.e. 2011 -2016, which
locations are given in Figure 3-42. Colors in b) denote the SIC CI-2

SIF standard deviation in meters.

Table 3-9: Statistic s ofthe sea -ice freeboards presented in Figure
3-37, Figure 3-39, Figure 3-41,and Figure 3-43.
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Figure 3-44: Comparison of different freeboard variation parameters
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In Figure 3-44 we color coded the SIF value pairs OIB -SICCI -2 Envisat (left
column) and OIB -SICCI-2 CS-2 (right column) with different parameters
giving information about surface roughness and/or uncertainty of the SIF

data. We find that the roughness parameter from the OIB produ ct (c,d) has
not too much in common with the SICCI -2 SIF standard deviation (a,b) or

the SICCI -2 SIF retrieval uncertainty (e,f). We note that this OIB roughness
parameter is larger for collocated SICCI -2 Envisat SIF than CS -2 SIF. W e
find an increase of S IF retrieval uncertainty with increasing SIF (e,f) which

looks relatively similar to the increase in SICCI -2 SIF standa rd deviation,
except that the latter is larger by a factor of 3 to 4

3.2 Evaluation / Inter - comparison with in situ measurements from
North -Pole (NP) drifting stations

Russian (previous Soviet) manned North Pole drifting ice stations (NP ) have
been carried out by the Arctic and Antarctic Research Institute (AARI) for
several decades. During the usually year -long drift in the Arctic Ocean a

wide range of oceanographic, meteorological, and geophysical
measurements are collected. Data include measurements of snow and ice
properties which can be used to validate satellite estimates of sea ice

thickness. For the validation of the SICCI SIT prototype data we used
measurem ents from NP -37 (2009/2010), NP-38 (2010/2011) , and NP -39
(2011/2012)  which were drifting in the Beaufort and Chukchi Sea betw een

76°N and 83°N

Similar to SICCI project phase 1 (see [RD -05]) we evaluate d the SICCI -2
SIT product with  in-situ sea -ice thickness measurements obtained during
these stations.

Data from the Russian North Pole drifting stations NP -37 (2009/2010) and
NP-39 (201 1/201 2) were used for validation of SICCI freeboard and
thickness prototype (  see Figure 3-45 and Table 3-10). Data from the station
NP-38 (2010/2011) will be used later for validation of sea ice thickness only.
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Figure 3-45: Lo cation of the drifting stations NP -37,NP -38and NP -
39 collocated with Envisat and Cryosat -2 measurements (large
circles T October to April, small circles i May to Sep).

Sea ice measurements on the drifting ice floe have been conducted every 10
daysinal 00 m x 100 m polygon every 20 m (See Figure 3-46). For the
NP-37 and NP -39 only the center section s have been measured every 10
days ( for the NP -37 every 10 m) , while the entire polygon has only been
sampled once a month on the NP -37 and with three gaps over collocation
period for the NP -39.

Table 3-10: Periods of collocation of the North Pole drifting stations
NP -37, NP -38 and NP -39 with SICCI SIT prototype  derived from

Envisat and C ryosat -2 measurements . Parameters measured on the
drifting stations are listed
NP station Satellite Period of collocation Parameters
NP-37 Envisat Oct 2009 i Apr 2010 Freeboard, thickness, snow depth
Envisat Oct 2010 7 Apr 2011
NP-38 Thickness, snow dep th
Cryosat -2 Oct 2010 7 Apr 2011
NP-39 Cryosat -2 Nov 2011 7 Apr 2012 Freeboard, thickness, snow depth
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