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1 Introduction
11 Purpose and Scope

This document describes the results of the usage and application of the
SICCI -2 project sea ice concentration (SIC) and se a ice thickness (SIT) data
sets in climate research 7 namely for inter -compar ison to model data and
for usage in assimilation experiments . It also describes results from using

the SICCI -2 SIC and SIT data sets for estimation of the sea ice area and
extent as well as sea -ice volume and sea -ice volume fluxes.

1.2 Document Structure

After this introduction and the list of references, t he document is divided
into three sections . The first section describes and presents value added
products derived from the SICCI -2 project product s. This covers the
contractual work associated with WP4210 and WP4220 . The second section
informs about results obtained so far by using SICCI -2 project products for
dynamically consistent assimilation into a coupled ocean T sea ice model as
carried out at the Institute of Oceanography, University of Hamburg. This
covers the contrac tual work associated with WP4300 . The third section
presents the status of and the results of the assimilation experiments in

Earth system models i namely the MPI -ESM of the Max -Planck Institute of
Meteorology, Hamburg i and of the developm ent of a satellite simulator for
MPI-ESM. This covers the contractual work associated with WP4400 and
WP4500.

1.3 Document Status

This is issue 1.0 of the CAR from the SICCI -2 project release d to ESA as
part of the projectds contractual deliverabl e ¢

Not e that neither the list in section 1.4 nor the reference list in section 1.5

has been updated relative to the CAR of phase 1. Relevant references
currently are placed at the end of the section describing the status of
WP4300; these will be included onto th e references list for the final version
of CAR.

14 Applicable Documents

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

Acronym Title Reference Issue

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

Table 1-1: Applicable Documents
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RD-06 Product User Manual for Sgrensen, A, T. v1.0,
Global S ea Ice Lavergne, S. Mar
Concentration Climate Eastwood , Document 2017
Data Record OSI -450 version 1.0, data set
version 2.0, DOI:
10.15770/EUM_SAF_
0OSl1_0008
RD-07 Snow depth on Arctic sea Warren, S. G, I. G. n.a.
ice Rigor, N.
Unterstein er, V. F.
Radionov, N. N.
Bryazgin, Y. I.
Aleksandrov, and R.
Colony, Journal of
Climate, 12, 1814 -
1829, 1999.
RD-08 Unprecedented Turner, J., T. Philips, n.a.
springtime retreat of G. J. Marshall, J. S.
Antarctic sea ice in 2016 Hosking, J. O. Pope, T.
J. Bracegirdle, and P.
Deb, Geophysical
Research Letters,
44(13), 6868 -6875,
https://doi.org/10.100
2/2017GL073656
RD-09 Satellite observations of Kurtz, N.T.,and T. n.a.
Antarct ic sea ice thickness Markus, Journal of
and volume Geophysical Research,
117, C 08025,
doi:10.1029/2012JC00
8141, 2012.

ESA UNCLASSIFIED - For Official Use

page 12 of 95


https://doi.org/10.1002/2017GL073656
https://doi.org/10.1002/2017GL073656

Ref. SICCI-CAR

Climate Assessment Report (CAR)

Version 1.0 / 23 July 2018

Acronym Title Reference Issue
RD-10 Snow depth of the Weddell Kwok, R., and T. n.a.
and Bellingshausen sea ice Maksym, Journal of
covers from IceBridge Geophysical Research
surveys in 2010 and 2011: - Oceans, 119,4141 i
An examination, 4167, doi:10.1002/
2014JC009943, 2014.
RD-11 Antarctic Sea -Ice Kern, S., B. Ozsoy - n.a.
Thickness Retrieval from Cicek, and A. P.
ICESat: Inter -Comparison Worby, Remote
of Different Approaches Sensing , 8 (7), 538;
doi:10.3390/rs807053
8, 2016 .
RD-12 Consistent CryoSat -2 and ;aglcierSSHlig?r:lc;sd n-a
Enw_sat Freeboa_rd E. Rinne, The
Retrlevgl of Arctic and Cryosphere, revision
Antarctic Sea Ice under review,
https://doi.org/10.519
4/tc -2018 -34, 2018 .
RD-13 Polar Pathfinder Daily 25 Fowler, C., J. V3.0
km EASE -Grid Sea Ice Maslanik, W. Emery,
Motion Vectors, Version and M. Tschudi.
3. [Indicate subset
used]. Boulder,
Colorado USA. NASA
National Snow and Ice
Data Center
Distributed Active
Archive Center. doi:
https://doi.org/10.506
7/057VAIT2AYYY
2016 .
RD-14 Fram Strait sea ice Spreen, G., S. Kern, n.a.
volume export estimated D. Stammer and E.
between 2003 and 2008 Hansen, Geophysical
from satellite data Research Letters , 36,
L19502,
doi:10.1029/2009GL0O
39591, 2009.
RD-15 On the low frequency Serra, N., R. H. Kase, n.a.
phase relation between A. Kohl, D. St ammer,
the Denmark Strait and and D. Quadfasel,
the Faroe -Bank Channel Tellus A, 62 (4), 530 1
overflows 550,
doi:1 0.1111/j.1600 -
0870.2010.00445.x,
2010.
RD-16 Dynamic thermodynamic Hibler, W. D., Journal n.a.
sea ice model of Physical
Oceanography, 9(4),
1979.
RD-17 Model ing a variable Hibler, W. D., Monthly | n.a.
thickness sea ice cover Weather Review, 108
(12), 1943 11973,
1980.
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Acronym Title Reference Issue
RD-18 A model for the Semtner, A. J. , J. [ na
thermodynamic growth of Phys. Oceanogr., 6
sea ice in numerical (3), 379 1389, 1976.
investigations of climate
RD-19 Arctic ice -ocean Zhang, J., W. D. n.a.
mode”ing with and Hibler, M. S teele, and
without climate restoring D. A. Rothrock ,
Journal of Physical
Oceanography, 28 (2),
191171 217, 1998.
RD-20 On modelling the _ Semtner, A J, n.a.
seasonal therr_noo_lynamlp Climatic Change, 6 (1),
cycle of se aice in studies 277 37,
of climatic change doi:10.1007/BF001 41
666, 1984.
RD-21 Global coupled sea ice - Fenty, L, D. n.a.
ocean state estimation Menemenlis, and H.
Zhang, Climate
Dynamics, 49(3), 931 -
956,
doi:10.1007/ s00382 -
015-2796 -6, 2015.
RD-22 PHC: A global ocean Steele, M., R. Morley, n.a.
hydrography w ith a high - [ andW. Ermold ,
quality Arctic Ocean Journal of Clim ate,
14(9), 2079 -2087 ,
2001.
RD-23 A new reprocessed 20 Cheng, Y., O. n.a.
years altimetri ¢ data set Andersen, and P.
for the Arcti ¢ Ocean Knudsen, Marine
Geodesy, accepted in
2014.
RD-24 Accuracy of satellite sea Gentemann, C. L., T. n.a.
surfa ce temperatures at 7 Meissner, and F. J.
and 11 GHz Wentz, IEEE
Transactions on
Geoscience and
Remote Sensing, 48,
1009 -1018, 2010.
RD-25 AVISO Delay -Time ( DT) Ssalto/Duacs, Pre
MSLA and DT -MADT http://www.aviso.alti v15.0
metry.fr/duacs/
RD-26 Quality control of ocean Ingleby , B., and M. n.a.
temperature and salinity Huddle ston, Journal of
profiles Historical and Marine Systems, 65 (1-
real -time data 4), 158 i
175,do i:10.1016/.jma
rsys.2005.11.019,
2007 .
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RD-27 The North Atlantic and Nilsen, J. E. O, n.a.

Nordic Seas hydrography NERSC Technical

collection Report #372, NERSC,
Bjerknes Center fo r
Climate Research,
Bergen, Norw ay, 20
pp., 2008.

RD-28 Skill metrics for evaluation Dukhovskoy, D. S., J. n.a.

and comparison of sea ice Ubnoske, E.

models Blanchard -
Wrigglesworth,
H. R. Hiester, and A.
Proshutinsky

J. Geophys. Res.
Oceans, 120, 5910 7

5931,
doi:10.1002/2015 JCO1
0989, 2015
RD-29 Arctic sea ice variability Cavalieri, D. J. and n.a.
and trends, 1979 12010 Parkinson, C. L., The

Cryosphere, 6, 881 -
889, doi:10.5194/tc -
6-881-2012, 2012 .

RD-30 Large decadal decline of Comiso, J. C., J. | na
the Arctic multiyear ice Climate, 25, 1176 i
cover 1193, 2012.

RD-31 Decline in Arctic sea ice Kwok, R. and n.a.
thickness from submarine Rothrock, D. A,
and ICESat records: 1958 i | Geophys. Res. Lett,

2008 36, L15501,
https://doi.org/10.102
9/2009GL039035,

2009.

RD-32 Observe d Arctic sea -ice Notz, D., and Stroeve, n.a.
loss directly follows J., Science,
anthropogenic CO2 doi:10.1126/science.a
emission ag2345, 2016.

RD-33 Remote Sensing of Sea Ice Johannessen, O. M., n.a.
in the Northern Sea  Route - | Alexandrov V.,
Studies and Applications Sandven, S,

Pettersson, L. H.,
Bobylev, L. and
Kloster, K., , Springer
Praxis Books, Nansen
Centers Polar Series

no.4., 2007.
RD-34 Polar Amplification of Holland, M.M. and n.a.
Climate Change in the Bitz, C.M. , Climate
Coupled Model Dynamics, 21, 221 -
Intercomparison Project 232,

http://dx.doi.org/10.1
007/s00382 -003 -
0332 -6, 2003.

page 15 of 95
ESA UNCLASSIFIED - For Official Use


http://dx.doi.org/10.1007/s00382-003-0332-6
http://dx.doi.org/10.1007/s00382-003-0332-6
http://dx.doi.org/10.1007/s00382-003-0332-6

Ref. SICCI-CAR

Climate Assessment Report (CAR)

Version 1.0 / 23 July 2018

Acronym Title Reference Issue
RD-35 Ocean Data Assimilation in Stammer, D., n.a.
Support of Climate Balmaseda, M.,
Applications: Status and Heimbach, P., Kohl,
Perspectives A., and Wea ver, A. ,
Annual Review  of
Marine  Science, 8,
4917 518,
https://doi.org/10.114
6/annurev -marine -
122414 -034113,
2016.
RD-36 Assimilation of ice Lindsay, R. W. and n.a.
concentra tionin anice - Zhang, J. , J. Atmos.
ocean model Ocean. Tech., 23,
7427 749,
https://doi  .org/10.117
5/JTECH1871.1, 2006.
RD-37 Assimilation of sea ice Tietsche S., D. Notz, J. n.a.
concentration in a global H. Jungclaus, and J.
climate model - physical Marotzke, Ocean
and statistical aspects Science, 9(1), 19 -36,
2013.
RD-38 Assimilation of ice Lisaeter, K. A. n.a.
concentration in a coupled Rosanova, J., and
icei ocean model, using the Evensen, G. , Ocean
Ensemble Kalman filter Dynam., 53, 3687 388,
https://doi.org/1l  0.100
7/s10236 -003-0049 -
4, 2003.
RD-39 Benefits of assimilating Xie, J., Counillon, F., n.a.
thin sea ice thickness from Bertino, L., Ti an-
SMOS into the TOPAZ Kunze, X., and
system Kaleschke, L., The
Cryosphere, 10,
27451 2761,
htt ps://doi.org /10.519
4/tc -10-2745 -2016,
2016.
RD-40 Analysis and forecasting Caya, A., Buehner M., n.a.
of sea ice conditions Carrieres T. , J.
with three -dimensional Atmos. Oce an.
variational data Technol., 27:353 T 369.
assimilation and a doi:10.1175/2009JTEC
coupled ice -ocean model HO701.1, 2010.
RD-41 Data assimilation of sea Toyoda T., Fujii Y., n.a.
ice concentration into a Yasuda T., Usui N.,
global ocean i seaice Ogawa K., Kuraga no
model with corrections for T., Tsujino H., and M.
atmospheric forcing and Kamachi , J.
ocean temperature fields Oceanogr., 72, 235 i
262, 2016.
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RD-42 Properties of adjoint sea Kold unov, N. V., Koéhl, n.a.
ice sensitivities to A., and D. Stammer ,
atmospheric forcing and Clim. Dynam., 41,
implications for the causes 22717 241,
of the long term trend of https://doi.org/1l  0.100
Arctic sea ice 7/s00382 -013-1816 -

7,2013.

RD-43 Sea ice assimilation into a Koldunov, N. V., Kéhl, n.a.
coupled ocean -seaice A., Serra, N., and
model using ist adjoint Stammer, D. , The

Cryosphere, 11, 2265 -
2281, 2017.

RD-44 Assimilation of ice motion Zhang J., Thomas n.a.
observations and D.R., Rothrock, D.A,,
comparisons with Lindsay RW., Yu, Y.,
submarine ice thickness Kwok, R., J. Geophys.
data Res.-Oceans.,

108(C6), 3170,
doi:1 0.1029/2001JC00
1041, 2003.

RD-45 The topaz monitoring and Bertino L., and K. A. n.a.
prediction system for the Liseeter, J. Operational
Atlantic and Arctic oceans Oceanography, 1(2),

15-18, 2008.

RD-46 Estimated decadal changes Wunsch, C., and P. n.a.
in the North Atlantic Heimbach, J . Phys.
meridional overturning Oceanogr ., 36(11),
circulation and heat flux 2012 i 2024.

19931 2004 doi:10.1175/JP0O2957.
1, 2006.

RD-47 An eddy -permitting Mazloff, M., Heimbach, n.a.
Southern Ocean state P., and C. Wunsc h, J.
estimate Phys. Oceanogr .

40(5):880 1 899.
doi:10.1175/2009JPO
4236.1, 2010.

RD-48 Hydrographic Fenty, l., and P. n.a.
preconditioning for Heimbach , Journal of
seasonal sea ice Physical
anomalies in the Labrador Oceanography, 43(5),

Sea 863 -883,
doi:10.1175/JPO -D-
12-064 .1, 2013.

RD-49 Bidecadal thermal changes Wunsch, C., and P. n.a.

in the abyssal ocean Heimbach, J. Phys.
Oceanogr, 44(8),
2013 i 2030.
doi:10.1175/JPO -D-
13-096.1, 2014.
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Acronym

Title

Reference

Issue

RD-50

Adjoint analysis of the
2007 all time Arctic sea
minimum

-ice

Kauker , F., Kaminski,
T., Karcher, M.,
Giering, R., Gerdes,
R., and VoRbeck, M.
Geophys. Res. Lett,
36, L03707,
https://doi.org/10.102
9/2008GL036323,
2009.

n.a.

RD-51

A finite -volume,
incompressible Navier
Stokes model for studies of
the ocean on parallel

com puters

Marshall, J., Adcroft,
A., Hill, C ., Perelman,

L., and Heisey, C. , J.

Res.
102, 5753

Geophys.
Oceans,
5766,
https://d  0i.org/10.102
9/96JC02775, 1997.

n.a.

RD-52

Global Sea Floor
Topography from Satellite
Altimetry and Ship Depth
Soundings

Smith, W. H., Science,
277,
https://doi.org/10.112
6/science.277.5334.1
956, 1997.

1956 11962,

n.a.

RD-53

The NCEP/NCAR 40 -year
reanalysis project

Kalnay, E., Kanamitsu,
M., Kistler, R., Collins,
W., Deaven, D.,
Gandin, L., Iredell, M.,
Saha, S, White,
G.,Woollen, J. ,
Y., Leetmaa, A.,
Reynolds, B., Chell
M., Ebisuzaki,W.,
Higgins, W., Janowiak,
J., Mo, K. C.,
Ropelewski, C.,Wang,
J., Jenne, R., and

Zhu,

Joseph, D., B ull. Am.

Meteorol. Soc., 77,
4371 471, 1996.

iah,

n.a.

RD-54

Global, composite runoff
fields based on ob served
river discharge and
simulated water balances

Fekete, B.
Vorosmarty, C., and
N. Grabs, Technical
Report, Global Runoff
Data Center, Koblenz,
Germany, 1999.

n.a.

RD-55

Oceanic vertical mixing: A
review and a model with a
nonlocal boundary layer
para meterization

Large, W. G.,
McWilliams, J. C., and
Doney, S. C. , Rev
Geophys., 32, 363

403,

https://d  0i.org/10.102
9/94rg01872, 1994.

n.a.
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RD-56 On an efficient numerical Zhang, J. and W. D. n.a.
method for modeling sea Hibler, J. Geophys.
ice dynamics Res.-Oceans, 102,

8691 7 8702,
https://d 0i.org/10.102
9/96JC03744, 1997.

RD-57 Evaluation of the GECCO2 Kohl, A., Q. J. Roy. n.a.

ocean synthesis: Meteor. Soc., 141,
transports of volume, heat 16617 181,

and freshwater in the https:/ /doi.org/10.100
Atlantic 2/qj.2347, 2015.

RD-58 Thinning and volume loss Kwok, R., G. F. n.a.
of the Ar ctic Ocean sea Cunningham, M.
ice cover: 2003 -2008 Wensnahan, I.  Rigor,

H. J. Zwally, and

D. Yi, Journal of
Geophysical Research ,
114, C0O7005.
doi:10.1029/2009JC00
5312, 2009.

RD-59 Recipes for adjoint code Giering, R. and T. n.a.

construction Kaminski , ACM T.
Math. Softw., 24,
4371 474,
https://doi.org/10.114
5/2 93686.293695,
1998.

RD-60 Generating efficient Giering, R ., Kaminski, n.a.
derivative code with TAF T., and Slawig, T. |,
adjoint and tangent linear Future Gener. Comp.

Euler flow around an Sy., 21, 1345 11355,
airf oil https://doi.org/10.101
6/j.future.2004.11.00
3, 2005 .

RD-61 Coupled sea Ice i Ocean Fenty, I., and P. n.a.
state estimation in the Heimbach , Journal of
labrador sea and baffin Physical
bay Oceanography, 43(5),

884 -904,
doi:10.1175/JPO -D-
12-065.1 , 2013.

RD-62 An adjoint method for the Kohl, ~A. and J. n.a.
assimilation of statistical Willebrand , Tellus A,
characteristics into eddy - | 54, 406 1425,
resolving ocean models https://d  0i.org/10.103

4/j.1600 -
0870.2002.01294 .x,
2002.

RD-63 Variability of the Kohl, A., and D. n.a.
meridional overturning in Stammer, Journal of
the North Atlantic from Physical
the 50 -year GECCO state Oceanography, 38(9),
estimation 1913 -1930,

doi:10.1175/200 8JPO
3775.1 , 2008.
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Acronym Title Reference Issue
RD-64 Adjoint -based estimation Liu, C., Kéhl, A., and n.a.
of eddy -induced tracer Stammer, D. , J. Phys.
mixing parameters in the Oceanogr., 42, 1186 i
global ocean 1206, 2012.
RD-65 ICESat over Arctic sea Kwok, R., and G. F. n.a.
ice: Estimation of snow Cunningham, Journal
dept h and ice thickness of Geophysical
Research , 113,
C08010, 2008
RD-66 Seasonal forecasts of Lindsay, R., C. Haas, n.a.
Arctic sea ice initialized S. Hendricks,
with observations of ice P. Hunkeler, N. Kurt  z,
thickness J. Paden, B. Panzer, J.
Sonntag, J. Yungel,
and J. Zhang
Geophys. Res. Lett.,
39, L21502,
doi:10.1029/2012GL0O
53576 , 2012 .
RD-67 Impacts of Sea Ice Dirkson, A, n.a.
Thickness Initialization on Merryfield, W.J., and
Seasonal Arctic Sea Ice Monahan, A. , Journal
Predictions of Climate, 30, 1001 -
1017, DOIl:
10.1175/3CLI -D-16-
0437.1, 2017.
RD-68 How well must climate Notz, D. , Phil. Trans. n.a.
models agree with R. Soc. A, 373,
observations? 20140164,
doi:10.1098/rsta.2014
.0164, 2015.
RD-69 Climate an d carbon cycle Giorgetta, M. A., et n.a.
changes from 1850 to al., J. Adv.  Model
2100 in MPI -ESM Earth Syst., 5,
simulations for the doi:10.1002/jame.200
Coupled Model 38, 2013.
Intercomparison Project
phase 5
RD-70 Characteristics of the Jungclaus, J. H., N. n.a
ocean simulation s in Fischer, H. Haak, K.
MPIOM, the ocean Lohmann, J. Marotzke,
component of the MPI - D. Matei, uU.
Earth system model Mikolajewicz, D. Notz,
and J. S. von St orch,
J. Adv. Model. Earth
Syst,, 5, 422 1446,
doi:10.1002/jame.200
23, 2013.
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Acronym Title Reference Issue
RD-71 Arctic sea -ice evolution as Notz, D., F. A n.a.
modeled by Max Planck Haumann, H. Haak, J.
Institute for H. Jungclaus, and J.
met eorol o gy 0s MarOtZke, J. Adv.
system model Model. Earth Syst., 5,
173171 194,
doi:10.1002/jame.200
16, 2013.
RD-72 Improved retrieval of sea Kaleschke, L., X. Tian - n.a.
ice thickness from SMOS Kunze, and N. Maal3,
and CryoSat -2 IEEE IGARSS July 26 -
31, 2015, Milano,
Italy, DOI:
10.1109/IGARSS.2015
73270 14.
RD-73 Sensitivity of CryoSat -2 Ricker, R., Hendricks, n.a.
Arctic sea -ice freeboard S., Helm, V., Skourup
and thickness on radar - H., and Davidson, M.,
waveform interpretation The Cryosphere, 8,
1607 -1622 , 2014.
RD-74 Retrieval of Arctic Sealc e | Ivanova, N., O. M. n.a.
Parameters by Satellite Johannessen, L. T.
Passive Microwave Pedersen, and R. T.
Sensors: A Comparison of Tonboe , IEEE Trans.
Eleven Sea Ice Geosci. Rem. Sens.
Concentration Algorithms 32:11, 72331 7246.
oi:
10.1109/TGRS.2014.2
310136 , 2014.
RD-75 Insights into brine Griewank, P.J. and D. n.a.
dynamics and sea ice Notz, J. Geophys. Res -
desalination froma1 -D Oceans 118, 3370 i
model study of gravity 3386, doi:
drainage 10.1002/jgrc.20247,
2013.
RD-76 A 1-D modelling study of Grie wank, P.J. and D. n.a.
Arctic sea -ice salinity Notz, The Cryosphere
9, pp. 305 7 329. doi:
10.5194/tc -9-305 -
2015, 2015.
RD-77 Microwave emission Wiesmann, A. and C. n.a.
model of |ayered Métzler, Remote
snowpacks Sensing o f
Environment 70, pp.
307171 316, 1998.
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RD-78

Tonboe, R., S.
Andersen, L. T oudal,
and G. Heygster, In:
Thermal Microwave
Radiation -
Applications for
Remote Sensing. Ed.
by C. Matzler, P.W.
Rosenkranz, A.
Battaglia, and J.P.
Wigneron. |ET
Electromagnetic
Waves Se ries 52, pp.
382i 400, 2006.

Sea ice emission
modelling

n.a.

RD-79

Ivanova, N., L.T.
Pedersen, S. Kern, G.
Heygster, T. Lave rgne,
A. Sgrensen, R. Saldo,
G. Dybkjaer, L.
Brucker,and M.

Inter -comparison and
evaluation of sea ice
algorithms: towards
further identification of
challenges and optimal
approach using passive

microwave observations Shokr, The
Cryosphere , 9, 1797 -
1817. doi:
10.5194/tc - 9-1797 -
2015, 2015 .

n.a.

Table 0-1: Reference Document s

Acronyms and Abbreviations

Acronym Meaning

AMSR-E Advanced Microwave Scanning Radiometer aboard EOS

AO Announcement of Opportunity

ASCII American Standard Code for Information Interchange

ASIRAS Airborne Synthetic Aperture and Interferometric Radar Altimeter
System

ATBD Algorith m Theore tical Basis Document

CM-SAF Climate Monitoring Satellite Application Facility

DMSP Defence Meteorological Satellite Program

DWD Deutscher Wetterdienst

EASE2 Equal-Area Scalable Earth Grid 2

ECV Essential Climate Variable

Envisat Environmental Satelli te

ERS European Remote Sensin g satellite

ESA European Space Agency

EUMETSAT | European Organisation for the Exploitation of Meteorological Satellites

FB Freeboard

FCDR Fundamental Climate Data Record

FOC Free of Charge
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FOV Field - of - View
FTP File Tran sfer 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 applicab le
NetCDF Network Common Data Format
NSIDC National Snow and Ice Data Center
OCOG Offset Centre of Gravity
oiB Operation Ice Bridge
OSI-SAF Ocean and Sea Ice Satellite Application Facility
ow Open Water
PHC Polar Science Centre Hydrographic Climatol ogy
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
SIA/SIE Sea Ice Area / Sea Ice Extent
SIC Sea Ice Concentration
SIRAL SAR/Interferometric Radar Altimeter
SIT Sea Ice Thickness
SMMR Satellite Multichannel Microwave Radiometer
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
\% Vertical polarization
WGS84 World Geodetic System revision -84

Table 0-2: Acronyms
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2 Preface

The SICCI -2 products are described in the Pr oduct User Guide (PUG) [RD -
01]. The algorithms used to obtain the products are described in the
Algorithm Theoretical Basis Document (ATDB) [RD -02] and the production
chains used are explained i  n the Detailed Processin g Model (DPM) document
[RD-03]. The Product Validation and Intercom parison Report (PVIR) [RD  -04]
describes the results of the eva luation efforts . Data used for some of the
inter -comparison studies found in this repo rt are givenint he DARD [RD -05]

The results presented in this report are based on v2.0 and v2.1 of the SIC
product and v1.0 of the SIT product. Both were downloaded from the
Integrated Climate Data Center (ICDC) website http://icdc.cen.uni -
hamburg.de/esa _-cci_sea -ice-ecv0.htm|?&L=1
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3 Sea-ice area and extent, volume and volume
flux
SICCI -2 project products of sea ice concentration (S IC) are avai lable for

both hemispheres year -round for the time per iods: 06/2002 -09/2011
(AMSR-E) and 07/2012 -04/2017 (AMSR2) . Sea -ice thickness (SIT) products
are available for the Southern Hemisphere year -round for th e time period
05/2002 through 04 /2015 , and for the Northern Hemisphere for winters
2002/03 through 2016/ 17 7 based on Envisat RA -2 (until 03/2012) and CS -
2) (since 11/2010) data. W inters comp rise the months Octo  ber to April

This section is going to describe the computation of sea -ice area and extent
based on the SICCI -2 SIC data. It will elaborate on the un certainty
estimates of this computation developed in phase 1 of the SICCI project.

This section is also going to describe the computation of the sea -ice volume
computed solely from SICCI -2 SIC and SIT data. In addition, by adding
information about sea -ice motion, this section will give results from sea -ice

volume flux computations across k ey flux gates / transect lines.

3.1 Sea ice area and extent

For both hemispheres sea -ice area (SIA) and sea -ice extent (SIE) were
computed from the variable ‘ice_conc' using a SIC threshold of 159%,
separately for grid resolutions of 12.5km, 25km and 50km . Information
from the flag layer was not included. No effort was undertaken to block -
average fine -resolution data to coarse -resolution data. No effort was
undertaken to use the same land -mask or modify the data such that the
same (coarse) land -mask is used in all three data sets.
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-2 sea -ice

concentration data set for the three different grid resolutions (algorithms)

denoted by the different colors.

The following observations can be made:

There seems to be a smooth transition between

AMSR-E and AMSR2; both

SIA and SIE exhibit the record minimum in summer 2012 and the increase
by about 1 million square kilometer from the summer minimum 2012 to the

summer minimum in 2013.
three algorithms.
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The algorithm with the coarsest grid resolution (50 km) provides the lowest

SIE and SIA maximum and minimum values while the one with the finest

grid resolution (12.5 km) provides the highest SIE and SIA maximum and
minimum values. During the winter maximum the difference between coarse
and fine resolution is between 500 000 km2 and 1 000 000 km? for the SIA

and generally around 1 000 000 kmz for SIE. During the summer minimum

these differences do not exceed 500 000 kmz2.
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Figure 3-2: Time -series of the sea -ice area (a) and the sea -ice extent (b) for

the southern hemisphere as computed from the SICCI phase -2 sea -ice
concentration data set for the three different grid resolutions (algorithms)

denoted by the different colors.

The following observations can be made for the southern hemispheric SIA
and SIE time series:
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Also in the southern hemisphere there is a smooth transition between
AMSR-E and AMSR2 with the development of the maximum SIA and SIE
during the last 5 years as observed by other algorithms (peak in 2014 and
drop in 2015).

Differences in SIA and SIE between the different grid resolutions /
algorithms are smaller than in the northern hemisphere if existent at all. For

the summer minimum SIA and SIE the same order as for the northern
hemisphere applies, i.e. largest values for the fine resolution and lowest

values for the coarse resolution; the difference amount ~ 500 000 km? for

SIE and less than that for SIA. For the winter maximum period, S IA values
are almost the same while SIE values are maximal at 12.5 km followed less

strictly by 25 km like in the northern hemisphere; in several winters SIA at

12.5 km is closer to SIA at 50 km than at 25 km. During winter maximum
differences are smaller ~ than 500 000 km?.

The small differences in winter -time SIA and SIE in the southern
hemisphere suggest that all three algorithms more or less provide the same
sea-ice concentration. The fact that winter -time SIA and SIE in the northern
hemisphere differ con  siderably between the three algorithms could partly be
caused by a different treatment of first -year ice (FYI) and multiyear ice
(MYI1). It seems more likely though that this is caused by the different grid
resolution and hence the different land fraction i n the investigated domain.
This idea seems to be supported by the fact that the difference between the

three algorithms stays almost as large during summer -time and that also in
the southern hemisphere differences between the algorithms (grid
resolutions) become notable during summer -time when the contribution of
the different land  -fractions has a larger impact than during winter.

How does the SICCI -2 produc t harmonize with the OSI -SAF OSI -450 one
[RD-06] ? This is illustrated by means of sea -ice area and ex tentin Figure 3-
3 through Figure 3-6. With regard to the Arctic sea -ice area (Figure 3-3) we
find that SICCI -25km provides the same seasonal amplitude than OSI -450.
We see the t endency that SICCI -25km sea -ice area is slightly smaller than
OSI-450 sea -ice area 1 particularly during the melt phase which we
attribute the finer native resolution of the AMSR -E / AMSR2 sensors (SICCI -
25km) compared to SSMIS (OSI -450).
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Figure 3-3: Time series of the combined Eumetsat OSISAF OSI -450 and the

ESA-SICCI2 SICCI -25km sea -ice area for the Arctic.
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Figure 3-4: As Figure 3-3 but for the Arctic sea -ice extent.
The same finding applies to the Arctic sea -ice extent ( Figure 3-4). We find a
difference between OSI  -450 and SICCI -25km of about 500 000 km?2 (SICCI
25 km < OSIl -450) at the end of melting period for most of the overlapping
years. This difference exists for the freezing limb of the seasonal cycle as
well, but values are much smaller.
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Figure 3-5: As Figure 3-3 but for the Antarctic sea -ice area.
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Figure 3-6: As Figure 3-5 but for the sea -ice extent.

For the Antarctic sea -ice area ( Figure 3-5) and extent ( Figure 3-6) we make
the same observation as in the Arctic. Actually, the agreement between
0OSI1-450 and SICCI -25km is better in the Antarctic. During the melting limb

of the seasonal cycle we can find differences between OSI  -450 and SICCI -
25km of the same kind as in the Arctic (SICCI -25km < OSI -450), however;
these differences are again larger for the extent than the area and may

peak also at ~500 000 kmz2 in December, the month of peak melt.

How do OSI-450 and SICCI -25km compare the Arctic sea  -ice index which is
based on the NASA -Team algorithm? This is illustrated for months March
and September in  Figure 3-7.
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Figure 3-7: Time series of the monthly mean sea -ice area (SIA) and extent
(SIE) for (in blue) the NASA -Team algorithm (NSIDC sea -ice index
https://nsidc.org/data/seaice_index ), (in red) OSI -450, and (in g reen)
SICCI -25km.

We find that the sea -ice extents from NASA -Team and OSI -450 match

almost perfectly well with respect to the inter -annual variability with OSI -
450 being about 200 000 km2 (500 000 km?) larg er than NASA -Team in
March (September). We find a n almost perfect agreement in the sea -ice

extent between NASA -Team and SICCIl -25km; larger deviations can only be
seen for September 2016 and March 2009.

We find that the sea -ice areas from NASA -Team and OSI -450 match less
well with respect to the inter -ann ual variability than the sea -ice extents but
the agreement is still very good. This comes not unexpected because
potential differences between the algorithms at, e.g., intermediate sea -ice
concentrations would be visible in the sea -ice area but the extent. Like for
the sea -ice extent there is a systematic bias of ~200 000 km2 (March) and
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~300 000 kmz2 (September) with OSI -450 > NASA -Team. Sea -ice area from
SICCI -25km ranges between the two other products without particularly

following one of these  throughout the period of overlap shown.

3.2 Seaice volume

We derived the monthly average sea -ice volume for both hemispheres for
both, the Envisat and the CryoSat -2 periods. This was done using the sea -
ice thickness of the SICCI -2 product, using only values with status -flag = 0.
Instead of using  the monthly mean SIC also provided with the product , we
used the SICCI -2 SIC product . The gap (October 2011 through July 2012)

we filled with OSI -450 SIC data based on SSMIS [RD-06] . While we used
SICCI -25km for the Arctic we us  ed SICCI -50km for the Antarctic; in that
case we averaged the OSI  -450 SIC to the same grid resolution. Volume was
computed as the product of SIC, grid cell area and SIT. Grid cell area was

25 km x 25 km for the Northern and 50 km x 50 km for the Southern
Hemisphere.

We compute the sea -ice volume SIV as: V = | * A where V is volume, | is

the true sea -ice thickness (not the grid -cell mean) and A is sea -ice area
which is computed as A = C * A gia With sea -ice concentration C (as a
fraction of grid cell area) and A 44 the grid cell area.

We use a sea -ice concentration threshold of 60% (or 0.6) to compute A and
hence V.

Both CDRs (SIC and SIT) provide estimates of the uncertainty which allows
us to also provide an estimate of the uncertainty of V. However, the
uncertainty of the sea  -ice thickness is so large that we would end up with
uncertainties of V that would be so large that the seasonal variation in V
would completely fall into the range of its uncertainty. As a preliminary

solution we therefore scale the uncertainty proportional to the sea -ice
thicknessO0. %3 * | . We compute t e awncfeorhtlaniwst:y Ui
= G(Eal)] +,)JC *wilth the total standard error i

The SIT CDR might have data gaps where the SIC CDR indicates SIC >
60%. In order to avoid an under -estimation of V due to these gaps, which
can be up to 10% in V, we interpolated the spatial gaps from nearby SIT
values. A minimum of 5 SIT values is required for a box spanning 13 x 13

grid cells for the Arctic and 7 x 7 gri d cells in the Antarctic; that is an area
of ~ 350 km x 350 km.

The SICCI -2 sea -ice thickness retrieval uses the Warren et al. (1999) [RD -

07] snow -depth climatology for snow depth and snow density. Because this

climatology is only valid over the Arctic Oce an but not in the peripheral seas

like the Hudson Bay or Barents Sea, or the Canadian Arctic Archipelago, we

limit the computation of the sea -ice volume to the sector AT
The grid cells belonging to this sector are derived from the Arctic secto r

mask provided originally by NSIDC on polar - stereographic grid and modified

by NSIDC (personal communication, W. Meier and S. Steward, NSIDC,

2018).

Finally, and most crucially, for the Arctic for both sensors exist a large
circular area centered at the P ole where no observations are made due to

the satellitesd orbit inclination. This does n
this hole by interpolation. This region of no observations begins at ~81.5°N
for Envisat and at ~88.5°N for Cryosat -2. For Cryosat -2 we compute the
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Figure 3-8 and Figure

3-9); for Envisat we compute the mean SIC and mean SIT of the ring north
of 81.0°N ( Figure 3-10 and Figure 3-11).
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Figure 3-8: Mean sea -ice concentration of the area north of 87°N used for the
sea -ice volume based on Cryosat

diamonds show the mean sea
to 81.5°N potentially used to continue the Envisat

series.

Figure 3-9: As Figure 3-8 but showing the mean Cryosat

-2 sea -ice thickness data (triangl
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for the area north of 87.0°N (triangles) and the ring 81.0°N to 81.5°N

For the Arctic, the final sea

(diamonds).

-ice volume is then computed as V = V

es);

-ice volume time

-2 sea -ice thickness

valid T

Vinterp + V poiehole - HEr € Viaig , Vinerp » @and V yoenge are the volume computed
from all grid cells up to the altimeter observation gap at the pole, the
volume resulting from the grid cells of valid SIC values but missing SIT

values, and the volume of the altimeter observation
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For the Antarcticitis V=V valid + Vinterp -
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Figure 3-10: Mean sea -ice concentration of the ring area between 81.0°N and
81.5°N used for the sea -ice volume based on En visat sea -ice thickness data.
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Figure 3-11: As Figure 3-10 but showing the mean Envisat sea -ice thickness
for the ring between 81.0°N and 81.5°N.

Figure 3-8 through Figure 3-11 illustrate how variable the mean SIC and SIT
values are that are used to fill the gap of observations at the pole. Not
surprisingly, the mean SIC and SIT values for the CS -2 observation gap are
higher (Figure 3-8 and Figure 3-9) than those for the Envisat observation
gap (Figure 3-10 and Figure 3-11). It seems to be advisable therefore, when

constructing a consistent SIV time series, to rely on the full CS -2 SIV time
series, and to carry out a bias correction for the Envisat SIV time series.
This is done by taking th e overlapping period and computing the difference

between Envisat SIV and CS -2 SIV for every month. The respective monthly

SIV difference is then added to the corresponding Envisat SIV value of the

period 10/2002 through 10/2010 (Arctic) and 06/2002 through 10/2010

(Antarctic). For those months where the overlap period contains two m onths
the arithmetic mean of the monthly differences is taken.
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3-12: Arctic Ocean sector (see text) s ea-ice volume time series from
(squares) and CS -2 (triangles) together with a the volume

uncertainty estimate.

In Figure 3-12 we show the SIV time -series computed from both sensors in

one plot. Differences in the overlap period are within the uncertainty but still

large enough to call for a bias correct ion. The diamonds shown for the CS -2
period denote an attempt to extend the Envisat SIV time -series into the CS -
2 period instead of the CS -2 SIV time -series into the Envisat period. The SIV
difference between the diamonds and the triangles is surprisingly small.
What we did here is the following: We took CS -2 data and computed the
mean SIT for the same ring used to fill the Envisat observation gap at the

pole and also computed the mean SIC for the same area . Subsequently, we
considered the CS -2 observation hole at the pole as large as the one for
Envisat and #Afilledod it by wusing the just
Despite the small difference we decided to carry out the bias correction as

described further above T mainly because in the evaluation CS -2 has been
shown to provide a more accurate freeboard and hence sea -ice thickness.
Also in terms of the resolution of the sea -ice thickness variability CS -2 is
certainly the better choice. Hence, in Figure 3-13 we provide the final
consistent Arctic Ocean sector sea -ice volume time series. It is based on CS -
2 SIV for the CS -2 period and on bias -corrected Envisat SIV for the Envisat
period until including October 2010.
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Figure 3-13: Arctic Ocean sector consistent sea -ice volume time series.
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If we take ~5 000 km3 and 20 000 km3 as useful ballpark numbers for the

SIV at the beginning and end of the freezing season, as suggested by
PIOMAS ( Figure 3-14), then our estimates are at a reasonable magnitude in
October / November but increasingly under -estimate PIOMAS SIV later in
the freezing season.  This can be attributed to the different regions used.
PIOMAS uses a pan -Arctic domain

(http://psc.apl.washington.edu/zhang/IDAQ/z_arcticl .qif ).
PIOMAS Daily Arctic Ice Volume
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Figure 3-14: PIOMAS estimates of the Arctic Ocean sea -ice volume (from
NSIDC :
http://nsidc.org/arcticseaicenews/files/2017/04/PIOMAS_figure_March201
7.png ).
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Figure 3-15: As Figure 3-13 but for the Southern Hemisphere; squares are for
Envisat, triangles for CS -2, and diamonds denote extension of the Envisat SIV

time series using the overlap period (see text)

The Southern Hemisphere sea-ice volume de rived with Envisat and CS -2 is
shown in  Figure 3-15. We find a reasonable seasonal cycle with minimum
values in February of ~ 5 000 km? and maximum values in August /
September of ~28 000 km3. We find an increase in the SIV betwee n the
Envisat and the CS -2 era for the time period shown; extension of the time

series with data from the recent two years with substantial reductions in the

sea-ice cover of the Southern Hemisphere [RD-08] might change this view.

We note that our values a re more than twice as large as those published
based on ICESat -1 SIV esti mates by Kurtz and Markus [RD -09] T results

which have been discussed to be very likely too low, however ( [RD-10], RD -
11)) .

In order to obtain a consistent SIV time series here as wel | we tried to
extend the Envisat SIV time series into the CS -2 measurement period
(diamonds in  Figure 3-15). However, given the possibly higher accuracy of

CS-2 also in the Southern Ocean and also the better data coverage [RD-12]
we find it more reasonable to carry out a bias correction the same way we

did it for the Arctic (see above). The resulting consistent Antarctic sea -ice

volume time -series, which is based on CS -2 SIV data starting from 11/2010
and on bias -corrected Envisat SIV data from 06/2002 through 10/2010 is
shown in Figure 3-16.

We finally note that both sea -ice volume time -series are available under
http://icdc__.cen.uni_-hamburg.de/projekte/esa -cci-sea-ice-ecv0.html

Figure 3-16: As Figure 3-13 but for the Antarctic.
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