e, . e e
& @SAa Sea Ice Climate Change Initiative:
European Space Agency Phase 1

ANT D1.1 Passive Microwave Snow Depth on
Antarctic sea ice assessment
Doc Ref: SICCI-ANT-PMW-SDASS-11-14
Version: 1.0
Date: 28 Nov 2014

NERSC

Consortium Members
el )
%msntutt FMI
-

A
f Max-Planck-Institut o
Ifremer @ fir Meteorologie ?_i, E.m.!.a .
UH
iti [ B UNIVERSITY OF
L2 Universitait Hamburg &% CAMBRIDGE @ Universitat Bremen
DER FORSCHUNG | DER LEHRE | DER BILDUNG

ESA UNCLASSIFIED - For Official Use



Ref. SICCI-ANT-PMW-SDASS-11-14

Passive Microwave Snow Depth on Antarctic sea ice assessment

Version 1.0 / 28 Nov 2014

Change Record

Issue Date Reason for Change Author
10D 17 Septem ber 2014 First Draft Torben Frost
20D 03 November 2014 Filling with content, AMSR -E & Torben Frost

SSM/I to ASPeCt comparison done
3.0D 27 November 20 14 Almost the final version Torben Frost,
Stefan Kern
4.0D 28 November 2014 Final draft Torben Frost,
Stefan Kern
1.0 28 November 2014 First Issue Torben Frost,
Stefan Kern
Authorship
Role Name Signature
Written by: Torben Frost, Georg Heygster , and
Stefan Kern
Checked by:
Approved by:
Authorised by:

Distribution

Organisation

Names

Contact Details

ESA Pascal Lecomte Pascal.Lecomte@esa.int

NERSC Stein Sandven, Lasse H. Stein.Sandven@nersc.no
Pettersson lasse.pettersson@nersc.no

Cal Gary Timms gary.timms@-cgi.com

Met.no Thomas Lavergne, Lars Anders t.lavergne@met.no
Breivik larsab@met.no

DMI Leif Toudal Pedersen, Rasmus ltp@dmi.dk
Tonboe rtt@dmi.dk

DTU Roberto Sa Ido, René Forsberg, rs@space.dtu.dk
Henning Skriver rf@space.dtu.dk:

hsk@space.dtu.dk
FMI Marko Makynen, Eero Rinne, Ari marko.makynen@fmi.fi

Seina

eero.rinne@fmi.fi;

Ari.Seina@fmi.fi

ESA UNCLASSIFIED

page 2 of 166
- For Official Use


mailto:Pascal.Lecomte@esa.int
mailto:Stein.Sandven@nrsc.no
mailto:lasse.pettersson@nersc.no
mailto:gary.timms@cgi.com
mailto:t.lavergne@met.no
mailto:larsab@met.no
mailto:ltp@dmi.dk
mailto:rtt@dmi.dk
mailto:rs@space.dtu.dk
mailto:rf@space.dtu.dk;
mailto:hsk@space.dtu.dk
mailto:marko.makynen@fmi.fi
mailto:eero.rinne@fmi.fi;
mailto:Ari.Seina@fmi.fi

Passive Microwave Snow Depth on Antarctic sea ice assessment

Ref. SICCI-ANT-PMW-SDASS-11-14 Version 1.0 / 28 Nov 2014
Organisation Names Contact Details
University of Hamburg Stefan Kern ste fan.kern@zmaw.de
University of Bremen Georg Heygster heygster@uni_-bremen.de
University of Cambridge Peter Wadhams pwll@cam.ac.uk
MPI-M Dirk Notz dirk.notz@zmaw.de
Ifremer Fanny Ardhuin Fanny.Ardhuin@ifremer.fr
AWI Marcel Nicolaus marcel.nicolaus@awi.de

page 3 of 166
ESA UNCLASSIFIED - For Official Use


mailto:stefan.kern@zmaw.de
mailto:heygster@uni-bremen.de
mailto:pw11@cam.ac.uk
mailto:dirk.notz@zmaw.de
mailto:Fanny.Ardhuin@ifremer.fr
mailto:marcel.nicolaus@awi.de

Ref. SICCI-ANT-PMW-SDASS-11-14

Passive Microwave Snow Depth on Antarctic sea ice assessment

Table of Contents

Version 1.0 / 28 Nov 2014

1 INtrOdUCHION oo e e 16
11 PUrpose and SCOPE  ...vvvviiiiiiiiiiiiiiiis e aaae 16
1.2 DOCUMENE SITUCIUIE oo e ee e aeeeas 16
13 Applicable DOCUMENLS ..ot e ... 16
14 Reference DOCUMENES  ....ooiiiiiiiiiiiiiiiiiieniiee e e e e .17
15 Acronyms and Abbreviations ... e 22
1.6 Introduction to Snow Depth on Antarctic Sea lce .., 23
1.7 Introduction to Snow Depth Observation in the Antarc iC i 24

2 Passive Microwave Snow Depth Retrievals for SSM/I and AMSR -E 26
2.1 Algorithm Theoretical BaSICS  ..icccvviiiiiiiiiiiiiiis e e e 26
2.2 The SSM/I Sea Ice Concentration and Snow Depth Produc | A 28

3 In -Situ, Ship -based and Airborne Snow Depth Observations ... 29
3.1 Snow Depth from the ASPeCt Protocol  .cvveiiiiiiiiiiie e, 29
3.2 IN-Situ DAtasetS ....ccccccciiiiiiiiiiiiiis e e 29
3.3 Operation IceBridge Airborne Radar Measurements — ......ccccoceeiiiiiineeennn. 30

4 Comparison of SSM/I and AMSR -E Snow Depth Retrieval Products

with ASPeCt and In -Situ Observations . e, 33
4.1 Collocation Method  ......ccoociiiiiiiiiiiiee e 33
4.2 SSMIl e e e 34
4.3 AMSR-E oo e reeee e 46
4.4 Summary and DISCUSSION  .ooccciiiiiiiiiiiieieiiiiies ierereee e 60

5 Derivation of a New Set of Empirical . 64
51 INPUE DAtE ..ot i e 64
5.2 Calculation of Open Water Tie Points at 18.7 and 36.5 GHz ~  ................ 64
53 Quantification Of EITOrS .o et .72
5.4 Derivation of the New Set of Regression Coefficients ..., 74
5.5 The New Snow Depth Retrieval ... e, 83
5.6 SUMMAIY  coiiiiiiiiiiiiis i ennnaee aeeeeeeaeeeeeeaaaae 99

6 Conclusions and Remarks i e 100

Appenddix A:  Snow Depth Comparisons for SSM/I and AMSR -E....... ........... 101
Al SSM/I: Pixel AVerages.......ccccccvvviniiieiiiiiceicee e e 101
A2 SSM/I: Daily AVEIAQES....ccceeviiiiiiiiiie e e 119
A3 AMS R-E: PiXel AVErages.......ccccoovciiiiiiiiiiiciii e e .137
A4 AMSR-E: Daily AVEragesS .....ccooccvviiiieiiiiiieiiiiis e ....151

ESA UNCLASSIFIED - For Official Use

page 4 of 166



Passive Microwave Snow Depth on Antarctic sea ice assessment

Ref. SICCI-ANT-PMW-SDASS-11-14 Version 1.0 / 28 Nov 2014

List of Figures

Figure 4.1 : Slope, y -Int ercept, correlation coefficient, RMSD and number of snow depth

pairs of the comparisons of SSM/I snow depth retrievals with ASPeCt ship -based
snow depth estimations for single months, the whole winter period (April - October)
and the whole dataset. SSM/I obs ervation period: 1992  -2008, SSM/I and ASPeCt -
observations are pixel averages. For full set of regression coefficients see Tab. A.1. 35

Figure 4.2 : Comparison of snow depth derived from SSM/I brightness temperatures at
19 and 3 7 GHz for all Antarctic sectors, the West Antarctic, the East Antarctic and
the whole Antarctic for the period between April and October. SSM/I observation
period: 1992 -2008, SSM/l and ASPeCt -observations are pixel averages. For full set
of correlation coe fficients see Tab. AL, s e 38

Figure 4.3: Comparison of snow depth derived from SSM/I brightness temperatures at
19 and 37 GHz for all Antarctic sectors, the West Antarctic, the East Antarctic and
the whole Antarctic. SSM/I obser vation period: 1992 -2008, SSM/I and ASPeCt -
observations are pixel averages. For full set of regression coefficients see Tab. A.1. 40

Figure 4.4: Slope, y -Intercept, correlation coefficient, RMSD and number of snow depth
pairs of the comparisons of SSM/I snow depth retrievals with ASPeCt ship -based
snow depth estimations for single months, the whole winter period (April - October)
and the whole dataset. SSM/I observation period: 1992 -2008, SSM/I and ASPeCt -
observations are daily a  verages. For full set of regression coefficients see Tab. A.1. 42

Figure 4.5: Comparison of snow depth derived from SSM/I brightness temperatures at
19 and 37 GHz for all Antarctic sectors, the West Antarctic, the East Antarct ic and
the whole Antarctic for the period between April and October. SSM/I observation
period: 1992 -2008, SSM/I and ASPeCt -observations are daily averages over all
pixels. For full set of regression coefficients see Tab. A.3. ., 44

Figure 4.6: Comparison of snow depth derived from SSM/I brightness temperatures at
19 and 37 GHz for all Antarctic sectors, the West Antarctic, the East Antarctic and

the whole Antarctic. SSM/I observation period: 1992 -2008, SSM/I and ASPeCt -
observation s are daily averages over all pixels. For full set of regression
coefficients see Tab. A.3. i e e 45

Figure 4.7: Slope, y -Intercept, correlation coefficient, RMSD and number of snow depth
pairs of the comparisons of SSM/I snow depth retrievals with ASPeCt ship  -based
snow depth estimations for single months, the whole winter period (April - October)
and the whole dataset. SSM/I observation period: 1992 -2008, SSM/I and ASPeCt -
observations are pixel averages. For full set of regression co efficients see Tab. A.5. 48

Figure 4.8: Comparison of snow depth derived from AMSR -E brightness temperatures at
18.7 and 36.5 GHz for all Antarctic sectors, the West Antarctic, the East Antarctic,
and the whole Antarctic for t he period between April and October. AMSR -E
observation period: 2002 -2011, AMSR -E and ASPeCt -observations are pixel
averages. For full set of regression coefficients see Tab. A.5. i, 49

Figure 4.9: Comparison of snow depth derive d from AMSR -E brightness temperatures at
18.7 and 36.5 GHz for all Antarctic sectors, the West Antarctic, the East Antarctic,
and the whole Antarctic. AMSR  -E observation period: 2002 -2011, AMSR -E and
ASPeCt-observations are pixel averages. For full set of regression coefficients see
I 1 T R TSP ... 50

page 5 of 166
ESA UNCLASSIFIED - For Official Use



Passive Microwave Snow Depth on Antarctic sea ice assessment

Ref. SICCI-ANT-PMW-SDASS-11-14 Version 1.0 / 28 Nov 2014

Figure 4.10: Slope, y -Intercept, correlation coefficient, RMSD and number of snow
depth pairs of the comparisons of SSM/I snow depth retrievals with ASPeCt ship -
based snow depth estimat ions for single months, the whole winter period (April -
October) and the whole dataset. SSM/I observation period: 1992 -2008, SSM/I and
ASPeCt-observations are daily averages. For full set of regression coefficients see
TaAD. A7 i e e .. 51

Figure 4.11: Comparison of snow depth derived from AMSR -E brightness temperatures
at 18.7 and 36.5 GHz for all Antarctic sectors, the West Antarctic, the East
Antarctic and the whole Antarctic for the period between April and October. AMSR -
E observati on period: 2002 -2011, AMSR -E and ASPeCt -observations are daily
averages over all pixels. For full set of regression coefficients see Tab. A.7. ... 52

Figure 4.12: Comparison of snow depth derived from AMSR -E brightness temperature s
at 18.7 and 36.5 GHz for all Antarctic sectors, the West Antarctic, the East
Antarctic and the whole Antarctic. AMSR -E observation period: 2002  -2011, AMSR -E
and ASPeCt -observations are daily averages over all pixels. For full set of
regression coefficien tssee Tab. A7. s 53

Figure 4.13: Comparison of snow depth derived from AMSR -E brightness temperatures
at 18.7 and 36.5 GHz for all Antarctic sectors, the West Antarctic, the East
Antarctic and the whole Antarctic for the perio d between April and October. AMSR -
E observation period: 2002  -2007, AMSR -E and ASPeCt -Bio data are pixel averages.
For full set of regression coefficients see Tab. 4.2. e e, 55

Figure 4.14: Comparison of snow depth derived from AMSR -E brightness temperatures
at 18.7 and 36.5 GHz for all Antarctic sectors, the West Antarctic, the East
Antarctic and the whole Antarctic. AMSR -E observation period: 2002  -2007, AMSR -
E, ASPeCt-Bio, and ISPOL data are pixel averages. For full set of regressi on
coefficients see Tab. 4.2. i e aeeeeeeeaa 56

Figure 4.15:  Comparison of snow depth derived from AMSR -E brightness temperatures
at 18.7 and 36.5 GHz for all Antarctic sectors, the West Antarctic, the East
Antarctic and the whole Antarctic for the period between April and October. AMSR -
E observation period: 2002  -2007, AMSR -E and ASPeCt -Bio data are daily averages.
For full set of regression coefficients see Tab. 4.3. e e 58

Figure 4.16: Comparison of snow depth deri ved from AMSR -E brightness temperatures
at 18.7 and 36.5 GHz for all Antarctic sectors, the West Antarctic, the East

Antarctic and the whole Antarctic. AMSR -E observation period: 2002  -2007, AMSR -
E, ASPeCt-Bio, and ISPOL data are daily averages. For full se t of regression
coefficients see Tab. 4.3. s e 59

Figure 5.1: Comparison of the vertically polarised gradient ratio (GRV) derived from
AMSR-E brightness temperatures at 18.7 and 36.5 GHz for all Antarctic sectors,
the West Antarct ic, the East Antarctic and the whole Antarctic for the period
between April and October. AMSR  -E observation period: 2002  -2011, AMSR -E and
ASPeCt data are pixel averages. For full set of regression coefficients see Tab.
L0 0 OO 75

Figure 5.2: Comparison of the vertically polarised gradient ratio (GRV) derived from
AMSR-E brightness temperatures at 18.7 and 36.5 GHz for all Antarctic sectors,
the West Antarctic, the East Antarctic and the whole Antarctic for the period
between Apri | and October. AMSR -E observation period: 2002  -2011, AMSR -E and

page 6 of 166
ESA UNCLASSIFIED - For Official Use



Passive Microwave Snow Depth on Antarctic sea ice assessment

Ref. SICCI-ANT-PMW-SDASS-11-14 Version 1.0 / 28 Nov 2014

ASPeCt data are daily averages. For full set of regression coefficients see Tab.

B.L0. i e e eeea 76
Figure 5.3:  Frequency distribution of the uncertainty of the vertically polarised gradient
ratio of the 18.7 and 36.5 GHz channels. ... 78

Figure 5.4: Frequency distribution of the ratio of standard deviation and snow depth for
ASPeCt daily snow depth averages. .o e 79

Figure 5.5: Comparison of the vertically polarised gradient ratio (GRV) derived from
AMSR-E brightness temperatures at 18.7 and 36.5 GHz for ratios r between
standard deviation and mean for r = 0.3, 0.5, 0.7, and 1.0. Whole Antarctic for the
period from April to October. AMSR -E observation period: 2002  -2011, AMSR -E and
ASPeCt data are daily averages. For full set of regression coefficients see Tab.

B.lL. i e e eeens 80

Figure 5.6: Dependence of the vertically polarised gradient ratio at 19 and 37 GHz on
sea ice thickness from SMOS without snow cover. Sea ice can be snow covered
from about 20 cm (0.2 m) thickness on. Image produced within the ESA Sea Ice
CCI [L. T. Pedersen, personnel communication, 2014]. ..., ... 81

Figure 5. 7. Comparison of the vertically polarized gradient ratio (GRV) derived from
AMSR- E brightness temperatures at 18.7 and 36.5 GHz for r = 0.3. Whole Antarctic

for the period from April to October. AMSR -E observation period: 2002 -2011,
AMSR-E and ASPeCt data are daily averages. The full set of the regression
coefficients is given in the text. s ————— . 82

Figure 5.8: Maps of the annual development of the daily snow depth from the new
retrieval. Every map is taken at the 15 ™ of the respecti ve month. Black areas:
negative snow depths. White areas: snow depths larger than 50 cm. Sea ice

concentration cut off limit: 20%. Grey areas: open water. ... 85
Figure 5.9: As for Fig. 5.8 but for snow depth uncertainty. White ar eas: uncertainty

higher than 20 CM. s e e 86
Figure 5.10: Comparison of new snow depth product derived from AMSR -E brightness

temperatures at 18.7 and 36.5 GHz for all Antarctic sectors, the West Antarctic,

the East Antarctic, and t he whole Antarctic for the period between April and
October. AMSR -E observation period: 2002 -2011, AMSR -E and ASPeCt -
observations are pixel averages. For full set of regression coefficients see Tab.

BUAB. s e e e 87
Figure 5.11: Compa rison of new snow depth product derived from AMSR -E brightness

temperatures at 18.7 and 36.5 GHz for all Antarctic sectors, the West Antarctic,

the East Antarctic, and the whole Antarctic for the whole year. AMSR - E observation

period: 2002 -2011, AMSR -E and ASPeCt-observations are pixel averages. For full

set of regression coefficients see Tab. 5.13. s e 88
Figure 5.12: Comparison of new snow depth product derived from AMSR -E brightness

temperatures at 18.7 and 36.5 GHz for all Anta rctic sectors, the West Antarctic,

the East Antarctic, and the whole Antarctic for the period between April and

October. AMSR -E observation period: 2002 -2011, AMSR -E and ASPeCt -
observations are daily averages. For full set of regression coefficients see Ta b.
L 89

page 7 of 166
ESA UNCLASSIFIED - For Official Use



Passive Microwave Snow Depth on Antarctic sea ice assessment

Ref. SICCI-ANT-PMW-SDASS-11-14 Version 1.0 / 28 Nov 2014
Figure 5.13: Comparison of new snow depth product derived from AMSR -E brightness
temperatures at 18.7 and 36.5 GHz for all Antarctic sectors, the West Antarctic,
the East Antarctic, and the whole Antarctic for the whole observation period.
AMSR-E observation period: 2002 -2011, AMSR -E and ASPeCt -observations are
daily averages. For full set of regression coefficients see Tab. 5.14. ... 90
Figure 5.14: Comparison of new snow depth product der ived from AMSR -E brightness

temperatures at 18.7 and 36.5 GHz for all Antarctic sectors, the West Antarctic,

the East Antarctic, and the whole Antarctic for the period between April and

October. AMSR -E observation period: 2002 -2011, AMSR -E and ASPeCt -Bio
observations are pixel averages. For full set of regression coefficients see Tab.

B A s e e e 93
Figure 5.15: Comparison of new snow depth product derived from AMSR -E brightness

temperatures at 18.7 and 36.5 GHz for all Antarctic sec tors, the West Antarctic,

the East Antarctic, and the whole Antarctic for the whole year. AMSR -E observation

period: 2002 -2011, AMSR -E and ASPeCt -Bio observations are pixel averages. For

full set of regression coefficients see Tab. 5.15. i e 94
Figure 5.16: Comparison of new snow depth product derived from AMSR -E brightness

temperatures at 18.7 and 36.5 GHz for all Antarctic sectors, the West Antarctic,

the East Antarctic, and the whole Antarctic for the period between April and

October. AMSR -E observation period: 2002  -2011, AMSR -E and ASPeCt -Bio and
ISPOL observations are daily averages. For full set of regression coefficients see

TaAD. 5.16. oo e e .95
Figure 5.17: Comparison of new snow depth product derived from AMSR -E brightness

temperatures at 18.7 and 36.5 GHz for all Antarctic sectors, the West Antarctic,

the East Antarctic, and the whole Antarctic for the whole year. AMSR - E observation

period: 2002 -2011, AMSR -E and ASPeCt -Bio and ISPOL observations are d  aily

averages. For full set of regression coefficients see Tab. 5.16. ..., 96

Figure A.1: Comparison of snow depth derived from SSM/I brightness temperatures at

19 and 37 GHz for all Antarctic sectors, the West Antarctic, the East Antarctic and
the whole Antarctic for January. SSM/I observation period: 1992 -2008 , SSM/I and
ASPeCt-observations are pixel
L2 YT = 0 =S OO PP 102

Figure A.2: Compariso n of snow depth derived from SSM/I brightness temperatures at
19 and 37 GHz for all Antarctic sectors, the West Antarctic, the East Antarctic and

the whole Antarctic for February. SSM/I observation period: 1992 -2008, SSM/I and
ASPeCt-observations are pixel
E= LY ST (=0 ....103

Figure A.3: Comparison of snow depth derived from SSM/I brightness temperatures at

19 and 37 GHz for all Antarctic sectors, the West Antarctic, t he East Antarctic and
the whole Antarctic for March. SSM/I observation period: 1992 -2008, SSM/I and
ASPeCt-observations are pixel
E= YT (= T =S 10 4

Figure A.4: Comp arison of snow depth derived from SSM/I brightness temperatures at
19 and 37 GHz for all Antarctic sectors, the West Antarctic, the East Antarctic and

the whole Antarctic for April. SSM/I observation period: 1992 -2008, SSM/I and
ASPeCt-observations are pix el
E= 1Y ST (=T N 105

page 8 of 166
ESA UNCLASSIFIED - For Official Use



Passive Microwave Snow Depth on Antarctic sea ice assessment

Ref. SICCI-ANT-PMW-SDASS-11-14 Version 1.0 / 28 Nov 2014

Figure A.5: Comparison of snow depth derived from SSM/I brightness temperatures at

19 and 37 GHz for all Antarctic sectors, the West Antarctic, the East Antarctic and
the whole Antarctic for May. SSM/I observation period: 1992 -2008, SSM/I and
ASPeCt-observations are pixel
AVETAJES. . uuuuuuuvinniririiirirrrrnrinnnrneenrneees rreeees aseesssseeeeerrenrr—nee taeeeeaeeeesaanas 106

Figure A.6: Compa rison of snow depth derived from SSM/I brightness temperatures at
19 and 37 GHz for all Antarctic sectors, the West Antarctic, the East Antarctic and

the whole Antarctic for June. SSM/I observation period: 1992 -2008, SSM/I and
ASPeCt-observations are pixel
L2 YL =T (=0 T 3PP 107
Figure A.7: Comparison of snow depth derived from SSM/I brightness temperatures at
19 and 37 GHz for all Antarctic sectors, the West Antarctic, th e East Antarctic and
the whole Antarctic for July. SSM/I observation period: 1992 -2008, SSM/I and
ASPeCt-observations are pixel
AVETAJES. . uuuuuuueuuniiriiniiiiernnninerenreeeneeee eeeeeeeeeeeeeeeeees eesssssseseeeeeeeen—ee ....108

Figure A.8: Compari son of snow depth derived from SSM/I brightness temperatures at
19 and 37 GHz for all Antarctic sectors, the West Antarctic, the East Antarctic and

the whole Antarctic for August . SSM/I observation period: 1992 -2008, SSM/I and
ASPeCt-observations are pixel
AVETAJES. ..uuuuiuiririiiiiiiiiiierrinireerneeeeeeees eeeeeeeeeees aeeeeeeeeeaeeaaaeeeaaees e 109
Figure A.9: Comparison of snow depth derived from SSM/I brightness temperatures at
19 and 37 GHz for all Antarctic sectors, the West Antarctic, th e East Antarctic and
the whole Antarctic for September. SSM/I observation period: 1992 -2008, SsSM/I
and ASPeCt -observatio ns are pixel
AVEIAGES. ....ciieeeeireie e eererrere e eeereeeeee e eee e 110

Figure A.10: C omparison of snow depth derived from SSM/I brightness temperatures at
19 and 37 GHz for all Antarctic sectors, the West Antarctic, the East Antarctic and

the whole Antarctic for October. SSM/I observation period: 1992 -2008, SSM/I and

ASPeCt-observations ar e pixel

AVEIAGES. ..o ciiieiiiiiie ettt eee erirreeeenee aereeeeeeeer s e 111
Figure A.11: Comparison of snow depth derived from SSM/I brightness temperatures at

19 and 37 GHz for all Antarctic sectors, the West Antarctic, the East Antarctic and

the whole Antarctic for November. SSM/I observation period: 1992 -2008, SSM/I

and ASPeCt -observations are pixel

E= Y ST (=T ..112
Figure A.12: Comparison of snow depth derived from SSM/I brightnes s temperatures at

19 and 37 GHz for all Antarctic sectors, the West Antarctic, the East Antarctic and

the whole Antarctic for December. SSM/I observation period: 1992 -2008, SSM/I

and ASPeCt -observations are pixel

AVETAGES. . uuuuuuiiiiiiiiiiiiiirriniies et eeeeeeeee e eeeeeeeeeeeeaaaa e e e e e e e e ..113

Figure A.13: Comparison of snow depth derived from SSM/I brightness temperatures at
19 and 37 GHz for all Antarctic sectors, the West Antarctic, the East Antarctic and

the whole Antarctic for January. SSM/I observation period : 1992 -2008, SSM/I and

ASPeCt-observations are daily averages over all

PIXEIS. oot e e 120
Figure A.14: Comparison of snow depth derived from SSM/I brightness temperatures at

19 and 37 GHz for all Antarctic sector s, the West Antarctic, the East Antarctic and

the whole Antarctic for February. SSM/I observation period: 1992 -2008, SSM/I

and ASPeCt -observations are daily averages over all

PIXEIS ot eeee e L1021

page 9 of 166
ESA UNCLASSIFIED - For Official Use



Passive Microwave Snow Depth on Antarctic sea ice assessment

Ref. SICCI-ANT-PMW-SDASS-11-14 Version 1.0 / 28 Nov 2014

Figure A.15: Compa rison of snow depth derived from SSM/I brightness temperatures at
19 and 37 GHz for all Antarctic sectors, the West Antarctic, the East Antarctic and

the whole Antarctic for March.SSM/I observation period: 1992 -2008, SSM/I and
ASPeCt-observations are daily averages over all
PIXEIS « oo s e s aaeranen 122

Figure A.16: Comparison of snow depth derived from SSM/I brightness temperatures at
19 and 37 GHz for all Antarctic sectors, the West Antarctic, the East Antarctic and

the wh ole Antarctic for April. SSM/I observation period: 1992 -2008, SSM/I and
ASPeCt-observations are daily averages over all
PIXEIS oot i e eeeeniee aeeees 123
Figure A.17: Comparison of snow depth derived from SSM/I brightness tempe ratures at
19 and 37 GHz for all Antarctic sectors, the West Antarctic, the East Antarctic and
the whole Antarctic for May. SSM/I observation period: 1992 -2008, SSM/I and
ASPeCt-observations are daily averages over all
PIXEIS «oiiiii i iiiiiiies e e aaes 12 4

Figure A.18: Comparison of snow depth derived from SSM/I brightness temperatures at
19 and 37 GHz for all Antarctic sectors, the West Antarctic, the East Antarctic and

the whole Antarctic for June. SSM/I observation period: 1992 -2008, SSM/I and
ASPeCt-observations are daily averages over all
PIXEIS toiiiiiii i i eeee e 125
Figure A.19: Comparison of snow depth derived from SSM/I brightness temperatures at

19 and 37 GHz for all Antarctic sectors, the W est Antarctic, the East Antarctic and
the whole Antarctic for July. SSM/I observation period: 1992 -2008, SSM/I and
ASPeCt-observations are daily averages over all
PIXEIS oot s s aeevanee 126

Figure A.20: Comparison of sno w depth derived from SSM/I brightness temperatures at
19 and 37 GHz for all Antarctic sectors, the West Antarctic, the East Antarctic and

the whole Antarctic for August. SSM/I observation period: 1992 -2008, SSM/I and
ASPeCt-observations are daily averages over all
PIXEIS oot s s e ————. eees 127

Figure A.21: Comparison of snow depth derived from SSM/I brightness temperatures at
19 and 37 GHz for all Antarctic sectors, the West Antarctic, the East Antarctic and

the whole Antarc tic for September. SSM/I observation period: 1992 -2008, SsSM/I
and ASPeCt -observations are dail vy averages over all
PIXEIS oo s e ...128

Figure A.22: Comparison of snow depth derived from SSM/I brightness temperatures at
19 and 37 GHz for all Antarctic sectors, the West Antarctic, the East Antarctic and

the whole Antarctic for October. SSM/I observation period: 1992 -2008, SSM/I and
ASPeCt-observations are daily averages over all
PIXEIS «ooiiiii i e e e e 129

Figure A.23: Comparison of snow depth derived from SSM/I brightness temperatures at
19 and 37 GHz for all Antarctic sectors, the West Antarctic, the East Antarctic and

the whole Antarctic for November. SSM/I observation period: 1992 -2008, SSM/ |
and ASPeCt -observations are daily averages over all
PIXEIS oo s e ..130
Figure A.24: Comparison of snow depth derived from SSM/I brightness temperatures at

19 and 37 GHz for all Antarctic sectors, the West Antarctic, the E ast Antarctic and
the whole Antarctic for December. SSM/I observation period: 1992 -2008, SSM/I
and ASPeCt -observations are daily averages over all
PIXEIS i s eeeer e e e e e e e eaaae 131

page 10 of 166
ESA UNCLASSIFIED - For Official Use



Passive Microwave Snow Depth on Antarctic sea ice assessment

Ref. SICCI-ANT-PMW-SDASS-11-14 Version 1.0 / 28 Nov 2014

Figure A.25: Comparison of snow depth derived from AMSR -E brightness temperatures

at 18.7 and 36.5 GHz for all Antarctic sectors, the West Antarctic, the East

Antarctic, and the whole Antarctic for January. AMSR -E observation period: 2002 -

2011, AMSR -E and ASPeCt -observations are pixel

AVEIAJES . .evvvvvvviriiinies eeeeeees iniiieriiees eeeeeeeeeerreerr et aaaeaeaaeees eveeeeeeeees 138
Figure A.26: Comparison of snow depth derived from AMSR -E brightness temperatures

at 18.7 and 36.5 GHz for all Antarctic sectors, the West Antarctic, the East

Antarctic, and the whole Antarctic for February. AMSR -E observation period:

2002 -2011, AMSR -E and ASPeCt - observations are pixel

AVEIAJES . .ovvvvvvvvrriinrnnirnirnes e e aaeeeeaeeeeaaa ..139
Figure A.27: Comparison of snow depth derived from AMSR -E brightness temperatures

at 18.7 and 36.5 GHz for all Antar ctic sectors, the West Antarctic, the East

Antarctic, and the whole Antarctic for March. AMSR-E observation period: 2002 -

2011, AMSR -E and ASPeCt -observations are pixel
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Figure A.28: C omparison of snow depth derived from AMSR -E brightness temperatures

at 18.7 and 36.5 GHz for all Antarctic sectors, the West Antarctic, the East

Antarctic, and the whole Antarctic for April. AMSR -E observation period: 2002 -

2011, AMSR -E and ASPeCt -observati ons are pixel
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Figure A.29: Comparison of snow depth derived from AMSR -E brightness temperatures

at 18.7 and 36.5 GHz for all Antarctic sectors, the West Antarctic, the East

Antarctic , and the whole Antarctic for July. AMSR -E observation period: 2002 -

2011, AMSR -E and ASPeCt -observations are pixel
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Figure A.30: Comparison of snow depth derived from AMSR -E brightnes s temperatures

at 18.7 and 36.5 GHz for all Antarctic sectors, the West Antarctic, the East

Antarctic, and the whole Antarctic for August. AMSR -E observation period: 2002 -

2011, AMSR -E and ASPeCt -observations are pixel
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Figure A.31: Comparison of snow depth derived from AMSR -E brightness temperatures

at 18.7 and 36.5 GHz for all Antarctic sectors, the West Antarctic, the East

Antarctic, and the whole Antarctic for September. AMSR -E observatio n period:

2002 -2011, AMSR -E and ASPeCt -observations are pixel
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Figure A.32: Comparison of snow depth derived from AMSR -E brightness temperatures

at 18.7 and 36.5 GHz for all Antarctic sectors, the West Antarctic, the East

Antarctic, and the whole Antarctic for October. AMSR -E observation period: 2002 -

2011, AMSR -E and ASPeCt -observations are pixel
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Figure A.33: Comparison of snow depth derived from AMSR  -E brightness temperatures

at 18.7 and 36.5 GHz for all Antarctic sectors, the West Antarctic, the East

Antarctic, and the whole Antarctic for November. AMSR -E observation period:

2002 -2011, AMSR -E and ASPeCt -observations are pixel
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Figure A.34: Comparison of snow depth derived from AMSR -E brightness temperatures

at 18.7 and 36.5 GHz for all Antarctic sectors, the West Antarctic, the East

Antarctic, and the whole Anta rctic for December. AMSR -E observation period:
2002 -2011, AMSR -E and ASPeCt -observations are pixel
AVEIAGES . .ovcvvveeiciieeeccieees e e e
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Figure A.35: Comparison of snow depth derived from AMSR -E brightness temperatures

at 18.7 and 36.5 GHz for all Antarctic sectors, the West Antarctic, the East

Antarctic and the whole Antarctic for January. AMSR -E observation period: 2002 -

2011, AMSR -E and ASPeCt -observations are daily averages over all

PIXEIS it i e e e ...152
Figure A.36: Comparison of snow depth derived from AMSR -E brightness temperatures

at 18.7 and 36.5 GHz for all Antarctic sectors, the West Antarctic, the East

Antarctic and the whole Antarctic for February. AMSR -E observation period: 2002 -

2011, A MSR-E and ASPeCt -observations are daily averages over all
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Figure A.37: Comparison of snow depth derived from AMSR -E brightness temperatures

at 18.7 and 36.5 GHz for all Antarctic sectors, the West Antarct ic, the East

Antarctic and the whole Antarctic for March. AMSR -E observation period: 2002 -

2011, AMSR -E and ASPeCt -observations are daily averages over all
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Figure A.3 8: Comparison of snow depth derived fro m AMSR -E brightness temperatures

at 18.7 and 36.5 GHz for all Antarctic sectors, the West Antarctic, the East

Antarctic and the whole Antarctic for April . AMSR -E observation period: 2002 -

2011, AMSR -E and ASPeCt -observations are daily averages over all
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Figure A.3 9: Comparison of snow depth derived from AMSR -E brightness temperatures

at 18.7 and 36.5 GHz for all Antarctic sectors, the West Antarctic, the East

Antarctic and the whole Antarctic for August. AMS R-E observation period: 2002 -

2011, AMSR -E and ASPeCt -observations are daily av erages over all
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Figure A.40 : Comparison of snow depth derived from AMSR -E brightness temperatures

at 18.7 and 36.5 GHz for all Antarctic sectors, the West Antarctic, the East

Antarctic and the whole Antarctic for September. AMSR -E observation period:

2002 -2011, AMSR -E and ASPeCt -observations are daily averages over all
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Figure A.41 : Co mparison of snow depth derived from AMSR -E brightness temperatures

at 18.7 and 36.5 GHz for all Antarctic sectors, the West Antarctic, the East

Antarctic and the whole Antarctic for October. AMSR -E observation period: 2002 -

2011, AMSR -E and ASPeCt -observati ons are daily averages over all
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Figure A.42 : Comparison of snow depth derived from AMSR -E brightness temperatures

at 18.7 and 36.5 GHz for all Antarctic sectors, the West Antarctic, the East

Antarctic and the whole Antarctic for November. AMSR-E observation period:

2002 -2011, AMSR -E and ASPeCt -observations are daily averages over all
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Figure A.43: Comparison of snow depth derived from AMSR -E brightness tem peratures

at 18.7 and 36.5 GHz for all Antarctic sectors, the West Antarctic, the East

Antarctic and the whole Antarctic for December. AMSR -E observation period:

2002 -2011, AMSR -E and ASPeCt -observations are daily averages over all

PIXEIS... i i i e e 160

page 12 of 166
ESA UNCLASSIFIED - For Official Use



Passive Microwave Snow Depth on Antarctic sea ice assessment

Ref. SICCI-ANT-PMW-SDASS-11-14 Version 1.0 / 28 Nov 2014

List of Ta bles

Table 1.1: Applicable DOCUMENLS i e aeveaas 16
Table 1.2: Reference DOCUMENES .oovoiiiiiiiiiiiiiie i e reeeeens 22
Table 1.3: ACTONYMS oo eeiciiieeees eeeiiee e e eiire e e e aeereeeeesaneeeae e 23

Table 3.1: List of all ASPeCt - cruises and in situ measurement operations in the SSM/I
(1992 - 2008) and AMSR -E (2002 -2011) observation periods. The cruise hames
are as provided in the datasets. The columns ADur
provide information abo  ut the first and last days of the observation record provided
in the datasets and the Antarctic sectors visited during the cruise. ASPeCt: all
cruises provided in the online ASPeCt dataset. ASPeCt -2011: cruises added in the
extended ASPeCt dataset gathered and provided by A. Beitsch and S. Kern (2013,
personal communication, also [RD -33]). ASPeCt -Bio: drill core measurements
taken during ASPeCt -cruises, provided by S. Kern [2014, personal
communication]. If available for the extended ASPeCt and the ASPeCt -Bio dataset
reference publication and/or name of the contact are given along with the dataset.
ISPOL data are taken from the Pangaea database (supplement to [RD -06]). Sector
abbreviations: Weddell Sea: Wed, Bellingshausen and Amundsen Seas: Bel, Ross
Sea: R os, Indian Ocean: Ind, Western Pacific Ocean: WeP. .......coiiiiiiienen, 30

Table 4.1 : Borders of the Antarctic Sectors. Longitudes are given in 0 to 360° -range. .33

Table 4.2 : Regression coefficients for the comparison of in -situ measurements from the
ASPeCt-Bio and ISPOL dataset with NSIDC AMSR -E snow depth retrievals, pixel
AVEIAGELS. cevviiiiiiiiiiiiieeiiiniie e eeeeeeeer e eeeeeeeea e .57

Table 4.3: Regression coefficients for the comparison of in - situ measurements from the
ASPeCt-Bio and | SPOL dataset with NSIDC AMSR -E snow depth retrievals, daily

AVEIAJES. ..oooiiiiiiiiiiiiiiiiiiiiies s eeeeeeree s .. 60

Table 5.1: Annual and overall averaged brightness temperatures for the vertically

polarised channels at 18.7 and 36.5 GHz over open water for the Weddell Sea
Sector. For 2002 and 2011 only the period for which data is available is
considered. Upper latitude steps in 5° from 70°S to 50°S. . 65

Table 5.2: Annual and overall averaged brightness temperatures for the vertically
polar ised channels at 18.7 and 36.5 GHz over open water for the Bellingshausen
and Amundsen Seas Sector. For 2002 and 2011 only the period for which data is
available is considered. Upper latitude steps in 5° from 70°S to 50°S. ... 66

Table 5.3: Annual and overall averaged brightness temperatures for the vertically
polarised channels at 18.7 and 36.5 GHz over open water for the Ross Sea Sector.
For 2002 and 2011 only the period for which data is available is considered. Upper
latitude s teps in 5° from 70°S t0 50°S. . e 67

Table 5.4: Annual and overall averaged brightness temperatures for the vertically
polarised channels at 18.7 and 36.5 GHz over open water for the Indian Ocean
Sector. For 2002 and 2011 only the period for which data is available is
considered. Upper latitude steps in 5° from 70°S to 50°S. ., 68

page 13 of 166
ESA UNCLASSIFIED - For Official Use



Passive Microwave Snow Depth on Antarctic sea ice assessment

Ref. SICCI-ANT-PMW-SDASS-11-14 Version 1.0 / 28 Nov 2014

Table 5.5: Annual and overall averaged brightness temperatures for the vertically
polarised channels at 18.7 and 36.5 GHz over open water for the Western Pacific
Ocean Sector. For 2002 and 2011 only the period for which data is available is
considered. Upper latitude steps in 5° from 70°S to 50°S. ., 69

Table 5.6: Annual and overall averaged brightness temperatures for the vertically
polarised channels at 18.7 and 36.5 GHz over open water for the West Antarctic.
For 2002 and 2011 only the period for which data is available is considered. Upper
latitude steps in 5° from 70°S t0 50°S. s e 70

Table 5.7:  Annual and overall averaged brightness temperatures for the vertically
polarised channels at 18.7 and 36.5 GHz over open water for the East Antarctic.
For 2002 and 2011 only the period for which data is available is considered. Upper
latitude steps in 5° from 70°S t0 50°S. i 71

Table 5.8: Annual and overall averaged brightness temperatures for the vertically
polarised channels at 18.7 and 36.5 GHz over open water for the Antarctic. For
2002 and 2011 only th e period for which data is available is considered. Upper
latitude steps in 5° from 70°S t0 50°S. 72

Table 5.9: Uncertainty estimates for the vertically polarised brightness temperatures
and open water tie points at 18.7 and 3 6.5 GHz, and for the ASI sea ice
Lo Tt= 1= 1110 o PP 74

Table 5.10: Regression coefficients for the comparison of pixel (Fig. 5.1) and daily (Fig.
5.2) with AMSR -E pixel -based and daily -averaged vertically polarised gradient
ratios (GRV) for all Antarctic sectors, the West Antarctic, the East Antarctic (only
Western Pacific Ocean Sector), and the whole Antarctic. ..o, e

Table 5.11: Regression coefficients for the comparison of daily averaged ASPeCt snow
depth observations with AMSR -E pixel -based and daily -averaged vertically
polarised gradient ratios (GRV) for the whole Antarctic for ratios r between
standard deviation and mean of r =0.3, 0.5, 0.7, 1.0. e e 79

Table 5.12: Constant p arameters used for the calculation of the new snow depth on sea
ICE PrOTUCT.  eviiiiiiiciic i e e e s 83

Table 5.13: Slope, Intercept, correlation coefficient R, RMSD and number of pixels

included in the comparison of the new AMSR -E passive microwave  snow depth
retrieval product with pixel by pixel averaged ASPeCt observations for the period
2002 T 2011, i e eeesee e 91

Table 5.14: Slope, Intercept, correlation coefficient R, RMSD and number of days

included in the comparison of the ne w AMSR-E passive microwave snow depth
retrieval product with daily averaged ASPeCt observations for the period 2002 i
220 O 92

Table 5.15: Slope, Intercept, correlation coefficient R, RMSD and number of pixels
included in the  comparison of the new AMSR -E passive microwave snow depth
retrieval product with pixel -by-pixel averaged ASPeCt -Bio and ISPOL in situ
measurements observations for the period 2002 T 2011, e, .97

Table 5.16: Slope, Intercept, corre lation coefficient R, RMSD and number of days
included in the comparison of the new AMSR -E passive microwave snow depth

page 14 of 166
ESA UNCLASSIFIED - For Official Use



Passive Microwave Snow Depth on Antarctic sea ice assessment

Ref. SICCI-ANT-PMW-SDASS-11-14 Version 1.0 / 28 Nov 2014

Table

Table

Table

Table

Table

Table

Table

Table

retrieval product with daily averaged ASPeCt -Bio and ISPOL in situ measurements
observations for the period 2002 T 2011, i e 98

A.l: Slope, Intercept, correlation coefficient R, RMSD and number of pixels

included in the comparison of SSM/I passive microwave snow depth retrievals

with pixel by pixel averaged ASPeCt observations for the period 1992 T 2008.Th e
sea ice concentration filter is set to

A.2: Slope, Intercept, correlation coefficient R, RMSD and number of pixels

included in the comparison of SSM/I passive microwave snow depth retrievals
with pixel by pixel averaged ASPeCt observations for the period 1992 T 2008. The
sea ice concentration filter is set to

A.3: Slope, Intercept, correl ation coefficient R, RMSD and number of days
included in the comparison of daily averaged SSM/I passive microwave snow

depth retrievals with daily averaged ASPeCt observations for the period 1992 i
2008. The sea ice concentration filter is set to

1220 OSSR ..133

A.4: Slope, Intercept, correlation coefficient R, RMSD and number of days

included in the comparison of daily averaged SSM/I passive microwave snow

depth retrievals with daily averaged ASPeCt observations for the period 1992 i
2008. The sea ice concentration filter is set to

S0 PP ....136

A.5: Slope, Intercept, correlation coefficient R, RMSD and number of pixels

included in the comparison of NSIDC AMSR  -E passive microwave snow depth
retrievals with pixel by pixel averaged ASPeCt observations for the period 2002 T
2011. The sea ice concentration filter is set to

A.6: Slope, Intercept, correlation coefficient R, RMSD and number of pixels

included in the comparison of NSIDC AMSR -E passive microwave snow depth
retrievals with pixel by pixel averaged ASPeCt observations for the period 2002 T
2011. Th e sea ice concentration filter is set to

A.7: Slope, Intercept, correlation coefficient R, RMSD and number of pixels

included in the comparison of NSIDC AMSR -E passive microwav e snow depth
retrievals with daily averaged ASPeCt observations for the period 2002 T 2011.
The sea ice concentration filter is set to

A.8: Slope, Intercept, correlation c oefficient R, RMSD and number of pixels
included in the comparison of NSIDC AMSR -E passive microwave snow depth
retrievals with daily averaged ASPeCt observations for the period 2002 T 2011.
The sea ice concentration filter is set to
80%...ceieiiieiiies e ettt e e s ereeaseeeaee e .16 4

page 15 of 166
ESA UNCLASSIFIED - For Official Use



Passive Microwave Snow Depth on Antarctic sea ice assessment

Ref. SICCI-ANT-PMW-SDASS-11-14 Version 1.0 / 28 Nov 2014
1 Introduction
11 Purpose and Scope

This document summarises the results of Work Package WP 1100 of the ESA
Sea Ice ECV Project Option: Antarctic sea ice thickness distribution. This
work package had two main objectives:

(1) The comparison of the AMSR -E snow depth retrieval provided by t he
NSIDC [RD -01] retrieved using the method introduc ed by Markus and
Cavalieri [RD -02] for the Advanced Microwave Scanning Radiometer for
EOS (AMSR -E) wit h ship -based snow depth estimates using the ASPeCt
protocol [RD -03, RD -04] and in situ measurements from the ASPeCt-Bio
[RD-05] and ISPOL datasets [RD  -06].

(2) To derive AMSR -E specific regression coefficients to set up a new snow
depth retrieval for AMSR  -E including sophisticated error estimation.

1.2 Document Structure

This report is structured as follows: this Section will provide a short
overview of the role of Antarctic snow on the formation of Antarctic sea ice,

the typical properties of Antarctic snow and ex isting detection methods. The
second Section will briefly review the SSM/I - and AMSR -E snow depth
retrieval and provide the main equations used in the uncertainty estimation

of the final snow depth product. The third Section provides an overview of

the dat a products used in this work package. In the fourth Section the

results of the comparison of the SSM/I and AMSR -E snow depth product
with ASPeCt snow depth observations and ASPeCt -Bio and ISPOL in situ
measurements are presented and discussed. The fifth Se ction describes the

route to the new snow depth retrieval and the sixth Section provides a short
summary and an outlook on future work.

1.3 Applicable Documents

The following table lists the Applicable Documents that have a direct impact
on the contents of th  is document and should be read in concert with it.

Acronym Title Reference Issue

AD-01 Sea Ice ECV Project ESA-CCI_SICCI_PMP_D6.1_v1.1 1.1
Management Plan

AD-02 ESA-CCI Scientific user EOP-SEP/SOW/0031 -09/SP 1.4.2
consultation and detailed
specification: Statement
of Work (SoWw)

AD-03 Annex E to the Sow EOP-SEP/SOW/0031 -09/SP 1.4.2

Table 1.1: Applicable Documents
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IceBridge Snow and Ice L., Elder, B., Leuschen, C.,
Thickness Data over Markus, T., McAdoo, D. C., Panzer,
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microwave derived snow 2892 i 2905,
depth on sea ice using doi:10.1002/jgrc.20228, 2013
operation IceBridge
airborne data

RD-29 Sensitivity of Passive Markus, T., D. C. Powell, and J. n.a.
Microwave Snow Depth Wang, IEEE Transactions on
Retrievals to Weather Geoscience and Remote Sensing,

Effects and Snow 44(1), 68 -77, doi:
Evolution 10.1109/TGRS.2005.860208,
2006h.

RD-30 A comparison of snow Cavalieri, D. J., T. Markus, A. n.a.
depth on sea ice Ivanoff, J. A. Miller, L. Brucker, M.
retrievals using airborne Sturm, J. A. Maslanik, J. F.
altimeters and an AMSR - Heinrichs, A. J. Gasiewski, C.

E simulator Leuschen, W. Krab ill, and J.
Sonntag, |EEE Transactions on
Geoscience and Remote Sensing
50(8), 3027 -3040, 2012

RD-31 Freeboard, snow depth Markus, T., R. Massom, A. Worby, n.a.
and sea -ice roughness in V. Lytle, N. Kurtz, and T. Maksym,
East Antarctica from in Annals of Glaciology, 52(57), 242
situ and multiple satellite 248, 2011 b.
data

RD-32 An Enhancement of the Markus, T., and D. J. Cavalieri, n.a.
NASA Team Sea Ice IEEE Transactions on Geoscience
Algorithm and Remote Sensing, 38(3), 1387

1398, doi: 10.1109/36.843033,
2000.

RD-33 Comparison of SSM/I and Beitsch, A, S.  Kern, and L. n.a.
AMSR-E sea ice Kaleschke, IEEE Trans action on
concentrations with Geoscience and Remote Sensing,

ASPeCt ship observations 53(4),
around Antarctica 10.1109/TGRS.2014.2351497
2015.

RD-34 Satellite and Aircraft Gloersen, P., and W. J. Campbell, n.a.
Passive Microwave Journal of Geophysical Research,
Observations duri ng the 93(C6), 6837 -6846, doi:

Marginal Ice Zone 10.1029/3C093iC06p06837, 1988.
Experiment in 1984
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RD-35 Effects of weather on the Maslanik, J. A., International n.a.
retrieval of sea ice Journal of Remote Sensing, 13(1),
concentration and ice 37-54, doi:
type from passive 10.1080/01431169208904024,
microwave data 1992.
RD-36 Microwave remote Schanda, E., C. Méatzler, and K. n.a.
sensing of snow cover Kinzi, International Journal of
Remote Sensing, 4(1), 149 -158,
doi:
10.1080/01431168308948536,
1983.
RD-37 The Active and Passive Stiles, W. H., and F. T. Ulaby, n.a.
Microwave Response to Journal of Geophysical Research,
Snow parameters: 1. 85(C2), 1037 -1044, doi:
Wetness 10.1029/JC085iC02p01 037, 1980.
RD-38 Microwave Emission from Chang, T. C., P. Gloersen, T. n.a.
Snow and Glacier Ice Schmugge, T. T. Wilheit, and H. J.
Zwally, Journal of Glaciology,
16(74), 23 -39, 1976.
RD-39 An Overview of Seasonal Colbeck, S. C., R eviews of n.a.
Snow Metamorphism Geophysics and Space Physics,
20(1), 45 -61, doi:
10.1029/RG020i001p00045, 1982.
RD-40 Heat flux through sea ice Lytle, V. 1., and S. F. Ackley, n.a.
in the western Weddell Journal of Geophysical  Research:
Sea: Convective and Oceans, 101(C4), 8853 -8868, doi:
conductive transfer 10.1029/95JC03675, 1996.
processes
RD-41 Late Winter First -YearIce | Jeffries, M. O., S.Li, R.A. Jana, H. n.a.
Floe Thickness R. Krouse, and B. Hurst -Cushing,
Variability, Seawater In Jeffries, M. O., editor, Antarctic
Flooding and Snow Ice Sea Ice: Physical Processes,
Formation in the Interactions and Variability,
Amundsen and Ross Seas Antarctic Research Series, 74,69 -
87, 1998.
RD-42 Winter sea -ice properties Perovich, D. K., B.C. E  Ider, K. J. n.a.
in Marguerite Bay, Claffey, S. Stammerjohn, R.
Antarctica Smith, S. F. Ackley, H. R. Krouse,
and A. J. Gow. Deep -Sea Research
Partll, 51(17 -19), 2023 -2039,
doi: 10.1016/j.dsr2.2004.07.024,
2004.
RD-43 ICESat observations of Yi, D., H. J. Zwally, and J. W. n.a.
seasonal and interannual Robbins, Annals of Glaciology,
variations of sea -ice 52(57), 43 -51, 2011
freeboard and estimated
thickness in the Weddell
Sea, Antarctica (2003 T
2009)
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Acronym Title Reference Issue
RD-44 AMSR-E/Aqua L1A Raw Japan Aerospace Exploration VO3
Observation Counts Agency (JAXA) , 2003, updated

daily. Version 3. June, 2002 -
October, 2011. Boulder, Colorado
USA: NASA DAAC at the National
Snow and Ice Data Center.
http://dx.doi.org/10.5067/AMSR -
E/AMSREL1A.003 .

RD-45 Sea Ice Remote Sensing Spreen, G., L. Kaleschke, and G.. n.a.
Using AMSR -E 89 GHz Heygster, Journal of Geophys ical
Channels Research, 113(C2), C02S03, doi:

10.1029/2005JC003384, 2008.

RD-46 SSM/I sea ice remote Kaleschke, L., C. Lupkes, T. n.a.
sensing Vihma, J. Haarpaintner, A.
for mesoscale ocean - Bochert, J. Hartmann, and G.
atmosphere inter action Heygster. Canadian Journal of
analysis: Ice and Remote Sensing, 27(5), 526 i 537,
Icebergs 2001.

RD-47 Meereisfernerkundung Spreen, G., Diploma Thesis, n.a.
mit dem University of Hamburg, prepared
satellitengestitzten at the University of Bremen,

Mikrow ellenradiometer Department of Physics and
AMSR(-E) i Bestimmung Electrical Engineering, 2004.
der Eiskonzentration und

Eiskante unter

Verwendung der 89 Ghz -

Kanale

Table 1.2: Reference Documents

Acronyms and Abbreviations

Acronym

Meaning

ACDD

Attribute Convention for Dataset Discovery

ATBD

Algorithm Theoretical Basis Document

CClI

Climate Change Initiative

CF

Clima te and Forecasting

DMSP

Defence Meteorological Satellite Program

EASE

Equal Area Scalable Earth  -Grid

ECV

Essential Climate Variable

Envisat

Environmental Satellite

EO

Earth Observation

GCOS

Global Climate Observing system

GHRSST

Group for High Resol ution Sea Surface Temperature

IDL

Interactive Data Language

Matlab

Matrix Laboratory

Miz

Marginal ice zone

n.a.

Not applicable

netCDF

Network Common Data Format
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NH Northern hemisphere
NSIDC National Snow and Ice Data Centre
OSI-SAF Ocean and Sea Ic e Satellite Application Facility
PDGS Payload Data Ground System
RA Radar altimeter
SH Southern hemisphere
SIC Sea Ice Concentration
SICCI Sea Ice Climate Change Initiative
SIT Sea Ice Thickness
SMMR Scanning Multichannel Microwave Radiometer
SMOS Soil Moisture and Ocean Salinity
SSM/I Special Sensor Microwave / Imager
TBD To be defined
URD User Requirements Document

Table 1.3: Acronyms

1.6 Introduction to Snow Depth ~ on Antarctic Sea Ice

Snow plays an important role in the global climate system. It has a high

albedo up to 0.9 [e.g. RD -07] in the visible spectral range and re flects high
amounts of incoming solar light back into space. In the polar regions sea ice
with varying extend covers the open ocean nearly the whole year and snow
accumulating on the ice surface especially during winter can, due to its heat
conductivity being about one magnitude smaller than that of sea ice, reduce

the heat conduction through the ice -snow laye r [RD-08]. However, the
seasonal amplitude of the sea ice extent is considerably larger in the
Antarctic than in the Arctic wh ere substantial ly more sea ice survives
summer melt and becomes second -year and eventually multiyear ice. The
smaller amount of multiyear ice in the Antarc tic is not only caused by the
stronger melt but also a result of the general sea ice motion. While sea ice

can accumulate in the Arctic Ocean because it is surrounded by land, in the

Antarctic the equator -ward motion of the sea ice is not limited by land.
Hence it drifts into warmer water and melts. Therefore Antarctic multiyear

ice is confined mainly to the Weddell Sea and a few small isolated regions

around Antarctica.  In the Antarctic  multiyear ice is rarely older than 2 or 3
years . Besides the smaller a mount of multi -year ice the processes playing a
role in the formation o f sea ice diff ering strongly from those in the Arctic.

The dynamical and hydrological conditions in the Antarctic can lead to heavy
snowfalls leading to snow layers more rapidly accumul ating and much
thicker than found in the Arctic. In the case the insulation by the ice and

snow layers is high enough it prevents further basal freezing and therefore
thickening of the sea ice.

If the gravitational pressure exerted by the s now on the ice e xceeds the
buoy ancy pressure exerted by the underlying water on the ice , the snow -ice
interface is submerged and salty sea water intrudes into the snow layer.
Subsequent refreezing then can lead to the formatio n of a snow -ice layer
having different thermal , radiative and optical properties than sea ice
formed from ocean water. If the snow layer on top of the ice is not thick

enough to submerge the snow -ice-interface but the heat conduction through

the ice is higher than through the snow layer the excess ene rgy can lead to
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internal melting in the snow layer. Refreezing of the molten snow can alter

the optical and radiative properties of the snow layer , €.9. by the formation
of ice layers in the snow. Furthermore, especially in regions with heavy
snowfalls sno w to ice conversion contributes to ice growth on top of the sea

ice.

1.7 Introduction to Snow Depth Observation in the Antarctic

Due to the different processes discussed in the last paragraphs the radiative
properties of Antarctic sea ice are significantly di fferent from those of Arctic
sea ice. Due to its thermal and radiative properties snow depth, not only on

sea ice, represents an important input variable for global cli mate models.
However, in the Antarctic the large annual amplitude in sea ice extent and

the small amount of sea ice surviving summer melt makes the continuous
observation of snow depth and properties difficult. While in the Arctic fixed

stations can be operated continuously for several years [e.qg. RD-09], fixed
stations would rarely survive m ore than one winter in the Antarctic.
Therefore, on Antarctic sea ice in -situ measurements of snow depth and
snow properties can only be conducted during ship -based research cruises,
while remote measurements or observations can also be conducted from

air- or spaceborne platforms. However, although in -situ and airborne
measurements provide the possibility to analyse the small -scale structure of
snow and potentially result in a high accuracy, besides being labour and cost
intensive, they offer only a limited spatial and temporal cover. Spaceborne
spectro - or radiometers on the other hand are either limited to the periods

of the day where sunlight is available (passive optical sensors) or require an

internal energy source at the cost of the duration of the obs ervation period
(active optical sensors ). Further, especially for the retrieval of snow depth

they need external a -priori information. For the Antarctic snow depth
products are available from a variety of different sources. The Antarctic Sea

Ice Processes and Climate (ASPeCt) protocol dataset
(http://aspect.antarctica. gov.au) [RD -03; RD -04] provides ship -based snow
depth observations for the period between 1981 -2005 and, including
observations using the protocol but not being included in the official datase t,
can be extended until early 2011 [RD-10; RD -11; RD -12; RD -13; RD -14;
RD-15]. Compared to in-situ measurements the ASPeCt -dataset has a
relatively large spatial cover, however, also a relatively large uncertainty.
Compared to ship -based observations in -situ measurements conducted
during research cruises offer an even lower spatial resolution but have a

high accuracy [RD-06, RD-05, RD -16].

Operation IceBridge  (see Panzer et al. [RD -17] for description of the sensor
suite and for results see Kurtz and Farre |l [RD-18], Kwok et al. [ RD-19],
Farrell et al. [RD-20], Kurtz et al, [RD-21]) conducts snow an d ice
observations using a snow -penetrating radar in combination with a laser
scanner to provide information about ice and snow thickness along the flight

track . However, although recently a method to separate snow and ice layers

was i ntroduced [RD -22], currently for the Antarctic no snow depth products

from Operation IceBridge measurements are available.
Contrary to airborne and ship -based instruments satellite sensors offer only
a comparatively coarse spatial resolution of about 12.5 km (AMSR -E) to 25

km (SSM/I). Since during polar winter no sunlight is available passive
microwave sensors offer the best potential to retrieve snow depth on sea ice

the whole year round . However, so far only one algorithm has been
developed to retrieve snow depth on sea ice from passive microwave
sensors [ RD-02; RD -23; RD -24], and later adapted to potentially improve
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the retrieval of snow depth over rough sea ice by using complemen tary
ICESat LIDAR data[RD -25].

The algorithm  was introduc ed by Markus and Cavalieri [RD -02] for the
Special Sensor Microwave/lmager (SSM/I) and later adapted for the
Advanced Microwave Scanning Radiometer -EOS (AMSR -E) [ RD-23; RD -24].
The algorithm is base d on an empirical regression of the gradient ratio of

the vertically polarised brightness temperatures at 19.35 and 37 .0 GHz
(18.7 and 36.5 GHz for AMSR  -E) with ship -based and in -situ snow depth
measurements in the Weddell Sea and the Bellingshausen and Am undsen

Seas ([RD-02] and references therein] and can be applied to retrieve snow

depths up to about 50 cm. It is limited to seasonal ice with dry snow cover

and is currently applied to retrieve snow depth on sea ice in the Arctic as

well as in the Antarcti  c.

Accurate snow depth on sea ice products are necessary for various other
purposes: estimation of freeboard from ICESat measurements ( e.g. [RD-26;
RD-27]) , improvement of parameterisation in global climate models, as well
as for the understanding of phys ical processes involving ice formation in the
Antarctic. Therefore, passive microwave instruments off er the highest
potential for long term observations of snow depth on sea ice.
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2 Passive Microwave Snow Depth Retrievals for
SSM/I and AMSR -E

2.1 Algorithm Theo retical Basics
This Section will shortly introduce the theoretical basics of the snow depth
retrieval algorithm for SSM/I and A MSR-E and provide an overview of the
snow depth and sea ice concentration datasets used in this workpackage. A
full overview of the snow depth and NASA Team -2 sea ice concentration
algorithm can  be found in Markus et al. [RD -31].

2.11 Retrieval Algorithm

The retrieval method used to derive snow depth on sea ice using daily
gridded passive microwave data was first introduc ed by Markus and
Cavalieri [RD -02]. They compared the sea ice concentration corrected
gradient ratio of the vertically polarised brightness temperatures of the

19.35 and 37.0 GHz SSM/I channels with snow depths from in -situ
measurements and ship  -based observat ions. Here, the sea ice concentration
corrected gradient ratio is given by:

Yoy Ypw TQp 6

oY ; - = =
© Yoy Ypw Qp O

P

Where “Yp@ and “Y ox are the vertically polarised brightness
temperatures at 19.35 and 37.0 GHz, 0 is the sea ice concentration for the
given grid cell (or pixel) , and Q and "Q are constants derived from t he
vertically polarised brightness temperatures of open water at 19.35 and
370GHz( Yy p@ and Yy oX):

Q Yy o Vi p@ 8

Q Yy oW Yy p@ ¢®

Markus and Cavalieri [RD -02] used the linear regression between the
calculated SSM/I grad ient ratios and in -situ and ship -based snow depth
observations to obtain an empirical relationship for the retrieval of snow

depth on sea ice. This empirical relation is given by:

T,

Yoo oY 8

Where ¢ and o are constants. For SSM/I these constants are W= -2.34 cm
and ®= -771 cm . For AMSR -E and its successor AMSR -2 the snow depth
retrieval uses modified coefficien ts derived from inter  -comparisons between
SSM/I and AMSR -E brightness temperatures at 19.35/18.7 GHz and
37.0/36 .5 GHz [RD -28], however, the basic relation between the gradient

ratio and snow depth remains the same (EQ. 2.4) . The only differenceis that
the SSM/l brightness temperatures are replaced by their AMSR -E
equivalents. Here, the coefficients of the linear regression are given by W=
29cm and @ -782/783 cm [RD-28; RD -24; RD -29; RD -30; RD -31] . The
retrieval is limited to dry snow conditions on first -year ice with maximum
snow depths up to about 50 cm | RD-02].
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2.1.2

Error Propagation Formula

The e rror propagation of Egs. 2.1 and 2.4 is straight forward and, although

the terms of the single components are quite complex, easy to derive. Since

the uncert ainties provided in Section 5 .2 are all originating from some kind

of statistical analysis only the Gaussian error propagati on will be derived
here, however, the error propagation for the estimation of the maximum

error can be derived in a similar way. In general the statistical error (g from
the Gaussian error propagation of a function I e depending on the
independent variables  e::is given by:

10
S | 5 ®

—a

Applying the error propagation to Eq. 2 .4 gives for the Gaussian error:

q . oY, ) S:)

Here, , is composed of five terms: N - ' m .. ,and , as

well as the variables themselves. Since . and , contain only additive
terms and due to the square the minus in the derivative of Eq. 2.2 can be
neglected, they can both be calculated using the same equation

Thus the Gaussian error of i is given by:

@, a, @, Q. o, ca

Where the terms  "O'QQ phchoftfu  are given by the following equations:

. N Qp o CYox
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Eqg. 2.8 can then be inserted into Eq. 2.6 to obtain the error of the retrieved
snow depth.
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2.2 The SSM/I  Sea Ice Concentration and Snow Depth Product
SSM/I snow depth  and sea ice concentration products retrieved usi ng the

2.3

algorit hm of Markus and Cavalieri [RD -02], [RD-23] an d the enhanced NASA
Team sea ice concentration algorithm (NT2) [ RD-32] were downloaded from
the webpage of NASAdGs Cryosphere Science
(http://neptune.gsfc.nasa.gov/csb/index.php?section=5 2).

Both products are provided in the National Snow and Ice Data Center
(NSIDC) grid with a grid resolution of 25 km and covert he period between
January 1, 199 2 and April 2, 2008. The snow depth product contains three
different classifiers to mark areas of open water (value: 0), snow depth in
cm (values: 1 - 100) and land (value: 200) and the sea ice concentration
product contains four different classifiers to mark open water (value: 0), sea

ice concentration in % (values: 1 - 100), land (value: 117) and missing data
(value: 130).

The NSIDC AMSR -E Sea Ice Concentration and Snow Depth Product

The NSIDC provides AMSR -E snow depth and sea ice concentrations
together with the brightness temperatures of the AMSR -E 18.7 - 89 GHz
channels in one single  product [RD -01]. Atthe b eginning of this project the
current data version was version 12/13, however, recently the dataset was

updated to version 15 which is used in this project. The dataset covers the
period between June 1, 2002 and October 4, 2011 and is provided in the

NSIDC grid with 12.5 km grid resolution.

The snow depth on sea ice product [RD-02] is a five day running average
including the current and the four previous days. Similar to the SSM/I

dataset the AMSR -E snow depth product is classified with different markers.

Valid snow depths have values between 0 and 100 in cm , the value 110
indicates missing data, 120 land, 130 open water, 140 multi -year ice areas,
150 areas of highly variable snow depths and 160 areas affected by snow

melt.

In addition, to the snow depth the dataset contains sea ice concentrations
retrieved by using the NASA Team -2 algorit hm [ RD-32]. Similarly to the
snow depth product the NT2 sea ice concentration datasets contain different
classifiers with values between 0 and 100 indicating sea ice concent rations
in % (0: open water, values >0: sea ice c oncentrations) and 120 indicating
land covered areas.
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3 In - Situ, Ship -based and Airborne Snow Depth
Observations
3.1 Snow Depth from the ASPeCt Protocol
The Antarctic Sea Ice Processes and Climate Proto col (ASPeCt) dataset[ RD-

03; RD -04] contains snow and sea ice property estimations from multiple
ship cruises between 1981 and 2005. The dataset can be downloaded under
http://aspect.antarctica.gov.au/dat a.

In addition to the official ASPeCt dataset in this project snow depths from
another nine cruises between 2006 and 2011, all recorded using the ASPeCt
protocol, collected by S. Kern and A. Beitsch [2013, pers. communication]

were used ; see also [RD -33]. A full overview of all cruises, their duration
and the Antarctic sectors visited (see [RD -02] for a map of all sectors) can
be found in Tab. 3.1. Additionally for the cruises in the extended ASPeCt
dataset, if available, references and data sources are  given.

Besides snow depth estimates the dataset also contains information on snow

and sea ice properties and types, and sea ice concentration. Here,
observations are noted for primary, secondary and tertiary sea ice (ordered

by sea ice thickness) and aver age values are calculated from observations
of the single ice types weighting the contributions of each ice type by its
partial sea ice concentration. The uncertainty of the snow depth estimates

are assumed to be about 50% for snow depths < 10 cm, about 30% for
snow depths 10 cm < snow depth < 30 cm , about 20% for snow depths >
30 cm on level sea ice and higher for ridged sea ice [ RD-04] . Observations
are generally made within a radius of 1 km around the ship and thus with
approximately 3 km? the areal ¢ over is much lower than for satellite
Sensors.

3.2 In - Situ Datasets

3.2.1 ASPeCt -Bio
The ASPeCt -Bio dataset consists of ice core data from about 32 cruises in

the period between 198 3 and 2008 [RD -05]. Of these 32 cruises seven
cruises between 2002 and 2007 coincide with the observation period of
AMSR-E. All those cruises are listed together with the cruises using the
ASPeCt protocol in Tab. 3.1. Besides information on biological parameters

this dataset also contains information on snow depth, sea ice t hickness and
freeboard. However, in this work package only the snow depth data are
used and thus the other parameters will not be considered any further. The

in situ snow depths were measured using a ruler stick allowing to measure

snow depths with a preci  sion of about 1 cm, however, in cases the snow -
ice interface is difficult to distinguish the accuracy of the measurements is

lower than t he precision [RD -16]. Single ASPeCt -Bio measurements have
roughly an aerial cover of about 1 m 2. The ASPeCt -Bio data u sed in this
work package were prepared and provided by S. Kern [2013, pers.
communication]. Since for the time being only the data collected during the

AMSR- E operation period were prepared the comparison of ASPeCt -Bio snow
depths will be conducted for AMS R-E only and a comparison with SSM/I
snow depth retrievals may be part of future studies.
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3.2.2

3.3

| ce Station Polarstern (ISPOL)

The Ice Station Polarstern (ISPOL) is an independent research cruise not
associated with the ASPeCt dataset. ISPOL was co nducted between
November 28, 2004 and January 2, 2005 in the western Weddell Sea.

During this time the German research vessel Polarstern was anchored to an

ice floe with a size of ~ approximately 100 km 2 consisting of first - and second -
year ice. Four measure ment sites (two with first year snow and two with
second year snow) were set up to measure snow and ice properties. For a

full description of the ISPOL drift see Nicolaus et al. [RD  -06]. Among the
measured parameters only snow depth is of interest for this work package.
During the ISPOL drift snow depth was measured along a 50 m profile with

a separation of about 1 m between the measurements using a ru ler stick
[RD-06]. The measured snow depth is assumed to have an accuracy ab out 2
cm or better, however, the dataset provided by the Pangaea database
(http://lwww.pangaea.de) does only provide mean values and their standard
deviation (supplement to RD -06]) and thus the standard deviation is used

as an estimate of the uncertainty instead of a classical error prop agation.

Operation  IceBridge Airborne Radar Measurements

Operation IceBridge generally conducts airborne radar measurements in the

Arctic and the Antarctic [ RD-20; RD -21; RD -22]. The snhow depth is
determined from the backscatter at the air -snow interface a nd the ice -snow
interface [RD -21]. While this generally works well in the Arctic, however,

due to different snow and ice properties and the processes governing snow
and ice formation the snow  -ice interfa ce is more difficult to detect o n
Antarctic sea ice . Although recently a method to retrieve snow depth on
Weddell and Bellingshausen Seas sea ice was su ggested by [RD -22], the
dataset is ¢ urrently not publicly available and thus cannot be used in this
work package, however, it will offer another option for t he comparison of
AMSR-E snow depths later in the project

Table 3.1: List of all ASPeCt - cruises and in situ measurement
operations in the SSM/I (1992 - 2008) and AMSR  -E (2002 -2011)
observation periods. The c¢ ruise name s are as provided in the
datasets. The «c ol urorgtionfi o and fAntarctic Sectors 0 provide
information about the first and last days of the observation record

provided in the datasets and the Antarctic s ectors visited during the
cruise. ASPecCt: al | cruises provided in the online ASPeCt dataset.

ASPeCt -2011 : cruises added in the extended ASPeCt dataset
gathered and prov ided by A. Beitsch and S. Kern ( 2013, personal
communic ation , also[RD -33]) . ASPeCt -Bio: drill core measurements
taken during ASPeCt -cruises, provided by S. Kern [2014, personal
communication]. If available for the extended ASPeCt and the

ASPeCt -Bio dataset reference publication and/or name of the

contact are given along with the dataset. ISPOL data are t aken from
the Pangaea database (supplement to [RD -06]). Sector
abbreviations: Weddell Sea: Wed, Bellingshausen and Amundsen

Seas: Bel, Ross Sea: Ros, Indian Ocean: Ind, Western Pacific Ocean:

WeP.

Cruise Name

Dataset Duration Antarctic Sectors

AF110191

ASPeCt 18/11/1991 -05/01/199 2 Wed, Ind, WeP

AF010292

ASPeCt 30/01/1992 -27/02/1992 |Wed
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AF030492 ASPeCt 23/03/1992 -21/04/1992 |Wed, Ind, WeP
NP050592 ASPeCt 02/05/1992 -13/05/1992 |Wed
AF050692 ASPeCt 13/05/1992 -17/06/1992 |Wed
AA101192 ASPeCt 27/10/1992 -15/11/1992 |Ind
AF010293 ASPeCt 06/0 1/1993 -03/02/1993 [Bel, Ros, Ind,
WeP
AA030393 ASPeCt 29/03/1993 -30/03/1993 |WeP
AF030493 ASPeCt 11/03/1993 -21/04/1993 |Wed, Ind, WeP
AA040593 ASPeCt 26/04/1993 -04/05/1993 |WeP
NP080993 ASPeCt 24/08/1993 -24/09/1993 |Bel
AA101193 ASPeCt 20/ 10/1993 -02/11/19 93 |Ind, WeP
AF120293 ASPeCt 31/12/1993 -13/02/1994 Wed, Ros, Ind,
WeP
MS010294 ASPeCt 22/01/1994 -18/02/1994 |Wed, Ind , WeP
AF030494 ASPeCt 30/03/1994 -20/04/1994 |Ind, WeP
MS030594 ASPeCt 09/03/1994 -09/05/1994 Wed, Ind
NP070894 ASPeCt 12/07/1994 -18/08/199 4 |Wed
AA091094 ASPeCt 08/09/1994 -11/10/1994 |Ind, WeP
NP091094 ASPeCt 14/09/1994 -14/10/1994 |Bel, Ros
AA101194 ASPeCt 27/10/1994 -23/11/1994 |Ind, WeP
AF010395 ASPeCt 30/01/1995 -15/03/1995 |Wed, Ind , WeP
MS030495 ASPeCt 02/03 /1995 -28/04/1995 Wed, Ind
NP030495 ASPeCt 22/03/1995 -21/04/1995 |Ros, WeP
AA040495 ASPeCt 22/04/1995 -27/04/1995 |WeP
AF040595 ASPeCt 11/04/1995 -09/05/1995 |Wed, Ind, WeP
NP050695 ASPeCt 09/05/1995 -14/06/1995 |Ros
AA070895 ASPeCt 29/07/1995 -26/08/1995 |WeP
NP080895 ASPeCt 03/08/1995 -22/ 08/1995 |Ros
NP080995 ASPeCt 27/08/1995 -12/09/1995 |Bel
KK111195 ASPeCt 10/11/1995 -22/11/1995 |Wed
PN121295 ASPeCt 12/12/1995 -21/12/1995 |Wed
AF050796 ASPeCt 29/05/1996 -14/07/1996 |Wed, Ind, WeP
PN010297 ASPeCt 14/01/1997 -28/02/1997 |Wed
AF050797 ASPeCt 22/05/1997 -24/07/1997 |Wed, Ind, WeP
AA101097 ASPeCt 02/10/1997 -26/10/1997 |Ind, WeP
EN010298 ASPeCt 17/01/1998 -13/02/1998 |Wed, Bel
HH010298 ASPeCt 20/01/1998 -09/02/1998 |Wed
AF020398 ASPeCt 27/02/1998 -26/03/1998 |Ind, WeP
AF040698 ASPeCt 28/04/1998 -05/06/ 1998 \Wed, Ind, WeP
NP050698 ASPeCt 07/05/1998 -11/06/1998 |Ros
AA070798 ASPeCt 21/07/1998 -26/07/1998 |WeP
AA111298 ASPeCt 05/11/1998 -18/12/1998 |Ind, WeP
NP120198 ASPeCt 31/12/1998 -30/01/1999 |Ros
PA120198 ASPeCt 19/12/1998 -02/01/1999 |Ros, WeP
PN010399 ASPeCt 20/01/1999 -02/03/1999 |Wed, Bel
AA030399 ASPeCt 20/03/1999 -26/03/1999 |Ind
NP060799 ASPeCt 18/0 6/1999 -06/07/1999 |Bel
AA070899 ASPeCt 22/07/1999 -31/08/1999 |WeP
KK111199 ASPeCt 17/11/1999 -27/11/1999 |WeP
AA120199 ASPeCt 02/12/1999 -13/01/2000 |Ind, WeP
HH120299 ASPeCt 28/12/1999 -07/02/2000 |Bel, Ros
NP120299 ASPeCt 26/12/1999 -06/02/2000 |Bel, Ros
AA020200 ASPeCt 01/02/2000 -02/02 /2000 |WeP
PB111200 ASPeCt 23/11/2000 -19/12/2000 |WeP
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PN121200 ASPeCt 12/12/2000 -22/12/2000 |Wed
SH120200 ASPeCt 11/12/2000 -18/02/2001 |Ind
LG070801 ASPeCt 27/07/2001 -26/08/2001 |Bel
NP070801 ASPeCt 26/07/2001 -27/08/2001 |Bel
NP091001 ASPeCt 10/09/2001 -22/10/2001 |Bel
AA111201 ASPeCt 23/11/2001 -16/12/2001 |WeP
LG080902 ASPeCt 01/08/2002 -12/09/2002 |Bel
GLOBEC2002 |ASPeCt-Bio 05/08/ 2002 -11/09/2002 |Bel
AURORA2002 |ASPeCt-Bio 29/10/2002 -30/10/2002 |WeP
NP121202 ASPeCt 17/12/2002 -31/12/2002 |Ros, WeP
PN120102 ASPeCt 04/12/2002 -03/01/200 3 |Wed, Ind
NP030403 ASPeCt 01/03/2003 -02/04/2003 |Ros, WeP
AA091003 ASPeCt 23/09/2003 -23/10/2003 \WeP
AURORA2003 |ASPeCt-Bio 26/09/2003 -20/10/2003 \WeP
NP020404 ASPeCt 23/02/2004 -02/04/2004 |Ros
AA101104 ASPeCt 16/10/2004 -07/11/2004 |WeP
AURORA2004 |ASPeCt-Bio 19/10/2004 -30/10/2004 |WeP
PN110104 ASPeCt 13/11/2004 -05/01/2005 |Wed
ISPOL Supplement to Nicolaus et al. 29/11/2011 -02/01/2005 |Wed
[2009]
PN020305 ASPeCt 12/02/2005 -25/03/2005 |Wed, Bel
NP070905 ASPeCt 30/07/2005 -07/09/2005 |Bel, Ros
WWOS2006 ASPeCt-2011 , Haas etal. [RD - |05/09/2006 -21/10/2006 |Wed
10], provided by: S. Willmes
WWOS2006 ASPeCt-Bio 09/ 09/2006 -13/10/2006 |Wed
ODEN2006 ASpeCt-2011, Oszoy-Cicek [RD -|19/12/2006 -26/12/2006 Bel, Ros
11], provided by A. H. Tekeli
SIPEX2007 ASPeCt-2011 , Worby et al. [RD  -/09/09/2007 -11/10/2007 |WeP
241, provided by: B. Oszoy -
Cicek
SIPEX2007 ASPeCt-Bio 11/09/2007 -10/10/2007 |WeP
SIMBA2007 ASPeCt-2011 , Worby et al. [RD - 24/09/2007 -27/10/2007 |Bel
14], provided by: B. Oszoy -
Cicek
SIMBA2007 ASPeCt-Bio 01/10/2007 -23/10/2007 |Bel
ODENO0708 ASPeCt-2011 , provided by A. H.  |05/12/2007 -03/01/2008 Bel, Ros
Tekeli
ODENO0809 ASPeCt-2011 , Tekelietal .[RD - |10/12/2008 -09/01/2009 Bel, Ros
13], provided by: A. H. Tekeli
Palmer2009 ASPeCt-2011, Tekelietal. [RD - |11/01/2009 -16/02/2009 |Bel
13], provided by: A. H. Tekeli
ICEBELL2010 |ASPeCt-2011, provided by: S. F. [11/11/2010 -02/ 12/2010 |Wed, Bel
Ackley
ODEN1011 ASPeCt-2011 , provided by: S. £ [15/12/2010 -09/01/2011 Bel, Ros

Ackley

ESA UNCLASSIFIED

- For Official Use

page 32 of 166




Passive Microwave Snow Depth on Antarctic sea ice assessment

Ref. SICCI-ANT-PMW-SDASS-11-14 Version 1.0 / 28 Nov 2014

4.1

Comparison of SSM/I and AMSR -E Snow
Depth Retrieval Products with ASPeCt and In -
Situ Observations

Collocation Method

Generally the same collocation method is applied for the ASPeCt, the
ASPeCt-Bio and the ISPOL dataset. First all observations for the current day

and year are selected. Then for every day the ASPeCt -coordinates are
selected as reference points and all AMSR -E- or SSM/I -pixel s withina 1 2.5
km x 12.5 km (AMSR  -E) or a 25 km x 25 km (SSM/I) box with the ASPeCt

or in -situ observation coordinates in the centre are searched. Then the

closest pixel is assigned as collocation partner to the ASPeCt observation or

in-situ measurement. In the rare case that the ASPeCt -observation or in -
situ measurement is located exactly between two pixels both pixel s are
assigned as two collocation pairs. In general this introduces a small bias;
however, since this is a very rare case this does not affect the compa rison
strongly.

To allow a comparison on the basis of pixel and daily averages the pixels

were separated for the Antarctic sectors using the longitude borders given in

Tab. 4.1. The snow depth pairs for the West Antarctic (Weddell Sea,
Bellingshausen and  Amundsen Seas and Ross Sea Sectors) , the East
Antar ctic (Indian Ocean and Western Pacific Ocean Sectors) and the
Antarctic (all sectors) are then obtained from the averages from the single

sectors without any further averaging.

Table 4.1: Borders of the Antarctic Sectors. Longitudes are given in
0to 360° -range.

Sector Longitude range
Weddell Sea 300° Lon 20°
Bellingshausen and Amundsen Seas 230° Lon  300°
Ross Sea 160° Lon 230°
Indian Ocean 20° Lon 90°
Western Pacific Ocean 90° Lon  160°
Then from the single pairs , pixel averages are calculated. Here, first all
ASPeCt or in -situ observations at the same position are averaged. Then the
snow depth observations with different positions in one pixel are averaged
into one pixel average. Since for the SSM/I and AMSR -E snow depth
retrievals no pixel -based uncertainty estimates are avai lable, no error is
assigned to the satellite snow depth retrievals. Rather, t o estimate the
uncertainties of the ASPeCt and in -situ values the standard deviation of all
ship -/ground -based observations are calculated. However , it has to be noted
that this represents the variability of the snow depth rather than a real
error.
Then from the pixel averages , daily averages and their standard deviations,
now for both, pixel as well as pixel -averaged snow depths, have been

calculated following the method of Beits ch et al. [RD -33]. Here, again the
standard deviation of all pixel averages is calculated since the standard
deviations of the pixel averages represent a variability of the averaged snow
depth a nd thus it is questionable if Gaussian error propagation is suitable for
the estimation of the uncertainty of the daily averaged snow depths. Finally
for both, the pixel and the daily averages, satellite retrievals and ground -
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/ship -based snow depth observations are compared in scatter plots and
linear regressions are  performed .
Section s 4.2 and 4.3 provide detailed information on each comparison , while

4.2

42.1

the main results are  shortly summarised and discussed in Section 4.4.

SSMII

The SSM/I snow depth retrievals were compared with ASPeCt snow depth
observations for the period between January 1992 and early April 2008. To
investigate the influence of the sea ice concentration on the retrieved snow

depth this comparison was done for snow depths on sea ice with
concentrations 20% and 80%. However, since the res ults of both
comparisons are not substantially different , only the results of the
comparison s for sea ice concentrations 20% are shown here, while for sea

ice concentrations 80% only the regression coefficients are given (Tabs.
A.2 and A .4, Appendix A ).

Pixel Averages

The comparison of the snow depths retrieved from SSM/I passive
microwave data with pixel -averaged ASPeCt observations are shown in
Figs. A1 - A.12 following the annual cycle (January - December) and in
Figs. 4.2 and 4.3 for  the period between April and October and all data for

the whole period, respectively. The correlation coefficients of the regressions

and the RMSDs for the single months can be found in Tab. A.1 for the
comparison for snow on sea ice with concentrations 20% and in Tab. A.2
for the comparison of snow on sea ice with concentrations 80%.

Fig. 4.1 concludes the monthly values of the regression coefficients (slope,
y-intercept and correlation coefficient), RMSD and the number of snow
depth pairs used for e ach comparison, for each of the Antarctic sectors, for
their combinations the West Antarctic (Weddell Sea, Bellingshausen and
Amundsen Seas, and Ross Sea Sectors), the East Antarctic (Indian Ocean

and Western Pacific Ocean Sectors) and the whole Antarctic.

Summer Period: November -March

Figs. A.1 -A.3 and A.11, and A.12 (Appendix A) show the Antarctic summer
months (November - March). In the summer months the snow depth in
Antarctica is generally very variable and the snow depth retrieval is affected

by varyi ng weather conditions , and melt -refreeze -cycles. For the Weddell
Sea the comparisons show a relatively strong scatter especially for January,
February and November (correlation coefficients 0.3) while for March and
December the scatter is less strong (co rrelation coefficients 0.35). The
RMSD increases from approximately 13 cm in November to about 21 cm in
January and decreases again to approximately 11 cm in March. While the
comparison shows the tendency that ASPeCt snow depths are
underestimated by the retrieved SSM/I snow d epths for snow depths below
approximately 15 cm, the opposite is the case for snow depths above
approximately 30 cm. Furthermore, the y -intercept and the RMSD show
maxima of about 10 -20 cm and 20 cm, respectively, for January and
February. In the following months intercept and RMSD decrease and remain
constant between roughly 5 to 10 cm and 10 to 15 cm respectively.
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Figure 4.1: Slope, y -Intercept, correlation coefficient, RMSD and

number of snow depth pairs
depth retrievals with ASPeCt ship
single months, the whole winter period (April

of the comparisons of SSM/I snow
-based snow depth estimations for

- October) and the

whole dataset. SSM/I observation period: 1992
ASPeCt -observati ons are pixel averages. For
coefficients see Tab. A.1.

-2008, SSM/I and
full set of regression

In the Bellingshausen an  d Amundsen Seas Sector only few snow depth pairs
are available for the summer months and thus the single comparison are

not necessarily representative. H owever, for S SM/l the tendency to
underestimate ASPeCt snow depths for snow depths above approximately

30 cm still seems to hold, however, due to a lack of comparison data for

snow depths below 15 cm no conclusion can be drawn. This tendency is also
reflected by the RMSD which varies between approximately 15 cm in
February and 28 cm in January. As found for the Weddell Sea Sector the y
intercept reach es a maximum of about 2 5-30 cm for January and February
and decrease s for the following months.

Similarly to the Weddel | Sea Sector the comparison for the Ross Sea Sector
shows a strong scatter of the snow depth pairs. For all summer mon ths the
correlation coefficients are usually below 0.3. The RMSD increases from
approximately 16 cm in December to 28 cm in January and th en decreases
to approximately 10 cm in March. The maximum of the y -intercept in
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January and February is w ith 10 -20 cm less pronounced tha n for the
Weddell Sea and Bellingshausen and Amundsen Seas Sectors. However, the
overall pattern is the same as found f or the W eddell Sea.

The Indian and Western Pacific Ocean Sectors show generally a very similar

pattern and thus they are discussed together. In November and March the

snow depth observed using the ASPeCt protocol varies between 0 and
approximately 70 cm w  hile the snow depth from the SSM/I snow depth
retrieval remains mainly below 40 cm and no values higher than roughly 20

cm can be found for ASPeCt snow depth estimates higher than about 25 cm.

The absolute value of the correlation coefficient is always low er than 0.3.
While the correlation coefficient is negative for November, it is positive for
March. From December to February the scatter of the snow depth pairs
strongly increases (February: only Indian Ocean Sector ) but it usually
remains below 0.3. H owev er, for the Indian Ocean with 0.43 the corr elation
coefficient is  high compared to the other sectors and months. Comparing

this comparison to the other months and sectors indicates that this rather

seems to be an effect of the data sampling than a better p erformance of the
algorithm. Similarly to the West Antarctic sectors the RMSD increases for
both sectors from November to January and decreases again towards
March. Similar to the West Antarctic sectors for the Indian Ocean and
Western Pacific Ocean Sector s the y -intercept shows a distinguished
maximum between 20 to 30 cm for January and February.

The comparisons for the West Antarctic, the East Antarctic and the Antarctic

are a combination of all snow depth pairs of their respective sectors. The

overall pa ttern found for the comparison of SSM/I snow depth retrievals in

the single sectors remains the same for the West Antarctic, the East
Antarctic and the whole Antarctic (underestimation of snow depth below
approximately 15 cm and overestimation of snow dept h above
approximately 30 cm by the SSM/l snow depth retrieval, increase of the

RMSD from November to January and then decrease from January to March)

and thus they are not discussed here in addition to the single sectors.

Winter Period: April - October

The months from April to October roughly mark the winter period in the

Antarctic. The comparisons for those months are shown in Figs. A4 - A0
(Appendix A)

In the Weddell Sea for April until August the comparison of SSM/l snow

depth retrievals with ASPeCt snow depth observations show a strong
clustering below snow depths of approximately 20 cm. However, while the
comparisons for April and July show only the cluster in this region , the
comparisons for May, June, and August show also snow depth pairs at

high er snow depths but with stronger scatter. Here, especially the months

May and June are of particular interest since the correlation coefficients are

with 0.71 and 0.9 much higher than for all other sectors and comparisons.

While for both comparisons overes timations of low ASPeCt snow depths can

be found they are close to the one -to-one line and thus the slope of the
comparisons is close to one. However, for May the effect of the snow depth
pair s with ASPeCt snow depth estimates being overestimated by the SS M/I
retrieval is reduced by snow depth pairs with ASPeCt snow depth estimates
being underestimated by the SSMI/I retrieval and thus the slope of the
regression line is closer to one than that for June. Although the comparison
does not contain data which wer e used in the setup of the original snow
depth retrieval algor ithm [RD -02], they were partly collected in the Weddell
Sea during the same period (ISW [ RD-40]) and thus most likely represent
the snow conditions in the Weddell Sea better for the winter month s May
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and June than for the rest of the year. Here, it is interesting to note that fo r
July, where also observations from one Polarstern cruise were used in the
setup of the retrieval algorithm [RD-02], the ASPeCt snow depth estimates

are less well correla ted with the SSM/I snow depth retrievals. However,
since the RMSD is only about 4 cm, this may be  caused by the fact that only
snow depths lower than about 20 cm contribute to the comparison and thus

even s mall deviations at lower and high er snow depth s may strongly affect
the regression.

For the months August to October the snow depth pairs above 20 cm  are
generally stronger scattered than for April and July , however, while the

comparison still shows a strong clustering for snow depths below 20 cm in

Augu st this clustering disappears for September and October

During the whole winter period the RMSD remains below 15 cm. However, it
becomes especially low for those months in which the SSM/I -ASPeCt snow
depth pairs build a cluster below 20 cm (April, July, and August). The vy -
intercept is usually below 10 cm and shows a slight decrease from about

5 cmin April to 10 cm in October.

During the winter period in the Bellingshausen and Amundsen Seas Sector
no data are available for April and May. However, for Jun e and July the
comparisons show a similarly strong clustering as found for April and July in

the Weddell Sea. For both months the RMSD lies between 6 and 8 cm.

For the period between August and October the scatter found in the data is

much stronger and si milar to that found in the Weddell Sea, however,
compared to the same months in the Weddell Sea the correlation is with

about 0.5 for August and September and about 0.8 for October much higher

than found for the Weddell Sea and the RMSDs for all three mont hs lie
between 10 cm and 15 cm.

Here, a part of the data used for the setup of the original snow depth

retrieval algorithm came from the R/V Nathaniel Palmer cruise during
August and Septe mber 1993 [RD -02]. Since these data are also used in this
comparison they may contribute to the high correlation between ASPeCt

snow depth observations and SSM/I retrievals. However, it is interesting to

note that the correlation is lower and the regression line is further away
from the one -to-one line than for the Weddell Sea although the majority of
the setup data came from the Bellingshausen and Amundsen Seas Sector

This indicates that the current retrieval is of limited use in the

Bellingshausen and Amundsen Seas Sector even in the winter months. In
addition, the y -intercept shows a similar behavio r as found for the Weddell
Sea Sector.

For the Ross Sea Sector the comparison shows a similar pattern as found for

the Bellingshausen and Amundsen Seas Sector. For the period between April

and June the comparison shows a stro ng clustering for s now depths below
20 cm with  RMSDs between 5 and 8 cm. For the period between August and
October the comparison shows a strong scatter with RMSD s between 11 and
18 cm. In July no data are present. While for the rest of the year the y -
inte rcept is below 10 cm in September it is about 25 cm, however,
considering that the slope is negative and only four snow depth pairs are

present this most likely is only an effect of the snow depth pair distribution.

The comparisons for the Indian Ocean Sec tor again show a strong clustering

for snow depths below 20 cm. While for April and May only a few snow
depth pairs with either of the both snow depths above 20 cm can be found

and the RMSD is below 9 cm, the number of snow depth pairs especially
with ASPe Ct snow depth averages above 20 cm increases. Here, for both
months the correlation coefficient is either negative or close to zero. While

during the whole period from April to October t he RMSDs lie between 8 and
12 cm, the correlation coefficient is usual ly close to zero (August/October)
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or positive. However, although for September the correlation coefficient is

about 0.45 this only implies that both datasets are stronger positively
correlated th an for the other months but the slope of the regression line is
with approximately 0.2 still relatively low.

For the Western Pacific Ocean the comparison shows a similar structure as

found for the Indian Ocean Sector. However, while the SSM/I snow depth

retrieval gives usually snow depths less than 20 cm the ASPe Ct averages
are much more variable with a relatively strong scatter. Usually the RMSD
lies between approximately 9 and 14 cm. However, in June and July the

snow depth pairs show a much stronger scatter with RMSDs of
approximately 24 cm and 28 cm, respectiv ely.

As for the West Antarctic Sectors for both, the Indian Ocean Sector and the

Western Pacific Sector they  -intercept is usually smaller than 10 cm.

Weddell Sea Sector Beililti]ngshausen and Amundsen Seas Sectoir30 Ross Sea Sector
[ — RMSD =9.8cm, R =066, N = 1066 [— RMSD=10.1cm,R =0.57, N =822 [— RMSD=10.1cm, R=043 N=733

Sssny1 [€m]
Ssen1 [€m]
N
o

0 10 20 30 40 50 60 70 80 0 1 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80

Saspecy [€M] Saspecy [€M] Saspect [€M]
Indian Ocean Sector Western Pacific Ocean Sector

‘ — RMSD =9.5cm,R=10.08, N=1260 — RMSD =13.7cm,R =0.09, N=1116

50 1E sof
=
40 1= 40f
=
304,: {1 & 30t
o vae &
20 20
10 10
0 oS P L L ) - * .
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Saspect [€M] Saspect [CM]
80 West Antarctic East Antarctic 80 Antarctic
— RMSD =10.0 cm, R = 0.57, N = 2621 [— RMSD=117cm,R=0.1,N=2376

— RMSD =10.8 cm, R = 0.41, N = 4997

Sssn [€m]

Ssn1 [€m]

= . ! o 3 X . s .
0 10 20 30 40 50 60 70 80 (1] 10 20 30 40 50 60 70 80 1] 10 20 30 40 50 60 70 80
Saspect [CM] Saspect [€M] Saspect [CM]

Figure  4.2: Comparison of snow depth derived from SSM/ I
brightness temperatures at 19 and 37 GHz for all Antarctic sectors,

the West Antarctic, the East Antarctic and the whole Antarctic for

the period between April and October. SSM/I observation period:

1992 -2008, SSM/I and ASPeCt - observations are pixel aver  ages. For
full set of  correlation coefficients see Tab. A.l.
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Just as for the summer period the results for the West Antarctic, the East
Antarctic and the whole Antarctic are similar to the single sectors and thus

will not be discussed here separately. H owever it has to be noted that
especially for May and June (Figs. A.5 and A.6, Appendix A) the overall
comparison for the West Antarctic and the whole Antarctic are strongly
affected by the comparisons from the Weddell Sea (especially by those with
SSM/I s now depth retrievals larger than 20 cm) and thus the regression line

lies close to the one  -to-one line.

Period April  -October and whole Dataset

The comparisons for the period between April and October as well as the

whole period, for which data are availab le, are shown in Figs. 4.2 and 4.3
Generally both comparisons show a very strong influence from salient
comparisons from the single months.

For the Weddell Sea Sector the comparison is mainly dominated by a cluster

of snow depths below 20 cm. However, du e to the high snow depths
discussed for May and June the regression line is still very close to the one -
to-one line with a slope of about 0.8 and a correlation coefficient of about

0.66 for the period between April and October. For the whole year the

situa tion is very similar and the only difference is that with about 0.55 and

0.46 the slope and the correlation coefficient are lower. With about 10 cm
(April -October) and 14 cm (whole year) the RMSDs of both comparisons
show only a slight increase when includ ing the months November to March.

In addition, the y -intercept increases from approximately 5 cm to 9 cm

when the period November to March is included.

For the Bellingshausen and Amundsen Seas Sector the situation is very

similar. One can find a cluster of snow depth pairs at snow depths below
20 cm (mainly originating from observations in June, July and October)
however, for snow depths above 20 cm the snow depth pairs from August,
September, and partly October have a very strong influence on the
regressio n line. Thus, despite being lower, with 0.42 and 0.57 for the period
between April and October and 0.42 and 0.64 for the whole year the slope

of the regression line and the correlation  coefficient of both comparisons
show that both datasets are relatively well correlated and the
underestimation especially of snow depths above 20 cm is not as strong as

for the East Antarctic. As for the Weddell Sea Sector the RMSD only
increases slightly from approximately 10 cm to approximately 12 cm when

including the mont hs November to March. Contrary to the RMSD the y -
intercept remains with about 9 cm relatively constant.

For the Ross Sea Sector  the comparisons for the period between April and
October a nd for the whole year show significant differences. While for the
period between April and October the ASPeCt pixel averages are always

below 40 cm while for the whole year ASPeCt pixel averages cover the

whole range between O and 70 cm. However, while the correlation
coefficient remains approximately constant, the slope of the regression line
decreases from  approximately 0.65 to 0.27, the RMSD increases from
approximately 10 cm to approximately 18 cm , and the y -intercept from
approximately 5 to 10 cm, when the months between November and March
are included.

As for the sing le months the comparisons for the Indian Ocean and West ern

Pacific Ocean Sectors show nearly no correlation between the pixel averaged
ASPeCt snow depths and the SSM/I retrieval result (R<0.1) for the period

between April and October . However, when the per iod between November
and March is included the slope of the regression line and the correlation
coefficient increase from 0.05 to 0.26 and 0.08 to 0.28 for the Indian Ocean
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Sector. This increase is predominantly caused by the presence of SSM/I

pixels with  snow depths above 20 cm. In addition for both the Indian Ocean

Sector and the  West ern Pacific Ocean Sector the RMSD increases from 9.5
cm (Indian Ocean) and 13 .7 cm ( West ern Pacific Ocean) to 11.5 cm (Indian
Ocean) and 16.5 cm ( Western Pacific Ocean). For both comparisons they -
intercept remains approximately constant (Indian Ocean Sector: ~5 -6 cm,
Western Pacific Ocean: ~9 cm).

The effects discussed above for the single sectors are also reflected in the
comparisons for the West Antarctic , the East Antarcti ¢ and the whole
Antarctic. For the ~ West Antarctic the influence of the high correlation and
slope near one in  May and June from the Weddell Sea Se ctor and August
and September from  the Bellingshausen and Amundsen Seas Sectors is still
present. However, the slope of the regression line and the correlation
coefficient decrease from 0.6 to 0.36 and from 0.57 to 0.43 , respectively
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Figure  4.3: Comparison of snow depth derived from SSM/I

brightness temperatures a t 19 and 37 GHz for all Antarctic sectors,

the West Antarctic, the East Antarctic and the whole Antarctic.

SSM/I  observation period: 1992 -2008, SSM/I and ASPeCt -
observat ions are pixel averages. For full set of regression
coefficients see Tab. A.l.
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The RM SD increases from 10 cm to 15.1 cm and the y -intercept from 6.3 to
10.1 cm when the months from November to March are included in the
comparison.

In the East Antarctic due to the influence of the snow depth pairs with
retrieved SSM/I snow depths larger tha n 40 cm from the Indian Ocean
Sector the slope of the regression line, the correlation coefficient and the

root RMSD increase slightly from 0.07 to 0.13, from 0.1 to 0.18 and from

11.7 cm to 14.1 cm, respectively, when the months from Novem ber to
March are included. They -intercept remains roughly constant (~7 cm).

While being less strong the behavior found for the West Antarctic can also

be found for the whole Antarctic. The slope of the regression line slightly

decreases from 0.38 to 0.32, while the corre lation coefficient is with 0.4
approximately constant for both comparisons and the RMSD deviation
increases from 10.8 cm to 14.7 cm. Further, the y -intercept increases from
6.6 to 8.3 cm.

Influence of Sea Ice Concentration

The results change only slightly , W hen in the comparison instead of sea ice
concentrations  (SIC) 20% only SICs  80% are considered  (for slope, y -
intercept , correlation coefficient and number of data pairs included see
Tabs. A.3 and A.4) . Usually the variation of the slope and the corr elation
coefficient is within 0.1 and the change of the RMSD within approximately

2 cm. Therefore, no additional figures are shown here for the regressions
with SICs 80%. Instead the few cases with notable changes are described
in the following text. The change s in slope and correlation coefficient rather
depend on the distribution of the snow depth pairs than on the absolute
value s of the corresponding snow depths. T he opposite is the case for the
RMSD, thus, changesinthe RMSD can be larger.
Altho ugh, for most of the presented comparisons the change of the
regression coeff icients and the RMSD is comparatively low, in some cases
extreme changes caused by the distribution of the sno w depth pairs can be
found. Especially when snow depth pairs with sno w depths below 20 -30 cm
are removed slope and intercept can show a salient change. This feature
only occurs for the summer months. For December removal of snow depth
pairs with snow depths below 30 cm leads to salient changes of the
regression coefficients  for the Bellingshausen and Amundsen Seas Sector,

the Indian Ocean Sector, the Western Pacific Ocean Sector and as a
consequence of the regression coefficients in the West and East Antarctic,
while the comparison for the whole Antarctic is not t hat strongl y affected. A

similar effect can be found when snow depth pairs  with high snow depths
are removed. As an example in January for the comparison in the
Bellingshausen and Amundsen Seas Sector (Fig. A.1) the line  with constant
ASPeCt snow depth along the SSM/ | axis and except one snow depth pair
the whole West ern Pacific Ocean Sector 06 snow depth pairs are removed. As

a result the y-intercept reduces from approximately 30 to 20 cm and the
slope increases from 0.15 to 0.43 for the Bellingsha usen and Amundsen
Seas, and the reduction of the West ern Pacific Ocean Sector snow depth
comparison to one snow depth pair leads to the removal of all except one

snow depth pairs below the one -to-one line which drags the regression line
down. Other months with salient changes of the regression line can be
found for the month February for the Ross Sea and Indian Ocean Sectors

and as a result for the West and East Antarctic.
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422

Daily Averages

Figure 4.4: Slope, y -Int ercept, correlation coefficient, RMSD and
number of snow depth pairs of the comparisons of SSM/I snow

depth retrievals with ASPeCt ship - based snow depth estimations for

single months, the whole winter period (April - October) and the
whole dataset. SSM/I obs ervation period: 1992 -2008, SSM/I and
ASPeCt -observations are daily averag es. For full set of regression

coefficients see Tab. A.1.

The comparison of the daily averaged snow depths retrieved from SSM/I

passive microwave data with daily -averaged ASPeCt ob servations are shown
in Figs. A.13 - A.24 (Appendix A) following the annual cycle (January -
December) and in Figs. 4.5 and 4.6 for the period between April and
October and the whole dataset, respectively. The correlation coefficients of

the regressions and the RMSDs for the single months can be found in
Tab. A.3 for the comparison for snow on sea ice with concentrations 20%
and in Tab. A.4 for the comparison of snow on sea ice with concentrations

80%.

Fig. 4.4 concludes the monthly values of the regression coefficients (slope,
y-intercept and correlation coefficient), RMSD and the number of snow

depth pairs used for e ach comparison, for each of the Antarctic sectors, for
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