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ABSTRACT

This document provides a high level descriptiorthef physical basis for determining sea and
lake ice thickness and age information of eachrgleel within images taken by the Advanced
Baseline Imager (ABI) flown on the GOES-R seriesNSDAA geostationary meteorological
satellites. As ice age is determined from the ltekhess information within the same algorithm
module, both are described in this ATBD.

The core of the ABI ice thickness and age algorithia One-dimensional Thermodynamic Ice
Model (OTIM). Based on the surface energy budgétexitmo-equilibrium, OTIM contains all

the components of the surface energy budget teateeded for estimating sea and lake ice
thickness. Based on its thickness, ice is classd®open water, new/fresh ice, grey ice, grey-
white ice, thin first year ice, medium first yeaej thick first year ice, or multi-year or old ice.
As needed, the OTIM contains parameterizationsoaraisumptions of the sea and lake ice and
associated snow characteristics of their physicggrties, such as ice and snow conductivities,
densities, and transmittances, if that informatgonot available. The validation analysis
indicates that the algorithm can meet the accuragyirements of the Functional and
Performance Specification (F&PS).



1 INTRODUCTION

1.1 Purposeof This Document

This algorithm theoretical basis document (ATBD)\pdes a high level description of the
physical basis for the estimating ice thicknessagelfor clear and cloudy pixels identified as
ice covered using supplementary information fromapeeterization schemes and other products
retrieved from the Advanced Baseline Imager (ABih on the GOES-R series of NOAA
geostationary meteorological satellites. That seqpgintary information includes a cloud mask,
snow depth, ice surface temperature, ice concemtragurface air temperature, surface air
humidity, surface wind, and surface solar and tle¢madiation fluxes. The ice thickness and age
algorithm provides primary estimates of the icekhess and age for each ABI pixel covered
with ice. The ice thickness and age products amenazailable to all subsequent algorithms that
require knowledge of ice information.

1.2 Who Should Use This Document

The intended users of this document are thoseestienl in understanding the physical basis of

the algorithm and how to use the output of thi®atgm to estimate ice thickness and age for a
particular application. This document also provigdsrmation useful to anyone maintaining or

modifying the original algorithm.

1.3 Inside Each Section

This document is broken down into the following maéections.

» System Overview: Provides relevant details of the ABI and a bdeécription of the
products generated by this algorithm.

» Algorithm Description: Provides a detailed description of the algoriihoiuding its
physical basis, its input and its output.

* Assumptionsand Limitations. Provides an overview of the current limitatiorighe

approach and notes the plan for overcoming thes&lions with further algorithm
development.

14 Related Documents

This document currently does not relate to anyrafleeument outside of the specifications of
the GOES-R Mission Requirements Document (MRD)tarttie references given through out.
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1.5 Revison History

Version 1.0 of this document was modified and ugpddity Xuanji Wang of UW/CIMSS and Jeff
Key of NOAA/NESDIS/STAR based on the previous vensi of this document, and is intended
to accompany the delivery of the version 3.0 athons to the GOES-R AWG Algorithm
Integration Team (AIT).

Version 0.0 of this document was created by Xudfgng of UW/CIMSS and Jeff Key of
NOAA/NESDIS/STAR, and was intended to accompanydetlevery of the version 0.0
algorithms to the GOES-R AWG Algorithm Integratibeam (AIT).
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2 OBSERVING SYSTEM OVERVIEW

This section describes the products generatedeoj®1 Ice Thickness and Age (AITA)
algorithm and the requirements it places on the@eand other products.

2.1 Products Generated

The ice thickness and age algorithm is respongiblestimating sea and lake ice thickness and
age for all ABI pixels covered with ice. Followitige Threshold level of the GOES-R MRD,
ice-free areas are distinguished from first-yeardnd older ice areas. The Goal requirement of
the MRD is to distinguish not only ice-free fromstiyear ice areas, but also to distinguish
between the following types of ice based on agasngrey white, first-year thin, first-year
medium, first-year thick, second-year, multiyeaosth and multiyear deformed ice. The ice
thickness and age products will be used by othdraddrithms that require knowledge of ice
information. The current ice thickness and agegitelas the ability to estimate sea and lake ice
thickness up to 3 meters under both clear and gloadditions at night (no sunlight). While it
would also work during daytime, the estimation i@renuncertain due to the complexities of ice
and snow optical properties in the solar spectiTime. required products Function and
Performance Specification (F&PS) is listed in Tableelow. Details on determining ice age are
described in Sections 3.1 and 3.4.2.9.

Table 1. Products Function and Performance SpecificationRG&

Ice 1 km |[3 kmlice free
Surface areas,
First year
ice
Older Ice
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2.2 Instrument Characteristics

The ice thickness and age will be produced for ol observed by the ABI and covered with
ice. While there are no direct ABI channels reldtethe algorithm, it relies on other retrieved
products from ABI and parameterization schemes asatioud mask, ice surface temperature,
ice surface albedo, and radiation fluxes that waslkel some or all ABI channels for their
retrievals. As a result, the performance of thelwekness and age algorithm is sensitive to the
accuracy of other ABI retrieved products. We wetail the required input parameters and
current validations in the following sections, aalivas the algorithm sensitivity to input
uncertainties.

Table 2. Summary of the Current ABI Channel Numbers and Wangths.

Channel Numbe Wavelength gm) Direct Use in AITA
1 0.47 No
2 0.64 No
3 0.8¢ No
4 1.3¢€ No
5 1.61 No
6 2.2¢€ No
7 3.S No
8 6.1°5 No
9 7.C No
1C 7.4 No
11 8.5 No
12 9.7 No
13 10.3¢ No
14 11.2 No
15 12.c No
16 13.c No

3 ALGORITHM DESCRIPTION

This section contains a complete description ofaflgerithm at its current level of maturity
(which will improve with each revision).

3.1 Algorithm Overview

The ice thickness and age algorithm will use a @ngensional Thermodynamic Ice Model
(OTIM) developed by the investigators. OTIM is bdea the surface energy balance at thermo-
equilibrium and contains all the components ofshdace energy budget to estimate sea and
lake ice thickness up to 3 meters. Ice age is basece thickness as follows:



Cons:

3.2
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Free or Open water: thickness =0

New: 0.00 < thickness 0.10

Grey: 0.10 < thickness 0.15

Grey-white: 0.15 < thickness0.30

First year Thin: 0.30 < thickness0.70
First year Medium: 0.70 < thicknessl.20
First year Thick: 1.20 < thickness < 1.80
Older: thickness 1.80

Solid physical foundation with all components o gurface energy budget considered.
Capable of retrieving daytime and nighttime sealaked ice thickness under both clear
and cloudy sky conditions.

Very computationally efficient compared to more gdex models such as the Climate
System Model (CSM) Sea Ice Model (CSIM).

Its sole objective of retrieving ice thickness agg makes it easy to implement with the
application of satellite products, flexible, fastdeeasy to maintain and improve later with
more and accurate satellite derived products bkiative fluxes, ice surface temperature
and snow depth over the ice.

The accuracy of input parameters, e.g., snow dsptface air humidity, temperature,
and wind, will impact the accuracy of ice thicknesimates.

Daytime retrieval is sensitive to ice optical prdjpes associated with ice type and
thickness, and is less reliable than nighttimaeeais.

Processing Outline

The processing outline of the AITA is summarizedhe following chart. The AITA is designed
to run on segments of data. A segment is compo$etlltiple scan lines.



Surface
albedo

High Level Flowchart of the AITA Illustrating the Main Processing Sections.

ABI Channel Used:
Radiances and retrieved
products, e.g., cloud mask.

Algorithm Dependencies:

See separate slide.

Ancillary Data
Dependencies:
NWP/NCEP/ECMWEF, etc.

Products Generated: Ice
thickness and age and
associated quality flags.

Surface
Temperature

Surface
radiative
fluxes

Surface heat
fluxes

OTIM and Ice age
Classification end

—
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The AITA Algorithm Dependency on Other ABI Products and Data Sour ces.
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3.3 Algorithm Input

This section describes the input needed to prabes&ITA. While the AITA is derived for each
pixel covered with ice, it does require knowled@¢he surrounding atmosphere. In this version,
the daytime retrieval was run and improved, butilit still be investigated in the next version
due to the fact that complex solar radiation irtgoas result in a larger uncertainty than with
nighttime applications.

3.3.1 Primary Sensor Data

The list below contains the primary data used lByARTA, information that is derived mainly
from the ABI observations and geolocation inforrmati

» Sensor viewing zenith angle
» Solar zenith angle

* Relativeazimuth angle

* Glint zenith angle

» Scattering angle

3.3.2 Ancillary Data

The following list briefly describes the ancillagigta required to run the AITA, information that
is not included in the ABI observations or geolamadata. Land/coast masks can be obtained
from the U.S. Geological Survey (USGS) and/or sepfevare packages like IDL, while ice and
snow properties can be collected by many experisnemii measurements published in the
literature. Surface air temperature/humidity/pressuind can be acquired from numerical model
forecasts such as the NOAA Global Forecast Syst&s] and/or European Centre for
Medium-Range Weather Forecasts (ECMWF), to be taetie bulk transfer calculations for
turbulent heat fluxes (see Sections 3.4.2.5 an@.®.4or details).

* Land mask

» Coast mask

* lceand Snow Thermal Emissivity

* lceand Snow Optical Properties (Albedo, Transmittance, Absor ptivity)

* |lceand Snow Physical Properties (Density, Salinity, Conductivity, Contaminant)
» Surface Air Temperature

» Surface Humidity

» Surface Wind

3.3.3 Derived Data
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The following briefly describes the products frother ABI algorithms that the AITA algorithm
uses as input. These data are necessary in order tbe software that calculates ice thickness
and sequentially ice age. These data are requifednation that is not included in the ABI
observations or geo-location data.

» surface broadband albedo

e cloud mask and cloud fraction

» ice/snow surface skin temperature
* icemask and concentration

* snow mask and snow depth

3.4 Theoretical Description

Physical and/or statistical approaches are empltayedtimate sea and lake ice thickness and
age. In this document, a One-dimensional Thermadynéce Model (OTIM) based on the
surface energy budget at thermo-equilibrium, comaj all components of the surface energy
budget, has been developed to estimate sea anttéatteckness. Based on knowledge of the ice
thickness, ice is classified as open water, neslifiee, grey ice, grey-white ice, thin first year
ice, medium first year ice, thick first year ice,multi-year or older ice. Categorizing the ice
thickness inevitably involves parameterizations/andssumptions of the sea and lake ice and
associated snow characteristics, such as ice avd gnductivities, densities, and
transmittances.

3.4.1 Physics of the Problem

Any ice thickness and age estimation based on th#ynamic theory is complicated by the need
to exploit not only ice and snow micro-physical pedies which are closely related to ice and
snow types and contents but also environmentalittond such as humidity, air temperature,
wind, cloud cover, water salinity and current. e testing stage of the AITA, we have
extensively used information from:

» the extended AVHRR Polar Pathfinder (APP-x) produttich consists of AVHRR
retrievals of surface and cloud properties usingretrieval tool CASPR (Key, 2002) for
the period 1982-2004 over the Arctic;

» the NCAR/NCEP Reanalysis data;

» parameterization schemes for ice and snow micraipalyproperties;

» solar and thermal radiation flux parameterizatianthe surface developed by other
researchers; as well as

* MODIS and SEVIRI data.

While the current NCAR/NCEP Reanalysis fields ofteave errors in some critical fields, such
as the surface air temperature and humidity oweara snow, they provide needed and useful
information. Nevertheless, parameterization scheanesften required to estimate
environmental conditions, especially for ice andvwgrareas.
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The AITA uses the OTIM to estimate sea and lakeéhazkness. The OTIM treats day and night
retrievals differently. When the sun is above tbhazon, the solar radiation must be considered
in the OTIM which complicates the ice thicknessreation; the inability to correctly identify

the ice and snow types results in inaccurate idesaow optical property estimates in the solar
spectrum, as well as unstable numerical solutionghe OTIM. Nighttime retrievals of ice
thickness are easier and more accurate, with dgteahsolution in the OTIM. The OTIM has
been tested with AVHRR, MODIS, and SEVIRI data aatidated with submarine and moored
Upward Looking Sonar data, meteorological stati@asurements, and numerical model
simulations.

3.4.2 Mathematical Description

A slab model proposed by Maykut and Unterstein87 (] is used here as a prototype model.
The equation for energy conservation at the tofasar(ice or snow) is

(LagFr —lo— R + R + Fs+ Fe + Fo =F4
or

(1-a9)(L1-ig)Fr — B + F™ + Fs + Fe + Fc= Fq @)

whereasis the ice surface broadband albedo where ice reapbered with a layer of snok

is the downward solar radiation flux at the surfages the solar radiation flux passing through
the ice interior andh is the ice slab transmittandg“Pis the upward longwave radiation flux
from the surfaceF ™" is the downward longwave radiation flux from theasphere towards the
surfaceFsis the turbulent sensible heat flux at the surf&eeés the turbulent latent heat flux at
the surfacelis the conductive heat flux within the ice sl&h,is the residual heat flux that
could be caused by ice melting and/or heat adwecBg the definitions of the terms in the
equation (1)as Fr, lo, F*?, ;%" should be always positive, afid, Fe, andF.would be positive
or negative in terms of the operational symbolslisesquation (1), anH, is zero in the
absence of a phase change or horizontal heat Xchamge. The details of each term will be
addressed in the following subsections.

3.4.2.1Solar Radiation at the Surface

The first term on the left-hand side of the equa(ib), (1-as) F;, is the net solar radiation flux at
the surface. The surface broadband albedo oveeeadiar spectrungs, can be input or
estimated by the Thomas C. Grenfell (1979) metsodescribed below:

as=1— A exp(-Bh) - C exp(-Dh) (2)
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whereA, B, C, andD are the coefficients the values of which can berd@ned from Table 3
below, andh is the ice ;) or snow fis) thickness in meters. The other relatively singgeroach

to determine ice and snow surface albedo includegehsimulated constant values based on the
ice and snow types as discussed by Tuomo M. Sa(afa00), and the experimental and
observational values for a variety of snow andsigdace conditions (Grenfell and Perovich,
2004) as shown in Figure 1 from Donald K. Peroyit996).

Table 3. The coefficient values of A, B, C, and D in Eq) (om Thomas C. Grenfell, 1979)

Ice type Cloudiness A B C D Error
Blue ice Clear 0.130| 1546 0.820 0.1216 <1%
0.8m >= h>=0.02m Cloudy 0.150| 12.02] 0.800 0.2161 <1%
White ice Clear 0.419| 1240 0.531 0.1938 <2.5%
0.8m >=h>=0.02m Cloudy 0540 | 10.11 0.410 02827 <3%
Dry packed snow over blue ice| C1ear 0.2213 77.48 01980 O < 5%
0.4m >=R>=0.01m Cloudy 03181 77.81 0.100 0050 <7%
Bulk Albedo
2 =
5 B 5 o g o &
5 5 ¥ Fg 3 s B2 2 23 .
<§ £ = a [ s % § = = ] § S
= 2 3 gE 3 5 = § £§ 3
S s & = = & R N 25 8
t t t t t t 4 tt s
8 2B % S 5 8 B R ¥ B
0 3 S o S S S o 3 S S o 1.00

Figure 1. Range of observed values of total albedo foriemarhe albedos are from Burt (1954),
Chernigovskiy (1963), Langleben (1971), Grenfed &taykut (1977), and Grenfell
and Perovich (1984).

The downward shortwave radiation flux towards theasce,F,, could also be an input
parameter for the OTIM or parameterized with mduelt-in parameterization schemes under
both clear and cloudy sky conditions as descril@avin Key (1996) compared these schemes
and discussed which scheme would be better regatidensurface type, location, and
atmospheric conditions.

3.4.2.1.1 Clear-sky Parameterizations of Solar Radiation
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. Shine and Henderson-Sellers (1985) scheme doAttttic:

F,o" = 136§7[1.2u + (1.0 +u) e, 10° + 0.046]* (3)
whereu is the cosine of the solar zenith angles fE., €, is the surface water vapor pressure
(hPa), esais the surface saturation water vapor presguPe)( andf is relative humidity (%).
Knowing the surface air temperatuifg(C) and relative humidity, we can calculate, by

8= 6.11*10.0N(7.5* ./ (237.7 + T)) 4)

wheree, = f e,

. Moritz (1978) scheme for Baffin Bay, Canada:

F = Sp (0.47 + 0.4%) ()

whereS, is the solar constant, apds the cosine of the solar zenith angle.

. Bennett (1982) scheme for the Arctic:

Fr=0.72 $u (6)

whereS, andu are the same as above. This scheme is recommérdegdsimplicity and
acceptable accuracy.

3.4.2.1.2 Cloudy-sky Parameterizations of Solar Radiation

1.

Berliand (1960) scheme:
Frall = Frcll’ (1 —XC— y 6 (7)
where c is the cloud fraction between 0~1. For land oceary=0.38 x=0.14at85° 0.41at

55°, and0.38at 45’ respectively; anad=0.45andy=0 at75°N or 75S. Its performance has
tested poor over oceans.

. Laevastu (1960) scheme for the mid-latitude ocea

FA=F"(1-068 (8)

. Jacobs (1978) scheme for Baffin Island, Canaea the period June to October:

FA=F%(1-0.330) (9)

. Bennett (1982) scheme for Arctic sea ice:
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F=F" (1-052c) (10)
This scheme is recommended for its simplicity aceckatable accuracy for this study.
5. Shine (1984) scheme for high albedo surfaces asicce and snow:
o = (53.5 + 1274.5) u®°/ [1 + 0.139 (1 — 0.934&y) 1] (11)
F Al = [(1—¢) B + ¢ K9] (12)

whereas is the surface broadband albedo (0~1),arscthe cloud optical depth.

3.4.2.2Solar Radiation Passing through Ice Interior

The second term on the left-hand side of the eguidfi),lo = io (1-a5)F, is the solar radiation
flux passing through the ice interiag.is the ice slab transmittance, i.e., the percentdghe net
solar radiation flux that penetrates the ice, wiiah be estimated by the following
parameterization scheme developed by Thomas G féiré079):

io = A exp(-Bh) + C exp(-Dh) (23)

whereA, B, C, andD are the coefficients given in Table 4, dng the ice slab thickness in
meters.

Table 4. The coefficient values of A, B, C, and D in Eq3)Ifrom Thomas C. Grenfell, 1979)

Ice Type Cloudiness A B C D Errol
Blue ice Clea 0.192¢ | 12.9¢ | 0.51f |1.227 |<4%
0.8m >= h>=0.02m Cloudy 0.1553 | 12.84 | 0.755 |1.081 |<2%
White ice Cleal 0.389¢ | 12.3¢ | 0.35( | 1.57¢ |<4%
0.8m >= h>=0.02m Cloudy 0.3456 | 10.30 | 0.590 |1.315 |<2.5%
Dry packed snow over blue i | Cleal A =0.2257 exp(-16.73h+ 0.4174 exp(-43.82h
0.4m >=h>=0.01lm B = 0.7280 exp(-0.1862h+ 0.3532 exp(-13.04n
0.8m >= h>=0.01m C =0.1561 exp(-92.7¢h

D = [0.06 + 0.0995 exp(-94.2QK"
Cloudy < 6%
A =0.980 exp(-17.81h

B = 0.6945 exp(-0.1048h+ 0.303 exp(-54.92h"3
C=D=0.0

< 6%

In the first approximation, the parameigior the percentage of shortwave radiation penetyati
into snow is kept at zero, angfor ice is calculated linearly as a function ofudiiness as given
in Grenfell and Maykut’'s 1977 paper:
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Io = 0.18(1-c) + 0.3560r white ice thickness less than 0.1 m,
Io = 0.43 (1-c) + 0.63tor blue ice thickness less than 0.1 m,

wherec is cloud fraction.

3.4.2.3Upward Longwave Radiation from the Surface

The third term on the left-hand side of the equafib), F|"* is the upward longwave radiation
flux from the surface that can be easily estimat&l the following formula:

FP=eo TS (14)
wheres is the longwave emissivity of the ice or snow aoefs = 5.6696*10° W m? deg’ is the
Stefan-Boltzman constant, amdis the surface skin temperature in K. For simpfican
emissivity 0f0.988is used for ice. Even though some pixels contamall portion of open
water or snow surface, the emissivity error frooimectly specifying the surface type is small

because the snow emissivity @°dook angle i€.995 very close to the value 6f987for ice
and0.988for water (Rees, 1993).

3.4.2.4Downward Longwave Radiation towards the Surface

The fourth term on the left-hand side of the equafiL),F ™" is the downward longwave
radiation flux from the atmosphere towards theazgfthat can be parameterized by the
following schemes.

3.4.2.4.1 Clear-sky Parameterizations of Longwave Radiation

1. Yu and Rothrock (1996) scheme:
F"=¢ 6T, (15)

wheree = 0.7855 (1 + 0.2232*" is an effective emissivity for the atmosphere @i the
near-surface air temperature2an above the surface, ands the fractional cloud cover.

2. Efimova (1961) scheme:
Fior™ = 6 Ta* (0.746 + 0.0066. 8 (16)
wheree, is the water vapor pressutePg).

3. Ohmura (1981) scheme for the temperature radge289K



23

Flo® = o Ta* (8.733*10° T2 %9 (17)

wherees, andT, are the same as above. This scheme is recomméardegisimplicity and
acceptable accuracy for this work.

. Maykut and Church (1973) scheme for the tempegatinge244-277K

Ferd" = 0.78556 T.* (18)

whereg, andT, are the same as above.

. Andreas and Ackley (1982) scheme for the Aratid Antarctic regions:

Fiar®™ =6 To* (0.601 + 5.95*1F &,"°°%™ (19)

wherees, andT, are the same as above, &k the near-surface water vapor presshRs).

3.4.2.4.2 Cloudy-sky Parameterizations of Longwave Radiation

1.

Yu and Rothrock (1996) scheme:
Fi'=¢ 6T (20)

wheree = 0.7855 (1 + 0.2232*" is an effective emissivity for the atmosphere @i the
near-surface air temperature at 2 m above theréanct is the fractional cloud cover.

. Jacobs (1978) scheme for Arctic summer and winte

F9=F %" (1 +0.26 ¢) (21)

wherec is the fractional cloud cover. This scheme is neceended for the simplicity and
acceptable accuracy for this work.

. Maykut and Church (1973) scheme o244-277K

FO= R (1 +0.2287 (22)

wherec is the fractional cloud cover.

. Zillman (1972) scheme:

Fi" = Fi o™ + 0 Ta" 0.96 (1 — 9.2*16 T (23)

. Schmetz et al. (1986) scheme:
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Fi = Flor®™ + (1 —e0) Cec o To" exp[(Te + To) / 46] (24)

wheregis the effective sky emittance, is the cloud emissivityl is the near-surface air
temperature, andig is the cloud base temperature.

3.4.2.5Turbulent Sensible Heat Flux

The fifth term on the left-hand side of the equafib), Fs is the turbulent sensible heat flux at
the surface that can be calculated by the folloviamulae if it is an unknown variable in the
OTIM.

Fs=pac Csu (Ta—Ty) (25)

wherep, is the air density (standard valuelo®75kgmn™ at ®C and 1000 hPay, is the specific
heat of wet air that should be calculated from®8§.1) with wet air specific humidity s is

the bulk transfer coefficients for the turbulemsiele heat flux between the air and ice surface
(Yu choseCs = 0.003for very thin ice, an@.00175for thick ice,0.0023for neutral stratification
as suggested by Lindsay (1998) in his energy balaradel for thick arctic pack ica),is the
surface wind speed,,is the near surface air temperatur@ at above the surface, amdis the
surface skin temperature.

C,,
Cp :de (1_q+ C q) (251)

pd
where G is the specific heat of water vapor at constanggane (1952 J ® kg'), and Gais the
specific heat of dry air at constant pressure (04 kg"), so G can simply be written as
C,=1004.5(1+0.9433q).

The wet air densityg, can be calculated using the gas law with a givefase air pressure,P
(hPa), surface air virtual temperaturg(K), and gas constan{y®(287.1 J kg K by Eq. 25.2.

, - 1o,
: RgasTv

where T=(1 + 0.608q) T, q is the wet air specific humidity (kg/kg).

(25.2)

3.4.2.6Turbulent Latent Heat Flux

The sixth term on the left-hand side of the equefiD, F. is the turbulent latent heat flux at the
surface that can be calculated by the followingrfigiae if it is an unknown variable in the
OTIM.

Fe=pal Cou (Wy — W) (26)
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wherep, is the air densityl, is the latent heat of vaporizatich10° Jkg™) which should
include the latent heat fusion/meltirg)3410° JRg™) if the surface is below freezinGe is the
bulk transfer coefficients for latent heat fluxenfaporationu is surface wind speeds, is the air
mixing ratio at 2 mys, is the mixing ratio at the surface. The mixingaas very close to the
specific humidity in magnitudey = q /(1-q)/q, whereq is the specific humidity.

The bulk transfer coefficientor the latent heat flux is a function of wind sgeand air-sea ice
temperature difference which can be parameterigeteacribed by Bentamy et al (2003),

C.={aexp[b (u+c)]+du+1}xId (26.1)

where a=-0.146785, b=-0.292400, c=-2.206648, arid6d42292. Th€&, values range between
0.0015 and 0.0011 for wind speeds between 2 amd €0 Schroder et al's study (2003)
indicated thaC. values are always around 1.0X1€xcept for rough multi-year ice which has a
C. value of 1.3x10, and G value of 1.5x18 from six ice categories that are gray young ice,
mixture of gray and white ice and leads, rough rydar ice, step change between ice and
water, loose ice fields, and grease ice (TabletBeir paper). Another parameterization scheme
of Cowas developed by Kara et al. (2000) for use inreeg@ circulation model. They relatéd

to both surface wind speed and air-sea temperdifieeence, the fitted expressions are as
follows:

Ce= Ceo+ Go1 (Ts— Ta) (26.2)
Ceo = [0.994 + 0.0641 — 0.00:0°]-10° (26.3)
Cer = [-0.020 + 0.6941/0) - 0.873(1/0)*-10° (26.4)

where the wind speed is limited to the intervad max[3.0, min(27.5, u) ] to suppress the
underestimation of the quadratic fit when u > 21.5%.

Because Cis so close in value tos@r sea water, a linear relationship betwegma G is used
rather than determining independergd&hd G; coefficients for the € This relationship also
helps to reduce the cost of computing the senkitsde flux as in GCMs. The simplest
representative linear formulation is found to he@96C, with a negligible intercept (3.60°)
as reported by Kara et al. (2000); we uge0®8C.in our model for the air-sea ice interface
turbulent heat transfer.

3.4.2.7Conductive Heat Flux

The seventh term on the left-hand side of the eguél),F is the conductive heat flux within
the ice slab that can be calculated by the follgwiormula as used by Yu and Rothrock (1996).

Fe=p(Ti—Ty (27)

wherey = (ki k) / (ks hi + ki hs), Ty is the water freezing temperature and can be elgéfrom a
simplified relationship offs = -0.0553,, whereS, is the salinity of seawater and assumed to be
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31.0parts per thousand (ppt) for the Beaufort Sea3@8ppt for the Greenland Sea, which
meansT; is in units of degrees Celsius, is snow depth, anld is ice thickness is the
conductivity of snow which can be formulatedkgs2.84510° gnow + 2. 70 .G TS"OW-233)/
(Ebert and Curry, 1993n04is the snow density ranging frod25 kg (new snow)~ 450
kg™ (water-soaked snowJsnowis snow temperature in Kelvin. The tekgcan be further
simplified asks=2.22362T0°°Y osnow) > 2> (Yen, Y.-C., 1981). Usuallyks is assumed to b@31
in some applications. The tetknis the conductivity of ice that can be estimatgdkib= ky +
BBS(T; — 273)(Untersteiner's, 1964), whep=0.13Wh“Kg™, ke=2.22(1-0.00159T;) W
'K is the conductivity of pure ice (Curry and Websi€99).5 is sea ice salinityT; is the
temperature within the ice slab. Some experimestative relationships betweér andh, T;
andTs, S andh; exist as described in the following subsecti®@ee Appendix A for the
derivation of Equation 27 for a two-layer systenthvenow over ice.

3.4.2.7.1 Relationship between Snow Depth and Ice Thickness

Doronin (1971) used the following relationship &timate snow depth in terms of ice thickness,
which was also used in Yu’s paper (1996):

hs = 0, forh; <5 cm;
hs = 0.054, for5cm< hj <20 cm;
hs= 0.14, forhj > 20 cm.

In reality, snow accumulation over the ice doesaubtially obey the relationship above. So we
set snow depth as one input variable in the OTIkkeariimate data or measurements are
available.

3.4.2.7.2 Relationship between Surface Temperature and l@mperature

The ice temperatur®g is one important factor affecting the ice condutficalculation, which

may be significantly different from the surfacerskémperature measured or retrieved with
remote sensing data. In general, we can obtaiaceidkin temperatui® through satellite
retrieval techniques more or less directly, buthot the surface is covered with thick snow. Yu
and Rothrock (1996) suggested that assurjigequal tol's can cause 5% and 1% errors when
ice is 5 cm thick and 100 cm thick, respectiveljafassumption may be valid at night as during
the day most of the solar radiation is reflecteckita the atmosphere from the snow layer;
during the daylight very little solar radiation aally reaches the interface of the ice and snow,
especially for new snow. Thus the surface skin enaioireT s is the surface snow temperature,
which may differ significantly from the ice temparee, resulting in a large uncertainty in the ice
conductivity calculation, and consequently in @é&error in the calculated ice thickness. This
uncertainty is one of major error sources for thgtidne retrieval of ice thickness with the

OTIM. More work should be done to correct the et of solar radiation in the OTIM for
sunlit conditions.
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In addition, if no surface air temperature is aafal¢, surface air temperaturgcan be calculated
by Ta-Ts+ 2.2 — 1.& whereC s the cloud amount (0~1). Furthermore, 90% ofetefair
relative humidity is assumed when humidity datarereavailable. Those assumptions and
default values were tested to be good estimates énar own work and that of other researchers
(Yu and Rothrock, 1996; Persson et al., 2002)

3.4.2.7.3 Relationship between Sea Ice Thickness and SeaSaknity

There are some experimental relationships betwegice thicknesk; and sea ice salinitg as
listed below.

1. Cox and Weeks (1974) scheme:

S =14.24 + 19.3%, forh; <0.4 m,
S=7.88+1.5%, forh; > 0.4 m.

2. Jin, Stamnes, and Weeks (1994) scheme:

S=7.0-31.6%, forh; < 0.3 m,
S=8.0-1.6%, forh; > 0.3 m.

3. Kovacs (1996) scheme:
S =4.606 + 0.91603/h for 0.10 mg h;j<2.0 m.

We use this scheme in the OTIM.

3.4.2.7.4 Direct Solution from Conductive Heat Flux

If the conductive heat fluk. is known with other known parameters likeandS, the ice
thickness can then be retrieved from equation g &imply solving the equation, and then the
analytical solution can be obtained. Below aretitt® cases used to solve equation (27) for ice
thickness.

1. Fresh Water Ice

For fresh water or lake ic&,=0, S=0, T+=273.15K ki=ko; therefore it is easy to reorganize
equation (27) into the following (28).

LetT, —T, =T,, then wehave
Kk (28)

I:c = > Tr
kh + ko
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After a series of derivations, we can get the feilg solution:

gk
h _FCD-r ksl:hs (29)

2. Sea lce

From the above discussion, the ice conductivitylmaexpressed as

k = (koTi = Toko + BN + 55, (30)
(T —To)h

whereS=4.606, $5=0.91603 andTy=273.15

Let Ti — To=Tk, then from Eqg. (27) and (30) we have

P hkfsk [T, and lettinga=F okeT, b=(koTict fS) (FehskeTy), c=Si(FehiskeTy), h=h, we

have the ice thickness monadic quadratic equasaifa+ bh + ¢ = 0. Therefore, wheb?® —
4ac =0, two real solutions exist as

:—b+\/b2—4ac -b-+/b®-4ac

2a ’ 2a

h andh, =

Whenb? — 4ac = 0 hs=h»,; and wherb? — 4ac < Q there is no real solution for ice thickness.

3.4.2.8Solving the OTIM for Ice Thickness

The OTIM can be solved for ice thickness analylycat numerically in terms of input options
and variable status as described in the followirgssctions. First let’s rewrite Eq. (1) into the
following form

@-a)1l-i)F, +F ., +F =0 (31)

whereF =— R + F™ + Fs+ Fe— Fa, @ = 0s,
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a=1-Ae®" -Ce ™", wherehis ice or snow thicknessand B, C, D, arecoefficientso be
determined from Table 2.
i =Ae®"+Ce ™", where his ice slab thickness,ce slatransmitarce and A B, C, D, are
coefficientso be determined from Table 3.
F.=r(T, -T), §=§+9/h letkT, + /55 =g, we have
(TN gt/ KT+ ANA] L kgt )
Th Th ' kEh*+ghh+sh,  kTh®+ghh+A5h
_ kT(gh+/)
° kTh*+ghh+A5h

3.4.2.8.Known Surface Albedo and Known Ice Transmittance

If the values of ice/snow surface aller and the ice slab transmittarare both knowilet

- _ _ kT (gh+45) _
1-a)1-iI)F +F =F, then we have + F. =0, soF, + ! =
FkT.h*+(Fhg+kTgh+FASh +k/AST, =0, leta= FkT,, b=Fhg+kTg, and

—] 2—
c=F,ASh, +kAST, therh= 2 “;’a 4ac

. whenb? —4ac=0, there are real solutions.

3.4.2.8.2 Known Surface Albedo and Unknown Ice Transmittance

If the value of ice surface albea is known or snow is present over the ice with aviim deptt
but the ice slab transmittance unknown, let (t a)F, =F,, then (:-i)F, +F, +F =0.
LetF +F_ =F,, thenF, —-iF _ +F, =0, so we have

kT.(gh+/£5)

— _Bih —Dih — . . . .
KT.h? + fSh_+ hgh F.(Ae ™" +Ce ")+ F, =0; after a series of derivations, we have

F.(Ae™" +Ce™"(kTh? + g,h +kh)) —[FkTh*+(gkT, +F,g,)h + (KT, + F,h)k,] =0,
wherek, = S, g, = hg. There is no analytical solution for this nonlineguation;a numerical
approach must be applied to solve it for the icekties$.
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3.4.2.8.3 Unknown Surface Albedo and Known Ice Transmittance

If the value of ice surface albe a is unknowr but the ice slab transmittani is known let

(1-i)F, =F,, then (- a)F, +F_+F =0. We knowa =1-(Ae*" +Cge™®"), therefore
kT, (gh+k,)

k.T.h*+kh +g,h

Fi(Ae™" +Ce ") (kTh? + g,h +k,h) + FkTh? + (kT g+ Fg,)h + (KT, + Fhyk, =0,

wherek, = S, 9, = hg. There is no analytical solution for this nonlineguation; a numerical

approach must be applied to solve it for the icektiessh.

Fi(Ae®"+Ce ™" +F +F =0, andF, =

. Finally, we have

3.4.2.8.4 Unknown Surface Albedo and Unknown Ice Transmittea

If the values of both ice surface albe&r and ice slab transmittani are knowr we hav
l-a)A-i))F +F +F =0, a=1-(Ae " +Cge™™"), i =Ae®"+Ce™",
__ kT.(gh+/S)

* kThP+kh +gh’
F(Ae ™" +Ce ™" (1-Ae™®" -Ce ") (kT.h*+g,h+k,h)+FkTh>+(kTg+Fg,)h+
(k.T. + Fh)k, =0, wherek, = £S, g, = h.g. There is no analytical solution for this nonkn
equation; a numerical approach must be appliedit@ st for the ice thickness

andF =-F" +F" +F_+F_—F,. After a series of derivation,

3.4.2.8.5 Nighttime Solution
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At night,there is no need to consider solar radiationenQ@fi IMp we can s

F. =0, therefore from@ a)@1-i)F, +F, +F =0, we hav&, +F =0, and we know
F = KhLightk) —  kT(gh+/5)

© kTh*+kh +gh’ kT h* +ioh +gh
FKTh® +(kT.g+Fg)h+(kT, +Fh)k, =0
Leta=FkT, b=kTg+Fg, c=(kT +Fh)k,, then we hava’ +bh+c =0, so the solutic

+4/b* - 4ac

for the monadic quadratic equatidm:is_b‘ oa

+F =0. Finally we have

. and wheb? —4ac=0, there are

real solutions

3.4.2.9Ice Age

The GOES-R Mission Requirements Document (MRD) ireguat the Threshold level, that ice-
free areas be distinguished from first-year ice @ldér ice areas. The Goal requirement is to
distinguish not only ice-free from first-year iceeas, but also to distinguish between the
following types of ice: nilas, grey white, firstgemedium, first-year thick, second-year,
multiyear smooth, and multiyear deformed, commaijed ice age. Generally speaking, older
ice is thicker than younger ice. As this assumpisoconsidered valid as tested and verified by
many other researchers (e.g., Tucker et al., 200%t al., 2004; Maslanik et al., 2007), ice
thickness is used as a proxy for ice age.

There is internationally accepted terminology fag form and conditions, coordinated by the
WMO. This terminology is used by the Canadian leevi8e as the basis for reporting ice
conditions, and adopted by this work, with minordifications, for classifying ice into different
categories. Refer to thdanual of Standard Procedures for Observing anddriapy Ice
Conditionsby the Canadian Ice Service, availablétat://ice-
glaces.ec.gc.ca/App/WsvPageDsp.cfm?Lang=eng&Ini@S2B8dLvI=no&ID=172

Sea-icetypes

* New: A general term for recently formed ice which umbs frazil ice, grease ice, slush
and shuga. These types of ice are composed ofystats which are only weakly frozen
together (if at all) and have a definite form owlljile they are afloat.

* Nilas: A thin elastic crust of ice, easily bending orves and swell and under pressure
growing in a pattern of interlocking “fingers” (fyer rafting). Nilas has a matte surface
and isup to 10 cmin thickness and may be subdivided into dark ralag light nilas.

* Greylce Young icel0-15 cmthick. Less elastic than nilas and breaks on swallally
rafts under pressure.

* Grey-whitelce: Young icel5-30 cmthick. Under pressure it is more likely to ridgam
to raft.

* Thin First-year Ice: First-year ice of not more than one winter's glgB0-70 cmthick.
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* Medium First-year Ice: First-year, ice/0-120 cmthick.

* Thick First-year Ice: First-year icel20-170 cnthick.

» OldIce: Seaice which has survived at least one summmedts Topographic features
generally are smoother than first-year ice, arude than 170 cnthick. May be
subdivided into second-year ice and multi-year ice.

» Second-year Ice: Old ice which has survived only one summer's melt

* Multi-year Ice: Old ice which has survived at least two sumnraes.

Lake-icetypes

* New: Recently formed ickess than 5 cnthick.

* Thin: Ice of varying colors5-15 cmthick.

* Medium: A further development of floes or fast id&-30 cmthick.

* Thick: Ice30-70 cmthick.

* Very Thick: Floes or fast ice developednwore than 70 cnthickness.

3.4.3 Algorithm Output

The final outputs of this algorithm are ice thickagice age, and other optional parameters
(Tables 5 and 6). The ice thickness values areemange 0 to > 3.0 m for both sea ice and lake
ice. Ice age categories and descriptions of theanings are given in Table 5. The associated ice
thickness and age quality flags (Table 7) and natathformation are also provided and
described here.

Table5. AITA output parameters and their definitions.

Definition Description

Ice Thickness Ice thickness is defined as the total vertical teraj the ice
under and above the water surface. The reliabléhickness
retrieved from this algorithm ranges betw®en 3.0 m

Iceage
1: New Recently formed ice which includes frazé,igrease ice, slush
and shuga. These types of ice are composed ofystalts
which are only weakly frozen together (if at aljdehave a
definite form only while they are afloat, usualgss than 2 cm
in thickness.

2: Nilas A thin elastic crust of ice, easily berglion waves and swell
and under pressure growing in a pattern of int&rtar
“fingers” (finger rafting). Nilas has a matte swréaand isup to
10 cmin thickness and may be subdivided into dark ralad
light nilas.

3: Grey Young icd C-15 cnr thick. Less elastic than nilas and breaks jon
swell. Usually rafts under pressure.

4: Grey-white Young ic45-30 cmthick. Under pressure it is more likely to
ridge than to raft.
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5: First-year Thin First-year ice of not more tloare winter's growth30-70 cm
thick.

6: First-year Medium| First-year, iG&-120 cn thick.

7: First-year Thick First-year icE2C-170 crr thick.

8: Older Ice Sea ice which has survived at leastsummer's melt.
Topographic features generally are smoother thatyear ice,
andmore than 170 cnthick. May be subdivided into second-
year ice and multi-year ice usihggrangiantracking technique
developed by Fowler and Maslanik (2004), not OTIM.

Second-year Ice: Old ice which has survived only one
summer's melt.
Multi-year Ice: Old ice which has survived at least two
summer's melt.

The algorithm can also output other optional patansghat are closely related to the surface
energy budget and ice thickness retrieval. Thesertgd outputs from OTIM are listed and
described in Table 6. These optional output pararsetill be implemented in the next version
of the algorithm.

Table 6. AITA optional output parameters and their definiso

Parameter Unit Description

Cloud mask Oorl Clear or cloudy over the iceaaf observed.

Surface broadband 0~1 Ice/snow surface broadband albedo, modeled or

albedo in-situ measured, daytime only.

Ice transmittance 0~1 Ice slab transmittancesdder radiation, modeled
or measured, daytime only.

Surface incoming solar| W[m™ Incoming solar radiation flux at the surface,

radiation flux modeled or observed, daytime only.

Surface outgoing Wik Outgoing thermal radiation flux at the surface,

thermal radiation flux modeled or observed.

Surface incoming Wik Incoming thermal radiation flux at the surface,

thermal radiation flux modeled or observed.

Surface turbulent WwWim? The turbulent sensible heat flux at the interfaice o

sensible heat flux ice and the above atmosphere, modeled or
observed.

Surface turbulent latent \W[m™ The turbulent latent heat flux at the interfacecef

heat flux and the above atmosphere, modeled or observed.

Conductive heat flux | WIm™ Conductive heat flux within the ice slab.

Other potential optional output parameters:

Surface skin K Ice/snow surface skin temperature, observed.

temperature
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Surface air temperature K

Surface air temperatuPenaabove the ground,
modeled or observed.

Surface air humidity 0%~100% Surface air humidigfative or mixing ratio,
modeled or observed.

Surface wind mis* Surface wind speed at 2 m above the ground,
observed.

Sea water salinity PPT Sea water salinity, modetembserved.

Sea ice salinity

Sea ice salinity, modeledbserved.

Snow depth m Snow accumulation over the ice iremetodeled
or observed.
Water freezing point K The temperature at whichewvfreezes, modeled

or observed.

Snow conductivity

Snow conductivity, modeled or observed.

Ice conductivity

Ice conductivity, modeled or observed.

Table 7. AITA products quality information (4 bytes)

Byte | Bit Quality Flag Name Description Meaning
0 00 - normal
01 - uncertain
1 QC_OUTPUT Output product quality 10 — non-
retrievable
11-bad data
2 00 - clear
0 01 - probably clear
3 QC_INPUT_CLD cloud mask 10 -probably
cloudy
11-cloudy
4 QC INPUT_ DAY Day/Night 0-Day 1-Night
5 QC_INPUT_SUNGLINT Sunglint or not 0-Yes 1-No
6 | QC_INPUT_CLDSHADOW Cloud shadow or not 0-Yes @&-N
7 QC_INPUT_ICEIDEN Ice identification 0-Yes 1-No
0 QC_INPUT_ICECONC Ice concentration 0-Yes 1-No
1 QC_INPUT_ICETRAN Ice transmittance 0-Yes 1-No
2 QC_INPUT_SOLZEN Valid solar zenith angle 0-YesNd
1 3 QC_INPUT_SATZEN Valid satellite zenith angle 0-Yes 1-No
4 QC_INPUT_ALBEDO Surface broadband albedo 0-YedNol
5 QC _INPUT_TSURF Surface skin temperature 0-Yedlol-
6 QC _INPUT_SNOW Surface snow depth 0-Yes 1-No
7 QC_INPUT_WIND Surface wind speed 0-Yes 1-No
0 00 - in-land water
QC_INPUT_SURFACE Surface background flag 01 - sea water
5 1 10- land
11 - others
2 QC_INPUT_TAIR Surface air temperature 0-Yes 1-No
3 QC_INPUT_PRESSURE Surface air pressure 0-Yeso 1-N
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Surface

4 QC_INPUT_HUMIDITY air relative humidity 0-Yes 1-No

Surface shortwave
5 QC_INPUT_SSWD downward radiative flux O-Yes 1-No
6 QC_INPUT_SLWD Surface longwave 0-Yes 1-No
downward radiative flux
7 QC_INPUT sLwy | Surface longwave upward g yeq 1 ng
radiative flux

0 QC_INPUT_SSHF Surface turbulent sensible ) .o 1o
heat flux

1 QC_INPUT_SLHF Surface turbulent latent 0-Yes 1-No
heat flux

5 QC_INPUT_SCHF Surface (;?unxductlve heat 0-Yes 1-No

3 3 QC_INPUT_SRHF Surface residual heat flux 0-YesNol

4 QC_RET_ALGO Day/Night algorithm | 0 1_Njight
selection

5 QC_RET METH Math method for solutiop 0-Analytical 1-

Numerical
6 QC RET_RESU Retrieval success or falil 0-Succedsaill
7

" The "Yes/No” flag indicates whether or not thapii parameter is available. Some input parameters

must be given in order to do ice thickness/agéenal; these critical input parameters include dlou

mask, solar zenith angle, surface skin temperaiteddentification. Other input parameters can be

missing or not available for input, so-called optibable-to-missing parameters, that will resultiia

default values of those parameters being assignealaulated by OTIM built-in parameterization

schemes; these parameters include surface air temape humidity, pressure, and wind speed, surface

broadband albedo, ice slab transmittance, cloudasfgaice concentration, satellite zenith angle,

day/night indicator, sunglint mask, and all shose/and longwave radiation fl

The metadata are also included in the final praglulthe metadata include the common metadata

uxes.

for all data products and specific metadata foithtekness and age products.

Common metadata for all data products:
» DateTime (swath beginning and swath end)
» Bounding Box
* Product resolution (nominal and/or at nadir)
* Number of rows, and number of columns
» Bytes per pixel
« Data type
» Byte order information
» Location of box relative to nadir (pixel space)
» Product Name
» Product units
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Ancillary data to produce product (including protprecedence and interval between
datasets is applicable)

* Version Number

» Origin

* Name

Satellite

Instrument

Altitude

Nadir pixel in the fixed grid
Attitude

Latitude, longitude

Grid projection

Type of scan

Product version number
Data compression type
Location of production
Citations to documents
Contact information

Ice Thickness and Age Specific Metadata:

>

>

YVVVYVVVY

Number of QA flag values (currently, there are 4ridal or Optimal; Uncertain or
Suboptimal; Non-retrievable; Bad or missing)

For each QA flag value, the following informatieprovided:

» Definition of QA flag

» Total pixel numbers with the QA flag

Total number of pixels with water surface

Total number of valid ice thickness and age re#dieynormal + uncertain)

Total percentage of valid ice thickness and agéeketis of all pixels with water surface
Total pixels numbers and percentage of terminataip (Non-retrievable and Bad)
Pixel number of daytime ice thickness and age validevals

Pixel number of nighttime ice thickness and ag&vaitrievals

Mean, Min, Max, and standard deviation of valid ticekness retrievals

4 Test Data Setsand Outputs

41

Simulated/Proxy Input Data Sets

The simulated/proxy input data sets used to tesAth A included APP-x, MODIS, and SEVIRI
observations as detailed in the following subsestio

4.1.1 APP-x Data
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The Advanced Very High Resolution Radiometer (AVHRRIar Pathfinder (APP) project
(Fowler, et al, 2002) recently produced 23 yearswafe-daily, bi-polar surface temperature,
surface albedo, and cloud information products. AR® data has been extended to include
cloud properties and surface radiative fluxes (Wamg) Key, 2003). The extended AVHRR
Polar Pathfinder data set, called the APP-x ddtaceeers the entire Arctic and Antarctica area
and spans 1982-2004 at a spatial resolution oi253pecifically, the data we are interested in
for this work are cloud information, surface skémiperature, surface broadband albedo, and
surface radiation fluxes retrieved from satellibs@rvations as inputs to the OTIM for estimating
ice thickness and age along with other ancillapfilgr data and wind data from NCAR/NCEP.
Figure 2 is an example of AITA retrieved monthlg ihickness and ice age with APP-x data.

03-2003 0400 LST, 03-2003 0400LST, NOAA 16
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Figure 2. AITA retrieved monthly mean ice thickness (leftidaice age (right) with APP-x data
for March 2003 under all sky condition.

4.1.2 MODISData

MODIS (Moderate Resolution Imaging Spectroradiomegea key instrument aboard the Terra
(EOS AM, refer to http://terra.nasa.gdp@nd Aqua EOS PM, refer to http://aqua.nasa.gpv/
satellites. Terra's orbit around the Earth is tirmedhat it passes from north to south across the
equator in the morning, while Aqua passes soutiotth over the equator in the afternoon. The
MODIS instrument has a viewing swath width of 2,¥8@ and views the entire surface of the
Earth every one to two days. Its detectors me&ispectral bands between 0.405 and 14.385
um, and it acquires data at three spatial resolgtidgBOm, 500m, and 1,000m. Many data
products derived from MODIS observations descréasgures of the land, oceans and the
atmosphere that can be used for studying processesends on local to global scales to
improve our understanding of global dynamics arat@sses occurring on land, in the oceans,
and in the lower atmosphere. MODIS plays a vité o the development of validated, global,
interactive Earth system models able to predidb@lahange accurately enough to assist policy
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makers in making sound decisions concerning theeption of our environment. Figure 3 and 4
show two cases of AITA retrieved daily ice thicke@sd ice age with MODIS data.

MODIS Aqua Data, March 31 2008

MODIS Aqua Data, March 31 2006
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Figure 3. AITA retrieved ice thickness (left) and ice agglit) with MODIS Aqua data on
March 31, 2006 under clear sky conditions.
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Figure4. AITA retrieved ice thickness (left) and ice agglft) with MODIS Aqua data on
February 24, 2008 under clear sky conditions.

4.1.3 SEVIRI Data
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SEVIRI (Spinning Enhanced Visible & InfraRed Ima) isthe primary payload of the MS
(Meteosat Second Generati satellites which have be@anjoint project between the Europe
Space Agency andUBMETSAT (the European Organisation for the Exploitatiol
Meteorological Satellitesgince 197 (refer to

http://www.eumetsat.intthome/MaAccess_to Data/Meteosat_
Image_Services/SP_112323786E5). SEVIRI measures reflected and emitted radiancé.i
spectral channels located betweenum and 14um with a nominal spatial resolution of 3 km
the sub-satellite poirgtlone with an additiondroadband high-resolutiovisible (HRV, 0.-1.1
um) channethat has 1 km spatial resolution. The fullk view allows frequent sampling, eve
15 minutes, enabling monitoring of rapidly evolviegent. The nominatoverage includes all
of Europe, all of Africa and locations which the elevation to the satellite is greatentba
equal to 10 (Figure 5). Figure 6 shows one case of AITA retidaily ice thickness and i
age with SEVIRI data.

60N
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o

0
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Figure5. MSG Telecommunications coverage ar
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SEVIRI Data, January 27 2006

SEVIRI Data, January 27 2006
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Figure6. AITA retrieved ice thickness (left) and ice ageglit) with SEVIRI data on January 27,
2006 under clear sky conditions.

4.2  Output from Simulated Input Data Sets

The output results from proxy data sets with th&€Ahklgorithm are given in Figures 2, 3, 4, and
6 in the previous section.

4.2.1 Precisionsand Accuracy Estimates

To estimate the performance of the AITA, we havedusomprehensive numerical model
simulations, submarine and moored Upward Lookinga89ULS) measurements, and
meteorological station measurements to assessadiddte the AITA. This section will present
our analysis methodology for estimating the precigind accuracy. The next section will
provide the quantitative results in terms of the M&pecifications.

4.2.1.1Numerical Model Simulation Analysis

For this project the Pan-Arctic Ice-Ocean Modeklmgl Assimilation System (PIOMAS) was
used for validation purposes. PIOMAS is a couplathfel Ocean and sea Ice Model (POIM,
Zhang and Rothrock 2003) capable of assimilatiegcmncentration and velocity data. It is
formulated in a generalized orthogonal curvilineaordinate (GOCC) system and designed to
run on computers with a single processor or malyspeagallel processors. PIOMAS couples the
Parallel Ocean Program (POP), developed at theAlaveos National Laboratory, with a
thickness and enthalpy distribution (TED) sea-ia&el, which is a dynamic thermodynamic
model that also explicitly simulates sea-ice ridgithe TED model originates from the
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Thorndike et al. (1975) thickness distribution ttyeand is recently enriched by enthalpy
distribution theory (Zhang and Rothrock, 2001).

APPx, 03/21/2004 0400LST, NOAA 16
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Figure7. AITA retrieved ice thickness (left) with APP-x deand PIOMAS simulated ice
thickness (right) for March 21, 2004 under all slopditions.

The PIOMAS data sets from the retrospective ingasiton include model output for 1978-2005,
specifically estimates of some key ice and oceaiai@s. The data sets only include results for
the period of 1978-2005 when satellite ice conadiuin data are available for assimilation.
These data sets include Arctic sea ice thicknedsancentration, snow depth, ice growth rate,
ocean surface salinity, and others. Of speciatasteo this work is the PIOMAS estimated sea
ice thickness. Figure 7 shows the AITA estimatedti&rsea ice thickness with APP-x data and
the PIOMAS estimation on the same day March 2142Q@erall, AITA estimated sea ice is
thinner than PIOMAS; the inconsistency or mismatilhbe investigated in the next section
with submarine cruise measurements and in-sitiostateasurements.

4.2.1.2Submarine Cruise Measurement Analysis

National Snow and Ice Data Center (NSIDC) archia@aome from theSubmarine Upward
Looking Sonar Ice Draft Profile Data and Statisbeer recent decades. This data set consists of
upward looking sonar draft data collected by sulimearin the Arctic Ocean. Data are provided
as ice draft profiles and as statistics derivedhftbe profile data. Statistics files include
information concerning ice draft characteristiosels, level ice, leads, undeformed and
deformed ice (refer to http://nsidc.org/data/g0186€l). This data set includes submarine data
collected in the Arctic Ocean by U.S. Navy and R®&Navy submarines. U.S. Navy guidance

has stated that previously classified, submarinkeded ice draft data may be declassified and
released according to set guidelines. Those guieeinclude restrictions stating that data



42

positions must be rounded to the nearest 5 minaitigitude and longitude, and the date is to be
rounded to the nearest third of a month. Due tdithigations enforced by those guidelines for
temporal and spatial information, not all of theéadare suitable to be used by scientific study.

Fortunately, not all data from U.S. Navy submariaesrestricted. Data from a research program
called Scientific Ice Expeditions (SCICEX), usiny&. Navy submarine, are not classified and
do not have restrictions on reporting the preasation and date; in fact, the SCICEX ice draft
data in this collection are reported with theiredat acquisition, and the position is reported to
six decimal places, which make the SCICEX dataabietfor scientific study (Figure 8). We

used SCICEX 1999 ice draft data (hereafter SCICEXH this work because NSIDC obtained
permission to release some SCICEX-99 data acqoirtside the previously mentioned release
box, meaning a larger area of coverage for the sittalhere are two types of data files, one for
ice draft profiles, and the other for statisticsivkd from the profile data. Ice draft files includ
header that provides the date and location infaomdbllowed by a sequential list of drafts
spaced at 1.0 m intervals that comprise the botl®-sea-ice roughness profile. Data in each
file fall along a straight-line (great circle) tkabetween the two end points given in the header.
The length of the profile in any given file canudgeto 50 km, but may be shorter if data dropouts
create gaps greater than 0.25 km, or if changesurse cause deviations from a straight-line
track. Statistics files include information on @eaft characteristics, keels, level ice, leads, and
un-deformed and deformed ice.

Figure 9 and 10 show the comparisons of the that¢e skts (APP-x, submarine, and PIOMAS)
with regard to ice thickness. Results are givehahle 8. Note the submarine actually measures
ice draft (ice below the surface), which is roug89¢ of the total ice thickness based on
Archimedes' buoyancy principle in terms of differemter and ice densities. The draft can be
approximately converted to thickness using an eogimultiplicative factor of 1.11
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Figure 8. U.S. Navy submarine track for SCICEX ice draftadedllection during April 2 — May
13in 1999.
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Figure 9. Comparisons of ice thickness cumulative distrimutietrieved by OTIM with APP-x
data, measured by submarine, and simulated byumeincal model PIOMAS Submarine ice
draft (mean and median only) was already convedeck thickness using a factor of 1.11.
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Table 8. The AITA validation result against submarine measnts.

AITA Submarine
Thickness Mean (m) 1.73 1.80
BiasMean (m) -0.07
Bias Absolute Mean (m) 0.31
Bias Standard Deviation 0.42
Accuracy’ 83%
AITA lce Age Ice free water, new/fresh, nilas, grey, grey-wHhitst year thin,

first year medium, first year thick, and multi-yaeee.
ADR Requirements |Distinguish between ice free areas, first-yearace] older ice.

Distinguish between Ice free, new/fresh ice, nitgasy white, first
Year medium, first Year Thick, second year, andtiyeér smootl
and deformed ice.

* Accuracy=(1.0 — (Bias Absolute Mean)/(Submarine Mie& thickness))*%

CDR Requirements

4.2.1.3Station Measurement Analysis

The Canadian Ice Service (CIS) maintains archigedlhickness and On-lce Snow Depth
Measurements for Canadian Stations (Figure 11) badhr as 1947 for the first established
stations in the Canadian Arctic (Eureka and Respl@y the beginning of 2002 most stations
from the original Ice Thickness program had stopiadéchg measurements. Fortunately, due to
an increasing interest in updating this histordatiaset to support climate change studies, a new
program was started in the fall of 2002, calledNlesv Arctic Program (refer to http://ice-
glaces.ec.gc.ca/App/WsvPageDsp.cfm?Lang=eng&Inids&&lLvi=no&ID=11703). Several
stations in the Canadian Arctic were re-openedstaided taking measurements. These New
Arctic Program stations are listed in Table 9. Nesv Arctic Program Data will be used in this
work.
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Figure 11. Spatial deployment of the Canadian stations fethickness and on-ice snow depth
measurements.

Table 9. Geographic Information of the New Arctic Progratati®ns (Starting Fall 2002) for
Ice Thickness and On-Ice Snow Depth Measurements.

Station ID Station Name Start Date LAT LON

LT1 ALERT LT1 10/16/2002 82.466667 -61.5

YLT ALERT YLT 10/16/2002 82.500275 -61.716667

YBK BAKER LAKE 11/27/2002 64.316666 -95.966667
YBK

YCB CAMBRIDGE 12/07/2002 69.10833 -104.95
BAY YCB

YZS CORAL 11/15/2002 64.119446 -82.741669
HARBOUR YZS

WEU EUREKA WEU | 10/11/2002 79.986115 -84.099998

YUX HALL BEACH 11/10/2002 68.765274 -80.791664
YUX

YEV INUVIK YEV 11/29/2002 68.35833 -132.26138

YFB IQALUIT YFB 01/04/2003 63.727779 -67.48333

YRB RESOLUTE 12/13/2002 74.676941 -93.131668
YRB

YZF YELLOWKNIFE | 11/29/2002 62.465556 -114.36556
YZF
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Most of the data in the current archive at the @aralce Service have been collected by the
Atmospheric Environment Program of Environment @andut some data are provided by
other organizations such as the St-Lawrence Seawthority, Trent University and Queen’s
University. Measurements are taken approximatetiiasame location every year on a weekly
basis starting after the initial freeze when theeigcsafe to walk on, and continuing until break-up
or when the ice becomes unsafe. The location éctal close to shore, but over a depth of water
which will exceed the maximum ice thickness. Idekhess is measured to the nearest
centimeter using either a special auger kit ortaNie ice thickness gauge. The depth of snow
on the ice at the location of ice thickness measard is also measured and reported to the
nearest centimeter. Measurements after 1982 ineddiional information (coded values as per
code for additional information at bottom) suctcharacter of ice surface, water features and
method of observation. Figures 12 and 13 show dingparisons of the three data sets for ice
thickness in cumulative frequency and in absoluagmtude, respectively. Results are given in

Table 10.

Table 10. The AITA validation result against in-situ statioreasurements.

Requirements

AITA | AITA AITA AITA AITA AITA AITA AITA
AITA ALERT| ALERT |CAMBRI | CORAL |EUREKA| HALL |RESOLU |YELLOW
Station LT1 YLT |DGEBAY|HARBOU| WEU | BEACH | TEYRB | KNIFE
YCB RYZS YUX YZF
Thickness 117 [1.21 1.48 1.17 1.36 1.37 1.21 0.91
Mean (m) 1.23 |1.26 1.51 1.20 1.54 1.46 1.50 0.93
BiasMean (m)}-0.06 [-0.06 [-0.04 -0.03 -0.18 -0.07 -0.29 -0.01
Biasabsolute |0.14 [0.16 0.58 0.32 0.27 0.32 0.31 0.31
Mean (m)
AITA IceAge |Ice free water, new/fresh, nilas, grey, grey-whitst year thin, first year
medium, first year thick, and multi-year ice.
ADR |Distinguish between ice free areas, first-yearace] older ice.
Requirements
CDR

Distinguish between Ice free, new/fresh ice, nitasy white, first Year mediu
first Year Thick, second year, and multiyear smaott deformed ice. nr
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Figure 12. Comparisons of ice thickness cumulative distritnutietrieved by OTIM with APP-x
data, measured by stations, and simulated by tireencal model PIOMAS at the station
locations shown in the lower-right corner of eatdt.p
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Figure 13. Comparisons of ice thickness values retrieved BiMOwith APP-x data, measured
by stations, and simulated by the numerical motf®@MAS at the station locations shown in the
lower-right corner of each plot.
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4.2.1.4Mooring Measurement Analysis

There are ice draft mooring data from the Beau®ynte Exploration Project (BGEP;
http://www.whoi.edu/beaufortgyre/index.hinitom 2003 up to the present at three mooring
sites in the Beaufort Sea area. Since 2003, Upleo#ing Sonars (ULS) were deployed
beneath the Arctic ice pack on Beaufort Gyre Obegr@ystem (BGOS;
http://www.whoi.edu/beaufortgyre) bottom-tetheredamngs (Ostrom et al., 2004; Kemp et al.,
2005). Over 15 million observations are acquiredefieery mooring location each year. Detailed
ULS data processing can be foundhtip://www.whoi.edu/beaufortgyre/pdfs/
BGOS%20ULS%20Data%20Processing%20Procedure.pdtiséftice draft mooring data
from 2003 and 2004 from three mooring sites becAld¥e-x data are not available beyond
2004. The mooring ice draft is converted to icekhess by multiplying a factor of 1.11 as was
done for the submarine ice draft. The daily meandiaft mooring data from 2003 to 2004 were
used in the comparison, excluding the data from Mayugh August due to the lack of
retrievals of OTIM for the polar day period.

Table 11 lists mooring site location informatioimé period, and comparison statistical results.
Figures 14 and 15 show the comparisons of the thatesets, i.e., OTIM using APP-x,
PIOMAS simulations, and mooring measurements aetBites, as a cumulative frequency ice
thickness distribution and as point-to-point congans. Table 11 provides the statistical results
of ice thickness from OTIM and from mooring measoeats for each of the three sites when
both of them have valid ice thickness data. Thealerror is comparable to the error of OTIM
against submarine and station measurements.

Table 11. The OTIM validation results against mooring measugnts over 2003-2004.

voor i(r)lgnl_Mocation Thicknessmean (m) | Biasmean (m) | Biasabsolute mean (m)
Site A (750.45()391’]'\]'\,/'14958.660'W) 11._2224 0.02 (-1.2%) 0.19 (15.3%)
Site B (781.4%)+|71M14§49.203'W) 11.,1372 o015 (114 0290199
Site C (7659.2(\':>;_2|_'||\'\|/i 13954.562'W) 11'_2302 0.12 (:9.1%) 0.28 (21.2%)
" ot AveRAGE 120 000 (60%) | 0.2509.4%
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Figure 14. Comparisons of ice thickness cumulative distrinutietrieved by OTIM with APP-x
data, simulated ice thickness from the PIOMAS mauahel the ULS measurements at the
mooring sites A, B, and C.
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Figure 15. Comparisons of ice thickness values retrieved BiMOwith APP-x data, ULS
measured ice thickness at mooring sites A, B, arah@ simulated ice thickness from the
PIOMAS model.

4.2.1.5Microwave Data Derived Ice Age Analysis

A data set of sea ice concentrations (the fractbopercentage, of ocean area covered by sea ice)
is available ahttp://nsidc. org/data/nsidc—0051. html. This data set is generated from
brightness temperature data derived from the Nirtb8sanning Multichannel Microwave
Radiometer (SMMR) and Defense Meteorological S&dirogram (DMSP) -F8, -F11 and -F13
Special Sensor Microwave/lmager (SSM/I) radiand¢esgrid cell size of 25 x 25 km. These
data include gridded daily (every other day for SRIdlata) and monthly averaged sea ice
concentrations for both the north and south pa@gions. The data are generated using the
NASA Team algorithm developed by the Oceans andteach, Laboratory for Hydrospheric
Processes at NASA Goddard Space Flight Center (%@ include data since 26 October
1978. The final data are produced from SMMR brigestemperature data processed at NASA
GSFC and SSM/I brightness temperature data pratesgbe National Snow and Ice Data
Center (NSIDC). These sea ice concentration data frassive microwave observations were
used as an independent validation data resourcedace age product. We used this microwave
sea ice concentration data to derive sea ice atlpeiArctic Ocean, i.e., ice free, first-year ice,
and older ice by tracking daily sea ice concerdgrator each pixel over a year-long period. If an
areal Sea Ice Concentration (SIC) is less than ab%ear round, it is identified as an ice free
area; if it is less than 15% only for certain pdrad the year, it is identified as first-year icea
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and if the areal SIC is never less than 15% ondayyfor a year, it is identified as an older ice
area. In this way the ice age product derived fpassive microwave data is reckoned as a proxy
for ice age truth.

We collected 2412 data granules covering the &fotim MODIS Terra and Aqua for March
2006, and applied our algorithm to derive the ige product, and then composed all those
MODIS granules to form a fully covered Arctic icgeamap for comparison with the microwave
derived ice age truth. Figure 16 shows the MODI®ved ice age (middle) with our algorithm
from a composite of Terra & Aqua MODIS data in Mag006, and the ice age (left) derived
from microwave ice concentration (NASA team aldum) data using a tracking method over
the year 2006. Inaccuracies in the MODIS cloud ntaskseverely affect the accuracy of ice
thickness and age products. The performance atewge product algorithm is assessed by
performance metrics of product accuracy and pr@tisihe product accuracy is defined as the
percentage ratio of the OTIM retrieval againsttr@nd the product precision is defined as the
standard deviation of the errors between OTIM egtiis and truth. Tables 12, 13, and 14 list the
statistical results between OTIM retrieval andhriurt terms of total number of pixels in each
category of ice free, first-year ice, and older, m®duct accuracy, and product precision. As
seen, overall our algorithm derived ice age prodiuittls the requirements of an 80% product
accuracy and a product precision of less than gaecategory. MODIS daytime data seem to
have higher product accuracy and precision dueiy few daytime data (small samples)
available from MODIS Terra & Aqua for the Arctic € in March 2006, and most of the
Arctic Ocean is in the dark around the clock inwheter.

OTIM Ice Age from MODIS data vs Microwave (NASA) Ice Age

NASA Ice Age MODIS TERRA
73 3 H Cloud Contamination & AQUA
ge

VODIS Ice

(2412 swaihs,
Day & Night,

March, 2006) o
&
ol

- N
v
g
&
<
<
(]
9]
~

: . O:1ce free
SMMR and SSM/T vs AITA K 4 : P . 4 1: First-year ice
(2006) R e 2: Older ice

Figure 16. MODIS derived ice age (middle) using our algoritfrom a composite of Terra &
Aqua MODIS data in March 2006, and the ice agd)(tefrived from microwave ice
concentration data (NASA team algorithm) usingggking method over the year 2006.
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Table 12. The statistical matrix of the comparison in ige ®etween OTIM derived ice age with
MODIS data and NASA team algorithm derived ice @@ passive microwave data.

Note: Number in each cell stands for the *
number of pixels that belong to the ice age NASA Ice Age Truth
categories corresponding to NASA and
OTIM ice age classifications used to do .
statistics, i.e., accuracy and precision in lceFree First-year Ice | Older Ice Total
ice age classification.
(@) (D&N:32278) | (D&N:0) (D&N:0) (D& N:32278)
2 lceFree (N:32288) | (N:0) (N:0) (N:32288)
= (D:34681) (D:0) (D:0) (D:34681)
Q
g (D&N:2381) | (D&N:12623) (D&N:1141) | (D& N:16145)
< First-year Ice | (N:2371) (N:12615) (N:1141) (N:16127)
3 (D:30) (D:93) (D:0) (D:123)
=2
g? (D&N:52) (D&N:2632) (D&N:5919) | (D& N:8603)
g Older Ice (N:52) (N:2634) (N:5919) (N:8605)
~ (D:0) (D:0) (D:0) (D:0)
(D& N:34711) | (D& N:15255) (D& N:7060) | (D& N:57026)
Total (N:34711) (N:15249) (N:7060) (N:57020)
(D:34711) (D:93) (D:0) (D:34804)
*D=Day, N=Night, D&N=Day and Nigl

Table 13. The statistical results in terms of product aacyrfor the comparison in ice age

between OTIM derived ice age with MODIS data arelNIASA team algorithm derived ice age

with passive microwave data.

lce Age .
(OTIM vs Microwave)
Statistics Accur acy’
IceFree D&N:93%, N:93%, D:~100%
First-year lce D&N:92%, N:92%, D:~100%
Older Ice D&N:84%, N:84%, D:~100%
All D&N:89%, N:89%, D:~100%

Error Sources

Ice identification algorithm

Cloud mask/shadow detection
Relationship between thickness and age
Ice motion/Dynamic processes

PwnhE

* D=Day, N=Night, D&N=Day and Night
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Table 14. The statistical results in terms of product i for the comparison in ice age
between OTIM derived ice age with MODIS data and¥eam algorithm derived ice age
with passive microwave data.

Note: Number in each cell stands |ce Age Difference

for the number of pixels that .
belong to the ice age category (OTI M vs Micr Owave)

difference corresponding to NASA N Difference | L Category 2 Category
and OTIM ice age classifications Difference Difference
used to do statistics, i.e., accuracy (D&N:49820) (D&N:7154) (D&N:52)
and precision in ice age (N:49822) (N:7146) (N:52)
classification. (D:34774) (D:30) (D:0)

(D& N:0.34 Category)
. (N:0.34 Category)
Precision (D:0.03 Category)

*D=Day, N=Night D&N=Day and Nigh

4.2.2 Error Budget

In estimating ice thickness using the OTIM, mamtdes affect the accuracy of ice thickness.
The uncertainties from all of the input controllimgriables in the OTIM will propagate into ice
thickness through the parameterizations and mddefitnms. Theoretically and mathematically
speaking, we can describe the ice thickness edtiagé function of heat fluxes and surface
albedo and transmittance:

A A~ A

F..F..F..F

I:li = f(&s’rO’ﬁr’ﬁlup’ﬁldn’ st e’ c? a) (31)
where the variables with carets “*” are the vaealdefined in Equation (1). In the OTIM model

we used parameterization schemes (Key et al., 1&96@gscribed in previous sections to
caIcuIateF P Fd” F.,F.,F., all of which are functions of surface skin andtamperaturesTg,

Ta), surface air pressur®y), surface air relative humidityy, ice temperaturerl(), wind speed
(U), cloud amount@), and snow deptty); therefore, ice thickness is actually the functid
those variables expressed in Equation (32):

h = f@..i,,F T.T.7..B,RU,Ch,F, (32).
Suppose the true ice thickndsss estimated from the true values of all contrglivariables in
Equation (32), and le§ represent the variables in equation (32) with tralees, andx
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represent those variable with estimated valuesxagubscript is between 1 and 12
representing the 12 variables in Equation (32)s tiftthe uncertainties in the controlling

variables are independent and random, the statistithe error(ﬁ —h) can be expressed in
terms of the uncertainties in the variables on Witiclepends:

S . m
(h-h)=>(% >q)a)q (33)

or the variance in the thickness error, as
0
ot => 0} (6_2)2 34

However, as discussed by Key et al. (1997), iivilueables are not independent of each other,
then the covariances between them must be condidgnéortunately, data needed to estimate
the covariance between all pairs of variables &mnamot available. If the covariance between
pairs of variables is unknown, then it can be sh¢faylor, 1982) that the total uncertainty will
never exceed

oh
g,<>.0, 'a_xl 135

Tables 15 and 16 give estimates of the partiavdévies needed in Equations (33), (34), and
(35), computed using differences{/Ax;). These partial derivatives can be used for catmd
the sensitivity of the ice thickness to errorshia tontrolling variables.

The estimated uncertainties in the controlling afales in Equation (32), e.g. surface skin
temperaturds, are now used to assess the accuracy with whecthickness can be estimated
using satellite data products. Since ice thickwes®s nonlinearly with respect to the controlling
variables under investigation, its sensitivity tooes varies over the range of the input
controlling variables. Therefore, uncertainty ie thickness is estimated for a set of reference
values that represent the typical values for cettack ice as listed in Tables 15 and 16.

To estimate, , we first need to estimate the uncertainties lo¢@itrolling variables in Equation

(32). According to Wang and Key (2005), for theeHidé retrieved surface broadband albego
the uncertainty would be as large as 0.10 in absohagnitude. Regarding the ice slab
transmittance,, we use an absolute uncertainty of 0.05 in thidystwhich is in part arbitrary

and likely larger than the actual value. The siéeletrieved surface downward shortwave
radiation fluxF; can be biased high or low by 20% of the actualear 35 W rif as compared
with in-situ measurements (Wang and Key, 2005). §\&amd Key (2005) also estimated the
uncertainties in satellite-derived surface skingeraturels and cloud amour@ with respect to

the Surface Heat Balance of the Arctic Ocean (SHES® measurements (Maslanik et al.,
2001) that can be as large as 2 K and 0.25 in afesolagnitude, respectively; we use 2 K as the
surface air temperatuiig uncertainty as well. Since the surface may be rea/eith a layer of
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snow, ice slab temperatufemay be different fronTs, therefore assuming = Ts may introduce
additional error in the ice thickness estimatior; @lect to assign 5 K uncertaintyTinto

estimate its impact on the ice thickness sincestieno known information about the difference
betweenTl; andTs, and the satellite can only retrieve surface siamperaturds, notT,. The
uncertainties in surface air pressure and reldtiraidity together with surface temperature will
affect the ice thickness estimation indirectly tigh the impact of turbulent sensible and latent
heat fluxes. As a change of BPain surface air pressure may induce changing weathtéerns,
we take 5thPaas maximum possible uncertainty of surface aisguree. The uncertainty in
geostrophic windUg could be 2 mSas determined by the buoy pressure field (Thoendikd
Colony, 1982), and the relationship= 0.34s gives the uncertainty in surface wind spékdf
0.7 m &', we take 1 mSas possible uncertainty in this study. An uncattedof 10% in surface
air relative humidity is adopted in this work. Snoawver directly affects conductive heat flux,
surface albedo, and the radiative fluxes at therfiate of the ice and snow. Snow defptplays

a big role, however, accurate and spatially wideedog measurements are usually not available
coincidentally in time and space with satellite etvations, and also depth changes over time
with wind and topography. It is hard to know theertainty in snow depth estimation, however,
we think it is reasonable to give 50% of the gigapw depth as its uncertainty in general. The
last uncertainty source is the surface residudl fieaF,, which is associated with ice growth,
ablation, and possible horizontal heat gain/lasshé case of no melting and horizontal heat
gain/lossF, is zero, which is widely accepted by ice modethd& surface temperature is below
the freezing point. We set the uncertaintyfFgft 2 W n as an initial guess. The overall error
caused by the uncertainties in those controllimgades for ice thickness estimation may not be
equal to the summation of all errors from eachvittlial uncertainty source because the opposite
effects may cancel each other among the uncertamsces resulting in fewer errors as
mathematically described by Equation (35).

Tables 15 and 16 list the controlling variablesduisethe ice thickness sensitivity study for
daytime and nighttime cases with the aforementiamexrtainties in controlling variables and
their impacts for a typical ice thickness of 1 mefée results of this sensitivity study are shown
graphically in Figures 17 and 18 based on the eefsx ice thickness values of 0.3, 1.0, 1.8
meters with those expected uncertainties in cdimgpVariables. The bars give the overall range
in the ice thickness corresponding to the uncditsnisted in the Tables. Plus signs in Figures
17 and 18 are the ice thickness values for positheertainties in the indicated variables; minus
signs show the direction of change in ice thickriesa decrease in the controlling variable
value.

Table 15. Sensitivity of ice thickness estimates to uncetiasin the controlling variables
during a daytime case with a reference ice thickiméd meter.

Name Ref. Value | Error (Dx) IceThk Dh IceThk Dh/h EThk Dh/Dx
Ts(K) 253.2¢ +2.000 -2.00C | -0.235 +0.24 | -0.235 +0.24 | -0.117 -0.12Z
T; (K) 253.2¢ +5.000 -5.00C | -0.008 +0.00 | -0.008 +0.00 | -0.002 -0.00zZ
hs(m) 0.2C +0.100 -0.10C | -0.654 +0.65 | -0.654 +0.65 | -6.544 -6.54¢
R (%) 90.0( +9.000 -9.00C | +0.024 -0.02¢ | +0.024 -0.02¢ | +0.003 +0.00
U (m/s) 5.0C +1.000 -1.00C | +0.316 -0.20¢ | +0.316 -0.20¢ | +0.316 +0.20
P, (hPa) 1000.0( +50.00 -50.0C | +0.066 -0.06: | +0.066 -0.06% | +0.001 +0.00
as (0~1) 0.8t +0.100 -0.10C | -0.757 +2.19 | -0.757 +2.19 | -7.566 -21.95:
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T, (0~1) 0.0¢ +0.050 -0.05(C | -0.086 +0.09 |-0.086 +0.09 |-1.711  -1.84¢
F, (w/n) 101.4« +20.288 -20.28¢ | +0.395 -0.29¢ +0.395 -0.29¢ +0.019 +0.01
Fa (w/mf) 0.0C +2.000 -2.00C | -0.212 +0.26 |-0.212 +0.26 |-0.106 +0.13
C (0~1) 0.5(C +0.250 -0.25(C | +0.297 -0.63¢ | +0.297 -0.63¢ | +1.189 +2.55

Table 16. Sensitivity of ice thickness estimates to uncetiasin the controlling variables
during a nighttime case with a reference ice théslsnof 1 meter.

Name Ref. Value | Error (Dx) IceThk Dh IceThk _Dh/h EThk Dh/Dx
Ts(K) 241.0¢ +2.000 -2.00C |-0.172 +0.17¢ | -0.172 +0.17 | -0.086 -0.09(
T, (K) 241.0¢ +5.000 -5.00C | -0.008 +0.00 | -0.008 +0.00 | -0.002 -0.00:z
hs(m) 0.2C +0.100 -0.10C | -0.667 +0.66 | -0.667 +0.66 | -6.666 -6.66¢
R (%) 90.0( +9.000 -9.00C | +0.006 -0.00¢ | +0.006 -0.00¢ | +0.001 +0.00
U (m/s) 5.0C +1.000 -1.00C | +0.166 -0.13: | +0.166 -0.13: | +0.166 +0.13
P, (hPa) 1000.0( +50.00 -50.0C | +0.043 -0.041 | +0.043 -0.041 | +0.001 +0.00
F. (w/m?) 0.0C +2.000 -2.00C | -0.137 +0.15 | -0.137 +0.15 | -0.068 0.07
C (0~1) 0.5C +0.250 -0.25C | +0.248 -0.47¢ | +0.248 -0.47¢ | +0.992 +1.90
Daytime
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Figure 17. Sensitivity of ice thickness to expected uncertamin the controlling variables for a
daytime case with a reference ice thickness ofreéd®), 1 (black), and 1.8 (blue) meters.
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Figure 18. Sensitivity of ice thickness to expected uncertemin the controlling variables for a
nighttime case with a reference ice thickness ®f(&d), 1 (black), and 1.8 (blue) meters.

5 Practical Considerations

5.1 Numerical Computation Considerations

The AITA is implemented sequentially. Because teethickness retrieval via OTIM relies on
the values of the ancillary data flags, the angildata flags need to be computed first. The
AITA will be implemented into the AIT and uses itsmerical routines for processing.

5.2  Programming and Procedural Considerations

The AITA requires knowledge of spatial informatimm accurate pixel geographic locations and
land mask information for identifying sea, lakeven, etc. In addition, the temporal information
is required for each pixel regarding the solaratidn in case the daytime algorithm is used.
Beyond these requirements, the AITA is purely a&pby pixel algorithm.

5.3 Quality Assessment and Diagnostics

The following procedures are recommended for diagngpthe performance of the AITA.



60

* Monitor the percentage of pixels retrieved forticekness, and check the value
uniformity over the small and smooth areas withoatks, melting ponds, and leads.

» Check ancillary input data such as surface skirpgrature, air temperature, humidity,
wind speed, and snow depth for all pixels of th& AlSee how changes in those
ancillary variables affect the ice thickness estioma

» Periodically image the individual test resultsdok for artifacts or non-physical
behaviors.

* Maintain a close collaboration with the other tearsmg the AITA in their product
generation.

54  Exception Handling

The AITA includes checking the validity of inputtdébefore applying the OTIM and ice age
algorithm. The AITA also expects the main procegsystem (i.e., AlT) to flag any pixels with
missing geolocation or viewing geometry information

The AITA does check for conditions where the Al¢&n not be performed. These
conditions include missing input variables valued ansolvable numerical solutions. In these
cases, the appropriate flag is set to indicatertbate thickness and age are produced for that
pixel.

55 Algorithm Validation

As discussed and detailed in section 4.2, the atids were performed with modeled ice
thickness data from PIOMAS, submarine and mooritggrseasurements, and in-situ station
measurements. Our testing and validations sparpieujtears for every season, and cover both
sea ice and lake ice, though most of them are mitie Arctic Ocean where the submarine,
mooring sites, and station measurements were noagedrs.

The mean absolute error is 0.31 m for samples avitiean ice thickness of 1.80 m, i.e., a
17% mean absolute bias when comparing to the subenaplooking sonar ice draft
measurements in terms of ice thickness. The restitemparisons with mooring sites and in-
situ Canadian station measurements are similderins of ice age classifications, the algorithm
can easily meet the MRD requirements by classifigegnto ice-free, first-year, and older ice
with an accuracy greater than 80% and a producigioa of less than one age category.
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6 Assumptionsand Limitations

The following sections describe the current limdas and assumptions in the current version of
the AITA.

6.1 Performance

The following list contains the current assumptians proposed mitigation strategies.

1. Atmospheric profile and wind speed data are avildbm NWP or other teams’
retrieved products. In case no profile data ardada, it is a valid assumption as
used by other researchers that the surface airaetyse generally is about 0.5 ~ 2
degree higher than the ice/snow surface temperdapending on the cloud
conditions, and the relative humidity is about 909r ice/snow, and a wind speed of
6~10 m/s at night. But wind speed should be obskeovesimulated to guarantee it is
realistic.

2. Radiation fluxes are available from NWP or oth@mts’ products, otherwise
parameterizations will be used and assumed relaideaccurate enough for each
pixel. (Use parameterization schemes over ice and/or soofeice from Bennett
(1982), Ohmura (1981), Jacob (1978) as recommended

3. Snow maps and climatological depths are availabla NWP or other teams’
products, or a general assumption of 2~50 cm srepthdwill be used over iceUge
snow information from NWP or elsewhgre

4. Land mask maps are available to identify differunface types.

5. All of the static ancillary data are availablela pixel level. Reduce the spatial
resolution of the surface type, land mask and/@stonask to pixel siye

6.2 Assumed Sensor Performance

We assume the sensors will meet its current spatidins and retrieved products from other
teams will be accurate enough for the AITA, otheavAITA built-in parameterization schemes
will be used for certain input variables. The AITAl be critically dependent on the following
retrieved products.

» Surface skin and air temperature.
» Surface broadband albedo

» Radiation fluxes at the surface.

* Snow depth.
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* Atmospheric moisture and wind.

6.3 Pre-Planned Product Improvements

The AITA serves other applications. Its developmsmiosely tied to the development and
feedback from the other team algorithms. At thigpat is therefore difficult to predict what the
future modifications will be. However, the follovwgrdiscussion contains our current best guess
of the future AITA modifications.

6.3.1 Daytime Algorithm M odification

Solar radiation is inevitably involved in the dawé ice thickness retrieval, making the OTIM
extremely difficult to solve analytically for ic@itkness due to the complicated ice/snow micro-
macro physical properties in the solar spectrumgchwvtiary significantly with changes in
ice/snow clarity, density, chemicals containedingigl particle size and shape, structure, and
thickness itself that are hard to know beforeh&¥d.plan to search and/or develop reliable and
efficient parameterizations for ice/snow reflecencansmittance, emissivity, conductivity, and
others as well as to develop a parameterizatioarselfor estimating residual heat flux for
taking into account the un-equilibrium state atititerface between ice/snow and the
atmosphere, in particular, for daytime conditions.

6.3.2 Optimization

The OTIM has been optimized to minimize computatiore. Other ways to optimize product
generation will continue to be investigated.
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Appendix A. Conductive heat flux for two-layer system with snow
over ice

Consider a two-layer system, with a slab of iceeted by a layer of snow as shown below. We
assume the temperature gradients in the snow aratéceach linear and thus conductive heat

Ts
Snow layer Fos h
To
Z Ice layer
Fis h,
v Tf

flux is constant with depth. At the snow/ice ingeré, the conductive flux in the snow must equal
the conductive flux in the ice, i.e.iE Fs As we define the direction to the snow/ice is posit

so we can derive the conductive heat flux for the-layer system with a snow layer covering a
slab of ice as shown below. The downward direasastefined as positive, se+Fk-dT/dh, where
dT is temperature difference, and dh is the sn@nthackness.

F. = kg andsofor thesnowlayerwehave = ks% andthesaméor thdceslab,

Ti=To T-To_, To-T . T
Fo =K ,sowehavek =k, s afterserie®f derivationwefinallyget
ks Ts K T kk k
T, = n KIT, , therefore,, =————(T, -T,),F. = F :L(Tf -T)).
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