The University of
T

Qe -
Edinburgh <¥&5e

ATSR Reprocessing for Climate
Lake Surface Water
Temperaturei ARC-Lake

Document Ref:
ARC-Lake-Validation-Reportv1.2
Issue 1
Date:21 Nov 2011

ATSR Reprocessing for Climate Lake
Surface Water Temperature: ARC-

Lake

Validation Report i v1.2




Document Ref:
ARC-Lake-Validation-Reportv1.2
Issue 1
Date:21 Nov 2011

The University of

ATSR Reprocessing for Climate
Lake Surface Water
Temperature i ARC-Lake

Title: ATSR Reprocessing for Climateake Surface Water TemperatufeRC-Lake Validation
Reporti v1.2

Document Number: ARC-LakeValidation-Reportvl.2

Issue: 1
Revision: 1.2
Date: 21 November 2011

Signature Table

Name Function Company Signature Date
Prepared S MacCallum Researcher
University of 21 Nov 2011
C Merchant Reader Edinburgh @L\'
Approved
Released




The University of

ATSR Reprocessing for Climate Document Ref:
Lake Surface Water
Temperaturei ARC-Lake Date:21 Nov 2011

ARC-Lake-Validation-Reportv1.2
Issue 1

Document Change Record

Version Date Author Description
1.0 1 Sep 2010 SM, CM
1.2 21 Nov 2011 | SM,CM Validation of updatedata products (v2)




The University of ATSR Reprocessing for Climatg Document Ref:

ARC-Lake-Validation-Reportv1.2
Lake Surface Water P

8 : Temperature i ARC-Lake Datezlzsil:\?o\l,zoﬂ
Edinburgh 555
Table of Contents

1. INErOAUCTION oo 8
1.1. Acronyms and ABDreviations..............cooiiiiiiiiiieee e 8
1.2. PUIPOSE AN SCOPE.....ceviiiiiiiiiiie e s ettt s e e e e e e e e e e e e e ammeia s e e e e e e e e e aeaeeeeeeeeessnens 9
1.3. Validation REPOI OVEIVIEW. .......ccuiiiiiieiieiiii e 9
1.4. Summary of Version DifferenCeS.........ccccuuuiiiiiiiieeeeii e 9

2.  Lake Surface Water Temperature (LSWT) Product .......cccccevvvvvviiininnnnnn. 10
2.1. INEFOTUCTION ...ttt et e e e e e e e e e e e e e e e rmmme e e e e 10
2.2. DALAL ..ttt 10
2.3. MELNOAS. ...t a e 11
2.4, RESUILS. ...ttt 12

3. LSWT CASE STUAIES .....uuvuiiiiiiiiiiiiiiiiiiiiiieiiiiiiiiiiisieeebabbbeeeeebeeeeeensnaenneanennee 20
3.1. 0o [0 o] o DU PP P PP PP PP PR PPTTRP 20
3.2. CASE L. e 20
3.3. CASE 2. 24

4. Lake Ice Concentration (LIC) Product ............ooiiiiiiiiiiiiiiiiiiieee e 28
4.1. INEFOAUCTION ...t et e e e e e e e e e e e e e e s rmmne e e e 28
4.2. 72 = PP 28
4.3. MEENOTS. ...ttt e e e e e e e e s et e e e e e e s 28
4.4, RESUILS. ...t 29



The University of ATSR Reprocessing for Climatg Document Ref:

ARC-Lake-Validation-Reportv1.2
Lake Surface Water P

8 : Temperaturei ARC-Lake Date:';fl,’foi 2011

Edinburgh “55e

5. LIC CASE STUAIES ....uuiiiiiiiiiiiiiiiiiiiiiiiiieiiiiiiiiieiebibeeb bbb esbnaesnennnnnne 32
5.1. 1o [E o1 To] o FU PP PP PRR TP 32
5.2. Example from Case STUAIES.........ccccuuiiiiiiiiieeeiii e 32
5.3. Examples from Ice Chart ANAIYSIS...........uuuiiiiiiiiiiieeeiiieieeeeeeeeeee e 35

6. CONCIUSIONS oottt 41

7. RETEIEBNCES ...t 43

S T Y o 011 o T [ 44
8.1. [ {0 g N I PP 44
8.2. [ (O {0 N 1] /2RSSR 45
8.3. V1.0 RESUILS.....uuiiiiiiiiiiiiiiiiii ettt rmmme e snnnnnenees s BT



Document Ref:

The University of ATSR Reprocessing for Climatg e
ARC-Lake-Validation-Reportv1.2
Lake Surface Water lssue 1
Temperature i ARC-Lake Date:21 Nov 2011

Figure 2. LSWABuUoy differences against buoy temperature for AATSR. (a) and (b) operational
SADIST day and night, (c) and (d) AlR@ke day and Night............ceeeveiiiiiiiiicce e 16

Figure 3. LSWABuUoy differences against buoy temperature for AZSR) and (b) operational
SADIST day and night, (c) and (d) AlR@ke day and Night............c.eeeveiiiiiiiiicce e 17

Figure 4. LSWABuUoy differences against buoy temperature for AISR) and (b) operational
SADIST day and night, (c) and (d) AlR@ke day and Night.............ceeeviiiiiiiiiiccc e 18

Figure 5. LSWTFBuoy differences against buoy temperature for night time AATSR. (a) The Great
Lakes, (b) all other North American lakes...........coooiiiiiem e 19

Figure 6. Case study example for the Great Lakes region on 08/F4)0~alse colour image from
AATSR reflectance channels (0.66 um, 0.87 um and 1.6 um). (b) Land/water mask showing the lake
locations with corresponding ARIGAKE IDS..............oooiiiiiiiiiiii e 21

Figure 7. Results fathe AATSR scene over the Great Lakes (Figure 6). (a) Prior LSWT field. (b)
Operational SST retrieval with SADIST cloud mask in black. (c)-b&@& OE LSWT (nadwiew,
twin-channel) with Bayesian cloud screening (nadew, minimum channel set). (d) OBWT (dual

view, twinchannel) with Bayesian cloud screening (dui@w, maximum channel set). The colourbar
applies to all figures and in all cases the cloud mask is represented as black. Equivalent results from
V1.0 are ShOWN iN FIQUIE L7......coviiiiiieeieeeeeee ettt et brnne e e e eeeeeas 23

Figure 8. Results for the AATSR scene over the Great Lakes (Figure 6). OE LS\Aileautdin
channel) with AR@ ake ice screening (MacCallum & Merchant, 2011a). Note that no cloud
screening has been dpgrl, and cloud related LSWT biases are evident. The colourbar given in
Figure 7 applies and the ice mask is represented as black.............cccoooivcniiiiiice 24

Figure 9. Case study example for Lake Nyasa. (a) Falseicoiage from AATSR reflectance
channels (0.66 pm, 0.87 um and 1.6 um). (b) Land/water mask showing the lake locations with
CorresponNding ARLAKE IDS........uuuuiiiiiiiiiiiiiiiiieeme e e e e e e e e e e e et e e e e e e e eeee e rmmme e e e eees 25

Figure 10. Results for the AATSR scewer Lake Nyasa (Figure 9). (a) Prior LSWT field. (b)
Operational SST retrieval with SADIST cloud mask. (c) ARK2 OE LSWT (nadwiew, twir
channel) with Bayesian cloud screening (nadew, minimum channel set). (d) OE LSWT (ddatv,
twin-channel)with Bayesian cloud screening (duaéw, maximum channel set). The colourbar
applies to all figures and in all cases the cloud mask is represented as.black...................... 27



The University of ATSR Reprocessing for Climatg Document Ref:
ARC-Lake-Validation-Reportv1.2
Lake Surface Water

8 Issue 1
Temperaturei ARC-Lake Date:21 Nov 2011

Figure 11. Ice cover case studyer Lake Onega (18) on 03/04/2008. (a) False colour image from
AATSR reflectance channels (0.66 pum, 0.87 um and 1.6 um) for nadir view. (b) As (a) but for forward
view. (c) Land/water mask showing the lake locations with corresponding ARCIDs. (d) le-

mask with pixels flagged as ice represented as black; other colours indicate either cloud or33WT.

Figure 12. Ice cover case study over Lake Winnipeg (13) on 01/01/2008. (a) False m@igearfiom
AATSR reflectance channels (0.66 pum, 0.87 um and 1.6 um) for nadir view. (b) As (a) but for forward
view. (c) Land/water mask showing the lake locations with corresponding ARCIDs. (d) Ice

mask with pixels flagged as ice represented as blabler colours indicate either cloud or LSW34

Figure 13. NOAA Great Lakes Ice Atlas ice chart for 21/01/97. Significaitiicer is observed over
Lake Erie and in southern tip of Lake HOLQ................oiiiiireeccccccsee e 35

Figure 14. Analysis of ARCake ice detection for Lakes Erie and Huron on for 21/01/97. (a) False
colour image from ATSR reflectance channels (0.66 pum, 0.87 um and 1.6 um) for nad g As
(a) but for forward view. (c) 0.66 um reflectance in nadir view with ARKe ice mask overlain in
red. (d) 0.66 um reflectance in nadir view with AR&ke land mask overlain (lake pixels are blue).
............................................................................................................................................... 37

Figure 15. NOAA Great Lakes Ice Atlas ice chart for 05/02/99. Significaitoieer is observed over
the north of Lake Erie and partial ice cover is observed in the north east of Lake Ontario.....38

Figure 16. Analysis of ARCake ice detection for Lakes Erie and Ontario on for 05/02/99. (a) False
colour image from ATSR reflectance channels (0.66 pm, 0.87 pum and 1.6 pm) for nadir view. (b) As
(a) but for forward view. (c) 0.68m reflectance in nadir view with ARIGake ice mask overlain in

red. (d) 0.66 pum reflectance in nadir view with AR&ke land mask overlain (lake pixels are blue).

Figure 17. v1.0 results fahe AATSR scene over the Great Lakes (Figure 6). Equivalent to Figure 7.
(a) Prior LSWT field. (b) Operational SST retrieval with SADIST cloud mask in black. (e).&&C

OE LSWT (nadiwiew, twinchannel) with Bayesian cloud screening (nadaw, mininum channel

set). (d) OE LSWT (duaiew, twirchannel) with Bayesian cloud screening (dvigiw, maximum
channel set). The colourbar applies to all figures and in all cases the cloud mask is represented as
o] 1= 1] O UPPPUURPPPRPRRPRRY” o1

Figure 18. v1.0 results for ice cover case study over Lake Winnipeg (13) on 01/01/2008. Equivalent to
Figure 12. (a) False colour image from AATSR reflectance channels (0.66 um, 0.87 um and 1.6 um)
for nadir view. (b) As (a) but fdorward view. (c) Land/water mask showing the lake locations with
corresponding ARQake IDs. (d) Icemask with pixels flagged as ice represented as black; other
colours indicate either CloUd OF LSWT.......oiiiiiiiiiireee e eei e 49



The University of ATSR Reprocessing for Climatg Document Ref:
v y P g ARC-Lake-Validation-Reportv1.2
Lake Surface Water

8 Issue 1
Temperature i ARC-Lake Date:21 Nov 2011

1. Introduction

1.1. Acronyms and Abbreviations

AATSR Advanced ATSR

ARC ATSR Reprocessing for Climate
ATSR AlongTrack Scanning Radiometer

BT Brightness Temperature

LIC Lake Ice Concentration

LSWT Lake Surface Water Temperature

MD Matchup Dataset

NE T Noise Equivalent Differential Temperature
NWP Numerical Weather Prediction

OE Optimal Estimation

RMSD RootMeanSquare Deviation

RT Radiative Transfer

RTM Radiative Transfer Model

RTTOV Radiative Transfer for TOVs (a fasTR)
SD Standard Deviation

TCWV Total Column Water Vapour

ToA Top of Atmosphere
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1.2. Purpose and Scope
This document is a Validation Report for theke Surface Water TemperattesSWT) and Lake Ice
Concentration (LIC) prducts, generated from Alofirack Scanning Radiometer (ATSR) imagery,
for the ARCLake project.

In terms of scope, this Validation Report covers versi@ipdoducts, thehird public product release
from ARC-Lake covering ATSR1, ATSR-2 and Advanced ATSR (AATSR).

1.3. Validation Report Overview
The Validation Report provides the following:

- an assessment of the performance oL®&/T product, in quantitative terms,
relative toin situobservations

- gualitative illustrations of theSWT retrievals from case study analysis at instrument
resolution

- a quantitative assessment of the LIC product relative to ice charts from mixed sources
(in situ, aircraft, and satellite)

- gualitative illustrations of the performance of the ice detection ighgofrom case
study analysis at instrument resolution

1.4. Summary of Version Differences
Thedifferences betweewil.2 productsaralyseal in thisdocumeni&ndvl1.0 products analysed in
MacCallum and Merchant (2010) are outlined in MacCallum and Merchant (2@04ajnmary of
the differences is given belowalidation of v1.1 LSWT products is described in MacCallum and
Merchant (submitted 2011).

- Implementation of salinity dependent emissivity

- Repositioning of ice detection step in processing chain

- Two further iteations of the LSWT prior

- Introduction ofLIC observations in LSWT poir generation scheme

- Improved temporal ctocation of satellite/buoy observations

- Additional in situdata:extension of existing timeeries and addition af further two buoys
- Extenson of LSWT timeseries tan include ATSR1 (1991996)

- Extension of LSWT and LIC timeeries to include 2010 (AASR)
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2. Lake Surface Water Temperature (LSWT) Product

2.1. Introduction
Two methods of assessment of H®WT retrieval algorithm are employed: analysis of performance
for case study images at full AATSR resolution and point comparisonsnattu observations.
These twin approaches are adopted to provide qualitative visual assessments of algorithm
performance acss spatial domains and to provide a quantitative measure of the overall performance
relative toin situobservations. Validation agairiatsitu observations is described in this section
while the case study analysis is presentedirirgall cases, results are presented for ARRe v12
retrievals.

2.2.Data
A matchup dataet(MD) was constructed from the situtemperature data currently availabbethe
ARC-Lake project This consists of 4observation locations cosiag 18 of the Phase One lakes.
Details of than situdata are given in Table As thein situdata are from a variety of sources, with
different formats, considerable effort has been put in to consolidate this data to a standard format fo
use iINARC-Lake and to apply quality control measures.

Source Lake Names (number of observation locations)

National Data Buoy Center (NDBC) Superior (3), Huron (4), Michigan (2), Erie (1), Ontario (1)

Superior (1), Huron (2), Great Slave (2), Erie (2), Winnipeg (3), Ontario

Fisheri doO Canada (FOC
isheries and Oceans Canada ( ) (3), Woods (1), Saint Clair (1), Nipissing (1), Simcoe (1)

Swedish University of Agricultural
y 9 Vanern (5), Vattern (2), Malaren (13)

Sciences (SLU)
GLobal Lake Ecological Observatory
Balaton (1)
Network (GLEON)
Kingds College Lon Nyasa (3)
National Institute of Water and A
) Taupo™ (1)
Atmospheric Research (NIWA)
Marine Science Unit (MSI), University A
Victoria™ (1)

of South Carolina Beaufort (USCB)

10
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Table 1. Details of in situ data consolidated into the ARC-Lake MD. * Indicates buoy data added
in v1.2. Note that buoy data for 2009 and 2010, for existing buoys, has also been added where
available.

2.3. Methods
Clearsky LSWT retrievals are averaged over a 5xtepbox, equivalent to the resolution of the
ARC-Lake-lfafkerd (PL) and fAdaily global o @G) produc
centred on the buoy location. Matching againgitu observations is performed spatially (within 1
km) and temporallywithin 3 hours) to creat®IDBsfor ATSR-1, ATSR-2 and AATSR. In total there
are~6800 matchups for ATSR1, ~16400 for ATSR-2 and 27900for AATSR. These totals are over
two orders of magnitude less than the number of fmadglite matchups available over the oceans.
The locations of the matalps for each instrument are showrfFigurel.

LSWTs are compared to the situ observations for the various cloud masks and retrieval schemes.
Day time and night time retrievals are considered separately for a number of different channel/view
combinations: nadiview 2-channel (N2), nadiview 3-channel (N3), dualiew 2-channel (D2),
dualview 3-channel (D3). A summary of the tdts are presdad in 8.4for all matchups with at

least one cleasky pixel.

11



The University of ATSR Reprocessing for Climatg Document Ref:
ARC-Lake-Validation-Reportv1.2
Lake Surface Water

8 Issue 1
Temperature i ARC-Lake Date:21 Nov 2011

Figure 1. Locations of in situ observations with match-ups to (a) ATSR-1, (b) ATSR-2 and (c)
AATSR.

2.4. Results
Basic statistics from the comparisons wiilsitu observations are presentedliablesTable2, Table
3, andTable4, for ATSR1, ATSR2 and AATSR respectively. Each table consaialidation results
for bothoperational retrievals using the SADIST cloud maskARE-Lake OE retrievals using
Bayesian (maximum channeltseloud screeningNotethatresults for Bayesian minimum channel
set cloud screening are presented for ATISEor all but nighttime N3 and D3etrievals) due to the
lack of visible channels and the failure of the 3.7 unmalehearly in the missioff.he failure of the
3.7 um channel also explains the very small number of mgistor 3channel retrievals (N3 and
D3) in Table2.

The percentage of the total number of maipk where there is at least one clglay observation
using the operational clowstreenings ~2% forATSR-1, ~14% for ATSR2, and 43% for AATSR.
For all instruments the number of clesy matchups is always largevhen using the Bayesian

12
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rather than the SADIST cloud screening, with the Bayesian maskirajat least one cleasky
observation for ~3% dhe total number of matetps for ATSR1, ~2®%6 for ATSR2 and 23% for
AATSR. Obsevations made in the case study anal{§8 support this resulivhere oveimasking of
clearsky areass seen to be more prevalent in the SADIST mask.

Mean satellitein-situ differences for eaathannel ombinationar e an i ndi cator of Or
t he di f f er daithough thd sgriaae skin kffect @nd rearface stratification can also

cause some mean differencd)r ideal retrievals, we would expect meahifierences relative tm

situ of the orderof -0.2 K for night (due to skin effect) and closer to zero or slightly positive for day.

In the day time case, there will be a combination of skin effect and average stratification between
measurement depth and surface reflectéadine mean di fference; but we do
insight at present into the degree of rearface/diurnal stratification to be expected in different lakes.

Retrieval biase§elative toin situ measurementsange from0.59K to -0.05K (day) and-0.56 K to
-0.09K (night) for operational AATSR retrievals using the SADIST cloud mask, with RSDs ranging
from 025K to 050 K. The range of biases is reduced@@5K to -0.34 K (day) and-0.32K to -0.15

K (night) when theARC-Lake OE retrieval and Bayesian cloud mask are .usaddeal retrievals,

we would expect meadfifferences relative tm situ of the orderof -0.2 Kfor night (due to skin

effect) and closer to zero or slightly positive for day (combinatiskiof effect and average
stratification between measurement depth and surface). RSDs frorL&lRGire edgwalentto or

lower than those from the operational retrieval for all retrieval typBs for allretrievaltypesare

also lowerby ~0.2 K for daytime and ~0.6 K on average for-time retrievals

These results demonstrate the advantages of thelARE OE retrieval and Bayies cloud

screening over operational equivalents. The first key advantage is the increased number of
observations. This offers potentially greatly improved coverage of the lakes, thus yielding a more
spatially and temporally complete data record. Secottitye is a much greater degree of self
consistency across the different channel/view combinations (i.e. a significantly smaller range of biases
across the different retrievals). Thirdly, there is comparable or slightly reduced noise in the retrievals,
denonstrated by comparable or lower RSDs. The SDgeamerally reduced by more than the RSDs,
indicating a reduction in outliers associated with cloud or ice detection failures. The consistency of
biases and RSDs across retrieval schemes is of particydartance for extending the ARIGake

project to include ATSH, due to the failure of th& 7 um channel on this instrument

ATSR-1

Day/ | View/ Operational ARC-Lake

Night | Channels | N Bias SD RSD N Bias SD RSD
Day N2 102 -0.01 |1.02 0.49 123 0.07 1.00 0.50
Day D2 103 -0.15 | 1.04 0.72 123 0.12 1.00 0.53

13
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Night | N2 72 0.11 1.23 0.42 128 -0.16 | 0.69 0.49
Night | N3 5 -0.23 | 0.36 0.53 8 -0.11 | 0.26 0.29
Night | D2 71 -0.07 | 1.66 0.54 128 -0.18 | 0.65 0.43
Night | D3 5 -0.25 |0.43 0.24 8 -0.10 | 0.36 0.39

Table 2. Validation statistics for LSWT retrievals from ATSR-1 observations. Operational
indicates SADIST cloud masking and operational LSWT retrieval scheme. ARC-Lake indicates
Bayesian (minimum channel set, except for night-time N3 and D3 which use maximum channel
set) cloud masking and OE LSWT retrieval scheme. View/channels indicates the views (N =
nadir, D = dual) and the number of channels used in the retrieval (e.g. N2 is a nadir-view, twin-
channel retrieval).

ATSR-2

Day/ | View/ Operational ARC-Lake

Night | Channels | N Bias SD RSD N Bias SD RSD
Day N2 770 0.61 0.95 0.53 1140 |-0.09 |0.67 0.41
Day D2 768 -0.18 | 0.98 0.49 1140 |-0.07 |0.68 0.42
Night | N2 1483 | 0.60 0.64 0.48 2148 | -0.06 |0.61 0.40
Night | N3 1483 | 0.13 0.47 0.26 2149 | 0.03 0.53 0.32
Night | D2 1481 |-0.23 | 0.59 0.43 2149 |-0.05 | 0.60 0.37
Night | D3 1483 | -0.06 | 0.50 0.30 2150 | 0.06 0.54 0.32

Table 3. Validation statistics for LSWT retrievals from ATSR-2 observations. Operational
indicates SADIST cloud masking and operational LSWT retrieval scheme. ARC-Lake indicates
Bayesian (maximum channel set) cloud masking and OE LSWT retrieval scheme.
View/channels indicates the views (N = nadir, D = dual) and the number of channels used in
the retrieval (e.g. N2 is a nadir-view, twin-channel retrieval).

AATSR

Day/ | View/ Operational ARC-Lake

Night | Channels | N Bias SD RSD N Bias SD RSD
Day N2 1967 |-0.05 |0.84 0.50 3275 |-0.35 |0.65 0.45
Day D2 1969 |-0.59 |0.83 0.40 3273 |-0.34 |0.65 0.41
Night | N2 1937 |-0.09 | 0.96 0.48 3220 |-0.32 |0.53 0.40
Night | N3 1936 |-0.21 |0.78 0.25 3220 |-0.16 |0.44 0.28
Night | D2 1931 |-0.56 |1.62 0.41 3220 |-0.31 |051 0.37
Night | D3 1934 |-0.23 | 0.98 0.27 3220 |-0.15 |0.44 0.28

Table 4. Validation statistics for LSWT retrievals from AATSR observations. Operational
indicates SADIST cloud masking and operational LSWT retrieval scheme. ARC-Lake indicates
Bayesian (maximum channel set) cloud masking and OE LSWT retrieval scheme.
View/channels indicates the views (N = nadir, D = dual) and the number of channels used in
the retrieval (e.g. N2 is a nadir-view, twin-channel retrieval).

14
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A similar picture is observed for ATSRretrievals. The AR@.ake scheme returns almost 50% more
matchups withreduced (dayime) orcomparablénight-time) RSD and a greatly improved self
consistency for different channel combinations. The operational results have biases ranging from
0.18K to 0.61 K (day) and-0.23K to 060K (night) for operational ATSR2 retrievals using the
SADIST cloud mak. The ARGLake scheme returns bias ranges0dd9 K to -0.07 K (day) and

0.06 K to 0.06K (night). RSDs are again typically betweed.3 K and~0.4 K.

Scatter plots for dualiew maximum channel set (i.e. D2 and D3) retrievals fortdag and
nighttime retrievals are shown Figure2. LSWT-Buoy differences against buoy temperature for
AATSR. (a) and (b) operational SADIST day and njgb} and (dARC-Lakeday and night.

, for the operationdlak(el adHd ealbledd efdA TMSDE)0 )a n dl hA
of matchups from ARCLake is seen to arise particularly from the lowed ehthe

temperature range, where the SADIST threshold tests are most likely to return false positives.
All the retrievals show some trend in difference agamsttutemperature, quantified by the
slope, m, shown on the plots. For example, ARfe night matckups using the D3

channels has m 9.001 K K™, meaning that over the 25 K range of lake temperatures in the
data, the satellite is warmer relativercsitu observations by 025K for the lowest

temperatures compared to the wasttemperatures. Theends for nightime observations

are very small in both operational and AlREke retrevals, with larger trends with

temperature observed for dagne retrievalsThis behaviourcould be a result of a bias tine

time difference beteenin situand satellitaobservatios. Atendency for dayime buoy
observations to occur later than the satellite overpass time is likely to result in such a trend in
satellitebuoy temperatures due to diurnal warming effects, that would be most pcexoun
during the summer months (i.e. periods of warmer surface temperature).

15
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Figure 2. LSWT-Buoy differences against buoy temperature for AATSR. (a) and (b) operational
SADIST day and night, (c) and (d) ARC-Lake day and night.

Similar results are observéar ATSR-2 (Figure3). As for AATSR, the greater number of maighs
returned by the AR€ake scheme is most apparent at low temperatures
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Figure 3. LSWT-Buoy differences against buoy temperature for ATSR-2. (a) and (b) operational
SADIST day and night, (c) and (d) ARC-Lake day and night.

Finally, scatter plots foATSR-1 duatview minimum channel set (i.e. D2) retrievals for disye and
nighttime retrievals ee shown inFigure4. Although there are far fewer mataps (largely due to the
shorter timeperiod of ATSR1 andfewer buoys recording over thiriod), similar results to those
obtained for ATSR2 and AATSR arebservedThat is, more matchps are observed usitige

ARC-Lake schemgparticularly at low temperatures where the SADIST threshold tests are most likely

to return false positives.
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Figure 4. LSWT-Buoy differences against buoy temperature for ATSR-1. (a) and (b) operational
SADIST day and night, (c) and (d) ARC-Lake day and night.

The validation resultpresented ifrigure2. LSWT-Buoy differences against buoy temperature for
AATSR. (a) and (b) operational SADIST day and njgb} and (dARC-Lakeday and night.

, Figure3, andFigure4 are dominated by the Great Lakes as they are more extensively moimtored
situ (Tablel). This is demonstrated Figure5 andTable5, where resultare shown for the Great
Lakes and all other North American lakes separately, for night time-l6dR€ retrievals only.
Consistent results are observed across thestwsets of data, with bias, SD, and RSD all withbv

K. However the large differencenithe number of matehpshighlights the need for furthém situ
observations, covering a greater variety of lakes and locations, to be includedARCGLake
validation data seffwo additionalin situsources have been added for B2 2) andefforts to

obtain additionain situdata are ongoing
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Figure 5. LSWT-Buoy differences against buoy temperature for night time AATSR. (a) The

Great Lakes, (b) all other North American lakes
(a) (b)
Lakes Day / View / AATSR

Night Channels | N Bias SD RSD
Great lakes Night D3 2585 |[-0.13 |0.42 0.29
Other North American Night D3 604 -0.19 |0.35 0.22

Table 5. LSWT-Buoy validation statistics for AATSR, corresponding to Figure 5. A comparison
of the D3 night-time retrievals over the Great Lakes and all other North American lakes.

19



The University of ATSR Reprocessing for Climatg Document Ref:
: ARC-Lake-Validation-Reportv1.2
Lake Surface Water

8 Issue 1
Temperature i ARC-Lake Date:21 Nov 2011

3. LSWT Case Studies

3.1 Introduction
For the qualitative analysis a set of 12 AATSR scenes were selected as case studies. These were
chosen such as to provide examples over a range of different geographical locations, altitudes, lake
sizes, and meteorological conditions. Thee studies selected cover the following lakes: Great Slave,
the Great Lakes, Titicaca, Onega, Ladoga, Vanern, Vattern, Victoria, Superior, Bay, Winnipeg,
Huron, Nyasa, and a number of other smaller lakes.

Qualitative visual assessment of cloud maskinglz8My/T retrievals have been carried out for all 12
AATSR case studies. Performance is variable across the case studies and across cloud masks /
retrieval algorithms within case studi&amples from the case study analysis, along with some
general bservations, are presented in the following sections.

Two retrieval schemes are assessed: the operational scheme 4AT ®)e ARCGLakeoptimal

estimation method (OE). Two types of cloud mask are also assessed: the SADIST threshold based
cloud mask andhe probabilistic Bayesian cloud mask. The SADIST cloud mask is used in the
operational retrieval scheme (ATS), while Bayesian cloud masking is usa@take OE

retrievals. Like th&eeSWT retrievals themselves, Bayesian cloud masking can berpediousing

different view/channel set combinatiof®sults are presented for two of these combinations:-nadir
view twin-channel retrieval with nadir only minimum channel set Bayesian cloud screening, and dual
view twin-channel retrieval with dualiew maxmum channel set Bayesian cloud screening.

3.2. Casel
Thefirst example Figure6) covers part of the Great Lakes region, including lakes Huron (5), Erie
(12) and Ontario (15), or"?April 2008. At this time dyear, temperatures on these lakes are close to
0°C and ice may still be present. In the false colour imBigrie6a) all three of the Great Lakes can
be seen to be largely clear with only small patafedoud(white), mainly across Lake Huron.
Although mostly clear of cloud, there is a significant area of ice dgedow-brown)visible on Lake
Erie. This AATSR scene is included as a case study as it provides a test of the retrieval scheme at the
lowest extreme of the temperature range and also a test of the ice detection algorithm
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(b)

Figure 6. Case study example for the Great Lakes region on 02/04/08. (a) False colour image
from AATSR reflectance channels (0.66 um, 0.87 um and 1.6 um). (b) Land/water mask showing
the lake locations with corresponding ARC-Lake IDs.

In Figure7 (b) to (d) theLSWTs are shown for the varios®ud detection antcktrieval schemes,

with the cloud maskn black Figure7a shows the pridcSWT field used in the ARd.ake OE

retrievals (MacCallum & Merchant, 204). The SADISTcloud detection scheme (b) masks almost

all of the lake surfaces.hE nadir Bayesian cloud magX incorrectlysome regions,guticularly

around fronts, but is much improved from the v1.0 prodtigiufe17) where around 50% of the lake
area was incorrectly flagged as clotitiis improvement in the nadir Bayesian cloud mask is largely a
result of the improved estimate of prior LSWT that has arisen through the iterative scheme described
in MacCallum & Merchant (2011aJhe prior LSWT has a lesser impact on the duedw cloud

detection (dand there is little difference between v1.0 and v1.2 reswitis the majority of lake
pixelscorrectlypasgdas clear skySome iceaffected pixels are also passed as clear sky in (d), but
are flagged correctly by the ice detection test discussed below (and therefore their retrieved
temperatures would not contribute to the product).

The overmaskingseen in the SADIST schernseobservedomeof the other case studies, while in
othercaseghe SADIST cloud mask is comparable the Bayesian cloud nias#tsforms of the
Bayesian cloud magieturn fewer falsely flagged areas tiiha SADIST mask, but there is s8lbme
overmaskingaround front edgeis the nadirview case Figure7c) and somevermasking in the
dualview case Figure7d), predominantly around the lake edges.
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In terms of the temperatures retrieved, good consistency is observed across all channel/view

combinations in the ARCake OE scheme, with the average LSWTs f f er ence bet ween r
0.3 K for lakes Huron and Erie. Lake Ontario is excluded as there is significant solar contamination in

the 3.7 um channel to the west of the lake. Note thaita®inel daytime retrievals are not

incorporated into AR ake data products for this reason. Considering orghannel retrievals for

nadir and duaView retrievals, all individual observations are within ~0.3 K across the two retrievals,

with a mean difference < 0.1 K. Operatiorgtrievals are less consistent withch other with average
temperature differences of up to ~1.0 K observed. As well as being more coraistsstretrievals,

the ARCLake OE scheme also provides a spatially smoother temperature product, enabling thermal
features to be distinguished maasily. Again this result is observed across the staskes
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Figure 7. Results for the AATSR scene over the Great Lakes (Figure 6). (a) Prior LSWT field. (b)
Operational SST retrieval with SADIST cloud mask in black. (¢) ARC-Lake OE LSWT (nadir-
view, twin-channel) with Bayesian cloud screening (nadir-view, minimum channel set). (d) OE
LSWT (dual-view, twin-channel) with Bayesian cloud screening (dual-view, maximum channel
set). The colourbar applies to all figures and in all cases the cloud mask is represented as
black. Equivalent results from v1.0 are shown in Figure 17.

One of the reasons for selecting this case study was the clear presence of ice in ¢hienaigérly
(Figure6a). Ice can be seen to the north east of Lake Erie and in small areas in the south and north of
Lake Huron. The result of the ARKGake ice dete@n scheme for this scene is presentedigure8.

In this case study the ice detection algorithm performs reasonably well, correctly masking the major
ice visible on Lakes Erie and Huron. Further analgbthie ARGLake ice product is presented i 8

and .
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Figure 8. Results for the AATSR scene over the Great Lakes (Figure 6). OE LSWT (dual-view,
twin-channel) with ARC-Lake ice screening (MacCallum & Merchant, 2011a). Note that no cloud
screening has been applied, and cloud related LSWT biases are evident. The colourbar given
in Figure 7 applies and the ice mask is represented as black.

3.3. Case 2
Thesecondexample Figure9) covers part of.akes Nyasa (10) aritanganyika(7), on 2 April
2008.There is relatively little seasonal variation in surface temperature over these lakes, with
temperatres typically only varying by ~4 K over the year with an annual mean of ~2B8BtKe
false colour imagéFigure9a) there is a mixture of cumulus and thin cirrus across the lakes, and some
regions of cleasky. Thin cirrus that is only just discernible in the image covers most of the area of
Tangayika,This AATSR scene is included as a case study as it provides a test of the retrieval scheme
at thehigher endbf the temperature range apibvides a more @llenging test of the cloud detection
scheme.
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Figure 9. Case study example for Lake Nyasa. (a) False colour image from AATSR reflectance
channels (0.66 um, 0.87 um and 1.6 um). (b) Land/water mask showing the lake locations with
corresponding ARC-Lake IDs.

As for the first case study, th&WTs for the various retrieval schemes are showkignre10 (b) to

(d) theLSWTs are shown for the various retrieval schemes, along with the appropriate cloud mask.
Figure10 (a) shows the pridcSWT field used in the AR&.ake OE retrievalsMacCallum &

Merchant 201a). Again there are significant differences between the SADIST and Bayesian cloud
masks. In this case study, both Bagesinethods (nadir minimum channel set and dual maximum
channel setprovide areasonable representation of the cloud cover visible in the reflectance imagery.
As for the previous case study, a degree of-ovasking is premnt in the nadionly cloud mask but

less markedly so.
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Figure 10. Results for the AATSR scene over Lake Nyasa (Figure 9). (a) Prior LSWT field. (b)
Operational SST retrieval with SADIST cloud mask. (c) ARC-Lake OE LSWT (nadir-view, twin-
channel) with Bayesian cloud screening (nadir-view, minimum channel set). (d) OE LSWT
(dual-view, twin-channel) with Bayesian cloud screening (dual-view, maximum channel set).
The colourbar applies to all figures and in all cases the cloud mask is represented as black.

Retrieved_.SWT values from the AR@ .ake OE scheme are again consistent adf@ssvoday-time
retrievalmethods (twirchannefor nadironly and dualiew), with and average difference across
Lake Nyasa 0f0.12 K. The operational retrievals are again less consistent with each othanwith
averagdgemperature differenaaf ~0.54K observed. As inase study 1, the ARCSWT product is
also more consistent spatially.
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4. Lake Ice Concentration (LIC) Product

4.1. Introduction
As for theLSWT products, two methods of assessment of the LIC retrieval algorithm are employed:
gualitative analysis of performance for case study images at full AATSR resolution and quantitative
comparisonsvith in situ observations. Quantitative validation againssitu observations is described
in this section while the qualitative case study analysis is presentddliindl cases, results are
presented foARC-Lake v12 retrievals

Two modifications have been mattethe icetest in ARGLake v12: it is now performed prior to the
coarse cloud screening stagad it is only applied to pixels where the prior LSWT is < 278 K. These
modifications aim to redie hhe number olearsky,ice covered pixelscorrectly flagged as cloud
and to reduce the incidence of ice clouds being flagged assiig#se pixels.

4.2.Data
Quantitative assessment of the LIC product is conducted using ice observations obtairied from
NOAA Great Lakes Ice Atlas (Assel, 2003) and the National Ice Cdntpr/(www.natice.noaa.gyv
Both of these sources provide ice charts for the Great Lakes: Superior, Huron, Michigan, Erie, and
Ontario. These ice charts, describeddsgel(1983, are a blend of observations from different data
sources (ship, shore, aircraft, and satelir@cover the full lifetime of the ATSR series of
instruments. Ice concentration data are provided as the fraction of a unit of lake surface area that is
complaely covered with ice, where each grid cell has a nominal resolution of 2.5 km x 24s&at (
et al, 2002. Ice charts are provided for each winter season (Béz April 30" approx.) for the full
lifetime of the ATSR instruments. This data is usefdrtvide a quantitative indicator of the
performance of the ice detection algorithm, under ed&grconditions. The ARCake ice detection
algorithm is based on the Normalised Difference Snow Index (NDSI) ofelHal(1995) and is
described in MacCallu& Merchant (201a). This is applied on a pixbly-pixel basis and a count of
the number oice pixels in each 0.05°x0.05° cell is stored in the ARRe v12 products.

Note that, since the test uses reflectance channels, it is only available forelagaimes (under clear
skies). For the Great Lakes validated here, day time imagery is available throughout the year, but for
extreme northern lakes, there may be periods where no ice detection can be done.

4.3. Methods
For quantitative comparison with the AR@ke LIC product the digitised ice chart data from the
Great Lakes Ice Atlas and the National Ice Center are averaged to the same 0.0§fkDe@%he
v1.2 ARC-Lake LIC product. Ice chart data were compared with the ABRK2 LIC product only for
days where the ice chart data was taken from observations (i.e. interpolated data was excluded), and

28



Document Ref:
ARC-Lake-Validation-Reportv1.2
Issue 1
Date:21 Nov 2011

The University of

ATSR Reprocessing for Climatg
Lake Surface Water
Temperaturei ARC-Lake

only for days where there was at least one &&grATSR observation of the lake available (either
openwater or ice). As the ice charts are only provided duttire period where the lakes are likely to

be (partially) frozen, the inclusion of days where no ice is present should not unduly bias the results of
this comparison towards successful detection of -aypeter.

Four surface categories are defined for #malysis: openwater, icecovered, mixedvater, and

mixed-ice. The definitions of these are giveriliable6. Each grid cell is classified as one of these
categoris in both the ice charts and the LIC product. When calculating the percentageecen the

LIC product, only cleasky observations are included (i.e. ice cover = N ice pixels / (N ice pixels + N
water pixels), and cloudy pixels are not considered)eiMyithe number of necloudy pixels in a cell

is low, the samplingelated error in the LIC for the cell can be large. For each day where ice chart
and LIC products have matched, grid cells containing at least oneskjeabservation were

considered intte analysis.

Category Name Short Name Percentage Ice-Cover
Open-water ow 0

Mixed-water MW 1-15

Mixed-ice MI 15-85

Ice-covered IC >85

Table 6. Categories of ice-cover used in analysis of ARC-Lake LIC product.

4.4. Results
Percentagé&e-cover values are compared between ice charts and the LIC product for each of the five
Great Lakes, over all observations for AF3Rnd AATSR independently. The results of this
analysis, considered over all the Great Lakes, are presentable7 andTable8 for AATSR and
ATSR-2 respectively. These tables show the paegmof cells where each pair of surface categories
(Table6) is observed between the AR@ke LIC product and the ice charts (e.g for AATSR
observations over all thGreat LakesTable7), 2.46 % of cells are classed as opeater in the ARE
Lake LIC product and as igmvered in the ice charts).

ARC-Lake 0% | 1-15% | 15-85% | >85%
Ice Charts
0% 64.07 0.85 0.78 0.19
1-15 % 8.68 0.62 0.65 0.65
15-85 % 2.46 0.88 2.25 256
>85 % 2.46 1.02 3.25 8.64

Table 7. Results of comparison of ARC-Lake LIC product from AATSR with ice charts over all
the Great Lakes. Values are the percentage of cells matching each surface classification pair
between ARC-Lake LIC and the ice charts. These results represent 157425 grid cells.
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ARC-Lake 0%| 1-15% | 15-85% | >85%
Ice Charts
0% 66.10 1.05 1.16 0.44
1-15 % 5.89 0.25 0.35 0.24
15-85 % 3.42 1.03 212 161
>85 % 3.67 0.94 3.16 8.58

Table 8. Results of comparison of ARC-Lake LIC product from ATSR-2 with ice charts over all
the Great Lakes. Values are the percentage of cells matching each surface classification pair
between ARC-Lake LIC and the ice charts. These results represent 197845 grid cells.

The results of the analysis, Tmble7 andTable8, demonstrate reasonable levels of agreement

between the AR@ ake LIC product and the ice charts. Ideally the diagonal elements of these tables
should be large, particularo for the both OW and both IC cases where there should be less
ambiguity about the surface type. By summing equivalent elements of these tables, a summary of the
agreement between the two ice products can be obitdiable9 provides this summary, where four

levels of agreement have been defined, corresponding to the number of surface categories by which
the two ice products disagréeg. level 0 indicates bothiquucts class the cell as the same category,
level 3 indicates one product classes the cell as OW while the other classes it as IC).

Level of Disagreement AATSR ATSR-2

0 (Agree) 75.58 77.05
1 16.86 13.09
2 491 5.76
3 (Disagree) 2.66 411

Table 9. Summary of the level of disagreement between ARC-Lake LIC and ice charts. The
level number indicates the number of surface categories by which the two ice products
disagree (e.g. level O indicates both products class the cell as the same category, level 3
indicates one product classes the cell as OW while the other classes it as IC).

Reasonable levels of agreement are observed between th&adeCIC product and the ice charts
(Table9). For both ATSR instruments, the LIC product classifies the surface in the same category as
the icechart inover 75% of the cells assessed, mainly due to very reliable idatitificof the 0% ice
class. The percentage of cells which agree to within one class exceeds 90 #b $enisors.

Closer assessment Bable7 andTable8 reveals that the ARCake LIC product underestimates the
amount of icecover, relative to the ice charts. This can be seen by considering the elements of the
tables on eitér side of the main diagonal: elements above represent cells where more ice is observed
in the LIC product than the ice chart, while the opposite is true for elements below the diagonal.
Assessinghe results in this way reveals that the AR&ke LIC prodet may fail to detect ice
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coverage accurately in ~%8of cells, while at the same time falsely flagging epeter as ice in
~5% of cells, for botATSR-2 and AATSR.

Comparison with equivalent results using the ARIke v1.0 productdacCallum & Merchat,

2010 reveals little difference in theccuracy of the LIC product, relative to the-atearts, with levels

of agreement differing by < 1% all categories. This is unsurprising as the ice test itself has not been
modified. However, v2 products yiedl 3-5% morecloud-free matchups with the icechart dataThis
increase in observations coupled with no loss in accuracy, relative to-tteaits, indicates the

success of the repositioning of the-test within the retrieval schenaad of the new metid of
incorporatingpreviousice obsevations into the prior LSWT fieldacCallum & Merchant, 201)a

The full breakdown of results for each of the Great Lakes is givEabtellto Table20in the
appendix (8).
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5. LIC Case Studies

5.1. Introduction
For the qualitative angsis the ARGLake ice detection algorithm is assessed visually at the
instrument pixel resolution (~1 km at nadir). The set of case study images defiiBatbint&ns three
scenes where ice is visible in tleflectance imagery, covering the Great Lakes, Lake Winnipeg, and
Lakes Onega and Ladoga. In addition to these scenes, the ice cover product is assessed at the pixel
resolution for days, identified in the analysis with ice chad, (8here significant iceover was
present. Examples from this analysis, along with some general observations, are presented in the
following sections.

5.2. Example from Case Studies
An example of the AR@.ake LIC product at the pixel selution has been presented-igure8,
above. In that case study, the AlR@ke product is seen to provide a reasonable representation of the
ice cover over the Great Lakes, visible in the reflectancenghamage(Figure6).

A further example from the case studies is showFignrell. As inFigure8, the ice degction

algorithm appears to work quite effectively in this scene, successfully masking the ice visible in the
north of Lake Onega while correctly identifying the smaltfie® region in the south of the lake as
open water. In the third of the case studiegke Winnipeg on 01/01/08) where ice is visible in the
reflectance imagery={gure12), thevl.0ice mask faiédto detect any ice in the cloud free areas of

the scendFigurel8). This was a consequence of the positioning of a gross cloud test prior to the ice
detection stage. In v1.2 the ice test is performed in advance of the gross cloMa@¢€slum &
Merchanf 20113, reducing the degree of misclassifioa of ice regions as cloud@he impact of this

is demonstrated iRigure12, where the cloud free regions oficever are now correctly flagged as

ice.
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Figure 11. Ice cover case study over Lake Onega (18) on 03/04/2008. (a) False colour image
from AATSR reflectance channels (0.66 pm, 0.87 um and 1.6 pm) for nadir view. (b) As (a) but
for forward view. (c) Land/water mask showing the lake locations with corresponding ARC-
Lake IDs. (d) Ice-mask with pixels flagged as ice represented as black; other colours indicate
either cloud or LSWT.
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