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1 INTRODUCTION

1.1 Acronyms and Abbreviations

AATSR Advanced ATSR

ARC ATSR Reprocessing for Climate

ATBD Algorithm Theoretical Basis Document

ATSR AlongTrack Scanning Radiometer

BT Brightness Temperature

DINEOF Data Interpolating EmpiricaDrthogonal Functions

DISORT Discrete Ordinates Radiative Transfer Program for a Mulyered
PlaneParallel Medium

GLWD Global Lakes and Wetlands Database

LIC Lake Ice Concentration

LSWT Lake Surfac&VaterTemperature

LUT LookUp Table

MAP Maximum Aposteriori Probability

MODIS Moderate Resolution Imaging Spectroradiometer

NE T Noise Equivalent Differential Temperature

NIR Near InfraRed

NWP Numerical Weather Prediction

OE Optimal Estimation

PDF Probability Density Function

RFM Referencé-orward Model

RMSD RootMeanSquare Deviation

RT Radiative Transfer

RTM Radiative Transfer Model
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SST
TCWV
TIR

ToA

Radiative Transfer for TOVs (a fast RTM)
Standard Deviation

Sea Surface Temperature

Total Column Water Vapour

Thermal InfraRed

Top of Atmosphere
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1.2 Purpose and Scope
This document is an Algorithm Theoretical Basis Document for the generation of Lake

Surface Temperature$WT) and Lake Ice Concentration (LIC) products from Aléingck
Scanning Radiometer (ATSR) imagery.

Such products have not been adequately delivered by previous systems developed for either
sea surface temperature or land surface temperature determination. However, there is a need
for LSWT and LIC for many applications: numerical weather predictionasibst pressing
application, since increasing spatial resolution and sophistication of satfacsphere

interactions in weather simulations no longer permits that lakes are neglected or very crudely
represented; other applications include climate mangotimnological research, and

climate prediction for commercial and societal institutions.

In terms of scope, this ATBD covefd SR-1, ATSR-2 and Advanced ATSR (AATSR)
processing.

1.3 Algorithm Identification
The ATBD provides the theoretical basis for tbkbowing algorithms:

- identification of i mage tagetixaeked @ c@wh iom
are defined)

- determination of lakepecific inputs required for radiative transfer modelling
(the radiative transfer models are not part of the BT&nce the algorithms
are independent of these)

- discrimination of cloudy and necloudy pixels, and of water and ice clesky
pixels (ficlassificationo)

- estimation olL.SWT, uncertainty in.SWT for clearsky pixels

- conversion of pixel observations to adgied product

11
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2 ALGORITHM OVERVIEWS

2.1 Identification of lakes
2.1.1 Phase-1 and phase -2
The algorithmaveredesigned to support productionldWT and LIC for large lakem

phases 1 and 21 and v2data produ®). Large lakes are commonly defined as natural inland
water bodies of >500 khin surface area (Herdendorf (1982), Beeton (2002). In addition,
the target lakes for tHest two phases of thARC-Lake project include some inland waters
that are less tharDB knt in area (because ARCake users have requested these, or because
there are useful validation data available).

The lake identification algorithm determines, on the basis of the longitude and latitude of a
pixel in the ATSR level 1b imagery, whetlibat pixel is geolocated over a target lake, and,

if so, which lake is in view. This is done on the basis of a hierarchical temporally fixed lake
mask. Being temporally fixed, ephemeral lakes are not included in the target lake list, and
lakes undergoingrdmatic hydrological changes are not properly accounted for in this
version of the algorithm.

2.2 Phase-3
In phase3 of ARG-Lake (/3 data products) the set of target lakes is extended to include

smaller lakes (down to surface areas of order 5%) kieservoirsephemeraiakesand other
lakes with significant temporal variations in surface afé. inclusion of \ater bodies with
variable surface araa possible due to the introduction of a water detection algorithm both
within the retrieval scheme and apra-processing stepsed to define the maximutarget
area over the ATSR/AATSR time periodandto estimate the minimut@rgetarea on an
annual basi¢g3.3).

As in the earlier phases, ttargetidentification algorithm determinasghich target the pixel

is over throughhelookup ofa temporally fixed lake mask (maximum area maskh the
ATSR level 1b pixel longitude and latitudEo enable inclusion dhrgets with variable
surface area, thisxed-mask is combined with the application of the water detection
algorithm for daytime observations and with the binary masks of annual minimum area for
nighttime observations.

2.3 Lake-specific inputs to radiative transfer modelling

(simulation)
The clasification and retrieval algorithms discussed in 86 and 88 are based on radiative

transfer modelling. The algorithms are generic with respect to what choice of radiative
transfer model (RTM) is applied, so long as appropriate simulations of brightness
temperature (BT) and visible reflectance, can be made. In addition, the jacobian (derivative of

12
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BT) is required with respect to prior surface temperatfed prior total column water

vapour (\*); any radiative transfer model that simulates BT can prdhieigacobians by
perturbation if it does not directly output them. Thus, discussion of the RTMs as such is
properly outside the scope of this ATBD. Likewise, the algorithms are generic with respect to
the origin of the profiles of atmospheric temperatur@ water vapour that are required to run
the RTM: the sourcing of such numerical weather prediction (NWP) fields for a given
location and observation is a generic process for which any implemeiBGstake

algorithms will have a preferred local solution

However, the sourcing of the prior surface temperaifirand the lake surface emissivity,

are also required, and we have found that NWsBed values for these are not (at present)
sufficiently accurate for use MRC-Lake Therefore, they need to be specified by an
algorithm, presented here. Tkiealgorithm is simple: it involves looking up pealculated

data giving a spatially complete field of prior surface temperature for the periddal99

2012. This ATBD is theréore focussed on documenting the basis for those po#tata. The
emissivity algorithm involves interpolation of fresh and saline water emissivity according to
the nature of any given lake.

2.4 Classification
Valid LSWT can be estimated only for pixels tha¢ &ffectively cleassky (free of cloud).

The algorithm for assigning a probability ofclsak y t o each pixel i s bas
theorem (Merchargt al, 2005), and exploits the BT and visible simulations.

The LIC value for a cell is based on the fractidrclearsky pixels in a cell that also triggers
an ice detection algorithm.

2.5 Lake Surface Water Temperature retrieval
TheLSWT is estimated for each cleaky water pixel using joint optimal estimation (OE) of

x® andw” given the simulations and observations. The form of optimal estimation used is to
return themaximum aposteriori probabilitMAP) assuming Gaussian error characteristics.

OE also gives an uncertainty estimate for each retrieval.

2.6 Gridding

The lake produstare required on a 0.0Rtitudelongitude grid, and thus a gridding
algorithm is specified, to take the observations from the imagery resolution to the product
resolution.

13
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3 IDENTIFICATION OF LAKES

3.1 Overview
A key component of the ARCake processingystem is the land/water mask, used to define

the locations of lakes, and therefore locations where Lake Surface Water Temperature
(LSWT) and Lake Ice Cover (LIC) should be derived. As we wish to treat each lake as a
single entity, the land/water mask matgo allow (A)ATSR observations to be attributed to a
particular lakeDifferent approaches, with some shared methodology and goals, have been
used for lake identification in the first two phases and in the third phase ofLARE The
methodology of eachpproach is outlined in the following sections.

3.2 Versions 1 and 2 ARC Lake dataset
This section describes the development and implementation targe identification
methods useth v1 and v2 RC-Lake data products.

3.2.1 Algorithm and justification
Following assessment of existing land water masks, a new |laed/mask was developed

specifically for the lakes defined in Phase onARL-Lake (MacCallum and Merchant,
2010). Details of this development process follow.

The EnvisaATSR land/water masfused operationally) was compared with the

NAVOCEANO mask (GHRSTE, 2006). A summary of these two masks is givehablel.
Although it does not provide full latitudinal coverage, the NAVOCEANO mask was

preferred to the Envisat rslaas it suffered fewer problems with missing or-focated

lakes. It also has the benefit of being at a higher resolution, allowing better representation of
shorelines, and the potential advantage of containing information about the distance of each
cell from the shore. Although not currently utilised, this information could be used to aid
screening of land contaminated cells.

Mask Resolution | Latitude Mask type Number of lakes
(degrees) | Coverage with no water cells

Envisat 0.01 [-90,90] Binary 10

NAVOCEANO | 0.00833 ~[-80,80] Distance from shore | 3

Table 1. Summary of land/water masks assessediRC-Lake.

A problem shared blgoth the NAVOCEANO and Envisat ATSR maskshe lack ofmeans

by which to attribute water celts aparticular lake Due to the irregular shapes of lakes and
the close proximity of other water bodies (e.g. other lakes, rivers, and oceans), it is not
possible to do this by simply selecting a regglaaped area surrounding the location of the
lake centre It is also not possible to define the cells for a given lake as the group of

14
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connecting water cells overlying the location of the lake centre, as areas of some lakes (e.g.
LakeAstray) are smaller than the resolution of the mask, and therefore thgddtkesigh

fully connected in realityinay consist of groupings of namonnecting cells. This problem of
correctly attributing water cells in the mask to specific lakes was tackled by incorporating a
polygon definition of each lake.

The Global Lakes and/etlands Databas&LWD (Lehner and Ddll, 20043lescribes each
lake as a polygon. These polygons consist of an array of longitude/latitude coordinates
defining the main shoreline of the lake and the shorelines of islands within the lake. Lehner
and Doll 004) derive these polygons from the Digital Chart of the World (DCW) of ESRI
(21993), with manual adjustments made to define boundaries between the lakes and other
water bodies. A new land/water mask (GLWD mask) at the NAVOCEANO resolution was
generated tm these polygons, with cells being flagged as water only if they were
completely land free (i.e. entirely enclosed by the lake shoreline polygon and not
intersected/contaminated by any island polygons). Unlike the Envisat and NAVOCEANO
masks that only disiguish between land and water, the new GLWD mask distinguishes
between individual lakes by flagging water cells with a unique lake identifier number.

As a conservative approach, the NAVOCEANO and GLWD masks were combined to create
the ARC-Lakeland/watemask. Only cells flagged as water in both masks were defined as
water in the new mask, giving a conservative representation of the water cells comprising
each lake. In the special cases where the NAVOCEANO mask contained no water cells for
the lake(e.g.Lake Hazen)the GLWD mask was used. The result of this process is a global
(including the high latitudes) land/water mask at a grid resolution of 0.00833°, where each of
the Phase one lakes is represented by a unique number.

3.2.2 Practical considerations
Thelakes covered Phase oneARRC-Lake and indeed all lakes, ontpver a small fraction

of t he E a.Theteforecomprassidndechaiquese applied to reduce the memory
storage requirements of the maske mask is stored in a hierarchical datacttire, with

three levels of increasing resolution as detailefGable2. By storing onlythe full resolution

mask for 0.1° resolution cells that contain Igkbg herarchical data structure greatly

reduces the storage requirements for this mask. The land/water mask is available in NetCDF
format froman online data repositoriyiacCallum and Merchant, 20&)1

Level | Resolution Dimensions| Details

1 1.0°x 1.0° [360,180] | O- No lake data

> 0- Index (n) of 2nd dimension of Level 2
(indexing starts at 1, i.e. F90 standard)
Number of norzero elements = N = size of 2nd

15
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dimension of Level 2

2 0.1°x 0.1° [100, N] 0 - No lake data

> 0- Index (m) of 2nd dimension of Lev@
(indexing starts at 1, i.e. F90 standard)
Number of norzero elements = M = size of 2nd
dimension of Level 3

3 0.01° x 0.01° | [100, M] 0 - No lake data
> 0- ARC-Lakeindex number for lake

Table 2. Structure of hierarchical land/water mask developed\RE-Lakevl and v2 data.

3.2.3 Assumptions and limitations
The new land/water mask outlined in 83.2 is generated only for the lakes defuiednd

v2 of theARC-Lake datase{MacCallumand Merchant, 2010). This set of target lakes

contains water bodies broadly described as permanent, natural water bodies with surface area
> 500 knt, with a number of exclusions and additions (MacCallum and Merchant, 2010).

One such exclusion is lakes tibighly variable surface area (> 25%). Such lakes are not
included to avoid the issue bEWT retrievals being performed over land when the lakes

recede. There are however still lakes where lesser (or undocumented) variations in surface
area occur. Therefe it should be noted that land contamination may still be an issue around
lake edges.

There are also two lakes (the Aral Sea and HargazGol) where significant changes to the
surface area have occurred over the lifetime of the ATSR missions, rathesethisonally. In
these cases, the land/water mask represents the lake extent ashatnapime, so therefore
does not accurately represent the lake area throughout the ATSR mission lifetime.
Consequently,. SWT products for these lakes should be usét caution.

The problem of variations in lake surface area is one that must be addressed in future. A
water detection algorithm based on visible reflectance channel observations is proposed, and
will be trialled in Phase 3 of th®RC-Lake project (montk 27 to 36) in the context of

extending the range target lakes within the project to smaller inland water bodies.

3.3 Version 3 ARC Lake dataset
This section describes the development and implementatibie @frgetidentification

methods used in v3 ARCake data products.

3.3.1 Algorithm and justification
As discussed i83.2.3 the lake identification methods employectieating v1 and v2

dataset®f ARC-Lake limittargets to those witimvariantsurface areasith land

16
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contamiration a potentialssue toLSWT retrievals iftargets with variable surface area are
included.To allow sut targets to be included in thi8 dataset whileninimizing the risk of

land contaminated LSWT retrievals, a water detection algorithm has been introthised.

has been implemented in two stages: (a) as-gnoeessing stepsing all available ATSR
observations to determine masks of maximum target area and of annual minimum area, and
(b) as an addition to the LSWT processing scheme fotidas/observations.

3.3.1.1 Water detection - Pre-processsing
The water detection scheme implemented in AR&e v3 utilises the visible (VIS), neR

(NIR), and shorivave IR (SWIR) channels of the ATSR2 and AATSR instruments, through
a combination of simple threshold tests. Twodest basedronormalized difference

indices with further threshold tests performed on individual channel reflectances and
brightness temperatureBaresholds usedredefined inTable 3.

The two normalised difference indices usedmesented in equatiolsl and 3.2. They are:
theModified Normalisedifference Water Inde (MNDW!I), described byu, 2006 and the
Normalisal Difference Vegetation Index (NDV(frownshend and Justice, 1986)

Eqg.3.1 vnDw = Soss” Rus
RO.SS + R1.6

Eqg. 3.2 NDVI = Row * Rowr.

RO 87 + R0.67
Channel / Normalised difference Threshold
MNDWI >0.1
NDVI <0.0
0.55em <15%
0.87em <10%
1.6em <10%
10.8em > 260K
MNDWI-NDVI >0.4

Table 3. Threshold tests for water detection.

This water detection scheme was appliedT&R level 1b imagery pixels fahe full
ATSR2/AATSR time period, recording counts of positive water detechionints) on a
1/120° grid(as used in phasesahd?2). Using the WD polygons as a basis ftarget
location, but not a limit, GLWD IDs were assigned to each region identified as water.

17
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Subsequent filtering based on Notaivalues was applied oriaagetby-targetbasis to
reduce potential land contamination from mixed land/water piXeéis.filtering assumes the
distribution of Ncountscross cells irach targeis Gaussianandexcludes cells with
Ncounts less than the lower limit of taussiarfit to the Ncounts distributiorihe resulting
watermask provides an estimatetbe maximum extent of eatargetover the
ATSR2/AATSR time period.

Annual masks of minimurtargetextent are estimated from annual accumulations of water
counts (Ncountg on the 1/120° grid, using a similar Ncoyftgering method as applied to
minimize potential land contamination in the maximum extent mask.

3.3.1.2 Water detection i LSWT-processing
Thewater detection scheme awdter masks described $3.3.1.1are implemented within

the LSWT processing scheme as followsr daytime observations, the watéetection
threshold testsl{able3) are applied to all levelb imagery pixels flagged as water within the
maximum areanask determined in the pprocessingvater detectiorstep(83.3.1.9. This
allows daytime observations to capture the full rangevafersurface area exhibited by each
target.

A different approach is required for nigiiine observationsgs theVIS, NIR, and SWIR
channels used in the watereletion algorithmare not available at night. The annual

minimum area masks are used for nitjiite observations. These do not allow the full range
of water surface area to be captured but insteadd@@/conservative estimate of target
surface areaappropriate to that yeaihile a higher temporal frequency for minimum area
detection would be better suited to seasonally varying lakes in particular, the sampling rate
from the narrowswath ATSRs is isufficient to support better than annual determination.
(Potentially, an approach combining multiple sensors could yield seasonal discrimination.)

3.3.2 Practical considerations
Although there is a sthold increasen the number of targets between phasandphase3,

the fraction ofthe Earths s ur f ac e c o vidherefode ompeession tachnigsema | |
are again required to reduce the memory storage requirements of théatagk.than using

the hierarchical data structuneed in the earlier phaseteécribed ir§3.2.2, phase3 water

masks are stored using thelunilt NetCDF4 compression.

To further minimise storage requirements, the taligeif each gridcell is only stored in the
maximum area mask. Annual minimum area masks contain only a binary (land/water) mask
and must be used in conjunction with the maximum area mask to assign observations to the
appropriate targeD.

18
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3.3.3 Advantages, a ssumptions and li mitations
The new phas8 water masks and water detection scheme offer considerable advantages over

the static water mask used in the earlier phases of-L&k€.As the phas& scheme allows
changes in surface area to be captured, it is no lomegpessaryo exclude targets knawto
have highly variable surface area. Tall®ws a new category gbotentially high interest
target to bencludedin the dataset.

Applying the water detection scheme rather than the combination of GLWD polygons and
NAVOCEANO mask (8.2.]) can also provide a better representation of target surface area
for targets with static area. The GLWD pabyg donot provide an accurate representation of
the target shape for all cases. For exanmgleymber of reservoimgith complex shapare
defined as perfedircles in the GLWD.

The potential problem d&nd contaminatiomround lake edgen the earlier phase(83.2.3
should also be reduceingthe new water detection methodsus is particularly important
as smaller targets are considered in ptf&assany landcontaninated LSWT retrievalsvill
have a morsignificantimpact on lakenean LSWTSs for smaller lakes.

Although the water detection method offers clear advantages over the static watdt imask
not without limitations. Perhaps the most significarthé it isnot possible foATSR-1, as

the VIS and NIR channels are not available. Consequ&RE-Lake \3 data products only
cover ATSR2 and AATSR.

In addition to excluding mixed land/water cefgst of the rationale behind filtering using
Ncountsin the definition of the maximum area mask was»olude false positivevater
detectionsThese can aristue to effects such as cloud shadmviand surfaces with spectral
signature similar to water in the available ATSR chanfeets lava fields)Forlakes with
significant variation in surface area, it is possible that some false positive water detections
may occur in dry pixels. However, it is expected thatntlmaber of such cases will be
relatively small and may be subsequently flagged asleatin the later cloud detection

tests.

As the annual minimum area water masks used for-tilglktobservations are fixed for all
observations within a given yeatris clearly not possible to capture seasonal variations in
lake area at night. The nighine observations therefore may not return LS all cells

for which LSWT is retrieved during the day. This is true not just for targets with highly
variable surface area. For some stable taaygdssome yeayshenighttime minimum area
mask may undeestimate the lake area, witheloss of water cellgypically around the lake
shoreline, as a result of the annual Ncounts filtering.
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4 LAKE-SPECIFIC PRIOR SURFACE
TEMPERATURE

The prior surface temperature is a key component of the optimal estimatioh$W0H)
retrieval scheme implementedARRC-Lake NWP-based values, as used in sea surface
temperature (SST) retrievals, are not (at present) adequate forAREibhake The regons
for this are twefold: the NWRbased values are not accurate enough and their spatial
resolution too coarse to provide information of spatial thermal structures esdales. This
is particularly apparent for smaller or less well monitored lakés thierefore necessary to
specify the prior surface temperature by other means. These means take the form of an
iterative scheme, using the ARGke LSWT product to generate a spatially and temporally
complete field of surface temperatures by means otipal component reconstruction, that
are then used as the input field for the next run oAfRE-Lake processor.

4.1 Initialization with MODIS C limatology
In many instances (e.g., for ECMWF and Met Office), NWP surface temperature over lakes

is provided by pescribing a monthly climatology value, for example, based on nearby sea
surface temperatures (Saunders and Basalmo, personal communications). Aa884P
values are therefore insufficiently accurate and at a resolution too coafgeGdrake

LSWT retrievals over many lakes an alternative initial prior temperature field was sought.
This was necessary in order to limit the number of potentially valid observations flagged as
cloud because of very large differences between the prior and the retrieval.d8&dan
surface temperature (LandST) retrievals fromMuoelerate Resolution Imaging
SpectroradiometgMODIS) were deemed to be a potentially suitable alternative to NWP, as
they have been applied with some success to lakes from 2000 to presentefGe005,
Reinart and Reinhold, 2008, and W&trel, 2008) and are available at a finer resolution than
NWP data (Y-0° compared to ~1.0°).

Although monthly temporal resolution may result in the loss of information aboutlsteolt
thermal fronts, it waboth feasible to achieve this and was deemed adequate for the creation
of prior LSWT fields for the first iteration. Monthly climatology from MODIS SST products
(which operate over all identified water bodies) were used, with MODIS LandST products
being wed for lakes where SST products were unavailable (because the MODIS SST
algorithm had not been applied), in order to maximise the coverage of the target lakes.

Terra MODIS SST (11 pm dayme and night time) monthly climatology products/af
longitude/latitude resolution, were obtained from http:/oceancolor.gsfc.nasa.gov (MODIS,
2010). Equivalent climatology products were not available for MODIS LandST, so these
were generated from monthly average files (MOD11C3) downloaded from
https:/lpdaac.usgs.gdVan, 200J. MODIS LandST products are dfg° longitude/latitude
resolution.
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A global MODISLake Surface Water TemperattsSWT) climatology at'/s° resolution

was created, as a composite of the SST and Lapd&ilicts, using thARC-Lake

land/water mask (MacCallum and Merchant, 2010) to define lake cells. Data were not
available in all temperature products (SST/LandST, day/night) for all lake cells and in some
cases data was unavailable in all products. Waeséable, MODIS dayime SST was used.

If these data were not present, the MODIS night time SST product was used. If no SST data
were present for a given lake, a lakeaaverage LandST value was used, with preference to
the daytime product if availableAs fine resolution spatial features such as thermal fronts
may persist for shorter timescales than this climatology, there is some redundancy in using
the MODIS products at their full resolution at this stage. Therefore, the MODIS products
were spatiallyaveraged to dg° resolution grid to further maximise spatial coverage and
reduce processing time.

Interpolation from surroundingSWTsis used to fill lake cells or lakes that have missing
data. This interpolation stage is performed inARC-Lake processing code to provide a
spatially complete input field. Linear interpolation between monthly time steps is used to
determine the priotSWT field for a given day of the year.

4.2 lterative Scheme for Generating Prior Surface Temperature for

ARC-Lake
The climatology for each lake developed from MODIS is useful for providing a reasonable

prior for some of the smaller lakes, but does not provide the temporal and spatial resolution
necessary to correctly represent the how lake temperatures vary in time argkia@pas a
given lake. Nor does it capture any intemual variability, of course. It was therefore
adequate for an initial run of theRC-Lake processor, but is not capable of giving best
results. A better prior (with adequate temporal and spatialutesol and with inteannual
variability present where possible) was therefore developed by an iterative approach as
described in this section.

The climatology derived from MODIS was used as input toAlR€-Lake processor, and
some valid observations bEWT were obtained. A prioc SWT field of the spatial and
temporal resolution necessary for an improved result was then achieved by applying data
interpolating principal component techniquésvera-Azcarate 2009 to these satellite
observations o SWT. This allows gaps in theSWT data, arising from cloud cover and
incomplete lake coverage in the instrument swath, to be filled in space, thereby providing
complete spatial coverage on each day of observation. These fields were then linearly
interpolated irtime to yield a spatially completesSWT time series for every day of the year
during the ATSR2 and AATSR missions (in most cdssse below). Since the interpolation
process creates fields with errors that are uncorrelated or very weakly correla®dTo
retrieval errors, the complete time series may be fed back into the retrieval scheme as a prior
LSWT, and the process repeated, with improved results, particularly in terms of cloud
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detectionFigurel illustrates this iterative process, the components of which are described in
the following sections.

There are three key components to this iterative processing scherA&GHeake processor

for LSWT, software for reconstructing a spatially comple®VT field from theARC-Lake
output using empirical orthogonal function (E&#gsed techniques, and a lake model. The
ARC-Lakeprocessor is described in this document and the references heelBOF
decomposition based reconstructions of the spatially incomplete output fréxR@ieake
processor are generated using the software package, DINEOF (Data Interpolating Empirical
Orthogonal Functions). This software, described in detalllogra-Azcéate(2005) allows
missing data points (e.g. clouds and areas not under the instrument swatfRCthake

LSWT product to be calculated from an optimal number of EOFs determined using-a cross
validation technique. Finally, output from the lake mo&é&kke (Mironov, 2005) is used for
cases where the number of valid observations #&@G-Lakeis extremely low and/or the

EOF reconstruction is poor. It is also used to enhance the representation of frozen periods,
which may suffer from problems of extensigloud cover and of surface ice being flagged as
cloud by theARC-Lake processor. The simplified online version of FLake is used
(http://www.flake.igbberlin.dej which provides an approximation to a climatic mean
temperature cycle. It is beyond the scopéhis document to explain the workings of

DINEOF or Flake in further detail and the user is directed to the references given. The
iterative processing scheme for generating and using theSW/iT field is outlined in

Figurel and described below.

Perlake output products (as described in MacCallum and Merckabia) from theARC-
Lakeprocessor are the starting point for the process that ultimately creatdémbpgior

LSWT fields at daily resolution that are then used as input t&R@-Lake processor in the

next iteration (except for the first pass, where the climatology based on MODIS observations
was used). Cloud cover and orbit tracks prevenARE-Lake LSWT product providing

spatially complete observations over each lake at every opportéhigra-Azcarate(2005)
demonstrate that these data gaps can be filled usingoa€d€l reconstructions. Before

running DINEOF a number of preprocessing steps @n@nexl to remove erroneous
observations that may adversely affect the reconstructions, and to ensure that there are
adequate observations to perform the reconstruction.

Erroneous outliers in the inpuSWT field (e.g. from land contamination) can result in
unrealistic features being propagated through the reconstruction. To eradicate this problem,
the inputLtSWTd at a ar e f i%Value(theQE rerigval tdste Wwith alloints with

6> > 100 flaggd as missing data.

During periods where temperatures are approach freezing or are frozen, long periods with no
valid LSWT observations or detected ice cover occur over some lakes. To avoid unrealistic
temperatures over these periods, missing data par@teplaced by FLake simulations in the
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reconstructed/interpolated time series. As the FLake simulations approximate to a climatic
mean over the entire lake, they do not capture seasonal or spatial variations in ice cover.
Consequently, a more conservatistimate of the frozen period is taken to avoid unrealistic
switches between frozen and unfrozen conditions across the lake and in the reconstructed
time series. The conservative estimate of the frozen period adopted is theG8atodlthe
frozen perod simulated in FLake. All potential (but cloud or ice covered) observations
during this period are replaced with the value 273.15 K.

The methodology above is updated for the prior LSWT #0.WFollowing the updates made

to the ice detection algorithim v1.1 (to reduce the possibility of thin cirrus being flagged as
ice) the LIC product is integrated into prior LSWT field f@& @ All cells containingce
observations but no valid LSWT observations are replaced with the value 273.15 K prior to
the substitution of FLake simulations. This provides improved representation of ice cover and
LSWT during freeze/thaw perio@sd reduces the influence of FLake simulations on the

prior LSWT field.Note that ice detection is only performed during the d&y, s it uses

visible channel observations. To avoid losing the benefits of the ice observations in the night
time reconstructions, dayme ice observations are stibged into the nightime LSWT
observations (as above), only days where there is both a day antimeglbservation.

Alvera-Azcarate(2005)demonstrate that EQlfased reconstructions perform best when each
temporal slice of data (each day) has vdhth for at least 5% of the potential points. A filter

is applied to the data based on this criterion. Following this, a check is made on the number
of remaining timesteps of data relative to the total number of potential observation days. If
more than %% of the timesteps have valid observations the algorithm proceeds with this

data. However, if there are fewer time steps than this, a daily climatology for an average year
is constructed from all the available data, and this single year time seriessuspdt to

DINEOF. It should be noted that days where FLake simulations have been substituted in are
excluded from this filtering stage.

A spatially complete time series (covering observation days only) is then generated using
DINEOF (Alvera-Azcarate 2005). This is used to further filter the original induBWT field

to remove remaining outliers. Observati@tonstruction differences are calculated for all

valid observations. Where this difference is greater than 2.5 times the standard deviation over
all differences, th& SWT observation is replaced with the reconstructed temperature.

Following the second stage of filtering a second reconstruction is generated using DINEOF.
This reconstruction is then linearly interpolated in time to provide a spatralyemporally
complete time series &fSWT for each lake. Lake cells with no valid observations result in
missing data in the reconstruction. Such cells are replaced by the median of the surrounding
cells, where the size of the median filter applied is variable, to ensure a minimum of 5 cells
areused. Occasional unrealistic spatial and temporal variations in temperature may still be
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present in the reconstructions. These are removed by applying median filters in space (as
above) and in time (with a width of 15 to ensure ~5 observations are used).

Manual checks are performed at this stage: comparing the time series olaike
reconstructedl SWTs with the lakemean observation. The purpose of these checks is to
determine whether the reconstruction is realistic or whether the FLake simulationrs a mo
suitable prior. FLake simulations are used as a last resort for cases where the reconstructions
are in poor agreement with observations, typically cases where the observations are
extremely sparse. Where DINEOF reconstructions are of good qualityndayght time
reconstructions are averaged to provide a single time series for each instrument. Only a single
reconstruction is used if only one of the day/night pair is of suitable quality,

Reconstructions for all the Phase one lakes are then mergeéte daily files with global
coverage at a resolution t§,°. An estimate of the error in the pribBWT field is also

required. For lakes where FLake is used as the prior, the error (SD) is assigned to 2.0 K. For
lakes where the DINEOF reconstructisrused, the error estimate is taken from the
comparison of the prior from the previous iteration vintisitu observations in the MD
(MacCallum and Merchant, 2010). These daily global files of reconstructed and modelled
LSWTs with associated error estimat@re then used as the pii@WT field in the next run

of theARC-Lake processor and the process, as outlined above dfidurel, repeats

iteratively. As illustated inFigurel the full time series of observations for each instrument

is used as input to the iterative scheme.

A modifiedapproach is used for ATSRand additbnal AATSR observations (e.g. 20a40d
2011). For efficiency, we use th8TSR-2/AATSR climatology from v1.1 products (rather
than MODIS climatology) as the initial prior LSWT, with a fixed error estimate of 2 K.
Following this initialisation run, one furén iteration of the processing schereg(irel) is
performed to generate th2.0 data products for ATSR and 2012011 (AATSR). Two
further modifications are made to the AT3Rrocessing. Firstly, no visible channels are
available on ATSRL and therefore no ice cover observatior§ ége possible during the day
or night. To reduce dependence on FLake simulations, we substitute in frozen pasiedls
on ATSR2/AATSR climatology before generating the reconstructions. This is done by
replacing potential but missing observasowith value 273.15 for cells/dates where the
ATSR-2/AATSR climatology is < 273.4 K (the additional 0.25 K is to accommodate
deviations from frozen that can occur in the reconstructi@eondly, for lakes where a
lack of ATSR1 observations preventsetigeneration od full time-series reconstruction the
ATSR-2/AATSR climatology is used, as this generally provides a more realistic
representation of the seasonal cycle

A further modification to the approach is implementedragating the v3 ARC &ke dataset
to accommodate the inclusion€f000 smaller water bodies in the targetdist to account
for differences in the land/water masks for targets included inv2aindv3. For rew
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targetswhere no prior LSWT data is available from AR@ke,a climatological seasonal
LSWT cycle fromFlake simulationss used as thrst-passprior LSWT, as beforeFor
existing targetsARC-Lake v2 reonstructions are useds the land/water masks differ
between phases 2 and&) intermediate step was required to converteéhenstructionso
the new land/water maskells wereflagged as water in both masksethe v2LSWT
reconstructioncells flagged as water only in the pha@enaskareomitted from the phasg
prior, and cells flagged as water only in the phaseaskarefilled using a weighted mean
of the three nearest neighbouring cells with valid LSWT in the v2 reconstrugiamith
earlier iterations of the processing schemeARE-Lake LSWT output from thidirst-pass
phase3 processing were used to determine the prior LSWT for a sqmamslof the
processing scheme, as describadier and as illustrated Figurel.
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4.3 Sources of prior and availability of reconstructed time series
As outlined in 84.2, the final time seriesllBWT used as input in th&RC-Lake processor

come from one of three possible sources (in order from most to least preferred): DINOEF
reconstructions of the full instrument time series, DINEOF rdoactsons of daily

climatology, or FLake simulations. With each iteration it is found that the number of lakes
where the prior comes from the more preferred sources increases. In generating the version
1.0 release cARC-Lake, two iterations were undertakeA third iteration was performed in
generating the version 1.1 release of ARdke productsA fourthiterationwasperformed to
generates2.0 ARGLake data products. The expansion of the target list in phasguired a
further two iterationsthe firg for initialisation of the new targetsingFLake priors and a

second using output from the first phéspass as priors.

A summary of the sources of prior LSWT for each release of-ARK& products is given in
Table4, while adetailed breakdown of theersion3.0 data inTable4 is given inTable 7in
813.2(a detailed breakdown for v2.0 data is given in Table®&.811). Note that v3.1 data
products do not exisThe sources of prior LSWT for v3.1 dateeincluded inTable4.

Sources of data for priu'SWT field used to generate different versions of the ARRe

dataset. Note that v3.1 data does not exist and that these values are included for illustrative
purposes only.able4 to illustratethat the source of prior LSWT improves wehch

iteration.

Version | Instrument | Reconstructed | Reconstructed | Mix of FLake
time series climatology reconstructions

1.0 ATSR2 81 135 22 25
AATSR 112 112 17 22

1.1 ATSR2 126 97 28 12
AATSR 160 73 16 14

2.0 ATSR1 112 113 34 4
ATSR2 174 27 57 5
AATSR 183 16 60 4

3.0 ATSR1 N/A N/A N/A N/A
ATSR2 138 976 134 380
AATSR 427 818 160 223
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3.1 ATSR1 N/A N/A N/A N/A
ATSR2 266 828 132 402
AATSR 551 686 173 218

Table 4. Sources of data for priklSWT field used to generate different versions of the ARRe dataset.
Note that v3.1 data does not exist and that these values are included for illustrative purposes only.

4.4 Implementation of high resolution prior surface temperature
field
The OE retrieval scheme requires the input of prior meteorological fields and forward

modelling based on these fields. As atmospheric fields are smooth compared to the spatial
scales oLSWT variation, it is not necessary to perform the forward modellirgyery

satellite pixel or grid cell of a high resolution prior. Instead, forward modelling is carried out
at ATSR tiepoints (resolution ~ 0.225°), using tistance weighted average of the four
nearest neighbosfrom the high resolutiobhSWT prior. Dueto computational limitations
thistransform to ATSR tigointsis performed on a reduced resolution (0.1°) version of the
prior (generated from the 0.05° reconstruction). The full resolution (0.05°) prior is later
combined with the forward model outputt&tpoints to estimate the prior BTs at the higher
resolution. This is achieved by bilinear interpolation of the quantity

+ By
X

F(Xa) Xhi-res h Xa)

which is then used as the forward model value for pixels correspondinget@ather than
F(xa). Here: x, is the priorlLSWT on tiepoints, X, .. Xn—re iS the high resolutiohSWT
prior, ™ is the tangent linear of BTs with respect to surface temperature (xp}i

X
represents the forward modelled BTs for the state vector at theifits.
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5 LAKE-SPECIFIC EMISSIVITY

Values of the infrared emissivity of water surfaces are another important component of the

forward model, and require a spectral emissivity model wutate them. Such a model must

account for the emissivity variations associated with wavelength, view angle, wind speed,
water temperature and, for the case of lake surfaces, salinity. A suitable emissivity model for
ocean surfaces (neglecting salinityigéions) is described by Embury et al. (2010), and is the

basis of the lakspecific emissivity model used ARC-Lake

Emburyet al. (2010) model the emissivity at any view angle using the following methods.
They assume the water surface consisting of plane facets with a wind speed dependent slope
distribution, calculate Fresnel reflection coefficients for each facet, and tidasam of

their contributions (Masuda et al, 1988 and Masuda, 2006). In addition to the direct emission,

Embury et al. (2010) also include a contribution from emitted radiation that has been
reflected by the surface into the view angle (Watts et al.,M@6and Smith 1997).

The isotropic Gaussian version of the clean surface slope distribution measured/modelled by
Cox and Munk (1954) provides an appropriate description of the sea slope distribution (i.e.,
wind azimuth angle need not be considered). @ilsgibution also provides an estimate of

the background mean squared slope due to swell.

In order to avoid significant errors in simulated BTs the emissivity model must account for

the temperature dependence of emissivity (Newman et al. 2005). Thissraahibved
through the use of temperature dependent values of refractive indices of water (pure and sea

water). The refractive indices of Newman et al (2005) are recommended for the frequency

range 7601230 cnt, and those of Downing et al (1975) elsewh&eitable treatment of the

temperature dependence of the refractive indices is given by Newman et al (2005) for the
range 7661230 cni', and by Pinkley et al (1977) for other spectral regions. Temperature and
salinity dependences may be assumed indepgralah may be combined to calculate

refractive indices for sea water (using a fixed standard value of 35 PSU) at different

temperatures.

Embury et al

For the lakespecific emissivity model, refractive indicea®also calculated for pure water
and double sea water salinity (70 PSU) using the treatments of salinity dependence given by

Pinkley and Williams (1976).

It is not necessary for the emissivity model to include the effect of surface foam, which will
affed the emissivity at higher wind speeds. The effect of foam on the emissivity is likely to
be smaller than the maximum effect proposed in Watts et al (1996), demonstrated by

. 0s

resul ts ar

e

avail abl

e

Salisbury et al (1993) who show emissivity is unaffected by foam in-fle(8n regon. In
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addition, the temperature of the foam may not match the skin temperature (Marmorino,
2005).

In the ARC-Lake processor, a salinity is associated with each lake ID. The forward model
simulations then use an emissivity appropriate to that salinigyraat by linear interpolation
of the emissivity for salinities of 0, 35, 70 PSIhis dependence upon salinity was
introduced in ARGLake v1.1 data products].0 productsised a fixedalinity of 35 PSU

for all lakes.

In phase3 of ARC-Lake, overl000 new targets were addddformation on the salinity of
water bodies is not readily available on this global scale. Therefore only a small fraction of
these additional water bodies have been determined to be eithelosdigsh waterand an
even smaér number have been assigned a salinity vallleéargets with undefined salinity
have been assumed to be fresh water.

Limitations of this approach are as follows:

1 The facet slope distribution with respect to wind speed used for emissivity
calculationdgs appropriate to open ocean, and may not represent well situations of
short fetch from lake shores.

1 The relationship between NWP wind speed and local winds over a lake is likely to be
less accurate than for the open ocean (because of topographica).effects

1 A few lakes have salinity that varies spatially or in time to a significant degree, these
variations not being represented by the single value used ARGel_ake processor.

9 Salinity information is not readily available for individual water bodies global
scale.
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6 BAYESIAN CLEAR -SKY PROBABILITY

The following sections describe the general principles of Bayesian probability theory and
their application to cloud detection. It should be noted that all predefined probability density
function lookup tabes describing the distributions of cloudy radiances used ARG
Lakeprocessing at present have been developed for SST observations rath&Wwhan
observations. To the degree that cloudy radiance distributions vary between land and sea, this
gives sope for further improvement. Equivalent leag tables based on ARCGake LSWT
observations may be developed in the future, but this is not reckoned to be a priority, since

cloud regimes vary significantly over the ocean in any case.

6.1 Bayesian Probability Th eory
The problem being addressed is:

To ceduce the likelihood of an image pixel being cline@ given the radiance values
from various thermal and reflectance channels for the pixel (and perhaps for other pixels

in the image).

The radiance informatiocan be supplemented with prior (background) knowleBgen the

time and geographical location of the observations, climatological and/or NWP forecast
values of surface temperature and afphesic state can be specififithe addition of
background information allows Bayesian statistics to be used to solve the problem posed.

Bayesd theorem for tclyieen ihe obderaaidng, jahdthe o f
backgroundnowledge,x”, amounts to:

Eq. 6.1 P(c|y°,xb):

P(y® [x",c)P(x" | c)r(c)
P(yO |xb)P(xb)

where eacl represents a probability or probability density function as specified in its
argumentg is the state of cleagky clearoceany is the observation vectax;is the state
vector; superscript indicatesobservedand superscrigh indicatesbackground(i.e., prior
knowledge).The definition of the elements of the observation vector and background state

will vary according to the sensor and forward model respegt

For imagers used in meteorology, the clglay probability varies on length scales down to
the pixel dimensions (~1 kmJhis is much finer than the length scales of variation in the

atmospheric terms (other than cloudiness) in the background-si&@ km).To a good
approximation on pixelo-pixel scales, the background state is independent ofshkgar

probability, that isP(xb |c)= P(xb), simplifying Eq. 6.1to

Eq. 6.2 Plcly® x®)= P(y° 1x".c)P(c)

P(y° |xb)
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The term P(y° |xb) describes the probability density function of the observations given the

background state. We may decompose this probability density function into the contribution
from clear and cloudy conditions, i.e.

Eq. 6.3 P(yo |xb): P(C)P(y° |xb,c)+ P(E)P(yO |xb,6)

where an ovebar signifies the logicaiot condition, andP(c) =1- P(c) by definition.

Substituting intdeq. 6.2and rearranging gives the final form used to estimate the gtgar
probability:

. oy &  PEP°Ix"E)e
Eq. 6.4 Plcly®,x" )= &+ —0
| 1yt o SR o)

Given a priorestimate oP(c), evaluating the cleasky probability in the light of the

observations amounts to finding the probability density for the observations given the
background state for both clear and cloudy conditions, and then usingahes®to evaluate
Eq. 6.4

6.2 Probability density functions T clear-sky
6.2.1 Definitions

P(y° ESE C) is the probability of the observations given the background fields and assuming

clearsky. The observation vectgr, consists of spectral and textucaimponents. These are
the channel brightness temperatures (or reflectances) and the local standard deviations of

these, denoted by’ andy | respectively. It will be assumed that the local standard deviation

PDFs arendependent of the brightness temperatures (and reflectances), therefore for the
clear probability:

Eq. 6.1 Ply* Ix".c)=Py2 1x".c) Py?1x".c)

Usingnighttime AATSR retrievals as an example, the spectral componéntis composed

of the brightness temperatures at 8m, 11 nm, and 12nm, denoted byy,, y,, andy,. For

the textural componenonlythe local standard deviatiai the11 mm brightness temperature
is useddenotedy vy, . Eq. 6.1can therefore be written as:

Eg. 6.2 P(y°|xb,c):Pae:y23|x ,C

For daytime AATSR retrievals, the 3/m channel is replaced with the Infh channel, to
avoid problems with solar contamination.
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6.2.2 Definitions
If it is assumed that the errors in the observed and background brightness temperatures have a

Gaussian distribution, then the joint probability density function is given by:

exp{- %DyT(KS KT +Se)_lDy}
20 |KS KT +5S, |

Eq. 6.3 P(y®|x®,c)=

which for theAATSR example can be written as:

aey, o 0 .

% U, b 9_e><p{-%DyT(K5 aKT+Se)1Dy}
Eg. 6.4 Pey, |x ,co= T %

= ) 2p |KS K +S_|”

cE8YsH +

If the clearsky probability density evaluates to less thai®0?, it is set to 13°K™. In
conjunction with a minimum of I8 K imposed on the cloudy probability density function,
this means that any outlying/aberrant BTa flagged as not clear, while avoiding dividing by
zero.

The vector and matrix terms ky. 6.3are defined as follows:
() by is the difference vector for the observed and background brightness temperatures,

defined for theth element asy® = F, (x°) .

(i) KS K " is the error covariance in the background observation vector resulting from the
propagation of the background variable errors through the FFM.

K isthe tangent linear of the forward model defined as:

b

W,

K = .
X

For the example AAATSR, k can be written as:

Z KTy KTy ‘3
ghSST"  pTCwWv ° |y
:é l’lTll I"lTll L:'I
eusst® utcwy ° M
e u
é “le IJT12 U
gusSST’ pTCwv i

s, is the background covariance matrix defined as
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wheree.., ande,.,, are the errors in the background state variables.

(iii) s, isthe total covariance in the difference between the background and actual

observation vectors in the absence of background variable Enisiis the sum of the

RTM model covariance and the covariance in the observed valuesxamples below
illustratethe threechannel case (e.§ATSR nighttime retrievals, wheré= 3.7 pm,j =
11 um andk = 12um), and are readily generalized to other configurations.

& (er) rrerller) ri(en)er)e
sp=elenler)  (ef) rleyerhn

]
m
k

[40)
—
N
—_
1)
~ 3
~—~—
—_
D
3
~—
-
N
—
D

wherer is the correlation coefficient of RTM error between the two chanBglgefault,
the errors in the modeld brightness temperatures are assumed to be uncorrelated, i.e.,
= 0 (which needs further assessment).

The other variance component for the observed brightness temperatures is due to
radiometric noise, which is sismed to be uncorrelated between TIR channels, therefore
the covariance matrix for the observed parameters is:

e’y o 08

s,=¢ 0 () 04
0 0 (e;’)zg

a D> D D

The sum of the covariances in the RTM model and observed values gives the total
covariance matrix:

Eq. 6.5 s, = s, +s, = ér(eM)e") (em) +(e

NOTE: The example foAATSR night-time pixels can be easily modified to perform
cloud screening fadlay-time pixels. For the dayime case, the 3 @m channel is replaced
by the neainfraredchannel, giving = 1.6pm in Eq. 6.5 Again, r*> = 0 is appropriate,
since the forward models are independent.
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6.2.3 LSD Distributions
The texture measure usedARC-Lakeis local standard deviation (LSD) and has a-non

Gaussian distribution, for both clear and cloudy scenes. A satisfactory analgtutadn has

not been found, and PDFs for the textural component are derived empirically from pre
screened observations over oceans. Since the spatial distribution of thermal features and
gradients in lakes can be different over lakes (typically, lessmmitly than the ocean),

creation of a PDF specific to inland waters will be considered in future. The distribution of
local standard deviation for cleaky cases also depends on radiometric noise. Lower channel
noise requires a higher bin resolution towately represent the peak in the PDF. The low
noise (NEDT ~0.04 K) 1 km resolution ATSR2/AATSR are used to create the pdfs
empirically. A D textural PDF for the 11 um channel is used for ATS81d AATSR

nighttime (Figure2) andday-time retrievals.

AATSR:  clear—sky LSD PDF
1oevotH N 0 o ]

1.0e400

1.0e—01

De—02

1.0e=03

Probability density / K™

1.0e—04 -

1T0e-050L . . . v . v v v v
0.0 0.2 0.4 0.6 0.8 1.0

Figure 2. Clearsky 11 um textural PDF for nighime AATSR.

6.3 Probability density functions T cloudy -sky
6.3.1 Definitions

P(y° be,E) is the probability of the observations given the background fields and assuming

cloudys ky (t henotcearskypbt i enmdére correct as this
from extreme aerosol loading or clesky over ice)As with the cleaisky probabilities, it

will be assumed that the local standard deviation PDFs are independent of the brightness
temperatures (and reflectances), therefore for the cloudy probability

Eq. 6.6.P(y° Ix".8)=P(y:1x".€)2 P(y71x".T)

For theAATSR example (atroduced in §.2.7), Eq. 6.6can be written as:

35

c

0



The University of Edinburgh ATSR Reprocessingor Climate Document Ref:
> 3 Lake Surface Water Temperaturei ARC-Lake-ATBD-v1.4
‘ ARC-Lake Issue 1

Date:23 Oct 2013

Eqg. 6.7P(y° |xb,c_:): Panéy23|xb,5?3 P([y4]|xb,(_:)

BB 2

6.3.2 Joint BT Distributions
The joint probability density functioﬁ(yz |xb,E) will have no analytic form and must be

inferred from empirical observations or numerical mbdgland thertabulated.

The approach takean the ARC-Lake processor is tdefine P(yj |xb,6) as a function of only

one variable in the background stat®,namely, the prior surface temperature. The
tabulations have been defined within the ARC SST project for cloud radisssmesadaed
with different bands of prior SST, and are assumed to apply similarly for difle8&MTs.

The global joint probabRdoud )y, deesi vegdf empi o

satellite imagery or numerical motiel, is represented by &idimensional lookup table
(LUT), whereN is the number of channels used (and must match the number of channels
used to define the clear scene PD&.28 Appropriate bin widths must be chosen so as to

give as smooth a represemta of the PDF as possible given the number of data points. The

PDFs must also be correctly normalized so that their units match the analytical PDF for
P(y‘; |xb,c). It is also necessary to define a minimum allowed value for elements of all

PDFs with any values less than this reset to the minimMorARC-Lake t he IPUT s
cloud derived from the ARC SST project 1is

For theAATSR example (&.2.1) P-cloudis taken from clougcreened ocean imagery of
AATSR. TheP-cloudis defined as the fraction of known cloudixel BTs occurring in each
bin of size2 K along the dimensionI-SST and of size (0.2 K)n the area defined by axes
{T 111 T12, T371 T11}. Theoccurrences counted are those flagged cloudy iAR®@ SST

maxk from all AATSR night-time images from all latitudes and seas@mging a huge

number of observations from which to deduce a smooth. Bfdoudwas determined for
nadir and forward views separately and as a function of prior SST. As a method of
compres®n, theP-cloud LUTs are stored in terms of temperature differences (e,g, 37 um
11 pm, 11 pm 12 pm, and 11 prin SST for the AATSR nightime example).

Slicesof theP-cloudLUT for the AATSR example arghown inFigure3 for the nadir view
and a prior SST dtSWT of 280.6282.5 K The full nighttime LUT is an array of

dimensions [2,14,80,50,15] corresponding to dimensions of: satellite zenith angle, prjor SS

3.7 um-11 pm, 11 pm- 12 ym, and 11 unn SST. Bin sizes for these dimensions are: 30°,
25K, 0.2, K, 0.2 K, and 2 K. Ranges vary for dimensions representing temperature
differences, while the SST dimension covers from 270.0 K to 305Th&minimumis not
zero, but is set to 7§ K. This is to avoid geophysically implausible values of BT being
given zero probability of there being cloud: the minimum of the -@kgmprobability density
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function is set to 16 K2 and so BT outliers will be flaggedsnotélead, as one woul

wish.

TSR spectral cloudy night AATSR: spectral cloudy night
LT L L L L LU L B L

e U

Probability density / K”

107% 1077 107% 107 107 107 107F 107"

Figure 3. Examples of slices of the nigtime cloud/-sky spectraPDF LUT for AATSR. All figures illustrate
the LUT used for thenadir view for a prioLSWT range of 280.0 K to 282.5 K. (a) 11 w®ST vsll pmi 12
pmfor 3.7 umi 11 um differences of 2.0 Kto 2.2 K. (b) 11 wr8ST vs3.7 umi 11 pmfor 11 pmi 12 um
differences of 4.0 Kto 4.2 K. . (¢) 11 piml2 pm vs3.7 umi 11 pmfor 11 umi SSTdifferences 0f6.0 K to-
4.0 K.

For thedaytime AATSR example P-cloudis determined for the duaiew configuration
rather than for each view separately as in the #ighg case. This dualiew method is only
possible for dayime retrievals as thedeaced TIR channel set enables a manageabésl
LUT to be defined. As for nigkiime retrievalsP-cloudis determined as a function of prior
SST and the LUTs are stored in terms of temperature differences. The ftitheayUT is
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an array of dimenens [14, 15, 20, 20, 20] corresponding to: prior SST, 11 um he&&®sT,
11 pum nadir 12 um nadir, 11 pm forward12 um forward, 11 um nadir 11 pum forward.
Bin sizes for these dimensions are: 2.5 K, 2.0 K, 0.4 K, 0.4, K, and ®£kKudfor the
AATSR dayi time example is shown iRigure4 for a prior SST of 280.0 K to 282.5.K

AATSR: spectral cloudy day AATSR: spectral cloudy day
T N N s B L =T e T o

T, T
(a) 10 (b) 1T

Probability density / KZ

1078 1077 1e7® 107 107t 10T o107 107!

(C) 115124

Figure 4. Examples of slices of thaay-time cloud/-sky spectralPDF LUT for AATSR.AIl figures are
illustrativefor a prior SST range of 280.0 K to 282.5aKd 11um i SST differences 0%6.0 K to-4.0 K (a) 11
pm nadiri 11 pm forwardvs 11 pmnadiri 12 pmnadir for 11um forwardi 12 pm forwarddifferences of 3.0
K to 3.4K. (b) 11 pm nadiri 11 um forwardvs 11 um forwardi 12 pmforward for 11um nadiri 12 pm nadir
differences of 3.0 K to 3.K. (¢) 11 pmforwardi 12 pm forwardvs 11 pm nadiri 12 pmnadir for 11um
nadiri 11 um forwarddifferences of 3.0 K to 3.4.
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5,

It is assumed that the near infied (NIR)reflectancg1.6 mm) is uncorrelated with the TIR
BTs (11nmm and 12mm for AATSR), therefore for thelay-time pixels the general form of the
globally cloudy PDF is given by:

Eq 68 P(yz |E)= P(leR |6)3 ID(yTIR |6)

For theAATSR example this is:

aéleRg 6 2 ~

X Q _9_ agy,g _0

Eq. 6.9 Pag, v, 1€6=Pyue 1€)° P “ylcg
N 0 geyau -

whereP-cloudfor the NIR reflectance is determined for the evialv configuration in a
similar manner to that outlined above. The full diaye LUT for the NIR reflectance is an
array of dimensions [28, 100, 100] corresponding to: solar zenith angle, 1.6 um nadir, an
1.6 um forward. Bin sizes for these dimensions are: 2.5°, 0.01, and®ecCdudfor the
AATSR dayi time reflectance channi shown inFigure5 for a solar zenith angle range of
55°to 57.5°

AATSR: spectral cloudy day

Probability density

B B

107% 1077 107% 107 107 107 107F 107"

0.2

Figure 5. Example slice o€loudy-sky spectral PDF LUT for 1.6 pm ddyne for solar zenith angles in the
range 55° to 57.5°.

6.3.3 LSD Distributions
The joint probability distributiorP(yf | xb,E) of LSD for TIR channels can be determined

empirically from prescreened observations (the cloudy scene is too complex to be
representednalytically). Textural measures are onlyfusér screeningver water surfaces
where the length of scale of variability can be assumed to be much larger than the pixel scale
For SST retrievals this is generally tregceptin regions of ocean frontsor LSWT
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retrievals however, the length of scale of varipiinay be shorter and this assumption may
no longer be adequate. Therefore further assessment of LSD distributions for lakes is
required.

For theAATSR example,P(yf’ |xb,6) of LSD for 11mm was found empically from cloudy

pixels in the fullset of AATSR imageryThe probability function estimated is shown in
Figure®6.

AATSR:  cloudy—sky LSD PDF

1.0e+01

1.0e4-00

1.0e=01

1.0e—02

1.0e—03

Probability density / K’

1.0e—04 - b

1 Qe—0Q5L . v v

0.0 0.2 0.4 0.6 0.8 1.0

LsD
11

Figure 6. Cloudy-sky 11 um textural PDF for nighime AATSR.

6.4 Clear-sky Probability

6.4.1 Unconditional clear -sky probability - P(c)

The unconditional cleasky probability is currently set to a globally constant value of 10%,
ie.

Eg. 6.10 P(c)=0.10

Using an existing databaseiofagery for a given satellite sensor this PDF could be improved
to allow for the spatial and seasonal variability in clgar conditionsFrom a longer time

series it will also be possible to allow for climatic patterns such as the EIl Nino southern
oscillation (ENSO) and the North Atlantic oscillation (NAO) which both significantly affect
cloud distributionsHowever, the influence of this parameter is not dominant, and these
refinements are not a priority.

6.4.2 Conditional clear -sky probability - p(c|y®,x")

The conditional cleasky probability is a measure of the likelihood of a given pixel being
cloudfree, and is the value returned as part of the SST prdtisctalculated using the
equation:
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Eqg. 6.11 P(c|y°,xb):é1+P

where P(c)=1- P(c)
Ply° 1x",c) is defined in §6.2
P(y° 1x".) is defined in §6.3

6.5 Practical considerations

The LUTSs for all PDFs are stored across two files per instrument: one foskiear
probabilities and the other for cloudky probabilitiesThese files are in NetCDF format

Each file contains the various LUTs along with data defining the dimensions of each LUT.

Selection of LUTs from these files and the lagk of the LUTs is handled by t#RC-Lake
processing code, and is dependent on the following factaxanels available, solar zenith
angle, satellite zenith angle, pric8WT, and the channel BTs and reflectances.
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7 ICE IN PIXEL TEST

The ARC-Lakeproject also provides observations of lake ice concentration (LIC). This is
based on the Normalized Difference Snow Index (NDSI) of Hall et al (1995) and is limited to
daytime observations (as it uses visible reflectance channels). The NDSI is calgsilaged

R,, - R
Eq. 7.1 NDS| = & 1&
R .+R

0.8 1.6

WhereR,,;and R, are the reflectance observations in the 0.87 um and 1.6 pum channels
respectively. Image pixels where NDSI > 0.5 are flagged as ice.

The NDSI test is only performeon pixels that pass a prior threshold test, based on
reflectances in the 0.67 um, 0.87 um and 1.6 um channels:

23 R,,- R, - R, >0.003

0.8 0.6

This threshold test is included to prevent excessive flagging ofwptar pixels as ice, and

is derived empirically fsm AATSR imagery over oceans. In some cases this test results in
ice pixels being flagged as opwmater (MacCallum and Merchar&Q11b) and therefore an
underestimation of ice cover in some scenes.

Coarse cloud screening, performed in advance of thigstern the retrieval scheme, results

in some ice pixels being flagged as cloud rather than ice, if the ice is very cold (at@ithd

or colder, depending on the atmospheric conditions). fEsigdtedn an underestimation of

ice cover in some scenegsvl1.0. To reduce the impact of this effect, the ice test is performed
in advance of the coarse cloud screening in vhvards The ice test is also prone to
occasional false positive flagging icouds as surface ice, with some cloud pixels being
flagged as iceln v1.1onwardsthe impact of this effect is again reduced, through an
additional threshold test: observations are only flagged as ice for cases where the prior LSWT
< 278 K.For ATSR2 there may also be occasional times when this ice tesvichan

performed due to erroneous or unpredictable switching from the 1.6 um to 3.7 um channel
(Mutlow et al, 1999). This can happen when reflectances are particularly low (e.g. when the
surface is in shadow). The more general effect of shading on reflestand any subsequent
impact on NDSI is a relevant issue for lakes, due to potential shading effects of topography
and cloud cover. (For ATSR, there is no 0.87 um channel, and li$@ot generated.)

The LIC field in theARC-Lake products then reportsetraction of cleasky (i.e., not
flagged as cloudy) lake pixels in the cell in which surface ice was flagged as above.

The limitations are thus suspected low hit rate for surface ice (when classed as cloud instead)
and suspected significant false alaater(when ice cloud is classed as surface ice). These
statements cannot be quantified at time of writing. Future work should involve assessing the
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(mis)classification rate, synthesizing feedback from users regarding the LIC product,
reviewing the literatwe for improvements/additions to the scheme and devising or

implementing such improvements.
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8 LAKE SURFACE WATER TEMPERATURE
RETRIEVAL WITH UNCERTAINTY

Using standard ATSR SST retrieval coefficients8WT retrievals is prone, for some

lakes, to retrievdbiases of 0.5 K (Marsham, 2003). (By retrieval bias, we mean the

systematic offset between satellite and 88T that arises from imperfection in the
retrieval algorithm. Occasional Abi aseso fro
contrass with a level of SST retrieval bias for ATSR that is generally <0.2 K. The relatively

larger potential for bias arises because of the range of lake altitudes, emissivity and the
continentality of air masses; all these factors change the relationshipehddWs and

surface temperature. One solution could be to specifydp&eific retrieval coefficients. But

this is not really a scalable solution as we look forward to later phases of the project, where

more lakes will be tackled.

The LSWT retrieval is tierefore done by optimal estimation (OE). We use a simplified

formulation of the inverse problem originally developed for SST observations from the

Advanced Very High Resolution Radiometer (AVHRR) (Merchetrdl, 2008). This

formulation includes onl{SWT and total column water vapour as retrieved (state) variables

(all though full profile forward modelling is of course used). No radiance bias correction is

yet derived for ATSR BTs, sothe RTTOV&7i mul at ed BTs are used fAa

8.1 Optimal Estimation (OE) Re trievals
Optimal Estimation (OE) techniques combine prior information on the expected state of the

atmosphere and the lake surface with observations to provide an optimal solution of the state
and an associated uncertainty estimate.

Prior information, redrred to as the prior state vector and densted wher e t he HfAado

denotesa priori, consists of: NWP forecast fields, reconstructed lake temperatures derived

from ARC-Lakeobservations (84), and a modelled estimate of emissivity (85) aTpi®ri
information is input into a forward model to simulate observations for the prior state,

y. =F(x,). The forward model used IRRC-Lakeis RTTOVS8.7 (Brunekt al, 2005, which

provides simulated BTs corresponding to the ATSR channels. Partial derivatives of these
simulated BTs with respect to state variables are also calculated. These provide an estimate of
the sensitivity of the prior observations to the state. Thsigety information is combined

with the differences between satellite observatigns,and prior observations,, , to

estimate the actual state.

The process is optimal in the sense that it will give an unbiasednum SD estimate

provided the prior information, forward model and error covariance estimates are unbiased
(Merchantet al, 2008. Two additional assumptions are also made: the retrieval is assumed to
be linear within the range of BT correspondingnmis in NWP fields and that only the
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leading two terms controlling BT need be considered. The second of these assumptions leads

exg . .
to a reduced state vectai(x) = ¢ ;, in the retrieval, where and w are theLSWT and total

ewa

column water vapour respectively. However, the full prior state veciois used in the

forward model.

The optimal solution is a weighted combination of the gt®WT and TCWV, z(x, ), and

thedifference between the observations, and the BTs simulated for the prior field,

y, = F(Xa). Following the methods of Rodgers (1990) and Rodgers (2000), the equation for

this solution is:

Eq. 8.1

E=2(x,)+(K'sK +S') K 'Sy, - Fx,))

where £ consists of the retrievddSWT and TCWV, k is the matrix of partial derivatives of

observations with respect to the statgis the combined covariance matrix of prior and

satellite obserations, ands, is the prior covariance matrix of the reduced state vector.

For daytime ARC-Lake LSWT retrievals these matrices are defined as follows (in Eg. 8.2 to
Eq. 8.4). For nightime retrievals , the retrieval methodology ol below is expanded to

include the 3.7 um channel.

Eg. 8.2 K =g

euF(x, o eny,,/ux  wy,,/uwe
0= é 0
& Mz U auy./ux my,,/uwg

wherey,, and y , represent the simulated BTs for the 11 pm and 12 pm channels, for the

prior statex, . The tangent linear outputs of the forward model, RTTOV, are used to

represenk .

S 2
e,el 1

09
é N
e0

Eq. 8.3 S, =

e 2 7
€,u

where it is assumed that both radiometric noise in the satellite BTs and forward modelling
errors are uncorrelated betwvechannels (indicated by zevalue oftdiagonal terms).
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calibration blackbody temperatures.
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wherethe zerevalue offdiagonal terms indicate that errors in the ptiSWWT and TCWV
are assumed to be independent. The prior uncertaihi$\WT is determined from
comparisons of retrievddSWT with in situ observations (84), while the prior uncertainty in

TCWV is calculated as a function of TCWV, using coefficients derived from analysis on the

ARC SST matchkup database.

The expected total random uncertaintyeils represented by the error covariance matrix:

Eq. 8.5

which includes the effects of instrumental noise, random forward model error, and errors in

§=(k"s’k +s)’

the prior state. Here, the leading eIemen:Epfovides an estimate of the random Gaussian

variance in the retrievaddSWT from the sourceshmve. Full details of the treatment of

uncertainties in theSWT retrieval is given in §8.2.

8.2 Treatment of Uncertainties

8.2.1 Introduction

All LSWT retrievals have an associated uncertainty estimate. Appropriate consideration and

incorporation of uncertaintiesdm all possible sources is important for &SWT retrieval

scheme. Uncertainties are typically split into two broad categories: systematic and random.

Systematic uncertainties are described in terms of bias and give a measure of the accuracy of

the retreval. This is normally estimated by the mean difference between retrieved values and
At r ut h o inditabdua méasuregents). Random uncertainties are described in terms of

scatter and provide an estimate of the precision of the retrieval. Therstdedation (SD)

of t he di

fferences
an upper bound on) this uncertainty. Although these basic categorisations may be used to

bet ween

retrieved

and

provide an overall picture of the errors in a retriescdeme, error characteristics are in
reality more complex, as discussed below.

It should be noted that WRC-Lakev2.0 products, the uncertainty estimate provided,
( Mac Cal | um204ip)ds sikplyao éstmate of the variance of
LSWT observations within each 0.05°x0.05° grid cell. The treatment of errors as discussed in

AErr LSWTO

the following sections will be implemented in later versionAREC-Lake products.

8.2.2 Systematic Errors
General comment

Uncertainty distributions for systematic es@re not included in the uncertainty estimates
associated with SWTs in theARC-Lake products. The reason is that systematic errors
(biases) are subject to characterisation and reduction by, for example, improved retrieval
algorithms. Information about&ses is given by validation against independent
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measurements. The sections below, however, discuss some forms of systematic errors
relevant tcARC-Lake, for information.

Forward modelling errors

Systematic errors are introduced to the retrieval througlfottivard model, specified in 88.1,
that is used to simulate radiancgeswhere:

Eq. 8.6 y =F(x,b)+ e,

Here,F represents the function of the RTM, ditdhe radiativeransfer model error. The
surface and atmospheric state are described While b incorporates other model

parameters such as spectroscopic data and sensor characterisation. The RTM error,
represents the departure of the simulation from what weualitlyrbe observed by a sensor
observing the situation described)ogndb, but it does not account for errors due to
systematic differences between state vectors and reality or errors in the model parameters.
Including these errors, the full forward mééeror can described as:

F F
Eq. 8.7 e, = e +“—ex+“—eb

X pub
where the subscripts tidefine the parameter in error. As discussed by Merchant and Le
Borgne (2004), any or all of the terms in Eqg. 8.7 can be significant in the context of SST (and
thereforeLSWT) retrievals.

The forward model errot}, propagates through into th&WT retrieval error. Contributions

to the error from forward model parameters can be isolated by performing identical radiative
transfer simulations, except for perturbed valuefiefaarameters of interest. Definipgas

the BTs simulated after a perturbatigmb of paramete, of the forward model, the

resulting error in BT from a parameter error of sjzbcan be defined as:

F
Eq. 8.8 e,=y.-y, @—Db
ub

Theassociated erran LSWT can be determined from the forward model parameter error
covariance matrix, defined by Rodgers (2000) as:

Eg. 8.9 S, =G K,S,K;G}|
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whereG | = (K s’k +s:)‘1|< 's ', is the sensitivity of the retrieval to measurement,

F . L
K, = “—b, is the sensitivity of the forward model to the forward model parameters, and
1]

S, = <(b - lE)(b - lE)T > is the error covariance matrix pf

The model parameters for which error propagation should be evaluated and an example of
their impact on ATSR2 coefficientbased SST retrievals are giveriliable5.

PSST ret
Bias (K) |qpS D
Sea surface emissivity Increase by 0.001 (approximate uncertainty | -0.05 0.4
estimate for emissivity)
Trace gas profiles Change in concentrations from 1999 to 1991 -0.03 0.03

Model Parameter Example Perturbation

levels.
\Water vapour continuulDifferent parameterizations, e.g. CKD 2.2.2¢{ 0.01 0.08
parameterization MT_CKD (seehttp://www.rtweb.aer.con)/ as

appropriate at time of implementation
Humidity profile Reduce uppetropospheric humidity by 15% -0.04 6.8

(systematic eor in UTH of this magnitude in
NWP profiles is conceivable)

Instrument SRF Random changes of to the normalized SRF | -0.12 4.4
within the SRF uncertainty

Table 5. Model parameters (and example perturbations) for whict8Eghould be evaluated. Example
perturbatbns and resulting errors daken from Merchant and Le Borgne (2082 SST retreivals

Other systematicerrors

There is also a contribution to the overall systematic error from the satellite calibration. The
contribution from satellite calibration errors must be assessed by propagating calibration
uncertainties through the OE retrieval scheme.

Additional errors caused by stratospheric volcanic aerosol may also need to be considered for
the case of ATSR1. Su@rrors can be considered as systematic, asymmetric errors.
Stratospheric volcanic aerosols have-tifees longer than synoptic time scales and affect
regions on up to hemispheric space scales.

8.2.3 Random Errors (Uncertainty Estimate)
Symmetric (Gaussian) urcertainties
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The total uncertainty (Eq 8.5) represents the distribution of three components of error, all of

which are assumed to be symmetric and Gaussian. These are: instrumental noise, forward

mod el Anoi seo and pri or pgoferomrpropadation ®raisisglean ac
pixel. However, different components within that total uncertainty differ in their degree of
correlation between nearby pixels, and therefore differ in how they should be combined when
forming cellaveragd. SWT. Briefly, the radiometric component is uncorrelated, and the
uncertainty Gnéeduwkeser ewa$ ht id/ ot her component s
best approximation is to assume no average with respect to the number of pixels within the

cell. These commentse expanded below.

Radiometric (instrumental) noise

The radiometric noise in the sensors depends on the scene radiance (or BT) and the
temperature of the detector. Radiometric noise expressed as a noise equivalent differential
temperature is available tbe LSWT retrieval within the processing chain.

The radiometric noise propagates throughliB®VT retrieval via the covariance matrig, ,

defined in Eq, 6.5, where the contribution from radiometric noise is derftedin overall
estimate of the radiometric noise in the retrieval can be obtained using

Eq.8.10a S, =(K's'k +s)) K's’K (K sk +s))’

The radiometric uncertainty IlSWT, a4, IS then the square root of the error variance for
LSWT, which is the leading term &,

Pseudarandom uncertainty

The forward model may have systematic errors, as discussed earlier, but even after correction
of these, a distribution of forward modelling errors would remain. We treat these as random

to reflect our ignorance, although, of course, for a given NWP prdigeforward model

error is (on a given computer) fixed (although unknown). This means that the forward model
component of error is highly correlated between nearby pixels in an image, since the same
simulations on the NWP profiles have been interpoleddte pixel. In this sense, the

forward model uncertainty is pseudandom rather than truly random.

In addition the prior error is also highly correlated for nearby pixels within a cell, again
because the prior information is defined either at tie painfor 0.08 cellsi i.e., varies
slowly between adjacent pixels.

Thus, t he -rtaondd madi pusrecuedrot ai nty is defined by

Eq 810b S = (K TS;’lK + S:-)-l(K TS;lK + S;‘l)(K TS;'lK + S:_)'l

PR - sym
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The pseud@andom uncertainty ihnSWT, &rsym IS then the square root of the error variance
for LSWT, which is the leading term &brsym

Pseuderandom i asymmetric

Another source of pseugandom error in theSWT retrievals takes the form of cloud (and
perhaps aerosol) contamination in the clerightness temperatures. This contamination
may be a result of either residual cloud in view or reflections from clouds (in thetedwmig
view). The contribution to the overall retrieval error from this source may be determined
empirically through cmparisons of retrievedSWTs (LSWT,) with in-situ observations
(LSWThuey) for different levels of cloud cover in neighbouring pixels. Comparison of the
rootmeansquare deviation (RMSD) of tReSWTd i f f e rL8WiTe&SWTep
LSWThuuey), between cleasky conditions and cases with differing numbers of adjacent
cloudy pixels, yields an estimate of the error contribution as a function of cloud cover in
adjacent pixels. The asymmetric component of the psemiom uncertainty is termed,

ePR-asym .

The form of the contribution is cloedetection and retrieval dependent, and can only be
obtained empirically using validation matches. This form of uncertainty is likely to be
modified when cloud detection and/or retrieval algorithm are changed, dlthwugh it has
been assessed for AATSR SST, use of-883ed parameters is therefore not ideal, and this
should be reappraised for lakes using the OE retrieval scheme. A practical difficulty will be
that there are greatly fewer matches to validatida tta lakes than for SSTs.

Please note, for the reasons above this source of error is described for information purposes
only and isnot accounted for iARC-Lakev2.0 products. It is not presently clear how and
when this uncertainty component will beciuded.

Thus, forARC-Lakev20, t he assumption is #Bpgrbect cl ouc

Combining random errors

Ideally, the (pseudo) random errors discussed in 88.2.3 are combined to provide an overall
estimate of the retrieval enrusing (treating the asymmetric error as if it were zero mean,
which is a conservative assumption):

Eq.8.11 e

_ 2 2 2
total - random \/erad + ePR - sym + ePR - asym
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This is the pixel level uncertainty estimate associated M8WT for each pixel at full
resolution. It is consistent with Eq 8.5. The propagation of pixel level uncertainty into the
uncertainty associated with a cell average is described in Section 9.

In the ARC-LakeVv2.0 products, these errors are not accountethftite returned error
estimate. Radiometric noise and the symmetric component of the pseutton uncertainty

(e., ande ) will be introduced byARC-Lakev3.0.

PR- sym

8.2.4 Other Errors
Other sources of error could also be ¢desed. Incorrect cloud screening (as opposed to

undetectable residual cloud contamination characterized as psewtton asymmetric error)

is one example of such errors. Such errors are occasional and erratic, and cannot be naturally
included in the uncéginty estimates. The limitations of the cloud screening method used and
the potential errors therefore should be appreciated by users, who can implement quality
control or other measures appropriate to their application. Sampling errors may arise from
valid clearsky scenes being flagged as cloudy. This is more likely to eliminate cold than

warm features ihSWT. In doing so, warm sampling biases may be introduced into averaged
LSWT products.

Another source of sampling error arises from the nature ER®Envisat orbit and swath.

As a sursynchronous polar orbiting satellite, observations are made at a fixed local time on

each overpass. Consequently diurnal variatiohsSMW/T cannot be fully captured and diurnal
variations in cloud cover may result iarsistently lowLSWT coverage for some regions.
However, this class of fAerrorso is of a diff
which is an appropriate uncertainty estimate forlllB&/T taken for what it is: an

observation oL SWT at a particular location and instant.

Sampling errors within areas must be considered when creating and analysing spatially and
temporally averagedSWT products, as in the following section 9.

8.2.5 Confidence Indicators
In addition to the uncertainty infolation described in 88.2 a further diagnostic on the

retrieval i s pr o ¥statisecdThis provides quanfitaiive measufe ofithe e
consistency of the retrieval with the satellite observations. The forward model is evaluated for

33
the retrized state £= EVES) and these simulated BTs compared with the satellite BTs for
ey

consistency. The expression used to quantify this is given by Rodgers (2000) as:
-1 -1 _
Eq. 8.12 E = (KE&i- yi)T(Se(KSaKT +s,) se) (KEi- yi)
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whereyi=y - F(x,) and &= £- z,. Eq. 8.12 returns a single number as a statistic for each
pixel. Provided the OE retrieval is unbiased and errors in the priors and observations are

Gaussian and correctly represented in the covariance matrices, the distribuioshofild
be a&’ distribution withn degrees of freedom (whenecorresponds to the number of
channels used in the retrieval). A demonstration of the practical usefulnessfdf satistic

for a twinchannel retrieval is given by Merchaettal (2008). Thus, theE” statistic could be
interpreted by users as a basis for a confidence indicator akin to the concept used in the SST
community (Group for High Resolution SST, GDS 2.0, 902D present, the statistic is

present, but conversion to a confidence indicator is not provideR@iLake products. If

user demand is established for a GHRSg/le indicator (e.g., in order to convert products to
GHRSST GDS2.0 format), this could bensidered in future work.
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9 GRIDDING

Spatially and temporally average®WT products are generated for ea@WT retrieval

type independently. Averaging is performed using the retrie®IT values on the ATSR
footprint scale (rather than calculatib§WTs from averaged channel BTs). Only pixels with
valid LSWT retrievals for the specific retrieval type are used to produce the aver&yéd
product for that retrieval type, using Eq. 9.1

8 G, \Lake _ST
Eqg. 9.1 Lake _ ST, = a " ( ST,
a Gk,l

Herei,j represent the coordinates of the cell in the averaged préguefpresent the pixel
coordinates within the cell of dimensibh Gy, is a cloudscreening operator that takes a
value of

0 when the pixelk,| is cloudy in any of the views used for therent retrieval type
1 when the pixel is clouttee.

Eq. 9.1 is be used to calculate averag8WT products for each retrieval scheme
independently. Singlgiew LSWTSs for a given cell may be based on a different sample from
any dualview LSWT for that cdl, if the cloud mask for the alongack view differs from the
acrosstrack view (which in general it does).

The error estimate associated WitBWT; needs to take into account the distinction between
random and pseud@ndom error, and uncertainty fnosubsampling within the grid cell. It

is assumed that radiometric errors are completely uncorrelated between pixels in the cell (true
except for cosmetic fill pixels), while PR errors are assumed correlated across the cell (and
therefore not reduced bye@raging over pixels). The appropriate error estimate is therefore

Eq. 9.2

2

9%
2 s
+ ePR-asym,k.l )+ (N -a Gk.l)\/Lake_ST.i,j

_ \/a Gk,l (erad,k,lz +) + a Gk,l (ePR- sym k.|
i

2 s
(a kal) (a Gk,l) N-1
v, - agas v, - AL G 0 2V & Gy, < foN
Lake_ST,i,j (a lel)_ 1 ? Kk, k1 a GkJ 9’ Lake_ST,i,j min Kk, min

where the first two terms on the right follow directly by analogy with Eg. 9.1 under the
assumptions about correlations of errors with the cells. The fimalrepresents the
uncertainty in the cell average from ssdéimpling, i.e., from the fact theEWTs under cloud
pixels are not included, and the unknokBWTs for these pixels are therefore excluded from
the cell average. It has the form of an estimatgi¢ated by the hat symbol) of the true
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variance olL.SWT in the cell,V swr;j, scaled by a fraction related to the proportion ofNhe
pixels within the cell boundary that are included in the lcBWWT average. The justification

for this model of sampling error is straigfiorward: if only one pixel contributes to the cell
averagd.SWT, the uncertainty from this sampling effect is the full variandeSWT in the

cell (as perceived at the ATSR spategaolution); if all pixels are clear, the sampling
uncertainty is zero. The problem is then to find an estimatesofr;. The options are (i) try

to estimate it from the observed data, or (ii) define an external reference (from a climatology
of variabilty at an appropriate resolution for the gaells required). Where the grid cell is
relatively completely observed, (i) is clearly preferable; however, if relatively few or one
pixels are clear within the cell, such an estimate efyri; becomes higlyi uncertain or
undefined. The second option is complex to define, being a function of observation
resolution, grid cell size, location and seasonality. In the equation above, the option (i) is
therefore assumed and the expression for the variance essrgaten. However, for the

case where the number of clear pixels is 1 (variance undefined) or less than affraaifon

the cell (for which the variance estimate is particularly unreliable in the face of spatial
correlations within the cell area), a rimmum value Vimin is impose&Vmin = 0.7 K? andfrin =

0.2). These parameters are based on judgment (not formally optimized) and are subject to
refinement.

As discussed in S83ARC-Lakev2.0 products provide only an estimate of the variance of
LSWT acrosghe cell, and therefore do not implement Eq. 9.2 for the error estimate. Eq. 9.2

will hold for subsequent versions ARC-Lake products, withe =0, as discussed in

PR- asym
§8.23.1t should also be noted that theethods described above to account for uncertainty in
the cell average from stdampling are not implementedARRC-Lakev2.0 products, but will
again be implemented in subsequent versions.
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10ATSR-1 Modifications

A number of modifications to the processischeme are implemented for AT3Ro account

for instrument differences and the effect of aerosols from the Pinatubo eruption in 1991.

Some of these have already been described in earlier sections but are summarized here, along
with more in depth detadf further ATSR1 specific modifications.

The lack of visible observing channels results in no ice detect®rbédng performed for
ATSR-1. As a consequence, difications are made to th&€ 0 methods used for generating
the prior LSWT field (3.2): iceclimatology fromATSR-2/AATSR s substituted into
ATSR-1 observations prior to generation of the prior LSWT for the next iteration, and
ATSR-2/AATSR climatologyis used in peference td-Lake simulations andTSR-1
climatologybased reconstructions.

In addition to modifications already described, two further ATIS§pecific modifications
are implementedne to correct for variations in the 12um detector temperature and another
to accaunt for volcanic aerosol from the Pinatubo eruption in 1991.

Problems with the ATSR cooler resulted in the detector temperature being allowed to rise
gradually over the ATSR lifetime. This warming affects all detectors with the 12 um
channel most sigficantly affected (Mutlow et al, 1999T.he detector warming impacts on

the 12 um channel in two ways: the radiance to BT conversion is biased due to using the
wrong calibration, anche 12 um channel response is shifted, modifying the-Voaeg filter
cut-off, and subsequently affecting retrieved LSWTRe first of these effects s@nall (<0.01

K) and is corrected for by adjusting the 12 um BT using a quadratic fit with dependence on
detector temperature. The second of these effects is accounted dighthdjustment of the
modeled 12 um BT. RTTOV 12 um BTs are calculated using RTTOV coefficients
representing three detector temperatures (85 K, 97.5 K, and 110 K), and the modeled 12 pm
BT for the detector temperature at time of observation derived thtmegi interpolation of
these values.

The eruption of Pinatubo in 1991 resulted in a period of increased aerosol loading in the
atmosphere, affecting ATSRBTS. Provided the effects of aerosol are accounted for in the
forward model, thgerformance of th©E retrieval scheme and Bayesian cloud screemiag
expected to be maintainedodelled BTs are adjusted by a time, latitude, and satellite zenith
angle dependent factor determined from-iyeine model simulations and SST observasion
from the ARC project over the ATSRIifetime. A latitude and time dependent legtable

of aerosol index (a measure of the aerosol loading) is estimated fraliff¢éhence between
aerosol robust dualiew and nadiview SST retrievals. A satellite agh angle dependent
look-up-table of aerosol modghe change in BT due to the aerosol) is estimated from
line-by-line simulationdRFM (http://www.atm.ox.ac.uk/REM/ DISORT Stamne®t al,
1988)and is comhied with the time/latitude varying loakp-table for aerosol index to
provide an adjustment factor for the RTTOV modeled BTs.
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11 Other Sources of Information

This document describes the theoretical basis for the practical implementatioBiGhe
Lakeprocessor for generatingike Surface Water Temperat{te<SWT) and Lake Ice
Concentration (LIC) products from Alonyack Scanning Radiometer (ATSR) imagery.

Details of other sources of information associated with the generation and validation of these
products are given in this section.

An outline of the selection process used to identify the target lakéRforLakev3.0

productss given in theARC-Lake Technical Note omargetselectionstrategy for v3data
product (MacCallum and Merchant, 2684). The selection process used to identify the target
lakes forvl and v2ARC-Lake productsis given in theARC-Lake Technical Note on lake
definition (MacCallum and Merchant, 2010).

The results of validation studies for he2 LSWT and LIC products amgvenin the ARG
Lake Validation ReportNJacCallum and Merchant 20

The ARC-Lakev3.0 product file format is described in MacCallum and Merch&w13b).
This document and the8\0 data files are available for downlo&rdm the ARGLake project
website http://www.geos.ed.ac.uk/arclak®asic data analysis tools are also available on
this site.Earlier product{vl and v2Y)ile formats are described MacCallum and Merchant,
(20119). Earlier vl1.1data files and associated documentation are available from
http://hdl.handle.net/10283/88

Further details of the Generalised Bayesian Cloud Screening (GBCS) methods on which are
available from the GBCS websitettp://www.geos.ed.ac.uk/ghd3ayesian cloud screening
is also described in detail in Merchaattal (2005).

Useful information on the series of ATSR instruments is available from the following
websites:

I http://earth.esa.int/ers/atsr
9 http://www.atsr.rl.ac.uk

The radiative transfer model, RTTOV, is described in Brunel et al (2005). Additional
information on RTTOV is available from:
http://research.metoffice.gov.uk/research/interproj/nwpsaf/rtm/

The lake model, FLake, (Mironov, 2005) is available online at:
http://www.flake.igbberlin.de/

DINEOF, the software used to generate reconstructed temperature time series using principal
component techniques, is describedivera-Azcérate(2005). Additional information is
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available from the DINEOF website:
http://modb.oce.ulg.ac.be/mediawiki/index.php/DINEOF
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13 Appendix

13.1 Sources of data for prior LSWT field for vl and v2 dataset

ID | Name Lon. Lat. |ATSR-1 ATSR-2 AATSR
T|C|M|F|T|C|M|F|T|C|M

166 ABAYA 37.83 6.30 Y Y Y

527 ABE 41.79 11.17 Y Y Y

152 ABERDEEN -98.59 64.55 Y Y Y

418 ABY -3.23 5.23 Y Y Y

58 ALAKOL 81.75 46.11 Y Y Y

30 ALBERT 30.91 1.67 Y Y Y

210 ALEXANDRINA 139.09 -36,52 |Y Y Y

1748 | ALMANOR -121.19 40.26 Y Y Y

56 AMADJUAK -71.13 64.99 Y Y Y

354 ANG-LA JEN 83.09 31.53 Y Y Y

324 ANGIKUNI -100.04 62.27 Y Y Y

4 ARAL 60.08 45.13 Y Y Y

117 ARGENTINO -73.03 -50.33 | Y Y Y

334 ARTILLERY -107.82 63.17 Y Y Y

345 ASHUANIPI -66.14 52.69 Y Y Y

115 ASTRAY -66.32 54.38 Y Y Y

23 ATHABASCA -109.96 59.10 Y Y Y

311 ATLIN -133.75 59.57 Y Y Y

312 AYAKKUM 89.35 37.55 Y Y Y

226 AYLMER -108.46 64.15 Y Y Y

181 BAGHRASH 87.07 41.98 Y Y Y

8 BAIKAL 108.14 53.63 Y Y Y

97 BAKER -95.28 64.13 Y Y Y

310 BALATON 17.83 46.88 Y Y Y

17 BALKHASH 73.95 4591 Y Y Y

536 BANGONG 79.71 33.61 Y Y Y

229 BARUN-TOREY 115.81 50.07 Y Y Y

205 BAY 121.26 14.36 Y Y Y

145 BECHAROF -156.40 57.85 Y Y Y

160 BELOYE 37.64 60.18 Y Y Y

267 BEYSEHIR 31.52 37.78 Y Y Y

155 BIENVILLE -72.98 55.05 Y Y Y

280 BIG TROUT -90.02 53.77 Y Y Y

268 BIWA 136.08 35.25 Y Y Y

333 BLACK -105.73 59.05 Y Y Y

191 BRAS D'OR -60.83 45.95 Y Y Y

94 BUENOS AIRES -72.50 -46.66 |Y Y Y

299 BUFFALO -115.49 60.22 Y Y Y

291 BUYR 117.69 47.81 Y Y Y

257 CARATASCA -83.85 15.35 Y Y Y

1 CASPIAN 50.36 41.85 Y Y Y

265 CAXUANA -51.50 -2.04 Y Y Y

57 CEDAR -100.14 53.33 Y Y Y

165 CHAMPLAIN -73.27 44.45 Y Y Y

233 CHAO 117.57 31.57 Y Y Y

153 CHAPALA -103.05 20.21 Y Y Y

204 CHILKA 85.38 19.69 Y Y Y
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256 | CHILWA 35.71 -1532 | Y Y Y
84 CHIQUITA -62.61 -30.74 | Y Y Y
119 | CHISHI 29.72 -8.71 Y Y Y
323 | CHURCHILL -108.29 | 55.96 Y Y
125 | CLAIRE -112.08 | 5859 |Y Y Y
1188 | CLEAR -122.77 | 39.02 Y Y
275 | CLINTON COLDEN | -107.45 | 63.94 Y Y Y
277 | COARI -63.37 -4.25 Y Y Y
219 | COLHUE HUAPI -68.76 4547 |Y Y Y
352 | CONSTANCE 9.28 47.65 Y Y
162 | CONTWOYTO -110.66 | 65.59 Y Y Y
284 | CORO -69.86 1156 |Y Y Y
137 | CREE -106.64 | 57.47 Y Y Y
251 | CROSS -97.58 54,71 Y Y
351 | DAUPHIN -99.77 51.27 |Y Y Y
244 | DEAD 35.49 3152 |Y Y Y
326 | DESCHAMBAULT -103.45 | 54.78 Y Y
281 | DORE -107.28 | 54.76 Y Y
49 DUBAWNT -101.44 | 63.13 Y Y Y
128 | EAU CLAIRE -74.40 56.15 Y Y Y
297 | EBI 82.92 44.86 Y Y Y
305 | EBRIE -4.26 5.30 Y Y
69 EDWARD 29.61 -0.39 Y Y Y
390 | EGRIDIR 30.85 38.07 |Y Y Y
254 | ENNADAI -101.31 | 60.96 Y Y Y
723 | ENRIQUILLO -71.58 1849 |Y Y Y
12 ERIE -81.16 4225 |Y Y Y
149 | ESKIMO -132.76 | 69.10 Y Y Y
270 | EVANS -77.02 50.97 Y Y Y
1029 | EVORON 136.51 51.48 Y Y Y
156 | EYASI 35.04 -3.58 Y Y Y
304 | FAGNANO -68.03 -54.55 Y Y Y
315 | FERGUSON -105.27 | 69.41 Y Y Y
404 | FROBISHER -108.22 | 56.37 Y Y Y
227 | GARRY -99.40 65.95 Y Y Y
327 | GENEVA 6.25 46.37 |Y Y Y
172 | GODS -94.21 54.62 Y Y Y
363 | GRANVILLE -100.21 | 56.40 Y Y
252 | GRAS -110.38 | 64.54 Y Y Y
9 GREAT BEAR -121.30 | 65.91 Y Y
11 GREAT SLAVE -114.37 | 62.09 Y Y
253 | GUILLAUME- -76.28 56.33 Y Y Y
DELISLE
294 | HAR 93.21 4805 |Y Y Y
142 | HAR US 92.30 48.06 |Y Y Y
302 | HAR-HU 97.59 3831 |Y Y Y
214 | HAUKIVESI 28.52 62.10 Y Y
339 | HAZEN -70.94 81.80 Y
288 | HIGHROCK -100.44 | 55.83 Y
189 | HOTTAH -118.44 | 64.95 Y Y Y
59 HOVSGOL 100.48 51.02 Y Y
75 HULUN 117.38 4897 |Y Y Y
109 | HUNGTZE 118.53 3334 |Y Y Y
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5 HURON -82.21 4478 |Y Y Y
121 | HYARGAS 93.30 4913 |Y Y Y
62 ILIAMNA -15490 | 5956 |Y Y Y
144 | INARI 27.83 69.04 Y Y Y
293 | INDIAN RIVER -80.64 28.24 Y Y Y
174 | ISLAND -94.70 53.85 Y Y
25 ISSYKKUL 77.25 42.46 Y Y Y
1441 | ISTADA 67.92 32.48 Y Y
245 | IZABAL -89.11 15.57 Y Y Y
141 | KAGHASUK -164.22 | 60.79 Y Y Y
246 | KAMINAK -94.90 62.20 Y Y
320 | KAMINURIAK -95.79 62.96 Y Y Y
264 | KAMILUKUAK -101.73 | 62.28 Y Y Y
287 | KAOYU 119.31 3287 |Y Y Y
197 | KARA-BOGAZ- 53.54 4123 |Y Y Y
GOL
124 | KASBA -102.27 | 60.34 Y Y Y
346 | KEITELE 25.99 62.89 Y Y
45 KHANKA 132.42 4494 |Y Y Y
218 | KHANTAYSKOE 91.18 68.36 Y Y Y
67 KIVU 29.23 -2.04 Y Y Y
41 KOKO 100.18 36.89 |Y Y Y
344 | KRASNOE 174.44 64.53 Y Y Y
262 | KULUNDINSKOE 79.58 5298 |Y Y Y
325 | KWANIA 32.65 1.72 Y Y Y
382 | KYARING 88.32 31.13 Y Y Y
99 KYOGA 33.01 1.50 Y Y Y
331 | LABAZ 99.57 72.27 Y Y Y
16 LADOGA 31.39 60.84 |Y Y Y
147 | LESSER SLAVE -115.49 | 5543 |Y Y Y
140 | LIMFJORDEN 9.17 56.78 |Y Y Y
209 | LLANQUIHUE -72.79 -41.14 | Y Y Y
357 | LOWER SEAL -73.42 56.49 Y Y
175 | LUANG 100.38 7.46 Y Y Y
184 | MACKAY -111.30 | 63.96 Y Y Y
101 | MADRE -97.66 2464 |Y Y Y
163 | MALAREN 16.19 59.44 Y Y Y
350 | MALHEUR -118.83 | 43.34 Y Y Y
176 | MANAGUA -86.35 1232 |Y Y Y
231 | MANGUEIRA -52.84 -33.16 | Y Y Y
37 MANITOBA -98.80 5099 |Y Y Y
368 | MANOUANE -70.99 50.76 Y Y
250 | MANYCH-GUDILO | 42.98 46.26 |Y Y Y
100 | MARTRE -11791 | 6333 |Y Y Y
6 MICHIGAN -87.09 4386 |Y Y Y
366 | MILLE LACS -93.65 46.24 | Y Y Y
224 | MINTO -74.71 57.34 Y Y
46 MIRIM -53.25 -32.89 |Y Y Y
76 MISTASSINI -73.81 50.82 Y Y Y
883 | MONO -118.96 | 38.01 Y Y Y
286 | MURRAY 141.53 -6.95 Y Y
36 MWERU 28.74 -9.01 Y Y Y
343 | NAHUEL HUAPI -71.52 -4092 | Y Y Y

64




The University of Edinburgh

wrlVe,
s,

ATSR Reprocessingor Climate
Lake Surface Water Temperaturei

Document Ref:

ARC-LakeATBD-v14

ARC-Lake Issue 1
Date:23 Oct2013

377 | NAKNEK -155.67 | 58.64 Y Y Y

91 NAM 90.66 30.71 |Y Y Y

322 | NATRON 36.02 -2.34 Y Y Y
338 | NERPICH'YE 162.77 56.39 Y Y Y

32 NETILLING -70.28 66.42 Y Y Y
300 | NGORING 97.71 3493 |Y Y Y

21 NICARAGUA -85.36 1157 |Y Y Y

38 NIPIGON -88.55 49.80 Y Y Y

198 | NIPISSING -79.92 46.24 | Y Y Y

211 | NONACHO -108.92 | 61.82 Y Y
303 | NORTH MOOSE -100.16 | 54.05 Y Y Y

83 NUELTIN -99.40 60.25 Y Y Y
10 NYASA 34.59 -11.96 | Y Y Y

114 | OKEECIIOBEE -80.86 2695 |Y Y Y

336 | OLING 97.27 3492 |Y Y Y

207 | OMULAKH 145.59 72.29 Y Y

18 ONEGA 35.35 6190 |Y Y Y

15 ONTARIO -77.77 4385 |Y Y Y

187 | ORIVESI 29.59 62.35 Y Y Y
157 | PAIJANNE 25.49 61.71 Y Y Y

697 | PANGONG 78.61 33.82 Y Y
353 | PAYNE -73.82 59.40 Y Y
50 PEIPUS 27.59 5841 |Y Y Y

349 | PERLAS -83.67 12.54 Y Y Y

222 | PETER POND -108.55 | 55.84 Y Y Y

195 | PIELINEN 29.71 63.16 Y Y Y
213 | PLAYGREEN -97.75 54.07 Y Y Y

232 | POINT -113.84 | 65.31 Y Y

649 | POMO 90.40 28.55 Y Y Y
133 | POOPO -67.06 -18.81 Y Y

395 | PRINCESS MARY | -97.66 63.93 Y Y Y
164 | PURUVESI 29.02 61.77 Y Y
273 | PYA 30.98 66.07 Y Y Y
240 | PYASINO 87.78 69.77 Y Y Y

1240 | PYHAJARVI 22.28 61.00 Y Y Y

411 | PYRAMID -119.55 | 40.03 |Y Y Y

130 | RAINY -92.97 48.61 Y Y Y
358 | RAZELM 28.97 4483 |Y Y Y

151 | RED -95.08 48.04 |Y Y Y

28 REINDEER -102.27 | 57.19 Y Y Y

321 | ROGOAGUADO -65.73 -12.91 Y Y Y

127 | RONGE -104.83 | 55.11 Y Y Y

22 RUDOLF 36.08 3.53 Y Y Y

146 | SAINT CLAIR -82.73 4250 |Y Y Y

158 | SAINT JEAN -72.02 48.66 Y Y Y

285 | SAINT JOSEPH -90.81 51.04 Y Y Y
282 | SAKAMI -76.75 53.22 Y Y Y
194 | SALTON -11583 | 3330 |Y Y Y

167 | SAN MARTIN -72.84 -48.75 Y Y Y

356 | SANDY -93.03 53.00 Y Y Y
241 | SARYKAMYSHSK | 57.61 4188 |Y Y Y

OYE
247 | SASYKKOL 80.91 46.58 Y Y Y
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313 | SCOTT -106.07 | 60.02 Y Y

228 | SEG 33.76 63.32 Y Y Y

170 | SELAWIK -160.73 | 66.51 Y Y

271 | SELETYTENIZ 73.18 53.23 Y Y

292 | SELWYN -104.68 | 60.00 Y Y
135 | SEVAN 45.29 4039 |Y Y Y

579 | SHAMO 37.55 5.83 Y Y
143 | SHERMAN -97.73 67.79 Y Y Y
236 | SIMCOE -79.42 4447 | Y Y Y

27 SMALLWOOD -64.31 54,19 Y Y Y

365 | SNOWBIRD -102.94 | 60.64 Y Y Y

319 | SOUTH HENIK -97.29 61.37 Y Y Y
225 | SOUTH MOOSE -100.04 | 53.83 Y Y

2 SUPERIOR -88.23 4772 |Y Y Y

85 SYVASH 34.74 45,96 Y Y

380 | TAHOE -120.04 | 39.09 |Y Y Y

66 TAI 120.24 31.21 |Y Y Y

178 | TAKIYUAK -113.17 | 66.28 Y Y Y
235 | TAMIAHUA -97.57 2166 |Y Y Y

55 TANA 37.31 1195 |Y Y Y

7 TANGANYIKA 29.46 -6.07 Y Y Y

215 | TANGRA 86.59 31.05 |Y Y Y

73 TAPAJOS -55.14 -2.88 Y Y Y

316 | TATHLINA -117.64 | 6054 |Y Y Y

295 | TAUPO 175.90 -38.81 | Y Y Y

43 TAYMYR 100.76 74.48 Y Y

373 | TEBESJUAK -98.98 63.76 Y Y Y
120 | TENGIZ 68.90 5044 |Y Y Y

179 | TERINAM 85.61 3090 |Y Y Y

212 | TESHEKPUK -153.60 | 70.59 Y Y Y

20 TITICACA -69.30 -1592 | Y Y Y

150 | TOBA 98.90 2.61 Y Y Y
186 | TOP 32.09 65.62 Y Y Y
332 | TOWUTI 121.52 -2.79 Y Y
367 | TROUT -121.13 | 6058 |Y Y Y

269 | TULEMALU -99.48 62.99 Y Y Y
255 | TUMBA 17.98 -0.82 Y Y Y

425 | UBINSKOE 80.05 5547 |Y Y Y

239 | ULUNGUR 87.30 4722 |Y Y Y

314 | UPEMBA 26.40 -8.65 Y Y Y

53 uvs 92.81 50.33 |Y Y Y

51 VAN 42.98 3866 |Y Y Y

29 VANERN 13.22 58.88 |Y Y Y

95 VATTERN 14.57 5833 |Y Y Y

1820 | VESIJARVI 25.39 61.09 Y Y
3 VICTORIA 33.23 -1.30 Y Y Y

171 | VIEDMA -72.56 -4959 |Y Y Y

136 | VYG 34.84 63.54 Y Y Y

1128 | WALKER -118.71 | 38.70 Y Y

876 | WEISHAN 117.24 3461 |Y Y Y

169 | WHOLDAIA -104.15 | 60.69 Y Y

340 | WINNEBAGO -88.42 4402 |Y Y Y

13 WINNIPEG -97.25 5212 |Y Y Y
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31 WINNIPEGOSIS -100.05 [5237 |Y Y Y
68 WOLLASTON -103.33 | 58.30 Y Y Y
44 WOODS -94.91 4938 |Y Y Y
134 | XINGU -52.20 -2.16 Y Y Y
261 | YAMDROK 90.76 28.97 Y Y Y
126 | YATHKYED -98.07 62.69 Y Y Y
105 | ZILING 88.95 31.77 | Y Y Y

Table6. Breakdown of sources of data for the prior LSWT field)(8

13.2Sources of data for prior LSWT field for v3 dataset

ID Name Lon. Lat. ATSR-2 AATSR
T|C M|F |T|C|M

166 | ABAYA 37.83 6.30 Y Y

527 | ABE 41.79 11.17 Y Y

152 | ABERDEEN -98.59 64.55 Y Y

200 | ABITIBI -79.59 48.76 Y Y

829 | ABIYATA 38.76 7.61 Y Y

418 | ABY -3.23 5.23 Y Y

630 | ACHIT 90.54 49.50 Y Y

770 | ADJUNTAS -98.78 23.96 Y Y

1584 | AFRERA YE'CH'EW 40.92 13.29 Y Y

1092 | AGATA 92.84 67.23 Y

693 | AGGIKANI -100.27 | 62.52 Y Y

1137 | AIAPUA -62.13 -4.46 Y Y

2079 | AKHTANIZOVSKIY 37.19 45.29 Y Y

1969 | AKKOL' 63.77 48.86 Y Y

1096 | AKSAYQUIN 79.85 35.21 Y

552 | AKSEHIR 31.42 38.52 Y Y

58 ALAKOL 81.75 46.11 Y Y

957 | ALAOTRA 48.51 -17.49 Y Y

432 | ALBANIEL -73.07 51.00 Y Y

30 ALBERT 30.91 1.67 Y Y

210 | ALEXANDRINA 139.09 | -35.52 Y Y

1748 | ALMANOR -121.19 | 40.26 Y Y

1434 | ALVARA OBREGON -109.80 | 27.97 Y Y

56 AMADJUAK -71.13 64.99 Y Y

1026 | AMERICAN FALLS RESERVOIR | -112.75 | 42.92 Y Y

566 | AMISK -102.25 | 54.58 Y Y

354 | ANG-LA JEN 83.09 31.53 Y Y

444 | ANG-TZU 87.14 31.01 Y Y

867 | ANGAJURJUALUK -78.97 71.13 Y Y

324 | ANGIKUNI -100.04 | 62.27 Y

234 | ANGOSTURA -92.56 16.12 Y Y

511 | AQQIKKOL 88.42 37.06 Y Y

4 ARAL 60.08 45.13 Y Y

1273 | ARAPA -69.98 -15.19 Y

946 | ARARUAMA -42.22 -22.89 Y Y

1958 | ARGAZINSKOYE 60.40 55.40 Y Y

117 | ARGENTINO -73.03 -50.33 Y Y

o8 ARGYLE 128.77 | -16.43 Y Y

3048 | ARHYMOT LAKE -160.36 | 61.63 Y Y

1044 | ARKATAG 89.42 36.34 Y
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1122 | AROPUK LAKE -163.80 | 61.09 Y Y
334 | ARTILLERY -107.82 | 63.17 Y Y
1806 | ARU 82.37 34.01 Y Y
345 | ASHUANIPI -66.14 52.69 Y Y
1042 | ASNEN 14,72 56.70 Y Y
279 | ASSAD 38.10 36.07 Y Y
23 ATHABASCA -109.96 | 59.10 Y Y
1053 | ATHAPAPUSKOW -101.62 | 54.53 Y
419 | ATIKONAK -64.62 52.73 Y Y
1479 | ATITLA -91.20 14.67 Y Y
311 | ATLIN -133.75 | 59.57 Y Y
491 | AUBRY -126.46 | 67.42 Y Y
2124 | AWASA 38.44 7.06 Y Y
312 | AYAKKUM 89.35 37.55 Y Y
1625 | AYAN 93.94 69.14 Y Y
226 | AYLMER -108.46 | 64.15 Y Y
384 BABINE -126.18 | 54.88 Y Y
173 BAHR AL MILH 43.66 32.78 Y Y
1740 | BAIA GRANDE -60.24 -15.52 Y Y
8 BAIKAL 108.14 53.63 Y Y
1445 | BAIRAB 83.12 35.04 Y Y
97 BAKER -95.28 64.13 Y Y
310 BALATON 17.83 46.88 Y
1277 | BALDOCK -97.89 56.56 Y Y
17 BALKHASH 73.95 45,91 Y
1736 | BANGDAG 81.56 34.95 Y Y
1804 | BANGKOG 89.52 31.74 Y Y
536 BANGONG 79.71 33.61 Y Y
81 BANGWEULU 29.76 -11.19 Y Y
1248 | BARINGO 36.08 0.63 Y Y
372 BARKAL 92.26 22.75 Y Y
2238 | BARKOL 92.80 43.66 Y Y
1364 | BARLOW -103.05 | 61.95 Y Y
360 BARRA BONITA -48.69 -23.34 Y Y
1102 | BARRINGTON -100.17 | 56.96 Y Y
229 BARUN-TOREY 115.81 50.07 Y Y
621 BASKATONG -75.75 46.83 Y Y
1516 | BAUNT 112.98 55.21 Y Y
205 BAY 121.26 14.36 Y Y
1152 | BEAR -96.07 55.12 Y Y
677 BEAR LAKE -111.33 | 42.01 Y
622 BEAS 76.07 32.00 Y Y
925 BEAVER HILL -94.92 54.24 Y Y
1222 | BEAVERHILL -112.54 | 53.46 Y Y
145 BECHAROF -156.40 | 57.85 Y Y
1417 | BEI HULSAN 95.91 36.88 Y Y
635 BELOT -126.26 | 66.88 Y Y
160 BELOYE 37.64 60.18 Y Y
1216 | BERRE 5.11 43.49 Y Y
1164 | BEVERLY -100.52 | 64.61 Y Y
267 BEYSEHIR 31.52 37.78 Y Y
706 BEYSUGSKTY 38.42 46.15 Y
805 BICHE -112.07 | 54.86 Y Y
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155 BIENVILLE -72.98 55.05 Y Y
711 BIG SAND -99.76 57.71 Y Y
280 BIG TROUT -90.02 53.77 Y Y
1576 | BIRCH -121.61 | 64.62 Y Y
458 BISTCHO -118.83 | 59.74 Y Y
268 BIWA 136.08 35.25 Y Y
2201 | BIYLIKOL 70.70 43.04 Y Y
333 BLACK -105.73 | 59.05 Y Y
849 BLACKWATER -123.12 | 63.99 Y Y
1195 | BLANC -69.04 -54.07 Y Y
1113 | BLANCA -71.21 -52.41 Y Y
763 BLOEMHOFDAM 25.67 -27.69 Y Y
106 BLOMMESTEINMEER -55.07 4,72 Y Y
417 BLUENOSE -119.69 | 68.51 Y Y
64 BOENG TONLE CHHMA 104.15 12.81 Y Y
400 BOIS -125.15 | 66.82 Y Y
1787 | BOL'SHO YERAVNOYE 111.49 52.62 Y Y
944 BOL'SHOYE MORSKOYE 158.77 70.05 Y Y
1028 | BOLMEN 13.67 56.92 Y Y
502 BOLON' 136.39 49.80 Y Y
1596 | BOLSENA 11.93 42.60 Y Y
1011 | BOLSHOY UVAT 70.47 57.54 Y Y
1336 | BONG 91.15 31.22 Y Y
645 BOON TSAGAAN 99.09 4558 Y Y
181 BOSTEN 87.07 41.98 Y Y
39 BRATSKOYE 103.07 54.85 Y Y
768 BROCHET -101.68 | 58.64 Y Y
1940 | BROWN -90.66 66.71 Y Y
94 BUENOS AIRES -72.50 -46.66 Y Y
299 BUFFALO -115.49 | 60.22 Y Y
77 BUHAYRAT ATH THARTHAR 43.17 34.11 Y Y
2083 | BUL'SHOYE TOKO 130.89 56.05 Y Y
1629 | BULMER -120.77 | 62.80 Y Y
3607 | BUNG BORAPHET 100.26 15.69 Y Y
881 BURDUR 30.21 37.73 Y Y
2978 | BURT LAKE -84.67 45.47 Y Y
795 BURTON -78.30 54.76 Y Y
762 BUSTAKH 141.96 72.53 Y Y
291 BUYR 117.69 47.81 Y Y
42 CABORA BASSA 31.63 -15.73 Y Y
1361 | CAIMANE -106.11 | 22.99 Y Y
1583 | CALAFQUEM -72.15 -39.53 Y Y
748 CALCASIEU LAKE -93.34 29.96 Y Y
1370 | CALLING -113.31 | 55.24 Y Y
2202 | CAM 83.54 32.11 Y Y
1375 | CANDLE -105.29 | 53.82 Y Y
168 CANIAPISCAU -69.84 54.29 Y Y
910 CANOE -108.23 | 55.18 Y Y
1193 | CANYON FERRY LAKE -111.56 | 46.50 Y Y
257 CARATASCA -83.85 15.35 Y Y
443 CARDIEL -71.26 -48.90 Y Y
154 CARONI -62.83 7.20 Y Y
1761 | CASCADE RESERVOIR -116.10 | 44.63 Y Y
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1 CASPIAN 50.36 41.85 Y Y
1081 | CASTIGNON -68.57 56.32 Y Y
2484 | CATEMACO -95.04 18.40 Y Y
265 CAXUANA -51.50 -2.04 Y Y
57 CEDAR -100.14 | 53.33 Y Y
379 CERROS COLORADOS -68.73 -38.58 Y Y
2116 | CH'A-ERH-KU-T'E 88.24 31.81 Y Y
755 CHA-PU-YEH CH'A-K'A 84.03 31.37 Y Y
14 CHAD 14.19 13.45 Y Y
1054 | CHAMBRI 143.10 -4.26 Y Y
579 CHAMO 37.55 5.83 Y Y
165 CHAMPLAIN -73.27 44.45 Y Y
1503 | CHANG 112.38 30.44 Y Y
2156 | CHANG DANG 119.55 31.61 Y Y
92 CHANY 77.39 54.83 Y Y
233 CHAO 117.57 31.57 Y Y
153 CHAPALA -103.05 | 20.21 Y Y
296 CHARDARINSKOYE 68.17 41.15 Y Y
1213 | CHATYR-KEL' 75.28 40.64 Y Y
1619 | CHEM 79.79 34.15 Y Y
950 CHERTOVO 80.42 64.13 Y Y
844 CHIBOUGAMAU -74.24 49.85 Y Y
2317 | CHIEMSEE 12.44 47.88 Y Y
204 CHILKA 85.38 19.69 Y Y
256 CHILWA 35.71 -15.32 Y Y
84 CHIQUITA -62.61 -30.74 Y Y
119 CHISHI 29.72 -8.71 Y Y
1943 | CHIUTA 35.85 -14.78 Y Y
220 CHOCON -69.01 -39.46 Y Y
1567 | CHOKE CANYON RESERVOIR -98.38 28.49 Y Y
483 CHUKCHAGIRSKOYE 136.58 52.00 Y Y
1551 | CHUKOCH'YE 160.28 69.45 Y Y
323 CHURCHILL -108.29 | 55.96 Y Y
1518 | CILDIR 43.23 41.03 Y Y
125 CLAIRE -112.08 | 58.59 Y Y
1188 | CLEAR -122.77 | 39.02 Y Y
2253 | CLEAR LAKE RESERVOIR -121.15 | 41.86 Y Y
646 CLEARWATER -101.05 | 54.06 Y Y
275 CLINTON COLDEN -107.45 | 63.94 Y Y
277 COARI -63.37 -4.25 Y Y
588 COCHRANE -71.95 -47.32 Y Y
1016 | COIPASA -68.14 -19.22 Y Y
508 COLD -110.04 | 54.53 Y Y
219 COLHUE HUAPI -68.76 -45.47 Y Y
426 COLVILLE -125.99 | 67.19 Y Y
352 CONSTANCE 9.28 47.65 Y Y
162 CONTWOYTO -110.66 | 65.59 Y Y
800 CORANGAMITE 143.38 -38.20 Y Y
545 CORMORANT -100.90 | 54.22 Y Y
1057 | CORRIB -9.17 53.42 Y Y
2157 | CORTE -92.13 18.59 Y Y
467 COUTURE -75.38 60.03 Y Y
3493 | CRATER LAKE -122.11 | 42.94 Y Y
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1547 | CREAN -106.17 | 54.09 Y Y
137 CREE -106.64 | 57.47 Y Y
1353 | CROOKED -98.30 72.60 Y Y
251 CROSS -97.58 54,71 Y Y
590 CUITZEO -101.18 | 19.95 Y Y
754 CUMBERLAND -102.33 | 54.04 Y
1269 | CURTIS -89.21 66.69 Y Y
629 DABSAN 95.15 36.96 Y Y
623 DAGUAN 116.38 30.04 Y Y
543 DAGZE 88.00 31.70 Y Y
827 DALAI 116.62 43.30 Y Y
428 DALL LAKE -163.89 | 60.30 Y Y
1902 | DANAU MANINDJAU 100.19 -0.33 Y Y
1257 | DANAU PANIAI 136.33 -3.89 Y Y
487 DANAU POSO 120.62 -1.92 Y Y
1433 | DANAU RANAU 103.94 -4.89 Y Y
1377 | DANAU ROMBERBAI 137.92 -1.87 Y Y
351 DAUPHIN -99.77 51.27 Y Y
1640 | DAVY -108.26 | 58.87 Y Y
2547 | DAYAN 88.85 48.34 Y Y
244 DEAD 35.49 31.52 Y Y
785 DEBO -4.16 15.30 Y Y
1369 | DEEP ROSE -98.68 65.72 Y Y
326 DESCHAMBAULT -103.45 | 54.78 Y
1199 | DEVILS LAKE -98.97 48.02 Y Y
627 DIAN CHI 102.69 24.85 Y Y
1278 | DJENPANG 116.22 -0.45 Y Y
509 DNESTROVSKY!I 30.31 46.24 Y
725 DOGAI CORING 89.02 34.57 Y Y
1891 | DOGAICORING QUANG 89.25 35.27 Y Y
1382 | DOGEN 91.16 31.70 Y Y
2080 | DONG 84.73 32.17 Y Y
819 DONGGI CONA 98.54 35.30 Y Y
1658 | DONGPING 116.18 36.01 Y Y
620 DONGTING 112.92 29.32 Y Y
281 DORE -107.28 | 54.76 Y Y
924 DORGE 92.10 35.21 Y Y
549 DORGON 93.42 47.73 Y Y
489 DORSOIDONG 89.81 33.38 Y Y
1656 | DOS OUADROS -50.09 -29.70 Y Y
49 DUBAWNT -101.44 | 63.13 Y
1076 | DUKAN 44.90 36.11 Y
580 EAGLE -93.30 49.69 Y Y
2032 | EAGLE LAKE -120.74 | 40.64 Y Y
128 EAU CLAIRE -74.40 56.15 Y Y
2285 | EBEYTY 71.73 54.65 Y Y
297 EBI 82.92 44.86 Y Y
305 EBRIE -4.26 5.30 Y Y
69 EDWARD 29.61 -0.39 Y
1676 | EGG -105.56 | 55.06 Y Y
390 EGRIDIR 30.85 38.07 Y Y
1083 | EL'TON 46.67 49.15 Y Y
1602 | ELOYGYTGYN 172.08 67.50 Y Y
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254 ENNADAI -101.31 | 60.96 Y Y
723 ENRIQUILLO -71.58 18.49 Y Y
1975 | EPECUEN -62.87 -37.14 Y Y
1840 | ERCEK 43.59 38.67 Y Y
767 ERH 100.18 25.78 Y Y
424 ERICHSEN -80.41 70.61 Y Y
12 ERIE -81.16 42.25 Y Y
1526 | ERNE -7.69 54.42 Y Y
149 ESKIMO -132.76 | 69.10 Y Y
270 EVANS -77.02 50.97 Y Y
1029 | EVORON 136.51 51.48 Y Y
156 EYASI 35.04 -3.58 Y Y
430 FABER -117.25 | 63.95 Y Y
304 FAGNANO -68.03 -54.55 Y Y
567 FALCON RESERVOIR -99.26 26.76 Y Y
786 FARIBAULT -71.92 59.06 Y Y
801 FEIA -41.32 -22.02 Y Y
897 FEMUNDEN 11.85 62.17 Y Y
315 FERGUSON -105.27 | 69.41 Y Y
616 FINCH'A' 37.14 9.47 Y Y
1357 | FITRI 17.45 12.90 Y Y
1617 | FLASJON 15.85 64.13 Y Y
375 FLATHEAD LAKE -114.18 | 47.89 Y Y
1027 | FLETCHER -108.72 | 63.60 Y Y
615 FORD -97.36 63.40 Y Y
201 FORT PECK LAKE -107.29 | 47.68 Y Y
1358 | FUTOU 114.20 30.04 Y Y
892 FUXIAN 102.89 24.49 Y Y
2559 | GAIBA -57.73 -17.75 Y Y
347 GANDHI 75.60 24.43 Y Y
287 GAOYOU 119.31 32.87 Y Y
505 GARDA 10.70 45.67 Y Y
227 GARRY -99.40 65.95 Y Y
1557 | GAS HURE 90.79 38.12 Y Y
656 GAUER -97.84 57.02 Y Y
990 GE 119.81 31.60 Y Y
1355 | GENERAL VINTTER -71.53 -43.93 Y Y
327 GENEVA 6.25 46.37 Y Y
687 GEORGE 30.17 0.00 Y Y
1831 | GLAFSFJ 12.70 59.52 Y Y
2358 | GLAN 15.98 58.64 Y Y
1275 | GLUBOKOYE 90.10 69.27 Y Y
172 GODS -94.21 54.62 Y Y
570 GOELAND -76.85 49.86 Y Y
968 GOLODNAYA GUBA 52.66 67.85 Y Y
1424 | GOOSE -101.54 | 54.44 Y Y
464 GOOSE LAKE -120.41 | 41.92 Y Y
678 GORDON 146.15 -42.72 Y Y
1103 | GORDON -113.22 | 63.08 Y Y
193 GORKOVSKOYE 43.13 57.11 Y Y
442 GOVIND BALLABAH PANT 82.84 24.07 Y Y
718 GOZHA 81.08 35.03 Y Y
399 GRAND -57.35 49.01 Y Y

72




The University of Edinburgh ATSR Reprocessingor Climate Document Ref:

S Lake Surface Water Temperaturei ARC-Lake ATBD-v14
ARC-Lake Issue 1

Date:23 Oct 2013

979 | GRAND -66.02 46.03 Y Y

987 | GRAND -60.50 53.68 Y Y
1129 | GRAND LAKE -92.75 29.90 Y Y
54 GRANDE -76.73 53.86 Y Y

63 GRANDE -74.87 53.70 Y Y

161 | GRANDE -57.86 -30.83 Y Y

760 | GRANDIN -118.98 | 63.99 Y Y

363 | GRANVILLE -100.21 | 56.40 Y Y

252 | GRAS -110.38 | 64.54 Y Y
2067 | GRASSET -78.16 49.95 Y Y
1170 | GREAT 146.75 -41.89 Y Y

9 GREAT BEAR -121.30 | 65.91 Y Y
817 | GREAT BITTER 32.44 30.29 Y Y

1756 | GREAT SACANDAGA LAKE -74.10 43.20 Y Y

26 GREAT SALT LAKE -112.50 | 41.20 Y Y

11 GREAT SLAVE -114.37 | 62.09 Y Y
2898 | GRENADA LAKE -89.72 33.86 Y Y
2517 | GUANTING SHUIKU 115.69 40.33 Y Y
1007 | GUARICO -67.37 9.05 Y Y

975 | GUIERS -15.84 16.18 Y Y

253 | GUILLAUME-DELISLE -76.28 56.33 Y Y
1184 | GUSINOYE 106.39 51.20 Y Y

336 | GYARING 97.27 34.92 Y Y
1807 | GYEZE CAKA 80.90 33.95 Y

738 HABBANIYAH 43.45 33.29 Y Y
389 HALL -82.09 68.74 Y Y

408 HAMMAR 47.04 30.76 Y

221 HAMUN-E SABERI 61.28 31.37 Y Y

596 HAN SHUI 111.20 32.66 Y Y
1276 | HANSINE -85.66 65.60 Y

294 | HAR 93.21 48.05 Y Y
2270 | HAR 95.16 48.46 Y

142 HAR US 92.30 48.06 Y Y
302 HAR-HU 97.59 38.31 Y Y

1265 | HARNEY LAKE -119.13 | 43.25 Y Y
1380 | HATCHETT -103.70 | 58.63 Y Y

214 | HAUKIVESI 28.52 62.10 Y Y

339 HAZEN -70.94 81.80 Y Y

834 | HEDESUNDEFJ 17.14 60.33 Y

460 | HENDRIK VERWOERD 25.92 -30.58 Y

643 HICKS -99.94 61.38 Y Y

288 HIGHROCK -100.44 | 55.83 Y Y
1422 | HINDMARSH 141.91 -36.04 Y Y

249 HIRAKUD 83.77 21.64 Y Y
1110 | HIRFANLI 33.69 39.16 Y Y

387 HJALMAREN 15.86 59.23 Y Y

736 HOH SAI 92.83 35.73 Y

609 HOH XIL 91.12 35.58 Y

637 HONDO -64.98 -27.53 Y Y

964 | HONEY LAKE -120.32 | 40.27 Y Y
708 HONG 113.28 29.85 Y Y

758 HORNAVAN 17.59 66.24 Y

1106 | HORTON -122.50 | 67.48 Y Y
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189 HOTTAH -118.44 | 64.95 Y Y
2345 | HOUGHTON LAKE -84.71 44,34 Y Y
59 HOVSGOL 100.48 51.02 Y Y
913 HSU-JU 86.41 30.27 Y Y
1765 | HUANG-CH'I 113.29 40.85 Y Y
75 HULUN 117.38 48.97 Y Y
109 HUNGTZE 118.53 33.34 Y Y
5 HURON -82.21 44,78 Y Y
121 HYARGAS 93.30 49.13 Y Y
2313 | IHEMA 30.77 -1.89 Y Y
1869 | IHOTRY 43.67 -21.94 Y Y
89 IJISSELMEER 5.42 52.66 Y Y
2627 | IK 71.55 56.05 Y Y
192 IL'MEN' 31.30 58.30 Y Y
391 ILE-A-LA-CROSSE -107.75 | 55.56 Y Y
1593 | ILERGYTGYN 158.97 70.51 Y Y
62 ILIAMNA -154.90 | 59.56 Y Y
177 IMANDRA 33.07 67.72 Y Y
852 IMURUK BASIN -165.63 | 65.13 Y Y
2543 | IMURUK LAKE -163.19 | 65.60 Y Y
144 INARI 27.83 69.04 Y Y
1841 | INAWASHIRO KO 140.09 37.47 Y Y
1555 | INDAWNGY 96.34 25.15 Y Y
1722 | INDER 51.91 48.47 Y Y
1444 | INGRAY -116.14 | 64.24 Y Y
266 INHERNILLO -101.72 | 18.58 Y Y
954 INLAND LAKE -159.84 | 66.46 Y Y
655 IRIKLINSKOYE 58.82 51.95 Y Y
1701 | IRO 19.42 10.10 Y Y
174 ISLAND -94.70 53.85 Y Y
25 ISSYKKUL 77.25 42.46 Y Y
1441 | ISTADA 67.92 32.48 Y Y
19 ITAPARICA -42.01 -10.18 Y Y
342 ITARARE -49.62 -23.38 Y Y
1209 | ITCHEN -112.64 | 65.53 Y Y
245 IZABAL -89.11 15.57 Y Y
634 IZNIK 29.53 40.45 Y Y
936 JANIS YARVI 30.90 62.01 Y Y
1219 | JAYAKWADI 75.21 19.54 Y Y
1575 | JAYKO -103.22 | 69.82 Y Y
1563 | JEKYLL -93.66 69.76 Y Y
983 JEN-CH'ING HSIU-PU-TS'O 83.42 31.27 Y Y
1174 | JILI 87.45 46.92 Y Y
421 JOSEPH -65.30 52.79 Y Y
1264 | JUNIN -76.15 -11.02 Y Y
1107 | JUNSHAN 116.31 28.51 Y Y
1157 | K'OK'A 39.08 8.38 Y Y
1046 | KABAMBA 27.04 -7.90 Y Y
1774 | KABELE 25.97 -8.94 Y Y
1801 | KABWE 26.02 -9.16 Y Y
1149 | KACH 69.88 24.03 Y Y
1705 | KAGALURPAK LAKE -163.98 | 60.96 Y Y
116 KAINJI 4.56 10.43 Y Y
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79 KAKHOVSKOYE 33.95 47.27 Y Y
988 KALLSJON 13.00 63.60 Y Y
1462 | KALRI 68.06 24.94 Y Y
246 KAMINAK -94.90 62.20 Y Y
320 KAMINURIAK -95.79 62.96 Y Y
104 KAMSKOYE 56.26 58.80 Y Y
1360 | KAMYSHLYBAS 61.78 46.20 Y Y
264 KAMILUKUAK -101.73 | 62.28 Y Y
131 KAPCHAGAYSKOYEVODO. 77.73 43.82 Y Y
197 KARA-BOGAZ-GOL 53.54 41.23 Y Y
470 KARAKUL 73.49 39.00 Y Y
1286 | KARASOR 75.57 49.87 Y Y
35 KARIBA 27.60 -17.23 Y Y
124 KASBA -102.27 | 60.34 Y Y
1204 | KASUMIGA-URA 140.37 36.05 Y Y
1419 | KAYIGYALIK LAKE -162.48 | 61.03 Y Y
461 KAYRAKKUMSKOYE 70.06 40.32 Y Y
945 KAYRAKKUMSKOYE 61.32 37.18 Y Y
318 KEBAN BARAJI 39.23 38.87 Y Y
1945 | KEELEY -108.13 | 54.89 Y Y
2596 | KEGUM KAGATI LAKE -164.31 | 60.32 Y Y
346 KEITELE 25.99 62.89 Y Y
465 KELLER -121.58 | 63.95 Y Y
1183 | KEMIJARVI 27.53 66.62 Y Y
843 KERET 32.89 65.87 Y Y
1071 | KESAGAMI -80.32 50.31 Y Y
433 KETA 89.89 68.75 Y Y
1598 | KGUN LAKE -163.81 | 61.56 Y Y
45 KHANKA 132.42 44,94 Y Y
2226 | KHANSKOYE 38.35 46.24 Y Y
218 KHANTAYSKOE 91.18 68.36 Y Y
112 KHANTAYSKOYE 87.75 67.96 Y Y
1023 | KIANTA 29.12 65.03 Y Y
1218 | KIKULETWA 37.41 -3.68 Y Y
1887 | KILIBEK 70.65 53.88 Y Y
2271 | KINKONY 45.80 -16.16 Y Y
674 KISALE 26.49 -8.28 Y Y
2148 | KISHI'KARQOY 71.34 54.03 Y Y
733 KISKITTO -98.23 54.36 Y Y
684 KISKITTOGISU -98.37 54.21 Y Y
1703 | KISTIGAN -92.66 54.60 Y Y
1733 | KITANGIRI 34.30 -4.09 Y Y
1132 | KIVIJARVI 25.16 63.15 Y Y
67 KIVU 29.23 -2.04 Y Y
1605 | KIYENG-KYUYEL' 109.57 73.02 Y Y
436 KIYEVSKOYE 30.48 50.82 Y Y
1056 | KIZILIASHSKIY 37.05 4512 Y Y
447 KLUANE -138.76 | 61.26 Y Y
2838 | KLUTINA LAKE -145.98 | 61.67 Y Y
927 KNEE -94.54 55.08 Y Y
1108 | KOITERE 30.70 62.97 Y Y
1215 | KOKORA 101.08 72.99 Y Y
1803 | KOLMAJARVI 25.82 63.27 Y Y
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928 KONNEVESI 26.54 62.69 Y Y
108 KOSSOU -5.68 7.55 Y Y
242 KOVDOZERO 31.99 66.68 Y Y
1538 | KOVITSKOYE 33.41 67.12 Y Y
1881 | KOZHOZERO 38.17 63.08 Y Y
344 KRASNOE 174.44 64.53 Y Y
93 KRASNOYARSKOYE 90.94 54.84 Y Y
87 KREMENSHUGSKOYE 32.62 49.28 Y Y
756 KRONOTSKOYE 160.20 54.81 Y Y
434 KUBENSKOYE 39.45 59.64 Y Y
1050 | KUCHUKSKOYE 79.77 52.70 Y Y
1091 | KUKAKLEK LAKE -155.30 | 59.18 Y Y
262 KULUNDINSKOYE 79.58 52.98 Y Y
671 KUNGASALAKH 107.23 74.61 Y Y
1971 | KUO-MANG 89.20 31.21 Y Y
2264 | KURIL'SKOYE 157.10 51.46 Y Y
1145 | KUS 27.96 40.19 Y Y
550 KUSHMURUN 64.78 52.72 Y Y
33 KUYBYSHEVSKOYE 48.65 54.54 Y Y
1327 | KUYUMAZARSKOYE 64.83 39.85 Y Y
325 KWANIA 32.65 1.72 Y Y
382 KYARING 88.32 31.13 Y Y
99 KYOGA 33.01 1.50 Y Y
676 LA-ANG 81.21 30.72 Y Y
331 LABAZ 99.57 72.27 Y Y
940 LABERGE -135.16 | 61.19 Y Y
2988 | LAC DES ALLEMANDS -90.57 29.92 Y Y
533 LACHA 38.77 61.31 Y Y
16 LADOGA 31.39 60.84 Y Y
575 LADY MELVILLE -92.33 69.14 Y Y
1827 | LAGKOR 84.11 32.03 Y Y
1154 | LAKE ABERT -120.21 | 42.64 Y Y
1493 | LAKE APOPKA -81.62 28.62 Y Y
1991 | LAKE BEVERLEY -158.73 | 59.66 Y Y
2403 | LAKE BROOKS -155.93 | 58.50 Y Y
554 LAKE CLARK -154.33 | 60.23 Y Y
929 LAKE GEORGE -81.61 29.33 Y Y
2616 | LAKE HARRIS -81.81 28.76 Y Y
1368 | LAKE KISSIMMEE -81.27 27.90 Y Y
534 LAKE LIVINGSTON -95.14 30.80 Y Y
1721 | LAKE LOUISE -146.64 | 62.41 Y Y
556 LAKE MARION -80.47 33.53 Y Y
1148 | LAKE MATTAMUSKEET -76.20 35.50 Y Y
746 LAKE MAUREPAS -90.45 30.27 Y Y
278 LAKE MEAD -114.39 | 36.33 Y Y
3051 | LAKE MINCHUMINA -152.24 | 63.89 Y Y
824 LAKE MOULTRIE -80.07 33.31 Y Y
850 LAKE MURRAY -81.46 34.09 Y Y
884 LAKE NERKA -159.01 | 59.53 Y Y
122 LAKE OAHE -100.38 | 45.49 Y Y
546 LAKE PEND OREILLE -116.44 | 48.13 Y Y
1714 | LAKE POYGAN -88.87 4412 Y Y
836 LAKE SALVADOR -90.25 29.76 Y Y
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3238 | LAKE VERRET -91.14 29.89 Y Y
761 LAKE WINNIBIGOSHISH -94.17 47.45 Y Y
584 LAKES NUYAKUK -158.70 | 59.97 Y Y
110 LAKES SAKAKAWEA -102.32 | 47.81 Y Y
561 LAMA 90.63 69.50 Y Y
1146 | LANGANO 38.59 7.60 Y Y
524 LANO 124.24 7.89 Y Y
1246 | LAPPAJARVI 23.67 63.15 Y Y
1075 | LAST MOUNTAIN -105.22 | 51.03 Y Y
450 LEECH LAKE -94.43 47.18 Y Y
939 LEKSOZERO 30.97 63.81 Y Y
147 LESSER SLAVE -115.49 | 55.43 Y Y
531 LIANGZI 114.51 30.23 Y Y
1957 | LIMINGEN 13.57 64.79 Y Y
1815 | LITTLE SACHIGO -92.11 54.15 Y Y
812 LIXI'OIDAIN 90.18 35.75 Y Y
1295 | LLANCANELO -69.15 -35.62 Y Y
209 LLANQUIHUE -72.79 -41.14 Y Y
908 LOCHE -109.48 | 56.46 Y Y
376 LOKAN TERKOJARVI 27.77 67.97 Y Y
539 LONGGAN 116.14 29.97 Y Y
861 LOVOZERO 35.22 67.90 Y Y
159 LOW -76.27 52.51 Y Y
1010 | LOWER UGASHIK LAKE -156.88 | 57.49 Y Y
175 LUANG 100.38 7.46 Y Y
592 LUMAJANGDONG 81.64 34.01 Y Y
1871 | LUNG MU 80.44 34.62 Y Y
1430 | LUOMA 118.21 34.06 Y Y
1350 | LURAN -93.01 64.86 Y Y
574 M'BAKAQU 12.81 6.41 Y Y
439 MA-P'ANG YUNG-TS'O 81.49 30.67 Y Y
184 MACKAY -111.30 | 63.96 Y Y
998 MACNAUGHTON -98.41 67.30 Y Y
1019 | MAHONY -125.36 | 65.50 Y Y
90 MAI-NDOMBE 18.32 -2.14 Y Y
1307 | MAINIT 125.52 9.44 Y Y
163 MALAREN 16.19 59.44 Y Y
1735 | MALARTIC -78.11 48.34 Y Y
10 MALAWI 34.59 -11.96 Y Y
350 MALHEUR -118.83 | 43.34 Y Y
413 MALLERY -98.36 63.97 Y Y
586 MALOMBE 35.26 -14.64 Y Y
960 MALYYE CHANY 77.96 5457 Y Y
176 MANAGUA -86.35 12.32 Y Y
664 MANAS 85.94 45.81 Y Y
1853 | MANDIORA -57.56 -18.13 Y Y
231 MANGUEIRA -52.84 -33.16 Y Y
82 MANICOUAGAN -69.13 51.35 Y Y
37 MANITOBA -98.80 50.99 Y Y
1818 | MANITOU -81.99 45,78 Y Y
368 MANOUANE -70.99 50.76 Y Y
397 MANYARA 35.81 -3.58 Y Y
250 MANYCH-GUDILO 42.98 46.26 Y Y
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1089 | MARJORIE -99.36 64.15 Y

403 MARKAKOL' 85.77 48.75 Y Y

100 | MARTRE -117.91 | 63.33 Y Y
1243 | MARY -103.56 | 62.38 Y

493 MATAGAMI -77.50 50.07 Y Y
1501 | MATATILA 78.32 25.05 Y Y

540 | MAUNOIR -124.88 | 67.46 Y Y

396 MCALPINE LANE -102.64 | 66.52 Y Y

573 MEEPLAEG -56.62 48.26 Y Y
2468 | MELKOYE 70.20 69.70 Y Y
1354 | MEMAR 82.33 34.20 Y

1255 | MEYATO 70.64 70.15 Y

518 MHISA 10.99 60.82 Y Y

6 MICHIGAN -87.09 43.86 Y Y

520 | MIGRIGGYANGZHAM 90.32 33.48 Y Y

452 MIGUEL ALEMAN -96.51 18.26 Y Y

366 MILLE LACS -93.65 46.24 Y Y

420 | MILLS -118.15 | 61.43 Y Y
2168 | MILLWOOD LAKE -93.96 33.77 Y Y

328 MINGECHAURSKOYE 46.79 40.93 Y Y
822 MINGO -72.14 64.59 Y Y
1412 | MINIJARVI 29.30 62.73 Y Y

705 | MININDEE 142.33 -32.41 Y Y

46 MIRIM -53.25 -32.89 Y Y

76 MISTASSINI -73.81 50.82 Y Y
1618 | MIYUN SHUIKU 116.94 40.51 Y Y
1970 | MO-K'O-YU 89.01 31.06 Y

673 MOGOTOYEYO 149.15 72.03 Y Y

894 | MOLOCHNOYE 35.34 46.54 Y Y
454 | MOLSON -96.82 54.22 Y Y
883 MONO -118.96 | 38.01 Y Y
2099 | MONTE -62.47 -36.99 Y Y

405 | MONTREAL -105.69 | 54.32 Y Y

617 MOOSEHEAD LAKE -69.71 45.67 Y Y
1302 | MORARI 78.32 32.89 Y

640 | MOSQUITO -103.33 | 62.59 Y Y
1283 | MU-TS'O-PING-NI 86.25 30.63 Y

2211 | MUNDUYSKOYE 88.44 66.57 Y Y
1649 | MURITZ 12.68 53.42 Y Y

448 MUSTERS -69.23 -45.41 Y Y
36 MWERU 28.74 -9.01 Y Y

1960 | MYAKSHINGA 93.53 67.00 Y

1079 | NA 91.48 32.02 Y Y
1281 | NADUDOTURKU 84.11 72.84 Y Y

343 NAHUEL HUAPI -71.52 -40.92 Y Y
1659 | NAIVASHA 36.36 -0.77 Y Y

377 NAKNEK -155.67 | 58.64 Y Y
2252 | NAKTEN 14.65 62.83 Y

91 NAM 90.66 30.71 Y Y
1261 | NAMAYCUSH -108.40 | 70.81 Y

989 NAMRU 90.84 32.08 Y Y
1421 | NANYI 118.89 31.11 Y Y
1726 | NARRAN 147.31 -29.90 Y Y
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369 NASIJARVI 23.97 61.88 Y Y
48 NASSER 32.58 22.86 Y Y
322 NATRON 36.02 -2.34 Y Y
481 NEAGH -6.42 54.62 Y Y
1569 | NEDZHELI 125.19 63.61 Y Y
1114 | NEERGAURE -79.91 70.22 Y Y
1121 | NEGRA -53.65 -34.05 Y Y
132 NEGRO -55.93 -32.70 Y Y
503 NEJANILINI -97.87 59.61 Y Y
338 NERPICH'YE 162.77 56.39 Y Y
792 NERPICH'YE 160.18 69.29 Y Y
32 NETILLING -70.28 66.42 Y Y
469 NETSILIK -93.04 69.25 Y Y
893 NEUCHATEL 6.84 46.90 Y Y
1115 | NEUSIEDL 16.78 47.80 Y Y
921 NEYATO 70.38 70.06 Y Y
1176 | NEYTO 70.91 70.04 Y Y
681 NGOIN 88.74 31.52 Y Y
300 NGORING 97.71 34.93 Y Y
21 NICARAGUA -85.36 11.57 Y Y
1582 | NIGHTHAWK -80.98 48.44 Y Y
1061 | NILAKKA 26.46 63.12 Y Y
1762 | NINA BANG -79.38 70.87 Y Y
38 NIPIGON -88.55 49.80 Y Y
198 NIPISSING -79.92 46.24 Y Y
833 NOI 105.39 15.01 Y Y
1287 | NOKOUE 2.46 6.43 Y Y
211 NONACHO -108.92 | 61.82 Y Y
1403 | NONVIANUK LAKE -155.35 | 59.00 Y Y
2336 | NORRA DELLEN 16.71 61.87 Y Y
516 NORTH CARIBOU -90.74 52.79 Y Y
709 NORTH HENIK -97.71 61.73 Y Y
303 NORTH MOOSE -100.16 | 54.05 Y Y
1832 | NORTH WABASCA -113.91 | 56.04 Y Y
1185 | NOSE -108.91 | 65.42 Y Y
190 NOVOSIBIRSKOYE 82.03 54.37 Y Y
682 NOWLEYE -101.06 | 62.34 Y Y
83 NUELTIN -99.40 60.25 Y Y
3308 | NUIGALAK LAKE -164.65 | 61.52 Y Y
2669 | NUNAVAKANUK LAKE -164.66 | 62.05 Y Y
1365 | NUNAVAKPAK LAKE -162.63 | 60.80 Y Y
2309 | NUNAVAUGALUK LAKE -158.91 | 59.24 Y Y
707 NZILO 25.72 -10.66 Y Y
526 OHRID 20.73 41.04 Y Y
114 OKEECHOBEE -80.86 26.95 Y Y
969 ONDOZERO 33.37 63.78 Y Y
18 ONEGA 35.35 61.90 Y Y
905 ONEIDA LAKE -75.93 43.20 Y Y
422 ONKIVESI 27.77 62.64 Y Y
15 ONTARIO -77.77 43.85 Y Y
1868 | ONTOJARVI 29.18 64.12 Y Y
1344 | OOLAGAHL LAKE -95.61 36.55 Y Y
374 OOTSA -125.76 | 53.62 Y Y
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608 OREL' 139.78 53.45 Y Y
187 ORIVESI 29.59 62.35 Y Y
773 OROG 91.01 50.15 Y Y
1431 | OROG 100.72 45.05 Y Y
290 OSSOKAMANUAN -64.93 53.43 Y Y
1379 | OTELNUC -68.19 56.15 Y Y
202 OULUJARVI 27.70 64.35 Y Y
248 OUTARDES QUATRE -69.15 50.16 Y Y
529 OXFORD -95.44 54.85 Y Y
1187 | OZHOGINO 146.64 69.25 Y Y
1323 | P'A-LUNG 83.58 30.87 Y Y
685 P'EI-K'U T'SO 85.58 28.90 Y Y
1432 | P'/ENG-TS'O 90.97 31.52 Y Y
1066 | PA-MU-TS'O 90.58 31.25 Y Y
258 PADUSKOYE MORE 30.86 68.38 Y Y
157 PAIJANNE 25.49 61.71 Y Y
1874 |PALOYEOZERO 33.77 62.59 Y Y
1214 | PANGNIKTO -92.97 69.52 Y Y
1477 | PARENT -77.11 48.60 Y Y
2907 | PARINACOCHA -73.70 -15.30 Y Y
782 PASFIELD -105.31 | 58.37 Y Y
699 PAVYLON 151.99 68.39 Y Y
353 PAYNE -73.82 59.40 Y Y
50 PEIPUS 27.59 58.41 Y Y
435 PEKUL'NEYSKOYE 177.10 62.70 Y Y
1511 | PELEGRINI -68.01 -38.70 Y Y
1221 | PELICAN -100.34 | 52.46 Y Y
845 PELLY -101.11 | 65.85 Y Y
717 PERIBONCA -71.27 50.14 Y Y
1867 | PERIPTAVETO 79.01 71.36 Y Y
349 PERLAS -83.67 12.54 Y Y
986 PERVOYE 71.57 67.94 Y Y
2319 | PESCHANOYE 53.06 68.64 Y Y
1670 | PETENWELL LAKE -89.92 4417 Y Y
222 PETER POND -108.55 | 55.84 Y Y
813 PETIT MANICOUAGAN -67.78 51.85 Y Y
2799 | PHELPS LAKE -76.47 35.77 Y Y
195 PIELINEN 29.71 63.16 Y Y
1910 | PIGEON -114.07 | 53.02 Y Y
1647 | PILTANLOR 73.37 61.71 Y Y
474 PINEHOUSE -106.47 | 55.55 Y Y
223 PIPMUACAN -70.12 49.62 Y Y
1497 | PISO -11.26 6.74 Y Y
735 PITZ -96.59 63.96 Y Y
213 PLAYGREEN -97.75 54.07 Y Y
517 PLETIPI -70.21 51.70 Y Y
810 PLONGE -107.34 | 55.12 Y Y
1270 | PO 116.44 30.15 Y Y
1616 | POELELA 35.02 -24.52 Y Y
232 POINT -113.84 | 65.31 Y Y
649 POMO 90.40 28.55 Y Y
499 POOL MALEBO 15.52 -4.22 Y Y
133 POOPO -67.06 -18.81 Y Y
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