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1. Introduction 

1.1. Acronyms and Abbreviations 
 

AATSR  Advanced ATSR 

ARC  ATSR Reprocessing for Climate 

ATSR  Along-Track Scanning Radiometer  

BT   Brightness Temperature 

LIC   Lake Ice Concentration 

LSWT  Lake Surface Water Temperature 

MD   Match-up Dataset 

NEȹT  Noise Equivalent Differential Temperature 

NWP  Numerical Weather Prediction 

OE   Optimal Estimation 

RMSD  Root-Mean-Square Deviation 

RT   Radiative Transfer 

RTM  Radiative Transfer Model 

RTTOV  Radiative Transfer for TOVs (a fast RTM) 

SD   Standard Deviation 

TCWV  Total Column Water Vapour 

ToA  Top of Atmosphere 
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1.2. Purpose and Scope 

This document is a Validation Report for the Lake Surface Water Temperature (LSWT) and Lake Ice 

Concentration (LIC) products, generated from Along-Track Scanning Radiometer (ATSR) imagery, 

for the ARC-Lake project. 

In terms of scope, this Validation Report covers version 1.2 products, the third public product release 

from ARC-Lake, covering ATSR-1, ATSR-2 and Advanced ATSR (AATSR).  

1.3. Validation Report Overview 

The Validation Report provides the following: 

- an assessment of the performance of the LSWT product, in quantitative terms, 

relative to in situ observations 

- qualitative illustrations of the LSWT retrievals from case study analysis at instrument 

resolution 

- a quantitative assessment of the LIC product relative to ice charts from mixed sources 

(in situ, aircraft, and satellite) 

- qualitative illustrations of the performance of the ice detection algorithm from case 

study analysis at instrument resolution 

1.4. Summary of Version Differences 

The differences between v1.2 products analysed in this document and v1.0 products analysed in 

MacCallum and Merchant (2010) are outlined in MacCallum and Merchant (2011a). A summary of 

the differences is given below. Validation of v1.1 LSWT products is described in MacCallum and 

Merchant (submitted 2011). 

- Implementation of salinity dependent emissivity 

- Repositioning of ice detection step in processing chain 

- Two further iterations of the LSWT prior 

- Introduction of LIC observations in LSWT prior generation scheme 

- Improved temporal co-location of satellite/buoy observations 

- Additional in situ data: extension of existing time-series and addition of a further two buoys.  

- Extension of LSWT time-series to in include ATSR1 (1991-1996) 

- Extension of LSWT and LIC time-series to include 2010 (AATSR) 
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2. Lake Surface Water Temperature (LSWT) Product 

2.1. Introduction 

Two methods of assessment of the LSWT retrieval algorithm are employed: analysis of performance 

for case study images at full AATSR resolution and point comparisons with in situ observations. 

These twin approaches are adopted to provide qualitative visual assessments of algorithm 

performance across spatial domains and to provide a quantitative measure of the overall performance 

relative to in situ observations. Validation against in situ observations is described in this section 

while the case study analysis is presented in §3. In all cases, results are presented for ARC-Lake v1.2 

retrievals. 

2.2. Data 

A match-up dataset (MD) was constructed from the in situ temperature data currently available to the 

ARC-Lake project. This consists of 54 observation locations covering 18 of the Phase One lakes. 

Details of the in situ data are given in Table 1. As the in situ data are from a variety of sources, with 

different formats, considerable effort has been put in to consolidate this data to a standard format for 

use in ARC-Lake, and to apply quality control measures.  

Source Lake Names (number of observation locations) 

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

Fisheries and Oceans Canada (FOC) 
Superior (1), Huron (2), Great Slave (2), Erie (2), Winnipeg (3), Ontario 

(3), Woods (1), Saint Clair (1), Nipissing (1), Simcoe (1) 

Swedish University of Agricultural 

Sciences (SLU) 
Vanern (5), Vattern (2), Malaren (13) 

GLobal Lake Ecological Observatory 

Network (GLEON) 
Balaton (1) 

Kingôs College London (KCL) Nyasa (3) 

National Institute of Water and 

Atmospheric Research (NIWA) 
Taupo

À
 (1) 

Marine Science Unit (MSI), University 

of South Carolina Beaufort (USCB) 
Victoria

À
 (1) 
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Table 1. Details of in situ data consolidated into the ARC-Lake MD. 
À
 Indicates buoy data added 

in v1.2. Note that buoy data for 2009 and 2010, for existing buoys, has also been added where 

available. 

2.3. Methods 

Clear-sky LSWT retrievals are averaged over a 5x5 pixel box, equivalent to the resolution of the 

ARC-Lake ñper-lakeò (PL) and ñdaily globalò (DG) products (MacCallum & Merchant, 2011b), 

centred on the buoy location. Matching against in situ observations is performed spatially (within 1 

km) and temporally (within 3 hours) to create MDBs for ATSR-1, ATSR-2 and AATSR. In total there 

are ~6800 match-ups for ATSR-1, ~16400 for ATSR-2 and ~27900 for AATSR. These totals are over 

two orders of magnitude less than the number of buoy-satellite match-ups available over the oceans. 

The locations of the match-ups for each instrument are shown in Figure 1.  

LSWTs are compared to the in situ observations for the various cloud masks and retrieval schemes. 

Day time and night time retrievals are considered separately for a number of different channel/view 

combinations: nadir-view 2-channel (N2), nadir-view 3-channel (N3), dual-view 2-channel (D2), 

dual-view 3-channel (D3). A summary of the results are presented in §2.4 for all match-ups with at 

least one clear-sky pixel.  

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

AATSR. 

2.4. Results 

Basic statistics from the comparisons with in situ observations are presented in Tables Table 2, Table 

3, and Table 4, for ATSR-1, ATSR-2 and AATSR respectively. Each table contains validation results 

for both operational retrievals using the SADIST cloud mask and ARC-Lake OE retrievals using 

Bayesian (maximum channel set) cloud screening. Note that results for Bayesian minimum channel 

set cloud screening are presented for ATSR-1 (for all but night-time N3 and D3 retrievals) due to the 

lack of visible channels and the failure of the 3.7 µm channel early in the mission. The failure of the 

3.7 µm channel also explains the very small number of match-ups for 3-channel retrievals (N3 and 

D3) in Table 2. 

The percentage of the total number of match-ups where there is at least one clear-sky observation 

using the operational cloud screening is ~2% for ATSR-1, ~14% for ATSR-2, and ~13% for AATSR. 

For all instruments the number of clear-sky match-ups is always larger when using the Bayesian 

(b) 

(c) 



 

 

The University of 

Edinburgh  

 

ATSR Reprocessing for Climate 

Lake Surface Water 

Temperature ï ARC-Lake 

 

Document Ref: 

ARC-Lake-Validation-Report-v1.2 

Issue: 1 

Date: 21 Nov 2011 

 

 

13 

 

 

rather than the SADIST cloud screening, with the Bayesian mask returning at least one clear-sky 

observation for ~3% of the total number of match-ups for ATSR-1, ~20% for ATSR-2 and ~23% for 

AATSR. Observations made in the case study analysis (§3) support this result, where over-masking of 

clear-sky areas is seen to be more prevalent in the SADIST mask.   

Mean satellite-in-situ differences for each channel combination are an indicator of óretrieval biasô for 

the different óalgorithmsô (although the surface skin effect and near-surface stratification can also 

cause some mean differences). For ideal retrievals, we would expect mean differences relative to in 

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

In the day time case, there will be a combination of skin effect and average stratification between 

measurement depth and surface reflected in the mean difference; but we donôt really have a good 

insight at present into the degree of near-surface/diurnal stratification to be expected in different lakes. 

Retrieval biases (relative to in situ measurements) range from -0.59 K to -0.05 K (day) and -0.56 K to 

-0.09 K (night) for operational AATSR retrievals using the SADIST cloud mask, with RSDs ranging 

from 0.25 K to 0.50 K. The range of biases is reduced to -0.35 K to -0.34 K (day) and -0.32 K to -0.15 

K (night) when the ARC-Lake OE retrieval and Bayesian cloud mask are used. For ideal retrievals, 

we would expect mean differences relative to in situ of the order of -0.2 K for night (due to skin 

effect) and closer to zero or slightly positive for day (combination of skin effect and average 

stratification between measurement depth and surface).  RSDs from ARC-Lake are equivalent to or 

lower than those from the operational retrieval for all retrieval types. SDs for all retrieval types are 

also lower, by ~0.2 K for daytime and ~0.6 K on average for day-time retrievals. 

These results demonstrate the advantages of the ARC-Lake OE retrieval and Bayesian cloud 

screening over operational equivalents. The first key advantage is the increased number of 

observations. This offers potentially greatly improved coverage of the lakes, thus yielding a more 

spatially and temporally complete data record. Secondly, there is a much greater degree of self 

consistency across the different channel/view combinations (i.e. a significantly smaller range of biases 

across the different retrievals). Thirdly, there is comparable or slightly reduced noise in the retrievals, 

demonstrated by comparable or lower RSDs. The SDs are generally reduced by more than the RSDs, 

indicating a reduction in outliers associated with cloud or ice detection failures. The consistency of 

biases and RSDs across retrieval schemes is of particular importance for extending the ARC-Lake 

project to include ATSR-1, due to the failure of the 3.7 µm channel on this instrument. 

 

ATSR-1 

Day / 

Night 

View / 

Channels 

Operational ARC-Lake 

N Bias SD RSD N Bias SD RSD 

Day N2 102 -0.01 1.02 0.49 123 0.07 1.00 0.50 

Day D2 103 -0.15 1.04 0.72 123 0.12 1.00 0.53 
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Night N2 72 0.11 1.23 0.42 128 -0.16 0.69 0.49 

Night N3 5 -0.23 0.36 0.53 8 -0.11 0.26 0.29 

Night D2 71 -0.07 1.66 0.54 128 -0.18 0.65 0.43 

Night D3 5 -0.25 0.43 0.24 8 -0.10 0.36 0.39 

Table 2. Validation statistics for LSWT retrievals from ATSR-1 observations. Operational 

indicates SADIST cloud masking and operational LSWT retrieval scheme. ARC-Lake indicates 

Bayesian (minimum channel set, except for night-time N3 and D3 which use maximum channel 

set) cloud masking and OE LSWT retrieval scheme. View/channels indicates the views (N = 

nadir, D = dual) and the number of channels used in the retrieval (e.g. N2 is a nadir-view, twin-

channel retrieval). 

ATSR-2 

Day / 

Night 

View / 

Channels 

Operational ARC-Lake 

N Bias SD RSD N Bias SD RSD 

Day N2 770 0.61 0.95 0.53 1140 -0.09 0.67 0.41 

Day D2 768 -0.18 0.98 0.49 1140 -0.07 0.68 0.42 

Night N2 1483 0.60 0.64 0.48 2148 -0.06 0.61 0.40 

Night N3 1483 0.13 0.47 0.26 2149 0.03 0.53 0.32 

Night D2 1481 -0.23 0.59 0.43 2149 -0.05 0.60 0.37 

Night D3 1483 -0.06 0.50 0.30 2150 0.06 0.54 0.32 

Table 3. Validation statistics for LSWT retrievals from ATSR-2 observations. Operational 

indicates SADIST cloud masking and operational LSWT retrieval scheme. ARC-Lake indicates 

Bayesian (maximum channel set) cloud masking and OE LSWT retrieval scheme. 

View/channels indicates the views (N = nadir, D = dual) and the number of channels used in 

the retrieval (e.g. N2 is a nadir-view, twin-channel retrieval). 

AATSR 

Day / 

Night 

View / 

Channels 

Operational ARC-Lake 

N Bias SD RSD N Bias SD RSD 

Day N2 1967 -0.05 0.84 0.50 3275 -0.35 0.65 0.45 

Day D2 1969 -0.59 0.83 0.40 3273 -0.34 0.65 0.41 

Night N2 1937 -0.09 0.96 0.48 3220 -0.32 0.53 0.40 

Night N3 1936 -0.21 0.78 0.25 3220 -0.16 0.44 0.28 

Night D2 1931 -0.56 1.62 0.41 3220 -0.31 0.51 0.37 

Night D3 1934 -0.23 0.98 0.27 3220 -0.15 0.44 0.28 

Table 4. Validation statistics for LSWT retrievals from AATSR observations. Operational 

indicates SADIST cloud masking and operational LSWT retrieval scheme. ARC-Lake indicates 

Bayesian (maximum channel set) cloud masking and OE LSWT retrieval scheme. 

View/channels indicates the views (N = nadir, D = dual) and the number of channels used in 

the retrieval (e.g. N2 is a nadir-view, twin-channel retrieval). 
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A similar picture is observed for ATSR-2 retrievals. The ARC-Lake scheme returns almost 50% more 

match-ups with reduced (day-time) or comparable (night-time) RSD and a greatly improved self 

consistency for different channel combinations. The operational results have biases ranging from -

0.18 K to 0.61 K (day) and -0.23 K to 0.60 K (night) for operational ATSR-2 retrievals using the 

SADIST cloud mask. The ARC-Lake scheme returns bias ranges of -0.09 K to -0.07 K (day) and -

0.06 K to 0.06 K (night). RSDs are again typically between ~0.3 K and ~0.4 K.  

Scatter plots for dual-view maximum channel set (i.e. D2 and D3) retrievals for day-time and 

night-time retrievals are shown in Figure 2. LSWT-Buoy differences against buoy temperature for 

AATSR. (a) and (b) operational SADIST day and night, (c) and (d) ARC-Lake day and night. 

, for the operational (labelled ñATSò) and ARC-Lake (labelled ñOEò). The increased number 

of match-ups from ARC-Lake is seen to arise particularly from the lower end of the 

temperature range, where the SADIST threshold tests are most likely to return false positives. 

All the retrievals show some trend in difference against in situ temperature, quantified by the 

slope, m, shown on the plots. For example, ARC-Lake night match-ups using the D3 

channels has m = -0.001 K K
-1

, meaning that over the 25 K range of lake temperatures in the 

data, the satellite is warmer relative to in situ observations by 0.025 K for the lowest 

temperatures compared to the warmest temperatures. The trends for night-time observations 

are very small in both operational and ARC-Lake retrievals, with larger trends with 

temperature observed for day-time retrievals. This behaviour could be a result of a bias in the 

time difference between in situ and satellite observations. A tendency for day-time buoy 

observations to occur later than the satellite overpass time is likely to result in such a trend in 

satellite-buoy temperatures due to diurnal warming effects, that would be most pronounced 

during the summer months (i.e. periods of warmer surface temperature).   
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Figure 2. LSWT-Buoy differences against buoy temperature for AATSR. (a) and (b) operational 

SADIST day and night, (c) and (d) ARC-Lake day and night. 

Similar results are observed for ATSR-2 (Figure 3). As for AATSR, the greater number of match-ups 

returned by the ARC-Lake scheme is most apparent at low temperatures. 

 

 

 

(a) (b) 

(c) (d) 
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Figure 3. LSWT-Buoy differences against buoy temperature for ATSR-2. (a) and (b) operational 

SADIST day and night, (c) and (d) ARC-Lake day and night. 

Finally, scatter plots for ATSR-1 dual-view minimum channel set (i.e. D2) retrievals for day-time and 

night-time retrievals are shown in Figure 4. Although there are far fewer match-ups (largely due to the 

shorter time-period of ATSR-1 and fewer buoys recording over this period), similar results to those 

obtained for ATSR-2 and AATSR are observed. That is, more match-ups are observed using the 

ARC-Lake scheme, particularly at low temperatures where the SADIST threshold tests are most likely 

to return false positives. 

(c) (d) 

(a) (b) 
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Figure 4. LSWT-Buoy differences against buoy temperature for ATSR-1. (a) and (b) operational 

SADIST day and night, (c) and (d) ARC-Lake day and night. 

The validation results presented in Figure 2. LSWT-Buoy differences against buoy temperature for 

AATSR. (a) and (b) operational SADIST day and night, (c) and (d) ARC-Lake day and night. 

, Figure 3, and Figure 4 are dominated by the Great Lakes as they are more extensively monitored in 

situ (Table 1). This is demonstrated in Figure 5 and Table 5, where results are shown for the Great 

Lakes and all other North American lakes separately, for night time ARC-Lake retrievals only. 

Consistent results are observed across the two subsets of data, with bias, SD, and RSD all within 0.07 

K. However, the large difference in the number of match-ups highlights the need for further in situ 

observations, covering a greater variety of lakes and locations, to be included in the ARC-Lake 

validation data set. Two additional in situ sources have been added for v1.2 (§2.2) and efforts to 

obtain additional in situ data are ongoing. 

(a) (b) 

(c) (d) 
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Figure 5. LSWT-Buoy differences against buoy temperature for night time AATSR. (a) The 

Great Lakes, (b) all other North American lakes 

Lakes Day / 

Night 

View / 

Channels 

AATSR 

N Bias SD RSD 

Great lakes Night D3 2585 -0.13 0.42 0.29 

Other North American Night D3 604 -0.19 0.35 0.22 

Table 5. LSWT-Buoy validation statistics for AATSR, corresponding to Figure 5. A comparison 

of the D3 night-time retrievals over the Great Lakes and all other North American lakes. 
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3. LSWT Case Studies 

3.1. Introduction 
For the qualitative analysis a set of 12 AATSR scenes were selected as case studies. These were 

chosen such as to provide examples over a range of different geographical locations, altitudes, lake 

sizes, and meteorological conditions. The case studies selected cover the following lakes: Great Slave, 

the Great Lakes, Titicaca, Onega, Ladoga, Vanern, Vattern, Victoria, Superior, Bay, Winnipeg, 

Huron, Nyasa, and a number of other smaller lakes. 

Qualitative visual assessment of cloud masking and LSWT retrievals have been carried out for all 12 

AATSR case studies. Performance is variable across the case studies and across cloud masks / 

retrieval algorithms within case studies. Examples from the case study analysis, along with some 

general observations, are presented in the following sections. 

Two retrieval schemes are assessed: the operational scheme (ATS), and the ARC-Lake optimal 

estimation method (OE). Two types of cloud mask are also assessed: the SADIST threshold based 

cloud mask and the probabilistic Bayesian cloud mask. The SADIST cloud mask is used in the 

operational retrieval scheme (ATS), while Bayesian cloud masking is used for ARC-Lake OE 

retrievals. Like the LSWT retrievals themselves, Bayesian cloud masking can be performed using 

different view/channel set combinations. Results are presented for two of these combinations: nadir-

view twin-channel retrieval with nadir only minimum channel set Bayesian cloud screening, and dual-

view twin-channel retrieval with dual-view maximum channel set Bayesian cloud screening. 

3.2. Case 1 
The first example (Figure 6) covers part of the Great Lakes region, including lakes Huron (5), Erie 

(12) and Ontario (15), on 2
nd

 April 2008. At this time of year, temperatures on these lakes are close to 

0°C and ice may still be present. In the false colour image (Figure 6a) all three of the Great Lakes can 

be seen to be largely clear with only small patches of cloud (white), mainly across Lake Huron. 

Although mostly clear of cloud, there is a significant area of ice cover (yellow-brown) visible on Lake 

Erie. This AATSR scene is included as a case study as it provides a test of the retrieval scheme at the 

lowest extreme of the temperature range and also a test of the ice detection algorithm 
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Figure 6. Case study example for the Great Lakes region on 02/04/08. (a) False colour image 

from AATSR reflectance channels (0.66 µm, 0.87 µm and 1.6 µm). (b) Land/water mask showing 

the lake locations with corresponding ARC-Lake IDs. 

In Figure 7 (b) to (d) the LSWTs are shown for the various cloud detection and retrieval schemes, 

with the cloud mask in black. Figure 7a shows the prior LSWT field used in the ARC-Lake OE 

retrievals (MacCallum & Merchant, 2011a). The SADIST cloud detection scheme (b) masks almost 

all of the lake surfaces. The nadir Bayesian cloud mask (c) incorrectly some regions, particularly 

around fronts, but is much improved from the v1.0 product (Figure 17) where around 50% of the lake 

area was incorrectly flagged as cloud. This improvement in the nadir Bayesian cloud mask is largely a 

result of the improved estimate of prior LSWT that has arisen through the iterative scheme described 

in MacCallum & Merchant (2011a). The prior LSWT has a lesser impact on the dual-view cloud 

detection (d) and there is little difference between v1.0 and v1.2 results, with the majority of lake 

pixels correctly passed as clear sky. Some ice-affected pixels are also passed as clear sky in (d), but 

are flagged correctly by the ice detection test discussed below (and therefore their retrieved 

temperatures would not contribute to the product).  

The over-masking seen in the SADIST scheme is observed some of the other case studies, while in 

other cases the SADIST cloud mask is comparable the Bayesian cloud masks. Both forms of the 

Bayesian cloud mask return fewer falsely flagged areas than the SADIST mask, but there is still some 

over-masking around front edges in the nadir-view case (Figure 7c) and some over-masking in the 

dual-view case (Figure 7d), predominantly around the lake edges.  

(a) (b) 
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In terms of the temperatures retrieved, good consistency is observed across all channel/view 

combinations in the ARC-Lake OE scheme, with the average LSWTs difference between retrievals Ò 

0.3 K for lakes Huron and Erie. Lake Ontario is excluded as there is significant solar contamination in 

the 3.7 µm channel to the west of the lake. Note that 3-channel day-time retrievals are not 

incorporated into ARC-Lake data products for this reason. Considering only 2-channel retrievals for 

nadir and dual-view retrievals, all individual observations are within ~0.3 K across the two retrievals, 

with a mean difference < 0.1 K. Operational retrievals are less consistent with each other with average 

temperature differences of up to ~1.0 K observed. As well as being more consistent across retrievals, 

the ARC-Lake OE scheme also provides a spatially smoother temperature product, enabling thermal 

features to be distinguished more easily. Again this result is observed across the case studies. 
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Figure 7. Results for the AATSR scene over the Great Lakes (Figure 6). (a) Prior LSWT field. (b) 

Operational SST retrieval with SADIST cloud mask in black. (c) ARC-Lake OE LSWT (nadir-

view, twin-channel) with Bayesian cloud screening (nadir-view, minimum channel set). (d) OE 

LSWT (dual-view, twin-channel) with Bayesian cloud screening (dual-view, maximum channel 

set). The colourbar applies to all figures and in all cases the cloud mask is represented as 

black. Equivalent results from v1.0 are shown in Figure 17.  

One of the reasons for selecting this case study was the clear presence of ice in the visible imagery 

(Figure 6a). Ice can be seen to the north east of Lake Erie and in small areas in the south and north of 

Lake Huron. The result of the ARC-Lake ice detection scheme for this scene is presented in Figure 8. 

In this case study the ice detection algorithm performs reasonably well, correctly masking the major 

ice visible on Lakes Erie and Huron. Further analysis of the ARC-Lake ice product is presented in §4 

and §5. 

(c) (d) 
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Figure 8. Results for the AATSR scene over the Great Lakes (Figure 6). OE LSWT (dual-view, 

twin-channel) with ARC-Lake ice screening (MacCallum & Merchant, 2011a). Note that no cloud 

screening has been applied, and cloud related LSWT biases are evident. The colourbar given 

in Figure 7 applies and the ice mask is represented as black. 

3.3. Case 2 
The second example (Figure 9) covers part of Lakes Nyasa (10) and Tanganyika (7), on 2

nd
 April 

2008. There is relatively little seasonal variation in surface temperature over these lakes, with 

temperatures typically only varying by ~4 K over the year with an annual mean of ~298 K. In the 

false colour image (Figure 9a) there is a mixture of cumulus and thin cirrus across the lakes, and some 

regions of clear sky. Thin cirrus that is only just discernible in the image covers most of the area of 

Tangayika, This AATSR scene is included as a case study as it provides a test of the retrieval scheme 

at the higher end of the temperature range and provides a more challenging test of the cloud detection 

scheme. 
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Figure 9. Case study example for Lake Nyasa. (a) False colour image from AATSR reflectance 

channels (0.66 µm, 0.87 µm and 1.6 µm). (b) Land/water mask showing the lake locations with 

corresponding ARC-Lake IDs.  

As for the first case study, the LSWTs for the various retrieval schemes are shown in Figure 10 (b) to 

(d) the LSWTs are shown for the various retrieval schemes, along with the appropriate cloud mask. 

Figure 10 (a) shows the prior LSWT field used in the ARC-Lake OE retrievals (MacCallum & 

Merchant 2011a). Again there are significant differences between the SADIST and Bayesian cloud 

masks. In this case study, both Bayesian methods (nadir minimum channel set and dual maximum 

channel set) provide a reasonable representation of the cloud cover visible in the reflectance imagery. 

As for the previous case study, a degree of over-masking is present in the nadir-only cloud mask but 

less markedly so.  

(a) (b) 
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(a) (b) 

(c) (d) 
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Figure 10. Results for the AATSR scene over Lake Nyasa (Figure 9). (a) Prior LSWT field. (b) 

Operational SST retrieval with SADIST cloud mask. (c) ARC-Lake OE LSWT (nadir-view, twin-

channel) with Bayesian cloud screening (nadir-view, minimum channel set). (d) OE LSWT 

(dual-view, twin-channel) with Bayesian cloud screening (dual-view, maximum channel set). 

The colourbar applies to all figures and in all cases the cloud mask is represented as black. 

Retrieved LSWT values from the ARC-Lake OE scheme are again consistent across the two day-time 

retrieval methods (twin-channel for nadir-only and dual-view), with and average difference across 

Lake Nyasa of  0.12 K. The operational retrievals are again less consistent with each other with an 

average temperature difference of ~0.54 K observed. As in case study 1, the ARC-LSWT product is 

also more consistent spatially. 
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4. Lake Ice Concentration (LIC) Product 

4.1. Introduction 

As for the LSWT products, two methods of assessment of the LIC retrieval algorithm are employed: 

qualitative analysis of performance for case study images at full AATSR resolution and quantitative 

comparisons with in situ observations. Quantitative validation against in situ observations is described 

in this section while the qualitative case study analysis is presented in §5. In all cases, results are 

presented for ARC-Lake v1.2 retrievals. 

Two modifications have been made to the ice-test in ARC-Lake v1.2: it is now performed prior to the 

coarse cloud screening stage, and it is only applied to pixels where the prior LSWT is < 278 K. These 

modifications aim to reduce the number of clear-sky, ice covered pixels incorrectly flagged as cloud 

and to reduce the incidence of ice clouds being flagged as clear-sky ice pixels.   

4.2. Data 

Quantitative assessment of the LIC product is conducted using ice observations obtained from the 

NOAA Great Lakes Ice Atlas (Assel, 2003) and the National Ice Center (http://www.natice.noaa.gov). 

Both of these sources provide ice charts for the Great Lakes: Superior, Huron, Michigan, Erie, and 

Ontario. These ice charts, described by Assel (1983), are a blend of observations from different data 

sources (ship, shore, aircraft, and satellite) and cover the full lifetime of the ATSR series of 

instruments. Ice concentration data are provided as the fraction of a unit of lake surface area that is 

completely covered with ice, where each grid cell has a nominal resolution of 2.5 km x 2.5 km (Assel 

et al, 2002). Ice charts are provided for each winter season (Dec 1
st
 to April 30

th
 approx.) for the full 

lifetime of the ATSR instruments. This data is used to provide a quantitative indicator of the 

performance of the ice detection algorithm, under clear-sky conditions. The ARC-Lake ice detection 

algorithm is based on the Normalised Difference Snow Index (NDSI) of Hall et al (1995) and is 

described in MacCallum & Merchant (2011a). This is applied on a pixel-by-pixel basis and a count of 

the number of ice pixels in each 0.05°x0.05° cell is stored in the ARC-Lake v1.2 products. 

Note that, since the test uses reflectance channels, it is only available for day time scenes (under clear 

skies). For the Great Lakes validated here, day time imagery is available throughout the year, but for 

extreme northern lakes, there may be periods where no ice detection can be done. 

4.3. Methods 
For quantitative comparison with the ARC-Lake LIC product the digitised ice chart data from the 

Great Lakes Ice Atlas and the National Ice Center are averaged to the same 0.05°x0.05° grid as the 

v1.2 ARC-Lake LIC product. Ice chart data were compared with the ARC-Lake LIC product only for 

days where the ice chart data was taken from observations (i.e. interpolated data was excluded), and 
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only for days where there was at least one clear-sky ATSR observation of the lake available (either 

open-water or ice). As the ice charts are only provided during the period where the lakes are likely to 

be (partially) frozen, the inclusion of days where no ice is present should not unduly bias the results of 

this comparison towards successful detection of open-water.  

Four surface categories are defined for this analysis: open-water, ice-covered, mixed-water, and 

mixed-ice. The definitions of these are given in Table 6. Each grid cell is classified as one of these 

categories in both the ice charts and the LIC product. When calculating the percentage ice-cover in the 

LIC product, only clear-sky observations are included (i.e. ice cover = N ice pixels / (N ice pixels + N 

water pixels), and cloudy pixels are not considered). Where the number of non-cloudy pixels in a cell 

is low, the sampling-related error in the LIC for the cell can be large. For each day where ice chart 

and LIC products have matched, grid cells containing at least one clear-sky observation were 

considered in the analysis. 

Category Name Short Name Percentage Ice-Cover 

Open-water OW 0 

Mixed-water MW 1-15 

Mixed-ice MI 15-85 

Ice-covered IC >85 

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

4.4. Results 

Percentage ice-cover values are compared between ice charts and the LIC product for each of the five 

Great Lakes, over all observations for ATSR-2 and AATSR independently. The results of this 

analysis, considered over all the Great Lakes, are presented in Table 7 and Table 8 for AATSR and 

ATSR-2 respectively. These tables show the percentage of cells where each pair of surface categories 

(Table 6) is observed between the ARC-Lake LIC product and the ice charts (e.g for AATSR 

observations over all the Great Lakes (Table 7), 2.46 % of cells are classed as open-water in the ARC-

Lake LIC product and as ice-covered in the ice charts).  

ARC-Lake 

Ice Charts 
0 % 1-15 % 15-85 %  >85 % 

0 % 64.07      0.85      0.78      0.19 

1-15 %  8.68      0.62      0.65      0.65 

15-85 % 2.46      0.88      2.25      2.56 

>85 % 2.46      1.02      3.25      8.64 

Table 7. Results of comparison of ARC-Lake LIC product from AATSR with ice charts over all 

the Great Lakes. Values are the percentage of cells matching each surface classification pair 

between ARC-Lake LIC and the ice charts. These results represent 157425 grid cells. 
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ARC-Lake 

Ice Charts 
0 % 1-15 % 15-85 %  >85 % 

0 % 66.10      1.05      1.16      0.44 

1-15 %  5.89      0.25 0.35      0.24 

15-85 % 3.42      1.03      2.12      1.61 

>85 % 3.67      0.94      3.16      8.58 

Table 8. Results of comparison of ARC-Lake LIC product from ATSR-2 with ice charts over all 

the Great Lakes. Values are the percentage of cells matching each surface classification pair 

between ARC-Lake LIC and the ice charts. These results represent 197845 grid cells. 

The results of the analysis, in Table 7 and Table 8, demonstrate reasonable levels of agreement 

between the ARC-Lake LIC product and the ice charts. Ideally the diagonal elements of these tables 

should be large, particularly so for the both OW and both IC cases where there should be less 

ambiguity about the surface type. By summing equivalent elements of these tables, a summary of the 

agreement between the two ice products can be obtained. Table 9 provides this summary, where four 

levels of agreement have been defined, corresponding to the number of surface categories by which 

the two ice products disagree (e.g. level 0 indicates both products class the cell as the same category, 

level 3 indicates one product classes the cell as OW while the other classes it as IC).  

Level of Disagreement AATSR ATSR-2 

0 (Agree) 75.58 77.05 

1 16.86 13.09 

2 4.91 5.76 

3 (Disagree) 2.66 4.11 

Table 9. Summary of the level of disagreement between ARC-Lake LIC and ice charts. The 

level number indicates the number of surface categories by which the two ice products 

disagree (e.g. level 0 indicates both products class the cell as the same category, level 3 

indicates one product classes the cell as OW while the other classes it as IC). 

Reasonable levels of agreement are observed between the ARC-Lake LIC product and the ice charts 

(Table 9). For both ATSR instruments, the LIC product classifies the surface in the same category as 

the ice-chart in over 75% of the cells assessed, mainly due to very reliable identification of the 0% ice 

class. The percentage of cells which agree to within one class exceeds 90 % for both sensors.  

Closer assessment of Table 7 and Table 8 reveals that the ARC-Lake LIC product underestimates the 

amount of ice-cover, relative to the ice charts. This can be seen by considering the elements of the 

tables on either side of the main diagonal: elements above represent cells where more ice is observed 

in the LIC product than the ice chart, while the opposite is true for elements below the diagonal. 

Assessing the results in this way reveals that the ARC-Lake LIC product may fail to detect ice 
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coverage accurately in ~18% of cells, while at the same time falsely flagging open-water as ice in 

~5% of cells, for both ATSR-2 and AATSR. 

Comparison with equivalent results using the ARC-Lake v1.0 products (MacCallum & Merchant, 

2010) reveals little difference in the accuracy of the LIC product, relative to the ice-charts, with levels 

of agreement differing by < 1% in all categories. This is unsurprising as the ice test itself has not been 

modified. However, v1.2 products yield 3-5% more cloud-free match-ups with the ice-chart data. This 

increase in observations coupled with no loss in accuracy, relative to the ice-charts, indicates the 

success of the repositioning of the ice-test within the retrieval scheme and of the new method of 

incorporating previous ice observations into the prior LSWT field (MacCallum & Merchant, 2011a).   

The full breakdown of results for each of the Great Lakes is given in Table 11 to Table 20 in the 

appendix (§8). 
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5. LIC Case Studies 

5.1. Introduction 
For the qualitative analysis the ARC-Lake ice detection algorithm is assessed visually at the 

instrument pixel resolution (~1 km at nadir). The set of case study images defined in §3 contains three 

scenes where ice is visible in the reflectance imagery, covering the Great Lakes, Lake Winnipeg, and  

Lakes Onega and Ladoga. In addition to these scenes, the ice cover product is assessed at the pixel 

resolution for days, identified in the analysis with ice charts (§4), where significant ice-cover was 

present. Examples from this analysis, along with some general observations, are presented in the 

following sections. 

5.2.  Example from Case Studies 
An example of the ARC-Lake LIC product at the pixel resolution has been presented in Figure 8, 

above. In that case study, the ARC-Lake product is seen to provide a reasonable representation of the 

ice cover over the Great Lakes, visible in the reflectance channel image (Figure 6).  

A further example from the case studies is shown in Figure 11. As in Figure 8, the ice detection 

algorithm appears to work quite effectively in this scene, successfully masking the ice visible in the 

north of Lake Onega while correctly identifying the small ice-free region in the south of the lake as 

open water. In the third of the case studies (Lake Winnipeg on 01/01/08) where ice is visible in the 

reflectance imagery (Figure 12), the v1.0 ice mask failed to detect any ice in the cloud free areas of 

the scene (Figure 18). This was a consequence of the positioning of a gross cloud test prior to the ice 

detection stage. In v1.2 the ice test is performed in advance of the gross cloud test (MacCallum & 

Merchant, 2011a), reducing the degree of misclassification of ice regions as cloud. The impact of this 

is demonstrated in Figure 12, where the cloud free regions of ice-cover are now correctly flagged as 

ice. 
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Figure 11. Ice cover case study over Lake Onega (18) on 03/04/2008. (a) False colour image 

from AATSR reflectance channels (0.66 µm, 0.87 µm and 1.6 µm) for nadir view. (b) As (a) but 

for forward view. (c) Land/water mask showing the lake locations with corresponding ARC-

Lake IDs. (d) Ice-mask with pixels flagged as ice represented as black; other colours indicate 

either cloud or LSWT. 

(a) (b) 

(c) (d) 


































