Crosman  Improving Long-term Records of High-Resolution Satellite-derived Lake Surface Temperature for Global and Regional Climate Studies 
Statement of Work
Overview
1. Problem Statement
Our proposed research focuses on providing a new long-term and quality-controlled satellite-derived lake surface temperature climatological dataset between 1985-2014 for use by the climate sciences for a wide range of applications.  Only sparse in situ observations of lake temperatures exist, primarily in European and North American lakes. Consequently, long time series of satellite-derived lake temperature with global coverage is of high potential value for a wide ranges of geophysical applications and climate studies. Satellite-derived lake surface water temperature (LSWT) estimates are generally more uncertain and unavailable to the scientific and general public than oceanic sea surface temperature (SST) retrievals (Oesch et al. 2008; Hulley and Hook 2011; Fiedler et al. 2014). In addition, no comprehensive global quality-controlled climatological global data set of LSWT for small lakes (<25 km in diameter) exists. Evaluation of several recent climatological studies of LSWT for (mostly) large lakes (Hook et al. 2012; Layden et al. 2015; O’Reilly et al. 2015) indicates uncertainty and in some cases opposite climate trends deduced from the various LSWT climate studies, suggesting that documented problems with cloud contamination (Oesch et al. 2008; Politi et al. 2012) and temporal gap errors (Crosman et al. 2017a) may be introducing uncertainty in the existing analyses of global LSWT trends on these medium-sized to large lakes,  These differences indicate the need to evaluate these products globally and to apply quality-control measures to mitigate the potential impacts of cloud contamination and temporal gap errors on satellite-derived LSWT trend analysis and LSWT climatological data sets. 

2. Scientific Objectives
In this study, we will develop and implement cloud clearing and statistical quality control algorithms for use with satellite-derived lake temperature datasets from two state-of-the-art global climate SST products (NOAA Pathfinder V5.3 and NASA MODIS LST V) and then derive new data sets of quality-controlled LSWT climatological annual cycles in LSWT and trend daily time series with associated error and uncertainty estimates for use by global climate change modeling and observational studies. The relevancy of this data will only increase as regional climate modeling studies are run at increasingly high spatial resolution. The MODIS radiometer (2000-present) has both the high-resolution capable of resolving smaller lakes and now a sufficient period of record (2000-present) to of resolving climate trends in “smaller” lakes between 4 and 20 km in diameter. These smaller lakes have not been rigorously studied to our knowledge on a global scale in previous studies.  In addition, the latest version of NOAA Pathfinder V5.3 (1981-2014) that was recently released includes a number of improvements that likely improve data availability over larger small lakes and over some medium-sized lakes that have not been previously analyzed (16-40 km in diameter).  In this study we will also rigorously validate both the pre-processed and post-quality control LSWT datasets against in situ observations on a number of lakes. More rigorous validation over long time periods and over small lakes between in situ and satellite-derived LSWT is needed, as most lake validations were conducted over large lakes and temporally short periods of time (Crosman et al., 2017b).  
        
3. Task Statement Relevancy
We will address two of the three of the research needs identified by the FY18 Ocean Observing and Monitoring Division call for “High-quality data sets for enhancing predictions and informing stakeholders: (1) Development of data sets for the climate research community and (2) Projects that develop or improve datasets suitable for periodically updated assessments or monitoring products for weather and climate extremes and impacts on water resources. Restated in the context of our proposed research, this research will (1) Develop improved LSWT data sets for the climate research and modeling community, and (2) develop and improve by rigorously validating and quality-controlling available satellite-derived LSWT records to assess the impacts of changes in global LSWT for climate, weather, and water resources. 
      The time series and climatology of LSWT produced by this study will directly address NOAA’s long term climate goals to advance climate intelligence and resilience through providing a data set useful for addressing (1) weather and climate extremes, (2) Climate impacts on water resources, and the (3) sustainability of marine ecosystems.

4. Benefits
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	Figure 1. Key application areas of satellite-derived lake surface temperature 


The PI has a demonstrated record in evaluating lake surface temperature analyses and trends from satellite that provide benefit to the research and operational communities (Crosman and Horel 2009; Grim et al. 2013; Crosman et al. 2017a, b). Our research will provide the largest benefits to the general public and scientific community by improving both the accessibility and quality of available lake surface temperature data, which provides valuable information on lake state for a wide range of geophysical applications that are sensitive to global climate and climate change (Fig. 1). Currently, much of the climate and limnological community does not view or utilize satellite-derived lake temperature as it is not an easily-accessible product and documentation does not exist (many users do not realize that oceanic SST data sets are also generated over inland waters), unlike the highly accessible nature of numerous SST products for the wide oceanographic community. Deliverables will be focused on providing a new derived data sets of quality-controlled LSWT climatological and trend daily time series for the large community that would benefit from the data. The deliverables will also include at least two peer-reviewed research articles and webinars and presentations in national and regional venues oriented to the climatological, limnological, biological, and numerical weather prediction and climate communities. In addition, the outcome of our research we will develop recommendations for future enhanced reprocessing with lake-specific split-window algorithms of the entire period of satellite record of temperature of inland waters in terms of appropriate quality flags, cloud masks, and statistical tests to filter residual cloud contamination by thin cirrus. 
II. Technical and Scientific Background
Lakes worldwide provide many far-reaching benefits to society, including drinking and agricultural water, fishery habitat, recreational opportunities, transportation routes, and hydroelectric energy (Stenderra et al. 2012; Dornhoffer and Oppelt 2016) (Fig. 1). As an integral component of the earth system, lakes have been found to be “sentinels” of climate change (Adrian et al., 2009; MacKay et al., 2009; Williamson et al., 2009; Castendyk et al., 2016). 
Approximately 117 million lakes worldwide cover 3.7% of the non-glaciated planetary land surface area and comprise a total volume of ~200,000 km3 (Verpoorter et al., 2014; Cael et al., 2017). Satellite remote sensing of lakes can provide valuable information on lake water transparency, biota, hydrology, temperature, and ice phenology (Dornhoffer and Oppelt 2016).
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Figure 2. High-resolution analysis at 1 km of Lake Temperature by the NASA MUR analysis (see Crosman et al, 2017a, Chin et al. 2017) in four global sub-regions with high density of small to medium-sized lakes. Imagery courtesy of NASA State of The Ocean https://podaac-tools.jpl.nasa.gov/soto/. 


           Lake surface temperature is an important parameter for understanding and modeling the biology, hydrology, weather and climate of  lacustrine and adjoining terrestrial environments (e.g., Lenters et al. 2005; Dutra et al. 2010; Kraemer et al. 2016; Reavie et al. 2016; Javaheri et al. 2016; Mason et al. 2016)(Fig. 1).  Lake surface water temperature (LSWT) retrievals from satellite thermal infrared (TIR) sensors onboard numerous satellite platforms provide a spatially comprehensive dataset for lakes in the absence of clouds, and are the primary means used to obtain LSWT over thousands of lakes worldwide where in situ temperature measurements are unavailable (e.g., Fig. 2).  Remote sensing of LSWT began in the 1980’s and has increased steadily in subsequent decades.  However, satellite-derived LSWT estimates are generally more uncertain and unavailable to the scientific and public than oceanic sea surface temperature (SST) retrievals due to an increased difficulty in correcting for continental atmospheric air masses, lake elevation, cloud contamination, and shoreline effects (Hulley et al. 2011). In addition, gaps in the available satellite images due to clouds, the small size of many lakes (too small to be measured by many satellite infrared sensors) and relatively sparse in situ observations make it difficult to obtain imagery during cloudy and cool seasons in the mid-latitudes, and to validate these satellite-derived LSWT and to provide calibrated long-term spatially- and temporally-consistent LSWT analyses.  
LSWT is also a critical input variable for numerical weather, climate, and hydrological models (e.g., Dutra et al. 2010; Balsamo et al. 2012; Kheyrollah Pour et al. 2014; Javaheri et al. 2016). While extensive climatological data sets and analyses of satellite-derived sea surface temperature  (SST) are available and used in a wide range of applications, limited satellite-derived LSWT climatological data sets exist, and the quality of these retrievals is impacted by difficult to remove thin cloud cover, as well as a number of other challenges including lake elevation, variations in atmospheric profiles of temperature and moisture, and dust and aerosol (Crosman and Horel 2009; Hulley et al. 2011; MaCallum and Merchant 2012). No climatological data set currently exists for prescribing the climate of thousands of small lakes (5-25 km in diameter) worldwide, despite the known impacts of these water bodies on regional climate and weather (Crosman et al. 20107a,b). The only global lake climatology currently available for ~200 of the (mostly) larger lakes in the world is the ARC-Lake climatology (MacCallum and Merchant 2012; Layden et al. 2015). Because of the frequent cloud cover in many mid-latitude regions, the lack of a ‘background’ climatological lake temperature product is a major limiting factor in the ability of weather and climate models to properly represent the surface state in regions such as Canada, the Tibetan Plateau, and the Rift Valley of Africa (Fig. 2).  In this study, we propose to generate a high-resolution climatology for lakes which will directly address this problem. 
           As discussed in the problem statement for this study, the limited climatological studies of LSWT that have been conducted for (mostly) large lakes (Hook et al. 2012; Layden et al. 2015; O’Reilly et al. 2015) have in some cases found variable rates of warming and cooling in the same lakes, as well as some lakes where opposite climate trends were deduced. This uncertainty suggests that careful analysis of the impacts of temporally and spatially variable cloud contamination and data gap sampling issues (Oesch et al. 2008; Politi et al. 2012; Crosman et al. 2017) need to be investigated as these may be introducing uncertainty in the existing analyses of global LSWT trends on these medium-sized to large lakes,  These differences indicates the need to evaluate these products and apply quality-control measures and to quantify the potential impacts of cloud contamination and temporal gap errors on satellite-derived LSWT trend analysis.  As part of this study, we will investigate these impacts, as well as provide the first trend analysis data for small lakes worldwide not included in the earlier studies.
Most satellite LSWT retrieval algorithms were designed for ocean surfaces and validated and tuned to oceanic in situ buoy observations (Hulley et al. 2011; Fiedler et al. 2014). Consequently, the effects of variations in lake elevation, atmospheric profiles of temperature and water vapor, dust and smoke sources, and near-shore pixel contamination by adjacent land surfaces are not typically incorporated in the algorithms when they are applied over inland water bodies. Developing lake-specific algorithms for satellite-derived LSWT is an active area of ongoing research and several studies have developed improved techniques for LSWT retrievals (e.g., Hook et al. 20003, 2007; Hulley and Hook 2011; MaCallum and Merchant 2012; Layden et al. 2015; Riffler et al. 2015). However, the improvements gained by implementing lake-specific LSWT retrievals compared to utilizing oceanic algorithms are relatively modest in the limited lakes where validations have been conducted (Hulley and Hook 2011; MaCallum and Merchant 2012; Layden et al. 2015).  The ARC-Lake  project (MaCallum and Merchant 2012; Layden et al. 2015) is the only global LSWT that has utilized lake-specific split-window algorithms in reprocessing global lake temperatures to our knowledge, although Hulley and Hook used weather model data to compute split-window algorithms coefficients for a number of larger lakes worldwide. While reprocessing the entire SST data set for small to medium sized lakes with the MODIS and AVHRR raw radiance data combined with global atmospheric reanalysis data is a future goal, greater resources and time than available for this study would be required for this effort, as no data set currently exists for split-window algorithm coefficients for the numerous small lakes worldwide. In addition, the problems with cloud contamination and gap sampling errors appear to be much larger and more immediately problematic to the obtaining adequate climate trend analysis from satellite-derived SST (Crosman et al. 2017b). Thus, creating an annual climatology for smaller lakes worldwide, and an improved quality controlled data set for all lakes worldwide is the focus of this study.   The currently publically-available (to our knowledge) LSWT climate data sets are listed in Table 1. The extensive validation of the LSWT alongside this effort will be critical to evaluate the improvements obtained by the quality-controlled climatology. 
          Cloud contamination of satellite-derived imagery is a serious problem over lakes (Crosman and Horel 2009; Oesch et al. 2008; Politi et al. 2012 Fiedler et al. 2014).  Improved cloud masking is also a need within the land surface remote sensing community (Li et al., 2013). Cirrus clouds are relatively common but difficult to screen for over land. Spatial homogeneity tests typically used for SST over oceans can incorrectly flag spatial variations in LSWT as resulting from cloud contamination, when in reality these spatial patterns exist as a function of the complex lake morphology. Cloud masking algorithms that flag elevated aerosol and dust are also needed.  While a number of improved lake-specific cloud masking algorithms have been developed, they are not applied to most readily available satellite-derived LSWT products, and have not been tested on a wide range of lakes Merchant et al. 2005; Hulley 2009; MacCallum and Merchant 2011; Fan et al. 2015).  As seen in Fig. 3, visual removal of residual cirrus contamination during a 2-week period in October 2015 over the Great Salt Lake, Utah resulted in up to several °C difference in the mean LSWT of the lake during this period. The existing state-of-the art AVHRR (CLAVRR) cloud masking algorithm was applied in both cases but was ineffective in removing thin cirrus from the retrievals. In addition to cloud contamination problems, some of the cloud masking algorithms used over the ocean are too stringent and incorrectly flag clear sky pixels as land in some data sets. The new Pathfinder V3.5 data set utilized in this study now includes the lowest ‘0’ quality level data, which will be analyzed to determine how many lakes are losing valuable data due to these problems when only higher quality level data is utilized.
         In this study we will leverage statistical cloud screening algorithms with other statistical QC procedures (e.g., Grim et al., 2013) that use expected climatological and spatial LSWT characteristics to constrain the limits on threshold and spatial homogeneity tests. Some currently applied cloud masking tests that are used in SST retrievals, such as spatial heterogeneity tests, may need to be relaxed or removed over some lakes due to the large spatial variations in LSWT, and this study will provide guidance that is not currently available with respect to these issues. 






Table 1. Comparison of current publically-available LSWT data sets and the LSWT data set proposed to be developed for this study 
	Lake Surface Water Temp Data Set
	ΔX
	Period of Record
	Filtering for residual cloud contami-nation

	Ability to 
Resolve small
Lakes (< 20 km)
	Rigorous validationand QC
	Post-processed time series and derived climatology for NWP

	1. NOAA Pathfinder V5.3
	~4 km
	1981-2014
	
	         
        X
	

	

	MODIS SST/LST
	~1 km
	2000-present
	
	      
        X
	
	

	ARC-Lake
	~ 6 km
	1991-2012
	   
     X
	
	
	   
       X

	Sharma et al. (2015) summer lake temperatures 
	~ 4 km
	1985-2009
	
	
	
	

	Proposed LSWT data set in this study 
	1 – 4 km
	1985-present
	    
     X
	       
      X
	           
              X
	
       X



        The proposed data set in this study will incorporate more careful post-processing QC than any other previously derived global LSWT data set (Table 1). It will utilize the recently improved the Pathfinder AVHRR-derived 4 km resolution LSWT from 1985-2014 with the high resolution MODIS radiometer SST retrievals available at 1 km globally since 2000. By applying rigorous quality control, residual cloud screening, and statistical tests to these data sets, as well as conducting rigorous validation of the resulting data set at dozens of lakes worldwide for long-term periods, the derived LSWT climatology will provide a much more robust data set of LSWT for use in climate change or regional climate simulation studies. 
        Extensive gaps in the availability of clear-sky satellite thermal retrievals due to persistent and highly variable seasonal cloud cover over many of the mid-latitude regions of the earth where lakes are abundant makes it difficult to obtain representative LSWT analyses on a daily basis (Politi et al. 2012; Fiedler et al. 2014).  Consequently, it is not surprising that the vast majority of satellite-derived LSWT climatological trend studies have focused on the less-cloudy summer season (e.g., O’Reilly et al. 2015; Torbick et al. 2016).
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	Figure 3. Mean lake surface temperature for the Great Salt Lake, Utah USA for a 15 day period (1-16 October 2016) period using NOAA Coastwatch AVHRR-3 geostationary satellite data. (a) after careful visual removal of imagery with cirrus cloud contamination b) The same period with no manual removal of suspect data. The Clouds from AVHRR (CLAVRR) cloud masking algorithm is applied in both cases but was ineffective in removing thin cirrus.



Over some lakes, available observations during month-long periods may only be one or two satellite images. Thus, for climate-derived trends, great care needs to be taken when using these sparse measurements to determine climate forcing at lakes. In this study, we will carefully analyze the frequency and number of these gaps, and if they have any impacts on climatological trends.
      To summarize the goals of this study, we will use cloud clearing and statistical quality control algorithms for use with satellite-derived lake temperature datasets from two state-of-the-art global climate SST products (NOAA Pathfinder V5.3 (PFV53) and NASA MODIS LST). The MODIS data set, with 17 years of global retrievals with high spatial resolution (1 km) will be critical for obtaining the first global climatology of LSWT for small lakes (< 20 km in diameter). The NOAA Pathfinder V5.3 has the following improvements that make this version amenable to utilizing for satellite-derived LSWT:

1. The SSTs in PFV53 are now available for all quality levels, including quality '0'(often lake SST data is lower quality than oceans and lost when 0 is not included)
1. The PFV53 land mask has been updated (based on Global Lakes and Wetlands Database: Lakes and Wetlands Grid Level 3, 2015) (better boundaries for lakes)
1. PFV53 also includes L2P (Level 2 Pre-processed) and L3U (Level 3 Uncollated) product levels for the very first time (having this data will assist in the in situ validation) 
This study will culminate in the production and archival (witih the NOAA National Centers for Environmental Information (NCEI) repository) of new derived data sets LSWT climatological annual cycles in LSWT and trend daily time series with associated error and uncertainty estimates for use by global climate change modeling and observational studies

III. Methods
1. Study Design 
The proposed research will be led and conducted by PI Crosman at the University of Utah with assistance from a M.S. student 100% dedicated to this project The proposed project timeline is two years and deliverables will have immediate application to the research and public community. We will rely on the extensive data archives and computational resources at the University of Utah and the 30 tybyte data storage capabilities that will be purchased from the University of Utah Center for High Performance Computing for this study. 
	The following sections will expand on our study design. First, we will assemble and subset the satellite and in situ LSWT datasets at the outset of the study. Second, an initial validation of the satellite data sets in comparison to in situ data set will be conducted to identify the frequency of cloud contamination and the average length of gaps in the coverage, which could result in sampling errors in monthly or seasonal satellite-derived LSWT trend analyses. Then, informed by this analysis and a literature survey (e.g., Grim et al. 2013) we will develop quality-control algorithms for processing time series of the data at each lake. All available techniques will be utilized to attempt to remove problematic retrievals. The differences in the error statistics of the preliminary and quality-controlled LSWT data sets will be used to quantify the potential impacts of these errors on climate trend analysis. Finally, the highest-quality possible climate data set will be produced for use in forcing numerical weather climate models, as well as a long time series of LWST at each lake. The number of lakes to be included in this analysis in uncertain at this time, and will depend on the quality of the underlying data set, but we expect several hundred small lakes (that have not been previously processed in this manner) and a number of larger lakes as well.

2. Assemble global LSWT data sets 
The first task of this study will be to download the data sets to be used (Table 2). We will download the entire record of the recently reprocessed new and improved global NOAA pathfinder V3.5 SST data set at ~4 km resolution between 1984-2014 at ftp://ftp.nodc.noaa.gov/pub/data.nodc/pathfinder/Version5.3. This NOAA Pathfinder V5.3 data set includes an improved lake and shoreline as well as associated files that include the individual times of each satellite pass and associated data that went into the daily files. This information was not available to an earlier study that utilized an earlier version of Pathfinder (Schneider and Hook 2011; O’Reilly et al. 2015). In addition, lower-quality data that has historically been thrown out of the Pathfinder retrievals (GHRSST level 0) is now included in the data set. Crosman and Horel (2009) found that a major limitation of the older Pathfinder data set was a lack of data due to only higher quality pixels being included. Since lakes often do not pass ocean-designed QC checks, presumably good LSWT data over lakes was removed from the older version. The level 0 data in the new Pathfinder V3.5 data set will be cautiously analyzed to determine if it can be utilized to increase temporal coverage over some lakes.
For small lakes that will be unresolved by the NOAA Pathfinder V3.5, the MODIS LST or SST daily data sets will be downloaded from one of the many sources listed at: https://lpdaac.usgs.gov/dataset_discovery/modis/modis_products_table/mod11a1_v006
Or https://modis.gsfc.nasa.gov/data/dataprod/mod28.php. 
An initial processing methodology described in Crosman and Horel will be implemented to subset daily files to obtain data from 2000-2016 for small lakes over many regions of the world.
           
Table 2. SST products to be downloaded and processed in deriving quality-controlled LSWT data set, as well as ancillary data sets to be utilized

	Data Set
	Resolution
(if applicable)
	Period of Record
	Source 

	NOAA Pathfinder V5.3
	~4 km
	1981-2014
	NOAA

	MODIS SST/LST
	~1 km
	2000-present
	NASA

	In situ buoy and sampling data for validation and cloud contamination and gap error analysis
	
	1985-present
	1.Mesowest.utah.edu
2.Sources listed in Sharma et al. (2015) 3. Additional lake-specific sources

	Inland water dataset for distance-to-land, distance-to-water, water-body identifier and lake-centre co-ordinates
	
	Circa 2012
	Carrea et al. 2015



Numerous in situ data sets have already been obtained by the PI for a number of lakes in North America. We will utilize the in situ lake temperature data from global lakes available for download in an excel file by Sharma et al. 2015. We will also utilize contact information provided in the global data set of Sharma et al. (2015) to contact for updated and more temporally specific in situ data sets from global lakes to develop a large and long time series of in situ data sets to compare against the satellite observations. In addition, we will download all available National Buoy Data Center (NDBC) retrievals and any other buoy data sets that are routinely injested into Mesowest (mesowest.utah.edu) (Horel et al. 2002). An inland water dataset for distance-to-land, distance-to-water, water-body identifier and lake-centre co-ordinates will also be utilized in determining lake-specific quality control algorithms.
3. Validation, Analysis and Lake Climatology Data Product Development Plan
a. In situ versus LSWT validation at dozens of  lakes worldwide
We will initially determine temporal coverage of available satellite observations for each quality level of the satellite data sets. Second, we will conduct a validation of all available lakes where in situ data has been obtained to determine the quality of the Pathfinder V5.3 and MODIS LST data sets over long time periods as a function of year, month, and day. A key shortcoming of previous global processing of satellite-derived LSWT has been limited in situ validation confined to several (mostly) large lakes, such as the Laurentian Great Lakes in North America. In addition, long-term validation has been less common, but of interest for climatological data sets. Most satellite-derived LSWT studies compared the satellite data against in situ data using short-term case study validation periods covering months to at most several years of satellite vs in situ measurements. To our knowledge, no rigorous, inter-annual validation over multiple lakes worldwide has ever been conducted previously (Crosman et al. 2017b). For example, Crosman et al. (2017a) found that seasonal and interrannual variations in in situ versus satellite-derived LSWT retrievals were noted for several lakes in the USA, potentially due greater cloud contamination and gap errors in the springtime versus summer and fall in the 5-day blended analysis used in that study (Fig. 4).  
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	Figure 4. From Crosman et al. 2017. In situ buoy data versus satellite-derived LSWT analysis for Lake Michigan USA from 2007-2014. 



b.  Evaluation of impacts of residual cloud contamination on satellite-derived LSWT and develop lake-specific QC procedures
A key component of the QC procedures will involve first utilizing several decades of climatological average LSWT for each lake to help inform realistic ranges in annual, seasonal, and daily LSWT variability. The in situ versus satellite-derived LSWT validation statistics for the NOAA Pathfinder V3.5 and MODIS LST data sets will then establish a preliminary spatial and temporal LSWT climatology for use in QC algorithm climatological checks to be applied based on the large multi-year climatology of satellite LSWT data to derive spatial plots of mean LSWT over lakes that are large enough.  For the small lakes where insufficient pixels exist for determination of spatial gradients in LSWT, the climatological time series of LSWT will inform the typical daily changes in LSWT observed. 
         Using this preliminary satellite-derived climatology, unrealistic variations in LSWT, either spatially or temporally, will help flag cloud contaminated images that miss detection through standard cloud masking algorithms.  Some of the QC algorithms likely to be utilized in this study are listed in Table 3. We will evaluate both LSWT and cloud detection satellite products for several months of data for each lake to determine the best spatial heterogeneity or other statistical tests to apply to remove or flag the periods with residual cloud contamination. 
Careful analysis of spatial and temporal characteristics of satellite-derived LSWT images will be used to assist in developing simple spatial heterogeneity and other techniques to
Table 3. Preliminary proposed LSWT quality-control tests

	Name
	Description

	Lake-specific spatial heterogeneity test
	Determine typical allowable spatial gradients based on bathymetry and climatology

	Lake-specific daily consistency test
	Flag data as suspect if daily change in LSWT is larger than determined threshold for a given lake

	Lake-specific climatological tests
	Flag data as suspect if LSWT falls outside of climatological range

	Other tests
	To be developed per available techniques in the literature and upon analysis of the shortcomings between in situ and satellite-derived data sets



identify unphysical gradients in LSWT resulting from cloud contaminated pixels. The cloud screening techniques will initially use both visual inspection and climatological consistency checks, following statistical approaches similar to Grim et al. (2013) to remove residual cloud contaminated imagery that was not removed by the Pathfinder or MODIS cloud screening algorithms. We will also conduct a thorough literature survey on any other QC techniques that may be effective and potentially utilize more sophisticated cloud screening products as well.  After cloud contamination screening methods have been evaluated using in situ observations and visual inspection on an initial subset of lakes, the algorithms will be applied without time-consuming visual inspection of the imagery to a greater number of lakes. 

c. Determine impacts of residual cloud contamination on satellite-derived LSWT trends
After adequate cloud screening procedures have been determined , we will compare the reduction in the number of available images at each lake due to the QC algorithms, and the differences in the before and after QC and cloud-cleared satellite LSWT imagery calculated trends in the LSWT time series. While a number of studies have introduced the concept of these errors impacting LSWT trend studies, to our knowledge no previous study has attempted to quantify the impact of cloud contamination on satellite-derived LSWT trends. 

d. Quantify impacts of temporal gaps in coverage on climatological LSWT trends
Following the application of the QC algorithms, we will conduct a careful analysis of the frequency of available cloud-free images over each lake. The impact of ‘gaps’ in lake coverage resulting from common cloudy periods (particularly in cool seasons in mid-latitudes) on the ability to determine climate trends at that lake will be a function of lake depth, latitude, and other geophysical forcing mechanisms that control the variability of LSWT for a given lake. To determine the impact of gaps in coverage on climatological satellite-derived LSWT trends, we will rely heavily on comparisons with in situ data from a representative sampling of lakes worldwide described earlier. 
         The frequency of satellite images needed to adequately describe LSWT for climate studies is expected to vary between lakes. For example, over a deep lake in the tropics, such as the African rift lakes, the changes in LSWT over a few week period is likely much smaller than over, for instance a shallow continental lake such as Utah’s Great Salt Lake, where lake temperature over a cloudy period may decrease by several °C per day (Crosman and Horel 2009). Thus, a single image over a 3-week period may be sufficient to represent the temperature within acceptable uncertainty in the African rift lakes, but introduce a sampling error larger than 5 °C on a lake such as the Great Salt Lake. Thus, a key finding of this task will be to determine where cloud cover is so high that the infrequent available images are insufficient to characterize the LSWT and to remove those periods and lakes from the final available LSWT climatology. 

e. Development and archival of new long-term daily time series and climatology of LSWT for climate trend analysis
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	Figure 5. NCEP HRRR land use in the vicinity of the Pioneer Fire derived from 2001 MODIS imagery.


We propose to develop a climatology similar to Fig. 5 (black line) for up to 1000 lakes worldwide (the exact number will depend on the outcome of the cloud gap and data availability analysis). The only climatology currently available is the ARC-Lake dataset which only covers 1XX of mostly larger lakes worldwide. In the new dataset we will develop, climatological satellite-derived LSWT records will be extended to many smaller lakes worldwide. The previously mentioned datasets (Pathfinder V3.5 and MODIS LST) combined with the cloud screening, statistical, and other quality control procedures will result in the best available new long-term daily time series and climatology of LSWT for climate trend analysis that is a critical need for global regional climate change analysis and for input into high-resolution regional climate simulations.  
      Two data sets will result from processing the quality-controlled Pathfinder V3.5 and MODIS LST global satellite-derived LSWT data:
1). Time series of daily satellite-derived LSWT for the period of record (1985-2014 for Pathfinder V3.5, 2000-2017 for MODIS LST) will be created for each lake over each time period that was found to have sufficient retrievals. For lakes between 4 and 16 km in diameter, the quality-controlled MODIS LST will be the primary data source. For lakes greater than 16 km in diameter, both MODIS LST and Pathfinder V3.5 LSWT will be utilized. 
2). Weekly annual climatology of satellite-derived LSWT.  This derived data set will be the mean weekly temperature of each lake over the respective satellite periods of record (both MODIS LST and Pathfinder V3.5 LSWT records will be computed separately on lakes large enough to be resolved by both data sets). 

IV. Project Duration and Timeline	

	Project Milestone
	Description
	Delivery Dates

	Collect climatological LSWT data  
	Assemble global satellite-derived LSWT data sets (e.g., NOAA Pathfinder V5.3, MODIS LST). 
	Summer 2018

	In situ versus LSWT validation at dozens of  lakes worldwide
	Perform rigorous in situ validation of satellite retrievals for numerous lakes over long periods of record, which has not been previously conducted. 

	July 2019

	Create preliminary satellite-derived LSWT climatology
	The preliminary LSWT climatology will be produced before and QC and improved cloud screening procedures. This climatology will provide constraints to be used in QC algorithms to improve the final LSWT climatology 
	December 2019

	Apply cloud masking and statistical QC algorithms
	Develop and apply cloud masking and statistical QC algorithms to remove bad data from LSWT data sets.
	July 2019

	Provide recommendations on potential impact of LSWT errors on climate trend analysis
	Quantify the potential impact of errors and uncertainties associated with both cloud contamination and temporal gaps (long cloudy periods) on climatological satellite lake temperature trends
	June 2020

	Provide archived publically-available new long-term daily time series of LSWT for climate trend analysis
	Upload new quality-controlled LSWT climatological time series data sets for global (including small to medium-sized lakes not incorporated in previous climatologies) with associated error and uncertainty estimates to a publically-accessible archive
	June 2020

	Provide archived publically-available new long-term climatology of LSWT for climate studies and initializing climate models
	Upload new climatological LSWT data sets (weekly mean climate values over annual diurnal cycle) for global (including small to medium-sized lakes not incorporated in previous climatologies) 
	June 2020






V. Project Compliance - NEPA and Other Clearances
No NEPA or other clearances are required for this project.

VI. Research Linkage
Participation of the MesoWest team in the National Mesonet Program supports the acquisition, archival, and dissemination of observations, including in situ buoy lake temperature observations on lakes from many locations in the CONUS. The goals of this study will allow preliminary research conducted during the NASA MISST project which evaluated error sources of LSWT and evaluated real-time satellite-derived analyses LSWT for numerical weather prediction to be extended in this study to a larger project evaluating climate-length LSWT retrievals and needs.  The PI is also involved in a NOAA JFSP numerical modeling study over the Western US where modeling the flows and humidity around fires depend on accurate specification of lake surface temperature. 

	Grant Program
	Project or Proposal Description/Identification
	Funding Amount
	PI
	Completion Date

	NOAA/NWS
	National Mesonet Project
	750,000
	Co-PI Crosman
	Sept.  2019

	NASA
	Multi-sensor Improved Sea Surface Temperatures
	120,00
	Crosman
	Dec. 2017

	JFSP
	Assessment of HRRR Model Forecasts of Convective Outflows in the Fire Environment
	?
	Co-PI Crosman
	June 2019



VII. Deliverables 
Project deliverables include: (1) results from all phases of the analysis of errors associated with cloud contamination and gaps in LSWT and (2) new publically-accessible quality-controlled time series and climatological LSWT data for global lakes. We will communicate updates to NASA, NOAA, NWS and academic colleagues who are part of the Group for High Resolution Seas Surface Temperature (GHRSST) community and will be called upon to advise this research and receive updates on project progress from the research team. Project results will be described and summarized in both the JFSP report and 2 submitted journal publications. A M.S. thesis will result from this project. Conference presentations will be given at the GHRRST annual meeting and American Geophysical Union (AGU) annual meeting and AGU Ocean Science meeting which is held in concert with the American Society for Limnology and Oceanography (ASLO). As part of this study, rigorous public outreach activities will also be conducted. The PI will work with the VP for research office at the University of Utah to communicated research findings via social media, and the PI will also prepare Presentations to local school groups and other educational entities. 




[bookmark: _GoBack]

	Deliverable Type 
	Description
	Delivery Dates

	Archive of improved climate LSWT data sets
	Develop repository of quality-controlled satellite-derived climatological LSWT time series and mean climatological data sets
	June  2020

	Conference presentation
	Present research results at GHRSST and AGU, AGU Ocean Sciences, and American Limnological Society
	

	Journal articles
	Submit findings on impact of errors and uncertainties associated with cloud contamination and temporal gaps (long cloudy periods) on climatological satellite lake temperature trends. Also submit another journal article to nature scientific data journal outlining the LSWT climate data sets  
	May 2020

	MS thesis
	Evaluation of climate trends in global small lakes from satellite
	June 2020

	Final report
	Submission of final report including recommendations to improve communication of outflow forecasts to fire personnel
	July 2019



VIII. Roles of Investigators and Associated Personnel 
	Personnel
	Role
	Agency
	Responsibility

	Erik Crosman
	PI
	University of Utah
	Overall project responsibility, lead all and conduct all scientific work in concert with M.S. student
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