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A. Project Goals

Activities conducted over the course of this 4-year effort supported the overarching goal of exploiting the combined observational capabilities of Landsat and
Sentinel-2 to develop the algorithmic, methodological, and computational basis for
moderate spatial resolution monitoring of land surface phenology. The specific
objectives of this project were:

1. To quantify the timing and magnitude of land surface phenology events
(“phenometrics”) at moderate spatial resolution, and
2. To generate gap-filled time series of spectral vegetation indices that characterize
the entire seasonal cycle of land surface phenology at fixed time steps.
Central to these objectives was the overarching goal of developing a prototype
algorithm capable of generating an operational moderate spatial resolution land
surface phenology product. The results from this effort were highly successful,
culminating in the successful development of the “multi-sensor land surface
phenology” (MS-LSP) algorithm. As part of this effort, and central to its overall
success, we collaborated with colleagues at Lund University in Sweden (Lars Eklund
and his group) who were actively involved and provided important contributions to
the project. Below we summarize the main results from this 4-year effort.
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B. Summary of Activities

Activities in conducted through this project resulted in successful implementation of
a prototype moderate spatial resolution land surface phenology (MS-LSP) algorithm
based on harmonized Landsat and Sentinel 2 data. Specific activities included:

1. Algorithm refinement and implementation.

Algorithm refinement activities
focused adapting the MODIS collection 6 land surface phenology algorithm for use
with Harmonized Landsat-Sentinel 2 imagery.
Key elements included
implementation of two key adjustments: (1) topographic correction, (2) gap
filling, and (3) snow-screening of HLS time series.

2. Validation to support algorithm refinement and uncertainty assessment.
Independent data sources related to land surface phenology were essential for
assessing algorithm results and evaluating the success of refinements that were
implemented. To support this need, we compiled a large set of assessment data,
relying primarily on PhenoCam data (but supplemented by ground observations
from sources such as the National Phenology Network) that we used to evaluate
results from the prototype algorithm.

Algorithm implementation and refinements
The algorithm used for this effort is based on the approach that is used to generate
the collection 6 MODIS Land Cover Dynamics product (MCD12Q2). However, the MSLSP algorithm uses Harmonized Landsat Sentinel (HLS) imagery, and so
implementation of the MS-LSP algorithm required several refinements:

1. Porting of code to read HLS data formats, projection, and quality assurance fields.
HLS data are delivered as HDF tiles (like MODIS), but use the MGRS global tiling
system with tiles that overlap by 4900 m on each side. Processing the data
therefore required code adjustments to account for overlap and to process HLS
Q/A flags. A sample tile from the Southeastern United States showing the spatial
variation in data density at each pixel is shown in Figure 1. Note in this context,
that as part of this effort we discovered a problem with HLS cloud masking
algorithm (Figure 2), which we reported to the HLS team and NASA GSFC and is
being corrected in the next version (HLS V1.5).
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Figure 1. Number of values in time HLS
series in 2018 Tile 17SKU; Coweeta (SE
USA). Note the spatial variability in data
density, which ranges from 80-180.

Figure 2. Percentage clear sky observations
as a function of season for 176 test tiles. S30
QA = HLS QA data; S30 Fmask = revised
version of cloud mask algorithm at BU.

2. Development and implementation of gap-filling algorithms. Because land surface
phenology algorithms are sensitive to missing data at key times of the year (i.e.,
during transition periods between seasons), we found that the temporal data
density provided by combined time series of Landsat 8 and Sentinel 2A and 2b
was insufficient to reliably estimate MS-LSP phenometrics in roughly 5-10% of
pixels. To address this, we developed a simple heuristic-based method to gap fill
periods with missing data. In simple terms, for periods with higher frequency of
missing data, the algorithm uses values from previous years to fit smoothing
splines to the time series, where the observations from previous years are
weighted according to the similarity of the time series with the current year. The
method and results are illustrated in Figure 3, and extensive testing have shown
that the method works very well and can substantially improve results.

Figure 3. Sample results for weighted gap-filling applied to HLS EVI time series for a case
where gaps during spring time (left panel) lead to significant bias in retrieved
phenometrics. Right panel shows results from weighted gap-filling.
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3. Evaluation and implementation of topographic correction code. Results from
activities focused on site-based evaluation HLS results revealed clear and
systematic bias in estimated MS-LSP timing metrics (i.e., the days of year
associated with phenophase transitions). Specifically, we observed bias in results
that covaried with slope and aspect in regions with moderate topographic
variability (e.g., Coweeta and Hubbard Brook). To address this issue, we evaluated
a suite of topographic correction algorithms and implemented the method
developed by Bin Tan at NASA GSFC, which we found provided an efficient and
effective correction (Fig. 4).

Figure 4. Sample results from New Hampshire showing false color image before and after
topographic correction.

Figure 5. EVI time series at Niwot ridge before (top) and after (bottom) removal of
spurious greenup cycles caused by snow.
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4. Implementation of an algorithm to screen for contamination by snow in evergreen
needleleaf forests. In the course of evaluating MS-LSP results at PhenoCam sites
(see below), we discovered that the presence of snow under canopies was leading
to false detection of greenup during wintertime. To address this, we implemented
an algorithm that searches within local windows to identify the presence of snow
and screen for spurious greenup during winter time (Figure 5).

Compilation and evaluation of MS-LSP results based on PhenoCam Data
A key element of our algorithm development and refinement activities was the use of
near-surface remote sensing imagery from PhenCams (available from a network of
roughly 400 tower-based sites: https://phenocam.sr.unh.edu/webcam/) to help
evaluate results and diagnose MS-LSP algorithm weaknesses. To this end, we selected
16 HLS tiles span a range of land cover and ecological regimes across the United States
to focus our efforts (Figure 6). One result from this effort was that we concluded that
direct comparison with PhenoCam data is complex and requires careful inspection of
PhenoCam retrievals, primarily because of differences in spectral sensitivity and
vegetation indices provided by PhenoCams versus HLS combined with differences in
the field of view for each data set at each site.

Figure 6. Map showing locations of 16 tiles co-located with PhenoCam sites used for algorithm
refinement and assessment of results.
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In general, however, results from comparisons of PhenoCam and MS-LSP results were
excellent for PhenoCam sites with uniform and vegetation, especially those with welldefined phenology such as deciduous broadleaf forests (Figure 7). Other locations
proved to be more challenging (e.g., evergreen needleleaf forests), but the availability
of PhenoCam images that could be inspected for specific times of year proved to be
very helpful. For example, inspection of vegetation index time series from
PhenoCams in combination with webcam images reveal false detection of crop
emergence related to weeds, and also helped to identify issues caused by snow
contamination (Figure 5). Overall, results from these comparisons allowed us
identify algorithm weaknesses and implement key algorithm refinements that
addressed these weaknesses.

Figure 7. Sample results comparing timing of spring greenup from HLS versus results from
PhenoCams.

C. Collaborative Interactions with Colleagues in Europe

Our Swedish colleagues at Lund University were highly engaged throughout the
project (and continue to be so). Throughout the 4-year project period we conducted:
(1) annual visits to Lund for face-to-face collaborations; (2) monthly to quarterly
video teleconferences; and (3) in 2018, we conducted a 1-week virtual workshop,
where we met daily via skype to focus on specific results and topics.
Our
collaboration with the team in Lund continues with our ongoing funding.
D. Project Administration, Personnel, and Budget

The PI (Friedl) provided oversight of all research activities throughout the project
and devoted 1 month of effort during each of the first three summers of this project.
Four different post-docs (Dr. Josh Gray, Dr. Jordan Graesser, Dr. Eli Melaas, and Dr.
Doug Bolton) contributed most of the FTE effort and were supported in whole or in
part over the course of the project. In addition, the project also partially supported
dissertation research for 2 PhD students (Radost Stanimirova and Leticia Lee).
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G. Publications and Presentations

Because this project was mostly focused on algorithm development and also because
HLS data were significantly delayed, publications coming out of this effort were
relatively modest (although we currently have a large number of papers in
preparation that leverage the results from this project). In total, we published two
refereed journal articles (with an additional manuscript close to submission), and
presented 9 papers at national and international meetings on results related to this
effort.
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