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Abstract

:

Agriculture is a highly dynamic process in space and time, with many applications requiring data with both a relatively high temporal resolution (at least every 8 days) and fine-to-moderate (FTM < 100 m) spatial resolution. The relatively infrequent revisit of FTM optical satellite observatories coupled with the impacts of cloud occultation have translated into a barrier for the derivation of agricultural information at the regional-to-global scale. Drawing upon the Group on Earth Observations Global Agricultural Monitoring (GEOGLAM) Initiative’s general satellite Earth observation (EO) requirements for monitoring of major production areas, Whitcraft et al. (this issue) have described where, when, and how frequently satellite data acquisitions are required throughout the agricultural growing season at 0.05°, globally. The majority of areas and times of year require multiple revisits to probabilistically yield a view at least 70%, 80%, 90%, or 95% clear within eight days, something that no present single FTM optical observatory is capable of delivering. As such, there is a great potential to meet these moderate spatial resolution optical data requirements through a multi-space agency/multi-mission constellation approach. This research models the combined revisit capabilities of seven hypothetical constellations made from five satellite sensors—Landsat 7 Enhanced Thematic Mapper (Landsat 7 ETM+), Landsat 8 Operational Land Imager and Thermal Infrared Sensor (Landsat 8 OLI/TIRS), Resourcesat-2 Advanced Wide Field Sensor (Resourcesat-2 AWiFS), Sentinel-2A Multi-Spectral Instrument (MSI), and Sentinel-2B MSI—and compares these capabilities with the revisit frequency requirements for a reasonably cloud-free clear view within eight days throughout the agricultural growing season. Supplementing Landsat 7 and 8 with missions from different space agencies leads to an improved capacity to meet requirements, with Resourcesat-2 providing the largest incremental improvement in requirements met. The best performing constellation can meet 71%–91% of the requirements for a view at least 70% clear, and 45%–68% of requirements for a view at least 95% clear, varying by month. Still, gaps exist in persistently cloudy regions/periods, highlighting the need for data coordination and for consideration of active EO for agricultural monitoring. This research highlights opportunities, but not actual acquisition rates or data availability/access; systematic acquisitions over actively cropped agricultural areas as well as a policy which guarantees continuous access to high quality, interoperable data are essential in the effort to meet EO requirements for agricultural monitoring.
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1. Introduction


Remote sensing during the past decade has undergone what has been described as the “MODIS Revolution”, with nearly twice daily, consistently high quality global observations available in near real time (NRT) being used to generate global scale science results [1,2,3]. With the Landsat archive opening and computational resources growing, global scale analyses are poised to move into the moderate resolution domain [4,5,6,7,8], with regional to global datasets at 30 m resolution already demonstrated [9,10,11,12,13]. In the context of crop condition monitoring and yield forecasting, moderate resolution data have not yet achieved broad scale results across the globe, primarily due to the lack of consistent cloud free acquisitions with sufficiently high temporal resolution. However, as demonstrated by the Group on Earth Observations Global Agricultural Monitoring (GEOGLAM) initiative’s table of Earth observation (EO) data requirements (Table 1, especially Requirements #4–6; full discussion in Whitcraft et al. (this issue) [1]), this is a priority growth area for analyses spanning the extent of cropland for fields of all sizes.



Requirements for coarse resolution data are presently being met by the systematic acquisitions of systems like MODIS and its follow-on, the Visible Infrared Imaging Radiometer (VIIRS) Suite [14], as well as Proba-V and Sentinel-3. However, in terms of moderate spatial resolution optical missions, no single observatory at present is capable of acquiring data with sufficient frequency to meet an eight day reasonably cloud free requirement over all croplands [1], much less one which makes data freely and openly available. Still, the Landsat observatory has been used in many regional studies, particularly for land cover and land use analyses [11,15,16,17,18,19]. In the private sector, there are emerging options for both fine and moderate spatial resolution monitoring, such as Planet Labs and Disaster Modeling Constellation [20]. However, they are (or will be) fee-based, and are not yet established as a viable data source with sufficient calibration and testing. For this reason, the focus herein will be on analyzing the capability of current and near-term moderate resolution civil space agency flown instruments to meet EO requirements for global agricultural monitoring in the context of GEOGLAM.



The GEOGLAM community of practice [21], composed of agricultural monitoring experts from operational monitoring, research centers, and universities across the globe [22,23,24,25,26,27,28], together with the Committee on Earth Observation Satellites (CEOS) Ad Hoc Team for GEOGLAM [29] have developed a table documenting the EO data requirements for satellite-based monitoring of large-scale agriculture (Table 1). Based on this requirements table (specifically, Table 1, Requirement #5’s preferred temporal resolution of eight days), Whitcraft et al. (this issue) [1] have articulated spatially explicit (0.05°) temporal revisit requirements for reasonably cloud free moderate resolution optical monitoring (spanning the visible, reflected infrared, and thermal infrared portions of the electromagnetic spectrum) over within-season global agricultural areas. While the table requests “cloud free” data (Table 1, Column D), in fact reasonably cloud free data may suffice. As such, four definitions of reasonably cloud free were analyzed—70%, 80%, 90%, and 95%—with the required revisit frequency commonly falling in the two- to four-day range (depending on month and clarity thresholds).



From this, there remains the assessment of the capacity of our current and planned moderate resolution missions to meet these revisit frequency requirements for reasonably cloud free data within eight days during the agricultural growing season. This is achieved by identifying candidate missions and modeling their coincident orbital overpasses to form hypothetical multi-mission/multi-space agency constellations, then comparing their combined revisit capabilities with the required revisit frequencies established in Whitcraft et al. (this issue) [1]. While all four cloud free thresholds are analyzed, the 70% and 95% are specifically highlighted as bounding the upper (“best”) and lower (“worst”) cases, respectively. This reveals how and where we can (and cannot) meet moderate spatial resolution optical EO requirements for monitoring. In those areas where we cannot meet these requirements, alternative data types (namely, microwave synthetic aperture radar (SAR) data) should be considered. In fact, one of the GEOGLAM data requirements (Table 1, Requirement #6) calls for SAR data on an approximately weekly basis in areas that are “persistently cloudy,” in addition to rice cultivating areas. The term “persistently cloudy” is qualitative but carries the implication that areas which fit this description are those for which current/planned moderate resolution optical instrumentation are insufficient. Therefore, “persistently cloudy” will be defined herein as those areas and times of year which require a more frequent revisit in order to yield a reasonably clear view than our current/planned moderate resolution optical missions are capable of delivering.
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Table 1. The table of requirements for satellite-based Earth observations data, developed by the Committee on Earth Observation Satellites (CEOS) Ad Hoc Team for Group on Earth Observations Global Agricultural Monitoring (GEOGLAM) [21,29]. Requirements are broken down by spatial and spectral range (Columns B and C), frequency with which reasonably cloud free data are required (Column D), geographic extent (Columns E and F), as well as the application or target product for which the data would be used (Columns G–M). Requirements are further refined based on the field size over which acquisitions are required (Column F), or the field sizes for which a certain data type would be useful (Columns G–M). “L” refers to “Large fields” (defined as >15 ha), “M” refers to “Medium fields” (defined as 1.5–15 ha), and “S” refers to “small fields” (<1.5 ha). The symbol “x” or the word “All” indicate that these data are useful for that product generation for all field sizes.
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Spatial Resolution

	
Spectral Range

	
Effective observ. frequency (cloud free)

	
Extent

	
Field Size

	
Target Products




	
Req#

	
Crop Mask

	
Crop Type Area and Growing Calendar

	
Crop Condition Indicators

	
Crop Yield

	
Crop Biophys. Variables

	
Environ. Variables

	
Ag Practices/Cropping Systems




	

	
Coarse Resolution Sampling (>100 m)




	
1

	
500–2000 m

	
optical

	
Daily

	
Wall-to-Wall

	
All

	

	

	
X

	

	
L

	

	




	
2

	
100–500 m

	
optical

	
2 to 5 per week

	
Cropland extent

	
All

	
X

	
X

	
X

	
L

	
L

	
X

	
L




	
3

	
5–50 km

	
microwave

	
Daily

	
Cropland extent

	
All

	

	

	
X

	
X

	
X

	
X

	




	

	
Moderate Resolution Sampling (10 to 100 m)




	
4

	
10–70 m

	
optical

	
Monthly (min 3 in season + 2 out of season); Required every 1–3 years

	
Cropland extent (if #5 = sample, else skip)

	
All

	
X

	
L/M

	

	

	

	

	
X




	
5

	
10–70 m

	
optical

	
8 days; 1 min per 16 days

	
Sample (pref. Cropland extent)

	
All

	
X

	
X

	
X

	
X

	
X

	
X

	
X




	
6

	
10–100 m

	
SAR

	
8 days; 1 min per 16 days

	
Cropland extent of persistantly cloudy and rice areas

	
All

	
X

	
X

	
X

	
X

	
X

	
X

	
X




	

	
Fine Resolution Sampling (5 to 10 m)




	
7

	
5–10 m

	
VIS NIR + SWIR

	
Monthly (3 min in season)

	
Cropland extent

	
M/S

	
M/S

	
M/S

	

	

	

	

	




	
8

	
5–10 m

	
VIS NIR + SWIR

	
Approx. weekly; 5 min per season

	
Sample

	
All

	

	
M/S

	
X

	

	
X

	
X

	
X




	
9

	
5–10 m

	
SAR

	
Monthly

	
Cropland extent of persistantly cloudy and rice areas

	
M/S

	
M/S

	
M/S

	

	

	

	

	
M/S




	

	
Very Fine Resolution Sampling (<5 m)




	
10

	
<5 m

	
VIS NIR

	
3 per year (2 in season + 1 out of season); Every 3 years

	
Cropland extent of small fields

	
S

	
S

	
S

	

	

	

	

	




	
11

	
<5 m

	
VIS NIR

	
1 to 2 per month

	
Refined Sample (Demo)

	
All

	

	
X

	

	
X

	

	

	
X









Identifying Candidate Missions


There are a number of moderate resolution optical missions that are currently operating as well as several additional planned to launch in the next few years. As of late 2014, the only moderate resolution optical missions with free and open data policies are Landsat 7 Enhanced Thematic Mapper (L7 ETM+; [30]) and the Landsat 8 Operational Land Imager and Thermal Infrared Sensor (L8 OLI and TIRS; ibid), which together have a combined revisit capability of eight days (SLC-Off problems notwithstanding). However, due to onboard storage and downlinking limitations, these missions have not historically acquired every land scene at every opportunity. Notably, however, recent alterations to the missions’ acquisition plans have greatly increased daily acquisitions to 550–600 daylit scenes per day for L8 and 400–450 for L7 [31] from the originally partitioned 250 best quality daylit, land-containing scenes, coming close to acquiring all possible 540–630 daylit land-containing scenes within view of each sensor each day [32,33,34]. The Indian Space Research Organization’s (ISRO) Resourcesat-2 Advanced Wide Field Sensor (R2 AWiFS; [35]) is also currently operating, with a spatial resolution as fine as 55 m and a repeat cycle of 24 days, although with its sensor engineering characteristics, this permits a revisit capability on the order of five days. At present, ISRO does not provide this data freely to all and their nominal acquisition plan does not include coverage of global agricultural areas. Agencies within the United States—namely, the Department of Agriculture—have procured these data and found them to be valuable for cropland monitoring applications and compatible if not complementary to Landsat data, although some uncertainty about long term radiometric calibration stability remains [6,11,36]. Meanwhile, planned for the near future is the European Space Agency’s Sentinel-2 Earth observatory, made up of two separate satellites, each with the Multi-Spectral Instrument (MSI) on-board (S2A, S2B; [37]), the first of which is set for launch in 2015. The two satellites together are planned to systematically acquire all data over land in the low-latitudes every five days and in the mid-latitudes on the order of two to three days [38]. The Sentinel-2 program also plans to employ a free and open data policy, and efforts are underway to cross-calibrate the instruments and ensure interoperability with Landsat [8,39]. It should be noted that the Sentinel-2 MSI sensors do not include thermal bands. Thermal data in the agricultural monitoring context are used primarily for evapotranspiration and water status [40,41], and land surface temperature measurements [42,43], as well as for atmospheric adjustment [3,8,44], although there is recent research suggesting their utility in yield forecasting [45] as well as for crop type classification and residue mapping. Nevertheless, data from the visible, near-IR, and shortwave IR are still the most broadly applied resource in the agricultural monitoring context. Therefore, due to the Sentinel-2 missions’ MSI’s high spatial and temporal resolution, their free and open data policy, their planned interoperability with the Landsat missions, and their otherwise well-placed spectral bands, they are included herein for analysis. While there are other moderate resolution Earth observing missions in orbit or planned for launch within the next five years, these five instruments have (or will have) the highest quality data, are being studied for interoperability, and are considered to be the most attainable and highest quality by the CEOS Ad Hoc Team for GEOGLAM. They therefore comprise the candidate missions analyzed herein for their combined revisit capabilities.





2. Methods


2.1. Overpass Analysis


The frequency with which a given area falls within the view of a satellite sensor is contingent upon the satellite’s orbit, the field of view of the sensor, and the latitude of the target area. With polar orbiters, high latitudes are within view more frequently than Equatorial zones, and so the variability in combined revisit capabilities occurs on a latitudinal gradient. Different missions have different repeat cycles, which refers to the time it takes the satellite to repeat a full orbital cycle (to be distinguished from revisit capabilities, which is the amount of time until an area is within view of a sensor). As such, it is necessary to evaluate the combined revisit capabilities of multiple sensors in a window of time (“scenario period”) sufficient to allow for all considered missions to complete their respective full repeat cycles on the same day, at least once (note that in the case of Constellation #7 in Table 2, the scenario period could have been 16 days; however, for computational simplicity in the simulation process, the period analyzed was lengthened to 80 days—5 completed scenarios–but this has no impact on the revisit frequency results). CEOS has invested in the development of the CEOS Visualization Environment (COVE) tool that models the orbits, and by extension, the coincident overpasses of multiple missions [46,47]. In this analysis, the aforementioned five satellites have been combined to form seven hypothetical imaging moderate resolution optical constellations (Table 2) run within the COVE system.
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Table 2. The seven hypothetical constellations and the lengths of their scenario period.
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Constellation #

	
Satellites Included

	
Scenario Period—Days






	
1

	
L8, S2A, S2B, R2

	
160




	
2

	
L7, L8, S2A, R2

	
120




	
3

	
L7, L8, R2

	
72




	
4

	
L7, L8, S2A, S2B

	
80




	
5

	
L8, S2A, S2B

	
80




	
6

	
L7, L8, S2A

	
80




	
7

	
L7, L8

	
80









Each time a given area passes within view of one sensor in a hypothetical constellation during its scenario period, it is counted as an acquisition opportunity (AO). In order to yield the average time to revisit for each 1° cell, at the end of the scenario period the number of AOs for each hypothetical constellation is divided by the number of days within the scenario period (Figure 1). For example, if Constellation #1 were to have 200 AOs in its 160 day scenario, the average time to revisit would be 0.8 days. The actual interval between AOs is variable throughout the scenario period and will be shorter or longer than the average as the scenario period progresses. However, this interval of AOs is not consistently bound to any point in time or any specific longitude (it is contingent upon the initial conditions of the simulation run in COVE); as such, the mode (most common) of these average revisit frequencies over each 1° increment of latitude has been extracted to be compared with the spatially explicit revisit frequencies required (from Whitcraft et al. (this issue) [1]) for the four reasonably cloud-free thresholds: 70%, 80%, 90%, and 95%.



This analysis shows coincident overpasses and therefore acquisition opportunities from 60° N to 60° S (where the majority of croplands lie), but does not attempt to analyze actual acquisition frequencies. As previously mentioned, of the observatories incorporated in this analysis, only the Sentinel-2 program (S2A/S2B) plans to acquire every (low- and mid-latitude) land scene at every opportunity, and therefore an acquisition opportunity does not automatically mean that an image will be acquired. This analysis provides a baseline of what kind of performance by these missions is possible.
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Figure 1. The average revisit capabilities of the seven hypothetical constellations analyzed herein (a–g). This is the “raw” revisit analysis, showing for each 1° cell the average revisit time observed over the scenario period. Because the variability across longitude is not significant, as it is tied to the initial conditions of the simulation, the most frequent (mode) revisit observed for each 1° of latitude has been extracted for use in this analysis. 
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2.2. Comparing Overpass Capabilities with EO Requirements


Whitcraft et al. (this issue) [1], shows the revisit frequencies required (RFR) to yield a reasonably clear view (defined as having a final percentage clear (FPC) of at least 70%, 80%, 90%, or 95%) within 8 days over in-season (actively cropped, as defined by agricultural growing season calendars in Whitcraft et al. (2014) [48]) 0.05° agriculture-containing cells (as defined by the cropland mask in Fritz et al. (2015) [49]). For views at least 70% clear within 8 days, 44%–55% of in-season cropped cells worldwide (depending on the month) would require a revisit more frequent than 4 days, respectively. For views at least 95% clear, if data are required within 8 days, a revisit frequency of less than 4 days would be required in 76%–99% of actively cropped cells (depending on the month). Full dataset inputs, methods, results, and discussion regarding the derivation of these RFRs can be found in the accompanying manuscript. In this present manuscript, the focus is evaluating whether the mode (most common) revisit capabilities of each of the seven constellations introduced in the previous section (resampled to 0.05°) are frequent enough to meet the RFRs to yield a view at least 70%, 80%, 90%, or 95% clear within 8 days for each 0.05° cell. The FPC ≥ 70% case and the FPC ≥ 95% case are further highlighted as upper (“best case”) and lower (“worst case”) approximations, respectively, of our ability to meet this 8 day requirement for reasonably clear optical data.





3. Results


3.1. Meeting the Requirement for a Reasonably Clear View Every 8 Days


In Table 2, the constellations are numbered 1 through 7, which both identifies them and denotes their rank in terms of revisit frequency. That is to say, anything that Constellation #7 can meet, so too can #1–6, anything Constellation #6 can meet, so too can #1–5 but not #7, et cetera. Meanwhile, a value of 0 (denoted “None” in Figure 2) indicates that no constellation is capable of meeting the revisit frequency requirement (RFR), and denotes a time and area for which active microwave SAR data ought to be considered. The monthly maps showing which of the constellations are capable of meeting the less frequent required revisit for each month (based on a final percentage clear requirement of at least 70%; Figure 2) show that for most areas in most months, 6–7 different proposed constellations are capable of meeting the RFR for this best case scenario. The same, however, cannot be said for the worst case scenario (based on a final percentage clear requirement of at least 95%; Figure 2, right), wherein many areas are met by only Constellations #1–3, and still many others are not viable candidates for the use of optical data alone (shown in grey, and denoted as “None” or “0” in subsequent figures).



In fact, at the global level, Constellation #1 (most frequent revisit capability) can probabilistically meet an 8 day requirement for at least 70% cloud free data for between 71% (January) and 91% (May) of 0.05° cells worldwide (Figure 3). For at least 80% clear, 63%–87% of cells can have their requirements met; for at least 90% clear, 53%–80% can have their requirements met; and, for at least 95% clear, 45%–68% of cells can have their requirements met.



As of late 2014, Landsat 7 and Landsat 8 acquire the only freely and openly available moderate resolution data. Their combination, Constellation #7, even in the FPC ≥ 70% (“best case”) scenario (Figure 4a), can only meet an 8 day revisit requirement in 12%–32% of actively cropped 0.05˚ grid cells, and in virtually 0% of actively cropped cells for all months in the FPC ≥ 95% (“worst case”) scenario (Figure 4b).
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Figure 2. Where which constellation is capable of meeting the revisit frequency required to yield a view of in-season croplands that is at least 70% ((left), “best case scenario”) or 95% ((right), “worst case scenario”) clear for the representative months of January, April, July, and October. In-season croplands have been defined by the growing season calendars from Whitcraft et al. (2014) [48] and the cropland mask from Fritz et al. (2015) [49]. The missions included in Constellations #1–7 can be found in Table 2. Note that constellation number both identifies the constellation, as well as denotes its rank in terms of revisit frequency (with #1 being capable of the most frequent revisit). Areas requiring a revisit more frequent that any hypothetical constellation analyzed herein are shown in gray, and denoted as “None.” Full map figures for all months can be found in Supplemental Materials. 
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Figure 3. The overall capacity to meet an 8 day data requirement for data at least 70%, 80%, 90%, or 95% clear (FPC), as introduced in Whitcraft et al. (this issue) [1]. “Capacity” corresponds with the percentage of total actively cropped 0.05° cells which have their revisit frequency requirements satisfied by at least one constellation (i.e., the best/most frequent performer, Constellation #1). To provide perspective on the relative cropland area requiring imagery for each month, also plotted is the percentage of total global croplands which are in-season during each month, as indicated by Whitcraft et al. (2014) [48] and Fritz et al. (2015) [49]. 
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The addition of a single Sentinel-2 mission, as in Constellation #6, leads to a marked increase in the success rate in the best case scenario (44%–67%), although is less impactful in the worst case scenario (0–18%) (Figure 4). Meanwhile, the addition of R2 to the two Landsats (as in Constellation #3) increases the global success rate to 63%–87% (best case) and 27%–49% (worst case). Interestingly, Constellations #1–2’s inclusion of 4 instruments does not greatly improve upon Constellation #3 in the best case scenario, although in the worst case scenario, Constellation #2 does increase the success rate to 41%–64%. These examples highlight the importance of sensor architecture, as R2’s large swath width lends the largest improvement in success rate. Nevertheless, the addition of any single sensor to the current capabilities (Constellation #7) would improve revisit and therefore success rates, particularly when allowing for less stringent clarity thresholds.



These success rates, of course, vary greatly when taking a regional perspective, as cloud cover’s impact on obtaining (reasonably) clear views varies geographically and revisit capability varies latitudinally (more frequent revisits are possible at the poles than at the Equator). A region with a particularly strong seasonality is South/Southeast Asia, including India, Nepal, Burma, Bhutan, Bangladesh, Vietnam, Laos, Thailand, Cambodia, and Malaysia (Figure 5).



An analysis of this region shows a very large difference between the best (Figure 5a) and worst (Figure 5b) case scenarios during the middle of the year (April-September), although the general shapes of the curves are similar. This is due to the effects of the Indian Summer Monsoon, during which cloud obscuration is both pervasive and persistent [50]. As seen in Figure 5a, the success rate for the best case scenario for even Constellation #1 during July and August hovers around 15%, meaning approximately 85% of actively 0.05° cells are left without a view that is even 70% clear. Exacerbating this situation is the fact that July and August are among the most pervasively cropped months of the calendar year, meaning these requirements are unmet, not just at a higher rate but over a larger area. The outlook is even poorer in the worst case scenario (Figure 5b), where even Constellation #1’s success rate stays below 10% from June until September. However, from October through March, the cloud cover declines considerably and the success rates for multiple constellations are quite high. In this (and other) areas so seasonally impacted by cloud cover, SAR data alone and/or optical-SAR fused data should be further explored and implemented for agricultural monitoring [51,52,53].
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Figure 4. Globally, the percent of actively cropped 0.05° cells in each month which have their requirement for (a) at least 70% clear views (“best case”); and (b) at least 95% clear views (“worst case”), every 8 days met by each constellation’s mode revisit rate (a value of “0” indicates no constellation is capable, and can be understood as the failure rate). To provide perspective on the relative cropland area requiring imagery for each month, also plotted is the percentage of total global croplands which are in-season during each month, as indicated by Whitcraft et al. (2014) [48] and Fritz et al. (2015) [49]. 
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Figure 5. For South and Southeast Asia (excluding China), the percent of actively cropped 0.05° cells in each month which have their requirement for (a) at least 70% clear views (“best case”); and (b) at least 95% clear views (“worst case”) every 8 days satisfied by each constellation’s mode revisit rate (a value of “0” indicates no constellation is capable, and can be understood as the failure rate). To provide perspective on the relative cropland area requiring imagery for each month, also plotted is the percentage of total croplands in this region which are in-season during each month, as indicated by Whitcraft et al. (2014) [48] and Fritz et al. (2015) [49]. 
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3.2. Persistently Cloudy Areas: Where Requirements Are Unmet


As seen in Figure 2, there are a number of cells/times of year shown in gray (with value “0”) for which none of the analyzed hypothetical constellations of polar-orbiting optical sensors have a combined revisit capability frequent enough to meet a reasonably cloud free requirement within 8 days. Requirement #6 in the GEOGLAM table (Table 1) states that moderate resolution microwave SAR data are required every 8 days in “persistently cloudy areas” (including/in addition to rice cultivating areas), which are defined herein as those areas and times of year which require a revisit in order to yield a reasonably clear view that is more frequent than our current/planned moderate resolution polar orbiting optical missions are capable of delivering. SAR data are not the only alternative—for example, data from geostationary satellites with multiple observations per day have been used, but at rather coarse spatial resolution [54]—but they are currently most broadly available non-optical moderate resolution type of data. Figure 6 shows the extent and number of months for which SAR data may be required for both scenarios examined.
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Figure 6. The number of months throughout the agricultural growing season for which an 8 day requirement cannot be met by any of the seven moderate resolution polar-orbiting optical constellations evaluated, for the best case scenario (mode revisit vs. requirement for views at least 70% clear (a, top); and worst case scenario (mode revisit vs. requirement for views at least 95% clear (b, bottom). These areas are too persistently and pervasively cloudy for these systems, and as such, alternatives for monitoring—principally, SAR data (as in Table 1, Requirement #6), alone or fused with optical data should be considered. 






Figure 6. The number of months throughout the agricultural growing season for which an 8 day requirement cannot be met by any of the seven moderate resolution polar-orbiting optical constellations evaluated, for the best case scenario (mode revisit vs. requirement for views at least 70% clear (a, top); and worst case scenario (mode revisit vs. requirement for views at least 95% clear (b, bottom). These areas are too persistently and pervasively cloudy for these systems, and as such, alternatives for monitoring—principally, SAR data (as in Table 1, Requirement #6), alone or fused with optical data should be considered.



[image: Remotesensing 07 01482 g006]





In the best case, very few areas (concentrated in Southeast Asia, West Africa (Gulf of Guinea), and parts of Eastern Europe and the Equatorial Americas) require microwave data for more than 3–4 months, with the majority of areas requiring SAR data for 0–2 months. The extreme cloud cover seasonality present in the Indian Summer Monsoon areas—very consistently and pervasively cloudy in June–September; very low cloud cover occultation in October-March, as seen in Figure 5—means that regardless of the cloud cover threshold, alternatives or supplements to optical data are required during those periods. A similar situation is apparent in the Gulf of Guinea, where in both scenarios, cloud cover is so pervasive during portions of the year that not even the 70% cloud free threshold can be satisfied by the constellations analyzed herein. Meanwhile, in the worst case scenario, the extent of necessary SAR data is expanded both in space and time, with many areas throughout the world requiring more than six months of SAR data. This highlights the potential value of microwave SAR data in a global agricultural monitoring system.





4. Discussion


There are three primary insights gained from this analysis. First, it is possible in many areas and periods of the year to meet the required revisit frequency with one or more of these proposed constellations, regardless of cloud cover threshold. However, it certainly necessitates a constellation beyond that which is currently freely available (Constellation #7), or these data must be supplemented in other areas/times of year by non-optical data, or data with even less strict cloud thresholds. By adding an additional instrument to the Constellation #7 (e.g., Sentinel-2A in Constellation #6; Resourcesat-2 in Constellation #3), success rates are increased in both scenarios, in virtually all regions. As agricultural monitoring applications increasingly rely upon daily to approximately weekly data, this is an important point for space agencies to consider in the development of future observatories or in developing inter-space agency collaboration. Further, the addition of Resourcesat-2 in Constellation #3 has a greater impact upon success rate than does the addition of Sentinel-2A alone (Constellation #6)—a jump from 12%–32% (Constellation #7, only L7 + L8) to 63%–87% (adding R2) versus 44%–67% (adding S2A) in the best case, and a jump from practically 0% in all months to 27%–49% versus 0%–18% in the worst case. In fact, R2 has the largest effect on increasing revisit frequency of any single satellite analyzed herein due to its very wide swath, albeit with a relatively lower spatial resolution (55 m). What these points suggest is that sensor architecture and alternative designs can and should be considered in the future, although this should be weighed against other factors such as the ground distortion at the edge of wide swath [55].



Second, loosening the definition of “reasonably” cloud free, as exemplified in the FPC ≥ 70% case, provides a promising outlook for the capabilities of our current and near-term moderate resolution optical instruments for many areas throughout the growing season. Areas wherein virtually clear views (e.g., 95% clear) are not probable, but at least one constellation is capable of yielding a view that is at least 70% clear, are good candidates for an image compositing approach, although it should be noted that this approach may underestimate the impacts of cloud cover as well as miss changes in crop condition and progress during the compositing period ([1,54,56]).



A third finding is that in both scenarios presented herein, for the 8 day reasonably clear data requirement, there are still areas and times for which no combination of our current and near-term moderate resolution optical instrumentation can yield a sufficient revisit frequency to overcome the pervasiveness of cloud cover. Space agencies can deploy a cadre of polar orbiting optical missions, but little difference will be made in areas/times that are frequently and pervasively occluded by clouds (e.g., South and Southeast Asia during the Summer Monsoon). These areas, as illustrated by Figure 6, are poorly suited for polar orbiting optical imaging, and alternative data sources, particularly microwave SAR data on its own or in fusion with optical data, should be considered. If willing to accept optical data which are at least 70% clear, that leaves between 9%–29% percent of 0.05° cells globally, depending on month, which can be characterized as requiring microwave SAR. However, if cells at least 95% clear are required, this leaves between 40%–58% of cells worldwide, a considerable quantity pointing at the value of further investing in research related to using data from alternatives to polar orbiting optical instruments.



Considerations and Limitations


There are a few caveats to consider in this analysis. First, pinning down the exact combined revisit frequency for each constellation is very challenging due to the repeat cycles of each component mission being out of sync with one another. For example, if there are 80 revisits within 120 days, it can only be said that the average combined revisit frequency is 1.5 days, although revisits may have actually alternated between 1 and 2 days apart. All of the satellites discussed herein are sun-synchronous with overpass times at (or projected to be at) 10:30 am, and so a revisit of 1.5 days is actually impossible. How precisely this impacts the success rate and merits further research and is beyond the scope of this analysis.



Further, the cloud data used in this analysis are natively at 1 km [57], scaled up as percentage of 1 km pixels which are cloudy within a 0.05° cell [50]. It makes no difference what percentage within the initial 1 km pixel is cloudy, so long as enough cloud is present for cloud detection to occur for that pixel. The impact of this sub-MODIS pixel level cloudiness on true percentage cloudy/clear at 0.05° is unknown.



Finally, it is worth noting that Landsat 7 has had a scan-line corrector (SLC) mirror failure since 2003, resulting in the absence of a considerable amount of data (22%) in stripes throughout the scene [58]. The remaining data are still valuable and usable [59], but this will impact the apparent revisit frequency, because even if the data are acquired (which is not a certitude, as systematic acquisitions are only planned for S2A + S2B), 22% of data will be missing from each L7 acquisition.





5. Conclusions and Future Research


The analysis presented herein shows the strength of combining multiple satellite missions to form an imaging constellation. Combining missions from two or three different space agencies leads to greatly improved revisit frequencies and an improvement in our ability to meet our EO requirements for global agricultural monitoring, although key gaps exist in pervasively and persistently cloudy regions. The extent and severity of these gaps in capability depend largely on the degree of acceptable cloud cover, and as such, research to pinpoint the precise definition of “reasonable” cloud cover for each agricultural monitoring application should be prioritized.



Future research should continue the investigation initiated by Gao et al. (2006) [60] regarding the utility of a moderate resolution MODIS-type system (with daily or even twice daily revisit capability) for meeting EO requirements for agriculture and other societal benefit areas. Such a revisit frequency could prove particularly useful for crop condition monitoring and yield forecasting with their reliance on frequent data, but it is possible that an investment in such a system would experience diminishing marginal returns due to persistent cloud cover, as exemplified by some areas/periods in the present analysis. For this reason, an increased investment in SAR systems and related algorithm development would be well-placed, as would a continued focus on SAR-optical data fusion [53,61,62,63,64,65,66].



Lastly, it is important to reiterate that an acquisition opportunity, as shown in this analysis, is just that—An opportunity, but not a fait accompli, in terms of acquisition or in terms of data availability. To date, agricultural analysts in many parts of the world have been hesitant to rely more fully upon a remote sensing based monitoring system due to concerns about data access, availability, interoperability, and continuity. Systematic acquisitions over actively cropped agricultural areas as well as a policy which guarantees continuous access to high quality, interoperable data are essential in the effort to meet EO requirements for agricultural monitoring [67].
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