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Abstract

:

In arid and semi-arid regions of Eastern and Southern Africa, drought can be devastating to pastoralists who depend on healthy vegetation for their herds. The Kenya Livestock Insurance Program (KLIP) addresses this challenge through its insurance program that relies on a vegetation index product derived from eMODIS NDVI (enhanced Normalized Difference Vegetation Index). Insurance payouts are triggered when index values fall below a certain threshold for a Unit Area of Insurance (UAI). The objective of this study is to produce an updated, cloud-based NDVI product, potentially allowing for earlier payouts that may help herders to prevent, minimize, or offset drought-induced losses. The new product, named reNDVI (rapid enhanced NDVI), provides an updated cloud filtering algorithm and brings the entire processing chain to the cloud. Access to the scripts used for the processing described and resulting data is openly available. To test the performance of the new product, we provide a robust evaluation of reNDVI and eMODIS NDVI and their derived payout indices against historical drought, payouts provided, and mortality data. The implications of potential payout differences are also discussed. The products show good comparability; the monthly average NDVI per UAI has correlation values over 0.95 and MAPD under 5% for most UAIs. However, there are moderate differences when assessing year-to-year payout amounts triggered. Because the payouts are currently calculated based on the 20th and first percentile of index values from 2003–2016, payouts are very sensitive to even small changes in NDVI. Where livestock mortality was available, payouts for reNDVI and eMODIS had similar correlations (r = 0.453 and r = 0.478, respectively) with mortality rates. Therefore, with the potential reduced latency and updated cloud filtering, the reNDVI product could be a suitable replacement for eMODIS in the Kenya Livestock Insurance Program. The updated reNDVI product shows promise as a vegetation index that could address a pressing drought insurance challenge.
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1. Introduction


Kenya has a broad range of climates and ecological regions ranging from humid tropical to arid [1,2]. However, over 80% of the country is classified as Arid and Semi-Arid Land (ASAL) and contains approximately 20% of the country’s population and 60% of the livestock [3]. Pastoralists, particularly from ASALs, are dependent on weather conditions to produce enough forage and water for their herds. It has been noted that in the last 50 years, precipitation has been decreasing inland (where ASALs exist) and increasing along the coast [4]. The country experiences two rainy seasons: March to June, known as the long rains, and October to December, known as the short rains. Rainfall characteristics are highly variable, with the long rains showing less variation than short rains [5,6]. The pastoralists in ASALs can be economically vulnerable due to changes in rainfall patterns and climate variability. Livestock losses accounted for about 70% of the 12.1 billion USD in damage caused by drought in Kenya from 2008 to 2011 [7]. Research has shown that climate variability and extreme events are expected to adversely affect agricultural production in Kenya [8], and adaptation strategies such as investments in drought- and heat-tolerant seed varieties, irrigation systems, disaster relief, insurance, and social protection programs are needed to reduce the effects of climate change [9,10,11].



In Kenya, the National Drought Management Authority (NDMA) has been established to proactively monitor and manage droughts through its early warning system and monthly bulletins. In addition to its mandate to disseminate drought information, NDMA has championed contingency and resilience planning and implementation through the Drought Contingency Fund and the Hunger Safety Net Programme, which include cash and food transfers to the most vulnerable populations [12,13]. The success of programs like these, based on quantitative drought information, points to the need for wider adaption and expansion to other sectors.



Livestock insurance programs can be an effective strategy in building resilience in pastoral communities and play an important role in alleviating the spiraling cycle of poverty as a result of drought losses. Notwithstanding that, traditional (claim-based) insurance programs are unlikely to address these challenges in sparsely populated and poorly accessible regions such as Eastern Africa. Generally, traditional insurance methods based on ground surveys are too expensive, time consuming, and risky for both providers and potential clients. Site visits to verify claims and assess losses are very costly to insurance companies, particularly in sparsely populated and remote regions, and any payouts would likely be smaller than the accrued overheads. An alternative to traditional ground survey-based insurance program is index-based insurance. The index is a numerical representation of a physical phenomenon (especially related to precipitation, agro-meteorology, etc.), is correlated with those conditions or associated losses, and often uses satellite-based observations. Remotely sensed weather- or vegetation-based indices offer a way to monitor environmental conditions in remote areas and in near real time, providing an alternative that reduces associated costs by measuring a proxy of damage instead of actual losses [14,15]. Such programs have been demonstrated ranging from the continental African scale [16] to the microfinance and smallholder scale in Eastern and Southern Africa [17,18,19]. de Leeuw et al. [20] provided a thorough review on the uptake of remote sensing in index-based insurance.



The Kenya Livestock Insurance Program (KLIP) is part of the Index Based Livestock Insurance program (IBLI), run by the Ministry of Agriculture, Livestock, Fisheries, and Irrigation and supported by the International Livestock Research Institute (ILRI), the World Bank, and Swiss Re. ILRI is currently the calculating agent that does the index and payout calculations. It was launched in 2015 to help pastoralists cope with the impacts of drought on their livestock [21]. The program utilizes Normalized Difference Vegetation Index (NDVI) assessments from satellite remote sensing. The insurance triggers, or decision points where a payout is determined, are identified by the response of observed NDVI. The index is derived from the standard score of the spatially averaged vegetation conditions over a Unit Area of Insurance (UAI). Payouts based on the index are potentially provided twice a year corresponding to the long and short rainy seasons: once in mid-August and once in mid-February.



The insurance payouts allow pastoralists to purchase food and water to sustain livestock, or replace lost livestock. However, the delay in providing payouts presents a significant limitation [22]. Typically, the payouts can take up to six weeks after the end of each rainy season. The prospect of disbursing preemptive payouts vs. loss-based payouts could mean the difference between pastoralists purchasing fodder for their animals to get through the season vs. a total loss. One reason for this latency in payouts is that raw data are downloaded and processed on local computers and the time required to post-process the data to create the NDVI product (or index) itself (see section below).



To derive its index, KLIP uses the enhanced Moderate Resolution Imaging Spectrometer (eMODIS) NDVI product [23], made available by the Famine Early Warning Systems Network (FEWS NET). The FEWS NET eMODIS NDVI product is available since 2003 at a horizontal spatial resolution of 250 m. eMODIS data are available in 10 day (dekad) composites and are not available until about one month after the acquisition. A temporal filtering is done to reduce the impacts of clouds and atmospheric effects that could erroneously influence the NDVI. The product is used for its higher accuracy, but this comes with a trade off of high latency. eMODIS processing takes the maximum NDVI value from a 10 day period for each pixel and temporally smooths the product using the Swets filter [24]. This approach uses a weighted least squares linear regression to smooth out poor quality data [23]. The smoothing process requires at least two dekads on either side of the value in question, making the final product unavailable until 30 days after the original satellite overpass. The latency of the eMODIS product poses a challenge for KLIP to preempt drought impacts on livestock, and research has been done to explore how to reduce the latency of high quality NDVI products. One example is the MODIS derived Vegetation Condition Index (VCI) used by NDMA, produced by BOKU (University of Natural Resources and Life Sciences, Vienna, Austria) using their NDVI [2]. The product is derived using Aqua and Terra MODIS at the end of each dekad, and in [25,26], it was shown that using machine learning techniques, it is even possible to forecast the VCI one month ahead without significant loss of accuracy. It provides weekly updates of NDVI by applying a Whittaker smoother using available observations within the past 175 days and provides an uncertainty measure at the pixel level [2]. Barrett et al. [27] also created NDVI and VCI forecasted products, which use data from both MODIS and Landsat. Furthermore, FEWS NET provides a preliminary estimation of NDVI at near real time and then updates the product after the final smoothing [23]. It is also important to note the effort to forecast NDVI that could aide near real smoothing processes [25,26,27,28], among many others. However, programs like KLIP are dependent on the high accuracy and consistency of the final smoothed eMODIS product. As the research community searches for an accurate way to produce a consistent, smoothed NDVI product in near real time, we propose tackling the latency of the post-processing analysis. In using eMODIS, the filtered and smoothed data are available roughly three dekads after the observation date. KLIP reports that the post-processing payout calculation takes approximately two additional weeks. Utilizing reNDVI (rapid enhanced NDVI) and Google Earth Engine (GEE), the entire process is moved to the cloud, where the payout calculations are available hours after the reNDVI is available, effectively reducing the time from the first satellite overpass to index derivation to the same as the NDVI (three dekads), and reduces the production of the final KLIP payout by approximately one week.



The objective of this study is to implement a similar smoothed NDVI product, which we call rapid enhanced NDVI (reNDVI), on the GEE platform, a cloud-based analysis platform that is publicly available using open source languages (Python or JavaScript). We provide a robust evaluation of reNDVI compared to eMODIS and the finalized payout indices against the historical drought, payouts provided, and mortality data. This allows us to explore how the index and payouts would be calculated in the same platform. The concurrent processing ultimately reduces the download and processing times and effectively reduces the latency of the payout calculation to that of the reNDVI itself (three dekads). We estimate that this reduces the time to final KLIP payout by one week. The reNDVI improves upon the FEWSNET eMODIS product by adjusting the smoothing algorithm and updating the masking of poor quality data. This reNDVI is MODIS derived and aims to help alleviate the challenges of using eMODIS in the drought insurance processes and potentially allows for earlier insurance payouts. The first step in this process was to reproduce the eMODIS processing on GEE using updated methodologies for filtering out poor quality NDVI observations (e.g., clouds) and time series smoothing [29]. The use of GEE allowed for a large-scale processing and scalable application of the algorithm to create the dataset. We compare reNDVI to the existing FEWS NET eMODIS dataset and investigate the differences to test its potential as a replacement for eMODIS NDVI. We then analyze how the differences affect the calculation of the payout using past eMODIS data and methodologies from KLIP. Independent livestock mortality data were used to evaluate both datasets.




2. Materials and Methods


KLIP currently covers the ASALs of Kenya and parts of southern Ethiopia. The spatial extent covered by UAIs are shown in Figure 1. The average area of a UAI is 2600 km2, and they cover mainly grasslands and shrublands. Comparisons of the reNDVI product and FEWS NET eMODIS NDVI use NDVI data at dekadal and monthly scales from 2003–2019. The reNDVI product was first compared against the FEWS NET eMODIS product at the pixel level to evaluate and analyze the differences and/or similarities between the two products. Later, the two products were spatio-temporally aggregated further to evaluate the products at each UAI level on a monthly time scale. Since the insurance payouts are made at UAI levels using cumulative monthly NDVI values, the monthly UAI level analysis was performed to evaluate the applicability of both products for insurance payouts. We then analyzed how hypothetical insurance payouts would be affected using payout calculation methodology from KLIP. Lastly, livestock mortality data were then used to evaluate both index derivations with independent data.



2.1. reNDVI Product


The reNDVI product is calculated from the Collection 6 Terra MODIS 250 m daily surface reflectance product MOD09GQ.006 [31]. We chose Terra for the longer period of record and to keep consistent with eMODIS for comparisons. Processing steps for the reNDVI dataset include quality filtering of pixels, calculation of NDVI, compositing over a 10 day period, filling quality flagged pixels with climatology data, despiking, and temporal smoothing. A detailed overview of the algorithm is provided in Figure 2. All processing was conducted on GEE, which is an online service that hosts state-of-the-art cloud computing and analysis-ready geospatial products. The data store contains a large catalog of Earth observation data allowing the scientific community to perform calculations on large numbers of images in parallel for planetary-scale computations in real time [32]. A full description of GEE as a platform was detailed in Gorelick et al. [29]. Specific preprocessing of the collection entails masking pixels based on the internal MOD09GQ.006 quality band to remove poor quality data. Furthermore, the 1 km state flag band (“state_1km”) from the MOD09GA dataset [33] is used to remove additional poor quality pixels flagged as clouds, cloud shadow, snow, and high (>55°) satellite viewing angle. The state_1km band has information from two cloud detection algorithms to describe the cloud information, the MOD/MYD35 cloud mask product [34] and an internal cloud detection [35]. Other analyses focusing on vegetation have employed the use of the state_1km quality flags for masking poor quality pixels [36] and found that cloud contamination was the most important factor driving spatial and temporal variability in derived NDVI [37], suggesting the importance of quality masking for clouds for analyses using NDVI. The daily NDVI data are combined into a 10 day composite by using the maximum NDVI value for each pixel from the 10 day period. If there are no good quality data available within the 10 day period, the pixels are filled using long term climatology data at a later stage.



Studies have used the mean or median climatology value to fill a product in the absence of quality data [38]; however, this may introduce anomalies within the time series. Alternatively, NDVI trends are typically constrained by environmental conditions, and the trend can be assumed stable for short-range forecasting applications [39], allowing for the use of previous trends for gap filling. For this study, we used the trend of NDVI for a period prior to a gap (as compared to the prior period’s climatology) for sampling the gap’s climatology to fill the gap’s value in a way that is consistent with the current trend. To create the climatology, all clear pixels for a given dekad throughout 2001–2018 were used to calculate a mean and standard deviation. If there were less than 7 clear observations (out of a maximum possible of 18) for a given pixel and dekad, the climatology was not calculated; this was done to ensure the presence of at least 1/3 of the total possible observations to calculate the climatological statistics. To ensure the filled values are climatologically consistent with a given year, the z-score for n previous dekads just prior to the pixel being filled were calculated (in this case, n = 5 such as used in the FEWS NET processing [23]). The z-score from previous dekads was used to backout what the fill value should be based on climatology. This approach assumes that the NDVI values from the previous years for individual dekads follow a normal distribution. Filling of pixels based on climatology occurred on average 14.52% of the time, with most filling in high elevation areas and water bodies; masking water bodies reduced the average to 13.61%.



Despite backfilling the quality flagged pixels, some gaps could remain particularly due to persistent cloud cover. Data gaps remained on average 2.83% of the time. The NDVI values were then despiked, which filters out pixel-level NDVI values that are anomalously high or low compared to the NDVI values for the preceding and following 10 day periods for that pixel. We consider values anomalously high or low when the absolute change is greater than 20% between both the before and after periods [40]. On average, despiking occurs about 7.37% of the time. The despiked 10 day NDVI composites were then temporally smoothed using a moving window linear regression to produce the final reNDVI product and used to predict the NDVI values for the entire window. This creates a “stack” of NDVI values for a given dekad, where the final dekad NDVI value is the mean of the predicted “stack”. All of the processed data were stored as an Image Collection Asset within GEE for later use. Access to the scripts used for the processing described and resulting data is openly available (see the Supplementary Materials).



There are some notable differences between the processing steps used to create eMODIS and reNDVI. For example, the reNDVI QA process is more rigorous where all poor quality (clouds, shadows, saturation) pixels are masked, whereas the FEWS NET eMODIS dataset uses the best pixel available even if it is not good quality, ensuring that all pixels have values for use in the smoothing process [41]. The stringent QA masking of reNDVI leads to data gaps in the imagery, which affect the smoothing process. Therefore, as discussed earlier, a gap filling step was introduced to alleviate some of the data gaps in areas with persistent cloud cover. Further differences between reNDVI and eMODIS include the smoothing algorithm where eMODIS uses a weighted linear regression within a window to predict NDVI and the reNDVI uses an unweighted linear regression. Overall, these differences are most seen in cloud prone areas and are most notable in the peaks and troughs throughout the time series. Section 3 illustrates and discusses the difference between the datasets in detail. Both smoothing algorithms require two time periods before and after the date of interest, which limits the applicability for delivering timely data. However, we provide a forward processing based on harmonic modeling [42] to deliver an initial best estimate when observations are missing and then reprocessed when observed data are available. This processing workflow of estimating future NDVI to support the smoothing process allows the reNDVI product to be produced within hours of the acquisition of imagery for the full dekad to be processed.




2.2. Comparative Analysis


The reNDVI dataset was compared to the FEWS NET eMODIS dataset to evaluate the differences both at the pixel level (by dekads) and zonally (by month) by the UAI. For pixel-level evaluation, common evaluation metrics including bias, correlation, and Mean Absolute Percent Difference (MAPD) were calculated. Spatial patterns of correlation were compared to average cloudiness data calculated from MODIS data cloud flags [43]. Monthly zonal statistics including the mean, median, and standard deviation of NDVI values within each UAI were calculated from 2003–2019. Using the resulting mean monthly NDVI, the evaluation metrics previously stated were calculated at the UAI level.




2.3. Payouts and Mortality Comparison


2.3.1. Payouts’ Calculation


Insurance payouts determined by an index-based methodology are triggered when the specific index falls below a certain threshold. Once the composite UAI NDVI reaches the trigger threshold, the insurance payout will be a percentage of the insured amount, increasing until the exit threshold is reached where the full insured amount is paid. Payouts were calculated based on the workflow provided by KLIP. First, pixels that have a very limited long-term and inter-annual temporal variability (where the difference between the 5th and 95th percentile NDVI values between 2001 and 2016 is less than 0.05 NDVI units) were masked [22]. Average monthly NDVI values per UAI were then calculated. The cumulative NDVI for each UAI for each rain period was found by summing the values of the monthly mean NDVI for the rain period, then the mean and standard deviation of the cumulative NDVI from 2003–2016 were calculated. The index values were then computed for each year according to the standard score of cumulative NDVI per UAI, shown in Equation (1):


  Z ∑  N D V  I  i , p , y    =   ∑  N D V  I  i , p , y    − μ  ( ∑  N D V  I  i , p    )    σ ( ∑  N D V  I  i , p    )    



(1)




where Z∑NDVI is the index; ∑NDVI is the cumulative NDVI for the specific UAI (i), year (y), and rain period (p);  μ (∑NDVI) is the mean cumulative NDVI from 2003–2016; and  σ (∑NDVI) is the standard deviation of the cumulative NDVI from 2003–2016. The trigger and exit thresholds were determined by taking the 20th and 1st percentiles of the index values from 2003–2016. Partial payouts are provided when the index falls below the trigger threshold and increase linearly until the exit threshold is reached, whereby a full payout is made. Separate thresholds were calculated for eMODIS and reNDVI to calibrate the payouts unique to each product.



The percentage of total payouts were then calculated for 2003–2019. Actual payouts were not calculated as the total sum insured for each UAI was not available. Minimum payout is 5% of the total sum insured, so if there was a payout triggered and the payout calculated was less than that, it was changed to 5%.




2.3.2. Comparison of reNDVI and eMODIS Derived Payouts and Livestock Mortality Data


Payouts were compared by calculating the percent of payouts when one product triggered a payout, but the other did not, and of those times, how large of a payout was triggered. All payouts calculated in this section are hypothetical, as the KLIP program did not begin until 2015. First, the number of times that payouts were triggered at different times for eMODIS and reNDVI for each UAI was found. Of those times, the difference in payouts was calculated to determine the magnitude of the differences. The average of payouts was found where reNDVI triggered a payout and eMODIS did not, and vice versa. This allowed for an assessment of how large the differences were when payouts occurred.



We also compared index values and calculated payouts to livestock mortality data from the Index Based Livestock Insurance (IBLI) program [44]. Mortality data may have some quality issues (for example, missing data or incorrect recollection of livestock loss by pastoralists), but this analysis was included to have an independent analysis of reNDVI and eMODIS NDVI with ground-based data. Livestock mortality data were available from 2010–2015 for several sub-locations in Marsabit, Kenya. Sub-locations were matched to their respective UAIs, and the average livestock mortality was calculated for each season (long rains/long dry and short rains/short dry) by taking total livestock deaths per UAI divided by total herd size at the beginning of each season per UAI [45]. The dataset included information on household herd size at the beginning of the short rain season each year. To calculate herd size at the beginning of the long rains, livestock births and intake were added to the herd size, whereas deaths, offtake, and slaughter were subtracted as those data had monthly values. Data were available for a total of 9 UAIs. The index and payouts for each product were statistically fitted to average livestock mortality, and the correlation and p-values were found.






3. Results


3.1. Pixel Level Analysis


One of the goals of this study is to evaluate the reNDVI product against the FEWS NET eMODIS NDVI to assess the relative similarity (or lack thereof) between the two NDVI products. Therefore, a detailed evaluation of the product was performed against the currently used FEWS NET NDVI product at the pixel level. Bias averaged 0.001 over the study area and was very close to zero everywhere except mountainous regions, where it exceeded 1.5. Similarly, MAPD averaged 16%, but exceeded 50% around mountains and areas of high elevation (shown in Figure 1). The correlation averaged 0.81 and was fairly high (>0.75) for most UAIs (Figure 3). Relatively lower (near zero) correlation occurred mainly around highlands.



Looking deeper into the process and results (final, as well as intermediate steps), a pixel from a mountainous region was selected to further examine and evaluate the product. Temporal analysis was performed to assess the quality of the final product. The raw NDVI was calculated using Terra MODIS daily surface reflectance data. It did not undergo any filtering, smoothing, or correction for clouds. Quality filtered NDVI used the MODIS quality band to filter out low quality data (like cloud cover) before calculating the NDVI. Despiked NDVI uses the quality filtered NDVI and removes any values that are extremely high or low compared to previous and following NDVI values in the time series.



The differences in NDVI values described earlier can be further investigated by looking at their behavior over time. Figure 4 showcases an area typical in the high mountainous region, comparing both the reNDVI and FEWS NET eMODIS data with the raw and quality filtered MODIS NDVI. It can be seen that the reNDVI agrees more with the quality filtered MODIS NDVI than FEWS NET eMODIS. There are dips in the raw NDVI that are absent in the quality filtered NDVI, particularly in pixels selected from mountains and the southwest region. This suggests that FEWS NET eMODIS could be more influenced by low quality pixels in these regions. It is noted that there is a problem with eMODIS NDVI V6, which uses the Aqua MODIS sensor, where high spikes due to a minimum blue band correction occur, leading to an observation with low red reflectance, which causes magnification of NDVI [46]. This error does not occur with reNDVI since it uses MODIS on the Terra satellite.



Figure 5a shows a sample point where there was high agreement between eMODIS and reNDVI (correlation = 0.94, MAPD = 5.87%). Though the differences in the products can be significant in certain areas, Figure 5b shows one of the sample points with lower agreement that was not in a highland (correlation = 0.45, MAPD = 25.55%). At this point, even though there were some larger than average differences in NDVI, the trends in NDVI were still similar except a few places where eMODIS had large dips in NDVI that were removed in the reNDVI process. One such dip is examined in Figure 5c. By visual examination of the true color MODIS images, it can be seen that every annotated pixel in the 10 day period was influenced by cloud, cloud shadow, or haze, which erroneously influenced the eMODIS NDVI.




3.2. Monthly UAI Level Analysis


When comparing both reNDVI and FEWS NET eMODIS at the monthly mean and zonal aggregates, bias was very low (<0.08) for all UAIs. The MAPD of most UAIs ranged between 0 and 5%, with an overall average of 3.56%. Only 38 of the 172 UAIs exceeded 5% MAPD, and those that did were mostly in the north or southwest. The southwest UAIs generally have high cloud cover during rainy seasons, as shown in Figure 3d. North areas are generally dry and have low overall NDVI, which causes the same magnitude differences in NDVI to have relatively high MAPD values. The highest value was 11.8% in a UAI located in the southwest. Overall, the correlation (r) between the two products averaged 0.983 (all p values < 0.05), demonstrating the similarities of the two products. Correlation was below 0.95 for only seven out of the total 172 UAIs, with those below having high cloud cover and elevation, and were also among the smallest UAIs (average of 700 square km), which can affect the statistics since they contain relatively fewer samples. Similar to MAPD, the UAIs with the lowest correlation (0.64 and 0.68) were also located in the southwest (p = 0.03 and 0.01, respectively). Bias, MAPD, and correlation maps are shown in Figure 6.




3.3. Payouts Comparison


Though both the FEWS NET eMODIS and reNDVI products were similar, even small differences can have an effect when an index is calculated in the extreme percentiles. When considering individual payouts that each product would trigger, there were UAIs where reNDVI indicated a payout trigger, but eMODIS did not, and vice versa. When both showed payouts, there were often differences in the percent of the total sum insured to be paid out, since even very small differences in index values can result in large differences in payouts. A UAI was randomly selected to demonstrate this. The selected UAI is located in the Kapchok ward of West Pokot county. The difference in eMODIS long rains’ trigger and exit values for the selected UAI was only 0.208. Because of this small difference, an absolute difference in eMODIS index values of only 0.02 would result in a payout difference of 10% for this UAI. A time series showing cumulative NDVI, index values, and thresholds for the selected UAI is shown in Figure 7, with corresponding calculated payouts in Table 1. Though there were few differences in the cumulative NDVI, the index amplified those differences.



As shown in Table 2, the short rains had better agreement in payouts. This may be because there is less time for differences in NDVI between products to accumulate in the three-month short rain period than the four-month long rains. Overall, the FEWS NET eMODIS product had an average of 25.55% of payout per UAI per year during the time period in question while reNDVI resulted in 25.39%. While there were differences in year-to-year payouts in UAIs, the overall percentages paid out were very similar between products.



When one product triggered a payment and the other did not, the payout that was triggered was less than 25% of the total sum insured 81.0% of the time. Depending on the UAI, this may mean that the payout was only triggered by a few hundredths of a point of the index value. The UAIs with larger payouts were mainly located in the northern region for long rains and in the southern region for short rains. The number of different payouts is shown in Figure 8.



For additional validation, the number of UAIs with calculated payouts for a given season were compared to known major drought years according to reports by the Kenya Food Security Steering Group (KFSSG). The worst long rain drought periods occurred in 2009 and 2011 [47,48], which corresponds well with the number of both eMODIS and reNDVI calculated payouts and which would have resulted in a full payout in 2009 for the UAI shown in Figure 7. The short rain payouts also correspond well with the worst short rain droughts in 2005, 2010, and 2016 [49,50,51]. The UAI in Figure 7 would have had a full payout for eMODIS or 90% of the full payout for reNDVI in 2016. KFSSG provides maps of the food security classification across Kenya. During the drought periods above, the payouts for both reNDVI and eMODIS correspond well spatially with areas of low food security.



For the pairwise comparisons, eMODIS and reNDVI showed nearly equal relationships with livestock mortality data. The correlation with eMODIS was slightly higher with a correlation of r = −0.446, while the reNDVI correlation coefficient was r = −0.440. These results are comparable to the results presented by Jensen et al. [52]. The correlations are expected to be negative in this case because a lower index represents drier conditions (Figure 9). For payout comparisons, the relationship was less straight forward and more difficult to compare, as, for the districts available, the majority of data points were either 0 or 100% payouts (no payout: 73%; and full payout: 14%), and few data were available in between. The overall trends were positive (as expected, higher payouts for higher mortality) with correlations of r = 0.478, r = 0.453 for eMODIS and reNDVI, respectively. The average mortality for a 0% payout was 11% and 30% for a 100% payout, for both datasets. Overall, reNDVI and eMODIS were very similar, suggesting that, on average, any differences would have a minimal effect on the total payouts received.





4. Discussion


The analyses show good comparability between reNDVI and FEWS NET eMODIS NDVI. An average correlation of 0.81, bias of 0.001, and MAPD of 16% at the dekadal pixel level demonstrate agreement between the two products. Regions of high elevation with more cloud cover during the year have less agreement between the products due to different data quality filtering techniques.



Most of the mountains are not currently within a UAI, as they are not typically areas where herds graze, but they should be taken into account if more UAIs are added in the future. High differences around mountains can be attributed to persistent cloud cover in these areas, since eMODIS and reNDVI filter clouds with different processes. Wilson and Jetz [43] performed a global remote sensing cloud frequency analysis for species distribution modeling and found that the mean annual cloud frequency varies from approximately 20% in the northern rangelands to 90% in the mountainous regions of Kenya with similar spatial trends (http://www.earthenv.org/cloud) as compared to Figure 3d. Figure 3 shows a strong relationship between low correlation values, large bias, and high MAPD with high average cloudiness. It has been shown in previous studies that errors of datasets increase when the number of satellite observations (without clouds) decreases; therefore, differences between datasets can be expected to increase as well [53]. In some of the UAIs in the southwest where cloud cover is high, it is more difficult to obtain reliable observations, so we would expect more errors in both datasets. The highest average yearly cloud cover of a UAI is 77%, and the highest cloud cover for a UAI during a rainy season is 81%. Without an independent data source to validate each NDVI product, it is difficult to identify the exact source of any disparities between the two.



For monthly mean NDVI at the UAI level, the comparisons improve. Other potential applications of reNDVI would likely also spatially or temporally aggregating the NDVI, which would minimize differences between the two datasets. Correlation over 0.95, MAPD under 5%, and bias between −0.01 and 0.01 for most UAIs at a monthly time frame indicate potential for use of reNDVI in index insurance. However, index-based insurance can be very sensitive to minor changes, as demonstrated by the differences in calculated payouts, and the validation of these products is difficult. Ideally, there would be data sources such as livestock mortality for the entire study area (e.g., in addition to [44]) for a separate analysis of both NDVI products. The livestock mortality data were available for nine UAIs over 2007–2015 in northern Kenya. This is not one of the areas with the highest cloud cover with the greatest differences between eMODIS and reNDVI. Without such data available for cloudy regions, we demonstrated that our changes made to the NDVI calculation process better remove the influence from clouds and should therefore provide a more realistic representation of vegetation conditions. This product potentially provides researchers and users with a global vegetation index dataset that uses transparent and reproducible methodologies. Here, we present the results with implications for index-based insurance in mind, but there are many other relevant applications to explore.



Assumptions and Limitations


In this analysis, FEWS NET eMODIS NDVI data were used in order to assess the comparability of reNDVI, as the FEWS NET product is currently widely used. Ideally, there would be more ground truth data in order to validate the remotely-sensed products with actual conditions on the ground, but such data are limited for the study area.



This research is motivated by index-based insurance, which in this case estimates a proxy of drought-induced damage and not actual damages. The difference between payouts and actual damages is known as basis risk [54]. If an index underestimates the real damages, the clients would have to shoulder the cost of those damages. Conversely, if a payout is triggered where drought-induced damages did not actually occur, the insurance program would have paid out in vain. These challenges are not specific to the analysis presented in this study and apply to all index insurance broadly, but they should be noted as an overall limitation. If loss estimates or damage assessments become available, further analysis could be done to estimate or calculate actual basis risk and ultimately inform any refinement to trigger and exit thresholds of these potential index insurance inputs.



Here, we primarily focused on the issue of payouts delayed by data latency, assuming that NDVI alone characterizes livestock mortality well enough to provide quality insurance. Additional parameters such as rainfall, soil moisture, or land surface temperature could be combined and assessed for their skill to better characterize livestock mortality [55]. The benefits of better satellite-based indices could be compounded with program design improvements. For example, a reliable satellite-based index could trigger field visits or audits to verify losses, thereby lowering basis risk [14].



Further, we should also highlight that the Earth Observation derived products compared in the paper and the majority of vegetation derived indices for index-based insurance use the MODIS sensors Terra, Aqua, or both. Though consistent and long-term datasets, the MODIS sensors are long past their operational life expectancy. These sensors are beginning to show degradation (especially Terra, launched in 1999), and it is imperative to begin the transition to new sensors like that of the Visible Infrared Imaging Radiometer Suite (VIIRS) or the European Space Agencies Sentinel-3.





5. Conclusions


Livestock insurance programs can be an effective strategy in building resilience in pastoral communities, and index-based insurance is an effective approach to close the gap in coverage by protecting against shared risk (lower cost), thus reducing the overall risk to disasters like drought. This is especially critical as research has shown that climate variability and extreme events are expected to increase. However, if droughts become more persistent, insurance may not be able to address the issue as premiums will become more expensive as damages occur at a high frequency.



This study developed a GEE-based NDVI product (reNDVI) and tested its use in an index-based insurance project. The development of reNDVI on a cloud-based platform provides easy access to the product and allows for direct calculation of payouts, potentially reducing the processing latency of the index calculation. Updated cloud filtering techniques cause some differences in the NDVI products and insurance payouts calculated from the NDVI, but overall, the products show good comparability in most regions with overall correlation of 0.81, MAPE of 16%, and bias of 0.001. Though payouts were triggered at different times or with different amounts for many UAIs, average payout amounts remain similar. Where livestock mortality data were available, reNDVI and eMODIS had similar (r = 0.453 and r = 0.478, respectively) correlations between mortality rate and payouts. Where there were differences, it is mostly in cloudy regions where the reNDVI cloud filter used allows for gaps so as to not fill in data until they are available. To calculate the actual latency reduced, the reNDVI and GEE workflow would need to be implemented by KLIP and compared to their current process. Though this has not been implemented by KLIP, we estimate that the reNDVI process can reduce the time a payout is calculated by one week. Earlier payouts can reduce livestock loss by allowing for the purchase of supplies to sustain the herd rather than compensating for losses. Additionally, in streamlining the smoothing and payout calculation in a cloud platform, this also brings the algorithms to the users themselves, building institutional capacity and allowing for improvements to the system to come from the end users. Considering the potential reduced latency and updated cloud filtering, the reNDVI product could be a suitable replacement for eMODIS in the Kenya Livestock Insurance Program.



As we continue to improve and expand reNDVI, in the future, we hope to expand the current analysis to include comparisons to the BOKU product used by NDMA and examine the use of machine learning to produce smoothed NDVI results at reduced latency using combination of convolution (space) and recurrent (time) neural network application and the addition of other remotely sensed inputs to improve the insurance product. Insurance programs relying on MODIS data from the Terra satellite face a near term challenge in finding a suitable replacement when the instrument ceases to collect data. If Aqua is considered, overpass time could bring new biases that would introduce differences in NDVI and calculated payouts. Future work will explore the use of different sensors such as the Visible Infrared Imaging Radiometer Suite (VIIRS) on board Suomi NPP for the creation of index-based products.








Supplementary Materials


Source code for the processing of the reNDVI dataset with examples is available at: https://github.com/servir/rendvi/. The reNDVI data product is publicly available on GEE as an Image Collection with the following asset ID: “projects/servir-e-sa/rangelands/reNDVI”. An example of accessing the reNDVI dataset and plotting a time series on GEE is available at: https://code.earthengine.google.com/?scriptPath=users%2Fkelmarkert%2Fdefault%3AAgriculture%2Frendvi_example.
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Figure 1. Study area showing the elevation from the Shuttle Radar Topography Mission [30] and Unit Areas of Insurance. 
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Figure 2. Flowchart schematic for creating the rapid enhanced NDVI (reNDVI) dataset. An overarching flowchart is provided on the left, and specific information on component processing is provided on the right. 
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Figure 3. Bias (a), mean absolute percent difference (b), and correlation between reNDVI and Famine Early Warning Systems Network (FEWS NET) eMODIS NDVI (c) for 2003–2019 compared to average cloud cover (d). 
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Figure 4. Raw NDVI compared to quality filtered and despiked NDVI (top) and despiked compared to eMODIS NDVI and reNDVI (bottom) for a mountain pixel with coordinates [37.3030,−0.1613]. 
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Figure 5. Time series and scatterplot at two locations with (a) high agreement [37.567, 1.946] and (b) low agreement [35.1467, 1.2657]. (c) shows that the dip in eMODIS NDVI was due to the influence of persistent cloud cover at one point on the time series shown in (b). 
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Figure 6. Bias (a), MAPD (b), and correlation (c) of mean monthly NDVI at the Unit Area of Insurance (UAI) level. 






Figure 6. Bias (a), MAPD (b), and correlation (c) of mean monthly NDVI at the Unit Area of Insurance (UAI) level.



[image: Remotesensing 12 03031 g006]







[image: Remotesensing 12 03031 g007 550] 





Figure 7. Cumulative NDVI (∑NDVI) and index values (Z∑NDVI) compared to payout thresholds for the one selected example UAI for long rains (top) and short rains (bottom). 
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Figure 8. Number of times one product triggered a payout and the other did not for long rains (right) and short rains (left) from 2003–2019. 
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Figure 9. eMODIS and reNDVI index values compared to average livestock mortality percentage for 2010–2015. 
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Table 1. Calculated hypothetical percent payouts for the selected UAI (Kapchok ward in West Pokot county) in Figure 7. For this UAI, eMODIS and reNDVI triggered all payouts at the same time, but there were differences in payout percentages.
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	Year
	Long Rains’ eMODIS
	Long Rains’ reNDVI
	Short Rains’ eMODIS
	Short Rains’ reNDVI





	2003
	0
	0
	73.57
	100



	2004
	0
	0
	0
	0



	2005
	0
	0
	0
	0



	2006
	0
	0
	0
	0



	2007
	0
	0
	0
	0



	2008
	0
	0
	0
	0



	2009
	100
	100
	33.32
	67.86



	2010
	0
	0
	0
	0



	2011
	55.86
	5.40
	0
	0



	2012
	0
	0
	0
	0



	2013
	0
	0
	0
	0



	2014
	10.46
	26.52
	0
	0



	2015
	0
	0
	0
	0



	2016
	0
	0
	100
	90.22



	2017
	100
	67.76
	0
	0



	2018
	0
	0
	41.1
	22.39



	2019
	100
	9.18
	0
	0
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Table 2. Number of payouts triggered at different times for all UAIs.
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	Number of Payouts Triggered Differently
	Long Rains, All UAIs
	Short Rains, All UAIs
	Long Rains, Top 20% Cloud Cover
	Short Rains, Top 20% Cloud Cover





	0
	48.3%
	59.3%
	35.2%
	52.9%



	1
	5.2%
	12.2%
	2.9%
	26.5%



	2
	36.0%
	24.4%
	38.2%
	14.7%



	3
	8.1%
	2.3%
	11.8%
	0%



	4
	1.2%
	0.6%
	5.9%
	2.9%
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