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1. Abstract 
Since 2010, Central and South-Central Chile have recorded abnormally low annual precipitation, resulting in over a decade-long megadrought. This water deficit has driven more severe wildfires, which begin earlier in the year, last longer, and burn over significantly larger areas. Past studies indicated wildland fires propagate following vegetation stress and under certain soil moisture conditions. Our work further investigated the drivers of the unprecedented wildfire that devastated Central and South-Central Chile in 2017 and 2023. To that end, we leveraged NASA Earth observations from space to explore the link between terrestrial variables and wildland fires. We first delineated the burnt extent using data from Landsat 9 Operational Land Imager 2 (OLI-2), along with the combined information from Terra + Aqua Moderate Resolution Imaging Spectroradiometer (MODIS). Next, we analyzed vegetation health based on the Normalized Difference Vegetation Index (NDVI) and evapotranspiration (ET) products of Terra MODIS. Furthermore, we examined soil moisture data from the Soil Moisture Active Passive (SMAP) mission. As the megadrought continues, we found greater anomalies and stress in vegetation indices across the region. We also identified certain pre-fire conditions in soil moisture and evapotranspiration in the days and months leading to the recent wildfires. We compared these findings against control areas that were not impacted by wildfires. Using satellite-based NASA Earth observations, we were able to provide insights into potential indicators of wildfire risk, which can augment future risk assessment and management efforts.

Key Terms
wildfire risk, soil moisture, evapotranspiration, NDVI, SMAP, Terra MODIS, Chilean megadrought 
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2. Introduction
2.1 Background Information
[bookmark: _Int_mW2P7Fn4]Since 2010, Central and South-Central Chile have recorded abnormally low annual precipitation, resulting in a more than decade-long drought (Garreaud et al., 2020). This megadrought has severely affected water availability over a large region stretching from 32 to 39°S. In addition, Central and South-Central Chile have also experienced their warmest decade on record. These two conditions have driven more severe wildfires, which tended to begin earlier in the year, last longer, and burn over significantly larger areas (González et al., 2018). During the extreme Chilean fires of 2017, tree plantations made up nearly half of the burned land, causing substantial economic losses. In addition, more than 9.5 million people were exposed to smoke from the fires and increased air pollution (Bowman et al., 2019). Overall, about one-quarter of the urban population in Chile inhabits the wildland-urban interface where wildfire problems are most pronounced, showing the necessity for accurate wildfire risk assessment (Sarricolea et al., 2020). 
 
In the spring of 2022, a NASA DEVELOP team leveraged data from the Global Forecast System along with Earth observation (EO) data from Landsat 8 Operational Land Imager (OLI) and the Shuttle Radar Topography Mission (SRTM) to assist with wildfire management (Hietpas et al., 2021). Their model was able to automate the mapping of wildfire risk, but it left some actual points of ignition outside of the predicted risk areas. Other studies indicated that wildfires occur following certain soil moisture conditions, suggesting that soil moisture information could improve forecasts of fire occurrence and size (Krueger et al., 2016, 2022). Alternatively, satellite-based measurements were also used to capture plant stress and capture dry vegetation prone to feed wildfires (Ehsani et al., 2020; Pascolini-Campbell et al., 2022). 
 
These recent findings give ground for improved wildfire risk assessment considering actual soil moisture and plant conditions. Our study area encompasses the seven administrative regions of Central and South-Central Chile shown in Figure 1 below, including Valparaíso, Santiago, Libertador General Bernardo O'Higgins, Maule, Ñuble, Biobío, and Araucanía. For this project, we used EO from April 1, 2015, to March 31, 2023, with an emphasis on the two extreme wildfire events that occurred from January 18 to February 5, 2017, and January 30 to February 20, 2023.
[image: ]Figure 1. Regions of South-Central Chile concerned with major wildfires in 2017 and 2023. [Base map credits: Esri, FAO, NOAA, USGS, Garmin]

2.2 Project Partners & Objectives
The Corporación Nacional Forestal (CONAF) is a private non-profit organization (state-owned) that administers forest policies and contributes to the development of sustainable forestry resources in Chile. CONAF comprises programs that monitor, prevent, and respond to wildfires. CONAF currently uses NASA EOs to calculate anomalies in terrestrial processes and track fire occurrences. However, their fire delineation and risk assessment both require months of data preparation. The Embassy of Chile Agricultural Office in Washington, D.C. works to promote international partnerships between governments, scientists, and forest stakeholders. 

We collaborated with CONAF and the Embassy of Chile Agricultural Office to enhance near-real-time wildfire risk assessment capabilities. Specifically, we incorporated satellite-based measurements of evapotranspiration and soil moisture to better capture conditions on the ground. Furthermore, we compared the extent of burnt areas with fire risk maps to validate our risk assessment approach. Ultimately, this work has the potential to inform resource allocation and increase wildfire resiliency in the region.


[bookmark: _Toc334198726]3. Methodology
3.1 Data Acquisition 
Our team acquired EO from various satellites including Landsat 9 Operational Land Imager 2 (OLI-2), Terra Moderate Resolution Imaging Spectroradiometer (MODIS), Terra + Aqua combined MODIS, and Soil Moisture Active Passive (SMAP) Radiometer (Table 1). We utilized level-2 surface reflectance data from Landsat 9 OLI-2 for pre-and post-wildland fire, false-color composite burned areas delineation (Masek et al., 2006; Vermote et al., 2016). We also obtained wildfire extents from the Terra + Aqua combined MODIS burned area product (Giglio et al., 2021). In addition, we obtained Normalized Difference Vegetation Indices (NDVI) and evapotranspiration (ET) information from Terra MODIS (Didan, 2021; Running et al., 2017 & 2021). We also relied on modeled data from NASA Short-term Prediction Research and Transition Center (SPoRT) for evaporative stress index (Anderson et al., 2007 & 2011; Hain & Anderson, 2017). We utilized daily precipitation data (final run) from the Integrated Multi-satellitE Retrievals for Global Precipitation Measurement (IMERG). Furthermore, soil moisture data were used from the SMAP Level 3 and Level 4 products (O'Neill et al., 2021; Reichle et al., 2022). Finally, we used a Rothermel Model from CONAF to determine the types of landcover that were affected by recent wildfires.
 
Table 1.
Acquired Data and Data Sources
	Platform & Sensor
	Data Source
	Parameter
	Time Period

	Landsat 9 OLI-2 (LaSRC v1.5.0)
	USGS via
Google Earth Engine
	Surface reflectance
(false-color composite)
	December 2022 – 
March 2023

	Terra + Aqua (combined) MODIS (MCD64A1 v061)
	NASA AppEEARS
	Burned area
	December 2016 – 
March 2023

	Terra MODIS (MOD13A2 v061)
	NASA AppEEARS
	NDVI
	January 2001 – 
May 2023

	Terra MODIS (MOD16A2 v061 & MOD16A2GF v061)
	NASA AppEEARS
	ET
	January 2001 – 
March 2023

	GPM IMERG (GPM_3IMERGDF v006)
	NASA Earthdata
	Precipitation
	June 2000 – 
September 2021

	SMAP L3 & L4 (SPL3SMP_E v005 & SPL4SMGP v007)
	NASA Earthdata
	Soil moisture
	April 2015 – 
May 2023



In addition, several ancillary datasets were used to support our project’s objectives. We obtained a digital elevation map (DEM) of our study area from the NASA DEM (NASA JPL, 2020). We also received a land surface model specific to our area of study from our partners at CONAF. This layer of information (shown in Figure A1) is based on the Kitral system and broken down into 34 categories of combustible cover and wildfire fuel (Julio et al., 1995). 



3.2 Data Processing
Our team retrieved Landsat-9 OLI-2 surface reflectance satellite imagery using the Google Earth Engine (GEE) portal and performed additional processing through the JavaScript Application Programming Interface (API). We compiled observations in the month before and after the fire events. We proceeded to filter out images with more than 10 percent cloud cover and took the median value at each pixel for the month pre- and post-fire. Next, we assigned Band 7 (shortwave infrared 2), Band 5 (near-infrared), and Band 3 (green) to Red, Green, and Blue (RGB), respectively, resulting in a false-color composite of burned scars in the study area as shown in Figure 2 below. Using ArcGIS Pro (v3.1.0), we also performed raster calculations to data from Terra MODIS and removed pixel values outside of the valid range from –32767 to 32700. In addition, we applied a scale factor of 0.1 to display ET data in terms of mm per 8 days.

[image: ][image: ]
Figure 2. False-color composite of pre- (left) and post-fire (right) images of 2023 wildland fires clipped to the study area. The burned scars from the wildfire are shown as reddish-brown spots and circled in red.

3.3 Data Analysis
Our analyses were performed using Python (v.3.10.11) in Visual Studio Code. The various input files were in a NetCDF format and read as xarray data frames. First, to assess the severity of the megadrought conditions We first explored precipitation and NDVI data using GPM IMERG and Terra MODIS satellite products, respectively. We analyzed precipitation amounts for the years from 2002 to 2020. Similarly, we explored monthly NDVI from January 2001 to May 2023. Given that the megadrought started in 2010 (Garreaud et al., 2020), we established a baseline period from 2001 to 2009 to calculate long-term average values of NDVI and precipitation (not impacted by drought conditions). Then, we differentiated the monthly NDVI and annual-accumulated precipitation after 2010 from their long-term average to obtain anomaly values and capture deficits in these variables.


In addition, we delineated the extents of the wildfire using two methods relying on different satellite observations. We utilized the Burn Area product from combined MODIS to determine where and when the recent wildfires took place in 2017 and 2023. We also compared these areas with the extent of the burned scars from our false-color composite (described in Section 3.2). We focused the next steps of our analyses on the three southernmost regions of our study area (i.e., Ñuble, Biobío, Araucanía), which were most impacted by the 2023 wildfires. Then, we wanted to explore ground conditions across locations with homogeneous characteristics in time and space. So, we then concentrated on the burned areas from February 1st to 6th, when the wildfires spread substantially in less than a week and roughly 70% of ignitions occurred as shown in Figure A2-a. Using the fuel surface model provided by our partners at CONAF, we then extracted specific burned areas. Like previous studies by Bowman et al. (2019), timber plantations appeared to be severely affected by the recent wildfire as shown in Figure A2-b. Therefore, we narrowed down our selection further to consider conifer and eucalyptus plantations, which made up more than 140,000 hectares of the affected land covers. Next, we used the Digital Elevation Model (DEM) to include areas with relatively homogeneous landscapes. As such, we refined the elevation range of interest to encompass 100 to 300 meters above sea level, where approximately 60% of the aforementioned wildfires were observed as shown in Figure A2-c). Using the same criteria in land cover and elevation, we also identified locations that were not devastated by recent wildfires. We used these areas (shown in Figure 3 below) as control in our analyses. 

We proceeded to compare ground conditions across burned and control areas. We investigated evapotranspiration patterns in the eight-day composites and months preceding the recent wildfires. We also analyzed the surface and root zone soil moisture data in the dekads (10-day intervals) and months from May 2015 to June 2023. We made spatial and time series plots for evapotranspiration and soil moisture data. We also examined in more detail the distribution of soil moisture and evapotranspiration across burned and control areas. 

[image: ]Figure 3. Burned and control areas for conifer plantations (left) and eucalyptus plantations (right) selected using homogenous characteristics. [Base map credits: Esri, CGIAR, HERE, Garmin, FAO, NOAA, USGS]


[bookmark: _Toc334198730]4. Results & Discussion
4.1 Analysis of Results
4.1.1 Precipitation Deficits
We first investigated the satellite precipitation data within our study area. Precipitation across our study area varies drastically across the seven regions of interest, from around 200 mm to more than 1200 mm annually, as shown in Figure 4 below. In addition, we observed substantial variations in accumulated precipitation values from year to year. Looking more closely at three southernmost regions in our study area (i.e., Ñuble, Biobío, and Araucanía), we found precipitation deficits repeatedly on the order of 250 mm beginning in 2010, as seen in Figure 5 below. This amount represents roughly 20% of the annual precipitation in the region prior to 2010, showing the severity of the megadrought. This persistent rainfall deficit in the study area leads us to believe this region is under water stress and vegetation is likely impacted.
[image: ]Figure 4. Total accumulated annual precipitation variability over the years within the study area

[image: ]Figure 5. Precipitation anomaly in terms of accumulated precipitation and percentage difference in precipitation deficit


4.1.2 NDVI Anomalies
Similarly, we investigated the impact of the megadrought on vegetation in the region and used NDVI as an indicator of plant greenness and health. Figure 6 shows the NDVI anomalies through the years during the earlier months of the fire season (i.e., December, January, and February). From these plots, we found that the vegetation in the study area is under stress, and the vegetation health has deteriorated over the years as the drought is prolonged in the region. It is also noticeable from the plots that there is an increase in negative NDVI anomalies during the megadrought period, which could be one of the driving factors to cause an increase in wildfire activities in the region during this period. From the plots, we can also see a shift from positive NDVI anomaly to negative NDVI anomaly in most areas as time progresses, providing good evidence for a demonstrable increase in vegetation stress.
[image: ][image: ][image: ]
Figure 6. NDVI Anomalies of the megadrought period (2010-2023) for the fire season months from December to February

4.1.3 Evapotranspiration as an Indicator for Wildfire Risks
Next, we explored evapotranspiration data to see if fluctuations in ET may help understand wildfire patterns. When looking at the eight-day composites of January 2022 and January 2023 shown in Figure 7 below, we found that ET values were substantially higher in 2023 prior to the fire than they were in 2022. This suggests a potential threshold for ET above 170 mm in the month leading to fire.

[image: ]Figure 7. Variations in evapotranspiration throughout the months of January 2022 and 2023. Higher ET values were found in the month leading to the 2023 wildfires.

4.1.4 Surface Soil Moisture as an Indicator for Wildfire Risks
Following a deeper analysis of the surface soil moisture (from SMAP level 4) in the aggregated ten-days before the wildfire, we found that about half of the burned conifer plantation (i.e., roughly 28,000 hectares) exhibited extremely low values below 0.075 m3/ m3 as shown in Figure 8 below. This pattern was also found when examining the soil moisture distribution across eucalyptus plantations. In addition, the distribution of soil moistures values is generally the same for both dekad and month. This led us to believe that both lead times are indicative of persistent conditions leading to wildfire. Overall, the substantial skewness we observed below 0.075 m3/ m3 appeared robust across a range of parameters and could serve as a critical threshold value when assessing risks leading to the 2023 wildfire in the region.  

We also investigated the soil moisture conditions ahead of the 2017 fire event and found no particular patterns as shown in Figure 9 below. This suggests that the 2017 and 2023 wildfires can be treated as separate case studies with potential varying patterns in pre-fire conditions.


[image: ]
Figure 8. Distribution of soil moisture across conifer plantations (100-300 masl) in dekad ending January 31, 2023. Very low values of soil moisture were more likely to be found within burned extents than in the control areas.

[image: ]
Figure 9. Distribution of soil moisture across conifer plantations (100-300 masl) in dekad ending January 17, 2017. Locations within burned extents did not exhibit particular pre-fire conditions.

4.2 Limitations
Our methods relied primarily on remotely sensed data and lacked in-situ measurements to corroborate our findings. As with all satellite products, our methods are constrained by limited return periods, at times impacted by cloud cover. In addition, space-based measurements of vegetation greenness and ET might not characterize dry conditions near the ground level, but rather capture fuel in the upper canopy. Our partners at CONAF also indicated that wildfires often have an underground component burning within the organic matter, which could not be investigated in our approach. Furthermore, it should be noted that the spatial resolution from SMAP is coarse (i.e., on the order of 3 kilometers with the level 4). As such, a single SMAP pixel typically encompasses various cover types and potentially different information on the ground. Last, our study did not explore the localized effect of fast and dry, easterly wind reported by our partners at CONAF.
[bookmark: _Toc334198734]
4.3 Feasibility Assessment
The approach we tested provides partners with a methodology to leverage measurements from space and capture fire spread and impacts. In addition, it can help evaluate pre-fire conditions. The developed methodologies are replicable and will provide CONAF with novel ways to monitor wildfire and assess fire risk based on remote sensing information. It is a basis to assist CONAF in assessing wildfire spread and monitor pre-fire conditions in the administrative regions of Central and South-Central Chile. CONAF will reportedly incorporate our findings in their wildfire management efforts. Improvements to future fire risk forecast could help allocate resources to prevent and suppress wildland fires.

4.4 Future Work
Moving forward, further investigation is needed to better understand and confirm the results we obtained. It would be beneficial to zoom in and further investigate what extreme measurements in soil moisture and evapotranspiration correspond to on the ground. One could make our control areas more robust by taking into account soil types and observed meteorological conditions. There would also be added value in further validating certain critical thresholds in soil moisture and evapotranspiration against actual burn areas and ignition points. Taking this further, one could compare the new risk forecast against previous red-flags.
[bookmark: _Toc334198735]
5. Conclusions
Since 2010, Central and South-Central Chile has recorded abnormally low annual precipitation, resulting in a more than decade-long megadrought. This water deficit across the region has been fueling some of the most devastating wildfires in Chile’s modern history, both in December 2017 and February of 2023. These extreme wildfire events driven by new climate extremes pose a greater threat to forested resources and the communities living at the wildland-urban interface. Previous wildfire risk assessment efforts in the region have primarily relied on climatic variables. This project utilized space-based measurements of terrestrial variables to understand conditions on the ground better before ignition occurred. Leveraging NASA Earth observations from space, we captured the severity and impact of the ongoing megadrought. We found a substantial, and persistent deficit in precipitation starting in 2010. As a result, we also observed a marked decline in vegetation health over the last decade. We also delineated the spread of wildfires and identified land covers most impacted in 2017 and 2023. Based on remotely sensed measurements of soil moisture and evapotranspiration, we had hypothesized that conditions in the days and months preceding wildfires would differ within the burned extent than in the control areas with the same land cover type and elevation. When comparing the two, we found that the burned timber plantations were more likely to have high ET and/or low soil moisture values than the controls. Our data suggests a critical threshold for surface soil moisture (SMAP L4) below 0.075 m3/m3 and above 170 mm/month for ET (Terra MODIS). The methods developed and findings obtained can provide partner organizations with novel, satellite-based measures to monitor wildfires and assess fire risk based on remote sensing information.
[bookmark: _Toc334198736]
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7. Glossary
Burned Area - Areas where fires have been determined to have burned using a wildfire delineation methodology
Central and South-Central Chile - Our regions of interest, including Valparaiso, Santiago, O’Higgins, Maule, Ñuble, Biobío, and Araucanía
CONAF - In Spanish: Corporación Nacional Forestal, or in English: National Forest Corporation
Control Areas - Areas with the same landcover type and elevation as burned areas, used for comparison
Dekad - A period of ten days
Digital Elevation Model - A model representing elevation in meters above sea level
Earth observations - Satellites and sensors that collect information about Earth’s physical, chemical, and biological systems over space and time
Evaporative Stress Index - An index used to estimate vegetation stress based on temperature measurements
Evapotranspiration - Measurement of combined water loss via evaporation and transpiration, often measured in millimeters per 8 days
Google Earth Engine - A platform for acquiring and processing Earth observations
IMERG - Integrated Multi-satellite Retrievals for Global Precipitation Measurement
JavaScript Application Programming Interface - An interface for acquiring and processing Earth observations
Megadrought - The substantial and prolonged deficit in precipitation experienced in Chile over the past decade
MODIS - Moderate Resolution Imaging Spectroradiometer
NDVI - Normalized Difference Vegetation Index
Precipitation - Rainfall measured in millimeters
Rothermel Model – Surface cover and fire spread model used by CONAF
Soil Moisture Active Passive - A satellite that measures soil moisture in the upper 5 centimeters below the ground surface, processed at Level 3 (L3) or Level 4 (L4)
Vegetation Health - Refers to the health of vegetation and may be indicated by evapotranspiration or NDVI values
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9. Appendices
Appendix A
[image: ]Figure A1. Ancillary data used for the analysis – Digital Elevation Map (left) and Fuel Surface Model /Land cover Types (right) [Base map credits: Esri, CGIAR, HERE, Garmin, FAO, NOAA, USGS]
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Figure A2. a) Timeline of wildfires indicating daily burned pixels from wildfires in February 2023 at the region of interest; b) Pie-charts showing the categorization of fuel surface model and the types of timber plantations affected in February 1-6, 2023; c) Histograms showing the elevation distribution of different types of timber plantations, mainly conifer and eucalyptus plantations, affected in February 1-6, 2023.
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