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Abstract 

The Thomas Fire burned slopes above Montecito, California in December 2017, setting the stage for debris flows and flash floods 
in response to precipitation that exceeded a threshold intensity and duration. A narrow cold frontal rainband storm occurred on 
January 9, 2018, that exceeded the threshold and caused a disaster in Montecito, killing 23 people, injuring many others, destroying 
residential buildings, and community infrastructure. The Geotechnical Extreme Event Reconnaissance (GEER) Association 
mobilized a team to document the damage and geomorphic effects. The potential value of the European Space Agency Copernicus 
Sentinel Synthetic Aperture Radar Satellite to detect and quantify erosion and deposition was recognized and an environmental 
scientist skilled with satellite radar interferometry therefore accompanied the GEER team. The Sentinel satellite data were obtained 
from satellite passes in late November, late December, and late January, which permitted constructions of interferograms that 
showed the effect of the fire before the January 9 storm and the effects of the storm. The interferometric results display an exact 
boundary compared to the burn perimeter determined by fire response teams. An interferometric change model constructed using 
post-fire pre-storm and post-storm Sentinel synthetic aperture radar scenes shows areas interpreted to be possible deposition and 
erosion. The immediate post-disaster search, rescue, and recovery activities resulted in substantial sediment removal from 
deposition areas which could not be captured by the available radar coverage. 
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1. Introduction

This paper describes how satellite radar interferometry can be used to help characterize a burn area after a wild fire,
and help locate debris accumulations after storm events. A burn area from a 2015 fire in Indonesia was identified using 
SAR C-Band data from Sentinel satellite in 2017. This information was found to be helpful with improving fire control 
management (Lohberger et al., 2017). Sentinel satellite data was also used to determine the burn scar during a study 
done to map the aftermath of a wildfire that occurred in the Western Cape, South Africa in January 2016 (Engelbrecht 
et al., 2017). The concepts surrounding interferometry are complex and the data available are robust. Many change 
detection studies have been performed globally using interferometry with synthetic aperture radar data (InSAR) for 
disaster monitoring and management. A series of change detection studies were done in Syria, Puerto Rico, California, 
and Iran. These studies demonstrate that SAR data can be used to monitor change from natural disasters (Washaya et 
al., 2018). This paper discusses the processes in which data were selected and how data were processed specifically 
for delineating a burn perimeter and locating debris accumulations in and around the city of Montecito, California. 
Since each satellite has its own line-of-sight and wavelength characteristics, product resolution helps point to areas of 
interest, but also has limitations. Quantification of debris deposits was not calculated in this study. 

The present paper refers to a few publications and internet resources. However, most of the processes and results 
are original for this particular area and were developed specifically to discern if interferometry could be used to 
delineate the burn perimeter of the Thomas Fire and track debris deposits from the burned area after the narrow cold 
frontal rainband storm in early January 2018. 
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2. Background and need for interferometry

The Thomas Fire that burned the slopes above Montecito in Santa Barbara County, California started on December 
4, 2017 approximately 50 kilometers to the east of Montecito, and north of Santa Paula in Ventura County, and 
continued to burn through January 12, 2018. This fire burned 114,078 hectares, making it the largest wildfire in 
California history at that time (CalFire, 2018). The destruction of the environment, infrastructure, and lives in and 
around the burn area will take years of mitigation and recovery. The damage to the watersheds within the burn area 
set the stage for even more destruction that became apparent after a heavy rainfall event on January 8 and 9, 2018. 
Precipitation intensities based on 5-minute precipitation values for this rainfall event are described by Keaton (2019, 
Fig. 5). This rain event produced flash floods and debris flows carrying large amounts of debris from the burned slopes 
toward the city of Montecito, damaging hundreds of structures and killing 23 people (CalFire, 2018). 

This devastation prompted professionals from several technical and scientific realms to study this event to try to 
track the debris deposits after the narrow cold frontal rainband storm in early January. Since interferometry is 
performed to detect change, it became apparent that this event, despite the destruction, was well suited to use satellite 
radar interferometry to document where the ground had changed due to the fire, and then again after rainfall. Research 
was done to verify that satellite scenes could be obtained to calculate ground change after the Thomas fire, then again 
after the rain event. Once it was clear that data were available to track these changes, processing began for this study. 
The first objective was to verify that the burn delineation matched the boundary determined by the fire response team. 
The next objective was to verify changes in and near the channels located on the downward slopes toward Montecito. 
This was a big-picture attempt at trying to track the debris flow and see if the InSAR could help identify where the 
sediment traversed and landed.  

Classically, interferometry is used to capture change on the ground surface by measuring the phase difference 
between at least two repeat passes of a fixed orbiting SAR satellite. It is a remote way of measuring relative distance. 
Since InSAR can detect millimeter change, a burn area and debris deposits should be detectable if the correct satellite, 
orbit, and acquisition dates are available for selection. The interferometric and change detection processing, as well as 
the interpretation in relation to the environmental events involving the Thomas Fire and the storm event, require critical 
attention to detail and an understanding of how to correct errors due to atmospheric effects (troposphere and 
ionosphere).  

The level of error can be understood by checking the coherence of the satellite scenes after they are coregistered 
during the beginning stages of processing. Statistics can be calculated on the satellite scenes to determine how high 
the coherence percentage is between specific scenes. Olen and Bookhagen (2018) discuss calculating coherence, types 
of errors that cause loss of coherence, and methods to improve it. The statistical coherence calculation is built into 
most of the SAR processing applications, but users must choose to add that step into their computational processing 
models. Olen and Bookhagen (2018) use this statistical approach to understand coherence. Our study practices a similar 
step to check coherence; the scenes in this study hold 97% coherence or better after inspecting precipitation rates for 
the time frame of interest. 

SAR methods have improved drastically over the last ten years or so as earth surface observation can now be 
effectively done independent of weather, cloud cover, and time of day. Natural hazards, such as, landslides and debris 
flows can be observed and studied better than ever with these radar observation improvements.  However, Olen and 
Bookhagen (2018) discuss seasonality and how choosing satellite scenes during rainy or growing seasons is still an 
important consideration, since precipitation during a wet season can lower coherence and cause errors. Checking the 
daily precipitation amounts on the dates of SAR images can help make decisions on which satellite scenes to use. This 
background check is easy to skip, but using it will help lower error or noise and boost coherence.  

3. Data selection and processing

In recent years, The European Space Agency (ESA) established the Copernicus Program to provide a satellite 
constellation which includes two newer satellites, Sentinel-1A and Sentinel-1B, which are in a near-polar, sun-
synchronous orbit. These satellites share the same orbital plane with a 180° orbital phasing difference. These satellites 
carry a C-band synthetic aperture radar active sensor which was built for many scientific purposes, including the ability 
to collect data in all-weather during the day and night. The way these satellites collect data enable scientists to process 
data for many purposes, including radar interferometry. According to Paul Rosen at NASA JPL, radar interferometry 
can be broadly defined by use of phase measurements to precisely measure the relative distance to an object when 
imaged by synthetic aperture radar from two or more observations separated either in time or space (Rosen, 2014). 
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The ESA has made this data available free of charge and easily downloadable for quick turnaround during critical 
events such as the Thomas Fire (ESA, 2018).  

The slopes that burned are above and north of the city of Montecito, California; therefore, a satellite with an 
ascending orbit would provide the best results since the line-of-sight (LOS) would capture the area of interest well as 
it ascends northward. Sentinel-1B offers 12-day repeat pass ascending orbits. Since Sentinel-1B has a frequent repeat 
pass orbit, the area of interest was captured in late November before the fire occurred, in late December after the fire 
had burned the slopes above Montecito, and in late January after the storm of 9 January 2018. Table 1 lists the satellite 
scenes used in this study. 

Table 1. List of Sentinel-1B satellite scenes used to process two interferograms and deformation models. 

Event Acquisition date Mission Path Frame Orbit Direction Polarization 

Before Thomas Fire 11/22/2018 S1B 137 109 8388 A VV+VH 

Late in Thomas Fire, 
before rain storm 

12/28/2018 S1B 137 109 8913 A VV+VH 

After rain storm 1/21/2018 S1B 137 109 9263 A VV+VH 

The ESA not only offers data free of charge, but processing software, too. The software includes five Toolboxes 
that make up the Sentinel Application Platform (SNAP). In order to generate an interferogram, two scenes that have 
the same acquisition direction, path, and frame are required for the best possible result. In this case, each coregistered 
pair has at least 97% coherence, meaning that the interferometric processing will generate an interpretable result. An 
interferogram is considered a complex image, its magnitude is related to correlation.  However, this technology has 
limits; in this case, its phase is related to geometry differences based on the capability of the synthetic aperture 
instrument the satellite carries. The Sentinel satellites carry C-band synthetic aperture radar instruments, meaning it 
has a 6-cm wavelength and the light from that will interact strongly with objects that are around the size of the 
wavelength. One cycle of LOS change is equal to half the physical wavelength, meaning the C-band instrument can 
detect about 3 centimeters of change per cycle (ESA, 2018). 

Sometimes physical change occurs faster than can be detected by a single wavelength over the time difference 
between scenes or so much atmospheric interference is present that areas of decorrelation are in the InSAR scene. 
Radar is sensitive to the structure and scale of objects being captured relative to the radar wavelength. A massive area 
of burned forest imaged by a Sentinel satellite will return a decorrelated pattern in an interferogram calculated from 
radar scenes acquired before and after the burn. Decorrelated areas are important to recognize, especially in this study. 
Decorrelation is the basis used to identify land use, like agriculture and mining, or bodies of water, for example. 
Decorrelation areas can also help identify boundaries.  

The general process for interferogram creation is shown in Fig. 1; however, additional steps may be required 
depending on the area of interest and data availability. Since the interferogram result is shown as color ramps or fringes 
that represent 2.8 cm of change per color cycle for Sentinel C-band SAR, it is best to unwrap the result to get the line 
of sight change in units that are easier to understand in terms of vertical displacement or elevation changes. Statistical-
cost, network-flow algorithm for phase unwrapping (SNAPHU) is an ESA tool used for unwrapping interferometric 
information. This is separate from the ESA SNAP software and needs to be downloaded and configured (ESA, 2018). 
Once the interferogram has been unwrapped, the result needs to be imported back into SNAP to apply an equation to 
return values that reflect line of sight vertical elevation change in meters. The vertical displacement equation is 

Vertical Displacement = (unwrapped phase × wavelength)  [-4π × cos(incidence angle)]-1 (1) 

From there, the units can be easily converted appropriately. The result can now be geocoded and brought into a GIS 
(geographic information system) application for classification, quantification, profiling, and other mapping purposes. 
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Fig. 1. Interferogram formation process tree, European Space Agency (ESA, 2018).

4. Discussion and conclusion

Two objectives were considered in the application of SAR technology to the Montecito disaster reconnaissance: 1) 
detection of the limits of the area that burned and 2) detection of the locations where sediment eroded or was deposited. 
The first notable characteristic regarding the pre-burn/post-burn interferogram is the delineated burn perimeter. The 
pre-burn satellite scene was acquired on November 22, 2017, and the late-stage burn satellite scene was captured on 
December 28, 2017 (the Thomas Fire was 100% contained on January 12, 2018). The area suffered such a major 
change from the fire that it appears as decorrelation in the interferogram (Fig. 2a). The ultimate burn perimeter 
determined by the fire response team matches the decorrelated area in the interferogram, except for the northernmost 
part circled in red, which burned after December 28, 2017 (Fig. 2b). The burn perimeter data that was determined by 
the fire response team was overlaid on top of the interferogram and compared to the drawn burn perimeter based on 
visual inspection of the decorrelated area. In this case, the interferometric results show the delineated burn perimeter 
between November 22, 2018 and December 28, 2018 clearly since it was expected to be decorrelated after the Thomas 
fire had just occurred (Fig. 2). This provides another indication that the interferometric results are reliable since both 
burn perimeters are very similar. Decorrelation in a result is typically the first sign to use different datasets or 
something major has happened on the ground surface between the two satellite passes. Since the occurrence of the 
Thomas Fire was known, decorrelation within the determined fire response burn perimeter was anticipated in the 
results, and in this case, a signal that the results are valuable (Fig 2c). 

The second notable characteristic is the precise calculated distance from the satellite to the ground to detect change 
between two different satellite passes that can be interpreted. Since the winter storm event produced sediment 
deposition in the community of Montecito, reduction in the distance from the satellite to the ground can be interpreted 
generally as uplift, or in this case could be deposition (fig 3). Similarly, a distance increase can be interpreted as erosion 
or subsidence (3). Types or error are usually present and the quality of the data decreases if not corrected or removed. 
In this case, we have very strong coherence between the satellite scenes used for this study, which greatly reduces the 
presence of error. Additionally, finding a known zero within the overall satellite scene is another necessary method to 
reduce error. A given area within the satellite scene, which can be solid rock, for example, is assumed to be zero, 
meaning no difference should be detected in the results. Sometimes there is another value where it should be zero. 
This value represents a type of error that exists across the whole scene, which should be removed throughout the whole 
dataset to adjust the results to improve quality. 

For the purposes of this study, a change model (Fig. 3) was created and classified to identify possible positive 
elevation change near channels where debris might have accumulated in channels and channel junctions. Classification 
of this change model also includes possible negative change due to erosion or subsidence. In this study, a relationship 
exists between areas of sediment deposition and erosion, and channels and channel junctions. It is possible that 
increases in elevation are due to debris flow deposition. 
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Fig. 2. (a) Decorrelated area (manually drawn black dashed line) generated during interferometry between November 22, 2018 and December 28, 
2018; (b) Fire response team mapped burn perimeter (white solid line) for the ultimate burn ending on January 12, 2018 overlaid on top of 
interferogram for comparison; developed by first author, January 2018. The red circle in (b) denotes the northern extent of the Thomas Fire, 
which burned between December 28, 2017, and January 12, 2018. An interferogram constructed from radar scenes on November 22, 2017, and 
January 21, 2018, would have shown decorrelation corresponding to the total extent of the Thomas Fire. (c) Unwrapped displacement result. The 
area within the black solid line (CalFire, 2018) is another example of how results showing major change on the surface between two satellite 
scenes appear.  

The change model (Fig. 3) shows elevation change areas, with red and dark red showing the most increase in elevation. 
The red and dark red areas are small clusters located in and around the channels and channel junctions. The center 
channel in Fig. 3 that leads straight into the city of Montecito is San Ysidro Creek. It has several red and dark red 
clusters that are interpreted to be sediment accumulation and possibly post-disaster cleanup prior to January 21, 2018. 
It is known that this channel carried a majority of debris into Montecito, so it is reasonable to interpret the interferogram 
as documenting sediment accumulation. An overview of geotechnical effects along San Ysidro Creek is presented in 
Keaton et al. (2019), including several photos of debris flow damage. Additionally, the change model (Fig. 3) shows 
blue and dark blue clusters which could represent areas where erosion or subsidence occurred sometime during and or 
after the rain event. SAR data has been used to detect surface change for over twenty years and, since the launch of 
the Sentinel missions in 2014 and 2016, change with millimeter accuracy can be evaluated every 6 to 12 days between 
two Sentinel satellite passes (ESA, 2018).  

(a) (b)

(c)
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Fig. 3. Post-burn/post-rain event (December 28, 2017 to January 21, 2018) interferometric change model showing the most elevation change in 

and around channels within the burn area leading toward Montecito. Possible positive elevation change areas due to debris accumulation/ 

deposition are shown in the red and dark red clusters. This could be debris deposits from the Thomas Fire flowing down slope into channel 

system with storm event in early January 2018. Possible negative elevation change areas due to erosion or maybe subsidence are shown in blue 

and dark blue clusters.  
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