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Abstract

Aging flood infrastructure systems will need to be closely monitored as metropolitan areas globally face increasing inundation

risk from sea level rise. To augment traditional ground survey, synthetic aperture radar (SAR) is shown to efficiently quantify

elevation change along earthen levees with continuous spatial coverage. The study area, California’s Sacramento-San Joaquin

Delta, has an exemplar earthen levee system that protects the region from flooding. We investigate evidence of settling from

historic levee breaks and small-scale subsidence features with a vertical velocity map and time-series of cumulative displacement

derived from data acquired by the UAVSAR (Uninhabited Aerial Vehicle Synthetic Aperture Radar) L-band SAR, during 2009-

2015. Comparison between radar and lidar maps (2007 and 2017) show that typical laser elevation surveys can miss subsidence

features in the presence of normal maintenance activities. Historic levee break sites show more stable conditions due to the

nature of repairs, and can be monitored using the SAR time series product. SAR information helps monitor the efficacy of

repairs and targeted improvements to decrease the risk of levee breaks. In light of the upcoming NASA-ISRO SAR satellite

mission, for which UAVSAR is the prototype, detailed monitoring will be attainable for levees worldwide.
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Key Points: 

 UAVSAR-derived map of cumulative elevation change identifies areas of anomalous and 

rapid subsidence close to critical levee infrastructure 

 Large subsidence signals are hidden by levee repair work and maintenance in typical 

lidar surveys but measured by InSAR 

 Time series product can be used to monitor historic levee breaks sites whose repairs 

result in more stability compared to surrounding 

Abstract 

Aging flood infrastructure systems will need to be closely monitored as metropolitan 

areas globally face increasing inundation risk from sea level rise. To augment traditional ground 

survey, synthetic aperture radar (SAR) is shown to efficiently quantify elevation change along 

earthen levees with continuous spatial coverage. The study area, California’s Sacramento-San 

Joaquin Delta, has an exemplar earthen levee system that protects the region from flooding. We 

investigate evidence of settling from historic levee breaks and small-scale subsidence features 

with a vertical velocity map and time-series of cumulative displacement derived from data 

acquired by the UAVSAR (Uninhabited Aerial Vehicle Synthetic Aperture Radar) L-band SAR, 

during 2009-2015. Comparison between radar and lidar maps (2007 and 2017) show that typical 

laser elevation surveys can miss subsidence features in the presence of normal maintenance 

activities. Historic levee break sites show more stable conditions due to the nature of repairs, and 

can be monitored using the SAR time series product. SAR information helps monitor the 

efficacy of repairs and targeted improvements to decrease the risk of levee breaks. In light of the 

upcoming NASA-ISRO SAR satellite mission, for which UAVSAR is the prototype, detailed 

monitoring will be attainable for levees worldwide. 

Plain Language Summary 

The UAVSAR airborne radar instrument is used to study critical levee infrastructure that 

protects California’s Sacramento-San Joaquin Delta from floods. This data is compared with 

typical laser elevation surveys that are used to monitor the area. Results show that the airborne 

radar is able to effectively measure large signals of subsidence, where the land is sinking, close 
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to the levees. The laser surveys, on the other hand, are unable to capture many levee subsidence 

features due to previous repair work that involved adding fill material. The time series of 

UAVSAR is also able to monitor levee conditions over time, showing fast settling immediately 

after a levee repair that eventually becomes more stable. UAVSAR is a prototype for an 

upcoming similar space satellite, so these results show the capability of radar remote sensing to 

help assess levee systems worldwide. 

1 Introduction 

With ten percent of the global population living in low elevation coastal regions 

(less than ten meters above sea level), coastal land loss will continue with more frequent 

flooding as sea levels rise (McGranahan et al., 2007; Tebaldi et al., 2012; Buchanan et 

al., 2016). Global extreme coastal water level exposure is estimated to affect 190 million 

people by 2100, three times as many people as previously estimated (Kulp et al., 2019). It 

is widely suggested that the sustainability of coastal areas will depend on engineered 

solutions (Tessler et al., 2015; Wuebbles et al., 2017). For example, in Manila, 

Philippines, there is a $6 million flood management plan that includes building a new 

dam in an upper catchment area (The World Bank, 2017). Ho Chi Minh City, Vietnam 

has a $4.4 billion project for tide control plans and building more dikes and reservoirs 

(Global Construction Review, 2016). Almost 400 km of higher seawalls have been 

erected in Japan since the 2011 Thoku earthquake and tsunami (Reuters, 2018). However, 

these structures may be built on compressible soils or areas already subsiding and will 

need continual monitoring. More than 70% of people currently exposed to permanent 

inundation or flooding live in Asian countries where there is a great need for data on the 

height and condition of levees and seawalls (Kulp et al., 2019). The importance of 

monitoring such coastal hazards is prioritized in the U.S. National Academy of Sciences’ 

2017 Decadal Survey for Earth Science and Applications from Space (National Academy 

of Sciences, 2018), which acknowledges the risk of increased storm activity to coastal 

areas protected by infrastructure to be a significant societal challenge. 

Man-made levees are typically earthen embankments or concrete floodwalls, 

designed to divert the flow of water during a major flood event, storm surge, and seasonal 

high water (American Society of Civil Engineers, 2017). Even in areas where flooding is 

infrequent, and particularly those with dry climates, levees are often an integral part of a 

conveyance system that provides water to locations distant from the source. Sinking 

deltas such as the Ganges-Brahmaputra in Bangladesh, the second largest in the world, 

experience extreme sediment starvation from levees and dams built to combat flooding 

(Schmidt, 2015). The levees in Jakarta, Indonesia’s largest city, are challenged by intense 

groundwater withdrawal that has accelerated clay compaction. In 2007, this led to 

catastrophic flooding in Jakarta, leaving 200,000 people displaced (Schmidt, 2015). In 

2005, Hurricane Katrina caused catastrophic levee and floodwall failure in New Orleans, 

resulting in over $200 billion in property damage and over 1 million people displaced 

(U.S. Army Corps of Engineers). In addition to protecting coastal cities, inland areas are 

often protected from riverine floods by levees. The United States contains an estimated 

30,000 documented miles of levees, and up to 100,000 undocumented miles, with nearly 

two-thirds of Americans living in a county with at least one levee (American Society of 

Civil Engineers, 2017). In the U.S., 97% of the levees documented in the USACE 

National Levee Database are earthen structures, with the remaining 3% composed of 
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concrete floodwalls (American Society of Civil Engineers, 2017). The USACE Levee 

Safety Program accounts for levees that protect millions of people and $1.3 trillion in 

property from flood damage, but the National Levee Database (NLD) received a ”D” 

grade from the American Society of Civil Engineers’ 2017 Infrastructure Report Card, 

indicating poor conditions based on engineering inspections and risk assessments. The 

grade shows a majority of the system experiencing significant deterioration at the end of 

their service life and large risk for failure (American Society of Civil Engineers, 2017). 

Despite the importance of maintaining levees, methods of assessing their 

conditions remain largely ground-based with sparse spatial and temporal coverage, in 

most cases relying on day-to-day monitoring accomplished through visual surveys made 

by people driving or walking along the levees, augmented by measurements made at 

discrete locations (Weir, 1950; Broadbent et al., 1960; Prokopovich, 1985). Inclinometers 

and extensometers placed in bore holes are used to measure horizontal and vertical 

movement within the levee prism, and electromagnetic or seismic-based measurement 

identify the type of material within and beneath the levee (Rojstaczer & Deverel, 1993). 

Although modernized geodetic methods employing Global Position System (GPS) and 

Light Distancing and Ranging (LiDAR) are now used in many areas, theodolite surveys 

with or without electronic distancing capability are still used. All of the surveying 

methods commonly used for determining changes in the position of a levee or land 

surface rely on differencing surface contours measured at different times, which is 

limited by the precision and accuracy of the method employed. Furthermore, most 

methods are labor intensive, making it effectively impossible to obtain a continual long-

term, regional view of levee conditions. Those methods that do allow more rapid 

acquisition over large areas, namely airborne lidar and orthophotogrammetry, have 

significantly poorer accuracy than can be achieved across smaller areas in ground-based 

surveys, so it can take many years to detect even relatively large velocities of 1-2 cm/yr 

or identify areas that are moving significantly relative to adjacent areas (Jones et al., 

2016). 

In contrast, it is possible to use a different remote sensing technique, namely 

synthetic aperture radar (SAR) interferometry (InSAR), to measure surface displacement 

directly across large areas at one time with far greater accuracy than is possible with 

traditional methods. InSAR satellite acquisitions are routine and can be used to measure 

how the structure is changing over time. In contrast, spaceborne lidars do not have the 

spatial resolution needed for levee monitoring (Markus et al., 2017), and airborne lidar 

surveys can be costly and hence infrequent. Differential interferometric synthetic aperture 

radar (DInSAR) allows for frequent and non-invasive measurements with centimeter to 

millimeter level precision (Amelung et al., 1999; Hooper et al., 2004). InSAR has been 

used previously to some extent for levee health monitoring (Jones et al., 2016), 

particularly making use of multiple polarizations of the radar pulses (Sehat et al., 2014), 

applying InSAR time series analysis in urban settings (Lanari et al., 2004; Chaussard et 

al., 2014), or being used to monitor the swelling and shrinkage of levees associated with 

meteorological conditions (Özer et al., 2019). The surface position surveys have largely 

used persistent scatterer InSAR (PSInSAR) to look at levees with hard surfaces and at a 

limited number of locations in urban areas (Dixon et al., 2006; Brooks et al., 2012). The 

main limitation is that short wavelength SARs (X, C band) experience rapid temporal 

decorrelation (Zebker & Villasenor, 1992), and so are challenged to detect small 
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movements or distinguish surface movement below vegetation, while the longer 

wavelength SAR instruments (L-band) available in the past have not had the resolution to 

image the levees directly. This limitation can be addressed with L-band instruments such 

as UAVSAR (Uninhabited Aerial Vehicle Synthetic Aperture Radar) (Fore et al., 2015), 

and the upcoming NISAR mission for a spaceborne L-band radar (Rosen et al., 2017). 

In this study, an InSAR time series approach to monitoring the conditions of an 

earthen levee system in the Sacramento-San Joaquin Delta (“the Delta”) is evaluated and 

compared to airborne lidar-based monitoring. The Sacramento-San Joaquin Delta, the 

largest estuary in the western U.S. (4,800 km2), formed in the late 1800s as a freshwater 

tidal marsh east of the San Francisco Bay at the confluence of the Sacramento and San 

Joaquin Rivers. Drainage for agriculture has formed 65 low-lying islands surrounded by 

1,800 km of levees (Service, 2007). However, these agricultural practices eventually led 

to ongoing land subsidence, mainly caused by aerobic microbial oxidation of soil carbon 

(Ingebritsen et al., 2000). Where land subsidence has reduced the island elevation below 

tide levels, the levees continuously hold back water, in contrast to more typical riverine 

levees that do so during high flow events. The aging levees effectively maintain the 

channel system that conveys fresh water to 3 million acres of farmland and part of the 

water supply for 25 million residents (Ingebritsen et al., 2000; Service, 2007). 

A high resolution map of cumulative elevation change as a function of time is 

derived from UAVSAR data for the period 2009-2015. The ground settling rates at 

historic and recent levee impacts and breaks, and large subsidence signals across the 

Delta are complemented with a lidar differential of surveys from 2007 and 2017 

(California Department of Water Resources, 2007; California Department of Resources, 

2017). The Delta levees are a useful exemplar of other levee systems around the world 

because they are earthen embankments, typically constructed from compacted soil and 

covered with grass, gravel, stone, asphalt, or concrete to prevent erosion (American 

Society of Civil Engineers, 2017). An extensive network of drainage ditches that feed 

groundwater to pumping stations helps to prevent flooding, but levee breaks in the Delta 

have become commonplace in the last century (Deverel et al., 2016). Repair costs for 

these breaks range from $43 to $243 million and in some cases force total abandonment 

of the island (Bates & Lund, 2013). The Delta is also near many major seismic faults 

(Figure 1), with the San Francisco Bay region predicted to experience a 6.0 or larger 

earthquake at 98% probability by 2043 (Aagaard et al., 2016), putting the levees at risk of 

liquefaction (Deverel et al., 2016). Development of robust remote sensing methods for 

quantitative determination of earthen levee status, particularly those accessible at low 

cost and with global coverage, would have a significant effect on reducing risk to life and 

property throughout the world. 
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Figure 1. Overview of study area. The Sacramento-San Joaquin Delta is located in 

northern CA near many major faults (red lines). The coverage by UAVSAR is shown by 

the nine flight lines (grey polygons). In this study the SAR data are cropped to the legal 

delta boundary (black polygon) for overlap with the lidar surveys. 

2 Materials and Methods 

2.1 The UAVSAR Synthetic Aperture Radar 

UAVSAR is a quad-polarized, L-band (23.8 cm wavelength) airborne synthetic 

aperture radar (SAR) instrument, flown in a pod carried by a NASA G-III aircraft. The 

instrument operates at an altitude of 12.5 km, with a bandwidth of 80 MHz and a center 

frequency of 1.2575 GHz. The image swath is 22 km wide, and the incidence angles 

range from 22°−67°. The instrument spatial resolution is 0.8 m (along flight-line) by 1.7 

m (along the line-of-sight (LOS)) (Bekaert et al., 2019). The longer wavelength, high 

spatial resolution, and flexibility in acquisition geometry make UAVSAR an 

advantageous instrument for monitoring levee systems. Nine flight lines cover the 

majority of the legal Delta boundary (Figure 1). Each line was acquired between 52 to 60 

times from July 2009 to October 2015. To minimize artifacts due to aircraft motion, the 

aircraft is actively controlled to stay within 5 m of the planned flight path. During post-

processing image offsets are determined, the flight track is corrected, and the datasets are 

re-processed. Using measurements of aircraft position and 3-D acceleration during post-

processing achieves 8 mm precision, but residual position errors of 0 to 5 cm can persist 

in the image. These artifacts can appear as linear ramps perpendicular to the flight 

direction, which are removed in processing, or bands in the along-flight direction. The 

latter are not removed but are reduced by averaging in the InSAR time series processing. 

InSAR only measures surface displacement in the line-of-sight direction, so having 

multiple look directions eliminates the effect of levee orientation on monument 

sensitivity. 
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2.2 LiDAR Surveys  

The California Department of Water Resources (CA DWR) conducted two lidar 

surveys over the Delta 10 years apart, in 2007 and 2017. The most common use of lidar is 

to generate high precision digital surface models, which can be used to study forest 

canopy structure, archaeological sites, and landslide risk (Dubayah & Drake, 2000; Chase 

et al., 2012; Jaboyedoff et al., 2012). Lidar is able to measure surface changes such as 

subsidence between two events, but if the surface has material added, lidar will measure 

the net of all sources of elevation change. Elevation was collected at 0.5-1-meter spacings 

(vertical datum NAVD88, geoid model Geoid03 Continental US). For the 2007 survey, 

the vertical accuracy was calculated to be 15 cm at 90% confidence and less than 18.5 cm 

at 95% confidence (California Department of Water Resources, 2007). For the 2017 

survey, the measured vertical accuracy was 10.7 cm at 95% confidence level (California 

Department of Water Resources, 2017). A differential was calculated between the 

surveys to compare with the InSAR time series cumulative displacement, which was 

collected over a shorter time period, 2009-2015, with more frequent measurements. The 

differential was calculated as the 2017 elevation minus the 2007 elevation, and divided 

over 10 years, hereafter known as lidar vertical velocity. Since there are only two data 

acquisitions, the rates calculated should not be considered linear over the time period, but 

rather an indicator of average cumulative change between two snapshots in time. 

2.3 GPS Data 

On one of the most critical Delta islands, our team commissioned GPS (Global 

Positioning System) stations to measure elevation changes from April 2015 to July 2017. 

Three stand-alone continuously monitoring GPS stations were installed along the setback 

levee on Sherman Island in April 2015. These stations were anchored to the ground 

surface using a 3-feet deep concrete pedestal. The locations of the GPS stations are 

shown in Figure 2C. Each station contains a Novatel ProPak 6 receiver and a dual-

frequency GPS plus GLONASS pinwheel antenna. The ProPak 6 is a high performance 

Global Navigation Satellite System (GNSS) receiver capable of tracking different 

combinations of GNSS signal and integrated L-Band on 240 channels. The receivers have 

a built-in cellular modem and are connected to the ATT network for remote data 

transmission. The reference frame was NAD83CSRS and the raw GPS data time series 

for each station can be found in the supplementary material in Figure S1. The GPS station 

data was also normalized and projected into the line-of-sight for more direct comparison 

with the InSAR product’s time series for individual flight lines. This conversion is based 

on the decomposition of the east-north components of a UAVSAR flight line. See Figure 

S2 in the supplementary material for details. 

 

2.4 UAVSAR Time Series Processing 

The first spatially comprehensive map of modern subsidence rates (vertical 

velocity) in the Delta was reported in Bekaert et al. (2019). The reported vertical 

velocities show the Delta to be subsiding by 9.2 +/- 4.4 mm/yr on average in 2009-2015, 

with high variability across islands. The same UAVSAR dataset is utilized for this study, 

but clipped and smoothed along the levees for a separate analysis. The time series 
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product, with values for each acquisition date, is used to present the plots of cumulative 

displacement over time, and the vertical velocity map is used to visualize the spatial 

patterns of subsidence. Included below is a summary of how the vertical velocities were 

generated, with full details in Bekaert et al. (2019). 

Using the Small Baseline Subset (SBAS) time-series processing algorithm 

(Berardino et al., 2002) and the GIAnT toolkit (Agram et al., 2013), the cumulative LOS 

(line-of-sight) displacement time series and uncertainty are calculated from unwrapped 

interferograms. The derived displacements are relative to different reference points for 

each flight track, with the reference location selected based on high coherence and 

amplitude/phase stability. In the process of combining the data together to form a single 

map, the InSAR results are re-referenced to 24 GNSS stations within the scene extent as a 

tie-in for the mosaicked flight swaths. The GNSS products used are from the Nevada 

Geodetic Laboratory and have horizontal rate uncertainties up to 0.3 mm/yr (Blewitt et 

al., 2013). Consistency is required in the swath overlap regions to solve for reference 

corrections in a single inversion strategy. Broad-scale horizontal movement from nearby 

faults is removed from the rates. For the final combined map, the GNSS rates are used to 

remove long wavelength artifacts (ramps, tilts), while the InSAR rates constrain local 

variability. By implementing a planar correction for each flight line when constraining 

the flight swath overlap regions, tropospheric delay and residual position errors are 

further reduced. Vertical velocity maps from the different flight lines are combined with a 

weighted average, allowing areas with overlapping pixels to have lower uncertainty. The 

corresponding uncertainties are calculated using a jackknife approach. A full propagation 

of errors is included, with an RMSE of 7.7 mm/yr between GNSS rates and the vertical 

velocities. See Figure S3-S4 for the vertical velocity and uncertainty maps for the major 

central Delta islands obtained from Bekaert et al. (2019). 

Atmospheric corrections were also applied using the ERA-Interim global 

atmospheric model (Doin et al., 2009) using a modified version of the TRAIN toolbox 

(Bekaert et al., 2015). The modifications made were to integrate the refractivity from the 

surface to the aircraft altitude and incorporate time-of-day of acquisitions. Localized 

systematic noise from ground fog or low lying clouds was also considered. Monthly 

temperatures from Sacramento were used to estimate atmospheric delay from 100% 

humidity at 1 km above the ground (Younes, 2016), and the values ranged from 0.63 to 

2.10 mm, which is well within the estimated accuracy of the data. 

To evaluate whether the residual of the InSAR and lidar vertical velocities ( InSARv  

and LiDARv , respectively) is larger than the uncertainty, the following expression was 

applied: 

 
2 2

InSAR LiDARInSAR LiDAR v vv v      (1) 

where 
InSARv is the 1-sigma uncertainty calculated for the InSAR vertical velocities 

(as stated above) and 
LiDARv  is 10.7 mm/yr, which is the 1-sigma uncertainty as calculated 

from the vertical accuracy reported from the lidar datasets (California Department of 

Water Resources, 2007; California Department of Water Resources, 2017). If the 

expression is true, then the InSAR and lidar vertical velocities measured are consistent 

within the datasets’ uncertainties. Across the entire Delta legal boundary, where there are 
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both lidar and SAR data, 99.8% of pixels showed agreement (see Figure S5 for the visual 

comparison of these results and Bekaert, et al. (2019) for scaling information). 

2.5 Levee Oriented Moving Window Average 

A collection of GIS (geographic information systems) datasets was used to 

investigate the results of the InSAR and lidar vertical velocity maps: levee anatomy (CA 

DWR), historic levee breaks (CA DWR), and repair and seepage locations (CA DWR). 

The levee anatomy vector datasets differentiate portions of the levee as the levee crown, 

levee landside and waterside slopes, and toe ditch and berm. The final map of vertical 

velocity was clipped to the boundaries of this combined anatomy to isolate the values for 

the levees only. Past levee break locations provided by the DWR are used to identify 

areas that could be settling after repair work. The levee anatomy layer was used to mask 

the InSAR vertical velocity map in Esri’s ArcMap 10.6. Next, equally spaced points were 

generated along the levee crown/centerline and visually inspected for accuracy for each 

island. These points were indexed and used to calculate a moving window average of the 

vertical velocities. Each window is uniquely generated by searching for the nearest points 

along the waterside levee and landside levee boundaries. A best-fitting window is 

generated for each levee centerline point. This is done to ensure that a consistent length 

of the levee is averaged at each step, between 70-100 m. Unlike a traditional moving 

window, the generated window is levee-oriented, i.e., it modifies its orientation with 

respect to a levee’s location on an island. Since the levee’s landside and waterside slope 

vary in width and shape across an island, a static window would not capture the actual 

levee section for all locations. For more details, see Figure S6 in the supplementary 

material. This moving average window is used to reduce noise in the dataset, while 

retaining the major patterns of the original velocity map. Both the vertical velocity and 

the uncertainty estimates were calculated with the adaptable sliding window. 

3 Results, or a descriptive heading about the results 

The average vertical velocities on the levees within the Delta legal boundary 

range from -77 to 14 mm/yr, showing high variability island to island. Below, the largest 

subsidence signal in the Delta is presented alongside GPS station data and the lidar 

vertical velocity map. Other subsidence signals in the Delta are also investigated, and the 

rates of settling between historic and recent levee breaks and impacts (where the levee 

was struck by a vessel) are also compared with the lidar surveys. 

3.1 Levee Subsidence 

The section of levee showing the highest rates of subsidence across the Delta is 

located in southwestern Sherman Island, with up to -160 mm/yr of subsidence (Figure 

2A). The full resolution from the unsmoothed vertical velocity map is shown in Figure 

2A, and the smoothed levee-specific results in Figure 2C. From the smoothed results, it 

can be seen that one portion of the levee is experiencing the highest rate of subsidence, 

and this rate gradually decreases on either side of the section. Nearby this section is the 

1969 levee break, indicated in Figure 2A-C southeast of the subsidence feature, which 

shows more stable conditions consistent with levee sections further from the location of 

maximum rate. Figure 2B shows the lidar vertical velocity results for the same area. Lidar 

shows a large increase in elevation that coincides spatially with the highest subsidence 
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signal from the InSAR results. Independent of auxiliary information, one would infer 

from the lidar data that no subsidence was occurring at this location. In fact, the elevation 

increase is likely due to the continual addition of fill to maintain the elevation in this area. 

The large subsidence signal is also confirmed by three GPS stations from our 

team, the locations of which are shown in Figure 2C. The smoothed InSAR results and 

the InSAR LOS time series of the three GPS locations (Figure 2D), shows that Station 1 

and 2 have the higher rates of displacement compared with Station 3. Comparing this to 

the projected LOS rates for the GPS station data (Figure 2E), Station 1 also has the 

highest cumulative displacement. Station 2 has a very similar InSAR LOS time series to 

Station 1, but is closer to Station 3 when looking at the GPS LOS time series. In both 

datasets, Station 3 shows the least amount of vertical displacement. 

 
Figure 2. Levee subsidence on Sherman Island. (a) Vertical velocity map for 

southwestern levee section showing the greatest subsidence in the Delta, and a stable 
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1969 levee break. (b) Lidar vertical velocity for the same section showing large elevation 

gain. (c) Smoothed results of panel a showing levee outline (grey) that the moving 

window was applied to, and the three GPS stations (colored triangles). (d) LOS 

displacement from InSAR time series product for the GPS station locations for 2009-

2015 and GPS time series for the three stations converted to LOS displacement for 2015-

2017.    

 

Some other major subsidence signals across the Delta are shown in Figure 3. In 

Figure 3A, there is a long stretch of subsidence along the northern section of Webb Tract 

that matches exactly with the elevation gain seen in the lidar vertical velocity map in 

Figure  3B. From the original InSAR rate map, Figure 3A shows these large subsidence 

signals in close proximity to the levee. The largest subsidence feature on the west 

measures up to -56 mm/yr. Like the Sherman Island example, the InSAR measures actual 

deformation at the surface while the lidar shows an elevation gain at the same site. 

Known repair work occurred along this levee section for toe ditch cleaning and seepage 

control. On Jersey Island (Figure 3C), a large signal of up to -47 mm/yr of subsidence is 

seen close to the levee with another large subsidence feature more inland. In this case, the 

lidar surveys in Figure 3D agree with the InSAR results and also show significant 

elevation loss. The features are not identical, but both datasets show the highest rates of 

subsidence close to the levee and extending inland. For a different section of Sherman 

Island shown in Figure 3E-F, three large subsidence features close to the levee are shown. 

These features also show up as elevation loss in the lidar data in Figure 3F, with the 

easternmost example exhibiting the highest elevation loss in both the InSAR and lidar, up 

to -48 mm/yr. 

As discussed in the Methods section, a measure of sensitivity for the InSAR and 

lidar residuals against their uncertainties was evaluated. For the scaled 
InSARv  sensitivity 

result (Figure  S5), when only looking at the central islands (as shown in Figure  S3-S4), 

0.17% of pixels for island interiors disagreed in sensitivity while 2.45% of pixels for the 

levees disagreed in sensitivity. This indicates that the InSAR and lidar datasets are more 

than 14 times as likely to be out of each other’s uncertainty bounds on the levees as on 

island interiors. Areas of disagreement coincide with large InSAR subsidence features 

like on Sherman Island that are masked by repair work’s elevation gain in the lidar 

vertical velocity map. 
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Figure 3. Levee subsidence on other islands. (a) Vertical velocity map showing 

subsidence along northern section of Webb Tract. (b) Lidar vertical velocity of same 

section of Webb Tract. (c) Vertical velocity map showing subsidence on Jersey Island. 

(d) Lidar vertical velocity of same area on Jersey Island. (e) Vertical velocity map of 

three large subsidence features along south section of Sherman Island. (f) Lidar vertical 

velocity of same area on Sherman Island.  
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3.2 Historic Levee Breaks 

In Figure 4, sections of four Delta islands that are the sites of past levee breaks are 

shown. At each of these sites, the area of previous repair of a levee break is evident in the 

velocity map as being more stable than its surroundings. These rates differ between the 

three examples, from -2 up to 8 mm/yr, but relative to each location’s surroundings, the 

levee break point shows the least amount of subsidence. For each location, the subsidence 

rates increase gradually as you move away from the levee break point on either side. This 

is likely due to the method used for levee repairs, in which solid material such as rocks or 

fill are added to the levee break site and also extend to unimpacted levee on both sides. 

Over time, this material, depending on its contents, begins to settle and becomes more 

stable. As seen in Figure  4B-D, scour (or blowout) ponds directly adjacent to the breaks 

were formed during flooding, as water scooped up layers of peat and penetrated island 

interiors deep enough to maintain permanent seepage (CALFED Bay-Delta Program, 

2000). 
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Figure 4. Historic levee breaks. (a) Overview of central Sacramento-San Joaquin Delta 

islands. (b) Vertical velocity map showing stable conditions at a 1955 break on Empire 

Tract. (c) Vertical velocity map showing stable conditions at a 1982 break on Venice 

Island. (d) Vertical velocity map showing stable conditions at a 1983 break on Bradford 

Island.  

 

The most recent levee break occurred in 2004 on Jones Tract, as seen in Figure 5. 

In the optical imagery basemap, a large land scar inland also shows the path of flooding 

that occurred during this massive event. At the break point, the InSAR-derived rates 

measure -8 to -6 mm/yr of settling, which is much higher than those for the older break 

sites shown in Figure 4, likely due to this levee break being fairly recent in time. Like the 

other levee break examples in Figure 4, Jones Tract also displays a similar pattern of 

gradually higher subsidence/settling rates moving away from the break location. 
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However, here the pattern is not as smooth with large sections of the levee showing high 

rates of settling, up to -14 mm/yr on the western side and -9 mm/yr on the eastern section. 

In Figure 5B, the lidar vertical velocity between 2007 and 2017 is shown for the Jones 

Tract break. Here, a larger value means that the elevation has increased from 2007 to 

2017, which is seen in the red pixel sections on either side of the break point. At the 

break, there is an elevation change of -2.6 mm/yr to 0.6 mm/yr, and on either side of the 

break, an elevation increase of up to 24 mm/yr. 

This location of pattern is coincident with the settling pattern seen in the InSAR, 

but with opposite trends in elevation change. Due to repair work adding material, InSAR 

settling (negative value) is observed as lidar elevation increase (positive value). The lidar 

surveys measure net elevation change, including added fill material between acquisitions, 

and not the ongoing settling since the repairs were administered. In fact, where the 

InSAR shows the least amount of settling at the break site, the lidar shows less elevation 

gain. On either side of the break where InSAR shows faster rates of settling, the lidar 

shows more elevation gain. Although the west side of the impact shows more subsidence 

from InSAR, it has less elevation gain in the lidar compared to the east side of the impact. 

It is confirmed in Google Earth that extensive repair work occurred in this area, 

especially on the eastern side, between October 2011 and May 2012 that matches the 

elevation gain features seen in the lidar. This may also explain the trend seen in Figure 

5C of increased displacement around 2011-2012 for the area. This breach on Jones Tract 

flooded the island with over 150,000 acre-feet of water and required 3 weeks for repair, 

costing about $90 million to repair, with the actual repair costing $30-$40 million and the 

remaining costs for property damage (U.S. Army Corps of Engineers; Deverel et al., 

2016). 
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Figure 5. Most recent Delta levee break. (a) Vertical velocity map showing stable 

conditions at 2004 levee break on Jones Tract with flood scar inland. (b) Lidar vertical 

velocity showing high elevation gain on either side of break site. (c) LOS displacement 

from InSAR time series product for pixels to the west, east, and at the break site from 

2009-2015. 

3.3 Levee Settling Immediately After Repair 

On August 27, 2009, a 175 m bulk carrier ship collided into the north side of 

Bradford Island, damaging 45 m of the levee with significant cracks. Figure 6A shows an 

optical image one month after the impact, with repair work indicated by the bare earth 

section of the levee. In the InSAR results shown in Figure 6C, this repaired section is 

experiencing rapid settling, with rates from -19 to -31 mm/yr. Here, the opposite pattern 

is seen from the historic levee break examples, where at the impact site the highest rate of 

settling is seen, and with rate decreasing on either side. Over time, the reverse trend 

should be expected with the repair site showing the most stable rates. The trend is seen in 
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the InSAR LOS time series in Figure 6B, where pixels at the impact site are experiencing 

more displacement than its surroundings. There is an initially high rate of settling for the 

whole area between 2009 and 2012, relative to later years. The lidar vertical velocity map 

in Figure  6D shows an elevation increase at the repair site that is also apparent at older 

levee break sites, but with a higher rate of 42 mm/yr since the initial repairs occurred in 

2009 between the lidar acquisitions. We also see a section of elevation loss in Figure 6D 

west of the impact site that corresponds to higher subsidence rates in Figure 6C and is 

outside of the repaired levee section. 

 
Figure 6. Recent levee impact. (a) Google Earth image of Bradford Island one month 

after shipwreck impact (circled). (b) LOS displacement from InSAR time series product 

for pixels to the west, east, and at the impact site from 2009-2015. (c) Vertical velocity 

map showing high subsidence values at the impact site. (d) Lidar vertical velocity 

showing high elevation gain at the impact site.   

 

4 Discussion 

Like the levees enclosing New Orleans, the Sacramento Delta levees are under 

constant hydrostatic stress even between high water events because the islands lie 

beneath mean sea level. A measurable indicator and predictor of levee conditions in the 

Delta relevant to water resource management is land subsidence on or near a levee, which 

can be highly spatially variable, depending on soil characteristics and land practices. The 

largest contributor to land subsidence in the Delta is microbial soil oxidation, especially 

for dry peat soil used for agriculture in island interiors. However, for the levees, the 

structures sit atop these soft, compressible peat layers and experience subsidence, or 

settlement, primarily from consolidation and secondary compression. The added force 
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from the levees causes water to be squeezed out of the soil, a slow process due to the low 

hydraulic conductivity of the peat (Reinert et al., 2014). 

The InSAR-based methodology presented here can be used to quantify 

contemporary subsidence rates in a spatially comprehensive and consistent manner 

independent of levee orientation. High resolution levee monitoring allows for managers 

to focus traditional surveys on sections of the levee most likely to be experiencing 

subsidence. The centimeter-to-millimeter level displacement accuracy can also detect 

precursors to levee failure unidentified by typical visual inspections. 

4.1 Levee Subsidence 

Sherman Island is the westernmost island in the Delta, and thus helps control the 

salinity gradient between brackish water entering from the San Francisco Bay and 

freshwater resources to the east. In 1972, a levee failure on an adjacent island, Brannan, 

caused a salinity intrusion that stopped water exports from the Delta, and over 350 

million m3 of freshwater was released from reservoirs to reduce saline conditions 

(Deverel et al., 2016). Sherman Island was one of the earliest reclaimed islands in the late 

1800s, and today is mostly pasture area, with some active corn and alfalfa sites (Boryan 

et al., 2011). This island has experienced five major inundation events since 1900 and 

two levee breaks, one of which is shown in Figure 2. The 1969 break site is the more 

stable stretch of levee due to the method of repair. First, rocks were used to fill the break, 

which do not experience the same compression as only adding fill material. Later in 

2007, the levee was broadened and more fill material was added at this site. Knowing the 

settling rates in between these two repairs would be helpful when adding sufficient 

material to maintain levee height after the initial rapid settling. 

The largest signal of subsidence in the Delta is observed on Sherman Island at the 

test site, measuring up to 160 mm/yr. This subsidence signal is also confirmed by the 

GPS stations, which show Station 1 having the largest displacement trend. Both the 

InSAR and GPS time series show Station 1 having the highest displacement and Station 3 

measuring the least. The GPS stations are also located more inland (outside the levee 

mask), and may not be capturing the full extent of deformation occurring on the levee 

structure itself. GPS time series data are needed as ground-truth for the InSAR product, 

but only capture movement at a single point, and an extensive network of stations across 

all islands is not feasible. This comparison demonstrates the need for continual SAR data 

collection over the Delta. The large subsidence feature also coincides with the lidar data 

in Figure 6 showing a large increase in elevation, up to 45 mm/yr, of repair work. If 

relying solely on decadal lidar surveys, the vertical velocity would not measure settling in 

any area where fill was added, i.e., would be sensitive to repair work, whereas an InSAR 

time series product as processed in this study shows actual subsidence. Since radar 

backscatter is sensitive to changes in surface roughness and dielectric properties, if fill 

material is added there would be a loss of coherence in the SAR data due to the 

difference in material (Jones et al., 2016). Low coherence pixels are not included in the 

time series processing, and thus the final vertical velocity map is a result of acquisitions 

showing true surface movement (subsidence/uplift). As shown in Figure 2D, multiple 

acquisitions allow for continual measurements of such sites experiencing intense 

subsidence. Especially for areas where the land behind the levee lie significantly below 



Manuscript submitted to Earth and Space Science 

 

mean sea level, such as islands in the central Delta, knowledge of ongoing subsidence 

rates for the levees is critical for administration of maintenance resources. 

In Figure 3, Webb Tract showed a similar result to Sherman Island, with elevation 

gain in the lidar and elevation loss in the InSAR. Again, a large subsidence signal is 

being masked by repair work in the lidar vertical velocity map. Therefore, lidar cannot be 

the sole survey used when measuring elevation change to identify at-risk levees in areas 

with ongoing maintenance. Where there is major subsidence but not extensive repair 

work, lidar does agree with elevation loss in the examples on Jersey and Sherman Island. 

At both sites, the lidar matches well with the InSAR for the location and intensity of large 

subsidence features. However, it can be argued that areas receiving repair work have 

been deemed a priority by levee managers, and thus especially need settling rate 

information. It is promising that UAVSAR is able to identify subsiding levees, especially 

in such a coherence challenged area such as the Delta, regardless of ongoing addition of 

fill material on the levees. The location of such large subsidence features can be 

communicated to levee managers as possible points of vulnerability that require further 

inspection. 

4.2 Levee Settling After Repairs 

With about 160 levee breaches in the past century and repairs costing tens of 

millions of dollars, close monitoring of levee conditions vulnerable to breaches is vital 

(Bates & Lund, 2013). Levee failure usually occurs during a high water event that causes 

overtopping or erosion, but can also occur during a normal day from internal degradation 

due to an ongoing seep, slumping, cracking, or animal burrowing. Close monitoring of 

areas in proximity to previous levee breaks (e.g., Figure 4) is important since these levee 

sections have already proved to be vulnerable in the past. Though these sites do not seem 

to be subsiding currently, the repairs are often made atop less stable levees or 

compressible peat and sandy soils, and the surrounding area for each levee break do show 

subsidence based on our results. 

As seen from the results, observations of subsidence initially following repairs are 

more likely temporary loading on organic soils from the addition of fill during the levee 

repair. For the most recent levee break in the Delta (Figure 5), this short-term settling is 

especially apparent when compared to older levee breaks, with rates up to 24 mm/yr, 

whereas the 1955 break on Empire Tract is only settling up to 4 mm/yr. The same pattern 

of more stable breaks is seen at 20 different locations across the Delta (see Figure S7 in 

the supplementary material). Having such information about levee break locations allows 

differentiation between temporary settling from a repair and ongoing, long-term 

subsidence. Over time, repair tactics have also changed, and depending on the material 

added, the repaired break may show different rates of settling. Continual InSAR satellite 

measurements over a levee system can help identify subsiding sections before a levee 

breaks or overtops, and let water managers know areas most susceptible to failure. After a 

repair, InSAR can help evaluate the efficacy of the repair method by measuring the rate 

of settling from different materials being added. Depending on the underlying soil, the 

response to loading from the fill material will vary for different sites. 

In 2009, a shipwreck occurred on Bradford Island 12 days before the start of the 

InSAR time series, resulting in serious cracking of the levee. The levee portion did not 

break due to immediate repair work of adding sand, silt, and clay to stabilize the levee. 
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Since this event occurred close to the start of the InSAR time series, it allows for the 

observation of initial rates of settling after the repair, up to -30 mm/yr, the largest value 

of all the historic levee break examples in this study. This indicates that rates of settling 

are highest directly after a levee repair and begin to decrease over time on a timescale of 

approximately three years. Such information can benefit levee managers in monitoring an 

administered repair to ensure that the settling that occurs is short-term and does not 

indicate long term subsidence for an already vulnerable area. 

This monitoring method can be applied to other levee systems as well with the 

launch of NISAR. A similar analysis was conducted using UAVSAR-derived vertical 

velocities in New Orleans, LA (Jones et al., 2016). Here, levees that also protect from 

high water events such as the Bonnet Carré Spillway, Mississippi River-Gulf Outlet 

Canal showed concerning rates of subsidence. The levees near the Michoud Canal, which 

lie near the Inner Harbor Navigation Canal Surge Barrier, showed the maximum 

subsidence in the scene, up to 50 mm/yr. The potential of UAVSAR and NISAR to be 

used during emergency response will greatly aid the direction of resources after a large 

flood or earthquake (Rosen et al., 2017). For day-to-day monitoring, the detection of 

small deformation features along the levee can lead to timely assessments before actual 

levee failure occurs. The results show that such InSAR time series products can measure 

long term deformation from subsidence, seasonal changes due to temperature and 

precipitation, and short term deformation from settling. These various timescales allow 

for detection of a variety of levee behaviors, such as long term uplift that can lead to 

piping, short term deformation from a high water event, and long term drought periods 

that can cause levee sliding (Özer et al., 2019). 

4.3 Uncertainties & Challenges 

Measuring deformation in a study area such as the Delta can be challenging, even 

with an L-band SAR instrument. There can be data processing errors from decorrelation 

of the baseline, temporal terrain decorrelation, co-registration errors, or noise from 

volume scattering in vegetation (Hanssen, 2001). Systematic errors can arise from aircraft 

motion, tropospheric delay in the atmosphere, or land use change. Disturbances on the 

surface caused by farming activity (grazing, cultivation, etc.) can cause temporal 

decorrelation (Deverel et al., 2016). The time series methodology used with the SBAS 

technique generally averages out atmospheric noise during analysis, with random noise 

usually being reduced by the square root of the number of acquisitions. Each of the nine 

Delta stacks had over 50 acquisitions. UAVSAR also imaged the Delta at different times 

of day and over different seasons over six years, which would randomize the atmospheric 

noise. 

Spaceborne radar satellites will experience most of the same challenges but with a 

higher noise level and a sensitivity to levee orientation since there will only be two look 

directions, namely from the ascending and descending paths. However, the instrument 

will have a more consistent repeat cycle and shorter acquisition interval that can allow for 

longer time series products to be produced with maintained coherence. Having regular 

and frequent acquisitions will allow for the differentiation between short-term settling, 

seasonal changes, and land subsidence in dynamic deltas where levees experience 

frequent repairs. A common method to study man-made infrastructures such as dams or 

bridges is PSInSAR, but the coherent scatterers are usually found on surfaces without 
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vegetation. For deltas with high agricultural activity and wet conditions, this means that 

PSInSAR scatterers would likely only be found along the waterside rip-rap slope of the 

levee, and not on the levee crown or land-side slope where subsidence can have different 

rates (Özer et al., 2019). The upcoming NISAR satellite will have longer wavelength than 

others in operation (L-band) that can help to improve coherence for such deltas and 

increase data coverage. 

5 Conclusions 

This study shows the feasibility of high resolution monitoring of a levee system 

using an L-band radar instrument, and contrasted InSAR- and lidar-based methods. The 

SAR and lidar observations are not always measuring the same physical process, with 

levee repair work in the lidar data often masking large subsidence signals seen in the 

SAR data. Though the lidar surveys offer high-resolution elevation data, they were shown 

to detect elevation gain at levee repair sites due to the addition of fill material. With a 

priori knowledge of repair sites, the InSAR time-series method is able to differentiate 

between short-term settling after a levee break and ongoing subsidence. 

Some subsidence reversal may be possible through land-use practices that 

increase sediment accumulation or natural accretion in protected marshes (Bates & Lund, 

2013). However, the “patch and pray” method of repairs is unsustainable, and so 

implementing InSAR-derived deformation detection can help targeted repair of levee 

locations showing initial signs of failure. In the face of climate change, there is likely to 

be less winter snow and earlier spring snowmelt in California and precipitation decreases 

in southern California, causing greater dependence on groundwater (Luoma et al., 2015). 

Due to this water supply uncertainty, California water demands from the Delta are likely 

to increase in the future while water availability from the Delta will decrease and gain 

economic value (Lund, 2016). More frequent drought periods for California are also of 

concern since a levee break during a dry year will be more detrimental to the water 

supply. The U.S. has many levees non-compliant with standards, for which subsidence 

will worsen levee integrity. Using local tide gauge data, Bekaert et al. (2019) estimate 

that on average, subsidence rates in the Delta are a factor of 4.5 higher than sea level rise 

rates, which absent continual and increasing repairs likely result in more overtopping 

events in the Delta and increase erosion along the levees. 

The method demonstrated is generally applicable for other deltas and low-lying 

coastal areas, protected by levees and flood-walls. With almost half a billion people 

living on or near deltas in the world’s largest cities, the risk of coastal flooding and loss 

of infrastructure is ever imminent (Syvitski et al., 2009). The 10 million people a year 

that experience storm surge flooding live mostly on deltas in Asia from heavy 

precipitation and storms (Syvitski et al., 2009). In the coming decades more metropolitan 

areas will come under threat of flooding, possibly adding sea walls and levees as defense 

against sea level rise (Tessler et al., 2015; Wuebbles et al., 2017). These structures will be 

built upon compacting soils with reduced aggradation (common in deltas due to drainage 

or oil/gas extraction), and need continuous monitoring to maintain their integrity 

(Syvitski et al., 2009). 

UAVSAR is the prototype for the upcoming NISAR satellite from NASA-ISRO, 

and this study previews the capability of the spaceborne L-band satellite to study similar 

levee systems around the world. NISAR will image at instrument resolutions of 6-12 
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meters, with products available 1-2 days after observation and possibly within hours for 

disaster response (Rosen et al., 2017). Since NISAR is dual-polarized, utilization of the 

polarimetric radar (PolSAR) methods can amplify detection of levee vulnerabilities such 

as seepage (Sehat et al., 2014). In addition, automated creation of deformation maps for 

vulnerable levee systems will be more feasible with increased global and temporal 

coverage to identify anomalous conditions. As shown in this study, the technology has 

the capability of monitoring critical infrastructure before, during, and after a disaster 

event. Especially in areas of the world where traditional surveying is sparse or expensive, 

SAR remote sensing can offer detailed measurements crucial to the health of the levee 

system. 
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