
Monitoring Vertical Land Motion

The Drivers of Vertical Land Motion

VLM isn’t a singular phenomenon but 
instead results from various processes 
that display different patterns in space 
and time. This can lead to a range of 
impacts, since many of the processes 
operate simultaneously. Some processes 
occur over thousands of years, causing 
steady changes that are ongoing and will 
persist for decades to come. Others are 
transitory and may be sudden or persist 
only over the course of a days to a few 
years. Processes can also be natural (e.g., 
volcanic activity, earthquakes, glacial 
isostatic adjustments) or anthropogenic 
(e.g., groundwater pumping, hydrocarbon 
extraction, construction). 

The magnitude of VLM changes covers a 
range from millimeters to meters that is 
spread across the associated timescales. 

Impacts of VLM. Clockwise from top-left: Flooding from Hurricane 
Katrina over Chandeleur Islands, Louisiana and Hurricane Harvey 
aftermath over southeast Texas are both influenced by sea level 
rise – at amongst the highest of rates in the U.S. (Donoghue 2011) 
– and rapid subsidence in San Joaquin Valley, California attributed 
to groundwater removal. Credit: USGS/USGS/Steve Fitzgerald of 
Harris County Flood Control District
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In coastal settings where sea level is rising on the order of millimeters each year, VLM can then be a 
key driver of increasing flood risk. Due to  the diversity of time and space scales of the relevant 
processes, however, quantifying current changes and estimating future changes in VLM is a challenge. 
Such efforts require observations over large spatial scales and high resolutions that then allow for a 
process-based understanding of VLM (Shirzeai et al., 2021). 

OPERA: Observational Products for 
End-Users from Remote Sensing Analysis

National Aeronautics and Space Administration

Vertical land motion (VLM) refers to either the subsidence or uplift of land. VLM results from 
different physical processes that act on a range of time and space scales. It can have significant 
socioeconomic implications for coastal communities, infrastructure, water access, and agriculture. 
Understanding, monitoring and projecting VLM is important for limiting potential negative impacts.
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Comprehensive Products for Expansive Needs

Going through the motions
Reliable, long-term monitoring of VLM in 
vulnerable areas can provide actionable 
information that decision-makers can use to take 
the steps needed to protect us from potential 
hazards. This is particularly true in coastal 
regions where increases in relative sea level (the 
ocean height relative to land) are already leading 
to increases in flooding. In situ measurements 
from GPS have provided VLM monitoring in 
recent decades, but do not support the broader 
coverage and fine-scale observations that are 
needed for planning efforts (e.g., Sweet et al., 
2022) and to determine potential exposure as a 
result of VLM.

The potential societal impact of VLM can be 
seen along the coastlines of the United States. 
Take for instance the California coastline. 
Analysis of radar data spanning the entire 
coastline and collected between 2007 and 2018

resolve rates of subsidence ranging from 2-8 
mm/yr (Blackwell et al., 2020). It was estimated 
that between 4 to 8 million people across San 
Francisco, Los Angeles, and San Diego are 
exposed to significant subsidence. Similar 
efforts are underway to analyze the entire US 
Gulf Coast, where major population centers 
such as Harris County, Texas were found to be 
subsiding 50 mm/yr between 1995 and 1998 
(Qu et al., 2015).

To support planning and impact assessment 
needs, satellite observations of VLM provide a 
solution. Synthetic aperture radar interferometry 
(InSAR) is a technique whereby differences 
between regularly acquired radar data over a 
given region help quantify and constrain 
deformation processes up to the millimeter 
level. InSAR can dramatically improve the 
coverage, spatial resolution and reliability of the 
current VLM observing network.
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The JPL OPERA project will develop and 
provide three product suites: (1) a near-global 
Dynamic Surface Water Extent Product 
(DSWx) from optical and synthetic aperture 
radar (SAR) data, (2) a near-global Land 
Surface Change Disturbance Product (DIST) 
from optical data, and (3) a North America 
Land Surface Displacement Product (DISP) 
from SAR data. Each of these products will be 
periodically updated to reflect a growing 
archive of regularly acquired data, thus 
supporting and informing hazard monitoring 
and disaster response efforts.

Surface Water Extent: Firth River Yukon; Credit: 
USGS/John Jones. Surface Displacement: Lava boiling 
out of the Kilauea Credit: ASI/NASA/JPL-Caltech. 
Surface Disturbance: Firefighting helicopter. Credit: 
UMD/Google/USGS/NASA/Matthew Hansen.

*Near-global: all land-masses excluding Antarctica; North America: the United States (USA) and US Territories, Canada within 200 
km of the US border, and all mainland countries from the southern US border up to and including Panama.
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continuous monitoring at high spatial and 
temporal resolution that is so crucial to 
adequately capturing especially slow and 
spatially variable VLM signals that may be 
missed otherwise.

Monitoring VLM with Radar
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Hampton Roads, Virginia is home to ~2 million 
people, the world’s largest naval installation, and 
one of the fastest rates of sea level rise and 
coincident flooding on the United States Atlantic 
Coast. The high rate of sea level rise is partially 
attributed to long-term groundwater-extraction 
activities that compress the aquifer. To mitigate 
this rapid subsidence, a project has begun to 
re-inject groundwater into the aquifer. 
Understanding how these mitigation and 
adaptation efforts may impact subsidence in the 
region is critically important to the success of 
such project. Here, InSAR and the OPERA DISP 
products play a key role. The InSAR-derived 
measurements (top right) illustrate variable rates 
of subsidence throughout the region before such 
interventions. Sustained monitoring and 
characterization of associated potential hazards 
and the impact of mitigation efforts can be 
supported by OPERA DISP products.

VLM velocity map for Hampton Roads, Virginia (top) 
(Buzzanga et al., 2020) superimposed with GPS rates 
(colored circles), and sampled time histories (corresponding 
to white circles in map) with rates of deformation estimated 
by fit to data (dashed red lines) (bottom).
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The OPERA Displacement (DISP) product 
provides high resolution ground displacement 
measurements in the radar line-of-sight direction 
and is regularly updated as new radar data are 
collected. The DISP products will help achieve the 
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