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APPENDIX C: VERTICAL LAND MOTION 
BACKGROUND AND ANALYSIS 

Overview 

We define vertical land movement (VLM) as the average long-term rate of change, over multiple years or decades, of the 

land surface in a geocentric reference frame. Vertical land movement can occur as a result of a variety of processes, 

including: 

• Tectonic forces associated with offshore subduction of the Juan de Fuca plate under the North American 

plate, which can compress or stretch the landscape over large areas (i.e., across the entirety of coastal 

Washington). 

• Landscape response to the addition or removal of large masses from the land. In Washington State this 

process is typically associated with glacio-isostatic adjustment (GIA), which is the on-going response of 

the landscape to the retreat of massive continental glaciers ~15,000 years ago.1  In some locations, 

though, this process can be due to contemporary water storage modifications (associated with the 

construction of large reservoirs). 

• Localized faulting that can influence vertical land movements over smaller areas (10s-of-kilometers). 

• Extraction of groundwater or other resources and sediment compaction, both of which can result in 

localized land subsidence.  

In general, broad patterns of vertical land movement in coastal Washington State are assumed to be forced primarily by 

subduction zone tectonics, and by GIA. However, there may be local areas of subsidence or uplift associated with crustal 

faults or other local processes that influence relative sea level at small spatial scales (i.e., over a few kilometers) in coastal 

Washington. Mazotti et al, (2009), for example, identified sediment compaction as a likely driver of subsidence on the 

Fraser River delta in British Columbia, Canada. Some of these highly localized processes may not be captured by the 

methods outlined in this appendix. 

Previous investigators have attempted to estimate rates of vertical land movement in Washington State, motivated either 

by the desire to incorporate those movements into sea level assessments, or to inform seismic hazard assessments. In 

                                                                 

1 See https://www.dnr.wa.gov/programs-and-services/geology/glaciers#the-cordilleran-ice-sheet. 
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general, those investigations have utilized one of three different methods for measuring long-term rates of vertical land 

movement: 

1) Leveling, which utilizes repeat measurements of survey monuments to derive a relative estimate of 

vertical land movement (i.e., movements of one survey benchmark relative to another; see Burgette et 

al., 2009). Many early studies of vertical land movement converted these relative rates to an absolute 

reference frame by linking leveling results to estimates of vertical land movement derived from tide 

gauges. 

2) “Water level differencing” methods difference water levels measured at tide gauges located close to 

each other to derive an estimate of vertical land movement at one tide gauge site relative to another. 

Many early studies of vertical land movement converted the relative rates derived using this approach 

to absolute rates using an assumed global average rate of sea level change (Table C1).  

3) Continuous GPS (CGPS), which utilizes regularly-sampled measurements of position from fixed GPS 

systems to derive an estimate of long-term vertical land movement rates in an absolute (i.e., geocentric) 

reference frame (i.e., movements relative to a center of mass of the Earth).  

To support Washington State’s first sea level rise assessment, Mote et al. (2008) included a review and discussion of 

investigations to characterize vertical land movement in Washington State. They compared three previous studies 

(Holdahl, 1989; Mitchell, 1994; Verndonck, 2006), all based primarily on leveling, to a preliminary CGPS analysis. They 

found general agreement in regional patterns between these previous investigations, but discrepancies in the estimated 

rates of vertical land movement in some locations (Table C1). Mote et al. (2008) conclude these discrepancies arise due to 

differences in the time periods analyzed and the methods used to conduct the analysis.  

More recent studies (Table C1) attempt to estimate rates and patterns of vertical land movement in Washington State, 

mostly with the goal of resolving differences between relative sea level measured at tide gauges against vertical land 

movement rates at co-located CGPS stations. These investigations provide a way to assess trends in regional absolute sea 

level, and compare the regional sea level trends against globally averaged rates. In general, these investigations rely on 

CGPS datasets, typically from just one of several data providers, and also typically focus on a very limited number of 

locations in Washington State (Table C1) that are co-located with tide gauges. 

TABLE C1: A summary of published investigations that include estimates of rates of vertical land movement in 

coastal Washington State. 

Reference Purpose Method Notes 
Reference 

Frame 

Neah Bay 
Estimate 
(mm/yr) 

Seattle 
Estimate 
(mm/yr) 
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Holdahl et al., 
1989 

Crustal deformation to 
investigate tectonics 

Levelling w/ 
connection to 

tide gauge 

Inferred global 
rate of 1 mm/yr 

used in tide 
gauge analysis. 

Not stated 2.5 ± 0.8 -1.4 ± 0.8 

Mitchell et al., 
1994 

Crustal deformation to 
investigate tectonics 

Levelling w/ 
connection to 

tide gauge 

Inferred global 
rate of 1.8 ± .1 
mm/yr in tide 
gauge analysis 

Not stated 3.4 ± 0.2 N/A 

Verdonck, 2006 
Crustal deformation to 

investigate tectonics 

Levelling w/ 
connection to 

tide gauge 

Inferred global 
rate of 2.0 

mm/yr in tide 
gauge analysis 

Not stated 4.0 ± 0.1 -0.1 ± 0.1 

Woppelman et al., 
2007 

Estimate global average 
observed sea level 

change rate 

CGPS differenced 
against co-
located tide 

gauges 

Global study of 
co-located GPS 
and tide gauge, 

only 2 sites in 
Washington 

ITRF2000 4.21 ± 0.13 -0.57 ± 0.11 

Snay et al., 2007 
Estimate global average 

observed sea level 
change rate 

CGPS derived – a 
mean of six 

different CGPS 
datasets 

Global study of 
co-located GPS 
and tide gauge, 
only 2 sites in 
Washington 

ITRF2000 3.27 ± 1.00 -0.68 ± 1.00 

Mote et al., 2008 
Development of relative 
sea level projections for 

Washington State 

CGPS + 
review/analysis 
of levelling and 

tide gauge 

CGPS analysis 
used PANGA 

dataset 
Not stated 3-4 ~0 

Mazzotti et al.,  
2008 

Estimate of regional sea 
level change rate 

CGPS 

Compares co-
located CGPS 

(~40 stations in 
Washington) and 

tide gauges 

ITRF2000 3.5 ± 0.8 -0.9 ± 0.7 

NRC 2012 

Development of relative 
sea level projections for 
the West Coast of the 

United States 

CGPS analysis 
near co-located 

tide gauges 

Used SOPAC 
CGPS dataset 
only – only 3 

sites in 
Washington 

ITRF2005 3.00 ± 0.4 -1.1 ± 0.94 

Santamaría-
Gómez et al., 

2014 

Development of 
“double-differencing” 
method for estimating 

coastal VLM 

Tide Gauge + 
Satellite 

Altimetry 

Only 5 estimates 
in Washington 

Not stated 2.13 ± 0.62 -0.62 ± 0.70 

Montillet et al., 
2018 

Estimate of regional sea 
level change rate in 

Pacific NW by 
comparing co-located 
CGPS and tide gauges 

CGPS 
Used a single 
CGPS dataset 

(PANGA) 
ITRF2008 3.68 ± 0.31 -0.12 ± -.20 
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In terms of resolving spatial variations in vertical land movement for coastal Washington State, most of these analyses 

suffered from either limited data, relying on estimates from just one data source or methodology, and/or a lack of 

estimates made directly on the coast. For example, Snay et al. (2007) point out discrepancies between different providers 

of continuous CGPS-derived vertical land movement estimates. Therefore, we have developed a comprehensive 

assessment of coastal vertical land movement in Washington State that attempts to assimilate vertical land movement for 

multiple data types and from various data processing centers. This appendix describes our approach and the results of our 

analysis. 

 

FIGURE C1: Vertical land movement observations compiled and analyzed for this study. Vertical 

rate estimates were derived for specific locations associated with three separate methods, 

continuous GPS analysis (“CGPS” in the legend), water-level differencing (based on tide gauges; 

“WL” in the legend), and survey marker leveling (“Leveling” in the legend). Estimates for each of 

the sites shown are included on the WCRP project website; combined estimates of coastal vertical 

rates were calculated only for the area of interest. 

A Note About Units 
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Throughout this appendix we utilize metric units, and exclusively describe rates of vertical land movement using 

millimeters per year (mm/yr). We also provide observed vertical land movement rates in our supplemental data tables in 

units of mm/yr. However, vertical land movement rates are converted to units of feet/century (using a conversion factor 

of 1 mm/yr = 0.3281 feet/century) elsewhere in this report, and for incorporation into relative sea level projections.  

Metric units, and specifically expressing vertical land movement rates in mm/yr, are a convention in the scientific literature, 

and we kept that convention in this appendix to facilitate comparisons to other products and publications that discuss or 

estimate vertical land movement.   

Approach 

In order to support localized sea level planning in Washington State we derived a method for assessing coastal VLM that 

addressed the limitations in previous investigations. Notably we: 

1) Incorporated all available vertical land movement observations by combining estimates derived from 

leveling, water level differencing of tide gauges, and multiple CGPS datasets (Figure C1). 

2) Developed a methodology that made use of multiple CGPS datasets that are produced by different data 

processing centers, rather than relying on just one. Snay et al. (2007) identify and discuss discrepancies 

in the vertical rate solutions provided by different CGPS data providers.  

3) Derived estimates for a set of Washington’s tide gauges using water level differencing methods. This 

approach provides vertical land movement estimates for sites directly on the shoreline. 

Below we discuss specific methods for each of the three sources of data, and their analysis. 

Method 1: Continuous GPS (CGPS)  

Observed differences in vertical rate estimates or their uncertainties across different CGPS datasets (Snay et al., 2007) 

motivated us to develop and utilize the following approach for deriving vertical land movement rates from CGPS data. We 

based our best estimates and associated uncertainties for CGPS sites on the distribution in estimated rates and 

uncertainties across datasets provided by five different providers (Table C2). 
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TABLE C2: Continuous GPS datasets, sources and access dates for the five different datasets used in this 

assessment. 

Dataset Source 
Access 
Date 

Reference 
Frame 

Original Mean 
Uncertainty 

(mm/yr) 

Rescaled Mean 
Uncertainty 

(mm/yr) 

UN Reno http://geodesy.unr.edu/ 
5 January 

2018 
ITRF2008 0.84 0.56 

NASA JPL 
https://sideshow.jpl.nasa.gov/

post/series.html 
5 January 

2018 
ITRF2008 0.46 0.52 

Unfiltered SOPAC http://sopac.ucsd.edu/ 
5 January 

2018 
ITRF2008 0.73 0.70 

PANGA http://www.geodesy.cwu.edu/ 
16 

November 
2017 

ITRF2008 0.05 0.42 

New Mexico 
Institute of 
Mining and 
Technology 

ftp://data-
out.unavco.org/pub/products 

5 January 
2018 

ITRF2008 0.31 0.38 

 

Data were downloaded for all available stations in the Pacific Northwest (inclusive of western Oregon, western Washington 

and southern British Columbia; (Figure C1) from five different CGPS data processing groups (Table C2). As has been 

observed by other investigators, there is variation in the magnitude of the estimated vertical velocity and the uncertainties 

of the estimates for each of these datasets, attributed to processing variations amongst the processing groups. We 

designed an approach for assessing and combining the estimates and their uncertainties across datasets. We applied the 

following steps: 

Step 1: Quality Filtering 

The CGPS stations employed in this analysis varied considerably in the length of their data series, and the degree to which 

vertical rate estimates agreed across datasets. We therefore designed and applied a quality filter, separating CGPS stations 

into high/low quality categories based on: 

1) The length of the time-series over which vertical velocity solutions were estimated. Based on a visual 

examination of the relationship between uncertainty and time-series length (Figure C2), records 

exceeding nine years were automatically classified as “high quality”. 

2) Records shorter than nine years were classified as “high quality” only if at least three of the vertical 

rate estimates across the different processing groups agreed to within ±1 mm/yr. 
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FIGURE C2: Original (panel a) and rescaled (panel b) uncertainties for vertical CGPS data 

using the approach outlined in the text. This approach assumed that the estimate of relative 

uncertainties within a data source provides meaningful information, even though the 

uncertainties as calculated by each data source varied widely. 

Stations designated as “low quality” via this filtering step are included in the supplemental data associated with this 

project, but were excluded from further analysis.  This quality assessment procedure classified 117 out of 188 total CGPS 

stations in our area of interest as “high quality”. 

Step 2: Rescaling Uncertainties 

The uncertainty estimates for CGPS-based vertical land movement observations were not consistent across data providers, 

with some providing a relatively narrow uncertainty range and others estimating a wide uncertainty range (Figure C2, left 

panel; Table C2). However, the relative scale of the uncertainties was generally similar within a dataset and was assumed 

to be indicative of the relative scale of uncertainty of the estimates between stations. In order to combine estimates into 

a weighted average velocity estimate for a given station (see Step 3 below), the relative uncertainty needed to be adjusted 

to provide a consistent basis for assessing the uncertainties in the vertical rate estimates.  

As a result, we developed a calibration process to rescale uncertainties and facilitate comparisons across datasets. We 

assume that the uncertainty in the vertical rate estimate should asymptote to a stable value as more observations become 

available (i.e., due to a longer observational record, as illustrated in Figure C2). We calibrated the uncertainty estimates, 

as follows:  

(years) (years) 
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1) Calculate the mean uncertainty for each of the five CGPS data sources for all high quality stations (Table 

C2).  

2) Estimate a scaling factor for the reported uncertainties for each processing center such that the mean 

uncertainty for all high quality stations is consistent between processing centers.  This ensures that the 

variability in uncertainty is preserved between stations. 

3) Multiply all CGPS vertical uncertainties by the appropriate scaling factor assigned to each processing 

centers (Table C2). 

The rescaled uncertainties are shown in Figure C2.   

Step 3: Derivation of best estimate rates.  

Our best estimate of the vertical rate at a CGPS site was designed to take into account differences in solutions between 

the five different datasets (Table C2). First, an outlier detection algorithm was applied to the “high quality” CGPS sites with 

more than three estimates from different processing groups, in order to separate out stations with longer time-series but 

for which one of the processing group’s estimates was dramatically different than the others. For this assessment we 

applied a median absolute deviation approach2 to identify outliers, with a conservative outlier cut-off value of 6.  

Therefore, any value with a median absolute deviation of more than 6 times the median value was eliminated from the 

calculation of a mean velocity across data processing centers. 

Next, we calculated a weighted average of the individual vertical rate estimates, where the weighting was scaled by the 

shifted uncertainties (Figure C2):  

 

Where xi are the reported velocities from the different processing groups and σi are the rescaled uncertainties for each 

observation (Figure C2, right panel). The weighted averaging approach has the effect of making those vertical velocities 

with smaller relative uncertainties carry more weight in the vertical velocity averaging process.  

Step 4: Estimate uncertainty of the best estimate rate.  

As noted above, the uncertainties provided by each data provider are not consistent in terms of scale. In addition, the rate 

estimates from data providers can be quite different. As a result, we deemed it more conservative to estimate the 

                                                                 

2 http://eurekastatistics.com/using-the-median-absolute-deviation-to-find-outliers/ 
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aggregate uncertainty using the standard deviation of the vertical rate estimates for a station, as calculated by the different 

processing groups. 

The resulting set of CGPS-derived vertical rate estimates that are incorporated into our analysis are shown in Figure C3.  

 

FIGURE C3: Vertical land movement best estimate rates derived from CGPS 

data from multiple data providers 

Method 2: Estimating vertical land movement rates from  

water level data 

Water-level differencing, in our case differencing monthly-averaged water levels from tide gauges, provides an estimate 

of the relative difference in vertical rates between tide gauges. There are two approaches: “single-differencing”, which 

assumes that the stations are close enough to each other that they experience the same variations in sea level; and 

“double-differencing”, which does not assume that the stations share an absolute sea-level trend, but rather attempts to 

directly estimate the absolute sea level pattern at a tide gauge using altimetry (Santamaría-Gómez et al., 2014). 

We conducted a single-differencing analysis that employed the following steps: 

1) Obtain monthly average water level data from the Permanent Service for Mean Sea Level for a set of 

23 stations in Oregon, Washington and British Columbia.  
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2) Choose a set of four “reference stations” (Table C3) based on two criteria: (a) co-located with a “high 

quality” CGPS station (within 5km, though 3 of the 4 reference stations were located less than 500 m 

apart), and (b) includes a long (>20 years) water level record.  

3) Difference each station’s monthly sea level against those from each of the four reference stations 

4) Remove the mean seasonal signal in the resulting differenced time-series, by subtracting out the long-

term average for each calendar month 

5) Estimate the trend and standard error in the linear regression, accounting for auto-correlation (using 

the variance inflation factor approach described in Zervas, 2009). 

6) Adjust the estimated relative rate to an absolute rate by adding it to the best estimate vertical rate 

derived from the high quality CGPS station co-located with each “reference” water level station. 

Uncertainties were combined in quadrature. 

TABLE C3: Water level reference stations 

Tide Station Location 

Water level 
time-series 

used in 
analysis 

Co-located 
CGPS Station 

Distance from 
tide station to 

CGPS 

CGPS start 
year 

Patricia Bay 48.65, -123.45 1977-2017 PCG5 490 m 2000 

Friday Harbor 48.55, -123.01 1934-2017 SCO2 365 m 2001 

Astoria 48.21, -123.77 1968-2017 TPW2 0 2000 

Port Alberni 49.23, -124.82 1973-1997 PTAL 4100 m 2002 

 

This analysis produced 4 separate vertical rate estimates for each tide gauge (one estimate using each of the four reference 

stations).  We added to our water-level-based dataset estimates for six stations derived from the double-differencing 

analysis of Santamaria-Gomez et al. (2014).  Vertical rate estimates were then averaged for each tide gauge in our area of 

interest (Figure C1) using the same weighted averaging approach as was described above for CGPS stations. The 

uncertainty in the average estimate was also approximated by the standard deviation of the individual vertical rate 

estimates.  The best estimate rates derived from our process above are shown in FIGURE C. 
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FIGURE C4. Vertical land movement best estimate rates from water-level differencing 

approaches, binned into vertical rate categories. 

Method 3: Leveling 

Spirit leveling is a surveying method that is used to measure the relative height difference between two nearby 

benchmarks. By repeating a survey of the benchmarks at a later time and differencing against an earlier data set, it is 

possible to measure the rate of change in the vertical height.  This method provides relative changes in height (i.e. tilt) and 

must be aligned with a nearby CGPS or tide gauge station in order to be tied to an absolute  reference frame.  

We incorporate vertical rates from leveling in our analysis using the methodologies and data described in Burgette et al. 

(2009) and Krogstad et al. (2016), which utilize historical leveling data stretching back to the 1930’s.  As with the water 

level differencing, these relative rates were converted to absolute rates of vertical land movement by adjusting leveling 

lines using nearby “high quality” CGPS stations (Figure C4). Relative vertical rates for a series of benchmarks along a leveling 

line (typically located along transportation corridors) were adjusted to best fit the vertical land movement estimates of 

one or more nearby CGPS stations. The uncertainty of the CGPS station is assigned to the nearest leveling point, then 

uncertainty is propagated from that point using the measurement uncertainties of surrounding leveling points. 
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FIGURE C5: Binned vertical land movement best estimate rates (in 

mm/yr) derived from leveling. 

Tectonic locking model 

The three approaches described above provided a total of 519 vertical rate estimates within our area of interest (Figure 

C6). There are large portions of the landscape, though, for which vertical land movement observations do not exist. Of 

particular importance to this study, for example, there are very few observations along large stretches of the Pacific coast 

of Washington, and fewer still that are close to the shoreline. This is particularly troublesome since the limited data that 

we do have suggests large gradients in vertical land movement over short distances, which could lead to a 

misrepresentation of rates of vertical land movement on the shoreline in areas where most observations are collected 

inland. For example, our project team noted locations, particularly on the north and central coast near La Push and 

Kalaloch, Washington, where existing observations point to subsidence on the shoreline, and rapid uplift only a short 

distance inland (Figure C6).  

To first order, the large-scale pattern of deformation revealed in Figure C6 can be explained by interseismic locking of the 

megathrust on the subduction zone.  The uplift proximal to the coast indicates that strain energy is accumulating in the 

crust and will be released in the next megathrust earthquake.  To better represent likely patterns of vertical land 

movement in areas of the coast that lack observations, we incorporated an unpublished tectonic locking model provided 

by Schmidt et al. (2011) to help inform the expected vertical signal in regions without direct measurements. This locking 

model is similar to that described by McCaffrey et al. (2013) and was incorporated into US Geological Survey earthquake 
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rupture forecast (Field et al., 2014). The locking model is intended to physically model expected interseismic deformation 

of bedrock in a subduction zone (it does not explicitly model other processes, like compaction of sediments, that can lead 

to coastal vertical land movement), and is adjusted to our absolute reference frame using existing observations of vertical 

land movement. 

Vertical rate estimates were extracted from the model at a grid spacing of 0.2-degree3. These were combined with our 

other vertical rate estimates in the interpolation described below. The modeled points were assigned an uncertainty of ± 

2 mm/yr, chosen to minimize the influence of the model in areas with ample observations.  

 

FIGURE C6: Best estimate of the rate of vertical land movement, derived from 

observations, for Washington State. Rates are in mm/yr, symbols denote the type of 

observation, and the color shows the magnitude and sign of the observed trend. 

Data Integration and Analysis 

Ultimately, our goal in this project is to estimate the rate of contemporary vertical land movement and an uncertainty for 

a given point along Washington’s coastline. Since our analysis combines multiple data sources, and since very few 

observations coincide with the coast, these need to be integrated into a single set of estimates and interpolated to the 

shoreline. To do this we combined all 519 vertical land movement observations (Figure C6), plus the modeled rates 

extracted from the tectonic locking model and bi-linearly interpolated the estimates onto a regular 0.1-degree latitude-

                                                                 

3 Rates derived from the locking model are provided in the supplemental materials associated with this report. 



Appendix C: Vertical Land Motion Background and Analysis  Page 14 of 20 

 

longitude grid (about 5-8 miles between grid cells). To estimate uncertainty, we used a boot-strapping approach, repeating 

the interpolation 1,000 times, each time randomly varying all estimates based on their assessed uncertainties within a 

normal distribution.  We defined the uncertainty reported in this analysis to be the standard-deviation from the 1,000 

estimates for each grid point (Figures C7 and C8). 

Co-Seismic Land Level Change 

During seismic events, coastal land level can change rapidly. The Tohoku earthquake that struck central Japan on March 

11, 2011, for example, resulted in coastal subsidence of ~3 ft in places along the east coast of Japan (Wei et al., 2011). 

Localized uplift of the coast is also possible depending on the geometry of the subduction zone and proximity of the coast 

to the epicenter.  The interseismic vertical land movement rates that we estimate in this analysis are integrated into 

relative sea level projections with the assumption that they will continue unchanged over the many decades over which 

our projections apply. As such they do not incorporate the possibility of land level change during a seismic event in 

Cascadia. 

However, co-seismic land level changes play a potentially large role in relative sea level at community scales. Co-seismic 

uplift associated with a 2010 subduction zone earthquake in Chile, for example, led to persistent relative sea level change 

of ~2 feet in the Tirua River estuary (Ely et al., 2014). To assess possible co-seismic land level changes on the shoreline of 

Washington State associated with a Cascadia subduction zone earthquake, we utilized four co-seismic deformation 

models, each representing a different earthquake configuration.  All four models were associated with subduction zone 

events with return frequencies of ~500 years (Table C4) in order to represent likely events over the time-scales for which 

we are projecting sea level4.   

TABLE C4:  Co-seismic deformation models used to assess potential ranges of coastal land level change 

associated with a Cascadia subduction zone earthquake. 

Deformation Model Source Return Frequency (yrs) 

M1 Witter et al., 2013 425-525 

Buried Slip Gao, 2018a 500 

Heterogenous Slip Gao, 2018a 500 

Slip With Splay Fault Gao, 2018a 500 

                                                                 

4 The last large subduction zone earthquake on the Cascadia subduction zone was in 1700 (Atwater et al., 1995). 
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a Summarized in Garrison-Laney, 2017. 

The range across the four models in Table C4 are presented in the relative sea level tables associated with this sea level 

assessment.  There is no assessment of likelihood that we associate with these co-seismic land level change magnitudes, 

but they are presented as a potentially useful planning tool accompanying our climate-driven relative sea level projections.   

Results 

 

FIGURE C7: Map of VLM observations and the interpolated VLM surface developed as part 

of this project. The differing color maps for the symbols and the interpolated surface were 

chosen to facilitate comparison between the observations themselves and the resulting 

interpolated surface.  

Our full dataset of vertical land movement observations and coastal estimates extracted from an interpolated surface 

(Figure C7) are available in the supplemental materials associated with this report. 

Previous investigators (Table C1) have found variations in coastal vertical land movement ranging from ~0.5 mm/yr of 

subsidence (in central Puget Sound) to approximately 3-4 mm/yr of uplift (on the northwest tip of the Olympic Peninsula). 

Overall we find the same general patterns suggested by previous investigators, and in particular find the most rapid rates 

of coastal uplift associated with the northwest tip of the Olympic Peninsula (Figure C7). Our results also suggest: 

1) An area of subsidence on the northern and central coast of Washington State, near La Push, Washington that 

also appears to be associated with large cross-shore gradients in vertical land movement.  
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2) Rapid uplift, but with a large uncertainty in estimated rates, on the Long Beach peninsula. 

3) Low rates of subsidence in Puget Sound, but with a south-to-north gradient showing higher rates of subsidence 

to the south and lower rates to the north. This is consistent with the pattern expected for glacio-isostatic 

adjustment.  

4) A strong west-to-east gradient in rates of vertical land movement across our area of interest that is particularly 

pronounced along a transect following the Strait of Juan de Fuca (Figure C7), and that we attribute to subduction 

zone processes. 

Despite the density of observations utilized in this assessment, areas of large uncertainty remain, either due to 

uncertainties in the observations themselves (Figure C8), large gradients in the rate of vertical land movement, or due to 

a lack of observations in certain parts of the landscape. As with the remainder of this study, our approach is to quantify 

the uncertainty and incorporate it into our estimates of relative sea level rise.  

  

FIGURE C8: Uncertainty estimates for vertical land movement observations 

included in our analysis 

 

Uncertainty in vertical land movement estimates for coastal Washington will be reduced as: 
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1) Sites are added to fill existing gaps, particularly on the shoreline. Large gradients in vertical land movement 

appear to be present over very short distances (10s of kilometers) in parts the landscape, particularly on the coast 

of Washington. This suggests that siting CGPS stations directly on the coast would be useful.  

2) CGPS records increase in length. The uncertainty in CGPS estimates of vertical land movement are largely 

dependent on the length of the time-series. Continuing existing observations, some of which now exceed 20 

years, will reduce uncertainty in future analyses. 

This analysis represents the most comprehensive and spatially-detailed assessment to date of coastal vertical land 

movement in Washington State.  The estimate vertical land movement rates are coupled with absolute sea level rise 

projections to produce community-scale relative sea level projections for use in coastal resilience planning across the 

state’s coastlines. Future work could further refine these estimates, either by improving the precision or the types of 

processes that are captured in the analysis (e.g., subsidence due to sediment compaction). In the meantime, this analysis 

represents a significant improvement in the data available for coastal impacts assessment.   



Appendix C: Vertical Land Motion Background and Analysis  Page 18 of 20 

 

REFERENCES 

Atwater, B.F., Nelson, A.R., Clague, J.J., Carver, G.A., Yamaguchi, D.K., Bobrowsky, P.T., Bourgeois, J., Darienzo, M.E., 

Grant, W.C., Hemphill-Kaley, E., Kelsey, H.M., Jacoby, G.C., Nishenko, S.P., Peterson, C.D., Reinhart, M.A. (1995). 

Summary of coastal geologic evidence for past great earthquakes at the Cascadia subduction zone. Earthquake 

Spectra, 11(1): 1-18. 

Burgette, R. J., Weldon, R. J., & Schmidt, D. A. (2009). Interseismic uplift rates for western Oregon and along‐strike 

variation in locking on the Cascadia subduction zone. Journal of Geophysical Research: Solid Earth, 114(B1). 

https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2008JB005679 

National Research Council (NRC). (2012). Sea-level rise for the coasts of California, Oregon and Washington:  Past, 

Present and Future.  Board on Earth Sciences and Resource and Ocean Studies Board, Division on Earth and Life 

Studies, National Research Council of the National Academies.   

Ely, L., Cisternas, M., Wesson, R., & Dura, T.  (2014).  Five centuries of tsunamis and land-level changes in the overlapping 

rupture area of the 1960 and 2010 Chilean earthquakes.  Geology, 42(11).    

Field, E. H., Arrowsmith, R. J., Biasi, G. P., Bird, P., Dawson, T. E., Felzer, K. R., ... & Michael, A. J. (2014). Uniform 

California earthquake rupture forecast, version 3 (UCERF3)—The time‐independent model. Bulletin of the 

Seismological Society of America, 104(3), 1122-1180. https://doi.org/10.1785/0120130164  

Gao, D., Wang, K., Insua, T.L., Sypus, M., Riedel, M., & Tianhaozwhe, S. (2018).  Defining megathrust tsunami source 

scenarios for northernmost Cascadia.  Natural Hazards, pp. 1-25. https://doi.org/10.1007/s11069-018-3397-

6 

 

Garrison-Laney, C. (2017).  Tsunami and sea-levels of the past millennium in Puget Sound, Washington.  PhD Dissertation, 

University of Washington.  https://digital.lib.washington.edu/researchworks/handle/1773/40393 

Holdahl, S.R., F. Faucher, & H. Dragert. 1989. Contemporary vertical crustal motion in the Pacific Northwest, in: Choen 

and Vanicek (eds), Slow deformation and transmission of stress in the earth. American Geophysical Union, 

Geophysical Monograph 49. 

Krogstad, R. D., Schmidt, D.A., Weldon, R.J., & Burgette, R.J. (2016). Constraints on accumulated strain near the ETS zone 

in Cascadia, Earth Planet. Sci. Letts., 439, 109-116, doi:10.1016/j.epsl.2016.01.033. 

https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2008JB005679
https://doi.org/10.1785/0120130164
https://doi.org/10.1007/s11069-018-3397-6
https://doi.org/10.1007/s11069-018-3397-6
https://digital.lib.washington.edu/researchworks/handle/1773/40393


Appendix C: Vertical Land Motion Background and Analysis  Page 19 of 20 

 

McCaffrey, R., King, R. W., Payne, S. J., & Lancaster, M. (2013). Active tectonics of northwestern US inferred from GPS‐

derived surface velocities. Journal of Geophysical Research: Solid Earth, 118(2), 709-723. 

Mazzotti, S., Jones, C., & R. E. Thomson. (2008). Relative and absolute sea level rise in western Canada and northwestern 

United States from a combined tide gauge‐GPS analysis, J. Geophys. Res., 113, C11019, 

Mitchell, C.E., Vincent, P., Weldon II, R.J., & Richards, M.A. (1994). Present-day vertical deformation of the Cascadia 

margin, Pacific Northwest, United States. Journal of Geophysical Research 99 (B6): 12257–12277. 

Montillet, J.P., Melbourne, T.I., Szeliga W.M. (2018) GPS Vertical Land Motion Corrections to Sea-Level Rise Estimates in 

the Pacific Northwest. J Geophys Res 123, Issue 2.  Pp 1196-1212 

Mote, P., Petersen, A., Reeder, S., Shipman, H. & Whitely Binder, L. 2008. Sea Level Rise in the Coastal Waters of 

Washington State. Published by the University of Washington Climate Impacts Group and the Washington State 

Department of Ecology 

Santamaría-Gómez, A., Gravelle, M., & Wöppelmann, G. (2014). Long-term vertical land motion from double-differenced 

tide gauge and satellite altimetry data. Journal of Geodesy, 88(3), 207-222. https://doi.org/10.1007/s00190-

013-0677-5  

Schmidt, D. A., Weldon R. J., Burgette, R.,& Krogstad, R. (2011). The distribution of interseismic locking on the Cascadia 

Subduction Zone constrained by leveling, tide gauge, and GPS data, Abstract G53C-05, presented at 2011 Fall 

Meeting, AGU, San Francisco, Calif., 5-9 Dec.  

Snay, R., Cline, M., Dillinger, W., Foote, R., Hilla, S., Kass, W., ... & Soler, T. (2007). Using global positioning system‐

derived crustal velocities to estimate rates of absolute sea level change from North American tide gauge 

records. Journal of Geophysical Research: Solid Earth, 112(B4). 

Verdonck, D. (2006). Contemporary vertical crustal deformation in Cascadia. Technophysics 417: 221–230. 

Wang, K. & Trehu, A.M., (2016). Invited review paper:  Some outstanding issues in the study of great megathrust 

earthquakes – the Cascadia example.  Journal of Geodynamics, 98, 1-18. 

Wei, S., Sladen, A. & ARIA Team (2011). Preliminary GPS displacement data (version 0.1) provided by the 

ARIA team at JPL and Caltech.  http://www.tectonics.caltech.edu/slip_history/2011_taiheiyo-oki/, 

Accessed 3 July 2018. 

https://doi.org/10.1007/s00190-013-0677-5
https://doi.org/10.1007/s00190-013-0677-5
http://www.tectonics.caltech.edu/slip_history/2011_taiheiyo-oki/


Appendix C: Vertical Land Motion Background and Analysis  Page 20 of 20 

 

Witter, R., Zhang, Y., Wang, K., Priest, G., Goldfinger, C., Stimely, L., English, J.T., & Ferro, P. (2013). Simulated tsunami 

inundation for a range of Cascadia megathrust earthquake scenarios at Bandon, Oregon, USA. Geosphere, 9(6), 

1783-1803. 

Wöppelmann, G., Martin Miguez, B., Bouin, M.N., & Altamimi, Z. (2007).  Geocentric sea-level trend estimates from GPS 

analyses at relevant tide gauges world-wide.  Global and Planetary Change, Volume 57, Issues 3–4. 


	Appendix C: Vertical Land Motion Background and Analysis
	Overview
	Approach
	Method 1: Continuous GPS (CGPS)
	Step 1: Quality Filtering
	Step 2: Rescaling Uncertainties
	Step 3: Derivation of best estimate rates.
	Step 4: Estimate uncertainty of the best estimate rate.
	Method 2: Estimating vertical land movement rates from  water level data
	Method 3: Leveling
	Tectonic locking model
	Data Integration and Analysis

	Co-Seismic Land Level Change
	Results

	References

