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[1] We quantify the spatial pattern of uplift rate in western Oregon and northernmost
California using tidal and leveling records to better understand the pattern of interseismic
locking on the Cascadia subduction zone. We extend relative sea level time series of the six
primary NOAA tide gauges to include all observations from 1925 to 2006. Previously
unidentified bench mark instability biases portions of tidal records by �1.6 mm a�1 before
correction. We determine precise relative uplift rates at the six tidal sites with an
adjustment that includes rates of differenced time series as additional constraints. Our
analysis of National Geodetic Survey leveling data between tide gauges corrects errors in
1941 leveling, and 184 secondary ties double the number of highest quality uplift rate
estimates. Relative uplift rates from leveling are adjusted to the tidal rates, accounting
for uncertainties in both data types. Tidal and leveling uplift rates agree within error for all
but one of the coastal segments, where we infer systematic leveling error affects the
1988 line. Uplift rates are made absolute using an interval and location-specific geocentric
sea level rise rate of 2.3 ± 0.2 mm a�1. Total propagated one sigma errors for the absolute
uplift rates of bench marks are �0.4 mm a�1. Along-strike changes in uplift rate near
45�N and 42.8�N require two distinct changes in locking depth, as inferred from elastic
dislocation modeling. The along-strike changes in locking on this portion of the
Cascadia subduction zone interface correlate to the western and southern extent of
the mafic Siletzia block in the fore arc.
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1. Introduction

[2] The Cascadia subduction zone poses the greatest single
source of seismic hazard to the northwestern United States
and southwestern Canada. To accurately quantify this haz-
ard, information regarding the frequency of past earthquake
recurrence, the along-strike rupture length, and the downdip
extent of coseismic rupture is needed to constrain the po-
tential seismic moment release of future events. Although
there have been no great earthquakes on the Cascadia
megathrust during the European-American historical period,
numerous lines of evidence record repeated earthquakes
rupturing the majority of the plate boundary [Clague, 1997].
The most recent earthquake occurred 26 January 1700, based
on radiocarbon dating and dendrochronology of subsidence
of the Cascadia coast, and historical records of tsunami
arrival in Japan [Nelson et al., 1995; Satake et al., 1996;
Jacoby et al., 1997; Yamaguchi et al., 1997]. Modeling of
the tsunami source suggests the Mw � 9.0 event in 1700
ruptured the entire 1100 km length of the Cascadia subduc-
tion zone [Satake et al., 2003]. Equal numbers of Holocene
turbidite deposits in offshore channels along the Cascadia

margin suggest that past earthquakes have similarly ruptured
the entire length of the megathrust [Goldfinger et al., 2003].
However, onshore paleoseismic records indicate that some
of the previous earthquakes ruptured only part of the sub-
duction fault along strike [Nelson et al., 2006]. Likewise,
there is still uncertainty regarding the downdip limit of rup-
ture [Petersen et al., 2002; Satake et al., 2003]. The best
estimates of where the plate interface is locked and accu-
mulating elastic strain come from geodetic studies. Here we
seek to better characterize the crustal vertical velocity field
for the Oregon portion of the Cascadia margin (Figure 1)
and refine the estimated extent of interplate coupling.
[3] Numerous geodetic studies of crustal deformation

along the Cascadia margin have been performed over the
past three decades. In the first analyses of vertical deforma-
tion from leveling and sea level observations, eastward tilting
was interpreted as resulting from aseismic subduction [Ando
and Balazs, 1979; Reilinger and Adams, 1982]. Observation
of convergence-parallel horizontal contraction in western
Washington coupledwith the vertical deformation led Savage
et al. [1981] to conclude that the subduction zone was
locked and accumulating elastic strain. This interpretation
has prevailed with the collection and analysis of many more
geodetic and geologic data [e.g.,Holdahl et al., 1989; Savage
et al., 1991]. Longer periods of observation at Cascadia
tide gauges and the 1987–1988 National Geodetic Survey
(NGS) releveling campaign in the Pacific Northwest allowed
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Mitchell et al. [1994] to spatially extend and increase the
precision of the vertical velocity field for the U.S. portion of
the Cascadia margin. On the basis of the pattern of the uplift
rates, they inferred significant along-strike variation in width
and depth of the locked portion of the subduction interface.
Verdonck [1995] used three-dimensional (3-D) elastic dislo-
cation modeling of the Mitchell et al. [1994] data set for the
southern section of the subduction zone to infer an isolated
locked patch offshore of Reedsport, Oregon, and extending
south. Using a series of trench-perpendicular two-dimensional
(2-D) elastic dislocation models, Hyndman and Wang [1995]
constrained locking using vertical deformation data from
Vancouver Island to northern California. Subsequent 3-D
elastic dislocation and viscoelastic models of the Cascadia

subduction zone gave similar results to the locking pattern
derived from the 2-D models [Flück et al., 1997;Wang et al.,
2001]. These studies concluded that the downdip limits of the
locked and transition zones run subparallel to depth contours
on the slab, following modeled 350�C and 450�C isotherms,
respectively.
[4] More recent studies of locking along the Cascadia

subduction zone have used horizontal GPS velocities as the
primary input for resolving the extent of locking on the
subduction interface [McCaffrey et al., 2000; Murray and
Lisowski, 2000; Savage et al., 2000; Svarc et al., 2002;
Wang et al., 2003; Verdonck, 2005; McCaffrey et al., 2007;
Wang, 2007]. The increasingly high precision of horizontal
GPS velocities and standardized procedures for quantifying
the associated uncertainty have made these measurements
more attractive for modeling. Locking patterns inferred from
the horizontal data predict interseismic uplift rates that poorly
match previously published estimates of vertical velocity at
many locations. The historical nature of the vertical data and
discrepancies between previous analyses have led modelers
to downplay the importance of the vertical constraints for
determining subduction zone locking [Wang et al., 2003;
Wang, 2007]. However, particularly in southern Cascadia, the
dominant signal in the horizontal velocity field is rotation of
the fore arc relative to stable North America [e.g., Savage
et al., 2000; McCaffrey et al., 2007]. As the horizontal
velocity field is produced by both subduction zone strain ac-
cumulation and secular motion of the fore arc, one must make
additional assumptions to separate the two effects.
[5] The primary signal in the vertical velocity field of coastal

Cascadia is from strain accumulation associated with subduc-
tion. Previous studies of vertical deformation have removed
globally modeled predictions of uplift rate in response to
postglacial isostatic adjustment [Savage et al., 1991;
Hyndman and Wang, 1995]. However, more recent local
studies of the postglacial response in Cascadia have con-
cluded that a weak upper mantle results in negligible rates
of contemporary crustal velocity [James et al., 2000; Clague
and James, 2002]. As deformation from the interseismic
subduction process is the primary signal in the vertical data,
uplift rates from the Cascadia fore arc provide a direct in-
dicator of the extent of locking on the plate interface. The
predicted horizontal velocity field from a subduction model
constrained with vertical deformation rates offers an inde-
pendent means to assess horizontal rotation and other defor-
mation of the upper plate [e.g., Miller et al., 2001].
[6] The small number of permanent GPS receivers with

sufficiently long records and the lower signal-to-noise ratio
along the Cascadia margin compared to such places as Japan,
precludes using GPS vertical velocities as strong constraints
on subduction zone locking [e.g.,Aoki and Scholz, 2003]. For
Cascadia, the most precise vertical velocity data remain the
regional leveling conducted by the NGS and measurements
of relative sea level at the continuously operated National
Ocean Service (NOS) tide gauges. However, both historical
data sources contain errors which must be corrected to avoid
biased uplift rates. The leveling data contain errors due to
systematic and random survey error as well as bench mark
instability. Relative sea level trends at some tide gauges are
biased by instabilities of bench marks that maintain the local
vertical reference frames. Here we use the multiple observa-
tions of relative bench mark elevations along each leveling

Figure 1. (a) Cascadia region, showing locations of subduct-
ing oceanic Juan de Fuca (JdF) and Gorda (G) plates. Barbed
line shows the seafloor trace of the Cascadia subduction zone
megathrust. Solid triangles are arc volcanoes. Heavy box shows
location of Figure 1b. Tide and river gauges used in our analysis
that lie outside of Figure 1b are NB, Neah Bay; Se, Seattle; and
Da, The Dalles. (b) Location of tidal and leveling data from
Oregon and northernmost California used in this study. Tidal
sites: CC,Crescent City; PO, Port Orford; Ch, Charleston (Coos
Bay); SB, South Beach (Newport); Ga, Garibaldi; As, Astoria.
Leveling nodes: Cq, Coquille; Wi, Winston; Al, Albany; Ra,
Rainier. Major rivers: WR, Willamette River (flows through
Willamette Valley); CR, Columbia River. River gauges: Sa,
Salem; Qn, Quincy.
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line and local tidal loop to identify and remove such errors
from the vertical geodetic data. Both the leveling and sea level
uplift rates are mademore robust by using additional historical
data that have not been analyzed in previous regional compi-
lations. We combine the spatially dense relative tilts given by
releveling with the sparse estimates of absolute uplift rates at
the tide gauges to obtain an internally consistent vertical ve-
locity field with associated errors for western Oregon and
northwesternmost California. Using an elastic dislocation
model, we invert this vertical velocity field for the distribu-
tion of locking on the Cascadia subduction zone.

2. Relative Uplift Rates From Tidal Data

[7] We have extended and reanalyzed the tidal records for
the six southern Cascadia outer coastal sites previously used
by Mitchell et al. [1994]. These continuous tidal gauges,
operated by the National Ocean Service (NOS), are distributed
along the coast from Crescent City, California, to Astoria,

Oregon (Figure 1). We use the verified monthly mean water
level values provided over the Internet by the NOS, updated
through December 2006. In addition to the 14 years that have
elapsed since the Mitchell et al. [1994] analysis, we have
extended the four shortest records by digitizing 67 months of
hourly archived observations made in the 1920s, 1930s, and
1950s. To place these historical data into the same local ver-
tical reference frame as the more recent continuous measure-
ments at each site, we analyzed the results of repeated
leveling of the tidal bench marks by the NOS and NGS. At
each site we have identified the most stable bench marks, and
we use the surveys between these bench marks and the dif-
ferent tidal staffs to tie the different epochs of observations
into a common reference frame.
[8] For each tidal record we remove a mean seasonal cycle,

identify and exclude data with clear errors, and correct for
effects of bench mark instability (Appendix A). Instability of
bench marks that were used to define tide gauge vertical
datums bias parts of the Astoria and South Beach records at
levels of 5.0–1.6 mm a�1, and other tide gauges at lower
levels before correction (Appendix A). Additionally, for the
Astoria gauge in the mouth of the Columbia River, we re-
move an average effect of river discharge on measured water
level (Appendix A). To determine the rate of relative sea level
rise at each site we fit a least squares linear regression trend to
the time series. The rates are relative in that they record the
change in water level with respect to the local crust which is
moving at some vertical velocity. We calculate uncertainties
of the linear relative sea level rates using the Hildreth-Lu
procedure [Neter et al., 1990] to account for temporal auto-
correlation in the time series (Appendix B and Table 1). Sea
level time series with best fit linear trends for the six outer
coast tide gauges are shown in Figure 2a.
[9] Much of the noise left in the seasonally corrected time

series of Figure 2a is shared from site to site and represents

Figure 2. Sea level time series collected by National
Ocean Service for Oregon portion of Cascadia. (a) Time
series for each gauge, corrected for instabilities of primary
bench marks, with site-specific mean seasonal cycle removed,
and river effect removed for Astoria. See Figure A4 for
example of processing. We have extended the records of the
four central tide gauges with archived pre-1960 data to
better constrain the relative sea level trends over the last
century, and all records are updated through 2006. Gray data
from Astoria and Garibaldi are excluded from the analysis
(Appendix A). Straight black lines are linear regression fits,
and the dashed gray lines have the slopes determined from
the least squares adjustment, which incorporates the rates
from the more precise differenced time series (see Table 1
for values). Note that the adjustment only modifies the
trends slightly, but this increases the confidence in the
values of the trends. (b) Example of differenced time series,
using Astoria. Top As time series is same data shown in
Figure 2a. Note the change in scale. Below are the
differences of Astoria from each of the other sites, arrayed
north to south. Note that the scatter around the regression
lines is reduced compared to the original time series, as
shared ocean noise is removed. The scatter around the trend
lines increases as the sites become more widely separated
(moving down in the figure).
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regional oceanographic noise. Differencing the record of one
site from another removes the portion of the noise common to
the two sites, along with the effect of the regional eustatic sea
level rise. Thus, the trend of a differenced time series is the
difference in sea level change between the two sites, or the
crustal uplift rate of one site relative to the other. Nearby sites
share the pattern of oceanographic noise quite closely and
differenced sea level trends have much less uncertainty than
those calculated from the seasonally corrected time series for
one site (Figure 2b) [Mitchell et al., 1994].We differenced the
time series of the 15 possible pairs of tide gauges in the six
site set and calculated relative sea level rates and associated
uncertainties (Appendix B and Table 1).
[10] The rate of relative sea level rise for each site may be

determined from its individual time series or by using the
rate determined at a different site and the relative rates of the
two sites calculated from their differenced time series. Given
the six sites considered here, there are six different estimates
of the rate of sea level rise for each site, with associated un-
certainties (Table 1). We have used a weighted least squares
adjustment to incorporate the more precise constraints of the
differenced rates into our estimate of the rate of relative sea
level change for each site [Wolf and Ghilani, 1997]. Weights,
w, are calculated asw = sts

�2, where sts is the standard error of
the trend of time series as determined by the Hildreth-Lu
approach.
[11] The relative sea level change rates from the individual

sites and the intersite differences are quite consistent with one
another along the Cascadia coast fromCrescent City toAstoria
(Table 1 and Figure 2). The adjusted values of the 21 relative
sea level rates are all approximately one standard error or less
from their initial observed values. The estimated standard
errors of the adjusted rates of relative sea level change are all
less than their initial values, ranging from 0.07 to 0.10mm a�1.
The intersite comparisons are most effective in reducing the
uncertainty of relative sea level trends for tide gauges with
fewer months of observed data. The adjusted uncertainties of
the sites with the shortest records are similar to the preadjust-

ment standard errors of the long time series at Crescent City
and Astoria (Table 1).
[12] The regional rate of absolute sea level rise in a geo-

centric reference frame allows the calculation of absolute
crustal uplift rates from values of relative sea level rise. As
the value of the regional rate of eustatic sea level rise is more
difficult to determine and affects all of the sites equally, we
first calculate relative uplift rates among the sites for initial
comparison to rates obtained from leveling by using zero sea
level change. The high precision of the rates of relative sea
level rise at the tide gauges translates to a high precision of
relative uplift rates between tide gauges. We later add the
uncertain value of regional eustatic sea level rise to determine
less precise absolute uplift rates (Section 4).

3. Relative Uplift Rates From Leveling Data

[13] We have calculated relative uplift rates using repeated
first- and second-order leveling surveys along highways of
western Oregon and northernmost California conducted
by the National Geodetic Survey (NGS). We use the un-
adjusted line data, with orthometric, rod, level, tempera-
ture, astronomical, refraction, and magnetic corrections
applied by the NGS as appropriate [Federal Geodetic
Control Committee, 1984]. Most of the routes were first
surveyed in the early 1930s and were then releveled both in
1941 and the late 1980s. The current data set has been
previously analyzed and interpreted [Mitchell et al., 1994;
Hyndman and Wang, 1995; Verdonck, 2006]. Here we
improve upon previous work by identifying and correcting
errors in the data where possible, filling spatial gaps in the
data by making secondary ties between nearby bench
marks, better tying the leveling uplift rates to a sea level
reference frame, and more rigorously calculating uncer-
tainty of the uplift rates.
[14] The array of six permanent tide gauges breaks the

coastal leveling route into five segments ranging in length
from 115 to 174 km (Figure 1). We have analyzed the coastal

Table 1. Observed and Adjusted Relative Sea Level (RSL) Rates

Site or
Difference

Observed
RSL Rate
(mm a�1)

Autocorrelation
Parameter (r)a

SE From Linear
Regression
(mm a�1)

SE From Hildreth-Lua

(sts) (mm a�1)
Adjusted RSL
Rate (mm a�1)

Residual
(v)

(mm a�1)
v/sts
(%)

Adjusted SE
(stg)

(mm a�1)

CC �0.71 0.48 0.11 0.18 �0.54 0.17 93 0.08
PO 0.04 0.52 0.32 0.62 �0.31 �0.35 �56 0.10
Ch 0.66 0.49 0.26 0.45 0.29 �0.38 �84 0.09
SB 1.39 0.46 0.23 0.38 1.22 �0.17 �45 0.08
Ga 0.85 0.05 0.31 0.38 0.88 0.04 9 0.09
As 0.06 0.32 0.09 0.13 0.04 �0.02 �18 0.07
CC-PO �0.05 0.48 0.13 0.23 �0.23 �0.19 �82
CC-Ch �0.79 0.32 0.11 0.15 �0.82 �0.03 �22
CC-SB �1.58 0.27 0.12 0.17 �1.76 �0.17 �104
CC-Ga �1.27 0.11 0.29 0.34 �1.42 �0.16 �45
CC-As �0.67 0.27 0.08 0.11 �0.58 0.09 84
PO-Ch �0.53 0.45 0.12 0.20 �0.59 �0.07 �34
PO-SB �1.55 0.43 0.14 0.24 �1.52 0.03 11
PO-Ga �1.13 0.11 0.27 0.32 �1.19 �0.06 �18
PO-As �0.26 0.38 0.19 0.31 �0.35 �0.08 �27
Ch-SB �0.96 0.48 0.07 0.12 �0.93 0.03 21
Ch-Ga �0.79 0.15 0.20 0.25 �0.60 0.20 77
Ch-As 0.44 0.32 0.12 0.18 0.25 �0.19 �108
SB-Ga 0.30 0.10 0.12 0.14 0.33 0.03 21
SB-As 1.26 0.41 0.09 0.13 1.18 �0.08 �58
Ga-As 0.77 0.17 0.13 0.18 0.84 0.07 42

aSee Appendix B for details. RSL, relative sea level.
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data in these five segments, as the uplift rates of bench marks
in the vicinity of a tide gauge are well constrained by the
tidal uplift rates, but bench mark uplift rates become more
uncertain with increasing distance from the gauge due to
progressive accumulation of random and systematic leveling
error [Vanicek et al., 1980]. Analysis of the raw leveling uplift
rates in each segment suggest that the 1941 leveling was con-
taminated by systematic error, and we take the 1980s–1930s
relative uplift rates as the best estimates (Appendix C). Differ-
ences in relative uplift rates across each segment determined
by both leveling and tide gauges are equal within expected lev-
els of error for all the segments except the central Charleston
(Ch)–South Beach (SB) segment, where we infer and correct
systematic error in the single-run 1980s leveling (Table 2 and
Appendix C).
[15] The 1980s–1930s rates provide the best estimates of

uplift rate due to the longer period over which deformation
occurred and the higher quality surveying of the 1930s com-
pared to 1941. However, the longest interval also means there
are the fewest bench marks that were surveyed in both epochs
due to route changes and bench mark destruction. We in-
crease the 164 1980s–1930s ‘‘differences’’ by estimating the
1930s elevations of 179 bench marks that were monumented
after the 1930s surveys or initially missed, using nearby mo-
numents that were present in the 1930s but were not surveyed
in the 1980s. Differential tectonic motion between points
separated by �1 km is negligible, so measured elevation
differences between such nearby points are essentially time-
independent. This allows us to precisely determine bench
mark elevations in the reference frame of the earliest leveling
lines and yields more dense measurements which accurately
estimate the regional-scale tilt signals when differenced from
the 1980s leveling.While it may seem counterintuitive to find
the elevation of a bench mark before it was constructed, this
approach yields rates for bench marks that were present in the
late 1980s and have potential for measurement in future
surveys. We use three sources of additional information to
calculate what we call ‘‘secondary’’ 1930s elevations: tidal
surveying, reset elevations, and 1941 ties between nearby
bench marks (Appendix D). We further densify uplift rate ob-
servations by estimating the 1941 leveling error and correcting
the 1941–1931 differences (Appendix D). While these cor-
rected 1941–1931 values are much less certain than those
calculated from the longer intervals, they provide some in-
formation in gaps between the more precise measurements.
[16] We attach the relative uplift rates calculated from the

leveling lines to the estimates of uplift rates at the six tide
gauges with a weighted adjustment that takes into account
uncertainty in both the leveling and tidal measurements

(Appendix E). This provides a means to attach the leveling
uplift rates to an absolute reference frame as well as to re-
move the effects of random and systematic leveling error that
accumulate between tide gauges. This adjustment is made
using relative tidal uplift rates, prior to inclusion of the rate of
eustatic sea level rise, which is a relatively large source of
uncertainty in the final absolute uplift rate that affects all of
the bench marks equally. We attach the uplift rates for the
three east-west leveling routes to stable-appearing bench
marks on the adjusted coastal route and propagate errors
east from the attachment point (Appendix E).
[17] We filter the set of uplift rates to remove bench marks

with anomalous uplift rates due to local monument instability
(Appendix F). We use local regression along run distance to
define the most likely pattern of uplift rates along each route,
and we only remove outlying points that are extremely
unlikely to be the result of tectonic causes or surveying errors
that would bias estimates of the regional uplift pattern. Most
of the removed data are 1941–1930s rates that were not
completely fixed by the interpolated correction. Of the 9% of
the total long interval rates that we removed, 86% had lower
uplift rates than their neighbors, showing that settling is more
common for at least the most unstable bench marks. This may
suggest that bench mark instability at undetectable lower
levels may bias mean uplift rates to slightly lower values as
well (Appendix F).

4. Absolute Uplift Rates From Sea Level Rise

[18] To infer absolute crustal uplift rates from the calculated
rates of sea level change requires a value for the regional
rate of geocentric sea level rise over the period of observa-
tions for Cascadia. Previous studies of Cascadia tide gauges
have used global estimates of the rate of sea level rise that
vary between 1.0 and 2.4 mm a�1, with the more recent
work using 1.8–2.0 mm a�1 [Holdahl et al., 1989; Savage
et al., 1991; Mitchell et al., 1994; Hyndman and Wang,
1995; Verdonck, 2006]. Studies of global sea level rise have
sought to quantify spatially averaged change in sea surface
height due to addition of water mass to the oceans as well as
thermal expansion. This global sea level rise is the primary
signal in individual tide gauge records, but superimposed
upon it are variations caused by regional redistribution of
ocean volume such as El Niño–Southern Oscillation
(ENSO) [Douglas, 2001]. The effects of these regional
perturbations are fairly large relative to the total water level
change in the 20th century, and their recurrence is temporally
nonuniform (Figure 2). Thus, the rate of sea level rise
calculated from a single tide gauge record is sensitive to both
the gauge’s location and the time period of the record. A
regional sea level record of the appropriate length, not
contaminated by crustal motion, is required to accurately
remove the component of the linear trend of a sea level time
series contributed by both global sea level rise and regional
oceanographic variation.
[19] Since the 1992 launch of the TOPEX/POSEIDON sen-

sor, satellite altimetry has allowed a precise global view of sea
level variation in a geocentric reference frame. The satellite
time series is currently too short to determine robust estimates
of the rate of sea level rise on a regional basis, due to tem-
porally and spatially variable oceanographic effects such as
ENSO. Church et al. [2004] used the satellite data coupled

Table 2. Comparison of Tidal and Leveling Relative Uplift Rates

Coastal
Segment

D
(km)

Leveling
Difference
(mm a�1)

Tidal
Difference
(mm a�1)

Leveling
Minus

Tidal (mm a�1)

CC-PO 160 �0.04 ± 0.33 0.23 ± 0.19 �0.28 ± 0.38
PO-Ch 123 �0.08 ± 0.28 0.59 ± 0.26 �0.67 ± 0.38
Ch-SB 174 3.29 ± 0.36 0.93 ± 0.38 2.36 ± 0.52
Ch-SBa 1.62 ± 0.36 0.69 ± 0.52
SB-Ga 144 0.04 ± 0.36 �0.33 ± 0.44 0.38 ± 0.57
Ga-As 115 �0.28 ± 0.32 �0.84 ± 0.44 0.57 ± 0.54

aCh-SB leveling relative uplift rate after correction of systematic error as
discussed in Appendix C.
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with a worldwide network of tide gauges to reconstruct a
global sea level history for the period 1950–2000, obtaining
a spatially averaged value of 1.8 ± 0.3 mm a�1. However, the
reconstructed time series for grid points offshore of Cascadia
have slopes of 2.2 ± 0.3 mm a�1. Extending this analysis with
lowered spatial resolution back to 1870, Church and White
[2006] showed that global sea level rise accelerated around
1930. The longer reconstruction yields a globally averaged
rate for the 20th century of 1.7 ± 0.3 mm a�1, and a Cascadia
rate of 2.0 ± 0.3 mm a�1. The reconstructed sea level histories
of these analyses generally match the temporal variations ob-
served in Cascadia time series. However, as the reconstruc-
tions are globally constrained, the residual scatter around linear
trends for individual grid points does not match in detail that
observed at nearby tide gauges.
[20] The record of the Seattle, Washington tide gauge

matches the geocentric reconstructions for Cascadia, and its
distance from the trench suggests minimal interseismic de-
formation. The observed rates of relative sea level rise at
Seattle over the entire record and its 20th century subset are
both 2.1 ± 0.1 mm a�1 [Zervas, 2001; Verdonck, 2006]. This
rate closely matches the value from the reconstructed time
series over the same interval [Church andWhite, 2006]. More-
over, the linear trend of the 1950–2000 subset of the Seattle
record is 2.2 mm a�1, the same value as the more detailed
reconstruction of Church et al. [2004]. On the basis of the
agreement between the relative sea level rise rate at the Seattle
tide gauge and the absolute sea level rise rates from the geo-
centric reconstructions, we conclude the uplift rate at Seattle is
essentially 0 mm a�1. A recent analysis of vertical GPS ve-
locities and northern Cascadia tidal records suggested that the
absolute rate of sea level rise is 1.7 ± 0.5mm a�1, and Seattle is
subsiding at 0.6 ± 0.9 mm a�1 [Mazzotti et al., 2007]. This
interpretation conflicts with models of subduction zone lock-
ing and postglacial reboundwhich both predict zero or positive
uplift rates for Seattle [Clague and James, 2002;Wang, 2007].
Differences in reference frames and processing techniques
yield vertical velocities for the SEATGPS site that differ by up
to 3.4 mm a�1 in six independent analyses [Mazzotti et al.,
2007; Snay et al., 2007]. Given the current level of uncertainty
in vertical GPS velocities and the consistency between the
Seattle tide gauge record and the global sea level reconstruc-
tions, we use the Seattle tidal time series to estimate the ab-
solute sea level rate contribution to the relative water level
trends observed at other Cascadia tide gauges.
[21] In using the between-site differences and the adjust-

ment procedure to refine estimates of sea level change at the
tide gauges, we essentially force the rate of linear eustatic
sea level rise to be a single regional value. The magnitude of
the adjusted regional rate of sea level rise is determined by
the observed values and corresponding weights of sea level
rates for the individual tide gauge time series. We make sub-
sets of the Seattle record to match the months of data
collected at each of the six southern Cascadia tide gauges.
Linear trends fit to the Seattle subsets yield rates that range
from 2.04 to 2.32 mm a�1. Given the much greater amount of
data collected at Astoria (As) and Crescent City (CC), the
value calculated from the weighted adjustment is largely
controlled by these two sites. The rates of the Seattle subsets
for As and CC are 2.32 and 2.29 mm a�1, respectively. The
weighted mean of all six sites is 2.28 ± 0.03 mm a�1. We add
this value to all the adjusted uplift rates of bench marks to

calculate absolute uplift rates. To account for possible devia-
tions in eustatic sea level rate from the behavior at Seattle, we
add in quadrature an additional 0.2 mm a�1 to the adjusted
uncertainties.

5. Spatial Pattern of Vertical Velocity

[22] Absolute uplift rates for releveled bench marks in
western Oregon and northernmost California are presented in
Figure 3 (auxiliary material Data Set S1).1 Similar to previous
analyses of the tidal and leveling data [Mitchell et al., 1994;
Verdonck, 2006], we find two loci of higher uplift rate in
southern and northern Oregon separated by a region of min-
imal uplift at the latitude range of �44–45�N. Along lati-
tudinal transects, uplift rates systematically vary from high
values near the coast to lower values inland. The average
magnitude of our uplift rates is higher than previous estimates
due to the recognition of the post-1930 rate of eustatic sea
level rise at Cascadia being higher than the global 20th cen-
tury average. Additionally, the corrected errors in the South
Beach and Astoria tidal records, the exclusion of the biased
1941 leveling data, and the correction of the 1988 leveling
error between Charleston and South Beach all make the tidal
and leveling data sets more consistent with one another. As a
result of the greater rate of sea level rise and corrected South
Beach tidal record, we infer that no portion of the Oregon
Coast Range is currently undergoing regional-scale subsi-
dence, as suggested previously [Mitchell et al., 1994; Verdonck,
2006]. This is more consistent with models of subduction
zone locking constrained with horizontal GPS velocities,
which predict positive uplift rates well into the Coast Range,
and even theWillamette Valley (Figure 1) [Wang et al., 2003;
McCaffrey et al., 2007]. Regional contemporary subsidence
of the central Coast Range is also at odds with geologic
observations of uplifted marine terraces along the coast and
stream incision within the range [Personius, 1995; Kelsey
et al., 1996].
[23] Projecting the uplift rate data perpendicular to the local

strike of the subduction interface gives insight into the source
of the uplift rate pattern (Figure 4). The data from the central
Oregon coast (north of South Beach to north of Port Orford)
all lie scattered around a single concave-up curvilinear trend
similar in form to that predicted by an elastic dislocation
model of a locked fault slipping at depth [Savage, 1983].
Most of the short-wavelength variation in uplift rate along the
north-south coastal leveling route correlates with the distance
of each bench mark from the trench. This geometric effect
does not explain the high uplift rates in coastal northern
Oregon, which is located above the same depth on the slab as
the South Beach area. The profile along the Columbia River
(As-east) has a concave-up eastward decline in uplift rate
which is quite similar to the profile from the Coos Bay area,
although shifted downdip. The northward transition to higher
uplift rates occurs over a�120 km along-strike interval from
north of South Beach to north of Garibaldi (44.8�N to
45.85�N; Figure 3). Northward through this area, the coastal
leveling route generally traverses downdip, so one would
expect a decrease in uplift, but uplift rates have a net increase of
approximately 1 mm a�1. Superimposed on the northward

1Auxiliary materials are available at ftp://ftp.agu.org/apend/jb/
2008JB005679.
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increasing uplift rate trend, shorter-wavelength (tens of kilo-
meters) variations in uplift rate generally correlate with east-
west segments in the overall north-south leveling route,
with bench marks to the west having higher uplift rates. The
peak in uplift rate occurs north of Port Orford, near 43.0�N,

with bench marks south and updip uplifting at lower rates
than those to the northeast. The southernmost area near
Crescent City, California, lies at a downdip distance that is
equivalent to the peak in uplift observed near Bandon,
Oregon; however, the southernmost uplift rates are �1 mm
a�1 lower. This requires an along-strike change in the uplift
rate pattern somewhere near Port Orford.
[24] Uplift rates from both the Charleston and South Beach

areas decline along the leveling lines east from the coast,
reaching minima of 0.2–0.3 mm a�1 near the �30 km slab
contour (Figure 3), which is �40 km east of the �20 km
contour that we use as our spatial reference (Figure 4). Inland
from these points, uplift rates increase �0.5 mm a�1, reach-
ing a maximum near the �40 km contour and the western
margin of the Willamette Valley along the SB-east profile,
which extends farthest east (Figure 4). The northernmost line,
east from Astoria, shows a similar pattern of eastward
reversal in the sign of the uplift rate slope, with the minimum
being shifted eastward compared to the areas south, and the
maximum again occurring near the �40 km slab contour
(Figure 3). While these variations are within the expected
error given the distances and lack of absolute uplift rate
control on the east ends of the lines, the similarity between the
three independent lines suggests that the data record regional
uplift of the eastern Oregon Coast Range (Figure 4).

6. Cascadia Subduction Zone Locking

6.1. Modeling Methodology

[25] We model the pattern of interseismic deformation
using a numerical model of the Cascadia subduction zone.
The three-dimensional subduction interface geometry of
McCrory et al. [2004] is discretized into planar triangular
subfaults. Static Green’s functions calculated by the bound-
ary element program Poly3D are used to model surface
displacement rates assuming an elastic half-space [Thomas,
1993]. We use a back slip methodology [Savage, 1983]
where the convergence rate is calculated at each subfault on
the plate interface using the Euler pole for Juan de Fuca–
Oregon Coast Range convergence from Wells and Simpson
[2001]. The slip rate deficit on each subfault is assigned the
full convergence rate in the locked zone. In the transition
zone, the slip rate deficit decreases with depth using the
exponential decay function of Wang et al. [2003]. This
limits the number of free parameters to two variables along
any downdip profile, namely, the lower depth of the locked
zone and the lower depth of the transition zone. Many
subduction zones exhibit an aseismic portion of the plate
interface updip of the locked zone nearest the trench. Our
observations are largely insensitive to strain accumulation
from this updip section because it is far from the onshore
bench marks. We therefore assume that the subduction zone
is locked all the way up to the trench in our models. As
discussed by Wang [2007], this kinematic treatment is
appropriate given that the locked zone likely prevents a
possibly uncoupled section nearest the trench from moving
during the interseismic period.
[26] The observed uplift rate data provide the strongest

constraints on subduction zone locking where the leveling
routes traverse inland from the coast, giving a downdip-
oriented uplift rate profile. In light of this, we initially fit
data from the four geographic sets that extend to the east:

Figure 3. Uplift rates for bench marks along releveled
routes in western Oregon and northernmost California are
colored by the scale in the lower right. Labels indicate tide
gauges used to name areas: As, Astoria; Ga, Garibaldi; SB,
South Beach; Ch, Charleston; PO, Port Orford; and CC,
Crescent City. In the central part of the map, uplift rates
vary systematically, with the greatest values occurring
above updip portions of the slab and declining inland. The
southernmost section (CC-PO) has lower uplift rates despite
being slightly updip relative to the central area. Note the
contour-parallel gradient in uplift rates from SB-north to As.
The line east from As shows a similar downdip decrease in
uplift rate, although shifted downdip relative to the slab
compared to the central area. The highlighted �20 km
contour is used to project the data to a common trend line in
Figure 4, accounting for the broad wavelength variation in
the geometry of the subduction interface. The colored boxes
correspond to the groupings of data in Figure 4.
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