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Abstract 9 

 Current stochastic rupture modeling techniques do not consider the influence of first 10 

order fault zone characteristics. One such key characteristic is fault slip deficit or inter-seismic 11 

locking which has shown correlation between areas of high coupling and areas of greater slip in 12 

many recent large ruptures globally. Therefore, it is reasonable to assume that it should be 13 

considered as prior information in rupture modeling. Here, we first present a mathematical 14 

formalism to introduce locking models as prior information into stochastic rupture modeling. We 15 

then focus on how introducing slip deficit information into the stochastic rupture models 16 

influences slip distributions for the Cascadia Subduction Zone (CSZ). We compare rupture 17 

models created with two end member models of locking, one with a fully locked zone extending 18 

to the trench and another with locking deeper downdip, along with models created without a 19 

prior knowledge of locking. Large variations occur and correlate well with areas with the largest 20 

differences in slip deficit. To exemplify their impacts, the ruptures are then used for probabilistic 21 

tsunami hazard assessment. We find that overall the tsunami amplitudes generated are much 22 

more hazardous in the northern extent of the CSZ where differences in locking distribution are 23 

more prevalent. Although large uncertainties are present in accuracy of locking, imposing either 24 

constraint created very different hazard estimations when compared to the hazards where no 25 

prior locking information was used. This highlights the necessity to expand seafloor 26 

instrumentation and to consider first order fault information like locking in future authoritative 27 

hazard assessments. 28 

 29 

1. Introduction 30 
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 Using stochastic slip ruptures has become an increasingly popular tool for modeling 31 

potential future large earthquakes. Fundamentally, stochastic modeling revolves around the 32 

assumption that the distribution of coseismic slip on a fault can be considered a spatially random 33 

field (Mai & Beroza, 2002). In particular, for regions where large earthquakes are likely and 34 

where observations are limited, a substantial number of source models can be formulated if one 35 

can reasonably assume the statistical parameters (the correlation function) of the random field. 36 

Then, for a given magnitude of interest, we can generate any number of slip distributions by 37 

making random draws from the appropriate distribution. This approach has been found quite 38 

useful in a number of hazards related applications. For instance, the stochastic ruptures can be 39 

used to generate strong motion seismograms to study the potential ground motions in a specific 40 

region of interest (e.g. Graves et al., 2011, Frankel et al., 2018). The time-histories from these 41 

stochastic sources can even be used for analyzing the response of structures and critical 42 

infrastructure to potential future earthquakes (Bijelic et al., 2018). Likewise, stochastic sources 43 

and their resulting seismic and geodetic waveforms can be used to test the response of 44 

earthquake early warning systems (Ruhl et al., 2017, Goldberg & Melgar, 2020) and tsunami 45 

early warning systems that rely on onshore data (Williamson et al., 2020). This same approach is 46 

now becoming common practice in probabilistic tsunami hazard analysis (PTHA) where 47 

stochastic source modeling, when connected with advanced numerical models that simulate 48 

tsunami propagation, are also rapidly becoming a mainstay of that field (Grezio et al. 2017). 49 

Like the advances in stochastic source modeling, tectonic geodesy has also progressed 50 

substantially. For example, it has become commonplace to use measurements of the long-term 51 

inter-seismic velocity field to identify which portions of faults are more or less locked. A review 52 

of this can be found in Bock & Melgar, 2016. Although our ability to predict future earthquakes 53 

is limited, we are able to relate these locking, or coupling models, to long-term future earthquake 54 

potentials. Notably in the robust California earthquake hazard model UCERF3 (Field et al., 55 

2017) the inter-seismic surface velocity field is used to constrain long term “slip rates” of faults 56 

which are a primary constraint to determine the moment budget over broad areas along a fault 57 

zone. Overall, it is generally agreed that where locking is higher and faults are accumulating a 58 

slip deficit at a faster rate, earthquakes are more likely to occur. Similarly, the areas with the 59 

greatest amount of slip during large ruptures often correlate with highly locked patches of the 60 

fault zone. This relationship between locking and slip is seen in previous large ruptures across a 61 
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range of fault zones including Sumatra, Japan, South America, and Alaska ( e.g. Konca et al., 62 

2005; Ozawa et al., 2011; Li and Freymueller, 2018; Moreno et al., 2010; Barnhard et al., 2016).  63 

This correlation is not perfect, however, and the present-day pattern of heterogeneous 64 

locking on a fault does not equate to the pattern of slip during the next earthquake. There are a 65 

myriad of other controlling variables such as the complex fault geometries, past and present 66 

stress regimes, and rupture dynamics to name a few, which can be unique to each fault zone. 67 

This creates large uncertainty in how a future earthquake will rupture. In spite of these, it 68 

remains true that highly locked fault patches are accumulating a slip deficit at a faster rate and 69 

thus have a larger budget of available slip to use during the next event. Here we will show how 70 

to use that fault locking to condition the likelihood of where slip should be expected in future 71 

earthquakes. Our proposed approach does not require, in a deterministic sense, that high slip 72 

occur in highly locked patches, rather it increases the probability that it does. As a result, over 73 

many stochastic rupture simulations, on average, more slip will occur where inter-seismic 74 

locking is higher and less where locking is lower. However, for any one particular realization, 75 

slip can still be high in a low coupling region, and low in a highly locked region. 76 

To illustrate the impact of this we will show how assuming different locking models 77 

impacts PTHA in the Cascadia Subduction Zone (CSZ) in particular. We focus specifically on 78 

the tsunami hazards because subsequent to the 2004 M9.2 Sumatra earthquake and tsunami 79 

which led to 240,000 casualties, probabilistic tsunami hazard assessment (PTHA, Geist & 80 

Parsons, 2006; Grezio et al., 2017) has become a rapidly expanding methodology used for 81 

assessing the hazard potential of future earthquakes and tsunamis. Unlike site-specific tsunami 82 

studies, PTHA is rooted in determination of the probability of exceeding some threshold of 83 

tsunami intensity measure (e.g. tsunami arrival height) for one or many target sites for a given 84 

return period (e.g. 100 years). A fundamental difficulty addressed by application of PTHA is that 85 

awareness of previous historical tsunamis past hundreds to thousands of years is limited and 86 

sometimes based on historical recounts rather than surficial expressions or direct measurements 87 

of their impacts. In recent advances to PTHA, it has become more prevalent to rely on modeling 88 

complex earthquake source rupture processes, such as the heterogeneous slip distributions, and 89 

use the resulting deformation as the initial condition for propagation modeling. This is then 90 

combined with some probabilistic scaling relations as well as earthquake recurrence rates for 91 



Manuscript submitted to Journal of Geophysical Research - Solid Earth 

quantification of likely exceedance of tsunami hazard intensities (e.g. Li et al., 2016; De Risis & 92 

Goda, 2017; Grezio et al., 2020).  93 

In this approach to PTHA, arguably, the largest source of uncertainty is the earthquake or 94 

tsunami source, since propagation modeling is already highly advanced and bathymetry, both in 95 

the deep ocean and in the nearshore, is relatively well-known. Earlier tsunami forecasting 96 

methods assumed a uniform slip on a geometrically simple fault buried in a homogeneous elastic 97 

half-space. It is now broadly recognized that assuming homogeneous slip drastically 98 

underrepresents the tsunamigenic potentials when compared to heterogeneous slip models for the 99 

same magnitude (Ruiz et al., 2015; Melgar et al., 2019). The situation is different, however, for 100 

inundation modeling of overland flow. Many advances in modeling the fluid dynamics of 101 

propagation over an erodible substrate and through the built environment are still necessary and 102 

introduce equally, if not larger, sources of uncertainty than knowledge of the earthquake source. 103 

However, for the simpler problem of quantifying the expected tsunami at the shoreline, without 104 

considering inundation, better constraints on what sources can realistically be expected to occur 105 

is one of the improvements that can most significantly reduce uncertainties in the hazard 106 

estimate.  107 

In this work we focus on the CSZ as it is extensively studied with a multitude of 108 

previously constrained locking models, is well instrumented, and is perceived as having high 109 

associated hazards. First, we present the mathematical formalism for introducing a geodetic 110 

locking model as a prior constraint on the resulting stochastic rupture. We then model a total of 111 

8400 stochastic slip rupture scenarios for a magnitude range of M7.8-M9.1 on the CSZ for three 112 

distinct cases. Two cases include different end member locking models from Schmalzle et al. 113 

(2014) that vary in terms of how much near-trench locking they image (noted as the “Gamma” 114 

and “Gaussian” locking models). For a third set of ruptures, we produce stochastic slip in the 115 

traditional way, where, beyond assuming a down-dip limit of slip, there are no assumptions on 116 

where slip can occur, i.e. with no locking model.  117 

For each of the rupture simulations we model tsunami propagation to the coast and 118 

analyze the resulting coastal tsunami amplitudes using hazard curves and hazard maps. We show 119 

there are stark differences in tsunami intensities between all three models. Most notable is the 120 

increase in arrival height at most coastal points observed with either locking model when 121 

compared to the scenarios without a locking model. Hazard curves for coastal points and hazard 122 
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maps detail that with increasing distance north, the variations in hazards become much more 123 

distinct, where the coastal points experience much higher tsunami arrivals for the Gamma model 124 

than the Gaussian model. We stress that in this work we are not making an authoritative hazard 125 

assessment for the CSZ, we have introduced a number of simplifying assumptions, such as an 126 

assumed (and likely poorly constrained) Gutenberg-Richter distribution for the likelihood of an 127 

earthquake of a certain magnitude. Rather, we simply aim to demonstrate the impacts of 128 

conditioning the ruptures with a locking model. It is our hope, however, that the results are 129 

convincing enough that future authoritative hazards assessments more formally consider geodetic 130 

locking and that our work be used as motivation to better-constrain offshore locking in particular 131 

through expanded seafloor measurements. The variability between models that we will show 132 

highlights the need for these improvements. 133 

 134 

2. Methods 135 

2.1 Geodetic Locking Models: 136 

Fault locking models (e.g. Bürgmann et al., 2005; Konca et al, 2011; Loveless & Meade, 137 

2010; Moreno et al., 2011) are obtained from inversion of surface velocities measured by 138 

geodetic techniques such as global navigation satellite systems (GNSS) and tide gauges. 139 

Accurately constraining locking models can be done through integrating paleoseismic data (e.g. 140 

McCaffrey et al., 2007), however, good paleoseismic records are typically lacking for a given 141 

region. In theory, locking models provide an estimate of a fault’s present-day ability to move. 142 

Locking is typically quantified by the ratio of the on-fault slip rate vs. the long term far-field 143 

plate rate (e.g. the convergence rate at a subduction zone). A ratio of 1 is fully locked and 144 

represents no current motion along the plate interface during the inter-seismic period, whereas a 145 

ratio of 0 indicates aseismic stable sliding (creep). Conversely, locking models also include by 146 

definition an estimate of the “slip deficit rate”. The locking fraction is therefore the ratio between 147 

the slip deficit rate and the local plate convergence rate. Areas that are fully locked, are 148 

accumulating a slip deficit fastest, specifically at the plate convergence rate.  149 

The reliability of the calculated locking models is dependent on the abundance, 150 

distribution, and timescale of geodetic stations (primarily GNSS). The resolving power of a 151 

specific GNSS site falls rapidly with distance. Currently, GNSS coverage of subduction zones 152 

worldwide is quite good for the on-shore portion (e.g. Barrientos & perez-Campos, 2018) but is 153 
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very limited offshore. Seafloor geodetic instrumentation, which was pioneered at the CSZ 154 

(Spiess et al., 1998) is currently only widely implemented in Japan (Yokota et al., 2018), 155 

however its use is slowly expanding. This lapse in GNSS coverage means that the uncertainty in 156 

the recovered interseismic locking, which is largely in the offshore shallow portion of the 157 

subduction zone, can be quite high (e.g. Loveless & Meade, 2010, Schmalzle et al., 2014). Due 158 

to the sparsity of station coverage, a multitude of non-unique estimations of plate locking can be 159 

determined for a region. As a result of this uncertainty, different modeling assumptions will lead 160 

to different results for the near-trench locking. Although locking models are non-unique, they 161 

currently provide one of the best approaches for understanding the influence of regional slip 162 

deficits on rupture heterogeneities in a given area. 163 

 In this paper we consider two different locking models (Figure 1) for the CSZ from 164 

Schmalzle et al. (2014). Both represent the “decade scale” distribution of locking where the 165 

effect of transient slip such as slow slip events is accounted for. The first model uses an a priori 166 

assumption that complete locking occurs at the trench to some distance down dip and that at all 167 

points along strike locking fraction decreases to free slip by a shape factor, gamma (Wang et al., 168 

2003; further referred to as the “Gamma” locking model). In contrast, the second approach uses a 169 

Gaussian distribution of locking with depth, dependent on a model parameter, mean depth, and 170 

spread, or standard deviation, of the locking (further referred to as the “Gaussian” locking 171 

model). Due to the Gaussian nature of the locking pattern, at shallow depths near the trench, the 172 

plate has low locking and is mostly stably sliding. In this model locking is centralized down dip 173 

(Figure 1). It is important to note that both of these approaches fit the known on-shore GNSS 174 

velocities, tide gauge records, and geologically-derived uplift rates with near identical 175 

confidence.  176 
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 177 

 178 

Figure 1: Fault locking models from Schmalzle et al. (2014) for the Cascadia subduction zone. 179 

Color scale details slip deficits where a higher value of slip deficit corresponds to areas with the 180 

highest locking ratio and a slip rate deficit of 0 mm/yr is freely sliding. (a) Gamma decade-scale 181 

locking model assumes the slab is fully locked with large slip rate deficits at the trench and 182 

monotonically decays downdip by the shape factor gamma. (b) Gaussian decade-scale locking 183 

model imposes a Gaussian distribution of locking with depth as well as penalties to constrain 184 

mean locking above 30km in depth. Contours in both panels are the slab depths from Hayes et al. 185 

(2018) at 10km intervals. Inset at top right shows the location of the Cascadia subduction zone. 186 

 187 

 188 

2.2 Stochastic Ruptures with a Geodetic Locking Model Constraint: 189 

  190 
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The first step in obtaining a rupture model is to determine which portions of the larger 191 

megathrust will contribute to a given earthquake. Since our target magnitudes span a range of 192 

M7.8 to M9.1 not all portions of the megathrust will participate in any given rupture. To select a 193 

subset of the megathrust we follow the approach detailed in Melgar et al. (2016). Given a target 194 

magnitude, we determine the length, L, and width, W, of the rupture. We make a random draw 195 

from probabilistic scaling laws (Blaser et al. 2010) which state that length and width follow the 196 

magnitude dependent log-normal distribution with mean and standard deviation given by 197 

 198 

𝑙𝑜𝑔10𝐿 ∼ 𝑁(−2.37 + 0.57𝑀 , 𝜎𝐿)  ,  (1) 199 

 200 

log10W  ~ 𝑁(−1.86 + 0.46𝑀, αw)   ,  (2) 201 

 202 

with standard deviations defined in the original work. By making these random draws, the 203 

objective is to obtain a length and width that is consistent with the behavior seen in earthquakes 204 

worldwide while retaining the observed variability as well. The probabilistic scaling law thus 205 

ensures that for a given magnitude we do not always employ the same fault dimensions. Once 206 

these dimensions are known we randomly select a portion of the larger megathrust models that is 207 

within these bounds. An example of this can be seen in Figure 2 and Figure 3 where the fault 208 

dimensions for a potential M8.7 event have been obtained from the probabilistic scaling laws 209 

and used to define a subset of the megathrust to use for the stochastic rupture. 210 

Next we define the rupture model itself. Slip can be conceptualized as a spatially random 211 

field whose heterogeneity can be described by statistical parameters. A number of unique slip 212 

realizations can then be determined as long as they are constrained by an underlying probability 213 

distribution. Mai and Beroza (2002) found that to best model the spatially random slip field the 214 

most suitable autocorrelation function (ACF) is the von Karman ACF. In their proposed 215 

approach, the von Karman ACF is enforced using a spectral representation, P(k), of slip in the 216 

Fourier domain defined as the ratio of the correlation lengths for along-strike (𝑎𝑥) and downdip 217 

(𝑎𝑧) directions, 218 

 219 

𝑃(𝑘)  =
𝑎𝑥𝑎𝑧

(1+𝑘2)𝐻+1  .   (3) 220 

 221 
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Where the H is the hurst exponent describing the spectral decay at higher wavenumbers. The 222 

radial wavenumber, k, is then defined as 223 

 224 

𝑘 = √𝑎𝑥
2 𝑘𝑥

2 + 𝑎𝑧
2 𝑘𝑧

2  .   (4) 225 

 226 

The correlation lengths described in the von Karman ACF determine the dominant asperity sizes 227 

for the model. Here, it is determined that as magnitudes increase, the correlation lengths increase 228 

as well following a log-linear scaling (e.g. Melgar & Hayes, 2019). The Hurst exponent in 229 

Equation 3 on the other hand, seems to be magnitude independent and typically is assumed to be 230 

between 0.4 and 0.7 (Mai & Beroza, 2002, Melgar & Hayes, 2019).   231 

The approach from Mai and Beroza (2002) is well suited for an approximation of a 232 

rectangular fault geometry, however, some complexities such as a multi fault or 3D fault 233 

geometry (e.g. the large bend in northern CSZ) can be difficult to account for. Similarly, 234 

enforcing prior constraints on the rupture model, such as the geodetic locking model, is not 235 

inherently straightforward. An alternate approach is to work directly in the spatial domain. 236 

LeVeque et al. (2016) use the Karhunen-Loeve (K-L) expansion with the von Karman ACF to 237 

the same effect as the spectral approach. The spatial representation of the VK-ACF is used, 238 

 239 

𝐶𝑖𝑗(𝑟𝑖𝑗) =
𝐺𝐻(𝑟𝑖𝑗)

𝐺0(𝑟𝑖𝑗)
  ,  (5) 240 

𝐺𝐻(𝑟𝑖𝑗) = 𝑟𝑖𝑗
𝐻𝐾𝐻(𝑟𝑖𝑗)  ,  (6) 241 

 242 

where Cij is the correlation between the i-th and j-th subfaults, KH is the modified Bessel function 243 

of the second kind and H is the Hurst exponent. rij is the inter-subfault distance given by 244 

 245 

𝑟𝑖𝑗 = √(𝑟𝑠/𝑎𝑠)2 + (𝑟𝑑/𝑎𝑑)2  ,  (7)  246 

 247 

where rs is the along-strike distance and rd the along-dip distance. These are obtained using a 248 

spline interpolation of the 3D fault geometry as detailed by Melgar et al. (2016). Once all the 249 

parameters of the correlation matrix are defined, the covariance matrix is obtained by  250 

 251 
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𝐶𝑖𝑗̂ = 𝜎𝑖𝐶𝑖𝑗𝜎𝑗  ,   (8) 252 

 253 

where 𝜎is the standard deviation of slip, which we set here to 0.45, irrespective of magnitude, 254 

following Melgar & Hayes (2019). The K-L expansion then states that to obtain a random 255 

realization the slip vector, s, that contains each subfault’s slip will be 256 

 257 

𝑠 = 𝜇 + Σk=1
N zk√λkνk .  (9) 258 

 259 

Here, μ, is the mean of s and the statistics of the VK-ACF are enforced by the eigenvalues, λ𝑘, 260 

and eigenvectors,ν𝑘 , of Cij (Equation 8). 𝑧𝑘 are normally distributed random numbers with a 261 

mean of 0 and a standard deviation of 1 which introduce the desired stochastic variability. N is 262 

the number of eigenmodes which corresponds to the number of subfaults or elements of s. If all 263 

the eigenmodes are used, then the stochastic realization produces the same results as if the 264 

analysis was carried out in the wavenumber domain. For certain applications, such as PTHA, 265 

where long period features dominate the resulting tsunami signals, after the first few tens of 266 

modes the contributions to tsunamigenesis from the short length-scale modes becomes negligible 267 

(LeVeque et al., 2016). In these cases the summation can be truncated. Here, however, we use all 268 

eigenmodes. In the absence of any external knowledge it is commonplace to assume a 269 

homogeneous mean slip model, 𝜇. In this case, given the assumed fault dimension and rigidities 270 

from the reference Earth model, enough slip is distributed over all subfaults to match the desired 271 

target magnitude. In other words, slip is equally likely at all subfaults irrespective of location 272 

both along strike and down dip of the fault. Once more, if this is done then the results will be the 273 

same as if carrying out the stochastic slip realization in the wavenumber domain. However, here 274 

lies the critical advantage afforded by the K-L expansion, we can assume that the mean slip 275 

model, 𝜇, is related to, or rather defined by, the geodetic coupling. 276 

The process for defining the mean model, 𝜇, based on the geodetic locking is as follows 277 

and is shown in Figure 2. Once a megathrust segment is selected following the probabilistic 278 

scaling laws for the desired magnitude (M8.7 in the example in Figure 2 and 3) the geodetic 279 

coupling (Figure 2a and 3a) is re-scaled to slip (Figure 2b and 3b) to match the target moment. 280 

This mean slip model now has the same features as the coupling, with higher slip in high 281 

coupling areas and lower slip where coupling is low, and even 0 slip where coupling is 0. Figure 282 
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2c and 3c then show 8 realizations of stochastic rupture using the K-L expansion with the non-283 

homogeneous mean model. Note that each realization does not look exactly like the coupling 284 

model, but on average slip is more likely where coupling is high, as desired.  285 

 286 

Figure 2: (a) Gamma locking model where the red box outlined contains the area randomly 287 

obtained from the probabilistic scaling laws for modeling ruptures. (b) Mean slip determined 288 

from the 8 M8.7 rupture models imaged on the right. The modeled ruptures are constrained by 289 

the same magnitude, correlation lengths, and hypocentral location. The desired mean slip (μ) in 290 

the K-L expansion is defined from the Gamma locking model. (c) suite of 8 rupture models all 291 

defined by the same rupture area from (a) and the desired mean slip from (b). 292 

 293 
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 294 

 295 

Figure 3: Same as Figure 2 but with the Gaussian locking model included in the rupture 296 

modeling. 297 

 298 

 To carry out these stochastic realizations constrained by a non-homogeneous mean model 299 

we modified the open access forward rupture modeling FakeQuakes module which is part of the 300 

forward modeling and inversion code MudPy (Melgar & Bock, 2015, Melgar et al., 2016, 301 

Melgar, 2020). 200 stochastic slip ruptures for 0.1 magnitude bins ranging between M7.8 - M9.1 302 

are modeled for the Gamma, Gaussian, and no locking model scenarios (Figure 1). Following the 303 

K-L expansion approach, slip on triangular subfaults are determined using all eigenmodes. 304 

Ruptures are fixed to the given desired magnitude and have a mean rake of 90 in order to account 305 

for pure thrust motion. Following Graves & Pitarka (2015), we introduce some stochastic 306 

variability around the rake value as well. The hypocentral location is also randomly assigned 307 

from the selected subfaults. The location of the slip area and the hypocentral location are 308 

unconstrained, allowing ruptures to be equally likely anywhere along-strike on the megathrust. 309 

Additionally, the degree of slip on a single subfault was given an upper bound of 100m of slip. 310 
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This allows for ruptures within a given magnitude bin to vary quite drastically between 311 

scenarios. Figure 2 and 3 shows one example of the resulting rupture models calculated using the 312 

Gamma and Gaussian model implemented in the stochastic rupture modeling. Although the 313 

locking model is applied as the desired mean slip, variations in rupture slip patterns and resultant 314 

displacements are present and are further discussed later.  315 

 316 

 317 

 318 

Figure 4: Example rupture scenarios for M8.3 and M9.1 with implementation of the Gamma 319 

decade-scale locking model. Panels (a) and (c) both express total coseismic slip on the fault from 320 

each scenario. (b) and (d) express surficial coseismic vertical displacement from the two 321 

scenarios. Contours are spaced at 0.5 meters and 5 meters increments for the M8.3 and M9.1 322 

respectively. Dark red contours map vertical uplift and dark blue maps subsidence. 323 

 324 

 325 

2. 3 Tsunami modeling and Hazard Curves: 326 
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For each rupture coseismic vertical displacements at the surface are determined using the 327 

analytical solution for angular dislocations for triangular subfaults in an elastic half space 328 

(Comninou & Dundurs, 1975). This method is an adaptation from the Okada equations (Okada, 329 

1985), which focus on rectangular subfaults. The resulting vertical deformation patterns for 2 330 

scenarios is depicted in Figure 4. This calculated deformation is then used as the initial condition 331 

for tsunami modeling. Here we use the finite volume 2D depth-averaged, non-linear tsunami 332 

modeling code GeoClaw (http://www.clawpack.org/geoclaw) (LeVeque et al., 2011). Since 333 

rupture propagation velocities are much faster than tsunami wave velocities, we assume 334 

instantaneous rupture as the initial condition for the system of partial differential equations. This 335 

assumption has a negligible effect on near-source modeling as discussed in Williamson et al. 336 

(2019). Topography and bathymetry from the SRTM15 relief model sampled at 15 arcseconds 337 

(Tozer et al., 2019) are used in the tsunami modeling. For each scenario we modeled wave 338 

propagation for 4 hours after rupture initiation, as we are only interested in the variability of 339 

regional arrivals. One of the powerful functions of GeoClaw is the adaptive mesh refinement 340 

(AMR) which makes the simulations efficient so that more intricate and complex tsunami 341 

characteristics are represented by the finest bathymetric resolution and more simple waves are 342 

adaptively coarser. We used 4 levels of refinement with the coarsest level at 3 arcminutes and the 343 

finest level at the 15s of the topography/bathymetry data. Time stepping is variable and 344 

determined automatically to guarantee numerical stability by enforcing a Courant-Friedrichs-345 

Lewy (CFL) condition of 0.75. 346 

We collect output from the model at 1026 virtual tide gauge points between 39.5° to 347 

50.8° latitude along the coasts of northern California, Oregon, Washington, and Vancouver 348 

Island in British Columbia. The gauge points have variable depths offshore, so, in order to 349 

homogenize them to a common reference depth we use Green’s law to re-scale the wave 350 

amplitudes to 1m depth. Example tsunami models are shown in Figure 5 for the two rupture 351 

scenarios detailed prior.  352 

Hazard curves and resulting hazard maps are calculated and reflect the probability of 353 

exceedance of tsunami arrival amplitudes for each coastal point over a given return interval. 354 

Inherently in the formulation of the hazard curves is the assumption of the time-dependency of 355 

earthquake occurrence. We assume a magnitude-time dependent relationship defined by the 356 

Gutenberg-Richter (G-R) distribution, 357 

http://www.clawpack.org/geoclaw
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 358 

𝑁 = 10(𝑎−𝑏∗𝑀𝑤)   ,  (10) 359 

 360 

where N is the number of yearly events for a given magnitude. The constants a and b are 361 

assumed to have values of 6.279 and 1, respectively. These values are used because they produce 362 

a return period of 526 years for M9 earthquakes. This aligns reasonably well with what is 363 

expected for the return period of M9 events for the CSZ from the paleoseismic record (e.g. 364 

Frankel et al., 2015). After assuming the rates at which earthquakes occur for every coastal 365 

location, we compute 𝑃(η > η𝑐), the probability of the tsunami amplitude at the coast, 𝜂, 366 

exceeding a given threshold, η𝑐. Following Geist & Parsons (2006)  367 

 368 

𝑃(η > η𝑐) = 1 − Π𝑖=1
𝐾 (1 − (1 − 𝑒𝑥𝑝(−𝑁𝑖𝑡)) 𝑃(η > η𝑐 |𝑀𝑖) . (11) 369 

 370 

Here the product operates over K magnitude bins. 14 in our case for Mi=[7.8,9.1] with 371 

0.1 magnitude units between bins. t is the chosen return interval of interest and Ni is the rate at 372 

which earthquakes in a given magnitude bin are assumed to occur from the G-R distribution. 373 

Finally, 𝑃(η > η𝑐|𝑀𝑖) is the conditional probability that the tsunami exceeds the threshold given 374 

that earthquakes of a certain magnitude occur. Following Melgar et al. (2019) This value is 375 

obtained empirically from the amplitudes produced at a given point by the 200 tsunami runs in 376 

each magnitude bin.  377 
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 379 

Figure 5: Maximum sea surface heights observed during tsunami model runs for the M8.3 and 380 

M9.1 examples from Figure 4. The adjacent scatter plots to each model show the estimated 381 

coastal tsunami heights for the 1026 gauge points.  382 

 383 

 384 

 385 

3. Results 386 

Here we present the results of the 8400 rupture scenarios and tsunami models created. Our 387 

focus is on highlighting how different assumptions on locking contribute to hazards, so only 388 
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coastal tsunami amplitudes are considered. We initially present each model separately, 389 

highlighting key features so that comparison between model results is clearer. 390 

 Although the rupture area and distribution of slip vary in size for a given magnitude bin, 391 

both the rupture area and maximum amount of slip on a subfault does on average increase with 392 

magnitude for each model following known scaling laws (Figure 6). At larger magnitudes, 393 

events begin to saturate in both length and width due to the actual CSZ fault dimensions. As a 394 

result of the von Karman ACF, slip is focused around asperities of favorable length scales, and as 395 

stated prior, asperity size predominantly scales with increasing magnitude. The stochastic nature 396 

of the models partitions and redistributes the asperities throughout the rupture extent. 397 

Irrespective of the presence of locking models, ruptures varied between one another. Inherent to 398 

the stochastic nature of the rupture modeling, presence and influence of the locking models is not 399 

always immediately obvious for an individual rupture; however, when all ruptures were 400 

combined into an averaged slip model, the result subsequently resembles the given desired mean 401 

slip model 𝜇 (Figure 2c and 3c). 402 

 403 

 404 

 405 



Manuscript submitted to Journal of Geophysical Research - Solid Earth 

Figure 6: statistical summary of all ruptures generated, regardless of model. (a) fault length, (b) 406 

fault width, (c) mean slip of all subfaults, (d) and maximum slip. The black line in panels (a) and 407 

(b) are the scaling laws for length and width of rupture from Blaser et al. (2010). 408 

 409 

 410 

 Figure 7 shows summary violin plots of the coastal amplitudes for each of the locking 411 

models assumed and for the no locking model case. Each violin represents the kernel density 412 

estimate of the distribution of tsunami heights that is possible for a magnitude range at that 413 

specific point. Unsurprisingly, within all models calculated, the coastal tsunami arrivals on 414 

average increase in response to increasing rupture magnitude irrespective of the coastal 415 

latitudinal location. At lower magnitude scenarios (e.g M7.9) arrival height differences are not as 416 

obvious between models. Once magnitudes become great enough and larger swaths of the 417 

megathrust participate, differences in the coastal amplitudes that correlate to the particularities of 418 

the assumed locking model become more obvious. The southern extent (below 43° latitude) of 419 

the study area on average experiences smaller variations between models, even at larger 420 

magnitudes. However, the resulting tsunami amplitude variations become prominent in the 421 

northern extent (46°- 48° latitude) of the study area off the coast of Washington. In this region, 422 

the slab orientation begins to bend, the distance between the trench and the coast increases, and 423 

the most obvious variations in depth of maximum slip deficit occur. 424 

 The Gamma scenarios, which assume larger and shallower offshore locking, experience 425 

the most drastic differences in tsunami arrival heights between the northern and southern extent 426 

of the coasts in comparison with the other two models. The fully locked zone in the Gamma 427 

model may extend throughout the entirety of the trench, but the total area of full locking is 428 

widest starting at about 46° latitude and continuing to the edge of the study area. This separation 429 

matches well with the divide between the two regions of southern and northern arrival heights. 430 

At M9.1, the arrival mean differences between the two regions is ~3m in the southern region and 431 

almost ~6m on average in the northern region. 432 

 Unlike the Gamma model, there does not appear to be any clear separation of zones of 433 

high and low estimated tsunami amplitudes for the Gaussian locking model. Interestingly, the 434 

Gaussian decade-scale locking model contains a prominent region of locking apparent in both 435 

the southern and northern region of the subduction zone; yet unlike the Gamma model, locking 436 
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here occurs between 15-25km downdip at its highest locking ratio. There is a clear deficiency of 437 

slip along the trench in the northern region in comparison to the Gamma model. Although large 438 

slip occurs closer to the coast in these scenarios, it also occurs much deeper than the previous 439 

models, limiting the surface displacement response and therefore producing a smaller volume of 440 

displaced water leading to overall smaller amplitude tsunamis. Amplitude means for the 441 

Gaussian model vary by only 1m at most between the two regions. 442 

Similar to the Gaussian model, the model without any imposed heterogenous locking 443 

does not see a prominent distinction between regions for the tsunami arrivals. There is a slight 444 

increase in the amplitude of arrivals in the northern gauge points than the southern (Figure 7), 445 

similar to but less obvious than in the previous two models. Mean recorded gauge point 446 

amplitudes do not exceed 5m even for M9.1 events. Since these models lack any form of 447 

constraints to favor slip along the slab interface, there is no distinction in the probability of 448 

activation of slip at any given subfault. With that in mind, mean consequential tsunamis arrivals 449 

should only vary due to the bathymetry and shape of the coastlines and should therefore have 450 

smaller variability laterally along the coast as a result of the ruptures themselves. 451 

 452 
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Figure 7: Violin plots showing the spread of the coastal amplitude, 𝜂, for selected virtual tide 453 

gauge points. Central bar for each model is the mean value of arrivals for the given magnitude 454 

bin. Vertical axis varies but increasing arrival amplitudes are recorded for all three models. 455 

 456 

 457 

 458 

4. Discussion 459 

The ruptures created varied considerably between model runs for any given magnitude 460 

bin. The two different assumed locking models clearly show differences in the depth dependence 461 

of slip. Figure 8 depicts three depth-averaged slip cross-sections for each assumed locking model 462 

for all M8.8-M9.1 ruptures. As expected, the ruptures with a homogeneous mean model (no 463 

assumed locking) contain almost no depth dependency for slip. This then allows slip to 464 

propagate as deep as the model area extends (~30km) and therefore slip is as probable to occur in 465 

these downdip regions as it is close to the trench. Meanwhile, for the cases where a locking 466 

pattern is imposed, there is a clear connection between the amount of slip and depth of the slab. 467 

The depth dependency of both the ruptures with imposed Gamma and the Gaussian locking 468 

models becomes synonymous to the distribution of locking for the two regions. In the northern 469 

and southern regions of the CSZ where slip deficit is the highest for both models, a dominantly 470 

monotonic decrease in amount of slip is seen for the Gamma model and pseudo-Gaussian slip 471 

shape is seen for the Gaussian model. As a result of this, the Gamma model experiences far 472 

greater slip shallower in depth when compared to the other two models, directly affecting the 473 

tsunami generation as seen in the hazard curves and the hazard map (Figure 9 and 10). Areas 474 

associated with the smallest locking ratio see very little slip, predominantly in the southern 475 

region of the CSZ. Along strike variations in slip concentration are also present between the 476 

models where locking is included (Figures 2, 3, and 8). 477 

 478 
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 479 

 480 

Figure 8: Mean slip as a function of depth. (a) Cascadia subduction zone, with depth of slab 481 

contour intervals at 5 km. Red horizontal lines labeled P1, P2, and P3 depict the locations of the 482 

three profiles in the adjacent plots at 47.5°, 45°, and 43° latitude. (b) Depth of slab versus mean 483 

slip from the three models for 800 ruptures for each model between M8.8 - M9.1 between 47.3° 484 

and 47.7° latitude. Gamma, Gaussian, and the model without locking included are depicted as 485 

orange, blue, and green, respectively. Points on each line are the model values at each triangular 486 

subfault in the region. (c) The same as (b) but for the region of 44.8° to 45.2°. (d) same as 487 

previous but for the region of 42.8° to 43.2°. 488 
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 489 

Similarly, it is important to reiterate that the locking fraction does not perfectly correlate 490 

to where the slip occurs for any given rupture. Rather, the locking as implemented here 491 

(Equation 9) will define regions where slip is more likely or less likely to occur. Since there is a 492 

sparse record of the earthquake history of the CSZ, locking should only be used as a first order 493 

constraint. Further research on more earthquake cycles, past and future, will then allow us to 494 

better constrain the accuracy and applicability of locking as it relates to the rupture 495 

characteristics. 496 

Additionally, in our implementation we have assumed that a locking ratio of 0 (fully 497 

creeping) corresponds to parts of the megathrust that cannot participate in the coseismic process. 498 

However, recent modeling studies have argued that dynamic effects can push the rupture into 499 

transition regions of the subduction zone. Areas of 0 coupling may, under certain circumstances, 500 

participate seismically (Ramos et al. 2019). An example in recent is the July 2020 M7.8 501 

earthquake off the Alaskan-Aleutian arc is believed to have ruptured in the eastern portion of the 502 

previously assumed, seismically uncoupled Shumagin Gap (Crowell & Melgar, 503 

2020).Observational studies have also shown potential overlap between regions with slow slip 504 

and regions with coseismic slip (e.g. Lin et al., 2020). However, since the dynamic effects and 505 

their influences in rupture propagation into transition zones are not yet well understood in terms 506 

of what controls them and how to quantify their likelihood of occurrence, we do not include 507 

them in the rupture modeling process. This has little effect on PTHA since shallow slip 508 

contributes far more to the overall hazard. However, for other applications it is potentially 509 

important as it would allow for slip further inland and closer to large population centers on the 510 

CSZ. 511 
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 513 

Figure 9: Hazard curves of a 1 year return period for six coastal gauge points with locations 514 

depicted in Figure 10. The three distinct models are colored accordingly. Curves are determined 515 

using a magnitude time distribution defined by the Gutenberg-Richter scaling relation and the 516 

method is described previously. Model variations in hazard probabilities become most visible in 517 

the northern extent of the subduction zone. 518 

 519 

 520 

 Following the rupture model patterns, the associated tsunami hazards tend to increase 521 

towards the north of the study area. Figure 9 shows hazard curves at 6 coastal locations (shown 522 

in Figure 10) for a 1 year return period. These curves give a good quantitative measure to the 523 

associated tsunami hazards for the rupture models. Although these are site specific, it becomes 524 

quite clear that there are pronounced effects in the associated hazards when locking is included 525 

in modeling. For all 6 sites, including either of the two locking patterns increases the probability 526 

of a larger tsunami amplitude for the given return period. In the southern and central CSZ, 527 

however, the associated hazards are similar between locking models. Recall that in the central 528 
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portion of the subduction zone interface between 44°-46° latitude (Figure 1), the slip deficit is 529 

much smaller, and therefore the locking ratio is much smaller. However, for both the locking 530 

models the associated hazards are significantly higher than the case where no locking model is 531 

assumed (Figure 10).  532 

The majority of coastal points do see a significant variation between the two models with 533 

locking, however, the northern region along the state of Washington experiences the largest 534 

differences in tsunami amplitude probabilities. 2% probability of exceedance in 50 years hazard 535 

maps for the three models are depicted in Figure 10. The stark difference in amplitudes in the 536 

north highlights the effects the locking models have on the ruptures. Below 46° latitude the 537 

Gaussian and Gamma locking models are not as clearly distinct from one another. Above, where 538 

the slab bends and the slab dip shallows, locking varies more noticeably, with the strongest 539 

locking for the Gaussian model occurring around 20km depth and the Gamma model is strongly 540 

locked from 15km all the way to the trench. With larger and shallower locking regions in the 541 

Gamma model, more slip is observed closer to the trench (Figure 8) and therefore the resulting 542 

tsunamis appear much larger. 543 

 544 
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 545 

 546 

Figure 10: Hazard maps for the three models showing the 2% probability of tsunami threshold 547 

exceedance for a 50 year return period at each of the 1026 modeled coastal gauge points. (a) 548 

Gamma locking model, (b) Gaussian locking model, and (c) no locking model. Color scale 549 

describes 𝜂 for each gauge point. (d) 𝜂 at each gauge point location in latitude for the three 550 

models. 551 

 552 

 553 

 The hazard variability along strike observed in the stochastic slip models without 554 

imposed locking is associated with variations present in the tsunami propagation path and the site 555 

conditions (the shape of the coastline). These variations are dominantly controlled by the 556 

bathymetry and distance from the tsunami initiation loci to the coast. The influence of the 557 

surficial expressions in hazard generations are the only sources of variability for the control 558 

model, whereas the models with locking are more complex. Around 44° latitude, the distance of 559 

the trench to the coast begins to widen quite drastically and the bathymetry becomes more 560 
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heterogeneous over a larger distance. The estimated tsunami amplitude for gauge points south of 561 

44° are on average noticeably smaller than those north. 562 

 One important point for assessing tsunami hazards in this way is whether the 200 ruptures 563 

simulated for each magnitude bin are sufficient to capture all the possible variability in the 564 

resulting tsunamis. In order to assess the statistical stability of the models, we refer to Figure 11 565 

where the conditional probabilities, 𝑃(η > η𝑐|𝑀𝑖), are plotted for four magnitude bins against 566 

the number of scenarios observed. The conditional probabilities are relatively stable even after 567 

only ~100 scenarios are included, however, our results detailed prior are determined using all 568 

200 scenarios. Although here we plot the Gamma locking model, the results are similar for the 569 

two other models. A formal CSZ hazard assessment should consider whether the stability 570 

observed in these conditional probabilities is sufficient or whether more scenarios are needed. 571 

 We note as well that we have assumed a fairly simple geometry for the shallow most 572 

megathrust with no splay faults. These have been inferred to exist in the CSZ (Booth-Rea et al., 573 

2008) and coseismic motion on them can have a significant effect on the resulting tsunami (e.g. 574 

Gao et al., 2018). Similarly, we have considered only simple elastic deformation. Distributed 575 

deformation of the heavily sedimented deformation front (Han et al., 2017) could affect the 576 

ensuing tsunami as has been noted in places like Indonesia (Hill et al., 2012). Likewise, plastic 577 

deformation of the wedge can increase the amount of vertical deformation and lead to larger than 578 

expected tsunami (Ma & Nie, 2019). 579 

 The results discussed above are a compelling argument to include the influence of 580 

locking for both the possible slip and rupture geometry generated as well as the subsequent 581 

tsunami hazards. However, without stronger confidence in the specifics of the locking for the 582 

region, large uncertainties are still present. The two locking models included here differ 583 

significantly, especially in the near-trench region. There is currently no way to distinguish 584 

between them because they produce the same onshore inter-seismic velocity field (Schmalzle et 585 

al., 2014). Additionally, there are other potential locking models for the region (e.g Li & Liu, 586 

2016; Michel et al., 2019) which include different assumptions, such as long-term viscoelastic 587 

relaxation of the upper mantle. Nonetheless, the two models we have used here, can be thought 588 

of as depicting two end member cases of the possible locking distribution throughout the CSZ. 589 

The other existing locking models share similar features to either of these two. This large 590 

uncertainty between models highlights the necessity of the community to further seafloor 591 
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instrumentation and seafloor geodesy in order to constrain the shallow locking. Constraining 592 

locking using hybrid modeling of both on land and seafloor geodetic instrumentation has already 593 

been implemented for the Nankai Trough along the coast of Japan (Yokota et al., 2016). Use of 594 

the locking model present by Yokota et al. (2016) has also been implemented in tsunami wave 595 

propagation modeling from the two Kii Peninsula earthquakes of 2004 (Watanabe et al., 2019).   596 

  597 

 598 

 599 

Figure 11: Conditional probability of exceeding the tsunami threshold given that a number of 600 

scenarios has occurred for a given magnitude using the Gamma models, 𝑃(η > η𝑐|𝑀𝑖). Four 601 

different magnitude bins are depicted, all plotted for the gauge point at 46.9° latitude (Figures 9 602 

& 10). The Gaussian and the no locking model produce similar probable stabilities at around 100 603 

scenarios. 604 

 605 

 606 

 Finally, we note once more that these results should not be used as an authoritative 607 

hazard assessment for the CSZ. Further work remains to be done in order to improve accuracy 608 

for future applications: we have used a number of simplifying assumptions, considered only one 609 

kind of tsunami source, and cannot at this point distinguish which of the two locking models is 610 

more likely. Our results instead highlight the large variations in rupture patterns and the resultant 611 
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tsunami hazards created by including inter-seismic locking, a key property of the megathrust. 612 

This shows that disregarding important information, like inter-seismic locking, in rupture 613 

modeling can lead to hazards estimates that are potentially underestimated. 614 

 615 

5. Conclusion 616 

Current stochastic rupture modeling techniques do not consider the influence of first 617 

order fault zone characteristics like inter-seismic locking. A correlation between high slip 618 

patches and areas of greatest locking ratios has been noticed for recent large earthquakes on 619 

megathrusts globally and suggests that this information should be taken into account. Here we 620 

presented an updated mathematical formalism to introduce locking models as prior information 621 

into stochastic rupture modeling. We compared two end member models of locking, one with a 622 

fully locked zone extending to the trench and another with locking deeper downdip and 623 

determined the variable influence that this has on the resulting rupture models. Large variations 624 

in slip distribution are present in the rupture models and correlate well with areas with the largest 625 

differences in slip deficit. We found that when compared to typical stochastic slip ruptures 626 

without imposed locking, on average, more slip is produced at shallower depths. To exemplify 627 

the importance of this the ruptures were then used in a probabilistic tsunami hazard assessment 628 

of the CSZ. We found that the tsunami amplitudes generated are larger throughout the region 629 

when locking is used to condition the rupture models. More specifically, in the northern extent of 630 

the CSZ, associated hazards are much larger where differences in locking distribution are more 631 

drastic. Although large uncertainties are present in the accuracy of modeled locking, imposing 632 

either constraint created very different hazard estimations when compared to the hazard 633 

estimations when no locking prior information was used. To bridge the uncertainties in present 634 

inter-seismic locking and therefore refine our knowledge of first order fault characteristics for 635 

future hazard assessments, expanded seafloor instrumentation is vital. 636 

 637 

Data availability Statement 638 

The FakeQuakes module used to generate the ruptures is part of the MudPy package 639 

archived at Zenodo and can be found online (https://doi.org/10.5281/zenodo.3703200). The 640 

SRTM15+ bathymetry can be obtained from 641 

https://doi.org/10.5281/zenodo.3703200
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https://topex.ucsd.edu/WWW_html/srtm15_plus.html. GeoClaw software for modeling 642 

geophysical flows over topography can be found online (http://www.clawpack.org/geoclaw).  643 
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