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Puget Sound Hazard Mapping Report – May 2018 

Introduction 
This report introduces the flood hazard maps produced for the Stillaguamish and Snohomish 

catchments by Fathom on behalf of the University of Washington. The maps were produced 

using a regional flood hazard model that employs remotely sensed data.  A set of 4 return 

period maps were produced covering both fluvial and coastal perils, constituting 8 data layers.  

A further set of 48 maps under future climate scenarios were also produced to enable users 

to draw high-level conclusions about the sensitivity of flood risk to plausible future climate 

change.  This report briefly introduces the methodology, the local data used to build the 

model, and the model results and limitations. 

Methodology Summary 
The model used for this study is a regionalized variant of the Fathom Global Flood Hazard 

Model (Sampson et al., 2015Wing et al., 2017) carried out a validation study of this modelling 

framework, finding that the model structures could largely replicate FEMA flood hazard maps, 

where such data exists. The model employed here is a similar variant of this model, only 

including more localised terrain, defence, hydrography and discharge data.  

The model uses regional flood frequency analyses (RFFA) derived from historical records of 

river flows in the Puget Sound area to drive two dimensional (2D) hydraulic models built at 1 

arcsecond (~30m) spatial resolution over the supplied LiDAR data and the US National 

Elevation dataset (DEM; see below for more details). The river networks are derived 

automatically from the DEM and channel geometries are estimated using river width 

estimates from satellite imagery, local bed slopes from the DEM and bankfull discharge 

estimates from the flood frequency analysis (see Hydrography section for more details).  Small 

rivers are simulated using a ‘sub-grid’ method that allows rivers smaller than the 30m grid 

scale to be represented by the model, with water from the sub-grid river network only 

appearing on the visible model grid once water levels exceed river bank heights and flooding 

starts to occur.  

DEM (Digital Elevation Model) 
The DEM used here is a blend of Light Detection And Ranging (LiDAR), provided by the Puget 

Sound LiDAR Consortium, and the National Elevation Dataset (NED), provided by the USGS. 

These datasets we’re blended using a bilinear re-sampling tool. All simulations were 

undertaken at a nominal horizontal resolution of 1” (or 1 arc second, ~30m). NED is a 

continuously updated data set utilizing the most accurate elevation data available, meaning 

it is an amalgamation of many data sources; predominantly LiDAR and Interferometric 

Synthetic Aperture Radar (IfSAR). Though NED is available at 1/3” (~10 m) resolution, as is the 

LiDAR data from the local consortium, 1” resolution offers advantages in both vertical 

accuracy and computational expense. Halving grid resolution increases simulation time by an 

order of magnitude, so the 1” data provide a more practicable DEM for large scale, multiple 
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scenario hydrodynamic modelling. Elevation errors are also generally reduced by averaging 

when the resolution is coarsened, if flat terrain and a normal distribution of errors are 

assumed (Neal et al., 2012). Sampling error will reduce proportional to 1/sqrt(N), where N is 

the number of cells with a combined area equivalent to that of one cell of the coarser 

resolution.  

 

Figure 1: Model DEM used for simulations. 

Flow estimation 
Extreme discharge estimates are generated using a regionalized flood frequency analysis that 

links extreme flow behaviour to upstream catchment areas for each simulated catchment. 

This regionalisation approach is critical in enabling hydraulic modelling to be undertaken at 

this scale. Even in an area as highly gauged as Puget Sound, the majority of smaller channels 

are still ungauged and the larger catchments do not have sufficient spatial coverage to allow 

hydraulic models to be built from them alone. Therefore, a regionalised method is required 

to allow extreme flows to be estimated for every river, and every river cell in the model 

domain. 

The regionalisation method used here links extreme flow behaviour for each catchment to 

upstream catchment area. The gauges used in this regionalisation process are listed in Table 

1. For each modelled return period, return period flows for each gauge are estimated by 

fitting Generalized Extreme Value (GEV) distributions to observed data. A comparison of the 

observed daily flows and extreme flow estimate revealed that the USGS have revised some 
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extreme flow estimates upwards, suggesting that at the most extreme flows gauging stations 

struggle to accurately represent flow. This underestimation of flow during the most extreme 

events has been seen in other mountainous regions; the flashy nature of mountainous 

catchments renders the measurement of extreme flow difficult. To account for this behaviour, 

when fitting the GEV to gauge data, the maximum likelihood parameter space typically used 

to define flood frequency wasn’t used. Instead, the 0.9 percentile of the GEV parameter space 

was used; this then resulted in heavier tailed distributions being fitted to the observed data. 

This analysis was undertaken using the distribution fitting toolbox in Matlab (gevfit). Return 

period flow estimates, derived from the heavy tailed GEV fits, are then linked to the 

catchment area upstream of that gauge, allowing power laws to be fitted between discharge 

(Q) and area for each return period. 

Q=a*AREAb 

Where Q = discharge, AREA = upstream catchment area, a&b are calibrated parameters. 

 Figure 3 outlines the errors between the observed and regionalised estimates of the Q 10, 50 

and 100-year events. Extreme flow behaviour for some of the gauges in the region does not 

correlate well with the AREA/Q relationship defined by the majority of the gauges. However, 

this is likely owing to sampling errors, or station measurement errors arising during extreme 

flow events.  Given the uncertainties in estimating Q from observed data, the regionalized 

estimates of Q were deemed to be fit for purpose in their application for a large scale 

hydraulic model.  

Latitude Longitude USGS ID 

47.83333 -121.675 12134500 
47.95833 -121.8 12137800 
47.9 -121.817 12138160 
47.48333 -121.65 12141300 
47.60833 -121.717 12142000 
47.40833 -121.592 12143400 
47.45 -121.725 12143600 
47.54167 -121.85 12144500 
47.53333 -121.917 12145500 
47.69167 -121.825 12148500 
47.65833 -121.933 12149000 

47.825 -122.05 12150800 
47.93333 -122.075 12155300 
47.94167 -121.617 12137290 
47.7 -121.775 12148300 
47.69167 -121.7 12148000 

   
Table 1: USGS Gauges used 
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Figure 2: Location of USGS gauges. 
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Figure 3: Comparison of the 10, 50 and 100-year discharge estimated from observed data (Q# Gauge) and from the regionalised method (Q# 

Regional).
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Hydrography 
As described by .Neal et al., (2012), the inclusion of a channel network within large‐scale flood 

models is necessary to achieve acceptable simulations of flood depth, extent, and dynamics. 

The Hydrosheds project (Lehner et al., 2008) used the SRTM DEM to derive a global 

hydrography data set which includes hydrologically conditioned DEMs, catchment 

delineations, river networks, flow direction arrays, and accumulating area arrays. The 

underlying SRTM DEM was subjected to extensive hydrological conditioning and manual 

editing to ensure channel connectivity through narrow valleys and other complex 

topographies, and the result is a near‐global river database available at 3 and 30 arc sec 

resolutions. The data set has been used in a range of studies including global river routing (Li 

et al., 2009), operational flood forecasting (Li et al., 2009), and global river width analysis 

(Yamazaki et al., 2014) and typically provides a baseline data set for locating river channels 

within large‐scale hydraulic models. Data from the Hydrosheds project was therefore used in 

this project, downscaling the 3 arc second data to 1 arc second using the centre-points of each 

3 arc second channel cell to interpolate,  enabling mapping on to the 30m LiDAR based DEM. 

Although DEM derived channel networks constitute an invaluable tool in enabling large scale 

hydraulic models to be built, significant errors can result, particularly in very flat areas an in 

areas in which the river channel has been moved via human activity. This is particularly true 

of channel networks derived from SRTM; SRTM has a nominal resolution of ~90m² and has 

critical limitation in vertical accuracy owing to poor vertical accuracy due to instrument noise, 

errors arising from vegetation reflectance, the inability to revolve features in urban areas and 

other systematic errors including the movement of the spacecraft during data collection.  

Owing to these errors initial model simulations revealed that in some areas, the DEM derived 

channel network deviated significantly from the real-world locations. Therefore, some 

manual intervention was required in order to manipulate the model channel mask into the 

correct location. This was undertaken using high-resolution satellite imagery to map 

erroneous channel networks into their correct location.  Figure 4 depicts one such correction 

in and around French Creek. 
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Figure 4: Correction of model channel mask around French Creek. 

Although the Hydrosheds project provides an estimate of river location and upstream area, it 

does not define the size of the river channels. In order to simulate extreme flows in river 

channels, it is necessary to estimate the conveyance capacity of the river, characterized by 

the river width and depth, as an accurate representation of channel bankfull capacity is 

necessary for accurate  simulations of flood events (Fewtrell et al., 2011). River widths are 

estimated using a hybrid geomorphological/web‐survey technique in which river widths along 

major rivers globally are measured and recorded along with their corresponding upstream 

accumulating areas. A spline is then fitted through the data that allows the width of a channel-

cell to be estimated based on its upstream area; specific splines are produced for major rivers, 

and the data are pooled to create a generalized spline for use along unsurveyed rivers. 

River depth is the most difficult parameter to estimate as it is not yet possible to measure this 

remotely on large scales. For this project, river depth was therefore chosen as a model 

calibration parameter (see Model Calibration). 

The final stage in the model development is to decompose the model domain into individual 

reaches for simulation. Reaches are not arbitrary in length but are generated automatically 

according to a threshold difference in the modeled mean annual flood (MAF) between the 

upstream and downstream boundaries of the reach. Starting at the downstream end, the 
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model tracks up the river network until the point is reached at which the MAF falls a threshold 

percentage below the downstream MAF (this threshold is an adjustable parameter; 5% is used 

here). This automated boundary condition point generator yielded 154 model boundary 

conditions; these points can be seen in Figure 6. These 154 boundary condition points were 

divided amongst 7 separate simulations, with one model boundary condition being 

implement along each individual river reach. 

 
Figure 5: Example model input hydrograph. 

 

 The regionalised flow estimation method is then used to generate a hydrograph for the 

downstream cell of the reach (e.g. Figure 5); the hydrograph is distributed among the 

upstream cell and any incoming tributaries according to their respective upstream catchment 

areas to ensure that the volume flowing into the reach at any point matches that of the 

regionalised flow at the downstream boundary. Each reach is simulated independently to 

avoid accumulation issues in the lower reaches of catchments; simulating the 100-year flows 

for all river catchments and reaches in a single simulation would very likely result in excess 

flooding along lower river reaches.  
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Figure 6: Model input boundary condition points. Sim Num refers to the simulation number. 

There will only ever be one input boundary condition for a single river reach in a single 

simulation. In this case, the entire region was simulated in 7 separate hydraulic simulations, 

moving from simulation 1, at the bottom of each catchment, to simulation 7 at the top. 

 

 

Model Calibration 
River channel bathymetry has a large influence over the behaviour of a hydraulic model as 

the size of the modelled river channels will have a direct impact on the volume of water 

entering the floodplain. However, the measurement of channel size over large scales still isn’t 

possible and therefore must be estimated. Sampson et al., (2015) link the size of river 

channels to an estimate of flow for a given return period (e.g. the 2-year flow), therefore 

directly linking the size of the river channel to the estimate of channel flow. In a large scale 

hydraulic model, this coupling of flow and channel size is a critical component in enabling 

realistic simulations to be undertaken. In this project, the linking of channel geometry to 

channel flow in this way was undertaken to provide an initial realisation, with the 2-year flow 

being used for the initial simulation, channel bathymetry was then subsequently calibrated 
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Alongside this initial realisation, 10 other model simulations were undertaken, with channel 

depth varying in each simulation by a given quantile change (e.g. in calibration run 1, channel 

depth was given as the initial realisation depth * 0.9, followed by 0.8, 0.7 through to 0.1). 

These calibration runs, undertaken for the 10 and 100-year return period events were 

provided to the University of Washington and its partners who selected which of the 

calibration runs best represented local insight and knowledge. The channel bathymetry, 

linked to the simulation identified as aligning best with local knowledge, was then used in all 

the model simulations. This bathymetry was linked to the smallest channel bathymetry in the 

calibration run, the 0.1 quantile.   

Coastal Simulations 
Coastal simulations were undertaken using the same model framework defined above, with 

coastal boundary condition points replacing the fluvial inflow boundary points. Coastal inflow 

boundary conditions were defined using stage height values taken from National Oceanic and 

Atmospheric Administration station number 9447130. A generalized extreme value 

distribution (GEV) was fitted to stage heights from this gauge, allowing stage heights to be 

estimated for any given return period. Return period estimates were transformed into an 

input boundary condition by mapping estimate stage heights onto a sinusoidal wave form, 

representing a ~12-hour tidal hydrograph (see Figure 7). Model boundary condition points 

were implemented for every land cell defined as being coastal; this definition was reached by 

utilising the G3WBM water surface mask defined by Yamazaki et al.(Yamazaki et al., 2015).  

Global 3 arc-second Water Body Map (G3WBM) is developed using an automated algorithm 

to process multi-temporal Landsat images from the Global Land Survey (GLS) database. It uses 

33,890 scenes from 4 GLS epochs in order to delineate a seamless water body map, without 

cloud and ice/snow gaps. Permanent water bodies were distinguished from temporal water-

covered areas by calculating the frequency of water body existence from overlapping, multi-

temporal, Landsat scenes. By analyzing the frequency of water body existence at 3 arc-second 

resolution, the G3WBM separates river channels and floodplains more clearly than previous 

studies. 
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Figure 7: Example input coastal boundary condition for the 1 in 5-year event. 

 

Climate Change Simulations 
Projections of future flood risk, both fluvial and coastal, were undertaken by perturbing the 

input boundary condition values defined above. These perturbations were defined by percent 

changes in peak discharges at each model boundary point and by adding the projected change 

in sea level for each coastal boundary point. A more detailed description of these boundary 

conditions is provided in the companion report by Mauger et al. (2018). 

Future projections were undertaken for the 2050s and 2080s time-horizons under both the 

RCP 4.5 and RCP 8.5 emissions scenarios. Moreover, uncertainty within each of these 

scenarios was explored by simulating the 5th 50th and 95th percentile within each scenario. In 

total, this yielded 12 future scenario simulations for each return interval (2-, 10-, 25-, 100-

year events), for a total of 48 flood simulations.  

Since coastal and riverine flooding do not happen at the same time, modelling both in tandem 

would lead to an overestimate of flood risk in lower river reaches where both storm surge 

and river flooding can lead to flooding. As a result, each flood simulation was separated into 

a separate coastal and riverine flood simulation, to be combined later by taking the maximum 

water elevation between the two. 
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Results 
Figure 8 shows the 1 in 100-year flood hazard map under current climate conditions, for the 

fluvial only simulations. Unsurprisingly, low-lying flood plain areas toward the bottom of the 

Stillaguamish and Snohomish catchments experience higher levels of fluvial flood risk. Under 

current climate conditions, total flooded area across the model domain varies from ~12km² 

to ~22km² for the 2- and 100-year events, respectively. Future climate projections reveal 

larger changes in flooded area for less severe, more frequent events. For the RCP 8.5 (high) 

scenario, out to 2080, there is a ~25% increase in flooded area for the 1 in 2-year event, 

compared with an ~12% increase for the 1 in 100-year event (Figure 10). Further results of 

the projected percentage changes in flooded area for the fluvial and coastal simulations are 

presented in Tables 2&3. These results are likely to be indicative of the floodplain areas being 

largely inundated in higher return period events, whereas for lower return period events any 

change in discharge is likely to have a more significant impact on flooded area. These results 

suggest that in terms of flooded area, there may be a more substantial change in more 

frequent fluvial flood events. The results also show that there is far more uncertainty in 

projections of higher return period events, which is perhaps unsurprising (Figures 9-12). 

Although the coastal simulations flood a far smaller area than the fluvial simulations, the 

potential changes in flooded area under future climate scenarios are far larger (Figures 

11&12, Table 3). Moreover, there is a universal signal of increased flood area under future 

climate scenarios. 

  2050s 2080s 

RP 
(yr) 

RCP 4.5 RCP 8.5 RCP 4.5 RCP 8.5 

  5th  50th 95th  5th  50th 95th  5th  50th 95th  5th  50th 95th  

2 18.55 48.94 113.10 25.08 57.62 113.10 40.54 129.30 340.02 57.62 166.37 581.15 

10 19.11 59.58 138.40 27.66 71.91 138.40 47.49 160.07 457.95 71.91 210.39 604.05 

25 21.20 63.59 147.63 30.63 76.18 147.63 51.75 169.67 461.92 76.18 230.13 596.61 

100 25.23 68.94 174.81 35.11 83.27 174.81 57.23 210.11 433.94 83.27 273.31 544.59 

Table 2: Projected percentage changes in fluvial flooded area across all scenario simulations.  

  2050s 2080s 

RP 
(yr) 

RCP 4.5 RCP 8.5 RCP 4.5 RCP 8.5 

  5th  50th 95th  5th  50th 95th  5th  50th 95th  5th  50th 95th  

2 1301 1462 1629 1346 1496 1629 1426 1661 1897 1496 1717 2061 

10 993 1083 1190 1017 1103 1190 1063 1207 1407 1103 1249 1522 

25 5 12 22 7 13 22 10 24 44 13 29 53 

100 5 11 22 7 13 22 10 24 43 13 30 53 

Table 3: Projected percentage changes in coastal flooded area across all scenario simulations.  
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Figure 8: 1in100 year flood hazard map under current climate conditions. 

 

Figure 9: Future climate projections of fluvial flooded area, out to the 2050-time horizon. 
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Figure 10: Future climate projections of fluvial flooded area, out to the 2080-time horizon. 

 

 

Figure 11: Future climate projections of coastal flooded area, out to the 2050-time horizon. 
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Figure 12: Future climate projections of coastal flooded area, out to the 2080-time horizon. 

 

Limitations 
 

End-users must be made aware of the flood model used in this study was built using some 

remotely sensed data of limited quality and with limited ground validation. The data, although 

based on high quality LiDAR data, are simulated at ~30m horizontal resolution.  The resultant 

maps must therefore be used within this context and, whilst useful, should only be used for 

general risk assessment and planning purposes.  While they should therefore not be used for 

detailed site-level analysis or considered a replacement for detailed engineering-grade 

models, they can be very useful for identifying areas where such studies will be necessary. 

The underlying modelling framework used in this project has been validated in a peer-

reviewed journal article (Wing et al., 2017). In a validation exercise comparing model output 

against FEMA flood hazard maps, the study reported that the model could largely replicate 

government flood hazard maps. Hit rates varied between 77% and 86% depending on the 

quality of the underlying FEMA data. 
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