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Abstract. This report documents the development, validation and stability testing of a tsunami 

forecast model for Morehead City, North Carolina. The model is to be integrated into NOAA’s 

short-term tsunami forecast system. In this system, tsunami propagation in nearshore waters and 

any subsequent runup on land are simulated in real time using the Method of Splitting Tsunamis 

numerical model. The simulations are conducted using three grids at successively finer 

resolutions. The innermost grid covers Morehead City and the surrounding vicinity at a spatial 

resolution of approximately 62 meters. The model can complete a 12-hour simulation within 30 

minutes of CPU time. Accuracy of the forecast model is evaluated by comparing the 

computational results to a high-resolution ‘reference’ model in a series of scenarios. Numerical 

stability is also considered using these the synthetic mega- and micro-tsunami events. 

 

1.  Background and Objectives 

The National Oceanic and Atmospheric Administration (NOAA) Center for Tsunami Research 

(NCTR) at the Pacific Marine Environmental Laboratory has developed a tsunami forecasting 

capability for operational use by NOAA's two Tsunami Warning Centers located in Hawaii and 

Alaska (Titov et al., 2005). The system is designed to efficiently provide basin-wide warning of 

approaching tsunami waves accurately and quickly. It combines real-time tsunami measurements 

with numerical models to produce estimates of tsunami wave arrival time and amplitudes at 

coastal communities of interest. This system integrates several key components: deep-ocean 

observations of tsunamis in real time, a basin-wide pre-computed propagation database of water 

level and flow velocities for potential seismic unit sources, an inversion algorithm to refine the 

tsunami source based on deep-ocean observations during an event, and inundation forecast 

models run in real time and at high resolutions for selected coastal communities.  

 

Morehead City is a port city of the state of North Carolina. It has a land area of 5.1 square miles 

and a population of 8661 (2010 U.S. Census). The city was named after John Motley Morehead, 

the 29th governor of North Carolina State. In the early 1850s, the town site was purchased by the 

Shepard Point Land Company with plans to use it as a transportation hub connecting the deep 

channel through Beaufort Inlet with the railroad. The city experienced a steady demographic and 

economic growth because of the deep-water port built at the Shepard Point, as well as from the 

Atlantic and North Carolina Railroad that connected it to other parts of the state. The town was 

incorporated in 1861. Its growth was interrupted by the American Civil War, in which it was 

occupied by the federal troops (http://moreheadcity.nc.gov/morehead-city-nc-history/). The 

city’s resurgence was brought by the construction of the Atlantic Hotel in the 1880s. Following 

the Great Depression and World War II, Morehead City experienced a downturn, deteriorating 
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continuously until the 1980s, when the city received a “Community Development Block Grant” 

to replace an aging infrastructure and improve the waterfront area. This renewal has been 

maintained by governmental grants and private investments in the past decades. In 2003, the 

Morehead City Historic District was listed on the “National Register of Historic Places”. 

 

Situated on the “Crystal Coast”, Morehead City is a popular destination for tourists. Tourism 

forms a major component of the city’s economy, together with fishing and light industry. Its 

location by the sea means Morehead City is home to several marine-research facilities, including 

the Institute of Marine Science and the North Carolina Division of Marine Fisheries of the North 

Carolina Department of Transportation. 

 

Morehead City may be subject to tsunamis caused by the earthquakes around the Atlantic Basin, 

especially those along the eastern edge of the Caribbean Plate and the eastern edge of the Scotia 

Plate. Besides earthquakes, submarine and subaerial landslides may also trigger tsunamis that 

could pose a threat to U.S. east coast cities, including Morehead City (e.g., Driscol et al., 2000; 

ten Brink et al., 2008; Løvholt et al., 2008; Zhou et al., 2011).  

 

In this study, we develop a tsunami forecast model for Morehead City. This model is to be 

integrated into NOAA’s tsunami forecast system as a part of NOAA’s effort to provide a nation-

wide tsunami forecast capability. 

 

 

2. Forecast Methodology 

The main objective of a tsunami forecast model is to provide a quick and accurate estimate of 

tsunami arrival time, wave heights, and inundation during a tsunami event. Models are designed 

and tested to perform under stringent time constraints, given that time is generally the single 

limiting factor in saving lives and property. A forecast model relies on a high-resolution 

numerical model, which employs the Method of Splitting Tsunami (MOST) to simulate the 

nearshore propagation and runup in real time. MOST solves the shallow water equations through 

a finite difference scheme. The numerical code has been validated extensively against laboratory 

experiments (Synolakis et al., 2008), and historical tsunami events (e.g., Wei et al., 2008; Tang 

et al., 2008). Numerical simulations are conducted in three telescoped grids at successively 

increased resolutions with the innermost grid covering the population and economic center of a 

community of interest. Bathymetric and topographic grids are derived from digital elevation 

models (DEMs) developed by the National Geophysical Data Center (NGDC) and NCTR. 

Technical aspects of forecast model development, validation and stability testing have been 

reported by Titov and González (1997), while the details of forecast methodology can be found 

in the publication of Tang et al. (2009). 

 

Simulating tsunami propagation in an ocean basin is, computationally, very time-consuming. 

Instead of real-time simulation, the oceanic propagation is estimated through the linear 

combination of tsunami source functions. A tsunami source function is the time series of water 

surface elevations and water velocities in an oceanic basin due to a unit earthquake source, which 

measures 100×50 km
2
 in area and has a slip value of 1 m, equivalent to the moment magnitude 

(Mw) of 7.5 (Gica et al., 2008). Unit earthquake sources have been constructed to encompass all 
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areas where potentially tsunamigenic subduction zones exist. The tsunami source function for 

each unit earthquake source is pre-computed with MOST at a 4 arc-min resolution and stored in 

a tsunami propagation database. Given that tsunami evolution in deep ocean is a linear process, a 

tsunami scenario can be accurately represented through the linear combination of related source 

functions. During a tsunami event, as the tsunami waves propagate across the ocean and 

successively reach the DART (“Deep-Ocean Assessment and Reporting of Tsunamis”) 

observation sites, recorded sea level is ingested into the tsunami forecast application in near real-

time and incorporated into an inversion algorithm to produce an improved estimate of the 

tsunami source (Percival et al., 2009).  

 

Since nonlinear effects are stronger in nearshore tsunami evolution, these processes are 

simulated with MOST in real time. A tsunami forecast model consists of three telescoped grids 

with successively finer resolutions. The seaward boundaries of the outermost A-grid are placed 

in deep water. Pre-computed boundary conditions are input along these boundaries to initiate the 

real-time simulations. The B-grid is an intermediate grid that provides a transition between the 

outermost A-grid and the innermost C-grid. The C-grid covers the population and economic 

center of the at-risk community. Due to shoaling effects, waves become short when they 

approach shorelines. High resolution is needed for the C-grid to sufficiently represent the 

bathymetric and topographic features, as well as to accurately resolve and simulate near-shore 

tsunami evolutions. 

Forecast models, including that of Morehead City, are constructed for at-risk coastal 

communities in the Pacific and Atlantic Oceans. Previous studies have validated the accuracy 

and efficiency of each forecast model currently implemented in the real-time tsunami forecast 

system (Titov et al., 2005; Titov, 2009; Tang et al., 2008; Wei et al., 2008). 

 

3. Model Development 

Accurate forecast of tsunami impact on a coastal community largely relies on the accuracy of the 

bathymetric and topographic data. The basis for the development of the grids in a tsunami 

forecast model is the high-resolution DEMs. For each community, the DEMs are compiled from 

a variety of recent data sources. All these data have been shifted to the World Geodetic System 

1984 horizontal datum, and the vertical datum of Mean High Water. A high-resolution 

“reference” model is first developed. From this, an “optimized” model is constructed by 

downgrading the resolution and reducing the domain coverage of the reference model grids. The 

purpose of this optimization is to reduce the required CPU time to an operationally specified 

period. This operationally developed model is referred to as the optimized tsunami forecast 

model, or simply the “forecast model”. In the development of a forecast model, the 

computational results are carefully compared to the reference model to check if due accuracy is 

maintained. 
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3.1 Forecast Area 

Figure 1 shows a map of Morehead City and the surrounding vicinity. The semi-closed Bogue 

Sound separates Bogue Banks from mainland Carteret County, where Morehead City is located. 

The sound is a portion of the Atlantic Intercontinental Waterway. Vessels enter the sound 

through both Beaufort Inlet in the east and Bogue Inlet (not shown in the figure) in the west. 

Offshore of Bogue Banks is the continental shelf, over which the water depth increases slowly to 

approximately 50 m over nearly 100 km. When a long wave such as tsunami propagates over the 

continental shelf, a great amount of wave energy can dissipate due to bottom friction. The 

Continental shelf and low-lying coastal islands form a natural barrier for Morehead City. As a 

result, the city has experienced very few hazardous waves in history. 

 

The continental shelf offshore from Morehead City is relatively wide, as it is along much of the 

US eastern seaboard. As a long wave propagates into shallower water, wave heights become 

higher and wavelengths become shorter due to shoaling effects. To simulate tsunami propagation 

over the continental shelf, we need a nonlinear numerical model and high-resolution 

computational grid. This requires more CPU time. On the other hand, as wave speeds decrease in 

shallow water, the wide continental shelf delays the arrival of tsunamis, giving coastal 

communities more time for preparation. 

 

 

3.2 Digital Elevation Models 

The bathymetric and topographic grids for the Morehead City forecast and reference models are 

derived from DEMs developed by NGDC. The Atlantic basin is covered by a one-minute 

bathymetric grid from 72°S to 72°N in latitude and from 20°E to 105°W in longitude. The grid 

was compiled by merging the one-minute grid from the “General Bathymetric Chart of the 

Ocean” with measured and estimated seafloor topography grids in areas of water depth greater 

than 200 m.  

For the U.S. east coast, NGDC has developed a nine-second grid that spans from 25°N to 50°N 

in latitude and from 85°W to 50°W in longitude. These data were compiled from a variety of 

data sources including the multibeam bathymetry surveys performed by the National Ocean 

Service, NOAA Ocean Exploration, U.S. Geological Survey and other agencies; hydrographic 

survey data from NOAA National Ocean Service; and LIDAR data collected by the Joint 

Airborne LIDAR Bathymetry Technical Center of Expertise.  

For Morehead City and the surrounding vicinity, there is a 1/3-second DEM that covers areas 

from 34.37°N to 35.57°N in latitude and from 77.27°W to 76.0°W in longitude (Grothe et al., 

2011). A zero contour line was first created to represent the latest coastline based on the “Google 

Earth” satellite imagery from 2011. Bathymetric data was sourced from the National Ocean 

Service hydrographic survey, the U.S. Army Corps of Engineers hydrographic channel surveys, 

and the multibeam swath sonar survey conducted by the North Carolina Department of 

Environment and Natural Resources. The bathymetry-topography datasets employed by NGDC 

include the DEM developed by the North Carolina Department of Environment and Natural 

Resources, and the data published by the Coastal Service Center of the U.S. Army Corps of 

Engineers in 2004. The topographic data are derived from the U.S. Geological Survey 1/3-
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second National Elevation Dataset DEM, and the North Carolina Department of Emergency 

Management Floodplain Mapping Program LIDAR. 

 

3.3 Grid Setup 

In Figure 2, we present the extents of grids in the forecast model. The offshore boundaries of A-

grid extend into the deep ocean. Pre-computed boundary conditions for this grid are derived by 

linearly combining tsunami source functions from the pre-computed SIFT propagation database. 

The west and north boundaries intersect the continental shelf. Given that waves may become 

very nonlinear in shallow water, the input boundary conditions may become inaccurate in these 

regions. This problem can be magnified if the alongshore wave propagation is strong. A solution 

to this problem is to put these boundaries far from the area of interest. The B-grid provides a 

transition of real-time simulations between the A- and C-grids. In the forecast model, B-grid 

covers a region over most area of the continental shelf offshore Morehead City. The C-grid 

covers the entire Morehead City and vicinity area. Due to shallow water depth and complex 

coastlines, waves may undergo complicated processes of diffraction, reflection and shoaling in 

this grid. Very high resolution is applied on this level to better capture the physical features. In 

the present forecast area, there is a tide gauge operated by the National Ocean Service in 

Beaufort harbor (3443.2N, 7640.2W) since June 10 1990, and a gauge installed near Spooners 

Creek (3443.5N, 7648.2W) on March 25 2012. The water depth is 2.49 m and 0.70 m for the 

Beaufort and Spooners Creek stations, respectively. These stations are also denoted in Fig. 2. 

The forecast model grids are derived from a reference model by downgrading the resolutions and 

reducing the domain coverage of its grids. The limits of the reference model grids are plotted in 

Fig. 3. Parameters of both models are presented in Table 1. 

In both the forecast and reference models, simulations are initiated when the input water surface 

displacement reaches a threshold of 0.001 m along the open boundaries of A-grids. To 

approximate the energy dissipation due to seabed friction, we employ a constant Manning’s 

roughness coefficient of 0.03 in all grids. This value is typical for coastal waters (Bryant, 2001), 

but may be lower on the dry land covered by vegetation and result in higher runup. 

 

4. Model Testing  

Before it is integrated into NOAA’s tsunami forecast system, the accuracy and stability of a 

forecast model is stringently tested. Accuracy of a numerical model may be compromised by 

inaccurate bathymetry and topography, as well as numerical dispersion. The latter is inherent of 

finite difference schemes, as employed by MOST, and depends on the spatial resolution of grids. 

While model accuracy obviously dictates the reliability of forecast, unforeseen instabilities may 

cause the failure of tsunami forecast. Given the intention to employ the model for an operational 

application, the robustness of model should be carefully evaluated so that instabilities are 

avoided beforehand as much as possible. Due to the lack of historical tsunami records in 
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Morehead City area, the forecast model cannot be validated for real events. Therefore, in this 

section, we assess the accuracy of the forecast model by using several synthetic scenarios. These 

scenarios also allow the stability of the model to be checked. 

 

4.1 Accuracy 

The U.S. east coast, where Morehead City is situated, is thought to be at risk from tsunamis 

generated by earthquakes that may occur in the subduction zones along the eastern edge of 

Caribbean Plate and the eastern edge of Scotia Plate. In this section, we synthesize several 

scenarios that represent possible earthquakes in these zones. The scenarios include six ‘mega’ 

tsunamis generated by earthquakes of magnitude equivalent to Mw 9.3, along with a tsunami 

generated by an Mw 7.5 earthquake. The parameters of these scenarios are presented in Table 2. 

In Figs. 4-10, we present the modeling results of the synthetic scenarios. The figures show the 

time series of water surface elevations are output the grid nodes nearest to the location of the two 

tide stations for both the reference and forecast models. In general, the two models show close 

agreement at the Beaufort station location. As the Spooners Creek station is closer to the 

shoreline, the more complex dynamics of simulations at this location show greater sensitivity to 

grid resolutions, and therefore display bigger differences between the reference and forecast 

models. Agreement is better for the leading waves when the wavelength is long. But since 

numerical errors increase for shorter waves, bigger differences are observed in trailing waves 

when their wavelengths are relatively short. The maximum runup is usually attributed to the 

longer waves and so numerical errors in shorter waves may not significantly affect the forecast 

of coastal runup.  

Maximum water surface elevations over the area covered by the forecast model’s C grid are also 

compared between the forecast and reference models in Figures 4-10. Maps of maximum water 

surface elevations serve indicators of which locations might experience the most severe tsunami 

impact. In all scenarios, close agreement is observed for the maps of maximum water surface 

elevations for both models, suggesting forecast model is reasonably accurate. 

A great amount of wave energy is dissipated due to seabed friction when a wave propagates over 

the continental shelf. As a result, the wave heights are significantly lowered in the Morehead 

City forecast area. The most severe scenario is ATSZ 48-57 (Figure 5), where the maximum 

wave height is approximately 0.4 m at the Spooners Creek station and 0.8 m at the Beaufort 

station. In this event, Bogue Banks is mostly flooded. Bogue Banks and small offshore islands 

effectively reduce the wave heights in Bogue Sound, and protect the coast of Morehead City. In 

this scenario, waves may beak nearshore and on the dry land. MOST neglects the energy 

dissipation due to wave breaking. As a result, runup may be significantly overestimated. 

In scenario ATSZ 68-77, the first wave arrives in the Morehead City area approximately 5.5 

hours after the time of the earthquake. Following this wave are two waves of higher wave 
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heights. Operational procedures dictate that that real time simulation with the forecast model be 

conducted for 12 hours since after initiation.  

 

4.2 Stability 

Very large incoming waves may generate instability within a numerical model. A solution to 

avoid this that has been widely practiced is to reduce the time step. The synthetic mega-tsunami 

events are intended to represent the most severe tsunamis that may hit the forecast area. Figure 4-

10 show there is no instability observed in these scenarios. 

Instability may also be caused even when incoming waves are very small. In this situation, the 

amplitude of numerical noise or instabilities may be as great as or even larger than the actual sea-

level variability. Numerical noise can accumulate, amplify and ultimately cause the failure of 

computation. In this report, we test the forecast model against a synthetic micro-tsunami scenario 

(see SSSZB 11 in Table 2). The incoming waves are smaller than the threshold to initiate 

forecast computation (See Appendix A). Therefore, we temporarily lower this threshold to 

0.00001 m. The forecast model performs a 12-hour simulation without evidence of any 

instability. In Fig. 11, we plot the time series of water surface elevations output from the forecast 

model at the two water level stations. Under operational conditions, a forecast model would not 

be initiated for such an event. All the tests conducted in this report indicate that the forecast 

model is unlikely to fail in a real event on account of numerical instability. 

 

5. Conclusions 

In this study, we have developed a tsunami forecast model for Morehead City, North Carolina. 

The model is to be integrated into NOAA’s short-term tsunami inundation forecast system. The 

forecast model is based on the MOST numerical model, which simulates tsunami propagation 

and runup in the forecast area through three telescoped grids in real time. Morehead City and the 

surrounding vicinity are covered by the innermost grid at a spatial resolution of approximately 62 

m. The forecast model is designed and configured such that it will complete a 12-hour simulation 

within 30 minutes of CPU time. 

Since there are no historical records of tsunamis at Morehead City, the accuracy of the forecast 

model is evaluated using several synthetic tsunami scenarios. Good agreement between the 

forecast and reference models for each of these scenario indicates any numerical errors resulting 

from the forecast model’s relatively coarse resolutions are unlikely to significantly diminish the 

accuracy the forecast results. We have also checked the stability of the forecast model for all 

synthetic mega tsunamis scenarios, as well as a micro-tsunami scenario. No instability was 

observed in any of these simulations.  
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Appendix A: Model *.in files for Morehead City, North Carolina 

 

A.1 Reference model *.in file 

0.001 Minimum amp. of input offshore wave (m) 

1.0 Minimum depth of offshore (m) 

0.1  Dry land depth of inundation (m) 

0.0009 Friction coefficient (n
2
) 

1 Runup in A and B grids 

300.0 Max. wave height (m) 

0.6 Time step (sec.) 

72000 Number of steps for 12 hr simulation 

5 Compute “A” arrays every n-th time step, n= 

1 Compute “B” arrays every n-th time step, n= 

50 Input number of steps between snapshots 

0 … starting from 

1 … saving grid every n-th node, n= 

  

A.2 Forecast model *.in file 

0.001 Minimum amp. of input offshore wave (m) 

1.0 Minimum depth of offshore (m) 

0.1  Dry land depth of inundation (m) 

0.0009 Friction coefficient (n
2
) 

1 Runup in A and B grids 

300.0 Max. wave height (m) 

1.5 Time step (sec.) 

28800 Number of steps for 12 hr simulation 

5 Compute “A” arrays every n-th time step, n= 

2 Compute “B” arrays every n-th time step, n= 

20 Input number of steps between snapshots 

0 … starting from 

1 … saving grid every n-th node, n= 
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Figure 1: Morehead City, North Carolina and the surrounding vicinity. 
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Figure 7: Model results for the synthetic scenario ATSZ 68-77. The upper panels show the 
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Figure 8: Model results for the synthetic scenario ATSZ 82-91. The upper panels show the 
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maximum water surface elevations. The lower panel shows the time series of water surface elevations 
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Figure 11: Time-series of water surface elevations at water level stations for the synthetic 

scenario SSSZ B11. 
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Table 1: MOST setup of the reference and forecast models for Morehead City, North Carolina. 

  Reference Model Forecast Model 

 

 

Grid 

 

 

Region 

Coverage 

Lat. (° N) 

Lon. (° W) 

Cell Size 

Lat. 

Lon. 

nx×ny Time 

Step 

(sec.) 

Coverage 

Lat. (° N) 

Lon. (° E) 

Cell Size 

Lat. 

Lon. 

nx×ny Time Step 

(sec.) 

A Mid & South 

U.S. East Coast  

32.0-36.5 

79.5-73.5 
30 

36 

601×541 3.0 32.2-36.4 

79.0-74.0 
60 

72 

251×253 7.5 

B North Carolina 33.8-35.2 

77.5-75.9 
3.0 

3.6 

1601×1681 0.6 33.85-35.15 

77.25-75.95 
10.0 

12.0 

391×469 3.0 

C Morehead City 

 

34.68-34.79 

76.85-76.65 
0.5 

0.6 

1201×793 0.6 34.68-34.79 

76.85-76.65 
2.0 

2.4 

301×199 1.5 

Minimum offshore depth (m) 1.0  1.0 

Water depth for dry land (m) 0.1  0.1 

Friction coefficient (n
2
) 0.0009  0.0009 

CPU time for a 12-hr simulation     <30 min 
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Table 2: Synthetic tsunami scenarios employed to test the Daytona Beach, Florida reference and 

forecast models. 

Sce.  

No 

Scenario 

Name 
Source Zone Tsunami Source 

 

(m) 

Mega-tsunami scenario 

1 ATSZ 38-47 Atlantic A38-A47, A38-A47 25 

2 ATSZ 48-57 Atlantic A48-A57, B48-B57 25 

3 ATSZ 58-67 Atlantic A58-A67, B58-B67 25 

4 ATSZ 68-77 Atlantic A68-A77, B68-B77 25 

5 ATSZ 82-91 Atlantic A82-A91, B82-B91 25 

6 SSSZ 1-10 South Sandwich A1-A10, B1-B10 25 

Mw 7.5 Scenario 

7 ATSZ B52 Atlantic B52 1 

Micro-tsunami Scenario 

8 SSSZ B11 South Sandwich B11 0.01 
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Figure 1: Morehead City, North Carolina and the surrounding vicinity. 
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Figure 2: Grid extents of the Morehead City forecast model: (a) grid extends, (b) bathymetry and 

topography of C-grid. The triangles in C-grid denote the tide stations near Spooners Creek and 

Beaufort. 

 

  



 

 
18 

 

 

 

Figure 3: Grid extents of the Morehead City reference model: (a) grid extends, (b) bathymetry 

and topography of C-grid. The triangles in C-grid denote the tide stations near Spooners Creek 

and Beaufort. 
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Figure 4: Model results for the synthetic scenario of ATSZ 38-47. The upper panels show the 

distribution of maximum water surface elevations. The lower panel shows the time series of 

water surface elevations at tide stations.  

  



 

 
20 

 

 

 

Figure 5: Model results for the synthetic scenario of ATSZ 48-57. The upper panels show the 

distribution of maximum water surface elevations. The lower panel shows the time series of 

water surface elevations at tide stations.  
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Figure 6: Model results for the synthetic scenario of ATSZ 58-67. The upper panels show the 

distribution of maximum water surface elevations. The lower panel shows the time series of 

water surface elevations at tide stations.  
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Figure 7: Model results for the synthetic scenario of ATSZ 68-77. The upper panels show the 

distribution of maximum water surface elevations. The lower panel shows the time series of 

water surface elevations at tide stations.  
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Figure 8: Model results for the synthetic scenario of ATSZ 82-91. The upper panels show the 

distribution of maximum water surface elevations. The lower panel shows the time series of 

water surface elevations at tide stations.  
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Figure 9: Model results for the synthetic scenario of SSSZ 1-11. The upper panels show the 

distribution of maximum water surface elevations. The lower panel shows the time series of 

water surface elevations at tide stations.  
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Figure 10: Model results for the synthetic scenario of ATSZ B52. The upper panels show the 

distribution of maximum water surface elevations. The lower panel shows the time series of 

water surface elevations at tide stations.  
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Figure 11: Time-series of water surface elevations at water level stations for the synthetic 

scenario of SSSZ B11. 

 


