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1. Introduction
One of the critical areas for underwater munition detection and remediation is very 

shallow water less than 5 m deep. The very shallow water emphasis comes from the fact that 
munitions are most likely to be encountered by the general public in depths that are suitable for 
wading, swimming, and scuba diving, with potential encounters more likely in the shallowest 
water. In many environments there will be occasional to frequent breaking waves in depths from 
0.5 m to 3 m. In this region Unexploded Ordnances (UXO) may either bury, remain proud of the 
seafloor, or become re-exposed. In environments with energetic forcing or steep slopes the UXO 
may migrate. Numerical modelling of environmental conditions and UXO response is a powerful 
tool to assess the relative likelihood of these processes. The overall objective of the work was to 
improve models for hydrodynamic forcing of UXO migration and burial in shallow water surf-
zone environments. Our work addressed the following questions: 
 Does the balance between onshore forcing by wave asymmetry and skewness and
offshore forcing by return flows control mobile UXO location in the surf-zone?
 Are the wave asymmetry, skewness and return flow processes in the surf zone
represented by phase averaged models adequately to reproduce observed UXO migration events?
 What is the role of morphology (e.g., migration of sandbars) in UXO burial and
migration and can this be captured by phase resolving models?
The research used both a wave-resolving model (SWASH) that explicitly computes non-linear
wave transformations and a wave-averaged model (XBeach) that parametrizes nonlinear
transformations in terms of wave asymmetry and skewness. The output of these nearshore
hydrodynamic models is input into a parameterized UXO burial and mobility post-processing
module based on a previously developed time-dependent burial model. Our approach
investigated the balance between onshore forcing by wave asymmetry and skewness and
offshore forcing by return flows as described by an interpolation function calculated from the
parameterized equations of motion for a cylinder. The advantage of the wave-averaged models is
three-fold. First, wave-averaged models have a much lower computational expense allowing
rapid modelling of larger operational areas. Second, Due to the lower computation expense
longer runs which capture coastal morphodynamic change are possible. Third, wave-averaged
models can span a wider parameter space and are useful for developing ensemble results for
inclusion in statistical models of munitions behavior.

2. Objectives
The objectives of the work were to develop and evaluate a suite of modeling approaches 

to describe UXO migration trajectories in the surf zone. These models combined with 
observations from previous studies will be used to assess a conceptual hypothesis that the 
balance between onshore forcing by wave skewness and asymmetry and offshore return 
flows controls the location of mobile UXO in the surf zone. A wide range of models are 
available for surf zone hydrodynamics ranging from wave-averaged models such as DELFT3D 
coupled with SWAN, to short wave-averaged and long wave (infragravity) resolving models 
such as XBeach, to wave resolved models such as SWASH. In order to predict on and offshore 
sand bar migration, the wave-averaged models have parametrized descriptions of wave skewness 
(Sk) and asymmetry (As), while the wave resolving models explicitly calculate the non-linear 
wave transformations that control Sk and As. All of these models resolve the offshore return 
flows, but have significant differences, due to vertical resolution and wave driven flow 
formulations. Thus, a second objective of the proposed work was to determine if the 
parametrized calculations of Sk and As in the wave-averaged models are sufficient to 

Executive Summary
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predict on and offshore migration, and the final deposition zones of UXO in the surf zone. 
The second objective will be addressed by evaluating the results of the wave-averaged models 
relative to wave resolving modes and observations.  

The third objective was to evaluate the potential of using wave-averaged models with a 
wide range of input parameters to develop databases for statistical models. The motivation for a 
one-year MRSEED proposal as opposed to a larger effort was that it was not known a-priori 
without conducting the research whether the wave-averaged models will be accurate enough to 
achieve this third objective. One of the important results of the research is that the parametrized 
calculations of Sk and As in the wave-averaged models were sufficiently accurate to hindcast 
field observations of UXO mobility forced by non-linear wave processes.  

3. Technical approach

3.1. Background 
Recent field measurements (MR2319 [1],  MR2729 [2],  and MR2320 [3]) of the 

mobility, burial and re-exposure of munitions have significantly increased our knowledge of the 
parameters that control mobility and burial. The measurements in MR2319 conducted on the 
South Shore of Martha’s Vineyard, MA indicate that medium sized (D = 7 and 15 cm, L = 75 
cm) low density surrogate UXO (0 < 2.5 g/cm3) were observed to migrate up to 160 m onshore,
across the surf zone (Figure ES-1), while denser objects buried in place in response to waves
with 2.5 m significant wave height (Hs).

In contrast, in a more recent field deployment conducted in winter of 2018 (MR2729) at 
the same location with similar surrogate UXO, but much larger waves (Hs = 3.5 m), little to no 
large-scale onshore migration was measured despite the more energetic forcing and evidence of 
small-scale object mobility (Figure ES-2). In the more recent deployment, while the surrogate 
UXO did not migrate the sand bar migrated from a location near the beach to the location where 
the UXO were deployed in 3 to 4 m water depth, burying the UXO in up to 1.5 m of sand.  

To help understand the physical mechanisms that led to onshore migration in moderate 
height waves and no migration with larger waves as part of MR2729, the output from a wave 
resolving numerical model for surf-zone hydrodynamics (SWASH) was coupled with a post-
processing module that includes the equation of motion for a cylindrical UXO (Object mobility 
described below) and parametrization of the time dependent burial by wave induced scour 
(Object Burial described below). 

Figure ES-1. Left Panel) Bathymetry and UXO migration path from MR2319 in 2014 on the 
south coast of Martha’s Vineyard. Right Panel) Wave Height time series 
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Object Mobility:  The parameter space where burial versus migration is expected can be 
examined by considering the moments on an object resting on a deformable sand bed. In a highly 
simplified analysis, the moment per unit length that will induce roll of the cylinder is 𝑇௙ ൌ
 𝐹𝐷௢ሺ1 2⁄ െ 𝑝௕ሻ,where 𝐷௢ is the diameter of the object, 𝑝௕ is the fractional burial and is related 
to the depth of burial (𝑏ௗ) by  𝑝௕ ൌ  𝑏ௗ 𝐷௢⁄  . The total lateral force (𝐹) on the object consists of 
the sum of three terms, the drag force (𝐹஽), the inertial force (𝐹ூ)  and the pressure gradient force 
(𝐹௉),  𝐹 ൌ 𝐹஽ ൅  𝐹ூ ൅ 𝐹௉.   The drag force due to water motion (U) is 𝐹஽ ൌ 𝜌௪𝐶ௗ𝑈|𝑈|𝐷௢ 2⁄ , the 
inertial term is  𝐹ூ ൌ 𝐶௠𝜌௪𝜋𝐷௢ଶ𝑈ሶ /4, and the pressure gradient term is 𝐹௉ ൌ 𝜌௪𝜋𝐷௢ଶ𝑈ሶ 4⁄  

 𝐶ௗand 𝐶௠ are the drag and inertial coefficients. 𝜌௪ is the water density. 𝑈ሶ  is the flow 
acceleration. The stabilizing moment caused by the weight of the cylinder per unit length when 
the object is less than halfway buried is 𝑇௪ ൌ  𝑊𝐷଴ඥ𝑝௕ሺ1 2⁄ െ 𝑝௕ሻ, based on a submerged 
weight of 𝑊 ൌ  cos ሺ𝛽ሻ ሺ𝜌଴ െ 𝜌௪ሻ𝑔𝜋𝐷଴

ଶ 4⁄ , where 𝜌଴is the object density and 𝛽 is the seafloor 
slope. The ratio of the destabilizing forces due to drag only and the stabilizing forces is 
quantified by the object Shields parameter (𝜃௢௣್) based on percent burial (𝑝௕ ൌ 𝑏ௗ/𝐷௢) on a flat
seafloor are: 

𝜃௢௣್ ൌ
𝐶ௗ𝑈|𝑈|ଶ

𝑔ሺ𝑆௢ െ 1ሻ𝐷୭

2ሺ1/2 െ 𝑝௕ሻ

𝜋ඥ𝑝௕ሺ1/2 െ 𝑝௕ሻ
ൌ 𝜃௢

2ሺ1/2 െ 𝑝௕ሻ

𝜋ඥ𝑝௕ሺ1/2 െ 𝑝௕ሻ
(1)

The key parameters in this expression are the diameter of the object and the initial depth of burial 
as these determine the moment arms, and the current velocity (U) combined with the relative 
density of the object (𝑆௢ ) as these determine the forces. 

These calculations assume a stationary object and thus are used to calculate thresholds of 
initial motion. For a dynamic analysis to calculate migration rate and distance the water velocity 
can be replaced by the relative velocity between the water and the object (U-U0). The lateral 

Figure ES-2. A) Bathymetry transects from MR-2729 in 2018 on the south coast of Martha’s 
Vineyard. B) Bathymetric change map and sUXO migration paths. C) Wave Height time 
series 

A) 

C)
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acceleration of the object can be calculated from a lateral force balance  
𝜌଴𝜋𝐷୭ଶ𝑈ሶ୭ 4⁄ ൌ 𝐹 െ 𝜇𝑊 ൅ 𝐹௚, (2) 

where the friction coefficient is given by 𝜇 ൌ ඥ𝑝௕ሺ1/2 െ 𝑝௕ሻ ሺ1/2 െ 𝑝௕ሻൗ . The downslope 
gravitational term (𝐹௚) is given by 𝐹௚ ൌ sin ሺ𝛽ሻሺ𝜌௢ െ 𝜌௪ሻ𝑔 𝜋𝐷୭ଶ 4⁄ . These dynamic calculations 
require the full phase resolved series of water velocity as the shape of the wave is important for 
correctly calculating the flow acceleration (𝑈ሶ ). The migration distance (X) of the object can be 
found by double integrating the object acceleration (𝑈ሶ୭) from Eqn 2.  

𝑋 ൌඵ𝑈ሶ଴𝑑𝑡 (3) 

Object Burial:  Laboratory data and some field data have also been used to develop 
parameterized expressions for the state of burial of cylinders, mines, and ordnance-shaped 
objects. There is a large body of literature on this subject and the results are well summarized in 
Rennie, Friedrichs, and Brandt [4], [5] (henceforth referred to as RBF16). This work suggests the 
following expression for equilibrium burial depth: 

𝑝௕,௘௤ ൌ 𝑎ଶ𝜃௦௘ௗ
௕మ 𝑎ଶ𝛩௦௘ௗ

௕మ 𝑎௄஼𝐾𝐶௕಼಴ (4)
The values proposed by Y. A. Cataño-Lopera and M. H. García  [6] of a2 = 1.6 and b2 =0.85 for 
wave periods of T > 4 s were used for predictions of burial depth in this study. The parameter 
𝑎௄஼  was set 0.1 and 𝑏௄஼   was set to 0.51. The sediment Shields parameter is calculated from 
𝜃௦௘ௗ ൌ 𝑓௪𝑈௕௥

ଶ 𝑔ሺ𝑆௢ െ 1ሻ𝑑ହ଴⁄  where the wave friction factor (𝑓௪) is based on the expression from 
Nielsen [7]:  

𝑓௪ ൌ expቆ5.5 ൬
12𝑈௕௥𝑇௣

2𝜋𝑑ହ଴
൰
ି଴.ଶ

െ 6.3ቇ (5) 

where 𝑈௕௥ is the near bed wave orbital velocity and 𝑇௣ is the peak wave period. 
The equilibrium burial depth formulations relate the final depth of burial to constant wave 
forcing conditions. The burial process is known to take a finite amount of time, which is related 
to the sediment transport rate and the size of the scour pit that the object will self-bury in. 
Whitehouse et al. [8] modeled time-dependent burial as a logistic process, whereby the burial 
depth (pb) follows the equilibrium burial depth (pb,eq) with a timescale (𝑇∗): 

𝑑𝑝௕
𝑑𝑡

ൌ
𝑝௕,௘௤ െ 𝑝௕

𝑇∗
(6) 

This expression is similar to that used by Traykovski et al. [9] for modeling time-dependent 
evolution ripple geometry. For a step change in forcing, this results in the following:  𝑝௕ሺ𝑡ሻ ൌ
𝑝௕,௘௤ሺ1 െ expሺെ 𝑡 𝑇∗⁄ ሻሻ.  The timescale is the ratio of the object diameter squared to the 
sediment transport rate: 

𝑇∗ ൌ
𝛼𝜃௦௘ௗ

ே 𝐷୭ଶ

ሺ𝑔ሺ𝑆௦௘ௗ െ 1ሻ𝑑ହ଴
ଷ ሻ଴.ହ (7)  

The parameter N is set to 1.5 based on the Meyer-Peter and Müller  [10] sediment transport rate 
formulation, and the parameter 𝛼 is used to tune the model to field data sets. The mobility 
thresholds calculated by the RBF16 method and equations 1 and 2 were compared to 
measurements of surrogate UXO mobility as described in the MR2719 final report. When these 
methods were used to calculate thresholds based on a time invariant initial burial depth of 10% 
the model failed to segregate the data into mobile and non-mobile classes (Figure ES-3, left).  
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The model was run with 5% and 30% initial burial. The model predictions are shown as a color 
plot of UXO root-mean-squared velocity (U0,RMS) versus UXO relative density (S0) and wave  
forcing velocity (Uw). The transition from red (stationary) to green (mobile) in the color plot 
compares well to the red line predicted by the RBF16 method. The methods described in the 
MR2319 final report and in RBF16 only predict the thresholds of mobility and are not able to 
predict migration rates. The method developed in MR2729 and described here predicts both the 
threshold and migration rates, and the threshold predictions are consistent with the previous 
methods.  

Points above the curve are predicted to be mobile (green zone for pb = 5%), and points 
below (red zone for pb = 5%) are predicted to be stationary. The observations are plotted as green 
points in (Ubr, So) space for mobile objects and red points for stationary objects. Both predictions 
for pb of 5% (red line) and 30% (dashed red line) are inconsistent with the observations of UXO 
mobility. A mobility threshold curve based on an initial state of burial of 5 % incorrectly predicts 
that all objects, including those with So greater than 2.5, would be mobile. A threshold curve 
based on an initial state of burial of 30% incorrectly predicts that all objects, including those with 
So less than 2.5, would be stationary. Curves between 5% and 30% do not result in better 
predictions because the theory does not account for the dramatic change in mobility/burial 
behavior near a relative density of 2.2 to 2.6, which is slightly above the typical density of 2.0 for 
water-saturated sand beds. 
3.2. Wave-Resolved Methods 

The new methods developed in MR21-1341 begin with refinements to the wave resolved 
mobility and burial model. The first step was to break the burial and mobility into separate 
functions so the same function can be used in a variety of applications. Equations (1) through (9) 
were incorporated in the CylForceBalance.m function which updates the UXO velocity for the 
next time step (𝑈଴,୲ାଵሻ based on inputs of (g, , pb, Cd, w, o, Do, 𝑈, 𝑈ሶ  , 𝑈୭,୲, t).  

The time dependent burial formulation was incorporated into a second function, 
BurialUpdate.m which outputs the updated time dependent burial depth and equilibrium burial 
depth (𝑝௕,௧ାଵ, 𝑝௕,௘௤) based in the inputs of (g,w, o, Do,𝑈௕௥, 𝑇௣, d50, , 𝑝௕,௧, 𝑝௕,௠௜௡, 𝑈୭,୲, t).  A 
minimum burial of  𝑝௕,௠௜௡ ൌ 0.05 is assigned so the UXO always has some deformable bed 
rolling friction and this was typically used as the initial condition also. A schematic of the overall 
computational flow chart is shown in Figure ES-4.   

Figure ES-3. Results of the UXO migration model developed in MR2729 for (left) a constant 
5% (solid red line) and 30% (dashed red line) burial depth case and (b) time dependent scour 
case. The red lines are thresholds predicted from methods described in RBF16 and the red and 
green dots are measurements of UXO migration from MR2719, in which the green dots 
indicate object that migrated, and the red dots indicate stationary objects.  
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The phase resolved burial and mobility model described in the schematic can be forced 
with the bottom bin of the water velocity output (𝑈௕௥ ,  𝑇௣,  𝑈,𝑈ሶ ൌ 𝑓ሺ𝑈௕ሺ𝑥௢, 𝑡ሻሻ)  from a phase  
resolving nearshore hydrodynamics model such as SWASH, or spatially uniform input water 
velocity data can be generated to span a wide range of input parameters.   
3.3. Wave-Averaged Methods 
In order to use the burial and mobility model with output from phase averaged models that only 
output variables such as 𝑈௕௥ ,  𝑇௣ and 𝑈௖ (the mean current velocity) and do not resolve the phase 
resolved quantities 𝑈,𝑈ሶ  the phase resolved model was run over a wide range of spatially uniform 
input parameters  to develop a function that can be used to calculate the UXO velocity as a 
function of these parameters: 

𝑈௢ ൌ 𝑓ெሺ𝜌௢, 𝑏ௗ,𝑈௕௥ ,𝑇௣,𝑈௖, 𝑆𝑘,𝐴𝑠,𝛽ሻ (8)  

 A Matlab script was developed to loop over 7 to 17 steps for each parameter and run for all 
possible combinations of parameters and output results into an 8-dimensional matrix. The UXO 
diameter (D) was set at 0.15 m and the length (L) was set at 0.75 cm, but these parameters could 
easily be changed. UXO density (𝜌௢ሻ, burial depth (𝑏ௗ), representative wave orbital velocity  
(𝑈௕௥) and seabed slope (𝛽ሻ were simply assigned values in the loop iterations. It is assumed that 
the burial depth does not vary over the short time scale of the input time series used to generate 
to the interpolation function but could change over the time step of the phase averaged  

Figure ES-4. Computational flow chart for the parametrized wave phase resolved mobility 
and burial model 
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hydrodynamics model. Combined wave (𝑈௪) and current (𝑈௖) velocity time series were 
calculated by 𝑈 ൌ  𝑈௖ ൅  𝑈௪.  The skewness Sk (0 to 1.6) and asymmetry As (-1.6 to 0) range are 
selected based on values found in field environments and predicted by the nearshore 
hydrodynamics models.  

The computational workflow for the wave-averaged model is similar to phase resolved 
model except instead of using the full equations of motion for UXO migration velocity the 
interpolation function is used and the input is from a wave-averaged nearshore hydrodynamics 
model such as XBeach. A simplified schematic of the workflow is shown in Figure ES-5. 
For testing purposes, the wave-averaged mobility model was also run using the output from the 
wave resolved SWASH model using sliding filters to calculate the wave-averaged parameters. 
For skewness and acceleration either the sliding version filter of the model output was used, or 
the Ursell number (𝑈௥ ൌ 0.375 𝐻௦𝑘 ሺ𝑘ℎሻଷ⁄ ) based parameterization of [11] with the same 
coefficients as XBeach were used. This allows comparison of the wave-averaged and wave 
resolved parametrized burial and mobility models with similar inputs, before comparing them 
with completely different hydrodynamics models. 

4. Results and Discussion
4.1. Wave Resolved Methods 

Swash Spectral Input: The initial comparison of the phased resolved and phase averaged 
results were performed with the SWASH nearshore hydrodynamics model run with the 2014 
Martha’s Vineyard field deployment bathymetry with constant wave height Jonswap spectral 
wave input. The spectral wave forcing allows group time scale variations in wave energy but 
keeps the energy constant at longer time scales. The model was run for 2 hours, and the offshore 
currents reached an equilibrium state after 1 hour. The 2nd hour of the run was copied and 
concatenated to create a 9-hour time series. The model was run with three different wave height 
inputs (1.5, 2 and 3.5 m) and five different initial locations at depths of (2, 3, 4, 5 and 6 m) 
corresponding to x-locations of (65, 107, 154, 199 and 239), where the mean water shoreline is at 
x=0 (Figure ES-6). The waves were turned on instantly at the beginning of the simulation and 
propagated across the domain. This rapid onset of high wave energy combined with the low 
density of UXO (S = 2.0) in the simulation allowed the UXO to be mobile at all times during the 
simulation. For a given wave height the UXO converged on a specific cross-shore location from 
the different initial locations within 2 to 3 hours. This location was determined by a balance of 
offshore forcing from mean currents (red lines in Figure ES-6, lower panel) and onshore forcing 
due to skewness (blue lines) and acceleration (green lines). The offshore mean currents extend to  

Figure ES-5. Computational flow chart for the parametrized wave phase averaged mobility 
and burial model. 
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the edge of the surf zone where wave height begins to decrease due to dissipation from breaking. 
The vertical dashed black lines depict the  outer edge of the surf zone location (𝑥௕) defined by a 
breaker index (γୠ) of wave height divided by depth (H/h) of 0.55. [12].  

4.2. Wave Averaged Methods 
To compare the phase resolved model to the phase averaged approach the output from the 

spectral input SWASH runs were phase averaged with a sliding window of 20Tp = 220 seconds 
and the input quantities from the interpolation function were calculated from these windowed 
sections. The same low relative density of S = 2.0 was used for these calculations. The Sk and As 
parameters were calculated from the Ursell number based approach discussed in section 3.2 
(phase avergaed methods, main report), thus the input to the mobility and burial model has the 
same mean currents, but spatially smoother Sk and As input (Figure ES-6). The results are 
remarkably similar to the phase resolved models with less variation in UXO location on the wave 
and wave group time scale since some of this variability is averaged out with the sliding window 
calculations. In particular, the convergence location is almost the same as the previous method.  

The UXO mobility model was also run using the output of the Xbeach model for the 
same initial UXO density, locations and spectral wave heights as the SWASH runs (results not 
shown in this summary). The results are similar to the SWASH results with object initiating near 
the beach migration offshore with the large wave case and object initiating offshore migration 
onshore with the small wave case. This suggests that the interpolation function is a suitable 
method for transitioning from a wave resolved to wave-averaged approach. 

Figure ES-6. Results of SWASH wave-resolved (left) and wave-averaged (right) UXO 
mobility and burial modelling. Upper Panels) Time series of UXO migration paths for the 
three different wave heights and five different initial conditions. A power law location (𝑥௕௣ሻ 
related to the breaking index is shown as the vertical black dashed lines. Lower Panels) 
Hydrodynamic forcing parameters including wave height (black), mean current (red) skewness 
(blue) and acceleration (green). The location ሺ𝑥௕ሻ of the breaking point based on a breaker 
index is shown as the vertical black dashed lines. 
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4.3. Simulation of Field Measurements 
Both SWASH with the wave-averaged UXO mobility post-processing module and Xbeach 

were run with input from field observations taken during the 2014 and 2018 experiments on 
Martha’s Vineyard. The initial locations ranged from x= 65 m offshore of the beach to 240  

offshore of the beach corresponding to depth of 2 to 6 m. The center location of x = 150, D = 
4 m is similar to the center of the field deployment locations. The SWASH results (not shown 
here) show more mobility than measured in the field since SWASH does not include burial by 
immigrating sand bars.  
Results from the Xbeach simulations based on input forcing from both 2014 and 2018 data, with 
a specific set of input parameters of UXO relative density of S = 2.6 and the scaling parameter 
for the time dependence  = 0.25, are shown in Figure ES-7.  The simulations with forcing from 
the 2014 field experiment conditions show morphodynamic change in the form of accretion in 
the near shore part of the domain. This results in deep (150% of UXO Diameter) burial of an 
UXO that migrated from the furthest offshore initial condition to the accretion region. This 
onshore migration of some of the UXO is consistent with the 2014 measurements as shown in 
Figure ES-1. The simulations with forcing from the 2014 field experiment conditions show 
morphodynamic change in the form of offshore sand bar migration consistent with observations. 
Despite the larger wave height in 2018 the offshore migrating sand bars buried all UXO and 
results in no mobility (Figure ES-2). Two of UXO in the 2018 simulations were buried several 
diameters by the sand bars consistent with measurements.  

5. Implications for Future Research/Implementation
The approach of using a wave-averaged nearshore hydrodynamics model with a 

parametrized mobility and burial post-processing model module that is derived from wave 
resolved simulations appears to have ability to hindcast observed UXO mobility and burial 
behavior from two different sets of observations with the correct choice of tuning parameters. 
The wave-averaged nearshore hydrodynamics model (in this case Xbeach) is computationally 
efficient and provides predictions of morphodynamic change which is essential for burial 
predictions. While there are many parameters that could be tuned, the mobility and burial post-

Figure ES-7. Comparison of Xbeach Wave-averaged UXO mobility post processing results 
with  0.25 and S = 2.6 with morphology on for the 2014 measurements (upper panel) and 
2018 measurements (lower panel). With the same parameters but different hydrodynamic 
forcing the model simulations show onshore mobility in 2014 followed by burial by sand bars 
and no mobility and deep burial due to migrating sand bars in 2018. The simulation results are 
consistent with measurements from both field deployments.  
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processing model is most sensitive to the parameter , which scales the time constant on the non-
equilibrium burial model. Selecting high values of this parameter results in burial that lags the 
predicted equilibrium scour and enhanced mobility. Low values result in similar prediction to the 
equilibrium burial model which typically predicts less mobility than observed. While the 
simulations with forcing based on measurements have complex time dependence due to time 
varying input, the simulations with constant wave height forcing generally suggest that low 
density UXO migrate in a similar manner to sand bars. In moderate wave energy conditions sand 
bars tend to migrate onshore due to weak undertows and breaking near the beach and in more 
energetic conditions the sand bars migrate offshore due wave breaking further offshore and 
stronger returns flow. Additional observations planned for 2023 with initial locations in a cross-
shore distributed array will evaluate this hypothesis.  

Future work to extend the approach to simulations resolving along and across-shore 
processes is relatively straight forward conceptually and would be useful to test if models can 
predict the lack of along-shore UXO migration observed in these data sets and make predictions 
about expected along-shore migration in locations with stronger along shore currents.  

Since the wave-averaged hydrodynamic modelling combined with parameterized 
mobility and burial modelling approach is relatively computationally efficient it could provide a 
basis for monte-carlo simulations spanning a wide variety of input parameters for input into 
statistical models such as UnMES (Underwater Munitions Expert System [13]) 
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Abstract  

Objective 
One of the critical areas for underwater munition detection and remediation is very shallow 

water less than 5 m deep. The very shallow water emphasis comes from the fact that munitions 
are most likely to be encountered by the general public in depths that are suitable for wading, 
swimming, and scuba diving, with potential encounters more likely in the shallowest water. In 
many environments there will be occasional to frequent breaking waves in depths from 0.5 m to 
3 m. In this region Unexploded Ordnances (UXO) may either bury, remain proud of the seafloor, 
or become re-exposed. In environments with energetic forcing or steep slopes the UXO may 
migrate. Numerical modelling of environmental conditions and UXO response is a powerful tool 
to assess the relative likelihood of these processes. The overall objective of the work was to 
improve models for hydrodynamic forcing of UXO migration and burial in shallow water surf-
zone environments. Our work addressed the following questions: 

 Does the balance between onshore forcing by wave asymmetry and skewness and 
offshore forcing by return flows control mobile UXO location in the surf-zone? 

 Are the wave asymmetry, skewness and return flow processes in the surf zone 
represented by phase averaged models adequately to reproduce observed UXO 
migration events?  

 What is the role of morphology (e.g., migration of sandbars) in UXO burial and 
migration and can this be captured by phase resolving models?  

Technical Approach 
The research used both a wave-resolving model (SWASH) that explicitly computes non-

linear wave transformations and a wave-averaged model (XBeach) that parametrizes nonlinear 
transformations in terms of wave asymmetry and skewness. The output of these nearshore 
hydrodynamic models is input into a parameterized UXO burial and mobility post-processing 
module based on a previously developed time-dependent burial model. Our approach 
investigated the balance between onshore forcing by wave asymmetry and skewness and 
offshore forcing by return flows as described by an interpolation function calculated from the 
parameterized equations of motion for a cylinder. The advantage of the wave-averaged models is 
three-fold. First, wave-averaged models have a much lower computational expense allowing 
rapid modelling of larger operational areas. Second, Due to the lower computation expense 
longer runs which capture coastal morphodynamic change are possible. Third, wave-averaged 
models can span a wider parameter space and are useful for developing ensemble results for 
inclusion in statistical models of munitions behavior.  
Results and Benefits 

 When forced with steady waves both phase-averaged and resolved models show similar results of 
low density (S = UXO density / Water density < 2.5) UXO migration towards the outer edge of the surf 
zone where offshore returns flows balance onshore forcing due to skewness and acceleration in the 
absence of burial by migrating sandbars which were only modelled with the phase averaged model. The 
location of the balance point can be calculated by a power law relation with the breaker index (Wave 
Height divided by Water Depth) for inclusion in probabilistic models for UXO migration. The time 
dependent model typically predicts burial of higher density (S > 3.5) UXO. In the transitional regime (2.5 
> S > 3.5) the threshold for mobility depends on the rate of wave energy increase. If a proud UXO is 
suddenly forced with large waves it is more likely to migrate than a UXO that is forced with moderate 
waves for prolonged periods allowing scour burial. When forced with time series of wave conditions from 
two different field deployments the modelling system produced output of deep burial by offshore 
migrating sand bars in one case and onshore migration of low density UXO in the other, consistent with 
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measurements.  
Our work is in response to the fiscal year 2021 Statement of Need for the Munitions 

Response Program Area (MRSON-21-S1). The models can aid management of UXO by 
improving understanding of the potential for UXO migration during the time between wide area 
surveys, detailed surveys, and removal of UXO by divers. The models can improve site 
managers’ capabilities to prioritize sites where UXO are most likely to move into public or 
populated areas.  
.  

1. Objectives 
The objectives of the work were to develop and evaluate a suite of modeling approaches to 
describe UXO migration trajectories in the surf zone. These models combined with observations 
from previous studies will be used to assess a conceptual hypothesis that the balance between 
onshore forcing by wave skewness and asymmetry and offshore return flows controls the 
location of mobile UXO in the surf zone. A wide range of models are available for surf zone 
hydrodynamics ranging from wave-averaged models such as DELFT3D coupled with SWAN, to 
short wave-averaged and long wave (infragravity) resolving models such as XBeach, to wave 
resolved models such as SWASH. In order to predict on and offshore sand bar migration, the 
wave-averaged models have parametrized descriptions of wave skewness (Sk) and asymmetry 
(As), while the wave resolving models explicitly calculate the non-linear wave transformations 
that control Sk and As. All of these models resolve the offshore return flows, but have significant 
differences, due to vertical resolution and wave driven flow formulations. Thus, a second 
objective of the proposed work was to determine if the parametrized calculations of Sk and 
As in the wave-averaged models are sufficient to predict on and offshore migration, and the 
final deposition zones of UXO in the surf zone. The second objective will be addressed by 
evaluating the results of the wave-averaged models relative to wave resolving modes and 
observations.  

The third objective was to evaluate the potential of using wave-averaged models with a wide 
range of input parameters to develop databases for statistical models. The motivation for a one-
year MRSEED proposal as opposed to a larger effort was that it was not known a-priori without 
conducting the research whether the wave-averaged models will be accurate enough to achieve 
this third objective. One of the important results of the research is that the parametrized 
calculations of Sk and As in the wave-averaged models were sufficiently accurate to hindcast 
field observations of UXO mobility forced by non-linear wave processes.  

2. Background 
Recent field measurements (MR2319 & 2729, Traykovski [1], [2] and MR2320, Calantoni [3]) 
of the mobility, burial and re-exposure of munitions have significantly increased our knowledge 
of the parameters that control mobility and burial. The measurements in MR2319 conducted on 
the South Shore of Martha’s Vineyard, MA indicate that medium sized (D = 7 and 15 cm, L = 75 
cm) low density surrogate UXO (0 < 2.5 g/cm3) were observed to migrate up to 160 m onshore, 
across the surf zone, while denser objects buried in place in response to waves with 2.5 m 
significant wave height (Hs).   

In contrast, in a more recent field deployment conducted in winter of 2018 (MR2729) at 
the same location with similar surrogate UXO, but much larger waves (Hs = 3.5 m), little to no 
large-scale onshore migration was measured despite the more energetic forcing and evidence of 
small-scale object mobility. In the more recent deployment, while the surrogate UXO did not 
migrate the sand bar migrated from a location near the beach to the location where the UXO 
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were deployed in 3 to 4 m water depth, burying the UXO in up to 1.5 m of sand.  

 
Figure 1. Top Panel) Bathymetry and UXO migration path from MR2319 in 2014 on the south 
coast of Martha’s Vineyard. Bottom Panel) Wave Height time series 

 To help understand the physical mechanisms that led to onshore migration in moderate 
height waves and no migration with larger waves as part of MR2729, the output from a wave 
resolving numerical model for surf-zone hydrodynamics (SWASH) was coupled with a post-
processing module that includes the equation of motion for a cylindrical UXO (Object mobility 
described below) and parametrization of the time dependent burial by wave induced scour 
(Object Burial described below).  
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Figure 2. A) Initial Bathymetry from MR-2729 in 2018 on the south coast of Martha’s 
Vineyard. B) Bathymetric change map and sUXO migration paths. C) Transects as shown in 
A. D) Wave Height time series 

 
Object Mobility:  The parameter space where burial versus migration is expected can be 
examined by considering the moments on an object resting on a deformable sand bed (Figure 3 
In a highly simplified analysis, the moment per unit length that will induce roll of the cylinder is 
  𝑇௙ ൌ  𝐹𝐷௢ሺ1 2⁄ െ 𝑝௕ሻ,  

(9) 

where 𝐷௢ is the diameter of the object, 𝑝௕ is the fractional burial and is related to the depth of 
burial (𝑏ௗ) by  𝑝௕ ൌ  𝑏ௗ 𝐷௢⁄  . The total lateral force (𝐹) on the object consists of the sum of three 
terms, the drag force (𝐹஽), the inertial force (𝐹ூ)  and the pressure gradient force (𝐹௉),   
 

  𝐹 ൌ 𝐹஽ ൅  𝐹ூ ൅ 𝐹௉.    
(10) 

The drag force due to water motion (U) is 
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 𝐹஽ ൌ 𝜌௪𝐶ௗ𝑈|𝑈|𝐷௢ 2⁄ , 

(11) 

the inertial term is  
 

 𝐹ூ ൌ 𝐶௠𝜌௪𝜋𝐷௢ଶ𝑈ሶ /4, 
(12) 

and the pressure gradient term is 
 

𝐹௉ ൌ 𝜌௪𝜋𝐷௢ଶ𝑈ሶ 4⁄ . 
(13) 

 𝐶ௗand 𝐶௠ are the drag and inertial coefficients. 𝜌௪ is the water density. 𝑈ሶ  is the flow 
acceleration. The stabilizing moment caused by the weight of the cylinder per unit length when 
the object is less than halfway buried is 𝑇௪ ൌ  𝑊𝐷଴ඥ𝑝௕ሺ1 2⁄ െ 𝑝௕ሻ, based on a submerged 
weight of 
 

𝑊 ൌ  cos ሺ𝛽ሻ ሺ𝜌଴ െ 𝜌௪ሻ𝑔𝜋𝐷଴
ଶ 4⁄  ,  

(14) 

where 𝜌଴is the object density and 𝛽 is the seafloor slope. The ratio of the destabilizing forces due 
to drag only and the stabilizing forces is quantified by the object Shields parameter (𝜃௢௣್) based 
on percent burial (𝑝௕ ൌ 𝑏ௗ/𝐷௢) on a flat seafloor are: 
 

𝜃௢௣್ ൌ
𝐶ௗ𝑈|𝑈|ଶ

𝑔ሺ𝑆௢ െ 1ሻ𝐷୭

2ሺ1/2 െ 𝑝௕ሻ

𝜋ඥ𝑝௕ሺ1/2 െ 𝑝௕ሻ
ൌ 𝜃௢

2ሺ1/2 െ 𝑝௕ሻ

𝜋ඥ𝑝௕ሺ1/2 െ 𝑝௕ሻ
 (15) 

The key parameters in this expression are the diameter of the object and the initial depth of burial 
as these determine the moment arms, and the current velocity (U) combined with the relative 
density of the object (𝑆௢ ) as these determine the forces. 
 
A similar analysis on a grain of sand with median diameter (d50) results in the Shields criteria for 
initiation of sand motion [4] .  The Shields parameter based on percent burial (𝜃௢௣್) can be 
expressed as the Shields parameter from sediment transport theory 𝜃௢ and a geometric initial 
burial term, which is similar to a frictional coefficient. This geometric term only accounts for the 
relative lever arms in the torque balance and not in the reduction in exposed diameter for the 
drag term and reduction in area for the inertial and pressure gradient terms due to burial. At low 
values of 𝑝௕ the difference is small but does become significant as the object becomes buried 
further. 

 

 
                                                                                            
 
                             D0                                                                                                     

                                                                                     
                         bd 

 

𝑏ௗ ൌ 𝐷଴𝑝௕                                 𝑊 

Figure 3. Schematic of torque balance (𝑇௙ ൌ 𝑇௪ ) about the tipping point shown as a black dot 
on a cylindrical UXO. 

𝑇௙ ൌ  𝐹𝐷௙ 

𝐷௙ ൌ 𝐷଴ሺ1 2⁄ െ 𝑝௕ሻ 
F 

𝐷௪ ൌ 𝐷଴ඥ𝑝௕ሺ1 2⁄ െ 𝑝௕ሻ 𝑇௪ ൌ  𝑊𝐷௪ 



11 
 

These calculations assume a stationary object and thus are used to calculate thresholds of initial 
motion. For a dynamic analysis to calculate migration rate and distance, the water  

 
velocity can be replaced by the relative velocity between the water and the object (U-U0). The 
acceleration of the object can be calculated from a force balance 

𝜌଴𝜋𝐷୭ଶ𝑈ሶ୭
4

ൌ 𝐹 െ 𝜇𝑊 ൅ 𝐹௚ (16) 

Where the friction coefficient is given by  
.   

𝜇 ൌ ඥ𝑝௕ሺ1/2 െ 𝑝௕ሻ ሺ1/2 െ 𝑝௕ሻൗ  (17) 

The downslope gravitational term (𝐹௚) is given by 
𝐹௚ ൌ sin ሺ𝛽ሻሺ𝜌௢ െ 𝜌௪ሻ𝑔 𝜋𝐷୭ଶ 4⁄   (18) 

These dynamic calculations require the full phase resolved series of water velocity as the shape 
of the wave is important for correctly calculating the flow acceleration (𝑈ሶ ). The migration 
distance of the object (X) can be found by integrating the object acceleration in Eqn 8. 
 

 𝑋 ൌඵ𝑈ሶ଴𝑑𝑡 .  (19) 

Object Burial:  Laboratory data and some field data have also been used to develop 
parameterized expressions for the state of burial of cylinders, mines, and ordnance-shaped 
objects. There is a large body of literature on this subject and the results are well summarized in 
Rennie, Friedrichs, and Brandt [5][6] (henceforth referred to as RBF16). This work suggests the 
following expression for equilibrium burial depth: 

 𝑝௕,௘௤ ൌ 𝑎ଶ𝜃௦௘ௗ
௕మ 𝑎ଶ𝛩௦௘ௗ

௕మ 𝑎௄஼𝐾𝐶௕಼಴ (20) 

The values proposed by Y. A. Cataño-Lopera and M. H. García  [7] of a2 = 1.6 and b2 =0.85 for 
wave periods of T > 4 s were used for predictions of burial depth in this study. The parameter 
𝑎௄஼  was set 0.1 and 𝑏௄஼   was set to 0.51. The sediment Shields parameter is calculated from 
 

𝜃௦௘ௗ ൌ
𝑓௪𝑈௕௥

ଶ

𝑔ሺ𝑆௢ െ 1ሻ𝑑ହ଴
 (21) 

where the wave friction factor (𝑓௪) is based on the expression from Nielsen [8]:  
 

𝑓௪ ൌ expቆ5.5 ൬
12𝑈௕௥𝑇௣

2𝜋𝑑ହ଴
൰
ି଴.ଶ

െ 6.3ቇ 
(22) 

𝑈௕௥ is the near bed wave orbital velocity and 𝑇௣ is the peak wave period. 
The equilibrium burial depth formulations relate the final depth of burial to constant wave 
forcing conditions. The burial process is known to take a finite amount of time, which is related 
to the sediment transport rate and the size of the scour pit that the object will self-bury in. 
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Whitehouse et al.  [9] modeled time-dependent burial as a logistic process, whereby the burial 
depth (pb) follows the equilibrium burial depth (pb,eq) with a timescale (𝑇∗): 
 𝑑𝑝௕

𝑑𝑡
ൌ
𝑝௕,௘௤ െ 𝑝௕

𝑇∗
 (23) 

This expression is similar to that used by Traykovski [10] for modeling time-dependent 
evolution ripple geometry. For a step change in forcing, this results in the following: 
 𝑝௕ሺ𝑡ሻ ൌ 𝑝௕,௘௤ ൬1 െ exp ൬െ

𝑡
𝑇∗
൰൰ (24) 

The timescale is the ratio of the object diameter squared to the sediment transport rate: 
 

𝑇∗ ൌ
𝛼𝜃௦௘ௗ

ே 𝐷୭ଶ

ሺ𝑔ሺ𝑆௦௘ௗ െ 1ሻ𝑑ହ଴
ଷ ሻ଴.ହ (25) 

 The parameter N is set to 1.5 based on the Meyer-Peter Müller [11] sediment transport rate  

 
formulation, and the parameter 𝛼 is used to tune the model to field data sets. The mobility 
thresholds calculated by the RBF16 method and equations 1 and 2 were compared to 
measurements of surrogate UXO mobility as described in the MR2719 final report. When these 
methods were used to calculate thresholds based on a time invariant initial burial depth of 10% 
the model failed to segregate the data into mobile and non-mobile classes (Figure 4, left). The 
model was run with 5% and 30% initial burial. The model predictions are shown as a color plot 
of UXO root-mean-squared velocity (U0,RMS) versus UXO relative density (S0) and wave forcing 
velocity (Uw). The transition from red (stationary) to green (mobile) in the color plot compares 
well to the red line predicted by the RBF16 method. The methods described in the MR2319 final 
report and in RBF16 only predict the thresholds of mobility and are not able to predict migration 
rates. The method developed in MR2729 and described here predicts both the threshold and 
migration rates, and the threshold predictions are consistent with the previous methods. Points 
above the curve are predicted to be mobile (green zone for pb = 5%), and points below (red zone 
for pb = 5%) are predicted to be stationary. The observations are plotted as green points in (Ubr, 
So) space for mobile objects and red points for stationary objects. Both predictions for pb of 5% 

  
Figure 4. Results of the UXO migration model developed in MR2729 for (left) a constant 5% 
(solid red line) and 30% (dashed red line) burial depth case and (b) time dependent scour case. 
The red lines are thresholds predicted from methods described in RBF16 and the red and green 
dots are measurements of UXO migration from MR2719, in which the green dots indicate 
object that migrated, and the red dots indicate stationary objects.  
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(red line) and 30% (dashed red line) are inconsistent with the observations of UXO mobility. A 
mobility threshold curve based on an initial state of burial of 5 % incorrectly predicts that all 
objects, including those with So greater than 2.5, would be mobile. A threshold curve based on an 
initial state of burial of 30% incorrectly predicts that all objects, including those with So less than 
2.5, would be stationary. Curves between 5% and 30% do not result in better predictions because 
the theory does not account for the dramatic change in mobility/burial behavior near a relative 
density of 2.2 to 2.6, which is slightly above the typical density of 2.0 for water-saturated sand 
beds.  
As described in the MR2719 final report, since the burial process is known to be a time-
dependent process, it is not physically realistic to assume a constant initial burial of some 
predetermined value. The threshold for mobility of objects on a mobile bed is likely to be set by 
the rate of burial relative to the rate of wave energy increase. If an initially proud object is 
instantaneously subjected to wave forcing greater than the threshold of motion, it will move 
before it has time to bury. If the wave forcing is increased very slowly with rates much slower 
than the timescale for burial, the object will become sufficiently buried with a burial depth given 
by the equilibrium burial depth (Eqn. (20)), so it will not move unless the entire bed is fluidized, 
which requires extremely high wave energy or strong pressure gradients. In the MR2319 final 
report, a method is described that couples the RBF16 wave-averaged mobility thresholds with 
the time dependent burial equations. This previous method can predict initiation of motion but 
cannot predict migration rates. In the new work conducted as part of MR2729 we coupled the 
wave-averaged burial model with a wave phase resolved mobility model that allows predictions 
of both mobility thresholds and migration rates. The initiation of motion results of this model are 
similar to those presented in figure 34 of the MR2319 final report. These time-dependent 
mobility curves show quite different behavior than either the fixed burial depth curves or the 
equilibrium burial depth curves. Initially, when the waves are small, the mobility threshold curve 
follows the curve based on the initial burial of 5% (Figure 4, right). Depending on dUbr/dt, at 
some later time, the objects rapidly bury and are no longer mobile. For Figure 4 (right panel) the 
wave amplitude is linearly increased with time over a period of 2 hours from zero to a value of 
Ubr,max  that is varied to change the rate of wave energy increase. With increasing values of 
dUbr/dt or increasing values of the parameter  in the time scale term (T*) this occurs at higher 
value of So. The time-dependent mobility predictions with  = 0.5 successfully segregates the 
data into mobile and stationary categories, roughly consistent with the data, although some of the 
points are very close to the threshold (Figure 4, right). Note that the y-axis of Figure 4 is the 
maximum velocity at the end of the linearly increasing wave amplitude time series (U) and not 
the exact orbital velocity at the object begins to move. A figure where the y-axis is transformed 
via interpolation and binning into the exact velocity at initiation of motion (Ubr,i) is shown in 
Figure 5. The method of displaying the results shows increased dependence on density with a 
threshold at a constant density depending on the parameter . Most of this background work was 
conducted as part of MR2729 with some additional testing and refinement of the code into 
functions for burial and mobility in MR21-1341, which will be described in the next section. 



14 
 

 
Figure 5. Thershold of mobility as a function of density with Ubr,i  on the y-axis 

3. Materials and Methods 
3.1. Phase resolved methods 
The new methods developed in MR21-1341 begin with refinements to the wave resolved 
mobility and burial model. The first step was to break the burial and mobility into separate 
functions so the same function can be used in a variety of applications. Equations (1) through (9) 
were incorporated in the CylForceBalance.m function which updates the UXO velocity for the 
next time step (𝑈଴,୲ାଵሻ based on inputs of (g, , pb, Cd, w, o, Do, 𝑈, 𝑈ሶ  , 𝑈୭,୲, t). An additional 
modification was added to Equation 8, whereby the friction coefficient was modified (𝜇́ ൌ
𝜇𝑈୭ |𝑈୭|⁄ ) so that force of friction is in the opposite direction of the UXO velocity if the UXO is 
mobile and in the opposite direction of the hydrodynamics forces (𝜇́ ൌ 𝜇𝐹 |𝐹|⁄ )  if the UXO is 
stationary. A second check was also performed to ensure the frictional force could stop the 
motion of the UXO, but not reverse the motion: 
 𝑖𝑓 |𝜇𝑊| ൐  |𝐹| & ሺ𝑈୭,୲ାଵ  ∗  𝑈୭,୲ሻ ൑ 0 𝑡ℎ𝑒𝑛 𝑈୭,୲ାଵ ൌ 0 (26) 

The time dependent burial formulation (Equations 10 through 15) were incorporated into a 
second function, BurialUpdate.m which outputs the updated time dependent burial depth and 
equilibrium burial depth (𝑝௕,௧ାଵ,𝑝௕,௘௤) based in the inputs of (g,w, o, Do,𝑈௕௥, 𝑇௣, d50, , 𝑝௕,௧, 
𝑝௕,௠௜௡, 𝑈୭,୲, t).  A minimum burial of  𝑝௕,௠௜௡ ൌ 0.05 is assigned so the UXO always has some 
deformable bed rolling friction and this was typically used as the initial condition also. A key 
addition to the burial module for field data sets which have variations in wave energy that may 
bury or unbury UXO was a relation between mobility and unburial. For now, this is calculated by 
resetting the burial depth to 𝑝௕,௠௜௡ if the UXO moves a fraction of the UXO diameter in a quarter 
wave period: 
 

𝑖𝑓 |𝑈୭| ൐ 0.1 
𝐷୭
𝑇௣/4

 𝑡ℎ𝑒𝑛 𝑝௕ ൌ 𝑝௕,௠௜௡ (27) 

A schematic of the overall computational flow chart is shown in Figure 6.  
The phase resolved burial and mobility model described in the schematic can be forced with the 
bottom bin of the water velocity output (𝑈௕௥ ,  𝑇௣,  𝑈,𝑈ሶ ൌ 𝑓ሺ𝑈௕ሺ𝑥௢, 𝑡ሻሻ)  from a phase resolving 
nearshore hydrodynamics model such as SWASH, or spatially uniform input water velocity data 
can be generated to span a wide range of input parameters.   
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Figure 6. Computational flow chart for the parametrized wave phase resolved mobility and 
burial model 

 
3.2. Phase averaged methods 
In order to use the burial and mobility model with output from phase averaged models that only 
output variables such as 𝑈௕௥ ,  𝑇௣ and 𝑈௖ (the mean current velocity) and do not resolve the phase 
resolved quantities 𝑈,𝑈ሶ  the phase resolved model was run over a wide range of spatially uniform 
input parameters  to develop a function that can be used to calculate the UXO velocity as a 
function of these parameters: 
 𝑈௢ ൌ 𝑓ெሺ𝜌௢, 𝑏ௗ,𝑈௕௥ ,𝑇௣,𝑈௖, 𝑆𝑘,𝐴𝑠,𝛽ሻ (28) 
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 A Matlab script was developed to loop over 7 to 17 steps for each parameter and run for all 
possible combinations of parameters and output results into an 8-dimensional matrix. The UXO 
diameter (D) was set at 0.15 m and the length (L) was set at 0.75 cm, but these parameters could 
easily be changed. UXO density (𝜌௢ሻ, burial depth (𝑏ௗ), representative wave orbital velocity 
(𝑈௕௥) and seabed slope (𝛽ሻ were simply assigned values in the loop iterations. It is assumed that 
the burial depth does not vary over the short time scale of the input time series used to generate 
to the interpolation function but could change over the time step of the phase averaged 
hydrodynamics model. Combined wave (𝑈௪) and current (𝑈௖) velocity time series were 
calculated by 𝑈 ൌ  𝑈௖ ൅  𝑈௪: where the wave terms is defined by  
                                 

 
𝑈௪ ൌ 𝑈௕௥ ൬sinሺ𝜔𝑡ሻ ൅

𝑟 sin ሺ𝜙ሻ

1 ൅ √1 െ 𝑟ଶ
൰ ሺ1 െ 𝑟 cos ሺ𝜔𝑡 ൅ 𝜙ሻሻൗ   (29) 

based on [12].  The parameters 𝑟 and  𝜙  control the shape of the wave and were varied from 0.0 
to 0.9 and  െ𝜋/2 to 𝜋/2  respectively to span the entire range of values of Sk (0 to 1.6) and As (-
1.6 to 0) found in field environments and predicted by the nearshore hydrodynamics models. The 
skewness and asymmetry are calculated from the wave component of the velocity time series as  
 

𝑆௞ ൌ
ሺ𝑈௪ଷሻതതതതതതത

𝜎௎ೢ
ଷ ,   𝐴௦ ൌ

ሺ𝐻ሺ𝑈௪ሻଷሻതതതതതതതതതതതതത

𝜎ுሺ௎ೢሻ
ଷ , (30) 

 
where 𝜎௎ೢ is the rms of near bed wave orbital velocity, and  𝐻ሺ𝑈௪ሻ is the Hilbert transform of 
𝑈௪. 
 

 
Figure 7. Wave shape of shoaling waves. left-skewed, middle combined skewness and 
acceleration, right acceleration only.  

 
The results for predicted UXO velocity from the interpolation function evaluated over a range of 
𝑈௕௥ , 𝑆𝑘   and 𝑈௕௥ ,𝐴𝑠 are shown in Figure 8. 
 

Figure 8. Predicted UXO velocity from the interpolation function evaluated over a range of 
𝑈௕௥ , 𝑆𝑘  (left) and 𝑈௕௥ ,𝐴𝑠 (right). 
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The computational workflow for the wave-averaged model is similar to phase resolved model 
except instead of using the full equations of motion for UXO migration velocity the interpolation 
function is used and the input is from a wave-averaged nearshore hydrodynamics model such as 
XBeach. A simplified schematic of the workflow is shown in Figure 9. 
 

 
Figure 9. Comptutational flow chart for the parametrized wave phase averaged mobily and 
burial model. 

 
For testing purposes, the wave-averaged mobility model was also run using the output from the 
wave resolved SWASH model using sliding filters to calculate the wave-averaged parameters. 
For skewness and acceleration either the sliding version filter of Eqn (30 was used, or the Ursell 
number (𝑈௥ ൌ 0.375 𝐻௦𝑘 ሺ𝑘ℎሻଷ⁄ ) based parameterization of [13] with the same coefficients as 
XBeach were used. This allows comparison of the wave-averaged and wave resolved 
parametrized burial and mobility models with similar inputs, before comparing them with 
completely different hydrodynamics models. 
 

4. Results and Discussion 
4.1. Phase resolved methods  

4.1.1. SWASH Spectral Input 

The initial comparison of the phased resolved and phase averaged results were performed with 
the SWASH nearshore hydrodynamics model run with the 2014 Martha’s Vineyard field 
deployment bathymetry with constant wave height Jonswap spectral wave input. The spectral 
wave forcing allows group time scale variations in wave energy but keeps the energy constant at 
longer time scales. The model was run for 2 hours, and the offshore currents reached an 
equilibrium state after 1 hour. The 2nd hour of the run was copied and concatenated to create a 9-
hour time series. The model was run with three different wave height inputs (1.5, 2 and 3.5 m) 
and five different initial locations at depths of (2, 3, 4, 5 and 6 m) corresponding to x-locations of 
(65, 107, 154, 199 and 239), where the mean water shoreline is at x=0 (Figure 10). The waves 
were turned on instantly at the beginning of the simulation and propagated across the domain. 
This rapid onset of high wave energy combined with the low density of UXO (S = 2.0) in the 
simulation allowed the UXO to be mobile at all times during the simulation. For a given wave 
height the UXO converged on a specific cross-shore location from the different initial locations 
within 2 to 3 hours. This location was determined by a balance of offshore forcing from mean 
currents (red lines in Figure 10, lower panel) and onshore forcing due to skewness (blue lines) 
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and acceleration (green lines). The offshore mean currents extend to the edge of the surf zone 
where wave height begins to decrease due to dissipation from breaking. The vertical dashed red 
lines depict the  outer edge of the surf zone defined by a breaker index (γୠ) of wave height 
divided by depth (H/h) of 0.55. [14].  
 
  𝛾௕ሺ𝑥௕ሻ ൌ 0.55  (31) 

Where 𝑥௕ is the location that satisfies the equality in (31).  

 
The location of the UXO convergence (black dashed lines in Figure 10, upper panel) can be 
related to the  γୠ location by a power law of   
 

 
Figure 10. Results of SWASH wave resolved UXO mobility and burial modelling. Upper 
Panel) Time series of UXO migration paths for the three different wave heights and five 
different initial conditions. A power law location (𝑥௕௣ሻ related to the breaking index is shown 
as the vertical black dashed lines. Lower Panel) Hydrodynamic forcing parameters including 
wave height (black), mean current (red) skewness (blue) and acceleration (green). The location 
ሺ𝑥௕ሻ of the breaking point based on a breaker index is shown as the vertical black dashed lines. 
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 𝑥௕௣ ൌ 𝑏𝑥௕
௠  (32) 

 where the values b = 0.0236 and m = 1.66 result in the best fit to the model output for the phase 
resolved SWASH runs (Figure 11).  
 

 
Figure 11. Predicted UXO final location vs Breaker Index Break point for the three different 
modeling approaches 

 
4.2. Phase averaged methods  

4.2.1. SWASH Spectral Input 

To compare the phase resolved model to the phase averaged approach the output from the 
spectral input SWASH runs were phase averaged with a sliding window of 20th = 220 seconds 
and the input quantities from the interpolation function were calculated from these windowed 
sections. The same low relative density of S = 2.0 was used for these calculations. The Sk and  As 
parameters were calculated from the Ursell number based  approach discussed in section 3.2, 
thus the input to the mobility and burial model has the same mean currents, but spatially 
smoother Sk and  As input (Figure 12). The results are remarkably similar to the phase resolved 
models with less variation in UXO location on the wave and wave group time scale since some 
of this variability is averaged out with the sliding window calculations. In particular, the 
convergence location is almost the same as the previous method, and a similar power law 
relation (b = 0.0134, m = 1.594, Figure 11) for final UXO location also fits this data well. This 
suggests that the interpolation function is a suitable method for transitioning from a wave 
resolved to wave-averaged approach. 
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4.2.2. XBeach Spectral Input 

The UXO mobility model was run using the output of the Xbeach model for the same initial 
UXO density, locations and spectral wave heights as the SWASH runs. For these runs 
morphologic change calculations that are possible in Xbeach were disabled for a more direct 
comparison with SWASH. Since Xbeach produces wave-averaged output the sliding window 
calculation of wave-averaged variables is not required. The qualitative results are similar to the 
SWASH results with object initiating near the beach migration offshore with the large wave case 
and object initiating offshore migration onshore with the small wave case. The quantitative final  

Figure 12. Results of SWASH wave-averaged UXO mobily and burial modelling. Upper 
Panel) Time series of UXO migration paths for the three different wave heights and five 
different intial conditions.  A power law location (𝑥௕௣ሻ related to the breaking index  is shown 
as the vertical black dashed lines. Lower Panel) Hydrodynamic foring parameters including 
wave height (black), mean current (red) skewness (blue) and acceleration (green).  The 
location ሺ𝑥௕ሻ of the breaking point based on a breaker index is shown as the vertical red 
dashed lines. 
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locations of the UXO and power law coefficients (b = 0.0112, m = 1.846) are slightly different 
than those predicted by SWASH (Figure 11). 
 
4.3. Xbeach and SWASH hydrodynamics 
To further investigate the difference between the final UXO location in the SWASH wave-
averaged and Xbeach results, the hydrodynamic output results were examined for the largest 
wave height input. Both wave-averaged modelling approaches used the same parametrized 
predictions of Sk and As based on Ursell number, which is a function of wave height, period, and 
water depth, thus the mean currents and wave heights were compared. The modelled wave 
heights are similar with the most significant difference in the swash zone since the Xbeach 
output does not include infragravity band energy while the Swash output has all bands. The mean 
currents are significantly different as the SWASH offshore directed currents reduce to smaller 
values (0.04 m/s for the bottom grid cell SWASH vs 0.1 m/s for Xbeach) outside the surf-zone. 

Figure 13. Results of Xbeach wave-averaged UXO mobily and burial modelling. Upper Panel) 
Time series of UXO migration paths for the three different wave heights and five different 
intial conditions. Lower Panel) Hydrodynamic foring parameters including wave height 
(black), mean current (red) skewness (blue) and acceleration (cyan). 
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Some of the differences are due to the depth resolution of the SWASH model. The depth 
averaged output of SWASH converges to a value of 0.06 m/s. This increased offshore velocity 
from the Xbeach model leads to a slightly further seaward final location (260 m) of the UXO 
under large wave forcing compared to the SWASH model (200 m).  

 
4.4. Realistic time series from field measurements 
Both SWASH with the wave-averaged UXO mobility post-processing module and Xbeach were 
run with input from field observations taken during the 2014 and 2018 experiments on Martha’s 
Vineyard. The initial locations ranged from x= -65 m offshore of the beach to -240 offshore of 
the beach corresponding to depth of 2 to 6 m. The center location of x = -150, D = 4 is similar to 
the center of the field deployment locations.  

4.4.1.  SWASH  

The 2014 medium wave height (2.5 m at the peak of the storm, Left panels of Figure 15) 
SWASH results show onshore UXO migration at the beginning of the time series for all initial 
locations. As the waves and return flow currents increase in the onshore part of the domain after 
1.5 hours, some of the UXO reverse direction and begin to migrate back offshore. Similar to the 
simulations with spectral forcing, all UXO converge to a common trajectory after 3 hours and 
remain mobile due to the low relative density (S = 2.0) of the UXO and consistently energetic 
forcing at the convergence location. The convergence location is at the break point where 
onshore forcing due to wave skewness and acceleration balances offshore directed mean flows. 
The largest field measured onshore migration was 120 m for this event consistent with the 
predicted migration of the objects initialized offshore of x = -120 m before the reversal. SWASH 
does not have any morphology changes so any onshore sand bar migration that may have buried 
the objects at their maximum landward location is not included in the SWASH predictions. 
 

 
Figure 14. SWASH (blue) and Xbeach (red) hydrodynamics. Upper panel) Wave Height, 
Lower Panel) Mean currents. Dashed blue line is depth avegaged SWASH output, solid line in 
the bottom grid cell and solid blue line is the bottom grid cell 
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In the SWASH hindcasts of the 2018 data set with  H = 3.5 m waves at the peak of the storm, the 
UXO initiated at 4 m (xi = -170 m Figure 15, right, red line in the trajectory plot)  and deeper had 
net migration offshore, the migration of the UXO initiated near 4 m depth show relatively little 
(20 m)  offshore migration in the first 10 hours of the wave event, consistent with the 2018 
measurements in which little migration was measured.  At 14 hours all the UXO converged on a 
common trajectory. At 20 hours into the simulation, at the peak of wave height, all UXO rapidly 
migrated offshore, which was not observed in the field measurements. These SWASH 
simulations do not have morphodynamics, and thus do not predict the observed offshore 
migration of a sandbar which buried even the low relative density (S =2.0) UXO up to 1.5 m 
deep. Based on light sensors on the field deployed UXO, the sand bar migration induced burial 
occurred before 15 hours, thus this burial could explain the difference between the SWASH 
simulations with no morphodynamics and the measurements. The simulations did not predict 
burial in this case with low relative density (S =2.0) UXO. In the next section simulations with 
Xbeach, that does have the ability to predict sand bar migration, will be discussed. XBeach is 
also much less computationally expensive than SWASH so allows longer duration simulations 
over a wider range of input parameters. 
 

 

4.4.2.  XBeach  

XBeach simulations with forcing from the 2014 field experiment conditions show 
morphodynamic change in the near shore part of the domain (Figure 16). From t = 5 hours to 30 
hours sand is eroded from the region between x = -100 and x -30 and deposited onshore of x = -
30. The erosional zone would tend to inhibit burial, and while the depositional zone would tend 
to enhance potential for burial. In this case, the depositional zone is associated with steep slopes 
thus potentially enhancing gravitational forcing of UXO rolling offshore. 
 

  
Figure 15. SWASH 2014 (left) and 2018 (Right) Field Time Series UXO mobility hindcasts. 
The upper left plots are UXO cross shore location as a function of time. The upper right plots 
are r.m.s. wave (red line) and current (magenta) at the location of the UXO. Lower left plots 
show the cross-shore dependence of forcing parameters with the same colors as  Figure 13 at 
the peak of the storm 
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Figure 16. Morphodynamic change predicted by Xbeach for the 2014 field measurement 
forcing conditions  

 
The UXO mobility post-processing module was run with a variety of initial conditions and input 
parameters. Similar to the SWASH runs with initial UXO locations were spaced from D = 2 m to 
6 m in 1 m steps. Three different values of the parameter , which scales the burial time 
constant, were used with values of 0.1 .25 and 0.5 in each column of Figure 17. In the mobility 
and burial post processing of the Xbeach data shown in  Figure 17  morphodynamic change was 
not included. Eight different relative densities were used ranging from S = 1.5 to 4 in with steps 
of 0.36, which are shown in the rows of Figure 17. For the  0.1 case, only the least dense 
UXO (S = 1.5 and 1.9) were mobile and the denser UXO buried quickly. The burial decreased 
slightly after 30 hours, but not enough for the UXO with S greater than 1.9 to become mobile. 
For the  0.25 case, additional mobility of UXO with S = 2.2 and 2.6 is predicted. Some of the 
UXO in this density range with initial location further offshore migrate onshore, while the 
objects initiated further onshore bury without becoming mobile. This is due to the more rapid 
increase of wave velocity at the seafloor at the offshore sites. Once these UXO migrate onshore 
they bury to 50% burial depth and are no longer mobile. The  0.25 results are consistent with 
the measurements that show onshore migration of UXO in this relative density range. For the  
0.50 case, additional onshore migration of objects with density less than S = 3.3 is predicted. 
This is inconsistent with measurements in which object above S = 2.5 rarely migrated, 
suggesting the tuning parameter should be set to value near 0.25.   
 
The mobility and burial post processing model was run on the same Xbeach with morphology 
included in the post processing. To contrast the difference between simulations without and with 
morphological change activated the two simulations for  0.25 are shown in Figure 18. The 
most noticeable difference is the UXO which migrated into the nearshore region just outside the 
swash becomes more deeply buried (150% of its diameter) with morphologic change on due the 
nearshore accretion compared to the simulation with no morphologic change, in which burial is 
capped at 50%. 
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 = 0.1 
 = 0.25  = 0.5 

Figure 17. Xbeach Wave-averaged UXO mobility post processing results with the 2014 field 
measurement forcing conditions. The three columns represent different values of the parameter 
and the rows show increasing relative density simulations. For each simulation, the 
trajectory (x-location vs time) is shown on the left as well as the time history of burial state on 
the right.  
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Figure 18. Comparison of Xbeach Wave-averaged UXO mobility post processing results with 
 0.25 for S = 2.6 with morphology off (upper panel) and activated (lower panel) the 
morphological change of the seabed causes deep burial.  

 
XBeach simulations with forcing from the 2018 field experiment conditions show more 
significant morphological change due to the large waves (H = 3.5 m), which forced offshore sand 
bar migration (Figure 19). The model slightly over-predicts the extent of the offshore bar 
migration and creates a lower amplitude wider bar than observed in the measurements. 
 

 
Figure 19. Morphodynamic change predicted by Xbeach for the 2018 field measurement 
forcing conditions  

 
The initial locations of the UXO, the range of densities and range of values for the parameter  
are the same as in the 2014 simulations. The results shown in (Figure 20) include the effects of 
changing bed morphology and are quite different from the 2014 results due to the more energetic 
wave forcing and offshore sand bar migration. All the low density (S <= 1.9) are highly  
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 mobile and roll offshore at peak of the storm due the offshore directed mean currents. For the S 
= 2.2 density case, the behavior depends on the choice of the parameter . For the  = 0.1 case 

 = 0.1  = 0.25  = 0.5 

Figure 20. Xbeach Wave-averaged UXO mobility post processing results with the 2018 field 
measurement forcing conditions. The three columns represent different values of the parameter 
and the rows show increasing relative density simulations. For each simulation, the 
trajectory (x-location vs time) is shown on the left as well as the time history of burial state on 
the right.  
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all UXO are stationary and the ones with initial location under the final sandbar location become  
 deeply buried. For the  = 0.25 case, the UXO initialized in the onshore part of the domain first 
migrate offshore and then return onshore as the offshore directed mean currents at the peak of the 
storm subside. For the  = 0.25 case, the UXO initialized in the offshore part of the domain are 
buried by the migrating sand bar and are stationary. For the  = 0.5 case UXO with densities up 
to 2.6 are mobile inconsistent with observations. For all values of  UXO with densities of S > 
2.6 are stationary and those under the sand bar become deeply buried. The simulations with S = 
2.6 and best capture the differences in observed behavior between the 2014 and 2018 
data sets, with no UXO migration in the 2018 simulations and onshore migration of some of the 
UXO in the 2014 simulations (Figure 21 ). 
 

 

 
Figure 21. Comparison of Xbeach Wave-averaged UXO mobility post processing results with 
 0.25 and S = 2.6 with morphology on for the 2014 measurements (upper panel) and 2018 
measurements (lower panel). With the same parameters but different hydrodynamic forcing 
the model simulations show onshore mobility in 2014 followed by burial by sand bars and no 
mobility and deep burial due to migrating sand bars in 2018. The simulation results are 
consistent with measurements from both field deployments.  

 
5. Conclusions and Implications for Future Research/Implementation 

The approach of using a wave-averaged nearshore hydrodynamics model with a parametrized 
mobility and burial post-processing model module that is derived from wave resolved 
simulations appears to have ability to hindcast observed UXO mobility and burial behavior from 
two different sets of observations with the correct choice of tuning parameters. The wave-
averaged nearshore hydrodynamics model (in this case Xbeach) is computationally efficient and 
provides predictions of morphodynamic change which is essential for burial predictions. While 
there are many parameters that could be tuned, the mobility and burial post-processing model is 
most sensitive to the parameter , which scales the time constant on the non-equilibrium burial 
model. Selecting high values of this parameter results in burial that lags the predicted 
equilibrium scour and enhanced mobility. Low values result in similar prediction to the 
equilibrium burial model which typically predicts less mobility than observed. While the 
simulations with forcing based on measurements have complex time dependence due to time 
varying input, the simulations with constant wave height forcing generally suggest that low 
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density UXO migrate in a similar manner to sand bars. In moderate wave energy conditions sand 
bars tend to migrate onshore due to weak undertows and breaking near the beach and in more 
energetic conditions the sand bars migrate offshore due wave breaking further offshore and 
stronger returns flow. Additional observations planned for 2023 with initial locations in a cross-
shore distributed array will evaluate this hypothesis.  

Future work to extend the approach to simulations resolving along and across-shore 
processes is relatively straight forward conceptually and would be useful to test if models can 
predict the lack of along-shore UXO migration observed in these data sets and make predictions 
about expected along-shore migration in locations with stronger along shore currents.  

Since the wave-averaged hydrodynamic modelling combined with parameterized 
mobility and burial modelling approach is relatively computationally efficient it could provide a 
basis for monte-carlo simulations spanning a wide variety of input parameters for input into 
statistical models such as UnMES (Underwater Munitions Expert System [15]) 
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