General NOAA Operational Modeling Environment (GNOME) Technical Documentation
Overview

Dramatic incidences of marine pollution, such as the wreckage of the oil tanker Exxon Valdez, have highlighted the potential for human caused environmental damage. In attempting to mitigate or avoid future damage to valuable natural resources caused by marine pollution, research has been undertaken by the scientific community to study the processes affecting the fate and distribution of marine pollution, and especially to model and simulate these processes.

One area of research is the computerized Lagrangian transport or trajectory model. Trajectory models attempt to predict the movement of actual or hypothetical pollution spills. Needless to say, all existing computerized trajectory models have their virtues and their defects. It is probably not possible to devise a single computational model or framework to satisfy all users. In developing the General NOAA Operational Modeling Environment (GNOME), we have tried to balance the contradictory notion of a comprehensive model that is both easy to use and which rapidly produces useful and accurate results. This is especially important since GNOME is primarily a forecaster tool.

GNOME, version 1.3.3, is an interactive environmental simulation system designed for the rapid modeling of pollutant trajectories in the marine environment. The overall design is that of modular and integrated software. Maps, coastal outlines and shoreline descriptors, bathymetry, numerical circulation models, statistical climatological simulations, location and type of the spilled substance, oceanographic and meteorological observations, and other environmental data are inputs to GNOME. The output from the model consists of graphics, movies, and data files for post-processing in a GIS system or Hazmat’s in house model GNOME Analyst.

GNOME is written in C++ with careful attention to exploit the language's classes and objects.  This makes the model easier to update, expand and improve.  The model also contains a graphical user interface tested for clarity and ease of use. Variations of the GNOME code are used for contingency planning in conjunction with Hazmat’s Trajectory Analysis Planner model, and in Ecological Risk Assessment workshops for evaluation of tradeoffs when using dispersants.

Introduction

Often it is inquired if a trajectory model is accurate, adequate, or correct. Trajectory models should always be correct – a direct function of the coding of their algorithms. The accuracy and adequacy of a model are more often associated with the data used for the calculations and physical processes modeled. Only by clearly separating the data from the model can the questions of accuracy and adequacy be clearly addressed.

GNOME can be used with various data sources. It is the user’s responsibility to determine the accuracy and adequacy of any proposed data set that might be used. Because of the ease with which GNOME can handle many data sets, GNOME allows the user to compare data sets and explicitly show the various results from different data sets in the same format. The basic data components are maps, movers (wind, currents, diffusion), and spills. The model has been extensively tested and verified. A clear distinction between data inputs and the trajectory model is maintained.  The results however are only as good as the model inputs.

The model is general and applies to trajectory problems. It is an Eulerian / Lagrangian model that is two-dimensional in space, but vertically isolated layered systems can be modeled. Shoreline maps are inputs to the model so any area can be modeled. The model automatically handles either hemisphere and east or west longitude. Sophisticated users should be able to generate a shoreline (map) file in less than two hours manually, consistent with Hazmat’s requirement to produce a trajectory within two hours of notification of a spill event. Shorelines can optionally be coded for environmental sensitivity and displayed on the map. The model also has a limited command line mode where batch runs can be driven by a command file. 

The model is designed with two user modes for novice and more sophisticated users - standard mode and diagnostic mode. In standard mode certain regions are modeled with Location Files (prepackaged map, tide and current data with a simple Wizard interface to help people run scenarios on their own) where the parameter values are predetermined. The user merely downloads the location file corresponding to his region of interest and is guided through dialog boxes to set the wind speed and direction and spill information. In diagnostic mode the user has control over inputs but must have a lot of knowledge of the modeled region to select parameters. Diagnostic mode requires a user sophisticated in oceanography and modeling to set up input data and interpret results. These users can rapidly build trajectory models without a major investment in man-years for programming and testing of code. It is possible to build a complete model including shorelines, currents, winds, and spill distribution, and run the model in less than two hours (four hours if starting from a paper chart for shoreline and bathymetry). 

In utilizing a data base management and an integrated software approach to model development, we have attempted to develop a generalized trajectory model with enough flexibility to satisfy a large number of users without making it overly complex. This is probably more hopeful than actual. It is taken as axiomatic that a model that does everything for everyone will be used by no one, because it will be too difficult to find one’s way through the labyrinth of code. The fact that this model is used by researchers other than just ourselves is an encouraging sign that we have produced something of use and value.

Map Files

GNOME is not specific for any particular region and no specific shoreline is built in. The user must supply or create a map in order to run a scenario. GNOME accepts two different types of maps, one with shoreline data in the form of BNA maps, the other with grid boundary data and bathymetry to create pseudo 3D maps. For BNA maps we use a medium resolution vector shoreline that NOAA provides. The resolution of the map is not gridded, because it is a vector shoreline.  Each map is translated into a bitmap for the purposes of tracking the oil movement and beaching. Because the bitmap is grid boxes, it doesn’t exactly match the map outline at high resolution. The raster representation of the map can be seen in Diagnostic Mode by selecting the checkbox under that map that says "Show Land / Water Map".

GNOME also has an option for creating a map with all water boundaries without inputting a file, so the user can set a spill without a map file. The user sets a lat/lon rectangle defining the domain, which is useful for spills far offshore, particularly deep water well blowout scenarios, or diagnostic testing.

Movers

Movers are any physics that cause oil movement – generally currents, winds, and diffusion. Movers fall into two categories - universal movers apply everywhere, and usually consist of wind and diffusion. All other movers apply only to the map to which they are attached. The use of multiple maps is really a legacy from a previous incarnation of the model. For the most part a single map is sufficient and all movers can be placed on that map. To get the overall movement the components from currents, wind, diffusion, and any other movers are added together at each time step. The movers are given a point 

 and return a displacement 

.  The calculation of total movement is a simple vector addition of the displacement of a given oil particle by each mover over the time step. Each mover present in the model setup may be active or inactive at any given time.  Only movers marked active will be used in the model calculation.

Current Movers

GNOME accepts various grid types and formats for current data. For location files and most responses, we use our own hydrodynamic model, CATS (Current Analysis for Trajectory Simulations).  The CATS model is a 2D depth averaged steady state finite element circulation model. CATS generates constant patterns that are made time dependent in GNOME by connecting them with a time series such as tidal coefficients. These patterns are fairly quick to generate and easy to adjust during a response. The patterns are on a triangle grid which allows for good shoreline matching and higher resolution near the shore. General circulation models such as nowcast/forecast models can also be used as input to GNOME. The model is not fully three-dimensional in space, but is being extended. 

GNOME accepts either time dependent or steady state current patterns, and the latter are usually driven by time dependent tide files. For example, the tidal representation in most location files is of the form U(x,y)T(t).  We use a spatial pattern from CATS, U_CATS, for the currents and then the NOAA tidal currents time series for the nearest tide station to adjust the currents back and forth.  So for a station at the point (x0,y0), the currents at any point U(x,y) are given by U(x,y) =Tides(x0,y0,t)*U_CATS(x,y)/U_CATS(x0,y0). Tide files are either constituent data from Hazmat’s tide model SHIO, or a time file of data points which are interpolated in GNOME using a Hermite polynomial fit. The currents can also be scaled using tidal heights (constituent data from SHIO) or hydrology (a time file). In all of these cases the user can input a scale factor.

GNOME also accepts model data on rectangular, curvilinear, and triangular grids from various models to use as currents. For rectangular grids GNOME allows the velocities to be at the center of grid boxes or at the nodes, but in either case it uses the same value throughout a grid box and does not interpolate. The rectangular grids must be loaded onto a map. For curvilinear and triangular grids GNOME will create a map from the boundary of the grid if there is no BNA map available. When loading curvilinear grids GNOME turns each grid box into two triangles and assumes the velocity for both triangles is at the lower left corner of the grid box. GNOME also extrapolates the grid to the top and right, and applies the velocity values for the first row and last column there. The boundary type at the extended row and column is assumed to be whatever it was at the first row and last column. Then GNOME uses its Directional Acyclic Graph (DAG) tree algorithm to navigate around the grid. The data file must label all points as land or water so GNOME can set up a boundary for beaching. For triangular grids, CATS outputs velocities at the centers and there is no interpolation, while outside models usually have velocities at the nodes and the values are interpolated. All the time dependent currents are interpolated linearly in time. At this point GNOME can accept 3D grids but only makes diagnostic use of them (i.e. subsurface current visualization, but not subsurface spills), except when modeling deep well blowout scenarios. (See file format section for more details on the various formats.)

GNOME has an option to extrapolate time dependent currents with the last time in the file. Otherwise the model will not run outside the range of time where there is current data available. Uncertainty values can be set for any current patterns. The parameters include along current, cross current, start time and duration. (See section on uncertainty.) 

There are two ways to display the current vectors. Under model settings "Show currents" shows the currents scaled to show how far an LE would move in one time step due to any active currents.  It is a 30 x 30 gridded overlay on the map, displayed on the screen but only over water.  Under the maps, in the current settings, “Show velocities” shows the velocities as they were originally set up in the file. There is a velocity scale for the arrows you can set in the current dialog box, e.g. 1 inch = 1 m/s. If the cursor is moved over the map, the velocity at the location of the cursor of the first current listed on the left hand side is shown in the lower left corner, along with the lat/lon of the point. The order of the currents listed on the left hand side can be adjusted by selecting a current and using the up/down arrows on the toolbar.

Wind Movers

GNOME allows several different wind movers – constant, time dependent, and time/space dependent. The first two can either be loaded by hand through a wind dialog box or from a file in the OSSM wind file format. The files contain date, time, speed, and direction information (see file format section for more details). Units are selected when the files are loaded. The spatially varying winds must be loaded via a file, either in GNOME’s ascii or netCDF format. The time dependent wind is interpolated using a Hermite polynomial fit. The spatially varying wind is interpolated linearly in time, but not interpolated in space. It can either be on a regular or a curvilinear grid. GNOME also allows for winds from the National Weather Service’s National Digital Forecast Database, but these files require some preprocessing. An alternative for spatially varying wind files, is to load them as current files, and trick GNOME by decreasing the value of the wind speeds to 3% of the original speeds.

Component Mover

The component mover is essentially a wind driven current. The alongshore component of the wind drives the currents, and this direction is input by the user. The wind is scaled to a reference point in the current pattern which has a user specified value for a given wind speed. The mover can have one or two patterns, and can be driven by a constant or time dependent wind. The current components can be scaled by wind speed or wind stress. The current patterns must be in the form of CATS movers.

Diffusion

Random spreading, i.e. diffusion is done by a simple random walk with a square unit probability. The random walk is based on the diffusion value set in the model which represents the horizontal eddy diffusivity in the water. A low value would be 1000 cm2/sec, and a high value would be 100,000 to 1,000,000 cm2/sec. The model default is 100,000 
[image: image1.wmf]. During a spill, the value is calibrated based on overflight data. 

In GNOME diffusion and spreading are treated as stochastic processes. Gravitational and surface tension effects are ignored, as these are only important during the first moments of a spill. Complex representation of sub-grid diffusion and spreading effects are ignored. 

GNOME uses the classical diffusion equation 
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[image: image3.wmf] where 
[image: image4.wmf] is the concentration of a material and 
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 EMBED Equation.3  [image: image8.wmf]

 EMBED Equation.3  [image: image9.wmf]

 EMBED Equation.3  [image: image10.wmf], where 
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The mean position remains zero but the variance grows linearly with time.  It can be shown that a long series of random steps will converge to a Gaussian distribution with variance growing linearly with time. The precise form of the transition probability distribution is irrelevant as long as its second moment is 
[image: image15.wmf]. (Csanady, 1973) The transition probability distribution is the distribution of displacements at each random walk step, and 
[image: image16.wmf]is the diffusion coefficient in the diffusion equation. So, diffusion can be simulated with a random walk with any distribution, with the resulting diffusion coefficient being one half the variance of the distribution of each step divided by the time step: 
[image: image17.wmf].

In GNOME we compute a 
[image: image18.wmf], 
[image: image19.wmf] from an input diffusion coefficient, and at each diffusion time step a 
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[image: image24.wmf]. This results in a distribution of points spread throughout square. The variance of this distribution is 
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GNOME also has depth dependent diffusion algorithm but at the moment it is only available for Location Files or command line driven scenarios.

Evaporation

Evaporation in GNOME is not treated by the more complete theories available. GNOME uses a simplistic 3-phase evaporation algorithm, where the oil is treated as a three-component substance with independent half-lives. The pollutant type selected for the spill determines the parameters chosen for the weathering simulation and there is evaporation if the oil type requires. If the LE mass is zero after weathering it is marked as evaporated. The pollutant types which are supported for LEs in GNOME are gasoline, diesel, fuel oil #4, medium crude, fuel oil #6, and non-weathering (see table). This is appropriate for simple drills and educative comparisons, but since GNOME's oil types and oil weathering are very rudimentary, during a real spill the GNOME trajectories are calculated with the nonweathering oil type, and then Hazmat’s weathering application ADIOS2 (Automated Data Inquiry for Oil Spills) is run to get detailed information on the oil fate. The oil weathering model has better evaporation and oil fate estimates than GNOME and   ADIOS2 also has an extensive oil library.
Spills

Spilled substances are modeled as point masses (up to 10000) called LEs (lagrangian elements) or splots. Pollutants are not treated as blobs with variable volume and thickness. Parameters assigned to each point mass include location (lat/lon), release time, age, pollution type, status (floating, beached, evaporated,…),… It is best to use at least 1000 LEs, otherwise you don't get good statistics. 

Each LE carries the following information:


leKey - indexed LE identity


leCustomData - space for custom LE data; currently =0


position - latitude, longitude position


z - depth


releaseTime - time of release in spill


age - time since release [seconds]


clockRef - time offset in seconds


pollutantType - LE pollutant type for weathering


mass - amount of pollutant in LE [g]


density - pollutant density [g/cc]

statusCode - whether LE is (not)-released, floating, beached, etc.


bVisible - flag to indicate whether or not LE is drawn


lastWaterPt - last on-water location of LE before beaching


beachTime - time when LE was beached

Spills can be initialized as one-time or continuous releases, as point or line sources, or evenly spaced on the grid for diagnostic purposes.

The overflight option is used during response to draw in observed oil. It allows the user to specify the amount of time the pollutant has been in the water, so the oil will be treated as weathered and evaporation will be slower. 

As the spill is run a mass balance is displayed on the left hand side, showing the amount of oil that is in the water, beached, and evaporated. The information is updated whenever the run is paused. If more than one spill is created, a mass balance summary is displayed for the total of all the spills in the units of the first spill created.

Trajectories

Once the map, movers, and spills are set, the model is run and the solution is produced in the form of trajectories. GNOME provides two solutions to an oil spill scenario: 

1.
A "best estimate," or forecast, trajectory

2.
A "minimum regret," or uncertainty, trajectory

The "best estimate" solution shows the model result with all of the input data assumed to be correct. However models, observations, and forecasts are not always perfect. Consequently, we have incorporated in GNOME our understanding of the uncertainties (such as variations in the wind or currents) that can occur. The second solution allows the model to predict other possible trajectories that are less likely to occur, but which may have higher associated risks. We call the trajectory that incorporates these uncertainties the "minimum regret" solution because it gives you information about areas that could be impacted if, for example, the wind blows from a somewhat different direction than you have specified, or if the currents in the area flow somewhat faster or slower than expected. In some cases, some of these areas might be especially valuable or especially sensitive to oiling.

Both trajectories are represented by Lagrangian Elements (LEs) or  “splots,” which are statistically independent pieces of the modeled pollutant. They appear as small “pollutant particles” on a map when you run your spill. The “best guess” trajectory is represented by black “splots”; the “minimum regret” trajectory is represented by red “splots”.  (See the Uncertainty section for more information on how uncertainty is calculated for different physical processes.)

Windage 

Windage is the movement of oil by the wind. This is typically about 3% of the wind speed based on analytical derivation and empirical observation that oil tends to spread out in the direction of the wind. Experience and observation have led us to use a factor in the range 1%-4%, adjusted based on overflight reports. This range is used as the default in GNOME with a uniform distribution. A given oil droplet will move differently depending on how close it is to the wind effects at the surface. The windage is lower as the oil weathers and spends more time below the surface. 

The model should behave the same when the timestep is changed as much as possible. Thus GNOME accepts a range of windage percentages and a persistence timestep, and moves the LEs to get the desired amount of spreading. Persistence is how long until the random value is reset. At this point there are two options – 15 minutes is the typical default persistence timestep for oil, and infinite persistence is used when modeling heavier floating objects. The windage applies to any wind mover that the user sets up. 

GNOME picks a random number between the user selected range of windage values for each LE, and moves the LE according to that number at each timestep. This method is very similar to the method used to compute diffusion except the spreading happens only in the direction of the wind. The amount of spreading is given by 
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[image: image31.wmf] is a spreading parameter that is a function of time because the wind velocity is a function of time.  For a constant wind, 
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[image: image33.wmf]. That is, the variance of the particles grows linearly in time, the same as diffusion with a constant diffusion coefficient.  
Beaching

At each time step after the LEs have been moved, GNOME checks the bitmap to see whether the new LE positions are on land or in the water. The beaching algorithm checks the entire line on the bitmap between the old point and new point to make sure the LE didn’t jump over land, and beaches the LE at the first land box it hits. If the prevent land jumping box is not checked a simplified algorithm looks at whether the new point is in water or on land and ignores the path the LE took. The default is to have the prevent land jumping option on. Interaction of the pollutant with sediment and biota is not modeled.

Refloating

Half-life is a parameter which empirically describes the adhesiveness of the oil to the shoreline. It is a function of substrate porosity, the presence or absence of vegetation, the inherent stickyness of the oil, and other physical properties and processes of the environment as well. These different parameters have been lumped together in a single parameter, ‘half-life’. This is the number of hours in which half of the oil on a given shoreline is expected to be removed if there is an offshore wind or diffusive transport and sea level is at the same level or higher than the level of the oil when it was beached. This parameter, along with the other environmental data, allows refloating of oil after it has impacted a given shoreline. The refloat half-life is one hour by default, if the value is higher the oil will stick to the shoreline longer (as for a marsh), while for very small values the oil refloats immediately (as for riprap). In theory the half-life could be set to different values along different segments of the shoreline depending on the beach type, but we have not found it necessary to have this degree of refinement in the refloat value. 

The probability of an LE refloating, 

, determined with the default half-life of one hour, gives


 EMBED "Equation" \* mergeformat  


where 

 is measured in hours.  Refloating for an individual LE is determined by choosing a random number on the interval (0,1), 

 for the LE.  If 

, the LE is refloated.  When an LE is refloated, it is placed at its last water position before beaching.

Uncertainty

The forecast winds and currents are usually not accurate enough to generate trajectories within 1 mile of accuracy after 48 hours. This is why GNOME supports user-specified uncertainty bounds, which are set according to the uncertainty in the input data. This is also why the GNOME input data is constantly updated during a spill event, and the model is rerun and recalibrated at least once a day.

To obtain an uncertainty solution check the include minimum regret solution box under the model settings and a second solution will be calculated (and shown in red). There is a second set of LEs that moves under the influence of the active movers. All of the movers have default uncertainty parameters - diffusion, currents (both from CATS and outside models), winds, and component mover. Standards for including uncertainty parameters in data files are being developed.

Diffusion has a simple uncertainty in which the uncertainty LEs move with a different random spreading (a multiplicative factor of the user set value), and the random step is increased as the square root of the uncertainty factor. 

The various current formats and winds all have parameters for start time and duration of the uncertainty. The start time in the model run indicates the hour into the model run that the wind becomes uncertain.  For example, if you are hindcasting and have observations up to a certain point, and then a forecast, you may want the wind uncertainty to start at the time the forecast starts. The duration indicates how long an LE will have that particular uncertainty value, before having it randomly reset.  We rarely find it necessary to change from the default duration, except when modeling large object drift. The currents, including component mover patterns have cross and along current uncertainty, while the CATS currents also have an eddy diffusivity parameter.

The angle scale and speed scale are under the parameterization of the wind uncertainty.  The parameterization is log normal in speed (because forecasters are more likely to over predict the winds than under predict them since they are considering safety issues), and gaussian in angle. We very rarely change the defaults on the wind uncertainty. Speed scale is related to how much you think the wind speeds are likely to be in error. Angle scale (radians) is related to how much you think the wind forecast directions will be off. The best way to examine how the uncertainty solution is calculated for each mover is to set a simple point source spill and run with a single mover active at a time, while adjusting the uncertainty parameters.

Uncertainty

General

Notes - intro, values are guidance, difficult to pin down.
Model Inputs

Start time = time in model run when velocities (wind, current) become uncertain.

Duration = time duration before resetting an LE's uncertainty parameter.  So, if a particular LE is going to be a little faster and to the right of the wind, it will stay that way for the entire duration, then be randomly assigned a different relative value.  Standard values are 3 hours for wind and 48 hours for currents.

Uncertainty

Currents

The current pattern uncertainty is a combination of two types of uncertainty: uncertainty in the currents, and uncertainty from eddy mixing. The uncertainty in the currents is parameterized by four scales which represent the percentage of the given velocity that the uncertainty spans in the parallel and normal directions: 

 and 

in the forward and backward directions and 

 and 

 in the left and right directions, respectively.  These coefficients are expressed as percentages of the given speed 

.  The eddy scale, 

, is determined by a separate uncertainty diffusion coefficient, 

, usually o(

106 cm2/s).

The eddy scale, 

, is given by 
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where 

 is the magnitude of the original velocity vector,

 is a small velocity scale (0.1 m/s), and 

 is the random walk length for the uncertainty diffusion coefficient, 

.  To get the random walk length for this eddy scale, a random number between zero and one, 

, is multiplied by the eddy scale, 

.  This eddy scale is a maximum when 

 and decreases quickly as 

 increases. Only CATS current patterns include the eddy uncertainty.

Model Inputs

Down Current Uncertainty = forward (

>0) and backward (

<0) percentages of the velocity that make up the down current uncertainty range.

Cross Current Uncertainty = left (

<0) and right (

>0) percentages of the velocity that are used in the direction perpendicular to the velocity to make up the cross current uncertainty range.

Eddy diffusivity Coverage = uncertainty diffusion value, 

,that simulates eddy mixing processes dominant during slack water.

Mover Outputs

The Current Uncertainty outputs are the displacements over one timestep in the x and y directions calculated as follows:

For 

 m/s the vector uncertainty displacement is given by
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where 

 is the vector displacement (

),

 is a vector of the same magnitude but in an orthogonal direction to 

 and 

 is a random number with uniform probability on the interval 

.

For  

 m/s the uncertainty displacement is given by


 EMBED "Equation" \* mergeformat  


Uncertainty

Wind 

Model Inputs

Speed Scale =  measure of uncertainty in the wind speed

Angle Scale =  measure of uncertainty in the wind direction

Model Outputs

The Wind Uncertainty outputs are displacements over one timestep in the x and y directions calculated as follows:

For 

 m/s the vector uncertainty displacement is given by




where 

 is the vector displacement (

),

 is a vector of the same magnitude but in an orthogonal direction to 

 and 
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The uncertainty is scaled to have a norm 
[image: image35.wmf] with a minimum of .001, where
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The standard deviations for speed and angle are updated at every time step. There is also a maximum angle scale of 60 degrees. The random variables in the uncertainty calculation (randCos and randSin) are updated when the user set duration is exceeded.

For  

 m/s the uncertainty displacement is zero.

NOAA HAZMAT is in the process of developing new Wind Uncertainty Algorithms :

Lehr, W., Barker, C. and Simecek-Beatty, D.,  New developments in the use of uncertainty in oil spill forecasts, Proc. of the 22nd Arctic and Marine Oilspill Program Technical Seminar, to appear.

Pollutant types, their default composition, and half-lives.

	Pollutant Type
	   Percent Each Constituent


	Half-Life Each Constituent (Hours)


	Observational

Threshold Time (Hours)

	Gasoline
	50.0
	.12
	18.55

	
	50.0
	5.3
	

	
	0.0
	1.0x109
	

	Kerosene & Jet Fuel
	35.0
	5.3
	50.44

	
	50.0
	14.4
	

	
	15.0
	69.2
	

	Diesel
	30.0
	14.4
	170.1

	
	45.0
	48.6
	

	
	25.0
	243.0
	

	Fuel Oil #4
	24.0
	14.4
	170.1

	
	37.0
	48.6
	

	
	39.0
	1.0x109
	

	Medium Crude
	22.0
	14.4
	170.1

	
	26.0
	48.6
	

	
	52.0
	1.0x109
	

	Fuel Oil #6
	20.0
	14.4
	170.1

	
	15.0
	48.6
	

	
	65.0
	1.0x109
	

	User Definable
	100.0
	1.0x109
	3.5x109

	
	0.0
	1.0x109
	

	
	0.0
	1.0x109
	

	Conservative
	100.0
	1.0x109
	3.5x109

	
	0.0
	1.0x109
	

	
	0.0
	1.0x109
	

	Default
	100.0
	1.0x109
	3.5x109

	
	0.0
	1.0x109
	

	
	0.0
	1.0x109
	


lagrangian particle-tracking technique (ASCE, 1996)
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