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ABSTRACT

This paper reports on the current state of surface water and ocean contamination models—based on the needs of US
Government agencies, their Information Technology (IT) systems, and business processes. In addition, down-selection
and evaluation criteria were applied in a two-step process. In Step 1, sixty five surface water and ocean models were
identified and researched. In Step 2, the following criteria were explored for each model: 1) model environment (river,
lake estuary, coastal ocean and watershed); 2) degree of analysis (screening model intermediate model, advanced
model); 3) availability (public domain, proprietary); 4) temporal variability (steady state or time variable/dynamic); 5)
spatial resolution (one, two or three dimensional); 6) processes (flow, transport, both flow and transport in an integrated
system); 7) water quality (chemical, biological, radionuclides, sediment); and 8) support (user support/training available,

user manuals/documents available).
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1. Introduction

The purpose of this project was to research and report on
the current state of surface water and ocean water con-
tamination models. Environmental analysts require esti-
mates of water contamination levels and expected dis-
persion/transport patterns following intentional or acci-
dental chemical (including crude oil and petroleum pro-
ducts) and radiological releases to aquatic environments.
Water contamination modeling assists in assessing po-
tential impacts to human/environmental health and gov-
ernment operations by providing predictive estimates of
contaminant concentration, speed and direction of travel.
Examples of recent water contamination incidents which
are of interest are listed in Table 1.

Water quality modeling has evolved significantly in
the last century. The period from 1850 to 1930 was the
period of scientific and quantitative understanding of the
hydrologic cycle and its processes [1]:

e Mulvaney: 1851—Development of concept of time of
concentration.

e Darcy: 1856—Established basic law of groundwater
motion.

e St. Venant: 1871—Derived the equations of one-di-
mensional surface water flow.

e Manning: 1891—Developed an equation for open
channel flow velocity.

e Green and Ampt: 1911—Development of infiltration
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model.

Streeter and Phelps: 1925—Developed the dissolved
oxygen sag curve for rivers.

The frequency of these events (Table 1) is rare, their
impacts are high, and their occurrence is hard to predict.
The modeling of the above mentioned events have many
associated unknowns. The following characteristics make
the event challenging from the modeling perspective.

e Unknown site characteristics—location, soil charac-
teristics, land use, etc.

e Unknown sources of contamination—point or poly-
gon.

e Unknown release rate of contaminants—instantane-
ous or continuous.

e Unknown deposition rate of contaminants—dry de-
posit or wet deposit.

e Unknown parameters for data—availability and ac-
cessibility of data; sources of data; format of data.

Until the 1960s, the scope of the problems that could
be solved was constrained by the computational tools
available [2]. The advent of digital computers led to ma-
jor advances in modeling. Water quality model develop-
ment and complexity kept pace with the advances in
computers. The first advancement in the 1960s was the
extension of simple 1-dimensional models to 2-dimen-
sional modeling. This was followed by biological mod-
eling (eutrophication) and then multi-dimensional and
multi-species modeling. The period since 1980 has seen
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Table 1. Examples of water contamination modeling needs.

Contaminant and Incident Type Aquatic Environment

Predictions

Implications Example

Radionuclides leak from reactor
Petroleum flow from underwater Ocean
crude oil well

Bauxite ore waste (red mud) spill
Petroleum from crude oil pipeline
Surface water
Coal ash spill

Benzene spill

Concentrations,
locations, surface
area, weathering,

time factors operations

Concentrations,
locations, time

Water intakes,
swimming, fisheries,
shipping, military

Fukushima, Japan

Deepwater Horizon,
Gulf of Mexico

Ajka, Hungary

Water intakes, Yellowstone River, MT
swimming, fishing Kingston Fossil Plant, TN

Songhua, China

the development of user-friendly, GIS-linked hydrologic,
hydraulic and water quality models, and extensive use of
these models in a variety of applications.

This report focuses on riverine, estuarine, and coastal
ocean water contamination modeling and addresses three
major components that are important to government
agency consideration for model selection, evaluation and
implementation:

o Riverine, estuarine, and/or coastal ocean contaminant
model.

e Input data for the model.

e Expertise required to run the model and interpret the
results.

2. Information and Data Collection

Our first task was to identify and collect information on
surface water and ocean contamination models. Water
contamination models are developed by many Federal,
State, and local agencies, as well as universities, private
companies, and non-government organizations. These
models were developed for many purposes and by vari-
ous methods, with varying levels of detail, accuracy and
quality. There are literally hundreds of water quality
models available. While the number of models is stag-
gering, the fundamental concepts on which they are
based are similar. Water quality models represent the fol-
lowing:
e The hydrodynamic flow fields that drive the move-
ment of the water quality constituents.
e The movement and transformations of the water qual-
ity constituents.

The large number of models arises from different
combinations of these parameters and assumptions and
(often minor) differences in the algorithms used to rep-
resent particular processes as follows:

e Model Environment—River, Lake, Estuary, Coastal

Ocean and Watershed.

o Degree of Analysis—Models are developed at various
levels of complexity, depending on the application
needs. The simplest models provide general predic-
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tions based on a limited set of environmental or

physical factors. The most sophisticated models will

solve fundamental equations on a detailed spatial and
temporal scale. These models may be integrated with

a geographic information system (GIS) which is used

to provide spatially-arrayed input data or to spatially

display the model results.

0 Screening models use empirical model/analytical
methods for contaminant transport.

0 Intermediate models—These are hybrid models
that do not require a rigorous mathematical solu-
tion.

0 Advanced models—Models that approximate a
solution of governing partial differential equations
that describe a natural process. The approximation
uses a numerical discretization of the space and
time components of the system or process. The
advanced models use the following solution tech-
niques for solving the system of equations; Finite
Difference; Finite Element; Finite VVolume; Har-
monic Models (best for tidal basins); Methods of
Characteristics (Eulerian-Lagrangian Models); Ran-
dom Walk and Random Flight Particle Tracking.

Availability—Public Domain, Proprietary, Restricted

Support (support only for the developing organiza-

tion).

Temporal Variability—Steady State or time variable/

dynamic.

0 Steady state model—Mathematical model of fate
and transport that uses temporally constant values
of input variables to predict constant values of re-
ceiving water quality concentrations.

o Time variable model—A mathematical formula-
tion describing the physical behavior of a system
or a process and its temporal variability.

Spatial Resolution—Models may be one-, two- or

three-dimensional. One-dimensional models are the

most common type and generally the easiest to use
but may not provide sufficient spatial representation
in some cases.

0 One-dimensional models are limited to the simu-
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lations of cross-sectional averages generally based
on the use of the Chezy or Manning equation to
specify friction losses and the use of the disper-
sion coefficient of mixing to quantify mixing.
They cannot effectively model steep slopes and
stratified exchange of fresh and sea water.

o Two-dimensional models explicitly represent va-
riations in two dimensions. This may be x-y rep-
resentation with complete mixing in the z-direc-
tion, X-z representation with complete mixing in
the y-direction (estuaries), or y-z mixing with
complete mixing in the x direction. 2-D horizontal
plane models simulate estuaries as well mixed ver-
tically. They represent lateral and longitudinal
variations in velocity and constituent concentra-
tion for estuaries with non-uniform widths. 2-D
models explicitly represent variations in two di-
mensions with the third dimension assumed to be
completely mixed.

o0 Three-dimensional models explicitly represent mo-
vement, variations and transformations in x-y-z
space.

e Processes—Flow, Contaminant Transport, both Flow
and Transport in as an integrated system.

0 Flow model—Calculates hydrology and hydrody-
namic conditions (flow, velocity, surface runoff)
which are then used as input to a water quality
transport model.

0 Transport model—calculates the movement and
transformation of water quality constituents.

0 Both—Hydrologic/hydrodynamic and transport mo-
dels are integrated into a single Model.

e Water Quality—Chemical, Biological, Radionuclides,

Sediments.

e Support—User Support/training available, User Ma-
nuals/documents available.

3. Model Review Methodology

The model review consisted of a two-step process (model

identification and summarization of capabilities):

Step 1. Model ldentification—The search for avail-
able models for river and ocean contamination was initi-
ated by literature review. A comprehensive list of models
was developed. The review included the following sour-
ces:

o USEPA Water Quality model use database.

e USEPA Council for Regulatory Environmental mod-
eling.

e USACE Environmental Laboratory.

e USGS—The Surface Water and Water Quality Mod-
els Information Clearinghouse (SMIC).

e Water Environment Research Foundation (WERF).
UNESCO.
Ministry of Environment, Parks, and Land (British
Columbia, Canada).

¢ National Council on Radiation Protection and Meas-
urements.

e Open Literature.

e http://www.ncasi.org/programs/areas/water/emrg/wer
f_aera.htm.

e http://smig.usgs.gov/SMIG/model_archives.html.

Step 2. Summarization—The models were summa-
rized based on the information available from the litera-
ture and the criteria presented in Table 2 below.

The results are shown in Tables 3 and 4. Table 3 pro-
vides the acronyms, names, and availability information
of the water contamination models that were identified in
the literature review. The salient features and functional-
ity of the available models is summarized in Table 4.

4. Development of Model Selection Criteria

The proper selection of a model is essential to the suc-
cessful simulation of water contamination modeling.
Model selection is the first step in a modeling task. As
shown in Tables 3 and 4, there are numerous riverine
and ocean water models available. Government require-
ments can be met with a suite of models appropriate for
riverine, estuarine, and the coastal ocean environment.

Table 2. Model selection criteria.

Criteria

Parameters

Model environment
Degree of analysis
Availability
Temporal variability
Spatial resolution
Processes
Water quality
Support

River, lake, estuary, coastal ocean and watershed

Screening models, intermediate models, advanced models

Public domain, proprietary

Steady state or time variable/dynamic
One-, two- or three-dimensional
Flow, transport, both flow and transport in an integrated system
Chemical, biological, radionuclides, sediment

User support/training available, user manuals/documents available

Copyright © 2013 SciRes.
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Table 3. Summary table of model names, references and availability.

Acronym Model Name Reference Auvailability
AQUATOX Fate and ECOIgglcal Effects in Aquatic [3] http://water.epa.gov/scitech/datait/models/aquatox/index.cfm
cosystems
ADCIRC Advanced Circulation Model for Oceanic, 4] http://www.unc.edu/ims/adcirc/document/ADCIRC _title_page.html
Coastal and Estuarine Waters http://www.adcirc.org/
Bathtub [5,6] http://el.erdc.usace.army.mil/products.cfm?Topic=model & Type=watqual
Jlsmi i-bi ?
BLTM Branched Lagrangian Transport Model 78] http.//s_mlg.usgs.gov/cgl bin/SMIC/model_home_pages/model_home?sel
ection=bltm
Jlsmi i-bi 2
BRANCH Branched-Network Dynamic Flow Model [9] http.//s_mlg.usgs.gov/cgl bin/SMIC/model_home_pages/model_home?sel
ection=branch
http://books.google.com/books?id=tHICGyOoK1oC&pg=PA686&Ipg=P
CAFEX Circulation Analysis with Finite [10] A686&dg=CAFEX-+circulation&source=bl&ots=S-nSK7nlpw&sig=hhS
Element Explicit Method u0z6W7MRSV4sSGe98zpCzl'Y M&hl=en#v=onepage&q=CAFEX%20ci
rculation&f=false
CE-QUAL-ICM 2D (honzon@al) and 3-D water [11] http://el.erdc.usace.army.mil/products.cfm?Topic=model & Type=watqual
quality model
CE-QUAL-R1 1-D (vertlca!) reservoir water [12] http://el.erdc.usace.army.mil/products.cfm?Topic=model & Type=watqual
quality model
CE-QUAL-RIV1  Corps of Engineers-Quality-Rivers [13] http://el.erdc.usace.army.mil/products.cfm?Topic=model & Type=watqual
CE-QUAL-W?2 Corps of Engineers-Quality-2-D [14,15]  http://el.erdc.usace.army.mil/products.cfm?Topic=model & Type=watqual
Curvilinear-Hydrodynamics in
CH3D-WES Three-Dimensions—Waterways [16] http://chl.erdc.usace.army.mil/chl.aspx?p=s&a=Software;22
Experiment Station
http://md1.csa.com/partners/viewrecord.php?requester=gs&collection=E
CHEN’s Model Mathematical Model for Water [17] NV &recid=8005190&0=Chen+H.+S.%2C+1978.+A+mathematical+
Quality Analysis model+for+water+quality+analysis%2C&uid=788372443&setcookie
=yes
CMS Contaminant Model for Streams [18] http://el.erdc.usace.army.mil/products.cfm?Topic=model & Type=watqual
CORMIX Comnell Mixing Zone Model [19] http://water.epa.gov/scitech/datait/models/cormix.cfm
(Expert System)
http://books.google.com/books?id=EYPuwlMgBT4C&pg=SA11-PA14&
. - Ipg=SA11-PA14&dq=CTAP+Hydroqual&source=bl&ots=iph40_Ya-3&
CTAP Chemical Transport Analysis Program [20]  Gig=4sNDHw_B-wuslIHzgAd_Xt6lkbc&hl=enfiv=onepage&q=CTAP%
20Hydroqual &f=false
DAFLOW Diffusion Analogy f_orm of the [21] http.//s_mlg.usgs.gov/cgl bin/SMIC/model_home_pages/model_home?sel
FLOW equations ection=daflow
DEM Dynamic Estuary Model [22] http://sdi.odu.edu/mbin/wasp/dos/dynamic_estuary_model_dynhyd5.pdf
DELFT3D DELFT 3-D Model [23] http://www.deltaressystems.com/hydro/product/621497/delft3d-suite
Distributed Routing Rainfall- http://smig.usgs.gov/cgi-bin/SMIC/model_home_pages/model_home?sel
DR3M [24] L
Runoff Model ection=dr3m
DYNLET Dynamlcf:]:vr\}a;'?rzlgr the tidal [25] http://chl.erdc.usace.army.mil/chl.aspx?p=s&a=SOFTWARE;30
ECOM-3D Estuarine Coastal and Ocean Model [26,27]  http://www.hydroqual.com/ehst_env_hyd.html
EFDC Environmental Fluid Dynamics Code [28] http://www.epa.gov/ceampubl/swater/efdc/index.html
http://books.google.com/books?id=GtfEBCUDhHwWC&pg=PA171&Ipg=
EHSM3D Three-Dimensional Estuarine [29] PA171&dg=EHSM3D+sheng&source=bl&ots=PqqCbnulk4&sig=14JrY5

Hydrodynamic Software Model

gHC1z9cl-dbs8oUNUXXJA&hI=en#v=onepage&q=EHSM3D%20sheng
&f=false
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EPA Screening
Procedures

EXPLORE-1

FETRA

GEMSS

GEOSFM

GLLVHT

GNOME

GSSHA

HEC-HMS
HEC-RAS

HOTDIM

HSCTM2D

HSPF

ICWater

John Paul’s
Model

MECCA

MIKE11

MIKE-21

MIKE-3

MIKE-SHE

MIT Model

Water Quality Screening for Toxic
and Conventional Pollutants

Quasi 2-D Tidal Flow Model

Finite Element Transport
Generalized Environmental Modeling
System for Surface waters-Hydrodynamic
Module

Geospatial Stream Flow Model

Generalized, Longitudinal-Lateral-
Vertical Hydrodynamics and Transport

General NOAA Operational
Modeling Environment

Gridded Surface Subsurface
Hydrologic Analysis

Hydrologic Modeling System
River Analysis System
Hydro Dynamics of Three Dimension

Hydrodynamic, Sediment, and
Contaminant Transport Model

Hydrological Simulation Program

Incident Command Tool for Drinking
Water Protection

Water quality model

Model for Estuarine and Coastal
Circulation Assessment

Generalized Modeling Package-
1D-Hydrodynamics

Generalized Modeling Package-
2D-Hydrodynamics

Generalized Modeling Package-
3D-Hydrodynamics

MIKE-Systeme Hydrologique
Européen (SHE)

M. I. T. Transient Water Quality
Network Model

[30,31]

[32]

[33,34]

[35]

[36]

371

[38]

[39]
[40]
[41]

[42]

[43]

[44]

[46]

[47,48]

[49]

[50]

[51]

[>2]

[53]

[54]

http://www.epa.gov/waterscience/library/modeling/wgascreenpartl.pdf
http://water.epa.gov/scitech/datait/models/upload/2009_01_13_models_
waascreenpart2.pdf
http://nepis.epa.gov/Exe/ZyNET.exe/2000HM67.TXT?ZyActionD=ZyD
ocument&Client=EPA&Index=1981+Thru+1985&Docs=&Query=
&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEn-
try=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQ
FieldOp=0&ExtQFieldOp=0&XmIQuery=&File=D%3A%5Czyfiles%5
CIndex%20Data%5C81thru85%5CTxt%5C00000003%5C2000HM67.
txt&User=ANONYMOUS&Password=anonymous&SortMethod=h%7C-
&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=r75g8/
r75g98/x150y150916/i425&Display=p%7Cf&DefSeekPage=x&SearchBa
ck=ZyActionL&Back=ZyActionS&BackDesc=Results%20page&
MaximumPages=1&ZyEntry=1&SeekPage=x&ZyPURL

http://www.osti.gov/bridge/product.biblio.jsp?osti_id=5951347

http://www.erm-smg.com/gemss.html

http://earlywarning.usgs.gov/fews/geosfm.php

http://www.erm-smg.com/gemss.html

http://response.restoration.noaa.gov/gnome

http://chl.erdc.usace.army.mil/gssha

http://www.hec.usace.army.mil/software/hec-hms/index.html
http://www.hec.usace.army.mil/software/hec-ras/

Tennessee Valley Authority
http://www.epa.gov/ceampubl/swater/hsctm2d/index.html
http://www.epa.gov/ceampubl/swater/hspf/index.html
http://eh20.saic.com/icwater/

http://books.google.com/books?id=tHICGyOoK10oC&pg=PA709&Ipg=P
AT709&dg=john+paul's+water+quality+model&source=bl&ots=S-nSK70
Ilvs&sig=7Gk-YxIzZEZ_a7vnP_Eqz0TI-hg&hl=en#v=onepage&g=john

%20paul's%20water%20quality%20model &f=false

http://www.nauticalcharts.noaa.gov/csdl/publications/TR_NOS-CS05_F
Y00_Hess_ MECCA2.pdf

http://www.dhisoftware.com/sitecore/content/Microsites/ MIKEbyDHI/Pr
oducts/WaterResources/MIKE11.aspx

http://www.dhisoftware.com/sitecore/content/Microsites/MIKEbyDHI/Pr
oducts/CoastAndSea/MIKE21.aspx

http://www.dhisoftware.com/sitecore/content/Microsites/MIKEbyDHI/Pr
oducts/CoastAndSea/MIKE3.aspx

http://www.dhisoftware.com/sitecore/content/Microsites/MIKEbyDHI/Pr
oducts/WaterResources/MIKESHE.aspx

http://yosemite.epa.gov/water/owrccatalog.nsf/9da204a4b4406ef885256a
€0007a79c7/18af4d194895d1a58525700500662f14!OpenDocument

Copyright © 2013 SciRes.
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Continued
http://books.google.com/books?id=tHICGyOoK10C&pg=PA689&Ipg=P
NELEUS Hydrodynamics and transport for [55-57] A689&dg=NELEUS+water+model&source=hl&ots=S-nSK70lqx&sig=h
water quality Uu8JeYmMKZ-KyopCX683QJV6sCw&hl=en#v=onepage&q=NELEUS%
20water%20model &f=false
One-Dimensional Transport with .
OTEQ Equilibrium Chemistry [58] http://water.usgs.gov/software/OTEQ/
One-Dimensional Transport with .
OTIS Inflow and Storage [59] http://water.usgs.gov/software/OTIS/
POM Princeton Ocean Model [26,27]  http://www.ao0s.princeton.edu/WWWPUBLIC/htdocs.pom/
flsmi i-bi 2
PRMS Precipitation-Runoff Modeling System [60] http.//s_mlg.usgs.gov/cgl bin/SMIC/model_home_pages/model_home?sel
ection=prms
QUAL2K River and Stream Water Quality Model [61,62] http://www.epa.gov/athens/iwwagtsc/html/qual2k.html
Quantitative Water Air Sediment http://www.trentu.ca/academic/aminss/envmodel/models/QWASI310.ht
QWASI ; [63]
Interaction Model ml
RMA2 http://chl.erdc.usace.army.mil/rma2
RMA10 Resource Management Associates [64] http://chl.erdc.usace.army.mil/rmal0
RAM4 http://chl.erdc.usace.army.mil/rma4
A Mathematical Model to Predict the
RECOVERY Temporal Response of Surface Water [65] http://el.erdc.usace.army.mil/elmodels/pdf/w-94-4.pdf
to Contaminated Sediments
http://books.google.com/books?id=tHICGyOoK10oC&pg=PA308&Ipg=P
RIVMOD-H River Hydrodynamics Model [66] A308&dg=RIVMOD-H&source=bl&ots=S-nSK70Ko0s&sig=RRs3sep3Z
MgNunaBvVjXVdNxMiQ&hl=en#v=onepage&q=RIVMOD-H&f=false
ROMS Regional Ocean Model System [67] http://www.myroms.org/
SED-2D Two-Dlmens!onaI, vertically [68] http://chl.erdc.usace.army.mil/sed2d
averaged sediment transport
Spreadsheet-based Ecological Risk . .
SERAFM Assessment for the Fate of Mercury [69] http://www.epa.gov/ceampubl/swater/serafm/index.html
Sediment Transport and
SEDZL Contaminant Transport Model [70.71]  www.epa.gov
SERATRA Sediment Contaminant Transport Model [34,72]  http://nepis.epa.gov/Exe/ZyPURL.cgi?Dockey=2000HM49.txt
System for Hazard Assessment of http://www.asascience.com/asasearch/services/defense/SHARC_Tech-br
SHARC . [73]
Released Chemicals ochure.pdf
Surface Water Modeling . .
SMS Simulation [74] http://chl.erdc.usace.army.mil/sms
Two-dimensional simulation of .
SIMSYS2D hydrodynamics and water quality [75-77]1  http://www.rand.org/pubs/papers/P6646.html
SWMM Storm Water Management Model [78] http://www.epa.gov/nrmrl/wswrd/wg/models/swmm/index.htm
TRIM Tidal, Residual, Intertidal Mudflat [79]
WASP Water Qualltéggﬂﬁls Simulation [80,81]  http://www.epa.gov/athens/wwaqtsc/html/wasp.html
. . http://books.google.com/books/about/User_Guide_for WIFM_SAL_WE
WIFM-SAL WES Implicit Flooding Model-SAL [82] S_Implicit_FloX html2id=FZnRNWAACAA)
WQMAP Water Quality Mapping and [83] http://asascience.com/software/wgmap/index.shtml

Analysis Package
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Table 4. Comparative features and functionality of water contamination models.

Degree of Temporal Spatial

Model Model Environment Analysis Availability Variability Resolution Processes Water Quality Support
2 2
= = 5 3
. Ez iz .z =g 3 3 3 58 £ ¢ s 3
S g s5C g s 8 ts2g 280003t s g gl
x 4% g & 553 4&8 8§ e T g g®ee 2 8 8 3
8 = o g2 < & % & E T 5 O m g (%_ §
= ; 5 B
S5 D
AQUATOX ¢ 7 ¥ ¥ v ¥ ¥ ¥ ¥ ¥ v
ADCIRC ¥ v ¥ v v v o v v ¥ v
Bathtub v v v v v ¥ v v
BLTM ¥ v v v v v < v ¥
BRANCH v ¥ < v v v ¥ v v ¥
CAFEX v & 4 v ¥ v ¥ ¥ v
CE-QUAL-ICM v v v Y ¥ ¥ ¥ ¥ ¥ 4 v < v ¥ ¥
CE-QUAL-R1 v v ¥y ¥ ¥ ¥ ¥ v < Yy ¥ ¥
CE-QUAL-RIV1 « v Yy ¥ ¥ ¥ ¥ ¥ ¢ v ¥
CE-QUAL-W2  « v v ¥y ¥ v ¥ v vy ¥ v ¥
CH3D-WES v v ¥ ¥ v ¥ vy ¢ « v v ¥ v ¥
CHEN’s Model  « Y v v v ¥ v ¥ v v
CMS v v v v v ¥ ¥ v ¥
CTAP ¥ ¥ ¥ v ¥ v
DAFLOW ¥ v ' ¥ v ¥
DEM 4 v v v v Y v v
DELFT3D ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ Yy ¥ ¥ ¥ ¥ ¥ ¥
DR3M v v v v v v v ¥
DYNLET ¥ v v v ¥ v ¥
ECOM-3D v ¥ 4 v v ¥ ¥ ¥ ¥ v
EFDC v ¥ < v ¥ ¥ ¥ v ¥ ¥y v < v ¥ <
EHSM3D v ¥ v ¥ v v v ¥ v
EPA Screening
Procedures v ¥ v ¥ v ¥ ¥ v ¥ ¥ ¥ ¥ v
EXPLORE-1 v v v v v v v ¥ v
FETRA v v o V4 ¥ v < W v
GEMSS v ¢ ¥ & ¥ v F W ¢ 7 v v
GEOSFM ¥ v v v ¥ ¥ v v ¥
GNOME v ¥ v v v ¥ v v v ¥
GSSHA v v ¥ v ¥ v
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Continued

HEC-HMS 4 4 v v v v ¥
HEC-RAS ¥ ¥ W v v v ¢
HOTDIM v v ¥ ¥ v v ¥ ¥
HSCTM2D v ¥ v ¥ ¥ ¥ v ¥ v ¥ ¥
HSPF v v ¢ ¢ v v ¥ ¥
ICWater 4 s 4 v 4 ¢ ¢
‘,1\223 eITauI's v ¥ v ¥ v ¥ ¢ ¥

MECCA 4 v 4 v ¥ ¥ W ¥+ 4
MIKE11 4 "4 4 s v ¥y v v ¥ ¥ v
MIKE-21 v L4 4 4 ¥ ¥ v ¥y ¥ ¥ ¥y ¥ ¥
MIKE-3 v ¥ ¥ v v v v ¥ v v ¥ ¥ v ¥ ¥
MIKE-SHE 4 s 4 ¥ ¥ s 4 4
MIT Model ¥ ¢ v <+ 4
NELEUS v 4 v ¥ 04 v ¥ ¥
OTEQ v < ¥ v v 4 v ¥
OTIS ¥ v ¥ ¥ v 4 v ¥
PRMS v ¥ ¥ 4 v ' s v 7
QUAL2K 4 ¥ ¥ ¥ ¥ ¥ ¥ ¥ v ¥
QWASI s v 4 v v
RMA2 v ¥ ¥ ¥y ¥ v ¥ ¥ ¥ v v ¥
RMA10 v ¥ 4 ¥+ o ¥ ¥+ v
RAM4 vy ¥ v ¥ ¥y ¥ ¥ s v v v ¥
RECOVERY v v ¥ ¥y ¥ v ¥ v
RIVMOD-H v v v ¥ ¥y ¥ ¥ v v
ROMS + ¢ 4 ¢ ¥ ¥ « 4
SED-2D v v v ¥ < 4 v
SEDZL v s v ¥ v 4 v v ¥ ¥
SERATRA v ¥ ¥ ¥ v v ¥ v v
SHARC v v ¥ v v ¢ ¥ ¢ ¥
SMS v ¥ v v v ¥
SIMSYS2D v 4 4 v ¥ v

SWMM v v ¥ Yy ¥ v ¥ ¥ v ¥
TRIM ¥ ¥ 4 v v ¥ v v ¥

WASP < ¥ v & v ¢ v
WIFM-SAL v v ¥ v ¥ v ¥ v ¥
WQMAP v ¥ ¥ ¥ ¥ v ¥ ¥ v ¥
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The selection of these models is based on meeting a spe-
cific modeling objective (e.g., a toxic spill in a river af-
fecting drinking water supplies downstream).

The major differentiators between the models identi-
fied in this report is the way they handle spatial and tem-
poral dimensions and how they model the fate and
transport processes. Not all models, however, are appro-
priate under all conditions. They vary greatly with re-
spect to their analytical approach, underlying assump-
tions, data needs, and output capacity. The process of
selecting a model is not limited to evaluating the model
science. The level of sophistication required in a model-
ing study reflects constraints such as:

Accuracy required.

Allotted time frames for study completion.
Availability and reliability of input data.

Training and expertise required for model operation.
These constraints and others combine to determine
whether modeling is an appropriate tool for achieving the
objectives, which model is the best choice for application
and the limitations in interpreting the model results. Con-
fidence in model results is based on the quality of data
used to construct the model, the capabilities of the mod-
eler, and the proven ability of the model to simulate ob-
served phenomena [84]. For the development of the
model selection criteria, issues addressed by the National
Research Council [85], Environmental Protection Agency

[86] and criteria discussed in the literature were reviewed.

The following three issues were addressed in developing
the model selection criteria:

o Model characteristics.

e Input data.

o Technical expertise.

4.1. Model Characteristics

The choice of the appropriate level of model complexity
is determined in large measure by the nature of problem.
The ability to model the transport, transformation and
fate of sediments and interacting contaminants in surface
water systems rests upon the ability to select a model or
models which appropriately represents the most signifi-
cant processes controlling the system. Since model stud-
ies are most often conducted under economically impos-
ed constraints, including personnel, model software avail-
ability, computer hardware limitations, and the availabil-
ity of field data for model calibration and validation,
modeling strategies often necessitate selection of a model
which meets minimum, but acceptable, criteria for proc-
ess representation. The model selection criteria are orga-
nized into three categories as described below:

Application criteria specify the nature and intent of
the analysis to be performed. The application criteria for
model selection are based primarily on:
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o Consistency of the model with the scientific theory.

o Model appropriateness for the complexity of the pro-
blem.

o Identification of the problem.

¢ Relationship of the model to the problem.

¢ Auvailability in public domain.

Technical criteria specify the site-specific processes
to be simulated by the model. The technical criteria for
model selection are based primarily on:

e Physical mixing and transport processes.

e Biological, chemical, and physical degradation and
transformation processes.

o Geometry and/or dimensionality and time variability
of the system.

e Temporal and spatial scales and extent of the models.

Content, accuracy, currency and resolution of data

available for modeling.

Quantification of the uncertainty.

Model is consistent with the amount of data available.

Solution scheme examination.

Model calibration and validation.

Compatibility with Geographic Information System

(GIS).

e Ease of output comprehension (e.g. graphs, maps,
etc.).

Operational criteria specify the quality assurance
(QA) and documentation requirements. The operational
criteria are related to the degree of quality assurance (QA)
and documentation to which a model has been subjected.
o Availability of test problems for comparison either in

the user’s manual or from the source where the model

was obtained.

e Proven track record for the model—model must have
been applied and calibrated to real world problems
rather than have been developed and applied in theo-
retical hypothesis testing.

o Flexible for future updates and improvements.

e Cost for annual model support is an acceptable long-
term expense.

4.2. Input Data to Support the Model

The model data plays a crucial role in the model selec-

tion process. For water contamination modeling, three

types of data are required.

e Input data.

o Data for calibrating the model.

o Data for validating the results.
Issues pertaining to assembling and entering data into

the model include the following:

o Existence of data.

o Collection of data (data collection is a resource inten-
sive exercise which can be a critical factor during
emergencies).
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o Auvailability of data (public vs. proprietary; classified
vs. unclassified).
Accessibility of data (hardcopy vs. electronic).
Format of the data (pre-processing of data in model
compatible format).

4.3. Expertise of the Modeler

A typical modeling application requires data collection,
data preparation, model simulations, results interpretation,
and model reporting. All these steps are dependent on the
expertise of the modeler. Expertise of the modeler will
have a major impact on model results.

Staff resources are also a major consideration in mod-
eling. Familiarity of the modeler with a particular type of
model (e.g., finite element versus finite difference), or
direct experience with a model sometimes get considered
as a factor in the model selection. But in no case, how-
ever, should familiarity with a model dictate its selection
when it does not satisfy the objective, technical, and im-
plementation criteria.

5. Summary and Conclusions
5.1. Model Evaluation Criteria

Modeling strategies often necessitate selection of a mod-
el which meets minimum but acceptable evaluation crite-
ria. The current model evaluation criteria are based on
the information collected and analyzed. The evaluation
criteria include the following:

Application Evaluation for model selection consists
of the following parameters:
e Model/software availability and cost.
e Computer hardware limitations.
e Methods—Modeling approaches for the major proc-

esses flow, chemical fate and transport processes.
e Output—Type of outputs and output options, Level of

outputs.

e User Interface—Input helpers, windows based or raw

edits of input files, GIS interface for data.

Technical Evaluation for the model selection in-
cludes the following parameters:
e Model Environment—River, lake, estuary, ocean,

watershed.
o Degree of Analysis—Screening, intermediate, advan-
ced.
Availability—Public, proprietary.
Type—Steady state, dynamic.
Level of Complexity—1-D, 2-D, 3-D.
Processes—Flow, transport, both.
Water Quality—Chemical, biological, radiological, sedi-
ment.
Scale—Spatial, temporal.
e Input data required for model simulation, calibration
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and validation.

o Data—Data requirements and sources, level of accu-
racy of the data.

Operational Evaluation for the model selection in-
cludes the following parameters:

e Supporting Materials—Example input and output da-
ta sets, Identification of sensitive input parameters,
calibration procedures for field measurements, con-
tinuing education and training.

o Availability and user friendliness of the interface for
ease of input preparation.

o GIS linkage—for large modeled areas.

e Model Availability—Model contacts, documentation,
source availability, version tracking.

5.2. Data as Evaluation Criteria

For Outside the Continental United States (OCONUS)
riverine, estuarine, and ocean modeling applications, data
can be a limiting factor.

o Availability of data in foreign countries can be a lim-
iting factor, especially in regions of conflict. For ex-
ample, no hydrological data has been collected in
Afghanistan after 1979.

e Collection and preparation of data even for a simple
model requires time. This is particularly important in
emergency situations where fate and transport of
contaminants is required immediately for a proper
response. Therefore, focus on data should also be an
important factor in model selection.

e Language is a major barrier for data collection in for-
eign countries. Usually countries collect data in their
national language and rarely is it available online or
translated into the English language.

e Data may be collected only for the main reaches of
major rivers or estuaries. Data for other hydrological
parameters (depth, width, velocity, roughness coeffi-
cients etc.) may not available.

¢ In many developing countries data is not freely avail-
able. In many countries because of unresolved trans-
boundary issues data is not freely distributed.

o In developing countries hydrologic data is more avail-
able than water quality data because of resource de-
velopment and management.

5.3. Technical Expertise as Evaluation Criteria

Technical expertise of the modeler should be considered
as part of the evaluation criteria. The modeler is the hu-
man interface in the whole modeling exercise. The mod-
eler not only runs the model but also calibrates the model,
validates the results, and interprets the output. The fol-
lowing criteria should be considered for the technical
expertise evaluation:
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o Level of technical expertise needed to run the selected
model.

e Manpower required to run the model.

e Training requirements.

o IT support for the model.

5.4. Additional Criteria

A critical requirement of several government agencies is
to acquire the capability to model “unusual events” in the
aquatic environment. These “unusual events” have cer-
tain modeling and data unknowns as illustrated below.
These unknowns are the limiting factors for model selec-
tion.
o Site characteristics.
e Sources of contamination—point, polygon, instanta-
neous, continuous.
o Release rate of contaminants.
e Deposition rate of contaminants.
e Data.
o0 Availability and accessibility of data.
0 Sources of data.
o0 Format of data.

6. Acknowledgements

The authors wish to thank Dr. Alan Blumberg and Dr.
Walter Grayman for their comments, reviews and sug-
gestions regarding this study.

REFERENCES

[1] D.R. Maidment, “Handbook of Hydrology,” McGraw-Hill,
Inc., New York, 1992, p. 1992.

[2] S.C. Chapra, “Surface Water Quality Modeling,” McGraw-
Hill Inc., New York, 1997, p. 844.

[3] EPA, “AQUATOX for Windows: A Modular Fate and
Effects Model for Aquatic Ecosystems (Release 1), Vol.
3,” Model Validation Reports, Office of Water, Wash-
ington DC, 2000.

[4] R. A. Luettich Jr., J. J. Westerink and N. W. Scheffner,
“ADCIRC: An Advanced Three-Dimensional Circulation
Model for Shelves Coasts and Estuaries, Report 1: Theory
and Methodology of ADCIRC-2DDI and ADCIRC-3DL,”
Dredging Research Program Technical Report DRP-92-6,
US Army Engineers Waterways Experiment Station, Vick-
sburg, 1992, p. 137.

[5] W.W. Walker, “Empirical Methods for Predicting Eutro-
phication in Impoundments: Report 3, Phase Ill: Model
Refinements. Technical Report E-81-9,” US Army Engi-
neer Waterways Experiment Station, Vicksburg, 1985.

[6] W.W. Walker, “Empirical Methods for Predicting Eutro-
phication in Impoundments; Report 3, Phase I11: Applica-
tions Manual. Technical Report E-81-9,” US Army Engi-
neer Waterways Experiment Station, Vicksburg, 1986.

[7] H. E. Jobson, “Enhancements to the Branched Lagrangian

Copyright © 2013 SciRes.

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

Transport Modeling System,” US Geological Survey,
Reston, 1997.

H. E. Jobson and D. H. Schoellhamer, “Users Manual for
a Branched Lagrangian Transport Model,” US Geological
Survey, Reston, 1987.

R. W. Schaffranek, “Flow Model for Open-Channel Reach
or Network,” U.S. Geological Survey Professional Paper
1384,” 1987, p. 12.

J. D. Wang and J. J. Connor, “Mathematical Modeling of
Near Coastal Circulation, Report No. 217,” Massachu-
setts Institute of Technology, Department of Civil Engi-
neering, Cambridge, 1975.

C. F. Cercoand T. Cole, “User’s Guide to the CE-QUAL-
ICM Three-Dimensional Eutrophication Model, Release
Version 1.0, Technical Report EL-95-15,” US Army En-
gineer Waterways Experiment Station, Vicksburg, 1995:

Environmental Laboratory, “CE-QUAL-R1: A Numerical
One-Dimensional Model of Reservoir Water Quality; Us-
ers Manual, Instruction Report E-82-1," US Army Engi-
neer Waterways Experiment Station, Vicksburg, 1986.

Environmental Laboratory, “CE-QUAL-RIV1 (ver 2): A
Dynamic One-Dimensional (Longitudinal) Water Quality
Model for Streams, User’s Manual, Instruction Report,”
US Army Corps of Engineers Waterways Experiment
Station, Vicksburg, 1995.

T. M. Cole and E. M. Buchak, “CE-QUAL-W2: A Two-
Dimensional, Laterally Averaged, Hydrodynamic and
Water Quality Model, Version 2.0. Technical Report EL-
95-1,” US Army Corps of Engineers, Waterways Expe-
riment Station, Vicksburg, 1995, p. 75.

Environmental and Hydraulics Laboratories, “CE-QUAL-
W?2: A Numerical Two-Dimensional, Laterally Averaged
Model of Hydrodynamics and Water Quality, Instruction
Report E-86-5,” US Army Corps of Engineers Waterways
Experiment Station, Vicksburg, 1986.

Y. P. Sheng and H. L. Butler, “A Three-Dimensional
Mathematical Model of Coastal, Estuarine and Lake Cur-
rents, Technical Memorandum, 82-07,” Aeronautical Re-
search Associates, Princeton, 1982.

H. S. Chen, “A Mathematical Model for Water Quality
Analysis,” Proceedings American Society of Civil Engi-
neers, Hydraulics Division, Specialty Conference on
Verification of Mathematical Models and Physical Mod-
els in Hydraulic Engineering, American Society of Civil
Engineers, New York, 1978.

S. Fant and M. S. Dortch, “Documentation of a One-
Dimensional, Time Varying Contaminant Transport and
Fate Model for Streams,” ERDC/EL TR-07-1, US Army
Engineer Research and Development Center, Vicksburg,
2007.

R. L. Doneker and G. H. Jirka, “CORMIX User Manual:
A Hydrodynamic Mixing Zone Model and Decision Sup-
port System for Pollutant Discharges into Surface Wa-
ters,” EPA-823-K-07-001, 2007.
http://www.mixzon.com/downloads/

EPA, “Technical Guidance annual for Performing Waste
Load Allocations, Book Il Streams and Rivers, Chapter 3,
Toxic Substances, EPA-440/4-84-022,” Office of Water

JWARP



[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

R.BAHADUR ET

Regulations and Standards, Washington DC, 1984.

H. E. Jobson, “Users Manual for an Open-Channel
Stream Flow Model Based on the Diffusion Analogy: US
Geological Survey Water-Resources Investigations Re-
port 89-4133,” US Geological Survey, Reston, 1989, p.
73.

K. D. Feinger and H. S. Harris, “Documentation Report-
FWQA Dynamic Estuary Model,” US Environmental
Protection Agency, Water Quality Office, Washington,
DC, NTIS No. PB 197 103, 1970.

Deltares, 2012.
http://www.deltaressystems.com/hydro/product/621497/d
elft3d-suite

W. M. Alley and P. E. Smith, “Distributed Routing Rain-
fall-Runoff Model, Version Il, US Geological Survey
Open-File Report 82-344,” 1982, p. 233.

USACE, “DYNLET Mode,” 2012.
http://chl.erdc.usace.army.mil/chl.aspx?p=s&a=SOFTWA
RE;30

A. F. Blumberg and G. L. Mellor, “A Description of a
Three-Dimensional Coastal Ocean Circulation Model, in
Three-Dimensional Coastal Ocean Models, Coastal and
Estuarine Sciences,” AGU, Washington DC, 1987, pp. 1-
16.

G. Mellor, “User’s Guide for a Three-Dimensional, Pri-
mitive Equation, Numerical Ocean Model,” Princeton Uni-
versity, Princeton, 1990.

J. M. Hamrick, “A User’s Manual for the Environmental
Fluid Dynamics Computer Code (EFDC),” Special Re-
port 331, The College of William & Mary, Williamsburg,
1996.

Y. P. Sheng, “A Three-Dimensional Mathematical Model
of Coastal, Estuarine and Lake Currents Using Boundary
Fitted Grid, Report. 585,” Aeronautical Research Asso-
ciation, Princeton, 1986.

USEPA, “Water Quality Assessment: A Screening Pro-
cedure for Toxic and Conventional Pollutants,” Office of
Research and Development, Athens, 1985.

W. B. Mills, J. D. Dean, D. B. Porcella, S. A. Gherini, R.
J. M. Hudson, W. E. Frick, G. L. Rupp and G. L. Bowie,
“Water Quality Assessment: A Screening Procedure for
Toxic and Conventional Pollutants. EPA-600/6-82-004a
and b. Volumes | and II,” US Environmental Protection
Agency, Washington DC, 1982.

R. G. Baca, W. W. Waddel, C. R. Cole, A. Brandsetter,
and D. B. Cearlock, “EXPLORE-1: A River Basin Water
Quality Model,” Battelle Pacific Northwest Laboratories,
Richland, 1973.

Y. Onishi, “Sediment Contaminant Transport Model,”
Journal of the Hydraulics Division, Proceedings of the
American Society of Civil, Vol. 107, No. HY9, 1981.

Y. Onishi, “Mathematical Simulation of Sediment and
Radionuclide Transport in the Columbia River. BNWL-
2228,” Battelle Pacific Northwest Laboratories, Richland,
1977, p. 93.

J. E. Edinger and E. M. Buchak, “Numerical Waterbody
Dynamics and Small Computers,” Proceedings of ASCE
1985 Hydraulic Division Specialty Conference on Hy-

Copyright © 2013 SciRes.

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

AL. 153

draulics and Hydrology in the Small Computer Age,
American Society of Civil Engineers, Lake Buena Vista,
13-16 August 1985.

K. O. Asante, G. A. Artan, S. Pervez, C. Bandaragoda,
and J. P. Verdin, “Technical Manual for the Geospatial
Stream Flow Model (GeoSFM): US Geological Survey
Open-File Report 2007-1441,” US Geological Survey,
Reston, 2008, p. 65.

E. M. Buchak and J. E. Edinger, “Generalized, Longitu-
dinal-Vertical Hydrodynamics and Transport: Develop-
ment, Programming and Applications. Contract No. DA
CW39-84-M-1636,” US Army Corps of Engineers Wa-
terways Experiment Station, Vicksburg, 1984.

C. J. Beegle-Krause, “General NOAA Qil Modeling En-
vironment (GNOME): A New Spill Trajectory Model,”
I0SC 2001 Proceedings, Tampa, 26-29 March 2001, pp.
865-871.

C. W. Downer and F. L. Ogden, “Gridded Surface Sub-
surface Hydrologic Analysis (GSSHA) User’s Manual
Version 1.43 for Watershed Modeling System 6.1,” 2006.

Hydrologic Engineering Center, “HEC-HMS Hydrologic
Modeling System User’s Manual, Version 3.5, Computer
Program Document CPD-74A,” US Army Corps of En-
gineers, Davis, 2010.

HEC, “HEC-RAS River Analysis System User’s Manual
Version 4,” US Army Corps of Engineers Hydrologic
Engineering Center, Davis, 2008.

W. R. Waldrop and F. B. Tatom, “Analysis of the Ther-
mal Effluent from the Gallatin Steam Plant during Low
Flows, Report. 33-30,” Tennessee Valley Authority, Nor-
ris, 1976.

E. J. Hayter and A. J. Mehta, “Modeling Cohesive Sedi-
ment Transport in Estuarial Waters,” Applied Mathema-
tical Modelling, Vol. 10, 1986, pp. 294-303.

E. J. Hayter, M. A. Bergs, R. Gu, S. C. McCutcheon, S. J.
Smith and H. J. Whiteley, “HSCTM-2D, a Finite Element
Model for depth-Averaged Hydrodynamics, Sediment and
Contaminant Transport,” National Exposure Research
Laboratory, Office of Research and Development, UE
Environmental Protection Agency, Athens.

B. R. Bicknell, J. C. Imhoff, J. L. Kittle Jr., A. S. Do-
nigian Jr. and R. C. Johanson, “Hydrological Simulation
Program-Fortran, User’s Manual for Version 11,” US En-
vironmental Protection Agency, National Exposure Re-
search Laboratory, Athens, 1997, p. 755.

W. B. Samuels, R. Bahadur, M. Monteith, D. Amstutz, J.
Pickus, K. Parker and D. Ryan, “NHD, RiverSpill and the
Development of the Incident Command Tool for Drinking
Water Protection (ICWater),” Water Resources Impact,
Vol. 8, No. 2, 2006, pp. 15-18.

J. P. Paul and J. A. Nocito, “Numerical Model for Three-
Dimensional Variable Density Hydrodynamic Flows, Do-
cumentation of the Computer Program,” US Environ-
mental Protection Agency, Duluth, 1985.

J. P. Paul and J. A. Nocito, “Numerical Model for Three-
Dimensional Variable Density Hydrodynamic Flows, Do-
cumentation of the Computer Program,” US Environ-
mental Protection Agency, Duluth, 1989.

JWARP



154

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

R.BAHADUR ET

K. W. Hess, “MECCA Programs Documentation,” NOAA
Technical Report NESDIS 46, National Oceanic and At-
mospheric Administration, Washington DC, 1989.

Danish Hydraulic Institute, “MIKE 11 Reference Manual,
Appendix A. Scientific Background,” Danish Hydraulic
Institute, Harsholm, 2001.

Danish Hydraulic Institute, “MIKE 3 FM, User Guide and
Reference Manual,” Danish Hydraulic Institute, Hgrsholm,
2003.

Danish Hydraulic Institute, “MIKE 21 Flow Model, Hy-
drodynamic Module, User Guide,” Danish Hydraulic In-
stitute, Harsholm, 2007.

Danish Hydraulic Institute, “MIKE-SHE Volume | User
Guide, User Guide,” Danish Hydraulic Institute, Heor-
sholm, 2007.

D. R. F. Harleman, J. E. Dailey, M. L. Thatcher, T. O.
Najarian, D. N. Brocard and R. A. Ferrara, “User’s Man-
ual for the MIT. Transient Water Quality Network Model
Including Nitrogen Cycle Dynamics for Rivers and Estu-
aries,” EPA-600/3-77-010, US Environmental Protection
Agency, Corvallis, 1977.

N. D. Katopodes and T. Strelkoff, “Two-Dimensional
Shallow Wave Models,” Journal of Engineering Me-
chanics (ASCE), Vol. 105(EM2), 1979, pp. 317-114.

N. D. Katopodes, “A Dissipative Galerkin Scheme for
Open Channel Flow,” Journal of Engineering Mechanics
(ASCE), Vol. 110(HY4), 1984, pp. 450-466.

N. D. Katopodes, “Two-Dimensional Surges and Shocks
in Open Channels,” Journal of Engineering Mechanics
(ASCE), Vol. 110, No. 6, 1984, pp. 794-812.
doi:10.1061/(ASCE)0733-9429(1984)110:6(794)

R. L. Runkel, “One-Dimensional Transport with Equilib-
rium Chemistry (OTEQ): A Reactive Transport Model for
Streams and Rivers,” US Geological Survey, Reston,
2010, p. 101.

R. L. Runkel, “One-Dimensional Transport with Inflow
and Storage (OTIS): A Solute Transport Model for Streams
and Rivers,” US Geological Survey Water-Resources In-
vestigations Report 98-4018, Reston,1998, p. 73.

G. H. Leavesley, R. W. Lichty, B. M. Troutman and L. G.
Saindon, “Precipitation-Runoff Modeling System: User’s
Manual,” US Geological Survey Water-Resources Inves-
tigations Report 83-4238, Reston,1983, p. 207.

S. C. Chapra, G. J. Pelletier and H. Tao, “QUAL2K: A
Modeling Framework for Simulating River and Stream
Water Quality, Version 2.07: Documentation and Users
Manual,” Tufts University, Medford, 2007.

P. Shanahan, M. Henze, L. Koncsos, W. Rauch, P. Rei-
chert, L. Somly6dy and P. Vanrolleghem, “River Water
Quality Modeling: Il. Problems of the Art,” IAWQ Bien-
nial International Conference, Vancouver, 21-26 June
1998.

D. Mackay, S. Paterson and M. Joy, “A Quantitative Wa-
ter, Air, Sediment Interaction (QWASI) Fugacity Model
for Describing the Fate of Chemicals in Rivers,” Chemos-
phere, Vol. 12, No. 9-10, 1983, pp. 1193-1208.
doi:10.1016/0045-6535(83)90125-X

I. P. King, “A Finite Element Model for Three Dimen-

Copyright © 2013 SciRes.

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

AL.

sional Flow, RMA 9150,” US Army Corps of Engineers
Waterways Experiment Station, Vicksburg, 1982.

J. M. Boyer, S. C. Chapra, C. E. Ruiz and M. S. Dortch,
“RECOVERY, a Mathematical Model to Predict the Tem-
poral Response of Surface Water to Contaminated Sedi-
ment. Technical Report. W-94-4," US Army Engineer
Waterways Experiment Station, Vicksburg, 1994, p. 61.

E. Z. Hosseinipour and J. L. Martin, “RIVMOD, a One-
Dimensional Hydrodynamic and Sediment Transport Mo-
del, Model Theory and User’s Manual,” AScl Corpora-
tion at USEPA, Athens, 1992, p. 55.

A. F. Shchepetkin and J. C. McWilliams, “The Regional
Oceanic Modeling System (ROMS): A Split-Explicit, Free-
Surface, Topography-Following-Coordinate Oceanic Mo-
del,” Ocean Modeling, VVol. 9, No. 4, 2005, pp. 347-404.
doi:10.1016/j.0cemod.2004.08.002

J. V. Letter Jr., L. C. Roig, B. P. Donnel, W. A. Thomas,
W. H. McAnally and S. A. Adamec Jr., “Users Manual
for SED2D-WES Version 4.3 Beta, a Generalized Com-
puter Program for Two-Dimensional, Vertically Averaged
Sediment Transport,” US Army Corps of Engineers Wa-
terways Experiment Station Coastal Hydraulics Labora-
tory, Vicksburg, 1998.

C. D. Knightes, “Development and Test Application of a
Screening-Level Mercury Fate Model and Tool for Eva-
luating Wildlife Exposure Risk for Surface Waters with
Mercury-Contaminated Sediments (SERAFM),” Environ-
mental Modeling& Software, Vol. 23, No. 4, 2007, pp.
495-510. doi:10.1016/j.envsoft.2007.07.002

C. K. Ziegler and B. S. Nisbet, “Long-Term Simulation of
Fine-Grained Sediment Transport in Large Reservoirs,”
Journal of Engineering Mechanics (ASCE), Vol. 121, No.
1, 1995, pp. 773-781.
doi:10.1061/(ASCE)0733-9429(1995)121:11(773)

C. K. Ziegler and B. S. Nisbet, “Fine Grained Sediment
Transport in Pawtuxet River, Rhode Island,” Journal of
Engineering Mechanics (ASCE), Vol. 120, No. 5, 1994,
pp. 561-576.
d0i:10.1061/(ASCE)0733-9429(1994)120:5(561)

Y. Onishi and S. E. Wise, “Mathematical Model SERA-
TRA, for Sediment-Contaminant Transport in Rivers and
Its Application to Pesticide Transport in Four Mile and
Wolf Creeks in lowa. EPA/600/3-82/045,” US Environ-
mental Protection Agency, Athens, 1982.

Applied Science Associates, “System for Hazard As-
sessment of Released Chemicals, Version 1.0.0 User
Guide,” Applied Science Associates, South Kingston,
20009.

SMS, 2012.
http://www.scisoftware.com/environmental_software/deta
iled_description.php?products_id=119

J. J. Leenderste, “Aspects of a Computational Model for
Long-Period Water-Wave Propagation, Memorandum Re-
port No. RM-5294-PR,” US Air Force Project RAND,
Rand Corp, Santa Monica, 1967.

J. J. Leenderste, “A Water Quality Simulation Model for
Well Mixed Estuaries and Coastal Seas: Vol. 1, Principles
of Computation, Report No. RM-6230-RC,” Rand Corp.,
Santa Monica, 1970.

JWARP


http://dx.doi.org/10.1061/(ASCE)0733-9429(1984)110:6(794)�
http://dx.doi.org/10.1016/0045-6535(83)90125-X�
http://dx.doi.org/10.1016/j.ocemod.2004.08.002�
http://dx.doi.org/10.1016/j.envsoft.2007.07.002�
http://dx.doi.org/10.1061/(ASCE)0733-9429(1995)121:11(773)�
http://dx.doi.org/10.1061/(ASCE)0733-9429(1994)120:5(561)�

(7]

[78]

[79]

(80]

[81]

R.BAHADUR ET AL.

J. J. Leenderste, “Aspects of SIMSYS2D, a System for
Two-Dimensional Flow Computation, Report No. R-
3572-USGS,” Rand Corp., Santa Monica, 1987.

L. A. Rossman, “Storm Water Management Model User’s
Manual Version 5.0. EPA/600/R-05/040,” US Environ-
mental Protection Agency, Cincinnati, 2010.
http://www.epa.gov/nrmrl/wswrd/wg/models/swmm/epas
wmmb_user_manual.pdf

R. T. Cheng, V. Casulli and J. W. Gartner, “Tidal, Resid-
ual, Intertidal Mudflat (TRIM) Model and Its Applica-
tions to San Francisco Bay, California,” Estuarine, Coastal
and Shelf Science, Vol. 36, No. 3, 1993, pp. 235-280.
doi:10.1006/ecss.1993.1016

R. B. Ambrose Jr., T. A. Wool and J. L. Martin, “The
Water Quality Analysis Simulation Program, WASP5,
Part A: Model Documentation,” US Environmental Pro-
tection Agency Center for Exposure Assessment Model-
ing, Athens, 1993.

R. B. Ambrose Jr., T. A. Wool and J. L. Martin, “The
Water Quality Analysis Simulation Program, WASPS5,
Part B: Model Documentation,” US Environmental Pro-

Copyright © 2013 SciRes.

(82]

(83]

[84]

(85]

(86]

155

tection Agency Center for Exposure Assessment Model-
ing, Athens, 1993.

R. A. Schmalz, “User Guide for WIFM-SAL: A Two-
Dimensional Vertically Integrated, Time Varying Estua-
rine Transport Model,” US Army Corps of Engineers
Waterways Experiment Station, Vicksburg, 1985.

Applied Science Associates, “WQMap User Manual, Ver-
sion 5.0,” Applied Science Associates, South Kingston,
2004,

WERF, “Water Quality Models: A Survey and Assess-
ment,” WERF Project#99-WSM-5, South Kingston, 2001.

NAP, “Assessing the TMDL Approach to Water Quality
Management, Page 69,” National Academy Press, Wash-
ington DC, 2001. http://www.nap.edu/catalog/10146.html

US EPA, “Selection Criteria for Mathematical Models
Used in Exposure Assessments: Surface Water Models,”
US Environmental Protection Agency, Washington DC,
1987.
http://nepis.epa.gov/Exe/ZyPURL.cgi?Dockey=30001GJ
B.txt

JWARP


http://dx.doi.org/10.1006/ecss.1993.1016�

