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Abstract

Optimal operation of water reclamation facilities (WRFs) isaai for an indirect potable reuse

(IPR) system, especially when the reclaimed water constdutesnaj or por ti on of
safe yield. It requires timely and informed decisimaking in response to the fluctuating

operational conditions, e.g., ather patterns, plant performance, water dematicdAdvanced
integrated modelintechniques can be used to develop reliable operational strategies to mitigate

future risks associated with water quality without needing high levels of financial investment.

The Upper Occoquan Service Authority (UOSA) WRF, located in northern Virginghatiges
nitrified reclaimedwater directly into a tributary of the OccoquRaservoirone of the major

water supply sources for Fairfax Counfymong the many operationdt@lenges at UOSA, one

is to regulate the nitrate concentration in its reclaime@ma@ased on the denitrifying capacity of
the reservoir. This study presents an integrated model that is used to predict future reservoir
conditions based on the weather atréamflowforecasts obtained from the Climate Forecast
System and the National \W& Model. The application captures the dynamic transformations of
the pollutant loadings in the streams, withdrawals by the water treatment plant, WRF effluent
flows, and ant operations to manage the WRF performance. It provides plant operators with
usdul feedback for correctly targeting the effluent nitrates using an intelligent process simulator

called IViewOps

The platform is powered by URUNME, a new software thly fautomates the operation dfet

reservoir and process models integrafomgcasing products, and data sources. URUNME&S
developed in C#.NET to provide eat-the-box functionality for model coupling, data storage,
analysis, visualization, scenaricamagement, and decision support systdrhs.software

automatically runs the entiretegrated model and outputs datausetfriendly dashboards,

displaying historical and forecasting trends, on a periodic basis. This decision support system can
provide sakeholders with a holistic view for the design, planning, risk assessments tantigho
improvements in various components of the water supply chain, not just for the Occoquan but for

any reservoir augmentation type IPR system.
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In anindirect potable reuse (IPRystem, reclaimed water from an advanced wastewater
treatment facility is blended with a natural water source, such ag@oé, to augment drinking
water supply. Reliable operation of suckyatem is criticalespecially when the reclaimed water
constitutes a major portion tfe withdrawals from the reservoir for treatment and distribution.
One example of such an IPR &m is the Upper Occoquan Service Authority (UOSA) water
reclamation faitity (WRF) which dischargedts reclaimed wateinto the Occoquan Reservoir, a

key water resource for Fairfaounty

Integrated environmental modeling (IEM) provides a compreheagpsach towards the

design and operation of water resource systemioh water supplydrainage and sanitation

are simulated as a single entity rather than independent units. In IEM, different standalone
models, each representing a single subsysiesrjnked together to analyze the complex
interactions between varioagemponents of the system. This approach can be used for
developing operational support tools for an IPR systeemsoirgimely and informed decision
making in response to the fluctugg conditions, e.g., weather patterns, plant performance, water
demandetc.

The overarching goal of this reseamasto integratalifferentmodels and the data sources and
develop aecision support system (DS®)manage th&J OSA-WRF performanceThis

resulting integrated moded used to predict future reservoir conditions based on the weather and
streamflow forecasts obtained from thational Weather Servic&he applicatiomuns various

future scenarios to captuttee possiblevariationsof the polutant loadings in the staens,

withdrawals by the water treatment plant, WRF effluent flows, aawit glperations and provide
feedback to plamperators. The entire integrated model is operated periodically to output data

on useifriendly dashboards, diaying historical and fomasting trends. T&DSSprovides
stakeholders with a holistic view for the design, planning, risk assessments, and potential
improvements in various components of the water supply chain, not just for the Occoquan but for

any resevoir augmentation type IPBystem.
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Chapter 1 ResearchObjectives

1.1 Introduction

Integrated solutions and higherder systems thinking are requiredtal with increasingly
complex realworld environmentaproblems(Laniaket al. 2013)Integrated environmental
modeling (IEM) provides a comprehensive approach to environmental management by
evaluating different components of a sysiara holistic mannelOver the years, the interest in
IEM and, more specificallyntegrated water resourceodelinghas increased significantly
(Kalbacher et al. 2012; Mina et al. 2010)These IEM applications can be useda®ffective

tool for design, planningjsk assessmerdecisionmaking and enhancing the transparency and
collaborationbetweerstakeholdes (Johnston eal. 2011; Peach et al. 2011)

The overarching goal of this reseaisho de\elop afuturecastingapplication based on the
integration of various #ihouse and weather forecast models and historical data stwurces
simulate the complex interaction offérent components of an indirect potable reuse system.
Theapplication can provide useful feedback for operatordentify and analyze strategies to
manage the plant performance dynamically in response to future reservoir conditions. The
following sectons provide the motivation and objectives of this studypaadenthe summary

of subsequent chapters.

1.2 Study Motivation

1.2.1 A Generic Integrated Environmental Modeling Software

In the past few years, many advancements have been made in integrated envatonouaiing
(IEM). New component and webased frameworkisave been introducedndthe existing ones
were improvedBelete et al. 2017; Lloyd et al. 2011; Whelan et al. 2004jjile these efforts are
vital for addessng the emerging challenges @mvironmental modelinghey are mostly directed
towards advanced applications specific to different science dofiBetete et al. 20170n the
other hand, there is still a need within the modeling communityditware programs which
focusbeyondthe various coupling processes and frameworks and specialize in providing
advanced preand posfprocessing and runtime capabilities to create a fully automated IEM

application.



Even today, many modelease still hamperebtly a lack of dedicated tools to handle simple data
I/O (Input / Outpute.g, reading and writing databases, text files, binatagetc) and
transformation (e.g. data QA/QQuality Assurance / Quality Controt)meseriesaggregation,
de-aggregation, msing data infilling, joining, unit conversions, etc.). Modelers have tause
number ofdifferent software programs for dat@stge, downloads, analysis, statistics,
visualization,etc In many cases whemodels are required to run multiple scenarising

different initial and boundary conditions, manual update of input and saving of ocatputs
requiredfor each rur(Belete et al. 2017; Buatiand Horsburgh 2018; Knapen et al. 2013)

Manual operation of integrated models is a tedious process which regsigegicantamount

of time and effor{Bergez et al. 2013}t is not feasible foapplicaionswhich are operated on a
regularbasis and run multiple scenaritEM applications based on loose sequentially coupling
are less conlpx and often do not require advanced modefimgfocols However, even such an
application requires a large number of different operations to run the integrated.models
Specialized softwar which can provide butih functionality for such a loose coupdin
arrangement has not been available in the IEM software doRrameworkbasedcoupling, on
the other hand, also presents similar challenges. Many frameworks lack advanced software

suppot to perform the necessary pend posiprocessing and runtime apgions.

There is a need fageneric softwar¢hatcanhandle both loose and framework based coupling
and provide all the necessdiyells and whistlesrequired for integrated environmaiht
modeling It should be capable of developing fully automated @fiad applications, which can
be operated btheclick of a button- dynamicallycreating inputs from different dasaurces,
managing scenarios, running the modedading outputsanalyzing datamaking statistical
inferencesand ultimatelyshowing resuts in a visuallyaesthetic and interactive wdp essence,

it should be able to provide a ea®p solution for fully automated IEM.

1.2.2 Nitrate Regulation in Occoquan Reservoir

TheOccoquan Reservoir is locatednarthern Virginia and i®ne ofthetwo mgor water supply
sourcegthe other being the Potomac Riv&r) several municipalities in the regiofhe Upper
Occoquan Service Authority (UOSAater rechmation facility(WRF) dischargesitrified

water into theBull Run Armof the reservoiresultingin indirectwater reuse ofeclamedwate.



Among many operational challenges at UOSA, one is to regulate the nitrate concentration in its
reclaimed water, dsed on the denitrifying capacity of the reservoir. Its operating permit limits
the total annual tiogen load to 6.0 x £kg (1.316 x 161b). More than 90% of this load is
discharged in the form of oxidized nitrogen, mainly as nitratesfN&though the MCL

(Maximum Contaminant Level) for nitrate in drinking water is 10 mg/L as nitrogen, the
Occoqua Policy(VSWCB 1971)specifies a Water Quality Objective (WQO) ofrg/L at the

dam. The WREF is thereforequired by permit to reduce its nitrate discharge concentration when
the nitrate concentrations at the drinking water intakes aiseve 5 mg/L.

During thermal stratification and extremely low hypolimnetic oxygearceatrations ithe

summer the supplyof nitrate from UOSAactuallybenefits the reservoitdnder these conditions,
microbes in the sedimentilize nitrateasanelectron acceptdn the absence of oxygen,
advancing the denitrification process. A nitrdigcharge optimization studiartlett 2013)
concluded that the total nitrogen load delivered intadiservoir by the WREould be more
effecti vely distributed each month bBasesdn on t he
these recommendations, UOSA changed its operational strategy by reducing the degree of
denitrification in summeto ensure digher concentration of nitrate in theffluent and then
transitioning back to increased denitrification just before reservoir turnover, generally in early
fall. However, last five years of datadicatethat the WRF was unable to meet the low nitrate
loads recommended by the study during wisterostly due to various operational constraints,

including limited organic carbon and low water temperatures wiirdterdenitrification.

The effect of any change in the discharged load from the WRF on the oadraientrations at
the dam is based ondlinydraulic retention time of the reservoir, which may vary from a few
days to months, depending on the inflows. Many factors inclutimgool elevationyolume
and quality {emperature, background nitrate concatidin, etc.) of stream inflows, withdrailv
by Griffith WTP (Water Treatment Plantandweatherforecastcan allaffect the future
conditiors of the reservoirandconsequently its denitrifying capacityence, selecting the
desired monthly nitrate conceation for the effluent is still a trial and error process, largely

based on the operatordés judgment .

The growing water demand caused by urbanization complicates this process further. The safe

yield of drinking water from the Occoquan Reservoir, including reclaimed water, is 3.0 xé10



m¥d (79mgd. UOSAGsSs contri but ibeemsteadilyindrehsag dver fheé yeanss h a s
and, based on the current projections, will exceed 50% of the safe yexl@@25.This would
requireaneffluent nitrate cocentration of around 5 mg/L for winters, which is unachievable

based on the existing operational capabdityhe plant Moreover, WRF plants are always

subject to perturbation due to maintenance isandfor system outages which can temporarily
comproms e pl ant performance. UOSAGO6s operation 1is
requires mcreasing the plaatstandby capacitgnd engineered storage to addmeess-case

scenariosvhich results in gjnificant financial obligations.

1.2.3 Advanced Physicoclkemical Modeling

Activated Sludge Models (ASMsgYe the most widely applied standardized mo(tgddgstone et
al. 2012)and serve as the basis for rabdg the suspended growth processes in most of the
commercial and noncommerciabstewater treatmeptants (WWTP) simulators.The main
purpose of these models is to simulate biochemical processamventionaWWTP.

However, treatment processes in WRFsgeneally much morecomplicated and employ a
largenumber ofphysicochemical processes including acid/base reactadssrption,
spontaneous or chemical precipitation, redgas transfer, et@lthough there is &arge amount
of information availablen thefundamentals of these processes, theililuseastewater process
modeling in still limited, either due to the complexity or its diverse sources (originating from
many different water and process environmefBg}fstone 2009; Batsteret al. 2012)ASMs
include some physicochemical processes, but those are either very basic or empiaittak
Some published and commercially available modalsetbeen able to overcome a feviladse
limitationsfor specific applicationgrairlamb et al. (20035erralta et al. (2004andSotemann

et al. (2005have used acid/base reactions and gas transfer for explicitly calculating pH in
reactorsDe Haas et al. (200,lMartin (2005) Mbamba et al. (2015andRittmann et al. (2002)
have discussed modeling tedures for chemical precipitation using somewhat similar
underlying methodology. However, other processes including adsorption, oxidation, thermal
hydrolysis, etchave ot beenwidely adopted by the different models.



1.3 Study Objectives
1.31 URUNME 6éYou RHEians iMoydée | s

This first study presents the developmenyf®UNME 6vouRu n Mo d e |lagen&iasi | y o
softwareproductthatprovides out-of-the-box functionality forintegrated modelindt explains
the software architecture, its featuegslcapabilities, andidcusses some reaforld examples to

demonstrate itapplicability in environmental systems modeling.

1.3.2 Occoquan Decision SuppdrSystem

Thesecond study presentdudurecastingapplication based on the integration of various in
house and weather forecasbaels and historical data sourcikgiscusgesthe development and
implementatiorof theintegrated modednd demonstrasats effectivenesas a decision support

system (DSS) to improve tloperation othe IPR system.

1.3.3 [ViewOps4 PhysicochemicaModel

Thethird study discusses the development and implementation of a new physicochemical model
for version 4.0 of IViewOpdt presats thesetupandthe calibrationfor the UOSAWREF in the

model In addition it explainsthe newarchitecture of IViewOps4 whictiecoupleghe

mathematical model frorine rest of the softwamndallow users complete accessthemo d e | 6 s

code.

1.4 Document Organization

The remainder of this document is organized as follows:

Chapter 2 provides the background information regarding thed@oan watershed, the water
reservoir, climate forecast system, national water model, and discissesérvoir and process

models used in this study.

Chapter 3is a research paper regarding the development of URUNME.
Chapter 4is research paper abouetccoquan decision support system.
Chapter 5is research paper regarding the new physicochemicatinfmd ViewOps

Chapter 6 contans the summary of the research @mel key conclusions.
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Chapter 2 Background Information

2.1 Occoquan Watershed

The Occoquan Reservoir is located in Northern Virginia and is one of two major water supply
sources (the other being the Potomac River) for Fairfax County. The reservoir spreads over an
area of 6.9 krhwith its drainage basin, the OccoquaatershedRigure2-1), spanning %484

km? (573 square miles). The reservoir has a full pool volume of 3.1 m3,Gn average water

depth of 5.1 m and a maximum depth of approximately 19 m close to the damsTdere oi r 0 s

mean hydraulic residence time is approximately 20 (dy<t al. 2007)
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Figure2-1. Occoquan Watershed

The mainstream of the OccoquRaservoir is formed by the confluence of the Occoquan River
and Bull Run tributaries, 14 km upstream of the Occoquan @iaeheadwaters of the reservoir
extend well up ird thesetwo armsof the reservoir whiclare calledhe Occoquan River Arm

andtheBull Run Arm, respectively The Occoquan Reservoir can be classified as a warm



monomictic lake, which undergoes thermal stratificabone a year, which is commonNiiorth
American coastal regior{8Vetzel 1983)During summer, the density difference between the
epilimnion and hypolimnion waters prevents the Reservoir from mixing, resulting in a thermal
gradient. Sometime during early fall, the surface nedelsto a temperature equal to the

bottom water, causing the lake to mix or overturn.

2.2 Upper Occoquan Service Authority

During the 1960s, eleven small municipal wastewater treatment fleféged to as Publicly

Owned Treatment WorksPOTW)were disbargingtheir effluent in the Occoquan Reservoir.

Poor quality of treated water from these POTWs contributed to high pollutant loads in the

reservoir. Consequently, the water quality in the resewasreduced to undesirable levels with

severe eutrophiconditions and algal blooms. To mitigate the situation Minginia State Water

Control Board (VSWCB) commissioned a study by Metcalf & Eddy Inc., to identify the primary

cause of the problem and offer recommendations. Based on this study, the VSWEB anact

palicy in 1971 to manage the wastewater treatment facilities and water quality within the
Occoquan Watershed. This policy is known as 0
Management in the Occoquan Wat eanddlceyddd., ¢ oAnnmoenv
entity known as the Upper Occoquan Service Authority (UOSA) was created under this policy to
provide advanced wastewater treatment for the entire watershed. Later in 1978, UOSA
commissioned a new Water Reclamation Facility (WRF) tcamsptheoutdated POTWS.

Fai r f a xGrifita wager tr@agment plant (WTP) withdraws water from the tail end of the

reservoir close to the dam, resulting in indirect potable reuse of the reclaimediatéVRF

discharges into the Bull Run Arm upstreafrthereservoir Figure2-1). The total design

capacity of the plant is 204,412 (54 mgd) and it is currently operating at an average of
121,133 mYd (32 mgd). Ovet he years, UOSA6s contribution to
steadily increased. It routinely goes up to 50% of the total inflow during the late summers and

early fall(Cubas Suazo 2012nd, in some cases, up to 8Q0%an Den Bos @03), becoming a

significant portion of the safe yield of the reservoir.

Among the operational challenges at UOSghisregulation of the nitrate concentration in
reclaimed water throumgput the year, based on the denitrifying capacity of the reseBuamiing

the thermal stratification and extremely low hypolimnetic oxygen concentrations in summer, the

10



supply of nitrates from UOSA benefits the reseryBartlett 2013) Under extremely low

oxygen concentrations, microbes in the sediment utilize these nitrates as electron acceptors,
whichinhibits the release of phosphorus (P) and other less preferéatiaba acceptors, M

and Fé", into the water colum(Banchuen 2002; Cubas Suazo 201RDSA, therefore, spis
denitrification h summer te@nsure a high concentration of nitrates in the effluEme. reservoir
overturns at the beginning of fall and remains wked throughout the winter and early spring.
The mixing redistributes oxygen across the entire water column and reb®eEsobic

conditions in the hypolimnion. Given that oxygen zreferred terminal electron acceptor
compared to nitrates, the reservoir loses its denitrification capacity and the WRFesthéick

to the denitrification process.

2.3 Occoquan Watershed Maitoring

Under the Occoquan Policy, the Occoquan Watershed Momjthahoratory (OWML) was
established in 1972 by the Department of Civil Engineering of Virginia Polytechnic Institute.
OWML was mandated to monitor the Occoquan Reservoir water quality.tka/gears, OWML

has established monitoring stations throughouthiershed to measure the flow and water
guality in different streams. Flows are calculated at each station using a pressure transducer to
measure water depth and a predetermined st@gkarge rating curve. At some stations,

acoustic velocity/flow meterare also used for direct flow measurement. In all cases, flow is
recorded using data loggers and is transmitted to OWML on an hourly basis. To monitor the
water quality, grab samples aeken from each station at different frequencies ranging from
oncea month to four times a month. However, during storm events;\leighted composite
samples are collected using autosamplers to evaluate thenegantconcentration of different
constitients(Kumar et al. 2013) In addition, grab samples are collected from seven different
locations at the Occoquan Reservoirdaality monitoring. These samples are collected at
different frequencies ranging from once a month to three times a month at different water depths,

usually in 5ft intervals.

2.4 Occoquan Reservoir Model

TheOccoquarreservoirs simulated usinghe U.S. Arny Corps of Engineers software CE
QUAL-W2, a twaedimensional longitudinal/vertical hydrodynamic and water quantity model
(Cole and Wells 2011)t simulates the watejuality in a waterbody, usg longitudinal

11



segments and vertical layers while assuming complete lateral mbhegOccoquan Reservoir is

modeled using 4 branches and 69 longitudinal segments-QWAL-W2. Branchl is the

mainstream of the reservoirasting from Occoquan Riverase to Lake Jackson and extends all

the way up to the dam. Branéhs the Bull Run Arm, dischaigg Bull Run watershed and

UOSA-WRF to the mainstream of the reservoir. Bradind Branchl are Sandy and Hooes

Run, respectivgl which are small tributarge All the major input parameters required for the

CE-QUAL-W2 model run are shown Figure2-2
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o: Withdrawals
dt: Distributed Tributary

Figure2-2. CE-QUAL-W2 Model Inputs for Occoquan Reservoir

Parameters:

Q = Flowrate (m3/sec)

C = Concentrations (mg/L)

T = Water Temperature (°C)

PRE = Precipitation (m/s)

Tar = Air Temperature(°C)

Toew = Dew point Temperature(°C)
WIN = Wind Speed (m/s)

PHI = Wind Direction (radians)
CLO = Cloud Cover

RAD = Solar Radiation (W/m?)
0, = Hypolimnetic Oxygen (kg/d)

Sandy Run
REO5
:
RE02 ©
Hooes Run

Time series for these panaters are entered in various fixeelth text files using Julian days

(Table2-1). Each branch in the model requires separate input for floWs)(raonstituent
concentrations (TSS, OP, M, NOx-N and DO) (mg/L), and water temagure ¢C).

Additional precipitation data are required for each branch including raimt@atisity (m/s),

constituent concentrations (mg/L), and temperati€® (To simulate the inflows entering the



reservoir around its periphery, distributed flows aaded for Brancii & 2 only. Branch3 & 4

are neglected due to small seaad flow At thestart of each model run, initial water level and
constituent concentration are also required. met.npt text file is used to input the meteorological
variables for thentire waterbody including air temperatut€), dew point temperaturéQ),

wind speed (ifs), wind direction (rad), cloud cover, and radiation (\/m

Table2-1. Input for the CEQUAL-W2 model

# Parameters File Unit
1 Branchinflows gin_brX.prn | m¥s
2 Branch inflow concentrations cin_brX.prn | mg/L
3 Branch inflow watetemperature tin_brX.prn °C

4 Branch precipitatiomntensity pre_brX.prn | m/s
5 Branch precipitation concentrations cpr_brX.prn | mg/L
6 Branch precipitation temperature tpr_brX.prn | °C

7 Distributedinflows qdt_brX.prn | m¥/s
8 Distributed inflow concentrations cdt_brX.prn | mg/L
9 Distributed inflow watetemperature tdt_brX.prn °C
11 Initial water elevation bth.npt m

12 Initial nitrate cancentration in each segment and lay| lpr_1.npt mg/L
13 Meteorological input met.npt various

Note: X in filenames denotes the branch number

2.5 IViewOps

| Vi ewOps Al ntelligent View of Operati®dmeso
software s written in C#.NET and implemented at several BNR and ENR plaodihi et al.

2011; Sen et al. 201.2)he model expands from seakbiochemical models including IWA
ASM2d Model(Henze et al. 2000)WA Anaerobic Digestion Model ADM{Batstone et al.
2002) and the Serdempirical Biofilm Model(Sen and Randall 2008} is an assebased

model with arintegrated assehanagement system based on the International Infrastructure
Management ManudNational Asset Management Steering Group 203%6gnario manager in
IViewOps can run multiple configurations of the plant using either g&tai® or time dynamic

simulation.
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IViewOps is a multilayer model that analyzéise plant on three levels: (1) biochemical process
modeling (2) assets, their condition and capacity, (3) hydraulic configuration and bottlenecks in
each possible operatingmfiguration(Sen et al. 2015)itcanbedirec | v | i nked t o a
information system to acquire the current operating data on a periodicyasie process side,
IViewOps impors data from thesupervisorycontrol anddataacquisitionsystem (SCADA) and
laboratoryinformationmanagemensystem [LIMS) to keep track of the currentixed liquor
suspendedolids (MLSS), ¢mperaturedissolvedoxygen (DO) returnactivatedsludge (RAS)

flow, wasteactivatedsludge (WAS)flow, mixed liquor recirculation (MLR) flow,sludge
volumeindex (SVI) etc On the asset side, the online (ON or OFF) status is obtained from the
SCADA. On the other hand, the asset availability (in service or taken out for maintenance) and
actual derated capacity (based on physical condition and years of service) are infpari¢de
computerized maintenance management system (CMMS)

2.6 Climate Forecast System

NOAA (National Oceanic and Atmospheric Administratiolinate forecastystem orcoupled
(atmospher@ceanland)forecassystem(CFS is a climate modelvhich providesmediumto

long range numerical weathgrediction and isun by NCER(National Gnter for
EnvironmentalPrediction). Operational since August 2004, this model has demonstrated a skill
level in forecasting precipitation and surface temperature that is cabi@d the skill of the
statistical methoslused by NCERSaha et al. 2006 he second version of the model (CFSv2)
was launched in March 2011 with some major improvements. The atmospheric component of the
model has a horizontal spectral triangular truncation of 126 waves (T126), equivat&60

km grid resolution and 64 sigapaessure hybrid vertical resolution. Tieaktime operational
forecast consists of 16 CFSv2 runs every day. The long (aBgeonths) hourly forecast

consiss of four cycles per day &000, 0600, 1200 and 1800 UTC outmmonthgSaha et al.
2014) Reforecast data agenerated running the same model retrospectively using badtori
data. It can then be uséat the training ottalibrationmethods by comparing it withbserved

data from the same timepod. CSFvZeforecastlata arecreated for 29 years (19&910), for
every %' dayfrom January 1 out to 9 months on the same horizontal and vertical resolution as

the operational configuration. The total number-oh@th forecasts is 73 x 4 for eachaye

14



2.7 National Water Model

National Water ModelNWM) is a hydrological model thébrecaststreanmflows across the
continental UnitedStates and has been operational since Aug.2ld,6 on the NOAA Weather
and Climate OerationalSupercomputing Sysi (WGOSS).A longrangel6-member ensemble
forecast is produced every day going out to 30 dattsefuture. There are 4 ensemble members
in each cycle, each forced with a downscaled and biased corrected CFS Tinedebre
component of NWM is the Weather Resch and Forecasting Hydrologic model (WRydro)

by theNational Center for Atmospheric Research (NCAR). \AHRfro is both a standlone
hydrological model as well as a framework for coupling hydrologicaletsowith atmospheric
models. WRFHydro is cotigured to uséNoah-MP Land Surface Model (LSM) to simulate land
surface processes in NW#lliu et al. 2011; Yang et al. 2011)
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3.1 Abstract

A new softwareapplication, called URUNME, was developed in C#.NB&fTintegrated
environmental modeling. URUNME provides aftthe-box functionality for model coupling,

data storage, analysis, visualization, scenario management, and decision support systems. The
softwae features a usdriendly graphical user interfadssed on dragnddrop and flowchart

type diagrams for easy configuration of modeling projects. Visual functions are provided to
automate various prand posfprocessing tasks including reading and wgtdifferent

databases and file formats, web upkadd downloads, data analysis, timeseries transformation,
file management, etc. Data is stored in the embedded SQLite database and is represented as
visual variables. Interactive dashboards can be desieg multiple screens and visual

elements. The bia-in scenario management feature provides the capability of running multiple
scenarios of a model using different iIinputs.

describes how it can be utilizeadrfcreating fully automated integrated modeling ayapions.

3.2 Introduction

Integrated solutions and higherder systems thinking are required to deal with increasingly

complex realworld environmentaproblems(Laniak et al., 2013)ntegraed environmental

modeling (IEM) provides a comprehensive approach to environmental management by

evaluating different components of a sysiara holistic mannerAccording toJohnston (2010)

Al ntegrated modeling encompassedionaofiadedsad r ang
data and assessment methods tord@sand analyze complex environmental problems, often in

a mul ti m e-disciplinaay mdnnen @Jertthie years, the interestlEBM and, more
specifically,integrated water resourceodelinghas ncreased significantlgKalbacher et al.,

2012; Molina et al., 2010)hese IEM applications can be use@dasffectivetool for design,
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planning,risk assessmendecisioamaking and enhancing the transparency eolthboration
betweerstakeholdes (Johnston et al., 2011; Peach et al., 2011)

Knapen et al. (2013)oted five approaches for the model integration: (1) soft linking, (2) scripts,
(3) proprietaryone large monolithic mode(4) proprietarylooselylink modelsand (5) standard
modding framework However, thentegrated modelg application<an be broadly categorized
into (1) Built-In Integrated Models and (2)o@pledintegrated Nbdels.

3.2.1 Built-In Integrated Models

The first categorprovides built-in integration to simulate a complex environmental systém

this method, the model integratiagenerally achievebly using two differenapprades (1)
Models forthedifferent subsystemsarecontained withira singlesoftware(2) Various models
developed by theame organization camupledto each other based on sopreprietary linking
mechanismOne examplef approachl is asoftware called WEAP (Water Evaluation And
Planning)which was developed by the Stockholm Enviroomte | nst i t ut e-8% US
to assistpolicymakerdn evaluating water supply policies and suitable water resources plans
(Yates et al 2005)

3.2.2 Coupled Integrated Models

Coupledapplications on the other handyre based olinking different standalone modetis
simulatevarious components aftargeed environmentabystem Thesemodelsarelinked

togetherbased on two different ap@ohes: (1) Loose coupling (2) Framework based coupling

3.2.2.1 Loose Coupling

Loose or soft coupling iasequentiabpproactwhere datdlow paths arainidirectional and
configuredin a treelike cascadestructure(Rauch et al., 2002Y heindividual modelsare linked
together soh that the output of one modslusedas an input to the otheFhemodelsused in
such applications amaostly open source @tleastprovidereadablenput and output in a
standard data forméialard et al., 2017; Xu et al., 2007)

3.2.2.2 Framework Based Coupling
In contrast, tightouplinggenerally involves liking different standalone models using

standardized data transfer protocols based on some comauoapied standard framework.
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Common frameworks used in environmental modedireggenerally categorizeato either (1)
Componentbased modeling and (Senice-Oriented Architecture (SOA)ased modeling

(Belete et al., 2017)n componenbased modeling, each moderunas anmdependent
component and data exchange between different matide runtime isichieved using a
standard interfacéGoodall and Pddiam, 2016)Over the past yeara,number otomponent
based frameworks and interface standards haea formulated@nd applied in various domains
including water resourcgBuahin and Horsburgh, 2018jor instancekarth System#odeling
Framework ESMF)wasdeveloped with the focus ameather, climate, and related Earth science
applicationgHill et al., 2004) The Community Surface Dynamics Modeling System (CSDMS)
is another example @bmponenbasedramework which wasleveloped with the goal of
modeling Bt h surgace processesd dynamicg¢Peckham et al., 2013Another such

framework isObjectModeling Systen (OMS) with currently more than 200 model components
that mostly focuses on agemvironmental model@avid et al., 2013)In the water resources
domain, a more weknown componenrbased framework i©®pen Modeling InterfacedpenMI)
(Moore and Tindall, 2005)0n the othehand, in SOAbased frameworks, models are turned into
web services and linked using standard-teaged prtocols creatinglug-andplay autonomous
componentsPython Network SimulatiorRynsin) Frameworkis an example of applying such
framework(Knox et al., 2018)Otherexamples 0o50A based frameworks include WEEZARD
for geoanalysisvhich is a web service for debifiow hazard assessment and visualization
(Zhang et al., 2018pnd EMELIWeb that applies a Basic Model Interface (BMI) for modeling a
set of spatiajl distributed hydrologic mode(diang et al., 2017)

3.2.3 Need for a Generic IEM Software

In the past few years, many adeaments in IEMare madenewcomponent and webased
frameworkshavebeen introducedndthe existing ones were improvéBelete et al., 2017;

Lloyd et al., 2011; Whelan et al., 201¥hile these efforts are vital faddresmg the emerging
challenges irenvironmental modelinghey are mostly directed tovelr advanced applications
specific to different science domai(Belete et al., 2017Y0n the other hand, there is still a need
within the modeling community for software programs which fo@yghd the various coupling
processes and frameworks and specialize in providing advanceahdrposfprocessing and

runtime capabilities to creasefully automated IEM application.
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Even today, many modelease still hamperebdly a lack of dedicated ttoto handle simple data

I/O (e.g, reading and writing databases, text files, binary adtg, and transformation (e.g. data
QA/QC, timeseriesaggregation, deaggregation, missing data infilling, joining, unit conversions,
etc.). Additionally, modelersdve to usa number otlifferent software programs for data

storage, downloads, analysis, statistics, visualiza¢ittm|n many cases whemodelsare

required to run multiple scenarios using different initial and boundary conditions, manual update
of input and saving of outputse requiredor each rur(Belete et al., 2017; Buahin and

Horsburgh, 2018; Knapen et al., 2013)

Performing all these tasksanuallyis a tedious process which requieesignificantamount of

time and effor{Bergez et al., 2013}t is not feasible for models which are operated osgalar
basis and run multiple scenarié®r indance, there has beariot ofinterest recently in
developing decision support systems based on integrated modeling of natural and engineered
environmental systemn(g.g, watershed, reservoir, treatment plaets,) (Lodhi et al., 2018)

Most of these applications requizenstanupdates of input data obtained from different
dynamic source®(g, flow measuring stations, weather stations, weather forecasting models,
water gality monitoring labs, online probesic.) to run the models ongeriodicbasis.
Although,coding/scripting can be used to automate these tasks, it requoasiderabldéevel of
programming skills and #depth knowledge of different model structurel @ata formats

(Buahin and Horsburgh, 2018)

IEM applications based on loose sequentially coupling are less coamlexften do not require
advanced modelingrotocols However, eversuch an application requires a large number of
different operations to run the integrated mod&lspecialized software which can provide built

in functionality for such a loose coupling arrangement has not been available in the IEM

software domainkFrameavork basedtoupling, on the other hand, also presents similar challenges.
Many frameworks lack aénced software support to perform the necessaryaprepost

processing and runtime operations. For instance, most of the software programs developed to run
OpenMI compliant models lack the feattget for creating a fully automated modeling

application.In addition these software programs do not provide @aiga I/O capabilitiefor

exchanging inputs and outputs from thedel componentat the runtime
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There is a need for generic softwaréhatcanhandle both loose and framework based coupling
and povide all the necessary bells and whistles required for integrated environmental modeling
It should be capable of developing fully automated modeling apiplisa which can be operated

by a click of a button dynamicallycreating inputs from differentatiasourcesmanaging

scenarios, running the modelsading outputsanalyzing datamaking statistical inferencesd
ultimatelyshowing resultsin a visualy-aesthetic and interactive way essence, it should be

able to provide a onstop solution for fully automated IENNh thea u t hopiniaih,ssuch
softwareshouldinclude but not limited to the following features:

1 Easyto-usegraphical user interface.

1 Multiple views for creating dashbed type applications.

1 Simple floncharttype diagrams to create modeling configurations.

1 Advanced data visualization.

1 Reading and writing different data formats.

1 Embedded database for data storage and querying.

1 Advanceddata analysis and transformation.

1 Advanced statistical modeling.

1 Download data from different web servers.

1 Run multiple scenarios of the model.

1 Represent data using visual vector and scalar variables.

1 Allow multi-thread execution of different processes.

1 Support for multuser advanced dision support systems.

1 Scheduling capabilities for performing periodic automatic runs
This paper presentsRUNME 6¥ouRu n Mo d e | agené&iesaftivdreytt@aprovides out
of-the-box functionality forintegrated modelg. The paper will explain the software

architecture, its featuresdcapabilities, and will discuss some rearld examples to

demonstrate itapplicability in environmental systems modeling.
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3.3 Software Architecture

URUNME is programmed in C# usinblET framework. It is developed usingthree tiered
architecture arranged lpyesentationbusiness, and datgigure3-1). The user interface (Ul) is
developed using varioukird-party libraries, which provides a comprehensive sufitearious
visual componentsSeveralhelper classes are written to wrap the tedty controls for added

functionality, which is otherwise not available aitthe-box.

USERS

PRESENTATION
Main Menu, Project Explorer, Toolbox, Views, Scenarios, Engine

ovre JorreJousomee ] ron Tl

[}
=
(@]
BUSINESS o)
o
P
w2 [
§ % HELPERS =
(¢
g g R Language, SQL, Expression Parser, Engine, Scheduler, Unit Converter % 9}
<3 E
w3 o
S NODES DATAACCESS 23 [
é > - Nadh”. = 2
L £ Project, View, Symbol, Function, Panel, Variable Data Providers oo =
EXTERNAL APPLICATIONS DATA SOURCES
Software, Models, Scripts, etc. Read, Write, Create, Copy, etc.

HSPF, CE-QUAL, IViewOps, Matlab, SWMM, etc. Text, Excel, NetCDF, Grib, WDM, etc.

Figure3-1. High level architeaire of URUNME

The business side of the softwag@rogrammeds a standalone dynamic link library (DLL),
which is accessed by the presentation layer using a stristayassociation. No commercial
component is used to develop this DLL, allowfogtheoption of making it opessourceal in the
future, if desired. e business tieis further decomposddto multiple layers,each responsible
for implementing different aspects of the logitie core layer of the business tier is called

0 N o dwhich contais all the classes thate visually exposetb the users aproject. The
remainingclassesre contained n t h e ¢ Hvehichppeovidis varicais/sepport functions
Classes in d@ta acceskyer areessentially wrappers on .NET data provideraccasdifferent
types of databases including SQLite, MySQL, S8drverQracle,etc In addition the data
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access layer also contains custdassedo read and writéifferent file formas, such agext

(comma, space, tab, or custom delimiter and fixed widk¢el, netCDF, Grib, WDM, etc

3.3.1 User Interface

The default Ul consists of a ribbon type main menu on the top, a pexjelcrerandtoolbox on
the left, engine and scheduler windows on the bottom, and a workspace in the remaining area

containing scenas and viewsKigure3-2).
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Figure3-2. URUNMEOG graphical user interface: main screen

A project iInURUNME consistof visualnodes whichare showrin the projeciexplorer as dree-

list. The Node abstract class provides the logic for the hierarchical ganéshstructure Figure

3-3). Each node in a project is derived from the abstract Node class and requires a parent with
any number of childrerA project is shown as the root node in firejectexplorerandis

implemerted using a singleton Project class. It providemepointaccess to the presentation

tier by exposinga number oproperties and methods. A projéxistoredas a binary file with a

aumdé extension using data contract serializat
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A Scenaricclass is used to implement all the scenarios in a project. They are stacked on the top

of the workspace so that only one tenselectedat a ti me (deemed o6t he ac
View class represents a standalone window within the workspace thansovitaial elements

called panelsq.g, diagrams, chartgtc). The views are stacked as tabs on the left side of the

wor kspace so that only one iiwli)si Al @ aatel a i tsi
inside a view containing a visual contfelg, diagram, chart, gricetc). All panels derive

directly from Node class and implement the IPanel interface. This interface provides the logic for

storing the layout and visual attutes of the panels in a view.

<<gnum>> Presenation Layer
INotifyPropertyChanged IDisposable StateColor
+ Green r
+ Orange + Scenarois }
; <<interface>> © ey Scenario T L
INode + Black Project
+ Red + ScenarioVisible : bool
+ 1D sint + ActiveScenario : Scenario
+ Name : string + ActiveView - View
+ Children | * ModeVisible - bool ot + Scenario - List<Scenario>
+ Family : List<INode> - state + Views - List<View>
+ Parent + Commands : CommandCollection <<abstract>> + Engine - Engine
1 + SetState(scenariclD . int, stateColor : StateColor) : void hode) i E:f&”vsﬁ;r LnilEamvearer
+ GetState(scenariolD : int) . StateColor - - - AllNodes * Dictionary<int, INode> +Layout . byte]
.| Seventos Disposeat) vid [ - | s Dichonarveri ede: * DeisPronder _DetsProvder
+ BeginEdit() - void + <<constructor>> Node(parent : INode) + New(fileName : strin oo
o o + OnDeserialized(string context : int) : void
EndEdit() : void X + Save() : void
+ Z \
OnSerialized(string context : int) : void & e T EE. 2 St vl
jA lll + SaveCopy(fileName : string) . void
+ Open(fileName : string) : void
S HTTRED View * 1 + Addhode(type : string, parent : INode) : INode
\Panel . 1 + Caption - string + AddLink(node : INode, in : Port,_out : Port) : Link
+ RemoveNode(node : INode) : void
+ ViewVisible : bool + Views
\ A,
+ PanelVisible . bool + Type * string + Exit( ) : void

* Layout . bytel] + Layout : byte[]

Figure3-3. Classdiagramshowing somdasicnodes (Due to space limitation, only some selected

properties and methodse shown in the diagrgm
3.3.2 Process and Functions

One ofthe core components WRUNME is the diagren panel which is implemented by the

Process class as showrFigure3-4 (The term diagram and process is used interchangeably
throughout the manuscript). This compohworks as a canvés create visual objects and

implement all the diagram settingscluding properties fogrid, scroll, size, layerstc These

visual objects are implemented by the Symbol base class, which exposes properties and methods
for visualmanipulation. Some cwrete classes thate inheritedrom the Symbol base class

(e.g, Textbox, Label, Image, Shapetc) are only use@s visualization objects in a diagram, as
opposedo the functions. The Function abstract class, on the other handldgs the base for

implementingdifferenttaskse.g, data reading, writing, analyticstc Each class thas derived

25



from the Function implementsitsvnb usi ness | ogi c by overridi
called by the Engine when the user commits a run. Link aniccResesre usedor creating

anytype ofconnector between two symbols in a diagram.

<<abstract>>
IPanel Node
Process
+ ActiveLayer . Layer
& BlHE SIZGF. <<gbstract>> Port
Laver + TopLeft : PointF Symbol
Y N 1 + FixedSize : bool +Ports | + Name @ int
+ MName : string + GridStyle : string + Image : Image + Color : Color
+ LayerVisible : bool + Gridwidth : float + Layer : Layer 1 . + Style : PortStyle
+ Locked : bool + Layers + GridHeight - float 1 * + SymbolVisible : bool + X float
+ AllowScroll - bool + Width : float + Y float
+ Height . float + Width : float
+ Copy(nodes : List<INode>) : void . Xeléfl‘oat od . He‘\ght ﬂooaat
+ Cut{nodes . List<INode>) : void + Y float 1 1 + Visible - bool
+ Paste(nodes : List<IMNode>) - void + BackColor - Color
Symbol o
J7 + BringForward() : void +|n, +0Out
+ BringBackward() : void
<<abstract>> + BringToFront() : void 1
Function + BringToBack() : void Link
+ FlipHorizontal() - void
* Disable : Parameter<bool> + FlipVertical() - void + Color : Color
" + Caption : Parameter<string> + Rotat le - float) : void + Thick float
Engine . ] otate(angle . float) : voi ickness - floa
9 - - -3 + MaxRunTime : Parameter<TimeSpan> — - RotateLeft() : void + LineStyle : string
+ MinRunTime : Parameter<TimeSpan=> + RotateRight{} : void + PenStyle : string
+ StartOfRun(scenariolD : int, engine : Engine) : void + SetSize(w : float, h - int) : float
+ Run(scenariolD : int engine : Enging) : void
+ EndOfRun(scenariolD : int, engine : Engine) : void

Figure3-4. Class diagram for a process

The Process class is also inherited from the Function class but implengelarikl interfacas
well. Therefore, it is shown both as a symbol in a diagratha drawing panel in a view. A
Proces does not have any specific business logic of its own and only runs its child functions
when i ts A4OsadledProeessesitand ei t her O s-pracesdasl one o
depicted in the hierarchical structuFgdure3-5). A standalone process, like Procés$as no
parent. However, it can contain many other-puticesses and functions. A spimcess, o the
other hand, can have isvn child subprocessesral functions. For instance, gure3-5,

when Procesd is run it first runs Proces®, which essentially runs all members of Proegss
before running it®wn functionsand then returns the executibackto its standalone proces
This structure allows therganizatiorof a large project into smaller manageable processes,
which canbe runindependently or as a part of the parent process.
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Standalone Process Sub-Process Sub-Process

Process-1 |

Figure3-5. Hierarchical execution path IdRUNME
3.3.3 Open Modeling Interface

URUNME provides oubf-the-box functionality for running Open Modeling Interface (OMI)

v1.4 complaint models. The standavds seamlessly integratedo the softwee by creating

new classes derived from existing ProcessFantttion classed=(gure3-4). The coupling logic

is implemented by reusing the code provided in the standard development kit (SDK) of the OMI
framework. The setup ismilar to the default model configuration editor provided with the

SDK. The coupled models are configured usinglamocess, called OmiProcess, located in the
tool box under O6OpenMI & group. The Omi Process
implementghe diagram editor to draand-drop any number of OMI models from the toolbox.

An OmiModel isessentiallya functian that runs an OMI model based on the *.omi file provided

as an input. OmiTrigger function provides the trigger to run the models. Omikm&ins the

settings for data linkage and is derived from the Link class to represent the model connections.

In addition, two more functions, Omilnput and OmiOutput, are provided to exchange data
betweerlURUNME and different OMI model components. Bothgbdunction implements

O p e n MDatéGpenMI.Sdk.WrappeiEngine interface and therefore essentially ex@ose
linkable componentsAny existing variable can be dragged and dropped a@milnput
function to create an output exchange item based on vanafrie and quantity. This output
exchange item can then be linked to any model to provide input data at the r&mntmbezly,
OmiOutput function can be used to create new variables whicheckmkedto any model as
input exchange items. These variablas then be used to read output data from a model
component at the runtim@bility to readandwrite data directlyfrom differentOMI model

components at runtime can be useful for any @nel pos{processing operation.
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3.3.4 Parameters and Variables

The Pararater class is the building block of the scenario management logic in URUNME

(Figure3-6). It is used as a custom data type in other classes to specify tiaefised
attributegpropertiesFor examplein areadExcel function dass propertiedike file path,name

of theworksteet, celladdressnumber ofrowsto be readetc are all defined as parametef®

run multiple scenarios in a projeet parameter should be able to store a different value of an

attribute for each sceano, if required. For instance, an Excel read function might be required to

read data frontwo separate files in two scenaridsisis implementedy providing an optiomf

storing a value in both global and local contexts within the parameter claggobhevalue is
essentiallythe default value of a parameter (Value property) wisalsedn all of the scenarios.

A local value, on the other hand, is scenapecifc and defined by a generic directory (values

field) in the parameter class. Sayses el ect s a particul ar scenario
the top of the workspaceakes a parameter locah a function and enters a new value
Consequentlywheneer the functioisruni n t he sel ected scenari o ( 0S
local value of the parametdn all other scenarios where the parameter is not localized, the

function will continue to use the global value of the said parameter. This ltmasany

parameter to be madigcal for any number of scenarios to enter differertiga for an attribute.

All the data in a projecre representdaly scalar and vector variables shown as visual nodes in
theprojectexplorer Variableclass is inheritefom theNodeto represent the data associated

with a function Data transfer in theoftware is carried out by a simple dragd-drop of
variablesontodifferentfunctiors or panelsas inputsEach variable contains a Field class, which

defines all its #ributes, including variable type (vector or scalar), data type (Numeric, Text,
DatelTime, Time), Quantity (Length, Area, Volume, Flow, Flexg), Unit, Formatetc For

example, in order to readbulardata froman Excel file the user is required tweatethe
variablesforeachcolumm n t he 61 np ut &0ndeddinedihe fuicioe f unct i on
automatically creates its variablesrresponding to the number of columns, wtach displayed

in theprojectexplorer
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<<enum=> <<interface>> <<enum=>
DataType IField VariableType
Text + Expression : Parameter<string> Vector
MNumeric + Format . Parameter<string> Scalar
DateTime + Name : Parameter<string=>
Time + Unit . Parameter<string=>
+ Length : Parameter<int>
+ Select : Parameter<bool> <<abstract>>
<<enum=> + Tag . Parameter<object> Parameter
Quantity + GetValue(scenariolD . int) : object - values : Dictionary<int, object>
None + SetValue(scenariolD : int, value : object) : void + <<virtual>> Value . object
Concentration + AllowLocal : bool
Flow + AllowVariable : bool
Load + Format . string
TemperatLre - + IsVariable : bool
Length Field ’ 4| _* ReadOnly : bool
Volume + Scenario : Parameter <————# . <<virtual>> Indexer(scenariolD : int) : object
Mass . + Variable |, AddScenario(scenariolD : int) : void
Speed + <<constructor>> Field(observer - IFieldObserver) + Remon S
emoveScenario{scenarialD - int) - void
Radiation 1 + |sLocal(scenariolD : int) : void
Angle
1
Variable
<<abstract>> |4
fode + <<constructor>> Variable(field : Field)

Figure3-6. Class diagram of Parameter and Variable

In some functiondhowever, variables are created automatidaylyleriving their attributeom

the input variable. For example, the Datalnfilling function mtes different buikin methods for
generating missing data and creates an output vector variable for eackretputvariable. The
output variables generated by this function have the same attributes as the associated input
variable, including the varde type, data type, quantity, and units. Therefore, the output variable
keeps a reference of the inmatriable When many different functiorere createth a project,
thislogic creates ahain between one variable derived from ano#éimet so onThis providesa

very usefulmechanism to keep track of changes happening in different chains of connected
variablesThe state of eactariableis definedby the State property={gure3-3) using different
colors ands shownas bulletsalongside each node in tpeojectexplorer For instance, Wwen a
singlefunctionis runin aparticularscenaio, the state of itghild variableschangego green or
redto indicate sccess or error, respectiveyonsequentlyall the variablesiown thedata chain
are set to orange indicatethat a source hdseen changednd an update is requiredlso, when
any variable changes its state, all the parents up the tree in the-psqker will show the

same state. It mube notedhat the state of any variable is scenapecific and may vary

across scenarios, depending upon the status of the data. fBlwlstiacoding is summarized
below.
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1) Black X Variables is disabled

2) Gray : Not run yet. Datareunavailable

3) Red : Run error. Datareunavailable

4) Green : Run success. Dataeavailable and upo-date

5) Orange Update required. Dat@reavailable but may rnde upto-date

Another feature IWRUNME is the ability to speciia  par amet er 6s val ue dyna
variable. A parameter can use any scalar variable as an input, which overrassr thgecified
input value. For example, a file path of an Exesld function cabe directly definedy a scalar

text variable whih can then be dynamically changed to read a different Excélridgquired

3.3.5 Embedded Database

URUNME packages SQLite as its default embedded database. A new project automatically
createsa single .db file in addition to the .urRor every function creaad by the user, a new

table is added to the embedded database tisirfgnction id witht h t6préfix (e.g, tb100,

where 100 is the buiih id of function)as table nameBy defaultthe new table only contains

t wo i nteger(astheglimaykeya n d i @dc dtoidentify datai storéd for
different scenarios)rhe remainingolumns are created at runtimethg function, one for each
variable using its associated fietthme All scalar variables in a project, however, are stored in a

s ngl e t absdaled ccarlelactde dd by def ault for every pro

The main benefits of SQLite are portability and speed, compared to a conventional server

database. With an edlisk format dataare storeds a single ordinary disk file as opposed to a

saver database which requires dedicated server. This database easily sharedmong
differentURUNME projects or external softwarAn importantrequirement fotJRUNME is to

sift and sat lots of data in diverse ways before permanently storing the essential information into

the databasd&hisis achievedy using the irmemory temporary database provided by SQLite.

Each function provides the option to either store tita directlyinte pr oj ect 6 s per ma
database file or to keep it in the temporary database for analysis. This feature is beneficial in

cases where a large amount of data must be quaigdo storage in the database file. The
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temporary database in & remains in meory until it comes under memory limitationden

it flushessome data to the disk as a temporary file.

One of the downsides of using SQLite is its maximum allowable size. TheoreticalBQLite

database can store up to 140 TB of datd, in practicethis storage capacity seldom achieved

due to the limitation of the file size in the Windows operating systeddition the SQLite

database cannot be used for concurrent writing by multiple users, though simultaneous reading is
allowed. The advanges and disadvantagegre considereduring the design stage of the
softwareand utimately, the decision was made to choose simplicity, speed, and portability of

SQLite over dargerdata size of a serveatabase.

3.3.6 Unit Converter

Another valuable feate of URUNME is the builtin unit converter. Therarea number of
different quantities defined in the softwaeed, Length, Area, Volume, Speed, Flow, Flux,
Radiationetc) using Quantity enur(Figure A3-1). For each quantity, uantityDef clasgan
containa number ofinits €.g, m, ft, etc for Length quantity) implemented by the Unit class,
which specifies the relevant conversion factétsnumeric variables contain usdefined

Quantity and Unit parameters acallsthe asociated QuantityDef in the UnitConverter class for

unit converson.

3.4 Features and Capabilities

To create a new project in URUNME, the user has to specify the project directory. The purpose

is to ensure that all the data used in a pr@gestontainedn one directory (and its sub

directories) forasierexchange betweedifferent computers (a user can override this

restriction). Folders in a project can be created using the toolbar in the {esqjémter togroup
differenttypes of nodes. Anewviewote nari o can be added by the
menu ands shownin the ProjecEx p| or er under the OViews®6 and

respectively. Any view or scenario can be made invisible to the workspace byfising w/ Hi d e 6

button in the assodied context menu. Two types of vieare providedn the softwareTabbed
and Widget. Tabbed view displays panels as tabs, and only one pabel stamwrat a time in a
view (similar to worksheets in MS ExceWidget view, on the other hand, allows trenpls to
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be dockedn the screen in any layout, which may be nsuigable for dashboatiike

presentations.

3.4.1 Diagram / Process Panel

A new standalone process can be added from the main menu and shown in thexptyeet
under the active view. Syf;roee s ses can be added to a process (
groupin the toolbox anére showrasthechildrenof the parent process in thgojectexplorer
To view the Process panel t he 6 Sh o w/ beiugkdnds context menm. ¢ a n

3.4.2 Symbols

The man menu containa humber oftems for visual manipulation of symbols in an active

diagram, whictaredivided into different groups: Layers, Format, Edit, and Size. Different layers

can be used to group different symbols in a diagram, which can then beeitiat invisible or

locked Every symbol has a context menu that can be displayed by eithecliayvg on it or

its corresponding node in tipeojectexplorer Some objects derived from the Symbol class are

used purely for visualization purposes idiagram and are availablei t he O Mi scel | ane
group in the toolbox. The O6Label &8 symbol i's u
provides hundreds of buiit n f i gures whi ch can be used to cr
symbol is usé to create interactive applc at i ons as expl ained in sect
is used to insert an image in a diagram. Any number of ports, of various shapes and sizes, can be
created for the I mage symbol seby.u3hegoéfTeat 6B
symbol issimilar to a Label but used for scalar variables. It can be created by dragging and

dropping a scalar variable from the projegplorer to a diagram and automatically updates itself

if the input variable changes its state.

3.4.3 Functions

URUNME uses simplélowcharttype diagrams$o set upaprocessBasicfunctionssuch as

Stat, End, Converge, and Decisiareused to define the executipath The Decisionfunction,

for instanceijs used to rurdesiredfunctions inaloop untildesignatedriteriaare metAdvanced
functions areused toperform more dedicatadsks and are available in different groups in the
toolbox.Links can be used to connect functions to create an execution flow path for the Engine.
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By default, the Ports oa new functiorare hidderandevery process runs its children

sequentially based on their order in fgvejectexplorer

The inputs for any function cdre specifiedn the Properties Form, shown by clicking the
OPropertiesod but t thefunction. Aslprevioogexplaired, tachnmput u o f
parameter in a function can have different values for different scenarios. A parameter can be
madelocal by rightclicking on its associated edita.§.textbox, checkboxzomboboxetc) and
cickingb Us¢®ecal Val uxdmenuThiswilltclsange tnebackeolorof the editor to
blueandan iconE will appear right next to itRigure A3-2). Now, any value entered by the

user will onlybe applicabldor that specific scenar, while the rest of the scenarios will

continue to use the global values. A variablelmamseds an input to a parameter by right
clicking on its editor and sellwdlshowangorUse Var
next to theeditor, indi@ting that this parameter is now attached to a varifddeile A3-3). Any
scalar variable can then be dragged and droppedimmtditor from the@rojectexplorer It

mustbe notedhat the default value of a variab$ealwaysbasedn theactivescenario. Hence,
when a variable is attached to a parameteonabobox(or dropboX appears next to the

parameter editor and seistiveas the default Scenaribigure A3-4). However, if the variable

is desied to have a fixed value from a spec#eenario regardless of whichever scenario is
active, that scenario should be selected frondtbp-downinstead §omboboxcontains the list

of all scenarios in the project).

For all functions that create useef ned vari abl es, Ptopedieséddudfitheut 6 t a
function is used to define the required attributggyre3-7). For example, to read an Excel file,

a user is required to define the Name, ®bie Type, Data Typend cell Reference for each

variable tobe read These attributes may vary from function to function). Quantity and aJait

also required, in cases where the variable is numeric.
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o5l Function-1 —
Mode | General | Output | Settings
@ 0 &k @ @ 0 O

Mame Variable Type Data Type Quantity Unit Reference
1 #*| Mumeric Vector Mumeric Mone =
2 =] Text Vectar Text Bl
- . C1
3 |:=]  DateTime Vector DateTime MNone
. . D1
4 @) Time Vector Time

0K

Figure3-7.6 Ou t p uftthé RetdaERkcel tunction Properties Form

In functions é.g, write Excel file) or panelse(g, charts) where variables needo® addeds

inputs, a user is required to simply diagdtdrop the desired variébfrom the projeciexplorer

on t h e abdnthePropgerdies Forriiure3-8) and then set the Name, Unit (if required),

and Scenario (as explained in the abpamgraph) attributes. Eathu nct i on al so has
tab in its Properties Form, which contains a paater to disable the function so tlitatannot be

run by the engindn addition it contains two more parametéos the functions that handle tda

The O6Cacheb6 par amet er drekepinghe @mporary o fdetdatabfise t h e r
andthedl nsert Moded par areatded 0 Geftiabmée. OdFwrdatd ase
selectingReplacadeletes all the existing rows for the given swio before adding new data

while Appendustadds new data rows after existing data.
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o5 Function-2
Mode | General | Input

O & ®©® © U O

Settings

D Variable
1 ~* 15 Views. View-1.Process-1.Function-1.Numeric
2 £ 16 Views, View-1.Process-1.Function-1.Text
3 S 17 Views. View-1.Process-1.Function-1.DateTime
4 Gy 18 Views. View-1.Process-1.Function-1.Time

Mame

Mumeric

Text

DateTime

Time

Unit

MNone

Figure3-8.6 | n p ut 6 WrtitaHxceldunctidan Preperties Form

Threeanalysisfunctions(SQL, R, and Formulagre providedinderthe6 Edi t or s 6

Reference

Al

Bl

C1

D1

Scenario

Active

Active

Active

Active

group

toolbox. The SQL function is used tguery the embedded databaseshown inFigure A3-5
(externaldatabases can also be directly queried using the Read Database function described in
Table3-1).For e x Setaqt t Feom tbd0® wi | | guery theonhavnge cr eas
anid= 100. Queried can be crea

the same names in the name attribute as used in the query. Each time the SQLisunciidn

col umns used to
executes th query and updates its variables. By diéfawvery query is automatically run only on
However, the
6General o t he SQL
user can also writeonrqueries (queries that do not return any datapmntbrms an actiom.g.

del r o wN)o nb yQ Qe dthikeatureg in th&QLduaatian e
is the option of using other scalar varebln the queryext For instance, any slkea variable,

SQL

theactives cenari o. user can uncheck t

tab of f un cdquesying Maloes,the er y t h

eting some

say a date Vvograinalblee amalmald t @x a function by
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a O0dated6 column in a tabl éEELEER*VWRAMIHLAOWHERE it c
date >x06to get all the rows havingdategreate than x. This feature essentially makes a query

dynamic in natur@andevery time it runs, the data are queried based on the current values of the
variables embedded in the query text.

The Rfunction has ammbedded R engine which is a widely used stegistanguage with a host
of third-party libraries and functiongigure A3-6). R combined with SQL can provide a

poweful data analysis and statistical platformURUNME. Similar to SQL, any variable cdoe
usedinthe Rscripby adding it to the o0l nputdé tab. Outp
values from the R engine with the same names as defined insitigRIn addition a separate
Formula function is provided to write mathematical and logical expressiohe mattiables
(Figure A3-7). This function incorporates large number of Excetyle formulase.g.Abs, Cos,
Sin,etc The reason for including this functionWRUNME is to provide additional buiiin
formulas which are not redgiavailable in SQL or R. Furthermore, due to internal processing,
these formulaare generally faster in performance compared to SQL and R which require
external engines to run. More formulasl be added to this function in the future based on user
feedback.

The Execute function is used to rilne externahpplications €.g.modds, utilities, software,

etc). The path of an executable fikerequiredasan inputincluding any command line

arguments accepted by the fiigure A3-8). A checkboxis used to tell théunction if it should

wait until the external application exists before handing back the control to the URUNME
engine. A Omaximum runtimed parameter is also
external apptation is takingnore time than specified (in case the external application has

stopped working due to error). Execute can also be used to run different scenarios of a project in
batch moddy settingt h e 0 &tdbatgtelrdernali n t he 0 Gfi¢hefenctian Ady t a b
number of processes and functions tenbedraggedanddroppedo n t he ¢ lamdther nal 6
run scenario can thdéye specifiedor each of them using the associatiedp-downmenu Figure

A3-9). By running Execute, these functions are run one by one in the specified scenarios.

In addition to theabove URUNME containsa number obther functions to perform various

taskspertaining tadata read and \te, file managementimeseriesnanipulation, statists; etc
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Due to space limitation, however, only a brief description of each function is providedla

3-1. More functions willbe addedn the futurebased omuserrequirements and feedback.

Table3-1. Brief summary of various Functions provided in URWE

No. Function Description
1 Read Database Read/Write data from different popular database types including Fo
2 Write Database SQL Server, MySQLORACLE, SQLite, etc
3 Read TekFile Read/Write data from text files (Comma Separated Values, Space
4 Write Text File Delimited, Tab Delimited, Custom DelimiteshdFixed Width).
> Regd Spreadsheet Read/Write data from an Excel spreadsheet.
6 Write Spreadsheet
7 Read WDM Read/Writetimeseriedrom Watershed Data Management (WDM)
8 Write WDM format used in HSPF.
9 ReadNETCDE Read netCDF, a multidimensignal ar@ayented binary format,
generally used for meteorological data.
10 Read GRIB2 Read Grib2., a concise binadgta format genatly used for
meteorological data.
11 Read Blob Read BLOBS (Binary Large Objects)y.images, media filestc
Write scalar variables to different text files using tags. This feature i
12 Write Template used to automatically changeut parameter for maals which use text
files as input
Runanyexternal executable file or internal processes under differen
13  Execute ;
scenarios.
14  SQL Write queries on the embedded SQLite database using SQL
15 R Write R code using the embeddeeiyine.
16  Formula Write matheratical and logical expressions using kuilformulas
. Provides file 10 functionalitg.g.creating, copying and deleting files
17 File 10
and folders.
18 Downloader Provides a range of features for downloading files feoseb server
19 Uploader Provides aange of features for uploading filasa web server
20 Emailer Provides a simple wapr emailing
21  Data Infilling Fill missing data using different methoaisd/orde-aggregate¢imeseries
22 Aggregate Aggreggtetimeseries,lsing average, surtime-weightedaverage and
time-weightedsum.
23  Match Match two differentimeseries
24 OmiModel Run an OpenMI compliamhodel
25  OmiTrigger Provides an OpenMI trigger
26  Omilnput To input data directly to an OpenMI model component at the runtim
27 OmiOutput To output dad directly from an OpenMI model component at the

runtime
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3.4.4 Run Engine

The Engine is responsible for running different functions and displaying the run status in the

window at the bottom of the Ul. Any process or functionlsamunb y s el ecting the 0
buut on i n the 6Engi nerdronyits contgxt menin the Hisgramoa i n me n u
projectexplorer.Moreover automatic runs can be configured for a given date and time or on a
periodicb asi s us i 6ghicldcanbdaedkdo la projectfromiie O ENngi ne'’ gr ou|
main menu. Btails for next scheduled runcaremaining timdor each schedulere constantly

updatedn the scheduler window located néatthe Engine tablhe Engine runs different

functions of a process sequentially. Howewd#iferent functions can be run in parallel on

separate threads,ifmce t han one execution path is avail a

Processingé par ame taprocess PropéerteeForlmGener al 6 tab of

3.4.5 Panels

Different panels cabe addedoa Vi ew by u s iimtlie méifPraenue A v@ariety of o u p
chartsare providedvith extensive customization featurésgure A3-10), including the option

for creating multiple series, panels (il panels in a chart), legesidaxis, annotations, point

labels,etc In addition charts provide various builh data analysis tools including linear

regression, error bars, summaries, moving averagef)ata carbe addedo the chart by

dragging ad dropping any number of vecteariablesont he chart i tself or th
Properties Form. One of the key features of the chart is its ability to dynamically update its

different text propertie.q, titles, axes, legendsc, using scalavariables as input. For

exampe, atextvariablecdneusech s a chart title using the O0ANT
Form. Each time the variable stédechangedthe chart title will be updated automaticalBrid

panel is used to show data in tadouiorm. It provides a rich sef built-in sorting, grouping,

filtering, and data searching tools. In addition to a simple grid, pivot grid panel is also provided

to create pivot tables for multidimensional data analysdisf these panels updateitomadically

if there is any change the underlying data.

Gauges can be used to show scalar variables on the screen for a higher level of data visualization.

Different types of customizable elements are provided to imitate real gauges including circular,
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angular, linear, thermometers, dligl, etc. (Figure A3-11). Gauges are very useful for creating

dashboard type applications to mimic screens used in supervisory qysteshs.

Imagepanel is used to display an image on the scrd®UNME provides the option eéading

and storingBlobs (pinary largeobject e.g.images, media filegtc) which can be read usirige

60Read Bl obd f un cstmilaotavariablehaadscan bd dragded andadropped onto

an image panel or as symbols in a diagrAnytimet he O Read Bl othé functi or
associated imagese updateth the databasendthe panebr symbolauomatically updates its

image.This functionalitycan bereally usefulin applicatiors where externally created outputs

(e.g.charts and diagramsdm different modelsfrom other software progranase showras

images on a dashboardWiRUNME.

When a lage amount of datare processeid a simulation, it isvery difficult to monitor the
changes in different variables. TEgentManager pangbrovidesa very simplemechanism of
datamonitoringand can display any message, warning, or alarm. Any numbeeiotfsecarbe
specifiedin the Event Manager, where each event contains a scalar variabldefised
message, and a logical expression as adriffigure A3-12). The logical expressios
evaluatecevery time its associated variable changes its state and, if true, the mgssage
displayedon the event manager screé&gre A3-13). For examplethis feature cabe usedor
indicating a need for model calibratiorcértainperformance indices are above or below a

certainthreshold.

3.4.6 Commands

A useful feature cURUNME is its ability to create interactive dashboards wherefit

actions carbe cefinedin response taser initiatedriggers €.g, mouse click, key presstc).

Thisis accomplishetty adding different commands to any visual element in the software

(panels, symbols, functionstc). Commands can be configuredy usi ng tshée 6 Comma:
button in the context menu and specifying the different attrib&igsie A3-14). Any

predefined actiong(g, Run a function, show or hidevéew or panel, change size, move or rotate

an image, create some animatiett,) can be definedn a commandn response tatrigger

(e.g, mouse click, key pressic) for a target visual elemerih addition a logical expression
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can be specified in a command using a scalar variable, to override the trgmgsgificcriteria

are ot met

3.5 Case Studies

This section describes differgmtojects created iWRUNME ranging from simple data analysis
to advancednodel couplingand interactive dashboarddost of the examples discussed here are
from realworld projectanvolving differentapplications of integrated models in watershed
analysisforecasingin potable reuse systems, and climate change (projecfdilessme of the
case studies are available for downloaltds://www.urunme.com/resourcesfhe first case is
described in rare detall to illustrate how different processes are set upyRWNME project.

The remaining project examples are describeternoncisely and include only the pertinent

details.

3.5.1 Data Analysis

URUNME canbe usedor in-depth data analys@wvingto the enbedded SQL and R language
support anatherbuilt-in functions. A case in point is the lefflow frequency analysis carried
outon a stream (called ST10)tine Occoquan watershdtbcated in northern Virginia, USA) in
an attempto calculate drought corttbns under different return periods. In this method,,first
annual minima are derived from daily flow by selecting the lowest évery year using
differentaveragingdurations €.g, 1, 7, 10.etc days).An n-day moving averages progressed
throughthe daily data to calculate thieneseriesor each duration and then yearly minima are
calculated Gustard and Demuth, 2009} cumulative dstribution function (CDF) is developed
using the yearlyninimumflows. Low flow for any return period (T) can thbe calculatedby
selecting the desired exceeding probability (p) on the CDF where (T =HFdp)nstance, a
commonly used standard calleQ X0 represents the minimurday flow expected to occur
every10years.The followingexample illustrates hoadifferent set of features URUNME

can be used to calculate the low flows in real time using online flow data from a stream station.

Figure3-9 showsthe process fdow flow frequency analysis fahedurationof 7, 15, 30, 60, 90
and 180 days over a return period of 2, 5, Hhgears (p 0.5, 0.25 and 0.1 respectivelyhis
exampledemonstrags that once low floware calculatedor any given return period, different

scenarios can be created to calculate other return pericisply localizingone variableA
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formulaf uncti on cal | ed 0 Glvaridbke taded p whicie lepgtldcalfoo cr eat e
each scen# to define the return period. Flow datiee obtainedrom three different sources.

The6 Hi storical d funct i onaUS@Xuhised States Eeologicdl i | e obt
Survey)websitecontainingthe daily flowsfor this location fron1968t0 1980.6 Read ST 25,
readsdaily flows from aVisual FoxPro database for stream stations ST25 and ST30, located

upstream of ST10, fa time periodbetweenl 98 and 2003before ST1@vas commissiongd

Theé Fi | | 25, 3dnberpblation ¢dfill in@ny miessg data in thiémeseriesThe

60Compute ST1006 functi on c onmiasingb$10dataeiweem!| e f or
1980 and 2008sing flowsfrom ST25 and ST30 based thredrainage area of each station
(ST1I0=ST25*2.166 + ST30).he @& Tfluncti on reads timbe data f
periodfrom the database for thanline stream station ST10hed QAQCd f uncti on con
simple SQL steement to remove any duplicates and also sort the data by date, in case there is
anydiscrepancyThe6 Dai | 'y FIl owd f u datatfronoST1@adaity floeegghyt es t he
usingatime-weightedaver age. OFi | | ST106 infills any mis
FIl owé contains a SQL statement wusi nWgaad UNI ONO
create one singlémeseriedrom 1968 tgpresentdate(Figure A3-5). The6 Mo v i n fprmAla g 6
function createmovingaverage from thefinal timeseriedor eachtime duration(Figure A3-7).
O0Yearnldy aMigr egat es t he duratontorget yearly minimagFEnally,f or eac
6Low FI anR&cript ® ersata CDF for each duration and returns low flow &ogiven

p, using inverse CDIFigure A3-6). Oncethis Proces is created and testeghy number of

scenarios can be created to get values from different return periods by chithegiatye of

vara bl e p i n e ac dwhchisam@&xecumdiunctiomi is nsedd tohveniently

run all the scenarios sequally (Figure A3-9). A button can badded irthe diagranto run the

Execute function if a more dashboard type applicasaresired

41



URUNME-LFA.urm o B =
(]
{it Home
[ Mew E E ! - u ‘ﬁ mr=N > = [AE]| & * Layer-2 @) & zoom Fit iy
i dg € &bl = Y e B> s O
[= Open - oo I Z @ &l = © M5 Properties i @, Zoom m [ ®
Save Copy | Scemario View | Process Chart Smple Pivot Gauges Image Text Events | Scheduler Start | Full Soreen | _ Zoom -
Eyf Savers = Grid S &5 show Al @), Zoomout [ ]
File Insert Panels Engine View Layers Format Edit @
1| | Project Explorer n || xQ2 | xg5 | xQ10
Bl
IR "
g||& B @ |3 2 (— Global ) (—UsGs ) (Read ST 2530) (Fil5125,30 ) (Computs ST10Y}
@ | Enter Text to Search... Find Cancel || & y y Dy =
v i@ @ Project 0 Tanact A ¥ O
>[= © Scenarios 1 | Formula ] Read Read Infilling Formula
v ® Views 3
+[[_| ® Diagrams @ 4 (—STi0) (_GAGC ) ( Dayrow ) (_FmsTio ) [ Alflows ) .
- Run All Scenarios |
v © lowFlows @ 5 3 .,
> @ cobal @ 2 M rr’/
> @ uses 8 L Read | saL Aggregate sQL saL
> [F @ rReadsT2... 12
> [F @ Fill 5725, 30 34 Diagrams.Low Flows + | Diagrams.Execute -
> [ @ Compute .. 4
> @ o st 17 Active Scenario Scenarios Summary
>[@ @ qaqe 37
> [[F @ Daily Flow 41 100 100 ~|-o Retum Period: 2 Years
> [ @ FilsT10 56 E a0 E 80 - |—® Return Period- 5 Years
> [F @ AlFows 50 2 a0 £ o [ ™ Retum Period: 10 Years
> [@ @ Moving Avg 63 3 =
; . 5 0 E 10
(@ @ Yearly Min 72 o =]
[ y
> [ @ Low Flows 80 20 20
v 4%, ® Execute @ «F 87 0 0
= © RunAl 85 0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
@ i - .
© @ Active ® 6 Moving Average (days) Moving Average (days)
@ © summary @ 84
Active + | summary -
Engine nox
Name D Description Sceanrio | Start Duration
[ A Fil sT10 38 56 Executing Query...Done XQ10  12/18/2018 L. 0:00:00.13... [+ Finished -
] All Flows %0 50 Executing Query...Done xQ10  12/18/2018 1. 0:00:00.37... [v] Finished
[ ] Moving Avg 41 63 Calaulating Expression...Done XQ10  12/18/2018 .. 0:00:00.78... [v] Finished
] vearly Min 42 72 Caleulating Agaregate...Done xQ10  12/18/2018 1. 0:00:00.31... [v] Finished
» [ Low Flows 43 80 Evaluating R saript...Dane XQ10  12/18/2018 L. 0:00:00.03... (V] Finished =
-
Engine | Scheduler
Total Functions: 17 Active Panel: Execute | Active Layer: Layer-2 | Embedded DB Size: 0.23MB | Temporary DB Size: 7410 MB

Figure3-9. Low flow analysis in URUNME

The two chartshownin Figure3-9 preciselyshowhow scenario managemestimplementedn
URUNME. Thed6 L o w

&Qyofor low flows. If thevariable xQy isattacted to the chart usingn6 A c t scenaid®

fl

owob

funct

on

p 6 xfd retereperiodsvarad vect or

attribute,eachtime the user changes the scenario, the chart will update itself using the values

from the active scenario (Left charthngure3-9). However, in order taomparevaluesfrom all

the three scenarios at the same time, the vand@yeshould be dropped three times on tigét

chart, each with its owé &nari@name attributéFigure A3-15). Thiswill createthree different

timeserieseach for oa scenarioThis particularchart will not updatevery timethe active

scenario is changed blye userThiscasestudyshowsa very simpleexample of data analysis

andhow different scenariosanbe usedn URUNME. More sophisticated analytics can be

performed using similar technigae
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3.5.2 Web Data Download

URUNME can be usetb downloaddata from diferent websites usingariousfile transfer
protocolson a periodicbasis for reatime modeling, analysis, anisualization.The following
exampleis adoptedrom afuturecastingproject wherdorecasted streamflodataare
downloackdfrom NationalWater Model (NWM)FTP (File transfer protocolyerver oradaily
basis. NWM is a hydrological model that forecasts stream flows acrossritieental United
Statesand has beeim operatiorsince Aug. 162016 on theNationalOceanographic and
AtmosphericAdministration(NOAA) supercomputing system longrange 1émember
ensemble forecast is produced every day going out 30 days in the futudeangbmble
membersn each cycle at 00, 06, 12, and 18 UF@gure3-10shows the process created in
URUNME usedto download and query teensemble members produced at 1800 hours. Each
day, a new directorys createdn the NWM FTP URL
(ftp://ftpprd.ncep.noaa.gov/pub/data/nccf/com/nwm/praimedbased orthe production date

witha &6 n @mpe.gdfniwvkm. 201808056
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ftp://ftpprd.ncep.noaa.gov/pub/data/nccf/com/nwm/prod

Figure3-10. Process panel in URNUME showing periodic downloading and data extractiwW df

A OFormul aé function is used t othefollevang e t he

expressiongFigure A3-16):

todate = Now();

startdate = Sub(todate TimeSpar{l, 0, 0, 0));

todatetext = Tex{(startdate 'yyyyMMdd");

remotepath = Concatenaté/pub/datahccfcom/nwm/prod/nwm.’, todatetext);

localpath = Concatenat€\\Forecas\\', todatetext);

memlpath = Concatenat@ocalpath, \long_rang mem1l");

mem2path = Concatenat@ocalpath \\long_range_mem?2");

mem3path = Concatenat@ocalpath, \long_range_mem3");

memd4path = Concatenat@ocalpath, \long_range_mem4");

Now() formula gets the current daaedSub(datetime timespah subtracts aay from it.
Text(datetime forma) converts the date to text using the given forfihe Concatenatéextl,
text2,é ) function is then used to create the remote path (FTP URL) and local directories where

each ensemblis stored

The6 Do wn | o0 a dreigu8ed fo dawcldad each ensemble in netCDF format and store them
into their respective directories using {b@ameéersshown inFigure A3-17. A total of 120

netCDF filesare downloadetbr each ensemble. Thammetergremotgathbanddocalpattdin

the downloader functioare ® t t & a & U sabdthe cordespondingariables fronthe

functioné p a aré séds inputs Simple masks are used to include or exclude files or folders
from the downl oad. ctibne, one folkeRch andembles ar€QuBel fo refduhe

downloadedfles The O6Read net CDFO® f unettherasingle fiiearsant h e

ertire directoryof multiple files andthen combininghe data to creat@singletimeseriesFlow
data fo therequired strearmare extracteétrom thesenetCDF files by providing the stream
identification numbersas defined by NWMOnce the datare readnto the temporary databgse

6 For mul a @Gredsedrhocdlculatennsin, magand means of the fo@nsmblesbhefore

UR

0|

storing that information into thgermanenembedded database usthgé Wr i t e Dat abased

function. A 0Schedulseautématically aasadlydbastso r un t hi
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3.5.3 Auto Calibration

URUNME can be usetb automatically calibrate modebased on user defined criteria
Although very sophisticated aut@libration techniques cdre usega very simpleexample is
shownhere from a reseoir modeling project to elaborate the basic conceptQCRAL-W2 is a
two-dimensional hydrodynamic and tea quantity model developed bye U.S Army Corps of
Engineers to simulate the water quantity and quality in a water(@mg and Wells, 2011 he
simulated water elevation from the modebften not well calibrated (the model does not
account for water loss due to seepage) and requires external calculations to create artificial
tributary inflows/outflows for water balance. A water balance utiditgrovidedin the CE-
QUAL-W2 packag, whi ch r equi rnptxonainingabseived fvatdr edlevadian |
as an inpufor the simulatedime period The model is required toe runmultiple times,and
each iteratiomustbe followedby running the utility to calibrate the water ed¢ion. Alooped
process is created WRUNME to run the model and water balance utility successibuge

3-11), which automaticallycalibrateghe model untib desiregerformances achieved
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Figure3-11. Auto calibration of CEQUAL-W2 wat er | evel wtdity in JRUBIMEA t er b al e

The process starts with a OFormuladé function
the number of times the modslrun Observed water elevation is read froine Visual ©xPro

file Opoogiventire periddoy d& h@®@Re @&d f Dantc & ihemsnvettarto the

0 el .nudblsbyad Wr i te Text Filed funct-QWAL-WRmoddl he des
isrunbyd E x e ¢FigareA8-8)and t hen f ol | ovuectdontbgalcula@al i br at i ¢
different calibration performance indicasscalar vaables, such assquared (RsqRsq

variableisu s ed by t hfemu@afirztion ta dahidtesti@ following two expressions:

count = count + 1;

stop =if (count>10 OR Rsq>0.9, 1, 0)

The Osmaeméentednd an i f statement i s used to cal
condition shown above is just for demonstration puep@nylogical statement caome used

instedl) to be used by the O0Deci sithetnBaThisisncti on to
achieved by dragging and droppingthe t op & v ar i a b Preperiiegcorm(wleen 6 De ci s |
variableis 1, the loop breaRsIn case the criterion is not met, thecess goes into the loop and
executeshe water balance utilityA similar technique cabe usedor calibrating moded by

usingany optimization routine or objective function.

3.5.4 LooseModel Coupling

The Occoquan odel is a set of computer models linkedtodeer t o si mul ate t he
hydrology and water qualityXu etal., 2007) It consists of seven watershed modelSPF)and

two reservoir model@CE-QUAL-W?2). The couping of these models achievedy using the

output from the upstream model as input for the downstream modeé pastthe entire

modeling procsswas carriedut manually whichrequired ehugeamount of time and effort to

carry outthe simulation pocess which took days, if not weeks, to complet017, the entire

Occoquan modeblas migratedo URUNME, which could automate the simulation @me&and

run the applicatiomutomatically A dashboardvas createdor visualization of different inputs

and outputs using multiple views and panels.

Due to the complex nature of the coupled model, eachigasicomplishethrough a dedicated

process. Tar e are two main standal one prodémses in
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0 Ob s er v e d 6ainp muitipleepsosessesahattuse hundreds of functions for reading data
from different sources (database, text, exwein, etc). These data sourcexlude

meteorological data from different weather stations, todwater quality data from stream

statons, water elevation and water quality data from reservoir stations, water quality data from a
water reuse plant, oxygen flow rates form the hypolinorexygenation system, and water
withdrawals from a water treatment plant. Various data analyses anputadion operations are
performed in these processes to develop the required input for each model. That includes QAQC
of data, infilling missing datdimeseriesaggregation, unit conversions, load calculatiets,To

keep the database size smalbst finctions use the temporary databasdonly processed

informationis storedn the embedded database.

The O6Model 6 pr oc es ®dels sequensiadyd as shownkigune3-12. [ERch ni n e
subprocess in the diagram runs one model and consists of multiple otherosgsses and

functions. Output data from one model is transferred to the downstream model anah shged i
embedded database to create outputs for the dashboard. Unit conversion between the two
models, HSPF (English units) and CQRBJAL-W2 (Sl units), are also carried out automatically.

The entire simulation process is run with the click of a button ared teds than two hours to

complete.
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Figure3-12. Sequentially coupled Occoquan watershed model consisting of 7 HSPF arQQALE
W2 models inJRUNME

3.5.5 OpenMI based Coupling

This case study is presented pnityato illustrate how easy it is to use tB@enMIframework
within URUNME application.It also explains thenechanism for direct data excharvgéh the

OpenMIcomponent

This case studig basedn the Simple River model provided with OpenMI v1.4 andwwhm
Figure3-13. The left panel on the screen shows the parent process which has two functions to

D

readad write data from two separ-pracesssEhovenia | fil

(@)}

the right panelith the OpenMImodet o mposi t i on. The 60mi Model
the path of Simple River model 6Fgure B-a8. Thei | e t
two variables, O0dated6 and 0ianefdlaggedsddroppedaod by
t h@emildpudb f uncti on. Thatn aautopnatt i caatld ye xalean ge
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wi t hin o0&0m p uffminrd Bd4®) , which can then be | inked

of the model component usiagLink (Figure A3-20). Similarly, i n t he 060Omi Out put,
variable called 6outflowdé is created using 00

works as an input data exchange item. This varighleen linked o t he required br e
item of model component§&igure A3-21). The lists of available input and output data exchange

items for a componemtre shownn the properties Form of the functiofRigure A3-18). The data

exchange linkages between different Omi functionsbeacreateah the properties Form of the

visual Link.

At runtime, the Simple River component directly réad f | o ws Omitnpuid ¢ lu ercdd i o n
60mi Ouput 6 pul | sodeaoindonent. Wisis ekamplenshow$hhew the OpenMI
framework is seamlessly embeddedJiRUNME as a sufprocess (in future similar sub

processes cdve createdor other frameworksand can be executed with anypaed post

processing operations. This ateltiture even allows different OpenMI splocesses tbe run

and exchange data sequentially, if required.
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4 ] 4
Engine | Scheduler
Total Functions: 11 Active Panel: Process-1 | Active Layer: Layer-1 | Embedded DB Size: 0.02MB | Temporary DB Size: 0.02MB
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Figure3-13. OpenMI baed couple model showing Simple River example from OpenMI v1.4
3.5.6 Scenario Managment

Scenario management playkey role in developing decision support systepesticularlyfor
future projection and planningaran et al. (2018)sedURUNME to modelclimate change and
land use change impduay using the coupled model described®ib.4 For that study68
differentscenarios of climate change and land use change projestimasreatedor two
periods, the micdnd late21% centuriesusingvarious iterations afvo emissiorscenarios, four
GCM (General Circulation Modelandtwo downscaling methodBifferent functions in
URUNME were used to rea@CM files in NetCDF formatquerythe requirediatg downscale
usingbuilt-in statistical toolsandthenfeedthe resulting inpts into thehydrologicalmodelsfor
each scenaridscenario managementWRUNME provided the capability tsmodel large
amounts of data (about 2.5 GB for each scenand)compare the ressifor each of these

projections

3.5.7 Decision Support Systems

URUNME providesbuilt-in capability for creating interactive dashboards using different views
and panels with a large number of customizable options. Different Commands can be used for
any visualelement (views, panels, symbol, function, butt@bs) to perform different actions.

This feature can bextremely helpfuln creating dull interactive dashboard where the user can

interact with visual elements to perform any number of tasks.

This ca® studypresents aecision support system (DSS) developed RUNME for theUpper
Occoquan Service Authority (UOSA) water reuse placdtionin northern Virginia(Lodhi et

al., 2018) The DSSs basen an intgratedreservoirmodel that useseattime Climate
ForecasBystem(CFS)andNWM data to predict future reservoir conditiofiie resulting
application provides valuable feedback to IView@psn et al., 2018 process simulator used

at the plant as a day-day operational toollhe Figure3-14 showsone of the many views

created in @ashboard applicatidior the DSSButtons on the left are uséol open a specific

view. When clicked, each of the buttaasecutsa c ommand using O6Mouse
00pend as teadesredtiew asm targat.nfde chagkown in the figureompare the

obseved and simulated temperatures at théese and bottom of the Occoquan reserfair
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model calibrationThereare variousuttors on the bottom left menu to shaesultseach

consttuet By <clicking the 6Tempdé buttuon, for exanm
sequentially. The firstcommandclipe s t he val ue of a sc@&llhesr text
variable is used in multiple SQL functions to query data for a particular constituent from various

tables in the embedded database. The second comxenudes all the SQL functions to read
thetemperature datdhe vector variables from these SQL functians useas inputs for the

charts.This change in the variable state forces all the charts to update automatically. The third
command changesthevalu of anot her°oewiusedathe yabsltitke fot o 0

all charts.
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Figure3-14. Occoquan decision support system showing model calibration results

Another view from the samapplication shows the output from the process sirmul&igure

3-15). IViewOpsreads online data directly from SCADA (Supervisory Control and Data
Acquisition Systerhand the laboratory to optimize the plasing different predefined
combinations of process configuration (tanksemnvice), mixed liquor recycle, dissolved oxygen,
wasting, supplemental carbatc while specifying certain constraints on the efflugmality. In
Figure3-15, observed data from tHaboratoryare showras red, field sensoes green, and the
optimizedresults from the biochemical simulator as blue.
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Figure3-15. Occoquan decision support system showing observed and simulated values of different
process parametersdOSA waterreuse plant

3.6  Summary

Commony, the term integrated modeling only refers to the coupling mechanism used to
automate the data exchange batw different linked models. However, most such applications
require extensive prand postprocessing for developirayfully automated integrated model.
URUNME is developedvith thegoalto not onlyfacilitatethe modekoupling,butto automate

the entie simulation processcreating inputs from different dasaurcesreading outputs
analyzing datamaking statistial inferencesnd ultimatelyshowng resultsin a visually

aesthetic and interactive wdy servesas an intelligent layer between theetssmodels and data
sources, practically hiding thenderlyingmechanics of theomplexsimulation process he

corefunctionality of URUNME can be categorized into six components as discussed below:
1 Automation: Outof-the-box support forsequential and framework based coupling and

advanced preand posfprocessing capabilities for creating fully automated IEM appboati

1 Data: Embedded SQite database for storing data locadly atemporaryor permanenbasis.

Supportreading and writing of various database types anddiiteats Represented data using
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visual vector and scalar variables for simple drag and drap tdatsfer between different
functions.

1 Analysis: Advanced data analytics and statistics using Ekged formulas, embedded-R
language, SQL, timeseries transformation functions, etc.

1 Visualization: Powerful graphis engine to create insightful and informationrich data
visualization Support multiple viewand various visualementgdiagramsgchart, pivot table,
gauge, gridimage, textevent managegtc)

1 Scenario:Advanced scenario magement touna model multiple times using different initial
and boundary conditions and store output data separately for each scenario

1 Decision:Tools for creating intelligent decision support systems using interactive dashboards
Provides a platform for informed planning and decisioanaking based on advanced alat

analysis, scenaribased modelingorecasting, and risk assessments

This paper has demonstrated holRUNME canbe usedor performing different modeling

tasks usingeal worldexamples ranging from simple data analysis to complex model integration.
With the increasing need to model and anab@®aplex environmentadroblemsthat are both
multimedia and multidisciplinargLaniak et al., 2013)a software platform such BRUNME

can provide a onestop solutionMore functionality and features wille addedo URUNME

based on user feedbac&upport for several new data formatsplementation of other modeling
frameworksupgdraddgo OpenMI 2.0 and integration of Geographic Information ®ys (GIS)

mapping features aadso part of the futursoftware developmemtan.
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4.1 Abstract

Optimaloperation of water reclamation facilities (W& ks critical for an indirect potable reuse
system (IPR), especially when the reclaimed water constitutes a majonpafrtiee safe yield

as in the case of the Occoquan reservoir located in Northern Virgmgpaper preseshow a
reservoir model isisedfor predicting future reservoir conditiohgased orthe weather and

stream flowforecasts obtained from the Clinedtorecast System and the National Water Model.
The resulting model predictions provide valuable feedback to the operators for correctly
targeting the effluent nitrates using a plant operations and optimization model called 1ViewOps.
The integrated modetse run through URUNME, a newly developed integrated modeling
software, and form a Decision Support System (DSS). The system captugsahec
transformations in the nutrient loadings in the streams, withdrawals by the water treatment plant,
WRF effluen flows, and the plant operations to manage nutrient levels based on the nitrate
assimilative capacity of the reservoiihe DSS camprovide multiple stakeholdersvith a holistic

view for design planning risk assessmesitandpotential improvements in viaus components

of the water supply chaimot just in the Occoquan but in any reservoir augmentation type IPR

system

4.2 Introduction
Reliableand optimal operation of a water reclamation faciMyRF) is afundamentatisk
managementomponent for an indect potable reuse (IPR) system. It requires timely and

informed decisiormaking in response fituctuatingoperational condition®.g weather
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patterns, plant performancgater demandgtc Futurecasting of IPR systeraensists of
modelingdifferent neatermfuture scenarios supplemented by medtarfongrange weather
forecastswhichprovides useful feedback to decisianakers Suchpredictive analyses can aid
in alleviatingfuture risks associated with water availability and quality edtithe needo install

and maintain large standby capacities

Over the yeargheinterest in integrated water resource manageifRRM) has inceased
significantly.IWRM takesa comprehensive approach to water managehewewingthe

water supplydrainageand snitation systembolistically. To develop design and management
tools forabetterunderstanding of these integrated systems anddbeiplex behavig an
integrated modeling approach is requirddcording toRauch et al. (2002jhe concept of
integratednodeling was proposed as far back as 1970. The first integrated urban drainage model
was applied in 1980, though the concept did nobbe widely adopted until the 1990s

(Mitchell et al. 2007)Since then, thereave been many applications of IWRM modeling

focused on theimulationof entire urban water systerffS8oombes and Kuczera 2002; Schitze et
al. 1996) Similar approaches have also been used igiated watershed managemé&hiu et

al. (2006)implemented a watershed runoff model HSPF (Hydrokigsimulation Program
Fortran) coupled with a reservoir model GEJAL-W?2 for the Swift Creek watershed in

Virginia. A more complex model of seven HSPF and twe@EAL-W2 applications has been
used for the Occoquan watershed in northern Virdiiaet al. 2007)Integrationof different
models to simulate an IPR systelmoweverhas not been reportedtimeliteratureto the best of

the authoroés knowl edge.

There are several approaches to integrated modeling. Some softwardiapplwavide builin
integration to simulate a coupled system, where the models for differeaystgims are either
contained within the software or are linked automatically. Coupled madelsased on
integrating different standalone models that sateivarious components of the target system
individually (e.g. watershed, reservoir, treatment [gaetc.). Integration of such models is
carried out using different levels of sophistication: from manual coupling to fully automated
systems. Coupleshodek arecommonlyoperatedsequentiallfRauch et al. 2002; Schiuitze et al.
1996; Xu et al. 2007)This loosely coupled modeling approach is unidirectional and flow paths

are configured as a trdie structure Although this approach seems rélaty simple, there is
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voluminousdata inputputput and transfer between the mod@ami and Heidarzadeh 2013)

In addition,some of thee models are not veugerfriendly, take a significant amount of time to
run, and require significant levelof familiarity with the model structure to operafemore

advanced coupling approach called iterative coupling, on the other hand, reliegigintth

coupling of subsystems to create model synchronization based ondatforth data transfer

for each timestep using either a standard or custom protocol. An example of one such standard

framework is Open MI (Open Modeling Interfag®)oore and Tindall 2005)

Futurecastingnvolves strategic planning by evaluating system dynamics, predictive analysis,
and a variety of other strategies to help depean nsightful vision of the futureShah et al.
(2017)examinedshortto mediumrange forecasiata (7?45 days) ¢ studywater and agriculture
resourcenanagement in Indiasing GEFS (Global Ensemble Forecast System) and CFS v2
(Climate Forecast SystenBy usingforecast data as an input to simulate forecasted runoff and
soil moisture they were able to shotlat their mehodology could provide timely information in
decisionmaking for farmers and water managésiear reatime drought monitor was also
developed to estimate the severity and extent of agricultural and hydrdtogghts(Shah and
Mishra 2015)

The overarching goal of this reseaisho develop duturecastingapplication based on the
integration of various #ihouse and weather forecast models and historical data solinees.
outputs can provide useful feedback for plant operatoidentify and analyze strategies to
manage the WRF performance dynamically in response to future reservoir conditiisrzaper
will discuss the development and implementatbtheintegratel modeing application and will
demonstrate its effectiveneas a decision support system (DSS) to inform and improve the

reliable operation ahelPR system.

4.2.1 Study Area

TheOccoquan Reservoir is locatednaorthern Virginia and i®ne ofthetwo major water supply
sourcegthe other being the Potomac Rivé) several municipalities in the regiohhe

reservoir spreads over an area of 6.4 &ndits drainage basirthe Occoquan watershe@igure
4-1), spars acrosd,484km? (573 squaremiles). The reservoir has a full pool volume of 3.1 x

10’ m3, anaverage water depth of 5.1 anda maximumwaterdepth of approximately 19 m
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close to the dam. Theservoirhas a full pool elevation of around 37 meters above mean sea
level (m MSL) andmeanhydraulic residence time is approximately 20 d@s et al. 2007)

The mainstream of the Occoqudaservoir is formed by the confluence of the Occoquan River
and Bull Run tributaries, 14 km upstream of the Occoquan @iaeheadwaters of the reservoir
extend well up into tesetwo armsof the reservoir whiclare calledhe Occoquan River Arm
andthe Bull Run Arm, respectivelyTheUpper Occoquan Service Authority (UOSA) WRF
dischargesnto thefree flowingstream abovéne Bull Run Arm, upstream stream station

ST45. The WRF hastatal design capacity of 204,41 2/ah (54mgd) andcurrentlyoperatest

an average of 121,133*d (32mgd.The contri buti on of the WRF to
routinelyvariesthroughout the yeausually goingup to 50% of the total inflow during the late
summersand early falland,in some extreme case®mprisesp © 80%of the reservoir inflow.
Fai r f a xGrifita \Water Toeatment Plant (WTP) withdraws water from the tail end of the

reservoir close tthe dam, resulting in indirect fablereuse of the reclaimed water.

Bull Run

_UOSA Water Reclamation Plant

Broad Run _/;

Bull Runarm

7

e
JOccoquan Reservoir mainstem

J Griffith Water Treatment Plant

ST70 /Lake Manassas ST45

PR
Cedar Run ;e

ST30

~ ]
\\\\ g‘
\\\\
Ay Lake Jackson ‘Qccoguan River arm
Legend

* Stream Station

A UOSA Weather Station
Il Treatment Plant
= Major Streams
0 2 4 Miles [ watershed Boundary

[] Major waterbodies

Figure4-1. Occoquan Watershed

72



TheOccoquan Watershed Monitoring Laboratory (OWNH_Jesponsible for monitorinipe
watershedvater quaty. Over the years, OWML has established monitoring stations throughout
the watershed to measure the flow aradexr quality in different strean{€urrently operational:
ST00/01, ST10, ST25, ST30, ST45, ST50, ST60, and STodtinuous flow measurementea
carried out at all the stations and data are
servers on an holyrbasis.To monitor the water quality, grab samples are taken from each

station at different frequencies ranging from once a month to fous tinm@onthDuring storm
eventsflow-weightedcomposite samples are collected usangpsamplesto evaluate the
averageconcentration of different constituentrab samples ar@socollected fromseven

locations (REO2, REO5, RE10, RE15, RE20, REB@ RE35) on th®ccoquan Reservaior

guality monitoring Figure Ad4-1). Temperature, dsolved oxygen, nitrate, pH, oxidation

reduction potential (ORP), and conduity data are collected in situ at different water depths
(usually at 1.5 m intervals, starting at 0.3 m from the surface) at frequencies ranging from once a
month to three timea month. Many other constituents (such as nitrogen and phosphorus forms,
tota organic carbon, etc., are measured, via sample retrieval and transport to the laboratory for
analysis, at the top and bottom of the reservoir stations. OWML also operate$ierwstsion

located close to the WRF (called OWML weather station at UOSAQhwheasures different
meteorological parameters including rainfall, air temperature, solar radiation, wind speed and

direction, humidity, etc., which are transmittedonan hdorysi s t o OWMLGO6s dat ab

4.3 Methods

Regulation of nitrate in reclairdevater throughout the year is a unique operational challenge at
UOSA. Its operating permit limits the total annual nitrogen load to 6.0 kdl(L.316 x 101b).

More than 90% fthis load is discharged in the form of oxidized nitrogen, mainly as nitrate
(NOs). Although the MCL (Maximum Contaminant Level) for nitrate in drinking water is 10
mg/L as nitrogen, the Occoquan Pol{SWCB 1971)specifies a Water Quality Objective
(WQO) of 5 mg/L at the dam. The WREF is therefore required by permetitace its nitrate
discharge concentration when the nitrate concentratidhe atrinking water intakes rise above

5 mg/L.

It has been observed thaitrthg thermal stratification and extremely low hypolimnetic oxygen
concentrations ithe summer the suppy of nitrate from UOSAactuallybenefits the reservoir.
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Under these conditits, mcrobes in the sedimentilize nitrateasanelectron acceptan the
absence of oxygen, advancing the denitrification process. As a thsulkt]ease of phosphorus
(P) ard other less preferential electron acceptbhs®" and Fé, into the water columis
inhibited The reservoir overturns at the beginning of fall and remainsmigkd throughout the
winter and early spring. The mixing tistfibutes oxygen across the eatwater column and

restores the aerobic conditions, thereby diminishinglématrification capacityf the reservoir

A nitrate discharge optimization stu(iartlett 2013)concluded that the total nitrogen load
delivered into the reservoir by the WRF can be more effectively distributed each month based on
t he r e deaitrificadionicapacityBasedon these recommendations, UOSA changed its
operational strategy by reducing the degreéeaitrification in summeto ensure a higer
concentration of nitrate in theffluentand then transitioning back to increased d#iaiéition just
before reservoirurnover, generally in early fall. Using the optimized load distribution provided

in that study, average monthly concentrations were calculated using the average monthly flows
from the last five years (2043017) compared tthe observed average monthly centrations

during the same time period, as showiable4-1. The results indicated that the WRF is unable
to meet the low nitratebhds recommended during winters mostly due to various operational
constraints, including limitedrganic carbon and low water temperatures which hinders
denitrification. During at least one winter drought in the past, UOSA reportedly had to add
methanol uder emergency conditions to improve the denitrification process exwsedancef

the WQO wasmminent.On the other hand, in the summer months, there is insufficient TKN in
the raw influent to generate desired nitrate loads. Although there is undedu@iccoquan

reservoir denitrification capacity in the summer, seversildase studies have showhat certain
storm events at low pool elevations may still briefly increase nitrate concentrations to levels
above the WQO due to high nitrate loads fromWHgF.

Table4-1. Optimized load distribution

Month  Average Monthly Flows Optimized Optimized Actual %Diff
Loads Concentrations Concentrations
mgd m?/d kg mg/L mg/L
Jan 33.6 12708( 2100c 6.9 9.0 23.3
Feb 34.9 13207: 2100( 6.6 9.2 27.9
Mar 35.6 13467 2100( 6.5 7.7 16.0
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Apr 33.6 12733« 2100c 6.9 6.9 0.0

May 36.2 13703¢ 9300(C 28.2 13.6 -103.7
Jun 36.1 13651( 9300( 28.4 15.2 -86.5
Jul 34.1 12908¢ 9300(C 30.C 16.2 -84.2
Aug 33.1 12511z 8900( 290.€ 17.7 -67.2
Sep 33.1 12530¢ 8900( 290.€ 14.€ -102.7
Oct 34.7 13148t 2100C 6.7 10.4 36.0
Nov 34.3 12965¢ 2100( 6.7 9.1 25.9
Dec 37.7 14280¢ 2100C 6.1 8.0 23.1
Total 60400(

As also noted by Bartlett et al. (2013), these optimized loads cannot be used as a fixed allocation
schedule for the WRF due to the dynamic nature of the system. In wiménsnthe optimized

nitrate load distribution is quite conservative, as it iswdated based on the worstise scenario

using extremely low natural stream flows (winter drought). The effect of any change in the
discharged load from the WRF on the nitred@centrations at the dam is based on the hydraulic
retention time of the reservpwhich may vary from a few days to months, depending on the
inflows. Therefore, many factors includittie pool elevationyolumeand quality emperature,
background ni@te concentration, etc.) of stream inflows, withdrawal by Griffith \\&rfel

weathe forecastcan allaffect the future conditiaof the reservoirandconsequently its

denitrifying capacityHence, selecting the desired monthly nitrate concentratiohdogffluent

i's stildl a trial and error process, |l argely b

The growing water demand caused by urbanization complicates this process further. The safe

yield of drinking water from the Occoquan Reservoir, including the re@dimater, is 3.0 x 0

m/d (79mgd. UOSAbGs contr i but ibeemsteadilyinarenseng dver the yeanss h a s
and, based on the current projections, will exceed 50% of the safe yexl@@25. In reference

to Table4-1, this corresponds to an optimized effluent nitrate concentration of around 5 mg/L for
winters, which is unachievable based on tkisteng operational capability. Moreover, WRF

plants are always subject to perturbation due to maintenance issues and/ooayages which

can temporarily compromise plant performance.
Policy which requiregncreasing the plaétstandby capacitgnd engineered storage to address

word-case scenarioshich results in significant fancial obligations.
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Various models have been used by stakeholders to understand and improve the water quality of

the Occoquan warshed.

4.3.1 1ViewOps (Intelligent View of Operations) Model

UOSAIs currentlyusing a wastewater and reuse process simulatibwaef [ViewOps as a day
to-daytool for simulating changes tiperationand effect of assets out of service for
maintenanc€Sen et al. 2015)ViewOpsis a multilayer modethat analyzeand optimizeshe
plantonthreelevels (1) biochen ¢ a | pr ocess mandtoiandrecapacity2(3) asset 6
hydraulic configuration and bottlenecks in each possible operating configulatigsds data
directly from SCADA (Supervisory Control and Data Acquisition system), LIM®dkatory
Information Management System) and CMMS (ComputerMathtenance Management
System) to run the most recent operational configurafitthoughViewOpsis a very helpful

tool for plant operatorsamorecomprehensive methodology is needed to tstdad the effect

of variousnitrate concentrations on tiearent andfuturereservoirconditionsin order to
reevaluate the operatiorsttategyif required For instance, it would be helpful to knoyt) the
targeteffluent nitrate concentratio(R) the effect of higher WRF contribution during droughts,
(3) thelength of time wailable before the WQO is exceeded, if the WRF effluent nitrate
concentration increasesie toany operational constrain#) the effect of an expected rain event,

especially akr a long dry period.

4.3.2 Climate Forecast Systenmi Weather Model

The National Oceanic and Atmospheric Administration (NO&Ajnate Forecast Systef@FS)

is a climate model which providesediun: to longrange numerical weathpredictionsThe
atmospheric amponent of the model has a horizontal spettiaigular truncation of 126 waves
(T126), equivalent to ~100 km grid resolution. The lwagge(~9 months) hourly forecast

consiss of four cycles per day &000, 0600, 1200 and 1800 UT8aha et al. 2014}orecasts

for a specific location can be extracted from the model output by either simply using the value
from the nearest grid point or using some form of interpolation between the surrounding grid
points(WMO 2012)

CFSv2 reforecastlataareavailablefor 29 years (1982010),from every Januarg™, on the

same horizontal and vertical resolution as the operational configurBtamncorrection is used
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to calibrate the raw forecast data from CFS. This method assumes thbemadstays coriant

in time, i.e., the relationship between the distributi¥nss (Historical observed) andrér (CFS
reforecast)s the same as the relationship between distributiaag (CFS raw forecast) and

XcaL (Calibrated forecas{Ho et al. 2012)Assuming the exact stribution ofXossand Xor

are unknown, quantile mapping can be used to match the statistical moments of the observed to
simulated data. In this method, Cumulative Distributive Functions (CDFpef ahd X-or are
generated, for each meteorological parameter, Wkigull plotting position XaL and is

calculatel by:

TN
Xea = Fogs FREF( X FOQ
Where Rreris the CDF for %erand Foss? is the inversed CDF fofogs

4.3.3 National Water Model

The NOAA National Water Mddel NWM) is a hydrological model thédrecastsstreamflows
across thecontinental UnitedStates and has been operational since Aug.2l8,6 A long-range
16-member ensemble forecast is produced every day going out to 3hdagtuture. There are
4 ensemble members in each cycle, each forced with a downsnoédlbthaed corrected CFS
model The core component of NWM is the Weather Research and ForgcHistirologic
model (WRFHydro) bythe National Center for Atmospheric Research (NCAR). \AHRFelro is
configured to us&loah-MP Land Surface Model (LSM) to simuéaland surface processes in
NWM (Niu et al. 2011)At present, NWMprovides reforecast data and theserio archive
available for old forecasts (only two days of forecast data are maintainedriRkerver at
any point in time). Therefore, taw forecast is used without any calibration in this model. It
must, however, be noted that the current versidhe NWM does not include the operation and
management of lakes and reservoirs within theleho

4.3.4 Occoquan Reservoir Model

The Occoquameservoiris modeled usinthe U.S. Army Corps of Engineers software-CE
QUAL-W2, atwo-dimensionalongitudinalkertical hydrodynami@and water quantity model
(Cole and Wells 2011}t is an opersource model written in Fortran whisimulates the water

quality in a waterbody, using longitudinal segments articallayerswhile assuming complete
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lateral mixing(appropriate for long, narrow, riverine reservoirs such as the Occodnmn)
reservoir is modeled using 4 branclhesl 69 longitudinal segmentSigure Ad-2). Brand-1 is
themainstream of the reservoir, starting frtme OccoquarRiver and extenitig up to the dam.
Branch2 is the Bull RurArm, dischargindgrom the northern part of theatershed anthe WRF
to Branchl1. Branch3 andBranch4 are Sandy and Hooes Ruespectivey, which are

relativelysmall tributaries.

Themajorboundary conditiomfor CEEQUAL-W?2 are (1) flow and water quality parameters for
each brancland the reservoiperiphery (i.e. distributed flows), (2) meteorological data] (3)
any water whdrawals(e.g. Griffith WTP).Time series for these parameters are entered for a
simulated time period in various fixeddth text files using Julian days. Each branch and
distributed flow in the model requires a separate inpuldars (m%/s), constitent

concentations (TSS, OP, NHN, NOx-N and DO) (mg/L), and water temperatur&s)(
Additional precipitation datare required for each branch including rainfall intensity (m/s),
constituent concentrations (mg/L), and temperafi€e A separate text file is used input the
meteorological variables for the entire waterbody including air temperé@yedéw point
temperature®C), wind speed (m/s), wind direction (radian), cloud covel@ and radiation
(W/m?). The discharge frorthe WRFis modeled as a pdisource tdBranch2. Water

withdrawal from the Griffith WTP is inputted as Brantloutlet flows using a separate file. At
thestartof each model run, initial water level and constituent concentrations are also required.
All the major input parametersqaired for the CEQUAL-W2 model run are summarized in

Figure4-2.
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STys Parameters:
Qus, Cos, Tos 1 Q. C T, Q = Flowrate (m3/sec)
T C = Concentrations (mg/L)
Qutzr Carzr Tarz T = Water Temperature (°C)
PRE = Precipitation (m/s)
Tar = Air Temperature(°C)
Toew = Dew point Temperature(°C)

Bull Run Arm WIN = Wind Speed (m/s)
PHI = Wind Direction (radians)
/ CLO = Cloud Cover
RE30 RAD = Solar Radiation (W/m?)
° PRE, Tars Toews WIN, PHI, CLO, RAD 0, = Hypolimnetic Oxygen (kg/d)

N 5

RE35 B
o ndy Run
Occoquan Creek Arm RE10
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Subscripts:
1,2,3,4: Branch Number

10,45: Stream Stations # Q C -

u: UOSA dtlr “~dtlr 'dtl

o: Withdrawals CT
dt: Distributed Tributary Qs Coy Ty

Figure4-2. Integrated Model Inputs for Occoquan Reservoir
4.3.5 Hypolimnetic Oxygenation SystenModel

A HypolimneticOxygenation System (HOS) has been operational in the Occoquan Reservoir
since 2012. It primarilgonsists of a line diffus€Figure Ad-3) that runs from the dam to the
deepest section of the reservoir along the original streanmel, almost equally divided

between segment 47 and 48 of thodel.The system is generally started at the end of spring,
gradually increases the oxygen flow rate to its maximum during August and September, throttles

back to its minimal flow, and then $$opped sometime during fall.

SinceCE-QUAL-W2 camot simulte complex bubblplume dynamicsoxygenmass rate
(kg/day)must be individually inputted for eatdyerand mixing must be simulated using a
vertical mixing coefficientThis method is an ovensplification of complex bubblglume

dynamics and therefois usually unable to predict the correct oxygen concentrations and
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temperatures caused by mixing in the water colukntedicatedine diffusermodelwas

proposed bysingleton (2008)o simulatea linear twedimensional oplanarbubble plume

governed by the differential equations for mass, momentum, andrheatinear fume model
(LPM) uses the discrete bubble approach to siraute oxygen distribution and miximgthe
vertical layers of the water columit requires the boundary conditions, such as temperature and

oxygen distribution, along the water column to coreparygen transfer rates and mixing flows.

An iterative coupghg approach is required to apply LPM to the reservoir model. By de@GitHt,
QUAL-W2is compiled into an executable file which cannot be accessed by any external
software. It was therefore repragnmed into a Dynamic Link Library (DLL) (W2Model.dll). A
number of new subroutines were added to the existing code that can be accessed externally to (1)
initialize the model(2) run a single timestep, and (3) read and write different configurational
ard simulated data. A new software, called W2Coupler,dea®loped in C#.NET to iteratively
solve the plume modeind transfer data back and fobtktween the reservoir model and LRM

each timestepA new graphical user interface (GUI) was developed irCé(ipler, which

replaced the default CQUAL-W2 Form (sceen showing the run progress) and incorporated
additional information including depth of maximum plume rise (DMPR) and oxygen mass rates
and entrainment flows for each layer. The GUI contains opt@mrentering LPM parameters

and setting properties die oxygenated segments. The time series for the oxygen flow rate (N
m/min) of each segment is inputted into W2Coupler using a separate text filenpinwkhere

postfix O6x06 is the segment number.

The coupler first runs the reservoir model for each-deéned timestep and reads the simulated
boundary conditions, including the temperature and oxygen depth profiles, for each oxygenated
segment in the reservoir. rential equations wsiogthee s t h e
fourth-order RangeKutta mehod to calculate the oxygen transfer and entrainment flow for each
layer, as well as the depth of maximum plume rise (DMPR). To simulate mixing, W2Coupler
automatically adds dynamic pumps (A featur€EQUAL-W2 to model pumps in the

reservoir) to the resvoir model equivalent to the number of layers in each of the oxygenated
segments. Each pump is set to withdraw wiaten its associated layer, equal to the entrainment
flow, and discharge it at dlDMPR layer. The calculated parameters are then impliétek into

the reservoir model for the next timestep. This iterative process is carried out throughout the
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simulation until the end of the run. The source code for W2Coupler and the modificatign in C

QUAL-W?2 is provided in the supplement material of fraper for free distribution and reuse.

4.3.6 Decision Support System

4.3.6.1 URUNME Software Application

A new software application, called URUNMiS,developedn C# languagéor model

integration and automatidihodhi et al. 2018) This application works as a thin layer between
the usersmodels and data sources, practically hiding the mechanics of the modeling process. It
provides a usefriendly GUI basean draganddrop functionality and uses simple flow cha
type diagrams foProjectconfiguration (saved as a .urm filé) singlediagramis called a

process, which consists differentfunctions and/or suprocesses interconnedtéhrough links.
Each finctionis used to accomplish different tasks includingning external models, reading
and writing data from different formats (database, text files, excel, netCDF, WDM, etc.)
uploading and downloading from web servatatistics Built-in R supportéetc.), time series
transformation (aggregation, missinatainfilling, etc.), querying databag8QL), expression
evaluator(Excel style builin formulas) etc. URUNME contains an embedd&QLite database
for storing datgsaved as a .db filepatageneated by functions is saved in the embedded
database anid represented as vector and scalar variablesvn as nodes in the project
explorer. These variablssipport various engineering units and conversionsande dragged
and dropped onto other fummts as an input (e.g. writing to a file) amnto otheiGUI items for
datavisualization URUNME employs a powerfujraphic engine for creating insightful and
informationrich dashboards for data visualization. Multiplews can be used in the applicatio
to creatdlifferentscreengor users Creating a dasioard is as simple as addiaGUI element
(chart, pivot table, gauge, map, grishage, textevent manager, etc.) on the screen and dragging
and dropping variables onto these panels for data bindihmese GUI elements are automatically
updated in casef any changéo the underlying data (e.g. after a model run). One of the key
features ofJRUNME is the capability of creating and running multiple scenarios of the model
using different inputsAny function paramete(e.g. file name) can be made local (@fie to that
scenario) to run a different condition (e.g. input different meteorological atdhermore,
different scenarios and processes can be run in a batch mode manbglbsorgthe Scheluler

feature, which allowsunsto be scheduled diff erent times oon a periodic basis
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4.3.6.2 Operational Configuration

The DSS was setup using two separate projedtRIdNME. The first project (model.urm) is
responsible for running the integrated model atores all the simulated and observed data in its
embelded database (model.db). The database file is automatically uploaded to a dedicated FTP
server after every model run. The second project (dashboard.urm) is created as an interactive
dashboard, containg various menus and visual elements (charts, tatibegams, etc.) to show

the most ugo-datefuturecastingesults and historical trendBigure B4-1 to Figure B4-19).

The dashboard project updatessalements directly from the mod#d.file. URUNME, installed

on the computer of different users, uses the dashboard project to download the most recent data
from the server to update the outputs on a periodic basis. This structure allows multiple users t

run the DSS dashboard application independetiteomodel implementation.

URUNME readdrom variousdatasourcesdynamically (data being continuously updated in
differentdatabaseandperformsextensive datanalysis anananipulationbefore feeding ito

the modehs inputsor storing it as historicatends All the operationgarried out during the
entire simulation processe fully automatednd use hundreds of functions in various process

flow diagramsThe overall data flow path to operate thed®las shown irFigure4-3.
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Figure4-3. Data flow diagram for the integrated model

4.3.6.3 Calibration Scenario

The calibrat

last three years of observed data. Please note that for the Occoquan case described in this paper,
these choices on data and simulation length are thkse tar the Occoquan model application,

and are not limittons imposed bW RUNME. As long as there is sufficient storage space and
memory availablelJRUNME has no documented limits on the size of the problem it is called

upon to run. For this Occoquan runflows for all the branches and distributed areas were
calculated from observed flows at ST10 and ST45. These flows are converted to model branch
inputs by scale factor§ éble A-2) obtained by dividing the drainage area of each branch by the

on

s c e n ar iteothe cwrent nodeticalibratiansusir® the i s

Users: OWML, UOSA,
Fairfax Water, etc.

Outflow,
NOs-N. efc.

MLSS.

MLVSS. RAS,

WAS, MLR,

SVI ete. Plant

drainage area of the associated streaiost. Water quality datr these stationareread

separately for base and storm flows from the laboratory datdbase flow conentrations,
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measured intermittently #tese stationsare interpolated to creaagime series for each input
constituentand water temperatur&éheconstituentalues are then replaced stprm flow
concentratioafor the duration of each storm evehhe meteorological data from the UOSA
weather station is read from a text file updated hourly. HOS oxygen flow rates amnd wat
withdrawal by the WTP are provided by Fairfax Water through email and read into the

embedded database. All the data are formatiddnaitten to different model input text files.

The first step after the basenis to validate whether tr@mulatedpool elevationstemperature,

and different constituents acensistent with thgalues observed during the calibration period.

In caseof unsatisfactory calibration performance for any water quality parametatibration

has to be&lone manuallypefore unning the remaining forecast scenarlbsnust, however, be

noted that after successful initial calibration, frequent changes ielmppedormance are not
expectedBot h graphi cal and statistical techniqgues
calibration performance. After every model rtimeseriegplots of observed vs. simulated data

are created by the DSS to provide overvew of the calibration and to identify the differences

in time and magnitude of the data visualBenerally, aragreemenbetween observed and

simulated frequencies indicates an adequate model performance (Moriasi et al.-@007).

different statisticaindices are used for evaluating the model calibration includiny&k

Sutcliffe Efficiency (NSE) (2) Percentage BIASPBIAS), (3) Root Mean Square Error, and the

(4) Coefficientof determinatior(R?). NSEis a dimensionless normalized statistic that

determines the relative magnitude of residuals compared to the measured data variance (Nash

and Sutcliff, 1970). It rangesetweeri® t o 1, wi t h Nvorasi etal@00@)isas opt i m:
recommended some guidelines for acceptable NSE values for water qgalditgiton where

NSE > (0.5, 0.65] is considered 6satisfactory
6very goodd. Al though t h enenthly meanspothetheshdidstanons a
still provide a reasonable basis for comparisordfoly data. PBIAS is an error index, which

measures the average tendency of the simulated data in comparison to the observed values

(Gupta et al., 1999). The optimal valof PBIAS is 0. It can be either positive or negative,

indicating under or overestirtian bias respectively. Similar to NSHpriasi et al. 2007)has
recommended guidelines for acceptable PBIAS for water quality based on a monthly timestep,
where PBIAS <+ (70%,4 0 %] i's considered( HG%,t i ZF%]ctaog ydg (
and PBI AS < 25 RMSES alsoareerroy indgovidhdsGhe average magnitude
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of calibration errorMoriag et al. (2007 have provided guidelines only for RMSE normalized by
standard deviation but not for standalone RMSE vakedescribeshe proportionof variation

in observed data explained by the model. It ranges from 0 to 1, with 1dyingal It is very
commonly used for model evaluation. Similar to the RMSE, no accepted guidelines are available
for R2,

4.3.6.4 Forecast Scenarios

To run the forecast scenarios, the$ateFS operational forecast GRIB2 film® automatically
downloaled from the NOAA welsite for the four selected grid points closest to the UOSA

weather stationTable Ad-1). The data are first interpolated for the UOSA weatheiostaising

the Inverse Bitance MethodFlitter et al. ®16)and then bias caected before storing into the
embedded database. To estimate stream flows, the four most recent ensembles are downloaded
from the NWM websiteThere are aotal of 120 netCDF files in evegnsemble, each

contaning data for one timstep of sihours.Forecasted flows are read from these files as a
Ostr eavanbblegnvds ) using a feature_ id key to ident
for each ensemble are combined and flowrates for ST10 (featuP2389083 and ST45
(feature_id:22339527 are extracted from each ensemble using a scale factor of 0.01 (as
indicated in thenetadataf the netCDF files).

A total of 24forecastscenarios were createding various combinations of boundary conditions
including (1) Natural seam flows,(2) WRF discharge, (3) WRF effluent nitrate concentrations,
and (4) WTP withdrawalThese usedefinedtimeseriesnclude two possible natural stream

flows (QuandQz[m%d]), two possible UOSA discharge flowrates @d > [m¥d]), three

possble UOSA efluent nitrate concentrations {NN2, and N[mg/L NitrateN]), and two
possible WTPO6s wiitaddd[refd]p Future treamrteanpeeatires ad water
guality constituents are calculated using historical trends. Monthly avdoaghebase(Cy) and
storm flow (G) concentrations are calculated from the last five years for ST10 and ST45. In
addition, average monthly base flows,Y@re also calculated for the same period to identify any
storm events in the forecasted flowgneseriesfor stream concentrations are created u€ing

unless forecasted flow for a given day is greater thaimnQvhich case gs used.

Two differentforecasts are produced by the DSS. Ad3a§ forecast is based on NWM stream

flows going out 30 daysiithe future. @and Q are calculated using the average and either of
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the maximum or minimum flows for each day in the four ensembles for ST10 and $p. L

range 96day forecast, on the other hand, is used as a-Vif#atalysis to simulate any wokst

ca® scenario. For winter months, this forecast is generally used to simulate an extended drought
period and its effect on the reservoir. Such droughts hese dbserved in the past, during both
winter and summer, the worst of which lasted for around ninghmon 1977. Such a scenario
potentially increases th& R F @amtribution to the inflows of the reservoir, which may lead to

high nitrate concentrationgspeciallyduring winters90-dayforecast is simulated after the first
30-day forecast for all th24 scenarios. The expected stream flows during a drought condition

for these 90 days are calculated using low flow frequency analysis (discussed later).

The overall execution flow path of the model is showRigure 4-4. First, the base scenario is

runfor thelastthree yearsUsing the restart feature in G@JAL-W2 v4.1, the boundary

conditions are saved in a file at the end of the run for the last day of simulation. Data for each of
the forecast scenari@secreated and inpted to the model b RUNME before it is run, from

the present day to 120 days in the futdxik 24 scenarios are run sequentially using the present
day boundary conditions from the saved file and the output data are saved into the embedded

database.

Start Start
Observed :Zf:;:;r/
Flows / Conc. i UOSA Outflows/
Met. Dat
O / Met. Data m WTP Inflows
* m— l
m Evaluate Model U Run Occoquan Model
g Performance G) multiple scenarios
O | — !
* mm— O
No Calib. Run IViewOps
m Required |_|_ Optimization
U l Yes l
calib | Yes Rerun
. Required
1 ¢ No
L, Analysis / Analysis /

Visualization

Figure 4-4. Execution path of the integrated model
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4.4 Results and Discussion

The results presented in this section are for RE02, extracted from the DSS output generated on
October 10, 2018. REO2 liscated at anand 0.5 km from the damndis the closest sanipg

stationto the WTP intakes (Figure.2)

4.4.1 Calibration of the Coupled Model

Thebasescenariovas run for théastthree years starting from January2015to October 10,
2018. Observed and simulatéidheseiesplots of pool elevation, temperature, dissolved oxygen
and nitrate concentratiomse shown irFigure4-5. The temperature and concentration plots
contain the actual data collected from the reservoir bottom (shown as dats)ath the
simulated model output (shown as solid lines) frombibgom-mostlayer. The calibration

indices for all the reservoir statis, as calculated by the DSS are showTaiple4-2.
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Figure4-5. Calibrated pool elevation, temperaturesdiged oxygen, and nitrate (as nitrogen) (solid lines
are simulated and dots are observed valOeshperature, dissolved oxygandnitrate are bottom

values.

4.41.1 Temperature

Due to iradequate hypolimnetic mixing, initial runs of the model uratedicted tle bottom
water temperatures at REO2. The poorer mixing was causebbiwgiavalue of plume rise
(DMPR) computed by the linear plume model (LPM) than the observed value of plume rise

caused byypolimneic aeration.

The DMPR is most influenced by the iaitbubble radius and entrainment coefficiddtia

addition to the oxygefiowrate (Singleton, 2008). The value bfwas decreased from the
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recommended value of 0.11 to 0.05. iAitial bubble radius of 0.75 mavas usedwhich is the
average ofthemanufacturer specifiedubble radiu®f 0.5 to 1 mm)This finetuning increased
the average DMPR and consequently the bottom water temperatures aTR&@aal
calibration results for water temperature show NSE values betw&a to 0.97 for the bottom
layer at all the reservoir stations. The PBIASdbthe reservoir stations remained within
10%. RMSE values remained between 1.0 andQ@,.&hile R ranged from 0.85 to 0.98.

Table4-2. Calibration performance indices

Parameter Calibration Reservoir Sations
Index Unit REO2 REO5 RE10 RE15 RE20 RE30 RE35

Temperature Nsg 0.88 0.84 0.73 0.86 0.83 0.97 0.80
PBIAS % 7.7 9.8 12.6 2.2 -3.6 2.0 5.6
RMSE °C 1.9 2.1 2.8 2.0 2.4 1.0 2.7
R2 0.92 0.90 0.85 0.90 0.92 0.98 0.91
Dissolved  Nsg 0.80 0.76 0.8 0.71 0.79 0.63 0.7
Oxygen
PBIAS % -6.3 -13.5 9.5 1.1 -14.5 9.1 -4.7
RMSE mg/L 1.7 1.8 1.8 2.1 2.1 2.37 25
R2 0.83 0.87 0.86 0.78 0.82 0.7 0.73
Nitrate NSE 0.54 0.55 051 0.5 0.48 0.76  -0.92
Nitrogen
PBIAS % 7.1 6.3 6.2 18.7 26.9 8.1 -27.0
RMSE mg/L 0.4 0.46 0.63 0.93 1.26 1.2 0.59
R2 0.62 0.65 0.51 0.53 0.57 0.78 0.02

4.4.1.2 Dissolved Oxygen

The initial calibration runs showed high20 concentrationin the oxygenated segments of the
model than those observeiryant et al. (2011have demonstrated that the mixing induced by
hypolimnetic oxygenation at the sedimevdter interfae increases the sediment oxygen demand
(SOD). However, the reservoir model vaetupwith a constant zerorder SOD for each

segment and provides no bt mechanism to increase the SOD dynamically during a
simulation. Therefore, modifications were maadé¢he CEQUAL-W2 code to enable the
W2Coupler to read the current SOD from the nesie model at eactimestepand rewrite it

back to the modedfter correction. A new option was created in the W2Coupler to enable the

user to modify the SOD dynamicalby entering any empirical equation as a function of SOD
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and oxygerilowrate A text alitor is provided to separately enter the equation for each segment
using SOD and Q with segment id as postfix (e.g. Q47 and S47 represents the current oxygen
flow rate aml SOD for segment 47). With this new capability, the model was run a number of
timeswith different empirical formulations. Finally, the following equation provided the best

calibration performance &t 0.07for both segments 47 and 48:
son,, =1 +f &) SOL

Where f, is a calibration factoiSOD is the tenperaturecorrected SOD, an@; is the oxygen
flow rate in Nm3hr for segment atthecurrent timestepAn f valueof 0.07 corresponds to a

6.6 imes increase in SOD atmaximum oxygefiowrate of 80 N-m?hr for each segment. NSE
values shown ifable4-2i ndi cates 6goodd to 6édvery goodd pel
with the exception of RE30, where NSE for dissdleeygeni s 0. 63 (60satisfacto
for all the reservoir stations remained withii5% which is considere/ery good. RMSE

values remained between 1.7 to @@L and R between 0.7 to 0.87.

4.4.1.3 Nitrates

The nitrate calibration hahownmo st | yf adcstadriy 6 NSE values with t
and RE35 whi ch ®artett (20Uu3jpksarted snfilar egults due 6o high nitrate

spikes at RE35 during low flows caused by the backflow from Br2n@ull Run arm) to the

Branchl (Occoquan River arm) of the model. This phenomenon is known to occur in the

reservoir during sumer and is porly predicted by the model due to its inability to simulate an
extendederiod of continuous bottofayer anoxia upstream of RE35. This condition also

affectedthe calibration of RE20 where NSE is slightly below 0.5. The PBIAS, however, has

6godod ¢y ogdwokd for all the stations. RMSE val ue
higher values are for stations close to BraBdhe. RE20 and RE30) due to higher inflow

nitrate-nitrogen concentration from WRR? ranged from G1to 078 excludhg RE35

4.4.2 Bias Correctionfor CFS

To determine theffectivenes®f the bias correction in improving the forecasting skill, the
method was first trained for ten years, between 2006 to 2015, and then applied to the raw

forecast data for 2016 and 2017 vatidation.Figure4-6aindicates agood correlation between
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observed andeforecastedir temperatures in the training period£R.73, NSE = 0.67 and

PBIAS = 11.5%,). Howevethe CDF of these datasets plotted togeth&igare4-6b shows a
significant bias, where the reforecast air temperatures are-pretéicted in the entire range

general and at lower values in particulafter applying the bias correction to the validation

period, the R NSE,and PBIAS between observed and reforecast data improved from 0.72, 0.63,
and 15.5% to 0.73, 0.71 and 3.6% respectively. Other parametersiaetested using the same
method (not shown), although the improvements in the forecastingvekéhot significant for

some parameters.
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Figure4-6. (a) Linear regression between observedrafarecastedir temperature (b) CDF for observed
(dashed line) anteforecastedsolid line) air temperatures

4.4.3 Futurecasting

As explained earlier, different combinations of boundary conditions (Q, N, D, amdéM}sed to
create forecasting scenarios. Most of these scenarios are selected in consultation with the
stakeholders and are reviewed periodically based on diffexetair$ including time of the year,

plant performance, water demand, etc.

For the 36dayforecast, the natural stream flows, &dQ. at ST10 and ST45 were obtained

using the average and minimum of the four ensembles in the NWM forecast, respectively. The
pl ant 6 s e ENfconoeatration Was getrtcalB.@ mg/L as N)(lkhe last 7dayaverage

from the date omodelrun. Upper and lower values for the effluent nitrate concentrationsi.e. N
and N, were set to 0.75 and 1.25 of,Nespectively. Th&/RF effluent discharge Dwvas taken

from the projections for September and OctobBab(e4-1). To simulate higher than projected
discharge conditions, fvas set to 149,524 %d (39.5mgd) which is approximately3% higher

than average DXor the yearDue to unavailability of the projected withdrawals from the WTP
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for 2018, W for the forecast was taken from the average monthly withdrawals in the last 5 years
i.e. 20132017 (

Table A4-3). Finally, W> was set to the safe yield of the reservoir i.e. 299,048 (@9mgd), to

simulate the highest possible withdrawals from the reservoir.

Low-flow frequency analysi@Gustard and Demuth 200@gscarriedoutto developthe stream
flows during thedroughtconditions simulated irhe 90day forecast. AO-year return period (T)
is used for this analysis, whith consieéred as an acceptable standard to calculate drought

condi ti y

ons.

For

nstance,

a

commonl

used

minimum 7%day flow expeted to occur ever$0 years Historical daily flow data from USGS

(US Geological Survey)ral OWML databases were obtained for ST10 and ST45 from 1968 and

1973 onwards, respectivelyirst, an nday(where n = duration) centereabving average is

passed ttough the daily data to calculate tiv@eseriedor the durationof 7, 15, 30, 60, 90 and
180 daysAnnual minimawerethenderivedfor each duratioty selecting the lowest flow every

year A cumudative distribution function (CDRyasdeveloped using the yearly minimum flows

andlow flows werethen calculated by salténg the exceedance prolilil (p) of 0.1 (T = 1/p)

on the CDF Figure4-7). Low flows for 90Q10 were selected corresponding to the forecast
duration of 90 days. Using these flows, UOSA contribution fed&gs forecast would remain

close to 62.5%f thetotal reservoir inflows. For effluent nites, N was set to 10 mg/L based

on the average effluent nitrate concentration from October to Jaraied-1). N> and N

were set at 7.5 mg/L and 12.5 mg/L respectively. Dischardevithdrawal scenarios were set
similar to 30days forecast.
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Figure4-7. Low flow frequency analysis for differentmoving averages using 1@ar return period

The forecasted bottofayer water temperaterprofiles are shown iRigure Ad-4. The predicted
values are consistent with the observed water tempesatiuring the forecasted months and
therefore indicateraacceptablenodel performancerlhe nitrate profiles were outputtémt the

middle layer Figure4-8), whichis around the same level from where most of the water is
withdrawn by the WTPThese results are for the stream flows irs@enario followed by 90Q10
drought flows (there was no signifitedifference between tlautputfrom Q. and Q). The

model run sbwed no significant change in the nitrate during thel@@s forecast (shown with
green background) and concentrations remained well below 1 mg/L. NWM predicted relatively
higherstream flav for the 30 days which reduced the UOSA contribution to theitdtalvs to

the reservoir to around 11% on average. The dilution caused by the higher stream flows kept the
nitrate levels below 3 mg/L at ST45 during all the N scenarios. Additionallyeseevoir
denitrification capacity remained significantly high cgriSeptember due to relatively higher
water temperatures causing low nitrate concentrations.
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Figure4-8. Nitrate profiles for diffeent scenarios at RE02. {B Projected monthly WRF discharge; &
fixed WRF discharge dt49,524 r¥d (39.5mgd), W: = WTP withdrawals based on last 5 years of
monthly averages, Y fixed at 299,048 ffd (79mgd), N1, N2 and Ny are WRF Effluent nitratéN set at
7.5, 10 and 12.5 giL)
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For DiW1 (Figure4-8a), the nitrate concentrations at REO2 reached a maximum of 1.7, 2.3, and
2.9 mg/L for N, N2, andN3, respectively, at the end the forecast. A drawdown of 0.63 meters
(2.1 ft) in the pool elevation was simulated by the model due to higher WTP withdrawals
compared to the total inflows to the reservoir on average. Althodgh [Figure4-8b)

scenarios were simulated with higher effluent discharge corrdsmgpto 15% additional

Nitrate-N load to the reservoir, the results did not show any significant changes in nitrate
concentrations compared tQ\W:. This can be attributed to the lower drawdown in this scenario
(0.4 metersylueto higher WRF contributionThe relatively higher HRT in this scenario is
counteracting the effect of higher nitrate loads. This signifiedritssvere drought conditions,

the higher WRF effluent flows would actually be beneficial for the reservoir, delaying the
increase in nitratievels at REO2 due to higher HRT. In botitWD and DW> scenariogFigure

4-8c andFigure4-8d respectively), the nitrates at REO2 increased faster when the withdrawal
was increased from YWo W- (299,08 m?/d). A higher effluent nitraté from UOSA (N =

12.5 mg/L NitrateN) result@l in 3 mg/L nitrates at REO2 after approximately 79 days. Again the
main reason was higher drawdowns, mé&tes and 1.25 meter for V> and DW- respectively,

which essentiéy lowered the capacity of the reservoir to resist change.

The nitrate levels giwn in the above results remained under the WQO limit in all the twelve
(12) scenariosThiswould indicatethat an extended winter drought based on 90Q10 is not going
to aderselyaffect the reservaitHowever, it must be noted that these results arallmasa

single model output where the boundary conditions were highly conducive for such favorable
results. Due to higher than average precipitation in summer and earliyZall®, the reservoir

was already dull pool at the start of the 9flay forecastThe starting HRT of the reservoir was
calculated to be approximately 120 days based on the withdrawal at the time. In addition, the
background concentrations were sigrafitly low (~0.5 mg/L). Even at the lower denitrifying
capacities of the reservaluring the winter months, the higher HRT provided better resiliency
against any abrupt increase in nitrate at REO2. The relatively higher simulated nitrate
concentrations fascenarios involving \Ware only because of the reduction in HRT due to

higher dravdown caused by more withdrawals.

As elaborated in the above discussion, the initial pool elevation and hence the HRT of the
reservoir plays a crucial role in the outcomehaf forecast. To understand the effect of how

93



lower pool elevations can affecttimitrate concentrations in the reservoir, a hypothetical
condition was considered where an already existing drought condition in the fall was extended
into winter (the simwdtion was only done for this study and is not a part of regular DSS
forecast). Allthe 12 scenarios were rerun by creating an artificial drawdown of 2 meters just
before the start of th@0-dayforecast, which corresponds to a reduction of 33% in thevaser
volume Figure4-9). It can be seen that in all the scenarios, the higher effluent nitrate
concentration of 12.5 mg/L @Nwill eventually push the nitrates to the WQO limit in the
forecasted period. The worst case scenamaains D1W2 wherée nitrateseache$ mg/L at

REO2 in around 77 days.
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Figure4-9. Nitrate profiles for different scenarios at RE02 usiAg titial drawdown

The above results presented how theadiyic nature of the system can affect the reservoir based
on different boundary conditions. Different meteorological parameters can also have significant
effects on the outcome. For instance, colder thandhmalair temperature in fall or winter can

als increase the nitrate concentration at RE02 by reducing the denitrification capacity of the
reservoir. On the contrary, any significant rain event can washout the entire reservoir diluting the

nitrate concentrationt® much lower levels.
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4.4.4 Process Optimizaion

Every week, the DSS moves forward in time by predicting the reservoir water quality based on
the most recent initial and future boundary conditions. When the forecasted water quality going
out 30 to 60 days is alse the 3 mg/L NitrateN threshold, th&SS automatically runs an
optimization routine on 1ViewOps to determine means to reduce the nutrient discharge from the
UOSA plant by simultaneously adjusting asset availability (changing maintenance schedules to
bring unavailable assets such as reactesifiers and pumps back online) and operational
setpointsSenet al.(2016)havediscusedthe nitrateoptimization in detéfor winter by using
different combimtions of process configuration (tanks in service), mixed liquor recycle, DO
setpoints, wasting, supplement carbon, etc., while specifying the constraints on the effluent

quality.

The DSS can help the plant operatrslecide the extent of denitrificatipespeciallyduring the
winter months. Instead of running the plant at full throttle to maximize denitrification, the
operators can target a more realistic effluent nitrate concentration based on the existirghconditi
of the reservoir. Less denitrificah means potential cost savings due to:

1 Reduced amount of carbon required for denitrification and therefore more BOD
(Biochemical Oxygen Demand) available for the digesters to increase biogas production for
heating ad electricity generation.

Less supplemntal carbon (methanol, MicroC, etc.) required for denitrification.

Less anoxic zone mixing requirements and reduce nitrate recycle pumping rates.

Lower anoxic volumes reduce undesired luxuryBiaptake resultingiiless soluble
phosphate release andheequently lower struvite formation in digesters. This reduces the

potential cost of descaling of tikentrifugesystem and struvite control chemical feed.

4.5 Conclusion

This paper presented the development and impleatien of a DSS for the Occoquan IPR

system to forecast and regulate the nitrate concentrations in the augmented reservoir. The entire
DSS application is powered by newdgveloped software, called URUNME, to fully automate

the operation of the integrateeservoir and process models, forecagproducts, and various

data sources. URUNME was also used to develop inform&tbrand usefriendly interactive

dashboards toutputthe updatedhistorical data and forecasting results for the stakeholders.
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The reservoir model is operated once gweeek, running multiple future scenarios based on
different combination of natural stream inflows, plant effluent flows and nitrate concentrations,
and water withdrawal by the WTP. The future weather conditionsirardated using the

forecasts obtaineddm the CFSA 30-day forecast predicted the reservoir conditions based on
the NWM stream flowforecast going out 30 days. A-@@y forecast, on the other hand, is used

as a whatf analysis to simulate the effeat§ any possible future winter drought.

The forecasted nitratid concentrations under different scenarios can be used by the WRF to
identify and analyze operational strategies dynamically in response to the reservoir future
conditions. In case nitrates giog out 30 to 60 days exceeds 3 mgheDSScan be used to run
differentoptimization routineon IViewOps to determinthe means taeducethe nutrient
dischargeEven when the target nitrates effluent concentrations are difficult to achieve due to
opemtional constraint, the DSS output praegda fair estimate of thigme it would take for the
reservoir to reach unacceptable nitrate levels. This provides valuable feedback to the plant
managers for contingency planning e.g. rescheduling maintenanagan essets, adding
supplemental carbathemicals, changing plant configuration, etc., to avoid any future
emergency conditions. As the DSS progresses forward in time, the optimization of the WRF is
revisited every 7 days with updated outpiiie to thedynamic nature of the system. For
instance any significant rain event can partially or completgshouthe entire reservaoir,
diluting the nitrate concentratiot@ much lower levels.

The file transfer system makes it easier for the WRF to run theationg based on reservoir

model runs donat OWML. Each weekJRUNME is run to generate a database file that is sent

to the WRF via FTP. The plant uses the URUNME interface to run this together with 1ViewOps
and populate relevant data in a screen thaister screen to SCADA. The operasiamd
maintenance staff can then make decisions about how to optimize the plant and what the future

conditions would be with optimization.

4.5.1 Future Applications of URUNME based DSS

Integrated modeling using the URUNEVBystem provides a comprehensive apgrdac
environmental management by evaluating different components of a sgsadmlistic manner

It can be used am effectivetool for design, planning, andsk assessmesitand can facilitate
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informeddecisioamaking enhancing the transparency atlaborationbetween different
stakeholdes. Moreover, it can be used for simulating, understanding and managing a

combination of wastewater, drinking water and groundwater interaction such as:

1. IPR applications in Sghern California (Orange County).

2. Wastevater treatment, discharge to a reservoir, extraction for drinking water supply, and
drinking water treatment (IPR, Wichita Falls, Texas);

3. Raw water supply from a reservoir, water treatment, and sludge dispdbkalvwastewater
treatment plant (WSSC [Wamgton Suburban Sanitary Commission], Maryland).

Although developing a reservoir model from scratch is a major undertaking that requires a
significantamount of data for setting up and calibrating the model. However, there are certain
components of this 8S which can be reused for similar applicationthewit any major
modification:

1 Downloading the data, reading the binary file formats (GRIB2, NetCDF), and calibrating
the forecastfrom the CFS and NWM.

9 Obtaining data from different data sources (stretations, reservoir stations, weather
stations, at.), manipulating and transforming data, and writing the boundary conditions and
input parameters to the reservoir model.

Open source HOS model developed forQBHAL-W?2.
Different screens created as pédrthee DSS dashboard.

The use of a DSS driven JRUNME can be used in various systems in addition to water
resources. These can include chemical and biological engineering systems and their models,
manufacturing and suppchain management systems andrthreodels. URUNME is

available free of cost for academic use (www.urunme.com).
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Table A-1. Summary of CFS variables

# Variable Desciption File Name Unit Level
1 TMP_2maboveground  Air tmp2m.01.yyyymmddhh.daily.grb2 °K 2 m above
temperature ground
2 SPFH_2maboveground Specific g2m.01.yyyymmddhh.daily.grb2 kg/kg 2 m above
humidity ground
PRATE_surface Precipitation  prate.01.yyyymmddhdaily.grb2 kg/m?/s  Surface
VGRD_10mabovegroupc V-Component wnd10mO01l.yyyymmddhh.daily.grb2 m/s 10 m above
of wind ground
5 UGRD_10mabovegroupc U-Component wnd10mO01l.yyyymmddhh.daily.grb2 m/s 10 m above
of wind ground
6 DSWRF_surface Downward dsw01.yyyymmddhh.daily.grb2 W/m? Surface
shortwave
radiation flux
7 TCDC_entireatmosphere Total cloud tcdcclmyyyymmddhh.daily.grb2 percent Entire
_consideredasasinglelay cover atmosphere

r

where
yyyy. year
mm: month
dd: day
hh: forecast hour (00, 06, 12, or 18)

Table Ad-2. Scale factors for each branch and distributed flows

#  Inflow Equation

1 Branchl Q =1.05%Q,

2 Branch2 Q=126 {Qs Qus) Qos
3 Branch3 Q=0.063Q,;s Qosn)

4  Branch4 Q,=0.02 3Q,

5 Distributed BranckL Q,, =0.04 XQ,

6  Distributed Branck

thZ = 010 3(Q45 QJOSA)
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Table A-3. Average monthly WTP withdrawals between 2@03.7

# Month Withdrawals % of Safeyield
m3/d mgd

1 January 240,236 63.5 80.3
2 February 238,326 63.0 79.7
3 March 237,007 62.6 79.3
4 April 239,339 63.2 80.0
5 May 246,113 65.0 82.3
6 June 264,376 69.8 88.4
7 July 271,707 71.8 90.9
8 August 267,055 70.5 89.3
9 September 267,447 70.7 89.4
10  October 260,453 68.8 87.1
11  November 243,407 64.3 81.4
12  December 239,194 63.2 80.0
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