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This document serves the following purposes:  
 

1 Provides documentation that the 

development of the WARMF Watershed 

Model followed the UNRBA Modeling Quality 

Assurance Project Plan (QAPP) approved by 

the North Carolina Division of Water 

Resources (DWR) for this modeling effort.  

2 Supports the review and approval of this 

Watershed Analysis Risk Management 

Framework (WARMF) Watershed model 

development report by DWR under Falls 

Lake Rule 15A NCAC 02B .0275. 

3 Provides an evaluation of the modeling 

results relative to the impacts of land use in 

the watershed, the distribution of nutrient 

loading, and the implications of those 

findings for a revised strategy. 
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Executive Summary 
The Upper Neuse River Basin Association (UNRBA) has developed 

watershed and lake models to support its reexamination of Stage II 

of the Falls Lake Nutrient Management Strategy (Falls Lake Rules).  

The UNRBA undertook this reexamination effort under the adaptive 

management provision of the Falls Lake Rules.  The Association 

committed itself to a careful, detailed, and science-based process for 

assessing the current Nutrient Management Strategy.  At every step 

through this process, the UNRBA has sought and received approval 

from DEQ/DWR as required under the Rules. 

Additionally, as a reflection of the UNRBA membershipõs ongoing support of maintaining and improving the 

water quality of Falls Lake, the jurisdictions in the UNRBA continue to implement the New Development 

requirements and the Stage I requirements of the Strategy for existing development and wastewater 

treatment plants.  Because of the uncertainty of the requirements for Stage II and the tremendous 

technical and economic challenges of these requirements, the UNRBA provided local government funding 

for a reexamination effort that would provide the necessary, scientific basis to support an updated strategy. 

In 2016, the UNRBA initiated the Modeling and Regulatory Support (MRS) project as part of the 

reexamination of the Falls Lake Nutrient Management Strategy (Falls Lake Rules).  The Falls Lake Nutrient 

Management Strategy developed by DWR and approved by the Environmental Management Commission 

(EMC) requires very large reductions in lake nutrient loading from wastewater treatment plants, agriculture, 

and existing development, as well as ongoing control of new development in the watershed.  The 

responsibility for achieving the unprecedented levels of required loading reduction from existing 

development falls primarily on the local governments in the watershed.  DWRõs baseline modeling period 

(2005 to 2007) also represented a historic drought for the area.  While the year selected as the basis for the 

nutrient reduction targets (2006, òthe baseline yearó) had a total annual rainfall near the annual average for 

the area, more than half of the total was delivered by three large storms including a tropical system.   

Because the watershed and lake modeling developed by the State and used as the basis of the rules was 

completed on a compressed schedule with limited data, stakeholders noted there was considerable 

uncertainty in the required loading targets.  DWR and the EMC recognized this concern, so the Rules allow 

for a òreexaminationó of the required nutrient load reductions under Stage II.  This adaptive management 

provision resulted in the UNRBA implementing its reexamination project.   

The UNRBA finalized a plan for conducting the reexamination in 2013.  This plan included a minimum of 

three years of water quality monitoring in the watershed and the lake.  The UNRBA began collecting water 

quality data in August 2014 and completed monitoring in October of 2018, providing data from four 

ògrowing seasonsó in the lake.  A main purpose for collecting this data was to support revised and new 

models as part of the reexamination.  However, a tremendous amount of additional types of data and 

information are also needed to develop the models.  The model preparation work is crucial, and an extensive 

effort has been made to assemble the datasets needed to properly build the modeling tools to support the 

reexamination.   

This report describes the development of the Falls Lake watershed model using the Watershed Analysis Risk 

Management Framework (WARMF).  A separate report describes the lake models.    
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Report Purpose 

 

This report was developed to 

carefully document the extensive 

work performed to develop the 

UNRBAõs Falls Lake Watershed 

model and for submittal of the 

model for approval under Falls 

Lake Rule 15A NCAC .0275.  The 

computer files developed for this 

watershed model have been 

provided to the UNRBA member 

jurisdictions and the NC Division 

of Water Resources (DWR) for 

review and evaluation.   

The UNRBAõs WARMF watershed modeling effort followed the DWR-

approved UNRBA Description of the Modeling Framework and the 

UNRBA Modeling Quality Assurance Project Plan (QAPP).  Approval of 

the watershed model is requested under rule 15A NCAC 02B 

.0275(5)(f), which states that any model submitted must be developed 

òin accordance with the quality assurance requirements of the 

Division.ó  The quality assurance requirements for this effort were 

established in the DWR-approved QAPP.  The calibrated and validated 

WARMF Watershed model developed for the UNRBA is described in 

detail in this report and is fully referenced to the Modeling QAPP.  As 

the UNRBA has discussed several times with DWR, it was agreed that 

models developed will be submitted as the work is completed.  Other 

model development reports and documentation will be submitted for 

review and approval by DWR following finalization of those models. 

 

This report also documents the 

extensive effort undertaken by 

the UNRBA to improve the 

science and understanding of 

nutrient and carbon loading 

delivered to Falls Lake.  This 

improved information provides 

the basis for the revised nutrient 

management strategy for Falls 

Lake. 

The model development process used data from a host of established 

sources (described in this report) and watershed data collected under 

the DWR-approved UNRBA Monitoring Plan.  The modeling has resulted 

in improved understanding regarding the importance of soil chemistry 

on the transport and retention of nutrients in the watershed.  This 

understanding should be reflected in the revised strategy in a way that 

reflects the length of time that changes in watershed activities may 

take to realize changes in delivered loading to Falls Lake and resulting 

water quality.  Similarly, the modeling demonstrates that the significant 

efforts in the watershed to reduce point and non-point source nutrient 

loading have had a measurable impact on delivered loads to Falls 

Lake.  Because the majority (75 percent) of the land use in the 

watershed is unmanaged (forests, unmanaged grasslands/shrublands 

including land in forest succession, wetlands, etc.), approximately half 

of the delivered nutrient and carbon load to Falls Lake originates from 

unmanaged lands.  These lands are important to the health of the 

watershed and the lake, and multiple stakeholders have expressed that 

conservation is an important component of a revised nutrient 

management strategy. 

 

  

https://unrba.org/sites/default/files/finaldescriptionofunrbamodelframework_june12_2014_marked-approved.pdf
https://unrba.org/sites/default/files/reexam-files/UNRBA-Modeling-QAPP-1.0-02-28-2018-ApprovedForWebsite.pdf
https://unrba.org/sites/default/files/dwr_approved_unrba_monitoringplan_20140715.pdf
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Background: Previous UNRBA Efforts to Support the Reexamination 

Planning for the reexamination began in 2012 and important progress on the two main components of this effort 

has been made: the UNRBA Monitoring Program to support the modeling effort was completed in 2018 and key 

UNRBA Modeling and Regulatory Support (MRS) Project efforts have also been completed.   Each project 

component included plans and quality assurance procedures that were approved by DEQ/DWR before proceeding 

with the efforts.  

In preparation for the development of modeling tools and the actions necessary to complete this component 

of the reexamination effort in accordance with the Falls Lake Rules, the UNRBA accomplished the following 

required tasks prior to development of the modeling tools (documents related to these projects are available 

in the resource library of the UNRBA website: 

 

Approval by the NC Division of Water Resources 

(DWR) of all planning documents and quality 

assurance project plans (QAPP) required by the 

Falls Lake Nutrient Management Strategy: 

¶ UNRBA Description of the Modeling Framework 

(2014)  

¶ UNRBA Monitoring Plan (2014) and UNRBA 

Monitoring QAPP (2014) 

¶ UNRBA Modeling QAPP (2018) 

Design, implementation, and successful 

completion of a four-year monitoring program (50 

months total) to support development of lake and 

watershed models including routine monitoring 

and several special studies (2014 to 2018). 

Evaluation and Selection of Model Packages for 

the UNRBA Modeling and Regulatory Support 

Project (2017) for the watershed and lake models 

following a rigorous screening process 

Development of a Conceptual Modeling Plan 

(2017) describing the watershed model, 

hydrodynamic/water quality lake models 

(Watershed Analysis Risk Management Framework 

(WARMF) and Environmental Fluid Dynamics Code 

(EFDC)), statistical/Bayesian lake model, and cost 

benefit analysis  

Development of a Data Management Plan (2018)  

 Completion of a comprehensive monitoring 

program report that not only looks at the data 

collected by the UNRBA, but data available on Falls 

Lake since it was put in service in 1982 (Final 

UNRBA Monitoring Report (2019) available in the 

resource library 

Construction of a comprehensive, publicly available 

UNRBA monitoring database providing essential 

input information for the Watershed Analysis Risk 

Management Framework (WARMF) model to 

support model development available to the public 

in the UNRBA resource library (2019). 

Presentation of modeling development work at 

publicly available sessions of the UNRBAõs Path 

Forward Committee (PFC), Modeling and 

Regulatory Support Workgroup (MRSW), numerous 

additional workgroups, and Board of Directors 

meetings (ongoing, materials available on the 

UNRBA Meeting Page). 

Coordination of special technical stakeholder 

meetings, forums, symposia, and presentations at 

conferences and public meetings to describe the 

status of the models and receive feedback 

(ongoing, materials available on the UNRBA 

Meeting Page) 

Development of the UNRBA Decision Framework 

(2020) to document how the organization 

incorporates input from internal and external 

stakeholders, works toward consensus, and 

formalizes decisions 

 

https://unrba.org/resource-library
https://unrba.org/sites/default/files/finaldescriptionofunrbamodelframework_june12_2014_marked-approved.pdf
https://unrba.org/sites/default/files/dwr_approved_unrba_monitoringplan_20140715.pdf
https://unrba.org/sites/default/files/unrba-qapp-version-1.0-final-with-appendices.pdf
https://unrba.org/sites/default/files/unrba-qapp-version-1.0-final-with-appendices.pdf
https://unrba.org/sites/default/files/reexam-files/UNRBA-Modeling-QAPP-1.0-02-28-2018-ApprovedForWebsite.pdf
https://www.unrba.org/sites/default/files/reexam-files/Model-Package-Selection_02-07-2017.pdf
https://www.unrba.org/sites/default/files/reexam-files/Model-Package-Selection_02-07-2017.pdf
https://www.unrba.org/sites/default/files/reexam-files/Model-Package-Selection_02-07-2017.pdf
https://unrba.org/sites/default/files/reexam-files/Conceptual-Model-Plan_final_0.pdf
https://unrba.org/sites/default/files/reexam-files/FallsLake-ModelDataManagementPlan_September_2018-Final.pdf
https://unrba.org/sites/default/files/UNRBA-2019-Annual-Report-Final-Updated-Links.pdf
https://unrba.org/sites/default/files/UNRBA-2019-Annual-Report-Final-Updated-Links.pdf
https://unrba.org/resource-library
http://monitor.unrba.org/
https://unrba.org/resource-library
https://unrba.org/meeting
https://unrba.org/meeting
https://unrba.org/meeting
https://unrba.org/sites/default/files/unrba-decision-framework_final-bodreview_v7.pdf
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Development of the watershed model has been a multi-year effort that included gathering data, configuring 

the model, developing model input files, and calibrating and validating for hydrology and water quality 

observations.  The watershed model calibration was approved by the UNRBA in 2022 and has been used to 

support development and calibration of two mechanistic lake water quality models.  Together, the watershed 

and lake models have been used to evaluate the impacts of scenarios and management options on lake 

water quality.   

Coordination and Input from Internal and External Stakeholders 

Throughout this process, the UNRBA has been and continues to be committed to an open and well vetted model 

development process.  Development of an accurate watershed model for predicting stream flows and pollutant 

loads requires well-developed input data and characterization of the watershed soils, land uses, wastewater 

treatment processes, etc.   

 

The UNRBA extends many 

thanks to these 

organizations and the 

dedicated staff that develop 

and maintain these critical 

data sources. 

Data collection for critical components of the model preparation effort would not 

have been possible without the cooperation, support, and work of the UNRBA 

members (Cities of Creedmoor, Durham, and Raleigh; Counties of  Durham, 

Franklin, Granville, Person, Orange, and Wake; Towns of Butner, Hillsborough, 

Stem, and Wake Forest; and the South Granville Water and Sewer Authority), 

the Modeling and Regulatory Support Workgroup (MRSW) of the UNRBA, the 

Path Forward Committee (PFC) of the UNRBA, the NC Department of Agriculture 

and Consumer Servicesõ (NCDA&CS) Division of Soil and Water Conservation, 

local Soil and Water Conservation Districts, the NC Farm Bureau Federation, the 

Falls Lake Watershed Oversight Committee (WOC), the US Forest Service, US 

Geologic Survey, NC Stateõs Climate Office (SCO), NCõs Department of 

Transportation (DOT), the NC Division of Water Resources (DWR), the NC Wildlife 

Resources Commission (WRC), and representatives from non-governmental 

organizations (NGOs). 

Throughout the process, the 

UNRBA has hosted several 

workshops and forums to 

communicate the work of the 

UNRBA and to receive input 

from internal and external 

stakeholders regarding the 

reexamination. 

In addition to UNRBA members, representatives from several State agencies 

(DWR, DOT, WRC, NCDA&CS Division of Soil and Water Conservation), 

agriculture (Farm Bureau, WOC, NC Horse Council), and NGOs (American Rivers, 

River Guardian Foundation, WakeUP Wake County, Sound Rivers Upper Neuse 

Riverkeeper, Ellerbe Creek Watershed Association, Upper Neuse Clean Water 

Initiative, Triangle Land Conservancy) have participated directly in these 

workshops and provided input over the entire period of planning and performing 

the tasks outlined in this report.  Meeting materials and presentations for 

workshops and forums are available at the UNRBA Meeting Page.   

The UNRBA has worked 

closely with researchers 

funded by the NC 

Collaboratory to conduct 

research in Falls Lake and its 

watershed and to provide 

òthird-partyó subject matter 

expert review of the UNRBA 

models.   

Descriptions of the research studies and review efforts pertaining to the 

watershed modeling are referenced in the relevant sections of this report 

(studies pertaining to the lake models are discussed in the UNRBA Lake 

Modeling Report).  Reports on research funded through the NC Collaboratory 

are available online at nutrients.web.unc.edu/resources/.  The researchers 

summarized their work during three joint symposia held by the NC Collaboratory 

and the UNRBA.  Meeting materials are available online for the three events: 

May 2021, April 2022 , and April 2023.  Many of the researchers have also 

presented their work at MRSW and PFC meetings and copies of these 

presentations are available on the UNRBA Meeting Page.  The UNRBA modeling 

team has worked closely with these researchers to ensure the data, 

assumptions, and model simulations and components are consistent with the 

available research and knowledge about Falls Lake and its watershed.   

https://unrba.org/meeting
https://nutrients.web.unc.edu/resources/
https://nutrients.web.unc.edu/2021-falls-lake-symposium/
https://nutrients.web.unc.edu/2022-falls-lake-research-symposium/
https://nutrients.web.unc.edu/2023-falls-lake-research-symposium/
https://unrba.org/meeting
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The UNRBA has also 

coordinated closely with 

DWR modeling staff, òthird-

partyó reviewers funded by 

the NC Collaboratory, and 

technical subject matter 

experts on the UNRBA team 

and from other organizations 

to evaluate the model and 

provide input, note concerns, 

pose questions, or point out 

issues identified as the 

model was being developed.   

These reviewers were invited to participate in and provide feedback during all 

the UNRBAõs meetings involving status reports or modeling-specific discussions.  

In instances where questions could not be resolved during routine meetings, 

special meetings were held to discuss options and review additional analyses.  

Questions and issues raised by the òthird-partyó reviewers, subject matter 

experts, and DWR staff in reference to processing steps, model assumptions, or 

model calibration were addressed prior to finalizing the models.  Following 

special meetings with reviewers, recommendations for proceeding were 

presented to the MRSW and PFC, and votes were held to formalize decisions 

regarding model development.  This process is documented throughout this 

report and appendices.  The model development files, and the documentation 

of this extensive model development process are available to all parties 

interested in reviewing this work. 

Model Characteristics and Development Process 

The development of a watershed model requires a solid understanding of the inputs to the modeled area and a well-

developed simulation tool for the processes that impact those inputs as they move through the watershed.  The 

WARMF Watershed model is a well-established, tested, used, and accepted tool for the development of realistic 

and reasonable results for guiding the development of regulatory approaches for addressing lake and reservoir 

nutrient impacts.  The stepwise process of watershed model development begins with a summary of sources that 

represents the nutrient input to the watershed, followed by the development and calibration of the model, and then 

a review of the simulated output by source category for land use in the watershed.  

 

The Falls Lake WARMF model employed special features of the model or included improvements to the 

model code to provide the information needed for supporting revisions to the Falls Lake Nutrient 

Management Strategy.  WARMF is a lumped parameter model, so the land uses and soils for each modeling 

catchment are simulated as a unit.  WARMF keeps track of the nutrient balances associated with land uses 

within a catchment (nutrient application, crop uptake, harvesting, etc.), but the soils are usually simulated as 

uniform across the catchment.  For watersheds with soils that bind nutrients and release them slowly over 

time like the Falls Lake watershed, this modeling assumption yields similar loading rates (pounds per acre 

per year) from sources across the catchment.  Because soil nutrients and how they are impacted by land use 

is very important in the assessment of watershed sources, this modeling effort included adjustments to the 

model configuration for the Falls Lake watershed.  In order to address this standard modeling characteristic 

of WARMF and better distinguish the loading by land use, the Falls watershed WARMF model was configured 

to isolate soils by land use.  This output provides information that is reflective of the soil conditions in the 

watershed.   

Through support by the NC Collaboratory and funding provided by DWR, the WARMF model code was also 

improved for this application to allow the simulation of up to 15 types of onsite wastewater treatment 

systems rather than the model default (three systems).  DWR assisted with securing grant funding through 

319 to fund these model code revisions.  The UNRBA worked closely with researchers funded through the 

NC Collaboratory to develop the model inputs associated with each type of onsite wastewater treatment 

system. 

Unlike empirical models, the WARMF Watershed model simulates the movement of òappliedó nutrients 

over the land surface, through the soil, and through streams and impoundments to the targeted 

downstream location, i.e., Falls Lake.  This represents a dynamic response to land use and management.  

The variation in loading per unit surface area is based on rates and timing of nutrient application, rainfall 

and antecedent moisture conditions, vegetation growth and harvesting cycles, and physical/biological/ 
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chemical changes to nutrients as they move through the watershed.  This is a much more accurate way to 

project the variation in loading based on weather and physical conditions compared to prescribing runoff 

nutrient concentrations or surface area loading rates that are intended to represent an average condition 

and are often based on studies from different regions or periods that are not representative of local rainfall, 

soils, and physical watershed conditions.  This more complex, process-based model using local data allows 

for better decision making for the development of an improved nutrient management strategy for Falls Lake.  

The UNRBAõs watershed model for the 2015 to 2018 period represents conditions with above average 

rainfall, and the model was calibrated to simulate flows and water quality concentrations observed during 

that period.   

During meetings with technical subject matter experts and òthird-partyó model reviewers, questions were 

raised about the simulated areal loading rates (mass per area per time, e.g., pounds per acre per year) for 

different land use types.  Some reviewers questioned loading rates for certain land uses like forests as 

seemingly too high, and comparisons to other published studies were provided for confirmation of the model 

loading rates.  Fortunately, research on forested area in the Falls Watershed are available from the US 

Forest Service.  To ensure the WARMF watershed model was simulating reasonable areal loading rates for 

various land uses, representative modeling catchments with predominate land use in agriculture, urban 

development, or forest were evaluated for rainfall conditions that more closely matched those of the 

monitoring studies or other model publications.  For this comparison, the selected modeling catchments 

were evaluated for a dry year (2007) and an average year (2017).  Simulated loading rates by land use 

under these hydrologic conditions were very comparable to the areal loading rates from the US Forest 

Service monitoring studies and other model publications.  These analyses are documented in Appendix H.  

Based on these comparisons, the WARMF Watershed model output properly reflects variation in loading 

resulting from land use and variation in rainfall. 

Summary of Nutrients Applied or Released to the System 

External sources of nitrogen and phosphorus enter the Falls Lake watershed system on the vegetation or land 

surface, subsurface, or as discharges to streams and rivers.  In addition, nutrients are stored in the watershed soils 

and lake sediments based on past nutrient inputs, vegetative removal or recycling, and physical, chemical, and 

biological transformations that occur in the groundwater and the soils.  Many processes act on these applied and 

stored nutrients before they are delivered to Falls Lake.  Several of these processes, like crop harvesting and 

denitrification, remove the nutrients from the system entirely.    

 

https://unrba.org/sites/default/files/reexam-files/AppendixH_SMEReviewSupplementalEvals.pdf
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Most sources of nutrients that are applied or released to the Falls Lake 

watershed are represented using model input files including 

atmospheric deposition, nutrient application to agriculture or urban 

land, wastewater treatment facilities, sanitary sewer overflows, and 

onsite wastewater treatment systems.  Wastewater treatment facilities, 

sanitary sewer overflows, and discharging sand filter systems are 

tracked together in a category called point sources.  Inputs applied to 

the land surface such as nutrient application and atmospheric 

deposition are tracked by land use type (Figure ES-1).  Natural areas 

only receive external nutrient inputs from atmospheric deposition.  This 

is a critical factor in considering future releases from these lands.  

Some sources are internally calculated by the model, like streambank 

erosion and loading associated with soils, dissolution of nutrients into 

groundwater, and soil erosion.  The model tracks these as sources of 

loading delivered to Falls Lake, but these are not prescribed in model 

input files.  External nutrient applications to unmanaged areas come 

only from atmospheric deposition.   

The majority of the watershed area is in an unmanaged land use such 

as forests, wetlands, shrubland/grassland including land in forest 

succession, or open water.  Approximately ten percent of the watershed 

area is in agriculture: of this, 57 percent is pasture, 12 percent is full 

season soybeans, 10 percent is hay, 7 percent is double-cropped 

soybeans, 6 percent is flue-cured tobacco, 6 percent is no-till grain corn, 

and 2 percent is wheat or other crops.  Rights of way managed by the 

NC Department of Transportation comprise approximately 3 percent of 

the watershed area.  Approximately 13 percent of the watershed is 

òurbanó with 68 percent of this area comprised of developed open 

space and non-DOT road right of way, 20 percent low intensity existing 

development, 7 percent medium intensity existing development, and 

2.5 percent high intensity existing development.  Only 1.5 percent of the 

total watershed area is medium or high intensity development.  New 

development and interim development (City of Durham lands developed 

with nutrient control requirements between those of existing and new 

development) comprise approximately 2 percent of the òurbanó area.       

  

Nutrients are applied or 

released to the 

watershed each year 

from atmospheric 

deposition, nutrient 

application, discharges 

from wastewater 

treatment plants, etc.   

 

Some nutrients also 

originate from internal 

watershed processes like 

streambank erosion. 

 

Natural areas only 

receive external nutrient 

inputs from atmospheric 

deposition.   
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Figure ES-1.  Land Use Composition and Percent of Area by Jurisdiction for the Falls Lake Watershed (492,000 acres) 

for the UNRBA Study Period (2015 to 2018)  
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Atmospheric deposition and nutrient application to agricultural and developed areas are the largest gross 

contributors to total nitrogen and total phosphorus in the watershed (Figure ES-2 and Figure ES-3, 

respectively).  Nutrient application to agriculture (before crop harvesting) and atmospheric deposition each 

contribute approximately 40 percent of the total nitrogen applied to the system.  Nutrient application to 

agriculture (before crop harvesting) and fertilizer application to urban areas contribute approximately 

60 percent and 20 percent of the total phosphorus load applied to the system, respectively.   

Figure ES-2 and Figure ES-3 summarize the gross inputs to the watershed, not the loading delivered to Falls 

Lake.  These figures are based on the watershed model input files and do not reflect the biogeochemical 

processes or nutrient removal due to crop harvesting that ultimately reduce the loading delivered to Falls 

Lake (i.e., watershed processes).  The figures also show the model inputs for effluent from centralized 

wastewater treatment facilities and onsite systems.  These amounts represent post-treatment nutrient 

loads, not raw wastewater.  

Based on the calibrated model results, watershed processes including crop harvesting reduce the total 

nitrogen input by approximately 83 percent prior to delivery to Falls Lake and the total phosphorus input by 

approximately 88 percent.  This 770 square mile system includes several major impoundments and an 

extensive stream network which reduces nutrients during transport through adsorption to sediment, settling, 

denitrification, biological uptake, etc.  Overland transport also reduces loads by filtering, settling, and plant 

uptake.  The harvesting of crops results in removal of nutrients from the system.  These percent reductions 

in nutrients applied or released to the watershed are conservatively low because 1) they are based on 

treated wastewater discharges from the facility to the stream, not raw wastewater loads received at the 

facility, and 2) the delivered loads to the lake also include loading from internal processes like streambank 

erosion that are not reflected in the loads applied or released to the watershed.   

The proportion of delivered load from each major input varies based on the processes that affect it: 

¶ Inputs from nutrient application to agriculture are high relative to other sources; however, much of these 

nutrients are stored in crops, harvested, and ultimately removed from the system (percentage of 

delivered load is smaller than percentage of inputs).   

¶ Atmospheric deposition is also a major input which affects all land use types including forests and 

wetlands which can store and cycle nutrients and carbon; a portion of this input is removed from the 

system by crop harvest (percentage of delivered load is smaller than percentage of inputs).   

¶ The percent contribution from wastewater (WW) treatment plants is relatively small in terms of inputs to 

the system partly due to facility upgrades and optimization; these inputs are directly discharged to 

streams typically downstream of impoundments (percentage of delivered load is larger than percentage 

of inputs).   

¶ Streambank erosion is a significant source of delivered loading of phosphorus but is not reflected in 

these watershed input pie charts because it is accounted for internally by the model and is not òappliedó 

to the model as part of the model input files. 
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Figure ES-2. Percent Contribution to Gross Inputs of Total Nitrogen (9.9 million pounds per year) Applied or Released 

in the Falls Lake Watershed for the UNRBA Study Period (2015 to 2018) 

 

 

Figure ES-3. Percent Contribution to Gross Inputs of Total Phosphorus (1.5 million pounds per year) Applied or 

Released in the Falls Lake Watershed for the UNRBA Study Period (2015 to 2018) 
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Watershed Calibration 

The UNRBA and its members have invested a significant amount of time and financial resources into the 

development of a watershed model for Falls Lake.  This included a concentrated effort to gather and respond to 

input from the UNRBA member representatives, òthird-partyó reviewers, subject matter experts, DWR, and other 

stakeholders.  Accurate simulation of stream discharge and chemical constituents as they travel through the system 

is critical to the development of an updated nutrient management strategy.  The resultant, calibrated model is an 

effective, well-vetted, professional, and scientifically developed simulation tool qualified for use in developing and 

supporting a revised nutrient management strategy.   

 

The UNRBA Modeling QAPP describes how the models should be 

developed and what criteria must be used to evaluate the model for 

approval under the Falls Lake Rules (summarized in Section 6.1).  

Calibration involves adjustment of the model coefficients to achieve the 

best overall fit across a suite of parameters.  As described in the QAPP, 

model calibration and evaluation of performance focus on the upper five 

tributaries to Falls Lake that deliver more than 70 percent of the flow to 

the lake.  These five tributaries include Ellerbe Creek, Eno River, Little 

River, Flat River, and Knap of Reeds Creek.   

To evaluate the hydrologic performance of the WARMF watershed model, 

simulated stream flows were compared to those recorded by the US Geologic 

Survey (USGS).  There are eight USGS gages on these five tributaries which 

were used to compare to WARMF simulated stream flows. 

Based on the performance criteria specified in the QAPP (summarized in 

Section 6.3), the model performs in the ògoodó to òvery goodó range for 

total simulated stream flows as well as annual, summer, and winter 

periods at these eight gages.  Six of the gages also rank ògoodó to òvery 

goodó for the fall and spring seasons, but Knap of Reeds and Flat River 

below Lake Michie rank òfairó for these two seasons.  For the 

50 percent lowest flows, four gages rank òvery good,ó one ranks òfair,ó 

and two do not meet the criteria for òfairó where flows are under-

predicted relative to the gaged flows.  Model inaccuracy at low flows 

does not significantly impact overall simulated nutrient loading to Falls 

Lake which is primarily driven by high flows.  Also, consistent with USGS 

description of accuracy, there is more uncertainty in the gaged flow 

estimates when flows are low (Section 4.3.1).  For the 10 percent 

highest flows, the model ranks good to very good at all gages except 

Knap of Reeds; this gage is in a swampy area with a large flood plain 

that is both difficult to simulate and to gage with a high degree of 

accuracy.  Because of the conditions at this gage location, flow accuracy 

is less dependable. 

Calibration of the watershed model for water quality concentrations also 

focuses on these five tributaries.  Observations regarding model performance 

for the UNRBA study period (2015 to 2018) at the five lake loading stations 

for these tributaries are provided in Table ES-2.  Additional parameters, 

locations, and results for the calibration and validation periods are 

described in the main body of this report and its appendices.  

Accurate simulation of 

stream flows, pollutant 

loading, and sources of 

delivered load to Falls 

Lake is critical to the 

development of an 

updated nutrient 

management strategy. 

 

To evaluate the hydrologic 

performance of the 

WARMF watershed model, 

simulated stream flows 

were compared to those 

recorded by the US 

Geologic Survey (USGS).  

There are eight USGS 

gages on these five 

tributaries which were used 

to compare to WARMF 

simulated stream flows. 

 

Calibration of the 

watershed model for water 

quality concentrations also 

focuses on these five 

tributaries.   

https://unrba.org/sites/default/files/reexam-files/UNRBA-Modeling-QAPP-1.0-02-28-2018-ApprovedForWebsite.pdf
https://unrba.org/sites/default/files/reexam-files/UNRBA-Modeling-QAPP-1.0-02-28-2018-ApprovedForWebsite.pdf


UNRBA Falls Lake Watershed Modeling Report  Executive Summary 

 

xxi 

 

Table ES-1. Hydrologic Performance Rankings for the UNRBA Study Period (2015-2018) 

Volume 

Ellerbe - Club 
Boulevard 

(0208675010) 

*Ellerbe -  
Gorman 

(02086849) 

Eno -  
Hillsborough 
(02085000) 

*Eno - 
Durham 

(02085070) 

Flat -  
Bahama 

(02085500) 

*Flat - Dam 
Near 

Bahama 
(02086500) 

*Knap Of 
Reeds -  
Butner 

(02086624) 

*Little River - 
Orange Factory 
(0208521324) 

Total Good Good Very Good Good Good Good Very Good Good 

Annual Very Good Very Good Very Good Very Good Very Good Very Good Very Good Very Good 

50% lowest flows Low1 Very Good Very Good Fair Very Good Good Low Very Good 

10% highest flows Very Good Good Very Good Very Good Good Good Fair Very Good 

Summer Good Very Good Very Good Very Good Good Good Very Good Very Good 

Fall Very Good Very Good Very Good Good Very Good Very Good Fair Very Good 

Winter Good Very Good Very Good Good Very Good Very Good Very Good Very Good 

Spring Good Very Good Good Very Good Good Fair Good Good 

1 Low indicates that model performance did not meet the requirement to be considered òfair,ó and flows were underpredicted.   

* Indicates this location is the most downstream stream flow gage on the tributary and represents the best estimate of delivered stream flows to 

Falls Lake.   

 

 

Table ES-2. Water Quality Performance Rankings for the UNRBA Study Period (2015-2018) for the Five Largest Tributaries 

Parameter Ellerbe Eno Flat Little Knap 

Temperature Very good Good Good Good Good 

TSS Low1 Fair Low Good Fair 

Ammonia Good High2 Good Low Good 

Nitrate Very good Good Low Low Low 

TKN Fair Very good Very good Very good Very Good 

TN Good Very good Very good Very good Good 

TP Very good Good Good Very good Low 

TOC Very good Very good Very good Very good Good 

Chlorophyll-a Low Low Low Fair Low 

1. òLowó indicates that model performance did not meet the requirement to be considered òfair,ó and values were underpredicted.   

2. òHighó indicates that model performance did not meet the requirement to be considered òfair,ó and values were overpredicted. 
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The summary rankings for the water quality performance are described below in terms of the full 

modeling period (2015 to 2018): 

 

Temperature model performance is ògoodó to 

òvery goodó 

 

THIS MEANS:  

A well calibrated model for temperature is important 

because biological and chemical processes are 

temperature dependent.     

The WARMF model output for total suspended 

solids (TSS) includes only silt and clay.  TSS is 

generally underpredicted with Eno River, Knap 

of Reeds Creek, and Little River achieving 

rankings of good to fair. 

THIS MEANS:  

While TSS is important because it is associated with 

other pollutants like total phosphorus that can adsorb 

to particles and affect delivery to Falls Lake, 

calibration to this parameter does not impact the 

overall nutrient balance for this watershed.  As noted, 

watershed model performance for TSS is not as good 

as other simulated parameters.  However, this is not 

affecting the accuracy of simulated nutrient 

concentrations in the tributaries or the calibration 

results for nutrient concentrations delivered to Falls 

Lake which are good to very good for total nitrogen and 

total phosphorus.   

Ammonia model performance is òvery goodó 

at Ellerbe Creek, ògoodó at Flat River and 

Knap of Reeds Creek, and just over the 

criteria for òfairó at Eno River.  The model does 

not meet the requirement for òfairó for 

simulated ammonia concentrations at Little 

River where the model underpredicts 

ammonia concentrations; this calibration 

location is downstream of Little River 

Reservoir.  Observed ammonia concentrations 

are relatively low in this tributary (observed 

mean is 0.08 mg-N/L).  Low ammonia 

concentrations do not greatly affect total 

nitrogen loading to Falls Lake.   

THIS MEANS:  

At four of the five largest tributaries, the model is 

performing well for ammonia.  Because ammonia 

concentrations are generally low, this parameter is not 

a significant component of total nitrogen.  Not meeting 

the target for ammonia is not affecting the 

performance of the model for total nitrogen.     
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Nitrate model performance is òvery goodó at 

Ellerbe Creek and ògoodó at Eno River.   

The model does not meet the criterial for fair 

at Little River, Flat River, and Knap of Reeds 

Creek where nitrate is underpredicted; these 

calibration locations are downstream of an 

impoundment.  Also,  at Little River and Flat 

River, the mean measured  nitrate 

concentrations are low, less than 0.2 mg-N/L.   

The model underpredicts nitrate at Knap of 

Reeds due to missing information in the 

middle of the calibration period; the model is 

òvery goodó for nitrate during the validation 

period. 

THIS MEANS:  

At two of the five largest tributaries, the model is 

performing well for nitrate.  Where the model under 

performs, the calibration stations are downstream of 

an impoundment and nitrate concentrations are 

relatively low.  For Knap of Reeds Creek, the model 

underpredicts nitrate during the calibration period due 

to missing information but performs very well during 

the validation period.  The model still performs well for 

total nitrogen at all five tributaries. 

Total Kjeldahl Nitrogen (TKN, comprised of 

organic nitrogen and ammonia) model 

performance is òvery goodó at Eno, Flat, and 

Little Rivers and at Knap of Reeds Creek.  

Simulated TKN at Ellerbe Creek is òfair.ó  

THIS MEANS:  

In this watershed, TKN is comprised mostly of organic 

nitrogen and comprises most of the total nitrogen.  The 

model meets the performance criteria for TKN at each 

of the five largest tributaries.   

Total nitrogen model performance is òvery 

goodó at Little, Flat, and Eno Rivers and 

ògoodó at Ellerbe Creek and Knap of Reeds 

Creek.  At Knap of Reeds Creek for the 

calibration period, the simulation for TN is 

òfairó due to missing information during the 

calibration period (late 2015 to early 2016), 

but the model is òvery goodó during the 

validation period (2017 and 2018).      

THIS MEANS:  

An accurate characterization of total nitrogen loading 

to Falls Lake is an important consideration for lake 

management. While the simulation of the individual 

nitrogen species summarized above does not always 

meet the target, the model is predicting total nitrogen 

well at the five largest tributaries.  Transformations 

from one nitrogen species to another can happen 

rapidly, so calibration can be challenging particularly 

when comparing a simulated 6-hour average value to 

a point in time measurement.   

Since total nitrogen is the most referenced parameter 

for nitrogen management, these results support the 

use of this tool for management decisions.      
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Total phosphorus model performance at these 

five stations is ògoodó to òvery goodó except 

at Knap of Reeds Creek where the model 

underpredicts phosphorus concentrations 

during a period in late 2015 and early 2016.  

A period of high phosphorus concentrations 

was observed in the creek as part of the 

UNRBA Monitoring Program at this location.  

The model performance is òvery goodó at this 

location for the validation years (2017 and 

2018).     

THIS MEANS:  

An accurate characterization of total phosphorus 

loading to Falls Lake is an important consideration for 

lake management. The model is predicting total 

phosphorus well at the five largest tributaries.  An 

exception occurs for a brief period in one tributary due 

to missing information.  This exception does not 

significantly impact the viability of the model for 

making management decisions.  

Total organic carbon model performance is 

òvery goodó at these five stations, except for 

Knap of Reeds Creek where the performance 

is just outside of the threshold for òvery goodó 

range and ranks ògood.ó 

THIS MEANS:  

Total organic carbon is an important consideration for 

drinking water supplies like Falls Lake, and 

understanding the amount originating from the 

watershed is important for management decisions.  

The model is predicting total organic carbon well at 

the five largest tributaries.  It should be noted that 

total organic carbon is not currently addressed 

through water quality standards or established as a 

control parameter for water sources for producing 

drinking water. Water supply providers do monitor and 

consider total organic carbon as an operational 

consideration.  
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Chlorophyll-a in the tributaries to Falls Lake is 

generally underpredicted by the watershed 

model compared to observations, and the 

model does not meet the criteria to be 

considered òfairó except at Little River.  In 

streams, measured chlorophyll-a is likely due 

to sloughing of periphyton, not floating algae, 

and so the species in the tributaries are 

different than those prevalent in Falls Lake.   

The observed mean chlorophyll-a 

concentrations in the tributaries ranges from 

3.5 µg/L to 12.6 µg/L which are lower than 

the mean concentrations observed in Falls 

Lake.  Underpredicting the concentrations in 

the tributaries is not anticipated to negatively 

affect the lake model where growing 

conditions for algae are better and observed 

concentrations are usually higher than those 

measured in the tributaries.  This is 

particularly true when concentrations are low.  

For example, if the percent bias is -75 percent 

and the observed mean chlorophyll-a 

concentration in the tributary is 4.7 µg/L, 

then the mean concentration predicted by the 

model is 1.2 µg/L.  These differences are not 

important relative to the regulatory standard 

of 40 µg/L.  However, if the observed mean 

was 50 µg/L and the model predicted a mean 

of 12.5 µg/L, that could have more of an 

impact on the ability of the downstream lake 

models to simulate chlorophyll-a in Falls Lake 

relative to the standard.   

THIS MEANS:  

Chlorophyll-a is the regulatory driver for the Falls Lake 

Nutrient Management Strategy.  Tributary monitoring 

and watershed modeling confirm the concentrations 

entering the lake from the tributaries are relatively low 

compared to concentrations observed in Falls Lake. 

The simulated chlorophyll-a values in the tributaries to 

Falls Lake do not significantly affect the lake water 

quality models because Falls Lake is more conductive 

to algae growth than the free-flowing tributaries.  

The UNRBA WARMF Lake and EFDC lake models were 

developed to simulate chlorophyll-a concentrations in 

Falls Lake based on information from the watershed 

model.  While the watershed model underpredicts 

chlorophyll-a concentrations in the tributaries to Falls 

Lake, the observed concentrations are so low these 

differences do not affect the simulation processes in 

the lake models.   
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Simulated Delivered Loads to Falls Lake  

WARMF tracks delivered loads from sources in the watershed based on the 

nutrient inputs they receive, the processes that affect each source 

individually, and transformations that occur in catchments, streams, and 

impoundments in the watershed during transport.  The loads delivered to 

Falls Lake are a function of tributary stream flow and water quality 

concentrations.  Delivered loads are strongly dependent on rainfall amounts 

and antecedent (prior) conditions.      

The following sources are tracked in the model output files: 

¶ Individual land uses (e.g., deciduous forest, full-season soybeans, 

developed open space) 

¶ Individual types of onsite wastewater treatment systems (e.g., 

conventional functioning systems, conventional malfunctioning 

systems) 

¶ òGeneral point sourcesó (includes major and minor dischargers, 

discharging sand filter systems, and sanitary sewer overflows) 

¶ òGeneral nonpoint sourcesó (accounts for the initial mass of 

chemical constituents in the watershed soils, streams, and 

impoundments) 

¶ Stream bank erosion 

¶ Direct wet and dry deposition to Falls Lake 

Figure ES-4 through Figure ES-6 show the percent contribution and the 

source of the delivered total nitrogen, total phosphorus, and total 

organic carbon loads to Falls Lake, respectively.  These delivered loads account for nutrient removal due to 

crop harvesting and subsurface, overland, instream, and impoundment processes that reduce loading 

before it is delivered to the lake (i.e., watershed processing).  Near Lake areas also include the surface of 

Falls Lake which receives direct wet and dry deposition of these parameters from the atmosphere.   

With three-quarters of the land area in unmanaged uses (forests, wetlands, unmanaged grassland and 

shrubland, land in forest succession, and open water), over one-half of the total nitrogen, total phosphorus, 

and total organic carbon loads delivered to Falls Lake originates from these areas.  While these areas 

contribute loading, particularly during wet conditions, they are important to the health of the watershed by 

storing and cycling nutrients and carbon, infiltrating and storing rainwater, buffering temperatures, and 

providing habitat to terrestrial, avian, and aquatic wildlife.  Increased loading from forested areas following 

large rainfall events has been reported by many researchers (Hunt 2023, Paerl et al. 2018, 2019, 2020; 

Osburn 2016; Timmons 1977; Oyarzún and Hervé-Fernandez 2015).  Several of these studies were cited in 

DWRõs 20-yr status report on the Neuse and Tar Pam Estuaries in reference to increased nutrient loading 

from forested areas resulting from increased precipitation and climate change (Draft ð May 16, 2023).    

The remainder of the total nitrogen load and total organic carbon load originates from agriculture, urban 

areas, and wastewater treatment (centralized facilities and onsite systems).  Streambank erosion 

contributes approximately 14 percent of the total phosphorus load, and the remaining 31 percent is due to 

urban areas, agriculture, and wastewater treatment (centralized facilities and onsite systems).   

Local governments, utilities, and the agricultural community have made significant investments in 

stormwater nutrient reduction measures, optimized or upgraded processes at wastewater treatment plants, 

and reduced the amount of nutrients applied in the watershed.  These activities have maintained the 

amount of nutrients delivered to Falls Lake relative to the baseline period even though rainfall amounts, and 

resultant stream flows, were much higher during the UNRBA study period.      

Delivered loads are what 

reach Falls Lake after the 

nutrient inputs and 

watershed processes have 

been accounted for.  

Delivered loads represent 

only 20 percent of 

"applied' nutrients in the 

watershed. 

Forests, non-pasture 

grassland, wetlands, and 

other unmanaged lands  

contribute approximately 

half of the nutrient load to 

Falls Lake because they 

are the majority of the 

drainage area.  These 

areas are important to the 

health of the watershed 

and provide many 

benefits. 
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 FIGURE NOTES: 

Loads from unmanaged lands, including 

forests, contribute the largest fraction of the 

load because 75 percent of the watershed is 

comprised of these areas (Figure ES-1).  

These areas are important to the health of the 

watershed.   

Loads from wastewater treatment plants 

(WWTPs) include major and minor discharges 

as well as sanitary sewer overflows.   Loads 

from WWTPs have been significantly reduced 

since the baseline year (2006).  

Loads from onsite wastewater treatment 

systems (Onsite WW) are listed separately for 

discharging sandfilter systems (DSF) and 

other systems (no DSF).   

13% of the watershed is òurban.ó  68% of 

"urban" area is developed open space 

(mostly non-DOT road right of way) and 20% 

is existing development, low intensity.  Only 

1.5% of the watershed is medium or high 

intensity development.  Thus, most of the 

òurbanó land in the watershed is low intensity. 

Loads from streambank erosion are listed 

separately from urban loads.  

Only 9 % of the watershed remains in 

agriculture.  57% of agriculture is pasture, 

12% is full season soybeans, 10% is hay, 7% 

is double-cropped soybeans, 6% is flue-cured 

tobacco, 6% is no-till grain corn, and 2% is 

wheat or other crops.  These are mostly small 

family farms.  

Atmospheric deposition affects the entire 

watershed.  Direct deposition and direct 

precipitation are the amounts falling on lake 

surfaces.   

Initial system mass is the amount of pollutant 

in the streams and impoundments at the start 

of the model simulation.   

 

 
 

 

 

 

Figure ES-4 Source Contributions of the Delivered Loads to Falls Lake for the UNRBA Study Period  
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Figure ES-5 Tributary Contributions of the Delivered Loads to Falls Lake for the UNRBA Study Period 
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Figure ES-6 Jurisdictional and Permitted Contributions of the Delivered Loads to Falls Lake for the  

UNRBA Study Period  
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Summary of the Watershed Modeling Effort and Key Findings 

The Falls Lake Nutrient Management Strategy was passed in 2011.  In response, some UNRBA members and other 

regulated entities began early implementation to reduce nutrient loading to Falls Lake including installation of 

hundreds of stormwater control measures, best management practices, and stream restoration projects.  UNRBA 

members have also provided extensive investments to secure improvements at wastewater treatment plants, 

reductions to sanitary sewer overflows, implementation of retrofits for existing development, and maintenance and 

repair programs for onsite wastewater treatment systems.  In implementing these efforts, the jurisdictions in the 

watershed have provided an unprecedented, comprehensive response to the goal of managing nutrients in this 

watershed and reservoir.     

The UNRBA has invested significant financial and management support resources into the development of 

a watershed model to accurately characterize nutrient and carbon loading to Falls Lake to allow for 

evaluation of management strategies and future tracking of watershed conditions.  A key dataset for 

calibrating the model and ensuring that simulations in the watershed match observations was the four-year 

(August 2014 to October 2018) approved water quality monitoring program designed, implemented, and 

funded by the UNRBA to support the modeling efforts.  The UNRBA began allocating resources while the 

monitoring program was still underway to plan for and begin data collection efforts to support the watershed 

model development.  The UNRBA worked with watershed stakeholders to select the WARMF model to 

simulate the watershed and Falls Lake (Model Selection Package).  Two additional lake models have also 

been developed (EFDC and a statistical/Bayesian model). 

Several improvements or features of WARMF were used to provide additional information about the sources 

of nutrient loading to Falls Lake.  For example, the WARMF option to isolate soils by land use was applied to 

better distinguish the loading by land use.  In addition, the WARMF model code was improved to allow the 

simulation of up to 15 types of onsite wastewater treatment systems rather than the model default (three 

systems).  DWR assisted with securing grant funding through 319 to fund these model code revisions.  The 

UNRBA worked closely with researchers funded through the NC Collaboratory to develop the model inputs 

associated with each type of onsite wastewater treatment system.   

Securing all of the data needed to provide the best configuration of the model was a large and important 

task.  The effort would not have been possible without the cooperation of others.  Many stakeholders 

provided data, information, insights, and feedback to support this modeling effort and ensure that all 

available information was incorporated accurately into the model: local governments and utilities that 

comprise the UNRBA, state agencies (DWR, NCDA&CS, Department of Transportation, Wildlife Resources 

Commission, State Climate Office), federal agencies (US Forest Service, US Geologic Survey), researchers 

funded through the NC Collaboratory, and representatives from the Farm Bureau and American Rivers.  All of 

the information obtained through this process has been identified, reviewed, quality assured, and 

incorporated into the model.  In addition, the NC Collaboratory provided funding for a òthird-partyó review of 

the model.  This extensive review resulted in refinements and improvements to the model with a focus on 

source load allocation and simulated areal loading rates.   

  

https://www.unrba.org/sites/default/files/reexam-files/Model-Package-Selection_02-07-2017.pdf
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The results of this extensive, multi-year model development process 

provide insights on watershed loading of nutrients to Falls Lake.   

Because of the extensive data available for this model, the review of the model results, and the 

features and modifications to the model that were made during this application, this work 

provides an updated and more extensive understanding of how watershed processes affect 

nutrients and carbon delivered to Falls Lake:   

The amount of agricultural land has decreased in the 

basin by approximately 44 percent since the baseline 

period (2005 to 2007), and many of the nutrient 

application rates for specific crops have also declined 

over this period.  Rates of atmospheric deposition of 

nitrogen have declined by approximately 20 percent 

since the baseline period.  Nutrient loads from WWTP 

have declined 38 percent for TN and 81 percent for TP 

when comparing 2006 to 2018.  

 THIS MEANS:  

The regulated community in the Falls Lake 

watershed has made significant progress in 

reducing nutrient loading to Falls Lake.   

Atmospheric deposition of nutrients has also 

declined.   

The chemistry of the soils in the watershed (based on 

data from the US Department of Agriculture National 

Cooperative Soil Survey) results in the retention and slow 

release of nutrients over time.  A change in a watershed 

model input (land use, nutrient application rate, etc.) 

takes approximately 25 simulation years for the soils in 

the watershed to reach equilibrium and simulate a 

change in delivered load.   

 THIS MEANS: 

Changes in the watershed directed at 

nutrient management may take decades to 

have a measurable impact on nutrient 

loading to Falls Lake.  It will be important to 

consider this timeframe in the development 

of a revised nutrient management strategy. 

Conventional and advanced treatment systems that 

discharge to the subsurface for onsite wastewater 

treatment are very effective at removing nutrients, partly 

due to the soil chemistry in the watershed.  This finding 

from the modeling is supported by recent research 

funded through the NC Collaboratory.  These sources 

comprise approximately 1.2 percent of the total nitrogen 

load and 0.06 percent of the total phosphorus load 

delivered to Falls Lake.  These percent contributions 

account for all on-site systems, functioning and 

malfunctioning. 

 

Discharging sand filter systems primarily discharge to 

very small streams or upland drainage channels in this 

watershed and are simulated as point sources by the 

model.  They comprise approximately 0.6 and 

0.7 percent of the total nitrogen load and the total 

phosphorus load delivered to Falls Lake, respectively. 

 THIS MEANS: 

Onsite wastewater treatment systems 

including discharging sand filters do not 

contribute significantly to delivered nutrient 

loading to Falls Lake (2 percent or less).   

https://www.nrcs.usda.gov/wps/portal/nrcs/main/soils/survey/partnership/ncss/
https://www.nrcs.usda.gov/wps/portal/nrcs/main/soils/survey/partnership/ncss/
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Urban areas only comprise 13 percent of the watershed.  

Most of this area, 68 percent of the 13 overall percent, is 

developed open space like parks or road rights of ways 

(not owned by NCDOT).  Low intensity existing 

development is 20 percent of the urban area.  Only 12 

percent of urban area, or 1.5 percent of the total 

watershed area, is medium or high intensity 

development.  Local governments in the watershed have 

installed over 350 existing development retrofit projects 

to treat stormwater from development.   

Agriculture comprises only 9 percent of the watershed 

area and mostly consists of pastureland.  Land-based 

agriculture in the watershed has decreased by 44% 

since 2006.  Rates of nutrient application on remaining 

farms have also been optimized over time reducing the 

application and nutrient release from the lands 

remaining in production.   

NCDOT rights of way comprise 3 percent of the 

watershed area.   

 

These managed lands (urban, agriculture, and NCDOT) 

comprise 15, 18, and 3 percent of the total nitrogen 

load and 11, 10, and 1 percent of the total phosphorus 

load, respectively, delivered to Falls Lake.   

 THIS MEANS: 

Managed lands in the watershed (developed 

land, developed open space, agriculture, and 

NCDOT rights of way) comprise only 

25 percent of the total watershed area and 

contribute approximately 36 percent of the 

total nitrogen load and 31 percent of the total 

phosphorus load to Falls Lake.  Streambank 

erosion contributes 14 percent of the total 

phosphorus load to Falls Lake, and rates of 

streambank erosion increase with 

development intensity due to increases in 

peak stream flows.  Streambank erosion 

cannot be assigned to any particular land use 

in the watershed.  This source of loading is 

distributed and crosses property ownership 

lines.  This represents an additional 

management challenge in reducing overall 

phosphorus loading. 

Major WWTPs contribute less than six percent of the 

delivered total nitrogen load and approximately 

3 percent of the delivered total phosphorus load to Falls 

Lake.  These percentages represent actual discharge 

flow rates at the time of this evaluation and will increase 

as the facilities approach their design flows.  Significant 

improvements in treatment at the major facilities have 

reduced total nitrogen loads discharged to streams by 

approximately 38 percent and total phosphorus loads by 

81 percent when comparing 2018 to 2006 (the baseline 

year).  It is anticipated that nutrient treatment efforts will 

continue to provide reductions in excess of Stage I 

requirements.   

 

SSOs are relatively infrequent with small volumes 

reaching surface waters.  They comprise a relatively 

small portion of the delivered load to Falls Lake. 

 THIS MEANS: 

Owners of the three major wastewater 

treatment plants in this watershed have 

invested significant resources in facility 

upgrades and optimization.  As a result, 

delivered nutrient loads from this source 

contribute less than 6 percent of the nutrient 

load delivered to Falls Lake during the study 

period.  Sanitary sewer overflows have also 

been reduced and contribute a relatively small 

portion of the load to Falls Lake.   
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Approximately 61 percent of the watershed is comprised 

of forests.  Other unmanaged land uses (wetlands, 

unmanaged grassland and shrubland including land in 

forest succession, and open water) comprise 

approximately 14 percent of the area.  These areas 

provide important wildlife habitat, store rainwater, and 

store and cycle nutrients and carbon.  These areas are 

also not under any regulatory control program and are 

not considered appropriate for inclusion in required 

control.   

 THIS MEANS: 

Most of the land in the watershed (75 percent) 

is currently unmanaged.  This limits the area 

subject to nutrient management requirements 

and represents land use with limited to no 

nutrient reduction potential.  It is important to 

protect these areas as part of the long-term 

nutrient management strategy for Falls Lake. 

The UNRBA study period (2015 to 2018) used to 

develop and calibrate the watershed model had average 

to wet precipitation amounts each year.  In contrast, 

DWRõs baseline modeling period (2005 to 2007) 

coincided with a historic drought for the area.  As a 

result, during the baseline period on the Flat River above 

Lake Michie, the average annual stream flowrate was 82 

cubic feet per second while during the UNRBA study 

period, the average annual stream flowrate at this 

location was 173 cubic feet per second, over twice as 

high.  Nutrient loads are highly dependent on rainfall 

amount and resulting stream flows.  Thus, the loading 

potential for the UNRBA study period is much greater 

than the baseline period.  

 

The pervious areas in the watershed which receive inputs 

from atmospheric deposition and nutrient application 

have the ability to store nutrients in the soil matrix during 

dry periods.  During wet periods when the soils become 

saturated, these nutrients have the potential to be 

transported to the stream network and Falls Lake.  

Impervious surfaces also contribute nutrient loading, but 

they do not have the same potential to accumulate large 

quantities of nutrients during extended dry periods. 

 THIS MEANS: 

Delivered nutrient loading is a function of 

rainfall, stream flow, and concentration.  Thus, 

hydrology is the primary driver of variation in 

nutrient loading to Falls Lake.  The level of 

rainfall is also the main factor impacting areal 

loading rates from unmanaged areas.  

Pervious areas like forests and agricultural 

fields can store nutrients during dry periods 

and export them during wet periods.  The 

modeling shows that loading from unmanaged 

areas is not constant but fluctuates based on 

rainfall conditions.  Very large storms can 

increase delivered nutrient loads by hundreds 

of times compared to days with little to no 

rainfall.  Storm water control measures are 

required to treat the first inch of precipitation, 

and most days have rainfall less than one 

inch.  However, high rainfall events exceed the 

design flow of these systems and loading from 

these areas increase.  
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For the UNRBA study period (2015 to 2018), nearly 

9.9 million pounds of total nitrogen were deposited, 

applied, or discharged to the watershed or lake surface 

each year.  Compared to the baseline period (2005 to 

2007), this is a reduction in gross inputs of 

approximately 34 percent.  Approximately 17 percent of 

the total nitrogen inputs were delivered to Falls Lake 

during the UNRBA study period.  Crop harvesting and 

denitrification result in nitrogen loss from the system 

(denitrification is an important process for removing 

nitrogen from the system as nitrogen gas).       
 

In the UNRBA study period, over 1.5 million pounds of 

total phosphorus were deposited, applied, or discharged 

to the watershed or lake surface each year, a reduction 

of approximately 24 percent compared to the baseline 

period.  Approximately 12 percent of the total 

phosphorus inputs reach Falls Lake in the UNRBA study 

period.   

 THIS MEANS: 

Watershed processes including crop 

harvesting significantly reduce the amount of 

nutrients that reach Falls Lake compared to 

the amount that is applied to the system.  

Gross inputs of nutrients applied or released 

in the watershed have decreased by 

approximately 25 percent or more relative to 

the baseline period.  However, these 

reductions in inputs do not provide a similar 

magnitude of reduction in delivered loads 

because only a portion of inputs 

(approximately 10 to 20 percent) reach the 

lake.  These watershed processes also reduce 

the reduction benefits in load delivered to the 

lake from projects implemented in the 

watershed. 

Seventy-five percent of the watershed is unmanaged 

(forests, wetlands, etc.), and these areas comprise the 

majority of land surrounding and draining directly to 

Falls Lake.   Almost 50 percent of the total nitrogen load 

delivered to Falls Lake originates from unmanaged 

lands.   These lands also contribute over 50 percent of 

the total phosphorus load and over 60 percent of the 

total organic carbon load delivered to Falls Lake.  These 

areas are important to the storage and cycling of 

nutrients and carbon in the watershed.      

 

 THIS MEANS: 

Unmanaged lands contribute approximately 

one-half of the total nitrogen load and more 

than one-half of the total phosphorus and 

total organic carbon loads delivered to Falls 

Lake.  Unless sources like atmospheric 

deposition continue to decline, it is unlikely 

that reductions from these areas will occur.  

Given changing rainfall patterns, storm sizes 

are likely to increase rather than decrease.  

Thus, loading from unmanaged areas is likely 

to increase as well. 

Because these are natural lands, it will be 

extremely difficult to achieve nutrient load 

reductions from these areas.  Regulatory 

requirements to reduce nutrient loading 

should not apply to these areas.  It is 

important to protect these areas as part of the 

long-term nutrient management strategy for 

Falls Lake. 
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Summary of Report Contents 

This report summarizes the WARMF watershed model 

configuration, model inputs, and results of the hydrologic and 

water quality calibration and validation. 
 

The following are further described in this report: 

Delineation of the modeling catchments for the 

watershed model  

Comparison of simulated stream/river flows to USGS 

measurements and simulated water quality to UNRBA 

monitoring data; comparisons to DWR monitoring data 

are also included where monitoring locations intersect 

catchment boundaries 

Observations of stream flow (recorded by US Geological 

Survey (USGS)) and stream water quality (collected by the 

Upper Neuse River Basin Association and DWR)  

Configuration of upstream impoundments in the 

watershed 

Descriptions of calibration parameters for hydrology and 

water quality 

Time series data used to develop model inputs including 

discharge monitoring data from wastewater treatment 

plants, withdrawals from impoundments, meteorological 

data, and air chemistry data 

Watershed characterization including soils data, land use, 

nutrient application rates, and locations and types of 

onsite wastewater treatment systems 

Summaries of nutrient and carbon loading to Falls Lake by 

source and contributing area 

The hydrodynamic and water quality calibration of the WARMF Lake and EFDC models for Falls Lake and the impacts of 

scenarios on lake water quality are described in a separate modeling report. 

 

The UNRBA is extremely grateful for all the input and feedback 

provided by both internal and external stakeholders.   

The model calibration effort was accompanied by extensive review by the SMEs, 

MRSW, òthird-partyó reviewers funded by the NC Collaboratory, and other 

stakeholders. All calibration decisions were carefully vetted and presented during 

extensive meetings, and DWR was included in these meetings.  The watershed 

model provides an important linkage between existing land use in the watershed, 

changes in watershed activities, and delivered loads to streams and ultimately Falls 

Lake.  The watershed model output has been used to develop and calibrate the lake 

water quality models.  Calibrated lake models have been used to evaluate scenarios 

and their impact on lake water quality to inform development of a revised nutrient 

management strategy.   

For additional details on the model development and calibration, see the main report which starts on the following page.  Iterative drafts of 

this report were reviewed by the MRSW, PFC, subject matter experts, òthird-partyó model reviewers, and DWR.  The report was revised 

based on these reviews.  On December 5, 2023, the PFC approved the final report for submittal to DWR for review and approval under Falls 

Lake Rule 15A NCAC 02B .0275.         
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Section 1  

Introduction  and Background 

The Upper Neuse River Basin Association (UNRBA) has invested considerable financial and management 

support resources in monitoring and modeling efforts to reexamine the Falls Lake Nutrient Management 

Strategy which requires very high levels of nutrient reduction to Falls Lake.  This report summarizes the work 

of the Association to support this effort overall with a focus on development and calibration of a Falls Lake 

watershed model.   

1.1 Previous UNRBA Efforts to Support the Reexamination 

In 2016, the UNRBA initiated the Modeling and Regulatory Support (MRS) project as part of the 

reexamination of the Falls Lake Nutrient Management Strategy (Falls Lake Rules).  Stage II of the Falls Lake 

Nutrient Management Strategy developed by DWR and approved by the Environmental Management 

Commission (EMC), as reflected in the adaptative management provisions of the rules, has a significant level 

of uncertainty and requires very large reductions in lake nutrient loading from wastewater treatment plants, 

agriculture, and existing development, as well as ongoing control of new development in the watershed.   

The responsibility for achieving the unprecedented levels of required loading reduction from existing 

development falls primarily on the local governments in the watershed.  Because the watershed and lake 

modeling developed by the State used as the basis of the rules was completed on a compressed schedule 

with limited data, there is considerable uncertainty in the projections done to generate required loading 

targets.  Because stakeholders noted this and DWR and the EMC recognized this concern, the rules allow for 

a òreexaminationó of the required nutrient load reductions under Stage II.  This adaptive management 

provision resulted in the UNRBA taking up its reexamination project.   

The UNRBA finalized a plan for conducting the reexamination in 2013.  This plan included a minimum of four 

years of water quality monitoring in the watershed and the lake.  The UNRBA began collecting water quality 

data in August 2014 and completed monitoring in October of 2018, providing data from four ògrowing 

seasonsó in the lake.  A main purpose for collecting this data was to support revised and new models as part 

of the reexamination.  However, a tremendous amount of additional types of data and information are also 

needed to develop the models.  The model preparation work is crucial, and an extensive effort has been 

made to assemble the datasets needed to properly build the modeling tools to support the reexamination.  

The Executive Summary and the detailed sections below acknowledge the many organizations that were 

essential in our ability to develop a robust data base for the MRS work.  

Planning for the reexamination began in 2012 and, as of the date of this report, important progress on the 

two main components of this effort has been made: the UNRBA Monitoring Program to support the modeling 

effort has been completed and key UNRBA Modeling and Regulatory Support (MRS) Project efforts are 

underway.  In preparation for the development of modeling tools and the actions necessary to complete this 

component of the reexamination effort in accordance with the Falls Lake Rules, the UNRBA accomplished 

the following required tasks prior to development of the tools (documents related to these projects are 

available in the UNRBA resource library: 

¶ Approval by the NC Division of Water Resources (DWR) of all planning documents and quality assurance 

project plans (QAPP) required by the Falls Lake Nutrient Management Strategy: 

o UNRBA Description of the Modeling Framework,  

o UNRBA Monitoring Plan and UNRBA Monitoring QAPP 

https://unrba.org/resource-library
https://unrba.org/sites/default/files/finaldescriptionofunrbamodelframework_june12_2014_marked-approved.pdf
https://www.unrba.org/sites/default/files/DWR_Approved_UNRBA_MonitoringPlan_20140715.pdf
https://unrba.org/sites/default/files/unrba-qapp-version-1.0-final-with-appendices.pdf
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o UNRBA Modeling QAPP 

¶ Design, implementation, and successful completion of a four-year monitoring program (50 months total) 

to support development of lake and watershed models including routine monitoring and several special 

studies 

¶ Evaluation and Selection of Model Packages for the UNRBA Modeling and Regulatory Support Project  

for the watershed and lake models following a rigorous screening process 

¶ Development of a Conceptual Modeling Plan describing the watershed model, hydrodynamic/water 

quality lake models (Watershed Analysis Risk Management Framework (WARMF) and Environmental 

Fluid Dynamics Code (EFDC)), statistical/Bayesian lake model, and cost benefit analysis  

¶ Development of a Data Management Plan  

¶ Completion of a comprehensive monitoring program report that not only looks at the data collected by 

the UNRBA, but data available on Falls Lake since it was put in service in 1982 (Final UNRBA Monitoring 

Report) 

¶ Construction of a comprehensive UNRBA monitoring database providing essential input information for 

the WARMF model to support model development available to the public at the UNRBA resource library 

¶ Presentation of modeling development work at publicly available sessions of the UNRBAõs Path Forward 

Committee (PFC), Modeling and Regulatory Support Workgroup (MRSW), numerous additional 

workgroups, and Board of Directors meetings. 

¶ Coordination of special technical stakeholder meetings, forums, symposia, and presentations at 

conferences and public meetings to describe the status of the models and receive feedback (materials 

available on the UNRBA Meeting Page).  

¶ Development of the UNRBA Decision Framework to document how the organization incorporates input 

from internal and external stakeholders, works toward consensus, and formalizes decisions.   

Leading up to FY2022, previous phases of modeling preparation work included gathering data, configuring 

the watershed and lake models, and developing the model input files.  During FY2020, as described in this 

report, the watershed model was calibrated and validated for hydrology.  During FY2021, the focus shifted to 

calibration and validation of the watershed model for water quality.  The watershed model calibration was 

finalized in FY2022 and is being used to support water quality calibration of two mechanistic lake models. 

1.2 Model Selection to Support the Reexamination 

In order to provide as complete a picture as possible of how the lake responds to the inputs from the 

watershed, atmosphere, and lake bottom sediments, the UNRBA selected different types of models to 

support the reexamination.  For the simulation of the watershed, the UNRBA selected the Watershed 

Analysis and Risk Management Framework (WARMF) with input from external stakeholders.  This is a well-

established model with many applications throughout the US and abroad.  DWR used this model for its effort 

prior to the adoption of the rules.   

The UNRBA WARMF model uses the extensive data available on activities in the watershed to track nutrient 

generation and movement in the watershed projecting the nutrient loading reaching the lake from various 

sources and jurisdictions.  These loads serve as input to the lake nutrient response models to predict the 

growth of algae in response to nutrient loads.  The level of attention this effort is placing on nutrient 

generation and movement in the watershed allows the UNRBAõs watershed model effort to be directly linked 

to the lake response models.  This is a key aspect of this modeling effort because it allows the evaluation of 

changes in nutrient generation activities anywhere in the watershed to answer important questions about 

how potential watershed management actions translate to water quality in Falls Lake.  This linkage of the 

watershed model to the lake response model was not done for the stateõs modeling effort.   

https://unrba.org/sites/default/files/reexam-files/UNRBA-Modeling-QAPP-1.0-02-28-2018-ApprovedForWebsite.pdf
https://unrba.org/sites/default/files/reexam-files/UNRBA-Modeling-QAPP-1.0-02-28-2018-ApprovedForWebsite.pdf
https://www.unrba.org/sites/default/files/reexam-files/Model-Package-Selection_02-07-2017.pdf
https://unrba.org/sites/default/files/reexam-files/Conceptual-Model-Plan_final_0.pdf
https://unrba.org/sites/default/files/reexam-files/FallsLake-ModelDataManagementPlan_September_2018-Final.pdf
https://unrba.org/sites/default/files/UNRBA-2019-Annual-Report-Final-Updated-Links.pdf
https://unrba.org/sites/default/files/UNRBA-2019-Annual-Report-Final-Updated-Links.pdf
http://monitor.unrba.org/
https://unrba.org/resource-library
https://unrba.org/meeting
https://unrba.org/sites/default/files/unrba-decision-framework_final-bodreview_v7.pdf
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Because the prediction of algal growth in the lake will be used to evaluate the revised nutrient load 

reductions, the UNRBA has decided to develop multiple lake nutrient response models including the 

WARMF-Lake model, the Environmental Fluid Dynamics Code model (EFDC), and a statistical lake model.  

Having multiple models reduces the reliance on a single model and provides corroboration for the results.  

These models are described further in the Conceptual Modeling Plan developed by the UNRBA.  Additional 

information on these models and the UNRBAõs extensive effort to evaluate different modeling approaches 

before selecting these models is available in the following documents: the UNRBAõs  Model Selection Criteria 

and Evaluation and Selection of Model Packages for the UNRBA Modeling and Regulatory Support Project.      

This watershed modeling report addresses two periods.  The first period, 2005 to 2007, corresponds to the 

òbaselineó modeling period that DWR used to establish the Falls Lake Nutrient Management strategy (only 

year 2006 which had a total rainfall closer to the annual average was used to set the load reduction 

requirements).  The Association had originally planned to develop a model for the baseline period, but 

sufficient data were not available to develop a calibrated model for this period.  The baseline period may be 

modeled by the UNRBA as a scenario in the future.   

The second period, 2015 to 2018, corresponds to the four years of the UNRBA Monitoring Program.  This 

period is referred to as the UNRBA study period.  While the UNRBA also included 2014 in their program, the 

monitoring did not begin until August.  Therefore, 2014 is used to initialize the models and ensure stability in 

soil moisture, water levels, etc. before the models are calibrated, validated, and used to inform management 

decisions.  The UNRBA study period was used to calibrate and validate the watershed model, and the results 

of this effort are provided in this report.   

Because the UNRBA had initially planned to model the baseline period, model input data were collected to 

represent this period.  This report compares the amount of nutrients applied, deposited, or discharged to the 

watershed for the baseline period and the UNRBA study period.  This comparison provides important context 

because the baseline period was used to establish the Falls Lake Nutrient Management Strategy developed 

by DWR.   

1.3 Report Purpose 

This report was developed to document the extensive work performed to develop the UNRBAõs Falls Lake 

Watershed model and for submittal of the model for approval under Falls Lake Rule 15A NCAC 02B .0275.  

The computer files developed for this watershed model have been made available to the UNRBA member 

jurisdictions and the NC Division of Water Resources (DWR) for review and evaluation.          

The development process described in this report used data from a host of established sources (as 

identified in this report) and watershed data collected under the DWR-approved UNRBA Monitoring Plan 

(referenced below). 

The UNRBAõs WARMF watershed modeling effort followed the DWR-approved UNRBA Description of the 

Modeling Framework and the UNRBA Modeling Quality Assurance Project Plan (QAPP).  Approval of the 

watershed model is requested under rule 15A NCAC 02B .0275(5)(f), which states in summary that any 

model submitted must be developed òin accordance with the quality assurance requirements of the 

Division.ó  In practical terms, the quality assurance requirements for this effort were established in the DWR-

approved QAPP.   The calibrated and verified WARMF Watershed model developed for the UNRBA is 

described in detail in this report and is fully referenced to the Modeling QAPP.  As the UNRBA has discussed 

several times with DWR, it was agreed that models developed would be submitted as the work is completed.  

Other model development reports and documentation will be submitted for review and approval by DWR 

following finalization of those models. 

https://unrba.org/sites/default/files/reexam-files/Conceptual-Model-Plan_final_0.pdf
https://unrba.org/sites/default/files/reexam-files/Model-Selection-Criteria-11-21-2016-to-Stakeholders.pdf
https://www.unrba.org/sites/default/files/reexam-files/Model-Package-Selection_02-07-2017.pdf
https://www.unrba.org/sites/default/files/reexam-files/Model-Package-Selection_02-07-2017.pdf
https://unrba.org/sites/default/files/DWR_Approved_UNRBA_MonitoringPlan_20140715.pdf
https://unrba.org/sites/default/files/finaldescriptionofunrbamodelframework_june12_2014_marked-approved.pdf
https://unrba.org/sites/default/files/finaldescriptionofunrbamodelframework_june12_2014_marked-approved.pdf
https://unrba.org/sites/default/files/reexam-files/UNRBA-Modeling-QAPP-1.0-02-28-2018-ApprovedForWebsite.pdf
https://unrba.org/sites/default/files/reexam-files/UNRBA-Modeling-QAPP-1.0-02-28-2018-ApprovedForWebsite.pdf
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Section 2 of this report describes the preliminary configuration of the WARMF watershed model and 

development of the modeling catchments.  Section 3 summarizes the soils data and land use data.  Time 

series data compiled to support development of the model is described in Section 4.  Section 5 describes 

the results of the hydrologic and water quality calibration and validation of the watershed model.       

1.4 Coordination and Input from Internal and External Stakeholders 

The UNRBA is committed to an open and well vetted model development process.  Development of an 

accurate watershed model for predicting stream flows and pollutant loads requires well-developed input 

data and characterization of the watershed soils, land uses, wastewater treatment processes, etc.  Data 

collection for critical components of the model preparation effort would not have been possible without the 

cooperation, support, and work of the UNRBA member jurisdictions, the Modeling and Regulatory Support 

Workgroup (MRSW) of the UNRBA, the Path Forward Committee (PFC) of the UNRBA, the NCDA&CS Division 

of Soil and Water Conservation, local Soil and Water Conservation Districts, the NC Farm Bureau Federation, 

the Falls Lake Watershed Oversight Committee (WOC), NC Stateõs Climate Office (SCO), NCõs Department of 

Transportation (DOT), the NC Division of Water Resources (DWR), the NC Wildlife Resources Commission 

(WRC), and representatives from non-governmental organizations (NGOs).  The UNRBA extends many thanks 

to these organizations and the dedicated staff that develop and maintain these critical data sources. 

The UNRBA has hosted several workshops and forums to communicate the work of the UNRBA and to 

receive input from internal and external stakeholders regarding the reexamination.  In addition to UNRBA 

members, representatives from several State agencies (DWR, DOT, WRC, NCDA&CS Division of Soil and 

Water Conservation), agriculture (Farm Bureau, WOC, NC Horse Council), and NGOs (American Rivers, River 

Guardian Foundation, WakeUP Wake County, Sound Rivers Upper Neuse Riverkeeper, Ellerbe Creek 

Watershed Association, Upper Neuse Clean Water Initiative, Triangle Land Conservancy) have participated 

directly in these workshops and provided input over the entire period of planning and performing the tasks 

outlined in this report.  Meeting materials and presentations for workshops and forums are available at the 

UNRBA Meeting Page unless otherwise noted.  The following list of activities provides a summary of the 

formal and informal sessions arranged and conducted to assist with model development and to 

communicate the work of the UNRBA to stakeholders:  

¶ The September 28, 2016, Technical Stakeholders Workshop described past efforts for water quality 

monitoring and modeling of Falls Lake and its watershed and described how the UNRBA Monitoring 

Program was developed to update and improve the models.  Stakeholders were asked to relay concerns 

and questions about the UNRBAõs plans for the reexamination.   

¶ The October 25, 2017, Technical Stakeholders Workshop provided an update on the UNRBA Monitoring 

Program and summarized the results of the UNRBA model selection process for the watershed and lake 

models.  The WARMF watershed model was described in terms of how it operates and the input data 

requirements.  Participants were asked to provide information about relevant input data from their 

organizations that could be used to support model development.    

¶ The October 24, 2018, Technical Stakeholders Workshop provided an update on the UNRBA Monitoring 

Program as well as model development.  Stakeholders were invited to provide information regarding 

potential input data and were asked what types of model output would be useful to them and their 

organization (parameters, spatial and temporal resolution, potential questions to address with the 

models).  This feedback guided decisions about model development. 

¶ In 2019, the UNRBA began to hold MRSW meetings to discuss model development with internal and 

external stakeholders on a more frequent basis.  These meetings continued through 2022 and early 

2023 until the models (watershed and lake) were finalized and approved by the MRSW. The MRSW was 

the initial step in the modeling decision-making process for the UNRBA and presented its 

recommendations to the PFC which in turn presented its recommendations along with project status 

https://unrba.org/meeting
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updates to the UNRBA Board of Directors.  MRSW decisions regarding watershed model development 

are noted throughout the body of this report.   

¶ The February 12, 2020, UNRBA Regulatory Forum targeted local leaders and elected officials to raise 

awareness of the UNRBA efforts among council members, commissioners, and managers.  Background 

information about the Falls Lake Nutrient Management Strategy and the UNRBAõs reexamination was 

provided.  Participants were invited to share concerns about the process and request support for future 

decision making on nutrient management in the Falls Lake watershed.  This input helped guide 

adjustments in our process to complete model development and provide effective tools for the 

reexamination.     

¶ The first joint symposium with the NC Collaboratory was held on May 19, 2021.  The purpose of the 

symposium was to inform Falls Lake stakeholders of recent NC Collaboratory-funded Falls Lake research 

and UNRBA efforts to reexamine the Falls Nutrient Management Strategy.  Stakeholders provided 

feedback on potential modeling scenarios and ideas about nutrient management.   

¶ A second joint symposium with the NC Collaboratory was held on April 7, 2022. This symposium 

provided an update on the key findings of the research and included discussions with stakeholders to 

hear input on the revised nutrient management strategy. 

The UNRBA has worked closely with researchers funded by the NC Collaboratory to conduct research in Falls 

Lake and its watershed.  The NC Collaboratory also funded a òthird-partyó review of the UNRBA model 

development process.  Descriptions of the research studies and review efforts pertaining to the watershed 

modeling are referenced in the relevant sections of this report (studies pertaining to the lake models are 

discussed in a separate report).  Reports on the research funded through the NC Collaboratory are available 

online at https://nutrients.web.unc.edu/resources/.  The researchers summarized their work during a joint 

symposium held in May 2021 by the NC Collaboratory and the UNRBA, and recordings of the presentations 

are available online at https://nutrients.web.unc.edu/2021 -falls-lake-symposium/.  Many of the researchers 

have also presented their work at MRSW and PFC meetings and copies of these presentations are available 

on the UNRBA meeting page: https://unrba.org/meeting .  The UNRBA modeling team has worked closely 

with these researchers to ensure the data, assumptions, and model simulations and components are 

consistent with the available research and knowledge about Falls Lake and its watershed.   

The UNRBA has also coordinated closely with DWR modeling staff, òthird-partyó reviewers funded by the 

NC Collaboratory, and technical subject matter experts to evaluate the model and provide input on concerns, 

questions, or issues identified as the model was being developed.  These reviewers were invited to 

participate in and provide feedback during all of the UNRBAõs meetings involving status reports or modeling-

specific discussions.  In instances where questions could not be resolved during routine meetings, special 

meetings were held to discuss options and review additional analyses.  Questions and issues raised by the 

òthird-partyó reviewers, subject matter experts, and DWR staff in reference to processing steps, model 

assumptions, or model calibration were addressed prior to finalizing the models.  Following special meetings 

with reviewers, recommendations for proceeding were presented to the MRSW and PFC, and votes were 

held to formalize decisions regarding model development.  This process is documented throughout this 

report and appendices. 

The UNRBA began presenting our coordination with the NC Collaboratory-funded òthird-partyó subject matter 

expert reviewers to the Board, PFC, and MRSW in September 2019.  The Association routinely presented the 

plan to incorporate the òthird-partyó review into the model development process rather than receive 

feedback after the models had been calibrated, scenarios evaluated, and reports written.  When the òthird-

partyó review occurs after these steps have been completed, there is often little time or budget remaining to 

make changes to the models.   

While this is not the òstandardó after the fact òthird-partyó review, it is a òthird-partyó review in a practical and 

real way.  The researchers funded by the NC Collaboratory have no financial or oversight relationship with 

https://nutrients.web.unc.edu/resources/
https://nam04.safelinks.protection.outlook.com/?url=https%3A%2F%2Fnutrients.web.unc.edu%2F2021-falls-lake-symposium%2F&data=04%7C01%7CAMatos%40BrwnCald.com%7C8c2a517377014bc21fe308d9269f546c%7Ccb2bab3d7d9044ea9e31531011b1213d%7C0%7C0%7C637583288027717429%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C1000&sdata=0JR14Q%2Fpy%2FcWcmMUIo%2BAYkh9d7FMMiQVNsE3m36%2BWlg%3D&reserved=0
https://unrba.org/meeting
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the UNRBA.  They were clearly òindependentó to the UNRBA-funded model development process.  This 

integrated, independent review allowed the kind of interactive and responsive action that would never be 

possible with a òstandard third-partyó review that occurs after the model is developed.  The UNRBA 

acknowledges this distinction and refers to this as a òthird-partyó review only to relate the role of the 

reviewers funded by the NC Collaboratory.  

It is also important to note that this intensive review process significantly extended the model development 

period and resulted in scope and cost expansion for the model development contractor.  To fully respond to 

all input from the òthird-partyó reviewers, other subject matter experts, DWR, environmental interest 

stakeholders, and all that participated in this years-long process, the UNRBA provided significant additional 

funding.   

This approach to the òthird-party reviewó was discussed at the monthly meetings of the PFC and MRSW from 

September 2019 until the models were completed.  The UNRBA invited staff from DWR modeling and 

planning groups to attend these monthly meetings which were usually attended by one or more staff from 

DWR.  The UNRBA anticipates that DWR and potentially EPA Region 4 will review the models following 

submittal.  The model development files, and the documentation of this extensive development process are 

available to all parties interested in reviewing this work. 
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Section 2  

WARMF Watershed Model Overview 

and Configuration 

The development of a viable watershed model requires a solid understanding of the inputs to the modeled 

area and a well-developed simulation tool for the processes that impact those inputs as they move through 

the system.  The WARMF Watershed model is a well-established, tested, and accepted tool for the 

development of realistic and viable results that can effectively guide the development of a regulatory 

approach to address reservoir nutrient impacts.  This report documents the steps followed to build this 

model, starting with a summary of sources that represents the nutrient inputs to this watershed, followed by 

the development and calibration of the model, and concluding with a review of the simulated output by 

source category for each land use and nutrient source in the watershed.  

2.1 Model Overview 

External sources of nitrogen, phosphorus, and other chemical constituents enter the Falls Lake watershed 

system via deposition on the vegetation or land surface, subsurface discharge, or as discharges to streams 

and rivers.  In addition, nutrients are stored in the watershed soils and lake sediments based on past inputs, 

vegetative removal or recycling, and physical, chemical, and biological transformations that occur in the 

groundwater and the soils.  Most sources of nutrient loading to Falls Lake are represented in the model 

using model input files: atmospheric deposition, nutrient application to agriculture or urban land, wastewater 

treatment facilities, sanitary sewer overflows, and onsite wastewater treatment systems.  Wastewater 

treatment facilities, sanitary sewer overflows, and discharging sand filter systems are tracked together in a 

category called point sources.  Inputs applied to the land surface such as nutrient application and 

atmospheric deposition are tracked by land use type (Figure ES-1).  Some sources are internally calculated 

by the model, like streambank erosion and loading associated with soils, dissolution of nutrients into 

groundwater, and soil erosion; the model tracks these as sources of loading delivered to Falls Lake, but 

these are not prescribed in model input files. 

Unlike empirical models, the WARMF Watershed model simulates the movement of òappliedó nutrients over 

the land surface, through the soil, and through streams and impoundments to the targeted downstream 

location, i.e., Falls Lake.  This represents a dynamic response to the variation in loading per unit surface 

area based on rates and timing of nutrient application, rainfall and antecedent moisture conditions, 

vegetation growth and harvesting cycles, and physical/biological/chemical changes to the nutrients as they 

move through the watershed.  This approach is more capable of projecting the variation in loading based on 

weather and physical conditions than prescribing runoff nutrient concentrations or surface area loading 

rates that are intended to represent an average condition and are often based on studies from different 

regions or periods that are not representative of local rainfall, soils, and physical watershed conditions. 

The WARMF model code is owned and maintained by Systech Water Resources, and Systech is continually 

updating the code and adding features to suit the needs of a variety of clients. There have been a number of 

features added to the WARMF model since DWR built the Falls Lake watershed model to simulate the 

baseline time period (2005-2007).  These changes are related to preprocessing and postprocessing of 

model inputs and outputs, and do not affect the algorithms that WARMF utilizes to calculate flow or water 

quality concentrations for the constituents of concern to the UNRBA. 
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Two model code updates were made during the course of the Falls Lake watershed model development. 

These updates were made to align model functionality with the goals and objectives of the UNRBA. The 

UNRBA approved and arranged funding for Systech to make the following changes to the WARMF model 

code: 

1. Simulation of soil processes at the land use scale. WARMF is a lumped parameter model, so the land 

uses and soils for each modeling catchment are simulated as a unit.  WARMF keeps track of the nutrient 

balances associated with land uses within a catchment (nutrient application, crop uptake, harvesting, 

etc.), but the soils are usually simulated as uniform across the catchment.  For watersheds with soils 

that bind nutrients and release them slowly over time like the Falls Lake watershed, this modeling 

assumption yields similar loading rates (pounds per acre per year) from sources across the catchment.  

In order to address this standard modeling characteristic of WARMF and better distinguish the loading 

by land use, the Falls watershed WARMF model was configured to isolate soils by land use.  This makes 

output information reflective of soil conditions in the watershed. 

2. Expansion of the capacity of WARMF to simulate septic systems. The WARMF model code was expanded 

to accommodate the simulation of up to 15 types of onsite wastewater treatment systems rather than 

the model default (three systems).  DWR assisted with securing grant funding through 319 to fund these 

model code revisions, and the grant report is included as Appendix A of this report.  The UNRBA worked 

closely with researchers funded through the NC Collaboratory to develop the model inputs associated 

with each type of onsite wastewater treatment system. 

Relative to the original Falls Lake watershed WARMF model developed by DWR, the following refinements 

were made to model configuration for the UNRBA Falls Lake WARMF model:  

¶ Runs on a 6-hour time step as opposed to 24-hour 

¶ Applies radar precipitation data rather than individual monitoring locations 

2.2 Model Configuration 

The WARMF watershed model requires the delineation of modeling units that divide the 770 square mile 

watershed into smaller areas.  These modeling units are also called catchments, which route runoff and 

pollutants from land surfaces into receiving waterbodies.  Catchments for the Falls Lake watershed modeling 

were delineated using the USGS StreamStats Program 

(https://water.usgs.gov/osw/streamstats/ssinfo.html). StreamStats is an accepted and widely used 

approach for this delineation process and 

is an online application that uses a GIS 

program along with a database containing 

land elevation models, historic weather 

data, and other data to delineate drainage 

basins and measure basin characteristics 

for user-selected sites.  The UNRBA MRSW 

sought input from technical stakeholders 

during the October 2018 UNRBA Technical 

Stakeholders Workshop to ensure that the 

watershed modeling catchments were 

developed to address stakeholder 

concerns (e.g., how geologic basins impact nutrient loading).  Following input from watershed stakeholders 

at the Fall 2018 UNRBA Technical Stakeholder Workshop and discussion with the MRSW on March 11, 

2019, modeling catchments were delineated using StreamStats based on the following 

characteristics/guidelines: 

The UNRBA MRSW sought input from technical 

stakeholders during the October 2018 Workshop to 

ensure that the watershed modeling catchments were 

developed to address stakeholder concerns (e.g., how 

geologic basins impact nutrient loading).  The MRSW 

approved the approach and catchment boundaries 

during their March 2019 meeting. 

https://unrba.org/sites/default/files/reexam-files/Appendix-A-Code-Modification_OWWS.pdf
https://water.usgs.gov/osw/streamstats/ssinfo.html
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¶ Presence of a UNRBA watershed monitoring station.  Maps and information on UNRBA monitoring 

locations are available at www.unrba.org/monitoring.  Placing modeling catchment pour points at 

UNRBA monitoring stations allows for direct comparison of simulated water quality concentrations to 

observed data for the UNRBA monitoring period (August 2014 to October 2018). The monitoring sites 

are shown in Figure 2-1.  

¶ Hydrologic network.  Configuration the modeling catchments at the confluences of tributaries allows 

distinction of simulated loading from different areas of the watershed and routing the flow of water and 

delivery of pollutants through the watershed to Falls Lake.   

¶ Geologic basin (i.e., Carolina Slate Belt, Raleigh Belt, and Triassic Basin).  At the Fall 2018 UNRBA 

Technical Stakeholder Meeting, the stakeholders expressed interest in evaluating the differences in 

pollutant loading and potential management strategies associated with geologic basins.  Delineating the 

modeling catchments generally along the geologic basins simplifies processing and interpretation of 

model output to address this concern (Figure 2-1).  Additional information regarding soils data is 

provided in Section 3.1 (see Figure 3.1).   

¶ Location of impoundments in the watershed (Section 4.5.3).  The WARMF watershed model requires 

that modeling catchments be delineated upstream and downstream of impoundments.  This delineation 

ensures the proper routing of water through the watershed and allows for simulation of the physical, 

biological, and chemical processes that occur in impoundments.    

¶ Consistency with recently revised WARMF modeling conducted by the City of Durham (Limno Tech 

2016 and AECOM 2018).  The City of Durham recently revised the WARMF modeling catchments relative 

to the DWR version of the Falls Lake watershed model.  The UNRBA WARMF model includes these City of 

Durham delineations to provide consistency across models.   

¶ County Boundaries.  At the March 2019 MRSW meeting, the workgroup requested that delineations at 

County lines be incorporated into the catchments if the county line crosses a major stream or river, the 

catchments are relatively large, and the delineation would result in at least a 60/40 split of the original 

catchment.   

Once preliminary drainage basin areas were obtained from StreamStats for each monitoring site, GIS 

analyses were used to confirm the accuracy of each area. Following this quality assurance (QA) procedure, a 

series of additional steps were conducted to format the catchment areas for modeling purposes. First, each 

catchment boundary was modified to ensure there was no overlap between catchment areas and that 

catchment outlets are co-located with the outlet of impoundments, UNRBA monitoring locations, and USGS 

stream gaging locations.  The land area bordering Falls Lake where there are no UNRBA monitoring locations 

or stream reaches was then divided into additional catchments to cover the littoral areas draining directly to 

the lake; these areas are referred to in this report as òNear Lakeó areas.  

Each catchment with a stream channel is represented by a modeling stream reach.  Reach chacteristics 

were populated using data from the USGS National Hydrography Dataset. Figure 2-1 shows the 264 WARMF 

watershed modeling catchments and 215 stream reaches in relation to the UNRBA monitoring stations, 

geologic basin, and location of impoundments in the watershed.  These catchments incorporate the recent 

revised City of Durham catchments for consistency and incorporate county boundaries using the guidelines 

above.  Figure 2-2 displays the catchments located above Interstate 85, and Figure 2-3 focuses on 

catchments below Interstate 85; these two figures show municipal boundaries relative to the catchments.  

Appendix B summarizes the catchment characteristics.    

There are 28 tributaries that drain to Falls Lake, 18 of which were monitored by the UNRBA.  The drainage 

areas of each tributary and the Near Lake area are provided in Table 2-1.  The Near Lake area also includes 

the surface area of Falls Lake at normal pool (12,410 acres).   
 

http://www.unrba.org/monitoring
https://unrba.org/sites/default/files/reexam-files/Appendix-B-Model-Coefficients-and-Catchment-Characteristics-12142023.pdf
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Table 2-1.  Tributary and Near Lake Drainage Areas to Falls Lake (Sorted from Largest to Smallest) 

Tributary Drainage Area (acres) Percent of Drainage Area 

Flat River 108,708 22% 

Eno River 96,558 20% 

Little River 67,465 14% 

Near Lake Including Falls Lake  64,646 13% 

Knap of Reeds Creek 28,726 5.8% 

Ellerbe Creek 14,929 3.0% 

Ledge Creek 14,100 2.9% 

Little Lick Creek 9,569 1.9% 

Robertson Creek 9,439 1.9% 

Horse Creek 9,226 1.9% 

New Light Creek 8,913 1.8% 

Beaverdam Creek 8,733 1.8% 

Lick Creek 8,430 1.7% 

Lower Barton Creek 7,249 1.5% 

Smith Creek 6,733 1.4% 

Upper Barton Creek 5,491 1.1% 

Unnamed Tributary 184 3,504 0.7% 

Honeycutt Creek 3,148 0.6% 

Panther Creek 2,937 0.6% 

Little Ledge Creek 2,443 0.5% 

Laurel Creek 2,227 0.5% 

Unnamed Tributary 183 2,179 0.4% 

Buckhorn Creek 1,980 0.4% 

Lowery Creek 1,742 0.4% 

Unnamed Tributary 195 1,391 0.3% 

Unnamed Tributary 219 1,054 0.2% 

Water Fork 569 0.1% 

Cedar Creek 179 0.0% 

Grand Total 492,267 100% 
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Figure 2-1. Geologic Soil Basin Boundaries, Monitoring Stations, and Impoundments Used to Delineate Modeling Catchments  
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Figure 2-2. Catchment areas within the Falls Lake watershed upstream of Interstate 85 



UNRBA Falls Lake Watershed Modeling Report  Section 2 
 

 

2-7 

 

 

Figure 2-3. Catchment areas within the Falls Lake watershed downstream of Interstate 85 
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Section 3  

Spatial Data 

Watershed models rely on several types of spatial data to simulate hydrologic response and pollutant 

loading.  This section describes development of model inputs for soils, land uses, nutrient application rates, 

onsite wastewater treatment systems, and upstream impoundments in the Falls Lake watershed.   

3.1 Soils 

Accurate soils data are critical for watershed model development because soil characteristics affect the 

storage and movement of water through the hydrologic system as well as the capacity for chemical reactions 

to occur within the soil horizon.  To characterize the soils in the Falls Lake watershed for the UNRBA WARMF 

model, spatial soils data were acquired from the US Department of Agriculture Natural Resources 

Conservation Service Soil Survey Geographic Database (SSURGO). 

(https://www.nrcs.usda.gov/wps/portal/nrcs/main/soils/survey/ ).  The SSURGO data was used to 

characterize the soil series, parent rock material, soil depths, and characteristics.  Figure 3-1 shows the soil 

series in the watershed based on the SSURGO data.  Table 3-4 shows the location of the 20 most prevalent 

soils in terms of county and geologic basin.  For example, Georgeville soils comprise up to 25 percent of the 

soils in a county and are predominately located in the Carolina Slate Belt. 

WARMF is a lumped parameter model, so the land use and soils for each modeling catchment are simulated 

as a unit.  WARMF traditionally keeps track of the nutrient balances associated with land uses in a 

catchment (nutrient application, crop uptake, etc.), but the soil layers are uniform across the catchment.  For 

watersheds with soils that bind nutrients and release them slowly over time like the Falls Lake watershed, 

this modeling assumption yields similar loading from sources across the watershed.  In order to better 

distinguish the loading by source, the WARMF option to isolate soils by land use was applied.  However, the 

initial conditions are assigned to each layer as a catchment average, and not specific to each landuse.  

Therefore it takes several iterative runs for the soil nutrient balances to òseparateó and the model to provide 

loading information that is distinguishable across land use types.   

Initial soil parameters will be assumed the same for the baseline period as the UNRBA study period.  This will 

introduce some uncertainty into the baseline period if selected for evaluation by the UNRBA because soil 

compaction, infiltration rates, nutrient application rates, and nutrient processing will have changed the 

conditions between 2005 to 2007 and 2015 to 2018.  Because WARMF is being run iteratively five times, 

the nutrient balances should be representative of the baseline period in terms of application rates, etc if the 

baseline period is simulated.  Vertical and horizontal soil hydraulic conductivity rates are established as 

catchment-averaged values regardless of land use, and this rate does not change over time in the model.   

3.1.1 Hydrologic Characteristics 

WARMF uses several soil characteristics that control the water balance in terms of infiltration, storage, and 

evapotranspiration.  Default values for each calibration parameter are embedded in the model simulation 

code so WARMF users can run a model following initial setup without having to populate each model 

parameter. These parameter defaults were obtained from the scientific literature and provide a reasonable 

starting point for most applications. In the Falls Lake WARMF model, soil layer thickness and field capacity 

were populated by querying the SSURGO soil database.  Model defaults were utilized for the other hydrology 

calibration parameters.  The calibration process used to match simulated stream flows to recorded stream 

flows is described in Section 6.1.   

https://www.nrcs.usda.gov/wps/portal/nrcs/main/soils/survey/
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Total soil depth is set to the average depth of soil to a restrictive layer within each catchment based on the 

SSURGO data. Average values for total depth by catchment range from 120 cm to 201 cm.  In reality, soil 

depth within a catchment can be highly variable as soils are not uniform. While this variability exists, soil 

depth was not used as a calibration parameter during the hydrology calibration for the model (i.e., the 

average values based on the SSURGO data were not changed to alter simulation results).  

Up to five soil layers were used to simulate the total soil depth in a catchment. The maximum thickness of 

each individual soil layer is specified in Table 3-1. The soil layers are the depth listed if the total soil depth is 

great enough to accommodate the maximum layer depth. If the total soil depth is shallower than the 

maximum layer depth plus the maximum depth of all shallower layers, the depth of the bottom soil layer is 

reduced. For example, a catchment with an average soil depth of 153 would have soil layer depths of 20, 

30, 50, 50, and 3. A catchment with an average soil depth of 127 would have soil layer depths of 20, 30, 

50, and 27. Soil survey samples typically do not extend to depths greater 200 cm, and depths greater than 

that are not relevant for WARMF. So, if soil depth is greater than 200, the five soil layer depths remain 20, 

30, 50, 50, and 50. 

 

Table 3-1.  WARMF Soil Layers and Associated Maximum Depth 

Soil Layer Maximum Depth (cm) 

1 20 

2 30 

3 50 

4 50 

5 50 

 

This information is relevant for parameterization of the water quality model because initial concentrations of 

constituents in pore water, adsorption, and mineral composition are specific to each soil layer. 

3.1.2 Chemical Characteristics 

Initial soil pore water concentrations of chemical constituents play a critical role in simulated stream water 

quality.  If values are too high, instream concentrations will be simulated too high, particularly in the first few 

years of the simulation.  Instream concentrations will decrease over time as soil concentrations reach 

equilibrium with chemical inputs from nutrient application and atmospheric deposition that are applied to 

the land surface. If initial concentration values are too low, instream concentrations will be too low in the 

first few years and will gradually increase over time.  Initial porewater concentrations are often used as a 

calibration term in the model.  Having a reasonable starting point for these concentrations improves the 

efficiency of model calibration.   

The UNRBA monitoring data collected in 2014-2018 were used to estimate the initial (pre-calibration) 

porewater concentrations for the parameters that were measured under this program.  The average 

concentration measured when stream flows were less than or equal to the median value was calculated for 

each monitoring station.  Stations were averaged by geologic basin (Figure 2-1) to provide initial inputs for 

the catchments. Monitoring data downstream of an impoundment, wastewater treatment plant, or multiple 

geologic basins were excluded from the data used to estimate the initial pore water concentrations.  Daniels 

(1984) provided starting points for other parameters not measured by the UNRBA.  Model defaults were 

applied to the remaining WARMF model parameters.  Table 3-2 summarizes the initial porewater 

concentrations for the model as well as the source of the information.  These initial porewater 

concentrations were specified by geologic basin but were adjusted for each catchment during model 

calibration.     
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Table 3-2.  Initial Porewater Concentrations for the Falls Lake WARMF Watershed Model 

Parameter 
Carolina 

Slate Belt 

Raleigh 

 Belt 

Triassic 

Basin 
Source 

Ammonia Nitrogen as N, mg/l 0.050 0.061 0.102 UNRBA 

Dissolved Organic Carbon, mg/l 2.7 2.7 11.0 UNRBA 

Dissolved Organic Phosphorus, calculated, mg/l 0.018 0.018 0.028 UNRBA 

Nitrate + Nitrite as N, mg/l 0.25 0.40 0.06 UNRBA 

Organic N - calculated, mg/l 0.43 0.33 0.93 UNRBA 

Particulate Organic Carbon, calculated, mg/l 0.18 0.18 0.57 UNRBA 

Particulate Phosphorus, calculated, mg/l 0.012 0.012 0.068 UNRBA 

Total N - calculated, mg/l 0.73 0.78 1.09 UNRBA 

Total Organic Carbon, mg/l 4.9 2.9 11.4 UNRBA 

Total Orthophosphate as P, mg/l 0.021 0.021 0.051 UNRBA 

Total Phosphorus as P, mg/l 0.057 0.046 0.124 UNRBA 

Total Soluble Phosphorus, mg/l 0.036 0.036 0.061 UNRBA 

Total Suspended Solids, mg/l 7.911 6.372 15.925 UNRBA 

CBOD5, mg/l 1 1 3 UNRBA 

Al (mg/L) 0.002 0.002 0.002 2x model default (0.001) 

Ca (mg/L) 20 20 20 Model default 

Mg (mg/L) 4 4 4 Model default 

K (mg/L) 5 5 5 Daniels 1984 

Na (mg/L) 1 1 1 Model default 

SO4 (mg/L) 0.5 0.5 0.5 Model default 

Cl (mg/L) 10 10 10 Daniels 1984 

SiO2 (mg/L) 0.5 0.5 0.5 Model default 

Fecal Coliform (#/100 mL) 0 0 0 Model default 

DO (mg/L) 8 8 8 Model default 

 

WARMF also requires information on how the simulated chemical constituents interact with soil particles. 

Base saturation percent for hydrogen (H), ammonium (NH4), aluminum (Al), calcium (Ca), magnesium (Mg), 

potassium (K), and sodium (Na) are required, and should sum to 100.  Adsorption isotherms for phosphate 

(PO4, mg/kg), sulfate (SO4, L/kg), and dissolved organic carbon (DOC, L/kg) are required. 

Cation-exchange capacity (CEC) is a measure of how many cations can be retained on soil particle surfaces. 

Negative charges on the surfaces of soil particles bind positively charged atoms or molecules (cations) but 

allow these to exchange with other positively charged particles in the surrounding soil water according to 

their relative affinities. The CEC of the soil is used in conjunction with the cation base saturation percentages 

to determine quantities of these cations that bind to soil particles. As such, CEC is an important parameter 

to constrain early in the water quality calibration process.  This data is available by soil series and depth in 

the SSURGO database.   
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Table 3-3 summarizes the CEC and base saturation percentages by geologic basin based on SSURGO or the 

USDA National Cooperative Soil Survey (NCSS) data collected in the counties in the Falls Lake Watershed.  

The depth-specific data are relatively limited but provide a reasonable starting point to initialize the model 

for the soil layers.  Some of the NCSS data are decades old when land use and nutrient application practices 

were very different.  The range of PO4 adsorption isotherms based on the NCSS data was very large and the 

initial conditions originally selected resulted in underprediction of total phosphorus concentrations across 

the watershed.  Daniel Obenour, òthird-partyó reviewer for the UNRBA modeling, suggested application of 

data from USGS (Smith et al., 2013) be used as the starting point.  These higher values improved the model 

simulations of phosphorus.    Local information for SO4 and DOC isotherms was not available, so model 

defaults of 10 L/kg and 100 L/kg were used (add to table if values change by layer).  The values in Table 3-3 

were used to set the initial estimates but were adjusted during model calibration at the catchment scale. 

   

Table 3-3.  Initial Characteristics for Interactions with Soil Particles Based on NCSS Data 

Geologic Basin 
WARMF Layer 

(cm) 

 CEC 

meq/100g 
H% NH4% AL% Ca% Mg% Na% K% PO4 (mg/kg) 

Triassic Basin 0-20 12.9 24.8 0.8 41.0 21.2 9.5 1.3 1.4 135 

Triassic Basin 20-50 16.8 9.8 0.8 60.4 15.2 10.6 1.7 1.4 72 

Triassic Basin 50-100 25.0 4.1 0.9 76.4 6.9 8.5 2.0 1.2 52 

Triassic Basin 100-150 26.5 3.4 0.8 73.5 8.6 10.4 2.4 1.0 33 

Triassic Basin 150-200 23.6 2.7 0.7 80.1 6.4 7.4 1.9 0.9 44 

Triassic Basin 200+ 16.1 2.6 0.8 77.5 6.4 9.4 2.5 0.8 39 

Raleigh Belt 0-20 13.4 47.2 1.0 19.0 19.4 9.7 1.5 2.2 286 

Raleigh Belt 20-50 6.4 53.4 1.0 19.0 15.6 6.3 3.1 1.6 183 

Raleigh Belt 50-100 10.3 45.9 1.0 23.0 17.1 8.6 2.9 1.5 73 

Raleigh Belt 100-150 9.8 27.7 1.0 53.0 10.3 4.9 2.1 1.0 54 

Raleigh Belt 150-200 7.7 9.2 1.0 82.0 2.6 1.3 2.6 1.3 56 

Raleigh Belt 200+ 6.8 5.9 1.0 85.8 1.5 1.5 3.0 1.4 59 

Carolina Slate Belt 0-20 12.9 26.0 0.8 37.3 22.4 10.9 0.8 1.7 597 

Carolina Slate Belt 20-50 16.9 13.0 0.8 42.6 22.5 18.5 1.2 1.3 48 

Carolina Slate Belt 50-100 19.3 8.1 0.6 42.6 19.7 23.5 1.2 4.2 35 

Carolina Slate Belt 100-150 18.3 6.3 0.8 46.3 19.9 25.4 0.7 0.7 23 

Carolina Slate Belt 150-200 15.6 4.9 0.5 84.5 3.4 5.1 0.5 1.0 33 

Carolina Slate Belt 200+ 10.8 0.7 0.4 92.0 1.5 2.6 1.0 1.9 33 
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Figure 3-1. SSURGO Soils in the Falls Lake Watershed  



UNRBA Falls Lake Watershed Modeling Report  Section 3 

 

3-6 

 

Table 3-4. SSURGO Soils in the Falls Lake Watershed by County and Geologic Basin 

Soil Series (Top 20) Granville Person Franklin Orange Durham Wake Carolina Slate Belt Raleigh Belt Triassic Basins 

Georgeville 1.98% 16.29% 0.00% 25.61% 6.06% 0.00% 99.78% 0.00% 0.22% 

Mayodan 23.16% 0.00% 0.00% 0.00% 17.09% 0.00% 4.26% 0.04% 95.70% 

Tarrus 1.22% 2.16% 0.00% 23.88% 5.11% 0.00% 99.61% 0.00% 0.39% 

Herndon 2.19% 8.66% 0.00% 12.02% 5.42% 0.00% 99.79% 0.00% 0.21% 

Creedmoor 17.46% 0.00% 0.00% 0.00% 2.27% 11.46% 2.57% 0.01% 97.41% 

White Store 0.00% 0.00% 0.00% 0.00% 15.58% 0.00% 1.70% 0.02% 98.28% 

Congaree 8.43% 6.67% 4.92% 0.68% 4.91% 0.00% 42.69% 4.65% 52.66% 

Pacolet 0.20% 0.00% 8.41% 0.00% 0.55% 27.66% 6.00% 92.75% 0.69% 

Appling 1.29% 6.21% 0.04% 4.20% 4.71% 0.24% 95.31% 3.50% 0.51% 

Water 2.94% 0.77% 0.36% 0.84% 5.21% 9.52% 22.69% 19.19% 58.09% 

Vance 5.90% 7.08% 9.88% 1.99% 2.38% 0.05% 94.67% 4.27% 1.07% 

Iredell 5.62% 5.68% 0.00% 0.84% 4.44% 0.00% 51.54% 0.18% 48.27% 

Nanford 0.92% 2.84% 0.00% 5.31% 4.83% 0.00% 99.33% 0.00% 0.67% 

Cecil 5.86% 0.80% 37.42% 0.29% 1.22% 8.24% 20.81% 74.48% 4.25% 

Helena 0.00% 6.65% 0.89% 6.59% 0.00% 0.94% 95.71% 4.04% 0.00% 

Cid 0.00% 12.43% 0.00% 0.01% 0.00% 0.00% 100.00% 0.00% 0.00% 

Chewacla 0.02% 0.00% 0.08% 4.78% 0.00% 5.41% 63.82% 28.67% 7.14% 

Tatum 1.63% 9.00% 0.00% 0.00% 0.00% 0.00% 100.00% 0.00% 0.00% 

Lignum 1.85% 0.00% 0.00% 3.66% 1.85% 0.00% 100.00% 0.00% 0.00% 

Spartanburg 0.01% 0.27% 35.92% 0.00% 0.00% 10.09% 4.03% 94.94% 0.28% 
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3.1.3 Third-Party Review of Input Data for Watershed Soils 

Soils data was developed using primarily USDA NRCS and NCSS data supplemented with WARMF model 

inputs, UNRBA monitoring data, and literature.  This data was processed spatially for developing model input 

files for each catchment.  Because many of the soil water quality parameters were used as initial conditions 

that were then adjusted during model calibration or processed by the model in response to external factors 

(e.g., nutrient application) a comprehensive òthird-partyó review of the soils data was not conducted.  

However, during water quality calibration, òthird-partyó model reviewer Daniel Obenour (funded through the 

NC Collaboratory) suggested evaluation of USGS soil phosphorus concentration data to increase simulated 

phosphorus concentrations.  Application of this data improved the model performance for total phosphorus, 

particularly in response to storm events.   

3.2 Land Use Land Cover 

Land use land cover data is an essential component of watershed models.  Characteristics of land cover 

strongly affect the simulated movement of water and pollutants.  For the Falls Lake Watershed, multiple 

sources of land cover data were used to characterize each modeling catchment for both modeling periods.   

3.2.1 US Geologic Survey National Land Cover Database and Simulation of Urban Areas 

the US Geologic Survey (USGS) National Land Cover Database (NLCD) is a standard and commonly accepted 

land use / land cover dataset for building watershed models.  The NLCD is a Landsat satellite-based 

landcover database converted to a 30-meter resolution grid, with several independent data layers, that 

facilitates a wide variety of applications. The database includes: 

¶ 16 classes of land-cover data derived from the imagery, ancillary data, and derivatives using a decision 

tree 

¶ Classification rules, confidence estimates, and metadata from the land cover classification 

This dataset is currently the best available watershed-wide land use coverage.  The NLCD land use scheme 

was re-classified in WARMF to provide simplified land use categories that are more meaningful in terms of 

estimating pollutant loading rates.  The most recent versions of NLCD data sets (2006, 2011, and 2016) 

were used to develop the land use data for the baseline period (2005 to 2007) and the UNRBA study period 

(2015 to 2018).  With release of the 2016 data, the USGS and the Federal interagency Multi-Resolution 

Land Characteristics (MRLC) Consortium released reprocessed NLCD data sets for 2006 and 2011 for more 

consistent classification of land uses and more accurate comparisons of change across land use categories.   

The current Falls Lake Nutrient Management Strategy resulted in new development rules that were 

implemented across the watershed beginning in 2011 and continuing in 2012.  The new development rules 

require that loading from the site not exceed 2.2 lb-N/ac/yr and 0.33 lb-P/ac/yr.  A portion of this 

requirement can be fulfilled using offsite mitigation.  As a result, development in the Falls Lake Watershed 

before and after implementation of new development rules is different.  The 2011 NLCD land use data 

provides the closest approximation of land use at the time the new development rules went into effect.  The 

NLCD land use data sets were processed to distinguish between development that occurred before and after 

2011.  Because the City of Durham required more stringent development requirements between 2007 and 

2011 (but less stringent than the new development requirements), development that occurred in the City of 

Durham between 2007 and 2011 was assigned its own land use designation.   
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The designation of different types of development (existing, 

new, and City of Durham interim) offers the following benefits to 

the modeling: 1) it reflects development characteristics in the 

watershed as required by the Falls Lake Nutrient Management 

Strategy or City of Durham ordinances, 2) it streamlines 

modeling efforts by characterizing loading rates from different 

types of development rather than simulating site-level 

stormwater control measures for which data acquisition and 

accounting would be difficult retroactively, and 3) it allows for 

evaluation of nutrient management strategies for different 

types of development.   

The NLCD data for the watershed for 2006, 2011, and 2016 

are shown in Figure 3-2, Figure 3-3, and Figure 3-4, 

respectively. 

The MRSW approved the approach for simulating different types of development in the watershed at the 

March 2019 MRSW meeting. The group also reviewed the land use data inputs for the baseline and UNRBA 

study periods to confirm development in their jurisdictions was accurately represented.  The NLCD data sets 

were used as follows:  

¶ The 2006 data were used to define development for the baseline period 2005 to 2007.  This 

development has the characteristics of òexisting development.ó  This development also includes 

institutions, schools/colleges, etc., that may be owned or operated by private or public entities.   

¶ The 2011 data were used to estimate the amount of development that occurred during the period 

between the baseline year of the Falls Lake Nutrient Management Strategy (2006) and the full 

implementation of the new development rules (2012).   

o For the City of Durham which had a stricter development ordinance in place in the anticipation of 

the new development rules, this development is assigned the characteristics of òCity of Durham 

interim development.ó 

o For other jurisdictions that did not have more strict development ordinances in place, this 

development is assumed to have the same characteristics as òexisting development.ó 

¶ The 2016 data were used to quantify the total amount of development in the watershed for the 

modeling period 2014 to 2017.  The change in developed area between the 2011 data and the 2016 

data was assigned characteristics of ònew development,ó i.e., being covered by the Falls new 

development Rule, except for the Town of Hillsborough which provided site-specific data for 

developments that were permitted prior to the implementation of the new development rules and 

grandfathered in as òexisting development.ó  Development data provided for the Town of Butner were 

used to verify that the 2016 NLCD data accurately identified areas of new development.  

¶ Prior to the new development rules taking effect in 2012 and in anticipation of the coming rules, the City 

of Durham incorporated the following changes into their local ordinance: 

o 1993: Water Supply Overlay requirements (85% TSS) 

o 2007: 3.6 N limit lb/ac/yr (Neuse Rules) 

o 2010: N limit 2.2 lb/ac/yr and P limit 0.5 lb/ac/yr (voluntary interim limit) 

o 2012: N limit 2.2 lb/ac/yr and P limit 0.33 lb/ac/yr (current Falls Rules) 

¶ The City of Durham had also implemented 348 existing development retrofit projects by December 2015 

(Figure 3-5).  Most of these were concentrated in the Ellerbe Creek watershed to reduce storm peak 

flows and reduce nutrient loading to Falls Lake.  To reflect these projects, the WARMF modeling 

catchments in the Ellerbe Creek watershed were assigned appropriate amounts of detention volume 

The MRSW approved the approach for 

simulating different types of 

development in the watershed at the 

March 2019 MRSW meeting. The group 

also reviewed the land use data inputs 

for the baseline and UNRBA study 

periods to confirm development in their 

jurisdictions was accurately 

represented.   
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using the best management practice module in the WARMF model.  Assigning volumes of detention was 

necessary for the calibration of the stream flows in this watershed. 

Percent impervious values for developed open space, low intensity, medium intensity, and high intensity 

developments are 20, 20, 50, and 80, respectively.  To simulate the effects of stormwater control measures 

required for new development, the model assumes the first inch of runoff from impervious surfaces on new 

development is routed to a detention basin.  Interim development is assumed partially treated and therefore 

the model assumes the first ½ inch is routed to a detention basin.  Note that the percentages of new 

development and interim development are very small for the UNRBA study period, and these assumptions 

about routing a portion of the runoff to a detention basin do not affect the model calibration results because 

the area is so small.  Application or modification of this assumption to affect larger areas could be important 

when model scenarios are evaluated. 

In its simulation of developed areas, WARMF only simulates nutrient application to pervious areas, but 

atmospheric deposition affects both pervious and impervious areas.  WARMF assumes that runoff from 

impervious surfaces immediately reaches the stream reach in the catchment unless it is detained.  If the 

precipitation/runoff has a lower concentration of a parameter than the stream, rapid dilutions are simulated.  

Natural topography results in some runoff from impervious surfaces flowing over pervious areas where it 

either runs off or infiltrates into the soil where it can interact with soil particles and travel to the stream.  

Features in the watershed also retain water, release it more slowly, allow for evaporation, and pollutant 

processing (increase or decrease).  Some BMPs like street sweeping remove pollutants from impervious 

areas.  The WARMF model allows the user to account for these processes by assigning some of the runoff 

from impervious surfaces to go to òdetentionó or turning on BMPs like street sweeping or stream buffers.  

Using the BMP features of the model was required to calibrate to observed stream water quality data.   

Stream bank erosion is simulated by WARMF separately from the individual land uses (see parameter 

ranges in Table 6-5 and additional discussion in Appendix H).  Stream bank erosion is an average condition 

for the reach within each river segment and is calculated based on soil erosivity, simulated shear stress, 

bank and vegetation characteristics, etc.  The hydrologic impacts of impervious surfaces on stream bank 

erosion are not accounted for in the nutrient loads tracked for each land use by the model.  This approach is 

different than other models that relate land use characteristics in a watershed to water quality observations 

in streams or assign export coefficients to land uses (Dodd 1992, Harden et al. 2013, Lin 2004, Miller et al. 

2019 and 2021).  In those studies, the hydrologic impacts of impervious surfaces on stream bank erosion 

and resulting nutrient loading rates are associated with the land uses in the drainage area.  This is an 

important consideration when communicating to stakeholders the results of the model in terms of the 

impacts of urban development on nutrient loading.   

   

 

  

Stream bank erosion is simulated by WARMF 

separately from the individual land uses.  The 

hydrologic impacts of impervious surfaces on stream 

bank erosion are not accounted for in the nutrient 

loads tracked for each land use by the model.   

https://unrba.org/sites/default/files/reexam-files/AppendixH_SMEReviewSupplementalEvals.pdf
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Figure 3-2.  USGS NLCD for 2006 
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Figure 3-3.  USGS NLCD for 2011 
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Figure 3-4.  USGS NLCD for 2016 




























































































































































































































































































































































