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Why This Matters

Linking Landscape and Surface Waterbody Processes

Watershed Processes Reservoir Processes
SWAT+ Model CE-QUAL-W2 Model

ated Modyy;

v
o Linkage

"lg

SWAT+ CE-QUAL-W2
Watershed Reservoir

Nutrient Runoff Response

)»

Sedlment Flow

— Nutrient Dynamics 3§
Selective g

‘Shallow
Intake

Linking landscape and surface waterbody processes is essential because land-use activities directly
control the quantity and quality of water entering rivers, lakes, and reservoirs. In contrast, in-water
processes determine the resulting water quality conditions.

When these systems are modeled separately, critical feedback is missed, limiting accurate prediction
and effective management.

Integrated approaches capture the full system behavior, enabling better decision-making for water
guality and resource sustainability.



Project Models

SWAT+ (Soil and Water Assessment Tool Plus) is a process-based,
continuous-time watershed model developed to simulate the
movement of water, sediment, and nutrients across large and
complex river basins.

It builds on the original SWAT framework with a redesigned
architecture that improves spatial representation by dividing a
watershed into sub-basins, landscape units (LSUs), and hydrologic
response units (HRUs), allowing for detailed characterization of land
use, soil, and topographic variability.

SWAT+ simulates key hydrologic processes such as surface runoff,

infiltration, evapotranspiration, and groundwater flow, along with
biogeochemical processes including nutrient cycling and sediment
transport.

This enables it to evaluate the impacts of land management
practices, climate variability, and environmental change on water
quantity and quality, making it a powerful tool for watershed-scale
analysis and decision support.
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CE-QUAL-W2 is a laterally averaged, two-dimensional
hydrodynamic and water quality model developed by
the U.S. Army Corps of Engineers to simulate conditions
in lakes, reservoirs, rivers, and estuaries.

The model resolves longitudinal and vertical variations
while assuming lateral uniformity, making it especially
well-suited for long, narrow waterbodies.

It couples hydrodynamics—such as flow, temperature,
and stratification—with detailed water quality
processes, including dissolved oxygen dynamics, nutrient
cycling, algal growth, and organic matter
transformations.

By integrating physical and biogeochemical processes,
CE-QUAL-W2 provides a comprehensive tool for
evaluating eutrophication, thermal structure, and
management scenarios such as flow regulation and
selective withdrawal in complex aquatic systems.



The Core Problem of not Linking Landscape and
Surface Waterbody Processes

Incomplete system understanding
Treating watersheds and waterbodies separately ignores how upstream activities directly shape
downstream conditions.

Missed feedback mechanisms
Critical interactions (e.g., nutrient loading = algal blooms - oxygen depletion) are not fully
captured.

Reduced predictive accuracy
Models fail to represent real-world dynamics, leading to unreliable forecasts of water quality.

Ineffective management decisions
Strategies may target only watershed or reservoir processes, missing integrated solutions.

Inability to evaluate trade-offs
Without linkage, it’s difficult to assess how actions in one domain affect outcomes in another.

Poor response to climate variability
Climate-driven changes in hydrology and nutrient transport are not properly propagated through
the system.

Limited support for adaptive management
Managers lack tools to test both short-term (operations) and long-term (land-use) interventions
together.

Fragmented policy and governance
Separate treatment of land and water systems leads to disconnected management frameworks.

Underestimation of cumulative impacts
Combined effects of land-use change, hydrology, and in-reservoir processes are overlooked.

Reduced transferability of models
Standalone models are less useful for broader applications where integrated system behavior
matters.



Integrated System Concept

By coupling SWAT+ and CE-QUAL-W2 through a mass-
conservative linkage, the system captures the full chain of cause-
and-effect relationships from land to water, enabling a more
realistic representation of cross-scale interactions and providing
a foundation for evaluating both watershed management and
reservoir operational strategies within a unified modeling
framework.



Haw River — Jordan Lake
Demonstration Study

The objective of the demonstration study
was to develop and validate an integrated
modeling framework that links watershed
processes with in-reservoir dynamics by
coupling SWAT+ and CE-QUAL-W?2.

Specifically, the study aimed to accurately
simulate hydrology, nutrient transport,
thermal structure, and water quality in
the Haw River—Jordan Lake system, while
ensuring a mass-conservative transfer of
watershed outputs into reservoir inputs.

Additionally, it sought to demonstrate how
this integrated approach can be used to
evaluate management strategies—such as
selective withdrawal—and provide
actionable, science-based support for
improving water quality and reservoir
operations under changing land-use and
climate conditions.




Model Linkage Variables

The variables transferred from SWAT+ to CE-QUAL-W?2 included both hydrologic and water quality components
needed to define reservoir boundary conditions:

*  Streamflow (discharge)
*  Water temperature

*  Organic nitrogen

*  Nitrate (NO3")

Rarely, if ever, is there sufficient observed
data to provide water quality boundary

+  Nitrite (NO,) conditions for surface water body models.
e Ammonium (NHz*)

e Mineral phosphorus (P04*") Accurate watershed modeling is essential
*  Sediment-bound phosphorus to developing an accurate surface water

*  Sediment load body model useful for predictive analyses.
*  Carbonaceous biochemical oxygen demand (CBOD)

*  Dissolved oxygen (DO)
*  Chlorophyll-a

These outputs were then transformed into CE-QUAL-W?2 input state variables, including:

*  Organic matter pools (LDOM, RDOM, LPOM, RPOM)
*  Algal biomass (based on chlorophyll-a conversion)
*  Nutrient species in model-compatible formats

This translation ensured a mass-conservative linkage and compatibility between the watershed and reservoir
models.



Study Area — Haw River Watershed,NC

The project area encompasses the Haw
River watershed and Jordan Lake system
in the Piedmont region of North Carolina,
USA.

The watershed drains approximately
4,355 km? (1681 mi?) across a mix of
land uses, including forested (about
43%), agricultural (27%), and urban
(17.4%) areas, supporting a population
of roughly 600,000 people.

The Haw River is the primary inflow to
Jordan Lake, contributing the majority of
water, sediment, and nutrient loads,
while additional inputs come from the
Upper and Lower New Hope sub-basins.

The system is characterized by a humid
climate, moderate topographic variation,
and increasing pressures from
urbanization and nutrient enrichment,
making it a critical and representative
case study for integrated watershed-
reservoir management.
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Study Area — Haw River Watershed
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SWAT+ Model Results

The SWAT+ model results demonstrated strong
performance in simulating hydrology and key water
quality variables across the Haw River watershed.

The model accurately reproduced streamflow dynamics,
capturing seasonal patterns and most peak events, with
good calibration and validation statistics (R? around 0.79—
0.84 and NSE around 0.78-0.80).

It also performed well in simulating total nitrogen, total
phosphorus, ammonia, dissolved oxygen, and water
temperature, with particularly strong results for
temperature and DO.

While some limitations were observed in representing
nitrate—nitrite and organic nitrogen dynamics, overall
nutrient loads and trends were reasonably captured.

These results indicate that SWAT+ provided reliable and
robust watershed outputs, making it well-suited to supply
boundary conditions for the coupled reservoir model.
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Study Area — Jordan Lake

Jordan Lake is a large, man-made

reservoir located in central North é é
Carolina within the Cape Fear River
Basin, primarily in Chatham County, L:e?f:imke
with portions extending into Durham, — Brnches
Orange, and Wake counties. Legend e
B 1.0
Constructed by the U.S. Army Corps of —ie
Engineers between 1973 and 1983, the =‘;g
lake was designed for multiple b
purposes, including flood control, :g:g
water supply, recreation, and B 100
ecological habitat. It receives the — e
majority of its inflow from the Haw :ﬁ
River, along with contributions from i
the Upper and Lower New Hope Creek — 5 -
sub-basins. [ 188 P——

Jordan Lake is also a popular recreational destination,

At normal pool elevation, the lake supporting boating, fishing, and wildlife habitat, but it faces
covers 56.4 km? (21.8 mi?) and has ongoing challenges from nutrient enrichment,

substantial storage capacity (265.5 eutrophication, and harmful algal blooms driven by

million cubic meters), supplying upstream land-use activities and population growth.

drinking water to communities in the
rapidly growing Research Triangle
region, including Cary, Apex, and
Morrisville.
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CE-QUAL-W2 Model Results
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Graph showing the Water Balance in the Reservoir and Observed vs Simulated water surface elevation at the dam.

The model accurately reproduced water surface elevations with near-perfect agreement
(R? = 0.99), indicating a well-resolved water balance and reservoir storage dynamics. It
also successfully captured thermal stratification patterns and vertical temperature
profiles, along with dissolved oxygen dynamics across both surface and bottom layers.



Study Area — Jordan Lake
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CE-QUAL-W2 Model Results
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CE-QUAL-W2 Model Results
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CE-QUAL-W2 Model Results
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CE-QUAL-W2 Model Results
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Reservoir Management Strategies

The demonstration study evaluated reservoir management strategies focused on
selective withdrawal operations to improve water quality in Jordan Lake.

Using the integrated SWAT+—CE-QUAL-W2 framework, multiple withdrawal elevations
were simulated to assess their effects on thermal structure, dissolved oxygen, and
nutrient dynamics.

Results showed that deeper withdrawal depths enhanced vertical mixing, which
improved hypolimnetic oxygen conditions and reduced concentrations of nutrients
and chlorophyll-a in the surface waters, helping to mitigate eutrophication.

However, these benefits were accompanied by trade-offs, including slight increases in
bottom water temperatures and altered stratification patterns.

Overall, the study demonstrated that selective withdrawal is an effective short-term
operational tool that can complement longer-term watershed management strategies,
providing reservoir managers with a flexible and actionable approach to improving
water quality under changing environmental conditions.



Conclusions of Model Integration and
Jordan Lake Demonstration Study

The study concluded that integrating SWAT+ and CE-QUAL-W2 provided a
robust and effective framework for simulating linked watershed-reservoir
processes and improving understanding of water quality dynamics.

The coupled model successfully captured hydrology, nutrient transport,
thermal stratification, and dissolved oxygen behavior, demonstrating strong
agreement with observed data.

Results also showed that reservoir operational strategies, such as selective
withdrawal, can provide immediate improvements in water quality, while
long-term watershed management remains essential.

Overall, the integrated approach offers a powerful, transferable tool for
supporting informed, adaptive water resource management under changing
environmental conditions.



Future Linkage

Integrated Modeling of Watersheds, Rivers, and Reservoirs
SWAT+ —> ClearWater-Riverine — CEQUAL-W2

1. SWAT+ 2. ClearWater-Riverine 3. CEQUAL-W2

Watershed Model River & Floodplain Model Reservoir Model
Simulates hydrology and water 2D hydrodynamics and water quality 1D laterally averaged reservoir model for
quality processes across in rivers, floodplains, and wetlands. thermal structure and water quality.
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Clearwater-Riverine

The ClearWater-Riverine modeling system is a next-generation,
integrated water-quality and ecohydrology framework being
developed collaboratively by the U.S. Army Engineer Research and
Development Center (ERDC) and LimnoTech.

The system is designed to simulate water movement,
temperature, nutrient cycling, dissolved oxygen, contaminants,
algae dynamics, and other ecological processes within complex
river and floodplain environments.

Unlike traditional one-dimensional river models, ClearWater-
Riverine operates in two dimensions and is intended to capture
the hydrologic connectivity between river channels, wetlands,
and floodplains during changing flow conditions.



Clearwater-Riverine

® ClearWater: Computational Laboratory for Environmental Analysis and
Restoration of Watersheds

® Purpose: Link environmental modeling capabilities with existing hydraulic and
hydrologic (H&H) models (e.g., HECRAS-2D)

® ClearWater provides environmental simulation capabilities that are designed to
leverage existing water resources models.

®* The ClearWater water quality modules simulate constituent kinetics, heat
budget processes, and vegetation growth cycles. Capabilities include:

o Agquatic Processes Library: An Aquatic Processes Library (APL) was
developed in Python that builds on the Temperature and Nutrient
Simulation Modules (TSM and NSM) to compute the heat budget,
nitrogen, phosphorus, and carbon cycling, dissolved oxygen, algae, and
numerous additional processes that are fundamental to ecological
processes and water quality modeling.

o Ecohydrology Simulation Module (ESM): aquatic and terrestrial
vegetation growth, mortality, seed dispersal, light limitation, etc.

o Biogeochemistry Simulation Module (BSM): Advanced geochemistry
capabilities provided by the USGS PHREEQC module via the PhreeqcRM
python library, plus biochemical and contaminant processes developed
for the Contaminant and Mercury Simulation Modules.

Runoff

Reservoirs

Rivers




Clearwater-Riverine — Will

Willamette River Validation Study: Corvallis to Albany Oregon
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amette River, OR

Willamette River Validation Study: Corvallis to Albany Oregon
Dissolved Oxygen

ot et ~ Dassend seyyen (RO - 049931 ~ 9OV

Willamette River Validation Study: Corvallis to Albany Oregon
Floating Algae

ot e Partng s 9 ) P81~ b1

Willamette River Validation Study: Corvallis to Albany Oregon
Potamogeton Distribution

Willamette River Validation Study: Corvallis to Albany Oregon
Dissolved Orthophosphate (PO,)

Corvat Sarion - Gsatrad eghesgrn #70) ) ~ 10009931 ~ 2011

Willamette River Validation Study: Corvallis to Albany Oregon

Reed Canarygrass Distribution




Thank You!




	Slide 1: Linking Landscape and Surface Waterbody Processes  2026 SWAT Conference  Thessaloniki, Greece June 15-19, 2026  Anthonia Nwabudike1, Manoj K. Jha1, Todd E. Steissberg2, Billy E. Johnson3, Terry Nipp4, Raghavan Srinivasan4  1North Carolina A&T Sta
	Slide 2: Why This Matters
	Slide 3: Project Models
	Slide 4: The Core Problem of not Linking Landscape and Surface Waterbody Processes
	Slide 5: Integrated System Concept
	Slide 6: Haw River – Jordan Lake Demonstration Study
	Slide 7: Model Linkage Variables
	Slide 8: Study Area – Haw River Watershed,NC
	Slide 9: Study Area – Haw River Watershed
	Slide 10: SWAT+ Model Results
	Slide 11: Study Area – Jordan Lake
	Slide 12: Study Area – Jordan Lake
	Slide 13: CE-QUAL-W2 Model Results
	Slide 14: Study Area – Jordan Lake
	Slide 15: CE-QUAL-W2 Model Results
	Slide 16: CE-QUAL-W2 Model Results
	Slide 17: CE-QUAL-W2 Model Results
	Slide 18: CE-QUAL-W2 Model Results
	Slide 19: Reservoir Management Strategies
	Slide 20: Conclusions of Model Integration and Jordan Lake Demonstration Study
	Slide 21: Future Linkage
	Slide 22: Clearwater-Riverine
	Slide 23: Clearwater-Riverine
	Slide 24: Clearwater-Riverine – Willamette River, OR
	Slide 25: Thank You!

