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Nature-based solutions (NBS) seek to improve water quality by leveraging natural 
ecological and biogeochemical processes, but the interplay between these processes, 
especially in moving water, is challenging to anticipate. When high confidence in 
outcomes is needed, stakeholders often turn to numerical modeling. However, most 
existing water simulation tools are outdated and based on empirical relationships rather 
than modern, process-based simulations.
Recognizing this gap, federal agencies are promoting a vision for reproducible, process-
based modeling workflows. This webinar will present this federal vision and describe 
LimnoTech’s related work, including the development of the new ClearWater (Corps 
Library for Environmental Analysis and Restoration of Watersheds) modeling system. It 
will also cover the application of the MF6RTM package, which couples groundwater 
transport with geochemical reaction models for contaminant mobility in Aquifer Storage 
and Recovery (ASR) planning, and the use of GLM-AED libraries to assess design 
scenarios for the biofiltration of constructed lakes.
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OUR LONG-USED 
MODELS FALL SHORT
Models need to simulate:

• all relevant processes 

• at relevant scales

• at sufficient spatial and temporal 
resolultion

…to provide results that are meaningful 
for adaptive water management



DO PONDS EXPORT 
PHOSPHORUS?

• Literature and Data Review 
for Minnesota Pollution 
Control Agency (MPCA)



DO PONDS EXPORT 
PHOSPHORUS?

• Many ponds do have high Total 
Phosphorus (TP) in surface waters.

• 13% of ponds have higher effluent 
than influent concentrations

• Most studies do not have sufficient 
data to answer the question.

• TP is often higher in ponds designed 
to “NURP standards”
− EPA’s Nationwide Urban Runoff 

Program (NURP), 1983

• Literature and Data Review 
for Minnesota Pollution 
Control Agency (MPCA)

Number of Ponds 66

Median Number of Samples 8

Median % paired [Effluent TP] > 
[Influent TP]

13%

(0% - 
100%)

Ponds with at least one paired 
[Effluent TP] > [Influent TP]

46



POND DESIGN

Constructed stormwater pond 
design, retrofit, and 
maintenance criteria 
need to be updated.

Current criteria:

• Are based on 
performance curves 
developed 36 years ago by 
modeling single-storm data

• Consider only 
physical mechanisms for 
Phosphorus removal

Under the MPCA Permit, it is REQUIRED that:
• stormwater ponds have permanent pool volume (dead storage) equal to at least 1800 cubic feet 

per acre of drainage to the pond.
• permanent pool depths be a minimum of 3 feet and maximum of 10 feet at the deepest points.



BASIS FOR POND DESIGN SINCE 1987

Apply understanding (wisdom)
• Relate results of interest to controllable design parameters 

Synthesize knowledge
• Model known mechanisms.

• Calibrate & validate with real-world data.

Benthic  
Sediment

Water 
Column

Sedimentation

Sediment 
resuspension

Export
Input / 

External 
Load

From Walker 1987 based on EPA NURP datasets



• Relate results of interest to controllable design parameters 
and maintenance practices, which might include… 

BASIS FOR POND DESIGN OF THE FUTURE

Apply understanding (wisdom)Synthesize knowledge
• Model known mechanisms: physical + biological + chemical

• Calibrate & validate with real-world data, collected for years

Benthic  
Sediment

Lower 
Water 
Column 
(Hypolimnion)

Upper 
Water 
Column 
(Epilimnion)

Mixing

Biological Uptake & DecaySedimentation 
/ Adsorption 

& Particle 
Settling

Sediment 
resuspension

Dissolution & 
Diffusion / 

Internal Load

Export

Groundwater Exchange

Sedimentation 
/ Burial

Input / 
External 

Load

Proposed by our team

+ Other Objectives: rate control, flood protection, removal of other contaminants





FEDERAL WATER 
MODELING VISION
To improve earth system simulation 
forecast accuracy (”skill), uncertainty 
estimation, and credibility to 
meet societal needs



REPRODUCIBLE 
SCIENCE

The ability to obtain consistent 
results using the same input 
data, computational steps, and 
methods as an original study

“Reproducibility Crisis” 
identified in early 2010s led to 
the Credibility Revolution

• Documentation

• Data availability

• Automation

• Open-source tools

https://www.earthdata.nasa.gov/about/
open-science 

https://www.earthdata.nasa.gov/about/open-science
https://www.earthdata.nasa.gov/about/open-science
https://www.earthdata.nasa.gov/about/open-science
https://www.earthdata.nasa.gov/about/open-science


NOAA MODELING 
STRATEGY

Strategic Plan for 2024-2033

Adopted a Unified Approach to 
NOAA’s full Earth System 
Modeling (ESM) portfolio 

• Motivation: Provide better 
predictions through:

• Open-science, 
• Model-driven 

observations, 
• Community 

development and  
governance, 

• Software modernization 
• Coupled process models

https://repository.library.noaa.gov/view/noaa/56332 

https://repository.library.noaa.gov/view/noaa/56332


FEDERAL WATER 
MODELING VISION

Integrated Hydro-Terrestrial 
Modeling 2.0 (2025)

Progress and Path Forward on 
Building a National Capability

• Motivation: 
Provide better prediction of 
likely outcomes of water 
management strategies

• Audience: 
Water-Resources 
Management Community in 
all sectors

https://doi.org/10.2172/2499550  

https://doi.org/10.2172/2499550
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MODELING FOR 
MANAGEMENT

• Watershed-scale hydrologic, 
hydraulic, and water quality 
modeling systems: 

• Best done by local 
experts and 
stakeholders

• Used for critical 
decision making

• Undergoing 
transformative software 
modernization for 
scalable high-
performance computing



USGS INTEGRATED 
WATER PREDICTION
• Water Data for the Nation

• Modernizing Modeling Software



FAIR DATA 
PRINCIPLES

• FAIR Data are foundational 
for Open Science

• Open Geospatial 
Consortium (OGC) provides 
international governance of 
standards for search and 
access

• Analysis-Ready, Cloud-
Optimized (ARCO) datasets 
are the gold standard for 
Interoperable

F

A

I

R
Reusable

Interoperable

Accessible

Findable

Data and metadata must be easy to find. They should be 
assigned a globally unique and persistent identifier (e.g., 
DOI), described with rich metadata, and registered in a 
searchable repository.

Once found, users need to know how to access the data. 
This involves using authorized, standard communication 
protocols (e.g., HTTP) and keeping metadata accessible 
even if the data itself is unavailable.

Data should be able to work with other systems, 
applications, or workflows. This requires using a formal, 
accessible, and shared language (e.g., controlled 
vocabularies) for knowledge representation.

The ultimate goal, data should be well-documented 
(provenance) with clear, accessible, and licensed usage 
rights to allow for replication or new research.

https://www.go-fair.org/fair-principles/ 

https://www.go-fair.org/fair-principles/
https://www.go-fair.org/fair-principles/
https://www.go-fair.org/fair-principles/
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WATER MODEL 
COUPLING

• Built with open-source, 
cloud-native libraries 
designed to scale

• Basic Model Interface (BMI) 
API built into every model, 
for flexible coupling

• Python “wrappers” 
coordinate coupling

• Shared, Scalable Compute 
Frameworks 

• Shared Data Engine, as a 
Service 

Data Engine (Service)

COMPUTE (Scalable Laptop to HPC)

HEC 
RAS-2D BMP 

Scenario 
Manager

BMI

Hydrologic 
Model GSSHA

SWMM

Single 
Data 

Service

Dynamic 
Model 

Coupling & 
Integrated 

Analysis

BMI BMI

BMI

BMI

Primary 
Data

Analysis-Ready 
Cloud-Optimized 

Datasets



MODEL COUPLING

• Basic Model Interface (BMI)
− Provides a common set of functions

− To run models and exchange information and data on grids, variables, timesteps, etc.

− Shares data among models using a zero-copy approach 
− Each model reads and writes to the same in-memory object using pointers

− Supports models written in C, C++, Fortran, Java, Python, Javascript, Julia
− NOTE: BMI must be implemented in the source code of a model before it can be used to couple that model to 

other BMI-compliant models

− Learn more: https://bmi.readthedocs.io

Modeling community moving 
toward systems of coupled 
models from modular model 
components.

BMI 2.0 has become the 
standard for model coupling

https://bmi.readthedocs.io/




USACE ERDC WATER 
MODEL COUPLING
• Modernizing 



CLEARWATER 
MODELING

• Corps Library for 
Environmental Analysis and 
Restoration of Watersheds 
(ClearWater)

• Goal: 
• Port water quality 

modules from Fortran 
to modern Python

• Couple to 2D flow 
models

• Leverage cloud-native 
frameworks

Nutrient Simulation Module (NSM) Processes

https://github.com/EcohydrologyTeam/ClearWater-modules 

https://github.com/EcohydrologyTeam/ClearWater-modules
https://github.com/EcohydrologyTeam/ClearWater-modules
https://github.com/EcohydrologyTeam/ClearWater-modules


MOTIVATION: 
SCALING

Scaling to real-world scenarios

The Lake Pontchrtrain use case.
• 26,000 grid cells
• 5 to 60 second time steps
• 18 GB RAS-2D binary output file 

(HDF5) is input
Conventional coupling methods exceed 
the memory of typical desktop modeling 
computers.



Running Clearwater-Riverine and Clearwater-Modules Individually 

Initialize Riverine

Update Timestep
Advect and diffuse

Flow Field Initial 
Conditions

Boundary 
Conditions

timestep = 0

timestep = 1…n

repeat n times

Initialize Modules

Met Data
Topology, 
Volumes,

Surface Areas, 
Water Temp

Update Timestep
Energy Budget

repeat n times



Adapted from Parkhurst & Wissmeier 2015.
Symbology: https://www.zenflowchart.com/flowchart-symbols 

Reactive Transport Coupling Workflow
All processes and flows represented are controlled by Python

Flow & Transport 
Model

Reaction Model

Transport
transfer 
grid and 
timestep 

info 

Initialize Models
• Read inputs
• Setup transfer

Update Models 
by timestep(s)
• In-memory 

data transfers 
between models

• Optional copy to 
in-memory netCDF 
dataset container

Finalize Models
• Save outputs
• Deallocate memory

tim
e 

st
ep

 lo
op

Initialize Model Detail
• Create variable crosswalk for 

data transfer between models
• Set time interval for transfers

Reactions

https://www.zenflowchart.com/flowchart-symbols
https://www.zenflowchart.com/flowchart-symbols
https://www.zenflowchart.com/flowchart-symbols


Running Clearwater-Riverine and Clearwater-Modules as Linked Models

timestep = 0

timestep = 1…n

Initialize Coupled Model

Met Data
Module Data

Topology, 
Volumes,

Surface Areas, 
Water Temp

Update Timestep
Execute all processes,

Including Riverine

repeat n times

Initialize Riverine as a 
Modules process

Flow 
Field

Initial 
Conditions

Boundary 
Conditions

Initialize Additional 
Modules process(es)

Variable
Registry



CLEARWATER 
RESULTS

• Passes all tests for 
predictions

Algal Plankton Dissolved Oxygen Phosphorus



CLEARWATER 
RESULTS

• Passes all tests for scalability



LAKE DESIGN 
MODELING
• Models need to simulate all relevant 

processes at relevant scales to provide 
results meaningful for management





LimnoTech Decision Support  for a Repeatable Design Process

Planning Tools
GUI, models and exploratory tools to be used on the 
front end of studies to rapidly explore many options. 
Support conceptual/schematic design activities to 
allow preliminary costing of preferred alternatives.

H&H

Geomorphology

Water Quality

Biology / 
Ecology

conceptual / schematic design



LimnoTech Decision Support  for a Repeatable Design Process

Planning Tools Engineering Design Toolset Operations Toolset
Combination of operationalized models and 
monitoring network tools that support long-term 
maintenance and adaptive management of the 
system.

GUI and more advanced models and other analytical 
tools designed to further evaluate highly ranked 
options, select preferred alternative, and support 
design development, detailed design, CD/CA, and cost 
estimation.

GUI, models and exploratory tools to be used on the 
front end of studies to rapidly explore many options. 
Support conceptual/schematic design activities to 
allow preliminary costing of preferred alternatives.

H&H

Geomorphology

Water Quality

Biology / 
Ecology

Planning tool supports 
development and 
transfer of:

Conceptual design 
alternatives, associated 
costs, preliminary 
assessment of benefits, 
prioritization and 
ranking scheme. 

Design tool 
supports 
development and 
transfer of:

Detailed design of 
preferred 
alternative, refined 
costs, life cycle 
costs and benefit 
analysis, dataset 
and analytical 
toolset that can be 
converted to 
operationalized 
tool. 

conceptual / schematic design design development / detailed design / construction post-construction / O&M / adaptive mgmt







WATER QUALITY MODEL RESULTS



Phase 2 Model Simulations

Scenario Description Recirculation Pathogen? Notes

A Baseline w/ 
Pathogen NA Conservative 

tracer
Revised calibration, added small pathogen 

tracer load

B Pathogen load + 
flushing 1000 GPM Conservative 

tracer
Assumed influent nutrient concentrations equal 

to REC2 Water Quality Standards

C Pathogen load + lake 
recirculation 1000 GPM Conservative 

tracer

Influent nutrient concentrations taken from 
iteration of model simulation, recirculated 

through the lake

D Pathogen load + lake 
recirculation 1000 GPM 1.0 day-1 loss rate 

on pathogens

Influent nutrient concentrations taken from 
iteration of model simulation, recirculated 

through the lake

Lack of pathogen data (in-lake or for loading) prevents a true quantitative analysis.  Model was set up to 
demonstrate relative impacts between scenarios, and to show sensitivity in pathogen decay rates.

Pathogen load set to be roughly stable over calibration simulation (initial C = 100, average of simulation = 92)



A-REVISED CALIBRATION INCLUDING PATHOGEN TRACER

Dissolved Oxygen follows 
seasonal patterns, model 
output is daily, and 
misses diurnal 
fluctuations

Model very rarely falls 
below 5 mg/L

Low-end of chlorophyll-a 
concentrations in the revised 
calibration might be high, but 
therefore acts as conservative 
estimate in reduction 
scenarios

Temp data was bad 
in this period

Summer TP 
(mg/L)

Summer 
TN (mg/L)

Summer 
Chl (ug/L)

Annual Chl 
(ug/L)

Peak Chl 
(ug/L)

HRT 
(days)

Pathogen 
(Relative %)

2021 0.15 0.52 77.3 60.8 132.5 129 92.2

2022 0.04 0.57 22.0 23.2 32.5 311 89.8



B-1000 GPM FLUSHING, ASSUMING REC2 WATER QUALITY STANDARDS

• Flushing inflow, even at lower nutrient 
levels, can produce algal blooms

• Reminder that calibration tended to be 
slightly elevated in low production 
periods (conservative estimate)

• Residence time reduced to ~4 days

• *CONSTANT nutrient load, even though 
at low concentrations

• 1000 gpm inflow does not include 
pathogen load in this scenario

• No decay rate applied to pathogen 
tracer

Summer TP 
(mg/L)

Summer 
TN (mg/L)

Summer 
Chl (ug/L)

Annual Chl 
(ug/L)

Peak Chl 
(ug/L)

HRT 
(days)

Pathogen 
(Relative %)

2021 0.01 0.63 22.1 17.0 24.1 4 2.9

2022 0.01 0.62 21.8 12.5 24.7 4 0.9



C-1000 GPM FLUSHING, RECIRCULATED WATER FROM LAKE (MODEL VALUES)

• Flushing inflow has nutrients, pathogen 
tracer and other state variables directly 
from model (1 iteration)

• Residence time reduced to ~4 days

• No decay rate applied to pathogen 
tracer

• *VARIABLE nutrient load

• Some algal biomass exceeds REC2 
standard in short-term, but summer 
and annual averages are low Summer TP 

(mg/L)
Summer 

TN (mg/L)
Summer 

Chl (ug/L)
Annual Chl 

(ug/L)
Peak Chl 

(ug/L)
HRT 

(days)
Pathogen 

(Relative %)

2021 0.04 0.28 12.2 9.7 54.6 4 101.1

2022 0.01 0.52 4.0 2.1 8.6 4 105.7



D-1000 GPM FLUSHING, RECIRCULATED WATER FROM LAKE, PATHOGEN DECAY

• Flushing inflow has nutrients, pathogen 
tracer and other state variables directly 
from model (1 iteration)

• Residence time reduced to ~4 days

• 1.0 day-1 decay rate applied to 
pathogen tracer (high decay rate)

• Some algal biomass exceeds REC2 
standard in short-term, but summer 
and annual averages are low

Summer TP 
(mg/L)

Summer 
TN (mg/L)

Summer 
Chl (ug/L)

Annual Chl 
(ug/L)

Peak Chl 
(ug/L)

HRT 
(days)

Pathogen 
(Relative %)

2021 0.04 0.28 12.2 9.7 54.6 4 23.2

2022 0.01 0.52 4.0 2.1 8.6 4 20.0
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