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ABSTRACT 

Nationally, nutrients and sediment/siltation rank among the top four impairments reported by 

states on their 303(d) lists. The State of Minnesota is developing a TMDL for the Upper 

Mississippi River and its watershed for both turbidity and nutrient enrichment (total phosphorus 

(TP) and chlorophyll a).  In order to support this complex TMDL, the Minnesota Pollution 

Control Agency (MPCA), through a contract with LimnoTech, undertook the development and 

application of a linked hydrodynamic-sediment transport-water quality model (the UMR-Lake 

Pepin model).  The model was successfully calibrated and confirmed using a 22-year database of 

water quality covering the model domain.  The calibrated/confirmed model was then applied to 

develop a suite of solids and phosphorus load reduction scenarios to identify point and non-point 

source reductions necessary to meet turbidity and chlorophyll a TMDL targets.  The results of 

the model application analysis confirmed that the critical conditions for meeting the turbidity 

targets was high spring flow while the critical conditions for meeting eutrophication targets was 

low summer flow.  Achieving the eutrophication targets in Lake Pepin will require significant 

phosphorus load reductions in major tributaries, especially the Minnesota River and the Upper 

Mississippi River at lock & dam no. 1. Phosphorus load reductions on the order of 20-50% for 

the Upper Mississippi River at lock & dam no. 1, 50-80% for the Minnesota River, and an 

effluent limit of 0.3-0.5 mg P/L will be required to assure summer average TP concentrations 

throughout Lake Pepin less than 0.075 mg P/L and chlorophyll a levels less than 30 µg/L during 

critical low flow conditions. Although the exact metric for the turbidity target has not been 

determined yet, model results indicate that total suspended solids load reductions should be on 

the order of 20% for the Upper Mississippi River at lock & dam no. 1 and 50-60% for the 

Minnesota River in order to meet the proposed total suspended solids target of 32 mg/l at lock & 

dam no. 3 during critical high flow years.  

INTRODUCTION  

Complexity in TMDLs comes from several different conditions: large size and complexity of the 

water body or watershed of concern, the presence of multiple point and nonpoint sources of the 

pollutant of concern (including major tributaries with their own 303(d) listing), multiple 

pollutants of concern with potential feedbacks among them, and multiple jurisdictions with a 

management responsibility for the system of concern.  The Upper Mississippi River ï Lake 
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Pepin system is an example of a priority water body that has all of the characteristics that lead to 

complexity in a TMDL.   

The State of Minnesota, in cooperation with the State of Wisconsin, is developing a TMDL for 

the Upper Mississippi River ï Lake Pepin system and its watershed for both turbidity and 

nutrient enrichment (total phosphorus and chlorophyll a) (Senjem, 2009). This reach of the river 

receives both point and non-point source loads of solids and nutrients from an extremely large 

contributing watershed (48,634 square miles, encompassing about 48% of the State of Minnesota 

and a portion of Wisconsin.  It is also a very large and complex system that has a complex 

mixture of both lentic and lotic environments.  This TMDL analysis covers a 95 mile reach of the 

river that contains three morphometrically and hydraulically distinct ñpoolsò bounded by four 

lock & dam structures (nos. 1-4).   Lake Pepin is a natural run-of-the-river lake located between 

lock & dam no. 3 and lock & dam no. 4.    

Under contract to the State of Minnesota, LimnoTech has developed, calibrated, and confirmed a 

linked hydrodynamic-sediment transport-water quality model (the UMR-Lake Pepin model) to 

support the computation of the TMDLs for this system.  Fortunately, there was an excellent 22 

year data set collected by multiple State and Federal agencies to support the development of a 

model with this level of complexity.  This paper describes the development (formulation, 

calibration, and confirmation) and application of the UMR-LP model. The model development 

and subsequent application has been subject to ongoing peer and stakeholder review throughout 

the process.    

Application of the UMR-LP model involved the estimation of load reductions necessary from 

several direct point sources, including the Metro Wastewater Treatment Plant (300 MGD 

capacity) that services much of Minneapolis, and from several tributaries, including the 

Minnesota River (Butcher, et al., 2009; Larson, et al., 2009) and the upper Mississippi River 

above lock & dam no. 1, necessary to achieve water quality targets for turbidity and chlorophyll 

a (Wasley and Heiskary, 2009). 

MODEL FORMULATION  

The UMR-LP model domain extends from lock & dam no. 1 of the Upper Mississippi River 

through Lake Pepin to lock & dam no. 4, a distance of 95 river miles.  The modeling framework 

consists of LimnoTech-modified versions of two public domain models: the ECOMSED 

hydrodynamic/sediment transport model and the Row-Column AESOP (RCA) water quality 

model. The two models operate on the same computational grid, a fine-scale 3-dimensional grid 

consisting of approximately 4000 segments.  The model domain and grid system is depicted in 

Figure 1.   

The linked hydrodynamic ï sediment transport ï water quality model framework is presented in 

Figure 2. Hydrodynamic and sediment transport predictions from the ECOMSED model are 

linked directly to the RCA model to inform the water quality simulation.  The ñECOMò 

component of the ECOMSED modeling framework is used to simulate three-dimensional, time-

dependent hydrodynamic behavior in the Upper Mississippi River from Lock and Dam No. 1 to 

Lock and Dam No. 4. As a complementary module to the ñECOMò hydrodynamic module, the 

ñSEDò component of the overall ECOMSED framework is used to simulate the transport and 

fate of cohesive and non-cohesive sediments, which together constitute non-volatile suspended 

solids (NVSS). Advective/dispersive transport and deposition and resuspension processes are 

simulated for cohesive sediments, which represent clays and fine and medium silts. Likewise, 



transport and deposition/resuspension is simulated for a non-cohesive sediment class, which 

typically represents medium to coarse sands. 

The basic RCA framework is a public domain model that includes a suite of state variables to 

represent carbon, nitrogen, phosphorus, silica, oxygen and algal dynamics (HydroQual, 2004).  

In addition to simulation of water column processes affecting water quality, the RCA framework 

includes a coupled sediment diagenesis sub-model that simulates the cycling of detrital material 

and nutrients in surface sediments and subsequent impacts on near-bed sediment oxygen demand 

and release of dissolved nutrients, including dissolved inorganic phosphorus.  For this 

application, LimnoTech made a number of modifications and refinements to the public domain 

RCA model to better represent sediment transport processes and distribution of inorganic 

phosphorus (i.e., orthophosphate) in the water column.  Among the refinements were: adsorption 

of dissolved inorganic phosphorus (DIP) to non-volatile (i.e., cohesive and non-cohesive) 

suspended sediments; adjustment of the empirical light extinction function based on actual 

system data; and inclusion of three functional groups of zooplankton (micro-zooplankton, 

Copepods, and Cladocerans) as state variables in the RCA water quality model. The 

incorporation of the zooplankton sub-model allowed appropriate feedback between 

phytoplankton and zooplankton and associated nutrient cycling. The zooplankton algorithm is 

based on the Chesapeake Bay Model zooplankton algorithm (Cerco and Noel, 2004), with the 

only significant modification being the inclusion of a growth rate reduction based on the 

stoichiometry of zooplankton prey (Sterner, et al., 1992). 



 

  

  

 
 

Figure 1. UMR-LP model domain for pools 2, 3 and 4 with grid overlay. 

The revised RCA model was also configured to interface directly with the ECOMSED model, 

including linkage of hydrodynamic, water temperature, and sediment transport results.  A pre- 

and post-processing user interface (WINMODEL) for running the linked model framework and 

visualizing output was also developed by LimnoTech (LimnoTech, 2008; Redder, et al., 2008).   



The UMR-LP model output also drives a submerged aquatic vegetation (SAV) model for 

selected areas of the model domain.  Although not discussed in this paper, the benefits of the 

Lake Pepin TMDL for restoring SAV production in the system are also being evaluated by 

Minnesota and Wisconsin (Moore, et al., 2009). 
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Figure 2. UMR-LP model framework showing linkages and data transfer between models. 

MODEL CALIBRATION AN D CONFIRMATION  

With twenty-two years of data available for the UMR-Lake Pepin system, the decision was made 

to use half of the data for model calibration and half for confirmation. The model was calibrated 

using monitoring data for 1996-2006, and the monitoring data from 1985-1995 was used as a 

confirmation dataset. Both the calibration and confirmation data sets included a low flow and a 

high flow year. The calibration period included the intense low-flow (10
th
 percentile) monitoring 

program conducted between June and September of 2006 and the 86
th
 percentile annual flow in 

2002. The earlier confirmation period included the summer low flow in 1988 (1
st
 percentile) and 

the highest annual flow on record in 1993. Ensuring good model performance under a range of 

flows is crucial because high flows represent the critical conditions for turbidity, while low flows 

represent the critical conditions for nutrient-stimulated phytoplankton growth. 

The general strategy for calibration of the UMR-LP model was to begin by calibrating the 

hydrodynamics and sediment transport model.  Then the water quality model was calibrated by 

focusing on one major model system at a time ï carbon/dissolved oxygen, solids/light 

attenuation, nutrients dynamics, and plankton in that order. The most sensitive coefficients for a 

given model system were then adjusted within an acceptable range ï based on theory and 

literature reported values for other systems ï until the state variables for that system best 

compared with the magnitude and temporal (e.g., seasonal) and spatial (e.g., inter-pool and intra-

pool) trends in the monitored data. Each model system was treated sequentially in the same 

manner, always checking back to previously calibrated systems in case there was a need for 



iterative re-adjustment of those system coefficients. Spatial and temporal variation of coefficients 

was considered only when supported by process theory. 

Model inputs, especially tributary flows, loads, and boundary conditions, as well as other forcing 

functions, were compiled for the full 22-year simulation period.  The major contributors of flow 

to the model domain are the Upper Mississippi River above lock & dam no. 1, the Minnesota 

River, and the St. Croix River.  Figure 3 shows the annual average discharge from these three 

major tributaries for the 22-year simulation period.  The late 1980ôs were a significant drought 

period, while in 1993 the river experienced its highest average flow.  One should recognize that 

these annual averages are not always representative of the flow during critical compliance 

periods.  For example, 2006 was close to the median for annual average flow, yet it was at the 

10
th
 percentile for the flow during the critical summer period of June to September. 

 

Figure 3. Annual Average Discharge for Major UMR Tributaries 

The loading of most water quality constituents of concern for this system correlated well with 

flow.  This is evident by viewing the annual average daily loads of total suspended solids (TSS) 

(Figure 4), a major contributor to turbidity in the river above Lake Pepin, and total phosphorus 

(Figure 5), the nutrient being targeted to control eutrophication problems in Lake Pepin.   One 

can see from these stacked bar graphs that the Minnesota River is the largest source of both 

NVSS and total phosphorus.  The Minnesota River drains the highly agricultural region of the 

Lake Pepin watershed.  The Metro WWTP, which serves most of the Twin Cities area, has also 

been a significant source of phosphorus.  The Metro phosphorus load is especially significant on 

a percent basis in low flow years when the river loads are lower.  It is worth noting, however, 

that the Metro WWTP installed a biological phosphorus removal process in its treatment train in 

the early 2000s, which significantly reduced its phosphorus load to the river. 



 

Figure 4. Average Daily Loading of TSS to the UMR System from Major Tributaries 

 

Figure 5.  Annual Total Phosphorus Load to the UMR from Major Tributaries and the Metro 

WWTP. 

By following the above approach, a set of coefficients was obtained that not only provided the 

best overall simulation of the data for the calibration period, but did so by using coefficients that 

are all within the limits of theoretically acceptable values based on 1) empirical evidence from 

process experiments and field measurements, and 2) values reported in the literature.  Model 

evaluation during the calibration/confirmation process was a weight-of-evidence process that 

used multiple metrics, including time series plots at fixed locations, spatial profiles at fixed 

points in time, bivariate plots with lines of 1:1 correspondence, statistical comparisons, 



cumulative frequency distributions, and comparisons of process rate and mass balance 

measurements with model computed rates and fluxes.   

As indicated above, the ECOMSED model simulates hydrodynamics, temperature, and NVSS.  

Examples of the calibration/confirmation results of this model are shown in Figures 6 and 7, 

which display the model comparisons of NVSS with time series data for lock & dam no. 2 and 

lock & dam no. 3, respectively.  In each of these plots the 5-day average model output from the 

top two meters is presented as a solid line, while the 5-day average monitoring data at a given 

location are represented by symbols.  The symbol shape is indicative of the program collecting 

the data. These locations are in the upper portion of the model domain where turbidity violations 

predominate.  The model does a good job of capturing the flow-driven higher NVSS 

concentrations in spring and fall, as well as the NVSS increases due to wind-driven resuspension 

events. 



 

Figure 6.  Comparison of non-volatile suspended solids (NVSS) model results and data for time 

series plot at lock and dam no. 2. 


