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ABSTRACT

Nationally, nutrients and sediment/siltation rank among the top four impairmemuted 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 chlorophylh). In order to support this complex TL, the Minnesota Pollution

Control Agency MPCA), through a contract with LimnoTech, undertook the development and
application of a linked hydrodynamgediment transpotater qualitymodel (the UMRLake

Pepin model). The model was successfully caldarand confirmed using a32ar databasef

water quality coveringhe model domain. The calibrated/confirmed model was then applied to
develop a suite of solids and phosphorus load reduction scenarios to identify point-gaihhon
source reductionsecessaryto meeturbidity and chlorophyla TMDL targets. The results of

the model application analysis confirmed that the critical conditions for meeting the turbidity
targets was high sprirfipw while the critical conditions for meeting eutrophicattangets 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 atock & dam no. 1Phosphorus loacductions on the order of BD% for

the Upper Missisgipi River atltock & dam no. 150-80% for the Minnesota River, and an

effluent limit of 0.30.5 mg P/L will be required to assure summer average TP concentrations
throughout Lake Pepin less than 0.0@& P/L and chlorophyh levels less than 30 pg/L during
critical low flow conditions. Although the exact metric for the turbidity tafges not been
determined yet, model results indicate that total suspended solids load reductions should be on
the ordenf 20% for the Upper Mississippi River at lock & dam no. 1 an®G® 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 cones fromseveral different conditionsarge 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 tlaeich multiple jurisdictions with a
management responsibility for the system of concern. The Upper Mississippi Raies
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Pepin system is an example of a priority water body that has all dh&nacteristics 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 Rivér Lake Pepin system and its watershed for both turbidity and

nutrient enrichment ¢tal phosphorus and chlorophgll (Senjem, 2009)This reachof the river

receiveshoth point and noipoint source loads @&olids and nutrients from an extremely large

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

and a portion of Wisconsint is also a very large and complex system that has a complex

mixture of both lentic and lotic environmentghis TMDL analysis covera 95 mile reach of the

river thatcontainsghree morphometrically and hydraulicalyi st i nct f@Apool s0 boun
lock & dam structures (nos-4). Lake Pepin ia naturalrun-of-the-river lakelocatedbetween

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

Under contract to the Stabé MinnesotaLimnoTech has developed, calibrated, aadfirmed a
linked hydrodynamiesediment transpowater qualitymodel (the UMRLake Pepin model) to
support the computation of the TMDLSs for this systdfortunately, there was an excellent 22
year data seatollected by multiple State and Federal agesic support the development of a
model with thidevel of complexity. This paper describes the development (formulation,
calibration, and confirmation) and application of the UMR model.The model development
and subsequent application has been stitpemngoing peer and stakeholder review throughout
the process.

Application of theUMR-LP modelinvolved the estimation dbad reductions necessary from
several direct poitrsources, including thigletro Wastewatei reatmenPlant (300 MGD
capacity)that services much of Minneapolis, and from several tributaries, including the
Minnesota RivefButcher, et al., 2009; Larson, et al., 2088} the upper Mississippi River
above lock & dam no.,-necessary to achieve water quality targets for turbiditycatatophyll
a (Wasley and Heiskary, 20n9

MODEL FORMULATION

The UMR-LP model domain extends from lock & dam no. 1 of the Upper Mississippi River
throughLake Pepin to lock & dam no. 4,distance 095 river miles. The modeling framework
consists of LimoTechmodified versions of two public domain models: the ECOMSED
hydrodynamic/sediment transport model and the ®almn AESOP (RCA) water quality
model.The two models operate on the same computational diiitg-acale 3dimensional grid
consisting ofapproximately 4000 segmentEhe model domain and grid systésrdepicted in
Figure 1

The linked hydrodynamit sediment transpoitwater qualitymodelframework is presented in

Figure 2 Hydrodynamic and sediment transport predictions from the ECAM8&&del are

l' inked directly to the RCA model to inform th
component of the ECOMSED modeling framework is used to simulatedhmemsional, time

dependent hydrodynamic behavior in the Upper Mississippi River frork &iod Dam No. 1 to

Lockand DamNo.4As a compl ementary modul e to the RAEC:
ASEDO component of the overall ECOMSED fr amew
fate of cohesive and nesbhesive sediments, which together cbut nonvolatile suspended
solids(NVSS) Advective/dispersive transport and deposition and resuspension processes are
simulated for cohesiveediments, which represent clays dim# andmedium siltsLikewise,



transport and deposition/resuspensionsutated for a nortohesive sediment class, which
typically represents medium to coarse sands.

The basic RCA frameworis a public domain model thatcludes a suite of state variables to
represent carbon, nitrogen, phosphorus, silica, oxygen and algahobgiHydroQual, 200

In addition to simulation of water column processes affecting water quality, the RCA framework
includes a coupled sediment diagenesisraolel that simulates the cycling of detrital material
and nutrients in surface sediments aotdsequent impacts on ndad 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 modelto better rpresent sediment transport processes and distribution of inorganic
phosphorus (i.e., ortiphosphate) in the water column. Among the refinements agserption

of dissolved inorganic phosphorus (DIP) to nafatile (i.e., cohesive and namhesive)

susended sedimentadjustment of the empirichght extinction functiorbased on actual

system dataand inclusion of three functional groupszafoplanktonmicro-zooplankton,
Copepods, and Cladoceraas)state variables in the RCA watesality model. Tl

incorporation of the zooplankton saiodel allowedappropriate feedback between
phytoplankton and zooplankton and associated nutrient cycling. The zooplankton algorithm is
based on the Chesapeake Bay Model zooplankton algorithm (Cerco and Noel, 200uhe wi

only significant modification being the inclusion of a growth rate reduction based on the
stoichiometry of zooplankton pre§ierneret al.,1992).
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Figurel. UMR-LP model domain for pools 2, 3 and 4 with grid overlay.

The revised RCA model was alsonfigured to interface directly with the ECOMSED model,
including linkage of hydrodynamic, water temperature, and sediment transport réspites.
and pos{processing user interface (WINMODEL) for running the linked médehework and
visualizing output was also developed by LimnoTé@dmnoTech, 2008Redder, et al2008.



The UMRLP model output also drives a submerged aquatic vegetation (SAV) model for
selected areas of the model domain. Although not discussed patter, 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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Figure2. UMR-LP model framework showing linkages and data tremisétween models.

MODEL CALIBRATION AN D CONFIRMATION

With twentytwo years of data available for the UMRKke Pepin system, the decision was made
to use half of the data for model calibration and half for confirmaliba.model was calibrated
using moniobring data for 199@006, and the monitoring data from 19B895 was used as a
confirmation dataseBoth the calibration and confirmation data sets included a low flow and a
high flow year. The calibration period included the intenseflow (10" percetile) monitoring
program conductebetween June and SeptembeR@06 and the 86percentile annual flown

2002. The earlier confirmation period included the sumoweiflow in 1988(1% percentile)and

the highest annual flow on record in 1988suringgood model performance under a range of
flows is crucialbecause high flows represent the critical conditions for turbidity, while low flows
represent the critical conditions for nutriestimulated phytoplankton growth.

The general strategy for calibmati of the UMRLP model was to begin by calibrating the
hydrodynamics andedimentransporimodel. Then the water quality model was calibrated by
focusng on one major model system at a timearbon/dissolved oxygen, solids/light
attenuation, nutrientsydamics, and plankton in that ord€he most sensitive coeffents for a
given model systemwere then adjusted within an acceptable rdnigased on theory and
literature reported values for other systeamstil the state variables for that system best
compared with the magnitude and temporal (e.g., seasonal) and spatial (esggah#ard intra
pool) trends in thenonitoreddata Each model system was treated sequentially in the same
manner, always checking back to previously calibrated systemseartluare was a need for



iterative readjustment of those system coefficiel@patial and temporal variation of coefficients
was considered only when supported by process theory.

Model inputs, especiallyributaryflows, loadsandboundary conditiongswell asother forcing
functions, were compiled for the full 32ar 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 Rivelrigure 3showsthe annual average discharge from these three
majortributariesforthe22y e ar si mul ati on peri od. The | ate
period, while in 1993 the river experienced its highest average flow. One should recognize that
these annual @vages are not always representative of the flow during critical compliance

periods. For example, 200éas close to the median for annual average flow, yet it was at the

10" percentile for the flow during the critical summer period of Jorfseptember.
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Figure3. 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 thannual average daily loadstotal suspended solids §S)
(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. PEpia

can see from these stacked bar grapasthe Minnesota River is the largest source of both
NVSS and total phosphoru3he Minnesota River drains the highly agricultural region of the
Lake Pepirwatershed.The Metro WWTP, wich serves most of the Twint@s area has also
been a significardource 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 itsdrgdrainin

the early 200Qswhich significantly reduced its phosphorus load to the river.
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Figure4. Average Daily Loading of 3S to the UMR System from Major Tributaries
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Figure5. Annual Total Phgshorus Load to the UMR from Major Tributaries and the Metro
WWTP.

By following the above approachsat of coefficientsvas obtained thatot only provided the

best overall simulation of the data for the calibration period, but did so by using coefftbiaint
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 litstatiale.
evaluation during the calibration/confirmation process ava®ightof-evidence process that

used multiple metrics, includirtgne series plots at fixed locations, spatial profiles at fixed
points in time, bivariate plots with lines of 1:1 correspondestegistical comparisons



cumulative frequency distributionandcomparisons oprocess rate and mass balance
measurements with model computed rates and fluxes.

As indicated aboyeghe ECOMSED modedimulates hydrodynamics, temperature, and NVSS.
Examples of the calibration/confirmation results of thededare shown inFigures 6 and,7

which display the modelomparisons of NVSS with time series data for lock & dam no. 2 and
lock & dam no. 3respectively.In each of these plots theday aveage model output from the

top two meters is presented as a sohd,lwhile the Eday average monitoring data at a given
location are represented by symbols. The symbol shape is indicative of the program collecting
the dataThese locations are in tlhpper portion of the model domain where tdityi violations
predomirate The model does a good job of capturing the flinven higheMNVSS

concentrations in spring and fall, as well as the NVSS increases due tdnvieid resuspension
events.



Figure6. Comparison ohonvolatile suspendediids (NVSS)modelresultsand data for time
series ot at lock and dama 2.



