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ABSTRACT

A partneshipof federal, state, and local agenaileveloped a wateguality model of the lower

40 miles of the Minnesota Riveil his reacHies at the juncture of two contrasting landscapes: a
predominantly agricultural watershed to the west and an exgantetropaitan area to the east.

It is listed as impaired farot meeting watequality standards for dissolvexygen,turbidity,
bacteria, PCBs, and mercurfxcessive nutrients and sediment are also concerns. The lower
Minnesota Rivereceives politant loads fronpoint sourcesncluding twvo majorwastewater
treatment fallities, and loads fromonpont sources, such as rural and urban runéffwater-
guality model was needddr facility and watershed plannind.he patners chose the CE
QUAL-W2 modelframeworkand designed tareeyearmonitoring prgram to spportit.

Hydrodynamics play a prominent role in the water quality of rivers; however, the lowee-Minn
sota Rivediffers from mosin being part of a navigation systerRor the majority othe year,
river discharge is the main driver of water qualrythe lower 40 miles At flows greater than
approximately 2,00 cubic feet per second, transpadwtminates water quality. ydrodynamics
become moreeomplex at loweflows, includingcoolingwater withdrawalsnd pooling effects

At lower flowsin summey greaterdepths and slower velocitiestime navigation channahérea-
singly afect sediment, light, nutrienphytoplankton, and oxygerydamics.

Despite efforts to reduce sediment loadth®Minnesota River, suspendsalids concengtions
remain high.During 20002009, the median coentrationof total suspended solids river mile
3.5 was 4/Mg/L. Suspendeddids affecttranspaencyand turbidity, which in turn impact gh
toplanktonand other aquatic lifeWhile inorganic solids dominatéver concentrationsorganic
solids play a importantrole inattenuating light Light througdh its effect on phytoplanktors ian
important factor in oxygemetabolism in the lower Minnesota Rivekt lower river flows, fine
mateials settle and deposin the river bedMeasured rates of sediment oxygen demand were
low to moderate but remain an important component of oxygeardcsin the river

Nutrient levels are also high. During 262009,the median total nitrogen conceatiton at river

mile 3.5 was 4.81 mg/L with nitrate representing the largest portion. The median totalgphosph
rus concentration was 0.19 mg/L with orthophosphate repregentighly a third Approx-

imately onehalf of theparticulate phosphorus is biologically labile or easily recycled tmerth
phosphate under certain conditiof®hosphorus dynamics are golex with physicafactors
dominating at higher flows and phytoplankton playing an increasing role at lower fldwss.

upper reaclshows themostpotential for phosphorus lination of algal growth.

During 20042006, the headwaterear Jordan, Minnesotegntributedover 88% of the s+
pendedsolids and nutrieribads tothelower 40 miles of the Minnesota Riveltocd tributaries
and dischargers ctnbuted the remainder At lower flows, the portion of nutrierfbads cotri-
buted by the two majovastewater treatmentgmtsincreasedfor example, dring late sunmer
2006, the facilitis contributed 34, 46, and 75%tbEe ammonia, nitrate, and orthophosphate
loads, respatively. The lower Minnesota Rivewas a deposition zone feuspended solidsvith
annualretention of 2239% of total loadsn 20042006 During thesethree yearshe reach was
asink for phospbruswith 5-11% of the load tained butit wasa source of ammoniurwith
28-50% moreload exportedthan received
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High levels of nutrients in thielinnesota River support high levels of phytoplankton.rimg
20032009, mediasummerchlorophyll a concentrattns were 87 and 53y/L atriver miles

39.4 and 3.5, spectively Concentrations at mild9.4 exceeelddthoseat mile3.5 during the ice

free monthsaind especially in late summer. Under summerflow conditions in 2006, viable
chlorophylla concentrations decreased fronile 39.4 to the mouth as phaeophyioconcenta-

tions increasedsuggesting lgal die-off in the lower reachesincreased watezrolumn depths

and lower current velocities in the navigation channel may settle or mix phytoplankton out of the
narrow photiczone, leading toenescence. The decomposition of phytoplanktortributes to
ammoniumand orthophosphate concentrations in the lower reach, as voey@sn eémand

Phytoplankton production and respiration are strong components of oxygen dynatméckoin

er Minnesota Riverespecially during summer leflow conditions Oxygen dynamics are a
complex mixture of physical anddwhemical factors. Physical factors include temperature,

flow, wind, ice, and light. At lower flows, biochemical factors ti®e more important. These
include phytoplankton activity, decomposition of nonliving organic matter, and sediment oxygen
demand.During two surveys ir2006, pnytoplankton respiratiogenerallyexceedegbroduction,
showing the riveto be predominantly hereotrophic during summer lefhow condtions.

Effluent quality at the Blue Lake and Seneca WWMh&s improved greatly since the 1980s

CBOD, ammonia, and phosphorus concentrations and loads are consistently well below permit
limitations. Effluent chacteristics have changed as heiith organic mattebecoming slower

to decayandphosphorus becoming less biologically available. I&/biurrent effluent CBOD

and ammonidoads have little effect on river dissolveaygen concentrations, the two WWTPs
continue to enrich the river with phosphorus and nitrogerscharges from the Black DogeG
neraing Plant and internationailrport were challenging to mowit and model. Additional work

is needed tainderstand their impact avater quaity.

The Lower Mhnesota River Mdel was calibrated against sewerarsof data, 1988 and 2001
2006,with a variety of flowsanging from drought to floodThe calibration strategy focused on
performance during summiaw-flow conditions. A set of parameters was devetbfzemeet
performance targets it988, and therhis set was applietb the othesix years Across all years
the model captured the quantitative and qualitative trends in all modeled paraméthrsare
exceptions, the statistical measures of moddgbpmance met calibration targetQualitatively,
trends were consistent with measured data.

That one calibration caégredtrends in water qualitgver a range of flowsuggests tt this is a

usdul tool for predicting future conditios Fourloadingscenarios were applied to the model to
demonstrate its potential use in facility and watershed planning. In one scenario, output from the
Minnesota River Bsin Modelwas translated and used as inputi® CEQUAL-W2 model,

showing the ability to link maeling efforts. $enario results were reasonable, addingieonf
dence i n triorsmanceanlddlity 6 Ehe rpselts of the calibration and applioatof

the Lower Minnesota RivelModel show that the modét an acceptable tool for studyingdi
solvedoxygen, nutrierd, phytoplankon, and turbidityunder a variety of contions.

The purpose of this report is to summarize and integrate all aspects of the Lower Minnesota Ri
er Study Readers should refer to individual project reports for more infoomati
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1 INTRODUCTION

The twin cities of Minneapolis and St. Paul, Minnesota, started in the 1820s as $ieaiiesds

near Fort Snelling at the confluence of the Minnesota and Mississippi Rfigusel). Today

the Twin Cities Metropolitan Area (Metro Area) encompasses ssuanties with a ambined

area of 3000 Mi(7700 knf) and pulation of 2.6 million (2000ansus). The Metropidén

Council is a regional planning agency thadvideswastewater and transisices, oordinates
development, andssists communities as they plandoowth. The region expects an additional
one million people over thirty years with the most rapid growth in the southwestern counties of
Scott and Carver where population is prtgelcto increase by 147% and 183%, respectively
(Metropolitan Council, 2009)The Minnesota River forms the boundary between the twn-cou
ties and receives discharges f raertneatmbneplasts at e 6 s
(WWTP) with a conbined average flow of 51 mgd (2n2%/s) during 20002009 Wastewater

flow to the two facilities is mjected to increase fn estimate®4 mgd (2.8m°/s) by 2030

(Bryce Pickart, Metropolitan Council Environmental ServiceRggional planning and state
reguatory agencies need updated information and a forecasting tool to assess the impact of i
creased wastewater discharges on the water quality of theebbta River.

The lower Minnesota Rivdies at the juncture of two contrasting landscapes: a priedotty
agricultural watershed to the west and an expanding metropolitan area to the east. Pollutant
loads contributed from rural and urban sources and hydrodynamics altexed\dgationsys-
temand water appropriatioacombine to impact water quality inishreach. The lower 22 miles

of the Minnesota Rivesippeao n t he st at eds fbrina meetind watequgditg i r ed w
standards fodissolvedoxygen, turbidity, bacteria, PCB, and mercury (Minnesota Pollution Co
trol Agency, 2008). Wateguality concernverthe entire Minnesota River Basin fall into three
major categories: excessive sediment, nutrient enrichment, and environmental health nisks (Mi
nesota River Basin Data Center, 2007). In turn, the Minnesota River contributes the kighest s
diment and nutrient loads to the Mississippi River upstream of Lake Pepin, a mapoaid-

ment in Navigation Pool 4. {mnoTech, 2009Kloiber, 2004 Larson et al., 2002

The lower Minnesota River also lies at the juncture of fmlilutant load allocatio studies that

affect land and water resources management over large portions of the state. The first began as a
waste load allocation (WLA) study of the lower 22 miles of the Minnesota River by theMinn
sota Pollution Control Agency (MPCA, 1985). Thadst established effluent limits faarto-
naceoudpiochemical oxygen demand (BOD) and ammonia for thenamrWWTPs and other
dischagers. The study found, however, that pantirce controls were not enough to maintain
dissolvedoxygen (DO) standards the river, so it recommended a 408duction in BOD loads
from nonpoint sources. For this reason and subsequent load allocations to headwatertand trib
ry nonpoint sources, the WLA study ottlower Minnesota River (MPCA, 198B)consdered

one of theearliesttotal maximum daily loadTMDL ) studies in the nation (U.S. Envinmental
Protection Agency, 1992)TMDL studies determine pollutant load allocations for both point and
nonpoint sources.

Metropolitan Council Page 3



Lower Minnesota River Study June 2010

Figure 1 - Monitoring Stations on the Lower Minnesota River and Tributaries
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The WLA/TMDL study of the lower Minnesota River generated a segbrade TMDL study of
upstream sources of BOD from the Minnesota River Basin. To evaluateapbBources and
management alternatives, aterdhed model using the Hydrologic SimulationgPamFortran
(HSPF) framework was developed (Tetra Tech, 2003). The model covers a large portion of the
Minnesota River Basin from Lac Qui Parle Dam at river mile (RM) 284 to the city of Jordan at
RM 39.4. The MPCA completed a TMDL report in 2004 and an implementation plan in 2006
(MPCA, 2004; MPCA, 2006). Theport attributedBOD loads at Jordan to upstream phasph
rus loads and resulting phytoplankton production. With DO concentrations expectecshsel
below the standard of 5.0 mg/L most frequently during the summer under low river flows, the
implementation plan identified phosphorus loads from 40 of 143 permitted municipal asd indu
trial WWTPs as having the greatest impadbile runoff from agricultral croplandas having
minimal impact. The MPCA implemented a baside phosphorus permit for dischargers with
opportunities for trding among facilities (MPCA, 2007a).

In 2004 the MPCAnitiatedlarge TMDL studies of turbidity in the Minnesota Riveasih

(MPCA, 2005) and nutrients and turbidity in the Lake Pepin watershed (MPCA, 2007b). The
Lake Pepin watershed covers area oft7,100 mf (122,000 knf), encompassing more than half
of the land area of Minnesota and portions of Wisconsin, lowa, autth Bakota. The Ming+

sota River Basin Model pviously applied in the DO/BOD TMDL study was further improved
for application to the turlity and nutrient TMDL studies (Tetra Tech, 2008). A linked model
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of hydrodynamics, sediment transport, and watelityussing the ECOMSED and RCA fran
works was developed for the main stem of the Mégspi River from Lock and Dam No. 1
through Lake PepinThe Mississippi River model was first built for the Lake Pepin Phosphorus
Study (HydroQual, 2002) and later expad and improved for the TMDL studies of the Lake
Pepin watershe(LimnoTech, 2009 The dowstream boundary of the Minnesota River Basin
Model is the city of Jordan, while the upstream boundary of the Upper Mississippi Riake
Pepin model is Lockrad Dam No.1, located approximately four miles upstream of thewconfl
ence with the Minnesota River. This left a gap of 40 miles in the lower Minnesota River b
tween the two models.

Four TMDL studies with wideanging implications hinge on a good underditag of water

guality dynamics in the lower Minnesota River, increasing the need for current and reliable data
and modeling for this reach. Since the WLA/TMDL study of the lower etota River in

1985, the twanajorWWTPs have upgraded to advanced seaontteatment with nitrifietion

and phosphorus removal, and changes have occurred at other disciiadgetand manag-

ment practices. rénd analysebBaveshown significant changes in the water quality of thenMi
nesota River at Jordan and Fort Snelbigce the 1970s and 1980s (Johnscaad.eP009; Kla-

ber, 2004; MPCA, 2002; Kroening andhdrews, 1997). These changes justify updating the
WLA/TMDL study of the lower Minnesota River. The DO/BOD TMDL implenmaian plan

also recommended an update @& 1985 study (MPCA, 2006). Further, monitoring and rirode
ing of the lower Minesota River is needed to inform and to some degree link the Minnesota
River Basin and Misssippi River models for the large turbidity and nutrient TMDL studies.
James (2007) arearlier studies (e.g., MPCA, 1985; Kroening and Andrews, 1997) havendemo
strated changes in the amounts of nutrients, suspended solids, and phytoplemi¢en BM 40
and the mouth of the Minnesota River that should be considered in the Lake PepinstiMpL
These factors provided justification for the Lower Minnesota River Study.

2 STUDY AREA DESCRIPTION

The Minnesota Rivenasa watershed area of 16,900°1(#3,800 kn) anddrains much of
southwestern Minnesota and minor portions of lowa and SoakbtB. The river runs 330 miles
from its origin in Big Stone Lake on the South Dakota border to its confluence with the-Missi
sippi River in St. Paul, Minnesota he river valley was formed by the Glacial River Warren,
which flowed from the southern endl Glacial Lake Agassiz at the end of the lastigll period
roughly ten thousand years ago (Waters, 1977)
compared to the wide glacial river valley across which it now meandéesbasin haeelatively
flat topography and rich soélsboth well suited to agridture. In 1997, 73 percent of the areal
coverage in the Minnesota River Basin wassifaed as cultivated cropland (National Resources
Inventory). The great majority (~90%) of original wetlands inldasin have been tiled and
drained for agricliural uses.

The study are#or this projectwas the lower 40 miles of the Minnesota River, beginning near the
city of Jordan MinnesotaFigurel). While the river eters the Metro Area some distange u
stream, Jordan is the best locationamodelboundary because the U.S. Geological Survey
(USGS) maintains a longrm streanflow gaging station (USGS Station #05330000) on a
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bridge crossing the river near this cit4lso, Metropoitan Council Environmental Services
(MCES) maintains a lonterm waterquality montoring station at thitocation. During water
years(WY) 1935 through 2008, thenaual mean flow of the Minnesota River at Jordan was
4,551 cfs (129 iis). Ten percent of daily mean flows exceeded 12,100 cfs (343,180 pe-

cent exceeded 1,910 cfs (54.%/s), and 90 peent exceeded 345 cfs (9.77/8). During the
tenyear period of 1992007, mean annual flowveighted concentrations for the iiesota Ri-

er at Jordan were 187 mg/L for total suspended solids, 0.286 mg/L for total phosphorus, 7.03
mg/L for nitrate nitogen, and 1.42 mg/L for totalj@dahl nitogen (Kloiber 2004).

Since 1937 the National Weather Service has operated a meteorologicalatt#ti® Minneap-
lis-St. Paul (MSP) International Airport, which is located on a bluff neamtheh of the M-
nesota RiverKigurel). Meandaily maximum temperatures ranfgem 21.7°F {5.7°C) in Jan-
uary to 834°F (28.6C) in July (National Climate Data Centd®712000. Normal annual @-
cipitation is 29.41 inches (74G&m). The wettest months are gealyy May-August (three to four
inches per month), and the driest months are generally Decémberary (annch or less per
month). Normal anual snowfall is 55.9 inches (14ZM).

Numerous lakes and wetlands are located in the wide floodplain of the lower Minnesota River.
In 1976 Congress efleshed the Minnesota Valley National Wildlife Refuge to protee

floodplain between Belle Plaine, Minnesota, and Fort Snelling State Park. It is one of only four
national urban wildlife refuges. The refuge contains 14,000 acres & bkforest, wetlands,

and wet meadows that are managed to provide habitatifpatory waterfowl, fish, and other
wildlife species. Management includes dikes and other water control structures on many lakes
and wetlands in the floodplain. The final four miles of the Minnesota River and itip oo

are part of the Mississipplational River and Recreation Area, established byg@ss in 1988.

A nine-foot deep, 108oot wide channel is maintained by the U.S. Army Corps of Engineers
(USACE) for commercial barge navigation from the mouth of the Btiota River td(RM 14.7

at Savge, Minnesota A grain company maintained a ni#f@ot channel to a barge terminal at

RM 21.8 until the early 1980Q81PCA, 2007c) The USACE stopped maintaining a fdaot
channel to Shakopee sometime prior to 200dck and Dam No. ®n the MississippRiver

near Hastings, Minnesotagdame operational in 1931, raising the water surface at the mouth of
the Minnesota River about 1.0 ft (0.3 m) and at the city of Shakopee (RM 25.6) about 0.2 ft (0.06
m). The combined effects of a dredgedruted in the bwer Minnesota River and the backwater
pool created by Lock and Dam No. 2 transform the river fromativelly shallow, freeflowing
stream in the upper reach to a deeper;Velocity channel maintained for commercial navig

tion in the lower reach (MPCAL985).

An average of 21,000 cubic yards (16,000 af dredged material are removiedm the bed of

the navigation channehch year, with the moBequently dredged areasRM 1-2, 45, and 12

13 (Lower Minnesota River Watershed District, 1999)foBerecent growth in the corbased

ethanol industry, 50 percent of the grain exiting Minnesota was loaded on bargeage.Séhe
standard barge is 35 by 195 ft (10.7 by 59.4 m) and carries 1500 tons (1361 mt) of cargo. From
2000 to 2008, barges trgported an annual average 3.4 million mt/yr or an average of 9.9 barge
loads/day assuming a 28y shipping season (Richard Lambert, Minnesagaiment of
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Transportation). Over the ninyear feriod, barge traffic ranged from 5.0 million mt/yr and 14.6
loads/day in 2002 to 1.5 Hon mt/yr and 4.5 loads/day in 2008.

Tablel lists the major tributaries that enter the lower 40 sndethe Minnesota RiveandFig-

ure 1 displays thehydrologic boundaries of th@atersheds. Land use is primarily agricultural in
the westernwatersheds but becomes increasingly developed as the river flows north and east t
ward its confluence with the Mississippi River. MCES, Carver County)aoal watershedre
ganiztions have monitored these 11 tributaries for various lengths of time. The MCES stream
monitoring pogram started in 198® measur@onpointsource loads in response to the
WLA/TMDL study in 1985.

Table 11 Descriptions ofMonitored Tributaries

Tributary Confluence Area Dominant Monitoring
(river mile)* (mi?)? Land Use (agency, year started)
Sand Creek 35.5 260 Rural MCES, 1990
Carver Creek 34.1 83 Rural MCES, 1989
Chaska Creek 31.6 16 Mixed Carver County, 1998
East Chaska Creek 30.3, 30.0 12 Mixed Carver County, 2003
Bluff Creek 225 9 Mixed MCES, 1991
Riley Creek 22.3 13 Mixed MCES & partners, 1999
Purgatory Creek 19.6 36 Mixed Watershed District, 2003
Eagle Creek 15.8 7 Mixed MCES & partners, 1999
Credit River 13.7 51 Mixed MCES, 1989
Nine Mile Creek 11.0& 125 38 Urban MCES, 1989
Willow Creek 11.0 42 Urban MCES & partners, 1999
" (Larson, 2006) “ (Larson, 2004)

In 2002 the MPCA compiled a preliminary list of 36 permitted dischargdgetmier 40 miles

of the Minnesota RivefLarson 2004). The list included direct discharges to the river and ind
rect discharges to unmonitored tributaries. The following paragraghslae the four major
dischargershat were defined in the modeBlue Lake WWTP, Seneca WWTP, MSP airport,
andBlack Dog Generating Plarfigurel).

The Blue Lake and Seneca WWTPs are owned and operated by the Metropolitaih &l
discharge to the Minnesota River at RM 28l RM 6.5, respéigely. In 1992 both facities
were expanded and upgraded, providing advanced secondary treatment with nitrification, chlor
nation, and dechlorination. Theeaage wet weather design flows are 42 mgd (1.34)rat the
Blue Lake WWTP md 38 mgd (1.66 fits) at the Seneca WWTP. Monthly average effluient |
mitations br 5-day carbonaceous BOD (CB@0Dn the summer are 12 and 15 mg/L, respe-

ly, but both facilities consistently produce summer average concentratdomsdmg/L. Since
the mid1990s, the two facilities have been operated to optimize phosphorus (P) renmval, pr
ducing annual average effluent P concentrations below 1.8 mg/L. Biologiealoval to 1.0
mg/L as arannual average concentration was fully ienpénted in 2008 Figure?2 displays
changesn effluent concentrations f&BODs, ammonia, nitrate, and total P at tremé&ca

WWTP from 1985 to 2007Staged expansion of tlvapacityatthe Blue Lake WWTRo0 ec-
commodate regional gwthis planned.
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Figure 2 - Mean Annual Effluent Concentrations at the Seneca WWTP, 1982007
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Stormwater discharges from the MSP airport are regulated under the National Pollstant Di
charge Elimination System (NPDES). Airpstormwater is collected and disched to the
Minnesota River at two outfalls near RM 3.8 &h@l. Airport stormwater contains CBOD loads
from deicing and anticing alcohols (propylene and ethylene glycol). Before recemtadles,
the Metropolitan Aiports Commission (MAC) recovered approximately 40% of the total glycol
used for deicing; the remainder was lost to the environment. The MSP airport iggzetni
discharge 908horttons(816 metric tonspf CBODs percalendaryear but &ceeded thidimit in
2001 and 2002. In 20G5e MAC completed an airfield improvemearid expansioplan,

which included a number of construction projects to improve the recovengrfadeicing
fluids. CBOD; loads to the rier have decreased, and the CB@iass dadlimit has na been
exceeded since 2003dction11.3.

The Black Dog Generating Plant (GP) is aB38gawatt facility that withdraws cooling water at

a maximum permitted rate of 268,175 gpm (16sjrfrom the MinnesotaiRer near RM 8.8

(see photograph on titlgage) The facility has an operycle cooling system: water is pumped

from the river, passed through the facility once, and discharged to Black Dog Lake (500 acres, 2
km?). Black Dog Lake functions as a shalloaoting lake to reduce water temperature before
discharging to the Minnesota River. Cooling water flows by gravity to the west and east ends of
the lake. Each end has a controlled weir outlet structure to manage water retention and cooling.
The lake disbarges to the Minnesota River at RM 10.7 and RM 7.5. Ccuolatgr requie-

ments vary with energy demand. For example, during April through September 2006; the pe
cent of river flowat RM 39.4withdrawn by the Black Dog G& RM 8.8varied from 1% in ea

ly April to 72% in midSeptember. A higher portion of the river is withdrawn during hot or cold
weather when river flows are loandelectrial power demands for heatingair conditianing

are greaterthese conditions typically occur in winter and latmser.
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3 MODEL FRAMEWORK

In 1999 the MPCA and MCES began meeting to share plans and discuss needs fqualiéyer
modeling in the Metro AreaA joint workgroup idetified the need to update the WLA/TMDL
study of the lower Minnesota River and rankiea lnigh priority Further dscussions resulted in
a project proposal for the Lower Mirseta River Model (Larsqr2004). In 2003 the Metropo!
tan Councilstarted coordinating sixyearproject to develop the model, withet Lower Minre-
sota River Watersed District, MAC, MPCA, USACE, and USGS cesponsors An inteagen-
cy group formed to guide thiechnical aspectdn the first yeathe group selectedraodel
framework and designed a thrgear moimtoring program to support jLarson, 2006) A larger
group of stakeholdersag engaged to track tpeogressand provide feedback

Theprojectproposabutlined thefeatures andapabilitiesof the waterquality model needed to
meet the objectiveand priorities (Larsorni2004) The top priority was del@ping a tool for sk
ting effluent limitations forwastewater treatment facilities and other point souresond was
determining pollutant loaceductions fromheadwaters and tributaries neetietheet veter-
quality standards. Modeling and monitoringwid focus on the following vaables, in order of
priority: dissolved oxygenammonia, nutrients, and segent.

As proposed, the model domain would extend from the USGS and MCES monitatimgssit

RM 39.4to the mouth of the Minnesota River. Anvadced eutrophication model with good
hydrodynamics was recommended to simulate oxygetmient, phytoplankton, and sewnt
dynamics. The rivewarranted aime-variable model with the ality to Smulate storm events

and dieleffects, and the model witbineed two and possibly three dimensions to capturecaert
and lateral differences. The model would be calibrated against multiple years representing all
seasons and various flow regimes to determine seasonal effects and understand camigtions u
low, normal, and high flows. The proposal also recommended a model that weesteel fle-

ible, accepted, suitable, and \atilg.

The joint workgroup discussed whether to convert the WLA model (Ri2Aa version of
QUAL-II) to a comparable current platin (QUAL2E or WASP) or to extend the HSPF or
ECOMSEDRCA model. By 2003 the choice had narrowed to an extension of the ECOMSED
RCA model of the Mississippi River or a new -CQRJAL-W2 model of the lower Minnesota
River. CEQUAL-W?2 is a twadimensional, lgerally averagedydrodynamic and wateguality
model supported by the USACE (Cole and Wells, 2008). Bmttielsoffered advanced water
guality features and strong hydrodynamicsteading the HSPF model from Jordan to the
mouth was not chosen becauseats not well suited to urban watersheds, and the lowerévinn
sota River displays some of the complex hydrodynsa of an impounded system that the other
two models could better address. The group decided that the sSimp@UBE-W2 model was
appropriatedr the lower Minnesota River and the ECOMSRDEA model was more complex
than necessary. 190, federal assistance wagailable to évelop a CEQUAL-W2 model.

The CE-QUAL-W2 modelis well suited for application to the lower Minnesota River because of
thefollowing characteristics (Smith et al., 2010)
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1. Appropriate for modeling long, narromater bodeswith spatially varying depths

2. Capable of modelingll constituents of concern in the river, including dissolvedyery
nutrients phytoplanktonprganic natter, and sgpended solids

3. Appliedsuccessfullyo hundreds of aguatgystems

4. Well known, understood, and widelgcepted

5. Capable of providing wide variety of model output for comparison bserved data
6. Capable of simulatingarious responses dtechanges in loads and rates

CE-QUAL-W?2 allows the user to set up variable grid spacing (longitudinally anidaiéy},
time-variable boundary conditions, multipl&lows and outflows, and timeariable concena-
tions for each watequality constituenbeing modeled Version 3.6supports a total of over 28
state variables and over 6&rided variables.

In 2005 the Metropolitan Council entered a esisaring agreement with the U.S. Arn@prps of
Engineer (USACEENgineer Research and Development Ci#BDC) to develop a hydrge
namic and watequality model of the lower Minnesota River using the QHAL-W?2 frame-

work (Smith et al., 2000 The Lower Minnesota River diel simulates discharge, water elev
tion, temperature, DO, total dissolved solids, gamic supended solidsphosphate, ammoniym
nitrate, silica, three groups of BOD, three groups of phytoplankton, and four forms of organic
matter. The model gal includes 90 longitudinal segments, with lengths ranging from 134 to
2,321 meters, and acgomodates up to 111 vertical layers, with heights ranging from 0.4 to 0.6
meters. In the model of W2006, the nmber of active cells ranges from 507 to 1023.

The user manual for GRUAL-W2 recommends calibration against multiple data sets
represeting a wde variety of conditions (Cole and Wells, 2008). The Lower Minnesota River
Model was calibrated against three years with enhancedorniag, WY 20042006, and four
earlier years\y 1988 andNY 2001-2003. In the original scope, model development for the
four historical years was scheduled early in the project to inform the monitoring program. As it
happened, models for the three more recent years,-2008, were first developed. The recent
period did not include anxéended period of low river flowsiisummer, so the drought year of
1988 was selected from the historic recovdater year001-2003 werealsoselected to mvide

a continuous record and a variety of flowgluding a flood in 2001 and summer low flows in
2003. TheMinnesota River Basiand Mississippi River models were calibrated against longer
periods (1986006 and 1982006, respetively), but seven years are common among the three
models, and the high flow year 2002 and low flow year 208& specially targeted in the Lake
Pepin TMDL study CimnoTech, 2009

Seven monitoring stations were used for evaluating model performance duringiocal(@mith
et al., 2010) Locations witHong-termmonitoring data ar&M 39.4, RM 25.1, RM 14.3, RM

13.0(elevationonly), RM 11.7(temperatee only), RM 8.5, and RM 3.5. RM 39dear Jordan
represents the inflow boundary cotmai, and RM 3.5 nedfort Snelling contains the mostre
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plete calibration data set. RM 3.5 was used as the primary calibsdgdrecause it is near the
mouthof theriver, below allmajor point sources, and in the reach of expected lowest RO co
centrations

To calibratethe model, the strategy was to first develop a set of parameters that produced good
modelto-data agreement in WY 20@éd then apply the same sethe other six years (Smith

et al., 2010). The parameter set for WY 2006 worked well for all ygaepethe drought year

1988 and summer periods with low river floimsother years The calibration strategy was
changed to focusmoperformance duringusnmer lowflow conditions. A second set of param

ters was aveloped to meet performance targets in the model of WY 1988 and then this set was
appliedsucceshlly to WY 20012006 The settings for model coefficients are identical in all
years with the eception of faster CBOD aay rates for the WWTPs in 1988, which reflect
measured changes in effluent characteristics before and after treatment upgrades in 1992.

Calibration results for key variables are presentesieictionss to 10. Four model application

are demonstrated in Secti@8. For complete information on the modeling project, see Smith et
al. (2010). Spreadsheets containing calibration resultsppostssing macros, statistica-r

sults, and plots are available for each of the seven modeled yeardimemsional, time

variable animations of key variables are alsolawée for each year.

4 MONITORING PROGRAM

The Metrgolitan Counciloperates a lorterm monitoring program for water quality in Metro
Area rivers with fivestations on the Minnesota RivearRM 39.4 (Jordan), 25.1 (Shakopee), 14.3
(Savage), 8.5 (Black Dog), and Fort Snelling)(Figurel). Thefive stations were initially
postioned to monitor wateguality upstream and downstream of WWTHs addition to the

river stations, MCES frequentiyonitors effluent at the Blue Lake and Seneca WWaiRithe
outlets of nindributaries to the MinnesoRiver (Figurel).

The project proposal for the Lower Miasota River Model recognized the need for additional
monitoring to develop the model (Larsd2004). For example, differentasnpling stations, a
riables, ad frequenciesvereneeded to better support the moddlore intensive monitoring
during low river flows in summewould providedata tocalibrate the model for critical DO ne
ditions. Special studiagsererecommendetb define key model parameters, sashreaeration
rates, ando gauge the importance of potentiattars, such as ground water.

In 2003 MCES and partnerdesigned an enhanced monitoring program to support the CE
QUAL-W2 model of the lower Minnesota Riv@rarson 2006). The program wasplemented
over three water yeagr20042006 Multiple years were chosen to increase the probability of
capturing a range dlows, in particular summer loMtow conditions. The program wag-d
signed using the ftowing sources:
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A General sampling guideles in the user manual for G@JAL-W2 (Cole and Wells,
2008)

A Specific recommendations for the Minnesota River from@FAL-W2 developers and
modéders at the ERDC and USGS

A MCES experience with monitoring and modeling rivers for more than 30 yeeltsling
a monitoring program to support the ECOMSRIDA model of the Misssippi River

A Advice from technical partners, especially the MPCA, ERDC, and USGS

A Previous studies such t® plots and sensitivity analysis in the WLA study, whiab pr
vided guidance ommportant locations, inputs, and parameters (MPCA, 1985)

The partners reviewed the program as the project progressed, and the monitoring pn was p
riodically updated.

The monitoring program consisted of three basic elements: 1) bas®nmy program 2)

summer lowflow monitoring program, and 3) special monitoring and field studies. The base
monitoring program consisted of routine monitoring of the river, discharges, and tributaries year
round over three years to meet megsbmmended data requiremts. Table2 sumnarizes the
CE-QUAL-W2 model recommendations and how they were applied to the MinnesotaRiver

RM 39.4 and 3.5 (upstream and downstream model boundaries), 12 tributaries, sehemgeis,

and one intake.

At the three intemediate river stations (RI5.1, 14.3, and 8.5), @maller set of variables were
monitored weekly or twice per month. Historic loads from the tributaries wateaged, and

four of the largestontributorswere selected for enhanced monitg. The selected @tersheds
representedifferent land usedwo rural(Sand and Carver Creekand twourban(Nine Mile

Creek and Credit River)Discharge monitoringgeyond that required by permftscused on -
guent monitoring at the two WWTPs wiimited monitoring at the Black Dog GP and MSP ai
portoutfalls. For estimating ratios of ultimate teday CBOD and rates of CBOD decay;day
CBOD tests were conducted seasonally from samples collected at the five river stations, two
WWTPs, one airpamoutfall, and four tributaries.
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Table 2 - Sampling Stations, Variables, and Frequencies in the Base Monitoring Program

CE-QUAL -W2 Recommendations

Minnesota River, Tributary, and Discharge Monitoring, Water Years 20042006

(Cole and Wells, 2008) River Boundaries River In-Pool Tributaries Discharges
(2 Stations) (3 Stations) (11 Outlety (7 Outfalls)
Parameter Level' | Freg? Mile Mile River Miles® | Full Setat4; | WWTPs* | Black Dog MSP
39.4 3.5 25.1,14.3,8.5] Subsetat? (2) GP (2) Airport (3)
Flow 1 DorC C C C C C + intake C
Temperature 1 DorC C C W C D C W
Conductivity 2 DorC C C W C 2/M C,L
Dissolved oxygen 2 DorC C C W 2IM + S C C, L L
pH 2 DorC C C W 2IM + S D C, L D
Total dissolved solids 2 DorC| 2/IM+S 2/IM 2IM 2IM+S 2/IM L Latl
Total organic carbon 1 W+S
Dissolved organic carbon 2 W+S W+S W 2IM 2IM +S 2/M L Latl
BOD and CBOD, Kay 2 W+S W+S w 2/IM 2IM %S 2/M* L D
BOD and CBOD, 7alay 4lyr afyr 4fyr 4/yr at 4 4fyr Latl
Total phosphorus (P) 1 W+S W+S W 2IM 2IM + S 2/M* L Latl
Soluble reactive P 1 W+ S WtS wW 2IM 2IM£ S 2/IM L Latl
Total dissolved P 2 W+S | 2/IM+S 2/IM 2/IM 2IM+S 2/IM L Latl
Total and diss. inorganié 2 W+S
Total reactive P 2IM+S 2/IM 2IM 2IM+S 2/IM L Latl
Nitrite-nitrate nitrogen (N) 1 W+S W+S wW 2/IM 2IM+S 2/M* L Latl
Ammonium N 1 W+S | W+S W w 2IM + S 2/m* L W
Total Kjeldahl N 2 W+S | 2IM+S 2/IM 2/IM 2IM+S 2/M* L Latl
Dissolved Kjeldahl N 2 W+S | 2/IM+S 2/IM 2/M 2IM + S 2/IM L Latl
Total suspended solids 2 W+S W+S w 2/IM 2/IM + S 2/M* L W orM
Volatile suspended solids 2 W+S W+S w 2/IM 2/IM + S 2/M L Latl
Dissolved silica 2 W+S | 2/IMtS 2/M 2/IM 2IM + S 2/M L Latl
Chlorophylla 2 W+S | 2/[M£S 2/M 2/IM 2IM £ S 2/M L Latl
Total alkalinity 2 W+S
Phytoplankton biomass Pool M 1-2/M 1-2/M
Light and vertical profiles| Pool M Low flow | Low flow Low flow

T Level recommended for boundary conditions: ihimum paramedr, 2 additional pameter.
2 Frequency: D dailyC continuous, W weekly, $ and storm samplin@/M twice a month, M month|yL limited to < 20 samples or days.
% At in-pool stations, monthly sampling is recommended as a minimum, and field measurements and chlorophyllaveive parameters.

* These parameters are nitoned moe frequently (35/week)for process control andischargepermits.
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Water year2004, 2005, and 2006 produced a variety of river flows with mean annual flows
ranking near the 39 70", and 88’ percentiles, respestly, for the Minnesota River neda-

dan 19352007 Figure3). Flows during the four earlier years selected for model development
(WY 1988andWY 2001-2003) provide a good complement with rag annual flows ranging
from the 18 to 90" percentile Figure3).

Figure 31 Flow Percentiles for19352007and Mean Annual Flows forModeled Years
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The summer lowlow monitoringprogram initially targeted periodof 8 to 12 week@é summer
(June 1 through September 15) when river flows near Jordan decreased below 1,000 cfs (28.3
m/s). The flow target was based on residence time, effloemter flow ratioat the WWTPs
withdrawal-to-river flow ratio atthe Black DogGP, and expected occurrence of low DO cance
trations. The target was later doubled to 2,000 cfs (58$) asean evidence of increased

diel DO fluctuation, indicating phytoplankton activity, and decreased u@decindicating fine
paricle settling, uder this flow(Figure4). Velocities at different depths were aadile from

the USGS gaging station at RM 3.5River flows did not approach the target until late in the

third year. Thdow-flow monitoringprogram was implemented for seven weeks over the period
July 2471 September 15, 2006. Sampling frequency increased to weekly, the number o&river st
tions doutled from 5 to 10and river samples were collected frofmncat. In addion to the Blue
Lake and Seneca WWTPs, MCES monitiall@amdd@ldckt h e
Dog GP 0 slingtlakeooutfalls. o
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Figure 41 Daily DO Fluctuation at RM 3.5 and Flow at RM 39.4 July-Septenber 2003
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The following special monitoring tasks and field studies were considered priorities to be initiated
or completed before the thrgear monitoring program began in October 2003:

1. Meteorological statioin the valley near the river at Fort Snedi

2. Continuous monitoring station ftlhe Minnesota River near Jordan

3. Streamflow gaging station for the Minnesota River at Fort Snelling

4. Study of mixing characteristics tite five long-term river monitoring stations

5. Rapid assessment thfe sediment be in the lower Minnesota River

6. Determination of grounavater flows to the lower Minnesota River
Items 13 were needed to meet basic model data requirements; tém&re needed early in
the project to better define the modeling approach and moniforagyam. Later, during 2005
2007, the following special studies were completed:

7. Assessment of oxygen dynamics, including major sources and sinks

8. Synoptic survey of didluctuations in DO and other parameters

9. Research on nutriedtynamics, including Rinetics, fluxes, and bioavailability

10. Analysis of factors controlling transparency and turbidity

11.Comparison of integrated and discrete water samples
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The special projects aseimmarized in latesections See the monitorg program (Lason
2006) or inavidual project reports for more informatigHydrO,, 2007; James, 200&nd
MPCA, 2007c)

4.1 Monitoring Program and Model Performance

In the case of the lower Minnesota River, did a monitoring program customized to a specific
model framework, CEQUAL-W2, result in better model performance? The ERDC used the
model to simulate different monitoring schemes and meassuitingchanges in performance.

In one test, they measured the effect of sampling frequency on goad+gstatistics in WY

2004. The E-QUAL-W2 user manual recommenddleoting weekly plus storm samples at the
model boundaries for analytical tests (Cole and Wells, 2008). At the upstream boundary at Jo
dan (RM 39.4), MCES collected weekly plus storm samples of the minimum parametats and
least bmonthly (twice per mondhplus storm samples of additional parameters listed in e m
nual (Table2). Weekly and bimonthly samples are grabs, while storm samples are evelt comp
sites. Model inputs at the upstream balary reflected all available watquality data except
continuous DO. The ERDC simulated reduced sampling frequencies at Jordan byrfoging

all stormsamples and thereducing the number of grab samples to two per month in one test and
one per mottit in another test. All other model inputs were leithanged.

In generalremoning inputs from storngamples at the upstream bound@i 39.4)did not
substantially change model performance at the downstream station near Fort SRMIB.G ).
Few sbrm samples were collected in WY 2004 due to lowfi@and equipment problems-r

lated toreconfiguration after bridge constructioReducing the frequency of upstream inputs to
bimonthly or monthly, however, increased modebefor most wateuality paameters at the
downstream boundary. Changes in error varied greatliayreter.

Figure5 shows the results for three parameters in WY 2004. Decreasing the frequepey of u
stream mputs to bimonthly and monthiycreased the absolute mean error for nitrate nitrogen at
the downstream station by 37% and 47%, respectively. Similarly, the error increased by 26%
and 51% for dissolved silica under the reduced sampling schemes. In contrast, DO @&oncentr
tions at RM 3 were insensitive to the frequency of wadeslity inputs at RM 39.4; the abs

lute mean error remained about 1.2 mg/L in all three monitoring schemes. On an annual basis,
DO was more sensitive to temperature, which was defined at the upstream bowvadafye
minutes. Temperature inputs were not changed in the sampling simulations. Contimious te
perature monitoring at Jordan was another element of the enhanced monitoring program.

Other parameters that were talaly insensitive to the upstream sampglscheme in WY 2004
were phosphorus (total and soluble reactive), ammonium, BOD, and chlorophyll. $etal di
solved solids were sensitive with the error increasing by 23% when the inputs decreased to b
monthly. Compared to weekly plus storm samplesetha for total suspended solids actually
decreased by 20% with bimonthly samples, possibly due to theiasormsamples, anc
creased by 25% with monthly samples.
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Figure 5 - Model Error at RM 3.5 underThree Sampling Schemeat RM 39.4,WY 2004
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Overall, following model recommendations to increase sampling frequency for key vargbles r
sulted in less error in the model results. The addition of rmedeimmended variables, such as
dissolved silica and dissolved organarbon, also benefitted model performance

5 HYDRODYNAMICS

Features dominating the hydrodynamics of the lower Minnesota River are flows from the greater
watershed upstream of Jord@hannel morphology including modiftans for a navigation
channeland pooling effects behind Lock amam No. 2 in the Mississippi Rivefrrom the

modeling effort, Smith et al. (201@&und that river discharge is the maihiver of water quiaty

for the majoity of the year.At flows greater than approximately 56/s11800 cfs), transport
dominates water quality. At lower flowgreaterdepths and slower velocitiestime navigtion
channeincreasinglyaffect sediment, phosphorus, phytoplankton, and oxygen dynamics in the
lower Minnesota River, as will be demonstin subsequent sectionsnpacts of the wh-

drawal and discharges at the Black Dog GP vary with energy demand and river flow.

The cooperating agenciesclutteds t udi es on the riveros lhydrody
ing and monitoring effortsThe fdlowing sectiors contain information from studies onixing
characteristics, groundater inflows, and currenelocity and direction In a separate envine

mental study over the same period, 2Q@006,Xcel Energy (2007) examined the thermal effects

of the Black Dog GP on the Minnesota River.

5.1 Mixing Characteristics

At the beginning of the project,was not known whether the rivetlaswell mixed at different
locationsand flowsor whether dissolved and particulate matter waesvenly distributed across
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the water column and channéhformation on mixing camhelpdetermineanappropriate sa-

pling protocoland modeling approackuch as the number of dimensions and depths of vertical
layers. In 2003 and 2004, the USGS conducted a study of mixing chistézteat the five
MCESIlong-term monitoring stations on six dates representing a variety of river flows. Specific
condudance, temperature, pH, DO, and turbidity were measured. At each statameters

were monitored at five points across the clgnvith measurements taken within ater of the

river surface and river bottom at each point. When differencaslobsemnmagnitude were

noted between the top and bottom measurements, the parameters were meadti(@ehgt 3
increments along a vecH profile.

In 2006 the mixingtudy was complementdaly a comparison of discretand integratedamples
at two of themonitoringstations. The USGS collectepaired discrete and integrategmples at
Jordan(RM 39.4)and Fort SnellingRM 3.5)on eightdates during Jun8eptember2006. Riv-

er flows at Jordan ranged from 837 to 12,600 cfs (Z%58.8 ni/s) on the sampling date&is-
crete samples wemllected at one meter below the water sura@mrding to MCES protols.
Integrated samplegerecompasitedusingthe equalwidth incrementmethod dscribed in the
USGS field manual (USGS, 2006YICES conductethboratoryanalyses for suspendedigs,
nutrients, chlorophyll, and BODAlong with the paired samplethe USGS took vertical profiles
of field measurements along transects at the tetmas as in the earliestudy.

Onthesix dates in 20084 and eight dates in 200&rtical differences greater than 20% in-tu
bidity were observeth only 6 of 78prdfiles atthe two upstrearstaions, RM 39.4 andRM 25.1
(Table3). In contrast, vertical differences in turbidity occurie®&2 of 108profiles at the three
downstream sitel®cated within the navigation chan{&M 14.3, 8.5, and 3.5)Differences
were measured atldlows at one or more stations; however, they occurred megadntly at
RM 3.5 on dates when flows were between 1640 and 48886t 138.2 riis).

From this study limid to 12 dates and 2 ostions, the river wasvell mixed with respect to
turbidity in over 90% of profiles takempstream of the navigationahnel, but vertical diffe

encesdn turbidity occurred in nearly half of the profiles taken within the navigation channel.
Lateral diffeences in turbidity alsoccurrel more frequently in the navigation channel. Tdirbi

ty results may have implications for the mixing characteristics of suspended particulate matter
including phytoplankton, detritus, and inorganitd®

The MPCA examined theairbidity measurementaken by the USGS osix dates in 2002004
(Patrick Baskfield, personal communication). Each date and sittheturbidity measureat

the pointclosest to the center of the chanaetinear the surfaceas comparetb the mean of

all turbidity measurenms across the channeédn all datestaRM 39.4 and RM 25. urbidity at

the cater/surface point was within 7.3% of the mean turbidity of all points. On five of six dates
at RM 3.5, the center/surface point was within 16% of the mean of all pointeyagwn one

date the diffeence was 32.2%.
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Table 3 - Number of Profiles with Vertical Differences Greater Than 20% in Turbidity

Mean Daily Monitoring Station, Lower Minnesota River

Discharge Black Fort
Date (cfs) Jordan Shakopee Savage Dog Snelling

RM 39.4 RM 39.4 RM 25.1 RM 14.3 RM 8.5 RM 3.5

9/24/03 554 0of5 0of5 lof5 lof5 0of5
9/21/06 837 0of3 lof5
8/21/03 1,160 1of3 0of2 30f3 lof5 20f5
4/22/04 1,640 0of5 20f5 30f5 4 of 5 50f5
7/26/06 1,820 1of3 4 of 5
7/12/06 2,600 0of5 6 of 6
7/29/03 2,880 0of4 0of3 20f4 30of5 30of5
8/8/06 2,910 0of5
8/11/04 4,880 0of5 0of5 30f5 30of5 4 of 5
6/8/06 6,650 20f5
6/22/06 12,600 0of5 lof5
6/2/04 16,900 Oof5 Oof5 Oof5 Oof5 20f5

(More shading indicates higher number of profiles with differences, and
Dates and discharges in 2006 are for samples at RM 39.4.)

Vertical differences greater than 0.5 mgfiLDO concentrationsvere observedtonly the three
downstream sites at flows less than 3,000 cfs (#5)rfTable4). At RM 14.3 vertical DO di
ferences were observedonly 2 of 27profiles(7%); whileat RM 3.5 theyoccurred in 28 of 71
profiles(39%). Lower river flows andsites withgreder watercolumn depths generalfgvored
vertical DO diffeences; however, low flows in 2006 produced fewer differeat&M 3.5than
in 20032004. MCES laterecorded some vertical DO differences at RM 3.5rdplimited
monitoring in August 2007 and August 2009 at low flows.

During the USGS study in 206304, hteral DO differences occurred mosiguentlyat RM
8.5, which is located near thatake to the Black Dog & DO differences of greater than 0.5
mg/L across the channel were measured on at least one date at all statsme!|yeaplower
flows. The DO results may have implications for other dissolved caesti, especially those
affected by phytoplankton activity or sedimdr@d diagenesisTheonly vertical or lateral t@-
perature diference of greater than 2° C was measured in April 2004 at R{BB& Dog) No
vertical or lateral differences greater than 10% in conductivity or gréeter0.5 in pH were
recorded.

While conducting the mixig study in 2002004, the USGS took advantage of opportunities to
measure changes in turbidity over time as a towboat and barge passed the field crewosan five o
casions. Bsponses varied by date, location, and depth; however, turbidity generally increased
greatly with barge passage, but the effects subsided within five minutes. On one ocaasion, tu
bidity actually dropped from 100 to 80 NTU as the towboat and barge passed.
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Table 4 - Number of Profiles with Vertical DO DifferencesGreater Than 0.5 mg/L

Mean Daily Monitoring Station, Lower Minnesota River
Discharge Black Fort
Date (cfs) Jordan Shakopee Savage Dog Snelling
RM 39.4 RM 39.4 RM 25.1 RM 14.3 RM 8.5 RM 3.5
9/24/03 554 0of5 0of5 1of5 50f5 40f5
9/21/06 837 0of3 0of5
9/6/06 941 0of5 0of5
8/21/03 1,160 0of3 0of2 1of3 3of5 20of5
8/22/06 1,350 0of3 50f5
4/22/04 1,640 0of5 0of5 0of 5 50f5 40f5
7/26/06 1,820 0of3 50f5
7/12/06 2,600 0of5 0of6
7/29/03 2,880 0of4 0of3 0of 4 1lof5 1lof5
8/8/06 2,910 0of5 20of 5
8/11/04 4,880 Oof5 0of5 Oof5 O0of5 O0of5
6/8/06 6,650 0of5 0of5
6/22/06 12,600 0of5 0of5
6/2/04 16,900 Oof5 Oof5 Oof5 Oof5 Oof5

(More shading indicates higher number of profiles with differences, and
Dates and discharges in 2006 are for samples at RM 39.4.)

Two synoptic surveys by tHdPCA during summer lowllow conditions in 2006 also provided
information on mixing characteristics of the lower MinotsRiver(MPCA, 2007c) Field
crewsdeployed sondes to continuously meesDO, temperature, pH, and specific conductance
at two depths (a#ers of the photic zone and water aoh) at six sations during July 1-24,

2006. Diel DO plotsshoweddifferenas of less than 0.5 mg/L between the two sondes at RM
39.4. Differences at RM 1.2 varied greatly with cloud cover and other conditions but ranged up
to 2 mg/L. The survey was repeated over a longer period dérugyst 30September 13, 2006
Because thapstream sites were generally well mixed during the finstesy the MPCA moved
the ppermost site from RM 39.4 to RM &and deployed sondes at two depths at only two
sites. Differences in DO concentrations between the upper and koneles varied @r time

but wereas high a2 mg/L at RM 11 and 1 mg/L at RM 6.7. Differentetween the two
sondeswere genellly less at RM 6.possibly due to hydrodynamic effects of the Black Dog
GP.

That same summer, Juseptember2006, the USGS collected paokdiscrete andntegrated
samples at RM 39.4 and RM 3.5 every other wedKES performedaboratory and statistical
analyse$o compare water quality in the paired sampBgnificant differencesanindicate that

the river was not well mixefbr apaticular variable and siten the eight datesConcentrations

of total suspended soligESS)and chorophyll a (CHLA) were significantly differenbetween
sampling protocolat both sitesmeasurementisom discrete samplesere on average less than
thosefrom integratedsanples While TSS and CHLA concentiansdiffered between protocols

at RM 39.4, theerage ratio between concentrations in the discrete and integrated samples was
0.93 for both constituentgdicating that the difference was smalt RM 3.5, the ratio was

similar for TSS (0.92) but lower for CHLA (0.76Buoyancy or settling may affect phytopkan
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ton distribution at this siteThe findings of the USGS3/CES studymay have implications for
assessmentlatrequire representative ddtar the entire channel crosgction In the eight
paired samples at the two sites in summer 2B@A)s and nutrient concentrations were n@f-si
nificantly different between discrete and integrated samplesal phosphoruéTP), soluble
reactive phosphars (SRP) total Kjeldahl nitrogefTKN), nitrate nitrogerfNO3), and amro-
nium nitrogen(NH4) were amlyzed.

As part of a 316(a) demonstration environmental stivding 20032006 Barr Engineering
conducted a detailed study of ndald thermal mixing irthe vicinity ofthe Black Dog GP (p-
pendix D in Xcel Energy, 2007 It included field measuremerdsring 10 events to support
nearfield modeling. The goal was to charactegithe thermal plume under differerttnditions.

Only two events had measuralglumes (i.e., 5° Fatherm) at the RM 10.7 outfall with lengths

of 158 and 246 {48 and 75 m) Three events had measurable plumes at the RM 7.6 outfall with
lengths of 30, 500, and 4724(%, 152, 1440 m) An event in April 2004 had the greatestrth

mal effect. As part of their synoptic sonde suntag, MPCA examiadnearfield mixing of DO
below the Seneca WWTéh four dates in late summer 2006en effluent aeration was—+

quired. Bankio-bank mixing occurred in approrately one mile (MPCA, 20T).

5.2 Ground-Water Inflows

In 2003 projecpartners recommended an early studgroundwater flows to detenine wheh-

er this source was important enough to warrant further studies ttfgdiaavs andloads. On
Septenber 8 and 9, 2003, the USGS contddlca study of groundiater flows when river flows
near Jordan were around 500 cfs (I#sjn An acoustic Doppler cent profiler was used to
measure flow at 12 locations in the lower 40 miles of the Minnesota. RBieteertributaries to
this reach wee surveyed, and where streams were running, a current meter was uskddie est
flow. Flow data for large permitted discharges were measured or obtained. By subtfacting u
stream river flow plus the sum of tributary and peiatirce flows from the davgtream river

flow for each reach, the amount of direct growvater inflow or outflow was eshated

The USGSombined theseesults with those fromearlier studes in 1968 and 1997 and found
thatmostgains and losses in flows over the monitored reaclees within measurement error
(5-10%) Among thethree studies, only five reachesperienced gains over 5%,daall but one
gaincould bepartly explained by other femrs. Based on these resultsyund waer gpearso
bea minor source of flow to thewer Minnesota River. The partners decided not to conduct
further field studies of ground water, and the budgetary analysis later confirmedghgéd
inflows, presumably ground watewere minor (James, 2007T.he impatance of ground water
to waterquality in the river was not examined in this project.

5.3 Current Velocity and Direction

During the groundvater study by the USG8 September 2008pnditions were ideal for styd
ing the river at steady low flowkowever, the pooling effect behihdck and Dam No2 made
flow meaurements difficult and unreliable in the lower 20 mil€sgure6 shows a sample ship
trackacross the river channe¢ar RM 7.3and the magnitudes and directimistream velocity
measired by the crew The current dirdon was eastdownstreahin themiddle of the cha-
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nel, but it wa west (pstreamnear the banks. This may be evidence of backwashing from Pool

2 of the Mississippi River. The field crew notéat the current direicin varied from mnute to

minute anccouldalso be caused by wind boat traffic. While the USGS failed to meare river

flows in the lower 20 milesinderthesedifficult conditions they succeeded in demsdrating the

complex hydrodynamics of ghreachat low flows. Duringheir surveyat low flowsin Septen-

ber 2006, the MPCA crew noted days when even a moderate wind was strong enough to blow
their anchored boat upstream aganeh(MIRCAt he ri ve
2007c).

Figure 6 - Current Velocity and Direction Alonga Transect Near RM 7.3, 9/9/2003
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To better under st asadlfects bneurranavelocgias tow fomstheh annel 6
MPCA plated velocitiesmeasured by the USGS as thegued down the river during the

groundwater study (MPCA, 2007c). This chart was paired with a plot of channel width and

depth at eachation. A distinct break occurred at Port Cargill, which is located at the head of

the navigtion channel. Upstream &ort Cargill on September® 2003, current velocity was

generally greater than 0.3 fps (0.09 migherechannel width and depth were less than 275 and

11 feet, respectively. The reverse was genetall/downstream of the port whehethavig-

tion channel was wider and deeper, producing slower velocities.

Smith et al. (2010)ecognized the potential for occasional backwashing from the 3eligsi

River and for this reasondefined a downstreamodelboundary using elevation andier-
quality data fom mid-Pool 2. Backwashing may occuvhen there is little or no fall isurface
water elevations adhe Minnesota River avhen there arbigher surface water elevations in the
Mississippi River.At high withdrawal rates and low river flows, the Blackgdd®P can also
draw water upstream from the Mississippi RivErgure7 provides anodelsnapshot of one
badkwashing event in September 1988 in which negative orzexarcurrent velocities are
shown in blueas fa upstream as the Blue Lake WWTRhis event and others were transitory.
According tomodel results, backwashing occurred most frequentiyarow-flow year of1988.
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From results outputit RM 3.5every 002 day duringVY 1988 negative velocities ocoed at a
frequency of 2.4%, anekelocities less than 0.02 f(8.006 m/s) occurredt a fequency of7.7%.

Figure 7 - Backwashing Simulatedas Negative Velocity (Ufps) in Model, 9/26/1988
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Responding to energy demantte Black Dag GPwithdraws andlischargs various amounts of
flow from andto the Minnesota River. This exchange affects the hydrodynamics of the river to
different degrees. The Black Dog GP and its effects on the riv&rrdrer discussed in Section

11.2
5.4 Model Results for Flowand Temperature

Final calibration resultfor flow and temperaturat RM 3.5are presented iRigure8 andFigure

9. Inthe time series plotblack solid linegepresent model outpusolid red circls represent
measured data, anflue vertical lines repeentdivisions between water years heplots present

all model outpit and measured data fegven water years. Three statistics are alsaqed

mean error (ME), absolute mean error (AME), and root mean square error (RMSE). @&hese st
tistics wee calculated as shown in Equatida8 and represent sevegmar statistics, not an ave

age ofstatistics for individual year
> (model —data)
1

ME = (1)
n
> abs(model - data )
AME = = )
n
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n

> (model —data)?

RMSE = |- - 3)

A general rule of thumb for water quality calibration is that the absolute mean error should be
within 10% of the range of monitored dat&.higher target of 1% was set for floirResults ér

other locations, on&-one plots, cumulative distribution plots, astdtistics for individual years
are povided in Smith et al. (2010).

Figure8 andFigure9 show that the model does a very godad ¢b predicting flow and tempa¥
ture Both are important factors affectimgater quality in rivers The AME forflow data pairs

at RM 3.5during theseven years is 10.5lbic meters per seconchfsor ni/s) (371 cfs) which

is less than 0.5% of the mired range of flowsNote that the gaging station at RM 3.5 was not
installed until January 2008Before this date, mean daily flows at this location wetienated

by lagging flows at Jolan by one day and multiplying by 1.05herefore, the bedt tes is how

the model performagainst measured flovedter January 2004The model also predicts water
elevation leels very well. The AME for water elevatia RM 3.5is 0.09 m(0.3 ft), which is

less than 2% of the range of measured surface levelsd@even yearBefore Janary 2004,
water ebvation at RM 3.5 was estimated from water elevation levels in Pool 2.

Figure 817 Model Results for Flow at RM 3.5, 1988 an@001-2006
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The AME for alltemperatue data pairs at RM 3.5 during the seven yéafs34°C, which is

less than 5% of the measured range of temperatldesng all seven years, temperature was
monitored continuously at RM 3.5; however, only a partial record of continuopetature d-

tawas available to defintae upstream model boundary at RM 39.4. Xawrgy povided

mean hourly and dailiemperatures aRM 11.5 that were used to define the upstream boundary
whencontinuousdata were not aviable at RM 39.4The CEQUAL-W2 model ado simulates

ice formation and breakup, which may help estimate reaeration and DO concentrations in winter.
Model results for ice cover generally matched field notes by MCES staff.
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Figure 9 - Model Results for Temperature at RM 35, 1988 and 2002006
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6 SEDIMENT BED

The Minnesota River has been generally characterized as having a sand bed, but fiaks mater
aredeposited at reduced flows at various locatidksowing the distributionof sedment types

in the river bed offers aaluableguidefor planningotherwork such as assessmentsefliment
oxygendemandand nirient release ratesTo determine the locatisrand depthef depo#s of
different sediment typeshe partners recommendeahductinga sdimentbed survey sing a

rapid assessment techniguihin the first yeaof the projec(2003).

The USGS executed a sedimdéetdsurvey @ing continuous seismiprofiling equipment during
the week of September 22, 2008en river flows near Jordanene between 500 and 600 cfs

(14 and 17 rfifs). Conditions were ideal for describing sediment deposition under low flows;
however, they limited the survey to the lower 26 mdéshe riverbecause the upper reach was
not navigable. Profiles were takenradothe right and left shorelines and on 720 transects every
200 ft (61 m) in the river channel. Identification of the bed material was field verified byteollec
ing sediment cores and visually compg the material to samples of known grain si2¢ thes

low river flows, a thin layer of silt was observed on thdaze of the river bed, but it was too

thin for the profiler to detectProfiling data for the top twdetectablesedment layers were later
processed by the USGS8Io physical or chemical anales were conducted in the laboratory.
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Figurel10 provides a sample of tleedimentoed magcreated by MCES from the profiling data.
MCES compiled summary statistics on the major categories of particle sizeebynile. The
main sedment types in the tolayer were siltsand (57%) and sangravel (30%).The thickness
of the topsediment layer in the lower 26 miles ranged from 0.02 meter to more thaetér8 m
and averaged arourd3 meter.MCES also produed maps of channel depths from data: pr
vided by the USGS and USACE.

Figure 10- Sample Map of Sedinent-Bed Types,RM 1 to Mouth, September 2003

No strong longitudinal patterns emerdeam the sedimenrbed assessment; howeveosme

slight spatial differences appearédgurell). Some of the highest percentages of(§i26%)
occurred at the upper end of the navigation ne&(RM 1115). Greater depths and slowex
locitiesat the head of theehamel may have increased settliofifine particles. NeaBlack Dog
Lake(RM 8-11), the perentage of coarse material (segrdve) increased. Turbulence from
navigation traffic othe Black Dogwithdrawal anduftfalls may have played a role. The paree
tage of silt-sandgenerallydecreased between miles 25 and 8 from over 70% to less than 30%
and then itebounded to 500% between miles 7 and 2n the final mile, the amount of gravel
increased, which was corroborated by the MPCA and LMRWD.
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Figure 11 - Surficial Sediment-Bed Types by River Mile,September 2003
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During the same week as the USGS sedirbedtassessment, the MPCAndacted a onelay
visual survey of the sedimebed at six sites betwe®&M 21 and3.5. They collected grabrsa
ples, took photographs, and recorded observations. At most sites, they fowtdra afisand
and silt, which agreedith the USGS profiles. Adites between RM 15.3 aldb, this mixtue

was covered by thin layer, roughlyone i ght h i nch

t hickl i lod diigletlat i

(Figurel?2). One person on the MPCA creaserved little change in the visual appearance of

the sediment compared ¢onditions dung a survey in 1980.

Figure 12 - Photograph of ClamshellDredge SedimentSampleat RM 3.5, 9/24/2003
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Similar conditions at slightly higher flows were observed during two assessments of oyygen d
namics in 06. HydrQ (2007) observed an increase in soft substrate at the sediratntn-
terface between July and SeptemiRiver flow at Jodanaveragd 2220 cfs (62.3n%s) during

the July surveyand 966 cfs (27.°/s) during the September survey. Fronreliminary anay-

sis of velocity mesurements from the USGS gaging station at RM 3.5, velocity decreases from
~0.6 fps (0.18 m/s) at a flow of 2200 cfs to ~0.2 fps (0.06 m/s) at a flow of 1000 cfs. During two
sonde surveys in 2006, MPCA (2007c) also obesgtaceased settling at RIg.5 and 1.2 in
September with Awatery fineso @ledpesmtheé ®ldo o n
0.2 fps range result in increased settling of small organic particles in rivers (MPCA, 2007c).
High amounts of fie organic material may generate sediment oxygen demand and result in
higher phosphate andnmonium releases from the sediment bed.

The ERDCstudied sedimertedcharacteristics when researching nutrient dynafdiasies,

2007) Theyexamined the upper In of 48 sediment coresltected from the lower 26 miles

of the Minnesota River in September 2005 amtbB®er 2006. The sedimehéd map compiled

by the USGS and MCES guided the selection of sites. As found in the previdias,stand and

silt partides dominated the top layer of the sediment b&ctoss all cores, the mean percentages
of sand, silt, and clay particles were 59.3%, 32.2%, and 8.5%, respectively, but the composition
varied from core to coreOrganic content was lowyaraging only 2.%. Moisture content and
sediment density proved to be good predictors of sediment composition, with moisture content
positively correlated with clay and silt and atgely correlated to sandSediment density had
strong relationships in the oppositiesdtion.

7 TURBIDITY, TRANSPARE NCY, AND SUSPENDED ®LIDS

For waters classified as 2B or 2C, 8tateturbidity standards 25nephelometric turbidity units
(NTU) (Minnesota State Rules, Chapter 7050) the Metro Area, the Minnesota River is class
fied as 2B ugtream of RM22 and 2C from RM22 to the mouth Class2B standards protect

cool or warm watefish and associated aatic life and habitats, whilel&ss 2C standards protect
indigenous fish and associated aquatic life and habitats. All fornesm@ation, including bkt
ing, are protected inl@ss 2B waters, while all forms except bathing acequted in Gass 2C
waters. TheClass 2C reach of tHewer Minnesota Rivewasdefined before the Blue Lake and
Seneca WWTPwere upgraded in the mitd0s. The turbidity standard is intended tmfarct
aqguatic life.

In 1996 the lower MinnesotaRiveras added to t he st toteecéeing!| i st
the turbidity standardTwo large TMDL studie®f turbidity in the Minnesot&iver, LacQui

Parle to Jordargndin the Mississippi Rivey St. Pauto upper Lake Pepjrare currery unde-

way (MPCA, 2005 Tetra Tech, 2008MPCA, 2007c,LimnoTech, 200R Figurel3shows tu-

bidity at MI 3.5 frequently exceeding the siand during six recent years, 20R005. During

this period, MCES Laboratory Services analyzed turbidity in NTU with a HACH 2166er,

stendard equipmeniised in Minnesota at the time for assessing waidns. yearly percentage of
readings exceeding 26TU at RM 3.5ranged from 11% in 2003 to 47% in 2006.each year,
turbidity exceeded 50 NTU on one or more occasions, usually in concert with peaksyin the h
drograph as runoff events delieersuspendegedment loads.
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Figure 13- Turbidi ty at RM 3.5 and Flow at RM 39.4, 20062005
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Turbidity readings for 20062009 are not showin Figure13 because MCESwitched toa dif-
ferent metem March 2006and started reporting turbidity irephelometric turldlity ratio units
(NTRU). Different types of meters yield different turbidity deays For this reason and others
theMPCA is proposing to replace the existing turbidity standards with TSS stamailg the
triennial rulerevisiors, 20082011 In January2010, a sitespecific TSS standard was proposed
for the Missssippi River at Lock and Damos. 2 and 3: summeaveragel' SS concentratioof
32mg/L met in at least half of the summers over a t@rgn record (MPCA, 2010). Over the
recentlO-year griod of 20002009, the average summer TSS concentration at Ml 3.5 ranged
from 37 mg/L in 20090 164 mg/L in 2004, with a ¥@ear average TSS concentration of 96
mg/L. The median of the 1ummer means was 86 mé/lmore than twand a haltimes
greater tha the poposed standard for Lock and Dam Ndsnd 3.

7.1 Suspended Solids as Predictors of Transparency and Turbidity

Light attenuation is an important factor in phytoplankton growth ta@@E-QUAL-W2 model
represert this relationship by adjusting thearimum growth rate according kight, tempea-
ture, and nutrient availability (Cole and Wells, 2008he Lake Pepin Phosphorus Studynde
onstrated the importance of lightpbytoplanktorgrowth in the Mississippi River downstream
of its confluence withite Minnesota RivefLarson et al., 2002 With excessive turbidity affec
ing light condtions in thelower Minnesota Rivetthis relationship deserved further study

Using data from the MCE®onitoring program, Megard (2007) studied the relationshgusf
pended particles and dissolved material to transparency anditiuibithe lower Minnesota
River. An equation for estimating the extinction coefficient for diffuse underwater lightevas d
veloped in terms of three attenuators: volatile (organic)eswdgr solid§VSS), nonvolatile (n-
organic) suspended solifldVSS), and disolved organic carbofOC). Figurel4 showsa
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similar relationship for another measure of underwater light: Secchi transpaf®ewshitrans-
parency is inversely fated to the light attenuation coefficient, (i), yielding the eqation

K = 0.22 (VSS) + 0.014 (NVSS) + 0.10 (DOC)

Figure 14 - Transparency and Light Attenuators, Lower Minnesota River, 1996 & 200306
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(Megard, 2007)

CE-QUAL-W?2 contains three nearly parallel extinction coefficients for organic solids (EXORG;
default, 0.2 rif), inorganic solids (EXINOR; default, 0.01 % and pure water (EXH20gthult,

0.45 mY). In the Lower Minnesota River Med| Me g ddedtdwere applied ak follows:
VSS to EXORG, NVSS to EXINOR, and DOC to EXH20. The DOC coefficient waspined

by the mean DOC concentration (5.8 mg/Megard (2007) showed thBXOC concentrations

were nearly castant in the loweMinnesota River

While inorganic suspended solids dominate river concentratitegard(2007)revealed that
organic suspendedolids play a importantrole in attenuating lighinote the larger VSS coéff
cients in the above equationg)rganic solidscatter light more than inorganic solid&/ith tur-
bidity measurements varying among different meters and protocols, suspended solids can pr
vide a universal translator among turbidity methods. For example, Megard provided tive follo
ing translation for MCES turbidity using theurrentanalyticalmethod:

Turbidity (NTRU) = 0.80(VSS) + 0.4 (NVSS)

Both HydrQ (2007) and MPCA (2007c) noted that light was an important factor in DO aketab
ism in the lower Minnesota RiveDuringtwo HydrQ, assessmentghephotic zone waser

stricted to 2.53.0 ft (0.760.91 m) or 20% and 31% of the wateumn depth in July and Be
tember2006 respectively. This was due to high turbidity from phytoplankton and suspended
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paticles. MPCA (2007c)documented decrease in @i DO fluctuationwith greater cloud cover
(Figurelb).

Figure 15- DO Fluctuation and Cloud Cover at RM 1.2, September 2006
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(MPCA, 2007c)
7.2 Model Results for Suspended Solids

Figure16 shows thecalibration reults for TSSat RM 3.5 for the seven years. The model tends
to predict the overall trendgell. The AME for TSS is 38&g/L at RM 3.5, which is well bew
the target of 152ng/L (10% of the range of measd data).TSS is a drived variable calculated
from the following state variables: inorganic suspended s@&&= NVSS), noriving organic
matter (four groups), and phytoplankton biomass (three grotib® dominant fornof sus-
pended solids the lover Minnesota River igorganic Any number of ISS groups with diffe
ent characteristicsuch as settling ratesn be defined in GRUAL-W2, but only one group is
defined in the Lower Minnesota River Model. We did not haveaefit data (e.g., parte siz-
es)to define multiple ISS groupNonliving organic matter represents a wide range of dead o
ganisms and degradation products generated in the river (e.g., batgegaaad fish), on the
landscape (e.g., leaves, grass, and crop residue), pashiasources (e.g., treated wastewater).

As described in the previous sectiomdel settings fothree light extinction coefficients were
based on an analysis of transparency and suspended solids in the lowesokdiftiver by \-
gard (2007).Model ouput includes the resulting light extinction coefficient for uselected
segments and timeJ.urbidityin NTU or NTRUcan be estimated from modeltputs for ISS

and TSS using relationshigescribed by Megard (200Wjth VSS calculated as TSS minus ISS

The CEQUAL-W2 model, ersion 3.6, does not simulate sediment transport as in the HSPF or
ECOMSEDRCA models so deposition and resuspension are not well represented in the Lower
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Minnesota River Model. However, suspended solids are adequately modealediéostanding
oxygen, nutrient, and phytoplankton dynamics in the lower Minnesota River.

Figure 16 - Model Results for Total Suspended Solids at RM 3.5, 1988 and 26206
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8 NUTRIENTS AND SUSPENDED SOLIDS

At this time,Minnesota has narrative but not numeric nutrient standards for rivers; however,
meric standards are currently being developed as pdrteft st at e 6 s-qualityirken ni a |
revisiors, 20082011. The state hdsng-standing toxicitybased standards for ammonia outr
gen and drinkingvater standards for nitrate nitrogéMinnesota State Rules, Chapter 7050)
The statestandard for wionized amnonia nitrogen that applies to the lower Minnesota River
(Clas®s2B and 2C)s 0.04 mg/L as 80-day average concentrationvhichpratectsaquatic life
against chronic toxicity.Theun-ionized formof ammonias toxic; thepercentun-ionized is ca
culated fromambienttemperature and pH. The ammonia ded must be met at least p@-
cent of tle days at which the river flow is equal to the lowestd9 flow with a once in tegear
recurrence interval (304). The drinkng-water standard for nitratatrogenis 10 mg/L, but this
applies only to rivers designated for water supply andm@lass 2B and 2C waterdn the ti-
ennial rule revisions, thllPCA proposes to adtitrate standasbased on aquatiife toxicity.

Nutrient concentrations are high in the lower Minnesota RiVable5 shows the rage and

guartiles for nitrogen, phosphorus, awspendedolids concentrations at RM 3.5 for the recent
10-year period of 200@009. Values reported as below the detection levelentreated as at the
detection | evel (e. g. , Tot@dlxitrogen Was @shated By summima t e d
total Kjeldahl, nitrate, and nitrite nitrogen. The median TN comagah was 4.81 mg/L with

NO3 representing the largest portiohhe number of NO3 samples exceeding 10 mg/L was 26

of 351 at RM 3.5.NH4 conceatrations were generally low with nearly 25% of the valges r

ported as below the detection level of 0.02 mg/L. The median TP concentratiOrl@asg/L

with the median SRP concentration representing roughly a third (0.066 mg/L). Almost 10% of
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the SRP cocentrations were reported as below the detection level of 0.005 mg/L. *fhe®5
75" percentils for TSS cacentrations were 28 and 90 mg/L, respectively.

Table 57 Nutrient and SuspendedSolids Concentrations (mg/L)at RM 3.5, 20062009

TN NO3 NH4 TP SRP TSS
Minimum 1.63 0.09 0.02 0.01 0.005 3
25th Percentile 3.22 1.72 0.02 0.14 0.027 28
Median 4.81 3.32 0.06 0.19 0.066 47
75th Percentile 7.93 6.56 0.14 0.24 0.101 90
Maximum 16.72 14.70 0.93 1.17 0.371 1520

Figurel7 provides a logog plot of TP, TN, TSS concentrations at RM 3.5 over the same 10

year period. Phosphorus and nitrogen concentrations appear to increase with suspended solids at
TSS cancentrations greater than 35 flag At lower TSS concentrations, TP and TN tend te-ho

er around longerm median concentrations.

Figure 171 Nutrient and SuspendedSolids Concentrationsat RM 3.5, 20002009
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The USACEERDCwith help from MCESconduced reseach on nutrients and sedimentthe
lower Minnesota RivefJames, 2007). Analytical work was conduaétheEau Galle Aquatic
Ecology Laboratory in Spring Valley, WisconsiResearcfocusedonthe fdlowing tasks

A Annual nutrient and sediment budgeResearchers compiled loads for the river, tributaries,
and point sources. They iified major loading sources and quantified plogtion retained
within the lower Minresota River oexpored to the Mississippi River
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A Biologically available phosphas The laboratory measuregriousforms of phosphorus
the river Soluble reactive P is the form that fuelsyfoplanktongrowth; however, sme pa-
ticulateP formscan readily recycléo biologically available Rinder certain contons.

A Phospheousdynamics. They studigarocesses that control how much phosphis sol-
tion in the river, attached to suspended particles, or incorporated into phytoplanktoln. Phys
cal, chemical, and biological processes can transform phosphorus.

A Sedimentbed nutient fluxes MCES collected sediment cores from the river bed, and the
ERDC analyzed sedimenharacteristics and nutrient§hey also measured nutrient release
ratesfrom the sedimet bedunder oxic and anoxic conditions

Fieldwork and laboratoy andyses wereeonductedn 2005 and 2006Annualbudgés were
compiledfor water year2004, 2005, and 2006 from loaglstimatedvith the FLUX program
(Walker 1996).The followingsectiors summarizesome key findings For more mformation,
see the full reprt on nutrient dynamicand budgetary analysfdames, 2007) or article on o
phorus dynamicg€James and Ltaon, 2008).

8.1 Annual Nutrient and Sediment Budgets

The Minnesota Rer delivers higmutrientand sedimenibads to the Mississippi RiveLi(mno-
Tech, 2009; Kloiber, 2004; Larson et al., 2p0Zable6 lists annualloadsat RM 3.5for WY
2004-2006, which wergypical of loaddor years with normal flowsver the past three dedes
(Kloiber, 2004) Mean amual flowsrankedbetween the uppei08 and 18 percentiles among
historical flows (Figure3): 4080 cfs (116 ris) inWY 2004, 5830 cfs (165 ffs) inWY 2005,
and 7860 cfs (223 ffs) inWY 2006. During the threg/ear periodTSSloadsfrom the Minre-
sota Riveraveaged 740,00@netric tons per year (mt/yrMuch of the sediment is deposited
downstreamin lower Pool 2 and Lake PepiiimnoTech, 2009; Larson et al., 2002yitrogen
loads averaged5,000 mt/ymwith NO3asthe domnart form, and fhosplorus load averaged
over 1,400mt/yr with nearly onethird asbiologically availableSRP. Nutrient loads from the
Minnesota River contribute to eutrophication in thesdWéisippi RiverLimnoTech, 2009; Larson
et al., 2002)

Table 61 Sediment and Nutrient Loads at RM 3.5 WY 2004-2006

Load (metric tons per year)

TSS TKN NO3 NH4 TP SRP
Water Year 2004
Minnesota River at RM 3.5 710000 6900 33000 330 1400 410

Water Year 2005
Minnesota River at RM 3.5 690000 7600 49000 370 1400 510

Water Year 2006
Minnesota River at RM 3.5 830000 9700 60000 330 1500 450

(James, 2007)
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Loads for the Minnesota River at Fort Snelling (RM 3.5) represented outputs in thélardgda
ets(Table6). For inputsthe ERDC calculated loadsr the Minnesota River at RM 39.4, 11
monitoredtributaries(Tablel), and four point sourcesThe momtored tributaries repigent 67%

of the total watershed area of the Minnesota River downstream of Jordan. Loads were not est
mated forunmonitored are;a Excelent effluentdatafor all variablesvere availabldor the Blue
Lake and Sened&WTPs. Only flow, TSS, and NH4 weredquently monitored at the airport
stomwater outfalls during the three yeast the Black Dog GPMCES collected only 15 sets

of waterquality sanples at the twaoutfalls during the summers of 2005 and 2006.

Table7 shows the relative contributidoy each major category (river, tributaries, and point
sources) as a percentage @& tombined load tthe Minnesota Rivebetween Jordan and the
mouth James (2007) list®ads from individual tributaries and poirttusces. The pstream
boundary domiated irputs to thenutrientand sedimenibudgets with the Minnesota River at
Jordan providing over 8 of the TSS, TN, and TBads. While theirannualload cantributions
weresmall comparedotthe Minnesota River abddan the tributaries and point sourcesidel
vered some loads more or less out ofpprtion totheir flow contributions The tributaries as a
group delivered higher percentages of NH4 and THamer percentageof NO3 thartheir

flow percentages Thissimply means that NH4 and TP concentrations were generally higher and
NO3 concentrationgerelower in the tributariegs a group than in the Minnesota River at Jo
dan. Nitrogen may have more time to convert from ammonium to nitrate in the @Gaenpared
to other sources,gint sources contributed loads highemMNH4 and SRRoncentations and
theydeliverednegigible TSS loads.

Table 71 Sediment and NutrientInput s from Major Source Categories WY 20042006

Percent of Total Flow or Load to Lower 40 Miles
FLOW TSS TKN NO3 NH4 TP SRP

Water Year 2004
Minnesota River at RM 39.4 92.0 959 908 954 84.1 92.2 89.9

Monitored Tributaries 4.2 4.0 6.8 2.0 7.1 5.0 4.2
Point Sources 3.8 0.0 2.5 2.6 8.8 2.7 5.9
Retention (-) or Export (+) +0.8 -39.2 +46 +3.8 +50.1 -49 -49

Water Year 2005
Minnesota River at RM 39.4 941 96.8 924 974 71.1 912 88.7

Monitored Tributaries 3.2 3.2 4.8 0.9 4.7 4.4 3.8
Point Sources 2.7 0.0 2.7 1.7 24.2 4.4 7.5
Retention (-) or Export (+) +1.7 -21.8 -3.0 +45 +276 -88 -13

Water Year 2006
Minnesota River at RM 39.4 95.0 916 929 973 89.1 884 829

Monitored Tributaries 3.6 8.4 55 1.2 6.7 7.4 4.4
Point Sources 1.5 0.0 1.6 15 4.2 42 12.7
Retention (-) or Export (+) +1.1 -220 -3.6 -3.9 +43.2 -109 -12.7

July 15i Sept 30, 2006
Minnesota River at RM 39.4 942 857 914 64.6 65.7 52.0 8.3

Monitored Tributaries 5.8 8.9 5.6 2.1 9.9 7.1 4.9
Sediment Bed Flux 2.1 5.8
WWTPs 51 0.1 6.1 45.6 342 31.3 748
Black Dog GP -5.0 54 -3.0 -12.1 -9.7 7.7 6.3
Retention (-) or Export (+) +7.0 -36.8 -124 +45 +365 -8.9 -33.8

(James, 2007)
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A detailed budgesf FLUX-estimated loadwas also compiled for the low flow period afiy 15

- September 30, 200@ able7). Results differed from the annual budgetgith less river flow

to dilute effluent flows, the relative portion of nutrient loads contributed by the two WWiTPs i
creased greatlyDuring the 13iweek period,tie Blue Lake and Seneca WWTPsitcibuted

34.2, 45.6 and 74.86 of the NH4, NO3, and SRP loads, respety, while the Minresota River
at RM 39.4 contributed®%7, 64.6, and 8.3%, respectively. In addition to flows being lalarat
dan, concetrations of inorganic N and especially SRP were lower during this period than at
higher flows. Figure18 shows ke increasing portion of TP Idacontributed by WWTPs aswi

er flows decreaseduring the low flow period,ite Black Dog GRvas a net sink foritrogen

but a net source for suspended solids andjgtaus.

Figure 181 Flow Relationshipswith Phosphorusand Chlorophyll, April -Nov., 200406
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(James and Larson0@8)

Table7 al lists the net reteion or export of nutrielstand sedimerdver eaclime peiod.
Thepercentages were calculated by subtracting the output at RM 3.5 from the combined inputs
and dviding theresult by the combined inputs. A high percentage of the susgsnids load

was retained and likely deposited in tfeannel or floodplain of thiewer Minnesota River. The
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percentage ranged from 22% in 2005 and 2006 ¥89%% in2004 and late summe&006. A
smaller percentage of phosphorusl®%0) was retainedither as sediment deposits or ppyt
lankton biomassMost phosphorus v&transported downstream to the Mississippi River.
contrast, more NH#eft the reach than enterbg percentages raimg from 28 to 50% on ama
nual kasis and by more than thréald in the summer lovilow period. James (2007) pointed to
decaying algal biomass as tileely source of exported NHdAndSRPduring the lowflow pe-
riod.

8.2 Biologically Available Phosphorus

Same particulate P forms (e.g., loosely bound,ibaind, and labile organic) are more readily

recycled to biologgally available P, while others (e.g., alumirdmound, calciurbound, and

refractory organic) are more persistemth e f or mer arge ctad l e d afb il el, 0
l atter are nbi damesdDOE) ddminstrated ehaduriagechigleer flpws ¢e.,

greater thar200 nfA™Y andhigher TSS loadsipproximately ondnalf of the particulate Pad

from the lower Minnesota River duringyY 20042006 occurred as biologically labile fosrfia-

bile organic, loosely bound, and irsound Psegments ifrigure19). Greater than 70% of the

TSS load occuedwhen discharges excest200 ntA sduring WY 20042006 These forms

easily converto biologically availabléSRP under certain conditionsych as irofbound P tras-
formations undeanoxc conditions.

Figure 19- Phosphorus Load ly Fraction at RM 3.5,WY 20042006
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(James, 2007)

The total P load from the lower Minnesota RiveWY 20042006 was roughly split into thirds
as soluble P, biologically labile @ biologically refractory PBecausemost phosphorus
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transported downstrearigh levels ofSRP andiologically labile P in the lower Minnesota
River have important implications for eutrophication in the Mississippi River and Lake Pepin.
James anddrson (2008) estimated that the recycling potential of the P load via diffusive sed
ment P flux under anoxic conditions was appmeately 17 mg/rfid.

8.3 PhosphorusDynamics

Phosphorus is not static in rivers; its form changes with physical, chemical céogidall
processes. The ERDC studied phosphorus dynamics in the lower Minnesota River]lgspecia
processes that control transformatidretwea soluble and particulate fornfdames, 2007)

They attempted to understand what cont8R¥> concentrations the riverand founddifferent
answers at dferent flows Phosphorus demonstrated complex seasonal and flow patterns.

At higher flows, SRP concentrations in the river remained fairly stable and at equilibrium with P
adsorbed (loosely bound) to suspenselitis. Laboratory>geriments were conducteding
assays with known SRP concentratitmsletermine the cesover pointvhen SRPstartedad-
sorbingto suspended solids collected from the Minnesota RiVhis point is called the equil
brium P concemation (EPQ. Adsorption occurred above an EPC of 0.117 mg/L, while gesor
tion occurred below this poinfThe EPC wasimilar to the mean SRP concentratiorthe river
when the suspended solids were collected (0.116 m&hamples were collected at higtil®ws
by design This suggested that suspended solids contr@REconcentrationsia phosphate
bufferingunder these conditions he researchersoted that the EPC fdhe lower Minresota
Riverwas high relative to EPC values reported for otheresgst They also noted thattos-
phate bufferingcan be an important P source for mipjankton growth.

During summer lowflow conditions,biological controls became increasingly important inyP d
namics. Figure20 contains dongitudinal plot of CHLA and Roncentrations from RM 40 to the
mouth during September 418, 2006, when river flows were low&00 cfs or ~23 fits). Dur-

ing this period, ancentration®f inorganic suspended solidererelatively low (4050 mg/L)
Between R1 40 and 25SRP concentrationsere very low whileCHLA concentrationsvere

very high. This sugjested phytoplankton uptake of SRP and conversiparttculateorganicP
asPwas incorporated into phytoplaak biomass.

Between RM25 and the mouth, ¢halgae increasingly dieand decompasl, as evidenced by

the decrease inable chlorophyll (an indicator of living algaegnd the increase in phaeophytin
a (a degradation product of chlorophg)l. The mineralization of organictB inorganic P pa
tially explairsthe increase in SRP concetibas near the mouthSRP loads from the WWTPs
provide anoher explanationyith sediment P flux playing a minor role.
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Figure 20 - Chlorophyll and PhosphorusConcentrations, RM 40 to Mouh, 9/11-13/06
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Abiotic controls over SRP concentrations at higher flows shiftedotalzontrols at lower
flows. Phosphate buffering by suspended solids maietthigh SRP concentrations at higher
flows, providing a P source for phytapkton growth. While SRP ooentrations becae very
low in the upper reach during low river flows, yheere restored by WWTP effluent loads and
algal dieoff in the lower reach.

8.4 SedimentBed Nutrient Fluxes

The ERDCused information from the sedimdmgd assessment to determine representative
sampling locations for collecting cores to measure sediment characteristics and nutrient fluxes
(James, 2007)Analyses were conducted at thau GalleAquatic Ecology laboratory Total
sedment P was positivelselated to sediment moisture, silt, and clay content, suggesting that
more flocculent and finer sedimentgre associated with high P concentrations. The sediment
contained mostly refractory P forms, but the most common labile formboand P, was pes
tively correlated with rates of P release from the sediméntelease rates ranged from 0.7 to 6.5
mg/nf/d under oxic conditions; rates were 3.7 to 4.8 times higher under anoxic conditions.
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Total and exchangeable nitrog@) in the sediment were algwsitively related to moisture,

silt, and clay content. Bacterial nitrification occurred under oxic conditions, converting most
ammonium to nitrate, so ammonium release occurred primarily under anoxic conditiamgc A
NH4 releaseates ranged from 218 41.8 mg/rfyd. Unlike phosphorus, nitrogen release rates
were not significantly correlated to sediment characteristics or exchangeable N @biocsntr

Using thesedimentbedmap and egression relationships among $edimentcharacteriscs, the
ERDC estimated that SRP release rates averaged 21.3fdgyminder anoxic coritions and
4.0 mg/nf/day under oxic conditions in the lower 26 mil&stimatedSRP loads contiited by
the sediment bed to the lower Minnesota River during the low flow pefiddly 157 Septen-
ber 30, 2006, representedly 5.8% of the total SRP buddgdiable?). With increasing depaes
tion of fine particles under lower flowd)is potion mightincreasebut is estimated to remain
under 10% of the tat P load at RM 3.5. At flows greater than 7000 cfs (28@)xthe sediment
bedcontributes less than 1% to the P budget.

HydrQ, (2007)conducted a pilot study in which they measwediment nutrient fluxes in the
field. While more difficult, field measurements involve less didbance of the sediment and
provide more natural conditions than laboratory measurements. On September 4ut2ied®, n
samples were collected fragpecialchanbers positioned othe river becat RM 11.2to measure
sediment oygen demandThe mean SRP release rate was 5.4 rfig/omder oxic conditions,
which is similar to the rate estatedby James (2007#pr sandsilt sediments at RM 11.5 (4.8
mg/mf/d). The mean NH4 release rate from the chambers was 48.°fg/irepresenttive

of a larger areahis sedimentelease rateould represent a significant NH4 source to the river.
Not enough dataas collected to estimate the sedimeat contribution to the NH4 budget.

8.5 Model Results for Phosphorus and Nitrogen

The CE-QUAL-W2 model version3.6,includes astate vamblefor SRP (PO4)andsimulates
various forms oparticulateorganic F butit only partially supportparticulateforms ofinorgan-

ic P(Cole and Wells, 2008). CRUAL-W2 includes simple phosphorus sorptiorpaticles

and subsequent settling, but the model does not support desorption and more comjasx kine
For this reason, the phosphorus portioning coefficient (PARTP) was set to zero irréiné gu
plication (i.e., particulate inorganic P was not mledg The Lower Minnesota River Modet-
cludesthe state variable PGahd simulates particulate organic P associated with state variables
for CBOD, nonliving organic matter, and phytogtton.

Sediment phosphatd ammoniunmelease can be representedhia model as a zemrder
processas dfirst-order process linked to organic matter settling and decagaocombiration
(Cole and Wells, 2008)In the Lower Minnesota Riveodel, it is modeled as a zeayder
process thas linked to sediment oxyn demandSOD)rates temperature, and DEncenta-
tions Nutrient elease ratesraspecified as a fraction of SOD rates: 0.010 for NH4 and 0.001
for PO4. The DO half-saturation constaf©O2LIM) for aerobic processes was set to 0.1 mg/L.

Figure21 andFigure22 show thecalibration results fof P andSRP(PO4) at RM3.5. TPis a
derived variable calculated from SRP and the particulate organic P fomtiemed above. The
model tends to slightlynder predict TP at all locationdHowever, the AME i9.10 mg/Lat RM
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3.5, which is bé&w thetargetof 0.11 mg/L(10% of the measurathtarangg. The moel does a
good jobwith SRPpredctions. At Fort Snellingthe AME is0.04 mg/L, which iswell below
thetargetof 0.06 mg/L The model tends to over pred@RPat the threelownstream stéons
(RM 14.3, 8.5, an®.5). This may be due tthe SRPTP ratiosusedto estimateSRPfrom efflu-
ent TP athe WWTPs when SRP wast available. Ratios of 0.90@&0.81 were ssigned to
Blue Lake and Seneca, respectively, from linear regressiddR®fand TR20042006. The
equations over predieffluentSRP at low TP concentrations. The medit#luent SRP:TP ratio
during this period was 0.6 (see Sectidn]). River TP and SRP conceations decreadae-
tween 1988 and 2062006 especially in late sumen. This is partly due tlower river flows
and less dilution in 198®&utit may also be partly due reduced effluent loads.

Figure 21 - Model Results for Total Phosphorus at RM 3.5, 1988 and 202006

1988, 2001-2006 Total Phosphorus at RM 3.5
ME =-0.016846
N AME = 0.06163
RMSE =0.10358
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Figure 22 - Model Results for Orthophosphate at RM 3.5, 1988 and 20€2006
1988, 2001-2006 Orthophosphate at RM 3.5
ME = 0.029483
AME = 0.035932
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(Smith et al., 2010)
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CE-QUAL-W?2, version 3.6, allows simulation of inorganic N as nitnaiteite and ammonium
and organic N associated with CBOD, nonliving organic matter, and phytoplankton. clm-the

rentmodeb mputsandouput s, ANO3O

i ncl uederegenbMhéeniNHA i t r at e

was eported adelow the detection limifroughly a quarter of samples at RNb 31 200602009,
the value waset tothe detection level d.02 mg/L. The belowdetection values were initially
set to zero, but the model produced bettanltes/hen the values weret to 0.02 mg/L.

Figure23 andFigure24 show the calibration results for NO3 and N&t4RM 3.5 for seven
years. The user cabsorequesimodel outpufor various derivedN variables; for example,
TKN was compared against measured daténgthe calibration The model tends toodvery
well with NO3predictions. At Fort Snellinghe AME is0.62 mg/L,which is well below the
calibrationtargetof 1.46 mg/L(10% of measuredatarangg.

As with most variableshe AME for NH4 increases as the river approaches the mbathever,
even at Fort Snellinghe AME is0.12mg/L, which is much less than thargetof 0.25 mg/L
During the summer of 1988, the model under predicts hiétinningat RM 14.3, which was
downstream fronBlue Lake and two smallevastewater treatent plantglater closed) Effl u-
ent NH4 loads were well defined in all yeasnitrification or another ratenay have beedif-
ferent in the river in 1988Model coefficients for all years are identical with the eptaan of
faster CBOD decay rates for the WWTPs in 1988e moetl also didvery well withTKN pre-
dictions. At Fort Snellingthe AME is 0.32ng/L, which is below théargetof 0.47 mg/L

Notethe dfferences in water quality between 1988 and the later y8drs.addition of nitrifia-
tion at the WWTPs in the mi#i990spartially explainsthe decrease NH4 concentrations and
increase in NO3 concentrations in the river. For estimating the conaamgitun-ionized
ammonia (toxic form), the user could combine mesktimated NH4 with continuously mea
ured temperature and pH at RM 3.5. Terapee is simulated in the model apld can be sim-
lated,but adequatelata (e.g.total inorganic carbonyere not availableo sugport pH.

Figure 23 - Model Results for Nitrate Nitrogen at RM 3.5, 1988 and 2062006

1988, 2001-2006 Nitrate at RM 3.5
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Figure 24 - Model Results for Ammonium Nitrogen at RM 3.5, 1988 and 2002006

1988, 2001-2006 Ammonium at RM 3.5
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9 PHYTOPLANKTON

The State of Minnesota currently hasmericeutrophication standards for lakes baty nara-

tive standard$or rivers andother watebodies. As part of triennial rule revisiorduring2008

2011, numeric wat-quality standards for nutrients and their impacts to river and streansecosy
tems are beindevelopedwith promulgation expected in 201 While the lower Minesota Rv-

er is not yeformally listed as impaired due to excess nutrientseishstudies hae dowmented

the highly eutrophic condions of this reach

Following are three examples$ thestudies In the second phase of the DO TMDL study of the
lower Minnesota Rivemphosphorus load reductions werggtetedbecauséehe study identified
phosphousas the cause tiigh levels of algaghose respiration and decongitecon produced
highBOD and low DOconcentration§MPCA, 2004). Sixty miles downstream of the canfl
ence of the Minnesota and Missippi Riversis a20-mile-long natural impounaient,Lake Re-
pin, which is listed as impaired for excess rants. Bymodelng the systemLimnoTech (2009)
demonstrated that upstream loading of algal biomass tihe Mimesota River was amportant
source of algal biomass to Lake Pepin, and upstream padioeeded wtake prodativity even
during lowflow summer periodsFinally, in a study of phosphorasd chlorophyll éation-

ships in 116 temperate streams around the gldeNieuwenhuyse and Jones (1996) found the
highest summer average chloroploghcentréion in the Minnesota River at Jordgtotal chb-
rophylla, 170e g /1R761992)

The current project didot include aspecialstudy focusedtrictly on phytoplankton dynamics;
however, all studies touched on phytoplankton to some degree. The following sections examine
results for two phytoplankton measureb|orophyll a and biomass, and explore their seasonal

and spatiapatterns antheir relationshipsto temperature, light, and nutrients.
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9.1 Chlorophyll a Patterns and Relationships

Figure25 displays mean monthighlorophylla concentrabns at RM 39.4 an&M 3.5 for the
period 2002009.Un | ess n ot e do(CHBA) imdars phagophytibotrected chlar-
phyll a, which isassociated with living alga€lhis period was chosen because MCES used a
consistent analytical metd (modified monochromati¢p determineéCHLA throughout the se
en years.Algal levelsnaturallychange from month to monih response to changeswiater
temperaturgeriver flow, and ®lar energy.

At both monitoring stationgneanmonthly concentrationsvere low during January through
March and then peakiabove 6CG g /inlApril and Mayduring 20032009. Asreferencs, the
state standard f@ZHLA isless tharBOe g /ada summer average in shallow lakes of southwe
tern Minnesotaandthe CHLA goalin the DO TMDL study is 52 g /ad.a lowflow summer
average at Jorda The meamonthlyconcentration declirlesomewhat in June but then readh
a second higher peak &ugust and Septelper thatexceeded 00 g /atlJordan In a lake, his
levelwould indicatehypereutrophicondtions During the sevetyear periodcorncentrdions at
RM 39.4 exceeded00¢ g /orLspecific dates in April 2004, August 2006, angyAst 2008.

Starting in September, seasonal patterns at the two stations diverged. At RMe&&h4,
monthlyCHLA concentrations dropped from August to Decembeirgdu20032009. HydrQ

(2007) found that solar energy in terms of visible light energy per day was more than twice as
high during their survey in July 2006 than when they returned in September. Theyeeited d
creased solar energy as one of the factorsetsty gross primary production in the September
survey. Mean monthly CHLA concentrations at RM 3.5 were lower than at RM 39.4 during
most of the year, especially JuBeptember, but they rose to a third peak abowe §0inlNo-
vember and exceeded mean concentrations at Jordan in November throwginyFebr

Figure 25 - Mean Monthly Chlorophyll a Concentrations at RM 39.4 and3.5, 20032009
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During 20032009, mean annu@lHLA concentrations wer67and 56¢ g /atltRM 39.4 and 3.5,
respetively, and summer means were&id 65¢ g / Hor the period 9761996, Meyer and
Schelhaass (2000) portedmeanannualchlorophylla concentrations of 60 and 83g /atlRM

39.4 and 3.5, respieely. They exanined totalchlorophylla (trichromatic methodpot ca-

rected for phaeophytia) and fow-weightedconcentrations, but results for the recent seyear
period are similarly highThe earlier report observed that concentrations peaked in Mayand O
tober 4 RM 3.5.

Algal levels also change in response to river flowgure18in Section8.1shows CHLAcon-
centrdions decreasing with increasifigws during April-November, 200£2006. James (2007)
attributed this response to flushing and cellular washottgher flows During the iceree
months, CHLAconcentriions wee generally highest during periods of lower flow.

At lower flows in late sumnrethe decrease in CHL&oncentrations between R88.4and 3.5
becomes more appareritor exampleFigure20in Section8.3 showsthatCHLA concentrations
associated with livingalgaedecreaseffom 150¢ g /atlRM 39.4 to 22 g /atlRM 3.5 during
September 1-13, 2006, while phaeophytaassociated with dead algaeieasedrom 2.7 to
39.3e g / This represented a drop in the percent vialie A from 97% at Jordan to 72% at
Fort Snelling. MPCA (2007akeported no correlation betwe@iLA concentration and river
mile in July 2006buttheyobservedCHLA decreasingndphaeophytira increasingn a down-
stream direction at lower flows in Septieer 2006.

The senescence and settling of phytoplanktonridaries to oxygen demand in the water column

and sediment in the lower reacluéghe Minnesota RiverSmith et al. (2010dlemonstrateth

the modethat algal respittion was also airmportant component of the DO deficit in the naavig

tion channel dung July-September 1988 and JuBeptember 200&¢e Sectiod0.6. Greater

depths in the channel lead to slower velocities and increased settling of phytoplankton, especially
theheavierdiatoms. MPCA (2007c) noted decreasing BX@l pH from upstream to downstream
stations during the sonde surveys, especially in September 2006, which may be explagied by d
creasing algal activity.

During oxygenassessments in July and September 2006, Hy@@7)found the photic zone
limited toroughly one meter or 281 percent of the water colugmwhich limited the growth @
tential of the phytoplankton communityn the channel, phytopl&ton can settle or be mixed
below te photic zone and become ligimited. James (2007) found an inverstationship le-
tweenflow and CHLA concentratiand attributedhis patternto the influence of flow and re
idence time on algal growth and washout.

James (2007) examined relationshapsongphosphorus, suspended solids, and phytdgpden
during 20042006 (seeSection8.3). At higher flows, equilibrium relationships between gho
phorus and spended solids appeatto maintain average SRP concentrations at 0.115 mg/L.
At lower flows, phytoplanktolynamics became more impamt with growth and uptakeduc-
ing SRP concentrations to near zero at RM 39.4 as in late summerR220@& 20 in Section

8.3). On several occasions during 268306, James (2007) found SRP declimesn ~ 0.100to

< 0.010 mg/L on the falling limb of hydigraph peaks On these occasions, the molar nitregen
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to-phosphorus ratios were greater than 50 suggesting potential P limitation in the upper reach
between RM39.4 and 25.1 However, effluent loadsom the Blue Lake WWTP at RM 20.5
replenished SRP concerttoms, which wergrobably assimilated by algae for grovaibwn-

stream of the facility Senescence exceeded growth in the lower rigglelte summer 2008s
indicated bymcreasing phaeophytaconcentrationsThrough senescence, particulate organic P
in the form of algae at Jordaventually converts to SRP downstream in the water column or
sedment bed.Additional contributions from the $e&ca WWTPalgal senescencand sediment
bedled to RP concentrationgreater than 0.100 mgdowrstream of RM 7.2as seen in $e
tember2006

9.2 Phytoplankton Biomass andGroups

MCES collected phytoplankton samples at RM 3.5 from July 2003 through September 2006 and
at RM 39.4 from February 2005 through Sapber 2006. Dr. Jeffrey Janik, a consuliahb

has analyzedhany samples from thdississippi River and Lake Pepienified and counted

the phytoplankton to thgpecies level and measut@dvolumes. Assuming a egific gravity of
1.0,biomass € g frash weight) issquivalent to the biovolume (mfm®). Species identifia-

tions and biomass estimatesrealsoavailablefrom Dr. Janikfor samples collected at RM 3.5
during Jamary-September 1996.

Figure26 plots phytoplanktomiomass an€€HLA at RM 3.5 over the three years.idéhass ge-
erally peaked in the cooler months of spring and fall. three highest valugbat were greater
than30,000e g /odcurred orb/2/96,12/5/03, 4/15/04, and 11/4/05, which corresponded to
CHLA concentrations greater thab20¢ g / [ring some summers, biomass gtagher than
10,000e g /ad.in 1996, 2004, and 200Biomass levels at RM 39.4 generally trackedsely

with RM 3.5 during 200%nd 2006, but there were daip the late summer when biomass at Jo
dan exceeded biomass at Fort Snelling. This reinforces the atserthatphytoplanktonlevels
declinefrom RM 40 to the mouth of thdinnesota Riveundersummer lowflow condtions.

Figure 26 - Phytoplankton Biomass and Chloophyll aat RM 3.5, 20032006
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While CHLA generally tracked with phytoplankton biomass at RM 3.5 during-2008, the
ratio of biomass t@CHLA varied gratly. This is expected because different phytoplankten sp
cies have different tes. Physiological state alsdfacts the stoichiometryThe median ratio of
biomassg g frésh weight) taCHLA (¢ g J in.samples collected at RM 3.5 in 1996 and 2003
2006was 79. The 2Band 78 percentiledor the ratiowere 46 and 16Gespetively. These are
low compared to thaverage value 00 reportedor marine phybplanktonby Strickland
(1966), who estimated dry weight as 20% of fresh weight. Smith @04l0) gplied a ratio of
67.5 to covert CHLA (¢ g ) tdbiomassg g /drly weight) in the CEQUAL-W2 modelafter
initially applying a ratio of 13%default = 50).Version 3.6 of the model does not supporiaar
ble stoichiometry.

Figure27 displays thaotal phytoplankton biomss (blue line) along with the percent biomass
represented by each major grqsfacked areag)vertime at RM 3.5 Diatoms wee oftenthe
dominant phytoplankton group in the lower Masota Riveduring 20032006 especially when

total algal biomass wdsgh. Moving wderin a river favors these generally heavier species.
Combining data from 1996 and 20@806, diatoms represented over 90% of the biomass at RM
3.5 in the cooler months of April, May, November and December. They represented over 75%
of the biomass in January and summer (JBeptember) and over 60% in the transition months

of February, March, and OctobdBlue-green algae represented2B% of the biomass in July,
September, and October, while green algae and other groups represesiét flthe biomass

in February and March. During these years, biomass was lowats ininter Febuary).

Figure 27 - Biomass of Major Phytoplankton Groupsat RM 3.5, 2003 2006
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9.3 Model Results forChlorophyll a

The CEQUAL-W2 model allows any number of phytoplankton groups to be defined and sim
lated (Cole and Wells, 2008). Three groups were defined in the Lower Minnesota River Model:
diatoms, bluggreen algae, and otherslany of the algal coefficients were initially basaal
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those @plied in the Upper Mississippi RivérLake Pepin Model (LimnoTech, 2009), but some

settings were adjusted during model calibration. The Lake Pepin model also contaipbythree

toplankton groups, but a portion@dfi at oms wer e

enrgoo e do represent & e

fifot h

summer assebtage of algae, leaving the omgil diatom group as a cooler weather assemblage

In CE-QUAL-W2, phytoplankton are modeled as biomass (mg/L dry wt) and relatedonca
phosphorus, and nitrogéinrough stoichiometricatios The ratios areonstanfor each phyap-
lankton group, butheycan vary among groups. At RM 39.4, biomass data were only available
for February 2005 through September 2006, so a surrogate was needed to dejplankigh

biomassat the upstrea boundary.CHLA concentrations served as the surrogate usingi-a co
0g. CBlIBA7 Bhe Iongmasls was spht Bite theethree ppyt

verson f actor of

lankton groups using biomasatd for RM 39.4vhenavailable. When not avable, the splits
werebased on mean monthly splits at RM 3.5 from 1996 and-2008. Therefore, lie best

calibration data sdor phytoplanktorwas for the period February 2005 througipt8mber 2006

when bomass dta were available fdyvoth RM 39.4 and 3.5.

Figure28 show the final calibration results for CHLA concentrations at RM 3.5 during 1988 and
2001:2006. CHLA is a derived variable calculated frdmacombined biomass results for the
three phytoplankton groups.h& modebenerally follows tk trendsof peaks and valleyis

CHLA concentrations At Fort Snding, the AME wa 20¢ g /which was lessthan the calila-

tion targetof 24 ¢ g /(10% of measured data rangét higher concentrations, the model tends

to urder predict In the models 02005 and 2006, th&eMEs for the predicted biomassof di-
atoms, bluegreenalgae and othellgae met the calibration targets (Smith et2010).

Figure 28 - Model Results for Chlorophyll aat RM 3.5, 1988 and 2002006
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10 OXYGEN

In 1998 the lower reach of the Minnesota Riirem RM 22 to the mouth was addedtte

s t alisteofiimpaired waters for not meeting dissolvexiygenstandards intended toaintain a
healthy fish community and protect aqudifie. In 2004 the US. Environmental Protection
Agency aproved thes t a TMDbB rmeportthatidentified pollutant sources amguantifiedload
reductions needed to meet the standistieCA, 2004). While the TMDL report wagproved,

the reach remains onehinventory of impaired waters for not meeting DO standards. Tlie crit
cal conditions for testing complianegth the standardrevery low river flows during the so-
mer, which have not occurred iecent years.

Between RM40 and 21of the Minnesot&iver, the DO standards not less tha® mg/L as ala-
ly minimum (Minnesota State Rules, Chapter 7058).RM 21, just ystream of the Blue Lake
WWTP, the standard changes to not I#sn 5 mg/L as a daily averag&he standard is applied
yearround and aall butextremely lowflows. The rule requires compliancativthe DOstan-
dard 50 pecent of the day at which the river flovis equal to the lowest weekly flow with a once
intenyear recurrence interval Qo flow). Seasonal 73 flows wereappliedin the WLA study;
for example, a 7@ flow of 282 cfs(8.0 nt/s)was computed foRM 25.1 duing the summer
months ofJune through Septemb@IPCA, 1985). At higher flowszomplance with the DO
standards expectedo occur on successively higher pentage ofdays. Under extremely dry
conditions when river flows fall below the 7¢3tatitic, the DO standard does not applynio
ever, effluent limitationsnust still be met

As in all northern temperate rivers, DO concentrations in the lower MinnesotavRiyevith

the seasmbecause the soldlty of oxygen increases agater temperatureedreases Over the
past 10 years, 2062009, mean monthly DO concentrati@isRM 3.5ranged from 7.28 mg/L in
July to 13.37 mg/L in Decembe€Concentrations also wawith river flows. For exanple, when
flows at Jordan fell below 2,000 of86.6 ni/sec) in late summer 2008aily minimumDO con-
centrationsat RM 3.5deaeagdbelow 6 mg/Land daily DO fluctuationncreasedo more than

2 mg/L (Figured). Phytoplankton activity, pollaint loadsdecompositionice, wind, and other
factors also affecDO concentions in the lower Minnesota River.

The most recent prolonged periatienDO concentrationsiere frequentlyess than 5 mg/L at
RM 3.5 occurred durindgune through August 198&n June 1, 1988neandaily flow at Jordan
decreased below 2,000 ¢&6.6 ni/sec), and in July and Augushe flowaveraged 330 ci8.5
m3/s), which is near theummer7Qyo flow. Since 1988he Blue Lake ad Seneca WWTPs were
upgadedandriver flows have been higheresulting ingenerallyhigher DO concendétions

From field measurements collectwdeklyby MCES at RM 3.5 over the past ten years, D@®-co
centrationglecreasetielow6 mg/Lon 10 dates antdelow 5 mg/L ononly two dates.Low DO
concentrationsccurred most often in late summer at lower flows.

On one of these occasi®in August 2003, the USG8corded low DO concentratiodsring a
sampling run for the mixing studgéction5.1). The ERDC used theurfer© pogramand
USGS datdo estmateandplot DO concentrations over a wider arddagure29 shows thee-
sulting plotwith measured DO displayed as bladkles and esmated DO shown ishades of
blue. Near the water surfaca,zone of DO concentratidoelow 5 mg/Llikely extended from
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RM 10 tothe mouth The zone of low DO was more extensinear the river bedOn the next
day & required by penit, operators at thhSeneca WWTP started aerating theuefit to 16
mg/L (as measured at the treatment plambich may have helped to improve DO conditions
later in the summer.

Figure 291 SurfaceDissolvedOxygenConcentrations (mg/L),RM 40 to Mouth, 8/21/2003
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While the DO standard has been met since 19@88otver Minnesota Riveshows the potential
for concentrations to fall below 5 rigunder summer lowlow conditions The questione-
mains how the river wilfespond during a prohged drought period with river flows near the
7Qo Statisticand pointsource discharge®eartheir permitted limits.The monitoring program
and modeling project were designed to answer this question.

The WLA study ofDO and BOD inthe lower Minnesota iRer induded an analysis of model
sensitivity to different inputs (MPCA, 1985). The sensitivity analysis ranked the rates fa-reaer
tion, phytoplankton respiration, and sediment oxygen demand among the masamnfos $-
mulatingand understandinQO in the river Learnirg from the previous efforpartnersn the
current projecplaced a priority on measuring these and other oxygkatted rates. Field rae
surements would help bracket appropriate settings for the Minnesota River from ranges in the
literature. Also, by masuring rates concurrentlysaapshot of the various credits and debits to
the oxygen budget could bewetloped durig a short survey of the river

HydrO, (2007) conducted two assessments of oxygen dynamics in the lowesshliafRiver
during the summenf 2006when river flows at Jordan were less than 2,000 cfs (5&€. The
work included measurements or estimates of the followingesses:

A Reaerationor the transfer of oxygemetween the atmosphere aiger

A Atmospheric diffusion or the movement of oxyen molecules from higto low concenta-
tions between the atmosphere and river

A Water-column production and respiration or oxygen gains and lossisthe water clumn
due largely to photosynthesis, respiration, and decay
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Sedimentoxygen demand(SOD) or the loss of oxygen due to the decomposition of organic
matter in the sachent bed
Community substrate oxygen demanqCSOD) or the loss of oxygen due t@dthemical
processes across all substrates, including sedif8&m), rocks, log, and aquatic plants

A Community oxygen metabolismor oxygen gains and losses in the river from all sources
and sinks in the air, water, and sediment

A full assessment was completed during July2#7 2006, at an average flow q220 cfs (62.3
m?/s), anda scaleelown assessment was completed duringust 31September 4, 2006 at an
average flow of 966 cfs (27m%s). Reaeration and diffusion were measured over the entire 40
miles, while the other rates were measuresbastations selected for theircktionin relation to
point sourcesindthe navigation channelln tandem with the Hydr@assessmentthe MPCA
conducted synoptic watguality surveysheretheycontinuously monitored DO, pH, temper
ture, and conductivity at multiple stations with setdjuipped buoys and collected grab samples
for analytcal testYMPCA, 2007c)

After analyzing results from the two assessmmanydrO, concluded that all of the above

processes are important to consider when evaluating current and future DO I|dkiel$owver
Minnesota River The followingsections summarizindings abouindividual commnents of
the DO budgetFor moreinformation, see theeports by Hydr@(2007) and MPCA (2007c).

10.1 Reaeration

Reaeratiomatecoefficiens measured in the lowerivhesota River were typical for deep, stow
moving weterswith little turbulencgHydrO,, 2007). Coefficientsranged from 0.4 to 1.2 per
day in the July survey arftbm 0.2 to 1.7per dayin the September survey (basat 20° C).In
general, the coeffients were lower in September than in July. Stream reaeration istiafuof
turbulence, and lower flows in September yielded less turbuldnateep, slowmoving rivers,
reaeration generally declines with decreasing flow

Different techniques were plied in the upper and lower reaches duedimplicating factors in
the lower 20 miles (e.g., discharges, withdrawals, and poolig)as tracer was used in thp-u
per reach, while a diffusion dome was used in the lower re@chcurrentmeasuements usig
both teclmiques between RMO0.0 and 18.¥ielded only al2% difference, providingorfidence
in reaerdon ratecoefficiens determined withthe surrogate dome method comparethtores-
ognized accuracy of the gas tracer method

Figure30 shows reaeratiom terms ofthe net rate of oxygen changespecific river miles This

rate is computed by multiplying tlieaeratiorrate coefficient by the wateolumn DO deficit.

A positive rate (Agai ngiomihe atrmosphese tdtheoivek. 0 Xx y g e n
negative r at e (Wbehgypsrgedfyomsha rover ®© the atnyogpbene.
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Figure 30 - OxygenReaerationat Six Sitesduring Two Surveys in 2006
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(HydrOy,, 2007)

Reaeration is normallamajorsource of oxygen to rers. This was seen the September su

vey at RM1.0 and 6.5vhere reaet#on contributed 0.4 and 1.4 i©g/L/day, respectively, to the
river (Figure30). However, in the July survegxygen prodaed by phytoplankton led to supe
saturated contdons, whicr esul t ed
water column to the atmpbiere. Based on Hyds® s

this was an unusual occurrence relat high algal productivitgnd resulting supersaturated DO

n

$ieag 0 ampOgliidayfir@nftle g as

exXxtensi v ewateradiks, o n

conditions Reaeration effects dhe oxygen budgetvere greater within the navigation cime|,
which may be related to algal activitipstream othechannel at RM21.0 and 39.4, theet
effect of reaeration on DO concentratiomas minor during the twosaessents; that is, gains
due to reaeration were balanced by losses at these two locations.

10.2Water-Column Production and Respiration

Biological production and respiratian the water columwere strong components of oxygen
dynamics during two surveys under low flow conditions in summer 2006 (Hy&007).
Changes in oxygen levels due to these factors were measured with light and dark Absibes.
river stationsn the July survey, ges primary produain (GPP)ranged from 7 to 4
gmO,/m?day, while respiratior(R) ranged frons to 27gmO,/m?/dayusing the enclosed bottle
techniqugTable8). Advancing into the fall season withe accompanyindrop insolarenergy

and light, production decreaseddye 7 gmO,/m?day in the September survey, while respiration

remained high at47 gnD./m?day. Phytoplanktoarelikely the main source of GPP in the
lower Minnesota River becausggh turbidityand low lightinhibit periphyton and macrophyte
growth. CHLA concentrationsat the six stationaveraged.25¢ g /during the July survey and
82¢ g /during the September surveln addition to phytoplanktorbaderia and other orga
ismscontribute to respation ratesn the water column
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Table 8 - Water-Column Production and Respiration July and September, 2006

Gross Primary Production (GPP), Respiration (R),
and Phaeophytin-Corrected Chlorophyll a (CHLA)
(GPP & R, gmO,/m%/day; CHLA, € g ) L
7/17/06-7/24/06 8/31/06-9/4/06

Station GPP R CHLA GPP R CHLA
RM 39.4 9.29 9.97 130 4.40 6.78 110
RM 21 7.22 6.21 110 5.19 5.84 75
RM 15 16.77 13.99 113 4.50 7.69 70
RM 11.2 7.93 10.44 113 4.33 14.40 73
RM 6.5 9.74 | 26.91 138 6.33 | 16.80 94
RM 1 6.45 9.90 145 6.58 9.38 71

(HydrO,, 2007)

Combining the two rates into a single GPP:R rgirovides insights into the ophic state of the
river and the net impact on the DO budgatratio of one or greater inctites an autaiphic
state in whiclphytoplanktorproduce enougbO via photosynthesi® exceed respiratiored
mands in the riverA ratio o less than one indicatasheterotrophic staia which phytoplak-
ton producensufficient DOto meet the demands of pastion.

The GPP:R ratios iRigure31 showa metabolic progressiat the three upstream sitiesm an
aubtrophic state iduly 2006 to a hetereotrophic state in September 2006. coincided with a

halving of solar energy between ttveo surveys. Only in Julgt the three sites upstream of the
navigation channel dithe ratio approach or exceed pmelicating that phydplankton were a

net source of oxygen to the river. At all six stations in September and the three downstream st

tions inJuly, the ratio was less than emadicating thaphytoplankton were a net sik oxygen

from the river.

Figure 317 Production-to-Respiration Ratios at Six Sitesluring Two Surveys in 2006
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10.3 Sediment Oxygen Demand

HydrO, (2007)measuredates ofsediment oxygen demand in the field with large chamiers
loyed by a diver to asire effective seating on the river bélcheyapplied informationfrom the
sedmentbed assessmewhen seleghg sitesto match the dominant satyates of silt and sand
Figure32 displays the measured SOD ratesjich rangedrom 0.22 to 2.7@mO,/m?/daywith
oneexcefion: 4.01 gnD,/m%day at RM 21 in the July surveylhis maximum rate and the mgi
imum rate of 0.22 g@,/m?/day at RM 39.4 in July were corroborated by CSOD calculations
(see next s#ion). Except for the one higvalue, SOD r@s measureadhithe lower Minnesota
River were low to moderate compared to other studies extensive data base of SODame
surements using aimilar insitu chamber method.

Figure 32 - Sediment Oxygen Demand at St Sitesduring Three Surveys in1980 and 2006
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(HydrO,, 2007)

In SeptembeBOD rates were measuradgecond timat threeof the six stationso evaluate
changesunder lower river flows. Rates decreased greatly at RM 2hbtgtased at RM5 and
11.2. The diver observed increased flocculent deposits on the sediment bed and chambers in
September. Decreased flow andreat velocity caread to increaseskettling of fine organic
mater, which canncrease SOD ratexd lower river flows

HydrO, compard SOD rates measured in 2006 with rates measured by the MPCA iatl980
roughly the same locations (Hydr,@007; MPCA, 1985)River flows in September 1980
ranged from 857 to 1,830 cf&igure32 shows thatates meagred inSeptemberl980near RM
7,11, and 21 were simildo rates measured @ither July or Septemb@006 providing some
basis for the application of egific rate ranges within certain reaches of the study. area
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10.4Total Community Production and Demand

HydrO, (2007)hadplanned to calculate total community oxygen metaboéschcommunity
substrate oxygen demand by applying the diel curve method to cordidataucollected during
thesonde surveys (MPCA, 2007c). Unfortunatelgta collected ahe downstreamtations

(RM 15, 11.2, 6.5, andL.0) were not suitable for this methode to complicating factoiaclud-
ing equipment failure, supersaturated conditipa®ling effects, and navigation traffic. HydrO
wasonly able to compe complete oxygen budgets feM 39.4 and 21n the July stvey and
near RM21-22 in the September surveyhese siteare located upstream ofajor pointsource
discharges anthe navigation channel, which could change the mix of factors affecting the ox
gen budget.

Figure33 shows the total community oxygen demand and produatider the three settings.
On the plus sidef the oxygen budgegross primary production in the water colulikely dom-
inatedcommunity productionCHLA concentrations and GPPiea were hgh at thessites
(Table8in Section10.2. With light limiting the growth of attached algae and submersed-veg
tation, phytoplankton werdékely the major sourceof oxygen under these ciomstancesThe

net effect of diffusion over the aaterinterface had aegligibleeffect onthe oxygen biance

at theseupstream site@igure30in Sectionl10.1).

Figure 33 - Oxygen Demand and Production atTwo Sites on ThreeDates in 2006
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(HydrO,, 2007)

On the negative sidef the oxygen budgetespiration and decomposition in the water column
dominatedotal communityoxygen denandin the riverunder thehree settigs (Figure33).
Phytoplankton respiration was likely ajar sink, but the activities dfacteria anather orga-
ismsalsocontributedto watercolumn demand Community substrate oxygen denggplayed a
lesser rolen the oxyygenbudget althaugh it represented a sizeable portarRM 21 during the
July survey. Of the various lsstrates (e.g., sediment, deadfall, and rocks), sediment was the
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largest source of CSOan thethree occasions, ranging from 54% at RM 39.4 to 90% at RM
21.0 in the July swey.

The net effect of community production and demand was positive in July with gains of 0.63 and
1.79 gmQ/m®day at RM 21.0 and RM 39.4, respectively. It changed to slightly negei@s (
gmOy/m’/day) at RM 2122 in SeptemberFrom theprevious sections, it is likely that water

column respiration contributed an even larger portion of oxygen deatamgsn the navig-

tion channeland reaeration played ader role in the oxygen budget downstream sites

MPCA (2007c) notd spatial and temporal patterns in DO concentrations from the two sonde
surveys in July and September 2006. DO concentrations decreased in a downstotiam dire
from RM 39.4 tothe mouth Vertically, concentrations were generally well mixed at stations
upstream of the navigation channel, but wide-tofbottom differences occurred at downstream
stations, gpecially during the day. In July, algal activity produced supersaturated DO conditions
and wide diel DO fluctugon. DO flux between the minimumoncentration near dawn amalax-

imum concentration in late afternocanged from 4 mg/L at thegpstream sites to 1.5 mg/L near

the mouth.

10.5Biochemical Oxygen Demand

Since the WLA studyn 1985, the Blue Lake and Seneca WWTiRseupgraded to advanced
secondey treatment wih nitrification. As showrior the Seneca WWTH Figure2 (Section2),
meanannualeffluent CBOD concentratiawere generally greater than mhg/L before the p-
grades. Since 1993,ehhave been consistently less tlgamg/L as annual means afebs than

5 mg/L as summer meandlany facilities that discharge to the Minnesota River upstream of
Jordan have also upgraded to higher treatment leVéls.improvementsontributed to deces-
ing trends in BOBconcentations at RM 39.4hat have beedocumented in two reports.
MPCA (2002) showed a 34% decrease over tneg 19772001, and Kloiber (2004) showed a
38% decrease over the period 12®2. The MPCA report showed a similar ¢iee in BODs
concentrations at Fort Snelling

During thethreeyear monitoring progran2004-2006, ultimate BOD and CBOD tests were run
on unfiltered and filtered samples from theerivtributaries, WWTPs, andain airport otfall on
roughly a seasonahsis. Ultimate tests are conducted for up to 70 days by MCE $riasdiry
Services.Appendix A in Smith et al. (2010) contains summary statistics for theatkto-5-
day(U:5) ratios and bottle decay rategestresults will be valuable in a revisedl\W study ke-
causelJ:5 ratios andCBOD decay rates are important settings in the model.

Effluent characteristics have changed considersiblge the 1985 WLA studyFor example, the
mean U:5 atio for unfiltered CBOD increased at Blue Lake from 3.9 i8@.% 7.5 in 200406,

and the ratioricreased at Seneca from 3.2 in 1980 to 10.2 in-2@4Thiswas acconpanied by
slower decay rates becaws#vanced treatment iaemoved organic matter that is readiéy d
graded (labile), leavingaterial that degradesore slowly (refractory).From the results of the
20042006 tests, the averagettbe CBOD decay rate was 0.03/day in effluent samples from
Blue Lake and Seneca compared to 0.06/day in samples from the Minnesota River at Jordan
(basee at 20° C).
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10.6 Model Results forOxygen

CE-QUAL-W?2 is an advanced watguality modelthat simulates the complex D®@lationships
among the atmosphere, water column, sediment bed, organic matteplatktion,nitrogen
forms,andCBOD loads(Cole and Wells, 2008)Somerates measured in the Hydegsses-
mentswere applied directly to the GRUAL-W2 model, such as sediment geyn demandoth-
ers were applied indirectly to evaluate modelisg#t, such aseaegtion equations (Smith et al.,
2010). In its entirety, the field wiinformed the modelingeam about the importance of diffe
ent factorgo oxygen dynamics in the Minnesota Riv&tow and temperature domindtexy-
gen dynamics at most flows and seas, but phytoplankton, tisedment bedand other fetors
became inceasingly impatant at lower flows in the summg@figure34).

Figure 34 - Model Results for Dissolved Oxygen at RM 3.5, 1988 and 20Q006
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