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ABSTRACT

Rivers are hugely affected by riviee processes for a significant portion of the year causing river

ice jams in Northern rivers such as the Missouri River in Montana. Ice jamming is an accumulation
of ice in a river, stream, or other flooding sources that reduces thesexigmal areavailable to

carry the flow and increases the wadarface elevation. Several researchers have conducted a
variety of river ice studies over the years which resulted in a comprehensive dataset including
meteorological, hydrometric, and river ice data. @halyses of these data provide evidence of a
highly complex ice regime. This study of ice jam events in the Missouri River is conducted as a
part of the pr oj e-zdrotdinBdaratuceyon thegvolefe bf vater and dis€hargeu b

inthe Missour Ri ver 0 funded by Northwestern Energy

The flow analysis using the USGS hydrometric data (discharge, gage height, and water
temperature) is carried out from the Holter, MT to Great Falls, MT at the Missouri River which is
~100 river miles. Severate jam events during the winter from 202022 were analyzed,
studying the discharge loss downstream of the ice jam location, gage height increases upstream of
the ice jam location, and air temperature during the ice formation event. Flow analysis spreadsheet
capable of automatically downloading hydronmettata available at the USGS gage stations from

the Holter to MoronyDam is prepared which also downloads the visual crossing website weather
data for historical and future periods for Great Falls. This spreadsheet is used to identify a potential

ice jammng event from freezing degree hours during any event.

The model preparation of HERAS is done for the Missouri River using the Lidar data and USGS
data with the bathymetry data provided by Northwestern Energy Hydrofldweand water
temperature simulatns arethen carried out for Missouri River during the identified ice jam events
using the meteorological parameters. The water temperature simulation results show the evidence
of ice coverjam formation as the water temperature stays € @uring the egnt. Ice jam
simulation is carried out in HERAS after knowing the river distance that is covered by ice. The
HEC-RAS ice jam simulation model do not consider the meteorological parameters for ice jam
simulation and do not consider the dynamic processived in river ice processes, which is why
RiverlD model is selected for river ice modeling. RiverlD has the ability to perform thermal ice

jam simulation which incorporates the dynamic processes involved in river ice jam formation.
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CHAPTER 1. INTRODUCTION
1.1 BACKGROUND

Ice cover and ice jam formation in rivers during the winter seasons in the cold regions involves
dynamic and complex processBsver ice jams occur during the transitional periods of fregze

and breakup, marking the beginning and end of an ice cover season. It may also occur in mid
winter in temperate regions, during-sa | | ewi imed thawso. Jams ofte

kilometas and aggregate thickness of several meters along a river(Bsdizos 2008)

Ice jamming(Figurel.1) in the river is simply the accumulation of ice in rivers, streams, or other
sources which reduces the cregstional area, and increases the wsieface elevatio(Federal
Emergency Management Agency 2018k jams are a buildup of water behind ice invamrto
potentially cause floodsecause of snowmelt runoff adding more water to the.rdeerjams can

result in higher water levels at lower discharges than open water floods, posing a greater risk to
flood-prone(Lindenschmidt et al. 2016The US Army Corps of Engineers develops the Ice Jam

Databas@nd the associated webditgps://icejam.sec.usace.army.ntd/provide the information

of ice jams formed in all northern US#ateslce forms at a natural or mamade obstacles.g., a
bridge Figurel.1(b)), when a somewhat abrupt change in slope, alignment,-seati®n shape,
or depth, occur¢Federal Emergency Management Agency 20I& jams are typical where a
tributary stream reaches a big rieindenschmidt et al. 2016and the channel grade changes
from relatively steep to mild. Ice jams frequentlguk in significant increases in upstream water
surface elevation and flooding usually occurs quickly after the blockage f(ffederal

Emergency Management Agency 2018)



https://icejam.sec.usace.army.mil/

(b)

Figure 1.1 (a) lce jam formation in Yellowstone River at Miles City, Montana in 2018
(https://www.youtube.com/watch?v=6VTEAMYHShand (b)ice jam formation before a bridge
in Gallatin River near Logan, Montana frmnuary2022 (ttps://www.youtube.com/wateh
=z_TDNNVxQBJg.

Looking from the hydraulics perspective,-cevered rivers have different properties than a river

with a free surface. The presence of ice covers increases the wetted perimeter of the channel and
decreases the cressctional area. This increases tlevfresistance hence decreasing the flow
velocity and discharge capacity of the flow. The presence of ice covers also changes the flow
velocity distribution from one point to another at a given csesgion. The altered velocity
distribution has importanimplications for the energy principle of the flow hydrauli¢éhan

2006)

The Missouri River is the longest in the Unit&fatesand starts fronthe Ricky Mountains of
Southwestern Montana (MTJ.he river is responsiblfor the drainage of a sparsely inhabited,
semtarid watershed that is more than 500,000 square miles (1,300,000 km?) in size and includes
portions of ten states in the United States and two provinces in Canada. Although it is technically
considered to ba tributary of the Mississippi, the Missouri River is considerably longer than the
Mississippi River is above its confluence and transports an amount of water that is roughly
equivalent to that of the Mississippi. When coupled with the lower Mississippr,Rhe two

rivers create the river system that is the fourth longest in the world.

Along many rivers and streams in Montana, destructive floods brought on by ice jams are an
unavoidable reality of lifeThe majority of ice jams are reported to take @lat February and

March in Montana, which has the largest number of documented ice jams in the continental United



StatesDuring this period, when the cold temperatures are replaced with mild warmer temperatures
with high temperatures reaching 30to lower 40 F, thepotential for ice jam flooding in Montana

is very high. The ice jams ithe Missouri riverare mostly observedn areas where rivers are
meandering. Theee-jammedriver on suchariver bend is shown ikigurel1.2 for Missouri River.
Montana river ice and ice jam awareness website provides rich ice cover and ice jam information
https://www.arcgis.com/apps/Cascade/index.html|?appid=cf2B28c42ff9a2aef37843bdccbh

More than 80 percent of ice jams and associated flooding in Montana take place between January
and March, with the highest number occurring in Mandfen the air temperature rises above
freezing The most ice jams ever recorded single seasamere?75 in 1996. In more recent years,

2004 saw 40 ice jams, 2006 produced 14, and 23 were recorded i(Miyithna Department of

Natural Reources & Conservation 2022)

Figurel.2 Google Earth image showing river ice jam in Missouri Rimddecembef004.

The study area of ice jam events is the ~100 river miles between Holter Dam and the five Great
Falls dams at the Missouri River in Montana. As showhigure 1.3, the upstream boundary of

the study area is Holter Dam, a hydroelectric gravity dam on the Missouri River about 45 miles
northeast of Helena, MT. The reservoir formed by the dam, Holter Lake (also known as Holter

Reservoir) is 2Bnileslong and has a storagapacity of 243,000 acffeet of water when full. The
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Holter Dam is a "rurof-theriver" dam because it generates electricity without needing to store
additional water supplies behind the dam. The downstream boundary of the study area is at Great
Falls, MT, which has five damwith hydropower turbineswned bythe NorthWestern Energy
(NWE) Hydro (The Black Eagle Falls Dam, Rainbow Falls Dam, Cochrane Dam, The Great Falls

Ryan Dam, and Morony Dam).

The study area such as Great Falls has a coldaganclimate, and winters are very cold, long

(-3 months), and often snowy. There is an average of more than 20 days with air temperature
below 0°F (-17.8°C), and the record low temperature in February wasF at Great Fallslit
becomes above 32 onsome winter days (JanudiMarch). Therefore, the Missouri River from

Holter Dam to Great Falls often develops ice cauat ice jamsluring the winter perigdwvhich

reduce the available flow to hydropower turbines at five dams below GreatNPalIEs Hydro

needs to know the flow decrease due to ice cover/jam during the winter in order to parchase
adequatemount of electricity from other power companies to satisfy the power demand from its
customersMore accurate prediction or forecast of the fldecreases is important in helping N&V

Hydro to determine the necessary amount of electricity to purchase during ice jam events.

River ice jamming is seen mostly in adverse weather conditions, whichdatkeollection and
groundsurveyof ice cover/jam charaetisticsvery difficult. Despite a very high significance of
groundsurveyed data in research, it is dangerous to do field measurements directly on ice jams.
Hence, remote sensing technology is of great boon in this sector of study. Much of the previous
studies on river hydraulics have dealt with open channels that have a free surface. Little research
work has been done on tcevered rivers. As a result, our understanding of the hydraulics-of ice
covered rivers is limited, mainly because of the difficuitpbtaining field data from iceovered

rivers.

Various numerical models have been developed and applied to analyze and predict the ice cover
and ice jam processes in rivers. HRBS and Riverl1D artwo of thesemodels developed which

can be used for rivace process modeling. HERAS is a computer program for modeling water
flowing through systems of open channels and computing water surface profiles, developed by the
United States Army Corps of Engineers. RiverlD is a software developed by the Depaftmen
Civil and Environmental Engineering, University of Alberta which was adapted to incorporate a

comprehensive thermal ice process into an open water hydrodynamic model.
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Figure1.3 Google maphowingthe Missouri River from Holter Danfupstream}o Great Falls
(downstream) and 115 through Craig, Cascade, and Ulm in Montana.

1.2 SCOPES AND OBJECTIVES

The study area of the Missouri river from Holter dam to Great Falls as shdviguire1.3 is the

river used for hydroelectricity production by Northwestern EnergyrblyT he river ice jam events

affect the production of electricity in the hydropower yearly during the winter season, causing a
huge amount of loss. This study is done as a part of the project which has the primary objective of
developing a predictive mobto forecast the amount of river discharge during an ice jamming

event. This study helps in the development of the predictive model.
The primary objectives of this study are:

1) To analyze the discharge, gage height, and air temperature data of gage stations
between the Holter dam to the Morony dam, from the 2014 t6 @@¥ter seasasito

identify the ice jamming events.



2) Acquisition of bathymetry data of MissouRiver in order to develop hydraulic models
to predict and foreastthe flow reduction in the ice cover/jam events

3) DevelopHEC-RAS modes$ of MissouriRiver for open channel case, ice cover case,
and ice jam case.

4) DeveloptheHEC-RAS model for water temperatusemulation inMissouri Riverand
validate the modelith the ice jam events identified in the first objective.

5) Develop anddst theRiverlD model forMissouri River for transient simulation and
compare its result with HERAS.

1.3 THESIS ORGANIZATION
This thess is organized into nine different chapters. Chapter one covers the background, scope
and objectivesand thesis organization. This section introduces the river ice jam and the study area

for the project.

Chapter two provides the literature review fa tiver ice process, its challenges, and the benefits

of river ice modeling It discusses the recent advancementiv@r ice process. Chapter three
explains the data analysis process to identify flow decrease events. It explains the use of discharge,
wate temperature, and gage height to identify and locate ice janbse@hapter four explains the
process involved in developiraland cover classification map using LANDSAT image for the

study area.

Chapter five discusses the HERAS model setupnput data required on HERAS with steps
involved in bathymetry data acquisition. Chapter six aids in understanding and testing river ice
cover and ice jam simulation of Missouri River on HRBS. Chapter seven discusses the further
use of HECRAS with waer temperature simulation for steady flow analysis on HES for

Missouri River.

Chapter eight focuses on RiverlD, its understanding and testinigs ahiity to perform complex
river processesFinally, chapter nine contains the summary, conclusiand,scope for future

studies.



CHAPTER 2.LITERATURE REVIEW

2.1 OVERVIEW OF RIVER ICE PROCESSESS

River ice can negatively affect fish habitat, impede hydropower development, block water intakes
and outfalls, and other things in many northern regidng area where rier ice is present may

have these unfavorable effects. Some of the most important studies on river ice dynamics and
hydraulics dates to the 1960s, making it a relatively new topic of sfindytwo most important
factors in determining how ice forms are marature and turbulencklichel and Ramseier 197.1)
Temperature iselated tolocal climate and turbulence is affected by the size of the water body
(lake or river)and the materials that make up the bottom and sides of that wateiTldolylence

in rivers is driven by the watetelocity and by thechannematerialsTo describe its development,
severaleview papers have been published over the past few decades, Betth@s(1987)Shen

(2003, Hicks (2016) etc. Because rivers frequently have smagligible flow velocities and
turbulence,lte ice formation process in the northern river rivers is significantly different from that
of lakes; consequentlpothflow hydraulics and meteorological conditions play a significant role

in ice formation and deterioration in rivers.

On northern riversfreezeup normally starts in the late fall or January and is the time when a
stable ice cover occurs. Heat transfer from rivater( O°C®r 32°F) to cooler air above is the

main source of heat logsom the cooling of river wateto ice formation Precipitation (often
snowfall) and heat loss to the riverbed and banks both have the potential to result in additional heat
loss. Depending on the level of mixing and turbulence after river water has been sugercoole
(water becomes slightly below°Q) (Hicks 2016) ice may start to form in one of two ways. In
slow-moving and shallow river sections, such as those near banks, in eddies, or around islands, the
turbulence is frequently insufficient to entrain ice parti¢feshton 1979pr combine supercooled

water at the surface with the flow beld@lark 2013) In some ares a thin layer of skim ice will
devel op on the wat er (Bigure2l), sirhilardodake icRis skitnicethab or d e r
develops laterally from a rivieank toward theenteriver channe(Shen 2010Q)In the early phases

of freezeup, border ice thickens and develops laterally as heat is transferred from the riverbank to

the surrounding cold air.
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Figure 2.1 Border ice forms along théverbank(photo from S. Beltaos).

The second way that ice originates in rivers is through secondary nucleation onfireaatyice
crystals, which are known as semyistals(Kalke et al. 2019)Fracture and the generatiohmore
frazils can result from the collision of active frazil partidEgure2.2). Anchor ice may form due
to the adhesive nature of frazil, flocculation, andghauction of frazil flocs, or if frazil adheres
to the riverbedas shown irFigure2.3 Anchor ice ontheriverbedof Ram River, Alberta (photo
by R. BrownJigure2.3. Frazil flocs often referred to as frazil slush, remain in suspension until
their buoyancy is sufficient to overcome the flow's turbulence and rise sutfaee. A piece of
the slush is exposed above the water, leading to the creation of ice pans due to interstitial freezing
of water in this exposed section. Individual pans increase in thickness and surface area as new
flocs adhere laterally and to the fmonderside. Pan collisioBigure2.4) may result in crustal
thickening, hydraulic thickening, or ed¢eedge freezing.

Figure2.2 Frazil ice (photo by R. Andrishak,riversity of Albertg
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Figure2.3 Anchor ice ortheriverbedof Ram River, Alberta (photo by R. Brown)

N -

Figure2.4 Frazil pans formed after collisigphotoby F. Hicks)
Ice pans may contribute to border ice formation through a process known as b(@enk@013;
Hicks 2016)or hydraulic accumulation by sticking to previously produced border ice via thermal

growth(Shen 201Q)The streamwise forces acting upon an ice pan, such as drag and gravity, must



be balaned by the friction force between the ice pan and the bordering ice, for border ice growth
to occur in this modéShen 2010Q)

Around river bends and in constricted areas, such as between bridge piersegroims where

border ice has decreased the channel width, ice pan concentration increases. Under those
conditions, it becomes probable that the ice pans will become wedged, and it is said that bridging
has occurredrigure2.6, Figure2.7, andFigure2.7 show the ice pans and border ice beginning to

merge and startinthe bridging process of river ice.

Figure 2.5 Bridging process starting at river bends and constricted areas (photo bydaRd,Ge
University of Alberta)

For bridging to occu(Figure2.7), the forces operating on the pans in the streamwise direction,
such as the current, hydrodynamic forces, and streamwise weight, must be balanced by the
opposing forces of bank shear, iceestyth, and downstream resistance given by any impediments
(Shen 2010Q)In the absence of opposing forces to counterbalance the pushing pressures, the ice
pans will either be forced through the constrictiomvill consolidate prior to jamming or releasing

from the location of the bridge. Surface and deptaraged water velocities, water surface width

or the width of the gap in the surface obstruction, water depth, meteorological conditions, strength
and thckness of ice pans, channel geometry (including bank roughness, slope, and curvature of
channel bends), surface pan concentration, pan shape, Froude number, water discharge, and
density and porosity of ice pans all influence the bridging prqtéssz andEttema 1994; Wang

et al. 2011)There may be multiple bridging places inside a single research reach, even when study
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reaches are quite sh@dtasek and Prysgehillips 2015;Howley et al. 2019)This may result in the
propagation of a disjointed or fragmented ice frdRiverlD software allows users to define
multiple bridge locations along a river reach, aatinimum d one briging location is needed to

start thermal icaimulation using RiverlD.

Figure2.7 Bridging of rivers fronthe collision of ice pans and border ice (photo by F. Hicks)
The ice front progression rate, the rate at which an ice cover advances upstream, is a function of
the channel geometry, gradigstope) waer velocity, discharge, surface ice concentratéomd
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the upstream propagation mode. An ice pan advancing downstream towards an ice front may come
to rest edgeo-edge with the ice front, extending the ice front upstream and creating a juxtaposed
ice cower. The ice front will continue to propagate upstream in a juxtaposed manner unless the
streamwise forces acting on an ice cover outbalance the internal strength of the ice cover. If this
happens, the ice cover may collapse or shove, and mechanical ithgclelh occur, resulting in

a hummocky ice cover and/or freezp ice jamgHicks 2016) shown inFigure2.8. Alternatively,

an incoming ice pan may submerge beneath the ice front and be deposited to the underside of the
ice cover, thickening the ice cover in a process called hydraulic thick@iclgs 2016) Whether

or not an incoming pan will submerge beneath an ice cover is largely controlled by the flow
velocity, with the probability of submergence increasing with water velocity. Pan geometry,
porosity, and density also play a role in this pro¢Bsstaos 2013)It should be noted that it is

also possible for this type of ice cover to collapse, inducing additional mechanical thickening.

Figure2.8 Hummocky te cover at Bow River, Calgary (2005) (photo by Julia Blackburn)

River hydraulics are significantly impacted by immobile ice. A full or partial ice cover, including
border ice, causes the channel's hydraulic efficiency to decrease and increases itevietéet.
Furthermore, the Manning's n roughness of an ice cover's underside can range from roughly 0.01
to 0.1 (Hicks 2016) As ice coer develops, these factors result in a decrease in the hydraulic
efficiency of the channel and a sudden rise in stage, often known asiptage

12



Once it has developed, an ice cover protects the water below from the chilly air above while
preventing additioal supercooling and the generation of frazil. Continuous frazil production,
however, is possible anywhere open leads exist, such as in places where warm water influxes occur
or where the flow velocity is high enough to prevent the formation of an ice. ddwerresulting

frazil will flow downstream and either form ice pans or be swept behind an existing ice cover,
where it may be deposited and thickened. A hanging dam will form if enough frazil is dumped in
one placgAshton 1979)Figure2.9 shows the longitudinal profile of hanging dams at LaGrande
River accumulated frorthefrazil slush.
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Figure2.9 Longitudinal profile of hanging dams accumulated from frazil slush at LaGrande River,
Quebec, 1973 (photo from Michel and Drouin, 1979)

An ice cover's thickness will typically increase over the winter. Heat loss through theviee

itself to the cold air above could cause the underside of the ice cover to thicken. Thermal growth
is the term for this. Snow accumulation on an ice cover may result in the ice cover depressing or
submerging, which will cause river water to up w8lhow starts to saturate and turn into slush,

then freezes to become snow ice.

Rising air temperature§> 32 °F) trigger the breakip process, which can either be thermal or
dynamic in nature. Ice covering melting-situ causes thermal brealp, which is dectly
influenced by meteorological circumstances. It frequently happens when air temperatures are
gradually rising. The timing of thermal break typically varies greatly in space and is
fragmented. The spatial diversity of shading effects and icenéskis responsible for this. As a

13



result, open leads frequently materialize during the breakup process. Such open leads cause the
river water to warm, which may, in turn, help the downstream ice cover's underside melt thermally.

A thermal breakup can bedause of the snowmelt on the ice cover. Ice cover reduces the ice jam
surface albedo and per mits mor e Figufe2ltOhltecans un 6 s
also be because tifedevelopment of open water leads, which allows a lot of solar heat energy to
enter the flow and this warmed water melts the ice ftbeunderside Figure 2.11). Thermal

breakup can also be because of the thermal deterioration of the ice cover, which occurs at an
increasing rate as the surface albedo decrebgpe€2.12). The ice cover melts in place in river

or lake and ittypically results very little ice movement.

Figure2.10 Thermal brealkup of ice cover because of snowmelt on thecioeer photo by F.
Hicks)

Figure2.11 Thermal brealup of ice cover because of development of open water leads (photo by
F. Hicks)
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Figure2.12 Thermal brealup of ice cover because thiermal deterioration of the ice cover (photo
by F. Hicks)

The mechanical breaking of the ice cover is the consequence of dynamieupreakich is
primarily driven by hydraulic processes. A considerable increase in dis¢daeg® melting snow

or ice or upstream releas@jses the water level, raisii§ing the ice covemn the center portion

of the channehnd separating it from the shefigst border ice into floating ice sheéfghen water

levels rise, the channel top width increases, and then large floating ice sheets can move/pass
downstreanto form an ce run (Figure 2.14ayhen the flow width gets large enougtinge cracks

form parallel to the banks, and then border ice becomes inundated and melts away quickly. For
narrow channels, a single crack may form down the middle of the chBneakup ice jams can

form if the ice run is arrested at a narrostrictedcrosssection called the bridging location in
various ice jam modelsand dynamic brealp is also fragmentefFigure 1.1a) When ice jams

form (Figure 2.14b) an upstream cascade effect may result, whereby waves that are traveling
upstream trigger or ass in the mechanical release of unbroken upstream ice covers. Ice debris
will be able to move downstream once an ice jam has been released, but it may block up again at
the next restriction or obstructiqdasek 219) Most of the ice stays in the channel and the ice

jam accumulation is thiclAfter the release of an ice jam, remnant ice can pile up along the banks

and cover entire islands in the middle of a river.
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Thereforeanice run moving downstream can gto formanice jam and theranice jam breakup

or release occurs later when water level rise builds up large enough hydrostatic forces; the process
of stop and releas# ice floescontinues to happe®mall ice floes can freeze and connect to form

large ice blocks when the air temperature drops below freeByigamic breakup often begins

like a thermal ice breaup. It starts with snow melt on ice cover, with development of open leads
which often form along the thalweg where the flow is highly tunbidend fast, and the ice cover

is often the thinnesftThis results in overflow from open leads indicating rapid water level rise
(Figure2.13) to result flooding due to an ice jam (Figure 2.14c)

Figure2.13Dynamicbreakupof river ice with rising water level along thalweg (phoyofb Hicks)

When there is a sudden increase in air temperature or when there is a rainfall event that causes the
snowpack to quickly melt and the hydrograph of a riveén¢oeasesharply, the dynamic brealp

is far more likely to occur. Dynamic brealp may also be influenced or caused by additional

variables, such as increasing releases from hydropower plants, dams, or reservoirs.
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oto by Faye Hic

(a) Mackenzie River ph (c)Hay River photo by Faye Hicks

Figure2.14 (a) Rver icerun, (b) ice jam, and (c) flooding due to an ice jam.

2.2 CHALLENGES OF RIVER ICE PROCESSES AND BENEFITS OF RIVER ICE
MODELING

For engineers and geoscientists, river ice dynamics prawaeiety of difficulties. Water quality

and ecology are significantly impacted by river (¢¢hitfield and McNaughton 198@rown et

al. 2000; Prowse 2001; Lindenschmidt et al. 2@k8are rivescour(Hains and Zabilansky 2005)

flooding (Gebre et al. 2014; Kempema et al. 20p8wer outages and operational issues at

hydroelectric generating statio{Beltaos and Burrell 2003; Daly and Ettema 2006; Gebre et al.

2014) Even thoughce jams are frequently viewed as harmful processes, they are really beneficial

and required for inland deltas, supplying vital nutrients to places like the-Résteasca Delta,

a UNESCO World Heritage Si{Rokaya et al. 2019)

Although there has been significant progress in our understanding of river ice processes over the
past few decades, the difficulty of data collection remains one of the biggeststo increased
knowledge and understanding. Turcotte e{2017)provide an excellent account of some of the
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difficulties and issues related to installing and relocating equipment for the gathering of river ice
data. The most prevalent issues amement weather, a limited amount of time to collect data,

anchor and frazil ice buildup on equipment, equipment loss, damage, or theft, and battery failure.

Hypothermia is a severe concern when falling through the ice, and prolonged exposure can be
lethal Victims may be swept downstream by river currents below the ice, driving them below the
ice (Jasek and Lavalley 2003)here areseveralWways to reduce or remove these hazards, such as
through formal training, experience, awdrk avoidancdJasek and Lavalley 2003) potential

substitute for large and expensive field research for data collecting is the use of river ice models.

Investigating these issues and phenomena has always benefited greatly from river ice models. It
can offer quantitative descriptions of the river ice conditions as well as perception into a particular
ice regime or process (Blackburn and She, 2019; Shéd0) 2 is also possible to locate and/or
address gaps in the river ice community's comprehensiopradfessesby running model
simulations and comparing the results to observable data from the field.

Numerical nodels have been employed in a number ofgmtsjto date, including determining the
timing of freezeup and breakip (Prowse et al. 2007; Bijeljanin and Clark 2011; Rokaya 2020)
forecasting floods(Rokaya et al. 2019)determining flood risk(Lindenschmidt 2017)and
assessing the advantages and drawbacks of installing or building flood défendesschmidt
2017)examining the potential implications of flow regime change amdueting the impacts of
climate chang€Andrishak and Hicks 2005; Liu et al. 2015; Turcotte et al. 2019)

In the discipline of river ice engineering, numerical models range from component models, which
are used to explore a single distinct variable or process, to comprehemsilels, which are
created to replicate a river's whole winter regi@aedimensional {D) steadystate ice jam

profile models like HEERAS (Beltaos, 2013; Daly, 2003[RIVJAM (Beltaos and Wong 1986)
ICEJAM (Flato and R. 1986)xand ICETHK are the most popular modé€lguthill et al. 1998)

Under steady state conditions, these models are commonly employed to produce an ice jam profile
and the associated water levels. While most of these modelsaadepice jam profiles for nen
equilibrium jams, others can solve the equilibrium ice jam equation. Althoughitaensional

(2D) steady statece jam profile models need more processing, they often perform better in
situations where there are strong Abwf effects, such as in braided channels or deltas, or in

situations where the dynamics of structures and outfalls are important. Stable ice process models
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like ICEPRO (Malenchak 2012) ICESIM (Carson and Groeneveld 199&hd SIMGLACE

(Malenchak 2012jnay be employed when more processes or variables needdosidered

There are also a numbefrthorough oneand twaedimensional unstable ice process models.-One
dimensional models are frequently chosen overdimeensional models in practical applications

because they require less computing power and typically run simulations significantty faste
CRISSP(developed by Clarkson University under contract to CEA Technologie¥, Mi«KE-
ICE(devel oped by Danish Hydraulic I nstConseldt ebds |
Lasalle Inc), RiverlD (developed by University of Albeftaand RIVICE (developed bya
consortiumof organizations and engineering firms and completed by KGS GFogpre 3.1%

are some of the most wdiked onedimensional complete river ice models.
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Figure2.15Riverice processes simulated in RIVEIC&topted fronBheikholeslamét al., 2012
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CHAPTER 3.DATA ANALYSISFOR FLOW DECREASE EVENTS

3.1 INTRODUCTION

This data analysis was to identify the special events that occutrezMissouri River from below
Holter Dam to Great Fall§/ontanaand their characteristissnce 2014The special events in the
MissouriRiver referto when the flow rate or dischargethe USGS gage station below Morony
hasreduced abruptly (e.g., roughly 500 cfs or more per day) in December, January, February, and
March. Table 3.1 lists the information of USGS gagingtion number, station name, and earlies
date with discharge arghge height for the study arddnere are no valuable data at Cascade and
Ulm during the winter period before 20Ihree stations also have water temperature data from
10/1/2011 or 4/1/2012 to todaphe gage station below MoronySGS 06090300 MissouRiver

near Great Falls MTis located a short distance downstream from the Morony Dam, one of five
hydroelectric power generation facilities near Great Faltsl is used to analg the flow rate
decreasef more than 500 cfs in this studyhe abrupt flowdecreases ithe Missouri River during

the winter period (Decembdvlarch) could be due to various reasons, e.g., ice formation, ice jam
formation, etc., which are related to the cold weather conditidms.hourly weather data were
C@®@DOCeClimate Data Online (CDO) website

for the weather station of Great Falls Airport, MT,.08e weather datdownloadedncludes air

obtained fronthe National Climati® a t a

temperature, precipitatipand wind speedout only air temperature was analyzed

Table3.1 Stationnumber, statiomame andearlies date with dischargedgage heightor the

study area
Site Numben Station Name Early Date with Data
Discharge Gage Height

06066500* | Missouri River blHolter Dam nr Wolf Cr MT | 10/1/1994 10/1/2007
06074000 | Missouri River at Cascade MT 5/21/2014 6/16/2011
06078200 | Missouri River near Uim MT 10/1/1994 7/1/2017

06090000 | Missouri River at Great Falls MT 5/21/2014
06090300 | Missouri River near Gredalls MT (bl Morony| 10/1/1994 10/1/2007

Dam)

06071300 | Little Prickly Pear Cr at Wolf Cr MT 10/1/2007 10/1/2007
06073500* | Dearborn River near Craig MT 10/1/1995 10/1/2007
06077500* | Smith River near Eden MT 3/1/2006 10/1/2007
06089000 | Sun River neavaughn MT 10/1/1994 10/1/2007

Note: * indicates the station has water temperature data from 10/1/2011 or 4/1/2012.
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3.2 SPECIAL EVENTS IN THE WINTER OR014 2015

First, time series of discharge below Morony and air temperature at Great Falls were plotted for
each winter period to identify those special events of the abrupt flow decréigsee3.1 shows

the air temperature time seriesfro&/11/ 2014 to 3/ 31/ 2015 with a
to indicate the dates when the air temperature was notably below the freezindrigoire3.1

shows whenever air temperature went below the freezing point, the discharge below Morony was
highly affectedandtypically decreased. Those special events were marked and indicktgdria

3.1 when the flow decrease was larger than 500 cfs or more. Figure 3.1, four special events

are noted with high flow losalong withthe corresponding temperature drop. The characteristics
of four special events are summarizedlable 3.2 including the start and end time, total flow
decrease (cfs)the lowest air temperatur@Montana Department of Natural Resources &
Conservationduring the flow decrease, and the rate of flow decreasethe flow-decreasing
period(cfs/hr). The lowest air temperatures during the flow decrease events ranged ffota

-20 °F. When the flow below Morony decreased 500 cfs in one day (24 hours), the rate of flow
decreasevas20.8 cfs/hr(500 cfs/24 hours)Therateof flow decreases these identified events
ranged from 32.8fs/hrto 107.6 cfs/hr, which means these events had flow decreases much larger

than 500 cfs per day.

There was no gageeightdata befores/16/2011at Cascade and beforél/2017at Ulm in the
Missouri River; therefore, water level changes at Ulm are unknown for these four events. Each
special event is discussed and analyzed in detail below.

Table3.2 Summary of flow decrease events observed between December 1, 2014, to March 31,
2015.

S.N.| Period of the decreas¢ Total flow Lowest temperatur¢ Rate of the flow
decrease (cfs) during the decreas| decrease (cfs/hour

1 Dec 28 to Dec 312014 2770 cfs -20°F 32.9
2 Jan 27 to Jan 22015 3570 cfs 24 ekF 107.6
3 Jan 31 to Feb Q2015 1960 cfs -8 °F 56.0
4 Mar 02 to Mar 032015 1650 cfs -6 °F 90.5
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Figure 3.1 Discharge(cfs) below MoronyDam and airtemperaturgMontana Department of
Natural Resources & Conservatiaat) Great Fallsrom December 12014,to March 31,2015,
showing events of largiéow decrease.

3.2.1 SPECIAL EVENT FROM DEE28 TO DEG31], 2014

The flow decrease was 2770 cfs between 4:45 December 28 and 17:00 December 31 when air
temperature dropped from 2B to -20 °F (the lowest temperature) and started to increéise
that(Figure3.1). The discharge below Morony had a sharp decrease on December 29 from 5240
cfs to 3370 cfs (77.9 cfs/hr) when the air temperature was mostly Balti(red horizontal line

in Figure3.2). The flow had a small decrease on December 28 and a decrease of 530 cfs from
December 30 to December 31 7:00 (17.1 cfs/hr). The flow also decreased ~1000 cfs from 12:00
on DecembeR5 t012:00 on December 27 (20.8 cfs/hr) when the air temperature was0<#

The flow started to increase from ~18:00 on Decembe2@14,to January 32015,when there

was a short period with air temperature >B2The air temperatuecreased from 3% to-10

°F from ~17:00 on January 2 but the flow was almost no change.
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Flow-decrease event in December, 2014
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Figure3.2 Discharge below Morony with air temperature for the event or23e014 to Dec
31, 2014

Table3.3 Flow decrease summary on B28, 2014 to De@1, 2014.

Event 1 Values Discharge (cfs
Beginning time 12/28/14 4:45 5610

End time 12/31/14 17:00 2840
Total Minutes 5055

Total Hours 84.3

Flow decrease 2770 cfs

Flow decrease rate 32.9 cfs/hour

Measured flow at Missouri River below Holter Dam near Wolf Creek (US33a8e station
number:0606650) was available from October 1994 and water temperature from October 2011.
Figure3.3 shows the time series of discharge below Holter from 12/20/2014 to 2Q1311/There

was asmallincrease of ~200 cfs or2/R7 to 12/29 and then a large increade~800 cfsfrom
12/29/2014 untill2/31/2014Figure3.3. Considering the timdelay, a part of the flowncreases
below Morony(Figure 3.2) from 12/31/2014 could be due to the inflow increase at the below
Holter. Because there was no gageghtdata at Cascade and Ulm, it is difficult to know whether

or where ice jams were formed in Missouri River for the flow decrease from/2Q128to
12/31/2014(Figure 3.2). Water temperature below Holter was above®B4and had a small
decrease of2 °F (Figure 33).

Table 3.3 shows the change iair temperature within the event. The initial temperature at the

beginning of the event, the lowest temperature readbhadgthe event, the drop in temperature
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and rateof decrease of temperatuaeenoted. After tie lowest temperaturéhe rise of temperature
from the lowest pointo the temperature at the final point of the event is recorded and the rate of
increase of temperature is calculated.

Table3.4 Air temperature change within the event during the{ttmereasingvent from Dee8,
2014 to Dee€31, 2014

Temperature

(Montana

Department of

Natural Resource
Parameter & Conservation) Time
Initial 26 12/28/2014 4:53
Lowest -20 12/30/2014 6:53
Drop 46
Hours 50 hours
Decrease rate 0.92 °F/hour
Lowest -20 12/30/2014 6:53
Final 19 12/31/2014 16:53
Increase 39
Hours 33 hours
Increase rate 1.18 °F/hour

The temperature first drppdto the lowest point 0f20 °F and themrisesto 39°F whenthe flow

below Morony danwasalso droppindFigure3.1).

Flow and water tempearture below Holter
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Figure3.3 Discharge below Holter for the event between-R28¢2014 talan5, 2015

The increase in the discharge below Mor@am after De€31 (Figure3.2, from 2840 cfs t&720

cfs), could not onlybe due to the increase in discharge below Holter after-Z®@igure 3.3
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Flow and water tempearture below Holter
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, ~800 cf3. The increase in discharge below Holter tigpically a management strategy
implemented by NWHydro andis mostly not related to artgmperaturehangest Great Falls.
Therefore, the increase could be due to ltheakupof ice cover or ice jam$ormed before
December 31, which released the large amount of water stored behind the ice jams (flooding
overbank areasysage height at Cascade had an increase of 5 ft from becet to January 2,
which indicated certain floodinigsue (flow increase from Holter shown in Figure 3.3)

Figure 3.2 showsa flow loss of 2770cfs from Decembe28 to 31. The significant drop down in

air temperaturéndicateda major chance of ice jadevelopmenbetween Holter and Morony. The

specific place of ice jamming cannot be specified.

3.2.2 SPECIAL EVENT FROM JAN27 TO JAN29, 2015

This eventhas adecrease in discharge of 3570 d&fslow Morony Dam(Table 3.5). This
corresponds with the simultaneous temperature decrease frerk 60ted= 225 FiguzeeBh | n
Discharge below Holtetid not changmuch(~300 cfs) The gage hght at Cascadeasincreased

by only 0.2 ft from Jan25 to Jar26 (Figure3.5). This increase in gage height is not significant

enough to cause that amountadterloss(Figure3.4).

Thepossiblereasoningouldbe ice jam formatiodownstream of CascadeUIm or Great Falls
Considering the lag time (~2 days) from Holter to Morony and quite high air temperature (> 50
°F), any ice formation is questionable; therefore, the reémothis flow-decreasing everdt

Morony is unclear

Table3.5 Flow decrease summary on Janto Jar29, 2015.

\ Event 2 \ Time \ Dischargg(cfs) \
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Beginning Time | 1/27/2015 17:0( 9900
End Time 1/29/2015 01:15 6430
Total Minutes 1935

Total Hours 32.25

Flow Loss 3570 cfs
Flow decrease ratt 107.60 cfs/hour

(

Flow-decrease event in January, 2014
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Figure3.4 Discharge below Morony and Air Temperature for the event o123aB015 taJan29,
2015

Gage height at Cascade betweenJamo Jar31
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Figure3.5 Gageheightchange at Cascade for the event or2ZaR2015 to JaR9, 2015
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3.2.3 SPECIAL EVENT FROM JAN31 TO FEBO02, 2015

This event hd a flow loss of 196@fs within a period of 3hours Table3.6). Similar to the last
event (Sectior8.2.9, the flow loss at Morongorresponds a large d@@mperaturelrop (Figure
3.6, circled.

Theflow lossof 1960 cfsor arate of 56 cfs/houtouldresult from ice jam formatioander freezing
temperatureFromthedata analysigherewas no specific change in dischaifgelow Holter,and
neither theravas muchchange in gage height at Cascableus, the ice jam formatiocould be

downstream of Cascade lttm or Great Falls

(€
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Figure3.6 Discharge below Morony arair temperature for the event dan31, 2015 to Fel®2,
2015

Table3.6 Third flow loss event of 2014/15

Event 3 Date Discharge
Beginning Time 1/31/2015 18:300 6680
End Time 2/2/2015 5:30 4720
Total Minutes 2099

Total Hours 35

Flow loss 1960 cfs
Flow Decrease Rate 56 cfs/hour

3.2.4 SPECIAL EVENT FROM MARO2 TO MAR-03, 2015
This is the last event of major flow decrease that was noticed in between Holter to Great Falls
duringthe winter of 2014/201% flow decrease of 165€fs at a rate of 90.5 cfs/hoan March 3
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is found {Table 3.7) and correspond to temperaturedropping and maintaininp el ow 3 2¢ F
throughout the event, causing the decrease in fllvedata analysis shows thdeno discharge

changs at below Holterandalmostno change ofjageheightat Cascade.

After a flow increaseluringthe nght on March 3,Here is a subsequent flow loss of around 1200
cfson March 4(Figure3.7) when air temperature was still below freezingeseflow losseswere

quite dynamic andould be due to ice jam formatiomreak up, and formation again in another
downstream locatiariThere is no evidence seen in the Cascade and Holter showing ice jamming.
Theair temperaturavas lowed to6 ¢ F a n @édbred man afB32gy§. Thius, like previous

events, thereouldbe ice jam formatioownstream Cascade Whm or Great Falls
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Figure3.7 Discharge below Morony for the event on M, 2015 to Ma03, 2015

Table3.7 Fourth flow loss event of 2014/15

Event 4 Time Discharge (cfs)
Beginning time 3/2/2015 23:00 6730

End time 3/3/2015 17:15 5080
Total Minutes 1094

Total Hours 18.2

Flow Loss 1650 cfs

Flow decrease rate 90.5 cfs/hour

3.3 SPECIAL EVENTSIN THE WINTEROF 2015 2016
The time series of discharge and t@mperature from De@l, 2015 to MaB80, 2016 is plotted
indicating three events with flow decrease Figure3.8. Three evens marked with high flow loss

areshown inTable3.8. The lowest air temperature during the fldecrease events ranged from
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22 °F to-4 °F. The rate of flow decreases imdh identified events ranged from 81.5 cfs/hour to

15.1 cfs/hourThree individual events imable3.8 are discussed below.
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Figure 3.8 Discharge andiir temperature below Morony froec1, 2015 to Ma31, 2016
showing events of high flow loss.

Table3.8 Summary of flow decrease events observed between December 1, 2015, to March 31,
2015.

S.N. | Date Flow decreased Lowest Flow decreases rats
Temperature (cfs/hour)

1 Dec 16 to Dec 172015 1057 cfs 4 °F 81.5

2 Dec 20 to Dec 272015 2480 cfs -4 °F 15.1

3 Jan 30 to Jan 32016 1040 cfs 22°F 29.1

3.3.1 SPECIAL EVENT FROM DEE16 TO DEC17, 2056

For the first flow loss event from D€ to Deel7, 2015 a flow loss of 105¢fs is observed with

a flow decrease rate of 81.5 cfs/h¢liable3.9). The flow decrease was obsentstweenl7:00
December 16 and 06:00 December 015, with the aitemperature droppgt o (Biguie3.9).

The data analysis afischarge below Holter from D&l to Dee21 gives a discharge of 3434.8
cfsandno flow loss abelow Holter.And the gage height at Cascade shows an average height of
6.7 ft throughout the event, thus indicating no ice jam formation in this time pbatween

Cascade and Ulm that might have resulted in flow [Bss.corresponding temperature reading at
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and before this event shows potential case of ice formation, with tempsnatirdelow the

freezing poinfor 3 to 4 daygFigure3.9).
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Figure3.9 Discharge below Morony ardir temperature for the event on B£6, 2015 to Ded 7,

2015

Table3.9 First flow loss evenin 2015/16
Event 1 Date Discharge
Beginning Time 12/16/1517:00  4277.5cfs
End Time 12/17/15 6:0C 3220.0cfs
Total Minutes 779
Total Hours 13.0
Flow Loss 1057.5] cfs
Flow decrease rate 81.5| cfs/hour

In thisevent, fronFigure3.9, ice jamming isa possibility but as no specific traces oéitenoticed
at discharge reading for below Holter agatjeheightreading at Cascade, the possibility of ice

jam formation in between Ulm and Morony danséenviable.Also, as the temperature goes up

after Deel8, flow increases at Morony, without any changes to the discharge at Holter or gage

height at Cascade. This must beesult of the ice melting between Ulm and Morony.

3.3.2 SPECIAL EVENTS FROM DE€0 TO DEG27, 2015

The second flow loss eveid a longr event, of around 7 dayfom Dec20 to Dee27, 2015.
where a gradual loss in dischamge2480 cfsat the rate of 15.tfs/houris observed from 4:45
December 20 to 00:30 Decemli&f, 2015 Table 3.10). The air temperature has dropped from
3 2 e H4 edwer throughoutthis event Figure3.10). This indicates a possibility of i@®verjam
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formation. Theanalysis of thalischarge below Holter at the event does not show a significant

change and has an average discharge of 3419.7cfs.
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Figure3.10 Discharge below Morony and Air Temperature for the event orR2De2015 to Dec
27, 2015.

Table3.10 Second flow loss evewntf 2015/2016

Event 2 Time Discharge
Beginning time 12/20/2015 4:45 5370
Endtime 12/27/15 0:3C 2890
Total Minutes 9825

Total Hours 163.8

Flow Loss 2480/ cfs

Flow decrease rate 15.1| cfs/hour

The gage height at Cascade is constant at the beginning of the event, but we can see beginning of
ice jam formation start aft@ec-26in Figure3.11. The gage height has raised by ft during this
event.Initially, the flow loss from De€0 to Dee25 below Morony Figure3.10) could bedue to

ice coverjam formation between Ulm and Mary because the gage height at Caseeatenot

affected during this flow los&gain, for the nostabrupt flow loss seeffom Dec25 to Dee27 of

the event, gage height at Cascéieigure3.11) shows the evidence of io®verjam formation in

between Cascade and Ulm. Thus, this is the case cbwezjam formation in both the places.,

between Cascade and Ulm, &oretween Ulm and Morony.
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Figure3.11 Gageheightat Cascade at the event on Ex; 2015 to De@7, 2015

3.3.3 SPECIAL EVENT FROM JAN30 TO JAN31, 2016

The thirdflow losseventof 1040cfs wasfrom Janr30 to Jar31, 2016at the rate of 29.&fs/hour
(Figure 3.12). Figure 3.12 shows the discharge below Morony along with thetemnperature
change during from Ja28 to Feb05. Theairtemperature in #aflow losseventwasdropped from
around 32 €he airttempeaturg Btag below the freezing point after Jan @eigure
3.12.

The data analysis of the discharge and gage height below the Holter and Caesqaatgively,
shows that the discharge below Holter shows no majomlosxreaseand ha an average flow
of 3881.9 cfs, while the gage height at Cascads consistent throughout this event with an
average gage height of 6.8There was no data at Ulm gaging statiim.temperaturevasbelow
32eF for a p(Eiguredld), thusfevetinost hkelyywasot due to ice jam formation

upstream Cascade but could be from Cascade to Ulm or Great Falls.

Table3.11 Third flow loss event of 2015/2016.

Event 3 Time Discharge
Beginning time 1/30/2016 5:15 5520
End time 1/31/2016 17:00 4480
Total Minutes 2145

Total Hours 35.8

Flow Loss 1040| Cfs

Flow decrease rate 29.1| cfs/hour
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Figure3.12 Discharge below Morony and Air Temperature for the event fo30a2016 to Jan
31,2016

3.4 SPECIAL EVENTS IN THE WINTER OF 2012017
The time series of discharge and tmperature from De@l, 2016 to Ma#31, 2017 is plotted

indicating the events with flow decrease Bigure 3.13. From the graph of discharge and air
temperature vih date five eventswith high flow loss and the corresponding air temperatmee
identified. The special scenarios that are marked with high flow loshaven inTable3.12. The

lowest air temperature during the flow decrease events ranged ffd@® °F. The rate of flow
decreases in these identified events ranged from 56.7 cfs/hour to 16.25 cfs/hour. The largest flow
decrease was 2000 cfs which wasserved from Fefl9, 2017 to Fef26, 2017, with the flow
decrease rate of 20.83 cfs/hour.

Table3.12 Summary of flow decrease events observed between December 1, 2016, to March 31,
2017

S.N. | Date Flow Decreaseq Temperature aftef Flow decrease rate
(cfs) drop (cfs/hour)

1 Dec07 to Dee08 1290 -6 °F 56.7

2 Dec 16 to Deel9 1890 32°F 30.12

3 Dec21 to Dee25 1280 10°F 16.25

4 Dec25 to Dee28 1100 32°F 17.00

5 Feb19 to Feb26, 2017 2000 24 °F 20.83
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Figure 3.13 Discharge andhiir temperature below Morony from Ddg 2016 to Mai31,2017
showing events of high flow loss.

3.4.1 SPECIAL EVENTFROMDEC-07 TO DEGO08, 2016

The first flow loss event ofhe winter of 2016 was observed from 06:30 December 7 to 5:15
December 8, 2016-{gure3.14). A total flow loss 0f1290 cfs is seeduring this evenat the flow
decrase rate of 56.7 cf3he airtemperaturestarted to drop below freezing on Deceméand
reacheda r o u nfdom Oexémber @o 10 (Figure3.14). Therewastemperaturaropto below
thefreezing pointfrom late hours orDec04, with therise in dischargbetween De®6 to Dee
07 albeit the temperaturgas decreasing, which is becausdhe increas€1000 cfs)in discharge
at 8:00below Holteron Dec04 (Figure3.15), 16:00 on Ded4 at Cascade, 8:00 on D@6 at
Ulm, and anincrease in gage heigl®.5 ft) at Cascade at D5 (Figure 3.16), most likely
managedeleasdy NWE Hydro. Theloss in dischargeom Dec07 to DeeO8was mospossiby
due toice coverjam formationfrom Cascad¢o Ulm or Moronysince air temperature was so low

but water temperature at Holter was high and continuously dropped frof+48.89.9°F.

Table3.13 First flow loss event 2016/2017

Event 1 Time Discharge
Beginning time 12/7/2016 6:3( 5710
End time 12/8/2016 5:15 4420
Total Minutes 1364

Total Hours 22.7

Flow loss 1290 cfs

Flow decrease rate 56.7 | cfs/hour
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Figure3.14 Discharge below Morony for the event on B@¢ 2016 to De®8, 2016.
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Figure3.16 Gageheightat Cascade for the event on B@¢, 2016 to De®©8, 2016

3.4.2 SPECIAL EVENT FROM DEE16 TO DEG19, 2016

The second flow loss evefiom 16:45 December 16 to 7:30 December 2®16,was observed
with flow loss 0f1890cfs in a span of 2lays(Figure3.17) at the rate of 30.12 cfs/ho(ffigure
3.17).Theminimum ar temperatureluringat this eveniwas around-21e land the air temperature
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remains under the freezing point from before and throughout the ®isoharge from Holter
Dam was 5620 cfs on December 13 and droppeb@ cfs on December6i decrease of 2D
cfs, smaller tharthe drop in MoronyThe reason for flow lossan be predictedt the very low

temperaturg which possiblycaugdthe icecover formation

The gage height data at Cascade is studied to check the ice jam formation between Cascade and
Ulm. Theobservedjage height data at Cascade from Deceribeio DecembeR3 shows a rise

of 5 ft on December 1F{gure3.18) and remain at high level up to the end of Decembgh2er
temperature at Holter dropped from 383on December 15 to 34°B on December 121.

Figure3.18 shows a potential ice jam formatioparCascadenDec17. As therevas anincrease
in gage height at Cascadeiqure3.18) and flow loss at MoronyHigure 3.17), we can conclude
therewas anice jam between Cascade and Morony. The flow loss fromlBdo Deel8 isthe

result oflow air temperaturdor ice jamformationand theflow lossat Holterbefore the event,

even Missouri Rivebelow Holterhada constantischargdrom December 1i719.

Table3.14 Second flow loss event of 2016/2017.

Event 2 Time Discharge
Beginning Time 12/162016 16:45 6210
End Time 12/192016 7:30 4320
Total Minutes 3765

Total Hours 62.75

Flow Loss 1890| cfs

Flow decrease rate 30.12| cfs/hour

36



(

Discharge below Morony

(]
8000 T 50 =
7000 § ta °
2 6000 ,,r"ﬁ._‘_‘__\-\— 130 @
7g5ooo \t? WW L T2 3
5 4000 110 o
3 3000 £ fo E
Q 2000 -10 _
1000 + T -20
(R R e T e T e T T +-30

12/15 12/16 12/17 12/18 12/19 12/20 12/21 12/22 12/23

Discharge below Morony T air (oF)

Figure3.17 Discharge below Morony for the event between2&c2016 to Ded 9, 2016

Gage Height at Cascade

[Eny
w

[EnY
N

il
o

Gage Height (ft)

O N 0 ©
I T T

55""I""I""I""I""I""I""I""
12/15 12/16 12/17 12/18 12/19 12/20 12/21 12/22 12/23

Figure3.18 GageHeightat Cascade for the event between26¢c2016 to Ded 9, 2016

3.4.3 SPECIAL EVENTSFROM DEG21 TO DEG25 AND DEG25 TO DEG28, 2016

The third flowlosseventwas observedrom 17:45December21 to00:30December25, 2016with

flow lossof 1280cfs in a span of around 4 daysgure3.19) at theflow lossrate of 16.25 cfs/hour
(Table3.15). Theminimumairt e mper at ur e a t(FigurdBilY. FiguredlBshowss 16 e |
ice cover/jam formation on December 17, continuous buildup/development up to the end of
December 20, and thece jam breakup on DecemberiZ3. This leads the flow increase (~100

cfs) at Morony on December 2Zhe flow lossfrom December 22 to 2&ould bedue tolow and

fluctuating airtemperaturgbelow the freezing point o8 2 e\er some hours) and another ice

cover/jam formation
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For another event froh8:00Deember25 to10:45Deember28, 2016 flow loss of 110Gfsis
observedat the rate of 17 cfs/houéble 3.15). Initially the air temperature is at ¢ &nd the
temperature remains below the freezing pointtifi@most part of the flow loss evethich has

caused the reduction in flow below Morony.
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Figure3.19 Discharge below Morony fomio evens between De@1 to Dee25, 2016 and Dec
25 to Dee28, 2016

Table3.15 Third and fourthflow loss evergin 2016/2017.

Event 3 Time | Discharge
Beginning Time 12/21/16 17:45 5900
End Time 12/25/16 0:30 4620
Total Minutes 4725

Total Hours 78.75

Flow Loss 1280 cfs
Flow Decrease Rate 16.25 cfs/hour
Event 4 Time | Discharge
Beginning Time 12/25/16 18:00 5220
End Time 12/28/16 10:45 4120
Total Minutes 3884

Total Hours 64.73

Flow Loss 1100 cfs
Flow Decrease Ratg 17 cfs/hour

The fourthflow losseventfrom December 25 to December 280 shows ice jam formation, as

an increment in gage Ight is observedat Cascade after D&6 (Figure 3.20). There isan
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increment of around 4 in gage height at Cascade, thus indicating ice jamming in between
Cascade and Ulm.

Gage Height at Cascade
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Figure3.20 GageHeightat Cascade for the event betweenR&¢2016 to De@5, 2016 and Dec
25, 2016 to De8, 2016

The data analysis of discharge at Hoitelicates no significant flow loss and gain at Hottering

both of theseevens, which substantiates the hypothesis of ice jam formation somewhere between
Cascade and Ulror the event of De@5 to Dee28, 2016

3.5 SPECIAL EVENTS IN THE WINTERN 2018

The time series of discharge and @mperature from Jail, 2018 to Ma81, 2018 is plotted
indicating the events with flow decrease Bigure 3.21. From the graph of discharge and air
temperature wh date (Figure 3.21) six events when theravas high flow loss and the
corresponding air temperature ap$bdates wereidentified. The speciadventsthat are marked
with high flow loss aresummarizedn Table 3.16. The lowest air temperature during the flow
decrease events ranged from°B2o-20 °F. The rate of flow decreases in these identified events
ranged fron235.8cfs/hour ta22.5cfs/hour. The largest flow decreaseservedvas3640 cfs from
Mar-17 to Mar-21, 2018, with the flow decrease rate 88.6cfs/hour.
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Figure 3.21 Discharge andir temperature beloworony from &nl, 2018 to Ma31,2018
showing events of high flow loss.

Table3.16 Summary of flow decrease events observed between January 1, 2018, to March 31,
2018

S.N. | Date Flow Decreased Temperatug after Flow decrease rate
(cfs) drop (cfs/hour)
1 Janl0 to Janl3 2480cfs -6 °F 30.1
2 Feb4 to Feb5 860cfs 26 °F 118.9
3 Feb9to Febll 1980cfs -14 °F 31.1
4 Feb18to Feb20 1190 cfs -20°F 22.5
5 Mar-14 to Marl5 2330cfs 24 °F 101.3
6 Mar-17to Mar21 3640cfs 28°F 38.6
7 Mar-26 to Mar27 2000 cfs 32°F 235.8

3.5.1 SPECIAL EVENT FROM JAN10 TO JAN13, 2018

The first flow decrease event of 2018 is observed from 05:15 January 10 to 05:45 Jajwihy 13
adecrease in discharge of 2480 cfs below Morony at the rate of 30.1 cféfable3.17). There
was a significant decrease air temperatureon December 10going fromhigh of4 5 ¢ Foe E 0
(Figure 3.22), and stayed very low (lowest 4 °F) for more than two dayd his resonates with

the time of flow loss event.
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Figure 3.22 Discharge below Morongnd air temperature at Great Fétisthe event between Jan
10 to Jarnl3, 2018.

Table3.17 First flow loss evenin 2018.

Event 1 Time Discharge
Beginning Time 1/10/2018 5:15 7030
End Time 1/13/2018 15:45 4550
Total Minutes 4950
Total Hours 82.5
Flow Loss 2480 cfs
Flow decrease rate 30.1 cfs/hour

Therewasa gradualdecrease igage height near Ulmbservedrom Jan07 to Janl3 (Figure
3.23). Thegage height at Cascadas constant odanuarylOi 11, started to increase at 10:00 on
Decembedl, an increase of.5ft up to 5:30 orJanuary12 (Figure3.24). This indicates there is
ice jam formation in between Cascade and Ulm, which is the cause of ¢hemske in flow at
Morony after December 11IThe flow decrease fromanuarylGi 11 was most likely due to ice

cover formatiorfirst due to sharp drop of air temperature.

Thedata analysis of discharge below Holter givesavidence that the discharge below Holter is
notchanging buhavinganincrease in gage height at only Cas¢adeports our conclusion of ice

jamming between Cascade and Ulm.

Additionally, there is flowmcrement at Morony after Jahto Jar9 and gage height decreases at
the same time at Cascade, with temperature reading beingthbdueezing point 08 2 ¢Fkgure
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3.22). This indicates the increment in discharge at Monwagdue tomelting down offammed
ice that was formed before Jdrfon December 29, 2017)
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Figure3.23 GageHeightnear Ulm for the event between JHhito Janl3, 2018
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Figure3.24 GageHeightat Cascade for the event betweenJ@rno Janl3, 2018

3.5.2 SPECIAL EVENT FROM FEBO4 TO FEBO5, 2018

The second flow loseventfrom 22:15 February 04 to 05:30 February 2818,has a flow loss
of 860 cfs in a span of 7 houiBable3.18) with a flow decrease rate of 118.9 cfs/hour. Here
temperature is one of tipotentialreasongor flow loss. Figure3.25 shows the discharge below
Morony along with air temperatur€herewas an abrupt loss in floan Feb5 andthenthe reduced
flow remaired constant for 2 days spdfigure 3.25). This all happead when therewas low
temperature, and once thavasanincrease in temperatute above freezing.e., from Fekb to
Feb8, the dischargbelow Moronywas increasedresulting from the iceneltdown.

Gage height increase of arounft & noticed at near Ulm in between F&lbo Feb5, 2018 Figure
3.26). Thus, itcan be assumatiatthe reason fordecreas in dischargéelow Morony isdue to
ice jamming which has caused the increase in gage heighimbawrnstreanim. Also, the gage
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heightdata analysist Cascadshowsthere is not any significant increase in gage heilgining
the flow loss evenfFigure3.26). Thisconcludeghat there is ice jamming and that is somewhere

in between Ulm and Morony Dam.
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Figure3.25Discharge below Morongnd air temperature at Great Fétisthe event between Feb
04 to Feb05, 2018.

Table3.18 Second flow loss eveit 2018

Event 2 Time Discharge
Beginning Time 2/4/18 22:15 5830
End Time 2/5/18 5:30 4970
Total Minutes 434

Total Hours 7.2

Flow Loss 860 | cfs

Flow decrease rate 118.9| cfs/hour

Gage height Near Ulm
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Figure3.26 Gage height near Ulm for the event between®£io Feb05, 2018
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3.5.3 SPECIAL EVENT FROM FEBO9 TO FEB11 AND FEB18 TO FEB20, 2018

The third flow loss event and the fourth flow loss event for 2&x&®bserved and plotted along

with the air temperature dfigure3.27. For thethird flow loss &ert from 3:15 Felruary 09 to
12:30 Felruary 11, the flow loss is of 19806fs at the rate of 31.1 cfs/houfgble 3.19). The
temperature during the event is well belihe freezing point of 32Fa n d

6 days(Figure3.27). This indicates a possibility of ia@verjam formation.

On thefourthevent from7:00Felruary18 to12:00Fekruary 20, the flow loss is of 119€fs(Table
3.19) with a flow loss rate of 22.5 cfs/hauFhe temperature during this tima&aswell belowthe

freezing point as welindicaing a possibility of icecoverjam formation.

8000

Discharge below Morony

rema i

50

7500 +

40

@ 7000 § 30

= 6500 /JP\WE:“ "pw% 20

2 6000 - : WM 10

3 ‘ f’.\\/\m f/ Y .
)

= L

g 5500 T

0 5000 ¢ -10
4500 -20
D) A -30

27 2/8 2/9 2/10 2/11 2/12 2/13 2/14 2/15 2/16 2/17 2/18 2/19 2/20 2/21 2/22

Figure 3.27 Dischargeand air temperaturieelow Morony for the event between Fe® to Feb
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11, 2018 and Feh8 to Feb20, 2018.
Table3.19 Third and fourth flow loss evesin 2018

Event 3 Time Discharge
Beginning Time 2/9/18 3:15 6470
EndTime 2/11/18 12:30 4690
Total Minutes 3435

Total Hours 57.3

Flow Loss 1980| cfs

Flow decrease rate 31.1| cfs/hour
Event 4 Time Discharge
Beginning Time 2/18/18 7:00 6980
End Time 2/20/18 12:00 5790
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Total Minutes 3180

Total Hours 53.0

Flow Loss 1190] cfs
Flow decrease rate 22.5| cfs/hour

For the event between F€19 to Febll, there was about (.8.4 ft increase of gagbeight at
Cascade ofrelruary8 and 10 Thegage height near Ulstarted to increase frol4 ft at8:00 on
Felruary4 to 8.4 ft at 16:00 oRelruary5 thengradually increased to 9.4 ft at 4:30 eelruary

9, which indicates the possibility of ice jam formation between Ulm and Moréigu(e 3.28).

For the event between F4B to Feb20, there is no gage height increment near Ulm around Feb
18 observedo indicatethe ice jam formation.
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Figure3.28 Gage height near Ulm for the event between-G2t Feb11, 2018 and Felh8 to
Feb20, 2018.

FromFigure3.29, the gage height at Cascade for bothhekt events hasnall orno change in
gage height on and before F@® and Fekl 9. Thus, ice jammings between Ulm and Morony

and not between Cascade and Ulm for the event betweed9RebFebl 1.

On the other handhere is not any change in increment in gage height befor&%abticeceither
on Cascade or UlmAlso, gage height has increased after-Eglat Cascadebut this increase in
gage height cannot be the reasonthe decrease in dischardeelow Moronyon Feb18, as the
impact of gage height increase in Cascade can only be seen after a day in Morony.
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Figure3.29 Gage height at Cascade for the event betweerOBdb Febll, 2018 and Feh8 to
Feb20, 2018.

Thedata analysis of discharge below Holter shows an incre(wé00 cfs)of dischargeon Feb
07 andis fairly constant throughout the evemhus, after analyzing all the information, tinérd
flow lossevent on Fel® to Febl1lwasdue to ice jam formation between Ulm and Mordvhile,
thefourth flow lossevent is a special event, where the reason of flow loss cannot be specified, as
theice coverformationwaspossible because of very low air temperatusethe locationcould

not be predicted accurately.

3.5.4 SPECIAL EVENTS FROM MAR-14TO MAR-15 AND MAR-17 TO MAR-21, 2018
The fifth flow loss event of 2018 is from 02:March 14 to01:15March 152018, were a flow
loss of 2330 cfs with a flow decrease rate of 10dfsShour (Table 3.20) is observed Air
temperaturebefore andat this evenwas fluctuating aroundhe freezing point of 32F (Table
3.30), sotheice coverformationduring night was possihl&incethe amount of flow lossvas

huge,anice jam formatiorwould be most likely to occur

The sixth flow loseventof 2018 isfrom 04:45March 17 t003:00March 21, where aflow loss
of 3640 cfs in a span of 4 days at a rate of 38.6 cfsibalservedTable3.20). The temperature
at the time of this event is beldhe freezing pointio3 2 e F  ahepbssibiktysof icecoverjam
formation.As there isanincrease in gage heighear Uimduring Mar16 by around 1.%t, the

possibility of ie jam formation between Ulm and Morasypredicted for this evefEigure3.31).

The data analysis of discharge below Holter shdwsetis no significandecreasen discharge

below Holter on the event between Mt to Makr15.
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Discharge below Morony

()
=]
70 +
©
60 -
E )
% 11000 50 o
5 :
= 40 GE)
[@)]
= 30
ey
3 20
A

10
0
-10

Air

5000: T T T T T T T T T T T T
3/11 3/12 3/13 3/14 3/15 3/16 3/17 3/18 3/19 3/20 3/21 3/22 3/23

Discharge (cfs) T air (oF)

Figure3.30 Dischargeand air temprature below Morony for the event between Mb4 to Mar
15, 2018 and Mat7 to Ma¥r21, 2018

Table3.20 Fifth and sixth flow loss evegin 2018

Event 5 Time Discharge
Beginning Time 3/14/18 2:15 9490cfs
End Time 3/15/18 1:15 7160cfs
Total Minutes 1380

Total Hours 23.0

Flow Loss 2330| cfs

Flow decrease rate 101.3| cfs/hour
Event 6 Time Discharge
Beginning Time 3/17/18 4:45  11800cfs
End Time 3/21/18 3:00 8160cfs
Total Minutes 5655

Total Hours 94.3

Flow Loss 3640/ cfs

Flow decrease rate 38.6| cfs/hour

The gage heighdt UImwasseen decreasing by arounét #om Marc11 to Mar-14 (Figure3.31)

and could a breakup of ice jam formed beferkich should have resulted in increase in discharge
from Mar-15 to Marl17 below Morony damKigure3.30). The flow decrease on March 14 could
be a temporary ice jam formation at a bridgingrrow or restrictionjocation from Ulm to Great

Falls
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Gage Height Near Ulm
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Figure3.31 Gage height near Ulm for trevent between Mat4 to Marl5 and Marl7 to Mar
21, 2018

The gage height at CascadeforeMar-14 (Figure 3.32) hadno change Thus, the chance of ice
jam formation in between Cascade and Wimnthis event is not predicte&or the other event
between Mail7 to Mar21, therevasan increase in gageight at Cascade by0.7ft and at Ulm
by 1.2 ft around March 1@ hisindicatesce jam formation in between Cascade and Oirsreat

Fallsfor this event
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Figure3.32 Gage height at Cascade for theent between Mat4 to Mar15, 2018 and Mat7 to
Mar-21, 2018

After analyzing the information above, the eveaetween Mail4 to Mar15is categorized as one
of the speciakvents where there is flow decrease, when theedagjghtis decreasedhus the
reason of flow decrease or the location of ice jam formation if formed cannot be prediuded
for the othereventMar-17 to Mar21, the possibility of ice jamming is in both the places,,

between Cascade and Ulm, detween Ulm and Moronyyhich haveresulted in flow loss.
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3.5.5 SPECIAL EVENT FROM MAR26 TO MAR-27, 2018
The sixth flow loss event of 2018 observed from 17:45 March 26 to 02:15 March Ia7%his

event theravasa flow loss of 200@&fs, in a span of 8.Bours with a flow decrease rate of 235.8

cfs/hour Table 3.21). After a small increase (~600 cfs) of discharge, discharge below Morony

started to gradually decrease topnoonof March 28. Using a longer duratiaf flow loss the

flow decrease raterould besmaller thar235.8cfs/hour Figure3.33 shows the discharge below

Morony and air temperature between Maiz#hto Aprikl. The corresponding temperaturetia

flow loss eventis fluctuating above thdéreezing point(Figure 3.33). The data analysis ohé

discharge below Holter shows a small decrease aftei2Blabut this decrease is not significant

enough to cause the 2006f3 decrease at Morony
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Figure 3.33 Dischargebelow Moronyand air temperaturat Great Falldor the event between
Mar-26 to Mar27, 2018

Table3.21 Seventh flow loss eveirt 2018

Event7 Time Discharge
Beginning Time 3/26/18 17:45 10400
End Time 3/27/18 2:15 8400
Total Minutes 509

Total Hours 8.5

Flow Loss 2000/ cfs

Flow decrease rate 235.8| cfs/hour

Looking at the gage height near UlmRigure 351 for the event of Ma26 to Mar-27, there is a

decrease in gage heigbt 0.3 ft, which indicates the possibility of ice jamneakupmoving from
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Ulm and MoronyThe data analysis obge height at Cascade shaweschang®n Mar26. Hence,
after analyzing the above grapdnsd condions, the conclusioncouldbe made that themas ice

jam formation between Ulm and Morony.
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Figure3.34 Gage height near Ulm for the event between-Rtato Mar27, 2018

3.6 SPECIAL EVENT IN THE WINTER OF 2019

The time series of discharge and air temperature fron®Ja8019 to Ma81, 2019 is plotted
indicating the events with flow decrease Bigure 3.35. From the graph of discharge and air
temperature with da{&igure3.35), five eventswith high flow losswereidentified.Characteristics

of thesespecialeventsaresummarizedn Table3.16. The lowest air temperature during the flow
decreasevents ranged frorB2 °F to-13 °F. The rate of flow decreases in these identified events
ranged froml80.3 cfs/hour ta20.7 cfs/hour. The largest flow decrease observedA2a8 cfs from
Mar-29 2018 to Mar31, 2019, with the flow decrease rate 880.3 cfs/hour.
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Figure 3.35 Dischargebelow Moronyandair temperatureat Great Fall§rom Jan1 to Mar31,
2019 showing events of high flow loss.

Table3.22 Summay of flow decrease events obsenfeain January 1 to March 31, 2019

S.N. | Date Flow Decreased| Temperature afte] Flow decrease rate
(cfs) drop (cfs/hour)
1 Dec30, 2018 to JarD2, 3680 6 °F 49.9
2019
2 Jan4 to Jan9, 2019 4000 7°F 41.7
3 Jan2l toJan25, 2019 2120 20°F 20.7
4 Jan27 to Jan28, 2019 1360 9°F 115.7
5 Jan29 to Jar31, 2019 2330 0°F 46.8
6 Feb03 to Feb05, 2019 5060 32°F 91.2
7 Mar-28 to Mar-30, 2019 7230 32°F 1803

3.6.1 TWOEVENTSFROM DEG30, 2018 TO JAN09, 2019

The first evenof flow lossin 2019 is observed from 16:30 December 30, 2018 to 18:15 January
02, 2019whereaflow loss of 368Xfsis observedin a span of around 3 days at a flow loss rate
of 49.9 cfs/hour(Table 3.23). The air temperature readingas dropped downwell below the
freezing point o 6 e lrgivesvalpassibility of ice jam formatigRigure3.36).
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The second evemf flow lossof 2019 is observed from 20: 45 January 04 to 13:00 Jaf@ary
2019, with a fow loss 0f4650cfs, in a span of around 5 days at a flow loss rate of 41.4 cfs/hour.
Theairtemperature readingasd r opped down f r o nFigured36).nThdeddal e F
analysis of thelischarge below Holter shows nbange in dishargefor both everd
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Figure 3.36 Discharge and air temperature for the event betweer3Dge2018 to Ja02, 2019
and Jar04, 2019 to Jan9, 2019

Table3.23: First and second flow loss eveim 2019.

Event 1 Time Discharge
Beginning time 12/302018 16:30 6520
End time 1/2/2019 18:15 2840
Total Minutes 4424

Total Hours 73.7

Flow Loss 3680/ cfs

Flow decrease rate 49.9| cfs/hour
Event 2 Time Discharge
Beginning time 1/4/2019 20:45 9440
End time 1/9/2019 13:00 4790
Total Minutes 6734

Total Hours 112.2

Flow Loss 4650| cfs

Flow decrease rate 41.4 | cfs/hour

The gage heigbtat Cascade amear Ulm from December 27, 2018 to January 11, 2019 is
analyzed inFigure 3.37. Initially, during the first event from De80 to Jar02, there is a small
spike (0.5 tt) seen in the gage height at Ubn Dec29, which may be due to ice jamming in a
small amount in between Ulm and Morony, which resulted in the decrease in dischargeih Dec

(Figure 3.36). And there is also a spike of gage height onQmamf around 3 ft, which is an
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indication of possible ice jam formatiowhich resulted in the second flow loss event from@an
to Jan09.

Gage height near Ulm Gage height at Cascade Flow below Morony
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Figure3.37 Gage heiglg at Cascade amgkar Ulm fortwo evens from Dec30, 2018 to Jan2,
2019 and Jaf4 to Jar09, 2019with flow below Morony

The increase in gage heighiGdscade can be due to ice jam foiorabetween Cascade and Ulm.
Thiswater level increaseasformed after the small of amount of ice jamsformed on De€29

between Ulm and Morony, which aided in the loss of discharge below Morony&edd to Jan

02 (flow wasaboutconstant on Decemb&l). The t emper at ur aftegla®2s abov
which male the ice melt, causing the discharge to increasav Morony from Jai®2 to Jar05

(Figure3.36). Once the temperatureentdownto3 2 e F, -&,fthe meltinglstopped, and the
dischargebelow Moronywas againreducedice formation) Theincrement ofyage height at Ulm

on Jar02 waslarge, and thisupportsice jam formation in between Ulm and Morgrwhich

resulted in the flow loss from J&4 to Jar09 (Table3.23).

3.6.2 THREEEVENTSFROM JAN-21TO JAN-31, 2019

There are threBow-decreasevents shown ifrigure3.38 with the discharge below Morony and
air temperature from Januatg to February 03Thethird eventof flow lossof 2019 is observed
from 02:00 January 21 to 08:30 January 25, whitdhws a flow loss of 212ffs in a span of 102.5
hours Table3.24), with a flow loss rate of 20.7 cfs/hour. The minimum air temperature during
thiseventisa? 0 e F .

The fourth eventof flow loss of 2019 is observed from 18:15 January 27 to 06:00 January 28,
whichshows a flow loss of 186&cfs,in a span of 11.8 hours at the flow loss rate of 115.7 cfs/hour

(Table3.24) and theairt e mper at ur e decreases up to 9¢ekF.
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Thefifth eventof flow loss is observed from 0:15 January 29 to 02:00 January 31which shows a
flow loss of 233(@fs, in a span of 49.8 hours at the flow loss rate of 46.8 cfs(fialte3.24) and
Al | ngs
formationfor third, fourth and fifth flow loss eventsThe data analysis of the discharge dl

the air temperature goe® a minimum of0 e F . s ho\

these readi
Holter shows that thdischarge below Holter does not show any significant change throughout

three events
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Figure3.38 Discharge below Morony and air temperatati&reat Fallsor three evensfrom Jan

21toJan31, 2019

Table3.24 Third, fourth, and fifth flow loss evesin 2019

Event 3 Time Discharge
Beginning Time 1/21A9 2:00 6310
nd Time 1/25/19 8:30 4190
Total Minutes 6149

Total Hours 102.5

Flow Loss 2120/ cfs

Flow decrease rate 20.7 | cfs/hour
Event 4 Time Discharge
Beginning Time 1/27/2019 18:1F 7110
End Time 1/28/19 6:00 5750
Total Minutes 705

Total Hours 11.8

Flow Loss 1360]| cfs

Flow decrease rate 115.7| cfs/hour
Event 5 Time Discharge
Beginning Time 1/29/2019 0:15 6980
End Time 1/31/19 2:00 4650
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Total Minutes 2985

Total Hours 49.8

Flow Loss 2330| cfs
Flow decrease rate 46.8| cfs/hour

Figure 3.39 showsincreass in gage height at thirst two events near Ulm, which shows there
werepossibiliiesof ice jam formation in between Ulm and Morony. The gage height is increased
by 1ft before the flow loss event from Jad to Jar25, 3ft before the flow loss event from Jan

27 to Jar28 anddecrease by 2ft before the everfrom Jan29 toJan31, 2019.The decrease in
gage heighonJan29 could be ice jam breakugue to the rise in air temperature on-28which
resulted inanincrease in discharge after Janh(Figure3.38). Although there i decrease in the
gage height for the event from 328 to Jar31, as the gage height is increasing fromZamo
Jan28, this caused the decrease in discharge below Morony.
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Figure3.39 Gage heiglgat Cascade aniear Ulm for tihee evens from Jan21 to Jar25, Jar27
to Jan28, and Jai31, 2019with flow below Morony

The gage height at Cascatlees not show any significant change to indicate there mapg lp@n
formation in between Ulm and Cascade, but the small spike in the events supports the claim that
there may be ice jam formation in between Ulm and Mordhys, therevereice jam formatios

between Ulm and Moronguringall these events.

3.6.3 SPECIAL EVENT FROM FEBO03 TO FEBO5, 2019

The sixth event of flow loss of 2019 is observed from 04:30 February 3 to 12:Q@fyehmwith
a flow loss of 506@fs at the flow decrease rate of 91.2 cfs/H@able3.25). Air temperaturéad
a sharp drop on February 2-tt0 °F, reached13 e Fand remaiedwell belowthe freezing point

of32eF f or @igueB.40), showth@aypsssibility of iceoverjam formation.
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Figure3.40 Discharge and air temperature for the event from@2:2019 to Fel®5, 2019.
Table3.25 Sixth flow loss evenin 2019.

Event 6 Time Discharge
Beginning Time 2/3/19 4:30 7650
End Time 2/5/19 12:00 2590
Total Minutes 3330

Total Hours 55.5

Flow Loss 5060/ cfs

Flow decrease ratt 91.2 | cfs/hour

The gage height datd Cascade antear UlmareanalyzedusingFigure 3.41to showthatinitially
there is a decrease in gage height of arouftich&ar Ulmon February 23. Thegradualincrease

of dischargebelow Moronyon Feluary 1 2 (Figure 3.40) whenthe air temperatureas above

the freezing pointvasthe case of ice meltinam breakup or releas€)he sharp drop of air
temperature from afternoon Bebruary 2 led ice cover/jam formation downstream Ulm to Great
Falls. About 1 fincrease in gage heigintlate hourson Feb03 (Figure 3.41) further indicated the

ice jamming in between Ulm and Morony.

Also, the gage height at Cascdelgure 3.41 hadabout 4ft of increase, but this does not explain
the flow loss at the initial paof the evenfrom Feb 3 to Feb 4 but explains tiiassive decrease
in discharge below Moronfrom Feb 4 to Feb,5vhich wasdue to ice jam formation between

Cascade and Ulm.

Hence this event can be categorized as the event where the ice jam for the initial flow loss from
Feb 3 to Feb 4 was downstream Ulm, but the flow loss from Feb 4 todeeldcbbedue to the ice
jam location between Cascade and Ulm and between Ulm and Morony.
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Figure 3.41 Gage heighat Cascade amiear Ulm for the event from Fel8 to Feb05, 2019with
flow below Morony

3.6.4 SPECIAL EVENT FROM MAR28 TO MAR-30, 2019

The seventh event of flow loss of 2019 is observed frdrB0March 28 to 10:30 March 30 which
shows a major loss in discharge, i.e., 728)at a flow lossrate of 180.8cfs/houfTable 3.26).
The temperature reading corresponding to this eveattavout the freezing point line of 32.
(Figure3.42).
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Figure3.42 Discharge below Morony and air temperaaté&reat Fallsor the event from Ma8
to Mar-30, 2019

Table3.26 Seventh flow loss eveirt 2019

Event 7 Time Discharge
Beginning Time 3/28/2019 18:3( 15300
End Time 3/30/19 10:30 8070
Total Minutes 2399
Total Hours 40.0
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Flow Loss 7230/ cfs
Flow decrease ratt 180.8| cfs/hour

The gage heighat Cascade andear Ulm is analyzed from Marcl6 20 April 3 (Figure 3.43).
There isarise in gage heighty 2.6 ftat UIm prior to the eventrom Mar % to Mar 27 Figure
3.43 showing the possibility of ice jam formation in between Wind Morony The rise of gage
height by0.8ft on Mar26 and 0.4 ft on Ma27 is noticed at CascadEjgure 3.43 showing the
possibility of ice jam formation in between Cascade and Ulm Tbere isa rise(700 cfs)in
discharge at Holtewn Mar-28, which wouldnat impactthe dischargébelowMorony sincethe ice
jam between Cascade and Ulvould block the flow increasdo reach up to Morony.
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Figure3.43 Gage heighat Cascadand near Ulnfor the event from MaR8 to Mar30, 2019with
flow below Morony

Hence, there is ice jam formation seen in both the places with larger ice jamming seen between
Ulm and Morony and relatively smaller ice jamming between Cascade and Ulm. Ice jamming at

both these placesouldbe the reason of such a huge flow loss.

3.7 SPECIALEVENTS IN THE WINTER OF 2020

The time series of discharge and air temperature frol@TJam Mar31, 2020 is plotted indicating

the four events with flow decrease dtigure 3.44. The speciakventthat are marked with high
flow loss areshown inTable3.27. The lowest air temperature during the flow decrease events
ranged from20 °F to -15 °F. The rate of flow decreases in these identified events ranged from
131.1cfs/hour t025.7 cfs/hour. The largest flow decrease observed 282 cfs which was
observed fronMar-14 to Mar-18, 220, with the flow decrease rate 48.3cfs/hour.
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Figure 3.44 Dischargebelow Moronyandair temperatureat Great Fall§rom Jan1 to Mar31,
2020 showing events of high flow loss.

Table3.27 Summary of flow decrease events observed between January 1 to March 31, 2020

S.N. | Date Flow Decreased| Temperature after dro| Flow decrease rate
(cfs) (cfs/hour)

1 Jan8 and Jarl2 2020cfs -2 °F 26.5

2 Janl3 to Jarl4 1570cfs -15°F 33.8

3 Feb2 to Feb5 181Ccfs 9 °F 25.7

4 Mar-14 to Mar-18 2320cfs -11 °F 48.3

5 Mar-19 2030cfs 20°F 131.1

3.7.1 SPECIAL EVENTSFROM JAN1TO JAN 14

The first event ofthe flow lossin 2020 was observed from 4:30 January 1 to 15:30 January 6,
where the flow loss a2970 cfs is observedit the rate of 26.5 cfs/hourhe secondevent ofthe

flow lossin 2020 was observed fro8100 January8 to 16:45 January 12, where the flow loss of
2270cfs is observedat the rate of 26.5 cfs/houigble 3.28), with the air temperaturebeing
reduced upte2e F d this eveniFigure3.45). In this event, initially the flow loss igradual

but gets steep after Ja0, showing the possibility of ice jamming after Jdh
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Thethird event ofthe flow lossin 2020 was observed from 01:15 January 13 to 23:45 January 14,
where the flow loss 01570cfs was observeat the rate of 33.8 cfs/ho(fable 3.28), with air
temperature going down t& 5 ¢Fgure3.45). There is a possibility of iceover formatiorseen

in thesecond and thirdases.
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Figure 3.45 Dischargebelow Moronyand air temperaurat Great Falldor the event from Jat
to Janl4, 2020

Table3.28 Secondand thirdflow loss evergin 2020.

Event 1 Time Discharge
Beginning time 1/8/2020 3:00 6520
End time 1/11/2®@016:45 4250
Total Minutes 5144

Total Hours 85.7

Flow Loss 2270| cfs

Flow decrease rate 26.5| cfs/hour
Event 2 Time Discharge
Beginning time 1/13/2020 1:15 5410
End time 1/14/2@023:45 3840
Total Minutes 2790

Total Hours 46.5

Flow Loss 1570| Cfs

Flow decrease rate 33.8] cfs/hour

The gage height &ascade and nelditm (Figure3.46) showsalmostno change to account for the
flow lossesof thefirst and secona@vens. Flow below Holter wasncreased by ~1200 cfs from

January 9 to 11 that could explain the flow incrad200 cfshelow Morony on January 1Zhe
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gage height increadafter Janl0, withanincrease ofiround 4ft near UIm and 1 ft at Cascade

thethird event is thus justifietb be termed as due to ice jam formati@ween Ulm and Morony

Gage height near Ulm Gage height at Cascade
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Figure3.46 Gage heighat Cascade angear Ulm for the event from Jdnto Janr14, 2020with
flow data below Mornoy and belokolter.

Therewas alargeincrease in gage heigft5ft) at Cascaden January 14Figure 3.46 clearly
indicating the ice jam formatiobetweenCascadeand Ulm but it would explain the flow loss

from January 13 to 14 (third everBtrangely, the flow below Morony did not decrease but started

to increase from January 15 to 22, which might be due to the high flow at Holter over six days plus

air temperature above fraeg after January 19F{gure3.45).

Hence, therevas ice jam formatiomlownstream Ulm on Januaryill? and between Cascade and

Ulm on January 14ven though their connection with flow loss events is weak.

3.7.2 SPECIAL EVENT FROM FER2 TO FEB5, 2020

Thefourth eventof flow lossin 2020 was observed from 17:30 February 02 to 16défiuary 05
where a flow loss of 181€fs within a span of around 3 days with a flow Icggof 25.7cfs/hour

is observedTable 3.29). Theair temperature readingorresponding to this event is well below
3 2 evith a minimum air temperature showing®, showing the possibility of iceoverjam

formation(Figure3.47).

Thegage height at Cascade shadmostno changes to account for the flow loss, thus indicating
no ice jam formation between Cascade and Ulmedischarge below Holtevas almost no chaeg
before andluring this event to account for the loss in discharge below MoFagyre3.48 shows
therewas adecreas¢~1.8 ft)in gage height at Ulm prior to thessentfrom Feb 01 to Feb 02 to

indicate an ice jam breakup (since above freezing temperature since January 30). The ice jam could
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move downstream and stop at certain locabeforeGreat Falls (minor impact to Ulm) to have a

decrease in dischargeticed at Morony.
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Figure3.47 Discharge below Morony and air temperaure for the event el to Feb5, 2020
Table3.29: Fourthflow loss eventn 2020

Event 3 Time Discharge
Beginning time 2/2/20 17:30 6600
End time 2/5/20 16:00 4790
Total Minutes 4230
Total Hours 70.5
Flow Loss 1810/ cfs
Flow decrease rate 25.7| cfs/hour
Gage height near Ulm Gage height at Cascade Flow below Morony
9 9000
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Figure3.48 Gage heighait Cascade amakear Ulm for the envent from Feébto Feb5, 2020with
flow below Morony.
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Hence, this event is categorizedaespecial event, as thereasanomaly seen in this event than

the rest of theevents where although the gage height at Cascade is decreasing, indicating the
meltdown of ice covers, the discharge at Morony is not increasingiddmneasingHere the
temperature readings and the amount of flow loss give the evidence of ice jamdiornathe

gageheightat UIm and Cascade shows otherwise.

3.7.3 SPECIAL EVENT FROM MAR14 TO MAR-16 AND ON MAR-19, 2020

There are two events of flow loss showirrigure3.49. The first event is between Ma# to Mar
16, with flow loss of 232@&fs within a span of 2 daywith a flow loss rate of 48.3 cfs/hourable
3.30). The temperature readings at this event shows a possibility adveejam formation.

The second event imn Mar-19 within the span of 3.5 hours with a flow loss rate of XB96
cfs/hour (Table 3.30). The temperature reading corresponding to this event also shows the

possibility of icecoverjam formationas it is well below the freezing point.
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Figure3.49 Discharge below Morony and air temperaaté&reat Fall$or the event from Mad4
to Mar-16, 2020 andn Mar-19, 2020

Table3.30 Fourthand fifth flow loss evergin 2020

Event4 Time Discharge
Beginning time 3/14/20 12:45 6600
End time 3/16/20 12:45 4280
Total Minutes 2880

Total Hours 48

Flow Loss 2320| cfs

Flow decrease rate 48.3| cfs/hour
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Event5 Time Discharge
Beginning time 3/19/20 6:00 8300
End time 3/19/20 21:3C 6270
Total Minutes 930

Total Hours 155

Flow Loss 2030| cfs

Flow decrease rate 130.96 | cfs/hour

Figure3.50 shows there is increment in gage height at Ulm starting from1&athus indicating

ice jam formation started from Md5 between Ulm and MoronyVhile the flow decrease started

at Mar14, the initial loss in flow at the first event is not due to ice jam formation. Also in the
second event, there is no indication of ice jam formation seen at Ulm as thech#&nge in gage

height prior to Mar19. The gage height at Cascaldasno evidence of ice jam formation in
between Cascade and Ulm for the second eMeMar19. Thedischargebelow Holterhadvery

less change at both these events tbatd cause the loss in dischargelow Morony.However,

the gage height at Great Falls had 2 ft increase on March 15 to indicate ice jam at Black Eagle
FallsDam for the flow loss at Morony.
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Figure3.50 Gage heighat Cascadeyear Ulmand at Great Fall®r the event from from Mat4
to Mar-19 andon Mar-19, 2020with flow below Morony.
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Hence, the first event of flow lo$om Mar-14 to Mar16, 2020, waglue to ice jam formatioat

Great Falls, but it is not clear why the flow below fdioy increased from noon on March 16 to
middle night on March 17The second event of flow loss Mar-19 couldstill be due to the ice

jam at Black Eagle Falls Dam since the water level remained high for over 3 days at Great Falls

3.8 SPECIAL EVENTS IN WINTRR OF 2021

The time series of discharge and air temperature Ber01, 2020to Mar-31, 202 is plottedfor

four periods to showheeightevents with flow decrease &igure3.51. The special evesmarked

with high flow loss aresummarizedn Table 3.31. The lowest air temperature during the flow
decreasesvents ranged frorh2 °F to-16 °F. The rate of flow decreases in these identified events
ranged fronb4.2cfs/hour to7.6 cfs/hour. Thdargest flow decrease observed \8850cfs which

was observed frorReb5 to Feb 7, 2021, with the flow decrease rate B4.2cfs/hour.

Table3.31 Summary of flow decrease events observed betweerl D@20 6 Mar-31, 2021

S.N. | Date Flow Decreased| Lowest emperatre Flow decrease rate
(cfs) during drop (cfs/hour)

1 Dec11 to Deel4 960 2°F 11.1

2 Dec17 to Dee24 2270 12°F 12.4

3 Dec27 to Dee30 1140 11°F 14

4 Janl7 to Jar28 2010 7°F 7.6

5 Febb5 to Feb7 3050 -16°F 54.2

6 Feb15 to Febl8 970 -12°F 11.1

7 Feb25 to Marl 1090 11°F 10.9

8 March-7 1590 25°F 18.5

Time series of gge height at Cascade, near Uéind at Great Falls fdour oftheeightevens are

plotted inFigure3.52 including flow time series below Holter and below Morofhe first event

from December 11 to 14, 2020 most likely had ice formatidongs water under below freezing
temperatures and had 1.8 ft of water level increase at Great Falls on December 14Tdmed 15.
flow increase and decrease from December 14 to 24 is not explainable by gage height data, air
temperature variatigrand no flow tiange below HoltefThe flow below Moronydecreased by

2290 cfs from 15:00 January 13 to 16:30 Januarp@3],with a few short periods of small flow
increase. The flowlecreasesdow Moronyfrom January 13 to 22 can not be explained by changes

of gageheights and flow below Holter; but the water level increase of 1.5 ft on Januairg22at

Fallssupports the continuous decrease from Jan2@ty 28.
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Discharge below Morony Tair
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Figure3.51 Discharge below Morony and air temperaatr&reat Fall$or eightevens with large
flow lossfrom December 1, 202to March 13 2021.
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e Gage height at Cascade near Ulm at Great Falls Flow below Morony below Holter
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Figure3.52 Gage height at Cascade, near Ulm and at Great Falls for the evemidoambeds,
2020,to March 10, 2021 with flow below Moronyand below Holter
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A large flow decrease (3050 cfs) occurred from February 520271, although flow below Holter
increased-800 cfs on February 3 and stayed at 505 cfs up to February 11, when air temperature
dropped continuously from February 5 and reacB8dF at 9:15 on February 1This flow loss

could be due to ice formation since there were no above freezing temgetatunelt any snow

and ice to form ice run moving downstrearhe flow decrease below Morony on March 7 could

be due to an ice jam between Ulm and Great Falls when the decrease of 1.5 ft in water level at
Ulm from March 6 to 7 with above freezing temparatindicated an ice jam brokeleased,

moved downstrearhut did not reach Great Falls (no water level change).

3.9 SPECIAL EVENTS IN WINTER OF 2022

The time series of discharge and air temperature frorrODe202 to Mar-31, 202 is plotted for
four period to show the eight events with flow decreas€ignre3.53. The special events marked
with high flow loss are summarized Trable 3.32. The lowest air temperature during the flow
decrease events ranged froB°E to-23 °F. The rate of flow decreases in these identified events
ranged fron89.7cfs/hour tol3.6cfs/hour. The largest flow decrease observed2s83 cfs which

was observed frordec-25to Dec27, 2021, with the flow decrease rate3at.1cfs/hour.

Table3.32 Summary of flow decreasaents observed between Be202L to Mar-31, 202

S.N. Date Flow Decreased| Lowesttemperature| Flow decrease rate

(cfs) during drop (cfs/hour)
1 | Decl16to Decl? 1620 -11°F 46.3
2 | Dec25 to Dee27 2580 -23°F 37.1
3 January 6 1300 -15°F 89.7
4 Janl8 to Jar20 920 1°F 13.6
5 Feb2to Feb 3 1970 -20°F 44.5
6 | Feb2lto Feb22 2400 -21°F 55.8
7 Mar-3 to Mar5 2490 15°F 64.7
8 Mar-9 to Mar10 1530 -4 °F 35

The first event from Decembeb 10 17, 2021 most likely had ice formation to loss water under
below freezing temperatures and laaginall continuous increasewséter level at Great Falfsom
December & and 21 (Figure 3.54). About 2 ft increase of water level at Ulm on December 18
could not explain the flow increase after December 18 td 122 flowdecrease andhcrease from
December25 to 29 is not explainald by gage height data, air temperature variation,samal

flow increasdéelow Holter.The increase of 3.9 ft in water levat December 27 is not linked to
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the increase of flow on December 28 and might link to 760 cfs decrease over a few hours on
Decembe 29, 2021 The flow below Morony decreased b2000cfs fromFebruary 2o 4, 2022

can be linked to ice jams between Ulm and Great Falls (> 2 ft water level decrease at Ulm) and
between Cascade and Ulm (~2.8 ft water level increase at Cascdéebruary2). The flow
decrease of 2150 cfs below Mororfiqure 3.54c) from February 21 to 22ould be due to ice

jams near Grate Falls (0.5 ft increase in water level at batlys on February 21) and between

Ulm (1.5 ft increase in water levedhd Great Falls. However, about 3.5 ft increase of water level

at Cascade from February 22 to 23, 2022, couléxplain the flow increase below Morofrpm
February 23 to 26 with below freezing air temperaturébe flow decreasbelow Moronyfrom

March 3 to 4 (Figure 3.54d) can bedue to an ice jam between Ulm and Great Falls when the
decrease d2.0ft in water level at Ulnon March3 with above freezing temperatuaéter February
28indicated an ice jam broke/released, moved downstream but did not reach Great Fallsr(no wat
level change)The decrease of 1380 cfs below Morony from March 9 todildde due to ice
formation below freezing temperatu@sgure3.53d) but not beexplained by gage heigimicrease

of ~2.8 ft at Ulm on March 10, 204Zigure3.54d).

(@)

(b)
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