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ABSTRACT 

 

Rivers are hugely affected by river ice 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 the cross-sectional area available to 

carry the flow and increases the water-surface 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. The analyses 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 project ñStudying effects of sub-zero temperatures on the volume of water and discharge 

in the Missouri Riverò funded by Northwestern Energy Hydro. 

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. Several ice jam events during the winter from 2014ï2022 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 hydrometric data available at the USGS gage stations from 

the Holter to Morony Dam 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 jamming event from freezing degree hours during any event. 

The model preparation of HEC-RAS is done for the Missouri River using the Lidar data and USGS 

data with the bathymetry data provided by Northwestern Energy Hydro. The flow and water 

temperature simulations are then 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 cover/jam formation as the water temperature stays at 0 oC during the event. Ice jam 

simulation is carried out in HEC-RAS 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 process involved in river ice processes, which is why 

River1D model is selected for river ice modeling. River1D 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 processes. River ice jams occur during the transitional periods of freeze-up 

and breakup, marking the beginning and end of an ice cover season. It may also occur in mid-

winter in temperate regions, during so-called ñmid-winter thawsò. Jams often extend for many 

kilometers and aggregate thickness of several meters along a river reach (Beltaos 2008).  

Ice jamming (Figure 1.1) in the river is simply the accumulation of ice in rivers, streams, or other 

sources which reduces the cross-sectional area, and increases the water-surface elevation (Federal 

Emergency Management Agency 2018). Ice jams are a buildup of water behind ice in a river to 

potentially cause floods because of snowmelt runoff adding more water to the river. Ice jams can 

result in higher water levels at lower discharges than open water floods, posing a greater risk to 

flood-prone (Lindenschmidt et al. 2016). The US Army Corps of Engineers develops the Ice Jam 

Database and the associated website https://icejam.sec.usace.army.mil/ to provide the information 

of ice jams formed in all northern USA states. Ice forms at a natural or man-made obstacle, e.g., a 

bridge (Figure 1.1(b)), when a somewhat abrupt change in slope, alignment, cross-section shape, 

or depth, occurs (Federal Emergency Management Agency 2018). Ice jams are typical where a 

tributary stream reaches a big river (Lindenschmidt et al. 2016), and the channel grade changes 

from relatively steep to mild. Ice jams frequently result in significant increases in upstream water-

surface elevation and flooding usually occurs quickly after the blockage forms (Federal 

Emergency Management Agency 2018). 

  

(a) 

https://icejam.sec.usace.army.mil/
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(b) 

Figure 1.1 (a) Ice jam formation in Yellowstone River at Miles City, Montana in 2018 

(https://www.youtube.com/watch?v=6VTEAMYHShI), and (b) Ice jam formation before a bridge 

in Gallatin River near Logan, Montana in January 2022 (https://www.youtube.com/watch?v 

=z_TDNNVxQBc). 

Looking from the hydraulics perspective, ice-covered 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 cross-sectional area. This increases the flow resistance 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 cross-section. The altered velocity 

distribution has important implications for the energy principle of the flow hydraulics (Khan 

2006). 

The Missouri River is the longest in the United States and starts from the Ricky Mountains of 

Southwestern Montana (MT). The river is responsible for the drainage of a sparsely inhabited, 

semi-arid watershed that is more than 500,000 square miles (1,300,000 km²) in size and includes 

portions of ten states in the United States and two provinces in Canada. Although it is technically 

considered to be a 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 Mississippi River, the 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 life. The majority of ice jams are reported to take place in February and 

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



 

3 

 

States. During this period, when the cold temperatures are replaced with mild warmer temperatures 

with high temperatures reaching 30 F to lower 40 F, the potential for ice jam flooding in Montana 

is very high. The ice jams in the Missouri river are mostly observed in areas where rivers are 

meandering. The ice-jammed river on such a river bend is shown in Figure 1.2 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=c42b2df23a8c42ff9a2aef37843bdccb. 

More than 80 percent of ice jams and associated flooding in Montana take place between January 

and March, with the highest number occurring in March when the air temperature rises above 

freezing. The most ice jams ever recorded in a single season were 75 in 1996. In more recent years, 

2004 saw 40 ice jams, 2006 produced 14, and 23 were recorded in 2011 (Montana Department of 

Natural Resources & Conservation 2022).  

 

Figure 1.2 Google Earth image showing river ice jam in Missouri River in December 2004. 

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 shown in Figure 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 25 miles long and has a storage capacity of 243,000 acre-feet of water when full. The 

https://www.arcgis.com/apps/Cascade/index.html?appid=c42b2df23a8c42ff9a2aef37843bdccb
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Holter Dam is a "run-of-the-river" 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 dams with hydropower turbines owned by the 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 cold semi-arid climate, 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 oF (-17.8 oC), and the record low temperature in February was -49 oF at Great Falls. It 

becomes above 32oF on some winter days (JanuaryïMarch). Therefore, the Missouri River from 

Holter Dam to Great Falls often develops ice cover and ice jams during the winter period, which 

reduce the available flow to hydropower turbines at five dams below Great Falls. NWE Hydro 

needs to know the flow decrease due to ice cover/jam during the winter in order to purchase an 

adequate amount of electricity from other power companies to satisfy the power demand from its 

customers. More accurate prediction or forecast of the flow decreases is important in helping NWE 

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

River ice jamming is seen mostly in adverse weather conditions, which make data collection and 

ground survey of ice cover/jam characteristics very difficult. Despite a very high significance of 

ground-surveyed 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 ice-covered rivers. As a result, our understanding of the hydraulics of ice-

covered rivers is limited, mainly because of the difficulty in obtaining field data from ice-covered 

rivers. 

Various numerical models have been developed and applied to analyze and predict the ice cover 

and ice jam processes in rivers. HEC-RAS and River1D are two of these models developed which 

can be used for river ice process modeling. HEC-RAS 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. River1D is a software developed by the Department of 

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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Figure 1.3 Google map showing the Missouri River from Holter Dam (upstream) to Great Falls 

(downstream) and I15 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 shown in Figure 1.3 is the 

river used for hydroelectricity production by Northwestern Energy Hydro. The 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 model to 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 to 2020 winter seasons to 

identify the ice jamming events. 



 

6 

 

2) Acquisition of bathymetry data of Missouri River in order to develop hydraulic models 

to predict and forecast the flow reduction in the ice cover/jam events. 

3) Develop HEC-RAS models of Missouri River for open channel case, ice cover case, 

and ice jam case. 

4) Develop the HEC-RAS model for water temperature simulation in Missouri River and 

validate the model with the ice jam events identified in the first objective. 

5) Develop and test the River1D model for Missouri River for transient simulation and 

compare its result with HEC-RAS. 

1.3 THESIS ORGANIZATION 

This thesis is organized into nine different chapters. Chapter one covers the background, scope 

and objectives, and thesis organization. This section introduces the river ice jam and the study area 

for the project.  

Chapter two provides the literature review for the river ice process, its challenges, and the benefits 

of river ice modeling. It discusses the recent advancement of river ice process. Chapter three 

explains the data analysis process to identify flow decrease events. It explains the use of discharge, 

water temperature, and gage height to identify and locate ice jam events. Chapter four explains the 

process involved in developing a land cover classification map using LANDSAT image for the 

study area. 

Chapter five discusses the HEC-RAS model setup; input data required on HEC-RAS 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 HEC-RAS. Chapter seven discusses the further 

use of HEC-RAS with water temperature simulation for steady flow analysis on HEC-RAS for 

Missouri River. 

Chapter eight focuses on River1D, its understanding and testing, and its ability to perform complex 

river processes. Finally, chapter nine contains the summary, conclusions, and scope for future 

studies. 
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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 regions. Any area where river 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 study. The two most important 

factors in determining how ice forms are temperature and turbulence (Michel and Ramseier 1971). 

Temperature is related to local 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 water body. Turbulence 

in rivers is driven by the water velocity and by the channel materials. To describe its development, 

several review papers have been published over the past few decades, such as Beltaos (1987), Shen 

(2003), Hicks (2016), etc. Because rivers frequently have non-negligible flow velocities and 

turbulence, the ice formation process in the northern river rivers is significantly different from that 

of lakes; consequently, both flow hydraulics and meteorological conditions play a significant role 

in ice formation and deterioration in rivers. 

On northern rivers, freeze-up normally starts in the late fall or January and is the time when a 

stable ice cover occurs. Heat transfer from river water (Ó 0 oC or 32 oF) to cooler air above is the 

main source of heat loss from the cooling of river water to 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 supercooled 

(water becomes slightly below 0 oC) (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 particles (Ashton 1979) or combine supercooled 

water at the surface with the flow below (Clark 2013). In some areas, a thin layer of skim ice will 

develop on the waterôs surface. Static border ice (Figure 2.1), similar to lake ice, is skim ice that 

develops laterally from a riverbank toward the center river channel (Shen 2010). In the early phases 

of freeze-up, 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 the riverbank (photo from S. Beltaos). 

The second way that ice originates in rivers is through secondary nucleation on already-formed ice 

crystals, which are known as seed crystals (Kalke et al. 2019). Fracture and the generation of more 

frazils can result from the collision of active frazil particles (Figure 2.2). Anchor ice may form due 

to the adhesive nature of frazil, flocculation, and the production of frazil flocs, or if frazil adheres 

to the riverbed as shown in Figure 2.3 Anchor ice on the riverbed of Ram River, Alberta (photo 

by R. Brown)Figure 2.3. Frazil flocs often referred to as frazil slush, remain in suspension until 

their buoyancy is sufficient to overcome the flow's turbulence and rise to the surface. 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 pan's underside. Pan collisions (Figure 2.4) may result in crustal 

thickening, hydraulic thickening, or edge-to-edge freezing. 

 

Figure 2.2 Frazil ice (photo by R. Andrishak, University of Alberta) 
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Figure 2.3 Anchor ice on the riverbed of Ram River, Alberta (photo by R. Brown) 

 

Figure 2.4 Frazil pans formed after collision (photo by F. Hicks)  

Ice pans may contribute to border ice formation through a process known as buttering (Clark 2013; 

Hicks 2016) or hydraulic accumulation by sticking to previously produced border ice via thermal 

growth (Shen 2010). The streamwise forces acting upon an ice pan, such as drag and gravity, must 
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be balanced by the friction force between the ice pan and the bordering ice, for border ice growth 

to occur in this mode (Shen 2010). 

Around river bends and in constricted areas, such as between bridge piers or in regions 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 occurred. Figure 2.6, Figure 2.7, and Figure 2.7 show the ice pans and border ice beginning to 

merge and starting the bridging process of river ice. 

 

Figure 2.5 Bridging process starting at river bends and constricted areas (photo by R. Gerard, 

University of Alberta) 

For bridging to occur (Figure 2.7), 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, ice strength, and downstream resistance given by any impediments 

(Shen 2010). In the absence of opposing forces to counterbalance the pushing pressures, the ice 

pans will either be forced through the constriction or will consolidate prior to jamming or releasing 

from the location of the bridge. Surface and depth-averaged water velocities, water surface width 

or the width of the gap in the surface obstruction, water depth, meteorological conditions, strength 

and thickness 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 process (Urroz and Ettema 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 short (Jasek and Pryse-Phillips 2015; Howley et al. 2019). This may result in the 

propagation of a disjointed or fragmented ice front. River1D software allows users to define 

multiple bridge locations along a river reach, but a minimum of one briging location is needed to 

start thermal ice simulation using River1D. 

 

Figure 2.6 Ice pans and border beginning to merge; start of the bridging process (photo by R. 

Gerard, University of Alberta) 

 

Figure 2.7 Bridging of rivers from the 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, gradient (slope), water velocity, discharge, surface ice concentration, and 
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the upstream propagation mode. An ice pan advancing downstream towards an ice front may come 

to rest edge-to-edge with the ice front, extending the ice front upstream and creating a juxtaposed 

ice cover. 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 thickening will occur, resulting in 

a hummocky ice cover and/or freeze-up ice jams (Hicks 2016), shown in Figure 2.8. 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 thickening (Hicks 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 process (Beltaos 2013). It should be noted that it is 

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

 

Figure 2.8 Hummocky ice 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 its wetted perimeter. 

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 cover develops, these factors result in a decrease in the hydraulic 

efficiency of the channel and a sudden rise in stage, often known as stage-up. 
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Once it has developed, an ice cover protects the water below from the chilly air above while 

preventing additional 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 cover. The resulting 

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 place (Ashton 1979). Figure 2.9 shows the longitudinal profile of hanging dams at LaGrande 

River accumulated from the frazil slush. 

 

Figure 2.9 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 the ice cover 

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 well. Snow starts to saturate and turn into slush, 

then freezes to become snow ice. 

Rising air temperatures (> 32 oF) trigger the break-up process, which can either be thermal or 

dynamic in nature. Ice covering melting in-situ causes thermal break-up, which is directly 

influenced by meteorological circumstances. It frequently happens when air temperatures are 

gradually rising. The timing of thermal break-up typically varies greatly in space and is 

fragmented. The spatial diversity of shading effects and ice thickness is responsible for this. As a 
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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 be because of the snowmelt on the ice cover. Ice cover reduces the ice jam 

surface albedo and permits more of the sunôs heat energy to get into the ice (Figure 2.10). It can 

also be because of the development of open water leads, which allows a lot of solar heat energy to 

enter the flow and this warmed water melts the ice from the underside (Figure 2.11). Thermal 

break-up can also be because of the thermal deterioration of the ice cover, which occurs at an 

increasing rate as the surface albedo decreases (Figure 2.12). The ice cover melts in place in river 

or lake, and it typically results very little ice movement. 

 

Figure 2.10 Thermal break-up of ice cover because of snowmelt on the ice cover (photo by F. 

Hicks) 

 

Figure 2.11 Thermal break-up of ice cover because of development of open water leads (photo by 

F. Hicks) 
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Figure 2.12 Thermal break-up of ice cover because of thermal deterioration of the ice cover (photo 

by F. Hicks) 

The mechanical breaking of the ice cover is the consequence of dynamic break-up, which is 

primarily driven by hydraulic processes. A considerable increase in discharge (due to melting snow 

or ice or upstream release) raises the water level, raising/lifting  the ice cover in the center portion 

of the channel and separating it from the shore-fast border ice into floating ice sheets. When water 

levels rise, the channel top width increases, and then large floating ice sheets can move/pass 

downstream to form an ice run (Figure 2.14a) when the flow width gets large enough. Hinge 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 channel. Break-up ice jams can 

form if the ice run is arrested at a narrow-restricted cross-section called the bridging location in 

various ice jam models, and dynamic break-up is also fragmented (Figure 1.1a). When ice jams 

form (Figure 2.14b), an upstream cascade effect may result, whereby waves that are traveling 

upstream trigger or assist 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 obstruction (Jasek 2019). Most of the ice stays in the channel and the ice 

jam accumulation is thick. After 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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Therefore, an ice run moving downstream can stop to form an ice jam, and then an ice jam breakup 

or release occurs later when water level rise builds up large enough hydrostatic forces; the process 

of stop and release of ice floes continues to happen. Small ice floes can freeze and connect to form 

large ice blocks when the air temperature drops below freezing. Dynamic break-up often begins 

like a thermal ice break-up. It starts with snow melt on ice cover, with development of open leads 

which often form along the thalweg where the flow is highly turbulent and fast, and the ice cover 

is often the thinnest. This results in overflow from open leads indicating rapid water level rise 

(Figure 2.13) to result flooding due to an ice jam (Figure 2.14c). 

 

Figure 2.13 Dynamic breakup of river ice with rising water level along thalweg (photo by F. 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 river to increase sharply, the dynamic break-up 

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

variables, such as increasing releases from hydropower plants, dams, or reservoirs. 
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(a) Mackenzie River photo by Faye Hicks 

 
(b) Hay River photo by R. Gerard, UofA 

 
(c)Hay River photo by Faye Hicks 

Figure 2.14 (a) River ice run, (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 provide a variety of difficulties. Water quality 

and ecology are significantly impacted by river ice (Whitfield and McNaughton 1986; Brown et 

al. 2000; Prowse 2001; Lindenschmidt et al. 2018) as are river scour (Hains and Zabilansky 2005), 

flooding (Gebre et al. 2014; Kempema et al. 2019) power outages and operational issues at 

hydroelectric generating stations (Beltaos and Burrell 2003; Daly and Ettema 2006; Gebre et al. 

2014). Even though ice jams are frequently viewed as harmful processes, they are really beneficial 

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

a UNESCO World Heritage Site (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 biggest barriers to increased 

knowledge and understanding. Turcotte et al. (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 are inclement 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). There are several ways to reduce or remove these hazards, such as 

through formal training, experience, and work avoidance (Jasek and Lavalley 2003). A 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; Shen, 2010). It is also possible to locate and/or 

address gaps in the river ice community's comprehension of processes by running model 

simulations and comparing the results to observable data from the field. 

Numerical models have been employed in a number of projects to date, including determining the 

timing of freeze-up and break-up (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 defenses (Lindenschmidt 

2017) examining the potential implications of flow regime change and evaluating the impacts of 

climate change (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 comprehensive models, which are 

created to replicate a river's whole winter regime. One-dimensional (1D) steady-state ice jam 

profile models like HEC-RAS (Beltaos, 2013; Daly, 2003), RIVJAM (Beltaos and Wong 1986), 

ICEJAM (Flato and R. 1986), and ICETHK are the most popular models (Tuthill 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 models can provide ice jam profiles for non-

equilibrium jams, others can solve the equilibrium ice jam equation. Although two-dimensional 

(2D) steady state-ice jam profile models need more processing, they often perform better in 

situations where there are strong 2D flow 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 1997) and SIMGLACE 

(Malenchak 2012) may be employed when more processes or variables need to be considered. 

There are also a number of thorough one- and two-dimensional unstable ice process models. One-

dimensional models are frequently chosen over two-dimensional models in practical applications 

because they require less computing power and typically run simulations significantly faster. 

CRISSP (developed by Clarkson University under contract to CEA Technologies, Inc.), MIKE-

ICE (developed by Danish Hydraulic Instituteôs (DHI) in conjunction with La Groupe-Conseil 

Lasalle Inc.), River1D (developed by University of Alberta), and RIVICE (developed by a 

consortium of organizations and engineering firms and completed by KGS Group, Figure 3.14) 

are some of the most well-liked one-dimensional complete river ice models. 

 

Figure 2.15 River ice processes simulated in RIVEICE (adopted from Sheikholeslami et al., 2012) 

  



 

20 

 

CHAPTER 3. DATA ANALYSIS FOR FLOW DECREASE EVENTS 

3.1 INTRODUCTION 

This data analysis was to identify the special events that occurred in the Missouri River from below 

Holter Dam to Great Falls, Montana, and their characteristics since 2014. The special events in the 

Missouri River refer to when the flow rate or discharge at the USGS gage station below Morony 

has reduced abruptly (e.g., roughly 500 cfs or more per day) in December, January, February, and 

March.  Table 3.1 lists the information of USGS gaging station number, station name, and earlies 

date with discharge and gage height for the study area. There are no valuable data at Cascade and 

Ulm during the winter period before 2014. Three stations also have water temperature data from 

10/1/2011 or 4/1/2012 to today. The gage station below Morony, USGS 06090300 Missouri River 

near Great Falls MT, is located a short distance downstream from the Morony Dam, one of five 

hydroelectric power generation facilities near Great Falls, and is used to analyze the flow rate 

decrease of more than 500 cfs in this study. The abrupt flow decreases in the Missouri River during 

the winter period (DecemberïMarch) could be due to various reasons, e.g., ice formation, ice jam 

formation, etc., which are related to the cold weather conditions. The hourly weather data were 

obtained from the National Climatic Data Centerôs (NCDC) Climate Data Online (CDO) website 

for the weather station of Great Falls Airport, MT, US. The weather data downloaded includes air 

temperature, precipitation, and wind speed; but only air temperature was analyzed. 

Table 3.1 Station number, station name, and earlies date with discharge and gage height for the 

study area 

Site Number Station Name Early Date with Data 

Discharge Gage Height 

06066500* Missouri River bl Holter 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 Ulm MT 10/1/1994 7/1/2017 

06090000 Missouri River at Great Falls MT  5/21/2014 

06090300 Missouri River near Great Falls MT (bl Morony 

Dam) 

10/1/1994 10/1/2007 

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 near Vaughn 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 OF 2014ï2015 

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 decreases. Figure 3.1 shows 

the air temperature time series from 12/1/2014 to 3/31/2015 with a reference line of 32ęF or 0ęC 

to indicate the dates when the air temperature was notably below the freezing point. Figure 3.1 

shows whenever air temperature went below the freezing point, the discharge below Morony was 

highly affected and typically decreased. Those special events were marked and indicated in Figure 

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

are noted with high flow loss along with the corresponding temperature drop. The characteristics 

of four special events are summarized in Table 3.2 including the start and end time, total flow 

decrease (cfs), the lowest air temperature (Montana Department of Natural Resources & 

Conservation) during the flow decrease, and the rate of flow decrease over the flow-decreasing 

period (cfs/hr).  The lowest air temperatures during the flow decrease events ranged from 24 oF to 

-20 oF. When the flow below Morony decreased 500 cfs in one day (24 hours), the rate of flow 

decrease was 20.8 cfs/hr (500 cfs/24 hours). The rate of flow decreases in these identified events 

ranged from 32.9 cfs/hr to 107.6 cfs/hr, which means these events had flow decreases much larger 

than 500 cfs per day.  

There was no gage height data before 6/16/2011 at Cascade and before 7/1/2017 at 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. 

Table 3.2 Summary of flow decrease events observed between December 1, 2014, to March 31, 

2015. 

S.N. Period of the decrease Total flow 

decrease (cfs) 

Lowest temperature 

during the decrease 

Rate of the flow 

decrease (cfs/hour) 

1 Dec 28 to Dec 31, 2014 2770 cfs -20 oF 32.9 

2 Jan 27 to Jan 29, 2015 3570 cfs 24 ęF 107.6 

3 Jan 31 to Feb 02, 2015 1960 cfs -8 oF 56.0 

4 Mar 02 to Mar 03, 2015 1650 cfs -6 oF 90.5 
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Figure 3.1 Discharge (cfs) below Morony Dam and air temperature (Montana Department of 

Natural Resources & Conservation) at Great Falls from December 1, 2014, to March 31, 2015, 

showing events of large flow decrease. 

3.2.1 SPECIAL EVENT FROM DEC-28 TO DEC-31, 2014 

The flow decrease was 2770 cfs between 4:45 December 28 and 17:00 December 31 when air 

temperature dropped from 26 oF to -20 oF (the lowest temperature) and started to increase after 

that (Figure 3.1). 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 below 32 oF (red horizontal line 

in Figure 3.2). 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 December 25 to 12:00 on December 27 (20.8 cfs/hr) when the air temperature was ~25ï10 oF. 

The flow started to increase from ~18:00 on December 31, 2014, to January 3, 2015, when there 

was a short period with air temperature > 32 oF. The air temperature decreased from 35 oF to -10 

oF from ~17:00 on January 2 but the flow was almost no change. 
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Figure 3.2 Discharge below Morony with air temperature for the event on Dec-28, 2014 to Dec-

31, 2014 

Table 3.3 Flow decrease summary on Dec-28, 2014 to Dec-31, 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 (USGS Gage station 

number: 0606650) was available from October 1994 and water temperature from October 2011. 

Figure 3.3 shows the time series of discharge below Holter from 12/20/2014 to 12/31/2014. There 

was a small increase of ~200 cfs on 12/27 to 12/29 and then a large increase of ~800 cfs from 

12/29/2014 until 12/31/2014, Figure 3.3. Considering the time delay, a part of the flow increases 

below Morony (Figure 3.2) from 12/31/2014 could be due to the inflow increase at the below 

Holter. Because there was no gage height data at Cascade and Ulm, it is difficult to know whether 

or where ice jams were formed in Missouri River for the flow decrease from 12/28/2014 to 

12/31/2014 (Figure 3.2). Water temperature below Holter was above 34 oF and had a small 

decrease of ~2 oF (Figure 3.3). 

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

beginning of the event, the lowest temperature reached during the event, the drop in temperature, 
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and rate of decrease of temperature are noted. After the lowest temperature, the rise of temperature 

from the lowest point to the temperature at the final point of the event is recorded and the rate of 

increase of temperature is calculated. 

Table 3.4 Air temperature change within the event during the flow-decreasing event from Dec-28, 

2014 to Dec-31, 2014 

Parameter 

Temperature 

(Montana 

Department of 

Natural Resources 

& 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 oF/hour 

   
Lowest  -20 12/30/2014 6:53 

Final  19 12/31/2014 16:53 

Increase 39  
Hours 33 hours 

Increase rate 1.18 oF/hour 

The temperature first dropped to the lowest point of -20 oF and then rises to 39 oF when the flow 

below Morony dam was also dropping (Figure 3.1). 

 

Figure 3.3 Discharge below Holter for the event between Dec-28, 2014 to Jan-5, 2015 

The increase in the discharge below Morony Dam after Dec-31 (Figure 3.2, from 2840 cfs to 5720 

cfs), could not only be due to the increase in discharge below Holter after Dec-29 (Figure 3.3
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, ~800 cfs). The increase in discharge below Holter is typically a management strategy 

implemented by NWE Hydro and is mostly not related to any temperature changes at Great Falls. 

Therefore, the increase could be due to the breakup of ice cover or ice jams formed before 

December 31, which released the large amount of water stored behind the ice jams (flooding 

overbank areas). Gage height at Cascade had an increase of 5 ft from December 31 to January 2, 

which indicated certain flooding issue (flow increase from Holter shown in Figure 3.3). 

Figure 3.2 shows a flow loss of 2770 cfs from December 28 to 31. The significant drop down in 

air temperature indicated a major chance of ice jam development between Holter and Morony. The 

specific place of ice jamming cannot be specified. 

3.2.2 SPECIAL EVENT FROM JAN-27 TO JAN-29, 2015 

This event has a decrease in discharge of 3570 cfs below Morony Dam (Table 3.5). This 

corresponds with the simultaneous temperature decrease from 60 ęF to 22 ęF as seen in Figure 3.4. 

Discharge below Holter did not change much (~300 cfs). The gage height at Cascade was increased 

by only 0.2 ft from Jan-25 to Jan-26 (Figure 3.5). This increase in gage height is not significant 

enough to cause that amount of water loss (Figure 3.4). 

The possible reasoning could be ice jam formation downstream of Cascade to Ulm or Great Falls. 

Considering the lag time (~2 days) from Holter to Morony and quite high air temperature (> 50 

oF), any ice formation is questionable; therefore, the reason for this flow-decreasing event at 

Morony is unclear. 

Table 3.5 Flow decrease summary on Jan-27 to Jan-29, 2015. 
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Figure 3.4 Discharge below Morony and Air Temperature for the event on Jan-27, 2015 to Jan-29, 

2015  

 

Figure 3.5 Gage height change at Cascade for the event on Jan-27, 2015 to Jan-29, 2015 
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3.2.3 SPECIAL EVENT FROM JAN-31 TO FEB-02, 2015 

This event had a flow loss of 1960 cfs within a period of 35 hours (Table 3.6). Similar to the last 

event (Section 3.2.2), the flow loss at Morony corresponds a large air temperature drop (Figure 

3.6, circled). 

The flow loss of 1960 cfs or a rate of 56 cfs/hour could result from ice jam formation under freezing 

temperature. From the data analysis, there was no specific change in discharge below Holter, and 

neither there was much change in gage height at Cascade. Thus, the ice jam formation could be 

downstream of Cascade to Ulm or Great Falls. 

 

Figure 3.6 Discharge below Morony and air temperature for the event on Jan-31, 2015 to Feb-02, 

2015 

Table 3.6 Third flow loss event of 2014/15 

Event 3 Date Discharge 

Beginning Time 1/31/2015 18:30 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 MAR-02 TO MAR-03, 2015 

This is the last event of major flow decrease that was noticed in between Holter to Great Falls 

during the winter of 2014/2015. A flow decrease of 1650 cfs at a rate of 90.5 cfs/hour on March 3 
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is found (Table 3.7) and corresponds to temperature dropping and maintaining below 32ęF 

throughout the event, causing the decrease in flow. The data analysis shows there is no discharge 

changes at below Holter and almost no change of gage height at Cascade. 

After a flow increase during the night on March 3, there is a subsequent flow loss of around 1200 

cfs on March 4 (Figure 3.7) when air temperature was still below freezing. These flow losses were 

quite dynamic and could be due to ice jam formation, break up, and formation again in another 

downstream location. There is no evidence seen in the Cascade and Holter showing ice jamming. 

The air temperature was lowed to -6ęF and remained below 32ęF for 3 days. Thus, like previous 

events, there could be ice jam formation downstream Cascade to Ulm or Great Falls. 

 

Figure 3.7 Discharge below Morony for the event on Mar-02, 2015 to Mar-03, 2015 

Table 3.7 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 EVENTS IN THE WINTER OF 2015ï2016 

The time series of discharge and air temperature from Dec-01, 2015 to Mar-30, 2016 is plotted 

indicating three events with flow decrease in Figure 3.8. Three events marked with high flow loss 

are shown in Table 3.8. The lowest air temperature during the flow-decrease events ranged from 
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22 oF to -4 oF. The rate of flow decreases in three identified events ranged from 81.5 cfs/hour to 

15.1 cfs/hour. Three individual events in Table 3.8 are discussed below. 

 

Figure 3.8 Discharge and air temperature below Morony from Dec-1, 2015 to Mar-31, 2016 

showing events of high flow loss. 

Table 3.8 Summary of flow decrease events observed between December 1, 2015, to March 31, 

2015. 

S.N. Date Flow decreased Lowest 

Temperature 

Flow decreases rate 

(cfs/hour) 

1 Dec 16 to Dec 17, 2015 1057 cfs 4 oF 81.5 

2 Dec 20 to Dec 27, 2015 2480 cfs -4 oF 15.1 

3 Jan 30 to Jan 31, 2016 1040 cfs 22 oF 29.1 

 

3.3.1 SPECIAL EVENT FROM DEC-16 TO DEC-17, 2015 

For the first flow loss event from Dec-16 to Dec-17, 2015, a flow loss of 1057 cfs is observed with 

a flow decrease rate of 81.5 cfs/hour (Table 3.9). The flow decrease was observed between 17:00 

December 16 and 06:00 December 17, 2015, with the air temperature dropping to 4ęF (Figure 3.9). 

The data analysis of discharge below Holter from Dec-12 to Dec-21 gives a discharge of 3434.8 

cfs and no flow loss at below 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 period between 

Cascade and Ulm that might have resulted in flow loss. The corresponding temperature reading at 
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and before this event shows potential case of ice formation, with temperatures well below the 

freezing point for 3 to 4 days (Figure 3.9). 

 

Figure 3.9 Discharge below Morony and air temperature for the event on Dec-16, 2015 to Dec-17, 

2015 

Table 3.9 First flow loss event in 2015/16 

Event 1 Date Discharge 

Beginning Time 12/16/15 17:00 4277.5 cfs 

End Time 12/17/15 6:00 3220.0 cfs  

Total Minutes 779  
Total Hours 13.0  
Flow Loss 1057.5 cfs 

Flow decrease rate 81.5 cfs/hour 

In this event, from Figure 3.9, ice jamming is a possibility, but as no specific traces of it are noticed 

at discharge reading for below Holter and gage height reading at Cascade, the possibility of ice 

jam formation in between Ulm and Morony dam is seen viable. Also, as the temperature goes up 

after Dec-18, flow increases at Morony, without any changes to the discharge at Holter or gage 

height at Cascade. This must be a result of the ice melting between Ulm and Morony.  

3.3.2 SPECIAL EVENTS FROM DEC-20 TO DEC-27, 2015 

The second flow loss event is a longer event, of around 7 days, from Dec-20 to Dec-27, 2015. 

where a gradual loss in discharge of 2480 cfs at the rate of 15.1 cfs/hour is observed from 4:45 

December 20 to 00:30 December 27, 2015 (Table 3.10). The air temperature has dropped from 

32ęF to -4ęF over throughout this event (Figure 3.10). This indicates a possibility of ice cover/jam 
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formation. The analysis of the discharge below Holter at the event does not show a significant 

change and has an average discharge of 3419.7cfs.  

 

Figure 3.10 Discharge below Morony and Air Temperature for the event on Dec-20, 2015 to Dec-

27, 2015. 

Table 3.10 Second flow loss event of 2015/2016 

Event 2 Time Discharge 

Beginning time 12/20/2015 4:45 5370 

End time 12/27/15 0:30 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 after Dec-26 in Figure 3.11. The gage height has raised by 1.7 ft during this 

event. Initially, the flow loss from Dec-20 to Dec-25 below Morony (Figure 3.10) could be due to 

ice cover/jam formation between Ulm and Morony because the gage height at Cascade was not 

affected during this flow loss. Again, for the most abrupt flow loss seen from Dec-25 to Dec-27 of 

the event, gage height at Cascade (Figure 3.11) shows the evidence of ice cover/jam formation in 

between Cascade and Ulm. Thus, this is the case of ice cover/jam formation in both the places i.e., 

between Cascade and Ulm, and/or between Ulm and Morony. 
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Figure 3.11 Gage height at Cascade at the event on Dec-20, 2015 to Dec-27, 2015 

 

3.3.3 SPECIAL EVENT FROM JAN-30 TO JAN-31, 2016 

The third flow loss event of 1040 cfs was from Jan-30 to Jan-31, 2016 at the rate of 29.1 cfs/hour 

(Figure 3.12). Figure 3.12 shows the discharge below Morony along with the air temperature 

change during from Jan-28 to Feb-05. The air temperature in the flow loss event was dropped from 

around 32ęF to 20ęF. The air temperature stayed below the freezing point after Jan 30 (Figure 

3.12). 

The data analysis of the discharge and gage height below the Holter and Cascade, respectively, 

shows that the discharge below Holter shows no major loss or increase and had an average flow 

of 3881.9 cfs, while the gage height at Cascade was consistent throughout this event with an 

average gage height of 6.8 ft. There was no data at Ulm gaging station. Air  temperature was below 

32ęF for a period of 12 hours (Figure 3.12), this event most likely was not due to ice jam formation 

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

Table 3.11 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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Figure 3.12 Discharge below Morony and Air Temperature for the event for Jan-30, 2016 to Jan-

31,2016 

3.4 SPECIAL EVENTS IN THE WINTER OF 2016ï2017 

The time series of discharge and air temperature from Dec-01, 2016 to Mar-31, 2017 is plotted 

indicating the events with flow decrease on Figure 3.13. From the graph of discharge and air 

temperature with date, five events with high flow loss and the corresponding air temperature are 

identified. The special scenarios that are marked with high flow loss are shown in Table 3.12. The 

lowest air temperature during the flow decrease events ranged from 32 oF to -6 oF. 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 was observed from Feb-19, 2017 to Feb-26, 2017, with the flow 

decrease rate of 20.83 cfs/hour. 

Table 3.12 Summary of flow decrease events observed between December 1, 2016, to March 31, 

2017 

S.N. Date Flow Decreased 

(cfs) 

Temperature after 

drop 

Flow decrease rate 

(cfs/hour) 

1 Dec-07 to Dec-08 1290 -6 oF 56.7 

2 Dec-16 to Dec-19 1890 32 oF 30.12 

3 Dec-21 to Dec-25 1280 10 oF 16.25 

4 Dec-25 to Dec-28 1100 32 oF 17.00 

5 Feb-19 to Feb-26, 2017 2000 24 oF 20.83 
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Figure 3.13 Discharge and air temperature below Morony from Dec-1, 2016 to Mar-31,2017 

showing events of high flow loss. 

3.4.1 SPECIAL EVENT FROM DEC-07 TO DEC-08, 2016 

The first flow loss event of the winter of 2016 was observed from 06:30 December 7 to 5:15 

December 8, 2016 (Figure 3.14). A total flow loss of 1290 cfs is seen during this event at the flow 

decrease rate of 56.7 cfs. The air temperature started to drop below freezing on December 4 and 

reached around 0ęF from December 6 to 10 (Figure 3.14). There was temperature drop to below 

the freezing point from late hours on Dec-04, with the rise in discharge between Dec-06 to Dec-

07 albeit the temperature was decreasing, which is because of the increase (1000 cfs) in discharge 

at 8:00 below Holter on Dec-04 (Figure 3.15), 16:00 on Dec-04 at Cascade, 8:00 on Dec-05 at 

Ulm, and an increase in gage height (0.5 ft) at Cascade at Dec-05 (Figure 3.16), most likely 

managed release by NWE Hydro. The loss in discharge from Dec-07 to Dec-08 was most possibly 

due to ice cover/jam formation from Cascade to Ulm or Morony since air temperature was so low, 

but water temperature at Holter was high and continuously dropped from 43.4 oF to 39.9 oF. 

Table 3.13 First flow loss event 2016/2017 

Event 1 Time Discharge 

Beginning time 12/7/2016 6:30 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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Figure 3.14 Discharge below Morony for the event on Dec-07, 2016 to Dec-08, 2016. 

 

Figure 3.15 Discharge below Holter for the event on Dec-07, 2016 to Dec-08, 2016 

 

Figure 3.16 Gage height at Cascade for the event on Dec-07, 2016 to Dec-08, 2016 

3.4.2 SPECIAL EVENT FROM DEC-16 TO DEC-19, 2016 

The second flow loss event from 16:45 December 16 to 7:30 December 19, 2016, was observed 

with flow loss of 1890 cfs in a span of 2 days (Figure 3.17) at the rate of 30.12 cfs/hour (Figure 

3.17).The minimum air temperature during at this event was around -21ęF and the air temperature 
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remains under the freezing point from before and throughout the event. Discharge from Holter 

Dam was 5620 cfs on December 13 and dropped to 4500 cfs on December 16: decrease of 1120 

cfs, smaller than the drop in Morony. The reason for flow loss can be predicted at the very low 

temperatures, which possibly caused the ice cover formation. 

The gage height data at Cascade is studied to check the ice jam formation between Cascade and 

Ulm. The observed gage height data at Cascade from December-15 to December-23 shows a rise 

of 5 ft on December 17 (Figure 3.18) and remain at high level up to the end of December 20. Water 

temperature at Holter dropped from 36.3 oF on December 15 to 34.9 oF on December 17ï21. 

Figure 3.18 shows a potential ice jam formation near Cascade on Dec-17. As there was an increase 

in gage height at Cascade (Figure 3.18) and flow loss at Morony (Figure 3.17), we can conclude 

there was an ice jam between Cascade and Morony. The flow loss from Dec-16 to Dec-18 is the 

result of low air temperature for ice jam formation and the flow loss at Holter before the event, 

even Missouri River below Holter had a constant discharge from December 17ï19. 

Table 3.14 Second flow loss event of 2016/2017. 

Event 2 Time Discharge 

Beginning Time 12/16/2016 16:45 6210 

End Time 12/19/2016 7:30 4320 

Total Minutes 3765  
Total Hours 62.75  
Flow Loss 1890 cfs 

Flow decrease rate 30.12 cfs/hour 
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Figure 3.17 Discharge below Morony for the event between Dec-16, 2016 to Dec-19, 2016 

 

Figure 3.18 Gage Height at Cascade for the event between Dec-16, 2016 to Dec-19, 2016 

3.4.3 SPECIAL EVENTS FROM DEC-21 TO DEC-25 AND DEC-25 TO DEC-28, 2016 

The third flow loss event was observed from 17:45 December 21 to 00:30 December 25, 2016 with 

flow loss of 1280 cfs in a span of around 4 days (Figure 3.19) at the flow loss rate of 16.25 cfs/hour 

(Table 3.15). The minimum air temperature at this event is 16ęF (Figure 3.19). Figure 3.18 shows 

ice cover/jam formation on December 17, continuous buildup/development up to the end of 

December 20, and then ice jam breakup on December 21ï23. This leads the flow increase (~100 

cfs) at Morony on December 22. The flow loss from December 22 to 25 could be due to low and 

fluctuating air temperature (below the freezing point of 32ęF over some hours) and another ice 

cover/jam formation. 
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For another event from 18:00 December 25 to 10:45 December 28, 2016, flow loss of 1100 cfs is 

observed at the rate of 17 cfs/hour (Table 3.15). Initially the air temperature is at -5ęF, and the 

temperature remains below the freezing point for the most part of the flow loss evet, which has 

caused the reduction in flow below Morony. 

 

Figure 3.19 Discharge below Morony for two events between Dec-21 to Dec-25, 2016 and Dec-

25 to Dec-28, 2016 

Table 3.15 Third and fourth flow loss events in 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 Rate 17 cfs/hour 

The fourth flow loss event from December 25 to December 28 also shows ice jam formation, as 

an increment in gage height is observed at Cascade after Dec-26 (Figure 3.20). There is an 
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increment of around 4 ft in gage height at Cascade, thus indicating ice jamming in between 

Cascade and Ulm. 

 

Figure 3.20 Gage Height at Cascade for the event between Dec-21, 2016 to Dec-25, 2016 and Dec-

25, 2016 to Dec-28, 2016 

The data analysis of discharge at Holter indicates no significant flow loss and gain at Holter during 

both of these events, which substantiates the hypothesis of ice jam formation somewhere between 

Cascade and Ulm for the event of Dec-25 to Dec-28, 2016. 

3.5 SPECIAL EVENTS IN THE WINTER IN 2018 

The time series of discharge and air temperature from Jan-01, 2018 to Mar-31, 2018 is plotted 

indicating the events with flow decrease on Figure 3.21. From the graph of discharge and air 

temperature with date (Figure 3.21) six events when there was high flow loss and the 

corresponding air temperature at those dates were identified. The special events that are marked 

with high flow loss are summarized in Table 3.16. The lowest air temperature during the flow 

decrease events ranged from 32 oF to -20 oF. The rate of flow decreases in these identified events 

ranged from 235.8 cfs/hour to 22.5 cfs/hour. The largest flow decrease observed was 3640 cfs from 

Mar-17 to Mar-21, 2018, with the flow decrease rate of 38.6 cfs/hour. 
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Figure 3.21 Discharge and air temperature below Morony from Jan-1, 2018 to Mar-31,2018 

showing events of high flow loss. 

Table 3.16 Summary of flow decrease events observed between January 1, 2018, to March 31, 

2018 

S.N. Date Flow Decreased 

(cfs) 

Temperature after 

drop 

Flow decrease rate 

(cfs/hour) 

1 Jan-10 to Jan-13 2480 cfs -6 oF 30.1 

2 Feb-4 to Feb-5 860 cfs 26 oF 118.9 

3 Feb-9 to Feb-11 1980 cfs -14 oF 31.1 

4 Feb-18 to Feb-20 1190 cfs -20 oF 22.5 

5 Mar-14 to Mar-15 2330 cfs 24 oF 101.3 

6 Mar-17 to Mar-21 3640 cfs 28 oF 38.6 

7 Mar-26 to Mar-27 2000 cfs 32 oF 235.8 

 

3.5.1 SPECIAL EVENT FROM JAN-10 TO JAN-13, 2018 

The first flow decrease event of 2018 is observed from 05:15 January 10 to 05:45 January 13, with 

a decrease in discharge of 2480 cfs below Morony at the rate of 30.1 cfs/hour (Table 3.17). There 

was a significant decrease in air temperature on December 10, going from high of 45ęF to 0ęF 

(Figure 3.22), and stayed very low (lowest at -6 oF) for more than two days. This resonates with 

the time of flow loss event.  



 

41 

 

 

Figure 3.22 Discharge below Morony and air temperature at Great Falls for the event between Jan-

10 to Jan-13, 2018. 

Table 3.17 First flow loss event in 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 

There was a gradual decrease in gage height near Ulm observed from Jan-07 to Jan-13 (Figure 

3.23). The gage height at Cascade was constant on January 10ï11, started to increase at 10:00 on 

December 11, an increase of 4.5 ft up to 5:30 on January  12 (Figure 3.24). This indicates there is 

ice jam formation in between Cascade and Ulm, which is the cause of this decrease in flow at 

Morony after December 11. The flow decrease from January 10ï11 was most likely due to ice 

cover formation first due to sharp drop of air temperature. 

The data analysis of discharge below Holter gives the evidence that the discharge below Holter is 

not changing but having an increase in gage height at only Cascade, supports our conclusion of ice 

jamming between Cascade and Ulm. 

Additionally, there is flow increment at Morony after Jan-7 to Jan-9 and gage height decreases at 

the same time at Cascade, with temperature reading being above the freezing point of 32ęF (Figure 
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3.22). This indicates the increment in discharge at Morony was due to melting down of jammed 

ice that was formed before Jan-7 (on December 29, 2017). 

 

Figure 3.23 Gage Height near Ulm for the event between Jan-10 to Jan-13, 2018 

 

Figure 3.24 Gage Height at Cascade for the event between Jan-10 to Jan-13, 2018 

3.5.2 SPECIAL EVENT FROM FEB-04 TO FEB-05, 2018 

The second flow loss event from 22:15 February 04 to 05:30 February 05, 2018, has a flow loss 

of 860 cfs in a span of 7 hours (Table 3.18) with a flow decrease rate of 118.9 cfs/hour. Here low 

temperature is one of the potential reasons for flow loss. Figure 3.25 shows the discharge below 

Morony along with air temperature. There was an abrupt loss in flow on Feb-5 and then the reduced 

flow remained constant for 2 days span (Figure 3.25). This all happened when there was low 

temperature, and once there was an increase in temperature to above freezing, i.e., from Feb-5 to 

Feb-8, the discharge below Morony was increased, resulting from the ice meltdown. 

Gage height increase of around 3 ft is noticed at near Ulm in between Feb-4 to Feb-5, 2018 (Figure 

3.26). Thus, it can be assumed that the reason for decrease in discharge below Morony is due to 

ice jamming which has caused the increase in gage height near or downstream Ulm. Also, the gage 
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height data analysis at Cascade shows there is not any significant increase in gage height during 

the flow loss event (Figure 3.26). This concludes that there is ice jamming and that is somewhere 

in between Ulm and Morony Dam. 

 

Figure 3.25 Discharge below Morony and air temperature at Great Falls for the event between Feb-

04 to Feb-05, 2018. 

Table 3.18 Second flow loss event in 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 

 

 

Figure 3.26 Gage height near Ulm for the event between Feb-04 to Feb-05, 2018 

-20

-10

0

10

20

30

40

50

60

0

1000

2000

3000

4000

5000

6000

7000

8000

2/2 2/3 2/4 2/5 2/6 2/7 2/8 2/9 2/10

A
i
r
 
T
e
m
p
e
r
a
t
u
r
e
 
(
ę
F
)

D
is

c
h
a

rg
e

 (
c
fs

)

Discharge below Morony

Discharge (cfs) Air Temperature (oF)

32ɕC

4

5

6

7

8

9

10

2/2 2/3 2/4 2/5 2/6 2/7 2/8 2/9 2/10

G
a

g
e

 h
e

ig
h
t 

(f
t)

Gage height Near Ulm



 

44 

 

3.5.3 SPECIAL EVENT FROM FEB-09 TO FEB-11 AND FEB-18 TO FEB-20, 2018 

The third flow loss event and the fourth flow loss event for 2018 are observed and plotted along 

with the air temperature on Figure 3.27. For the third flow loss event from 3:15 February 09 to 

12:30 February 11, the flow loss is of 1980 cfs at the rate of 31.1 cfs/hour (Table 3.19). The 

temperature during the event is well below the freezing point of 32 oF and remains below 32ęF for 

6 days (Figure 3.27). This indicates a possibility of ice cover/jam formation. 

On the fourth event from 7:00 February 18 to 12:00 February 20, the flow loss is of 1190 cfs (Table 

3.19) with a flow loss rate of 22.5 cfs/hour. The temperature during this time was well below the 

freezing point as well, indicating a possibility of ice cover/jam formation.  

 

Figure 3.27 Discharge and air temperature below Morony for the event between Feb-09 to Feb-

11, 2018 and Feb-18 to Feb-20, 2018.  

Table 3.19 Third and fourth flow loss events in 2018  

Event 3 Time Discharge 

Beginning Time 2/9/18 3:15 6470 

End Time 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 Feb-09 to Feb-11, there was about 0.3ï0.4 ft increase of gage height at 

Cascade on February 8 and 10. The gage height near Ulm started to increase from 5.4 ft at 8:00 on 

February 4 to 8.4 ft at 16:00 on February 5 then gradually increased to 9.4 ft at 4:30 on February 

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

For the event between Feb-18 to Feb-20, there is no gage height increment near Ulm around Feb-

18 observed to indicate the ice jam formation. 

 

Figure 3.28 Gage height near Ulm for the event between Feb-09 to Feb-11, 2018 and Feb-18 to 

Feb-20, 2018. 

From Figure 3.29, the gage height at Cascade for both of these events has small or no change in 

gage height on and before Feb-08 and Feb-19. Thus, ice jamming is between Ulm and Morony 

and not between Cascade and Ulm for the event between Feb-09 to Feb-11. 

On the other hand, there is not any change in increment in gage height before Feb-19 noticed either 

on Cascade or Ulm. Also, gage height has increased after Feb-21 at Cascade, but this increase in 

gage height cannot be the reason for the decrease in discharge below Morony on Feb-18, as the 

impact of gage height increase in Cascade can only be seen after a day in Morony.  
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Figure 3.29 Gage height at Cascade for the event between Feb-09 to Feb-11, 2018 and Feb-18 to 

Feb-20, 2018. 

The data analysis of discharge below Holter shows an increment (<600 cfs) of discharge on Feb-

07 and is fairly constant throughout the event. Thus, after analyzing all the information, the third 

flow loss event on Feb-9 to Feb-11 was due to ice jam formation between Ulm and Morony. While, 

the fourth flow loss event is a special event, where the reason of flow loss cannot be specified, as 

the ice cover formation was possible because of very low air temperature but the location could 

not be predicted accurately. 

3.5.4 SPECIAL EVENTS FROM MAR-14 TO MAR-15 AND MAR-17 TO MAR-21, 2018 

The fifth flow loss event of 2018 is from 02:15 March 14 to 01:15 March 15,2018, where a flow 

loss of 2330 cfs with a flow decrease rate of 101.3 cfs/hour (Table 3.20) is observed. Air  

temperature before and at this event was fluctuating around the freezing point of 32 oF (Table 

3.30), so the ice cover formation during night was possible. Since the amount of flow loss was 

huge, an ice jam formation would be most likely to occur. 

The sixth flow loss event of 2018 is from 04:45 March 17 to 03:00 March 21, where a flow loss 

of 3640 cfs in a span of 4 days at a rate of 38.6 cfs/hour is observed (Table 3.20). The temperature 

at the time of this event is below the freezing point of 32ęF and has the possibility of ice cover/jam 

formation. As there is an increase in gage height near Ulm during Mar-16 by around 1.5 ft, the 

possibility of ice jam formation between Ulm and Morony is predicted for this event (Figure 3.31).  

The data analysis of discharge below Holter shows there is no significant decrease in discharge 

below Holter on the event between Mar-14 to Mar-15. 
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Figure 3.30 Discharge and air temperature below Morony for the event between Mar-14 to Mar-

15, 2018 and Mar-17 to Mar-21, 2018 

Table 3.20 Fifth and sixth flow loss events in 2018 

Event 5 Time Discharge 

Beginning Time 3/14/18 2:15 9490 cfs 

End Time 3/15/18 1:15 7160 cfs 

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 11800 cfs 

End Time 3/21/18 3:00 8160 cfs 

Total Minutes 5655  
Total Hours 94.3  
Flow Loss 3640 cfs 

Flow decrease rate 38.6 cfs/hour 

The gage height at Ulm was seen decreasing by around 4 ft from Marc-11 to Mar-14 (Figure 3.31) 

and could a breakup of ice jam formed before, which should have resulted in increase in discharge 

from Mar-15 to Mar-17 below Morony dam (Figure 3.30). The flow decrease on March 14 could 

be a temporary ice jam formation at a bridging (narrow or restriction) location from Ulm to Great 

Falls. 
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Figure 3.31 Gage height near Ulm for the event between Mar-14 to Mar-15 and Mar-17 to Mar-

21, 2018 

The gage height at Cascade before Mar-14 (Figure 3.32) had no change. Thus, the chance of ice 

jam formation in between Cascade and Ulm for this event is not predicted. For the other event 

between Mar-17 to Mar-21, there was an increase in gage height at Cascade by ~0.7 ft and at Ulm 

by 1.2 ft around March 16. This indicates ice jam formation in between Cascade and Ulm or Great 

Falls for this event. 

 

Figure 3.32 Gage height at Cascade for the event between Mar-14 to Mar-15, 2018 and Mar-17 to 

Mar-21, 2018 

After analyzing the information above, the event between Mar-14 to Mar-15 is categorized as one 

of the special events, where there is flow decrease, when the gage height is decreased, thus the 

reason of flow decrease or the location of ice jam formation if formed cannot be predicted. And, 

for the other event Mar-17 to Mar-21, the possibility of ice jamming is in both the places, i.e., 

between Cascade and Ulm, and between Ulm and Morony, which have resulted in flow loss. 
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3.5.5 SPECIAL EVENT FROM MAR-26 TO MAR-27, 2018 

The sixth flow loss event of 2018 is observed from 17:45 March 26 to 02:15 March 27. In this 

event there was a flow loss of 2000 cfs, in a span of 8.5 hours 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 up to noon of March 28. Using a longer duration of flow loss, the 

flow decrease rate would be smaller than 235.8 cfs/hour.  Figure 3.33 shows the discharge below 

Morony and air temperature between March-24 to April-1. The corresponding temperature at the 

flow loss event is fluctuating above the freezing point (Figure 3.33). The data analysis of the 

discharge below Holter shows a small decrease after Mar-25, but this decrease is not significant 

enough to cause the 2000 cfs decrease at Morony. 

 

Figure 3.33 Discharge below Morony and air temperature at Great Falls for the event between 

Mar-26 to Mar-27, 2018 

Table 3.21 Seventh flow loss event in 2018 

Event 7 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 Ulm in Figure 3.51 for the event of Mar-26 to Mar-27, there is a 

decrease in gage height of 0.3 ft, which indicates the possibility of ice jam breakup moving from 
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Ulm and Morony. The data analysis of gage height at Cascade shows no change on Mar-26. Hence, 

after analyzing the above graphs and conditions, the conclusion could be made that there was ice 

jam formation between Ulm and Morony. 

 

Figure 3.34 Gage height near Ulm for the event between Mar-26 to Mar-27, 2018 

 

3.6 SPECIAL EVENT IN THE WINTER OF 2019 

The time series of discharge and air temperature from Jan-01, 2019 to Mar-31, 2019 is plotted 

indicating the events with flow decrease on Figure 3.35. From the graph of discharge and air 

temperature with date (Figure 3.35), five events with high flow loss were identified. Characteristics 

of these special events are summarized in Table 3.16. The lowest air temperature during the flow 

decrease events ranged from 32 oF to -13 oF. The rate of flow decreases in these identified events 

ranged from 180.3 cfs/hour to 20.7 cfs/hour. The largest flow decrease observed was 7230 cfs from 

Mar-29 2018 to Mar-31, 2019, with the flow decrease rate of 180.3 cfs/hour. 
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Figure 3.35 Discharge below Morony and air temperature at Great Falls from Jan-1 to Mar-31, 

2019 showing events of high flow loss. 

Table 3.22 Summary of flow decrease events observed from January 1 to March 31, 2019 

S.N. Date Flow Decreased 

(cfs) 

Temperature after 

drop 

Flow decrease rate 

(cfs/hour) 

1 Dec-30, 2018 to Jan-02, 

2019 

3680 6 oF 49.9 

2 Jan-4 to Jan-9, 2019 4000 7 oF 41.7 

3 Jan-21 to Jan-25, 2019 2120 20 oF 20.7 

4 Jan-27 to Jan-28, 2019 1360 9 oF 115.7 

5 Jan-29 to Jan-31, 2019 2330 0 oF 46.8 

6 Feb-03 to Feb-05, 2019 5060 32 oF 91.2 

7 Mar-28 to Mar-30, 2019 7230 32 oF 180.3 

 

3.6.1 TWO EVENTS FROM DEC-30, 2018 TO JAN-09, 2019 

The first event of flow loss in 2019 is observed from 16:30 December 30, 2018 to 18:15 January 

02, 2019 where a flow loss of 3680 cfs is observed, in a span of around 3 days at a flow loss rate 

of 49.9 cfs/hour (Table 3.23). The air temperature reading was dropped down well below the 

freezing point to 6ęF, which gives a possibility of ice jam formation (Figure 3.36).  



 

52 

 

The second event of flow loss of 2019 is observed from 20: 45 January 04 to 13:00 January 09, 

2019, with a flow loss of 4650 cfs, in a span of around 5 days at a flow loss rate of 41.4 cfs/hour. 

The air temperature reading was dropped down from around 50ęF to 10ęF (Figure 3.36). The data 

analysis of the discharge below Holter shows no change in discharge for both events. 

 

Figure 3.36 Discharge and air temperature for the event between Dec-30, 2018 to Jan-02, 2019 

and Jan-04, 2019 to Jan-09, 2019 

Table 3.23: First and second flow loss events in 2019. 

Event 1 Time Discharge 

Beginning time 12/30/2018 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 heights at Cascade and near Ulm from December 27, 2018 to January 11, 2019 is 

analyzed in Figure 3.37. Initially , during the first event from Dec-30 to Jan-02, there is a small 

spike (0.5 ft) seen in the gage height at Ulm on Dec-29, which may be due to ice jamming in a 

small amount in between Ulm and Morony, which resulted in the decrease in discharge in Dec-31 

(Figure 3.36). And there is also a spike of gage height on Jan-02 of around 3 ft, which is an 
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indication of possible ice jam formation, which resulted in the second flow loss event from Jan-04 

to Jan-09. 

 

Figure 3.37 Gage heights at Cascade and near Ulm for two events from Dec-30, 2018 to Jan-02, 

2019 and Jan-04 to Jan-09, 2019 with flow below Morony 

The increase in gage height at Cascade can be due to ice jam formation between Cascade and Ulm. 

This water level increase was formed after the small of amount of ice jam was formed on Dec-29 

between Ulm and Morony, which aided in the loss of discharge below Morony from Jan-01 to Jan-

02 (flow was about constant on December 31). The temperature goes above 32ęF, after Jan-02, 

which made the ice melt, causing the discharge to increase below Morony from Jan-02 to Jan-05 

(Figure 3.36). Once the temperature went down to 32ęF, after Jan-6, the melting stopped, and the 

discharge below Morony was again reduced (ice formation). The increment of gage height at Ulm 

on Jan-02 was large, and this supports ice jam formation in between Ulm and Morony, which 

resulted in the flow loss from Jan-04 to Jan-09 (Table 3.23). 

3.6.2 THREE EVENTS FROM JAN-21 TO JAN-31, 2019 

There are three flow-decrease events shown in Figure 3.38 with the discharge below Morony and 

air temperature from January 16 to February 03. The third event of flow loss of 2019 is observed 

from 02:00 January 21 to 08:30 January 25, which shows a flow loss of 2120 cfs in a span of 102.5 

hours (Table 3.24), with a flow loss rate of 20.7 cfs/hour. The minimum air temperature during 

this event is at 20ęF. 

The fourth event of flow loss of 2019 is observed from 18:15 January 27 to 06:00 January 28, 

which shows a flow loss of 1360 cfs, in a span of 11.8 hours at the flow loss rate of 115.7 cfs/hour 

(Table 3.24) and the air temperature decreases up to 9ęF. 
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The fifth  event of flow loss is observed from 0:15 January 29 to 02:00 January 31which shows a 

flow loss of 2330 cfs, in a span of 49.8 hours at the flow loss rate of 46.8 cfs/hour (Table 3.24) and 

the air temperature goes to a minimum of 0ęF. All these readings show a possibility of ice jam 

formation for third, fourth, and fifth flow loss events. The data analysis of the discharge below 

Holter shows that the discharge below Holter does not show any significant change throughout 

three events. 

 

Figure 3.38 Discharge below Morony and air temperatrue at Great Falls for three events from Jan-

21 to Jan-31, 2019 

Table 3.24 Third, fourth, and fifth flow loss events in 2019 

Event 3 Time Discharge 

Beginning Time 1/21/19 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 18:15 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 shows increases in gage height at the first two events near Ulm, which shows there 

were possibilities of ice jam formation in between Ulm and Morony. The gage height is increased 

by 1 ft before the flow loss event from Jan-21 to Jan-25, 3 ft before the flow loss event from Jan-

27 to Jan-28 and decreased by 2ft before the event from Jan-29 to Jan-31, 2019. The decrease in 

gage height on Jan-29 could be ice jam breakup due to the rise in air temperature on Jan-29 which 

resulted in an increase in discharge after Jan-31 (Figure 3.38). Although there is a decrease in the 

gage height for the event from Jan-29 to Jan-31, as the gage height is increasing from Jan-23 to 

Jan-28, this caused the decrease in discharge below Morony. 

 

Figure 3.39 Gage heights at Cascade and near Ulm for three events from Jan-21 to Jan-25, Jan-27 

to Jan-28, and Jan-31, 2019 with flow below Morony 

The gage height at Cascade does not show any significant change to indicate there may be ice jam 

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 Morony. Thus, there were ice jam formations 

between Ulm and Morony during all these events. 

3.6.3 SPECIAL EVENT FROM FEB-03 TO FEB-05, 2019 

The sixth event of flow loss of 2019 is observed from 04:30 February 3 to 12:00 February 5, with 

a flow loss of 5060 cfs at the flow decrease rate of 91.2 cfs/hour (Table 3.25). Air  temperature had 

a sharp drop on February 2 to -10 oF, reached -13 ęF, and remained well below the freezing point 

of 32ęF for about 5 days (Figure 3.40), showing a possibility of ice cover/jam formation. 
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Figure 3.40 Discharge and air temperature for the event from Feb-03, 2019 to Feb-05, 2019. 

Table 3.25 Sixth flow loss event in 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 rate 91.2 cfs/hour 

The gage height data at Cascade and near Ulm are analyzed using Figure 3.41 to show that initially 

there is a decrease in gage height of around 3 ft near Ulm on February 2ï3. The gradual increase 

of discharge below Morony on February 1ï2 (Figure 3.40) when the air temperature was above 

the freezing point was the case of ice melting (jam breakup or release). The sharp drop of air 

temperature from afternoon of February 2 led ice cover/jam formation downstream Ulm to Great 

Falls. About 1 ft increase in gage height in late hours on Feb-03 (Figure 3.41) further indicated the 

ice jamming in between Ulm and Morony. 

Also, the gage height at Cascade Figure 3.41 had about 4 ft of increase, but this does not explain 

the flow loss at the initial part of the event from Feb 3 to Feb 4 but explains the massive decrease 

in discharge below Morony from Feb 4 to Feb 5, which was due 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 to Feb 5 could be due to the ice 

jam location between Cascade and Ulm and between Ulm and Morony. 
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Figure 3.41 Gage height at Cascade and near Ulm for the event from Feb-03 to Feb-05, 2019 with 

flow below Morony. 

3.6.4 SPECIAL EVENT FROM MAR-28 TO MAR-30, 2019 

The seventh event of flow loss of 2019 is observed from 18:30 March 28 to 10:30 March 30 which 

shows a major loss in discharge, i.e., 7230 cfs, at a flow loss rate of 180.8cfs/hour (Table 3.26). 

The temperature reading corresponding to this event is at about the freezing point line of 32 oF. 

(Figure 3.42). 

 

Figure 3.42 Discharge below Morony and air temperaure at Great Falls for the event from Mar-28 

to Mar-30, 2019  

Table 3.26 Seventh flow loss event in 2019 

Event 7 Time Discharge 

Beginning Time 3/28/2019 18:30 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 rate 180.8 cfs/hour 

The gage height at Cascade and near Ulm is analyzed from March 26 to April 3 (Figure 3.43). 

There is a rise in gage height by 2.6 ft at Ulm prior to the event from Mar 26 to Mar 27, Figure 

3.43 showing the possibility of ice jam formation in between Ulm and Morony. The rise of gage 

height by 0.8 ft on Mar-26 and 0.4 ft on Mar-27 is noticed at Cascade, Figure 3.43 showing the 

possibility of ice jam formation in between Cascade and Ulm too. There is a rise (700 cfs) in 

discharge at Holter on Mar-28, which would not impact the discharge below Morony since the ice 

jam between Cascade and Ulm would block the flow increase to reach up to Morony. 

 

Figure 3.43 Gage height at Cascade and near Ulm for the event from Mar-28 to Mar-30, 2019 with 

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 places could be the reason of such a huge flow loss.  

3.7 SPECIAL EVENTS IN THE WINTER OF 2020 

The time series of discharge and air temperature from Jan-01 to Mar-31, 2020 is plotted indicating 

the four events with flow decrease on Figure 3.44. The special event that are marked with high 

flow loss are shown in Table 3.27. The lowest air temperature during the flow decrease events 

ranged from 20 oF to -15 oF. The rate of flow decreases in these identified events ranged from 

131.1 cfs/hour to 25.7 cfs/hour. The largest flow decrease observed was 2320 cfs which was 

observed from Mar-14 to Mar-18, 2020, with the flow decrease rate of 48.3 cfs/hour. 
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Figure 3.44 Discharge below Morony and air temperature at Great Falls from Jan-1 to Mar-31, 

2020 showing events of high flow loss. 

Table 3.27 Summary of flow decrease events observed between January 1 to March 31, 2020 

S.N. Date Flow Decreased 

(cfs) 

Temperature after drop Flow decrease rate 

(cfs/hour) 

1 Jan-8 and Jan-12 2020cfs -2 oF 26.5 

2 Jan-13 to Jan-14 1570cfs -15 oF 33.8 

3 Feb-2 to Feb-5 1810cfs 9 oF 25.7 

4 Mar-14 to Mar-18 2320cfs -11 oF 48.3 

5 Mar-19 2030cfs 20 oF 131.1 

 

3.7.1 SPECIAL EVENTS FROM JAN-1 TO JAN 14 

The first event of the flow loss in 2020 was observed from 4:30 January 1 to 15:30 January 6, 

where the flow loss of 2970 cfs is observed at the rate of 26.5 cfs/hour. The second event of the 

flow loss in 2020 was observed from 3:00 January 8 to 16:45 January 12, where the flow loss of 

2270 cfs is observed at the rate of 26.5 cfs/hour (Table 3.28), with the air temperature being 

reduced up to -2 ęF during this event (Figure 3.45). In this event, initially the flow loss is gradual 

but gets steep after Jan-10, showing the possibility of ice jamming after Jan-10. 
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The third event of the flow loss in 2020 was observed from 01:15 January 13 to 23:45 January 14, 

where the flow loss of 1570 cfs was observed at the rate of 33.8 cfs/hour (Table 3.28), with air 

temperature going down to -15ęF (Figure 3.45). There is a possibility of ice cover formation seen 

in the second and third cases. 

 

Figure 3.45 Discharge below Morony and air temperaure at Great Falls for the event from Jan-1 

to Jan-14, 2020  

Table 3.28 Second and third flow loss events in 2020. 

Event 1 Time Discharge 

Beginning time 1/8/2020 3:00 6520 

End time 1/11/2020 16:45 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 1/14/2020 23:45 3840 

Total Minutes 2790  
Total Hours 46.5  
Flow Loss 1570 Cfs 

Flow decrease rate 33.8 cfs/hour 

The gage height at Cascade and near Ulm (Figure 3.46) shows almost no change to account for the 

flow losses of the first and second events. Flow below Holter was increased by ~1200 cfs from 

January 9 to 11 that could explain the flow increase (~1200 cfs) below Morony on January 12. The 
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gage height increased after Jan-10, with an increase of around 4 ft near Ulm and 1 ft at Cascade, 

the third event is thus justified to be termed as due to ice jam formation between Ulm and Morony. 

 

Figure 3.46 Gage height at Cascade and near Ulm for the event from Jan-1 to Jan-14, 2020 with 

flow data below Mornoy and below Holter. 

There was a large increase in gage height (~5ft) at Cascade on January 14, Figure 3.46 clearly 

indicating the ice jam formation between Cascade and Ulm; but it would explain the flow loss 

from January 13 to 14 (third event). Strangely, 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 freezing after January 19 (Figure 3.45). 

Hence, there was ice jam formation downstream Ulm on January 11ï12 and between Cascade and 

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

3.7.2 SPECIAL EVENT FROM FEB-2 TO FEB-5, 2020 

The fourth event of flow loss in 2020 was observed from 17:30 February 02 to 16:00 February 05, 

where a flow loss of 1810 cfs within a span of around 3 days with a flow loss rate of 25.7 cfs/hour 

is observed (Table 3.29). The air temperature reading corresponding to this event is well below 

32ęF, with a minimum air temperature showing 9 oF, showing the possibility of ice cover/jam 

formation (Figure 3.47). 

The gage height at Cascade shows almost no changes to account for the flow loss, thus indicating 

no ice jam formation between Cascade and Ulm. The discharge below Holter was almost no change 

before and during this event to account for the loss in discharge below Morony. Figure 3.48 shows 

there was a decrease (~1.8 ft) in gage height at Ulm prior to this event from 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 location before Great Falls (minor impact to Ulm) to have a 

decrease in discharge noticed at Morony. 

 

Figure 3.47 Discharge below Morony and air temperaure for the event from Feb-2 to Feb-5, 2020 

Table 3.29: Fourth flow loss event in 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 

 

 

Figure 3.48 Gage height at Cascade and near Ulm for the envent from Feb-2 to Feb-5, 2020 with 

flow below Morony. 
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Hence, this event is categorized as a special event, as there is an anomaly seen in this event than 

the rest of the events, where although the gage height at Cascade is decreasing, indicating the 

meltdown of ice covers, the discharge at Morony is not increasing, but decreasing. Here the 

temperature readings and the amount of flow loss give the evidence of ice jam formation but the 

gage height at Ulm and Cascade shows otherwise. 

3.7.3 SPECIAL EVENT FROM MAR-14 TO MAR-16 AND ON MAR-19, 2020 

There are two events of flow loss shown in Figure 3.49. The first event is between Mar-14 to Mar-

16, with flow loss of 2320 cfs within a span of 2 days, with a flow loss rate of 48.3 cfs/hour (Table 

3.30). The temperature readings at this event shows a possibility of ice cover/jam formation. 

The second event is on Mar-19 within the span of 15.5 hours, with a flow loss rate of 130.96 

cfs/hour (Table 3.30). The temperature reading corresponding to this event also shows the 

possibility of ice cover/jam formation as it is well below the freezing point. 

 

Figure 3.49 Discharge below Morony and air temperaure at Great Falls for the event from Mar-14 

to Mar-16, 2020 and on Mar-19, 2020 

Table 3.30 Fourth and fifth flow loss events in 2020 

Event 4 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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Event 5 Time Discharge 

Beginning time 3/19/20 6:00 8300 

End time 3/19/20 21:30 6270 

Total Minutes 930  
Total Hours 15.5  
Flow Loss 2030 cfs 

Flow decrease rate 130.96 cfs/hour 

Figure 3.50 shows there is increment in gage height at Ulm starting from Mar-15, thus indicating 

ice jam formation started from Mar-15 between Ulm and Morony. While the flow decrease started 

at Mar-14, 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 there is no change in gage 

height prior to Mar-19. The gage height at Cascade has no evidence of ice jam formation in 

between Cascade and Ulm for the second event on Mar-19. The discharges below Holter had very 

less change at both these events that could cause the loss in discharge below Morony. However, 

the gage height at Great Falls had 2 ft increase on March 15 to indicate ice jam at Black Eagle 

Falls Dam for the flow loss at Morony. 

 

 

Figure 3.50 Gage height at Cascade, near Ulm and at Great Falls for the event from from Mar-14 

to Mar-19 and on Mar-19, 2020 with flow below Morony. 
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Hence, the first event of flow loss from Mar-14 to Mar-16, 2020, was due to ice jam formation at 

Great Falls, but it is not clear why the flow below Morony increased from noon on March 16 to 

middle night on March 17. The second event of flow loss on Mar-19 could still 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 WINTER OF 2021 

The time series of discharge and air temperature from Dec-01, 2020 to Mar-31, 2021 is plotted for 

four periods to show the eight events with flow decrease on Figure 3.51. The special events marked 

with high flow loss are summarized in Table 3.31. The lowest air temperature during the flow 

decreases events ranged from 12 0F to -16 oF. The rate of flow decreases in these identified events 

ranged from 54.2 cfs/hour to 7.6 cfs/hour. The largest flow decrease observed was 3050 cfs which 

was observed from Feb-5 to Feb-7, 2021, with the flow decrease rate of 54.2 cfs/hour. 

Table 3.31 Summary of flow decrease events observed between Dec-1, 2020 to Mar-31, 2021 

S.N. Date Flow Decreased 

(cfs) 

Lowest temperature 

during drop 

Flow decrease rate 

(cfs/hour) 

1 Dec-11 to Dec-14 960 2 oF 11.1 

2 Dec-17 to Dec-24 2270 12 oF 12.4 

3 Dec-27 to Dec-30 1140 11 oF 14 

4 Jan-17 to Jan-28 2010 7 oF 7.6 

5 Feb-5 to Feb-7 3050 -16 oF 54.2 

6 Feb-15 to Feb-18 970 -12 oF 11.1 

7 Feb-25 to Mar-1 1090 11 oF 10.9 

8 March -7  1590 25 oF 18.5 

Time series of gage height at Cascade, near Ulm, and at Great Falls for four of the eight events are 

plotted in Figure 3.52 including flow time series below Holter and below Morony.  The first event 

from December 11 to 14, 2020 most likely had ice formation to loss water under below freezing 

temperatures and had 1.8 ft of water level increase at Great Falls on December 14 and 15. The 

flow increase and decrease from December 14 to 24 is not explainable by gage height data, air 

temperature variation, and no flow change below Holter. The flow below Morony decreased by 

2290 cfs from 15:00 January 13 to 16:30 January 28, 2021, with a few short periods of small flow 

increase. The flow decreases below Morony from January 13 to 22 can not be explained by changes 

of gage heights and flow below Holter; but the water level increase of 1.5 ft on January 22 at Great 

Falls supports the continuous decrease from January 22 to 28. 
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Figure 3.51 Discharge below Morony and air temperaure at Great Falls for eight events with large 

flow loss from December 1, 2020 to March 13, 2021. 
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Figure 3.52 Gage height at Cascade, near Ulm and at Great Falls for the event from December 16, 

2020, to March 10, 2021 with flow below Morony and below Holter. 
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A large flow decrease (3050 cfs) occurred from February 5 to 7, 2021, 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 reached -30 oF at 9:15 on February 11. This flow loss 

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

and ice to form ice run moving downstream. The 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 temperature indicated an ice jam broke/released, 

moved downstream but 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 from Dec-01, 2021 to Mar-31, 2022 is plotted for 

four periods to show the eight events with flow decrease on Figure 3.53. The special events marked 

with high flow loss are summarized in Table 3.32. The lowest air temperature during the flow 

decrease events ranged from 15 oF to -23 oF. The rate of flow decreases in these identified events 

ranged from 89.7 cfs/hour to 13.6 cfs/hour. The largest flow decrease observed was 2580 cfs which 

was observed from Dec-25 to Dec-27, 2021, with the flow decrease rate of 37.1 cfs/hour. 

Table 3.32 Summary of flow decrease events observed between Dec-1, 2021 to Mar-31, 2022 

S.N. Date Flow Decreased 

(cfs) 

Lowest temperature 

during drop 

Flow decrease rate 

(cfs/hour) 

1 Dec-16 to Dec-17 1620 -11 oF 46.3 

2 Dec-25 to Dec-27 2580 -23 oF 37.1 

3 January 6 1300 -15 oF 89.7 

4 Jan-18 to Jan-20 920 1 oF 13.6 

5 Feb-2 to Feb 3 1970 -20 oF 44.5 

6 Feb-21 to Feb-22 2400 -21 oF 55.8 

7 Mar-3 to Mar-5 2490 15 oF 64.7 

8 Mar-9 to Mar-10 1530 -4 oF 35 

The first event from December 16 to 17, 2021 most likely had ice formation to loss water under 

below freezing temperatures and had a small continuous increase of water level at Great Falls from 

December 16 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 to 22. The flow decrease and increase from 

December 25 to 29 is not explainable by gage height data, air temperature variation, and small 

flow increase below Holter. The increase of 3.9 ft in water level on December 27 is not linked to 



 

69 

 

the increase of flow on December 28 and might link to 760 cfs decrease over a few hours on 

December 29, 2021. The flow below Morony decreased by ~2000 cfs from February 2 to 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 Cascade on February 2). The flow 

decrease of 2150 cfs below Morony (Figure 3.54c) from February 21 to 22 could be due to ice 

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

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

at Cascade from February 22 to 23, 2022, could not explain the flow increase below Morony from 

February 23 to 26 with below freezing air temperatures.   The flow decrease below Morony from 

March 3 to 4 (Figure 3.54d) can be due to an ice jam between Ulm and Great Falls when the 

decrease of 2.0 ft in water level at Ulm on March 3 with above freezing temperature after February 

28 indicated an ice jam broke/released, moved downstream but did not reach Great Falls (no water 

level change). The decrease of 1380 cfs below Morony from March 9 to 10 could be due to ice 

formation below freezing temperatures (Figure 3.53d) but not be explained by gage height increase 

of ~2.8 ft at Ulm on March 10, 2022 (Figure 3.54d). 
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