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Title:
Englacial Hydrology Related to an Outburst Flood from Hidden Creek Lake, a Glacially-dammed Lake in Alaska.

The primary focus of this research project was to take advantage of a lake having a history of annual outburst floods to study the mechanisms responsible for the subglacial release of glacially-impounded lake waters.  The site is Hidden Creek Lake, which is dammed by the Kennicott Glacier, in the Wrangell-St. Elias National Park, Alaska.  This research project consisted of three subsidiary studies.  First, a hydrologic model was constructed to estimate historic lake volumes to determine whether the time of outbreak correlates with changes in lake stage and meteorological factors.  In addition, by evaluating the location of the snowline, the model was used to estimate the location of the “fast” hydraulic system to determine if a correlation exists between it and the time of outbreak.  Second, water level data obtained from a borehole drilled into the glacier was analyzed to investigate how the englacial hydrology reacted in response to lake level drop during the flood.  Lastly, the flood discharge was modeled mathematically to determine if any insight into the physical processes governing flood initiation could be gained.  Results obtained from the use of the hydrologic model indicate that there does not appear to be any correlation between lake level and the time of outbreak, a declining trend in peak lake level could be the result of a reduction of the ice dam thickness, and the location of the snowline appears to correlate with the time of outbreak, may provide a key role in predicting the release of future outburst floods.  Borehole water level observations indicate the lake and englacial hydraulic systems fluctuate congruently after a connection between the two was made.  Lastly, it is speculated that constrictions occurring within the englacial hydraulic system as the lake drained resulted in the measured flood hydrograph deviating from the idealized, mathematically modeled flood hydrograph.  
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Chapter 1 – Introduction and Project Description

Introduction

Glacial outburst floods, or jökulhlaups, may be broadly defined as the sudden release of water stored either within a glacier or dammed by a glacier (Fountain and Walder, 1998).  Outburst floods have been reported in all glacierized regions of the world and may be triggered by a) the sudden drainage of an ice-dammed lake below or through an ice dam; b) lake water overflow and rapid fluvial incision of ice, bedrock or sediment barriers; or c) the growth and collapse of subsurface reservoirs (Benn and Evans, 1998).  

Due to their rapid and high discharge, outburst floods have devastating effects downstream; they pose a threat to human life and infrastructure, and cause river channel instability and channel migration (Rickman and Rosenkrans, 1997).  The largest known outburst floods within the continental United States occurred over 12,000 years ago and came from Glacial Lake Missoula, a large ice-dammed lake formed by the Pleistocene Cordilleran Ice Sheet.  Known as the Missoula Floods, these outburst floods may have reached peak discharges of roughly 21x106 m3 s-1.  The erosive nature of these immense floods created what is referred to today as the Channeled Scablands of Southeastern Washington (Waitt, 1980; O’Connor and Baker, 1992).   Although the Missoula Floods occurred some time ago, under climatic conditions that no longer persist, outburst floods remain a threat in glaciated areas today.  An example of this threat includes destructive debris flows caused by outburst floods that frequently move along stream valleys positioned on the flanks of glacierized Mount Rainier, Washington (Walder and Driedger, 1995).   These debris flows have repeatedly damaged facilities and road infrastructure in Mount Rainier National Park (Walder and Driedger, 1995).   

Despite the impacts that outburst floods have had in Washington State, and in glaciated terrain located elsewhere in the world, there remains to be a number of unknowns surrounding the cause of outburst floods.  Our knowledge of subglacial outburst floods, both practical and theoretical, is largely derived from the study of Grimsvötn (a subglacial ice-dammed lake) on the Vatnajökull ice cap, Iceland.  The celebrated Grimsvötn outbursts are the product of subglacially released water that is derived primarily from volcanic heat that melts the bottom of the ice cap.  On average, the Grimsvötn outbursts release about 4.5 km3 of water at a peak discharge of about 50,000 m3 s-1 (Nye, 1973; Björnsson, 1974).  Based on studies of Grimsvötn outbursts, Thöranson (1939), Björnsson (1974), and Nye (1976) developed some of the earliest hypotheses and models for the rapid release of water through glaciers.  Despite their efforts, however, and the efforts of scientists that have followed them, a clear mechanism of drainage initiation remains elusive.  This elusiveness in drainage initiation is likely the result of uncertainties in the factors that control the subaerial release of outburst floods.  Some of these factors include the rate of water flowing into the lake, lake topography, effectiveness of the ice dam to impound water, glacier movement, and the occurrence and role of englacial or subglacial hydraulic systems to convey the flood water (Clarke, 1982; Tweed and Russell, 1999).  

Provided the factors controlling outburst initiation could be precisely analyzed, it is thought that an improved understanding of the mechanism of outburst flooding could be achieved.  Moreover, it is anticipated that with this improved understanding, the impacts to human life and development caused by outburst floods could be reduced.  In this regard, the purpose of this research project is to obtain a better understanding of the factors controlling the outburst of a glacier-dammed lake known as Hidden Creek Lake, located in the Wrangell –St. Elias National Park and Preserve, Alaska. 

 This research project was a collaborative effort involving Dr. Joseph Walder with the United States Geological Survey (USGS), Dr. Suzanne Anderson of the University of California, Santa Cruz (UCSC), and Dr. Andrew Fountain of Portland State University (PSU).  The responsibility of the USGS was to measure the volume of water stored in the lake prior to release, to measure the rate of discharge exiting the lake during the release, and to monitor the deflection of the glacier in response to changing lake water elevation. UCSC monitored the stream flow at the glacier terminus to aid in modeling the flood through the glacier and to analyze the down stream geomorphic effects of the outburst flood.  My responsibility was to study the subglacial hydraulic system through a network of boreholes established in the glacier to determine its role in the release of water from Hidden Creek Lake, in addition to modeling the flood from the lake to the terminus of the glacier.  

Objectives

The primary objective of my research was to elucidate the mechanisms responsible for the subglacial release of glacially-impounded lake waters.  By studying the drainage mechanism at Hidden Creek Lake, it is anticipated that a process-based understanding of outburst initiation is achieved that can apply to other glacier-dammed lakes.  Unfortunately, we were unable to drill to the bottom of the glacier (as explained later), and we could not investigate the changing subglacial condition directly.  Instead, I focused on three different but related studies.  First, a hydrologic model was constructed to estimate historic lake volumes to determine whether the time of outbreak correlates with changes in lake stage and meteorological factors.  If a correlation between these factors and outbreak timing is present, the results can be used to infer some of the processes controlling the flood timing.  In addition, such a correlation could be used to predict future floods and reduce the hazard posed by historically unpredictable outburst floods. Second, water level data obtained from a borehole drilled into the glacier was analyzed to investigate how the englacial hydrology reacted in response to lake level drop during the flood.  Lastly, the flood discharge was modeled mathematically to determine if any insight into the physical processes governing flood initiation could be gained.  

In performing these three separate studies, I set out to test the following three hypotheses:

1.
The timing of outbreak correlates with factors including meteorological variables such as temperature and precipitation, changes in ice-dam thickness, or to the development of “fast” subglacial hydraulic systems that allow the water to drain.  

2.
Valuable insight into the mechanisms that control the subglacial release of glacially impounded water can be obtained through monitoring the englacial hydraulic system through a borehole established within the ice dam.  
3.
The temporal evolution of the lake discharge conforms to established mathematical models. 
Study Area

Hidden Creek Lake (HCL) is situated at a latitude of 61o34’N and a longitude of 143o05’W on the western margin of the Kennicott Glacier, north of the town of McCarthy, Alaska (Figure 1).  HCL is located approximately 16 km from the terminus of Kennicott Glacier and is the largest glacial-dammed lake in the Kennicott Glacier basin (Rickman and Rosenkrans, 1997).  The primary inflow to HCL is Hidden Creek.  The basin of Hidden Creek has a drainage area of 69 km2, ranges in elevation from approximately 915 m to over 2,225 m above mean sea level (m.a.s.l.), and is approximately 30% glacierized.  A lobe of ice from Kennicott Glacier protrudes into the mouth of Hidden Creek Basin and is referred to as the “re-entrant ice” or “ice dam”.   The reported volume of water retained in the lake at the time of outbreak is approximately 107 m3 (Rickman and Rosenkrans, 1997). 

 Since 1911, the lake has drained annually, within a two-day period, in mid- to late summer.  The timing of outbreak has been recorded based on direct observation or anecdotal evidence from residences of the town of McCarthy and those people affiliated with Kennecott mine, a large, non-operational copper mine located approximately 5 miles north of McCarthy on the east side of Kennicott Glacier (Rickman and Rosenkrans, 1997).

In addition to HCL, several smaller glacial-dammed lakes are located within the Kennicott Glacier basin.  These lakes include Jumbo Lake, Donoho Lake and Erie Lake located on the eastern flank of Kennicott Glacier (Figure 1).  Although all the lakes are known to drain, Jumbo and Donoho Lakes generally drain prior to HCL, then partially refill with turbid water while HCL drains (Rickman and Rosenkrans, 1997).  Once HCL stops draining, the turbid water within Jumbo and Donoho lakes begins to drain (Rickman and Rosenkrans, 1997).  

HCL was chosen for this study primarily for its history of outburst floods and extensive historic record of lake level observations since the early 1900s.  In addition, HCL makes a good candidate because of the access to both the lake and the terminus of Kennicott Glacier and the presence of a permanent footbridge that crosses the Kennicott River, providing a stable platform to measure stream flow from the glacier.  
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Geology 

The upper basin of Kennicott Glacier resides on the southeastern flank of Mount Blackburn.  Mount Blackburn rises about 4,998 m a.s.l., and is the erosional remnant of a large volcano.  It is the oldest volcano out of several that are collectively referred to as the Wrangell volcanic field (Richter et al., 1995).  The Wrangell volcanic field formed as a volcanic back arc about 26 million years ago, when the Yakutat terrane began to subduct beneath the continental North American plate (Richter, et al., 1995).  The composition of the Wrangell volcanic field includes subaerial andesitic lava flows, pyroclastic rocks, and intrusions of felsic hypabyssal rock, all of which are Tertiary in age (MacKevett, 1972).   At the confluence with the Gates Glacier (Figure 1), the Kennicott Glacier crosses an unconformity.  This unconformity separates the younger rock of the Wrangell volcanic field from older rock of the Root Glacier Formation.  The Root Glacier Formation is upper Jurassic in age and includes sedimentary sandstones, siltstones, shales, and conglomerates (MacKevett, 1972).  From the Gates Glacier down to the terminus of Kennicott Glacier, the bedrock is made up of predominately the Chitistone Limestone, Nizina Limestone, Nikolai Greenstone, all of Triassic age, and of the McCarthy Formation of Triassic and Jurassic age (MacKevett, 1972).   Exposed within Hidden Creek Valley are the Nikolai Greenstone and the Chitistone and Nizina Limestones. 

Structurally, the Kennicott Basin is dominated by high angle faults that have a predominant northeast strike (MacKevett, 1972).  To a lesser extent, the basin contains low angle thrust faults and folds.  Remarkably, these thrust faults and folds are located above 1,371 m a.m.s.l. throughout the basin and are likely associated with compress ional stresses that were exerted as the Yakutat terrane subducted beneath the continental North American plate.   

Chapter 2 - Background

General overview on ice-dammed outburst floods 

The earliest records of outburst floods come from Iceland and the Swiss Alps, presumably some of the first glaciated regions to be inhabited.  The scientific record and the early emphasis of research in these areas consisted of descriptive narratives largely pertaining to the magnitude and the destructive power of outburst floods (Haeberli, 1983; Thorarinsson, 1939).  These early qualitative assessments progressed into more quantitative evaluations when the early investigators began to analyze the physical characteristics of outburst floods.  These characteristics included the flooding frequency and the geomorphic and climatic conditions leading up to flooding (Haeberli, 1983).

Starting in the 1950’s the emphasis on research became more sophisticated with Thorarisson’s (1953) research on Grimsvötn and Glen’s (1953) work on the stability of ice-dammed lakes and water-filled holes in glaciers.  By the 1970’s, the physics of subglacial hydraulic features were being outlined (Shreve, 1972; Röthlisberger, 1972; Weertman, 1972).  Some of this work was applied to the floods in Iceland.  Of note is the research on the outbursts of Grimsvötn by Björnsson (1974) and Nye (1976), the latter of which developed some of the first mathematical models describing outburst flooding.  Based on Nye’s 1976 work, Clarke (1982, 1996) and Fowler (1999) have made significant advances in mathematically modeling outburst floods. 

Glacial hydrology 

Glaciologists have recognized two primary types of sub-glacial hydraulic systems, which have been categorized by Raymond et al. (1995) as “fast” and “slow” drainage systems.  “Fast” drainage systems are generally comprised of a network of subglacial conduits that have relatively low surface-to-volume ratios and cover very small fractions of the glacier bed (Fountain and Walder, 1998).  Fast hydraulic systems may consist of canals incised into basal sediments (Walder and Fowler, 1994), channels incised into bedrock and basal sediments (Nye, 1973); and conduits incised upward into the ice at the glacier bed (Röthlisberger, 1972).  “Slow” drainage systems, on the other hand, generally have a relatively large surface-to-volume ratio, and cover a relatively large fraction of the glacier bed (Fountain and Walder, 1998).  Slow hydraulic systems can be sub-divided into four distinct types: 1) water films located between ice and bedrock (Weertman, 1972); 2) flow in permeable sediment layers (Stone and Clarke, 1993; Hubbard et al., 1995); 3) braided canals (Walder and Fowler, 1994); and 4) bedrock controlled linked-cavities (Kamb, 1987).

Of the three types of “fast” hydraulic systems, conduits are the most discussed of in the literature.  Röthlisberger (1972) assumed conduits as being semi-circular in cross section and incised into the ice at the base of the glacier (Figure 2).  The stability of these conduits is a balance between the overburden pressure of the ice collapsing the conduit through creep closure and the counteracting processes of internal water pressure maintaining the opening and wall melting caused by the dissipation of frictional heat of moving water (Röthlisberger, 1972).  Moreover, for water above the freezing temperature, such as in a glacier dammed lake, the heat content of the water also contributes to ice melting (Clarke,1982).  Hence, this interaction between the frictional and thermal melting of the ice walls allows conduits to exhibit an inverse relation between discharge and water pressure (Röthlisberger, 1972).  High water discharge results in a high melt-widening rate and the conduit enlarges at a rate that is greater than the rate of creep closure.  In this situation the water pressure is low compared to the ice overburden pressure.  Conversely, with low water discharge, there is little melt-widening occurring and creep closure dominates, resulting in conduits with small cross-sectional areas and internal water pressures higher than the ice overburden pressure (Shreve, 1972).  This condition differs from pipe flow where high water pressures correspond to high discharges and low pressures with low discharges.  This inverse relationship for ice-walled channels arises due to increased heat generation associated with increased discharge.  Because water tends to flow from areas of high pressure to low pressure, channel development within glaciers assumes an arborescent network, where channels of high pressure drain to channels of low pressure (Röthlisberger, 1972; Shreve, 1972).
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Röthlisberger (1972) and Shreve (1972) describe the steady-state condition of channels, however, the hydrologic systems within glaciers are seldom in steady-state and change seasonally as well as diurnally (Collins, 1979; Fountain, 1994; Hubbard et al., 1995; Stone et al., 1997).  Consequently, water discharge and pressure in channels fed from the surface will tend to be in non-steady state.  High water pressures will occur during periods of rapidly rising discharge, when water backs up the system faster than channels can enlarge by melting (Seaberg et al., 1988).  Conversely, low water pressures 

will prevail during rapidly falling discharge, when water leaves the system faster than channels can contract by creep closure.  During transient periods of rapidly fluctuating discharge, therefore, high discharges will be associated with high water pressures, opposite of the inverse relationship for the steady-state condition.  Lliboutry (1983) and Hooke (1984) have concluded, however, that because channels enlarge fairly rapidly by melting but close much more slowly by creep closure, the most common condition for non-steady-state systems is one of low water pressure.  

The “slow” drainage system involves morphologically distinct flow systems that primarily include subglacial linked-cavities, sediments, and braided canals.  Subglacial cavities form as the glacier slides over asperities in the bedrock (e.g. small rock steps and surface irregularities) causing the ice to become separated from the bed (Walder, 1986; Kamb, 1987).  Narrow orifices link many of these cavities and form linked-cavity drainage systems (Figure 3).  Geomorphic features thought to be remnant cavities have been mapped in previously glaciated areas by Walder and Hallet (1979), Hallet and Anderson (1982), and Sharpe and Shaw (1989).  These features consist of small concavities that are preserved in the bedrock.  They cover 20-50% of the deglaciated bedrock and are in a non-arborescent configuration.  [image: image31.wmf]0.010
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The mechanics of linked-cavity systems result in very different relationships between discharge and pressure relative to channels, with important consequences for drainage network evolution.  Cavity size is a function of the sliding speed of the glacier, the roughness of the glacier bed, and the pressure difference between the ice and water in the cavity (Walder, 1986; Kamb, 1987).  Unlike the development of conduits, cavities rely less on the frictional melting of ice due to flowing water.  Because of the sinuous nature of the flow paths between cavities, water velocities are small and frictional melting of ice walls is insignificant (Walder, 1986; Kamb, 1987).  As a result, increases in water pressure within the linked-cavity system results in an increased discharge.  This positive relationship between discharge and pressure, opposite to that of the conduits, does not drive cavities to coalesce and develop into an arborescent system.  As a result, linked-cavity systems tend to be stable features that may store large quantities of water at the base of glaciers but are less likely to play a significant role in rapidly transporting large quantities of water (Humphrey, 1987).
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The stability of the linked-cavity system can break down under high pressure and discharge conditions, when frictional heat and ice-melting becomes important factors (Kamb, 1987).  Under such conditions, the linked-cavity system transforms into a system of conduits.  This instability provides a mechanism to rapidly evacuate a cavity system of large water volume.  This evolution from a “slow” linked-cavity system to a “fast” system of R-channels is thought to play a role in the rapid termination of surging glaciers (Kamb et al., 1985; Raymond et al., 1995).  

Another “slow” system is an unconsolidated layer of subglacial sediment that acts as a confined aquifer (Stone and Clarke, 1993).  Through in situ borehole tests, Fountain (1994), Hubbard et al. (1995), Stone et al. (1997), and Fischer et al. (1998) have determined that the hydraulic conductivity of these sediments range on the order of 10-7 to 10-4 m s-1.  But in some cases, the hydraulic conductivity may be as high as 0.07 to 0.9 m s-1, comparable to a coarse gravel (Stone and Clarke, 1993).  Despite the large range of hydraulic conductivity, subglacial sediment layers do not provide an effective mode of rapidly transmitting large quantities of water due to their thin and laterally discontinuous nature (Nolan and Echelmeyer, 1999a; Nolan and Echelmeyer, 1999b).  

Coexisting with the sediment may be sediment-floored canals, whereby water flow can erode the underlying sediment layer by removing particles as both bed load and suspended load (Walder and Fowler, 1994; Fountain and Walder, 1998).  Such sediment-floored canals can develop beneath arborescent conduits, or exist at the base of glaciers in a braided, non-arborescent network of wide, shallow, ice-roofed canals.  
Release Mechanism

Despite the general acceptance of the “fast” and “slow” subglacial hydraulic systems, how these systems develop, their spatial occurrence, and how they interact is unclear (Fountain and Walder, 1998).  Moreover, how large volumes of water can be stored in glacially-dammed lakes then rapidly drain, such as HCL, is unclear.  Scientists typically agree that ice-dammed lake water drains through the glacier via existing tunnels in the ice, enlarging conduits through melt-widening as the flood propagates down glacier (Röthlisberger 1972; Nye, 1976; Clarke, 1982).  The crux in this scenario, however, is determining how the seal between the lake and the internal drainage system is ruptured and how a hydraulic connection is made with the glacial hydraulic system.  There are currently three principal theories.

The first theory involves the floatation of the ice dam, as discussed by Thorarinsson (1939), Sturm and Benson (1985), Kasper and Johnson (1992), and Knight and Russell (1993).  The ice dam floats upward due to buoyant forces imposed by the lake water on the glacier ice.  Under normal conditions, clean ice floats when the water depth exceeds 90% of the ice thickness, or, in our case, 90% of the ice-dam thickness.  Once the ice dam rises sufficiently it loses contact with the bed, rupturing the impermeable seal, and allows the lake water to connect with an established drainage system.  If this theory were true, then outbursts will occur when the lake level reaches 90% of the ice dam thickness.  However, most outbursts occur when lake levels are substantially lower (Russell, 1999).  In his study of Grimsvötn, Nye (1976) applied a modified flotation explanation and suggested that the ice located on the perimeter of the glacier cantilevered upward through plastic deformation imposed by buoyant forces as the water within the lake raised.  This buoyant force reduced the pressure at the base of the ice cap, resulting from the overburden of ice, and caused the hydraulic drainage divide to migrate towards the lake.  When the divide reached the lake, water leaks out initiating a flow that would unstably enlarge a conduit resulting in a flood.

An alternative triggering mechanism has been presented by A. Fountain and J. Walder (personal communication, 2000).  They postulate that a network of subglacial conduits is enlarging coincident with the increasing melt as the summer progresses.  At some point the conduit network reaches the lake, and a runaway flood proceeds by melt-widening of the channel system.  Thus, the timing of the outburst is related to lake level and to the location and enlargement of the “fast” conduit network.  In this regard, the up-glacier development of the “fast” conduit system appears to correlate with the seasonal, up-glacier migration of snowline (Nienow, 1994).

The third drainage mechanism evolves the destabilization of subglacial cavities.  Knight and Tweed (1991) hypothesized that glacier movement may separate the glacier from its bed and thereby enhance rapid cavity development at the ice/bed interface, and in the presence of high water pressure (such as a glacially impounded lake), the cavity system destabilizes and a connection between the lake and the “fast” hydraulic system is made.  

Past work related to the Study Area

Only two formal studies of the outburst floods of HCL are known.  Friend (1988) studied HCL for one field season in 1986.  He made measurements of the volume and temperature of HCL, and measured outflow hydrographs as the floodwaters flowed past the town of McCarthy.  Friend attempted to correlate his measured hydrographs to results derived from two mathematical models, the first developed by Clague and Mathews (1973) and the second by Clarke (1982).  The Clague and Mathews model is an empirical model used to estimate peak discharge based on the peak lake volume, and the Clarke model is a physically-based numerical algorithm that predicts the flood hydrograph.  The results of Friend’s (1986) work showed large discrepancies between his measured peak discharge values with estimates obtained by the two models.  He attributed this discrepancy to natural variability unaccounted for by the two models and to his own measurement errors.  

Rickman and Rosenkrans (1997) examined the flood history of the lake.  As part of their effort they gathered and reviewed aerial photos and historical records dating back several decades, surveyed the lake bathymetry, estimated past lake stages, and constructed outflow hydrographs of Kennicott River at the glacier terminus for the 1994 and 1995 outburst floods.  As a result of their research, they compiled a flood history for HCL dating as far back as 1900.  This flood history consists of a list of outbreak times developed through direct observation and anecdotal evidence from residences of the town of McCarthy and people affiliated with Kennecott mine.  From this historic record, they concluded that the maximum annual lake stage is declining with time and attribute this decline to glacial thinning.  Lastly, Rickman and Rosenkrans developed a list of indicators forewarning of an imminent flood:

· Lake stage near or above 914.4 m a.s.l.

· Stationary or declining lake stage during the period in which melt water and rain would be expected to be increasing lake stage (July and August).

· Evidence of recent calving of large ice blocks from the glacier.

· Formation of a “clean ice” washline along the ice margin.  This is visible after a small drop in lake stage.

· Fresh fractures and escarpments in the ice margin region.

Chapter 3 – Snow Accumulation and Runoff Model

Introduction

In this chapter I address hypothesis 1 by testing whether the timing of outburst correlates with the meteorological variables, temperature and precipitation, and other variables including changes in lake level and the development of a “fast” hydraulic system.  To evaluate temperature and precipitation, I assume both are indexes to runoff entering HCL and apply two simple mathematical analyses to test their correlation against outburst timing.  To determine the effects of changing lake level and the development of a “fast” hydraulic system, I use information obtained from a hydrologic model that was specifically developed for the HCL basin and the Kennicott Glacier.  The development of this model is outlined in this chapter.  In particular, the model is used to estimate lake level by predicting cumulative daily runoff entering HCL.  In addition, following Nienow’s (1994) work, the model is used to approximate the location of the “fast” hydraulic network by estimating the time at which the snowline exceeds the elevation of HCL and correlating it to the time of outburst. 

The correlation analyses discussed in this chapter were performed on fourteen of the most accurately dated floods from the historic record (Rickman and Rosenkrans, 1997).  Only those floods directly observed were used; the floods whose timing was based on anecdotal evidence were discarded. 

Correlating outbreak timing to meteorological variables

To evaluate if the volume of water stored behind the dam (and with it lake stage) has a controlling effect on outbreak timing, I treated temperature and precipitation as indexes of runoff entering the lake and performed correlation analyses between them and the release date of fourteen of the most accurately dated floods.  In this approach, I assume temperature and precipitation are indexes of runoff due to their influences on melt runoff and runoff due to rain, respectively.

Baseline meteorological data for this study, including temperature and precipitation, where obtained from the closest meteorological station to HCL, known as McCarthy 3SW (National Climate Data Center’s Identification Number 505757).  McCarthy 3SW is about 381 m a.s.l. and is located about 1.5 km southwest of the terminus of Kennicott Glacier at a latitude of 61o35’ N and a longitude of 143o00’ W.  The meteorological variables recorded at the station include daily precipitation, snowfall, snow depth, maximum and minimum air temperature, and the temperature at the time of observation.  Data for the water years from 1968 to present are available through the National Climate Data Center’s web page (http://www4.ncdc.noaa.gov)www.ncdc.com.  

To evaluate the role of temperature, a degree-day index was used.  This index consists of the cumulative summation of mean daily temperatures (average of daily maximum and minimum values) above freezing.  In this analysis, the degree-day index was computed from September 1 to July 1.  The September 1 date was elected because, according to Rickman and Rosenkrans (1997), the lake is generally empty or just starting to refill after outbreak at this time.  I assume that the lake is empty on September 1, and the ice dam forms a perfect seal.  The July 1 date was used as the end date since this date precedes the earliest release date of July 4 in 1993.  The July 1 date has no other particular significance.  The data were not summed to the release date because the degree-day sum would be self correlated with the outbreak date.  That is, the longer the outbreak delay, the greater the magnitude of the degree-day sum.  

To evaluate the effects of precipitation and determine the effect of runoff due to rain alone, a cumulative sum of precipitation was calculated from September 1 to July 1 for each flood season.

Values from both the degree-day index and the sum of cumulative precipitation were plotted against the time of outbreak (Figures 4 and 5, respectively).  Based on the high degree of spread present in both plots, it can be concluded that there is no correlation between temperature and precipitation to the time of outbreak.  This conclusion can be substantiated by the low valued regression coefficients for each plot and the inability of the correlation coefficients to be significant at the 90% confidence level (Table 1 and 2). 

	Table 1.  Correlation of date of outbreak with cumulative degree-day index.  July 1 is Julian Day 182.

	Year
	Date of Outbreak (Julian Day)
	Degree-day sum From Sept 1 

to July 1
	Correlation Coefficient
	t-statistic
	t-critical at 90% significance level

	1974
	228
	3852
	0.02
	0.08
	1.36

	1975
	218
	3878
	

	1978
	221
	4072
	

	1981
	200
	4106
	

	1986
	217
	3245
	

	1988
	199
	4116
	

	1989
	200
	3702
	

	1993
	186
	3531
	

	1994
	209
	4196
	

	1995
	201
	4226
	

	1997
	221
	3769
	

	1998
	222
	3918
	

	1999
	196
	3672
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	Table 2.  Correlation of date of outbreak with the total precipitation falling at Hidden Creek Lake from September 1 to July 1.

	Year
	Date of Outbreak (JD)
	Total Precipitation (cm) from September 1 to July 1
	Correlation Coefficient
	t-statistic
	t-critical at 90% significance level 

	1974
	228
	69
	-0.15
	-0.52
	1.36

	1975
	218
	119
	

	1978
	221
	94
	

	1981
	200
	127
	

	1986
	217
	112
	

	1988
	199
	117
	

	1989
	200
	102
	

	1993
	186
	74
	

	1994
	209
	107
	

	1995
	201
	81
	

	1997
	221
	64
	

	1998
	222
	69
	

	1999
	196
	71
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Hydrologic Model

To evaluate the correlation of lake level to the time of outbreak, and test whether there is a correlation between the location of the “fast” hydraulic system and the time of outbreak, a hydrologic model was developed.  This model is a simple model that utilizes temperature and precipitation as input data to calculate snow accumulation, ablation within the HCL basin, and to calculate runoff entering the lake.  Other, more robust models using elaborate algorithms and more complex input data are available (Melloh, 1999).  However, our situation of limited meteorological data dictates that a relatively simple model is used.  

In the following section I introduce the model and discuss the mechanics of how it estimates snow level and runoff within the HCL basin.  This is followed by a test of the model’s ability to estimate runoff within a gaged basin, known as the Little Susitna Basin, prior to it’s application to HCL.  Note that the units in the model are English because the equations in the model were developed with English units and require their use.  The final values obtained by the model are converted into metric units.

Model Overview

The mechanics of the model start by separating the basin into different elevation zones.  For each elevation zone the model predicts the depth of snow accumulation and melt using only the measured variables, precipitation and temperature, which themselves are dependent on elevation.  By summing the total snowmelt and rainfall occurring at each elevation zone, the total volume of runoff from within the basin is estimated.  No routing of water is calculated, and all available water is assumed to enter the lake basin instantly.  Because of this assumption of instantaneous routing, I am not accounting for the natural short-term attenuation of flows that occur along the path from the point of origin to the lake.  Consequently, I expect the daily values of runoff to exhibit sizable errors.  However, because I am only interested in evaluating the cumulative runoff entering the lake over an entire season, the high day-to-day variability will be buffered and the error over the season should have a lower degree of error.  A detailed flow chart of the model is provided in Figure 6.  

Calculating Precipitation at Elevation

The Kennicott River basin is located in a rain shadow caused by the Chugach Mountains to the south, which buffers the basin from weather fronts originating in the Gulf of Alaska (Personal Communication, Dr. C. Daly of Oregon State University, Corvallis, winter 2000).  Aside from the McCarthy 3SW station, there are no other weather stations located within the Kennicott Glacier basin.  Thus, to assess and correct for differences in precipitation occurring up the Kennicott Glacier basin, as a result of the local anomalies in the weather patterns and the natural increase in precipitation with elevation, information from a publicly available Parameter-elevation Regression on Independent Slopes Model (PRISM) was used.  Developed by Dr. Daly (www.ocs.orst.edu), the PRISM model uses point climatic data, a digital elevation model, and other spatial data sets to generate gridded estimates of climate parameters such as precipitation, temperature, and snowfall. 

From PRISM, average annual precipitation was calculated at different grid points along a transect originating at the McCarthy weather station and extending north up the west side of the Kennicott Glacier and through the HCL basin (Figure 7).  This process exhibited a linear relationship of about 14 inches (36 cm) of increased precipitation for every 1000 feet (305 m) gain in elevation.  The precipitation recorded at the McCarthy station was then scaled for the basin using this relation with elevation. 
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Calculating Temperature at Elevation

To determine whether the precipitation reaches the ground as snow or rain, the average daily air temperature (Ta) at each elevation has to be known.  It is assumed that when Ta > 32oF the precipitation is rain, and when Ta < 32oF the precipitation is snow.  The average daily air temperature was calculated by averaging the daily-recorded maximum and minimum temperatures from the McCarthy weather station.  The average daily air temperature at higher altitudes was estimated using the adiabatic lapse rate of –0.78oF per 328 feet (100 m).  This lapse rate is commonly applied by the USGS in this portion of Alaska (Personal Communication, Dennis Trabant, 2-24-00), and is also found in published data (Donn, 1951).  

Calculating Snowmelt

To estimate snowmelt, some estimate of energy transfer is required.  The energy balance equation for melting snow (Anderson, 1968, 1973; U.S. Army, 1960; and Melloh, 1999) is,  

Qn + Qe + Qh + Qpx  = M,

(1)

where Qn is net solar radiation transfer; Qe is latent heat transfer; Qh is sensible heat transfer; Qpx is heat transfer by rain water; and M is the energy available to melt ice.  Anderson (1973) provides a detailed discussion of each component of the energy equation. Given the data available for our situation, the model relies on two simplified equations to evaluate snow melt during rain-on-snow and rain-free conditions.  

Heat transfer during a rain-on-snow event involves the following basic considerations (U.S. Army, 1960).  Net solar radiation is composed of two terms, net short-wave (Qs) and net long-wave (Ql), and the melt produced by each can be expressed differently.  Melt due to net short-wave radiation is relatively unimportant during periods of rain and is considered to amount to about 0.07 inches of snowmelt per day for non-forested areas such as in the HCL basin.  Melt due to the exchange of net long-wave radiation (Mrl) between forests or low clouds and the snowpack may be computed as a linear function of air temperature,

Mrl = 0.029(Ta-32)


(2)

where Ta is mean air temperature in oF.

Melt generated by the transfer of sensible heat as warm air is advected over the snow surface (convection), and melt generated by the transfer of latent heat as water vapor from the atmosphere condenses on the snow surface (condensation) can be combined into one term of snow melt (Mcc).  Assuming that air is saturated during rain on snow events (i.e. the mean air temperature is equal to the dew point), Mcc is expressed as, 

Mcc = (k)0.0084V (Ta-32)

(3)

where V is the average wind velocity in miles per hour at a height of 50 feet off the snow surface and k is a basin constant that represents the mean exposure of wind.  The value of k can range from 0.3 to 1 for heavily forested areas and unforested areas, respectively.  

Melt due to the transfer of heat from rain (Mp) is simply expressed as a function of rainfall and air temperature,

Mp = 0.007Pr (Ta-32)

(4)

where Pr is daily rainfall in inches.

Lastly, melt due to heat exchange at the snow-soil interface is negligible compared to the heat exchange at the snow-air interface (Anderson, 1968, 1973; Melloh, 1999).  Therefore, calculations of melt due to geothermal heat were not made, but were assumed constant at 0.02 inches per day (U.S. Army, 1960).

After assuming that water lost by sublimation is balanced by condensation, and the effects of heat exchange within the snowpack during non-melt periods are negligible, equations (1) through (4) can be combined into a general equation representing the total melt for rain-on-snow events (U.S. Army, 1960),

M = (0.029 + 0.0084kV + 0.007Pr)(Ta-Tb)+0.09

(5)

where M is total daily snowmelt in inches per day, and Tb is the base temperature at which melt will occur.  Expressions similar to Equation (5) appear in the work of Anderson (1973) and Harr (1980).  

For my application, k and Tb are set at 1oF and 32oF, respectively.  The airspeed, V, is set at approximately 4.5 mph based on average winter wind speed observations made approximately 50 feet from the surface of the Gulkana Glacier, which has similar geographic and topographic conditions as those found at HCL (personal communication, Dennis Trabant, USGS). 

On clear days, net solar and terrestrial radiation become more important variables in the energy balance equation than on cloudy, rainy days, and additional input variables are required to calculate snowmelt.  These additional variables include average basin forest canopy coverage, solar radiation, albedo, snow surface temperatures, and dew point  (U.S. Army, 1960; Melloh, 1999; Anderson, 1973).  Because air temperature and precipitation are the only variables available for our model, a more simplified method of calculating snowmelt for clear periods was applied.  This method is referred to as the degree-day index method, and is represented by the following equation (Melloh, 1999),

M = Cd (Ta – Tb)

(6)

where M is snowmelt (in./day), Cd is degree-day melt coefficient (in. oF-1 day-1), Ta is average daily air temperature (oF), and Tb is the temperature at which melt will occur (oF).  The values of Cd and Tb are set at 0.06 and 24oF, respectively, and equal to values for open, non-forested areas (U.S. Army, 1960).  In forested areas, the vegetative cover affects the transfer of energy produced by net solar radiation and sensible heat by shading the snow pack and disturbing local wind patterns.  Consequently, snowmelt can occur at lower temperatures in open areas resulting in the use of Tb  equal to 24oF, rather than 32oF used in forested areas. 

Equation (6) relies on a fixed melt factor. This differs from Anderson (1973) who used a melt factor that varied seasonally with fluctuations in solar influences and snowpack conditions.  The varying melt factor could not be applied in this model because no information on the snowpack’s characteristics exist.  In addition, snowpack sublimation is not included in the model because to calculate snowpack sublimation with reasonable accuracy is difficult without detailed information of the local dew point and wind velocities (Anderson, 1973).  However, since sublimation loss is generally very small, by not accounting for it will not likely have a significant affect on the overall error within the model, which is likely many times larger.  

To summarize, the model uses the precipitation and temperature data from the McCarthy weather station as input.  Precipitation is scaled for different elevations using the PRISM correction.  Temperature is scaled using the lapse rate.  Snow accumulation and ablation (snow levels) and water flow at different elevations in the basin are calculated based on direct rainfall and snowmelt, if present, using equations (5) and (6).  

Testing the Runoff Model

The runoff model was tested against a gaged basin, the Little Susitna River basin, located in the Talkeetna Mountains north of Palmer, Alaska, approximately 325 kilometers west of HCL (Figure 8). The Little Susitna River ranges in elevation from 279 m a.s.l. to approximately 1981 m a.s.l., has a drainage area of 160 km2, and is only slightly covered by forested areas.

The Little Susitna River was chosen as a test candidate over other gaged basins for several reasons: 1) the Little Susitna River has similar meteorological characteristics to Hidden Creek basin, as determined by PRISM data; 2) it has similar physiographic characteristics to HCL; and 3) there is a comprehensive record of discharge and meteorological data available for the Little Susitna River since the early 1950’s.  Discharge of the Little Susitna River has been gaged by a USGS gage station (USGS Station number 15290000) and meteorological data are collected approximately 12 km (7.5 mi.) away in the town of Palmer (National Climate Data Center Number 506870). 

In order to maximize computational efficiency while still accounting for meteorological fluctuations at different elevations, the Little Susitna River basin was subdivided into six elevation zones.  Precipitation was scaled for each zone based on information provided by the PRISM model (Table 3), and temperatures were scaled for each elevation zone using the same adiabatic lapse rate as previously discussed.  Using these adjusted precipitation and temperature measurements, the model calculated the daily discharge of the Little Susitna basin for 10 water years from 1975 to 1988 (Table 4).  Years with missing data over this time period were not included.

	Table 3.  Little Susitna River area distribution and enhancement factors.

	Elevation interval in feet (meters)
	Mid altitude in feet (meters)
	Area in miles2 (km2)
	Precipitation Enhancement Factor

	Station – 2000 (610)
	1500 (457)
	4.0 (10.4)
	1.79

	2000 (610) – 3000 (914)
	2500 (762)
	12.4 (32.2)
	2.49

	3000 (914) – 4000 (1219)
	3500 (1067)
	20.1 (52.2)
	3.19

	4000 (1219) – 5000 (1524)
	4500 (1372)
	18.4 (47.7)
	3.89

	5000 (1524) – 6000 (1829)
	5500 (1676)
	6.0 (15.5)
	4.59

	> 6000 (1829) 
	6200 (1890)
	0.2 (0.4)
	5.08


	Table 4.  Total discharge calculated using runoff model compared to the gaged volume of Little Susitna River.

	Year
	Gaged Volume (km3)
	MET Model 

Volume (km3)
	Difference (km3)

	1988
	0.150
	0.149
	0.001

	1987
	0.189
	0.159
	0.030

	1986
	0.146
	0.146
	0.000

	1985
	0.270
	0.126
	0.144

	1984
	0.219
	0.142
	0.077

	1982
	0.235
	0.159
	0.076

	1980
	0.263
	0.227
	0.037

	1979
	0.230
	0.137
	0.093

	1978
	0.127
	0.119
	0.008

	1977
	0.223
	0.248
	-0.025

	Average
	0.203
	0.208
	Root Mean Square= 0.032 km3
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The results within Table 4 were plotted (Figure 9).  Looking at the plot you can see that there is significant variability in runoff that is not accounted for by the simple model.  This is confirmed by the inability of the correlation coefficient to be significant at the 90% confidence level, with a t-statistic of 1.31 falling just inside the t-critical value of 1.39.  The year-to-year variability yields a root-mean-square of 0.032 km3, and the standard deviation of percent error values equates to a model accuracy of +21%.  For such a simple hydrologic model, this error magnitude is not uncommon (Rana et al.,1996; Marks et. al., 1999).   
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To assess the influence of each individual input variable, a sensitivity analysis was performed on the model.  This involved increasing the three primary input variables, precipitation, temperature, and wind velocity, individually by 2% and determining how cumulative runoff is affected. This test was performed on the Little Susitna River basin for water year 1977.  Of all three input variables, precipitation proved to be the most influential by returning the largest increase in cumulative runoff with an increase of 2.9% over initial values (Table 5).  This increase in runoff is the result of a direct increase in runoff as rain when temperatures are above freezing (Spring through Fall months) fallowed by a dramatic increase in snow accumulation during the winter.  This increased snow pack almost completely melts off when subjected to rain-on-snow events in the spring.  The effects of increasing precipitation exceeded those obtained by raising temperature, which resulted in a 2% increase in cumulative runoff.  This reduced effect is due primarily to the inability of temperature to directly increase the volume of precipitation falling.  Raising temperature only allows less snow to accumulate in the fall and more snow to melt in the spring when temperatures are hovering around freezing.  At any other point in the season, the temperatures are either too cold or too warm to allow a slight 2% increase in temperature to dramatically alter the accumulation or melt of snow.  Lastly, wind speed, which influences melt by affecting heat exchange properties at the surface of the snow pack, was the least influential with an increase in runoff of less than 1%. 

	Table 5. Results of a sensitivity analysis performed on the input variables of the runoff model.

	Temperature


	Precipitation


	Wind Velocity


	% change in runoff over initial volume

	2% Increase
	No Change
	No Change
	2.0%

	No Change
	2% Increase
	No Change
	2.9%

	No Change
	No Change
	2% Increase
	0.04%


By applying the model to the gaged basin of Little Susitna River, we were able to assess the accuracy of the model, as well as determine the influences that individual input variables have on the model.  Consequently, it has been determined that, although there failed to be a significant linear trend between the modeled and measured runoff volumes, the standard deviation in error between the two values is at a reasonable +21%.  Based on the sensitivity assessment, some of this error may be attributed to inaccuracies in the quantity and spatial distribution of precipitation within the basin.  Knowing the accuracy of the model and its sensitivity to precipitation, the model was applied to the HCL. 

Application to Hidden Creek Lake

The Hidden Creek basin was divided into roughly equally spaced elevation zones, each encompassing approximately 1000 feet (305 meter) of vertical elevation, and precipitation enhancement factors from McCarthy station were calculated using information obtained from PRISM (Table 6).  Stratifying the basin into 1000-foot (305 meter) elevation intervals allows us to more accurately calculate the effects of snow accumulation and melt with elevation, without overwhelming the computational effort.  The area of each elevation zone presented in Table 6 were calculated using GIS (ArcView 3.2) software.  It is assumed that the lake is empty on September 1 of each year and a perfect seal exists.  Daily runoff entering the lake is calculated from September 1 to the day of outbreak.  Thus, lake volume at the time of outbreak is the cumulative sum of all runoff occurring since September 1 of each year.

	Table 6.  Hidden Creek basin area distribution and enhancement factors.

	Elevation interval in feet (meters)
	Mid elevation in feet (meters)
	Area in miles2 (km2)
	Precipitation Enhancement Factor

	Lake – 3500 (1067)
	3250 (991)
	2.2 (5.8)
	2.6

	3500 (1067) – 4500 (1372)
	4000 (1219)
	3.9 (10.0)
	3.3

	4500 (1372) – 5500 (1676)
	5000 (1524)
	8.1 (21.0)
	4.2

	5500 (1676) – 6500 (1981)
	6000 (1829)
	10.4 (27.0)
	5.1

	> 6500 (1981) 
	7000 (2134)
	2.1 (5.6)
	6.0


To determine the model’s accuracy in estimating the volume of HCL, the calculated cumulative volume of runoff at the time of outbreak was compared to estimated lake volumes.  The estimated lake volumes were obtained by interpolating along a volume verses elevation curve (storage curve) that was developed from the lake hypsometry (area verses elevation distribution).  The lake hypsometry was determined with the help of Mr. Trabant and Ms. Cunico (Figure 10).  A storage curve (dV/dh) was obtained by interpolating along the hypsometric curve (dA/dh) at evenly spaced intervals of elevation, cumulatively adding the volumes, and expressing the result over elevation (Figure 11).  With the volume verses elevation curve, lake stage information could easily be converted to lake volume.  The only years where the lake stage was surveyed just prior to outburst for HCL included the three flood seasons of 1994 and 1995, with the work completed by Rickman and Rosenkrans (1997), and 1999, with the work completed as part of this thesis.  The results of the model are poor (Table 7).
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Figure 10.  Area verses elevation (hypsometry) distribution of Hidden Creek Lake.
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 Figure 11.  Volume verses elevation distribution of Hidden Creek Lake.

	Table 7.  Measured and calculated lake volume compared 

	Year
	Volume (106 m3)
	Model Volume (106 m3)
	Difference (106 m3)
	%  Difference

	1999
	0.017
	0.073
	-0.057
	-341

	1995
	0.033
	0.098
	-0.065
	-197

	1994
	0.040
	0.115
	-0.075
	-187


A linear regression between the modeled and estimated volumes yields a slope of 1.7 and a y-intercept of 0.043 km3 with a regression coefficient of 0.99 (Figure 12). 
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Although the regression line provides a significant fit, it does not have an optimum slope of one, which would occur in the case of a perfect match between estimated and modeled volumes.  Moreover, it is apparent that the model is over estimating the lake volume.  Factors contributing to this overestimation are errors in the model, errors developed in extrapolating precipitation levels to the Hidden Creek basin from McCarthy, and in developing the hypsometric curve.  An additional drawback, which may provide a false perception of model error, is the inability to compare the model to more than just three years of lake level data.  Ideally, the more years to compare to the better a determination of the model error can be made.

To apply the model to HCL, I corrected the model output by subtracting the intercept of the regression equation to shift the equation so that it passes through the origin.  Such a dramatic correction is not unusual to generalized hydrologic models.  In fact, the U.S. Army Corps of Engineers’ HEC-1 and HEC-2 surface water models utilize a dimensionless coefficient to account for variation from the generalized snowmelt equations, which are the same equations used in this model (Melloh, 1999). The results of this correction are presented Figure 13.  After correcting the model, the error bars depicting the + 21% model error, as determined from modeling the Little Susitna River basin, nearly overlap the line with an optimum slope of one.  The remaining analyses are based on this correction. 
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Analyses

As indicated, the principle goals of developing the hydrologic model were to test Thorarinsson’s (1939) flotation and Nye’s (1976) cantilever theories, and to determine if the snowline correlates to the time of outbreak by using it as an indicator of the location of the ‘fast’ hydraulic system in the proximity of HCL.  Where appropriate, the modeled results were examined for thirteen of the most accurately dated flood events from the historic record (Rickman and Rosenkrans, 1997). 

Testing the Flotation and Cantilever Mechanisms 

Thorarinsson’s flotation (1939) and Nye’s cantilever mechanisms (1939) rely on the water elevation reaching a certain threshold before outbreak can occur. Basically, the buoyant force applied to the ice dam is proportional to the depth of water located behind the dam.  To determine if a critical lake level exists, I examined the maximum lake stage occurring at the time of outbreak: if the ice thickness is constant then a constant critical level exists.
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The volume of runoff entering the lake from September 1 to the time of outbreak was estimated using the hydrologic model.  Lake levels were than obtained by interpolating along the volume verses elevation curve (Figure 11).  The values of peak lake water level obtained by this method are presented in (Table 8).  Results indicate that lake level at the time of outbreak does not correspond to one particular elevation, but varies from 913 m in 1999 to 935 m in 1975, with the average head being approximately 926 m.  Given the variability of head values over the past 25 years, it would appear that there is no flotation threshold for HCL.  However, because of possible errors in the models ability to accurately calculate the volume entering the lake, which are assumed to result in an error of about +4 m of lake head, it can not be decisively conclude that this is the case.  Regardless of these errors, the lack of a threshold condition existing may be corroborated by the lack of a correlation between the time of outbreak and the  key meteorological variables, temperature and precipitation, that control runoff entering the lake.

Examining water level as a function of year (Figure 14), there appears to be a trend towards outbursts at lower lake levels. Over the last 25 years, the inferred peak water level at the time of outbreak has lowered by about 9 meters.  This decreasing trend could be the result of a reduction of ice dam thickness.  

After considering the density difference between clean glacial ice (900 kg m-3) and water at 0oC (1000 kg m-3), the 9 m decline in head may imply that there has been an approximately 10 m decrease in ice thickness since 1974.  It is assumed that density differences in the glacier as a result of crevassing (making it less dense) and debris located within and on the surface of the glacier (making it more dense) offset one another.

To determine if glacial thinning is important, several aerial photos (1975, 1984, and 1999) were examined.  Surface elevation can not be determined from the photos, but changes in lateral extent of the glacier can be detected.  Presuming that thinning ice will cause the glacier edge to move toward the center of the glacier, I compared locations of the upper surface of the glacier to several established points along the perimeter of the glacier, including rock outcrops near the re-entrant zone of HCL.  No distinguishable change in ice extent was observed since 1975.  This examination may be inconclusive because the valley walls near the glacier in this area are quite steep, and small changes in thickness may not be readily observable as changes in lateral extent.  I then compared our survey data of the glacier surface to elevations based on 1957 aerial photographs and published on the 1959, USGS McCarthy (C-6), 1:63,360 quadrangle.  The average difference in surface height of the glacier at the latitude of HCL is about 42 m.  This is equivalent to a thinning rate of 1 m yr-1 from 1957 to 1999.  This rate of decline is close to a 1.1 m yr-1 thinning at the terminus of the glacier, where survey data show a 53 m vertical drop in the ice surface over a 48 year time span from 1909 to 1957 (Rickman and Rosenkrans, 1997).  I therefore estimate a 25 m thinning at the ice dam.  Again, after taking the density difference between ice and water into consideration, this 25 m decline in ice dam thickness would equate to roughly a 22.5 m decline in water elevation.  Such a dramatic drop in water elevation does not compare well with the estimated 9 m drop, suggesting that glacier thinning has not had a significant role in outburst timing. 
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Location of the subglacial hydraulic system
Because Thorarinsson’s and Nye’s flotation and cantilever theories require the lake water to connect with a developed fast hydraulic system before drainage can occur, the location of the nearest branch of the hydraulic system relative to the lake should help control outbreak timing.  For example, if the fast hydraulic system reaches the lake early in the season, drainage would occur earlier.  Consequently, the year-to-year variations in the location of the fast hydraulic system relative to the ice dam could explain the poor correlation between water level and the time of outbreak. We hypothesize that the headward (up-glacier) development of the fast hydraulic system is linked to the up-glacier migration of the snowline (Nienow, 1994).  The date when the snowline reaches the lake will vary from year to year depending on climatic variables.  To infer the time that the hydraulic system reaches the lake, I calculated the position of the snowline on the glacier using the hydrologic model developed for estimating runoff.  

To test whether the model could reasonably predict the location of the snowline, a qualitative analysis was performed by comparing the models predicted snowline elevation with the actual snowline elevation pictured in photos of the landscape adjacent to HCL.  The photos used in this comparison consist of three oblique aerial images of the HCL basin, dated August 27, 1969, August 18, 1978, and August 31, 1984.  The predicted snowline was calculated for each photo date by interpolating between the model’s estimated snow depths at the midpoint of each elevation zone.  Unlike in computing runoff, there was no correction applied to the model’s prediction of snowline elevation.  From this analysis, the model predicted the elevation of the snowline in the area of HCL to within an estimated +20 meters elevation.  Because of this reasonably good prediction, the model was used to estimate the day at which the snowline reached HCL for several known floods (Figure 15).  Unsure of the affect that the + 20 m error in predicted snow elevation may have on the timing of the snowline at the lake, a + 5 day error was assumed.  Although the correlation coefficient for the least-squares fit presented in Figure 15 is relatively low at –0.5, it is significant at the 90% level.  Based on this fit, there appears to be a correlation between the timing of outbreak to the location of the snowline.   Furthermore, there appears to be a negative trend in the results that could explain the increasingly earlier outbreak times as presented in Figure 14.  This suggests glacier thickness and lake elevation may not play a significant role in outbreak timing, and the increasingly earlier release date may simply be a function of the upglacier migration of the snow line from year to year.  Clouding this conclusion, however, is the affect the + 20 m error in predicting the snow elevation may have on the timing at which the snowline exceeded the lake, especially when considering the gentle slope of the glacier’s surface.  
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Summary

The meteorological variables temperature and precipitation were evaluated individually using unique index systems to determine if a correlation between them and the time of outbreak exists.  In addition, a lumped-parameter model was developed to gain insight into meteorological and hydrological properties that control runoff entering HCL.  Although the model predicted runoff of the gaged basin of the Little Susitna River reasonably well, it remains uncertain how well the model predicts runoff entering HCL.  

From these efforts, I conclude that:

· There is no direct relation between meteorological variables and the time of outbreak.

· There does not appear to be any correlation between lake level and the time of outbreak.  This refutes Thorarinsson’s (1939) and Nye’s (1976) floatation and cantilever theories, respectively.  

· There appears to be a declining trend in lake elevation with time.  This decreasing trend could be the result of a reduction of ice dam thickness.  However, evidence suggests that the ice dam thins much faster than the peak lake level drops.

· Lastly, it appears the location of the ‘fast’ hydraulic system correlates to the time of outbreak.  Based on snowline information obtained from the hydrologic model, the time at which the ‘fast’ hydraulic system reaches the lake has decreased over the past few decades.  This trend may help explain why there is a decline in lake elevation with time, since the closer the fast hydraulic system is to the lake, the less the ice dam is required to raise off the bed (hence, requiring less head in the lake) before a connection is made.  Additional research is required to further evaluate the significance that snowline elevation has on correlating with the time of outbreak.  Depending on the outcome, the location of the snowline may prove to be the best indicator of outbreak timing. 

Chapter 4 - Borehole Water Level Analysis

Introduction

The most common method for accessing the subglacial hydraulic system is through boreholes.  Because water levels in these boreholes provide a piezometric measure of basal water pressure (Hodge, 1974), glaciologists have been able to deduce the hydraulic properties of subglacial conditions.  For example, under normal conditions the potentiometric surface is constant and maintains a water level in the borehole equal to roughly nine-tenths the ice thickness, equivalent to the ice-overburden pressure.  Potentiometric measures that deviate from this condition suggest the presence of a subglacial hydraulic system.  Fountain (1994) observed the potentiometric surface in boreholes to vary from levels matching ice-overburden pressure to levels well below the ice-overburden pressure.  These levels also varied in time.  Based on variations in basal water pressure, Fountain inferred that areas of low pressure correspond to regions near subglacial conduits.  Others have observed similar water pressure variations, in addition to recording fluctuations in diurnal water-levels (Hubbard et al., 1995; Stone and Clarke, 1993; Iken et al., 1996).  By analyzing how glacial hydraulic systems respond to these daily influxes, scientists have obtained valuable insight in understanding how some systems develop into an arborescent geometry (Shreve, 1972; Hooke, 1984).  Moreover, hydraulic tests have also been performed in boreholes to provide a controlled measure of subglacial hydraulic properties (Stone and Clarke, 1993; Fountain, 1994; Hubbard et al, 1995; Waddington and Clarke, 1995; ).  

Due to the valuable information that can be obtained through boreholes established in glaciers, we had originally proposed to install an array of boreholes in the ice dam to evaluate how the hydraulic conditions changed in response to the outbreak.  However, because of the early release time (only 3 days after we arrived on site), only one borehole was completed prior to outbreak.  

Field Program and Methods

Based on earlier observations made by Rickman and Rosenkrans (1997), the lake drains through a subglacial system located on the south side of HCL.  The drill site was therefore located south of the centerline of the ice dam, approximately 500 m east of the lake (Figure 16).  The drill site was located far enough from the lake to assure that the ice was grounded and not part of the floating ice tongue.  The specific site provided a relatively level working area and a water-filled crevasse – a critical source of water for drilling. 

The drilling employed a high pressure hot water drill.  The drill was borrowed from the University of Wyoming and was operated under the guidance of Dr. Joel Harper.  A submersible water pump drew water from the crevasse and pumped it to a diesel-burning heater, where it was heated to approximately 82oC.  The water was then pressurized by a high-pressure pump and routed through synflex hose to a weighted drill stem.  The water exited the drill stem through a 4.8 mm diameter hole.  The mass of the drill stem acted as a plumb bob and helped keep the borehole vertical.  The hose was fed through a drill tower and downward progress of the drill stem was controlled by a variable speed, gear driven motor mounted to the drill tower.  During the drilling operations, the downward speed of the drill stem averaged about 1 m min.-1.  
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To determine the thickness of the glacier in the area of the drill site, an ice penetrating radar was operated by Mr. Andrew Malm of St. Olaf  College, Minnesota. The results indicated a thickness of about 350 m.  The coordinates of the drill site and radar transects were obtained via the use of a total station and were tied to the same datum established for the lake.

We drilled to a depth of 147 m before accumulated debris at the bottom of the borehole prevented further penetration.  A borehole camera was lowered to identify the cause of the obstruction and to assess the nature of the borehole and the surrounding ice. It was not possible, however, to lower the camera to the bottom of the borehole.  Based on a high proportion of debris observed within the ice walls of the borehole, it is presumed that englacial debris accumulated in the bottom of the hole as it was being drilled.  At some point the weight of the debris could no longer be suspended by the jet of high pressure water from the drill and it finally clogged the hole, preventing further melt deepening.  

To record the water level, 100 psi pressure transducers were lowered into the borehole and measurements were recorded every 10 minutes by a HOBO data logger (Onset Corp.).  Based on calibration data provided by the manufacturer, the error of the pressure transducers was +0.06 m of water head.  The water level measurements were referenced to the lake level by survey measurements previously described.  During the outburst, the borehole water level dropped at a rate of several meters per hour, thus, corrections for atmospheric pressure were not necessary.  The loggers also recorded air temperature from sensors located within the data loggers with a manufacturer’s estimated error of +1o C.  

Chronology of events

July 15, 1999 (Julian Day 196):  Drilling started in the morning.  After drilling for several hours the water-level in the borehole dropped when the drill stem reached a depth of approximately 88 m below the ice surface (Figure 17).  Drilling continued until late afternoon to a depth of 147 m, when drilling could no longer deepen the hole.  The drill stem was removed and the water level was sounded using a float.  The borehole water level was 22 m below the surface at 3:00 pm (15:00 hrs). A borehole camera was lowered down the borehole soon after and numerous rocks were observed in the hole at a depth of 54 m.  The diameter of the largest rocks was about 2 cm.  Based on the borehole video observations and on the estimated thickness of accumulated debris in the bottom of the borehole, I estimated that the glacier ice locally had a debris content of approximately 1% by volume.  At 81 m below the surface, a stream of sediment pouring from an englacial feature was observed.  After 30 minutes we reexamined the sediment discharge and it had apparently decreased.   At 5:10 pm (17:10 hrs), the water level was recorded to have dropped to a depth of 29.3 m.  At approximately 7:00 pm (19:00 hrs), news from Dr. J Walder indicated that the lake level was dropping. 
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July 16, 1999 (Julian Day 197):  At 12:00 am (00:00 hrs), the borehole was revisited and the depth to water was 31.6 m below the surface.  At 1:09 am (1:09 hrs) the first transducer was installed at 72.6 m below the ice.  At 3:20 pm (15:20 hrs), the borehole was again sounded using a float and the water level was 23.55 m.  The transducer was checked and was found to be malfunctioning due to water leakage.  At 10:43 pm (22:43 hrs) a significant amount of fracturing was heard at the drill site.  At this time the borehole was again sounded and the depth to water was 24.2 m.  At 11:52 pm (23:52 hrs) a second transducer was installed to a depth of 70 m.

July 17, 1999 (Julian Day 198):  The site was revisited at 12:15 pm (12:15 hrs) to confirm that the transducer was working properly.

July 18, 1999 (Julian Day 199):  At 12:50 pm (12:50 hrs) numerous cracks were observed throughout the drill site (Figure 18), and the water-filled crevasse used for drilling had drained.  Most of the water-filled crevasses in the area had also drained by this time.  At 12:58 pm (12:58 hrs) the water had dropped below the level of the transducer.  The borehole was then sounded to a depth of 97 m and no water was encountered.  The transducer was pulled from the borehole

July 20, 1999 (Julian Day 201):  The borehole camera was lowered down the dry hole.  Fresh fractures in the side of the borehole were visible at 9 m (Figure 19).  Several englacial voids or conduits were visible between 50 m and 64 m.  At 80 m below the ice surface a conduit-like feature was observed.  It was determined that this was the same feature that was observed having sediment pouring from it on July 16th (Figure 20).  The camera was lowered to a maximum depth of 112 m and no standing water was encountered, despite observing water running down the side of the borehole. 
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Figure 20.  View of an englacial conduit with sediment pouring from it.  The inset provides a cross-section view of the conduit geometry.  The borehole, highlighted with a broken white line, is approximately 3-4 cm wide.
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Results

Several gas filled pockets (voids) and an englacial conduit were observed in the borehole.  The difference between voids and conduits is that voids are isolated and do not conduct water.  Conduits, on the other hand, conduct water.  In this study, the conduit was distinguished from voids by the presence of moving water, as evident by sediment flow.  In addition, it was apparent when a void was encountered by the escape of pressurized gas and water at the glacier surface in the form of 3 - 4 m tall geysers.

Water levels obtained from the pressure transducers are presented in Figure 21a.  The gap between the two sets of data represents the time period of transducer malfunction.  Figure 21b presents the same set of water level data as in Figure 21a, but plotted with the lake water surface elevation.  Two intriguing trends are of interest.  The first, in Figure 21a, suggests a correlation between the air temperature and borehole water level during the afternoon of July 16.  The second, in Figure 21b, indicates that on July 17 the falling borehole water level correlates with the lake level. 

A.
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Figure 21.  A)  Plot of air temperature and borehole water level.  B) Plot of lake and borehole water elevations.

Interpretation

The increase in borehole water level with increasing air temperature suggests that the borehole was connected to an englacial water system connected to the surface of the glacier.  Warmer air temperatures cause more melt, which, after some lag time, reaches the englacial water system and are reflected as a rise in pressure.  On July 16th the fractures heard propagating through the glacier, resulting from the ice dam lowering as lake level drops, created a direct connection between the lake and the borehole.  In response, the water level in the borehole rapidly dropped until it reached equilibrium with the lake surface elevation.  Just before the morning of July 17th, the rapid decrease in water level paused for a short time, before resuming again (Figure 22). This peculiar step-like feature is probably due to an influx of meltwater, note the rise in air temperature, temporarily compensating for the water lost during lake drainage.  Continued cracking of the ice dam opened further passageways to the lake, which more than compensated for the increase in melt input, and the borehole water level again dropped to lake level.  To determine whether this step is a result of melt influx (as opposed to some englacial hydraulic change), I compare this event to the first melt event previously described.  
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Figure 22.  Illustrated plot of air temperature, and borehole and lake water elevations.

First, I infer the rate of inflow or outflow to the glacier interior from the slope of the borehole water level with time.  Thus, positive slopes represent the net rate of inflow, and negative slopes represent the net rate of outflow. Based on this description, the borehole record was subdivided into three periods and piece-wise linear regressions were fitted to the data using a least squares fit (Figure 23).  
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Figure 23.  Illustrated plot showing the slope of portions of the borehole record.

Referring to Figure 23, Line 1 (29 m/d) probably reflects melt inflow going into the glacier.  Line 2 (-41 m/d) is a fit of outflow due to the drop in HCL.  During this time period, the ambient air temperature was near freezing (Figure 22) and very little surface melt was generated.  As a result, the slope of Line 2 probably represents only the rate of outflow from the glacier.  Line 3 (-9.7 m/d) may represent the water level change due to the difference in inflow from melt and outflow to the lake.  Assuming for now that the melt inflow on July 16th (Line 1) is the same as the inflow on July 17th, and the rate of outflow during the early hours of July 17th (Line 2) is the same as later that day, by summing inflow and outflow (slopes of Line 1 and Line 2) should result in a rate (slope) equivalent to Line 3.  In performing this analysis, I am assuming that: 1) the drainage area influencing the surface inflow remains constant; 2) air temperature provides an adequate indicator of melt occurring on the glacier’s surface; and, 3) the geometry of the borehole remains constant.  

Inflow (Line 1) is 29 m day-1, outflow (Line 2) is –41 m day-1 yielding a net difference of–12 m day-1, close to the measured level change of –9.7 m day-1 in Line 3. The small difference between the calculated and measured rates may be due to different melt rates caused by differences in air temperature; the average temperature for July 16th was 9.7oC and the average temperature for July 17th was 3oC.  After reducing the rate of inflow to reflect the decrease in temperature occurring on July 17th and recalculating outflow, we get a temperature-corrected water level change of –21.4 m/d.  Although we can not completely account for the observed rate of outflow, it does appear that melt inflow is partly responsible for the unusual step-like feature represented by Line 3.  Perhaps because of the severe cracking of the ice, assumption (1) or (3) may be invalid.  

To assess whether or not the borehole water level matched the lake level drop during late July 16th and July 17th, the two records were directly compared.  The data had been recorded at different time intervals, consequently, the lake data were converted to the same interval as the borehole data using linear interpolation procedure.  A Lagrange polynomial provided the most accurate fit, as opposed to other interpolation methods, by performing a linear interpolation between each data point.  After interpolation, the two data sets where subtracted and the difference plotted (Figure 24).  The difference in water levels was a near constant 6 m over the interval from 22:00 on July 16th to 09:00 on July 17th.  The constant difference implies an efficient connection.  

Figure 24.  Plot comparing borehole and lake water elevations as the lake drained.
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Summary and Discussion

The borehole water level record can be divided into two parts, the englacial record and the lake record.  The first part of the record, from the start of data acquisition to noon on July 16th, indicates the pre-flood englacial condition and the second part of the record, after 7pm on July 16th, indicates the drainage of the englacial system during the flood.  One unusual step-like feature in the borehole record, which could have been interpreted as the result of some internal hydraulic process, can be explained as an influx of surface melt water temporarily offsetting drainage.  Starting on July 16th, the relatively constant and uniform 6 m change in borehole and lake water level suggests that the two systems were directly hydraulically connected.  The difference in borehole water response before and after flood initiation indicates the rapid evolution of the englacial hydraulic system from a moderately well connected system to a very well connected system.  We presume the severe cracking in the ice dam opened new pathways for water flow to the lake.

The 6 m drop in head over the distance of 500 m from the lake to the borehole represents a hydraulic gradient of about 1%.  By comparison, the difference in head between maximum lake level and the elevation at the terminus of the glacier is 488 m over 16.8 km, which equates to a gradient of about 3%.  This low hydraulic gradient near the lake is probably due to the extreme crevassing and the vast number of water pathways.  If the number of pathways were increased, the borehole water level would eventually equal the lake level.  If the pathways were reduced, the gradient would probably match the overall gradient in the glacier.  Alternatively, the flow path may be more sinuous then the estimated 16.8 km, resulting in a decreased gradient from the lake to the terminus of the glacier.

Chapter 5 – Modeling the outflow hydrograph

Introduction

This chapter presents two mathematical models used for predicting flood discharge values for glacially-dammed lakes that drain subglacially.  The first model is an empirical formula used to calculate peak discharge (Walder and Costa, 1996).  The second model is a physically-based model that calculates the flood hydrograph as the lake drains (Clarke, 1982).  The primary objective of this chapter is to compare the results of measured discharge values with values obtained by these mathematical models.  By doing so, I hope to assess our theoretical understanding of outburst floods.

Comparison Data

In order to compare the modeled results to data from HCL, information on the discharge hydrograph exiting the lake and the peak discharge exiting at the terminus of the glacier was obtained.  

In order to calculate the discharge hydrograph exiting the lake, changes in lake stage with time were recorded using a set of pressure transducers connected to data loggers.  The positions of these transducers were tied into the same lake survey datum providing us with a recording of lake stage with time, dh/dt (Figure 10).  By combining dh/dt with the storage curve (dV/dh), an exit hydrograph depicting the change in lake volume with time (dV/dt) was obtained (Figure 25). By integrating beneath the curve we get a maximum lake volume of approximately 16.6x106 m3.


[image: image20.wmf]0

50

100

150

200

250

196

196.5

197

197.5

198

198.5

199

Time (Julian Day)

Discharge (m^3/s)


  The flood magnitude exiting the glacier was measured at the terminus in the  Kennicott River by a team from the University of California, Santa Cruz (UCSC).  By utilizing a footbridge that spans the Kennicott River at the terminus of the glacier, the team from UCSC installed stage recorders (sonic transducers) to continuously monitor river stage in a stilling well (Kraal, 2002).  Periodic measurements of stream discharge were obtained by measuring the flow velocity and channel depth.  The maximum discharge measured at the walking bridge, after subtracting out base flow, was approximately 204 m3 s-1.  

Walder and Costa Model

One of the first empirical formulas for estimating peak discharge of outburst floods is from Clague and Mathews (1973),  

Qmax = 75Vo0.67       (r2 = 0.96)

(7)

where Qmax is the maximum discharge in m3 s-1 and Vo is the initial volume of the lake in 106 m3.  Clague and Mathews developed this equation by fitting a regression line to 10 outburst floods of varying magnitudes and drainage types.  The Clague and Mathews data set included both subglacial-drainage and breach-drainage floods.  Since this equation was first published, more data have become available and similar models have been developed for different kinds of outburst floods, including earthen dams (Costa, 1988; Desloges et al., 1989;Walder and Costa, 1996).  Of particular relevance is the work of Walder and Costa (1996) who revised equation (7) by separating the empirical data into subglacial-drainage and breach-drainage floods.  For subglacial-drained floods, Walder and Costa (1996) expanded the dataset to include 26 of the most well characterized, subglacial-drained outburst floods, including the 1986 flood of HCL.  Walder and Costa (1996) obtained the following relation for subglacially-drained floods:

Qmax = 46Vo0.66       (r2 = 0.70)

(8)

Unlike equation (7), equation (8) defines a regression that fits several floods of only one type -  subglacial outbursts.  Consequently, equation (8)  allows for a more precise prediction and subsequent evaluation of peak discharge and downstream hazards posed by subglacial-drained outbursts.

I re-plotted the data from Walder and Costa (1996) and included the 1999 flood from HCL (Figure 26).  Clearly, the HCL event is well within the range of outburst floods and there is no suggestion that it differs from the “typical” outburst flood.  Using equation (8), the 1999 lake volume of 16.6x106 m3 yielded a peak discharge of 294 m3 s-1, about 90 m3 s-1  (45%) greater than the measured discharge of 204 m3 s-1 exiting the terminus of the glacier.  The prediction is arguably good considering the formula only depends on the initial volume of the lake, and requires no knowledge of key variables controlling discharge.  


[image: image21.wmf]1

10

100

1000

10000

0.1

1

10

100

1000

10000

Lake Volume (10^6 m^3)

Peak Discharge (m^3 s^-1)

1999 HCL flood


Figure 26.  Plot showing the relation of lake volume to peak discharge, after Walder and Costa (1996).  The black triangle is the 1999 HCL flood and the gray diamonds are floods from the Walder and Costa (1996) dataset.

Clarke Model

Following Nye’s (1976) theoretical model of calculating the discharge hydrograph for the 1972 Grimsvötn flood, Clarke (1982) reworked Nye’s model to include the geometry of the lake and retain the contribution of plastic creep to tunnel closure.  Clark’s model for calculating discharge (Q) is based on equations for tunnel geometry, continuity, energy conservation, and heat transfer, which are addressed in the following two coupled equations.  For simplicity, the terms presented in the following are defined in Table 9.
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Equation (9) estimates the tunnel cross-section with time, where the first term on the right is the rate of tunnel enlargement by frictional heat derived from the release of potential energy, the second term is the rate of enlargement due to stored thermal energy in the lake water, and the third term represents the rate of closure by plastic creep.  Equation (10) represents the volume conservation in the lake with time. 

	Table 9.  Model inputs

	Inputs
	Value
	Units

	Physical parameters
	
	
	

	Ice thickness at seal
	hi
	300
	m

	Initial lake volume
	Vo
	16.6 x 106
	m3

	Initial lake elevation above seal
	ho
	270
	m

	Initial lake elevation above drainage tunnel outlet
	Zw(0)
	481
	m

	Length of drainage tunnel
	lo
	15000
	m

	Manning roughness coefficient
	n'
	0.105
	m-1/3s

	Water influx to lake
	Qin
	0
	m3 s-1

	Lake water temperature 
	θlake
	1
	C

	Ice temperature
	θi
	0
	C

	Lake geometry
	Hypsometric Curve (Figure 10)

	
	
	
	

	Physical constants
	
	
	

	Flow-law exponent
	n
	3
	

	Flow-law coefficient
	B
	2.16 x10-24
	Pa-3 s-1

	Latent heat of fusion
	L
	333.5
	kJ kg-1

	Specific heat capacity of water
	cw
	4.217 7
	kJ kg-1 deg-1

	Thermal conductivity of water
	kw
	0.558
	W m-1 deg-1

	Viscosity of water
	η
	1.787 x 10-3
	kg m-1 s-1

	Density of ice
	ρi
	900
	kg m-3

	Density of water
	ρw
	1000
	kg m-3

	Acceleration of gravity 
	g
	9.8
	m s-2

	
	
	
	

	Additional quantities and terms
	
	
	

	Constant defined by Nye (1976)
	K
	= 2B3(n+1)/2/nn
	

	Constant defined by Nye (1976)
	N
	= (4π)2/3pwgn’2
	kg m-1 s-2

	Effective latent heat of fusion for ice
	L’
	= L
	kJ kg-1

	Ice pressure
	pi
	= ρighi
	kg m-1 s-2

	Fluid potential gradient
	<-∂ф/∂s>
	= ρwgzw(t)/lo
	kg m-2 s-2


To simplify computation of equation (9) and (10), Clarke (1982) defined dimensionless variables for tunnel cross-section area S* = S/So, time t* = t/to, and discharge Q* = Q/Qo where

(11)

(12)

(13)

Based on ice penetrating radar surveys performed by Mr. Malm of the bathymetry of the glacier in front of the lake, the seal to HCL is estimated to be about 300 feet below the top of the glacier, hi, and about 270 m below the maximum lake elevation, h.  Inputting these parameters and other parameters from Table 10 into equations 11, 12, and 13 gives So = 17.38 m2, to = 139.60 hrs, and Qo = 33.02 m3s-1.  

The final dimensionless quantities defined by Clarke (1982) include a “tunnel closure parameter” α (Equation 14), a “lake temperature parameter” β (Equation 15), and a “lake geometry parameter” M.     

(14)

(15)

The quantity α describes the relative importance of creep closure in controlling the rate of enlargement or closure of the tunnel.  For α = 0 there is no creep closure of the tunnel.  The quantity β characterizes the relative importance of lake temperature in controlling the rate of enlargement of the tunnel due to the dissipation of thermal heat causing the tunnel walls to melt.  For β = 0 the lake and ice temperature are identical and tunnel enlargement occurs by frictional heat alone.  Lastly, M describes the reservoir geometry, and is equivalent to the slope of a first-order regression fit to the hypsometric data using least-squares.  M can also be expressed simply as the ratio between the initial lake volume, Vo, over the product of the initial lake area, A(ho), and ho (Clarke, 1982).  For M=1 the reservoir has vertical walls, for 1/3<M<1 the reservoir is bowl-shaped, and for 0<M<1/3 the reservoir is horn-shaped.  For HCL, substitution of the input parameters from Table 10 gives α = 13.5, β = 2.5 at 1o C, and M = 0.03.    

By defining the above dimensionless variables and quantities, Clarke re-writes equations (9) and (10) into two dimensionless, differential equations that express the change of tunnel cross-section area (S) near the seal and the change in lake volume (V) with time, respectively. 

(16)

(17)

Equation (17) shows that discharge is proportional to tunnel cross-section area through simply Q* = S*4/3.    

To explore the influences that creep closure, reservoir geometry, and lake temperature have on the magnitude of outbursts, Clarke used equations (16) and (17) to model the outburst of Hazard Lake, in the Yukon Territory, Canada.   His results support Nye’s (1976) conclusion and suggests that for a lake with M < 0.5 and α <102, the effect of creep closure is minor and does not change the outcome of the outburst flood hydrograph significantly.  An example of this is presented in Clarke’s Figure 5 (Clarke, 1982).  Based on this outcome and the low values of α and M obtained for HCL, I elected to ignore creep closure and simplify the model.

By neglecting creep closure and setting α = 0, the last term on the right-hand side of equation (17) disappears.  Moreover, the effect of reservoir geometry (M) also disappears because M has a direct influence on regulating the effective pressure within the conduit by changing the hydraulic head.  Thus, by neglecting creep closure, only lake temperature, β, needs to be considered.  In the following, I examine the Hidden Creek Lake outburst without the effect of creep closure and explore how lake temperature, and other variables such as lake volume, channel length and roughness, and the ice thickness at the seal influence the outburst hydrograph.  I attempt to compare the modeled hydrograph to measured results obtained from HCL.  In these analyses equations (17) and (18) where solved simultaneously using a fourth-order Runge-Kutta algorithm.

Results

As indicated by Clarke (1982), the transfer of thermal energy from lake water has a significant effect on melt-enlargement of the conduit system.  In theory, the warmer lake water, the more thermal heat transfer is available to melt-enlarge the conduit system, resulting in flood hydrographs that exhibit rapidly rising climbing limbs (short duration) with high peak discharges (high intensity).  These short duration, high intensity hydrographs differ from the long duration, low intensity hydrographs that develop from lake water that is close to 0oC. 

Friend (1988) reported water temperatures from HCL ranging from 0.16o C at a depth of 1.0 m to 1.81o C at a depth of 117 m.  Temperature recordings at depths below 117 m were not measured.  Because HCL is not isothermal at 0oC, hydrographs were computed for several different values of β ranging from 0.1oC to 4oC.  As one would expect, changes in lake temperature have a significant effect in both the duration and peak discharge of the flood (Figure 27).  By varying β for Hidden Creek Lake, the most reasonable fit to the flood hydrograph occurs when the lake waters are at 3oC (β = 7.5), and when the measured hydrograph is shifted ahead 40 hrs on the x-axis (Figure 28).  This shift on the time axis is both reasonable and necessary in this numerical model because one cannot determine the initiation time from our measured data.  With β = 7.5, the predicted discharge obtained using the Clarke model is 300 m3 s-1, approximately 109 m3 s-1 more then the measured peak discharge exiting the lake and 96 m3 s-1 more then the measured peak discharge exiting at the terminus of the glacier.  Interestingly, the peak discharge obtained by the Clarke model differed by only 6 m3 s-1 from the predicted peak discharge obtained using the Walder-Costa model.  

This relatively good fit between the measured and modeled discharge values is misleading because, based on Friend’s temperature sounding, it is unlikely that the average water temperature of Hidden Creek Lake is as warm as 3o C.  Qualitatively averaging the water temperature per volume at each depth of the lake, the average lake temperature is about 1o +/- 0.5o C.  Thus, it is assumed that errors in other input variables must be contributing to the reasonable fit with β calculated at 3o C.  These errors may be imbedded in our measurement of lake volume, or in our estimate of the physical nature of the drainage system, such as the location of the seal and the length and roughness of the channel system.  Alternatively, Clarke’s model may be providing an unreasonable fit to the measured data due to variations in discharge caused by physical obstructions in the drainage system.  The following addresses each of these issues.
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Figure 27.  Predicted hydrographs using Clarke's 1982 solution.  The point at which the graphs terminates is when the volume within the lake goes to zero. 
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Figure 28.  Plot comparing the modeled and measured hydrographs.

Lake Volume

Up to this point, the influence of floating ice within the lake and the volume of water located beneath the ice dam have been assumed to be equal and their influences have been ignored in the final volume calculation (Chapter 3).  Although I am confident that this first order approximation of lake volume has not significantly affected earlier findings discussed herein, in Chapters 3 and 4, it may be influencing the Clarke model.  Looking at equation (15), the dimensionless lake temperature parameter, β, in equation (17) is partially a function of the initial lake volume, Vo.  Consequently, if there were errors in our original measurements of lake volume, these errors would be propagated through the model and may be affecting the results. 

Based on field observations and on aerial photos, 20% to 30% of the volume of the lake basin contained large icebergs after the lake had drained.  However, correcting the final lake volume for the amount of water displaced by the ice is difficult; some of the ice may be grounded instead of floating. Whether these icebergs were present in the lake prior to the outburst or formed during the outburst is unknown.  

Estimates of lake volume may also be influenced by the volume of water located beneath the floating ice dam.  Efforts have been made to estimate this volume of water by using survey data at the glacier surface in the area of the floating dam and interpreting the bathymetry of the glacier beneath the ice dam (Cunico, 2002).  The confidence of this volume estimate is speculative, however, and basing an analysis on it at this point would not be beneficial.  Consequently, rather then attempting to quantify both the volume of water displaced by the icebergs and the volume of water beneath the floating dam, the Clarke model was re-evaluated with the lake temperature set at 1oC and the original volume of 16.5x106 m3 was varied by +/- 20% (Figure 29).  Although the lake volume was changed, the peak lake level was held constant since it did not change.  The results indicate that a +/- 20% change in lake volume has little affect on the shape of the flood hydrograph but does alter the predicted peak discharge by increasing it by 18% from about 149 m3 s-1 to 176 m3 s-1 with the volume increase of 20% and by decreasing peak discharge about 25% from 149 m3 s-1 to 119 m3 s-1 with a volume decrease of 20%.  This indicates that errors in estimates of lake volume are not exclusively responsible for the predicted hydrograph deviating from the measured hydrograph.  
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Figure 29.  Comparison of modeled verses measured hydrographs where the lake temperature is held constant at 1 degree Celsius and lake volume varied by 20%.

Length of Drainage System

 The channel was assumed to flow in a straight line from the lake to the terminus of the glacier with the exception of a slight bend in it, which is necessary to turn the corner from the lake out to the center of the glacier.  This assumption may not be representative of the channel conditions, and may underestimate the length.  Lengthening the channel increases its sinuosity and decreases the hydraulic gradient (i.e., slope) of the channel system, resulting in a reduction in discharge.  The effect of conduit length, lo, was evaluated with lo set at 15,000 m (a straight line) and 18,000 m (a 20% increase and sinuosity = 1.2).  Results (Figure 30) show that increasing the length of the channel has little affect on changing the peak discharge.  It does, however, significantly lengthen the duration of the flood.
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Figure 30.  Plot comparing the measured hydrograph to modeled hydrographs with varying lengths and roughness.

Roughness of the Drainage System

The roughness of the channel, described by the Manning coefficient, is not well defined and has been a source of debate in the literature (Fountain and Walder, 1998).  The rougher the channel surface, the slower the water moves through the system, resulting in greater friction and increasing melt enlargement.  Initially,  n’ was 

0.105 m-1/3 s, equal to that used by Clarke (1982) for the Hazard Lake study.   Nye (1972) used 0.12 m-1/3 s for the Grimsvötn flood.  The result of varying n’ from 0.105 m-1/3 s to 0.12 had a comparable effect as did increasing the length of the drainage system; it dramatically affected the flood hydrograph by increasing the necessary time to convey the floodwaters through the glacier but had only a small effect on the peak discharge by decreasing it by about 20 m3 s-1 from 150 m3 s-1 with n’ = 0.105 m-1/3 s to 130 m3 s-1 with n’ = 0.12 m-1/3 s (Figure 30). 

Initial Ice Thickness and Lake Elevation above Seal 

The remaining parameters controlling the physical nature of the drainage system is the ice thickness located above the seal, hi, and the initial lake elevation above the seal, ho.  Originally, the plan was to determine how these parameters affect the predicted discharge hydrograph.  However, the solutions utilized in Clarke’s (1982) analytical solution are not concerned with hi or ho because they are primarily functions of creep closure (Equation 14), which we have already determined to be insignificant for HCL.  Thus, the influences of hi and ho were not evaluated.

Combination of Physical Parameters

Up to now, only the effects of independently altering individual parameters have been explored.  However, it is natural to assume that errors within the individual parameters alone are not contributing to the poor fit between the modeled and measured hydrographs, but are rather a combination of errors that collectively prevent the two hydrographs from matching better.  In this regard, different combinations of reasonable input parameters were computed to determine if an optimum combination of parameters could be obtained that would allow the modeled hydrograph to mimic that of the measured hydrograph.  The results of this analysis indicate that the most accurate fit between the two hydrographs occurs when β is 8.43 with Vo = 16. 5x106 m3, θ = 3oC, lo = 16,000 m, n’ = 0.1 m-1/3 s, and Zw = 481 m (Figure 31).  Out of all of these parameters, the value of θ equal to 3o C remains well above what is reasonable for HCL.  Thus, there must be additional parameters that are not accounted for in Clarke’s model.  Examples of these parameters may include physical obstructions, as discussed in the following. 
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Figure 31.  Plot comparing the measured hydrograph to a modeled hydrographs with the best combination of parameters where Vo is 16. 5x106 m3, θ is 3oC, lo is 16,000 m, n’ is 0.1 m-1/3 s, and Zw is 481 m.

Speculation on Physical Obstructions

According to Nye (1976), the nominal flood hydrograph for subglacially released outbursts commonly has a long, exponentially increasing ascending leg that lasts for a few days, followed by a rapid drop.  The reason for this exponential increase in discharge followed by a rapid drop is due to melt enlargement of the tunnel and emptying of the lake.  The flood exiting Hidden Creek Lake, however, did not mimic the nominal flood as described by Nye (1976).  The exit hydrograph for Hidden Creek Lake had an ascending leg similar to that expected for outburst floods, followed by a prolonged transition of varying discharge before assuming a rapid descending leg.  Accordingly, hydrographs developed by the Clarke model resemble that of the nominal hydrograph and have peak discharges occurring at the moment when the last remaining volume of water drains from the lake, the later of which is due largely to the fact that the solution ignores the function of creep closure.  To illustrate the influence that creep closure has on the shape of the discharge hydrograph, the numerical solution of Clarke’s model was explored with β set at 10, M set at 0.05, and α fluctuated.  Results of this simulation indicate that only when α  > 105 does the hydrograph begin to take on a parabolic shape, with a gradual transition in discharge from increasing to decreasing.  This is reflected in Clarke’s (1982) Figure 5.  From this analysis, one may be compelled to conclude that creep closure was a dominant factor toward the end of the flood and caused the anomalous parabolic shape of the measured discharge hydrograph.  However, to numerically achieve this curve using the model requires a high (α > 105) magnitude of creep closure.  Such a value of creep closure is not physically possible at HCL.  The question that still remains then is what mechanism might be responsible for the anomalous shape in the discharge hydrograph of HCL?

To offer a solution to this question, it is possible that some sort of obstruction occurred in the drainage system that caused the discharge to wane.  In a study completed on the 1984 outburst flood of Strandline Lake, Alaska, Sturm et al. (1987) recorded five distinct episodes where discharge was abruptly reduced for short periods of time, all the while superimposed on an overall trend in which discharge was increasing nearly exponentially.  They interpreted these reductions in discharge to be the result of a blockage or collapse within the subglacial tunnel system.  They also reported that the 1986 flood of Strandline Lake was prematurely terminated, leaving the lake partially full.  Based on these observations, it is hypothesized that some kind of obstruction within the drainage system occurred and reduced the discharge from Hidden Creek Lake.  This obstruction may be a large piece of ice calving from the glacier and getting lodged in the drainage system, or a collapse of a portion of the drainage system, possibly due to a rapid shift within the glacier.

Chapter 6 – Discussion and Conclusions

Summary

The primary objective of this research project was to elucidate the mechanisms responsible for the subglacial release of a glacially-impounded lake.  In order to meet this objective, three subsidiary studies were conducted.  First, a hydrologic model was constructed and information from it was used to correlate the time of outbreak with meteorological and physical factors.  Second, a borehole was drilled in the glacier and water level data was analyzed to investigate how the englacial hydrology reacted in response to the flood.  Last, the flood discharge was modeled using the empirical formula presented by Walder and Costa (1996) and by the numerical solution presented by Clarke (1982).  The modeled discharge results were then compared to measured results and discrepancies between the two were analyzed.  

Hypothesis 1: The timing of outbreak correlates with meteorological variables such as temperature and precipitation, changes in ice-dam thickness, or to the development of “fast”subglacial hydraulic systems that allow the water to drain.  
After correlating the meteorological data with the outbreak date for 13 flood events, this research determined that air temperature and/or precipitation are not a good predictor of outbreak timing.  Moreover, the flotation of the ice dam, as examined by the hydraulic head in the lake and the thinning of the glacier, could not be correlated with the time of outbreak.  However, a general trend of decreasing lake head at the time of outbreak suggests that the glacier is thinning with time and perhaps provides an overall control on outbreak timing.  Arguably, the most important finding within this study is the determination that a possible correlation exists between the time of outbreak and the location of the snowline on the glacier.  Using the snowline as an indicator of the up-glacier development of the ‘fast’ hydraulic system, it appears that the location of the ‘fast’ hydraulic system plays a significant role in controlling the time of release.  This relationship is compelling, and suggests that a simple evaluation of the snowline may provide a means to predict the timing of outburst release.  

Hypothesis 2:  The englacial hydraulic system coincides with the hydraulic conditions of the lake, and the two systems act congruently through flood development.  

A comparison of lake stage with the potentiometric surface within a borehole established in the glacier revealed that a connection between the englacial hydraulic system and the lake was established during outbreak; thus, allowing the two water surfaces to react congruently.  From this relationship, it was hypothesized that surface melt entering the drainage system occurred, causing the discharge within the borehole to wane.  

Hypothesis 3:  Mathematical models allow us to predict how the floodwaters propagate through the glacier.  

Large discrepancies were found between the modeled and the measured discharge values.  Compared to measured values, both the Clarke (1982) and the Walder and Costa (1996) models over-predicted peak discharge for HCL.  However, because the predicted discharge of the two models agreed with each other, and because the shape of the outflow hydrograph deviated from the “nominal” outflow hydrograph, it is speculated that a constriction within the drainage system likely caused the predicted values to differ from the measured values.  This constriction might be caused by the mechanical failure of ice around the tunnel under the ice dam, which resulted in the lake discharge fluctuating uncharacteristically for approximately 12 hours before rapidly dropping.  Consequently, the measured flood hydrograph deviated from the nominal flood hydrograph in that it did not have an exponentially rising limb followed by an abrupt and rapid falling limb.   

Suggestions for future research

Although the hydrologic model used in this study predicted the discharge of the gaged Little Susitna River with an error of + 21%, the accuracy of this model to predict the volume of water entering HCL could not be directly determined as there was no gaging of Hidden Creek.  It is, therefore, recommended that future studies of HCL establish a gage station on Hidden Creek just before it flows into the lake.  It would be advisable to install the gage station as early in the season as possible.  Information from the gage system could be used directly in the determination of inflow entering the lake.  Data from the gage could additionally be used to calibrate the hydrologic model.  Once calibrated, the model could be used as a tool to study past floods, and as a predictive tool for future floods.  Moreover, with the amount of inflow entering the lake known, a determination could be made on whether the dam leaks or not. 

Assuming the snowline provides an indicator to the upglacial advancement of the “fast” hydrologic system, the model was used to estimate the location of the snowline on the glacier and a correlation analysis between it and the timing of outbreak was performed.  Results indicate that a compelling correlation between the location of the snowline and the timing of outbreak does exist.  However, because the accuracy of the model to predict the level of snowline was difficult to ascertain, additional work is necessary to corroborate this finding.  It is, therefore, suggested that more accurate surveys be performed on the glacier to monitor the location of the snowline through the season.  

In this analysis only one borehole was drilled in the glacier before the flood ensued.  In addition, this borehole did not reach the bed due to an accumulation of englacial debris.  For future studies, it is recommended to arrive earlier in the summer (i.e., prior to July 1) to provide enough time to establish more boreholes.  To overcome problems of accumulated debris in the borehole hindering the downward advancement of the drill stem, it is recommended to equip the drill stem with an angled tip.  After lowering the drill stem to the bottom of the borehole, hot water is pumped through the drill stem and the angled tip melts out a large cavity on the side of the borehole.  With some luck, debris will be washed into this cavity, allowing the borehole to again be advanced downward, after reinstalling a vertical tip.  

In this research study we compared the volume of water stored in the lake with estimated volumes flowing into the lake and obtained a large discrepancy between the two.  Although much of this discrepancy is likely the result of the inability of the simple hydrologic model to quantify the true volume of water entering the lake, some of the discrepancy could be attributed to errors in determining the basins hypsometry.  To better address this problem, future studies need to measure the lake hypsometry with more precise measurements then those utilized in this study.  When the lake drains, the bottom of the lake becomes choked with large icebergs and, thus, does not allow the use of common survey techniques to measure the hypsometry; this includes using either a total station and prism or remote sensing methods such as laser altimetry or aerial photo interpretation.  The only means of obtaining this data is to sound the bottom of the lake when it is full.  This will involve using echo sounding or radar techniques.  Once the hypsometry is known, the information could be used to calculate the water volume in the lake.  
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Figure 3.  Schematic showing the profile (A) and cross-sectional view (B) of a linked-cavity system (Adapted from Kamb, 1987).
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Figure 2.  Diagram showing the profile and cross-sectional view of R-channels beneath glaciers.











Figure � SEQ Figure \* ARABIC �1�.  Location map of Hidden Creek Lake, Kennicott Glacier, and the surrounding area.





Figure 25.  Plot of the flood hydrograph exiting Hidden Creek Lake. Assuming a vertical falling limb (dashed line) after the lake dropped below instrumented elevation.





Figure 4.  Plot of degree-day sum against the day of outbreak.





Figure 5.  Plot of cumulative precipitation to date of outbreak.





Figure 7.  Plot of precipitation with increasing altitude up the Kennicott Glacier valley.  Information obtained from PRISM.





Figure 6.  Flow chart of runoff model.





Figure 17.  Diagram of borehole depicting the observations made during drill operations.
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Englacial conduit encountered at 80 m.





Figure 8.  Illustration showing the location of the Little Susitna River basin.





Figure 9.  Plot of modeled discharge volumes compared to measured discharge volumes for 10 water years on the Little Susitna River.  The line fit to the results is through the origin and the error bars indicate + 21% error.








Table 8.  Estimates of water level for 13 of the most well-known flood events from Hidden Creek Lake.  The expected error in water elevation is +3.5m.�
�
Year�
Water elevation 


(m a.s.l.)�
�
1974�
921 �
�
1975�
935�
�
1978�
929�
�
1981�
934�
�
1986�
932�
�
1988�
927�
�
1989�
925�
�
1993�
915�
�
1994�
928�
�
1995�
923�
�
1997�
926�
�
1998�
924�
�
1999�
913�
�






Fresh fractures were observed at 9 m inside of borehole.





Figure 14.  Plot of calculated lake level against time of outbreak for Hidden Creek Lake.





Figure 15.  Plot comparing the location of the snowline to the time of outbreak.





� EMBED Excel.Chart.8 \s ���





Figure 16.  Aerial photo showing the location of the drill site (star) in relation to the lake (top of photo).  For scale, the width of the ice dam is approximately 1 km wide.  The top of the photo is to the west.



































Figure 12.  Comparison of estimated lake volumes against modeled lake volumes.
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Figure 18.  Photo showing fresh fractures that propagated through the drill site.  The width of the fractures is approximately 4-7cm.





Figure 19.  Fractures (arrows) observed within drained borehole on July 20, 1999.  The photo is looking vertically down the borehole.
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Figure 13.  Comparing estimated volumes to corrected modeled volumes.
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Sediment pouring from side of borehole observed at 81 and 83 m.





Water elevation recorded at 29 m below ice surface.





Drill hit refusal at approximately 147 m below ice surface.





Borehole water level dropped when the drill was at a depth of approximately 88 m below ice surface





Apparent void/conduit observed 50 m, 54 m, and again at 64 m.
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forced through origin (10yrs)

		SUMMARY OUTPUT

		Regression Statistics

		Multiple R		0.6789508766

		R Square		0.4609742928

		Adjusted R Square		0.3711366749

		Standard Error		35244482.0159061

		Observations		8

		ANOVA

				df		SS		MS		F		Significance F

		Regression		1		6.37383392458284E+15		6.37383392458284E+15		5.1311945232		0.0640875214

		Residual		6		7.45304107541716E+15		1.24217351256953E+15

		Total		7		1.3826875E+16

				Coefficients		Standard Error		t Stat		P-value		Lower 95%		Upper 95%		Lower 90.0%		Upper 90.0%

		Intercept		85868693.3385893		59592757.210962		1.4409249942		0.1996834507		-59949637.1616932		231687023.838872		-29930814.5544004		201668201.231579

		Volume* (m^3)		0.6470897385		0.2856638423		2.2652140127		0.0640875214		-0.0519050139		1.3460844909		0.0919932149		1.2021862622

		RESIDUAL OUTPUT										PROBABILITY OUTPUT

		Observation		Predicted MET Model Volume (m^3)		Residuals		Standard Residuals				Percentile		MET Model Volume (m^3)

		1		208168653.921955		11831346.0780449		0.3625904996				6.25		163000000

		2		180343795.164893		22656204.8351069		0.6943355874				18.75		192000000

		3		227581346.078045		-31581346.078045		-0.9678607975				31.25		196000000

		4		237934781.894626		-26934781.8946261		-0.8254594159				43.75		203000000

		5		256053294.573643		53946705.4263567		1.6532829605				56.25		211000000

		6		234699333.201945		-42699333.2019445		-1.3085892725				68.75		220000000

		7		168049090.132703		-5049090.13270283		-0.1547374324				81.25		248000000

		8		230169705.03219		17830294.9678097		0.5464378708				93.75		310000000
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Sheet3

		SUMMARY OUTPUT

		Regression Statistics

		Multiple R		0.5238774719

		R Square		0.2744476056

		Adjusted R Square		0.1315904627

		Standard Error		37857104.0009896

		Observations		8

		ANOVA

				df		SS		MS		F		Significance F

		Regression		1		3.79475273660779E+15		3.79475273660779E+15		2.6478215136		0.1548161235

		Residual		7		1.00321222633922E+16		1.43316032334174E+15

		Total		8		1.3826875E+16

				Coefficients		Standard Error		t Stat		P-value		Lower 95%		Upper 95%		Lower 90.0%		Upper 90.0%

		Intercept		0

		Volume* (m^3)		1.0496107999		0.0641599753		16.3592768582		0.0000007772		0.8978966748		1.2013249251		0.9280547537		1.1711668462

		RESIDUAL OUTPUT										PROBABILITY OUTPUT

		Observation		Predicted MET Model Volume (m^3)		Residuals		Standard Residuals				Percentile		MET Model Volume (m^3)

		1		198376441.189143		21623558.8108574		0.6106266536				6.25		163000000

		2		153243176.791613		49756823.2083872		1.405080575				18.75		192000000

		3		229864765.187419		-33864765.1874192		-0.9563055009				31.25		196000000

		4		246658537.9865		-35658537.9865001		-1.0069597661				43.75		203000000

		5		276047640.384892		33952359.6151084		0.9587790758				56.25		211000000

		6		241410483.986787		-49410483.9867873		-1.3953003181				68.75		220000000

		7		133300571.592704		29699428.4072957		0.8386807528				81.25		248000000

		8		234063208.387189		13936791.6128106		0.3935603986				93.75		310000000
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		SUMMARY OUTPUT

		Regression Statistics

		Multiple R		0.2007811446

		R Square		0.040313068

		Adjusted R Square		-0.0707980431

		Standard Error		48959595.9903304

		Observations		10

		ANOVA

				df		SS		MS		F		Significance F

		Regression		1		906221644172620		906221644172620		0.3780583024		0.5557251519

		Residual		9		2.15733783558274E+16		2.39704203953638E+15

		Total		10		2.24796E+16

				Coefficients		Standard Error		t Stat		P-value		Lower 95%		Upper 95%		Lower 90.0%		Upper 90.0%

		Intercept		0

		MET Model Volume (m^3)		0.9526033737		0.0717969086		13.2680277148		0.0000003258		0.7901873587		1.1150193886		0.8209914656		1.0842152817

		RESIDUAL OUTPUT										PROBABILITY OUTPUT

		Observation		Predicted Volume* (m^3)		Residuals		Standard Residuals				Percentile		Volume* (m^3)

		1		192425881.482628		-42425881.4826284		-0.9134226874				5		127000000

		2		209572742.208803		-20572742.2088032		-0.442927968				15		146000000

		3		193378484.856305		-47378484.8563048		-1.0200514744				25		150000000

		4		166705590.393366		103294409.606634		2.2239127135				35		189000000

		5		186710261.24057		32289738.7594299		0.6951930973				45		219000000

		6		200999311.845716		34000688.1542842		0.7320295739				55		223000000

		7		295307045.839677		-32307045.8396773		-0.695565716				65		230000000

		8		182899847.745865		47100152.2541354		1.0140590164				75		235000000

		9		155274349.90925		-28274349.9092497		-0.6087423944				85		263000000

		10		236245636.671742		-13245636.6717418		-0.2851765154				95		270000000





		149364414

		158696837

		146299441

		126471876

		141697137

		159462657

		226524037

		137070486

		119485243

		248448323



MET Model Volume (m^3)

Residuals

MET Model Volume (m^3)  Residual Plot

0

0

0

0

0

0

0

0

0

0



		149364414		149364414

		158696837		158696837

		146299441		146299441

		126471876		126471876

		141697137		141697137

		159462657		159462657

		226524037		226524037

		137070486		137070486

		119485243		119485243

		248448323		248448323



Volume* (m^3)

Predicted Volume* (m^3)

MET Model Volume (m^3)

Volume* (m^3)

MET Model Volume (m^3) Line Fit  Plot

150000000

0

189000000

0

146000000

0

270000000

0

219000000

0

235000000

0

263000000

0

230000000

0

127000000

0

223000000

0



		0

		0

		0

		0

		0

		0

		0

		0

		0

		0



Sample Percentile

Volume* (m^3)

Normal Probability Plot

0

0

0

0

0

0

0

0

0

0



		Susitna River Data

		Year		Volume* (m^3)		Volume* (km^3)		MET Model Volume (m^3)		MET Model Volume (km^3)		Difference		Difference (km^3)		Difference^2		% Difference				Correlation Coef.		T-stat.		T-crit.   Alpha = 10%

		1988		1.50E+08		1.50E-01		1.49E+08		1.49E-01		6.36E+05		6.36E-04		4.04E+11		-0.4				0.3671237651		1.309017736		1.397

		1987		1.89E+08		1.89E-01		1.59E+08		1.59E-01		3.03E+07		3.03E-02		9.18E+14		-16.0

		1986		1.46E+08		1.46E-01		1.46E+08		1.46E-01		-2.99E+05		-2.99E-04		8.97E+10		0.2

		1985		2.70E+08		2.70E-01		1.26E+08		1.26E-01		1.44E+08		1.44E-01		2.06E+16		-53.2

		1984		2.19E+08		2.19E-01		1.42E+08		1.42E-01		7.73E+07		7.73E-02		5.98E+15		-35.3

		1982		2.35E+08		2.35E-01		1.59E+08		1.59E-01		7.55E+07		7.55E-02		5.71E+15		-32.1

		1980		2.63E+08		2.63E-01		2.27E+08		2.27E-01		3.65E+07		3.65E-02		1.33E+15		-13.9

		1979		2.30E+08		2.30E-01		1.37E+08		1.37E-01		9.29E+07		9.29E-02		8.64E+15		-40.4

		1978		1.27E+08		1.27E-01		1.19E+08		1.19E-01		7.51E+06		7.51E-03		5.65E+13		-5.9

		1977		2.23E+08		2.23E-01		2.48E+08		2.48E-01		-2.54E+07		-2.54E-02		6.48E+14		11.4				1.58E-01				3.24E+07

		Sum		2.05E+09				1.61E+09				1.11E+08				1.07E+16

		Mean		2.05E+08				1.61E+08										-1.86E+01				1.58E-01

		Std		3.24E+07

		Susitna River Data (minus high and low points)

		Year		Volume* (m^3)				MET Model Volume (m^3)				Difference										Correlation Coef.		T-stat.		T-crit.   Alpha = 10%

		1988		1.50E+08				1.49E+08				6.36E+05										0.581976658		2.3735676092		1.397

		1987		1.89E+08				1.46E+08				4.27E+07

		1984		2.19E+08				1.42E+08				7.73E+07

		1982		2.35E+08				1.59E+08				7.55E+07

		1980		2.63E+08				2.27E+08				3.65E+07

		1979		2.30E+08				1.37E+08				9.29E+07

		1978		1.27E+08				1.19E+08				7.51E+06

		1977		2.23E+08				2.48E+08				-2.54E+07

		Average		2.05E+08				1.66E+08				3.85E+07



Don Lindsay:
3-24-03 calculated following technique outlined on pg. 205 in Spatz and Johnson
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Hypso. Fig. 4
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Figure 23.2a
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		36357.0997685185		36357.0997685185		36357.9622453704		36357.9622453704

		36357.106712963		36357.106712963		36357.9691898148		36357.9691898148

		36357.1136574074		36357.1136574074		36357.9761342593		36357.9761342593

		36357.1206018518		36357.1206018518		36357.9830787037		36357.9830787037

		36357.1275462963		36357.1275462963		36357.9900231482		36357.9900231482

		36357.1344907407		36357.1344907407		36357.9969675926		36357.9969675926

		36357.1414351852		36357.1414351852		36358.003912037		36358.003912037

		36357.1483796296		36357.1483796296		36358.0108564815		36358.0108564815

		36357.1553240741		36357.1553240741		36358.0178009259		36358.0178009259
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		36357.169212963		36357.169212963		36358.0316898148		36358.0316898148

		36357.1761574074		36357.1761574074		36358.0386342593		36358.0386342593

		36357.1831018518		36357.1831018518		36358.0455787037		36358.0455787037

		36357.1900462963		36357.1900462963		36358.0525231482		36358.0525231482

		36357.1969907407		36357.1969907407		36358.0594675926		36358.0594675926

		36357.2039351852		36357.2039351852		36358.066412037		36358.066412037

		36357.2108796296		36357.2108796296		36358.0733564815		36358.0733564815

		36357.2178240741		36357.2178240741		36358.0803009259		36358.0803009259

		36357.2247685185		36357.2247685185		36358.0872453704		36358.0872453704

		36357.231712963		36357.231712963		36358.0941898148		36358.0941898148

		36357.2386574074		36357.2386574074		36358.1011342593		36358.1011342593

		36357.2456018518		36357.2456018518		36358.1080787037		36358.1080787037

		36357.2525462963		36357.2525462963		36358.1150231482		36358.1150231482

		36357.2594907407		36357.2594907407		36358.1219675926		36358.1219675926

		36357.2664351852		36357.2664351852		36358.128912037		36358.128912037

		36357.2733796296		36357.2733796296		36358.1358564815		36358.1358564815

		36357.2803240741		36357.2803240741		36358.1428009259		36358.1428009259

		36357.2872685185		36357.2872685185		36358.1497453704		36358.1497453704

		36357.294212963		36357.294212963		36358.1566898148		36358.1566898148

		36357.3011574074		36357.3011574074		36358.1636342593		36358.1636342593

		36357.3081018518		36357.3081018518		36358.1705787037		36358.1705787037

		36357.3150462963		36357.3150462963		36358.1775231482		36358.1775231482

		36357.3219907407		36357.3219907407		36358.1844675926		36358.1844675926

		36357.3289351852		36357.3289351852		36358.191412037		36358.191412037

		36357.3358796296		36357.3358796296		36358.1983564815		36358.1983564815

		36357.3428240741		36357.3428240741		36358.2053009259		36358.2053009259

		36357.3497685185		36357.3497685185		36358.2122453704		36358.2122453704

		36357.356712963		36357.356712963		36358.2191898148		36358.2191898148

		36357.3636574074		36357.3636574074		36358.2261342593		36358.2261342593

		36357.3706018518		36357.3706018518		36358.2330787037		36358.2330787037

		36357.3775462963		36357.3775462963		36358.2400231482		36358.2400231482

		36357.3844907407		36357.3844907407		36358.2469675926		36358.2469675926

		36357.3914351852		36357.3914351852		36358.253912037		36358.253912037

		36357.3983796296		36357.3983796296		36358.2608564815		36358.2608564815

		36357.4053240741		36357.4053240741		36358.2678009259		36358.2678009259

		36357.4122685185		36357.4122685185		36358.2747453704		36358.2747453704

		36357.419212963		36357.419212963		36358.2816898148		36358.2816898148

		36357.4261574074		36357.4261574074		36358.2886342593		36358.2886342593

		36357.4331018518		36357.4331018518		36358.2955787037		36358.2955787037

		36357.4400462963		36357.4400462963		36358.3025231482		36358.3025231482

		36357.4469907407		36357.4469907407		36358.3094675926		36358.3094675926

		36357.4539351852		36357.4539351852		36358.316412037		36358.316412037

		36357.4608796296		36357.4608796296		36358.3233564815		36358.3233564815

		36357.4678240741		36357.4678240741		36358.3303009259		36358.3303009259

		36357.4747685185		36357.4747685185		36358.3372453704		36358.3372453704

		36357.481712963		36357.481712963		36358.3441898148		36358.3441898148

		36357.4886574074		36357.4886574074		36358.3511342593		36358.3511342593

		36357.4956018518		36357.4956018518		36358.3580787037		36358.3580787037

		36357.5025462963		36357.5025462963		36358.3650231482		36358.3650231482

		36357.5094907407		36357.5094907407		36358.3719675926		36358.3719675926

		36357.5164351852		36357.5164351852		36358.378912037		36358.378912037

		36357.5233796296		36357.5233796296		36358.3858564815		36358.3858564815

		36357.5303240741		36357.5303240741		36358.3928009259		36358.3928009259

		36357.5372685185		36357.5372685185		36358.3997453704		36358.3997453704

		36357.544212963		36357.544212963		36358.4066898148		36358.4066898148

						36358.4136342593		36358.4136342593

						36358.4205787037		36358.4205787037

						36358.4275231482		36358.4275231482

						36358.4344675926		36358.4344675926

						36358.441412037		36358.441412037

						36358.4483564815		36358.4483564815

						36358.4553009259		36358.4553009259

						36358.4622453704		36358.4622453704

						36358.4691898148		36358.4691898148

						36358.4761342593		36358.4761342593

						36358.4830787037		36358.4830787037

								36358.4900231482

								36358.4969675926

								36358.503912037

								36358.5108564815

								36358.5178009259

								36358.5247453704

								36358.5316898148

								36358.5386342593

								36358.5455787037

								36358.5525231482

								36358.5594675926

								36358.566412037

								36358.5733564815

								36358.5803009259

								36358.5872453704

								36358.5941898148



Air Temp.

Water in borehole

Temp. 1

Ducer 1

Ducer 2

Temp. 2

Time

Elevation (m a.m.s.l.)

Temp. (C)

5.4

910.2929228476

904.2481201167

16.76

4.57

910.2929228476

899.7851528532

10.21

4.15

910.2929228476

894.9707708445

8.23

4.15

910.2929228476

890.8592183262

6.62

3.74

910.2929228476

887.7667685688

6.62

3.31

910.2929228476

886.0448363175

6.62

3.31

910.2929228476

885.0257335566

5.81

3.31

910.2929228476

884.6743188114

4.57

3.31

910.2929228476

884.3229040663

3.74

4.15

910.2929228476

884.3229040663

2.89

3.74

910.2929228476

884.0066307956

3.31

3.74

910.2929228476

883.6552160505

2.89

3.74

910.2929228476

883.3038013053

2.46

3.31

910.2929228476

883.3038013053

2.46

3.31

910.2929228476

882.9523865601

2.03

3.31

910.2929228476

882.600971815

2.03

3.31

910.2929228476

882.600971815

2.46

3.31

910.2929228476

882.2846985443

2.03

3.31

910.2929228476

881.9332837992

1.6

3.31

910.2929228476

881.9332837992

1.6

3.31

910.2929228476

881.581869054

1.6

3.74

910.2929228476

881.581869054

1.17

3.74

910.2929228476

881.581869054

1.17

3.74

910.6443375928

881.2304543089

1.17

3.74

910.6443375928

881.2304543089

1.17

3.31

910.6443375928

880.9141810382

1.17

3.31

910.6443375928

880.5627662931

0.73

3.74

910.6443375928

880.2113515479

0.73

3.74

910.6443375928

879.8599368028

0.73

3.74

910.6443375928

879.5436635321

0.73

4.15

910.6443375928

879.192248787

0.73

4.57

910.6443375928

879.192248787

0.29

4.15

910.6443375928

878.8408340418

0.29

4.15

910.6443375928

878.8408340418

0.29

4.15

910.6443375928

878.173146026

0.29

4.57

910.9957523379

877.8217312808

-0.16

7.83

910.6443375928

877.4703165357

0.29

11.77

910.9957523379

877.4703165357

0.29

9.82

910.9957523379

877.1189017905

0.29

9.82

910.9957523379

876.7674870454

0.29

9.42

910.9957523379

876.4512137747

0.29

9.82

911.3471670831

876.0997990296

0.73

15.23

911.3471670831

875.7483842844

0.73

10.6

911.6634403537

875.3969695392

0.73

10.99

911.6634403537

875.0806962686

0.73

16.38

911.6634403537

875.0806962686

0.73

16

912.0148550989

874.7292815234

0.73

16.38

912.0148550989

874.3778667783

1.17

17.9

912.366269844

874.0264520331

2.46

19.04

912.366269844

873.7101787625

3.74

19.42

912.7176845892

873.3587640173

6.22

19.04

912.7176845892

873.0073492722

7.43

19.04

913.0690993344

872.655934527

8.23

19.04

913.385372605

871.9882465112

8.23

19.04

913.385372605

871.9882465112

8.23

19.04

913.7367873502

871.6368317661

8.23

19.04

913.7367873502

871.2854170209

8.23

19.42

914.0882020953

870.9340022757

8.23

19.81

914.4396168405

870.6177290051

8.63

19.42

914.7558901111

870.2663142599

7.83

20.19

915.1073048563

869.9148995148

7.83

18.66

915.8101343466

869.5634847696

9.03

16.38

915.4587196014

869.5634847696

9.42

16.76

915.4587196014

869.247211499

9.03

18.66

915.8101343466

868.8957967538

9.82

16

916.1264076172

869.247211499

10.6

14.09

916.1264076172

869.247211499

10.99

14.09

916.1264076172

869.247211499

10.99

13.32

916.4778223624

868.8957967538

11.38

13.32

916.4778223624

868.8957967538

12.55

15.23

916.8292371075

868.8957967538

13.32

15.62

916.8292371075

868.8957967538

13.32

868.8957967538

14.09

869.247211499

13.7

868.8957967538

12.93

868.8957967538

12.93

868.5443820087

12.55

868.5443820087

12.93

868.5443820087

13.32

868.5443820087

12.55

867.8766939929

11.77

865.1005175061

10.99

864.0814147452

10.6

10.6

11.38

12.93

12.16

11.77

12.93

13.7

13.7

13.7

12.93

12.16

11.38

10.6

9.82

9.82

10.21



Figure 23.2b

		36357.0511574074		36357.9136342593		36356.6111111111

		36357.0581018518		36357.9205787037		36356.625

		36357.0650462963		36357.9275231482		36356.6388889468

		36357.0719907407		36357.9344675926		36356.6527778935

		36357.0789351852		36357.941412037		36356.6666668403

		36357.0858796296		36357.9483564815		36356.680555787

		36357.0928240741		36357.9553009259		36356.6944447338

		36357.0997685185		36357.9622453704		36356.7083336806

		36357.106712963		36357.9691898148		36356.7222226273

		36357.1136574074		36357.9761342593		36356.7361115741

		36357.1206018518		36357.9830787037		36356.7500005208

		36357.1275462963		36357.9900231482		36356.7638894676

		36357.1344907407		36357.9969675926		36356.7777784144

		36357.1414351852		36358.003912037		36356.7916673611

		36357.1483796296		36358.0108564815		36356.8055563079

		36357.1553240741		36358.0178009259		36356.8194452546

		36357.1622685185		36358.0247453704		36356.8333342014

		36357.169212963		36358.0316898148		36356.8472231482

		36357.1761574074		36358.0386342593		36356.8611120949

		36357.1831018518		36358.0455787037		36356.8750010417

		36357.1900462963		36358.0525231482		36356.8888899884

		36357.1969907407		36358.0594675926		36356.9027789352

		36357.2039351852		36358.066412037		36356.9166678819

		36357.2108796296		36358.0733564815		36356.9305568287

		36357.2178240741		36358.0803009259		36356.9444457755

		36357.2247685185		36358.0872453704		36356.9583347222

		36357.231712963		36358.0941898148		36356.972223669

		36357.2386574074		36358.1011342593		36356.9861126157

		36357.2456018518		36358.1080787037		36357.0000015625

		36357.2525462963		36358.1150231482		36357.0138905093

		36357.2594907407		36358.1219675926		36357.027779456

		36357.2664351852		36358.128912037		36357.0416684028

		36357.2733796296		36358.1358564815		36357.0555573495

		36357.2803240741		36358.1428009259		36357.0694462963

		36357.2872685185		36358.1497453704		36357.0833352431

		36357.294212963		36358.1566898148		36357.0972241898

		36357.3011574074		36358.1636342593		36357.1111131366

		36357.3081018518		36358.1705787037		36357.1250020833

		36357.3150462963		36358.1775231482		36357.1388910301

		36357.3219907407		36358.1844675926		36357.1527799769

		36357.3289351852		36358.191412037		36357.1666689236

		36357.3358796296		36358.1983564815		36357.1805578704

		36357.3428240741		36358.2053009259		36357.1944468171

		36357.3497685185		36358.2122453704		36357.2083357639

		36357.356712963		36358.2191898148		36357.2222247106

		36357.3636574074		36358.2261342593		36357.2361136574

		36357.3706018518		36358.2330787037		36357.2500026042

		36357.3775462963		36358.2400231482		36357.2638915509

		36357.3844907407		36358.2469675926		36357.2777804977

		36357.3914351852		36358.253912037		36357.2916694444

		36357.3983796296		36358.2608564815		36357.3055583912

		36357.4053240741		36358.2678009259		36357.319447338

		36357.4122685185		36358.2747453704		36357.3333362847

		36357.419212963		36358.2816898148		36357.3472252315

		36357.4261574074		36358.2886342593		36357.3611141782

		36357.4331018518		36358.2955787037		36357.375003125

		36357.4400462963		36358.3025231482		36357.3888920718

		36357.4469907407		36358.3094675926		36357.4027810185

		36357.4539351852		36358.316412037		36357.4166699653

		36357.4608796296		36358.3233564815		36357.430558912

		36357.4678240741		36358.3303009259		36357.4444478588

		36357.4747685185		36358.3372453704		36357.4583368056

		36357.481712963		36358.3441898148		36357.4722257523

		36357.4886574074		36358.3511342593		36357.4861146991

		36357.4956018518		36358.3580787037		36357.5000036458

		36357.5025462963		36358.3650231482		36357.5138925926

		36357.5094907407		36358.3719675926		36357.5277815393

		36357.5164351852		36358.378912037		36357.5416704861

		36357.5233796296		36358.3858564815		36357.5555594329

		36357.5303240741		36358.3928009259		36357.5694483796

		36357.5372685185		36358.3997453704		36357.5833373264

		36357.544212963		36358.4066898148		36357.5972262731

				36358.4136342593		36357.6111152199

				36358.4205787037		36357.6250041667

				36358.4275231482		36357.6388931134

				36358.4344675926		36357.6527820602

				36358.441412037		36357.6666710069

				36358.4483564815		36357.6805599537

				36358.4553009259		36357.6944489005

				36358.4622453704		36357.7083378472

				36358.4691898148		36357.722226794

				36358.4761342593		36357.7361157407

				36358.4830787037		36357.7500046875

						36357.7638936343

						36357.777782581

						36357.7916715278

						36357.8055604745

						36357.8194494213

						36357.8333383681

						36357.8472273148

						36357.8611162616

						36357.8750052083

						36357.8888941551

						36357.9027831019

						36357.9166720486

						36357.9305609954

						36357.9444499421

						36357.9583388889

						36357.9722278356

						36357.9861167824

						36358.0000057292

						36358.0138946759

						36358.0277836227

						36358.0416725694

						36358.0555615162

						36358.069450463

						36358.0833394097

						36358.0972283565

						36358.1111173032

						36358.12500625

						36358.1388951968

						36358.1527841435

						36358.1666730903

						36358.180562037

						36358.1944509838

						36358.2083399306

						36358.2222288773

						36358.2361178241

						36358.2500067708

						36358.2638957176

						36358.2777846644

						36358.2916736111

						36358.3055625579

						36358.3194515046

						36358.3333404514

						36358.3472293981

						36358.3611183449

						36358.3750072917

						36358.3888962384

						36358.4027851852

						36358.4166741319

						36358.4305630787

						36358.4444520255

						36358.4583409722

						36358.472229919

						36358.4861188657

						36358.5000078125

						36358.5138967593

						36358.5208333333

						36358.5277777778

						36358.5347222222

						36358.5416666667

						36358.5486111111

						36358.5555555556

						36358.5625

						36358.5694444444

						36358.5763888889

						36358.5833333333

						36358.5902777778

						36358.5972222222

						36358.6041666667

						36358.6111111111

						36358.6180555556

						36358.625

						36358.6319444444

						36358.6388888889



Approximate elevation where floatation would occur

Lake water surface

Ducer 1

Ducer 2

Lake

Days in July 1999

Elevation (m a.m.s.l.)

910.2929228476

904.2481201167

902.3535798817

910.2929228476

899.7851528532

902.294408284

910.2929228476

894.9707708445

902.294408284

910.2929228476

890.8592183262

902.2352366864

910.2929228476

887.7667685688

902.294408284

910.2929228476

886.0448363175

902.2352366864

910.2929228476

885.0257335566

902.2352366864

910.2929228476

884.6743188114

902.1760650888

910.2929228476

884.3229040663

902.1168934911

910.2929228476

884.3229040663

902.1168934911

910.2929228476

884.0066307956

902.0577218935

910.2929228476

883.6552160505

901.9985502959

910.2929228476

883.3038013053

901.9985502959

910.2929228476

883.3038013053

901.9393786982

910.2929228476

882.9523865601

901.9393786982

910.2929228476

882.600971815

901.8802071006

910.2929228476

882.600971815

901.821035503

910.2929228476

882.2846985443

901.821035503

910.2929228476

881.9332837992

901.7618639053

910.2929228476

881.9332837992

901.7026923077

910.2929228476

881.581869054

901.7026923077

910.2929228476

881.581869054

901.5843491124

910.2929228476

881.581869054

901.5843491124

910.6443375928

881.2304543089

901.4660059172

910.6443375928

881.2304543089

901.4660059172

910.6443375928

880.9141810382

901.4068343195

910.6443375928

880.5627662931

901.3476627219

910.6443375928

880.2113515479

901.2884911243

910.6443375928

879.8599368028

901.2293195266

910.6443375928

879.5436635321

901.170147929

910.6443375928

879.192248787

901.1109763314

910.6443375928

879.192248787

901.0518047337

910.6443375928

878.8408340418

900.9334615385

910.6443375928

878.8408340418

900.8742899408

910.6443375928

878.173146026

900.8742899408

910.9957523379

877.8217312808

900.8151183432

910.6443375928

877.4703165357

900.6967751479

910.9957523379

877.4703165357

900.6376035503

910.9957523379

877.1189017905

900.5784319527

910.9957523379

876.7674870454

900.4600887574

910.9957523379

876.4512137747

900.4009171598

911.3471670831

876.0997990296

900.4009171598

911.3471670831

875.7483842844

900.2825739645

911.6634403537

875.3969695392

900.2234023669

911.6634403537

875.0806962686

900.1050591716

911.6634403537

875.0806962686

900.045887574

912.0148550989

874.7292815234

899.9867159763

912.0148550989

874.3778667783

899.8683727811

912.366269844

874.0264520331

899.8092011834

912.366269844

873.7101787625

899.6908579882

912.7176845892

873.3587640173

899.5725147929

912.7176845892

873.0073492722

899.5133431953

913.0690993344

872.655934527

899.395

913.385372605

871.9882465112

899.2766568047

913.385372605

871.9882465112

899.1583136095

913.7367873502

871.6368317661

899.0991420118

913.7367873502

871.2854170209

898.9807988166

914.0882020953

870.9340022757

898.8624556213

914.4396168405

870.6177290051

898.744112426

914.7558901111

870.2663142599

898.6849408284

915.1073048563

869.9148995148

898.5074260355

915.8101343466

869.5634847696

898.3890828402

915.4587196014

869.5634847696

898.3299112426

915.4587196014

869.247211499

898.1523964497

915.8101343466

868.8957967538

898.0340532544

916.1264076172

869.247211499

897.9157100592

916.1264076172

869.247211499

897.7381952663

916.1264076172

869.247211499

897.619852071

916.4778223624

868.8957967538

897.4423372781

916.4778223624

868.8957967538

897.3239940828

916.8292371075

868.8957967538

897.1464792899

916.8292371075

868.8957967538

897.0281360947

868.8957967538

896.8506213018

869.247211499

896.6731065089

868.8957967538

896.495591716

868.8957967538

896.3180769231

868.5443820087

896.0813905325

868.5443820087

895.9038757396

868.5443820087

895.7263609467

868.5443820087

895.4896745562

867.8766939929

895.3121597633

865.1005175061

895.0754733728

864.0814147452

894.8387869822

894.6612721893

894.3654142012

894.1287278107

893.8920414201

893.596183432

893.3003254438

893.0636390533

892.7677810651

892.4127514793

892.1168934911

891.821035503

891.4660059172

891.1109763314

890.7559467456

890.4009171598

890.045887574

889.6316863905

889.2174852071

888.8032840237

888.3890828402

887.9748816568

887.5015088757

887.0281360947

886.5547633136

886.0813905325

885.6080177515

885.1346449704

884.5429289941

884.069556213

883.4778402367

882.945295858

882.294408284

881.7026923077

881.1109763314

880.4600887574

879.8683727811

879.1583136095

878.5074260355

877.8565384615

877.1464792899

876.4364201183

875.6671893491

874.9571301775

874.1287278107

873.3594970414

872.4719230769

871.6435207101

870.7559467456

869.8683727811

868.8624556213

867.9157100592

866.8506213018

865.6671893491

864.4245857988

863.0636390533

862.4127514793

861.6435207101

860.9334615385

860.1760650888

859.4186686391

858.6139349112

857.9334615385

857.0518047337

856.2115680473

855.3358284024

854.4127514793

853.495591716

852.4541715976

851.4127514793

850.294408284

849.0103846154

847.7322781065

846.8092011834




_1119206869.xls
Time corrected hydrograph

		43		1.405		1.405		43

		43.48		2.1075		2.1075		43.48

		43.96		2.81		2.81		43.96

		44.44		3.5125		3.5125		44.44

		44.92		4.215		4.215		44.92

		45.4		4.9175		4.9175		45.4

		45.88		5.62		5.62		45.88

		46.36		6.3225		6.3225		46.36

		46.84		7.025		7.025		46.84

		47.32		7.7275		7.7275		47.32

		47.8		8.43		8.43		47.8

		48.28		9.1325		9.1325		48.28

		48.76		9.835		9.835		48.76

		49.24		10.5375		10.5375		49.24

		49.72		11.24		11.24		49.72

		50.2		11.9425		11.9425		50.2

		50.68		12.645		12.645		50.68

		51.16		13.3475		13.3475		51.16

		51.64		14.05		14.05		51.64

		52.12		14.7525		14.7525		52.12

		52.6		15.455		15.455		52.6

		53.08		16.1575		16.1575		53.08

		53.56		16.86		16.86		53.56

		54.04		17.5625		17.5625		54.04

		54.52		18.265		18.265		54.52

		55		18.9675		18.9675		55

		55.48		19.67		19.67		55.48

		55.96		20.3725		20.3725		55.96

		56.44		21.075		21.075		56.44

		56.92		21.7775		21.7775		56.92

		57.4		22.48		22.48		57.4

		57.88		23.1825		23.1825		57.88

		58.36		23.885		23.885		58.36

		58.84		24.5875		24.5875		58.84

		59.32		25.29		25.29		59.32

		59.8		25.9925		25.9925		59.8

		60.28		26.695		26.695		60.28

		60.76		27.3975		27.3975		60.76

		61.24		28.1		28.1		61.24

		61.72		28.8025		28.8025		61.72

		62.2		29.505		29.505		62.2

		62.68		30.2075		30.2075		62.68

		63.16		30.91		30.91		63.16

		63.64		31.6125		31.6125		63.64

		64.12		32.315		32.315		64.12

		64.6		33.0175		33.0175		64.6

		65.08		33.72		33.72		65.08

		65.56		34.4225		34.4225		65.56

		66.04		35.125		35.125		66.04

		66.52		35.8275		35.8275		66.52

		67		36.53		36.53		67

		67.48		37.2325		37.2325		67.48

		67.96		37.935		37.935		67.96

		68.44		38.6375		38.6375		68.44

		68.92		39.34		39.34		68.92

		69.4		40.0425		40.0425		69.4

		69.88		40.745		40.745		69.88

		70.36		41.4475		41.4475		70.36

		70.84		42.15		42.15		70.84

		71.32		42.8525		42.8525		71.32

		71.8		43.555		43.555		71.8

		72.28		44.2575		44.2575		72.28

		72.76		44.96		44.96		72.76

		73.24		45.6625		45.6625		73.24

		73.72		46.365		46.365		73.72

		74.2		47.0675		47.0675		74.2

		74.68		47.77		47.77		74.68

		75.16		48.4725		48.4725		75.16

		75.64		49.175		49.175		75.64

		76.12		49.8775		49.8775		76.12

		76.6		50.58		50.58		76.6

		77.08		51.2825		51.2825		77.08

		77.56		51.985		51.985		77.56

		78.04		52.6875		52.6875		78.04

		78.52		53.39		53.39		78.52

		79		54.0925		54.0925		79

		79.48		54.795		54.795		79.48

		79.96		55.4975		55.4975		79.96

		80.44		56.2		56.2		80.44

		80.92		56.9025		56.9025		80.92

		81.4		57.605		57.605		81.4

		81.88		58.3075		58.3075		81.88

		82.36		59.01		59.01		82.36

		82.84		59.7125		59.7125		82.84

		83.32		60.415		60.415		83.32

		83.8		61.1175		61.1175		83.8

		84.28		61.82		61.82		84.28

		84.76		62.5225		62.5225		84.76

		85.24		63.225		63.225		85.24

		85.72		63.9275		63.9275		85.72

		86.2		64.63		64.63		86.2

		86.68		65.3325		65.3325		86.68

		87.16		66.035		66.035		87.16

		87.64		66.7375		66.7375		87.64

		88.12		67.44		67.44		88.12

		88.6		68.1425		68.1425		88.6

		89.08		68.845		68.845		89.08

		89.56		69.5475		69.5475		89.56

		90.04		70.25		70.25		90.04

		90.52		70.9525		70.9525		90.52

		91		71.655		71.655		91

		91.48		72.3575		72.3575		91.48

				73.06		73.06

				73.7625		73.7625

				74.465		74.465

				75.1675		75.1675

				75.87		75.87

				76.5725		76.5725

				77.275		77.275

				77.9775		77.9775

				78.68		78.68

				79.3825		79.3825

				80.085		80.085

				80.7875		80.7875

				81.49		81.49

				82.1925		82.1925

				82.895		82.895

				83.5975		83.5975

				84.3		84.3

				85.0025		85.0025

				85.705		85.705

				86.4075		86.4075

				87.11		87.11



Measured Discharge Hydrograph

Modeled Discharge Hydrograph

Modeled Volume

Measured Volume

Time from start of flood (hours)

Discharge (m^3 s^-1)

Volume (10^6 m^3)

0

0.0000105542

16.5942489873

16.5942498214

15.596891514

0.0000534383

16.5942489036

16.4707755023

7.3771629985

0.000168924

16.5942485938

16.463571708

15.2565125244

0.0004125147

16.5942477601

16.4419603253

7.6704234747

0.0008556506

16.5942459142

16.4275527368

23.4808171441

0.001585768

16.5942423286

16.4131451483

23.7863470131

0.0027063723

16.5942359891

16.3412407193

23.5856958667

0.0043371232

16.5942255461

16.3271001579

23.6531064008

0.0066139348

16.5942092657

16.2634676318

12.4359787561

0.0096890882

16.594184981

16.2493270704

25.2555568985

0.0137313581

16.5941500424

16.213975667

22.6263660073

0.0189261534

16.5941012681

16.164592946

22.8243877103

0.0254756718

16.5940348937

16.1297877618

21.2642485406

0.0335990681

16.5939465214

16.0880215407

37.1348552352

0.0435326369

16.593831069

16.0532163565

25.9921059974

0.0555300105

16.5936827179

15.9768656875

24.3212191431

0.0698623704

16.5934948606

15.9493158552

36.3695032395

0.0868186749

16.5932600479

15.8804412744

29.0093373318

0.1067059007

16.5929699349

15.8322290679

33.2942257143

0.1298493008

16.5926152261

15.777394799

34.3147007187

0.1565926779

16.592185621

15.7225984439

32.4042225768

0.1872986733

16.5916697567

15.6609525444

47.5479655845

0.2223490731

16.591055152

15.6062331951

36.5832572578

0.26214513

16.5903281483

15.4968164981

22.1337840128

0.3071079027

16.5894738515

15.4763199643

43.3084118615

0.3576786123

16.5884760711

15.4217643908

44.4116392019

0.414319017

16.5873172598

15.3262921371

46.6312611745

0.4775118042

16.5859784505

15.2719522343

32.0761243385

0.5477610015

16.5844391932

15.1701997108

30.8781131647

0.625592407

16.5826774902

15.1566327077

57.2590896574

0.7115540385

16.5806697295

15.0555664982

40.9158000314

0.8062166032

16.5783906181

14.9681332281

44.5096388687

0.9101739876

16.5758131122

14.9081502805

44.7950810609

1.0240437683

16.5729083476

14.8215082452

55.092171525

1.148467745

16.569645567

14.7487740706

54.0523381775

1.284112495

16.5659920466

14.6300825559

51.6650716814

1.4316699509

16.5619130209

14.5581245018

66.1148967666

1.5918580015

16.5573716054

14.4471840451

51.3318302056

1.7654211175

16.5523287177

14.3368854568

50.7680735055

1.9531310007

16.5467429964

14.2723483595

62.6137370902

2.1557872604

16.5405707188

14.1628862326

60.877084183

2.374218115

16.5337657153

14.0606027551

61.9964453632

2.609281121

16.5262792828

13.9586717227

62.7743551027

2.8618639304

16.5180600949

13.8256538043

61.0716862218

3.1328850762

16.5090541107

13.6249332943

73.2122253437

3.4232947886

16.4992044807

13.5066383783

69.1780517557

3.7340758409

16.4884514498

13.3892022267

77.9297658387

4.066244428

16.4767322587

13.266510135

81.167387094

4.420851077

16.4639810417

13.1264290344

68.3721518268

4.798981592

16.4501287223

12.9995473434

77.2960664585

5.2017580336

16.4351029056

12.8736256961

89.1085619706

5.6303397343

16.4188277678

12.7250816986

92.332960816

6.0859243519

16.4012239426

12.5721697858

94.7706949534

6.5697489606

16.3822084041

12.4093270598

94.2927729314

7.0830911825

16.3616943471

12.2483929334

91.4268377266

7.6272703605

16.3395910632

12.0894025672

102.4790505576

8.2036487731

16.3158038134

11.9268009989

97.2498192978

8.8136328944

16.2902336973

11.733560642

107.9782295394

9.4586746987

16.2627775185

11.5811895718

111.6821659168

10.1402730139

16.2333276454

11.3719326842

111.5380597932

10.8599749221

16.2017718684

11.1977667442

120.008274602

11.6193772128

16.167993253

10.989717595

116.264743103

12.4201278872

16.1318699875

10.7850764829

127.7283451434

13.263927718

16.0932752272

10.5933739803

129.5140387551

14.1525318653

16.0520769332

10.3354913359

128.6724006958

15.087751551

16.0081377064

10.1355161004

140.0552173403

16.0714557942

15.9613146163

9.8952495618

138.2292741395

17.105573209

15.9114590246

9.6542691632

140.4387372603

18.1920938686

15.8584164035

9.4221146751

148.7493848851

19.3330712359

15.8020261475

9.1805190212

153.6499621843

20.5306241656

15.7421213806

8.8990830232

149.3939890244

21.7869389779

15.6785287558

8.6403877082

157.7667739639

23.1042716096

15.6110682497

8.3856667283

166.0210634356

24.4849498419

15.5395529497

8.0966399203

163.3193914424

25.9313756114

15.4637888345

7.7999501597

158.1657439154

27.4460274049

15.3835745476

7.5246008528

173.5074853934

29.0314627426

15.2987011635

7.2575989149

178.0383632057

30.6903207522

15.2089519463

6.9356674189

169.2996434348

32.4253248387

15.1141021004

6.6505887529

190.1761481177

34.2392854527

15.0139185128

6.347341178

189.9979439679

36.1351029606

14.9081594873

5.9969449669

184.6552857778

38.1157706223

14.79657447

5.6797243984

191.3570663537

40.1843776792

14.6789037648

5.3523038714

185.8420027178

42.3441125576

14.5548782408

5.02820648

183.9571930701

44.5982661921

14.4242190284

4.7123967475

181.3341870062

46.9502354736

14.2866372068

4.4003787108

178.9143647663

49.4035268263

14.1418334796

4.0919676829

180.6173853889

51.9617599212

13.9894978398

3.7777923032

160.5299782827

54.6286715283

13.8293092243

3.4705641306

149.2389073575

57.4081195158

13.6609351553

3.2130343879

149.3725519233

60.3040870019

13.4840313704

2.9519221666

147.7247211256

63.3206866636

13.2982414392

2.7031126245

142.5699380129

66.4621652117

13.1031963678

2.4501754643

147.625941885

69.7329080371

12.8985141883

2.2112403263

154.6687552725

73.1374440359

12.6837995349

1.9427791203

156.0444071236

76.6804506207

12.4586432054

1.6691694344

154.5462905764

80.3667589267

12.2226217063

1.4028182459

143.7747612977

84.20135922

11.9752967829

1.1432088215

131.0061860513

88.1894065162

11.7162149328

0.9009729707

122.1363241226

92.3362264199

11.4449069013

0.6803626122

110.2135774424

96.6473211925

11.1608871601

0.4813990761

112.06938048

101.12837606

10.8636533666

0.2810765591

105.7852657698

10.552685804

110.6240614072

10.2274468012

115.6510374841

9.8873801325

120.8726793103

9.5319103948

126.2956906609

9.1604423622

131.927001752

8.7723603176

137.7737775382

8.3670273597

143.8434263477

7.943784684

150.1436088674

7.5019508384

156.6822474956

7.0408209499

163.4675360788

6.5596659237

170.507950048

6.057731612

177.8122569751

5.5342379517

185.3895275658

4.9883780698

193.2491471117

4.4193173549

201.4008274201

3.8261924938

209.8546192446

3.2081104713

218.6209252401

2.5641475319

227.7105134652

1.893348102

237.1345314588

1.1947236699

246.9045209164

0.4672516237




_1119944037.xls
Modeled (cor.) vs. Estimated 

		0.01659425		0.033109428		0.040188043



y = 1.74x 
R^2 = 0.99

1999

1995

1994

Estimated Lake Volume Based on Head (km^3)

Corrected Modeled Volume (km^3)

0.0301731401

0.0554051293

0.0724376369



stage comparison

		915.8

		912.8

		920.8

		916.1



Elevation in lake using corrected volume (total -leakage) (m amsl)

R&R paper lake stage

Calculated lake stage

Comparing modeled stage with estimated stage

928.7185029462

904.8588667048

923.8383166844
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		Calculating the significance of the height/volume of the lake to outbreak

		Year		Date of outbreak (JD)		Volume entering the lake (m^3)		Corrected Volume entering the lake (m^3)		Cum inflow (10^6 m^3/day)		Elevation in lake using total volume (m amsl)		Elevation in lake using corrected volume (total -leakage) (m amsl)				Year		Lake stage obtained from R&R		Elevation in lake using corrected volume (total -leakage) (m amsl)		Elevation in lake using total volume (m amsl)				Year		Volume estimated from stage data and the hypsometric function		Volume estimaed by model				Year		Volume estimated from stage data and the hypsometric function		Volume estimaed by model		Difference (km3)		% Difference

		1974		228		91522393.1		33001771.1		33.002		1156.2043770024		914.2947871325				1986		915.8		928.7185029462		1170.6280928162				1994		40188043		115437636.9				1994		0.040188043		0.1154376369		-0.0752495939		-187.2437378949

		1975		218		153263128.3		94742506.3		94.743		1174.6704496514		932.7608597814				1993		912.8		904.8588667048		1146.7684565748				1995		33109428		98405129.34				1995		0.033109428		0.0984051293		-0.0652957013		-197.2118072834

		1978		221		119730973.8		61210351.8		61.210		1167.021268673		925.111678803				1994		920.8		923.8383166844		1165.7479065544				1999		16594250		73173140.11				1999		0.01659425		0.0731731401		-0.0565788901		-340.9547892192

		1981		200		142188411.6		83667789.6		83.668		1172.4938046687		930.5842147988				1995		916.1		917.6116492019		1159.5212390719						89891721		287015906.35

		1986		217		133732024.8		75211402.8		75.211		1170.6280928162		928.7185029462

		1988		199		111203569		52682947		52.683		1164.3943395829		922.4847497129																3.1929070125										Corrected

		1989		200		103467018.1		44946396.1		44.946		1161.6133797599		919.70378989																0.3131942133		31%				1994		0.040188043		0.0724376369		-0.0322495939		-80.2467388123

		1993		186		77773753.3		19253131.3		19.253		1146.7684565748		904.8588667048																						1995		0.033109428		0.0554051293		-0.0222957013		-67.3394337709

		1994		209		115437636.9		56917014.9		56.917		1165.7479065544		923.8383166844																						1999		0.01659425		0.0301731401		-0.0135788901		-81.8288871748

		1995		201		98405129.34		39884507.34		39.885		1159.5212390719		917.6116492019

		1997		221		108485032.6		49964410.6		49.964		1163.4666448494		921.5570549794

		1998		222		99719407.34		41198785.34		41.199		1160.0889275006		918.1793376307

		1999		196		73173140.11		14652518.11		14.653		1141.9871495854		900.0775597154
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		Calculating the significance of the height/volume of the lake to outbreak

		Year		Date of outbreak (JD)		Volume entering the lake (m^3)		Corrected Volume entering the lake (m^3)		Cum inflow (10^6 m^3/day)		Elevation in lake using total volume (m amsl)		Elevation in lake using corrected volume (total -leakage) (m amsl)				Year		Lake stage obtained from R&R		Elevation in lake using corrected volume (total -leakage) (m amsl)		Elevation in lake using total volume (m amsl)				Year		Volume estimated from stage data and the hypsometric function		Volume estimaed by model				Year		Volume estimated from stage data and the hypsometric function		Volume estimaed by model		Difference (km3)		% Difference

		1974		228		91522393.1		33001771.1		33.002		1156.2043770024		914.2947871325				1986		915.8		928.7185029462		1170.6280928162				1994		40188043		115437636.9				1994		0.040188043		0.1154376369		-0.0752495939		-187.2437378949

		1975		218		153263128.3		94742506.3		94.743		1174.6704496514		932.7608597814				1993		912.8		904.8588667048		1146.7684565748				1995		33109428		98405129.34				1995		0.033109428		0.0984051293		-0.0652957013		-197.2118072834

		1978		221		119730973.8		61210351.8		61.210		1167.021268673		925.111678803				1994		920.8		923.8383166844		1165.7479065544				1999		16594250		73173140.11				1999		0.01659425		0.0731731401		-0.0565788901		-340.9547892192

		1981		200		142188411.6		83667789.6		83.668		1172.4938046687		930.5842147988				1995		916.1		917.6116492019		1159.5212390719						89891721		287015906.35

		1986		217		133732024.8		75211402.8		75.211		1170.6280928162		928.7185029462

		1988		199		111203569		52682947		52.683		1164.3943395829		922.4847497129																3.1929070125										Corrected

		1989		200		103467018.1		44946396.1		44.946		1161.6133797599		919.70378989																0.3131942133		31%				1994		0.040188043		0.0724376369		-0.0322495939		-80.2467388123

		1993		186		77773753.3		19253131.3		19.253		1146.7684565748		904.8588667048																						1995		0.033109428		0.0554051293		-0.0222957013		-67.3394337709

		1994		209		115437636.9		56917014.9		56.917		1165.7479065544		923.8383166844																						1999		0.01659425		0.0301731401		-0.0135788901		-81.8288871748

		1995		201		98405129.34		39884507.34		39.885		1159.5212390719		917.6116492019

		1997		221		108485032.6		49964410.6		49.964		1163.4666448494		921.5570549794

		1998		222		99719407.34		41198785.34		41.199		1160.0889275006		918.1793376307
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		36357.0511574074		36357.0511574074		36357.9136342593		36357.9136342593		36356.6111111111

		36357.0581018518		36357.0581018518		36357.9205787037		36357.9205787037		36356.625

		36357.0650462963		36357.0650462963		36357.9275231482		36357.9275231482		36356.6388889468

		36357.0719907407		36357.0719907407		36357.9344675926		36357.9344675926		36356.6527778935

		36357.0789351852		36357.0789351852		36357.941412037		36357.941412037		36356.6666668403

		36357.0858796296		36357.0858796296		36357.9483564815		36357.9483564815		36356.680555787

		36357.0928240741		36357.0928240741		36357.9553009259		36357.9553009259		36356.6944447338

		36357.0997685185		36357.0997685185		36357.9622453704		36357.9622453704		36356.7083336806

		36357.106712963		36357.106712963		36357.9691898148		36357.9691898148		36356.7222226273

		36357.1136574074		36357.1136574074		36357.9761342593		36357.9761342593		36356.7361115741

		36357.1206018518		36357.1206018518		36357.9830787037		36357.9830787037		36356.7500005208

		36357.1275462963		36357.1275462963		36357.9900231482		36357.9900231482		36356.7638894676

		36357.1344907407		36357.1344907407		36357.9969675926		36357.9969675926		36356.7777784144

		36357.1414351852		36357.1414351852		36358.003912037		36358.003912037		36356.7916673611

		36357.1483796296		36357.1483796296		36358.0108564815		36358.0108564815		36356.8055563079

		36357.1553240741		36357.1553240741		36358.0178009259		36358.0178009259		36356.8194452546

		36357.1622685185		36357.1622685185		36358.0247453704		36358.0247453704		36356.8333342014

		36357.169212963		36357.169212963		36358.0316898148		36358.0316898148		36356.8472231482

		36357.1761574074		36357.1761574074		36358.0386342593		36358.0386342593		36356.8611120949

		36357.1831018518		36357.1831018518		36358.0455787037		36358.0455787037		36356.8750010417

		36357.1900462963		36357.1900462963		36358.0525231482		36358.0525231482		36356.8888899884

		36357.1969907407		36357.1969907407		36358.0594675926		36358.0594675926		36356.9027789352

		36357.2039351852		36357.2039351852		36358.066412037		36358.066412037		36356.9166678819

		36357.2108796296		36357.2108796296		36358.0733564815		36358.0733564815		36356.9305568287

		36357.2178240741		36357.2178240741		36358.0803009259		36358.0803009259		36356.9444457755

		36357.2247685185		36357.2247685185		36358.0872453704		36358.0872453704		36356.9583347222

		36357.231712963		36357.231712963		36358.0941898148		36358.0941898148		36356.972223669

		36357.2386574074		36357.2386574074		36358.1011342593		36358.1011342593		36356.9861126157

		36357.2456018518		36357.2456018518		36358.1080787037		36358.1080787037		36357.0000015625

		36357.2525462963		36357.2525462963		36358.1150231482		36358.1150231482		36357.0138905093

		36357.2594907407		36357.2594907407		36358.1219675926		36358.1219675926		36357.027779456

		36357.2664351852		36357.2664351852		36358.128912037		36358.128912037		36357.0416684028

		36357.2733796296		36357.2733796296		36358.1358564815		36358.1358564815		36357.0555573495

		36357.2803240741		36357.2803240741		36358.1428009259		36358.1428009259		36357.0694462963

		36357.2872685185		36357.2872685185		36358.1497453704		36358.1497453704		36357.0833352431

		36357.294212963		36357.294212963		36358.1566898148		36358.1566898148		36357.0972241898

		36357.3011574074		36357.3011574074		36358.1636342593		36358.1636342593		36357.1111131366

		36357.3081018518		36357.3081018518		36358.1705787037		36358.1705787037		36357.1250020833

		36357.3150462963		36357.3150462963		36358.1775231482		36358.1775231482		36357.1388910301

		36357.3219907407		36357.3219907407		36358.1844675926		36358.1844675926		36357.1527799769

		36357.3289351852		36357.3289351852		36358.191412037		36358.191412037		36357.1666689236

		36357.3358796296		36357.3358796296		36358.1983564815		36358.1983564815		36357.1805578704

		36357.3428240741		36357.3428240741		36358.2053009259		36358.2053009259		36357.1944468171

		36357.3497685185		36357.3497685185		36358.2122453704		36358.2122453704		36357.2083357639

		36357.356712963		36357.356712963		36358.2191898148		36358.2191898148		36357.2222247106

		36357.3636574074		36357.3636574074		36358.2261342593		36358.2261342593		36357.2361136574

		36357.3706018518		36357.3706018518		36358.2330787037		36358.2330787037		36357.2500026042

		36357.3775462963		36357.3775462963		36358.2400231482		36358.2400231482		36357.2638915509

		36357.3844907407		36357.3844907407		36358.2469675926		36358.2469675926		36357.2777804977

		36357.3914351852		36357.3914351852		36358.253912037		36358.253912037		36357.2916694444

		36357.3983796296		36357.3983796296		36358.2608564815		36358.2608564815		36357.3055583912

		36357.4053240741		36357.4053240741		36358.2678009259		36358.2678009259		36357.319447338

		36357.4122685185		36357.4122685185		36358.2747453704		36358.2747453704		36357.3333362847

		36357.419212963		36357.419212963		36358.2816898148		36358.2816898148		36357.3472252315

		36357.4261574074		36357.4261574074		36358.2886342593		36358.2886342593		36357.3611141782

		36357.4331018518		36357.4331018518		36358.2955787037		36358.2955787037		36357.375003125

		36357.4400462963		36357.4400462963		36358.3025231482		36358.3025231482		36357.3888920718

		36357.4469907407		36357.4469907407		36358.3094675926		36358.3094675926		36357.4027810185

		36357.4539351852		36357.4539351852		36358.316412037		36358.316412037		36357.4166699653

		36357.4608796296		36357.4608796296		36358.3233564815		36358.3233564815		36357.430558912

		36357.4678240741		36357.4678240741		36358.3303009259		36358.3303009259		36357.4444478588

		36357.4747685185		36357.4747685185		36358.3372453704		36358.3372453704		36357.4583368056

		36357.481712963		36357.481712963		36358.3441898148		36358.3441898148		36357.4722257523

		36357.4886574074		36357.4886574074		36358.3511342593		36358.3511342593		36357.4861146991

		36357.4956018518		36357.4956018518		36358.3580787037		36358.3580787037		36357.5000036458

		36357.5025462963		36357.5025462963		36358.3650231482		36358.3650231482		36357.5138925926

		36357.5094907407		36357.5094907407		36358.3719675926		36358.3719675926		36357.5277815393

		36357.5164351852		36357.5164351852		36358.378912037		36358.378912037		36357.5416704861

		36357.5233796296		36357.5233796296		36358.3858564815		36358.3858564815		36357.5555594329

		36357.5303240741		36357.5303240741		36358.3928009259		36358.3928009259		36357.5694483796

		36357.5372685185		36357.5372685185		36358.3997453704		36358.3997453704		36357.5833373264

		36357.544212963		36357.544212963		36358.4066898148		36358.4066898148		36357.5972262731
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										36358.6388888889



Increases in borehole water level appear to correspond with increased air temperatures on the surface of the glacier.

The hydraulic head in the borehole rapidly drops until it equalizes with the hydraulic head of the  lake.

Lake water level

Air temperature

Borehole water level

Temp. 1

Ducer 1

Ducer 2

Temp. 2

Days in July 1999

Elevation (m a.s.l.)

Temp. (C)

5.4

910.2929228476

904.2481201167

16.76

902.3535798817

4.57

910.2929228476

899.7851528532

10.21

902.294408284

4.15

910.2929228476

894.9707708445

8.23

902.294408284

4.15

910.2929228476

890.8592183262

6.62

902.2352366864

3.74

910.2929228476

887.7667685688

6.62

902.294408284

3.31

910.2929228476

886.0448363175

6.62

902.2352366864

3.31

910.2929228476

885.0257335566

5.81

902.2352366864

3.31

910.2929228476

884.6743188114

4.57

902.1760650888

3.31

910.2929228476

884.3229040663

3.74

902.1168934911

4.15

910.2929228476

884.3229040663

2.89

902.1168934911

3.74

910.2929228476

884.0066307956

3.31

902.0577218935

3.74

910.2929228476

883.6552160505

2.89

901.9985502959

3.74

910.2929228476

883.3038013053

2.46

901.9985502959

3.31

910.2929228476

883.3038013053

2.46

901.9393786982

3.31

910.2929228476

882.9523865601

2.03

901.9393786982

3.31

910.2929228476

882.600971815

2.03

901.8802071006

3.31

910.2929228476

882.600971815

2.46

901.821035503

3.31

910.2929228476

882.2846985443

2.03

901.821035503

3.31

910.2929228476

881.9332837992

1.6

901.7618639053

3.31

910.2929228476

881.9332837992

1.6

901.7026923077

3.31

910.2929228476

881.581869054

1.6

901.7026923077

3.74

910.2929228476

881.581869054

1.17

901.5843491124

3.74

910.2929228476

881.581869054

1.17

901.5843491124

3.74

910.6443375928

881.2304543089

1.17

901.4660059172

3.74

910.6443375928

881.2304543089

1.17

901.4660059172

3.31

910.6443375928

880.9141810382

1.17

901.4068343195

3.31

910.6443375928

880.5627662931

0.73

901.3476627219

3.74

910.6443375928

880.2113515479

0.73

901.2884911243

3.74

910.6443375928

879.8599368028

0.73

901.2293195266

3.74

910.6443375928

879.5436635321

0.73

901.170147929

4.15

910.6443375928

879.192248787

0.73

901.1109763314

4.57

910.6443375928

879.192248787

0.29

901.0518047337

4.15

910.6443375928

878.8408340418

0.29

900.9334615385

4.15

910.6443375928

878.8408340418

0.29

900.8742899408

4.15

910.6443375928

878.173146026

0.29

900.8742899408

4.57

910.9957523379

877.8217312808

-0.16

900.8151183432

7.83

910.6443375928

877.4703165357

0.29

900.6967751479

11.77

910.9957523379

877.4703165357

0.29

900.6376035503

9.82

910.9957523379

877.1189017905

0.29

900.5784319527

9.82

910.9957523379

876.7674870454

0.29

900.4600887574

9.42

910.9957523379

876.4512137747

0.29

900.4009171598

9.82

911.3471670831

876.0997990296

0.73

900.4009171598

15.23

911.3471670831

875.7483842844

0.73

900.2825739645

10.6

911.6634403537

875.3969695392

0.73

900.2234023669

10.99

911.6634403537

875.0806962686

0.73

900.1050591716

16.38

911.6634403537

875.0806962686

0.73

900.045887574

16

912.0148550989

874.7292815234

0.73

899.9867159763

16.38

912.0148550989

874.3778667783

1.17

899.8683727811

17.9

912.366269844

874.0264520331

2.46

899.8092011834

19.04

912.366269844

873.7101787625

3.74

899.6908579882

19.42

912.7176845892

873.3587640173

6.22

899.5725147929

19.04

912.7176845892

873.0073492722

7.43

899.5133431953

19.04

913.0690993344

872.655934527

8.23

899.395

19.04

913.385372605

871.9882465112

8.23

899.2766568047

19.04

913.385372605

871.9882465112

8.23

899.1583136095

19.04

913.7367873502

871.6368317661

8.23

899.0991420118

19.04

913.7367873502

871.2854170209

8.23

898.9807988166

19.42

914.0882020953

870.9340022757

8.23

898.8624556213

19.81

914.4396168405

870.6177290051

8.63

898.744112426

19.42

914.7558901111

870.2663142599

7.83

898.6849408284

20.19

915.1073048563

869.9148995148

7.83

898.5074260355

18.66

915.8101343466

869.5634847696

9.03

898.3890828402

16.38

915.4587196014

869.5634847696

9.42

898.3299112426

16.76

915.4587196014

869.247211499

9.03

898.1523964497

18.66

915.8101343466

868.8957967538

9.82

898.0340532544

16

916.1264076172

869.247211499

10.6

897.9157100592

14.09

916.1264076172

869.247211499

10.99

897.7381952663

14.09

916.1264076172

869.247211499

10.99

897.619852071

13.32

916.4778223624

868.8957967538

11.38

897.4423372781

13.32

916.4778223624

868.8957967538

12.55

897.3239940828

15.23

916.8292371075

868.8957967538

13.32

897.1464792899

15.62

916.8292371075

868.8957967538

13.32

897.0281360947

868.8957967538

14.09

896.8506213018

869.247211499

13.7

896.6731065089

868.8957967538

12.93

896.495591716

868.8957967538

12.93

896.3180769231

868.5443820087

12.55

896.0813905325

868.5443820087

12.93

895.9038757396

868.5443820087

13.32

895.7263609467

868.5443820087

12.55

895.4896745562

867.8766939929

11.77

895.3121597633

865.1005175061

10.99

895.0754733728

864.0814147452

10.6

894.8387869822

10.6

894.6612721893

11.38

894.3654142012

12.93

894.1287278107

12.16

893.8920414201

11.77

893.596183432

12.93

893.3003254438

13.7

893.0636390533

13.7

892.7677810651

13.7

892.4127514793

12.93

892.1168934911

12.16

891.821035503

11.38

891.4660059172

10.6

891.1109763314

9.82

890.7559467456

9.82

890.4009171598

10.21

890.045887574

889.6316863905

889.2174852071

888.8032840237

888.3890828402

887.9748816568

887.5015088757

887.0281360947

886.5547633136

886.0813905325

885.6080177515

885.1346449704

884.5429289941

884.069556213

883.4778402367

882.945295858

882.294408284

881.7026923077

881.1109763314

880.4600887574

879.8683727811

879.1583136095

878.5074260355

877.8565384615

877.1464792899

876.4364201183

875.6671893491

874.9571301775

874.1287278107

873.3594970414

872.4719230769

871.6435207101

870.7559467456

869.8683727811

868.8624556213

867.9157100592

866.8506213018

865.6671893491

864.4245857988

863.0636390533

862.4127514793

861.6435207101

860.9334615385

860.1760650888

859.4186686391

858.6139349112

857.9334615385

857.0518047337

856.2115680473

855.3358284024

854.4127514793

853.495591716

852.4541715976

851.4127514793

850.294408284

849.0103846154

847.7322781065

846.8092011834
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Day at which the snowline exceeded the lake elevation

R2 = 0.3

133

137

130

129

151

134

141
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124
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129

126

117




_1112728195.xls
Figure 23.2a

		36357.0511574074		36357.0511574074		36357.9136342593		36357.9136342593

		36357.0581018518		36357.0581018518		36357.9205787037		36357.9205787037

		36357.0650462963		36357.0650462963		36357.9275231482		36357.9275231482

		36357.0719907407		36357.0719907407		36357.9344675926		36357.9344675926

		36357.0789351852		36357.0789351852		36357.941412037		36357.941412037

		36357.0858796296		36357.0858796296		36357.9483564815		36357.9483564815

		36357.0928240741		36357.0928240741		36357.9553009259		36357.9553009259

		36357.0997685185		36357.0997685185		36357.9622453704		36357.9622453704

		36357.106712963		36357.106712963		36357.9691898148		36357.9691898148

		36357.1136574074		36357.1136574074		36357.9761342593		36357.9761342593

		36357.1206018518		36357.1206018518		36357.9830787037		36357.9830787037

		36357.1275462963		36357.1275462963		36357.9900231482		36357.9900231482

		36357.1344907407		36357.1344907407		36357.9969675926		36357.9969675926

		36357.1414351852		36357.1414351852		36358.003912037		36358.003912037

		36357.1483796296		36357.1483796296		36358.0108564815		36358.0108564815

		36357.1553240741		36357.1553240741		36358.0178009259		36358.0178009259

		36357.1622685185		36357.1622685185		36358.0247453704		36358.0247453704

		36357.169212963		36357.169212963		36358.0316898148		36358.0316898148

		36357.1761574074		36357.1761574074		36358.0386342593		36358.0386342593

		36357.1831018518		36357.1831018518		36358.0455787037		36358.0455787037

		36357.1900462963		36357.1900462963		36358.0525231482		36358.0525231482

		36357.1969907407		36357.1969907407		36358.0594675926		36358.0594675926

		36357.2039351852		36357.2039351852		36358.066412037		36358.066412037

		36357.2108796296		36357.2108796296		36358.0733564815		36358.0733564815

		36357.2178240741		36357.2178240741		36358.0803009259		36358.0803009259

		36357.2247685185		36357.2247685185		36358.0872453704		36358.0872453704

		36357.231712963		36357.231712963		36358.0941898148		36358.0941898148

		36357.2386574074		36357.2386574074		36358.1011342593		36358.1011342593

		36357.2456018518		36357.2456018518		36358.1080787037		36358.1080787037

		36357.2525462963		36357.2525462963		36358.1150231482		36358.1150231482

		36357.2594907407		36357.2594907407		36358.1219675926		36358.1219675926

		36357.2664351852		36357.2664351852		36358.128912037		36358.128912037

		36357.2733796296		36357.2733796296		36358.1358564815		36358.1358564815

		36357.2803240741		36357.2803240741		36358.1428009259		36358.1428009259

		36357.2872685185		36357.2872685185		36358.1497453704		36358.1497453704

		36357.294212963		36357.294212963		36358.1566898148		36358.1566898148

		36357.3011574074		36357.3011574074		36358.1636342593		36358.1636342593

		36357.3081018518		36357.3081018518		36358.1705787037		36358.1705787037

		36357.3150462963		36357.3150462963		36358.1775231482		36358.1775231482

		36357.3219907407		36357.3219907407		36358.1844675926		36358.1844675926

		36357.3289351852		36357.3289351852		36358.191412037		36358.191412037

		36357.3358796296		36357.3358796296		36358.1983564815		36358.1983564815

		36357.3428240741		36357.3428240741		36358.2053009259		36358.2053009259

		36357.3497685185		36357.3497685185		36358.2122453704		36358.2122453704

		36357.356712963		36357.356712963		36358.2191898148		36358.2191898148

		36357.3636574074		36357.3636574074		36358.2261342593		36358.2261342593

		36357.3706018518		36357.3706018518		36358.2330787037		36358.2330787037

		36357.3775462963		36357.3775462963		36358.2400231482		36358.2400231482

		36357.3844907407		36357.3844907407		36358.2469675926		36358.2469675926

		36357.3914351852		36357.3914351852		36358.253912037		36358.253912037

		36357.3983796296		36357.3983796296		36358.2608564815		36358.2608564815

		36357.4053240741		36357.4053240741		36358.2678009259		36358.2678009259

		36357.4122685185		36357.4122685185		36358.2747453704		36358.2747453704

		36357.419212963		36357.419212963		36358.2816898148		36358.2816898148

		36357.4261574074		36357.4261574074		36358.2886342593		36358.2886342593

		36357.4331018518		36357.4331018518		36358.2955787037		36358.2955787037

		36357.4400462963		36357.4400462963		36358.3025231482		36358.3025231482

		36357.4469907407		36357.4469907407		36358.3094675926		36358.3094675926

		36357.4539351852		36357.4539351852		36358.316412037		36358.316412037

		36357.4608796296		36357.4608796296		36358.3233564815		36358.3233564815

		36357.4678240741		36357.4678240741		36358.3303009259		36358.3303009259

		36357.4747685185		36357.4747685185		36358.3372453704		36358.3372453704

		36357.481712963		36357.481712963		36358.3441898148		36358.3441898148

		36357.4886574074		36357.4886574074		36358.3511342593		36358.3511342593

		36357.4956018518		36357.4956018518		36358.3580787037		36358.3580787037

		36357.5025462963		36357.5025462963		36358.3650231482		36358.3650231482

		36357.5094907407		36357.5094907407		36358.3719675926		36358.3719675926

		36357.5164351852		36357.5164351852		36358.378912037		36358.378912037

		36357.5233796296		36357.5233796296		36358.3858564815		36358.3858564815

		36357.5303240741		36357.5303240741		36358.3928009259		36358.3928009259

		36357.5372685185		36357.5372685185		36358.3997453704		36358.3997453704

		36357.544212963		36357.544212963		36358.4066898148		36358.4066898148

						36358.4136342593		36358.4136342593

						36358.4205787037		36358.4205787037

						36358.4275231482		36358.4275231482

						36358.4344675926		36358.4344675926

						36358.441412037		36358.441412037

						36358.4483564815		36358.4483564815

						36358.4553009259		36358.4553009259

						36358.4622453704		36358.4622453704

						36358.4691898148		36358.4691898148

						36358.4761342593		36358.4761342593

						36358.4830787037		36358.4830787037

								36358.4900231482

								36358.4969675926

								36358.503912037

								36358.5108564815

								36358.5178009259

								36358.5247453704

								36358.5316898148

								36358.5386342593

								36358.5455787037

								36358.5525231482

								36358.5594675926

								36358.566412037

								36358.5733564815

								36358.5803009259

								36358.5872453704

								36358.5941898148



Air Temp.

Borehole water

Temp. 1

Ducer 1

Ducer 2

Temp. 2

Days in July 1999

Elevation (m a.m.s.l.)

Temp. (C)

5.4

910.2929228476

904.2481201167

16.76

4.57

910.2929228476

899.7851528532

10.21

4.15

910.2929228476

894.9707708445

8.23

4.15

910.2929228476

890.8592183262

6.62

3.74

910.2929228476

887.7667685688

6.62

3.31

910.2929228476

886.0448363175

6.62

3.31

910.2929228476

885.0257335566

5.81

3.31

910.2929228476

884.6743188114

4.57

3.31

910.2929228476

884.3229040663

3.74

4.15

910.2929228476

884.3229040663

2.89

3.74

910.2929228476

884.0066307956

3.31

3.74

910.2929228476

883.6552160505

2.89

3.74

910.2929228476

883.3038013053

2.46

3.31

910.2929228476

883.3038013053

2.46

3.31

910.2929228476

882.9523865601

2.03

3.31

910.2929228476

882.600971815

2.03

3.31

910.2929228476

882.600971815

2.46

3.31

910.2929228476

882.2846985443

2.03

3.31

910.2929228476

881.9332837992

1.6

3.31

910.2929228476

881.9332837992

1.6

3.31

910.2929228476

881.581869054

1.6

3.74

910.2929228476

881.581869054

1.17

3.74

910.2929228476

881.581869054

1.17

3.74

910.6443375928

881.2304543089

1.17

3.74

910.6443375928

881.2304543089

1.17

3.31

910.6443375928

880.9141810382

1.17

3.31

910.6443375928

880.5627662931

0.73

3.74

910.6443375928

880.2113515479

0.73

3.74

910.6443375928

879.8599368028

0.73

3.74

910.6443375928

879.5436635321

0.73

4.15

910.6443375928

879.192248787

0.73

4.57

910.6443375928

879.192248787

0.29

4.15

910.6443375928

878.8408340418

0.29

4.15

910.6443375928

878.8408340418

0.29

4.15

910.6443375928

878.173146026

0.29

4.57

910.9957523379

877.8217312808

-0.16

7.83

910.6443375928

877.4703165357

0.29

11.77

910.9957523379

877.4703165357

0.29

9.82

910.9957523379

877.1189017905

0.29

9.82

910.9957523379

876.7674870454

0.29

9.42

910.9957523379

876.4512137747

0.29

9.82

911.3471670831

876.0997990296

0.73

15.23

911.3471670831

875.7483842844

0.73

10.6

911.6634403537

875.3969695392

0.73

10.99

911.6634403537

875.0806962686

0.73

16.38

911.6634403537

875.0806962686

0.73

16

912.0148550989

874.7292815234

0.73

16.38

912.0148550989

874.3778667783

1.17

17.9

912.366269844

874.0264520331

2.46

19.04

912.366269844

873.7101787625

3.74

19.42

912.7176845892

873.3587640173

6.22

19.04

912.7176845892

873.0073492722

7.43

19.04

913.0690993344

872.655934527

8.23

19.04

913.385372605

871.9882465112

8.23

19.04

913.385372605

871.9882465112

8.23

19.04

913.7367873502

871.6368317661

8.23

19.04

913.7367873502

871.2854170209

8.23

19.42

914.0882020953

870.9340022757

8.23

19.81

914.4396168405

870.6177290051

8.63

19.42

914.7558901111

870.2663142599

7.83

20.19

915.1073048563

869.9148995148

7.83

18.66

915.8101343466

869.5634847696

9.03

16.38

915.4587196014

869.5634847696

9.42

16.76

915.4587196014

869.247211499

9.03

18.66

915.8101343466

868.8957967538

9.82

16

916.1264076172

869.247211499

10.6

14.09

916.1264076172

869.247211499

10.99

14.09

916.1264076172

869.247211499

10.99

13.32

916.4778223624

868.8957967538

11.38

13.32

916.4778223624

868.8957967538

12.55

15.23

916.8292371075

868.8957967538

13.32

15.62

916.8292371075

868.8957967538

13.32

868.8957967538

14.09

869.247211499

13.7

868.8957967538

12.93

868.8957967538

12.93

868.5443820087

12.55

868.5443820087

12.93

868.5443820087

13.32

868.5443820087

12.55

867.8766939929

11.77

865.1005175061

10.99

864.0814147452

10.6

10.6

11.38

12.93

12.16

11.77

12.93

13.7

13.7

13.7

12.93

12.16

11.38

10.6

9.82

9.82

10.21



Figure 23.2b

		36357.0511574074		36357.9136342593		36356.6111111111

		36357.0581018518		36357.9205787037		36356.625

		36357.0650462963		36357.9275231482		36356.6388889468

		36357.0719907407		36357.9344675926		36356.6527778935

		36357.0789351852		36357.941412037		36356.6666668403

		36357.0858796296		36357.9483564815		36356.680555787

		36357.0928240741		36357.9553009259		36356.6944447338

		36357.0997685185		36357.9622453704		36356.7083336806

		36357.106712963		36357.9691898148		36356.7222226273

		36357.1136574074		36357.9761342593		36356.7361115741

		36357.1206018518		36357.9830787037		36356.7500005208

		36357.1275462963		36357.9900231482		36356.7638894676

		36357.1344907407		36357.9969675926		36356.7777784144

		36357.1414351852		36358.003912037		36356.7916673611

		36357.1483796296		36358.0108564815		36356.8055563079

		36357.1553240741		36358.0178009259		36356.8194452546

		36357.1622685185		36358.0247453704		36356.8333342014

		36357.169212963		36358.0316898148		36356.8472231482

		36357.1761574074		36358.0386342593		36356.8611120949

		36357.1831018518		36358.0455787037		36356.8750010417

		36357.1900462963		36358.0525231482		36356.8888899884

		36357.1969907407		36358.0594675926		36356.9027789352

		36357.2039351852		36358.066412037		36356.9166678819

		36357.2108796296		36358.0733564815		36356.9305568287

		36357.2178240741		36358.0803009259		36356.9444457755

		36357.2247685185		36358.0872453704		36356.9583347222

		36357.231712963		36358.0941898148		36356.972223669

		36357.2386574074		36358.1011342593		36356.9861126157

		36357.2456018518		36358.1080787037		36357.0000015625

		36357.2525462963		36358.1150231482		36357.0138905093

		36357.2594907407		36358.1219675926		36357.027779456

		36357.2664351852		36358.128912037		36357.0416684028

		36357.2733796296		36358.1358564815		36357.0555573495

		36357.2803240741		36358.1428009259		36357.0694462963

		36357.2872685185		36358.1497453704		36357.0833352431

		36357.294212963		36358.1566898148		36357.0972241898

		36357.3011574074		36358.1636342593		36357.1111131366

		36357.3081018518		36358.1705787037		36357.1250020833

		36357.3150462963		36358.1775231482		36357.1388910301

		36357.3219907407		36358.1844675926		36357.1527799769

		36357.3289351852		36358.191412037		36357.1666689236

		36357.3358796296		36358.1983564815		36357.1805578704

		36357.3428240741		36358.2053009259		36357.1944468171

		36357.3497685185		36358.2122453704		36357.2083357639

		36357.356712963		36358.2191898148		36357.2222247106

		36357.3636574074		36358.2261342593		36357.2361136574

		36357.3706018518		36358.2330787037		36357.2500026042

		36357.3775462963		36358.2400231482		36357.2638915509

		36357.3844907407		36358.2469675926		36357.2777804977

		36357.3914351852		36358.253912037		36357.2916694444

		36357.3983796296		36358.2608564815		36357.3055583912

		36357.4053240741		36358.2678009259		36357.319447338

		36357.4122685185		36358.2747453704		36357.3333362847

		36357.419212963		36358.2816898148		36357.3472252315

		36357.4261574074		36358.2886342593		36357.3611141782

		36357.4331018518		36358.2955787037		36357.375003125

		36357.4400462963		36358.3025231482		36357.3888920718

		36357.4469907407		36358.3094675926		36357.4027810185

		36357.4539351852		36358.316412037		36357.4166699653

		36357.4608796296		36358.3233564815		36357.430558912

		36357.4678240741		36358.3303009259		36357.4444478588

		36357.4747685185		36358.3372453704		36357.4583368056

		36357.481712963		36358.3441898148		36357.4722257523

		36357.4886574074		36358.3511342593		36357.4861146991

		36357.4956018518		36358.3580787037		36357.5000036458

		36357.5025462963		36358.3650231482		36357.5138925926

		36357.5094907407		36358.3719675926		36357.5277815393

		36357.5164351852		36358.378912037		36357.5416704861

		36357.5233796296		36358.3858564815		36357.5555594329

		36357.5303240741		36358.3928009259		36357.5694483796

		36357.5372685185		36358.3997453704		36357.5833373264

		36357.544212963		36358.4066898148		36357.5972262731

				36358.4136342593		36357.6111152199

				36358.4205787037		36357.6250041667

				36358.4275231482		36357.6388931134

				36358.4344675926		36357.6527820602

				36358.441412037		36357.6666710069

				36358.4483564815		36357.6805599537

				36358.4553009259		36357.6944489005

				36358.4622453704		36357.7083378472

				36358.4691898148		36357.722226794

				36358.4761342593		36357.7361157407

				36358.4830787037		36357.7500046875

						36357.7638936343

						36357.777782581

						36357.7916715278

						36357.8055604745

						36357.8194494213

						36357.8333383681

						36357.8472273148

						36357.8611162616

						36357.8750052083

						36357.8888941551

						36357.9027831019

						36357.9166720486

						36357.9305609954

						36357.9444499421

						36357.9583388889

						36357.9722278356

						36357.9861167824

						36358.0000057292

						36358.0138946759

						36358.0277836227

						36358.0416725694

						36358.0555615162

						36358.069450463

						36358.0833394097

						36358.0972283565

						36358.1111173032

						36358.12500625

						36358.1388951968

						36358.1527841435

						36358.1666730903

						36358.180562037

						36358.1944509838

						36358.2083399306

						36358.2222288773

						36358.2361178241

						36358.2500067708

						36358.2638957176

						36358.2777846644

						36358.2916736111

						36358.3055625579

						36358.3194515046

						36358.3333404514

						36358.3472293981

						36358.3611183449

						36358.3750072917

						36358.3888962384

						36358.4027851852

						36358.4166741319

						36358.4305630787

						36358.4444520255

						36358.4583409722

						36358.472229919

						36358.4861188657

						36358.5000078125

						36358.5138967593

						36358.5208333333

						36358.5277777778

						36358.5347222222

						36358.5416666667

						36358.5486111111

						36358.5555555556

						36358.5625

						36358.5694444444

						36358.5763888889

						36358.5833333333

						36358.5902777778

						36358.5972222222

						36358.6041666667

						36358.6111111111

						36358.6180555556

						36358.625

						36358.6319444444

						36358.6388888889



Approximate elevation where floatation would occur
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Figure 27.  Combined lake (red line) and borehole (blue line) water elevations
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0.0792279781

0.0200772611

0.0002682954

0.0984574103

0.0252715657

0.0003380535

0.1210106773

0.0314214646

0.0004207752

0.1472566347

0.0386401226

0.0005180347

0.1775851746

0.0470477489

0.0006315129

0.2124075535

0.0567717497

0.0007630008

0.2521567387

0.0679468902

0.0009144043

0.2972877743

0.0807154667

0.0010877474

0.348278165

0.0952274886

0.0012851774

0.4056282814

0.1116408705

0.0015089693

0.4698617838

0.1301216352

0.0017615311

0.5415260678

0.1508441276

0.0020454088

0.62119273

0.1739912398

0.0023632925

0.7094580558

0.1997546482

0.0027180226

0.8069435292

0.2283350626

0.0031125956

0.9142963653

0.2599424872

0.0035501715

1.0321900657

0.2947964959

0.0040340809

1.1613249981

0.3331265196

0.0045678328

1.3024290007

0.3751721482

0.0051551221

1.4562580107

0.4211834473

0.0057998393

1.6235967197

0.4714212887

0.0065060784

1.8052592554

0.5261576978

0.0072781476

2.0020898904

0.5856762162

0.0081205789

2.2149637797

0.6502722819

0.0090381389

2.4447877264

0.7202536256

0.0100358408

2.6925009782

0.7959406871

0.0111189557

2.9590760539

0.8776670486

0.0122930261

3.2455196022

0.9657798894

0.0135638792

3.5528732929

1.0606404594

0.0149376411

3.8822147421

1.1626245755

0.0164207524

4.2346584717

1.2721231393

0.018019984

4.6113569056

1.3895426782

0.0197424541

5.0135014025

1.5153059108

0.0215956466

5.4423233272

1.6498523374

0.0235874299

5.8990951613

1.7936388568

0.0257260774

6.3851316552

1.947140411

0.0280202885

6.9017910222

2.1108506578

0.0304792122

7.4504761763

2.2852826744

0.0331124705

8.032636015

2.4709696916

0.0359301842

8.6497667494

2.6684658609

0.0389430003

9.3034132826

2.8783470563

0.0421621202

9.9951706375

3.101211711

0.045599331

10.7266854373

3.3376816927

0.0492670374

11.4996574397

3.5884032174

0.0531782961

12.3158411255

3.8540478041

0.057346853

13.1770473464

4.1353132731

0.0617871811

14.0851450315

4.432924789

0.0665145227

15.0420629556

4.7476359502

0.0715449327

16.0497915719

5.0802299291

0.0768953255

17.1103849111

5.4315206628

0.0825835246

18.2259625492

5.8023540986

0.0886283155

19.3987116465

6.1936094963

0.0950495019

20.6308890611

6.6062007903

0.1018679655

21.9248235393

7.0410780136

0.1091057299

23.2829179849

7.4992287886

0.1167860287

24.7076518119

7.9816798852

0.1249333774

26.2015833833

8.489498853

0.1335736517

27.7673525381

9.0237957276

0.1427341687

29.4076832115

9.5857248182

0.152443776

31.1253861513

10.1764865781

0.1627329449

32.9233617334

10.7973295633

0.1736338712

34.804602882

11.4495524835

0.1851805821

36.7721980961

12.134506351

0.1974090509

38.8293345895

12.8535967309

0.2103573198

40.9793015459

13.6082860994

0.2240656309

43.2254934956

14.4000963154

0.2385765664

45.5714138173

15.2306112103

0.2539351996

48.0206783715

16.101479304

0.2701892551

50.5770192686

17.0144166522

0.2873892822

53.2442887798

17.9712098332

0.3055888398

56.0264633936

18.97371908

0.3248446952

58.9276480266

20.0238815679

0.3452170373

61.9520803925

21.123714863

0.3667697055

65.1041355379

22.2753205438

0.3895704364

68.3883305492

23.4808880012

0.4136911278

71.8093294409

24.742698431

0.4392081242

75.3719482292

26.0631290257

0.4662025222

79.0811602015

27.4446573797

0.4947605013

82.9421013885

28.8898661167

0.5249736789

86.9600762473

30.4014477548

0.556939494

91.1405635655

31.9822098205

0.59076162

95.4892225937

33.6350802262

0.6265504115

100.0118994188

35.3631129266

0.664423386

104.7146335848

37.169493869

0.7045057444

109.6036649755

39.0575472558

0.7469309345

114.6854409666

41.0307421352

0.7918412598

119.9666238621

43.0926993409

0.8393885393

125.4540986249

45.2471988003

0.8897348221

131.1549809149

47.4981872326

0.943053162

137.0766254497

49.8497862604

0.9995284576

143.2266346988

52.3063009588

1.0593583651

149.6128679289

54.8722288679

1.1227542886

156.243450614

57.5522694971

1.1899424582

163.1267842277

60.3513343502

1.2611651014

170.2715564329

63.2745575031

1.3366817192

177.6867516888

66.3273067676
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72.8440949342
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79.9497807662

1.7891523046

219.1557356738

83.7397216846

1.8970417243

228.4002137047

87.6970126458

2.0116596124

237.9873037085

91.8290276236

2.1334660459

247.9288028991

96.1434896022

2.2629566746

258.236922879

100.648488962

2.4006658402

268.9243056036

105.3525029436

2.5471700048

280.0040400247

110.2644162593

2.7030915203

115.3935429298

2.8691027796
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3.0459307895
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3.234362216
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3.4352489548
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3.6495142893
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3.878159704

151.3115959289

4.1222724333

4.3830338323

4.6617286717

4.9597554704

5.2786379944
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8.2557482376
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10.070171424
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11.5280578552

12.3454429648
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14.1855247198
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41.1304886521

44.727418928
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		125		1.399		1.954		1.599

		125.48		2.798		3.908		3.198

		125.96		4.197		5.862		4.797

		126.44		5.596		7.816		6.396

		126.92		6.995		9.77		7.995

		127.4		8.394		11.724		9.594

		127.88		9.793		13.678		11.193

		128.36		11.192		15.632		12.792

		128.84		12.591		17.586		14.391

		129.32		13.99		19.54		15.99

		129.8		15.389		21.494		17.589

		130.28		16.788		23.448		19.188

		130.76		18.187		25.402		20.787

		131.24		19.586		27.356		22.386

		131.72		20.985		29.31		23.985

		132.2		22.384		31.264		25.584

		132.68		23.783		33.218		27.183

		133.16		25.182		35.172		28.782

		133.64		26.581		37.126		30.381

		134.12		27.98		39.08		31.98

		134.6		29.379		41.034		33.579

		135.08		30.778		42.988		35.178

		135.56		32.177		44.942		36.777

		136.04		33.576		46.896		38.376

		136.52		34.975		48.85		39.975

		137		36.374		50.804		41.574

		137.48		37.773		52.758		43.173

		137.96		39.172		54.712		44.772

		138.44		40.571		56.666		46.371

		138.92		41.97		58.62		47.97

		139.4		43.369		60.574		49.569

		139.88		44.768		62.528		51.168

		140.36		46.167		64.482		52.767

		140.84		47.566		66.436		54.366

		141.32		48.965		68.39		55.965

		141.8		50.364		70.344		57.564

		142.28		51.763		72.298		59.163

		142.76		53.162		74.252		60.762

		143.24		54.561		76.206		62.361

		143.72		55.96		78.16		63.96

		144.2		57.359		80.114		65.559

		144.68		58.758		82.068		67.158

		145.16		60.157		84.022		68.757

		145.64		61.556		85.976		70.356

		146.12		62.955		87.93		71.955

		146.6		64.354		89.884		73.554

		147.08		65.753		91.838		75.153

		147.56		67.152		93.792		76.752

		148.04		68.551		95.746		78.351

		148.52		69.95		97.7		79.95

		149		71.349		99.654		81.549

		149.48		72.748		101.608		83.148

		149.96		74.147		103.562		84.747

		150.44		75.546		105.516		86.346

		150.92		76.945		107.47		87.945

		151.4		78.344		109.424		89.544

		151.88		79.743		111.378		91.143

		152.36		81.142		113.332		92.742

		152.84		82.541		115.286		94.341

		153.32		83.94		117.24		95.94

		153.8		85.339		119.194		97.539

		154.28		86.738		121.148		99.138

		154.76		88.137		123.102		100.737

		155.24		89.536		125.056		102.336

		155.72		90.935		127.01		103.935

		156.2		92.334		128.964		105.534

		156.68		93.733		130.918		107.133

		157.16		95.132		132.872		108.732

		157.64		96.531		134.826		110.331

		158.12		97.93		136.78		111.93

		158.6		99.329		138.734		113.529

		159.08		100.728		140.688		115.128

		159.56		102.127		142.642		116.727

		160.04		103.526		144.596		118.326

		160.52		104.925		146.55		119.925

		161		106.324		148.504		121.524

		161.48		107.723		150.458		123.123

		161.96		109.122		152.412		124.722

		162.44		110.521		154.366		126.321

		162.92		111.92		156.32		127.92

		163.4		113.319		158.274		129.519

		163.88		114.718		160.228		131.118

		164.36		116.117		162.182		132.717

		164.84		117.516		164.136		134.316

		165.32		118.915		166.09		135.915

		165.8		120.314		168.044		137.514

		166.28		121.713		169.998		139.113

		166.76		123.112		171.952		140.712

		167.24		124.511		173.906		142.311

		167.72		125.91		175.86		143.91

		168.2		127.309		177.814		145.509

		168.68		128.708		179.768		147.108

		169.16		130.107		181.722		148.707

		169.64		131.506		183.676		150.306

		170.12		132.905		185.63		151.905

		170.6		134.304		187.584		153.504

		171.08		135.703		189.538		155.103

		171.56		137.102		191.492		156.702

		172.04		138.501		193.446		158.301

		172.52		139.9		195.4		159.9

		173		141.299		197.354		161.499

		173.48		142.698		199.308		163.098

				144.097		201.262		164.697

				145.496		203.216		166.296

				146.895		205.17		167.895

				148.294		207.124		169.494

				149.693		209.078		171.093

				151.092		211.032		172.692

				152.491		212.986		174.291

				153.89		214.94		175.89

				155.289				177.489

				156.688				179.088

				158.087				180.687

				159.486				182.286

				160.885				183.885

				162.284				185.484

				163.683				187.083

				165.082				188.682

				166.481				190.281

				167.88				191.88

				169.279				193.479

				170.678				195.078

				172.077				196.677

				173.476				198.276

				174.875				199.875

				176.274				201.474

				177.673				203.073

				179.072				204.672

				180.471				206.271

				181.87				207.87

				183.269				209.469

				184.668				211.068

				186.067				212.667

				187.466				214.266

				188.865				215.865

				190.264				217.464

				191.663				219.063

				193.062

				194.461

				195.86



Shifted 125 hrs forward to compare the shape of the measured vs. modeled hydrographs.

Measured Discharge Hydrograph

Drainage length = 15,000m, n' = 0.105 m^-1/3 s

Drainage length = 18,000m, n' = 0.105 m^-1/3 s

Drainage length = 15,000m, n' = 0.12 m^-1/3 s

Time from start of flood (hours)

Discharge (m^3 s^-1)

0

0.0000001659

0.0000004304

0.0000001619

15.596891514

0.0000026549

0.000006888

0.0000025911

7.3771629985

0.0000134432

0.0000348796

0.0000131198

15.2565125244

0.0000424983

0.0001102767

0.0000414761

7.6704234747

0.0001037906

0.0002693556

0.0001012951

23.4808171441

0.0002153089

0.0005588538

0.0002101346

23.7863470131

0.0003990809

0.0010360423

0.0003894955

23.5856958667

0.0006811976

0.0017688151

0.0006648464

23.6531064008

0.0010918429

0.0028357945

0.0010656536

12.4359787561

0.001665328

0.0043264536

0.0016254149

25.2555568985

0.0024401294

0.0063412559

0.0023816986

22.6263660073

0.0034589329

0.0089918121

0.0033761869

22.8243877103

0.0047686819

0.0124010542

0.0046547247

21.2642485406

0.0064206301

0.0167034286

0.0062673726

37.1348552352

0.0084703998

0.022045106

0.0082684653

25.9921059974

0.0109780453

0.0285842117

0.0107166753

24.3212191431

0.0140081207

0.0364910742

0.0136750807

36.3695032395

0.0176297535

0.0459484935

0.0172112397

29.0093373318

0.0219167234

0.0571520299

0.0213972695

33.2942257143

0.0269475465

0.070310314

0.0263099308

34.3147007187

0.0328055652

0.0856453774

0.0320307179

32.4042225768

0.0395790434

0.1033930065

0.0386459554

47.5479655845

0.0473612679

0.1238031179

0.0462468991

36.5832572578

0.0562506559

0.147140159

0.0549298447

22.1337840128

0.0663508681

0.1736835315

0.0647962413

43.3084118615

0.0777709285

0.2037280415

0.0759528126

44.4116392019

0.0906253508

0.2375843751

0.088511683

46.6312611745

0.1050342708

0.2755796017

0.1025905125

32.0761243385

0.1211235868

0.3180577049

0.1183126364

30.8781131647

0.1390251057

0.3653801439

0.1358072142

57.2590896574

0.1588766978

0.4179264446

0.1552093843

40.9158000314

0.1808224577

0.4760948231

0.176660427

44.5096388687

0.2050128744

0.5403028419

0.200307936

44.7950810609

0.2316050081

0.6109881013

0.2263059968

55.092171525

0.2607626764

0.6886089662

0.2548153745

54.0523381775

0.2926566484

0.7736453316

0.28600371

51.6650716814

0.327464848

0.8665994263

0.3200457253

66.1148967666

0.3653725661

0.9679966584

0.3571234382

51.3318302056

0.4065726829

1.0783865038

0.397426387

50.7680735055

0.4512658992

1.1983434394

0.4411518643

62.6137370902

0.4996609789

1.3284679236

0.4885051627

60.877084183

0.5519750013

1.4693874261

0.5396998303

61.9964453632

0.6084336253

1.621757509

0.594957938

62.7743551027

0.6692713637

1.7862629625

0.6545103579

61.0716862218

0.7347318712

1.963618997

0.718597055

73.2122253437

0.8050682429

2.1545724948

0.7874673905

69.1780517557

0.8805433272

2.3599033246

0.8613804386

77.9297658387

0.9614300507

2.5804257205

0.9406053175

81.167387094

1.0480117582

2.8169897313

1.0254215339

68.3721518268

1.1405825663

3.0704827407

1.1161193429

77.2960664585

1.239447732

3.3418310648

1.213000123

89.1085619706

1.3449240377

3.6320016279

1.3163767678

92.332960816

1.4573401921

3.9420037237

1.4265740937

94.7706949534

1.5770372472

4.2728908645

1.543929266

94.2927729314

1.7043690346

4.6257627222

1.6687922422

91.4268377266

1.839702619

5.0017671689

1.8015262354

102.4790505576

1.9834187715

5.4021024192

1.9425081971

97.2498192978

2.1359124622

5.8280192814

2.0921293205

107.9782295394

2.297593375

6.2808235233

2.2507955659

111.6821659168

2.4688864427

6.7618783575

2.4189282084

111.5380597932

2.6502324061

7.272607055

2.5969644093

120.008274602

2.8420883958

7.8144956914

2.7853578123

116.264743103

3.0449285397

8.3890960351

2.9845791651

127.7283451434

3.2592445956

8.9980285842

3.1951169682

129.5140387551

3.4855466115

9.6429857609

3.4174781519

128.6724006958

3.7243636137

10.3257352716

3.6521887826

140.0552173403

3.9762443243

11.0481236424

3.8997947995

138.2292741395

4.2417579103

11.8120799403

4.1608627846

140.4387372603

4.521494764

12.6196196894

4.4359807651

148.7493848851

4.816067318

13.4728489944

4.7257590517

153.6499621843
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		162		34.242		36.374		39.182

		162.48		35.559		37.773		40.689

		162.96		36.876		39.172		42.196

		163.44		38.193		40.571		43.703

		163.92		39.51		41.97		45.21

		164.4		40.827		43.369		46.717

		164.88		42.144		44.768		48.224

		165.36		43.461		46.167		49.731

		165.84		44.778		47.566		51.238

		166.32		46.095		48.965		52.745

		166.8		47.412		50.364		54.252

		167.28		48.729		51.763		55.759

		167.76		50.046		53.162		57.266

		168.24		51.363		54.561		58.773

		168.72		52.68		55.96		60.28

		169.2		53.997		57.359		61.787

		169.68		55.314		58.758		63.294

		170.16		56.631		60.157		64.801

		170.64		57.948		61.556		66.308

		171.12		59.265		62.955		67.815

		171.6		60.582		64.354		69.322

		172.08		61.899		65.753		70.829

		172.56		63.216		67.152		72.336

		173.04		64.533		68.551		73.843

		173.52		65.85		69.95		75.35

		174		67.167		71.349		76.857

		174.48		68.484		72.748		78.364

		174.96		69.801		74.147		79.871

		175.44		71.118		75.546		81.378

		175.92		72.435		76.945		82.885

		176.4		73.752		78.344		84.392

		176.88		75.069		79.743		85.899

		177.36		76.386		81.142		87.406

		177.84		77.703		82.541		88.913

		178.32		79.02		83.94		90.42

		178.8		80.337		85.339		91.927

		179.28		81.654		86.738		93.434

		179.76		82.971		88.137		94.941

		180.24		84.288		89.536		96.448

		180.72		85.605		90.935		97.955

		181.2		86.922		92.334		99.462

		181.68		88.239		93.733		100.969

		182.16		89.556		95.132		102.476

		182.64		90.873		96.531		103.983

		183.12		92.19		97.93		105.49

		183.6		93.507		99.329		106.997

		184.08		94.824		100.728		108.504

		184.56		96.141		102.127		110.011

		185.04		97.458		103.526		111.518

		185.52		98.775		104.925		113.025

		186		100.092		106.324		114.532

		186.48		101.409		107.723		116.039

		186.96		102.726		109.122		117.546

		187.44		104.043		110.521		119.053

		187.92		105.36		111.92		120.56

		188.4		106.677		113.319		122.067

		188.88		107.994		114.718		123.574

		189.36		109.311		116.117		125.081

		189.84		110.628		117.516		126.588

		190.32		111.945		118.915		128.095

		190.8		113.262		120.314		129.602

		191.28		114.579		121.713		131.109

		191.76		115.896		123.112		132.616

		192.24		117.213		124.511		134.123

		192.72		118.53		125.91		135.63

		193.2		119.847		127.309		137.137

		193.68		121.164		128.708		138.644

		194.16		122.481		130.107		140.151

		194.64		123.798		131.506		141.658

		195.12		125.115		132.905		143.165

		195.6		126.432		134.304		144.672

		196.08		127.749		135.703		146.179

		196.56		129.066		137.102		147.686

		197.04		130.383		138.501		149.193

		197.52		131.7		139.9		150.7

		198		133.017		141.299		152.207

		198.48		134.334		142.698		153.714

				135.651		144.097		155.221

				136.968		145.496		156.728

				138.285		146.895		158.235

				139.602		148.294		159.742

				140.919		149.693		161.249

				142.236		151.092		162.756

				143.553		152.491		164.263

				144.87		153.89		165.77

				146.187		155.289		167.277

				147.504		156.688		168.784

				148.821		158.087		170.291

				150.138		159.486		171.798

				151.455		160.885		173.305

				152.772		162.284		174.812

				154.089		163.683		176.319

				155.406		165.082		177.826

				156.723		166.481		179.333

				158.04		167.88		180.84

				159.357		169.279		182.347

				160.674		170.678		183.854

				161.991		172.077		185.361

				163.308		173.476		186.868

				164.625		174.875		188.375

				165.942		176.274

				167.259		177.673

				168.576		179.072

				169.893		180.471

				171.21		181.87

				172.527		183.269

				173.844		184.668

				175.161		186.067

				176.478		187.466

				177.795		188.865

				179.112		190.264

				180.429		191.663

				181.746		193.062

				183.063		194.461

				184.38		195.86

				185.697

				187.014

				188.331

				189.648

				190.965

				192.282

				192.9405

				193.599

				194.2575

				194.916

				195.5745

				196.233

				196.8915

				197.55

				198.2085

				198.867

				199.5255

				200.184

				200.8425

				201.501



Shifted 150 hrs forward to compare the shape of the measured vs. modeled hydrographs.

Measured Discharge Hydrograph

Volume = 19.8x10^6 m^3

Volume = 16.5x10^6 m^3

Volume = 13.2x10^6 m^3

Time from start of flood (hours)

Discharge (m^3 s^-1)

0

0.0000001299

0.0000001659

0.0000002241

15.596891514

0.000002079

0.0000026549

0.0000035868

7.3771629985

0.0000105268

0.0000134432

0.0000181621

15.2565125244

0.0000332777

0.0000424983

0.0000574187

7.6704234747

0.0000812688

0.0001037906

0.0001402373

23.4808171441

0.0001685805

0.0002153089

0.0002909355

23.7863470131

0.000312451

0.0003990809

0.0005392994

23.5856958667

0.0005332931

0.0006811976

0.0009206228

23.6531064008

0.000854715

0.0010918429

0.0014757533

12.4359787561

0.0013035431

0.001665328

0.0022511457

25.2555568985

0.0019098496

0.0024401294

0.0032989236

22.6263660073

0.0027069822

0.0034589329

0.004676947

22.8243877103

0.0037315975

0.0047686819

0.006448889

21.2642485406

0.0050236975

0.0064206301

0.0086843195

37.1348552352

0.0066266701

0.0084703998

0.0114587967

25.9921059974

0.0085873323

0.0109780453

0.0148539671

24.3212191431

0.0109559776

0.0140081207

0.0189576736

36.3695032395

0.0137864261

0.0176297535

0.0238640715

29.0093373318

0.0171360791

0.0219167234

0.0296737536

33.2942257143

0.021065977

0.0269475465

0.0364938841

34.3147007187

0.0256408606

0.0328055652

0.0444383411

32.4042225768

0.0309292372

0.0395790434

0.053627869

47.5479655845

0.0370034496

0.0473612679

0.0641902395

36.5832572578

0.0439397497

0.0562506559

0.0762604237

22.1337840128

0.051818376

0.0663508681

0.0899807727

43.3084118615

0.0607236357

0.0777709285

0.1055012102

44.4116392019

0.0707439904

0.0906253508

0.1229794346

46.6312611745

0.0819721471

0.1050342708

0.1425811332

32.0761243385

0.0945051527

0.1211235868

0.1644802065

30.8781131647

0.1084444944

0.1390251057

0.1888590063

57.2590896574

0.1238962041

0.1588766978

0.2159085839

40.9158000314

0.1409709675

0.1808224577

0.2458289531

44.5096388687

0.1597842396

0.2050128744

0.2788293645

44.7950810609

0.1804563638

0.2316050081

0.3151285949

55.092171525

0.2031126973

0.2607626764

0.3549552502

54.0523381775

0.2278837426

0.2926566484

0.3985480831

51.6650716814

0.2549052832

0.327464848

0.4461563264

66.1148967666

0.2843185268

0.3653725661

0.4980400415

51.3318302056

0.316270254

0.4065726829

0.5544704847

50.7680735055

0.3509129727

0.4512658992

0.6157304894

62.6137370902

0.3884050804

0.4996609789

0.682114867

60.877084183

0.4289110322

0.5519750013

0.7539308265

61.9964453632

0.472601516

0.6084336253

0.8314984134

62.7743551027

0.5196536355

0.6692713637

0.9151509685

61.0716862218

0.5702510999

0.7347318712

1.0052356088

73.2122253437

0.6245844224

0.8050682429

1.1021137297

69.1780517557

0.6828511251

0.8805433272

1.2061615306

77.9297658387

0.7452559546

0.9614300507

1.3177705645

81.167387094

0.8120111037

1.0480117582

1.437348313

68.3721518268

0.8833364442

1.1405825663

1.5653187869

77.2960664585

0.9594597676

1.239447732

1.7021231551

89.1085619706

1.0406170366

1.3449240377

1.8482204015

92.332960816

1.1270526451

1.4573401921

2.0040880126

94.7706949534

1.2190196904

1.5770372472

2.1702226959

94.2927729314

1.316780255

1.7043690346

2.3471411317

91.4268377266

1.4206056998

1.839702619

2.5353807586

102.4790505576

1.5307769694

1.9834187715

2.735500596

97.2498192978

1.6475849095

2.1359124622

2.9480821035

107.9782295394

1.771330596

2.297593375

3.1737300802

111.6821659168

1.9023256786

2.4688864427

3.4130736055

111.5380597932

2.040892737

2.6502324061

3.6667670231

120.008274602

2.1873656518

2.8420883958

3.9354909707

116.264743103

2.3420899898

3.0449285397

4.2199534574

127.7283451434

2.5054234051

3.2592445956

4.5208909912

129.5140387551

2.6777360559

3.4855466115

4.8390697588

128.6724006958

2.8594110379

3.7243636137

5.1752868615

140.0552173403

3.0508448354

3.9762443243

5.5303716075

138.2292741395

3.2524477901

4.2417579103

5.9051868664

140.4387372603

3.4646445889

4.521494764

6.3006304872

148.7493848851

3.6878747712

4.816067318

6.7176367825

153.6499621843

3.9225932569

5.1261108947

7.1571780851

149.3939890244

4.1692708955

5.4522845932

7.6202663765

157.7667739639

4.4283950375

5.7952722148

8.1079549955

166.0210634356

4.700470129

6.1557832285

8.6213404272

163.3193914424

4.9860183302

6.5345537794

9.1615641792

158.1657439154

5.2855801598

6.9323477412

9.7298147479

173.5074853934

5.5997151649

7.3499578146

10.3273296807

178.0383632057

5.9290026191

7.7882066751

10.9553977389

169.2996434348

6.2740422487

8.247948171

11.6153611661

190.1761481177

6.6354549894

8.7300685756

12.3086180682

189.9979439679

7.0138837737

9.2354878945

13.036624911

184.6552857778

7.4099943515

9.7651612316

13.8008991419

191.3570663537

7.8244761445

10.3200802178

14.6030219417

185.8420027178

8.2580431364

10.9012745024

15.444641114

183.9571930701

8.7114348003

11.5098133136

16.3274741202

181.3341870062

9.1854170649

12.1468070894

17.2533112675

178.9143647663

9.6807833221

12.813409183

18.2240190581

180.6173853889

10.1983554763

13.5108176468

19.2415437096

160.5299782827

10.7389850389

14.2402770985

20.3079148548

149.2389073575

11.3035542692

15.003080673

21.4252494325

149.3725519233

11.892977364

15.8005720656

22.5957557786

147.7247211256

12.5082016981

16.6341476703

23.8217379297

142.5699380129

13.150209119

17.5052588179

25.1056001512

147.625941885

13.8200172965

18.41541412

26.449851703

154.6687552725

14.5186811314

19.3661819231

27.8571118552

156.0444071236

15.2472942256

20.3591928791

29.3301151705

154.5462905764

16.0069904164

21.3961426392

30.8717170668

143.7747612977

16.798945378

22.4787946753

32.4848996773

131.0061860513

17.6243782939

23.608983238

34.1727780261

122.1363241226

18.4845536026

24.7886164574

35.9386065364

110.2135774424

19.3807828219

26.0196795936

37.7857858932

112.06938048

20.3144264536

27.3042384463

39.7178702794

21.2868959738

28.6444429309

41.7385750107

22.2996559132

30.0425308308

43.8517845896

23.3542260306

31.5008317343

46.0615612082

24.4521835855

33.0217711683

48.3721537238

25.5951657138

34.6078749365

50.7880071385

26.7848719124

36.2617736767

53.3137726132

28.023066638

37.9862076465

55.9543180495

29.3115820257

39.7840317513

58.7147392748

30.6523207334

41.6582208286

61.6003718692

32.047258919

43.6118752019

64.6168036742

33.4984493565

45.6482265199

67.7698880271

35.0080246982

47.7706438975

71.0657577673

36.5782008917

49.982640375

74.5108400656

38.2112807578

52.2878797146

78.1118721271

39.9096577393

54.6901835527

81.8759178283

41.6758198293

57.1935389297

85.8103853471

43.5123536876

59.802106218

89.9230458529

45.4219489566

62.5202274728

94.2220533261

47.4074027859

65.3524352296

98.7159655839

49.4716245781

68.3034617751

103.4137665935

51.6176409666

71.3782489199

108.3248901583

53.8486010384

74.5819583033

113.459245074

56.1677818151

77.9199822605

118.8272418519

58.5785940071

81.3979552892

61.0845880539

85.0217661492

63.6894604685

88.7975706353

66.3970605015

92.7318050646

69.2113971433

96.8312005228

72.1366464824

101.1027979154

75.1771594416

105.5539638764

78.3374699117

110.1924075863

81.6223033062

115.0261985593

85.0365855613

120.0637854591

88.5854526062

125.314016011

92.2742603311

130.7861580812

96.1085950827

136.4899219974

100.0942847164

142.4354841939

104.2374102395

148.6335122665

108.5443180793

113.0216330145

117.6762718075

122.5154575822

127.5467349905

132.7779862171

135.471161627

138.2174478715

141.0179328319

143.873728825

146.7859732158

149.7558290485

152.7844856937

155.873159515

159.0230945535

162.2355632324

165.5118670809

168.8533374791

172.261336424

175.7372573174
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Measured hydrogrpah shifted 40 hrs forward for comparison

Measured Discharge Hydrograph

Modelled ultimate fit

Time from start of flood in hours

Discharge (m^3 s^-1)

0

0.0000256424

15.596891514

0.0004104573

7.3771629985

0.0020794464

15.2565125244

0.0065787506

7.6704234747

0.0160823824

23.4808171441

0.0334017029

23.7863470131

0.0619976962

23.5856958667

0.1059961077

23.6531064008

0.1702055312

12.4359787561

0.2601385443

25.2555568985

0.3820360113

22.6263660073

0.5428946876

22.8243877103

0.7504982833

21.2642485406

1.0134521608

37.1348552352

1.3412218646

25.9921059974

1.7441757041

24.3212191431

2.2336316363

36.3695032395

2.8219087217

29.0093373318

3.5223834546

33.2942257143

4.3495513041

34.3147007187

5.319093832

32.4042225768

6.4479517944

47.5479655845

7.7544046725

36.5832572578

9.2581571237

22.1337840128

10.9804328916

43.3084118615

12.9440767667

44.4116392019

15.1736652486

46.6312611745

17.6956266231

32.0761243385

20.5383712386

30.8781131647

23.7324328438

57.2590896574

27.3106219326

40.9158000314

31.3081921368
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