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Abstract

The Arctic fresh water hydrological cycle is dominated by the melting of the 

seasonal snow cover and scattered precipitation events during the summer months. 

Predicting and characterizing potential hydrological response is an important component 

for engineering infrastructure for the appropriate climatic conditions. A semi-distributed 

Swedish conceptual model, HBV, has been applied to the Imnavait basin, located in 

the headwaters of the Kuparuk River on the North Slope of Alaska, to examine runoff 

during spring and summer months. The methodology began by analyzing the long-term 

climatic records of the Imnavait basin from 1986 to present. Initial calibration work was 

completed in both spring and summer periods using the Monte Carlo technique; one 

set from each period was selected and used in the complete version of HBV. The model 

was recalibrated from 1988 to 2002 and then validated against the 2003 to 2008 time 

frame. The overall model performance was adequate for engineering purposes, with the 

best results when the input precipitation was accurate in terms of timing and magnitude. 

Differences between observed and modeled results included the impact of snow-damming 

and evaporation during the spring, while convective storms and melting of basal ice in 

the active layer distorted the summer period.
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Chapter 1 Introduction

1.1 General Background

Current Arctic research in Alaska is dominated by the topic of climate change; 

studies are focused on quantification and prediction of potential effects and the 

implications for existing and potential economic developments. Evaluation of the 

physical data requirements necessary to design infrastructure and engineer appropriately 

to withstand a shifting climate is a major challenge to oil and gas, mineral exploration, 

transportation and conservation planning. Hydrological research plays an intrinsic 

role in these data sets in evaluating the magnitude, timing and statistical likelihood of 

water stores and fluxes within the landscape. Computing hydrological processes over 

large areas is difficult because of a lack of baseline data in Arctic regions to drive more 

sophisticated models. Quantification of hydrometeorological data within a basin remains 

both a technical and economic limitation over great regions.

In the Alaskan Arctic, continuous permafrost, lack of trees, and strong latitudinal 

gradients, coupled with large seasonal and diurnal effects significantly affect the regional 

hydrology. Three distinct zones which vary by both latitude and elevation include the 

Arctic coastal and central plains, and both northern foothills and mountain environments 

of the Brooks Range. Presently, the majority of base hydrological information on the 

North Slope of Alaska comes from the Kuparuk River basin which has been studied 

with respect to each of the individual zones. An enduring environmental monitoring 

programming spans over as long as twenty-five years in some areas, and it is the only
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designated long-term ecological research (LTER) area in the region. In the near vicinity, 

the Sagavanirktok and Putuligayuk Rivers have also been meteorologically instrumented 

and gauged less intensively in both spatial and temporal perspectives.

The research objective of this thesis is to develop a technique to predict discharge 

from ungaged streams and rivers in the Alaskan Arctic. One area that has been heavily 

scrutinized since the mid-1980s is the Imnavait Creek, a small headwater basin and a 

tributary of the Kuparuk River. Examining the long-term climatology records may assist 

in predicting future trends and determining what events are most important to accurately 

replicate using a model. Numerous hydrological models exist which could potentially 

fulfill the eventual goal, one that has promise and has been subjected to previous testing 

in the Arctic is the Swedish HBV [Bergstrom, 1992]. HBV has been used in the Imnavait 

basin to estimate discharge with only air temperature and precipitation data as input, and 

used to quantify the potential effects of variations in climate.

1.2 Site Description

The Imnavait basin in the headwaters of the Kuparuk covers an area of 

approximately 2.2 km2 and is representative of shallow relief headwater drainages 

which exist throughout the northern reaches of the Brooks Range (Figure 1.1). Erosional 

topography dominates the region, where Cretaceous sedimentary rocks form east- 

trending open folds [Black, 1969]. Emptying into the Kuparuk River, the Imnavait basin 

is underlain by continuous permafrost 250 to 300 m deep [Osterkamp and Payne, 1981] 

and does not contain springs from deep groundwater sources which are found in the 

neighboring basins to the east on the North Slope. The elevation ranges from 844 to 960 

m where the glaciation from the Sagavanirktok during the middle Pleistocene covered the 

area with glacial till and formed the incised rolling hills [Hamilton, 1986].
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Figure 1.1: Location of Imnavait Basin Study Area. In terms of the Alaskan North 
Slope region, Upper Kuparuk basin and the distribution of meteological and discharge 
stations within the Imnavait basin.
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The active layer, a shallow zone above the permafrost subject to annual freeze/ 

thaw cycles penetrates through the organic layer where the largest depths of thaw at 

the end of summer are typically 40 to 50 cm but can extend to 100 cm [McNamara et 

al., 1999]. Environmental factors including soil type, slope, aspect and soil moisture 

content [Hinzman et al., 1991] dictate thaw depths. The soils in Imnavait basin (Table 

1.1) can be classified as Histic Pergelic Cryaquepts which were variable and relatively 

shallow [Hinzman et al., 1991]. Live and dead organic material make up the first 10 

cm, with decomposed organic material mixed with silt comprising the next 5 to 10 cm, 

with the profile underlain by glacial till. These soils were dated using Carbon-14 to be 

approximately 11,500 years ± 140 [Walker et al., 1989]. The parent material is generally 

silty colluvium; a residual of the glacial history of the area. Frost churning is a key 

process in the soil profile, with pieces of the organic mat forced downwards so that on the 

top of the frost table a layer of organics can sometimes be found [Hinzman et al., 1991; 

Overduin and Kane, 2006]. Ice lenses form in the active layer during the winter with 

residual lenses reaching thicknesses of approximately 1 cm.

Table 1.1: Representative Soil Profile in the Imnavait Basin. Soils in the basin vary 
depending on their aspect (east or west facing) and the valley bottom is predominantly 
peat [Hinzman et al., 1991].

Depth
[cm]

Description o f  physical characteristics

0-3

3-8
(Or)

8-16
(A) 

16-20
(B)

20-40
(C)

Living Polytricum sp. (moss); vertical orientation; boundary clear, smooth

Loose spongy m at o f  partially decomposed moss and roots o f  Vaccinium vitis-idaea, Ledum palustre, Cassiope 
tetragona, Eriphorum vaginatum ; boundary abrupt, smooth principal avenue o f  water movement into pit

Very dark grayish-brown (10 YR 2/1) decomposed Carex roots and stems; boundary abrupt, smooth

Dark brown (10YR %) clay loam; prominent, fine, dark reddish-brown (10 YR 5/4-5/6) mottles; 2% pebbles<1cm 
diameter; few fine roots; weakly thixotropic; boundary abrupt, smooth

Very dark, grayish-brown (10 YR 3/2) fine, sandy loam; few weak dark reddish-brown mottles (10YR 5/4); few 
pebbles; ice lens partings are common; moderately tixotropic; boundary: permafrost
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The ecology is dominated by tussock sedges in moist acidic tundra and influenced 

by differences in wind-loading of snow during the 7 to 9 months of winter [Evans et al., 

1989]. Vegetation can be divided by community into seven different varieties all found 

within the Imnavait basin: dry exposed acidic sites, moist acidic shallow snowbeds, moist 

non-acidic snowbeds, moist acidic uplands, and moist nonacidic uplands [Walker et al., 

1994]. These communities are common across northern Alaska and many have Beringian 

origins which are common to Greenland and the European Arctic. Plant distribution 

may be used to give insight into Quaternary-scale hydrological patterns. Historically, 

stratigraphic archives of fluvial, lacustrine, hillslope, and peat deposits in the region 

indicate that an intense period of warming and wetter climate around ca. 12,500 14C BP 

when Populus trees spread northward along floodplains and shrub tundra was widespread 

[Mann et al., 2002]. Equisetum arvense, more commonly known as horsetail was also 

highly concentrated in the basin from 8,000 to 11,000 yr B.P [Eisner, 1991] and is 

typically found on slopes which have high amounts of snow cover [Walker et al., 1994]. 

This past expansion may indicate increased amounts of precipitation.

Contemporary climate change studies in the region indicate warming by 

demonstrating shrub expansion occurring from the 1940s to present in alder, willow and 

dwarf birch across the North Slope of Alaska [Tape et al., 2006]. An alternate technique 

using historical normalized difference vegetation indexes (NDVI) showed that the 

greatest temporal variation was found in the southern Arctic in shrub tundra and moist 

acidic tundra [Jia et al., 2006], like the Imnavait basin. Additional research correlated 

the previous summer warmth index to the interannual variability of NDVI from 1982 

to 2003 in the Arctic, meaning that warmer summers the previous year created a more 

ideal growing condition for the next [Verbyla, 2008]. The timing of the spring ablation
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period had little effect on the annual maximum NDVI value, therefore warming from the 

previous year appears to be a stimulating factor in biological growth, and thus may also 

affect the long-term rates of evapotranspiration.

Permafrost studies indicate warming ground conditions of 1 to 2 °C since 1976/77 

in the Brooks Range, particularly in the winter months [Osterkamp, 2008]. Possible 

causes are attributed to warming air temperatures and increased snow during the 1990s 

or a combination of the two, which support future climate change scenarios forecasted 

for the Arctic [IPCC, 2007]. Soil temperatures locally in the Imnavait basin at a depth 

of 8 m in a borehole have been warming significantly at a rate of 0.17 °C per year since 

1993 [Hinzman et al., 2008], thus, also supporting this trend. Although it is unclear to 

what degree the warming permafrost may have in the near future on the hydrology, there 

is general agreement that in the future it will influence the Arctic surficial water cycle 

[White et al., 2007; Woo et al., 2008].

Strong seasonality in this region of the Arctic limits spring, summer, fall and 

winter to warm and cold periods which stretch from May through September and October 

through April. Snowfall can occur on any day of the year, and is typically present 

continuously from late September to mid-May or early June. Snow drifts are common 

in the Imnavait due to large amounts of snow transported by wind, and are reflective of 

topography [Evans et al., 1989]. Within the basin the thickest snow is found on the east- 

facing slope and valley bottom while the west-facing exposures have the least amount. 

The distribution and quantity of snow has feedbacks to both vegetation and the depth of 

the active layer. Predominantly south-east winter winds and the ability of shrubs to trap 

snow allows deposition in water tracks, the valley bottom and the lee side of the slopes 

[Hinzman et al., 1996]. Deeper snow provides more insulation to the underlying ground 

and can impact the thermal regime [Goodrich, 1982; Romanovsky and Osterkamp, 1995; 

Stieglitz et al., 2003].
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After the spring equinox, March 21, net radiation begins to approach positive, 

however the high albedo of the snowpack reflects the majority of the energy back to 

the atmosphere. Snowmelt generally initiates during the month of May when there is a 

significant increase in net energy as the albedo decreases from a value typically around 

0.8 and allows solar energy to be absorbed by the snowpack. Short and long-wave 

radiation and convective heat transfer drive the ablation process at the surface of the 

snowpack [Hinzman et al., 1996]. While the lower amounts of snow on the west-facing 

slope allow it to melt faster (lower albedo because of vegetation and tussocks sticking 

through the snow), it also receives more solar radiation in the afternoon when the air 

temperatures are the highest.

There are increased rates of melt through intensified radiative processes on the 

surface of the snow pack; which combined with the shallower depth of the snow pack 

allows the gradient to more quickly become iso-thermal. As the snow ablates around 

15 mm of water infiltrates into the frozen mineral soil [Kane et al., 1989] through the 

permeable organic layer and refreezes, releasing substantial amounts of latent heat [Kane 

et al., 2001]. The soil rapidly warms to 0 °C as a result and initiates the development of 

the active layer. The same process continues at a slower rate on the east-facing slope due 

to the increased amount of snow and lower surface heat fluxe.

As melt progresses water seeps through the snowpack and accumulates in low- 

lying areas including the valley bottom and water tracks (Figure 1.2) [Hinzman et al., 

1996]. The melt water saturates the snow and cause a channel to form within the pack 

[Kane et al., 1989]. In the Imnavait, it was found that approximately 80% of the snow 

pack had to melt on westfacing slope of the watershed before runoff was initiated in the 

channel [Kane et al., 1989]. As the west-facing slope represents 78% of the total basin 

area, this means that over 60% of the watershed must be snow-free before runoff initiates.
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Figure 1.2: Spring Snowmelt in 2008 in the Imnavait Basin. Picture taken from beside 
the culvert under the road just downstream from stream gauging site, looking towards the 
headwaters of the basin with the Brooks Range in the bakground.

Runoff follows a nival regime, taking place from the end of snowmelt in late May 

until freeze-up begins in mid- to late September. Peak hydrological activity in headwater 

streams is characterized by two main events, the annual snow melt that produces 30 to 

40% of the total discharge and the occasional summer flooding event where the highest 

discharge can be measured. Discharge produced from melting snow is a significant 

hydrological event each year [Hinzman and Kane, 1991] while extreme summer rainfall 

events, either as rain or a combination of rain and snow have the capacity to produce the 

highest recorded discharge of record for this basin [Kane et al., 2008]. They are likely 

to occur in either July or August [Kane et al., 2003; Kane et al., 2004], but do not occur 

each year. Precipitation in excess of 15 mm generally produces a runoff response in 

the summer, and recharges soil moisture depleted from evapotranspiration [Kane et al., 

1989].

Discharge from Imnavait Creek travels 12 km downstream from the gauging 

station towards the north before joining the Kuparuk River. Previous tracer studies 

[McNamara et al., 1998] confirmed that restricted storage exists in the basin; permafrost 

acts as an impervious barrier to deeper infiltration and forces all water to leave the basin 

through near-surface runoff or evapotranspiration [Hinzman et al., 1996]. The immature
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drainage network found in Imnavait catchment is characterized by the presence of water 

tracks, saturated linear areas that rapidly transport precipitation through a mantled organic 

layer [Walker et al., 1994] on the hillslope; the pathways being the steepest descent.

Organic soils have values of hydraulic conductivity which are 10 to 100 times 

higher than that of silt, during precipitation events water is transported through the 

organic layer which experiences moisture content fluctuations of 10 to 90% by volume 

[Hinzman et al., 1991]. The mineral soils in the subsurface typically remain saturated due 

to their proximity to ice-rich permafrost near the surface. There is little annual variation, 

and water in the mineral soil does not readily reach the channel except when flushed 

out during summer rain events [McNamara et al., 1997]. The stream bottom typically 

restricts itself to the organic layer, and forms a chain of ponds (beaded drainage) created 

as ground-ice deposits thaw [McNamara et al., 1997]; these ponds can reach depths of

1.5 to 3 m (Figure 1.3). Streams all over the North Slope exhibit similar characteristics 

and physically or conceptually representing these processes using a model is a continuing 

challenge to quantifying hydrology.

Figure 1.3: Aerial View of Beaded Ponds and W ater Tracks in the Imnavait Basin.
Water tracks are the long linear features perpendicular to the stream, while the beaded 
ponds are the circular pools along the length of the stream.



10

1.3 Using HBV to Model Discharge and its Alternatives

Developing and/or adapting hydrologic models for the prediction of runoff from 

ungaged basins are important components for designing engineering infrastructure 

appropriate for the local climatic conditions. The model selected must work for the 

distinct Arctic environmental setting and be adaptable to the affects of permafrost, and 

periods of both drought and large floods. Due to the lack of high-resolution digital 

elevation models (DEM) over the larger North Slope area and poor spatial distribution 

of meteorological stations, a model which represents the hydrological processes in a 

conceptual fashion currently has more applicability in the region. Models that require 

fewer data inputs also are highly desirable, due to the sheer number of small headwater 

and larger basins which exist over the larger North Slope area with no complementary 

hydrologic or meteorologic data. One potential model that has promise to successfully 

represent Arctic conditions and with flexibility in its numerical requirements is HBV

HBV was developed by the Swedish Meteorological and Hydrological 

Institute in 1975 and it was modified for cold regions applications [Bergstrom, 1976].

The preliminary application of this model was for the prediction of runoff related to 

regulation of hydroelectric facilities; this necessitated a robust model with relatively 

simple parameters that could be used over a wide variety of basins of varying sizes 

and properties. It is a semi-distributed conceptual model, meaning that many of the 

parameters are based on physical properties which may be quantified and measured and 

can be distributed over a spatial area to a limited extent.

HBV can be run using limited meteorological data with only precipitation and 

temperature required; it can be calibrated in an area by using discharge data for a gauged 

basin to analyze the goodness of fit of model outputs. Application of HBV in Imnavait 

Basin was initiated over five spring events (1985-1990) with acceptable results [Hinzman
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and Kane, 1991] and used for consideration of future climatic scenarios [Hinzman 

and Kane, 1992]. HBV addressed the most important components of arctic hydrology 

including snowmelt, soil moisture accounting, evapotranspiration, surficial runoff and 

channel routing. Hinzman and Kane [1991] identified the most significant advantage 

as the ability to assign an effective date to each parameter permitting logical variance 

throughout the year without ending the simulation.

Previous applications of HBV have included calibration in basins all over the 

world including Alaska [Carr, 2003; Sand and Kane, 1986], Austria [Parajka et al., 

2007], Canada [Linden and Woo, 2003], Germany [Das, 2006; Krysanova et al., 1999], 

Greenland [Boggildet al., 1999], Norway [Beldring et al., 2003], Slovania [Koboldand 

Brilly, 2006], Sweden [Harlin andKung, 1992; Lindstrom et al., 2002], and Taiwan 

[Yu and Yang, 2000]. Large climatic variability and high catchment dryness generally 

decrease performance of the model; then conditions also demand an increased length of 

calibration period [Liden and Harlin, 2000]. Strategies for calibration of the HBV model 

range from manual [Ouachani et al., 2007], automatic by calibrating one parameter at 

a time and looping to the next if there is significant improvement [Lindstrom, 1997], 

automatic calibration using the physical significance of the model parameters and 

structure [Zhang and Lindstrom, 1997], multiple objective [Parajka et al., 2007], a Monte 

Carlo approach [Seibert, 1997; 1999b], and fuzzy logic [Seibert and McDonnell, 2002].

The main limitation of HBV is the difficulties associated with calibrating the 

model to one optimal set of parameters for a given basin because of interactions between 

the different model parameters and the errors in both the model structure and observed 

variables [Seibert, 1997]. One approach can be to utilize HBV light, a simplified version 

of HBV that automatically calibrates an optimal set of parameters for a time-period 

using daily data [Seibert, 1999b]. A Monte Carlo simulation can be run, which includes 

a possible range for each parameter, where numerous of combinations of parameters are
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run for a time period and compared against the observed discharge, these can then be 

contrasted against those generated from additional time series to determine an ideal set 

of parameters. The model may be optimized for a specific basin by integrating additional 

sub-basins, establishing elevation bands and altering the percentages of land-cover 

classes.

Alternate hydrological models run in the Imnavait watershed include 

TOPMODEL [Stieglitz et al., 1999], Arctic Hydrological and Thermal Model 

(ARHYTHM) [Zhang et al., 2000] and TOPOFLOW [Schramm, 2005; Schramm et 

al., 2007]. TOPMODEL was computationally inexpensive and relied on the statistics 

of topography to determine surface hydrology, ground thermal processes and snow 

physics. The model failed to include snow heterogeneity and the beaded stream system. 

ARHYTHM was a process-based, spatial distributed hydrological model and consisted 

of delineating the watershed drainage network and then simulating snowmelt, ground 

thawing and evapotranspiration and their dynamic interactions. Limitations to the model 

included the resolution and limitation of the data collection network and the need for an 

algorithm for snow damming. TOPOFLOW is the next generation of ARHYTHM and 

designed to spatially distribute many physical processes using a DEM to predict how the 

variables will response to climatic forcing. It can utilize increasing complex sub-routines 

to model various components of the system, such as calculating ablation using an energy- 

balance equation. Like TOPMODEL, TOPOFLOW also did not account for the beaded 

stream system or snow damming, and potential improvements to the model include the 

spatial variability of the active layer and the complex soil moisture distribution.
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1.4 HBV Model Description

One of the strengths of HBV is the simplicity of input data; the light version 

requires precipitation, temperature, potential evaporation and measured discharge while 

the complete model can calculate the potential evaporation and additionally uses wind 

speed and humidity. The model can be run using either an hourly or daily time step. 

Calibration effectiveness is determined through three parameters, R2 (Equation 1.1), Reff 

(Equation 1.2) and accumulated difference (Equation 1.3).

r 2 _ Z(Qr  -  Qr m e a n  )2 -  ^(Q c  -  Qr  )2 
£ (Qr  -  Qr m e a n  )2

(1.1)

r  z(Qc  -  Qr  )- ^
, ^ ( Qr  -  Qr m e a n ) 2  J

(1.2)

Accdiff = Y.(QC -  Qr ) x Cr (O )

Where QR is the measure discharge, QRMEAN is the mean measured discharge 

over the calibration period and QC is the model output calculated discharge. R2 is the 

explained variance between the calculated and measured hydrographs, and ideally falls 

between 0.8 and 0.95. The alternate measure of goodness of fit, Reff is the coefficient of 

efficiency (Reff) where the model prediction is subtracted by the measured discharge and 

this difference is divided by the measured discharge minus the mean runoff. Accumulated 

difference (Accdiff) is the volume in millimeters (over the basin area) between the 

calculated and measured discharge and CR is a coefficient which represents the area of the 

basin and allows the transformation of discharge to millimeters.
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A well calibrated model will show a high (maximum 1.0) R2 value and low 

accumulated difference (near zero). Ideally, models will be calibrated over a minimum of 

a five year period, preferably longer, to gain exposure to a maximum variability of events 

that may be encountered within the basin including wet and dry periods during both 

snowmelt and summer periods as well as high flow regimes.

HBV can be divided into four main routines (Figure 1.4):

1) Snow melt

2) Soil moisture

3) Response function

4) Routing routine

Figure 1.4: Schematic of Model Structure of HBV [Seibert, 2005]. Shows different 
subroutines within HBV and the processes from precipitation to runoff.

Water enters the HBV as either solid or liquid precipitation; its form is determined 

by the model by setting a threshold temperature to separate the states. The water 

infiltrates into the soil moisture (SM) routine, where overland flow is initiated if the 

soil moisture exceeds the field capacity (FC). The water is then routed through two 

separate but connected reservoirs: the upper and lower. Runoff may only occur from the 

upper reservoir, but water may percolate through to the lower zone, which in traditional 

interpretations of the model represent contributions to groundwater levels.
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Melt in HBV occurs through Equation 1.4 where M is snowmelt (mm), CFMAX 

is the degree day factor which is the amount of melt per degree Celsius (mm/°C) and T is 

the mean hourly temperature (°C).

Melt = CFMAX x  (T -  TT) (1.4)

Threshold temperature (TT) defines if precipitation will be treated as rain or 

snow and initiates and delineates when snow melt can occur (°C). The degree day factor 

and threshold temperature are determined through parameter calibration and are highly 

variable both inter-annually and seasonally within the melt period. Previous modeling 

exercises using this methodology in the Imnavait have always altered the TT from year to 

year [Hinzman and Kane, 1991; Kane et al., 1997]. In HBV, as air temperature exceeds 

the threshold temperature, snow will begin to melt. The net heat exchange is assumed to 

be zero if the threshold and air temperature are equal [Hinzman and Kane, 1991].

Refreezing of the snowpack is determined Equation 1.5 and is temperature 

dependent.

Refreezing = CFR: CFMAX x (TT -  T) (1.5)

The parameter CFR is a refreezing coefficient determined through optimization.

In Arctic conditions this is important during the initial period of ablation when there are 

large diurnal cycles and temperatures at night dip below freezing. Cold periods may also 

occur lasting several days after an initial period of melt, CFR allows the snowpack to 

cool and requires the CFMAX exceed its value before melting can resume. The snow 

pack will retain melt water and rainfall until it exceeds the water holding capacity (CWH) 

of the snow [Seibert, 1997].
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Soil moisture (SM) is strongly affected by evapotranspiration and the main factor 

generating runoff, as there are essentially only two pathways for moisture to leave the 

basin. Wet conditions produce more runoff than dry soil, and predicted evapotranspiration 

fluxes decrease as the soil dries [Hinzman et al., 1996]. Historically, measured summer 

pan evaporation rates were 4.5 mm/day on average [Kane et al., 1989; Kane et al., 1990]. 

Water as rainfall or snow melt (P) initially saturates the upper surface and can either 

percolate further into the soil column through Equation 1.6, evapotranspire directly to the 

atmosphere by Equation 1.7 or produce runoff.

Soil moisture is described as a ratio between the actual soil moisture (SM) and the 

field capacity or maximum soil moisture storage (FC) modified by the exponent P which 

determines the relative contribution of rain or snow to runoff. An important note is that 

field capacity in HBV does not share the same properties as the traditional hydrological 

definition and is not a reference to an intrinsic soil property. Actual evapotranspiration 

(Eact) occurs as a product when the ratio of the soil moisture versus the maximum 

soil moisture (FC) is multiplied by a limit fraction (LP), and then by the potential 

evapotranspiration (E ) in millimeters (Figure 1.5).

(16)
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FC

Figure 1.5: Reduction of Potential Evaporation Based on Soil Moisture Storage 
[Seibert, 2005]. Comparing the product of FC and LP versus FC to determine actual 
evaporation versus potential evaporation in HBV

Potential evapotranspiration is the maximum evapotranspiration that would 

occur from a free body of water under ideal conditions. Within HBV it is important 

that the potential evapotranspiration is realistically estimated, otherwise the model may 

not be able to produce adequate amounts of evapotranspiration. Adjusting the alpha (a) 

value in the Priestley-Taylor [1972] method to estimate potential evapotranspiration 

is problematic as it varies from year to year and is dependent on the proportion of the 

landscape coverage. An alternative method for estimating potential evapotranspiration 

within small basins with a scale of one to ten kilometers is to use pan evaporation as an 

empirical measurement [Hobbins et al., 2001].

Infiltration from the soil moisture routine is routed through response routines 

of multiple complexities which exist within HBV. At a base level, water from the soil 

moisture is routed both horizontally through recession coefficients and vertically through 

upper and lower response reservoirs which typically represent the respective surface and 

groundwater flow. In a continuous permafrost environment, groundwater flow does not 

exist as the permafrost acts as a barrier to deeper depths and water storage occurs in the 

shallow active layer above the permafrost [Kane et al., 1989]. In addition, the thermal
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properties of permafrost alter the water regime in the soil. Within soils of the active layer, 

water may be pulled both upwards from evapotranspiration and vertically downwards 

through a combination of gravity and the temperature gradient of the colder underlying 

permafrost. The HBV runoff routine maintains the potential to account for the majority 

of the hydrological processes found in surface water routing, without moving to a more 

dynamic and computationally demanding model.

The runoff response routine may be calculated by dividing the profile into three 

recession coefficients (K0, Kp K2, day-1) and each corresponding runoff component (Q0, 

Qj, Q2, mm day-1) which represent a five-day period (Figure 1.6). Water enters the soil 

routine as recharge (mm d-1) and is stored in the upper zone (SUZ, mm) and lower zone 

(SLZ, mm). The threshold parameter UZL initiates runoff from the top of the upper 

response box. PERC is the maximum percolation from the upper to lower zone (mm d-1). 

Typically in areas of continuous permafrost, the PERC parameter is turned off since the 

lower groundwater zone does not function in the same fashion as more temperature areas 

[Carr, 2003; Hinzman and Kane, 1991].

UZL
E P

t i
LAKE

recharge j

PERC

SLZ

SUZ
-

Q0=K0(SUZ-UZL)

Q1=K1SUZ

Q2=K2SLZ

runoff

Figure 1.6: Response Function in HBV [Seibert, 2005]. Runoff produced by Q0, Qj 
& Q2 is controlled by the respective K-values, which are multipled by the thresholds of 
SUZ, UZL and SLZ.
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Recession flow in HBV (Figure 1.7) can be divided into peak, intermediate and 

base depending on the flow regime. Peak flow has contributions from K0, Kp and K2, 

while intermediate is determined by K  and K2 and baseflow by K2 alone. The threshold 

between peak and intermediate flow is a result of PERC and K  multiplied by UZL; while 

PERC separates intermediate and baseflow.

Figure 1.7: Schematic Shape of Recession in Relation to the Different Parameters 
[Seibert, 2005]. Showing the difference between peak, intermediate and base flow in 
relation to ln Q at each time.

In a specialized interpretation for permafrost environments, and more specifically 

the Imnavait basin, Hinzman and Kane [1991] divided the recession coefficients into 

representation of the upper organic layer (K0), lower, more dense (Kt) organic layer 

and the mineral soil (K2). Hydrograph analysis of the Imnavait basin in 1994 and 1995 

[McNamara et al., 1997] supported this logic by examining the contribution of recent 

precipitation versus “old” water held in storage in the active layer before the event. They 

found during spring runoff, the recent precipitation as snowmelt made up the majority 

of the runoff and reflected the shallow active layer, lack of storage and subsequent rapid 

transport as discharge. Summer events were dominated by old water held in storage for a 

period of time by the frozen active layer and flushed out as discharge as the active layer 

thawed during the summer.
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Transformation of water as the length of time for discharge to fall as precipitation, 

infiltrate through the soil and then travel through the channel network to the basin outlet 

to be measured discharge is controlled by the Equation 1.8.

Runoff = g  x (t, MAXBAS) x (Q0 + Q1 + Q2) Q .8)

MAXBAS is the number of days in the transformation routine, or the timing of the 

response. The affect of applying any alteration in the number of days results in a delay 

and abatement of the peak flow compared to the original runoff before transformation 

(Figure 1.8). Variations in the rate of response can be expected from spring to summer, as 

the pathways most strongly affecting discharge change drastically between snowmelt and 

summer rainfall events.

I I I I I i - i - | i i i i | i i i i - i - i i | i
1 2 3 4 5  :  5 10 15 20

Tim e [d] T im e [d]

Figure 1.8: Example of Transformation with MAXBAS = 5 [Seibert, 2005]. The
runoff after a weighting of 5 days is better distributed and exhibits a lower peak discharge 
value than before the transformation.
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Determining the applicability of model calibration is important in the final 

assessment of the future uses of a model within a region. Different criteria should be used 

in shaping how well a model is performing within a region. These can include, but are not 

limited to [Seibert, 1999a]:

1) Split-sample testing where the model is calibrated during one period and 

tested against another period;

2) Multi-criteria validation where the model is calibrated using one criteria 

and assessed against other variables;

3) Proxy-basin testing where parameters produced through calibration in 

one basin are compared against another similar basin;

4) Utilizing hydrological common sense which assesses the model in 

qualitative terms, and is subjective to the tester.

Integrating all of these criteria allows more confidence that a well-calibrated 

model would be reasonably accurate within an ungaged basin with similar characteristics.
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Chapter 2 Methodology

2.1 Data Collection in Support of Climate Analysis and Modeling

The Imnavait Creek has a basin length of 2 km from the headwater divide to 

the stream gauging site, while the stream length is 1.5 km; and it has a mean elevation 

of 937 m. Calculation of the water balance is determined from hourly data collected 

from a meteorological station on the west-facing ridge known as B site which has been 

operational since 1985 (Figures 2.1, 2.2). Air temperature is collected at 1, 3 and 10 m 

heights using Campbell Model 207 temperature probes. Relative humidity is measured

Figure 2.1: Imnavait Meteological Station Instrumentation. Active monitoring on 
ridge site from 1985 through present.
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Figure 2.2: View of Imnavait Meteological Station. Looking south towards the foothills 
of the Brooks Range in May of 2007.

at 1, 3 and 10 m heights using a Campbell Scientific Model 207 humidity probe. Wind 

speed at 1, 3 and 10 m is monitored using a Met One Model 104A Anemometer. Air 

temperature, relative humidity and wind speed at 1 m was analyzed and used as model 

inputs. Pan evaporation is measured using a class A evaporation pan from May through 

September using a pressure transducer to record water levels with an occasional reading 

by an observer during the summer. Precipitation is measured at intervals of 0.3 mm using 

a tipping bucket with an Alter windshield. A second gauge which has been functional 

since 1986 uses the same technique to measure precipitation in the headwater area of the 

Imnavait Creek.

Discharge is measured by a gauging (2 km downstream from the head of the 

catchment) which originally consisted of a flume, and was replaced in 2004 by a 

trapezoidal/v-notched weir. Measurements are made typically twice a day during spring 

breakup using a Pygmy cup type current meter at low flows and a Doppler current meter 

at high flows. At the weir stream stage data is recorded using a pressure transducer.

The two methods are combined to establish a rating curve by following standard USGS 

stream cross-section techniques.
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Equipment malfunction is common in Arctic environments where extreme 

conditions and interference by animals causes breaks in the data collection record. 

Missing meteorological data was corrected using one of two methods depending on the 

length of the absence, if it was less than 12 hours then a stepwise linear interpolation 

between the first and next available measurements were calculated; and if longer, then 

data from an alternate station was substituted. Supplemental stations with additional 

meteorological data existed within the Imnavait basin from 1986 to 1993, in the Upper 

Kuparuk headwaters from 1994 to present and from a NRCS Wyoming gauge which has 

been functional since 1985. A standardized technique to measure snow water equivalent 

(SWE) consisted of taking measurements at 6 stations located on a transect perpendicular 

to the stream channel that included both the east and west facing slopes and the valley 

bottom. Fifty snow depth measurements are taken at each point, with twenty-five along 

each side of an L-shaped transect. Five snow density measurements are taken at each 

point using an Adirodnak snow tube. Samples are weighed using a digital scale in the 

laboratory and SWE was calculated for the entire basin, utilizing all of the data.

2.2 Climate Summary

Compilation of climate data began with standardization of all the archived data 

into hourly measurements. Discharge was normalized to hourly data due to deviations 

from 1987 to 1994 when runoff was originally collected bi-hourly and from 2002 to 

2008 discharge was calculated every fifteen minutes. Next, runoff measurements were 

converted from m3/s to mm by dividing by the basin area, and summed for monthly 

periods. Precipitation data from the years 1987 and 2006 required considerable 

correction, due to gauge malfunction. August 1987 was supplemented using data from the
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NRCS Wyoming gauge, while the 2006 season was replaced in its entirety by the Upper 

Kuparuk record, due to severe undercatch. The additional rain gauge in the headwaters in 

the Imnavait basin was unavailable due to equipment malfunction during the same period.

The data was input into a Microsoft Access database to utilize the cross-tab 

capabilities for monthly analysis from April through September from 1985 through 

2008. Freezing and thawing degree-days were calculated by summing the daily averages; 

freezing was defined as below 0 °C and thawing was above 0 °C. Monthly runoff ratios 

were calculated by dividing the discharge volume by precipitation volume for a given 

month. The data examined using a combination of linear regression and future trend 

prediction. Significance was defined as errors less than 0.05, or as a 95% confidence 

interval.

2.3 HBV Light

A Monte Carlo simulation was run in HBV light using two different time periods, 

one representing snow melt from April 15th through June 15th and another encompassing 

summer from July 13 th to August 31st. The period from June 16th through July 12th was 

eliminated from analysis as preliminary model runs showed very poor results, due to the 

rapid development of the active layer. The model used represented a one-box variation 

of HBV, where the lower reservoir routine is not present. This was appropriate given that 

groundwater does not theoretically exist within the Imnavait basin. Hourly data was used, 

and necessitated the conversion of some parameters from units representing the original 

per day time step found in the model as noted in Table 2.1. Parameter limits were chosen 

from a combination of literature values [Hinzman and Kane, 1991; Seibert, 1997] and



26

through examination of the graphical results and modification of the parameter limits 

to represent the range with the largest Reff values for that year. The limit for the Reff was 

adapted to generate a sizeable number of runs for the analysis step, preferably greater 

than 500 if possible. As a result, the lower thresholds dipped for the year of 1990 to a Reff 

of 0.1 in the spring and 0.4 in the summer.

Table 2.1: Comparison of Parameters and Limits for Monte Carlo. Both Seibert 
[1997] and Hinzman and Kane [1991] used daily data while this study hourly inputs. 
Hinzman and Kane [1991] also used bi-hourly data.

Parameter Explanation
Seibert [1997]

Hinzman and Kane  
[1991]

Trochim  [2009]

Min Max Unit Min M ax Unit Min M ax Unit

Snow routine

TT Theshold temp -1.5 2.5 °C -1.9 0.1 °C -1.5 2.5 °C

CFMAX Degree-day factor 1 10
mm°
C M '1 - 3.5

mm°
C M 1

0.03 6
mm°
C-1hr-1

SFCF
Snowfall correction 

factor
0.4 1 - - 1 - 0.4 1 -

CWH Water holding capacity 0 0.2 - - - 0 0.2 -

CFR Refreezing coefficient 0 0.1 - - 0.08 - 0 0.1 -

Soil routine

FC
Maximum of SM 

(storage in soil box)
50 500 mm - 40 mm 5 90 mm

LP
Threshold for reduction

0.3 1 7 mm 0.3 1
o f evaporation (SM/FC)

BETA Shape coefficient 1 6 - - 2 - 0.1 6 -

Response routine

K o
Recession coefficient 0.1 0.9 d-1 - 0.9 d-1 0.05 0.5 hr-1

K .1
Recession coefficient 

(upper box)
0.01 0.4 d-1 - 0.3 d-1 0.01 0.3 hr-1

K 2

Recession coefficient 
(lower box)

0.001 0.15 d-1 - 0 d-1 0.001 0.1 hr-1

UZL
Threshold parameter 

(upper box)
0 100 mm - 15 mm 0 100 mm

PERC
Maximal flow from

0 3
mm

0
mm

0 10
mm

upper to lower box d-1 d-1 hr-1

MAXBAS
Routing, length o f 
weighting function

1 7 d - 1 d 1 6 hr
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Each time period was initialized for 5 days or 120 hours before beginning the 

simulation to allow soil moisture levels to equilibrate to levels appropriate for that year. 

Previous studies have used periods in excess of one year to build the antecedent moisture 

conditions to the appropriate levels; however there was groundwater present in these 

environments. End of winter SWE was input using a one mm increment per hour after 

the warm-up period, to build the snow pack to its appropriate volume. Using a faster rate 

caused the model to immediately produce runoff, and inaccurately represent the spring 

discharge. The later summer start-date was chosen to approximate the period where the 

active layer depth of thaw stabilizes considerably and is less likely to negatively affect the 

parameter results. Potential evapotranspiration was estimated using the pan evaporation 

data, when negative values occurred, due to either transducer noise or condensation of 

water vapor, they were set to zero. Parameter limits were set using a combination of 

literature values and trial and error by examining the distribution of the Reff criteria over 

the range of parameter values. Three different scenarios from both spring and summer 

evaluation periods using two different years were chosen to represent high, low and 

average runoff conditions and the average temperature, precipitation, discharge, relative 

humidity and wind speed measured for each of these periods.

The initial Monte Carlo results were summarized graphically for each parameter 

during both the spring and summer periods. Average and standard deviations for 

each year and over the total six year period were calculated. Both seasons were run 

individually through a multivariate linear model. The linear regression results were 

assessed with respect to the between-subjects effects significance and partial eta-squared 

to isolate the importance of the individual parameters. The partial eta-squared is the 

amount of variance ascribed to the effect that is proportional to the effect plus the error. 

The results were analyzed beginning in the earliest year, starting with the TT parameter 

which was significant in both spring and summer. The parameters with the highest Reff
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results over the given distribution were selected and the process repeated for each year. 

By the time the next significant parameter is examined, a trend started to emerge where a 

certain set of parameters common to all years could be identified.

2.4 HBV Complete Model

The selected parameter sets were then converted to the appropriate time step 

by converting hourly values to daily. Hourly temperature, precipitation, wind, relative 

humidity and discharge from 1987 to 2008 were loaded into the complete version of 

HBV. The year of 1986 was excluded because of large data gaps in the months of May 

and August in excess of two weeks per break. The model was initially run from April 

15, 1987 through September 30, 2008 to calibrate the ATHORN parameter which 

controls potential evaporation using the parameters derived during the Monte Carlo 

analysis during the spring and summer intervals. Two time periods were established for 

parameters, one running from January 1 through June 15 and a second from June 16 

through December 31. The ATHORN parameter was further subdivided from June 15 

through July 31 and August 1 to December 31. The initial soil moisture was estimated 

by examining the amount present at the end of winter over multiple years. Using this 

modified value, the parameters TT, CFMAX, FC, BETA, K2, MAXBAS, RFCF and 

SFCF were calibrated from 1987 through 2002. The model was then evaluated from 2003 

through 2008 using these parameters. The model was run initially from April 15 through 

September 31 to find the soil moisture value at the end of the summer. The R2 values 

were generated by running the model initially from April 1 through August 31 each year 

and then again in two periods from April 15 through June 15 and June 16 to August 31 

each year. The appropriate soil moisture values corresponding to the prior period were 

used in each subsequent time step.
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Chapter 3 Climate Summary Results & Discussion

Examining monthly temperatures, freezing and thawing degree days, discharge 

and precipitation patterns annually in relation to their current predicted trends can assist 

in identifying the cumulative effects of climate change and assessing potential impacts to 

the ground heat flux. All of the calculated trends derived from the climate data were not 

statistically significant to p<0.05 as per the Student’s t-test. Although they may point to 

an underlying pattern, additional data may significantly alter the trends in the future.

3.1 April Results

April climate summaries reveal a predominant trend of warmer, wetter springs 

before the initiation of the ablation period (Figure 3.1). Thawing degree days show an 

increase of 0.38 per year while an average year receives 4.36 thawing degree days. The 

years of 1994 through 1997, excluding 1996 and 2003, 2005 and 2007 have values in 

excess of 5 °C d. The warmest April on record was in 2005 when degree days exceeded 

27 °C d. In contrast, 10 years had thawing degree days totaling below 1 °C d. Freezing 

degree days also show a decreasing trend, warming by 0.8 °C per year and doubling 

the increase shown by the thawing degree days. An average April would experience 

approximately -300 °C d of freezing, however most years are either warmer or colder than 

the average and cluster around -350 or -275 freezing degree days. The coldest recorded 

was in 2006 where -424 freezing degree days were measured throughout the month.
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Figure 3.1: April Climate Summary. Results in the Imnavait Basin from 1986 to 2008 (n=23 years).
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The average monthly temperature in April is -9.84 °C and shows an increasing 

trend of 0.04 °C per year. The coldest and warmest average monthly temperatures are 

found sequentially in 2006 and 2007, with values respectively of -14.15 and -4.95 °C 

illustrating large year-to-year variations can occur. End of winter SWE also shows large 

annual variability, with an average of 110.29 mm and an increasing trend of 0.43 mm 

per year. The highest SWE recorded was in 2003 with 156.64 mm, while the lowest was 

in 1999 with 68.83 mm. The years of 1995 through 2005 with an exception of 1998 and 

1999 show a period where the measured SWE exceed the average value, and in three 

cases in excess of 30 mm. Freezing and thawing degree days per month and average 

monthly temperatures do not appear to be correlated to SWE measurements recorded in 

April.

3.2 May Results

Analysis of monthly data in May shows two contrasting patterns: years with high 

SWE measured in April require more energy to melt the snow pack, but often have lower 

amounts of thawing and increasing freezing degree days (Figures 3.1 and 3.2) in May. 

There are five years: 1987, 1992, 2000, 2001 and 2003 where runoff was delayed until the 

month of June. Thawing degree days exhibit a decreasing trend of 0.61 °C d per year with 

an average of 69.97 °C d while freezing degree days also cool by 0.45 °C d per year with 

an average of -85.76 °C d. However, from 2003 through 2007 the months of May were 

generally above average in terms of both thawing and freezing degree days. The warmest 

May on record was in 1990 with 167.37 thawing degree days while 2001 was the coldest 

with -229.77 freezing degree days.
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] M o n th ly  T h a w in g  |

J
] M o n th ly  F re e z in g

V a lue S ta n d a rd  E rro r A d j. R -S quare

T h a w in g Intercept 1296.57 2525.05 -0 .04

Slope -0.61 1.26

F re e z in g Intercept 803.35 3920.70 -0 .05

Slope -0 .45 1.96

P re c ip ita t io n Intercept -1347.35 1155.34 0.02

Slope 0.68 0.58

D is c h a rg e Intercept 172.30 2204.43 -0 .05

Slope -0 .06 1.10

A v e ra g e Intercept 202.38 400.92 0.02

Slope -0 .10 0.20

Figure 3.2: May Climate Summary. Results in the Imnavait Basin from 1986 to 2008 (n=23 years).
U>
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Monthly average air temperatures also show a decrease of -0.03 °C per year 

with an average just below the freezing point of -0.51°C. Average temperatures from 

1993 through 1999 and the most recent in 2008 closely follow the predicted trend line; 

however large temperature variations annually are present and can be as great as ± 5 °C. 

Precipitation in May as either snow or rain shows an increasing trend 0.68 mm per year, 

with an average of 15.7 mm. In high years, the precipitation can multiply over four-fold 

to reach maximums of 65.94 mm in 1997 and 71.66 mm in 2003. In contrast, discharge 

shows a decreasing trend of 0.06 mm per year with an average of 56.17 mm. However, 

this trend is skewed by years with high SWE where runoff occurs predominantly in June. 

The maximum discharge in May occurred in 1993 with 106.72 mm where there was an 

April SWE of 101.3 mm and precipitation in May totaling 10.94 mm.

3.3 June Results

June shows clear warming trends in both degree days and average air temperature 

(Figure 3.3). Freezing degree days are expected to decrease by 0.1 °C d per year with an 

average -3.82 freezing degree days. The years 1986, 1993, 2001, 2003, 2004 and 2007 

recorded zero freezing degree days for the month. The average thawing degree days in 

June were 255.09, and there is a warming trend of 2.72 °C d per year. There is a strong 

correlation between thawing degree days and the calculated trend, with a deviation of 

approximately ±75 °C d from the average. The maximum occurred in 2007 with 348.81 

thawing degree days, and from 2003 through 2008 they have been consistently above 

the mean value. Average air temperatures predict an increase of 0.09 °C, which follows



Monthly Thawing

1990 1995 2000 2005

V alue S ta n d a rd  E rro r A d j. R -S quare
T h a w in g In tercept -5182.53 2694.31 0.12

Slope 2.72 1.35

F reez ing Intercept -204.31 234.56 -0.01

Slope 0.10 0.12

P re c ip ita tio n Inte rcep t -804.91 1456.40 -0.03

Slope 0.43 0.73

D is c h a rg e Inte rcep t -2522.57 2746.68 -0.01

Slope 1.29 1.38

A ve ra g e In tercept -213.80 97.37 0.16

Slope 0.11 0.05

u>

Figure 3.3: June Climate Summary. Results in the Imnavait Basin from 1986 to 2008 (n = 23 years).
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the degree day pattern. The years 1990 through 1993 and 1997 through 2000 accurately 

followed the predicted trend. Maximum years occurred in 2004 and 2007 with high June 

average temperatures of 12.06 and 11.63 °C. In 2008, thawing degree days and average 

monthly temperatures match the predicted value with less than five percent error.

Discharge is forecasted to increase by 1.29 mm per year while the average for 

June is 46.91 mm. The highest values generally occur in years when snowmelt is delayed, 

such as in 1992 and 2003 when measured discharge was 147.19 and 110.79 mm. An 

outlier from this pattern occurred in 2008, when a large storm contributed over 139 mm 

of discharge after spring runoff occurred in May. Low years include 1987, 1990, 2005 

and 2007 where discharge was less than 5 mm. Precipitation shows an increasing trend of 

0.43 mm per year, with an average of 48.59 mm. The years of 2003, 2004, 2005 and 2007 

were all below the average for precipitation by at least 30 mm. Over half of all years 

follow the predicted trend within a deviation of approximately ± 15 mm.

3.4 July Results

The month of July reverts back to the cooling trend previously seen in May 

with more freezing and fewer thawing degree days, and a slight decrease in average 

temperature (Figure 3.4). Freezing degree days are predicted to grow by 0.05 per 

year, and mirror the decreasing trend in thawing degree days of 1.25 per year. The 

freezing degree trend is heavily influenced by the years of 2001, 2002 and 2003 and 

was substantially cooler than the majority of years which have no freezing degree days 

present. Thawing degree days show a maximum of 423.74 °C d in 2007 and a cooler
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Figure 3.4: July Climate Summary. Results in the Imnavait Basin from 1986 to 2008 (n = 23 years).
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period from 2000 through 2004. The average monthly July temperature is 10.3 °C and is 

predicted to decrease by 0.19 °C per year. Monthly temperatures exhibited variations of 

approximately ±3 °C around the mean. The warmest years of 1998 and 2007, which were 

13.24 and 13.67 °C respectively, also showed the smallest standard deviations in their 

temperature ranges.

July discharge is forecasted to increase by 1.41 mm per year, the largest growth in 

runoff out of any month. With an average of 30.83 mm per year, there are large variations 

year to year from droughts in 1990 and 2007 to values in excess of 70 mm in 1999,

2003 and 2004. Precipitation, on the other hand, has a smaller positive trend of 0.16 

mm per year, with an average value of 83.11 mm. The trend however is subject to large 

disparity between low years with less than 60 mm which occur eight times interspersed 

with high years exceeding 120 mm that are recorded on five occasions. High amounts of 

precipitation are not always accompanied by comparable levels of discharge, indicating 

that some storms may occur towards the end of the month and are reflected in the August 

stream totals.

3.5 August Results

Temperatures in August show a complicated pattern which points to longer term 

cooling due to less warmth but moderation through a reduction of cold (Figure 3.5). 

Freezing degree days warm by 0.26 per year with an average of -6.94 °C d within a 

month. The month shows high variability in temperatures, as lower values of freezing 

degree days are not always mirrored by the same trend in thawing degree days. The 

coldest years are below 20 freezing degree days while the minimum recorded was -29.17 

°C d. Thawing degree days show a slight negative pattern of 0.01 °C d per year with 

an average of 208.47 °C d. There is large variability in thawing degree days during
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Figure 3.5: August Climate Summary. Results in the Imnavait Basin from 1986 to 2008 (n = 23 years).
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August from year to year, and few recorded values follow the trend. After a period of 

warmth from 2004 through 2007, the most recent 2008 measurement was the lowest 

thawing degree day total for August ever recorded with 104.87 °C d. Average monthly 

temperatures in August also show a decrease of 0.65 °C per year, with a mean of 6.5 °C. 

The average temperatures closely mirror the thawing degree days, and because relatively 

few negative temperatures are recorded during this month, this pattern is logical.

Discharge in August is expected to increase by 0.37 mm per year with a mean 

of 45.24 mm. Most years generally have at least 20 mm of discharge; however none 

occurred in 1990 and 2005. The highest recorded runoff was in 2002 with 126.97 mm; 

followed by 1987 which experienced 113.34 mm. Cyclical patterns are more evident 

in the precipitation record, where trends appear to follow six year cycles of dry and 

wet. The years 2005 through 2008 do not follow this tendency however, and runoff 

nearly equals discharge even with consideration of the effect of precipitation in July. 

Overall, precipitation shows a decrease 0.54 mm per year; with an average of 54.91 mm. 

Precipitation and discharge also show similar trends, with the exception of the period 

between 1997 and 2002. During this time, precipitation was above average; however 

runoff values reflect this development with little accuracy. The largest precipitation was 

recorded in 2002 with 139.8 mm while in 2005 the lowest occurred with 0.02 mm.

3.6 September Results

Temperature indicates in September all show a substantial increase, from both 

the degree day and monthly average calculations (Figure 3.6). Freezing degree days are 

expected to decrease by -2.83 per year, with a mean of -89.28 °C d. The coldest year 

was in 1992 when freezing degree days exceed -300, while generally cool years are at 

least below -100 °C d. Thawing degree days are predicted to rise by 2.58 per year, with
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an average of 61.85 °C d. The highest amount of thawing degree days in September 

on record occurred in 2006 and reached almost 200 °C d, in comparison warm years 

generally exceed 80 °C d. Monthly temperature averages range from below -7 °C to 6 

°C and also show an increasing trend of 0.18 °C per year. The mean air temperature was 

-0.91 °C.

September discharge measurements are potentially confounded due to discharge 

measuring equipment being removed around the time of freeze-up. Overall, discharge 

shows a decrease of 0.46 mm per year with an average of 45.24 mm. From 2004 

onwards, September runoff is less than 5 mm while the maximum occurred in 1997 with 

51.45 mm. Other years such as 1988 and 1991 recorded no runoff. Precipitation on the 

other hand shows an increasing tendency of 0.24 mm a year with an average of 17.15 

mm. There is significant variability in the precipitation as in the discharge; however, there 

is more precipitation from 2000 onwards with the exception of 2007 than is reflected in 

the runoff. The maximum September precipitation recorded occurred in 1997 with 55.5 

mm.

3.7 Monthly Averages and Trends: April to September

Average monthly temperatures show that April is the coldest of the months 

examined, while July is the warmest (Figure 3.7). May is slightly warmer than 

September; however both still display negative average temperatures. April, June and 

September show positive trends in their average monthly temperatures, while September 

exhibits the largest increase. May, July, and August all have negative average monthly 

tendencies in temperature, with the greatest decrease in August. In comparison, mean 

monthly freezing and thawing degree days show a similar pattern to the average 

temperatures. April experiences the largest amount of freezing degree days while May
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and September also experience significant levels. Freezing degree days show a warming 

trend in both April and more substantially in September; while May exhibits a cooling 

pattern. There are considerable amounts of thawing degree days from May through 

September, the maximum occurs in July and the months show a sinusoidal trend.

Thawing degree days show an increasing trend in April, June and September, while 

May and July show an opposite decreasing trend. September shows the largest trends in 

monthly degree day temperatures, both freezing and thawing degree days show among 

the largest increasing trends of all of the analyzed months.

Discharge patterns from month to month show that May experiences the largest 

mean runoff followed by June and August. The months of June July and August are 

all forecasted to receive increased amounts of discharge, while the trend is the least 

developed in August. May and September, the shoulder months show lower tendencies 

for runoff in the future. End of winter SWE in April comprises the largest input of 

precipitation, while July follows with the second greatest quantity. The lowest amounts 

of precipitation occur in May and September. All months show an increasing trend in 

precipitation including the end of winter SWE in April with the exception of August. 

There is a discrepancy between runoff and precipitation in July and August, where the 

runoff ratio, the amount of discharge divided by the precipitation is around 35% in July 

and jumps to over 80% in August. Two potential explanations exist: large storms which 

historically occur in the last week of July and can affect the amount of runoff measured in 

August or the possible effect of thawing ground ice at the top of the permafrost.
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3.8 Analysis

The climate trends in the Imnavait basin over the last 23 years partially support 

the current scenarios which predict warmer summers and increased winter precipitation 

[IPCC, 2007] although the trends are relatively weak and inter-annually values are 

highly variable. Weak summer trends were also found in analysis of data from 1990 to 

1998 where it was the least significant increase of all seasons, compared to the largest 

increases documented in the spring (March -  May) [Chapman and Walsh, 1993; Serreze 

et al., 2000]. The increase in precipitation in almost every period examined may be 

a contributing factor to the warming ground thermal regime [Hinzman et al., 2008]. 

However, additional climatic factors complicate the analysis; the slight increase in SWE 

and precipitation in May during the spring, combined with colder temperatures may more 

frequently delay runoff until June in the future. The development of the active layer could 

also be pushed back, and retard the timing of the peak annual temperature at various 

depths. On the other hand, the cooling of the ground during the winter may be decreased 

by greater SWE and warmer temperatures in September, and allow the thermal regime to 

warm more quickly the following summer.

Although the climatic trends themselves are not significant, their effect on the 

biology could produce more substantial results in the Arctic ecosystem. Plants and 

animals could be impacted from the delay in spring. If the spring were impeded in May 

but the warming trend in April continued; hibernation in animals like arctic ground 

squirrels might still shorten and result in their metabolic rates increasing earlier with the 

expectation that food would soon be available. However, the less hospitable conditions 

in May could increase mortality rates if food was not available due to the continued 

presence of snow. The offset of snowmelt would also shorten the growing season for 

plants; while senescence will likely remain around the same time or potentially earlier
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in the future with the cooling trend in August. Plant growth however, particularly with 

respect to shrubs, may still flourish during these conditions as deeper snow allows greater 

microbial production of nitrogen and permits higher growth rates in shrubs the following 

summer [Sturm et al., 2005]. The increased amounts of summer precipitation also 

favor shrub growth [Wahren et al., 2005] and warmer temperatures in June may further 

contribute to their development [van Wijk et al., 2004].

In July, although the precipitation and discharge do not necessarily conform to 

linear trends, a sinusoidal pattern can be detected. The length of the period appears to be 

around 20 years, with the maximum amplitude occurring between 1999 and 2003. The 

drought years of 1990 and 2005 show an interesting pattern as they occur immediately 

following the years of 1989 and 2004 when the highest temperatures were recorded.

There may also have been increased evapotranspiration by plants due to the high air 

temperatures and low precipitation, which could have decreased the connectivity between 

the water tracks and the stream channel, and diminished the routing of discharge. In 2006, 

there was an excess of discharge in August, which could be attributed to both under

estimation of precipitation and potentially ground-ice thaw. Peaty moss and live organics 

in the near surface dried out and died due to the extended high temperatures from 2002 

onwards, and may have allowed water to be transported to the main channel more readily 

due their decreased storage capacity.
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Chapter 4 HBV Light Results & Discussion

4.1 Meteorological Summary of Calibration Years

HBV light can be used to assist in isolating a single set of parameters which 

simulate a variety of conditions. In the Imnavait Basin, the HBV light model using a 

Monte Carlo simulation was run for the years of 1991, 1992, 1998, 1999, 2002 and 2003 

from April 15 to June 15. These years were chosen because they represented a multitude 

of wide ranging different conditions that can be found within the basin. Years with high 

SWE equivalent in 1992 and 2003 represent two different variations of this pattern; in 

1992 the April SWE was 153 mm and there was little additional precipitation in contrast 

to 2003 when 157 mm was measured and there was significant additional precipitation 

as both rain and snow in the month of May of almost 95 mm. Years that show an average 

pattern occurred in 1998 and 2002 with respective SWE equivalents of 95 and 124 mm.

In 1998, there was significant additional precipitation of 72 mm while in 2002 there was 

only 30 mm. Low periods were represented by the years of 1991 and 1999 where the 

April SWE were recorded as 82 and 69 mm. Both of these years had some additional 

precipitation during the remainder of the spring period which was similar to the amount 

in 2002.

Temperature conditions were evaluated by the average temperature and illustrate 

that the high years of 1992 and 2003 show some large differences; 1992 is the coldest 

spring on average out of all the selected years while 2003 was on the colder side of the 

selected group (Table 4.1). The earliest year, 1991 is also the warmest by almost 1 °C.

The runoff ratios in 1991 and 1992 are significantly higher than the rest of the selected 

years. The runoff ratios by 2002 and 2003 are reduced by 15 to 20% of what they were 

through the latter 1990s. This may be indicative of the moisture deficit in the near-surface
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of the basin due to drought conditions in the early 2000s. Wind patterns vary through the 

years, however during the warmest year the strongest average winds occur while during 

the coldest it is the calmest. Relative humidity remains relatively constant except during 

1998 when it is approximately 18 % lower than the overall average. The largest amounts 

of pan evaporation occur in 1998 and 1999 when temperatures and wind speeds are 

moderate.

Table 4.1: Spring HBV Light Meteorological Summary. Spring was defined as April 
15 through June 15 and the precipitation included the end of winter SWE.

Year
Temp Precip Discharge

Runoff
Ratio

Wind RH PE

Avg (°C) Sum (mm) Sum (mm)
(Disch /  
Precip)

Avg (m/s) Avg (%) Sum (mm)

1991 1.49 97.35 98.74 1.01 3.20 77.80 76.33

1992 -4.47 162.32 140.09 0.86 2.49 80.68 75.15

1998 0.58 167.00 100.05 0.60 2.97 55.89 270.23

1999 -0.10 97.20 61.84 0.64 2.55 72.02 286.82

2002 -1.00 156.07 60.30 0.39 3.03 72.91 37.49

2003 -0.80 246.06 108.02 0.44 2.62 79.39 117.99

Average -0.72 154.33 94.84 0.66 2.81 73.11 144.00

Summer conditions were run from July 13 through August 31 to avoid the 

period when the active layer develops from less than 10 cm to 50 to 80 cm. The thermal 

conditions can vary substantially on a daily basis during this period and change from year 

to year; attempts to calibrate the model from the period of June 16 through July 12 using 

the Monte Carlo approach were not successful. As with the spring period, a variety of 

hydrological conditions during the summer were selected for calibration using HBV light. 

High runoff events were represented by the years of 1999 and 2002 (Table 4.2). These 

years both experienced large flooding events; while 1999 was generally a wet summer, 

in 2002 there was minimal precipitation before the record flood in August. This may also 

account for some of the variance in runoff ratios, where the larger singular event was
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discharged more completely from the basin. Once the basin storage is satisfied, the only 

place, in the “short term”, for water to leave the basin is runoff. Average precipitation 

years were exemplified by the years of 1993 and 1996, 1993 was significantly warmer 

than 1996 by over 3 °C, and 1996 was the coldest summer out of the calibration years. 

Drought conditions were experienced during the years of 1990 and 2005, which were 

both very hot, dry summers. However, in 2005 the discharge and runoff ratios are skewed 

by the effects of residual precipitation from before the start of the calibration run. This 

was deemed relatively extraneous, as the precipitation events throughout the summer of 

2005 were the lowest on record and minimal in nature.

Table 4.2: Summer HBV Light Meteorological Summary. Summer was defined as July 
13 through August 31 due to insignificant results when the calibration period extended 
into June.

Year
Temp Precip Discharge

Runoff
Ratio

Wind RH PE

Avg (°C) Sum (mm) Sum (mm)
(Disch /  
Precip)

Avg (m/s) Avg (%) Sum (mm)

1990 9.26 32.99 0.25 0.01 2.86 70.12 593.07

1993 7.79 76.48 41.26 0.54 2.68 84.74 35.69

1996 4.52 74.75 36.34 0.49 2.55 82.43 465.51

1999 8.23 195.60 84.13 0.43 2.68 83.45 750.77

2002 6.41 173.10 137.79 0.80 2.69 77.85 97.29

2005 9.28 1.50 6.61* 4.41 2.43 64.48 1261.80

Average 7.58 92.40 51.06 1.11 2.65 77.18 534.02

*Results from the storm just before calibration run
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4.2 Spring HBV Light Results

Examining and quantifying the results began by tabulating basic statistics for 

each year (Table 4.3), running the model through a linear regression (Table 4.4) and 

identifying parameters with significant influence on the Reff distribution. Significance 

is defined as the probability that the results are due to chance, therefore smaller values 

indicate that the result is less likely to have occurred due to chance. A significant main 

effect where p<0.05, was obtained for threshold temperature (TT), degree day of melt 

(CFMAX), snowfall correction factor (SFCF), and the refreezing coefficient (CFR), field 

capacity (FC), threshold for reduction of evaporation (LP), the shape coefficient (BETA), 

and the lower box recession coefficient (K2). TT had an average temperature of 0.99 

°C with a standard deviation of 1.21 °C. The average CFMAX was 0.09 °C -1 d -1 and it 

had a standard deviation of 0.07 mm °C -1 d -1. SFCF had a mean of 0.71 and a standard 

deviation of 0.16. It also had the highest partial eta squared of 0.09, which indicates the 

amount of error explained by the parameter. Every calibration year displayed the same 

mean of 0.05 and standard deviation of 0.03 for the refreezing coefficient. Field capacity 

had an average of 49.09 mm with a standard deviation of 24.53 mm. The mean LP was 

0.63 and there was a standard deviation of 0.2. The shape factor, BETA had an average 

of 3.03 with a standard deviation of 1.71. The lower box coefficient, K2 demonstrated 

a mean of 0.05 and a standard deviation of 0.03. There was no significant main effect 

where p>0.05 in the parameters of CWH, K0, Kp UZL, PERC and MAXBAS.
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Table 4.3: Spring Parameters Derived from Monte Carlo in HBV Light. Distribution 
in all years and total include the average (Avg) and standard deviation (SD).

Parameter
1991 1992 1998 1999 2002 2003 Total

Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD

Snow routine

TT (°C) 1.9 0.53 -1.18 0.92 1.19 1.23 0.24 1.34 0.84 1.13 1.21 1.04 0.99 1.21

CFMAX
(mm 0.11 0.03 0.06 0.01 0.31 0.15 0.11 0.05 0.05 0.02 0.1 0.04 0.09 0.07

°C-‘h r‘)
SFCF 0.9 0.08 0.89 0.07 0.81 0.12 0.89 0.08 0.69 0.15 0.64 0.14 0.71 0.16

CWH 0.11 0.06 0.11 0.05 0.1 0.05 0.13 0.04 0.1 0.06 0.11 0.06 0.1 0.06

CFR 0.05 0.03 0.05 0.03 0.05 0.03 0.05 0.03 0.05 0.03 0.05 0.03 0.05 0.03

Soil routine

FC (mm) 38.67 24.16 44.89 24.05 51.13 25.24 46.4 26.75 51.98 24.23 49.17 24.06 49.09 24.53

LP 0.69 0.2 0.61 0.19 0.61 0.22 0.69 0.24 0.61 0.2 0.64 0.2 0.63 0.2

BETA 3.09 1.7 3.4 1.63 1.88 1.88 1.16 1.45 3.16 1.65 2.97 1.72 3.03 1.71

Response routine

K 0 (hr1) 0.27 0.13 0.29 0.13 0.28 0.12 0.29 0.14 0.28 0.13 0.27 0.13 0.28 0.13

K 1 (hr-1) 0.13 0.09 0.15 0.09 0.05 0.04 0.07 0.09 0.16 0.08 0.14 0.09 0.14 0.09

K 2 (hr-1) 0.05 0.03 0.04 0.02 0.03 0.02 0.02 0.01 0.05 0.03 0.05 0.03 0.05 0.03

UZL (mm) 51.62 28.21 52.37 28 59.19 24.33 60.57 22.14 49.7 28.73 51.98 27.59 51.34 28.08
PERC

(mm hr-1)
MAXBAS

(hr)

6.23

3.55

2.44

1.46

6.79

3.3

2.47

1.4

6.06

4.01

2.81

1.4

7.43

3.97

1.94

1.44

5.3

3.44

2.83

1.44

5.95

3.48

2.66

1.45

5.76

3.49

2.74

1.45
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Table 4.4: Spring Tests of Between-Subjects Effects. Each parameter included the 
results from all years and was used to identify sources which had a significant main effect 
(highlighted yellow) on Reff.___________________________________________________

Source
Dependent

Variable

Sum of 
Squares 

(Type III)
df

Mean
Square

F Sig.
Partial Eta 

Squared

Corrected Model 

Intercept
R ffeff

10.269

16.399

14

1

0.733

16.399

70.465

1575.472

0.000

0.000

0.240

0.335

Snow routine

TT (°C) 1.374 1 1.374 132.001 0.000 0.041
CFMAX (mm

°C~1h r1)
SFCF

0.422 1 0.422 40.497 0.000 0.013

R ffeff 3.204 1 3.204 307.767 0.000 0.090

CWH 0.001 1 0.001 0.056 0.813 0.000

CFR 0.034 1 0.034 3.287 0.070 0.001

Soil routine

F C  (mm) 0.732 1 0.732 70.337 0.000 0.022

LP R ffeff 0.811 1 0.811 77.903 0.000 0.024

BETA 0.076 1 0.076 7.313 0.007 0.002

Response routine

K 0 (hr1) 0.017 1 0.017 1.655 0.198 0.001

K / h r 1) 0.001 1 0.001 0.080 0.777 0.000

K 2(h r-)
R ffeff

0.102 1 0.102 9.821 0.002 0.003

UZL (mm) 0.004 1 0.004 0.343 0.558 0.000

PERC (mm h r1) 0.002 1 0.002 0.176 0.675 0.000

MAXBAS (hr) 0.005 1 0.005 0.453 0.501 0.000

Error 32.487 3121 0.010

Total R ffeff 731.342 3136

Corrected Total 42.756 3135

During the spring, the threshold temperature (TT) in warm years clusters above 

1 °C, as seen in 1991 and 1998 (Figure 4.1). In colder years, such as 1992 and 1999, the 

highest Reff was found at lower values. In 2002 and 2003 where the average temperature 

for the period was around -1 °C, the slope of the TT distribution was less steep and 

favored higher values. In 2003 when the precipitation was higher, the trend was more 

pronounced. These years also showed the highest Reff values, with maximums of 0.9 

and 0.8 respectively. In 1999 when there was a low amount of SWE and temperatures 

hovered around freezing on average, the model produced the fewest results and there was 

high variability the distribution.



R
ef

f

Threshold Temperature -  TT (C) Threshold Temperature -  TT (C)

I ■  1998|

f ■
-1  0  1 

Threshold Temperature - TT (C)

fc  0.48 -o
o '

0.44

1999|

-1  0  1 

Temperature Threshold - T (C)

Figure 4.1: Spring Threshold Temperature. Distrubution by Reffin 1991, 1992, 1998, 1999, 2002 & 2003.
Note the differences in Reff distributions between years.



53

The degree day factor does not show a regular pattern based on either 

precipitation or average temperature (Figure 4.2). The warm, low snow year in 1991 had 

an ascending pattern between 0.04 and 0.18 with a maximum Reff at 0.19 mm °C-1 hr-1.

In 1992, a cold high precipitation year there was a peak between 0.04 and 0.06, and a 

descending trend towards 0.1 mm °C-1 hr-1. The years of 1998 and 1999 failed to show 

any significant tendencies, and had high amounts of variability. In 2002, the bulk of the 

distribution fell between 0.01 and 0.1 mm °C-1 hr-1, which was an average snow year. The 

high snow year of year 2003 showed an ascending trend from 0.05 to a high at 0.15, and 

was likely due to an increased rate of melt.

The parameter which modified the amount of snow within the basin, the snowfall 

correction factor (SFCF) showed a more predominant distribution in some years (Figure 

4.3). The years of 1991 and 1992 both demonstrated an increasing trend from 0.65 

through 1.00 with a larger cluster from 0.85 and upward. Although the years of 1998 

and 1999 had little discernable pattern, all values were above 0.5. The values in 2002 

were more concentrated from 0.5 through 0.75; however there was a large amount of 

unevenness within the distribution. In 2003 the highest SWE year, there was a peak in 

values from 0.45 through 0.6 and a descending trend towards 1.0, or when the model used 

the complete measured SWE.

The refreezing coefficient (CFR) did not show any discernable trends in Reff over 

the range of values of 0 to 0.1 (Figure 4.4). High Reff values were found in the range from 

0.02 to 0.03 and also from 0.07 through 0.09 in almost all years. Field capacity (FC) 

showed high Reff values in the years of 1991, 1998, 2002 and 2003 with values lower than 

20 mm (Figure 4.5). In the years of 1992, 1998, 1999, and 2002 there were also higher 

Reff results where the field capacity was about 60 mm. The threshold for reduction of 

evaporation (LP) had higher Reff values in 1991, 1998 and 2003 when the values were 

above 0.8, while in the other years values below 0.6 were favored (Figure 4.6). BETA,
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the shape coefficient showed that each year appeared to have a different range which 

produced the highest Reff values (Figure 4.7). The years of 1991 and 2003 showed a 

moderate value of 3, while 1992 and 2002 preferred greater than 5 while 1998 and 1999 

had the lowest with values under 1. The last parameter which was identified as significant 

by the linear regression was the lower recession coefficient (K2) which in 1991, 1998, 

1999 and 2003 showed the highest Reff values below 0.03 hr-1 (Figure 4.8). The year of 

1992 had high Reff values to a maximum of 0.06 and a peak at 0.07 h r1 while in 2002 the 

peak values were distributed across the range.

The results were analyzed beginning in 1991 with the TT parameter and the 

values with the highest Reff values were identified over each of the trial years. A trend 

began to emerge of parameters which were common to all years and the process was 

repeated for CFMAX. Based on similarities especially within the parameters defined 

as significant by the linear regression, the following set of parameters was selected 

from each year, with the year of 2002 defined as the best representation of the average 

throughout all the years (Table 4.5).



R
ef

f 
R

ef
f

0.60-

0.55-

0.50-

0.45-

0.40-

0.35-

0.30-

0.25-

0.65

■ . ■ ■ »■ # .»>■ I,.* ' j  ■ % M. ■ « , '"■I, 
i .  a  c£a> "p ■ ■■

1 2  3 4

Shape Coeffic ient - BETA

i t  0.20 

£

I ■  19921

■■■■■■ 
■ ■" :»■

1 2  3 4

Shape Coefficient - BETA

1 2  3 4

Shape Coeffic ient - BETA

i t  0.48 -o
o '

0.44

2 3 4

Shape Coefficient - BETA

| ■  19991
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Table 4.5: HBV Light Spring Selected Parameters. Distribution of one representative 
set of parameters from each year.

Parameter 1991 1992 1998 1999 2002 2003

Precipita t ion routine

T T  ( ° C ) 1.07 1.07 1.07 1.13 1.07 1.07

C F M A X  (m m  °C ~ 1h r 1) 0.08 0.08 0.26 0.13 0.08 0.08

S F C F 0.95 0.87 0.8 0.94 0.87 0.65

C W H 0.2 0.18 0.17 0.09 0.18 0.04

C F R 0.02 0.04 0.09 0.09 0.18 0.04

Soil rou t ine

F C  (m m ) 72.24 86.45 61.86 76.08 86.45 69.18

L P 0.71 0.76 0.54 0.67 0.76 0.82

B E T A 5.83 5.62 2.55 0.61 5.62 5.47

Response rou t ine

K 0J ( h r 1) 0.39 0.24 0.29 0.12 0.24 0.29

K 1 ( h r 1) 0.15 0.18 0.04 0.03 0.18 0.03

K 2 ( h r 1) 0.05 0.04 0.01 0.02 0.04 0.06

U Z L  (m m ) 42.25 74.11 82.08 33.54 74.11 23.42

P E R C  (m m  h r 1) 9.32 9.12 8.44 4.61 9.12 4.73

M A X B A S  ( h r ) 3.79 1.67 1.18 4.18 1.67 2.57

4.3 Summer HBV Light Results

The methodology used in the spring was repeated for the summer period (July 

13 - August 31); basic statistics (Table 4.6) where initially produced and the parameters 

analyzed using a linear regression to determine significance (Table 4.7). During the 

summer, the parameters TT, FC, LP, BETA, K2, PERC and MAXBAS had a significant 

impact where p<0.05 on the distribution of Reff. The average TT was -0.23 °C with 

a standard distribution of 1.33 °C. FC had an average of 36.98 mm with a standard 

deviation of 25.53 mm, which was lower than the spring values. The mean LP was 

0.72 and a standard deviation of 0.19. The shape factor, BETA had an average of 1.57
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with a standard deviation of 1.21, and was also lower than the spring mean. The lower 

box coefficient, K2 demonstrated a mean of 0.05 and a standard deviation of 0.03. The 

parameters, TT, CFMAX, and SFCF showed a trend to their distribution when compared 

by the goodness of fit criteria, Reff. In general, patterns in the years of 1990 and 1993, 

1996 and 1999 and 2002 and 2005 tended to mirror each other in their distributions.

Table 4.6: Summer Parameters Derived from Monte Carlo in HBV Light.
Distribution in all years and total include the average (Avg) and standard deviation (SD).

Parameter
1990 1993 1996 1999 2002 2005 Total

Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD

Snow routine

TT (°C) 

CFMAX 
(mm 

°C 1h r1)  

SFCF

-1.3

5.42

0.7

0.69

2.61

0.17

1.63

5.24

0.69

0.63

2.6

0.14

-0.05

5.51

0.71

1.41

2.6

0.17

-0.05

5.51

0.72

1.4

2.58

0.17

-0.26

5.52

0.7

1.29

2.6

0.17

-0.26

5.5

0.7

1.29

2.6

0.17

-0.23

5.51

0.71

1.33

2.6

0.17

CWH 0.1 0.06 0.1 0.06 0.1 0.06 0.1 0.06 0.1 0.06 0.1 0.06 0.1 0.06

CFR 0.05 0.03 0.05 0.03 0.05 0.03 0.05 0.03 0.05 0.03 0.05 0.03 0.05 0.03

Soil routine

F C  (mm) 22.91 21.38 34.15 23.15 50.96 20.94 51.46 20.95 31.82 22.16 32.04 22.1 36.98 23.53

LP 0.67 0.2 0.79 0.19 0.76 0.18 0.76 0.18 0.7 0.19 0.7 0.19 0.72 0.19

BETA 1.01 0.27 2.45 1.52 1.92 1.29 1.91 1.29 1.46 1.18 1.44 1.15 1.57 1.21

Response routine

K 0J (hr1) 0.27 0.13 0.27 0.13 0.27 0.13 0.27 0.13 0.27 0.13 0.27 0.13 0.27 0.13

K 1 (hr1) 0.15 0.08 0.05 0.05 0.04 0.02 0.04 0.02 0.12 0.08 0.12 0.08 0.1 0.08

K 2 (hr1) 0.06 0.02 0.01 0 0.02 0.02 0.02 0.02 0.05 0.02 0.05 0.02 0.05 0.03

UZL (mm) 49 29.1 52.53 25.31 59.02 23.77 58.91 23.55 52.6 27.49 52.32 27.53 54.15 26.72
PERC  

(mm h r1)  
MAXBAS 

(hr)

4.67

4.84

2.95

1.11

8.29

3.87

1.25

1.41

5.96

3.69

2.71

1.43

5.93

3.69

2.71

1.43

5.63

4.03

2.46

1.32

5.64

4.02

2.45

1.32

5.7

3.95

2.55

1.36
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Table 4.7: Summer Tests of Between-Subjects Effects. Each parameter included the 
results from all years and was used to identify sources which had a significant main effect 
(highlighted yellow) on Reff.___________________________________________________

Source
Dependent

Variable

Sum of  
Squares 

(Type III)
df

Mean
Square

F Sig.
Partial Eta 

Squared

Corrected M odel 

Intercept Reff
35.474

863.074

14

1
2.534

863.074

650.208

221469.658

0.000
0.000

0.090

0.707

Snow routine

TT (°C) 2.694 1 2.694 691.339 0.000 0.007
CFMAX (mm

°C 1h r1)
0.028 1 0.028 7.255 0.007 0.000

SFCF Reff 0.032 1 0.032 8.141 0.004 0.000
CWH 0.009 1 0.009 2.268 0.132 0.000
CFR 0.002 1 0.002 0.604 0.437 0.000

Soil routine

FC (mm) 5.291 1 5.291 1357.755 0.000 0.015

LP Reff 0.570 1 0.570 146.295 0.000 0.002
BETA 0.677 1 0.677 173.719 0.000 0.002

Response routine

Ko (hr1 0.006 1 0.006 1.515 0.218 0.000
K / h r 1) 3.463 1 3.463 888.698 0.000 0.010
K / h r 1)

Reff
6.196 1 6.196 1589.800 0.000 0.017

UZL (mm) 0.152 1 0.152 39.054 0.000 0.000
PERC (mm h r1) 1.763 1 1.763 452.343 0.000 0.005

MAXBAS (hr) 0.576 1 0.576 147.689 0.000 0.002
Error 357.619 91767 0.004

Total Reff 66733.975 91782

Corrected Total 393.093 91781

During the summer, the threshold temperature (TT) showed a significant 

distribution in 1990 and 1993 (Figure 4.9). In 1990, the threshold temperatures were 

always below zero, while in 1993 they were predominantly above 1 °C. This gave the 

results a more peaked appearance. The summer of 1990 was very warm, and therefore 

if snow occurred the threshold for melt to begin would have likely been relatively 

low, while in 1993 there was greater moderation in temperature, necessitating higher 

temperatures to trigger melt. There was a depression in Reff values when the TT is greater
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Figure 4.9: Summer Threshold Temperature. Distribution by Reffin 1990, 1993, 1996, 1999, 2002 & 2005. Note the
differences in Reff distributions between years.

On



66

than 0.75 °C in the years of 1996 and 1999. During the years of 2002 and 2005, there is 

little impact on the Reff distribution with changes in threshold temperature values.

Distribution of soil moisture (FC) from the soil routine showed some variation in 

best fit parameters over time (Figure 4.10). During 1990 and 1993, the main distribution 

of FC began sharply at 10 mm and descended towards 60 mm. In 1996 and 1999, years 

where it was relatively wet all summer, there was an ascending trend beginning at 10 

mm with a maximum at 90 mm with a maximum Reff of approximately 0.95. The years of 

2002 and 2005 were generally drier, and they showed a more rounded distribution from 8 

to 90 mm with a vague peak in 2005 from 20 mm to 32 mm with maximum Reff of 0.90 in 

the main trend.

Also in the soil routine, the threshold for reduction of evaporation (LP) showed 

upward trend with increased LP values in the wetter years of 1993, 1996 and 1999 

(Figure 4.11). Pan evaporation values were relatively similar between 1996 and 1999; 

however they were much lower in 1993 and may explain some of the deviation between 

expressions of a similar tendency. The most concentrated area of Reff values occurred 

where LP was between 0.9 and 1, with a maximum around 0.90. In the dry years of 1990, 

2002 and 2005, the distribution had a less obvious pattern, and high Reff could be found 

throughout the range.

The soil shape coefficient (BETA), also in the soil routine displayed very strong 

ranges and trends which depended on the overall precipitation (Figure 4.12). During 

the first dry year in 1990, the distribution was centralized around 1.0 with values 

concentrated by ± 0.5 on either side. In the wetter years of 1993, 1996 and 1999, the 

distribution was more J-shaped with a maximum around 1 and a leveling off around 

3, and more defined in the latter two years. During dry years of 2002 and 2005, BETA 

showed a steep defined peak around 0.6 and sloped down much more gradually to 5 with 

maximum R of 0.2.eff
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The response routine’s recession coefficients from the upper (Kt) box showed 

very different responses between years (Figure 4.13). The year 1990 did not exhibit any 

distinguishable trend, while the year 1993 was clustered predominantly between 0.025 

and 0.075 per hour, with a peak just before 0.05 per hour. In wet years (1993, 1996 and 

1999), Kj values were below 0.1 per hour, and had a very steep distribution and peak as 

they heavily concentrated with values around 0.05 per hour during the maximum Reff of 

0.915. In the dry years, K  had a moderated peak around 0.1 per hour with a maximum 

Reff of 0.915, and sloped down more gently to 0.25 per hour which showed a Reff of 0.87. 

Some outliers were present in the dry years in comparison to the wet years where the 

range was very restricted.

In the lower box (K2), the response routine’s recession coefficients showed some 

overall similarities between wet and dry years (Figure 4.14). During wet years, the peak 

occurred around 0.01 per hour and declined to Reff lower than 0.85 by 0.06 per hour. In 

dry years, the peak occurred around 0.02 per hour and declined slowly to minimum Reff 

of 0.87 by 0.1 per hour. A refined range for K2 was determined to be from 0.001 to 0.1 per 

hour.

In the soil routine, the maximal flow from the upper to lower box (PERC) 

followed a peaked trend in the dry years, it reached a maximum Reff of 0.915 around 6 

mm (Figure 4.15). The distribution extended from 1 to beyond 10 mm, however because 

the main peak was represented within the parameter limits this was deemed an acceptable 

result. In dry years, the slope of the curve began to increase around 1.5 mm and reached 

an apparent peak around 9 to 10 mm. Although the entire distribution of the wet years 

was not documented, the overlap area between years was approximated to be from 4 to 8 

mm, so a larger range was extraneous to further analysis.
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The routing function, MAXBAS displayed the most perceptible trend in the years 

of 1990 and 1993 where the Reff increased with higher values (Figure 4.16). In 1990, 

the trend was very linear, in 1993 the highest value was around 3.5 hr-1 and then the Reff 

values decreased slightly towards 6 hr1. A subtle trend was present in the years of 2002 

and 2005, which followed the year of 1990, where the Reff values increased marginally 

with higher values of MAXBAS. The years of 1996 and 1999 showed no obvious pattern 

to their results.

The same technique, as was used in the spring to analyze the results was again 

applied, with the TT parameter and the values with the highest Reff values being noted 

over all of the years. The resulting parameter sets for all other parameters were compiled 

to produce a selection of common parameters from each year (Table 4.8). The year 

1996 was selected as the parameters values that most completely represented the mean 

of all the years. In addition, the conditions present during the year 1996 could also be 

considered average in terms of hydrometeorological activity.
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Table 4.8: HBV Light Summer Selected Parameters. Distribution of one representative 
set of parameters from each year.

Parameter 1990 1993 1996 1999 2002 2005

Precipita t ion routine

T T  ( ° C ) -1.67 1.99 -0.4 -2.12 -1.61 -1.69

C F M A X  (m m 3.12 9.45 4.53 2.79 6.8 5.12

S F C F 0.61 0.72 0.55 0.63 0.87 0.43

C W H 0.12 0.03 0.07 0.15 0.13 0.16

C F R 0.1 0.05 0.08 0.01 0.07 0.08

Soil rou t ine

F C  (m m ) 34.76 34.9 34.88 34.9 34.12 34.84

L P 0.9 0.91 0.92 0.9 0.91 0.91

B E T A 1.11 0.82 1.09 1.06 1.02 0.92

Response rou t ine

K 0 ( h r 1) 0.42 0.4 0.17 0.05 0.1 0.21

K 1 ( h r - 1) 0.18 0.04 0.05 0.04 0.26 0.1

K 2 ( h r - 1) 0.08 0.01 0 0.01 0.06 0.09

U Z L  (m m ) 24.91 21.95 56.95 96.1 58.09 58.67

P E R C  (m m  h r 1) 6.39 8.86 1.12 7 6.08 7.98

M A X B A S  ( h r ) 5.88 4.06 3.89 3.35 4.69 3.63

4.4 Discussion

Using the pan evaporation as a measure of potential evaporation could have 

produced an overestimation of actual evapotranspiration, especially during the summer 

months. However, by examining the results, in particular the LP parameter which controls 

the proportion of actual evapotranspiration versus the potential, the values in each of 

the end parameter sets from the Monte Carlo analysis are high. This suggests that this 

estimate was relatively valid in the region, and that future applications of this model 

within an Arctic setting should carefully examine their estimations of this value, to ensure 

that it is sufficiently high enough. As well, a technique for future studies might involve 

using the full version of HBV to calculate the potential evapotranspiration based on the 

model or value of their choice, and then use it within HBV light to establish consistency 

between different versions of the model.
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Using a longer initialization period may have also changed and potentially 

improved the results. In the future, it would be preferable to use a warm-up period of a 

year to establish appropriate soil moisture within the soil, which the later complete HBV 

analysis reveals as important. In general, the model performs better with some antecedent 

moisture present within the soil moisture routine. Although it still appears to be beneficial 

when using HBV light to remove the summer transition period from June 16th through 

July 12th from the calibration period, including its effects on the soil moisture would be 

conceptually more valid for future work.

There were also significant differences within the distribution of the parameters 

depending on the physical hydrometeorological conditions present within the calibration 

years in both spring and summer. The linear regression analysis also indicated that there 

is a high degree of correlation between the different parameters, and even though a single 

set of similar parameters could be generated from each year there are still significant 

differences within some of the values. This raises the question of whether a singular set 

of parameters really exists for this basin, which is a common difficulty with the HBV 

model [Seibert, 1997]. However, the linear regression was useful for identifying which 

parameters had an effect on the Reff value and concentrating the parameter search.
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Chapter 5 Complete HBV Model Results & Discussion

5.1 Conversion to Complete Version of HBV and Final Calibration

The parameters derived from HBV light were imported into HBV and the 

model was initially run from 1987 to 2008. The resulting R2 value was 0.01 and the 

accumulated difference was greater than -900 mm for this 22 year period. During 

calibration of the parameter representing potential evaporation, it was found that different 

evapotranspiration values were necessary between June and July versus August and 

September, simplified Thornwaite (ATHORN) values of 0.35 and 0.16 were used during 

these periods. The model was run again from 1987 through 2002 as a calibration period; 

there was improvement through the alteration of some parameters deemed significant 

during the HBV light analysis, like TT, CFMAX, FC and BETA. This effect was most 

noticeable if the parameter had a large derivation from the overall mean value during the 

years sampled in the HBV light analysis.

The parameter SFCF was also slightly modified, although previous research 

[Hinzman et al., 1996] demonstrated that the end of April snow-surveys accurately 

represent SWE within the basin during many years, in general the model produced 

too much runoff when compared to the measured discharge during snowmelt. PERC, 

was also altered to UZLt because in the HBV light routine it represented the threshold 

between K0 and K  within the upper response routine, unlike in the complete version of 

HBV where it released discharge into the lower response routine. The parameter CFLUX 

was added to allow moisture to flow upwards from K  to K0, where K  represents the 

mineral soil and K0 the upper organic layer. The transformation parameter MAXBAS also 

had to be recalibrated during the switch between the two calibrated HBV models.



79

The final model parameters selected (Table 5.1) represented a compromise 

between goodness of fit and a minimized accumulated difference. In general, these 

parameters are similar to other studies, with the exception of the recession coefficients 

(K0 and Kt). Using values in excess of one per day allowed water to be routed in the 

upper response routine on an hourly basis, which was more appropriate in the Imnavait 

basin given its small area and rapid reaction time to precipitation. The MAXBAS 

parameter was also lower than one which means the precipitation was transformed to 

runoff in less than a day; this is an expected result for a small watershed.

Table 5.1: HBV Param eter Results. Comparison of the parameters derived from the 
HBV light analysis (Chapter 4) versus the final parameters used in the complete version 
of HBV.

Parameter
HBV Light HBV

Spring Summer Spring Summer

Precipitation routine

TT (°C) 1.07 -0.4 0.35 -0.5

CFMAX (mm °C 1d 1) 2 108 2.15 5

SFCF 0.88 0.55 0.9 1

CWH 0.18 0.07 0.18 0.07

CFR 0.04 0.08 0.04 0.08

RCFC -- -- 1 1

Soil routine

FC (mm) 86.45 34.88 40 30

LP 0.76 0.92 0.76 0.7

ATHORN** -- -- 0.6 0.35

BETA 5.62 1.09 3.03 1.09

Response routine

K o d ) 5.68 4.09 5.68 4.09

K  ( d 1) 4.35 1.27 4.35 1.27

K 2 ( d 1) 0.98 0.06 0.04 0

UZL0 (mm) 74.11 56.94 74.11 56.94

UZL1 (mm) -- -- 9.12 1.12

CFLUX -- -- 0.1 0.1

PERC (mm d 1) 9.12 1.12 -- --

MAXBAS (d) 1.67 3.89 0.65 0.45
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Running the model through the sixteen year re-calibration period from 1987 

through 2002 produced an R2 of 0.29, with an accumulated difference of -145.21 mm or 

9.68 mm per year (Table 5.2); this represented an underestimation of approximately five 

percent of the total discharge. The six year evaluation period from 2003 through 2008 had 

a subsequent R2 value of 0.05, with an accumulated difference of -229.5 mm or 38.25 mm 

per year, where the model under represented discharge by almost nineteen percent. These 

result show the difficulty with deriving a set of parameters work equally well during the 

whole period of record in the Imnavait basin.

Table 5.2: HBV Model Results From 1987 Through 2008. The final total represents a 
single model run from 1987 through 2008. Spring is April 15 to June 15; summer is June 
16 to August 31 and total from April 15 to August 31 each year.

Spring Summer Total
Year

R2
A c cD iff

(mm)
Rel Acc 

D iff
R2

Acc D iff  
(mm)

Rel Acc 
D iff

R2
Acc D iff  

(mm)
Rel Acc 

D iff
1987 0.81 -6.04 -0.08 0.26 -55.29 -0.38 0.62 -61.29 -0.28

1988 -0.17 7.31 0.18 -1.27 -3.37 -0.05 -0.39 3.98 0.04

1989 0.61 -6.83 -0.07 -2.07 46.04 0.75 0.45 39.31 0.24

1990 -0.05 -18.82 -0.23 -0.57 11.88 2.51 -0.01 -6.89 -0.08

1991 0.32 -51.00 -0.52 -0.22 -11.95 -0.38 0.34 -62.98 -0.48

1992 0.36 -34.44 -0.25 -0.10 -26.76 -0.40 0.33 -61.14 -0.30

1993 0.39 -54.51 -0.44 0.71 -18.37 -0.23 0.47 -72.84 -0.36

1994 0.31 -4.46 -0.09 0.00 14.69 0.17 0.24 10.33 0.07

1995 -0.34 -1.81 -0.02 0.52 -38.90 -0.34 -0.01 -40.65 -0.18

1996 -0.26 -5.15 -0.04 -0.98 -2.02 -0.04 -0.21 -7.05 -0.04

1997 -0.42 44.65 0.39 -0.17 11.73 0.11 -0.38 58.11 0.26

1998 -1.26 -25.64 -0.26 -0.07 0.96 0.02 -1.11 -24.58 -0.16

1999 0.19 -18.05 -0.29 0.76 51.69 0.50 0.69 33.67 0.20

2000 0.65 4.28 0.05 -0.09 -0.59 -0.01 0.59 3.82 0.02

2001 -0.39 32.46 0.34 -0.51 21.96 0.34 -0.38 54.51 0.34

2002 0.08 24.02 0.40 0.43 -17.61 -0.10 0.40 -5.24 -0.02

2003 -0.43 78.83 0.73 0.60 20.19 0.12 -0.20 100.04 0.36

2004 0.11 6.06 0.07 0.75 -70.87 -0.44 0.45 -64.78 -0.26

2005 -0.59 -2.18 -0.03 -0.03 -0.89 -0.05 -0.43 -5.04 -0.05

2006 -1.16 -23.35 -0.31 -0.08 -73.88 -0.63 -0.62 -97.22 -0.51

2007 -0.86 3.86 0.04 0.20 -26.50 -0.67 -0.63 -22.61 -0.18

2008 -0.30 -33.33 -0.44 0.44 -105.95 -0.53 0.35 -139.23 -0.51

Final 0.22 -373.97 -0.09
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5.2 Results from 1987 to 1989

In 1987, the first year of the calibration period, the R2 value was 0.62 with an 

accumulated difference of -61.29 mm where the model underestimated discharge by 

28% (Figure 5.1). During the spring, the R2 rose to 0.81, the highest R2 of all the springs 

during the complete 1987 to 2008 (22 years) application of the model. There was an 

underproduction of eight percent of the total runoff by the model and a total accumulated 

difference of -6.04 mm. Initially the model lagged behind the measured ablation, however 

it initiated the runoff earlier and the peak discharge was underestimated by 0.3 m3/s.

While the measured runoff displayed a single predominant peak, the model had multiple 

smaller surges which extended into the measured recession.

The summer had a lower R2 value of 0.26, with an accumulated difference of 

-55.29 mm and resulted in an under prediction of the modeled discharge by -38%. The 

timing of the runoff during the latter part of July and August was accurate; however 

the model produced discharge in early July which was not measured. The later summer 

period also showed the model consistently under-producing both the amount of discharge 

during each event and it failed to adequately account for the recession after each event.

1988 showed low goodness of fit values with an R2 of -0.39 overall, where the 

model over estimated discharge by four percent and the accumulated difference was 

3.98 mm. The period of snowmelt had an R2 value of -0.17; there was an excess 18% 

discharge with an accumulated difference of 7.31 mm. There was a severe delay in the 

ablation produced by HBV compared to the ground-based measurements, although the
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Figure 5.1: HBV Results 1987 to 1989. Modeled discharge and SWE versus measured
and accumulated difference in the Imnavait Basin.
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model produced a small peak around the same time as the main recorded flow, the bulk 

of the discharge was postponed by five days. The excess of discharge within the model 

meant that additional moisture was evapotranspirated into the atmosphere, or remained in 

the basin. In order to model this ablation period more accurately, a lower TT and higher 

CFMAX value would have been necessary.

In the summer the model under produced discharge by five percent, which 

resulted in an R2 value of -1.27 and an accumulated difference of -3.37 mm. Some runoff 

events were slightly delayed by the model; there was a small event in early July which 

was substantially over-estimated by the model. A small event and lengthy recession at 

the end of August was not accounted for by the model; the precipitation driving this 

discharge most likely occurred in the upper area of the basin and was not accounted for 

by the Imnavait basin meteorological station.

In 1989, the goodness of fit, R2 increased to 0.45 with an accumulated difference 

of 39.31 mm, this resulted in an over production by 24%. During the spring, there was 

a high R2 of 0.61, the model generated 93% of the measured discharge and there was an 

accumulated difference of -6.83 mm. Again as with the previous years, the model delayed 

snowmelt for too long, but the shape of the ablation curve was replicated relatively 

accurately. The initial timing of discharge produced was precise, however snow-damming 

produced multiple high peaks which were difficult to adequately represent in the model. 

There was an over estimation by the model during the snowmelt recession, due to 

repeated peaks in the calculated discharge.

The summer had a low R2 value of -1.41, with an accumulated difference of 

32.17 mm and an overestimation of 44%. During the precipitation events in July there 

was minimal measured discharge, while the model responded by quickly routing water
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through the basin and into the channel. There is likely insufficient evaporation during this 

period by the model; this year is also one of the warmest on record. In late August, the 

pattern reverses and inadequate discharge is produced. An alternate explanation may be 

that the basin storage must first be replenished within the basin before discharge can be 

produced, precipitation in July contributed to the deficit and then allowed precipitation in 

August and September to generate runoff.

5.3 Results from 1990 to 1992

The overall R2 in 1990 was -0.01; the model under-estimated discharge by eight 

percent and the accumulated difference was -6.89 mm (Figure 5.2). The spring R2 was 

low at -0.05, and the accumulated difference was -18.82 mm, which was a discharge 

underestimation of - 23%. Modeled and measured ablation curves followed each other 

almost the same, with the model showing slightly earlier melt than the field data. This 

resulted in the modeled discharge initiating earlier in the model, and it showed multiple 

small peaks than those measured. The actual runoff experienced sharp maximums around 

0.9 m3/s, while the model’s reached approximately 0.6 m3/s. There were also differences 

during the recession, the model dropped off rapidly while the measured discharge showed 

a longer more gradual decrease. The summer had an R2 of -0.57, with an accumulated 

difference of 11.88 mm; the model produced an extra 250% of discharge. To put this in 

perspective however, during the summer there was little precipitation, and consequently 

very low amounts of discharge. The model approximated the timing and magnitude of 

the runoff in June and July relatively well, and the poor R2 is due to over-estimations 

throughout the dry period and at the end of August.
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Figure 5.2: HBV Results 1990 to 1992. Modeled discharge and SWE versus measured
and accumulated difference in the Imnavait Basin.
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During the year of 1991, the total R2 value was 0.34, with an error of - 48% in 

discharge caused by an accumulated difference of -62.98 mm. In the spring, the R2 was 

0.32 with an accumulated difference of -51 mm, which under-represented the amount of 

measured discharge by 52%. The ablation curves followed each other relatively closely, 

although the model slightly over-estimated ablation more severely with time. The 

measured discharge exceeded a peak of 0.6 m3/s while the model reached only 0.35 m3/s. 

Immediately following snowmelt, there was considerable measured discharge which was 

not produced by the model. During this period there was also little recorded precipitation 

to generate discharge.

The summer had an R2 value of -0.22 with an accumulated difference of -11.95 

mm, and the model underestimated discharge by - 38%. The model did not respond to an 

event in the middle of June, however, it followed the pattern relatively accurately through 

July. There was a small amount of extra discharge produced by the model during each 

event, but it failed to correctly predict discharge in terms of both timing and magnitude 

by August. The recorded flow took longer to reach the outlet, and produced more runoff 

than was represented by the model. Possible explanations for the poor representation 

include an excess of evaporation in the model; precipitation in the upper reaches of the 

basin not measured by the rain gauge; or stored melted ground-ice that was flushed out of 

the ground during drainage events.

In 1992, the R2 value was 0.33, where the model under predicted discharge by 

-30% and had an accumulated difference of -61.14 mm. The spring had an R2 of 0.36, 

with a runoff deficit of -25% and an accumulated difference of -34.44 mm. The initial 

timing of the runoff was accelerated by a day, although the ablation calculated by the 

model lagged behind the measured. This meant that the discharge was being held within 

the basin longer than it was within the model. The second, main peak was relatively well 

represented by the model in terms of timing, although there was underestimation of the
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magnitude. The summer discharge had an R2 of -0.1, with an under estimation of -40% 

and an accumulated difference of -26.76 mm. In July, there was excellent agreement 

between the model and measured runoff. However, by August, the model did not produce 

as much discharge as what was measured. The largest summer event towards the end of 

August occurred much more quickly and at a higher peak than what was represented by 

the model.

5.4 Results from 1993 to 1995

The year of 1993 showed an R2 of 0.47 with an accumulated difference of 

-72.84 mm; this was a -36% modeled volume error (Figure 5.3). The spring modeled 

performance had an under estimation of discharge by -44%, with an R2 value of 0.31 and 

an accumulated difference of -54.51 mm. There was relatively good agreement between 

the initial timing of runoff in the model and the measured discharge, even though ablation 

in the model lagged behind the field data. The delay in ablation in the model affected 

its production of discharge, although there was reasonable agreement in phase between 

the model and measured discharge, the model shows a smaller initial peak and a larger 

second event contrary to the recorded flow. There is a long period of higher measured 

flows after snowmelt concludes, which was not included within the modeled output.

During the summer, there was a relatively high R2 of 0.71, where the model 

underestimated the discharge by 23% and had an accumulated difference of -18.37 

mm. Small events generated by the model in late June were minimal in the measured 

environment, indicating that other processes were dominating this period like 

insufficient evapotranspiration in the model, insufficient measured precipitation or lack 

of connectivity between the channels to transport the precipitation. The main peak flow 

event in July was under-represented by the model by around 0.3 m3/s but the timing
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Figure 5.3: HBV Results 1993 to 1995. Modeled discharge and SWE versus measured
and accumulated difference in the Imnavait Basin.
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showed good correlation. During August, the model again underestimated the recession 

between events, and responded too quickly to precipitation events in latter part. This 

further supported that the model was likely underestimating evapotranspiration during 

this period, or that some water was held in storage due to the increased depth of the active 

layer.

In 1994, the overall R2 was 0.24, where there was a runoff surplus of seven 

percent and an accumulated difference of 10.33 mm. During the spring, the R2 was 0.31, 

and there was an under production of discharge by nine percent with an accumulated 

difference of -4.46 mm. The peak snowmelt discharge showed strong agreement between 

the modeled and measured discharge in terms of both timing and magnitude although the 

modeled ablation lagged significantly behind the measured. The model produced a small 

initial peak and two subsequent large ones slightly more quickly than what was measured.

The summer showed an R2 value of zero, which resulted in an accumulated 

difference of 14.69 mm or an excess of 17% in the runoff. The depressed R2 value was 

mainly a result of the overproduction of runoff by the model which occurred all summer. 

The model generally produced discharge with a sharper peak while the measured 

discharge showed a longer recession. As in 1993, there may be some discrepancies 

between the modeled and actual evapotranspiration values, and how precipitation was 

routed through the basin. The months of July and August had higher than average 

thawing degree days and were within the warmest 20% of the years on record.

1995 had a low R2 value of -0.01, where there was an under production of 

modeled discharge of -18% and an accumulated difference of -40.65 mm. In the spring 

there was a shortage of discharge by two percent, producing an accumulated difference of 

-1.81 mm and an R2 of -0.34. During the snowmelt, the modeled ablation lagged behind 

the measured, however discharge was initiated a few days earlier by the model than was 

measured. The main peak of the runoff was well represented by the model, however it
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produced a secondary event due to an excess of SWE. It appears that there was either 

significant storage within the soil, or a large amount of snow sublimated directly to 

the atmosphere. During the latter part of May, there was also a significant amount of 

discharge, which did not register within the model due to a lack of precipitation to 

generate the runoff.

Summer had an R2 of 0.52, where there is an under estimation of runoff of -34% 

and an accumulated difference of -38.9 mm. There was good overall agreement between 

the model and measured discharge although the model tended to underestimate discharge 

and slightly delay the timing of the peak flow. This trend is opposite to the summers of 

1993 and 1994, and indicates either overestimation of evapotranspiration, or insufficient 

precipitation measured to produce adequate amounts of runoff. The previous hot dry 

summers may have also resulted in the drying out of the live organic layers, and allowed 

greater amounts of water to be transported more quickly through the water tracks to the 

main channel.

5.5 Results from 1996 to 1998

The R2 in 1996 was -0.21 with a small volume deficit of four percent and an 

accumulated difference of -7.05 mm (Figure 5.4). Spring showed an R2 of -0.26, where 

the accumulated difference was -5.15 mm and there was an under production of runoff 

by four percent. The model’s calculated ablation was similar to the field data; however 

runoff initiated approximately one day earlier in the model than the measured runoff.

One potential factor that is not easily accounted for by the model is snow-damming,
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Figure 5.4: HBV Results 1996 to 1998. Modeled discharge and SWE versus measured
and accumulated difference in the Imnavait Basin.
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which likely delays the runoff and can be identified due to the intense sharp peak in the 

measured hydrograph. During a storm in early June, the model over produced discharge, 

however as this is a reasonably large spring event measuring precipitation accurately 

during these periods is challenging even over the small scale of the Imnavait Basin.

In the summer, the R2 decreases further to -0.98 and the model under estimated 

runoff by four percent with an accumulated difference of -2.02 mm. The model predicted 

runoff with relative accuracy, although there is an unaccounted event during the latter 

part of July. Towards the end of August, the model had some small problems with timing 

where it had difficulty with multiple small events and the intermittent recession periods. 

There are some instances where the model produced discharge which was not measured, 

this contributed to the depressed R2 value.

The year of 1997 had an R2 of -0.38, where there was an accumulated difference 

of 58.11 mm or a surplus runoff of 26%. During the spring, the R2 was -0.42 where there 

was a large over estimation of discharge by 39% and an accumulated difference of 44.65 

mm. The model lagged behind what was measured during ablation; however runoff 

initiated approximately two days early. The initial peak event is slightly overestimated 

by the model, a trend which is mirrored by the secondary episode but with greater 

severity. As in previous springs with high end of winter SWE, there appeared to be 

greater amounts of sublimation or evaporation than were accounted for in the model. The 

modeled discharge was also very responsive to the input of additional solid precipitation 

throughout the runoff period; an overestimation of the amount of snow may have also 

contributed to the overproduction of discharge by the model.

The summer showed an R2 of -0.17 and an accumulated difference of 11.73 mm 

which resulted in a volumetric runoff error of 11%. During July, the model initially over 

estimated the first event, potentially due to increased use of water by plants through 

transpiration during the beginning of the growing season. June in 1997 had an above
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average amount of thawing degree days and received below average precipitation. The 

remainder of the summer had relatively good agreement between the modeled and 

measured discharge, with the model capturing the general hydrological trends. The errors 

in discharge within this period are likely due to inadequate precipitation measurements, 

with the gauge producing a poor representation of the distribution of precipitation over 

the upper and lower reaches of the basin.

In 1998, the total R2 value was -1.11, with a discharge deficit of -16% and an 

accumulated difference of -24.58 mm. Spring showed a low R2 of -1.26, with an under 

estimation of discharge of -26% and an accumulated difference of -25. 64 mm. The 

modeled ablation significantly lagged again behind the field measurements, as does the 

discharge. The main peak during snowmelt was a large, intense event at the beginning of 

the runoff period and exhibits the classic characteristics of snow damming, the modeled 

event occurred instead during the middle of the ablation period. The discharge events in 

the first half of June were underestimated by the model, and it poorly represented the flow 

recession.

The summer had an R2 of -0.07, with an accumulated difference of 0.96 mm and 

an over production of runoff by two percent. The depressed R2 square was primarily 

due to the model overestimating flow in late July and August (which was rather low).

In late June the model had a delayed response to a precipitation event, and through July 

there appeared to be storage within the basin rather than flow. As with 1997, the model 

is relatively accurate in representing the hydrological processes within the basin during 

this period, and precipitation measurement and evapotranspiration estimates are likely the 

main sources of contributing error but there is no clear evidence.
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5.6 Results from 1999 to 2001

1999 had an R2 of 0.69; the model produced an extra 20% of the annual measured 

runoff and had an accumulated difference of 33.67 mm (Figure 5.5). During the spring, 

the R2 was 0.19, with an accumulated difference of -18.05 mm which was an under 

representation of 29% of the actual measurements. This year’s SWE was low and the 

model was more accurate in representing the ablation process. However, the model 

initiated runoff earlier than was found in the basin, and it also overestimated magnitude 

of the peak discharge. During early June, there was an underestimation of the discharge, 

which was primarily due to difficulties in quantifying late spring solid precipitation.

Summer showed an R2 of 0.76, and a runoff excess by the model of 50% with 

an accumulated difference of 51.69 mm. In late June and early July, there was some 

overestimation by the model during the discharge events. During the large event in 

the middle of July, the model replicates the recorded hydrograph with a high degree of 

accuracy and precision, including the recession, this is very important for flood planning 

and design as it is the second largest runoff event ever recorded in the Imnavait Basin. 

During the month of August, there is some overestimation of runoff by the model, which 

may be due to insufficient evapotranspiration. The month of August in 1999 experienced 

above average amounts of thawing degree days and was among the top quarter of the 

warmest August months on record.

The year of 2000 showed an R2 of 0.59, the accumulated difference was 3.82 mm 

and the model produced an excess two percent of the total annual measured discharge. 

There was an R2 value of 0.65 in the spring when the accumulated difference was 

4.28 mm; there was an over estimation of runoff by five percent. Although the model
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Figure 5.5: HBV Results 1999 to 2001. Modeled discharge and SWE versus measured
and accumulated difference in the Imnavait Basin.
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initiated runoff approximately two days earlier than was measured, the overall timing 

of the discharge was fairly accurate. The modeled ablation was slightly later than the 

measured field data, but the majority of the process showed good agreement. As in other 

years with high SWE and delayed spring melts, there appeared to be higher amounts of 

evapotranspiration and possibly sublimation which removed water from the system and 

were accounted for by the HBV model partially by lowering the initial SWE value in the 

simulation.

The summer had an R2 of -0.09, where the model produced a runoff deficit of one 

percent and an accumulated difference of -0.59 mm. The events through June and July 

(all rather small) were generally strongly represented by the model. In early August, the 

model predicts discharge which was not measured in the basin. Through the middle of 

August, the model continues to slightly over estimate runoff events and is generally less 

accurate in the recession phase of flow. At the end of August, there is a snowfall event 

after which the model over produces discharge. The precipitation during the end of July 

may be less spatially representative of the entire basin; an overestimation would account 

for the overproduction of discharge. The month of August in 2000 was the 3rd coolest on 

record, some of the precipitation falling as snow may have evaporated and reduced the 

amount entering the moisture routine.

During 2001, the last year of the calibration period, there was an R2 of -0.38 

where there was an over estimation of discharge of 34% and an accumulated difference of 

54.51 mm. Spring had an R2 of -0.39, the accumulated difference was 32.46 mm and the 

model produced an extra 34% of total runoff over the measured. The modeled ablation 

lagged behind the measured, which appeared typical given the high amount of SWE that 

year. The initial measured event was a large slush flow which was captured by the model,
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albeit with a lower discharge value and with the initial runoff occurring a day early. The 

second half of the runoff produced by the model was late compared to the measured 

runoff, largely because the model has difficulty in precisely predicting the timing of both 

the peak and secondary slush flows. Excess discharge within the model could be due to 

insufficient evapotranspiration and sublimation during the delayed spring runoff.

The summer had an R2 of -0.51, where the model generated an extra 34% of 

runoff over the recorded discharge during that period; and there was an accumulated 

difference of 21.96 mm. Runoff events through the middle of June and July are over 

estimated by the model, as there appears to be insufficient evapotranspiration within the 

model during that period to remove water from the system. In July of 2001, there were 

more than average freezing degree days and above average rainfall. During the month 

of August, when the temperatures were closer to average, there was solid agreement 

between the model and measured discharge. The depressed R2 value was primarily a 

results of the over production of discharge, even though the timing of the modeled and 

measured runoffs follow each other relatively well.

5.7 Results from 2002 to 2004

The first year of the evaluation period was 2002 where the R2 was 0.4 and there 

was an under estimation of discharge by two percent of the season’s total discharge with 

an accumulated difference of -5.24 mm (Figure 5.6). There was an over estimation of 

discharge in the spring of 40%, where the R2 was 0.08 and the accumulated difference of 

24.02 mm. Although the modeled and measured ablation curves follow each other almost
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Modeled 
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Figure 5.6: HBV Results 2002 to 2004. Modeled discharge and SWE versus measured
and accumulated difference in the Imnavait Basin.



99

exactly, the model initiated discharge one day earlier than was measured, and it slightly 

overestimated the peak discharge. The excess SWE in the model may again be due to 

greater amounts of sublimation present within the actual system, or storage within the 

rapidly developing active layer. The SWE equivalent for 2002 was slightly above average 

and the May temperatures around average for the period of record.

During the summer, the R2 was 0.43, where there was a deficit by the model of 

ten percent and an accumulated difference of -17.61 mm. The main discharge event in 

August, the largest ever recorded in the Imnavait basin, showed good correlation in 

timing between the measured and modeled values. The model underestimated the peak 

discharge by approximately 2.6 m3/s, however much of this difference is due to the fact 

that this was a mixed snow and rain event which was poorly represented as precipitation 

data in the model. The precipitation also included rain on snow, which is difficult to 

adequately measure using the gauge that we have. A smaller event later in August was not 

represented by the model, and the precipitation may have either have been trace in nature 

or occurred predominantly in the upper reaches of the basin.

In 2003 the R2 was -0.2, the model over produced by 36% and had an 

accumulated difference of 100.04 mm. Spring had an R2 of -0.43, where there was a 

very large over production of discharge by 73% and an accumulated difference of 78.83 

mm. There is an overrepresentation of SWE within the model during the spring storms 

in May, where the distribution of snow and rain appear non-homogenous over the basin. 

Additionally large amounts water also likely left the basin through evapotranspiration and 

sublimation at rates which were inadequately accounted for by the model, this follows 

the same error pattern seen in other years where the majority of runoff is delayed until 

June. The modeled and measured discharge initiated within twelve hours of each other, 

although the measured values are strongly affected by slush flows. The model takes 

longer for the peak discharge to occur, and then overestimates the total volume.
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During the summer, the R2 was 0.6, where the model over estimated discharge 

by an extra 12% over the measured total and there was an accumulated difference of 

20.19 mm. There is very good agreement between the model and measured runoff, with 

the model slightly overestimating peak discharge values and underestimating during 

the recession periods. As with other years in the calibration period, there may be higher 

amounts of evapotranspiration or more retention in the organic layer of the soil in the 

active layer. Also, there may be some error introduced by the spatial heterogeneity 

of precipitation across the basin area in comparison to the location of the rain gauge, 

especially in the case of summer snowfall such as the larger event in the middle of August 

where there may be large variations depending on minor topography features.

The year of 2004 had a shortage of discharge of 26%, where the overall R2 was 

0.45 and the accumulated difference was -64.78 mm. Spring season had an excess of 

seven percent of runoff while the R2 was 0.11 and the accumulated difference was 6.06 

mm. The initial timing of discharge was similar between the model and measured runoff, 

although there were differences in the shape of the hydrograph. Multiple steps in the 

modeled ablation curve produced three distinct peaks in the discharge; in comparison, 

the measured discharge showed several peaks likely due to snow damming. The higher 

volume of SWE also probably experienced higher amounts of evapotranspiration and 

sublimation than is present in the model and contributed to the presence of excess water.

During the summer, the R2 was 0.75, although there was an under estimation of 

discharge by the model of -44% during that period and the accumulated difference was 

-70.87 mm. In late June there are inconsistencies between the modeled and measured 

discharge which continue through the month of July. The model generally under produces 

the magnitude of discharge from the basin, especially during higher flow events and
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recessions. The month of August in 2004 is the warmest on record, while July was within 

the top 25% warmest. Unlike previous warm years in the calibration period like 1994 

and 1999, there is a large deficit of water within the model. The model’s production of 

discharge is strongly driven by precipitation in this basin, and its absence may due to a 

combination of issues; such as the under measurement of precipitation, over estimation of 

evapotranspiration or water released from storage into the basin.

5.8 Results from 2005 to 2007

2005 had an R2 of -0.43, where the accumulated difference was -5.04 mm and the 

model produced an underestimation of five percent of the total discharge (Figure 5.7).

The spring R2 value was -0.59, where the model showed a deficit of three percent of 

the total measured runoff and had an accumulated discharge of -2.18 mm. Ablation for 

this year was severely complicated by a large slush flow that occurred on May 13th; the 

model began to respond to the warming temperatures before being delayed by a 4 day 

cold snap which postponed the main runoff peak for almost two weeks. The large slush 

flow appears to have been initiated by the warmest April on record in terms of thawing 

degree days, and the factors contributing to this event are not specifically conceptually 

represented in the model.

During the summer, the R2 was -0.03, where the accumulated difference was 

-0.89 mm, and this created a discharge volume error of five percent. There are very 

few discharge events this year, as the summer of 2005 is the driest on record. The 

model’s over production of runoff in both June and early July strongly contributed to
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Figure 5.7: HBV Results 2005 to 2007. Modeled discharge and SWE versus measured
and accumulated difference in the Imnavait Basin.
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the depressed R2 value. The single measured runoff event in the middle of July was 

severely underrepresented by the model, and may be due to either insufficient measured 

precipitation or water was flushed from storage. Storage may have occurred as ponding 

on the surface, stagnation within the organic layer or as water released from melting ice 

rich ground.

During the year of 2006, the R2 value was -0.62, where the accumulated 

difference was -97.22 mm and there was a shortage of discharge by -51% of the total 

runoff. The spring had an R2 of -1.16, which produced an underestimation of discharge by 

-31%, and an accumulated difference of -23.35 mm. The spring ablation was accelerated 

by the model, and the discharge produced occurred earlier than the measured. However, 

the runoff produced by the model had similar magnitude and shape as the measured 

discharge. The secondary runoff events in the later part of May were not well represented 

by the model, the same is true of the discharge in early June. It appeared that there 

was additional water which was either not measured accurately by the gauge or it was 

evapotranspirated within the model.

Summer of 2006 had an R2 of -0.08, and there was an under production of 

discharge by the model of -63% and an accumulated difference of -73.88 mm. During 

this summer there were some obvious difficulties in the measurement of precipitation.

The main precipitation tipping bucket in the Imnavait malfunctioned, and the back-up 

site also failed. The use of the alternate NRCS precipitation gauge found in the Imnavait 

basin in combination with the Upper Kuparuk record failed to produce adequate amounts 

of precipitation to create similar magnitudes of runoff like what is measured in the 

basin. These events may also been influenced by melting ground ice, due to the high 

temperatures in the previous four years.
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In 2007, the total R2 was -0.63, where there was insufficient discharge produced 

by the model on the order of -18% and an accumulated difference of -22.61 mm. The 

spring had a low R2 value of -0.86, where there was an over production of runoff of 

four percent and the accumulated difference was 3.86 mm. In April of 2007, the end 

of the month experienced particularly warm temperatures, and the model responded by 

beginning ablation during this period. In reality, the temperatures cooled during early 

May and multiple storms delayed the runoff. However, the model managed to reproduce 

the magnitude of the peak flow of the main runoff event relatively accurately when 

compared to the measured value.

During the summer of 2007, the R2 climbed to 0.2, however there was a 

shortage of discharge within the model totaling -67% of the total recorded and the 

accumulated difference was -26.5 mm. This summer was the second driest on record.

The model overproduced discharge in the latter part of June likely due to insufficient 

evapotranspiration estimation. There was a small discharge event in July which was 

represented relatively precisely by the model. However, by August there are large 

discrepancies as the model routed the precipitation too rapidly through the response 

routine, and did not produce a similar magnitude of discharge to the measured values. 

Two potential explanations include an underestimation of precipitation or the release of 

water held in storage due to thawing ground-ice.

5.9 Results from 2008

The year of 2008, the last in the evaluation period, had an R2 value of 0.35, where 

there was a total volume underestimation of 51% and an accumulated difference of 

-139.23 mm (Figure 5.8). The spring had a low R2 value of -0.3, where the model under 

produced 51% of the total runoff and there was an accumulated difference of -33.33
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Figure 5.8: HBV Results 2008. Modeled discharge and SWE versus measured and ac
cumulated difference in the Imnavait Basin.

mm. The end of winter SWE this year is one of the lowest on record, and multiple small 

slush flows occurred instead of a larger event. The model delays the ablation relative to 

measured values, and instead produces one large peak of flow with subsequent smaller 

discharge events. The later discharge in May was a result of spring snow, which was not 

adequately quantified by the precipitation gauge, and contributes heavily to the modeling 

error.

The summer had an R2 of 0.44, where the model underestimated 53% of the total 

measured discharge and there was an accumulated difference of -105.95 mm. During 

each major runoff event there is insufficient precipitation in the model to generate 

the recorded flow. Although the model responds adequately in terms of timing, the 

magnitude of the discharge is severely distorted. Since these events generally occur over 

a relatively short period of time, it is unlikely that the fault lies with an accelerated rate 

of evapotranspiration within the model. Alternately, there may be substantial undercatch 

of precipitation, both rain and snow events occurred during this summer and the results
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from previous years have pointed to serious errors due to lack spatial homogeneity in 

distribution and difficulties physically quantifying wet snow. Convective storms centered 

in the upper basin may be contributed higher amounts of precipitation than historically 

have occurred. A third potential explanation is the contribution of thawing ground ice 

may have added to the precipitation thus enhancing the effective precipitation that 

resulted in increased discharge [Edlundet al., 1990] that cannot be adequately accounted 

for using the HBV model.

5.10 Discussion

In general, errors within the modeled discharge produced by HBV can be 

attributed to one or a combination these factors:

1) Variations in the appropriate value for a parameter over time;

2) The model not adequately representing a dominant physical process 

influencing the production and timing of discharge;

3) Errors in the data used to drive the model.

Addressing the modeled spring discharge in terms of these criteria, the dominant 

issues are that the threshold temperature and degree day factor parameters which drive 

the melt process are variable over time, the model does not directly account for snow- 

damming, it underestimates evapotranspiration and sublimation, and there are data issues 

particularly with quantifying solid precipitation which occurs after the end of winter 

SWE measurements collected each year in April.

Finding a single value of the threshold temperature and degree day factor which 

would perfectly initiate the timing and rate of melt perfectly over the 22 year application 

period is impossible due to climatic factors such as short and long-wave radiation and 

wind speed having a different effect depending on the weather conditions (temperature,
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clouds, etc.) and amount of SWE. By compromising to values which work over the 

majority of the period, there will ultimately be outlying years such as 2005 through 

2007 with poor predictions. A second source of error is the insufficient representation of 

snow-damming and evapotranspiration and/or sublimation in the HBV model routines. 

Although the model does not directly account for snow-damming, it attempts to simulate 

the process by using a higher threshold temperature to delay the initiation of melt and a 

higher degree day factor when it begins to rapidly routine water through the system and 

produce large peak snowmelt discharge events.

The snow-damming process with the snowpack warming can be described by 

several steps. Snow crystals gradually melt at the surface of the snowpack to liquid water 

which can percolate down into the snowpack and be refrozen (releasing substantial latent 

heat) if the snow temperature is below 0°C at depth. Once the temperature profile is iso

thermal, water may enter the soil profile, again some refreezing, releasing latent heat 

and bring the soils up to 0°C. Additionally, meltwater from the hillslope collects in the 

valley and weakens the bond between snow crystals. Eventually they are overwhelmed 

by the liquid water and a slush flow occurs as the gravity pulls the material downhill, 

roughly following the drainage network. Sharp increases in the hydrograph occur as 

meltwater in the valley bottom rapidly drains into the channel made by the slush flows. 

Additional parameters which were modified to partially account for this process included 

the transformation routing (MAXBAS) to hasten the transformation of discharge, and an 

enhanced soil moisture threshold (FC).

However, the timing of snow-damming was variable from year-to-year and there 

were some difficulties in accurately predicting the volume of discharge. The excess of 

water during snowmelt was most severe when the spring was particularly warm or there 

was a deep snowpack which was present until June. Evaporation during spring snowmelt 

was previous estimated to be up to 4 mm per day in the Imnavait during measurements
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from 1985 through 1990 [Kane et al., 1991]. As the snow melts on a slope, an edge- 

effect develops between the newly bared ground and the areas that remain snow-covered 

(Figure 5.9). A significant difference in albedo exists between the snow and non-snow 

covered areas as snow has highly reflective properties and decreases the ability of 

radiant energy to penetrate the material. Bare ground has a much lower albedo and can 

reach temperature between 15 and 42 °C [Liston, 1986], on the edges of the snowpack 

there can be an accelerated rate of melt at the interface between the two surface covers 

[Liston, 1995]. The overproduction of discharge during the snowmelt period suggests 

that this process is not adequately quantified by the model and there likely is a significant 

influence on the rate evapotranspiration. This process may also continue to occur around 

0° C; further limiting the ability of the Thornwaite equation to account for it since the 

method is primarily based on air temperature.

Figure 5.9: Edge Effect Between Tussock and Snow. Imnavait Basin, May 2007 with 
ptarmigan for scale

Isolating the errors in data driving the model benefited from comparing the 

spring and summer accumulated differences from the model results to the cumulative 

precipitation, cumulative discharge, runoff ratio (cumulative discharge / cumulative 

precipitation) and freezing and thawing degree days calculated for each period (Table 

5.3). There was a negative correlation, an indication of a linear relationship between
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two different distributions, in both spring and summer between the runoff ratio and the 

seasonal accumulated difference. In the spring, this correlation was -0.73 while in the 

summer it rose to -0.84. This meant that as the runoff ratio went up because there was 

relatively less precipitation compared to the amount of discharge, the HBV model more 

severely underestimated the amount of discharge produced by the model and there were 

lower values of accumulated difference. The lack of precipitation lead to the deficit in 

the model’s production of discharge and meant that there was either (or both) insufficient 

precipitation measured because of undercatch, wind-loss, sublimation or failure to 

quantify solid precipitation.

Table 5.3: Spring and Summer Climatic Summary in the Imnavait Basin. Spring 
precipitation includes end of winter SWE values. Spring is from April 15 to June 15 and 
summer is from June 16 to August 31 each year.

Y e a r

Spring
Spring
Precip

Spring
R unoff
R atio

Spring Spring Sum m er Summer
Precip

Summer
Runoff
Ratio

Summer
Freezing

DD

Summer
Thawing

DD

m m m m ° C  d ° C  d m m m m ° C  d ° C  d

1 9 8 7 72.99 123.18 0.59 -246.04 162.65 147.18 213.91 0.69 -9.01 674.99

1 9 8 8 41.52 94.02 0.44 -158.80 171.23 70.60 165.13 0.43 -15.38 663.13

1 9 8 9 101.44 148.89 0.68 -273.48 121.73 61.58 219.51 0.28 0.00 792.00

1 9 9 0 82.78 122.22 0.68 -168.71 253.54 4.70 71.73 0.07 0.00 792.41

1 9 9 1 98.74 99.71 0.99 -50.35 142.99 31.41 84.36 0.37 -15.64 597.55

1 9 9 2 140.09 162.12 0.86 -368.37 91.54 66.31 109.60 0.61 -5.38 735.62

1 9 9 3 123.50 139.61 0.88 -139.49 223.63 80.12 145.36 0.55 -3.35 659.76

1 9 9 4 52.37 118.40 0.44 -196.91 201.28 88.03 224.70 0.39 -25.85 709.44

1 9 9 5 110.68 188.32 0.59 -116.69 196.95 115.98 171.11 0.68 -0.76 589.60

1 9 9 6 127.91 188.19 0.68 -295.07 152.83 45.07 107.75 0.42 -30.43 474.61

1 9 9 7 115.87 239.37 0.48 -206.62 172.59 103.72 219.30 0.47 -2.54 709.85

1 9 9 8 100.05 166.97 0.60 -163.58 199.44 57.97 138.90 0.42 -0.80 764.72

1 9 9 9 61.84 97.03 0.64 -220.45 214.05 103.22 266.40 0.39 -2.08 717.87

2 0 0 0 89.23 138.00 0.65 -354.69 139.60 100.12 193.20 0.52 -21.81 573.70

2 0 0 1 94.71 168.10 0.56 -456.03 111.36 64.41 181.50 0.35 -7.39 630.77

2 0 0 2 60.30 155.80 0.39 -249.94 187.75 181.47 232.50 0.78 -20.34 477.66

2 0 0 3 108.02 245.70 0.44 -182.23 132.49 169.64 282.00 0.60 -4.55 548.10

2 0 0 4 85.74 132.00 0.65 -134.02 238.47 159.94 192.90 0.83 -2.38 884.06

2 0 0 5 81.36 133.07 0.61 -178.62 250.90 16.63 42.00 0.40 -7.61 691.25

2 0 0 6 74.84 135.45 0.55 -280.65 191.98 117.59 122.00 0.96 -3.49 706.91

2 0 0 7 87.37 151.13 0.58 -128.88 288.89 39.33 58.50 0.67 0.00 905.78

2 0 0 8 75.84 122.90 0.62 -228.98 155.70 198.13 186.60 1.06 -2.18 555.66

A v e r a g e 90.33 148.64 0.62 -218.12 181.89 91.96 164.95 0.54 -8.23 675.25
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Further analysis reveals an additional relationship between the summer 

precipitation and the accumulated difference with a correlation of 0.65. This indicates 

that years with higher end of winter SWE and precipitation in the spring time typically 

also have higher accumulated differences in HBV or the model overestimates the amount 

of discharge versus the measured runoff. This is further evidence that evaporation and 

sublimation during high snow-fall years plays a larger role that is insufficiently accounted 

for by the HBV model.

Returning to the discussion of errors within the modeled discharge produced 

by HBV in the summer, an important component in the analysis of the results 

was determining the accuracy of the calculation of evapotranspiration within the 

model. Evapotranspiration plays a large role in determining the antecedent moisture 

conditions and amount of discharge generated within the model. Comparison of the 

evapotranspiration derived by previous water balance computations [Kane et al., 2004] to 

values produced by the model and the accumulated differences (Table 5.4), shows that the 

years of 1987, 1993, 1995 and 2000 to be periods where evapotranspiration may have 

been overestimated by the model since there was insufficient discharge. In comparison, 

the model may have been underestimating evapotranspiration in 1989, 1990, 1994, 1997, 

1999, 2001 and 2003.
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Table 5.4: Evaporation in the Imnavait Basin. Contrasting methods of calculating both
actual [Kane et al., 2004] and potential evaporation against measured pan evaporation.

Year

Actual Evaporation Potential Evaporation Pan
Evaporation W B ET vs. 

Pan Evap
W a t e r  B a l a n c e H B V  M o d e l P r i e s t l y - T a y l o r T h o r n w a i t e

m m m m m m m m m m

1 9 8 7 130.00 149.47 167.00 339.45 320.00 0.41

1 9 8 8 219.00 164.66 201.00 350.19 332.00 0.66

1 9 8 9 240.00 178.35 171.00 335.50 420.00 0.57

1 9 9 0 177.00 110.91 147.00 441.84 394.00 0.45

1 9 9 1 232.00 122.86 208.00 319.37 377.00 0.62

1 9 9 2 215.00 106.99 154.00 301.53 328.00 0.66

1 9 9 3 108.00 149.50 109.00 403.78 321.00 0.34

1 9 9 4 201.00 185.28 211.00 376.95 345.00 0.58

1 9 9 5 114.00 183.60 150.00 359.84 290.00 0.39

1 9 9 6 155.00 129.38 160.00 279.69 280.00 0.55

1 9 9 7 206.00 178.31 194.00 366.42 307.00 0.67

1 9 9 8 153.00 182.83 203.00 406.89 288.00 0.53

1 9 9 9 225.00 188.05 231.00 391.37 286.00 0.79

2 0 0 0 149.00 137.22 168.00 300.99 335.00 0.44

2 0 0 1 184.00 148.09 179.00 290.10 285.00 0.65

2 0 0 2 186.00 152.93 216.00 319.72 285.00 0.65

2 0 0 3 175.00 130.73 172.00 280.03 327.00 0.54

2 0 0 4 174.32 156.38 231.00 445.89 384.00 0.45

2 0 0 5 156.45 93.25 165.00 414.46 378.00 0.41

2 0 0 6 93.81 178.76 174.48 408.93

2 0 0 7 82.86 111.99 244.38 535.49 391.26 0.21

2 0 0 8 40.00 151.99 223.77 272.34 328.77 0.12

A v e r a g e 157.10 149.61 185.44 360.94 333.43 0.49

The evaporation produced in 2004, 2006 and 2008 by the HBV model was less 

than that calculated using the water balance method (Table 5.4), so the negative large 

accumulated differences were not being caused by excessive removal of water to the 

atmosphere. If insufficient evapotranspiration was actually causing the inconsistencies, 

then it should have occurred during years where there are lower runoff ratios as less 

precipitation would leave the basin as discharge. Instead, these years have the highest 

summer runoff ratios on record. As previously suggested by the negative correlation 

between the runoff ratio and accumulated difference in the HBV model, the next logical 

alternative to lack of water in the model is undercatch of precipitation.
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Comparing the Imnavait Basin B site rain gauge to the Imnavait gauge in the 

headwaters demonstrates the effects of convective storms on the total water balance 

(Table 5.5) over relatively short distances. The years of 2005 and 2007 show higher 

amounts of precipitation on the ridge versus the headwaters, while in 2003, 2004 and 

2008 the trend is reversed. Proportionally dividing the precipitation spatially between 

the two gauges fails to sufficiently offset the underestimation in discharge by the HBV 

model. Even with acknowledgement of the effects of intense convective storms in the 

headwater area of the basin and underestimation of the solid precipitation in the summer 

of 2008, there are 40 mm missing in 2004 and approximately 60 mm in 2008.

Table 5.5: Summer HBV Accumulated Difference versus Precipitation. Summer 
is from June 16 through August 31, and there is less than 2 km between the two 
precipitation gauges in the Imnavait basin.

Year

S um m er HBV R esults S um m er Precip

A c c  D i f f

R e l  A c c  D i f f

I M  B  S i t e I M  H e a d w a t e r s D if f

mm mm mm mm

2 0 0 3 20.19 0.12 282.30 231.00 -51.30

2 0 0 4 -70.87 -0.44 192.90 162.75 -30.15

2 0 0 5 -0.89 -0.05 42.00 88.50 46.50

2 0 0 6 -73.88 -0.63 122.00

2 0 0 7 -26.5 -0.67 58.70 102.50 43.80

2 0 0 8 -105.95 -0.53 186.60 143.75 -42.85

A third alternative for water input in the Imnavait Basin could be the result of 

melt and subsidence of ice-rich material at the base of the active layer, which cannot be 

represented by the HBV model. Data from the circumpolar active layer measurements 

(CALM) grid within the Imnavait Basin had difficulties indicating deepening of the active 

layer due to mechanical issues of probing into the gravelly glacial till. Measurements 

from the foothills do however indicate ground subsidence of over 13 cm quantified by a 

differential GPS unit from 2001 to 2006 [Streletskiy et al., 2008]. At Galbraith Lake, 15 

km southwest of Imnavait basin, active layer measurements showed the disappearance of
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ice at the base of the active layer since 2000 at rates of 20 to 50 mm per year [Overduin 

and Kane, 2006] (Figure 5.10). Borehole data from the Imnavait Basin indicated that 

the ground on average is approximately 1.7 °C warmer than Galbraith Lake at 20 cm 

[Osterkamp, 2008], this suggests that there could be substantially more subsidence in 

the basin due to thawing ground ice since less energy would be required to raise the 

temperature to 0 °C, and that the deficit of discharge in the model is within an acceptable 

range each year. Additional field observations also show massive ground ice present in 

other areas of the landscape which may be additional sources (Figure 5.11).

Figure 5.10: Ice Rich Layer at Base of Active Layer. Trench at Galbraith Lake in 
summer 2007 showing area of subsidence due to melting ice.

Figure 5.11: Buried Massive Ice in Upper K uparuk Basin. Exposed ice in wetland 
above the floodplain near Aleyska pipeline access road.
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The investigation of errors within the modeled discharge produced by HBV 

examined the potential factors internal to the model structure, external to the model 

processes and within the data used to drive the model (Figure 5.12). Within the model 

structure, the largest problem is the potential for inconsistencies in the estimate of 

evapotranspiration. The effect is most severe in the spring during the snow ablation 

likely partly due to the influence of edge effects, while it plays a significant role in the 

production of discharge in the summer. The model partially accounts for snow-damming 

in the spring-time through modification of the parameters, although there is no specific 

conceptual representation for the process. However, the sudden onset of snow-damming 

and inadequate measurements of solid precipitation during this period makes it difficult to 

accurately model runoff. In the summer, convective storms with large spatial variability 

over short distances and the subsidence of ice rich permafrost at the base of the active 

layer contribute additional sources of input water to the production of discharge which 

are not considered by the model.

Considering these problems over both temporal and spatial scales is difficult 

given that most of the rates of these processes are unknown over large areas in the 

Artic. The annual extent and spatial distribution of the melting ground ice are still not 

quantified, and there is no conclusive hydrological data which shows whether water 

added due to this process leaves the basin as discharge or evapotranspiration. In terms of 

evapotranspiration in the foothills of the Arctic, conclusive data is limited to analysis of 

the water balances of the Imnavait and Upper Kuparuk basins and the pan evaporation 

rates at the Imnavait basin. However, events like snow-damming and convective storms 

will have a smaller effect on larger basins where they do not dominate the hydrology to 

the same extent as smaller catchments due to the economies of scale.
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Figure 5.12: Processes Considered by HBV Model and External Influences.
Schematic with model structure and the various processes in spring, summer and due to 
the influence of permafrost which contribute to errors in discharge.
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In terms of using the HBV model to generate hydrologic conditions for 

engineering projects, the model performs well for high-flow events particularly in 

the summer provided that the timing and magnitude of precipitation is accounted for 

adequately. In the spring, there is a trade-off between accurately predicting either the 

timing or magnitude of the discharge due to the effects of snow-damming. A large issue 

for future predictions will be picking an appropriate calibration period which reflects the 

conditions which the design is meant to encompass. For near-future predictions using a 

more recent shorter calibration period might produce results which are better suited for 

the next few years, while a longer calibration period may be less accurate in some years 

but more representative of the longer term variability.
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The purpose of this thesis was to develop a technique to predict discharge from 

ungaged streams and rivers in the Alaskan Arctic. The long-term climatology of the 

Imnavait basin was examined to look for underlying trends and the models HBV light 

and HBV were applied to assess their ability to accurately forecast runoff. Climate 

change appears to be having a mixed effect on the Imnavait basin and certain caveats 

should be made before using it as a prototype for ungaged basins in the future. First, 

although there are no significant trends in the meteorological data collected since 1986, 

it is not anticipated that spring snowmelt will occur earlier in the future as the trends 

point to an increase in SWE and colder temperatures in May. The temperatures indicate 

warming most consistently in the months of April, June and September, although there 

is a reduction of colder temperatures throughout the summer months. In general, the 

climate in the Imnavait catchment area shows high amounts of variability and the long

term monitoring program should continue for at least another 15 years to fully assess the 

potential for inter-annual cycles versus linear trends.

Using a tool like HBV light and a semi-automated calibration technique like the 

Monte Carlo analysis had relatively good results. It showed that the parameters which 

produce high goodness of fits between the modeled and measured discharge in the basin 

are highly variable, like the climate, and that some parameters were more important in 

influencing the results. However, there was still great difficulty in identifying a single 

set of parameters which could adequately represent the calibration years alone, and even 

more challenging to scale-out to the full period of record. Further work should be mindful 

of using appropriate measurements of potential evaporation, adequate representation 

of soil moisture during calibration periods and adjustment of the parameter limits to 

represent the intended end conceptual representation.

Chapter 6 Conclusions
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Extrapolating the HBV light results to the complete model was an exercise of 

necessity to standardize the soil moisture values from year to year as the light version had 

a maximum time step limit of three years using hourly data. Converting the parameters to 

the appropriate time units was successful in most cases except with the routing parameter 

MAXBAS which had to be completely recalibrated. Adjusting the potential evaporation 

through the ATHORN value also greatly improved the conceptual representation of the 

model, and was a large benefit of this version. Calibrating the model using the first 15 

years of data and evaluating the results against the last six years proved beneficial, as 

ground-ice, undercatch of precipitation due to solid summer precipitation and convective 

storms appear to be having a significant effect on the hydrology in the Imnavait Basin 

especially during the years of 2004 and 2008. Using traditional precipitation correction 

methods [Yang and Ohata, 2001] in the summer months is not an adequate solution in the 

Imnavait basin, as the errors occur when the gauge is overwhelmed by snow, producing 

fundamental errors in both magnitude and timing in the data.

In the spring, the HBV model also does not adequately account for conditions 

such as slush flows and snow patch edge effects which appear to have a significant role 

during snow melt. Evaporation also appears to have a significant effect during years with 

high end of winter SWE in reducing both the snowpack and the amount of discharge. 

Whether these processes dominate in larger scale Arctic basins is an interesting question 

for future research, and readily leads into comparison of the summer processes as well 

through scaling-up and moving to different regions of the Arctic including the coastal 

plain in northern Alaska. The HBV generated runoff could also be vastly improved with 

better estimation of late spring storms which produce solid precipitation after the end-of- 

winter SWE surveys, currently their magnitude is poorly quantified.
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Predicting future scenarios using HBV has value as long as the timing and 

magnitude of stores and fluxes of water to generate the discharge is accounted for 

adequately. The model was able to accurately predict flooding conditions which are 

important for engineering design and applications. However, ground-ice and intense 

summer convective storms will likely continue to be an ongoing problem. The model 

cannot account for the water released through the thermal process and the convective 

storms manage to often affect a small basin like the Imnavait without being measured 

effectively. Using more than one precipitation gauge for a basin with an area within the 1 

to 25 km2 range is not feasible in the scope of the larger North Slope region, and the only 

realistic alternative is to use RADAR to estimate precipitation (which is not currently 

available). Assessing the spatial variability of ground-ice subsidence is possible through 

the application of inSAR techniques to establish high-resolution DEM’s and evaluate the 

changes over time.

The use of HBV in ungaged basins for engineering purposes should exercise 

an adequate safety value to represent precipitation undercatch, and would benefit from 

validation of the model in another basin of similar size and condition that is currently 

limited by lack of data. Monitoring more basins using a similar but less intensive 

approach to the Imnavait would assist in the confirmation of the effects of ground-ice and 

convective storms on the regional hydrology over time and space and better estimation 

of their long-term impacts. Additionally, it aid in future calibration efforts to relate the 

likelihood of the hydrological patterns and processes found in the Imnavait catchment to 

ungaged basins, and develop more robust validation efforts.
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