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Abstract

In 2004, a Northern Research Basins (NRB) workshop was coordinated to synthesize 

water balance research of experimental watersheds. This study examined 10 of those 

basins more closely. Their landscape features were of special interest as past research has 

attributed one or more of these characteristics to watershed hydrology. However, the key 

question posed by this study was how such landscape features influence the water 

balance of northern basins. Water balance characteristics of a basin may be quantified 

using the runoff ratio (Q/P) and the ET ratio (ET/P). This study linked those parameters 

to landscape attributes using both conceptual methods and statistical analysis. The 

hypothesis was that landscape characteristics of the research basins examined in this 

study will exhibit identifiable trends in the annual water balance of those research basins. 

Landscape features are divided into two modes. The first was qualitative characteristics 

considering permafrost extent, major vegetation type, and soil texture. The second was 

quantitative characteristics, inferred from a series of terrain indices extracted from 

DEMs. This research demonstrated that although most features included in this study 

play some role in the hydrology of northern basins, some were more prominent than 

others. Overall, the water balance of northern basins is effected by the components of 

latitude, climate, and topography.
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1 Introduction

There has been extensive study on individual arctic and subarctic watersheds (Ishikawa et 

al., 1998 ; Kane et ah, 2000; Woo, 2000; Carey and Woo, 2001; Sato et ah, 2001; Louie 

et ah, 2002). However, current research is concerned with assessing hydrology beyond 

the basin scale (Bormann et ah, 1999) to the circumpolar arctic scale. As such, arctic and 

subarctic watersheds are inherently limited because most of past research is at the small 

watershed scale. This drawback is especially prevalent in the northern regions where 

research sites are more geographically dispersed compared to the distribution of research 

watersheds in mid-latitude regions (Shiklomanov et ah, 2002). In addition, signs of global 

warming substantiate an increased need to understand the Arctic as an integrated 

hydrological network rather than as a series of autonomous systems (Vorosmarty et ah,

2001).

For over thirty years, researchers have examined the water balance of basins in the 

circumpolar north. However, the contribution of this suite of observations is limited if it 

cannot be integrated toward an improved understanding of northern hydrology. It is thus 

critical to synthesize high-latitude watershed research for understanding processes 

beyond the basin-scale. In March 2004, hydrologists gathered at a workshop to discuss 

and integrate their research efforts in examining the water balance of high-latitude 

experimental watersheds. It included 39 basins from seven northern countries ranging in 

latitude from 40° N to 80° N (Kane and Yang, 2004).

This study analyzed data from ten selected basins presented at the workshop, both 

statistically and conceptually. The goal was to determine how certain landscape 

characteristics of these northern basins influences water balance behavior. The 

characteristics are divided into two types: qualitative and quantitative. The quantitative 

characteristics described the physical attributes of the watershed such as slope and 

elevation. The qualitative are nonnumeric, categorical descriptors of the basins such as 

vegetation type and soil properties. It was hypothesized that both classes of
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characteristics would, to some extent, simplify and explain the relationships between 

landscape features and the basin water balance. This study sought to contribute principal 

understandings o f northern watersheds and the main process drivers in their annual water 

balance.

Identifying and classifying landscape features may help characterize the behavior of 

incident water, be it snowmelt or rainfall, occurring at the surface. Defining terrain 

parameters, such as topography and elevation, along with classification of the landscape 

features, such as vegetation and soil, has been a widely employed approach used to 

understand catchment behavior. Western et al. (1999) used terrain indices of slope, 

curvature, wetness, potential solar radiation, and rainfall to determine the spatial patterns 

of soil moisture in a large experimental watershed. To examine soil water flow, Romano 

and Palladino (2002) improved a series of regression equations by applying the terrain 

attributes of elevation, slope, aspect, plan curvature, profile curvature, tangential 

curvature, flow path lengths, and specific contributing area. Berger and Entekhabi (2001) 

found that physiographic descriptors such as hydraulic conductivity, precipitation 

intensity, and relief accounted for 90 percent of the variability of the annual runoff ratio 

for ten watersheds in the contiguous U.S. Additionally, Eaton et al. (2001) looked at five 

terrain classes using dominant vegetation and found corresponding energy-balances for 

each type. A more geomorphologic approach was undertaken by Eyles (1970), who used 

basin area, basin relief, average basin slope, drainage density, and hypsometric integral to 

compare and classify fourth-order basins.

1.1 The Arctic and Subarctic

The term “North” can lead to spatial contradictions and therefore remains difficult to 

define (Prowse, 1990). In addition, it can imply just the Arctic, both Arctic and Subarctic, 

and even areas below the Subarctic. For example, one definition of northern regions 

would extend as far south as 36° N because it falls at the 0 °C mean annual isotherm of 

the coldest month (Prowse 2000). Another definition of the Arctic is determined as
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where there is continuous permafrost and subsequently the Subarctic as discontinuous 

permafrost (Woo and Winter, 1993). Yet another definition describes it geographically as 

any area above the Arctic Circle, 66° 33’ N (Prowse, 1990). A more hydrological 

designation is the arctic drainage basin, defined as all areas that generate discharge to the 

Arctic Ocean, which cover 46° N to 83° N (Bowling et ah, 2000). Prowse (1990) referred 

to Koppen’s (1936) climate classification system as another way to characterize the North 

(via monthly temperature averages). Whichever delineation method employed, the result 

depends on the criteria used. Considering the paucity of arctic and subarctic research 

basins, the standards for this collection of watersheds were simply “northern” or “high- 

latitude”.

In this project, the terms “northern”, “arctic”, and “high-latitude” are referred to, with 

respect to basins or watersheds, interchangeably and signify the following suite of 

characteristics.

1. All have a relatively low average annual temperature, the highest being 5.8 °C (Devitsa 

Basin, Russia).

2. All are above 50° N latitude, the most southern being Dead Creek basin in Canada 

(50.3° N, 95.9° W).

3. All receive some relative portion of annual precipitation as snow, ranging between 

fifteen percent to approximately sixty percent.

The hydrology in the Arctic is unique for various reasons. Most notably, it is the related 

roles of snow cover, soil moisture, energy balance, and permafrost (Harding and Lloyd, 

1998).

Woo (1983) contends that snow is one of the more important components of arctic 

hydrology because of its contribution to the annual precipitation input. Even if rainfall is 

a larger portion of the annual precipitation, snowmelt contributes largely to runoff due to
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low evapotranspiration in winter (Bowling et al., 2000) and rapid melt in spring (Kane et 

al., 2000).

Permafrost adds to the unique hydrology of arctic and subarctic basins due to the frozen 

soil’s limited ability for percolation. This encourages faster hydrologic response to both 

rainfall and snowmelt events. It also permits longer periods of saturated soils as 

compared to watersheds of lower latitudes (Bowling et al., 2003).

In winter, albedo and thermal insulation of the snow dictate the surface energy balance 

(Zhang et al., 2003). By spring, the energy balance dramatically shifts due to the 

interacting feedback effects of reduced albedo and snowmelt processes (Marsh and 

Pomeroy, 1996). However, the dominant component of the energy balance, from the 

coastal wetlands of the Arctic to the boreal forests of the Subarctic, is evapotranspiration 

(Mendez et al., 1998; Eaton et al., 2001).

Although northern-latitude basins demonstrate similar characteristics as described above, 

their hydrology can indeed differ. Therefore, it is the linkages between the varying 

watershed landscape characteristics and hydrological behavior that this project sought to 

recognize. For example, the high arctic regions as described by Woo (2000), display 

extreme conditions such as deep permafrost and a shallow active layer. However, other 

watersheds in the north may have discontinuous or no permafrost, such as in Scandinavia 

(Zhang et al., 1999). The annual snowpack can melt quickly by early spring or persist 

throughout the summer. Additionally, some watershed environments have a nearly 

barren, 20 percent vegetated environment such as McMaster basin (Woo, 2000) or have 

80 percent vegetation cover such as in the Upper Kuparuk basin (Kane et al., 2000).

There are major topographic differences as well, where basins such as the Upper Kuparuk 

and Upper Wolf Creek have strong relief, 779 m and 685m, while Dead Creek has only 

30 m of relief. In addition, some watersheds in Russia receive relatively high amounts of 

annual rainfall, such as Polomet Basin (842 mm) while others such as the unnamed basin
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at Tiksi, located in the Lena River delta of Russia but much farther north, experiences far 

less annual precipitation (249 mm). This latitudinal difference is also seen in Canada for 

McMaster Basin, which receives 190 mm of annual precipitation, and the more southern 

basin in Canada, Dead Creek (526 mm).

1.2 The Water Balance

In order to capture and quantify the hydrologic cycle, a system must be identified. A 

system is any defined region that receives inputs and releases outputs (Dingman, 2002).

In hydrology, this system is a geographical region typically called a drainage basin, a 

catchment, or a watershed. The area of a watershed can range from less than a square 

meter to thousands of square kilometers. However, regardless of size, the area is defined 

on the basis of topography. This is because topography produces gravity-driven runoff. 

Hence, all the contributing land that forces incident water through a common outlet is the 

drainage basin (Black, 1996).

Once the watershed area has been defined, it is then possible to quantify the inputs and 

outputs. This method is defined as a water balance; it accounts for the major pathways in 

which water (in all phases) moves through the hydrologic cycle. Furthermore, because 

the water balance is applied to a defined area, it allows regional hydrology to be better 

understood.

The water balance equation generally is as follows (Dingman, 2002):

A S  = P + Gin- { Q  + E T + G 0Ut) 

where P is precipitation (solid or liquid), G,„ is groundwater inflow, Q is stream discharge 

or runoff, ET  is evapotranspiration, and Gout is groundwater outflow and AS is change in 

storage. These measurements are often made in volumes or volumetric rates and 

subsequently divided by the area of the basin and if necessary, multiplied by a period of 

time, to achieve a length dimension (i.e., mm, ft, in, etc.) over the area of the catchment.
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The water balances in this project were reported in meters of water equivalent and are 

normalized based on the watershed size. In addition, this project worked with an annual 

water balance and therefore all rates are multiplied by a year of time. The only exception 

is the unnamed watershed at Tiksi, which only reported a summer balance. However, it is 

considered an annual water balance for comparative purposes; this is based on facts: 1) 

Ishii et al. (2004) reported the winter snowpack, 2) Ishii et al. (2004) measured discharge 

during the snowmelt period, and 3) winter time activity in terms of water loss out of the 

basin (i.e. ET or discharge) is either nonexistent or negligible due to its high latitude, 

continuous permafrost, and relatively cold temperatures. Typically, winter time factors to 

be considered are blowing snow, sublimation, and trace ET but these are considered 

negligible for this project.

1.2.1 Precipitation (P)

Precipitation is the primary means of input into the basin other than groundwater 

recharge. It is the only component in the water balance equation that is positive.

For northern basins, a large proportion of the annual precipitation is snowfall. The basins 

in this study range between fifteen and sixty percent of annual precipitation occurring as 

snow. However, the snowpack is considered storage until snowmelt in spring and/or 

summer when it contributes to other parts of the land/air/aquatic system: the atmosphere, 

rivers/streams, vegetation, and surface/subsurface storage.

Rainfall and snowmelt also contribute to the thawing of the active layer through heat 

transfer (Woo, 1983). In the spring and fall seasons, the energy liberated or consumed in 

the phase changes of water is a significant component for the thermal properties of the 

ground (Kane et al., 2001). This is because the energy available (or not available) from 

these processes affect other dynamic conditions such as evapotranspiration. For example, 

net radiation in spring may be significantly consumed in the thawing of the active layer 

where as later in the summer, it is spent on evapotranspiration. Further Kane et al. (2001)
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found that infdtrating water from rain event is a significant source of convective heat 

transfer into the frozen soil.

An important consideration for arctic basins is that precipitation is typically small 

compared to mid-latitude regions (Sato et al., 2001).

There are many aspects of precipitation to consider in basin hydrology. Three of them are 

rainfall intensity, duration, and seasonality. Rainfall intensity, the rate at which rain falls, 

affects the geomorphology and response of the watershed because depending on the 

surface material, it may not be able to infiltrate at high enough rates to keep up with the 

rainfall rate, particularly as the duration time of the storm increases. Seasonality defines 

when precipitation is likely to occur such as later in the summer or falling in winter as 

snow.

1.2.2 Evapotranspiration (ET)

Evapotranspiration is the combined processes of evaporation and transpiration. Dingman 

(2002) stated, “ .. .evapotranspiration exceeds runoff in most of the river basins and on all 

the continents except Antarctica.” Additionally, Eaton et al., (2001) believed ET to be the 

largest outgoing component of the summertime energy budget for regions in western and 

central Canada. At Imnavait Creek in Arctic Alaska, 39 to 65 percent (for years 1987 -  

1989) of summertime net radiation was expended on ET (Kane et al, 1990). Similarly, ET 

usually exceeds summertime precipitation on the Arctic Coastal Plain of Alaska 

(Mendez, 1998; Bowling et al., 2003).

Overall, a common observation that is seen among different terrain is the partitioning of 

latent and sensible heat fluxes. For instance, Mendez et al.( 1998) found that in Arctic 

Alaska, the latent heat flux plays a stronger role in the wetland region, while sensible heat 

plays a larger role in the drier upland region. Simply based on this energy partitioning, it 

explains that ET is observed to be higher in wetland regions than drier upland areas
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because of the availability of water (Mendez et al., 1998). Many studies have shown 

evaporation to occur more readily in areas of ample moisture availability (Rouse, 2000).

The partial pressure of water vapor is termed vapor pressure (Dingman, 2002). The 

change in vapor pressure over a distance is the vapor pressure gradient and is the 

mechanism that controls evaporation because it dictates the degree of resistance of 

moisture movement from a saturated surface to the atmosphere. The two components 

affecting vapor pressure gradient are available moisture, as explained above, and air 

temperature. This is shown by Rouse (2000) who showed that for a high-latitude wetland 

region, potential evaporation increased with an increase in temperature.

Many studies report that wintertime evaporation in the Arctic is close to zero [Rouse et 

al. (2003), Kane (2000), Barry and Serreze (2000), Woo (1983)]. However, if a basin has 

high winds in wintertime, such as the Kuparuk River basin or the McMaster River basin, 

it can lose moisture to the atmosphere via sublimation (Liston and Sturm, 1998).

1.2.3 Runoff ( 0

Runoff is the integrated watershed response to precipitation, evaporation, groundwater 

storage, surface storage, and storage of precipitation as snow and ice (Grabs et al., 2000). 

Understanding runoff hydrology is two-fold. Based on the runoff theories of Horton 

(1933), runoff is dependent on atmospheric rainfall combined with the hydraulic 

properties of the landscape (Liu et al., 2002). One determinant of runoff behavior is the 

input, which is essentially precipitation, and the climatic variables associated with it such 

as wind speed and precipitation intensity. The other is the response of the land in terms of 

physical characteristics.

Runoff generation from the ground surface is caused by two overland flow mechanisms:

1) precipitation input over a saturated soil, i.e. saturated from above (also called 

Hortonian flow) and 2) groundwater input, i.e. saturated from below (Dingman, 2002).
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However, the basins in this study do not undergo the typical behavior of a temperate, 

mid-latitude watershed. One of the primary differences in terms of runoff generation is 

permafrost. Kane et al (2000) reported that groundwater and subsurface storage is limited 

in permafrost landscapes. It is additionally reported that areas similar to the subsurface 

conditions of permafrost, which have high water tables and low soil moisture storage, 

produce flow where excess runoff (Hortonian flow) is generated from saturated soil areas 

(Famiglietti and Wood, 1991).

Additionally, the large snowmelt event, which occurs between early spring to early 

summer, is one of the outstanding differences between high-latitude catchments and 

watersheds in warmer climate regimes. For rivers discharging to the Arctic Ocean, an 

estimated 80 percent of annual discharge occurs between May and September (Grabs et 

al.. 2000), with most of this occurring as a result of snowmelt early in the summer season.

Within the high-latitude regions, there still exists great hydrologic variability, especially 

with the major snowmelt event. It is dependent on the heat fluxes that generate melting. 

These in turn are a function of elevation, relief, aspect, surface albedo, and vegetation, 

among others. In addition, land-surface modeling exemplifies these complexities because 

simulations of cold-season processes produced the highest amount of error (Gusev et al.,

2003). With specific focus on different vegetation cover, studies have been performed to 

observe its affect on runoff processes (Bosch and Hewlett, 1982 ; Troendle and King, 

1985 ; Ohta et al., 1993; Eaton et al., 2001; Croke et al., 2004). In addition, others have 

narrowed in on the hillslope scale to look at the topographic forces on runoff (Carey and 

Woo, 200; Salvucci and Entekhabi, 1995).

Regardless of the region, runoff production is not as simple as Hortonian flow. It is 

therefore important to highlight other contributing factors. For example, runoff from 

saturation excess is more common in humid areas and gentle terrain (Famiglietti and 

Wood, 1991) where gravity-driven flow resulting from low hydraulic conductivity at
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shallow depth is attributed to steep terrain. In low-gradient watersheds underlain by 

permafrost, little water movement combined with little subsurface storage results in 

numerous ponds and lakes (Bowling et al. 2003). Further, Kane et al. (1989) found that 

runoff generation at Imnavait Creek, Alaska, occurred on slopes (ranging from 1 to over 

13 percent gradient) when a rain event of 15 mm or more occurred. This study is an 

example that certain antecedent moisture conditions must exist before surface runoff 

occurs; but this of course may vary for each basin. Additionally, physical properties of 

the soil alone, such as hydraulic conductivity and consolidation extent, can introduce 

variability into the processes of infiltration, recharge, and groundwater flow.

1.2.4 Storage (S)

The most general definition of storage is the water held within a watershed at any given 

time for any period. Because water is transient, storage may be viewed as a flux, similar 

to stream flow or precipitation. In addition, storage is also spatially variable as well. It 

can occur at the surface in lakes, ponds, and wetlands, in the subsurface as an aquifer, on 

a plant canopy as intercepted precipitation, or as the snowpack (Black, 1996). For arctic 

regions, there is additional storage phenomena such as glaciers, aufeis, ice on streams, 

lakes and ponds, and ice in permafrost and the active layer. In addition, it is often the 

residual component in the water balance equation, determined between the demand of 

evapotranspiration & runoff versus the supply of precipitation. For instance, Mendez et 

al. (1998) explained that storage on the arctic coastal plain of Alaska is the remaining 

water of the annual snowmelt, which did not runoff or sublimate.

One characteristic that strongly dictates potential storage capacity in permafrost 

environments for northern basins is the thawed depth of the active layer. Kane et al.

(2000) reported that storage at Imnaviat Creek, a sub-basin of the Kuparuk River in arctic 

Alaska, is minimal due to the shallow active layer, reaching a thaw depth of 50 to 60 cm 

by late summer. This phenomenon was similarly reported for the Canadian High Arctic 

(Woo, 1983). However, because permafrost regions only have the active layer as storage,
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the subsurface storage is highly limited (Zhang et al., 2003). Therefore, if permafrost 

basins with relatively flat topography receive enough amounts of moisture (as in spring 

snowmelt), landforms of surface storage may develop such as ponds, lakes, and wetlands. 

This phenomenon occurs on the coastal plain of northern Alaska (Bowling et al., 2003).

Another storage source unique to northern basins is the snowpack. Milly and Wetherald 

(2002) attributed snow storage to be the source for the temporal variability of basin water 

balance for the two most northern basins in their study: the Pechora River and Gota alv 

River, both in northern Europe.

A few of the basins in this study have no permafrost; researchers examined the tendencies 

of various types of storage. For instance, the researchers of Polomet basin in western 

Russia looked at storage changes in the soil moisture, snow and ice, groundwater, and 

wetlands (Balonishnikova et al., 2004). Janowicz et al. (2004) looked at the 1993/94 

water balance of Wolf Creek, a discontinuous permafrost zone, by measuring changes in 

lake, groundwater, and soil storage. At Dead Creek, storage changes were determined by 

the fluctuations in the water table via monitoring wells (Thorne and Flawkins, 2004).

1.2.5 Groundwater (G)

The nature o f this project dealt primarily with surface water. Many of the details for 

subsurface hydrology, such as aquifer properties and hydraulics, were not provided by the 

experimental watersheds in this study. Moreover, groundwater was not considered as 

critical in the water balance equation because of limiting conditions in the cold region 

environment. The flow of groundwater is usually restricted by the impermeability of 

permafrost. Kuchment et al. (2000) reported that the groundwater component is less than 

10 percent o f river runoff in continuous permafrost regions. However, in discontinuous 

permafrost regions, this limitation is not the case and it makes groundwater interaction 

more difficult to assess.
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2 Literature Review

The concerns over changes in global climate can be evidenced through concurring 

changes in the arctic hydrological cycle. Subsequently, researchers have sought to better 

understand northern hydrology. More specifically, they have examined the 

characteristics that influence the basins’ water and energy balances. In 1983, Woo 

reported a long-term hydrology study done at McMaster basin, Cornwallis Island in the 

Canadian High Arctic of the Queen Elizabeth Islands. The goal was to improve 

understanding of areas which are dominated by the snowmelt runoff event. He found 

multiple attributes which characterize a high arctic basin. One is that sparsely distributed 

vegetation allows a significant redistribution of snow. Two, snowmelt is a result of 

intense and longer durations of radiation due to abundant daylight, indicative of the high- 

latitude regions in late spring and early summer. Three, snowmelt produces the peak 

runoff event of the annual hydrologic cycle of the McMaster basin. Four, the soil consists 

of a shallow active layer where its soil moisture content dictates evaporation. And five, 

energy input into the basin decreases in late summer due to overcast skies, sea fog, and a 

declining supply of solar radiation.

Water balance studies of the White Gull Creek basin in Saskatchewan, Canada were 

conducted between 1994 and 1996 (Nijssen and Lettenmaier, 2002). The purpose was to 

increase understanding of the hydrological processes within the boreal forest based on 

certain vegetation parameters. Evaporation calculations were partitioned based on 

vegetation type and leaf area index into mature black spruce (the dominant vegetation 

type), young aspen, young jack pine, mature aspen, mature jack pine, and fen areas. 

Research found that evapotranspiration at the fen site was generally higher at the 

coniferous sites and similar at the mature aspen site due to the different/similar canopy 

resistances. In comparing aspen to jack pine, they showed that aspen had a higher 

evapotranspiration rate. They also found that the basin’s runoff ratios were low due to a 

large availability of surface and subsurface storage. Event runoff ratios increased only 

during the annual snowmelt event or a large rainfall event. As expected, a high moisture
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soil content was observed at the fen site, where a very thick ( 2 - 3  m) organic layer 

exists. In addition, Nijssen and Lettenmaier (2002) explained possible sources of a 

surplus in their 1994 water balance. These include unaccounted storage in the basin, 

unaccounted aquifer recharge, overestimated precipitation, underestimated runoff, and 

underestimated evapotranspiration. These discrepancies are possible because of 

interpolation techniques such as area-averaged monthly rain accumulations and areally 

averaged discharge from one gauge. Miscalculations of evapotranspiration were 

attributed to estimation errors in the Penman-Monteith equation (Monteith, 1965) and 

estimated bulk-canopy resistance.

Energy flux measurements were made in the 1995 and 1996 spring and summer seasons 

near Ny-Alesund, Svalbard (Harding and Lloyd, 1998). The purpose was to examine how 

the arctic energy balance is different during different times of the year based on important 

features such as snow cover and soil moisture. Observations were made at three different 

sites, one with notably sparser vegetation than the other two. Harding and Lloyd found 

that the site of limited vegetation sustained approximately one-half the amount of 

evaporation than the more lush sites due to difference in water holding capacity.

However, shallow-rooted plants and bare soil conditions do not necessarily limit 

evaporation since it was found that the soil can still hold enough water to sustain high 

levels of evapotranspiration. They also concluded that Bowen ratios were near 1.00 

except when there was more available moisture to be evaporated, such as after a rain 

event. Then in this case, the latent heat flux increased.

In 2000, Kane et al. published their examination of the Kuparuk river basin, a nested 

watershed region in Arctic Alaska. Kane et al. (2000) explained that conducting a water 

balance for the arctic region is simplified due to the feature of permafrost, which allows 

only small changes in subsurface storage. The presence of near surface permafrost and 

the frozen active layer during spring melt also accounted for the high runoff ratio.

Another reason for such a high ratio is that more redistributed snow lies closer to
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drainage channels such as water tracks and streams. The higher snow water equivalent of 

snow is due to wind-forced snow accumulations forming in topographic depressions, 

such as near a stream. This phenomena is prevalent in the Upper Kuparuk basin and 

similar watersheds where high winds result in significant snow redistribution. Also 

observed in the water balance is that runoff is reduced in the summer months, which is 

due to increased surface storage and ET. As a summary, Kane et al. (1999) reported that 

the characteristics of precipitation, topographic gradients, and available surface storage 

are the primary controls on runoff response in the Kuparuk basin.

A study of topographic characteristics between 1997 and 1999 within the Wolf Creek 

basin, Canada, led to an enhanced understanding of basin hydrology. Carey and Woo

(2001) examined the factors of vertical and horizontal water movement on different 

hillslopes. An extensive array of hydrologic observations were conducted on each of the 

slopes. The observed runoff behavior and melt processes corresponded with higher 

radiation received by the south slope and then somewhat higher radiation received for the 

east and west slopes. A two-month difference occurred in melt between the south and 

north slopes for 1999. South slopes also lack permafrost and have higher infiltration 

capacities. Between 1997 and 1999, no surface runoff was observed on the south slope. 

Of the three remaining cardinal directions, runoff ratios were highest on the north slope. 

Drainage during summer rainfall occurred differently for east and west slopes; the east 

slope continuously drained due to a near-surface water table and the west slope 

experienced less drainage due to permafrost. Evapotranspiration (ET) varied for each 

hillslope depending on moisture availability, timing of senescence, and radiation 

received. Carey and Woo (2001) found that ET was different for north versus south 

slopes. ET occurred earlier on the south slope due to earlier snow disappearance. ET also 

lasted longer (into September) on the south slope due to more available moisture and later 

timing of senescence. Precipitation in this region is low (mean annual precipitation is 

approx. 260 mm) (Carey and Woo, 2001). The hillslope runoff behavior discussed here is 

without consideration of extreme precipitation events.
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Various studies at single watersheds have contributed knowledge about how a basin’s 

attributes lead to their respective hydrologic behavior. For example, Woo’s (1983) and 

Kane et al.’s (2000) relationship of sparse vegetation permitting significant snow 

redistribution. Or, how hillslope aspect impacted runoff generation at W olf Creek. 

However, watershed studies do not always narrow in on single watershed behavior. 

Rather, research focus may turn to landscape characteristics (over one or more 

watersheds) and how they affect general hydrological behavior.

In 1981, Tricker published a study on the spatial and temporal patterns of infiltration 

within a small watershed. He performed a stepwise regression to determine the strength 

of influencing factors on infiltration. Included in the suite of independent variables for the 

spatial analysis were soil moisture content (at 15 cm depth), percent of silt and clay in the 

A horizon, thickness of the litter layer, thickness of the A-horizon, and percent slope. The 

litter layer variable is intended to be indicative of different vegetation types. It was found 

that the only factors that they were able to confidently (90% confidence level) explain by 

the variance of infiltration were the litter-layer and the slope variables. However, within 

that relationship, the litter-layer variable accounted for 60 percent, versus only four 

percent for the slope.

In 1991, Famiglietti and Wood published their research that addressed the goal of 

improving output from global circulation models (GCM) by improving the resolution of 

the spatial variability for certain hydrological parameters. They focused on soil moisture 

as a major contributing factor to hydrologic fluxes. Furthermore, the researchers believed 

that by capturing the spatial distribution of soil moisture, it was possible to infer the water 

balance components such as infiltration, runoff, and evapotranspiration. They developed 

a water balance model using higher resolution of topographic, soil, and climate 

parameters to determine soil moisture and thus the water balance components mentioned 

above. In their publication, they concentrated on describing the methods used to gain a
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better understanding of how their spatially distributed inputs (i.e. topography, soil, 

vegetation, etc.) improved the hydrologic and GCM modeling outputs.

In 1999, Saunders et al. (1999) published an article explaining how a large-scale climate 

model was improved by using the Canadian Land Surface Scheme (CLASS). This set of 

characterizations, describing the snow, soil, and vegetation, was applied to an area in 

western Canada. The CLASS data improved the model by estimating albedo and thus 

radiation exchanges at the surface. Some of the vegetation characteristics in CLASS 

included canopy structure (i.e. needle-leaf, grass-like), leaf area index, and soil texture.

Rouse (2000) compared the energy and water balances of different high-latitude wetland 

landscapes. The terrain types included in the study were shallow lakes and ponds, fens, 

open boreal forest, and willow-birch forest. A characteristically dryland heath-lichen area 

was also included. Both potential evapotranspiration and net radiation were larger for the 

shallow lake region than all other regions, and was especially larger in comparison to the 

dryland area. Aside from the shallow lake region, the fen site showed the most potential 

evapotranspiration. This was attributed to the leaf area index. Rouse (2000) suggests that 

these varying energy fluxes from different terrain types will lead correspondingly to 

varying hydrologic responses from the terrain types.

Using a 5-minute DEM of the Arctic Drainage Basin, Bowling et al. (2000) explored 

spatial trends of precipitation, evapotranspiration, and runoff. They looked at both actual 

and interpolated datasets with an attempt to find hydrometeorological patterns. 

Precipitation in Eurasia tended to increase with latitude until approximately 60 - 62° N, 

whereas precipitation increased with latitude until 54 -  56° N in North America. Overall, 

they found precipitation to exceed evapotranspiration everywhere in the basin except for 

Eurasia below 62° N. In addition, a west-east gradient for precipitation and 

evapotranspiration was identified due to the high precipitation values in the Canadian
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Rockies and Russia’s Ural Mountains. Not surprisingly, mean discharge coincided well 

with the precipitation distribution.

Berger and Entekhabi (2001) also explored how the physical features of a landscape can 

affect the hydrologic behavior of a basin. The study looked at 10 basins in the continental 

U.S. with varying landscapes and climates. Their goal was to determine what landscape 

and climatic parameters can be used to predict runoff hydrologic response. They used the 

following topographic parameters: median surface slope, relief ratio, and drainage 

density. Other parameters implemented, which were derived from soil and climate data, 

were relative infiltration capacity and saturated zone efficiency. The evaporation and 

runoff ratios were calculated by a surface water-groundwater model. Analysis was 

performed via a correlation matrix. To determine which of the parameters significantly 

contribute to runoff and/or evaporation ratio, stepwise regression was performed with an 

F-test for significance. Overall. Berger and Entekhabi found that the basin characteristics 

were able to account for 80% of the variability in evaporation values and 90% in runoff. 

They reasoned that predicting evaporation is more difficult than discharge because 

evaporation is dependent on the water table position. Evaporation tends to approach 

maximum potential when the water table is near the surface and dramatically decreases 

when the water table is at greater distances below the surface..

In 2001, Eaton et al. published results of an energy balance comparison among five 

different terrain types in the western and central Canadian subarctic. Methods of the 

energy balance included Bowen ratios, Priestley-Taylor, and surface saturation vapor 

pressure deficits. The classification scheme was based on topography, hydrology, and 

vegetation, as 1) wetlands, 2) shrub tundra, 3) upland lichen heath tundra, 4) coniferous 

forests, and 5) lakes. The largest outgoing latent heat flux was attributed to the wetland 

and lake sites. The shrub tundra sites showed a midrange of latent heat flux while the 

upland lichen heath tundra showed even less. The smallest latent heat flux component 

was exhibited by the coniferous forest sites.
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Milly and Shmakin (2002) sought to understand how the implementation of higher order, 

land-attribute data improves the model performance of their Land Dynamics model 

(LaD). They reported that previous global land-water and energy-balance models have 

utilized parameter values that are based on “estimated global distributions”. They 

compared their model estimations with and without the variables. A decrease in the 

statistical error variance showed that the implementation of these variables improved the 

model performance. More specifically, the contributing parameter that made the most 

difference was a vegetation specification: the non-water-stressed bulk stomatal resistance.

A study by Fukotomi et al. (2003) revealed that in a comparison of three other northern 

watersheds, the Ob basin showed a less flashier snowmelt peak response than the other 

two basins; this was explained as being due to lower availability of snowmelt water for 

runoff because of larger evaporation rates in spring. Additionally, opposing climatic 

systems were observed between east and west Siberia, where there was a “seesaw like” 

effect from wet to dry regimes.

To examine the role of topographic and land cover attributes (i.e. elevation, slope, 

shading, air temperature, and leaf area index) on the spatial variability of net radiation, 

Oliphant et al. (2003) looked at the Tekapo watershed in New Zealand. They compared 

the results of a surface radiation model for different topographic conditions. Using a 

DEM of the watershed, the model output gave estimated values of solar irradiance, 

reflectance, and fluxes of longwave radiation. From there, the study was able to 

determine which of the above-mentioned parameters strongly contributed to the surface 

radiative flux. It was found that elevation alone was able to account for most of the 

spatial variability in emitted longwave radiation. It was also concluded that 

hillslope/aspect had a greater impact on the spatial variability of direct beam shortwave 

radiation than did hillslope angle. It was also shown that shading effects had a strong 

control on the range or spatial variability of incident shortwave radiation. For air 

temperature, it was calculated that leaf area index changed the temperature by 3°C.
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3 Description of Study Sites

The ten selected basins were chosen based on whether the basin digital elevation model 

(DEM) was available. This is discussed more in section 4.3. Location of the watersheds 

ranged in latitude between 51.5° N and 74.8° N. Figure 1 is a map displaying the basin 

locations from a circumpolar perspective. Table 1 reports the water balance components 

and details for the watersheds. As the descriptions below illustrate, there are some 

marked differences between these research areas.

3.1 Polomet River

Two study periods cover data collection in this basin: 1) 1952 -  1966 and 2) 1967 -  1985. 

Because the components are reported seasonally (i.e. summer, winter, etc.) this study 

uses the 1952 - 1966 average annual water balance. The area of the Polomet drainage 

basin, with the outlet identified at the village of Dvorets, is 432 km2 (Balonishnikova et 

al. 2004). However, Vinogradov et al. (1997) reported Polomet basin at Dvorets to be 454 

km . Regardless of this discrepancy, the Polomet basin is the largest drainage area of the 

catchments used in this study. It is located at approximately 57.9° N and 33.0° E in the 

Valdai Hills of European Russia (Figure 1). The average annual temperature is 3.1°C and 

no permafrost is present at this site (Balonishnikova et al., 2004). Because of the large 

area, vegetation of this catchment is variable, but overall is 80 percent forested with 

dominantly mature coniferous (Balonishnikova et al., 2004 and Shutov 2004, personal 

communication). Soil texture is sandy loam. Polomet basin has peat organics covering 

four percent of the drainage area with depths ranging between one and three meters 

(Balonishnikova et al., 2004 and Shutov 2004, personal communication). Balonishnikova 

et al. (2004) reported the mean elevation to be 204 m.
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Figure 1. Map of the ten experimental watersheds used in this thesis.



Table 1. Details of the ten research basins. Listed is location, water balance components, average temperature, runoff and ET 
ratios, and period of study. Note that the water balance components are values averaged over the period of study respective to 
each basin.

Number Watershed Latitude Longitude Area
Annual
Precip

(P)

Annual
Snowfall

(Ps)

Annual
Runoff

(0

Annual
ET 

(.ET)

A Storage
(5)

Annual
Average
Temp

Runoff
Ratio

ET
Ratio

Period
o f

Study

DD DD km2 mm mm mm mm mm °C Q/P ET/P yrs

1 Polomet 57.9 33.0 432 842 142 333 495 0 3 0.40 0.59 1952-
1966

2 Tiksi 71.7 128.8 5.5 249 1 14 223 54 -28 -13 0.90 0.22 1997-
1999

3 Dead
Creek 50.3 -95.9 106 526 80 103 423 n/a 2 0.20 0.80 1982-

1995

4
Upper
W olf
Creek

60.5 -135.3 14.5 331 184 119 135 19 -3 0.36 0.41 1994-
1995

5 Upper
Kuparuk 68.6 -149.4 142 376 1 15 237 140 n/a -12 0.63 0.37 1996-

2002
6 Havikpak 68.3 -133.5 17 283 148 110 134 37 -9 0.39 0.47 1992-

2000
7 Trail

Valley 68.7 -133.5 68 231 130 1 18 110 4 -9 0.51 0.48 1991-
2000

8 Nelka 55.6 124.9 31 612 103 307 290 35 -7 0.50 0.47 1976-
1985

9 McMaster 74.8 -95.2 33 190 147 158 38 -1 -17 0.83 0.20 1976-
1981

10 Devitsa 51.5 38.4 103 609 200 148 448 -6 6 0.24 0.74 1973-
1988

Mean 95.2 424.9 135.7 185.6 226.7 12.6 -5.7 0.50 0.47
Max 432 842 200 333 495 37 6 0.90 0.80
Min 5.5 190 80 103 38 -6 -17 0.20 0.20

Stnd. Dev. 127.0 213.0 38.5 84.5 172.3 17.8 7.6 0.23 0.20
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3.2 T-River

Between 1997 and 1999, observations were performed at a watershed (5.5 km2) near the 

town of Tiksi in northeastern Siberia, on the coast of the Arctic Ocean (Ishii et al., 2004). 

This watershed is unnamed and therefore unofficially called T-River by the researchers or 

the unnamed watershed/basin at Tiksi. This basin is the smallest in area of all basins in 

this comparison. It is located at 71.7° N and 128.8° E (Figure 1), close to the mouth of the 

Lena River and five kilometers from the Laptev Sea (Sato et al., 2001). Moss species 

dominate the region while lichen is present on the rocky terrain portions (Ishii et al., 

2004). The sandstone bedrock is present on ridges and upper parts of slopes (Ishii et al., 

2004, and Ishii 2004, personal communication). The watershed is entirely underlain with 

permafrost with the active layer ranging from 20 to 70 cm (Ishii et al., 2004). The soil is 

thin clayey silt texture with an organic layer up to 40 cm thick (Ishii 2004, personal 

communication). The average annual temperature (20 year record) is -13 °C 

(www.weatherbase.com). Relief of this basin is 260 m, ranging from 40 to 300 m.

3.3 Dead Creek

Dead Creek (50.3° N, 95.9° W) is 106 km2, is located in southeast Manitoba, Canada, and 

is the most southern basin in this study (Figure 1). The water balance research at this site 

was conducted from 1982 -  1995. It is part of the Canadian Shield region but has no 

permafrost. It has a wide variety of vegetation types ranging from jack pine in the upland 

areas to aspen, alder, and willow in the lower-lying areas (Thorne and Hawkins, 2004). 

Thome and Hawkins (2004) also reported that hardwoods such as oak, elm, and ash exist 

in the well-drained areas. The organic layer thickness ranges between zero and three 

meters, depending on the part of the basin located, i.e. floodplain or rock outcrop (Thorne 

2004, personal communication). However, over the total basin, organics cover 

approximately 3 5 - 4 0  percent of the basin area (Thorne 2004. personal communication). 

Mineral soil texture is classified as primarily clay with smaller proportions of silt.

(Thorne and Hawkins, 2004). Average annual temperature is 2.3 °C (Environment

http://www.weatherbase.com
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Canada). Topography in this region is mild with relief of about 30 m (Thorne and 

Hawkins, 2004).

3.4 Upper W olf Creek

For the Wolf Creek basin (195 km2), this project focuses on the upper portion of the basin 

(14.5 km ). A modeled water balance was performed for a single year, 1994 -  1995 

(Hedstrom et al., 2001). The outlet of the Upper Wolf Creek is 60.5° N and 135.3° W 

(Janowicz 2004, personal communication). The basin is located in the Yukon Province of 

Canada and is a tributary of the Yukon River (Figure 1). Upper Wolf Creek covers two 

ecosystems. One, in the lower elevations (1100 -  1500 m), is the subalpine region, and in 

the higher elevations (above 1500 m) is the alpine region (Janowicz et al., 2004). Soil 

texture ranges from a sandy loam to a gravelly sandy loam (Janowicz et al., 2004). Depth 

of the organic layer ranges between 3 and 27 cm with a mean of 13 cm (Janowicz et al. 

2004, personal communication). The watershed is in a zone of discontinuous permafrost 

but in the alpine region, it is determined to be continuous (Janowicz et al., 2004).

Average annual temperature is -3 °C (Janowicz et al., 2004).

3.5 Upper Kuparuk River

The Upper Kuparuk River basin (142 km2), located in northern Alaska, is the only U.S. 

watershed in this study. The water balance research covers 1996 to present. Coordinates 

of this site are at 68.6° N and 149.4° W (Figure 1). Soil of this area has an organic cover 

up to 10 cm thick with another layer of mixed organic mineral soil below (Kane et al, 

2004). The mineral soil texture is a silt loam (Kane, personal communication). It is 

completely underlain with permafrost with an active layer depth between 25 and 100 cm 

(Kane et al., 2004). Relief ranges from 698 to 1464 m (Kane et al, 2004). Vegetation of 

the area is typical of a shrub tundra environment. Sedges and mosses are on the hills and 

valley bottoms while shrubs exist in the riparian zones (Kane et al., 2004). This is an 

environment susceptible to high winds and thus snow redistribution (Kane et al., 2000). 

The Western Regional Climate Center reports the Kuparuk site to have an average annual
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temperature of approximately -11.6 °C between 1983 to 2004. Olsson et al. (2002) 

examined monthly mean temperatures at Imnavait Creek, a sub-basin of the Upper 

Kuparuk, where the mean of the monthly air temperature averages was -7.5 °C between 

1994 and 1998.

3.6 Havikpak Creek

Havikpak Creek is located in the lower Mackenzie Valley of northwest Canada at the 

coordinates of 68.3° N, -133.5° W (Figure 1). Research at this basin occurred from 1992 -

2000. Drainage area is reported in a range between 15 km2 (Eaton et al., 2001) and 17
2 • • km (Marsh et al., 2004). The relief is sloped enough to provide well-drained soils and

thus a dry surface (Eaton et al., 2001). The mineral soil is silty clay and covered by an

organic layer ranging between 25 and 40 cm thick (Pohl 2004, personal communication).

Havikpak Creek is in the northern boreal forest zone consisting of mostly Black Spruce

and poplars (Marsh et al., 2004 and Eaton et al., 2001). According to the Inuvik airport

(15 km south), average annual temperature is -9 °C (Environment Canada). Permafrost is

continuous with an active layer reaching between 30 to 140 cm (Pohl 2004. personal

communication).

3.7 Trail Valley Creek

Just northwest of Havikpak Creek is Trail Valley Creek, 68.7° N, 133.5° W (Figure 1). 

Research on the water balance is from 1991 -  2000. This basin (68 km2) is in a shrub 

tundra region (Marsh et al., 2004). Primary vegetation of this region is tussocks and 

sedge in the wetland areas and small shrubs such as birch and willow in the upland areas 

(Eaton et al., 2004). Trail Valley’s organic layer is between 10 and 25 cm, which is a 

slightly thinner layer of organics than Havikpak (Pohl 2004, personal 

communication).The mineral texture is a silty clay (Pohl 2004, personal communication). 

Permafrost is continuous with an active layer reaching between 30 to 80 cm (Pohl 2004, 

personal communication). Average annual temperature at nearby Inuvik airport is -9 °C 

(Environment Canada).
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3.8 Nelka River

The Nelka River basin (30.8 km2) is in eastern Siberia, Russia, 55.6° N and 124.9° E 

(Figure 1). Water balance measurements extended between 1976 and 1985 (Vasilenko, 

2004). The soil is underlain by continuous permafrost and consists of a thin organic layer 

with a mineral soil texture containing a high content of gravel and stones (Vasilenko, 

2004). Vegetation of this region is 80 percent boreal forest with conifers such as larch 

and cedar elfin, and shrubs such as birch and alder (Vasilenko, 2004). Average elevation 

is 850 m and average annual temperature is between -6 and -7 °C (Vasilenko, 2004).

3.9 McMaster River

The McMaster River site, located in Canada’s Queen Elizabeth Islands on Cornwallis 

Island, is the most northern watershed for this study. Coordinates are 74.8° N and 95.2°

W (Figure 1). The water balance measurements cover years 1976 -  1981. Young and 

Woo (2004) reported the McMaster basin to be 33 km2. It is in a polar desert environment 

with minimal precipitation and vegetation. Average annual temperature nearby at 

Resolute (74.7° N, 95.0° W) is -16.4 °C (Environment Canada). Vegetation that does 

occur here covers 20 percent of the area (Woo, 2000). Among the types is saxifrage, 

sedge, and grass (Woo, 2000). The area is underlain by continuous permafrost with an 

active layer thickness between 25 and 70 cm. The surface here is either a lithosol soil or a 

pebble ridden loam soil (Woo, 2000). The bog region has a thin organic layer less than 20 

cm (Woo, 2000). Relief of the area is 200 m, rising from sea level to 200 m (Woo, 2000).

3.10 Devitsa River

The Devitsa River is a tributary of the Don River, flowing through European Russia 

(Zhuravin, 2004). It is located at 51.5° N, 38.0° E (Figure 1). Research of this area and its 

water balance cover the years 1973 -  1988. The area of the basin is 103 km2 (Zhuravin,

2004). The region is described as a forest steppe zone with 14 percent forest and 

remaining part grasslands (Zhuravin, 2004). The average annual temperature of 5.8 °C 

makes the Devitsa River basin the warmest of all the watersheds in this study. Soils are
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described as both loamy and clayey and having an organic layer of 40 to 65 cm thick 

(Zhuravin, 2004). Average elevation is 208 m (Zhuravin, 2004). Obviously, there is no 

permafrost at this site.
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4 Methods

4.1 Water Balance Measurements

Examining both seasonal and annual differences are important, especially because high- 

latitude regions are subject to precipitation storage as ice or snow and subsequently 

experience significant snowmelt runoff peaks. These unique circumstances introduce an 

immense amount o f temporal variability. Grabs et al. (2000) suggest that the hydrologic 

response of basins is best when compared on an annual timescale (Grabs et al., 2000). 

However, the annual water balance can be better understood when the seasonal data is 

available and analyzed.

Because most of the research basins have water balance records longer than a single year, 

the components, i.e. precipitation, runoff, etc. were averaged over their period of study. 

Therefore, all of the component values are termed “average annual”. It should be noted 

that the average annual computations are not for a fixed number of years, but instead vary 

from basin to basin.

Unlike all other methods mentioned below, the water balance of the Upper Wolf Creek 

basin was determined for the 1995/1996 year using the Cold Regions Hydrological 

Model (CRHM) ((Hedstrom et al., 2001). The model implements field measurements of 

precipitation, temperature, etc. and through the use of different modules, simulates 

sublimation, snowmelt, infiltration, and evapotranspiration (Janowicz et al., 2004).

Water balance methods used by each watershed research group are outlined in Table 2.



Table 2. Methods of measuring the water balance components. Listed for each experimental watershed is 
SD - Stage Discharge relationship, PT - Priestley Taylor Method, CRHM - Cold Regions Hydrological Model.

Measurement Methods

Number Watershed Snowfall Rainfall Discharge ET Storage

1 Polomet River Snow surveys Tretyakov rain gauges 
& Pluviographs SD & Current meter Lysimeters & 

Evaporimeters Wells

2 T-River Basin Tipping bucket rain gauge 
(antifreeze)

Tipping bucket rain 
gauge SD Bowen ratio & 

Penman Residual

3 Upper Wolf 
Creek

Snow surveys & Standpipe 
transducer gauge

Tipping bucket rain 
garuge SD & Current meter Penman & 

CRHM CRHM

4 Upper Kuparuk 
River Snow surveys Tipping bucket rain 

gauge
SD & Manual gauging 

& Current meter Water Balance Negligible

5 Havikpak Creek Snow surveys & Weighing 
gauge (Nipher)

Tipping bucket rain 
gauge

Current meter & Dye 
Injection PT Residual

6 Trail Valley Snow surveys & Weighing 
gauge (Nipher)

Tipping bucket rain 
gauge

Current meter & Dye 
Injection PT Residual

7 Dead Creek Snow surveys & Belfort 
precip. gauge Belfort Precip. Gauge SD & Manual gauging Energy Balance Wells

8 Nelka River Snow surveys Precipitation Gauge SD & Manual gauging Lysimeters & 
Evaporimeters Lysimeters

9 McMaster River Snow surveys Tipping bucket rain 
gauge SD PT Piezometers & 

Weils

10 Devitsa River Snow surveys Tretyakov gauges Weirs and Flumes Lysimeters Wells
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4.1.1 Precipitation (P)

Due to the fact that the project deals with northern basins, the measurement methods of 

rain and snow are discussed separately.

In measuring precipitation, there are two primary concerns (Dingman, 2002). One is that 

where taking measurements at a single location with a certain type of gauge, what is the 

gauge accuracy? The second concern is how representative is a point measurement over a 

catchment or at least part of it? This is often of concern when snow is exposed to wind 

and redistributed. In mountainous areas, different amounts and even different types of 

precipitation (i.e. liquid or solid) are received at different elevations.

4.1.1.1 Snow (P5)

One method of measuring the snowpack is through a snow survey. Almost all basins 

included in this project used snow surveys to determine the annual solid precipitation. At 

a particular site, depth of snow is measured and snow density is calculated via a snow 

core (volumetric snow sample). The snow depth is converted to meters of snow water 

equivalent (s.w.e.), which is the depth of liquid water the snowpack contains. To achieve 

the snow water equivalent, the depth of snow is multiplied by the ratio of snow density to 

liquid water density. Often, the depth and density are averages or weighted averages of a 

network of multiple snow surveys deemed to represent the whole of the basin.

Another method is snow gauges. An example of this is the Nipher snow gauge, used by 

Janowicz et al. (1995) at Wolf Creek. It collects falling snow over one or more 

precipitation events. The gauge’s collection container is subsequently brought indoors to 

melt the snow and determine the snow water equivalent (Environment Canada).

However, this type of gauge is not automated. Precipitation gauges that are automated are 

typically year-round and hence, capture both rain and snow. Precipitation gauges are 

discussed below in the rainfall section (4.1.1.2).
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A large problem affecting northern research basins is the extreme winter conditions, 

which can damage or cause failure of instrumentation. The strong wind conditions can 

lead to a commonly-observed problem of gauge under-catch. Correction factors can be 

applied to counteract such a discrepancy. For dealing with cold temperatures, year-round 

gauges use antifreeze. Moshiri, T-River, and Dead Creek watersheds all used some type 

of antifreeze to melt the snow once it was caught in the gauge.

4.1.1.2 Rainfall {Pr)

Many watersheds now employ full meteorological stations, which include a precipitation 

gauge and observation equipment for air temperature, relative humidity, net short and 

longwave radiation, wind direction, and wind speed. Many times, stations have weather 

towers which take observations such as wind speed, relative humidity, and air 

temperature at multiple distances above ground to gain a full height profile. There are 

multiple types of automated gauges used in the field to collect and record liquid or solid 

precipitation. Polomet River basin used a pluviograph, which is an older type of gauge 

that funnels rain into a cylindrical container containing a float. The float is attached to a 

pen that continuously records the depth. When the depth increases, the float rises and the 

pen moves on the recording paper.

Another type of rain gauge is a tipping bucket. This was used by Ishii et al. (2004) at the 

unnamed basin at T-River, by Woo (2000) at McMaster River basin, and by Kane et al. 

(2004) at the Upper Kuparuk River. Water is collected in a cup at either end of an arm 

that pivots at the center. When one cup becomes filled, the opposing one is lifted and the 

full one empties. Each time this switch occurs, the gauge records it. Other types of 

gauges that use a weighing mechanism are the Belfort universal precipitation gauge and 

the Tretyakov precipitation gauge, which were used in the Dead Creek watershed and the 

Nelka River basin, respectively.
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4.1.2 Evapotranspiration (ET)

A large portion of evapotranspiration in high-latitude basins is the evaporative loss from 

lakes and ponds (Kane et ah, 1990). There are a number of empirical formulas and 

theoretical approaches to estimate ET, which utilize some portion of environmental 

and/or meteorological data. A commonly used approach (Dingman, 2002) is the Penman- 

Monteith model (Monteith, 1965). This model uses aerodynamic, energy balance, and 

vegetation components (Mendez et al., 1998). The important component of this model is 

the canopy resistance or conductance term, which quantifies the capacity of the leaf or 

canopy to pass water into the atmosphere. The Penman- Monteith method was used at the 

unnamed watershed at Tiksi.

Another method of estimating ET is the Priestley-Taylor model, which gives the portion 

of actual evapotranspiration to equilibrium evapotranspiration (Priestley and 

Taylor, 1972). It is calculated by use of a parameter, alpha (a), which describes a 

particular surface type (Mendez et al., 1998). Mendez (1998) reports that ET from 

Priestley-Taylor is easier to determine because it requires less meteorological input. 

Priestley-Taylor was used by three of the basins: Trail Valley, Havikpak Creek, and 

McMaster River.

A method that does not use the influence of vegetation is the Thomthwaite water balance 

method (Thornthwaite and Mather, 1955). This method uses a complex accounting 

method of monthly precipitation and latitude to derive potential evapotranspiration and 

then subsequently uses further formulas to derive actual evapotranspiration (Dingman, 

2002).

The Bowen ratio method utilizes the energy balance equation (Bowen, 1926). The Bowen 

ratio is a ratio of sensible heat flux to latent heat flux determined from air temperatures 

and relative humidity. In the energy balance equation, the Bowen ratio can replace the 

need to calculate sensible or latent heat loss (Dingman, 2002). Therefore, if the Bowen
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ratio is known or determined, it can be substituted into the energy equation to solve for 

ET. This method (in addition to the Penman-Monteith method) was used for the T-River 

basin.

The water balance method determines ET by calculating the residual of all other inputs 

and outputs in the water balance equation. The water which entered the basin and was not 

discharged or stored was thus, evaporated or transpired. This estimation is only as good 

as the measurement accuracy of all other water balance components (Dingman, 2002). 

Kane et al. (2004) used this method to determine ET for the Upper Kuparuk basin.

Similar to the water balance method described above, the energy balance equation can 

provide an estimate of ET. The equation accounts for energy fluxes such as net shortwave 

input, net conduction to the ground output, water-advected energy, etc (Dingman, 2002). 

The inputs and outputs in the energy balance equation are balanced by the occurrence of 

evaporation. The equation can become quite complex or remain fairly simple, depending 

on how many energy sources/sinks are observed. Kane et al. (1990) reported that 

although the energy balance is commonly employed, it may require great efforts by the 

researcher(s) due to the extensive data requirements. The Dead Creek basin applied this 

method but Thome and Hawkins (2004) did not specify as to what variables were 

included.

Direct field measurement of ET include lysimeters and evaporimeters. A lysimeter is an 

enclosed volume of soil and vegetation that closely represents the environment being 

studied. It is inserted into the ground and observed as water fluctuates in and out of the 

soil. The weight of the sample is measured at different time intervals to determine water 

content and thus ET amounts. An evaporimeter, also called evaporation pan, is a large 

metal pan filled with water and is situated in the open environment. Either manual or 

automatic measurements are taken over time as the depth of water drops. From an 

evaporimeter, the potential evaporation rate can be determined. All of the research
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watersheds in Russia, which are Polomet River, Nelka River, and Devitsa River, used 

lysimeters to determine ET. Imnaviat Creek, a sub-basin of the Kuparuk River basin, also 

uses an USDA Class A evaporation pan (in addition to other methods) to determine 

potential evaporation.

4.1.3 Discharge (Q)

The most common method employed by the research basins to record watershed runoff 

was through the use of a stage-discharge relationship via a flume or weir. There are many 

types of flumes and weirs depending on the channel configuration and magnitude of flow. 

Some common flow measurement structures are v-notch weirs, rectangular weirs, and 

Parshall flumes. The elevation of the water surface is automatically measured by a 

pressure transducer or an instrumented float. The level can also be determined manually 

by a ruler or staff gauge. This was done at the unnamed watershed in Tiksi, Siberia. That 

level is referenced to a stage-discharge curve, developed from previous flow and 

corresponding stage measurements, which yields a discharge value for the given water 

depth

Another method to measuring discharge is manually either through a mechanical current 

meter or an electromagnetic current meter. Both measure velocity and then by 

multiplying it with the cross-sectional area of the stream, a discharge is derived. Manual 

discharge measurements were made at most of the basins in conjunction with additional 

measurements of stage.

Another method, employed usually for smaller streams, is dye injection. First, an inert 

tracer dye is injected into the stream, either slug (single shot injection) or continuous 

(continuously injected over a certain period of time). Then the concentration of dye in the 

water is measured downstream of the injection site. The time it took for the dye to travel 

a certain distance and the concentration of dye at that point is then translated to determine
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the flow rate of the stream. This method was applied at Havikpak and Trail Valley 

Creeks.

4.1.4 Storage (S)

For most of the basins in this study, storage is computed as the residual of the water 

balance. A few of the other basins, such as the Russian basins, Dead Creek, and 

McMaster River, looked at groundwater fluxes via wells and/or piezometers. The 

research at Nelka River considered changes in soil moisture, measured via lysimeters as 

changes in storage. Additionally, some basins such as the Upper Kuparuk assumed no 

change in storage over the reporting period.

4.2 Parameterization of Qualitative Data

Parameterization is a method for establishing a set or scheme of descriptors for an entity 

based on a set of measurable factors. For this project, such a scheme was developed and 

employed to classify the qualitative characteristics of the basins. The goal was to connect 

one or more of these descriptors to water balance behavior. It was hypothesized that 

identifiable trends will exist between the qualitative characteristics and water balance 

behaviors.

Past researchers have supported the implementation of characterization schemes to 

improve understanding of hydrology. Salvucci and Entekhabi (1995) utilized 

parameterized properties in characterizing hydrologic response because they found 

spatial variability of hydrologic fluxes revealed a strong relation to the physiographic 

features of watersheds. Famiglietti and Wood (1991) suggested that their land surface 

hydrology parameterization would be a benefit to hydrologists to study regional water 

balances and by climate modelers for help in simulating general circulation patterns of 

the atmosphere. Milly and Shmakin (2002) asserted that global land-water and energy 

balance models are successful because of the use o f parameters that characterize land- 

surface processes.



35

In support of vegetation and climate parameterization, the best evidence comes from the 

fact that climate and land-surface models improve when classified parameters are 

introduced. One example of such an improvement is the Canadian Land Surface Scheme 

(CLASS). The CLASS parameterization method characterized snow, soil, and vegetation 

to better model mass and energy exchanges at the land-atmosphere interface (Saunders et 

al., 1999). Another example is the Soil Water-Atmosphere-Plant (SWAP) Land Surface 

model. It improved simulations of a boreal forest catchment by incorporating tall- 

vegetation (Gusev and Nasonova, 2003). They found that the processes for heat and 

water exchange, ultimately affecting the hydrologic cycle, differed from previous models 

when the presence of a canopy like that found in the boreal forest was incorporated. In 

comparing the Land Dynamics model (LaD) performance, Milly and Shmakin (2002) 

found that over all the other land characteristics implemented in the model, knowing the 

spatial variability of the non-water-stressed bulk stomatal resistance variable, which is a 

pant characteristic influencing transpiration, improved model performance the best.

The qualitative data were characteristics of the watershed described by the researchers of 

the watershed through either personal communication or written documentation. Most of 

the qualitative data came from their contributing paper in the “Northern Research Basins 

Water Balance” IAHS publication (Kane and Yang, 2004).

There were three categories used to classify the watersheds: permafrost, vegetation, and 

soil. Knowledge of how these parameters vary spatially across each watershed would 

have been ideal. However, that type of information was unobtainable for most of the 

basins. Therefore, the dominant class type was attributed to each watershed. The scheme 

for each category is discussed below and listed in Table 3.

For permafrost classification, each watershed had either continuous permafrost, 

discontinuous permafrost, or no permafrost (Table 3). This scheme was based on the 

Circum-Arctic Map of Permafrost and Ground Ice Conditions (Brown et al., 2001). They
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classified permafrost into four groups according to percentage of extent: continuous, 

discontinuous, sporadic, and isolated patches. However, because the spatial extent of 

permafrost was unknown to such detail for these basins, those that have less than 100 

percent permafrost were classified as discontinuous.

Table 3. Classification scheme for descriptor variables of permafrost, vegetation and soil.

Category Classes

Permafrost
Continuous
Discontinuous 
No Permafrost

Vegetation

Boreal / Mixed Forest 
Alpine / Shrub Tundra 
Agricultural/Cropland
Cold Desert

Soil
Fine
Medium
Course

This project used the vegetation classification system (Table 3) taken from Bowling et al. 

(2000). They reviewed the hydroclimatic characteristics of the Arctic drainage basin 

according to vegetation type, which was previously developed by the USGS Global Land 

Cover Characterization (Anderson et al., 1976). The only modification to this scheme 

was the addition of the “cold desert” class. This applied to the McMaster River basin, 

which presented itself as considerably unique in its environment and hydrologic 

processes.

The last category is soil texture classes. This scheme was found in Dunne and Willmott 

(1996), who used the groups to determine moisture content of certain soils. The classes 

are coarse, medium, and fine, which was referenced from the FAO/Unesco (1971 -  1981) 

definitions (Dunne and Willmott, 1996). However, this scheme was a reclassification of 

the U.S. Department of Agriculture’s definitions of soil texture based on weight
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proportions of sand, silt, and clay (Dingman, 2002). Table 4 below details both soil 

schemes.

Table 4. Reclassification of soil textures into course, medium, and fine.
(Dunne and Willmott, 1996)

Texture Reclassified
General Texture

Sand
Loamy sand Coarse
Sandy loam
Silt loam
Loam
Sandy clay loam Medium
Silty clay loam
Clay loam
Sandy clay
Silty clay Fine
Clay

4.3 Digital Elevation Model (DEM) Analysis

There were 39 contributing watersheds for the March 2004 workshop of Northern 

Research Basins Water Balance (Kane and Youg, 2004). However, the limiting factor 

that excluded most of the participating basins from this study was the application of a 

digital elevation model (DEM). A DEM of each watershed was essential to derive both 

the watershed boundary and terrain parameters (described in section 5.5). As a result, this 

study accessed 11 basin DEMs. However, Moshiri basin was omitted due to its small size 

and the spatial resolution scale needed. Spatial resolution is the area represented by each 

square pixel in the DEM. The higher the resolution, the smaller the area represented by 

each pixel.

Although this project was fortunate to obtain some DEMs with relatively high resolutions 

(i.e. 5-meter, 20-meter, 50-meter), it was important to remain consistent. It has been 

shown that with differing resolutions, the attributes such as drainage density, can change
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in value [Helmlinger (1993), Yildiz (2004)]. Therefore, all DEMs needed to be at the 

same resolution, determined by the lowest resolution, which was 90 meters or 3 arc 

seconds. The spatial interpolation process is more accurate for converting DEMs from 

high resolution to a lower resolution than vice versa. ESRI’s ArcMap 8.3 Spatial Analyst 

Extension performed this conversion. The only exception to this conversion is for 

McMaster basin, which had an original DEM with rectangular pixels three arc seconds by 

six arc seconds. This was converted to a 90-meter square pixel DEM. The basins’ original 

resolution and DEM sources are provided in Table 5.

Table 5. The source and original resolution of each basin digital elevation model.

Number Watershed Original
Resolution Source

1 Polomet 90-m SRTM

2 T-River 25-m Ishii et al. (2004)

3 Dead Creek 90-m SRTM

4 Upper Wolf Creek 30-m Janowicz et al. (2004)

5 Upper Kuparuk 25-m Kane et al. (2004)

6 Havikpak 20-m Marsh et al. (2004)

7 Trail Valley 20-m Marsh et al. (2004)

8 Nelka 90-m SRTM

9 McMaster 90-m x 180-m Young and Woo (2004)

10 Devitsa 90-m SRTM

All the DEMs that were at the 90-m scale were obtained through the Satellite Radar 

Topographic Mission (SRTM), which was an international project launched in February 

2000 to gather global elevation data via radar. The National Geospatial-Intelligence 

Agency (NGA) and the National Aeronautics and Space Administration (NASA) led the 

project. The mission only obtained data below 60° N latitude and thus limited this 

study’s application of SRTM data to basins below this latitude.
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Delineation of the each basin using their respective DEM was performed using the Rivix 

LLC program RiverTools (version 2.4). This program employed a fundamental concept 

of the eight-direction pour point model (Maidment, 2002). RiverTools looked for the path 

of steepest descent among the eight pixels surrounding a single pixel. Using this method 

for each pixel, it created a flow grid of all pathways water will flow within the DEM. The 

user, whom allows RiverTools to identify the basin area by the flow grid upstream of the 

outlet point, selected the basin outlet. RiverTools then extracted a treefile and a 

subsequent river network from the defined basin flow grid. The network was modifiable 

by selecting a threshold based on the Strahler stream order system (Strahler, 1952).

For a majority of the basins, only approximate coordinates of the outlet point were 

known. Therefore, the basin delineation process required an optimization between 

achieving the right watershed area (based on details given by the watershed research 

group) and indicating the appropriate position for the outlet. The area of each basin 

reported in Table 1 is not the delineated area calculated by RiverTools but rather the area 

reported by the respective research group in their Northern Research Basins (Kane and 

Yang, 2004) contributing paper.

RiverTools created a topographic index grid determined from the original flow grid and 

another grid known as the d-infinity grid, which divided flow between each neighboring 

pixel. ArcMap’s Spatial Analyst limited the topographic index grid to the basin area. 

Spatial Analyst then calculated the weighted “lumped” average of certain terrain 

parameters for all pixels in the basin area. Table 6 lists each parameter and the 

corresponding computer application, either ArcMap or RiverTools, used to calculate it. 

Also listed in the table ( if applicable or otherwise noted as N/A) is which computer 

application was employed to determine a spatial average of that terrain parameter over 

the entire drainage area. Terrain parameters are introduced in section 5.5.
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Table 6. The computer applications used to determine each terrain parameter.

Attribute Tool

Grid Weighted Average

Area RiverTools n/a

Slope ArcMap ArcMap

Diameter RiverTools n/a

Elevation RiverTools RiverTools

Shape Factor RiverTools n/a

Aspect ArcMap ArcMap

Stream Order RiverTools n/a

Drainage Density RiverTools n/a

Wetness Index RiverTools ArcMap

4.4 Statistical Analysis

All variables described in the following section are listed in Appendix A.

The data describing the watersheds was in two forms. One was quantitative and thus has 

a continuously smooth transition across all possible values. MS Excel 2003 was used to 

analyze this data statistically. The second was “categorical” variables and has separate, 

indivisible categories, analyzed conceptually.

The terrain indices are the continuous independent variables, with the exception of the 

shape factor parameter. This study used stepwise regression to assess which terrain index 

variables contributed a significant amount toward the prediction of the dependent 

variables: runoff ratio and evapotranspiration ratio. Prior to the stepwise regression, this 

study performed two other statistical tests. First, the data were screened to confirm the 

assumptions made for multivariate statistical analysis. These are 1) normality, 2) 

linearity, and 3) homoscedasticity (describes how similar in variability the two data sets 

are to each other and is analyzed using univariate scatterplots) (Mertler & Vannatta,
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2002). Secondly, a correlation matrix was developed for the entirety of the independent 

variables to determine if any collinearity existed.

Normality is the assumption that the data is a normal or Gaussian distribution. For all sets 

of variables, both dependent and independent, the skewness and kurtosis functions were 

used to test for normality. Skewness (7) measures the degree/departure of symmetry and 

works with the following formula (MS Excel, 2003):

(1)

where n is the number of values in the given variable set, x is the mean of the given 

variable set, xj is theyth value in 1 through n. and s is the standard deviation of the given 

variable set.

Kurtosis (AT) is used to measure the degree/departure of peakedness of the distribution 

and is found with the following formula (MS Excel, 2003):

(2)

To determine if the skewness and kurtosis statistics were within the range of what would 

indicate a normal distribution, the standard error of skewness (ses) and standard error of 

kurtosis ( sek)are calculated (Tabachnick & Fidell, 1989). The ses and are threshold 

values, which allow determinations of whether the given distributions are significantly 

skewed and/or have a kurtosis problem.



The formula for ses is as follows (Tabachnick & Fidell, 1989):

ses = (3)

The formula for sek is as follows (Tabachnick & Fidell, 1989):

sek = (4)
V n

If | (2 * ses) | > T,the distribution is considered significantly skewed, otherwise if

then the distribution is considered significantly normal.

Linearity is the assumption that there is a straight-line correlation between two variables 

(Mertler & Vannatta, 2002). It was tested using the examination of residual plots where 

predicted values should be both spread and scattered around the zero line with no curving 

pattern evident (Mertler & Vannatta, 2002). The residual plots were made using simple 

linear regression of an independent and dependent variable. Simple linear regression and 

multiple linear regression were performed using the “least squares method.”

The third assumption is homoscedasticity, which describes how similar in variability the 

two data sets are to each other. Hence, the y  data set variances are the same for all x data 

set variances. Violation of this assumption known as heteroscedasticity is not fatal to the 

correlation values but does affect the probability value given for significance testing 

(Tabachnick & Fidell, 1989). This was examined using bivariate scatterplots where one 

should observe an elliptical shape as illustrated below.

| (2 * ses) | < T then the distribution is considered significantly normal. Similarly, if | (2 * 

sek) | > K  then the distribution has a significant kurtosis problem and if | (2 * sek) \ < K
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The study developed a correlation matrix to both reveal collinearity between any two 

independent variables and show which correlations were the highest among any two 

dependent and independent variables for entry order of the stepwise regression process 

described below. Correlation ( R) is a measure of the linear relationship between two data 

sets (x, y). It is calculated by the following product-moment formula (Spiegel & Stevens, 

1998):

D_ 1 0 ' s - x f r j - y )

j U X j - x f U y j - y )2

where y  is the mean of the given variable set, y, is they'th value in 1 through n.

The stepwise regression procedure used a forward selection process where variables are 

entered into the model according to the correlation it has with the dependent variable 

(Mertler & Vannatta, 2002). Therefore, the variable with the highest correlation was the 

parameter entered first. As each variable was entered, the R2 was observed to see if and 

by how much the additional variable affected the model. A test of significance wass 

performed using an F-test, which determines if the sampled vs. predicted results are 

significantly different. The F-statistic is as follows (Tabachnick & Fidell, 1989):

F = R2/k
( i - j ? 2K « - * - i )  ( *

where k is the total number of independent variables. The F-statistic was then used 

determine the significance based on critical values of the F-distribution. Regression was 

complete when the input of additional variables no longer improved the model.

For statistical analysis of the categorical variables, Analysis of Variance (ANOVA) tests 

were theoretically possible. However, almost all the variables violated statistical 

assumptions by being collinear. Also, the sample number, N, was not very high to lead to 

any confident conclusions. As discussed and illustrated later, all categorical descriptive
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variables were functions of latitude and hence demonstrated similar behavior. Therefore, 

the analysis and subsequent discussion was on a graphical and visual basis.
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5 Theory

5.1 Climate

The climate of a watershed is reflected in the basin’s annual water balance. Yang et al. 

(2000) reported that the hydrologic response of a basin is a result o f both atmospheric 

forcing and landscape characteristics. Climate is indicative of how much energy a basin 

receives through atmospheric conditions of precipitation, air temperature, radiation and 

the synoptic influences of air mass systems (Rouse, 2000). For instance, potential 

evaporation is higher in a humid environment because moist air can absorb more long

wave radiation and thus hold more heat energy for phase change processes (Black, 1996). 

However, general relationships can be made between climate and its variable level of 

influence on basin water balance components (Dingman, 2002). Such components are the 

spatial variability (on a global scale) of precipitation, evapotranspiration and runoff 

distributions. However, climate also influences the makeup of soil because it effects the 

breakdown of parent material, and vegetation because of a given plant-type’s association 

with temperature and precipitation amounts (Dingman, 2002). And as will be discussed 

later, soil is a factor in determining the fate of incident water at the surface.

For high-latitude basins, the water balance reflects and responds to the unique dynamics 

of the arctic and subarctic climate system. Precipitation generally decreases as latitude 

increases but this pattern can be skewed by among others, topography, temperature, and 

cyclogenesis (Kane et al., 2003). Further, Bowling et al. (2000) stated that arctic 

hydrology is controlled by the large percentage of annual precipitation stored as snow. 

Release of this storage through spring snowmelt typically creates the annual peak runoff 

event in many high-latitude basins.

Rouse (2000) highlighted that one difference between high-latitude and mid-latitude 

climates is the decreased amount of annual solar radiation, absorbed solar radiation, and 

net radiation. Further, Rouse (2000) attributes this phenomena to higher surface albedos
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as a result of extensive snow cover. In terms of northern-hydrology, the amount of excess 

energy, which is partially radiation and the rest latent and sensible heat fluxes, determines 

the rate of spring snowmelt (Kane et al., 2003).

Another climatic influence on arctic hydrology is air temperature, which generally 

decreases moving poleward. However, this rate is affected by proximity to the Arctic 

Ocean (Rouse, 2000) and other large water bodies. Further, air temperatures affect 

permafrost distribution, which is a major landscape feature characterizing northern 

hydrology (Zhang et al., 1999).

5.2 Permafrost

Two-thirds of the basins in this project had some presence of permafrost. Kane et al.

(2000) reported that the existence of continuous permafrost is the defining factor between 

arctic basins and more temperate ones. Further, Hinzman et al.( 1991) stated that the 

active layer is a major boundary condition affecting the biological and physical processes 

of the Arctic .

Permafrost is a unique component of high-latitude basins (Walker, 1996) and impacts the 

water balance in a number of ways. Primarily, it presents a nearly impermeable layer at 

the surface in winter and at the subsurface in summer. This is assuming the mineral soil is 

near saturated when frozen. Additionally, the available storage capacity of the soil in a 

continuous permafrost basin is limited by the thawing of the active layer (Walker, 1996). 

Second, permafrost and thawing of permafrost affects the thermal regime of the land- 

atmosphere interactions (Zhang et al., 2003). Third, the presence of permafrost dictates 

what type of vegetation is conducive for such an environment (wetness is generally 

enhanced over permafrost).

Depending on the thickness of the active layer and the timing of thaw, the basin has 

limited storage capacity in the soil. It is typical that any groundwater interaction occurs in
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the top one to three meters of the surface (Bowling et al., 2000). Sato et al. (2001) stated 

that when the active layer is shallow, there is limited storage and therefore runoff is 

generated more quickly than those soils with a greater holding capacity. Further, Woo 

(1983) found that as the active layer thawed, runoff decreased due to more available 

storage. Overall, it can be assumed that the hydraulic conductivity of a frozen soil is less 

than for an unfrozen soil (Kane, 1980; Kane and Stein, 1983; Rouse et al., 1997).

Among the obvious factors of temperature and moisture, plant growth in areas with 

permafrost can also be restricted due to limited infiltration and groundwater recharge 

(Bowling et al., 2003). Comparisons between areas with permafrost and those without 

permafrost reveal that regardless of their close proximity, these regions exhibit different 

vegetation regimes, primarily because of soil moisture levels. For instance, at Wolf 

Creek, Carey and Woo (2000) observed that for permafrost areas, black spruce, white 

spruce, and willow and alder shrubs were dominant while those areas lacking permafrost 

had aspen forests. This is similar for Caribou Poker Creeks Watershed in subarctic 

Alaska where the permafrost areas had black spruce and those without permafrost had 

aspen, birch, alder, and white spruce (Bolton et al.. 2004).

5.3 Vegetation

5.3.1 Transpiration

Primarily, vegetation affects evapotranspiration through its ability to transpire water from 

the soil into the atmosphere. In fact, over half of the water that is returned to the 

atmosphere via evapotranspiration is through the plant system (transpiration) (Molz, 1981 

and Famiglietti and Wood, 1991). The main drivers in evapotranspiration are moisture 

availability and energy. If moisture supply is sufficient and all other variables are at an 

optimum condition, potential evapotranspiration is fulfilled (Thomwaithe, 1948).

Transpiration is a process occurring through a plant’s vascular system. The plant’s roots 

absorb water and eventually release a portion of it back into the atmosphere through 

microscopic pores on the leaf known as stomata. The amount of vapor that the stomata
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releases depends on the guard cells. Depending on the amounts of light and moisture, the 

guard cells will close or open variably. If the humidity is high, guard cells allow water to 

leave the plant. However, if the conditions are drier, the stomata close to conserve water. 

Similar responses happen with light where most plants open stomata during the day due 

to increased sunlight (Dingman, 2002).

Leaf conductance, also called stomatal conductance, is a measure of stomata per unit 

square area (Dingman, 2002). Federer et al. (1996) ordered maximum leaf conductance 

by major land cover types and found that conifers have less than the tundra or wetland 

environment (Dingman, 2002). Therefore, when comparing the effect of vegetation on 

the water balance, it may be possible to see that transpiration rates are higher in the 

tundra or wetland region as compared to the boreal forest areas. Stomatal conductance 

can also be a factor of the leaf area index, which is a measure of the relative size of a 

given leaf type. It is determined by dividing the total area of leaf surface above ground by 

total ground area. Rouse (2000) reports that for vascular plants, the leaf area index is the 

dominating factor in determining ET.

The seasonal change of the canopy also influences the amount of transpiration. It was 

found that at full-leaf maturation of a willow-birch forest, transpiration increased to 

approximately 80 percent of total evapotranspiration (Blanken and Rouse, 1995).

Vascular vs. nonvascular plants are found to be an additional factor to consider in the ET 

of a region. Vascular plants have more features, which limit their ability to transpire, such 

as underground stomata and a short growing season (Rouse, 2000).

5.3.2 Interception

Vegetation’s role as interceptors has multiple effects on the water balance. One is through 

capture and subsequent storage of rainfall by the plant or tree canopy. Second, both the 

lack of and presence of intercepting vegetation affects the snowpack, snow redistribution, 

and snowmelt processes. Finally, intercepting vegetation, via the above two mechanisms, 

also affects runoff rates.
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Interception storage capacity is the ability for a tree or plant canopy to capture the 

downward movement of precipitation to the earth’s surface and subsequently “hold” or 

store the water in its canopy. Precipitation caught on the canopy is temporarily stored 

where it later either discharges to the land surface or the atmosphere. Just recently, the 

model SWAP underwent calibration corrections due to an inaccurate representation of a 

boreal forest ecosystem where one of the improvements was incorporating the parameters 

of rainfall and snowfall interception by the canopy (Gusev and Nasonova, 2003).

Klaasen et al. (1998) reported that an estimated 10 to 50 percent o f the precipitation in a 

forest can be intercepted and subsequently evaporated. Without the presence of 

interception, rain would hit the ground and either runoff or infiltrate further down into the 

soil. Instead, the intercepting canopy functions as an interface for evaporation or 

sublimation. A model simulation revealed that a 30 percent increase in leaf area index 

would yield a 14 percent increase in total evapotranspiration over a growing season 

(Blanken and Rouse. 1995). Similarly, a 30 percent decrease in leaf area index would 

result in a 17 percent decrease in total evapotranspiration over a growing season (Blanken 

and Rouse, 1995).

The amount of interception storage capacity depends not only on the type of tree but also 

on the evaporation rate. For a long rain event, the tree can continue to intercept as long as 

some or all of the intercepted water is evaporating. Canopy interception also depends on 

the rain event. Canopies can store more with short, light intermittent events that allow 

time for evaporation rather than large heavy rain events where the canopy becomes 

saturated (Klaassen et al., 1998). A combination of multiple observations summarizes 

that a single tree can store between 0.25 mm and 9.1 mm of water (Black, 1996). 

Typically, conifers species have the potential to intercept more water (up to 8.3 mm) 

versus hardwoods (up to 1.4 mm) and shrubs (up to 1.9 mm) (Zinke, 1967).
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Although vegetation type plays a strong role in the interception capacity, leaf area index 

can better characterize it (Dingman, 2002). Federer et al. (1996) found that leaf area 

index is typically 6.0 for conifers and 4.0 for the tundra/wetland region. Because there is 

more vegetative surface to interrupt falling precipitation, interception is likely higher in 

the coniferous region (boreal forest) than the tundra region. Additionally, a tree canopy 

will distribute the intercepted rainfall over a greater vertical distance, allowing greater 

exposure to dry air and wind and thus enhanced evaporation.

Decreased runoff rates may also reveal the effect of intercepting vegetation. However, 

this relationship is complex since vegetation affects multiple hydrological processes that, 

in turn, affect runoff rates. Troendle and King (1985) reported that their study on the 

effects of timber harvest on the Fool Creek watershed at the Fraser Experimental Forest, 

Colorado is witnessed through changes in snowpack accumulation and 

evapotranspiration. Their study correlates deforestation with an average increase in peak 

daily discharge of 23 percent. Similarly, Ayer (1968) explained that reforestation on the 

order of a hundred thousand acres resulted in reduced wintertime and early springtime 

flood peaks of more than 40 percent, and total runoff volume for that same time period 

was reduced by an average 26 percent (Black, 1996).

Interception is additionally important in the winter time. Forest canopies can intercept up 

to 60 percent of snow by midwinter whereas shrubs up to 30 percent (Pomeroy et al., 

2001 and Rouse et al., 2003). Troendle and King (1985) correlated changes in snowpack 

accumulation, via redistribution and lack of interception, with timber harvest. A study in 

Idaho, Satterlund and Haupt (1970) found that Douglas fir and immature western white 

pine intercepted one third of snow. Pomeroy and Gray (1994) indicated that the 

interception of snow by canopies can cause up to 30 percent more sublimation. However, 

depending on the humidity and temperature, the evaporative loss may be significantly 

smaller (Satterland and Haupt, 1970). Evaporation rates of intercepted snow have been 

reported with mixed results since they rely heavily on both the method used and the
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environmental conditions (Lundberg and Halldin, 1994). If conditions remained cold and 

dry, there is a stronger likelihood that snow would remain on the vegetation where snow 

is eventually more susceptible to evaporation (Satterland and Haupt, 1970).

5.3.3 Snow Redistribution

Observations have shown vegetation to greatly affect snow distribution. The absence of 

vegetation permits snow redistribution by wind (Woo, 1983). Donald et al. (1995) 

similarly reported that vegetation is the dominating factor in snow redistribution. The 

distribution of snow is important when it comes to a surface’s energy balance and 

subsequent snowmelt processes. For example, Donald et al. (1995) improved 

understanding of snow cover distribution in order to improve hydrological and energy- 

balance modeling. Further, Sato et al. (2001) states that snow redistribution impacts the 

summer runoff processes because snowdrifts may remain into mid-summer and 

subsequently become a source of runoff as it melts.

5.3.4 Net Radiation and Albedo

Vegetation type influences the amount of net radiation received at the ground surface. For 

instance, the presence of the canopy prevents incoming radiation from reaching the forest 

floor (Gusev and Nasanova, 2003). However, this effect is seasonal, depending on 

vegetation type since deciduous trees lose their canopy in winter and conifers maintain 

their canopies all year long. Net radiation is also strongly affected by the characteristic 

albedo of certain vegetative and terrain features. The higher the albedo (between 0.0 and 

1.0), the more reflective the surface is of visible wavelengths (0.4 to 0.7 pm) (Dingman, 

2002). In winter, reflectivity of the surface is often applied to snow conditions. The 

presence of a forest stand with snow typically has an albedo less than that of an open site 

(Gusev and Nasanova, 2003).

Besides snow, the albedo of other natural surfaces also has an impact on the water 

balance and latent heat transfer since it is indicative of how much radiation is absorbed or 

reflected. This in turn affects melt and evapotranspiration processes. Lafleur and Rouse
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(1995) stated that one of the prominent differences exhibited at the northern treeline 

region is the albedo. Dingman (2002) reports that mixed hardwoods have an albedo of 

0.18 and a red pine forest has an albedo of 0.10. Petzold and Renee (1975) indicated that 

subarctic vegetation has a higher albedo at 0.21 than exposed bedrock or wetlands, which 

have an albedo of approximately 0.10. These differences are amplified when examining 

snowmelt processes where radiation receipt is a controlling factor. Ohta et al. (1993) 

reported that the differences seen in snowmelt rates, where the nonforested site had a 

higher rate than the forested site, can be directly attributed to the difference in net 

radiation between these two sites. Dingman (2002) further supported this observation by 

attributing such variation between open sites versus forested sites to different energy 

fluxes. Open, nonforested sites have more turbulent exchange of sensible and latent heat 

due to smaller surface roughness and subsequent higher wind speeds. Contrarily, 

Dingman (2002) reported that forested sites melt almost entirely from net longwave and 

shortwave radiation.

5.4 Soil

One purpose in classifying watersheds based on soil texture is to help determine their role 

in the annual water balance. Dingman (2002) defined soil texture as a characterization of 

the soil’s particle-size distribution, which is “determined from the proportions by weight 

of sand, silt, or clay.” The grain size distribution reveals the porous pathways available 

for water movement within that soil. Therefore, each texture type indicates a range of 

hydraulic conductivities ( K), a measure of how well a soil can transmit water (Dingman, 

2002). Additionally, soil texture type defines its water holding capacity. Based on both 

the controlling factors of hydraulic conductivity and water retention capacity, soil texture 

can help determine the fate of both snowmelt water and rain and what degree of influence 

such a characterization has on a basin’s annual water balance.

As mentioned previously, the consideration of a soil’s texture invites two considerations 

of a soil’s influence on the water balance. One is the ability for the soil to infiltrate water
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and the other is ability for the soil to hold that water. Although course grained soils such
9 1 *  &as sand (K = 10' cm s' ) have the ability to conduct water faster than a clay (K=  10’ cm 

s '1), clay’s much greater surface area permits a higher capacity to retain water than sand 

(Dingman, 2002). Therefore, the influence of a soil’s ability on runoff generation may be 

broken down into two parts. One, the rainfall and meltwater portion, when the role of soil 

may dictate how “flashy” its response is. Two, the storage portion, when the role of soil 

may dictate the ease at which it will hold water.

In addition to characterizing the mineral soil of these basins, this project also seeks to 

identify the thickness of the surface organic layer. Dingman (2002) reported that because 

of the large openings in an organic soil, it has a high hydraulic conductivity. Tricker 

(1981) illustrated the important role of the organic/humus layer in infiltration processes 

by reporting the vegetation parameter, and thus the source o f organic production, to 

account most significantly for infiltration variability. Further, Hinzman et al. (1991) 

found that the surface organic layer of a continuous permafrost basin was more 

responsive compared to the underlying mineral soil, resulting in quick saturation and 

subsequent drainage. Unfortunately, the thickness may vary quite dramatically over a 

basin area and thus it is typically reported as a range and/or percentage. For example, the 

Dead Creek watershed has between zero and five meters of organics on approximately 35 

percent of the basin (Thorne 2004, personal communication).

Studies have been done on the role of soil storage and soil hydraulic conductivity in the 

water balance computation. Famiglietti and Wood (1991) reported that water balance 

components are dependent on near surface soil moisture due its impact on infiltration, 

runoff, and evapotranspiration. Milly (1994) found that modeling the water balance 

using storage and water-holding capacity agreed well with the observational water 

balance data. Although Milly (1994) admitted that certain parameters, which were not 

introduced into the model could still influence the water balance. Nijssen and 

Lettenmaier (2002) found that for the White Gull Creek basin, the large availability of
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surface and subsurface storage due to the presence of deep organic soils resulted in a 12% 

runoff ratio. Famiglietti and Wood (1991) modeled water balance components in terms 

of soil moisture and found that as the soil moisture deficit increased, the corresponding 

runoff ratio decreased.

There are a number of factors, demonstrated through models, which influence how well a 

soil will drain. These include the Kostiakov Model (Kostiakov, 1932), Horton Model 

(Horton, 1933 and Horton, 1945), and Holtan Model (Holton, 1961). All these models 

incorporate influences that affect infiltration such as antecedent moisture conditions, root 

paths, and effective rainfall intensity. A more widely used application is the USD A Soil 

Conservation Service (SCS) rainfall-runoff model. This simplifies the relationship 

between runoff response and soil infiltration by assuming that ponding occurs when the 

infiltration rate of the soil is exceeded. This amount of water is termed effective 

precipitation and is defined as all water of a given rainfall event which is not infiltrated or 

stored at the surface (Dingman, 2002). The SCS categorizes all soil types into four basic 

groups based on infiltration rates and land use (Rawls et al., 1992). From known 

conditions of the soil including rainfall intensity, antecedent soil moisture, treatment and 

residue (agricultural lands), impervious surfaces, and land use, the model estimates the 

effective precipitation (Mays, 2001).

Our understanding of the soil infiltration and soil storage processes of the watersheds in 

this project is limited. Using factors from the above-mentioned models in this study is 

impractical since most of that data is unknown. For instance, project data does not 

include the prior moisture conditions of the soil before a rain event and the rainfall 

intensity of a rain event. As a result, this project will classify soil and organics based on 

the information and data made available either by contributing papers and/or personal 

communication. However, the goal of this project is parameterization and therefore these 

classifications are meant to characterize the general range of capable water transmission 

for a given soil description.
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Because this study is comparing the whole of a catchment's annual water balance based 

on the general and dominant soil texture, spatial variability within the basin is not 

considered.

5.5 Terrain Indices

In the past, application of terrain indices helped to capture the spatial distribution of soil 

moisture on a hillslope or basin (Beven and Kirkby, 1979, Western et ah, 1999, Romano 

and Palladino, 2002). This approach is often a predictive/simulative tool to support 

modeling applications. For simplification and due to the lack of detailed data, mean 

values of these terrain indices, rather than distribution functions, apply to these basins. 

Using terrain indices focuses primarily on the role exerted by soil. However, in addition 

to soil, terrain indices are based on the topography of the interested area. They rely on the 

assumption that topography is the foremost influence in hydrological processes (Western 

et ah, 1999). Therefore, the definition of terrain indices is topographic attributes meant to 

capture the hydraulics of water movement at the soil surface.

5.5.1 Slope (5)

Slope ( S)is the steepness or angle of incline of the ground surface. Arc View’s Spatial 

Analyst extension was used to calculate slope at each 90-meter pixel. For a given cell, 

the slope yielded was the maximum value of the tangent of the rise over run for the given 

cell and its eight surrounding pixel neighbors. For the entire area o f the basin, an average 

slope value ( Save) was determined by taking the weighted mean of all pixel values in the 

DEM. Moore et al. (1991) reported that slope was one of the most widely employed 

topographic features. Further, Romano and Palladino (2002) consider slope to be a 

primary attribute for classifying terrain. Assuming the water table has a similar slope to 

the surface, the slope drives surface flow based on gravity (Western et al., 1999). Tricker 

(1981) additionally reported this relationship by finding a negative correlation between 

surface runoff and slope angle. Therefore, it may be roughly presumed that the steeper
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the slope, the greater the gravity-driven flow, and hence it may be possible to see a 

relationship between the water balance behavior and slope for these northern catchments.

5.5.2 Diameter (x)

Basin diameter (x) is the maximum distance between any two points on the boundary of 

the drainage area. Drainage area is first determined using RiverTools by a user-defined 

selection of the drainage outlet. The diameter is subsequently determined from the 

delineation. It is one of a variety of attributes meant to characterize the basin shape. The 

hydrologic response may be indicative of the diameter where a larger diameter will allow 

a slower, less flashy runoff ratio due to more time required for incident water to travel to 

the outlet. Analogously, a shorter diameter will provide a faster hydrologic response. This 

general relationship is assuming all other hydrologic and physical characteristics to be 

uniform over the basin.

5.5.3 Average Elevation ( Eave)

For each 90-m pixel in a DEM, the elevation ( is the z-value (in the x, y, z Cartesian 

coordinate system). Hence, it is the distance (in meters) above sea level. RiverTools 

computes the number of pixels for each meter integer of elevation within the maximum 

elevation (. Emax) and minimum elevation (Emm). This difference is also termed the relief.

The average elevation ( Eave) for the basin is then found by calculating the weighted mean

where the pixel count for each elevation integer is the weighting factor.

5.5.4 Relief Ratio (Rr)

Another approach to examining mean slope is the relief ratio ( )

Rr =  [Emax - Emin]/ X (7)

This attribute describes the average slope across the entire basin. The RiverTools 

program performed calculation of relief and diameter. Although the watershed research 

groups provided elevation data, a consistent method was insured by using this same
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approach for all the basins. Berger and Entekhabi (2001) employed this parameter in their 

study and found it to improve their statistical model.

5.5.5 Shape Factor (SF)

The Shape Factor is another attribute attempting to characterize the shape of the basin. It 

is calculated as

SF =  -J~A/ x  (8 )  

where A is the area of the given basin. It is a dimensionless number. The shape factor 

characterizes the shape regardless of size. The shape factor value characterizes the shape 

between a circle, where SF  is close to one, and a line, when SF  is close to zero. Being 

similar to the diameter, this attribute is indicative of how long incident water may reside 

in a basin.

5.5.6 Aspect ( 6 )

The aspect ( 9) is calculated by ArcView’s Spatial Analyst extension. It determines in 

degrees (0 to 360°) what direction a 90-m pixel is facing. The angles and corresponding 

directions are shown in Table 7. By knowing the pixel count for each direction, 

percentages (i.e., north-facing pixel count / total pixel count) of north slopes (north, 

northeast, northwest) and south slopes (So) (south, southeast, southwest) are calculated. 

From this point forward, when north or south is mentioned, it implies north, northeast and 

northwest or south, southeast, and southwest, respectively. The amount of north/south 

facing slopes may not only indicate hydrologic response but also evapotranspiration since 

it is indicative of radiation receipt. For example, a study on hillslope water balances 

found no runoff to occur for three consecutive snowmelt seasons on the south-facing 

slope but did undergo more evapotranspiration than any of the other hillslope aspects 

(Carey and Woo, 2001).
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Table 7. Directions (in degrees) associated with each aspect.

Degrees Aspect

0 - 22.5 North

22.5 - 67.5 Northeast

67.5 - 112.5 East

112.5 - 157.5 Southeast

157.5 - 202.5 South

202.5 - 247.5 Southwest

247.5 - 292.5 West

292.5 - 337.5 Northwest

337.5 - 360.0 North

5.5.7 Stream Order (cp)

This attribute characterizes the drainage network by determining the order of the stream 

{(p) at the outlet. This is determined by RiverTools using the Strahler stream order system 

(Strahler, 1952). In this system, rivers with no tributaries have an order of one, the stream 

below the confluence of two first-order streams has an order of two, the stream below the 

confluence of two second-order streams has an order of three, etc.

5.5.8 Drainage Density ( Dd)

Drainage density (Dd) is calculated using the following expression:

D d = Z L / A  (9)

where L is the length of all streams above a certain point. It is the summation of all 

stream lengths divided by the basin area. The units are 1/L. Because drainage density can 

be a function of map resolution when using DEMs, it is important to compare drainage 

densities of different basins at the same resolution (Zhang and Montgomery, 1994, 

Dingman, 2002, Yildiz, 2004). And since it is more reasonable to interpolate from small 

to large (i.e. 50-m resolution to 90-m resolution), all basins were analyzed based on the 

coarsest resolution of all the basin DEMs, which is 90-meter. In addition, Yildiz (2004) 

found that an increase in drainage density caused an overestimation of modeled stream
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discharge. Therefore, based on this research, the maximum drainage density, which 

includes all streams down to the order one, was not used. Instead, the drainage density 

was calculated for all stream lengths except streams of orders one and two. For example, 

the Upper Kuparuk basin has a Strahler order of 8 and the stream length summation 

included all streams classified of the order of 3, 4, 5, 6, 7, and 8.

5.5.9 Wetness Index ( W)

The steady-state wetness index ( W)is calculated using the following expression:

W=\n(a/ f i )  (10) 

where a is the local area of the pixel and /? is the local slope (rise over run of the pixel). 

The calculation is also known as the topographic index. It is based on the physical model 

theory of saturation overflow (Beven and Kirkby, 1979). The tendency or likelihood of a 

surface to become saturated and subsequently generate overland flow is based on local 

topography (Dingman, 2002). Based on a nonlinear relationship, for a given drainage 

area, the steeper the slope, the lower the wetness index. For each 90-m pixel, the 

topographic index is calculated. The average steady-state wetness (Wave) for the basin is 

then found by calculating the weighted mean where the pixel count for each topographic 

index (integer) value is the weighting factor.
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6 Results and Discussion

The qualitative characteristics of the ten selected watersheds are listed in Table 8 and 

terrain indices (quantitative characteristics) in Table 9.

6.1 Latitude

The runoff ratio and ET ratio both demonstrate a latitudinal trend (Figure 2 and Figure 3, 

respectively). The runoff ratio increases as latitude increases with an 0.83 ( =

0.69). Additionally, ET ratios decrease as latitude increases with an = - 0.88 ( =

0.77). Although this may have been the most convincing relationship of all factors in the 

water balance, there are evident deviations from the expected relationships. Havikpak 

Creek (no. 6 circled) is the most apparent departure from the runoff ratio -  latitude trend. 

If it were removed from the suite of watersheds, the correlation between runoff ratio and 

latitude for the remaining nine basins would increase to = 0.90 ( = 0.81). There are a

few reasons why Havikpak Creek does not exhibit a higher runoff ratio. The first is the 

boreal forest vegetation, which provides more interception and has been shown to 

decrease hydrologic response (Zinke, 1967; Blanken and Rouse, 1995; Federer et al., 

1996). The second reason is that 80 percent of Havikpak’s slopes are south-facing (Figure 

4). Carey and Woo (2001) performed hillslope water balances for the snowmelt and 

summer periods at Wolf Creek and found that runoff did not occur on the south-facing 

slopes, which they further attributed to more dense vegetation on the south slopes and 

greater radiation receipt. This case can be similarly shown at Havikpak Creek where the 

large amount of south slopes contribute to earlier and deeper (vs. the north slopes) 

thawing of the active layer, resulting in a decreased hydrologic response.



Table 8. Qualitative characteristics describing permafrost, vegetation, and soil for each of the ten watersheds

Number Watershed Permafrost Vegetation Soil

1 Polomet None Boreal/Mixed Forest Coarse
2 Tiksi Continuous Alpine/Shrub Tundra Fine
3 Dead Creek None Boreal/Mixed Forest Fine
4 Upper Wolf Creek Discontinuous Alpine/Shrub Tundra Coarse
5 Upper Kuparuk Continuous Alpine/Shrub Tundra Medium
6 Havikpak Continuous Boreal/Mixed Forest Fine
7 Trail Valley Continuous Alpine/Shrub Tundra Fine
8 Nelka Continuous Boreal/Mixed Forest Coarse
9 McMaster Continuous Cold Desert Coarse
10 Devitsa None Agricultural Lands Coarse



Table 9. Results of terrain indices extracted from digital elevation model analysis for the ten watersheds.

Number Watershed Average Slope Diameter Average Elevation Relief Ratio Shape Factor
S a v e  (-) x(km) Eave (m) R r ( ~ ) SFir)

1 Polomet 1.48 33.60 210.90 0.0056 0.62
2 Tiksi 5.33 4.35 127.00 0.0582 0.53
3 Dead Creek 1.02 14.11 278.80 0.0038 0.73
4 Upper Wolf Creek 10.42 7.50 1518.90 0.0913 0.51
5 Upper Kuparuk 5.86 18.70 976.50 0.0417 0.64
6 Havikpak 2.07 8.20 115.30 0.0261 0.49
7 Trail Valley 2.40 17.00 119.14 0.0088 0.48
8 Nelka 9.46 12.10 753.30 0.0456 0.45
9 McMaster 2.41 8.66 107.50 0.0219 0.64
10 Devitsa 3.05 17.50 203.40 0.0067 0.59

Number Watershed Percent North 
Slopes

Percent South 
Slopes Stream Order Drainage Density Wetness Index

W O «•(-) <P(-) Dd (km1) W(-)
1 Polomet 0.36 0.30 9 0.28 -2.99
2 Tiksi 0.17 0.52 6 1.83 -0.83
3 Dead Creek 0.37 0.34 8 0.65 -2.19
4 Upper Wolf Creek 0.39 0.42 6 1.69 -3.31
5 Upper Kuparuk 0.51 0.15 8 0.34 -0.64
6 Havikpak 0.08 0.80 6 1.83 -0.34
7 Trail Valley 0.40 0.33 7 0.83 -1.09
8 Nelka 0.28 0.45 7 0.85 -1.51
9 McMaster 0.35 0.20 7 0.61 -0.36
10 Devitsa 0.35 0.39 8 2.07 -1.05
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Figure 2. Scatterplot of runoff ratio (Q/P) as a function of latitude. A noticeable trend of 
R = 0.70 exists where the runoff ratio increases with increasing latitude.
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Figure 3. Scatterplot of ET ratio (ET/P) as a function of latitude. A trend of R2 = 0.78 
exists where the ET ratio increases with decreasing latitude.
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Figure 4. Percentage of south-facing slopes for each watershed. Havikpak Creek, far on 
the right, has 80 percent of slopes facing south.

For the latitude -  ET ratio (ET/P) correlation (Figure 3), the most outstanding outlier is 

Nelka basin (no.8 circled), which if removed increases the correlation to - 0.92 ( =

0.85). For the relatively low latitude of Nelka basin, one might expect it to have a higher 

ET ratio. However, the relief (Table 10) and high elevation (Table 9) may inhibit 

additional evapotranspiration. Black (1996) reported that the lower temperatures and 

moisture availability at higher elevations decrease the amount of lush vegetation, 

therefore decreasing evapotranspiration. However, a more likely reason for the smaller 

than expected ET ratio is because Vasilenko (2004) only measured evaporation using 

lysimeters and did not consider transpiration over the (boreal forest) vegetated watershed.
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Table 10. Topographic data for each watershed detailing relief. Relief is the difference 
between the maximum and minimum elevation.

Number Watershed Relief
(m)

1 Polomet 188
2 T-River 253
3 Dead Creek 54
4 Upper Wolf Creek 685
5 Upper Kuparuk 779
6 Havikpak 214
7 Trail Valley 149
8 Nelka 552
9 McMaster 190
10 Devitsa 118

6.2 Qualitative Characteristics

6.2.1 Permafrost

Permafrost varied with latitude (Figure 5); all basins with continuous permafrost, except 

for one, were located above 65° N and all basins with no permafrost were below 58° N. 

The International Permafrost Association’s (IPA) Circumarctic Map of Permafrost and 

Ground Ice Conditions (Heginbottom, 1993) recognized a similar latitudinal pattern. 

Flowever, in this study, the Nelka basin in eastern Siberia is evidence o f an exception to 

this trend. It is lower in latitude than both Polomet and Upper Wolf Creek but maintains 

continuous permafrost. This is most likely explained by the fact that the distribution of 

permafrost is also influenced by distance from oceans (Zhang et al., 1999). Nelka basin 

has also a continental climate and therefore experiences colder temperatures. Contrary to 

this occurrence, for example, are the Scandinavian countries, which are primarily free of 

permafrost due to warm winter temperatures from the North Atlantic Current (Zhang et 

al., 1999). Zhang et al. (1999) also mentioned elevation as a factor in permafrost 

distribution. As altitude increases, mean air temperature decreases (Zhang et al., 1999 and 

Black, 1996). The fact that Nelka basin has a relatively high average elevation (Table 10)
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as compared to the other basins may also contribute to the presence of continuous 

permafrost, despite its relatively low latitude. Figure 5 illustrates that according to the 

trend of decreasing average annual air temperature with increasing latitude, Nelka basin 

should typically have a warmer average air temperature for its latitude. However, the 

continental location and high average elevation can explain this digression. Additionally, 

Francis et al. (1998) explained that air temperatures undergo higher temperature lapse 

rates at higher elevations. This phenomenon is analogously seen for Upper Wolf Creek, 

which is at relatively low latitude (60.5° N, south of the Arctic Circle) but has 

discontinuous permafrost. However, due to its relatively high elevation. Upper Wolf 

Creek can maintain discontinuous permafrost. Wolf Creek basin as a whole (195 km2) 

also exemplifies the effect of elevation on permafrost distribution. Janowicz et al. (2004) 

reported that, among other contributing factors, the presence of permafrost in Wolf Creek 

increases with elevation.
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Figure 5. Latitude and average annual air temperature (°C) of each watershed organized 
by their permafrost classification. Note, on right scale temperature decreases from bottom 
to top.

An impact that permafrost has on watershed hydrology is the limited surface infiltration 

potential and storage (Kane et al., 2000). Although the organic soils at the surface, which 

have high infiltration capacity, allow water to easily penetrate into the subsurface, the 

active layer has limited storage. Therefore, the runoff ratio is higher in the permafrost- 

dominated basins because the active layer saturates quickly, subsequently resulting in 

overland flow discharge or surface storage (i.e. lakes, ponds, and wetlands). Under the 

frozen ground conditions, relief/slope is further influential, where strong relief would 

encourage more runoff and mild relief would likely result in increased surface storage. 

Evidence of this is on the coastal plain of Arctic Alaska where the combination of mild 

slopes and permafrost result in many wetlands, ponds, and lakes (Bowling et al., 2003). 

The reverse condition is seen in the high relief foothills of the Brooks Range, Alaska
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where the Upper Kuparuk basin is located. Although it is underlain with permafrost, there 

are few ponds and lakes.

In general, there was an expected trend of higher runoff ratios for continuous permafrost 

basins, less high runoff ratios for discontinuous permafrost, and least high runoff ratios 

for no permafrost basins. This is primarily due to the combination of limited surface 

storage and subsurface storage in the permafrost regions and a high gradient basin. The 

deviations of this expected trend, as illustrated in Figure 6, occur for Polomet basin, 

Havikpak Creek, and Upper Wolf Creek.

Figure 6. Runoff ratio (Q/P) of each watershed organized by their permafrost 
classification.

The higher than expected runoff ratio for Polomet basin may be due to the fact that it 

receives the most precipitation annually (842 mm) of all the basins. Although more is lost 

by evapotranspiration, the water entering Polomet basin may be subject to runoff due to
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exceedance of surface and subsurface storage. Figure 7 illustrates the relationship 

between precipitation and runoff ratio for all the basins, which shows that as precipitation 

increases, runoff ratio generally decreases, although there is considerable scatter. This 

relationship is strongly influenced by an even stronger relationship between precipitation 

and latitude (Figure 8) where as latitude increases, average annual precipitation 

decreases. However, it is also evident from Figure 8 that Polomet basin (no.l, circled on 

Figure 8) falls outside the expected rainfall amount for that latitude. The removal of 

Polomet basin from that relationship increases the correlation from R = -0.78 to 

0.91. Discussion of this irregularity follows.

ratio decreases.
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Figure 8. Scatterplot of average annual precipitation as a function of the latitude of each 
basin. There is a negative correlation where precipitation decreases with increasing 
latitude (R2= 0.61, R = - 0.78).

The map in Figure 9 confirms that Polomet basin resides in a zone that receives an 

average 600 -  700 mm of annual precipitation. Not only is there a general trend of 

decreasing precipitation from west to east, but 10-degree latitude zonal belts indicate that 

the most precipitation (600 mm average annual) occurs between 50 - 59° N, which is 

where Polomet basin resides (Kotlyakov, 2002). This behavior owes to the influences of 

the Ural Mountains and maritime proximity (Kotlyakov, 2002).



Figure 9. Average annual precipitation distribution for Russia. (Land Resources of Russia, 2001)
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Despite Upper W olf Creek’s very high relief and presence of discontinuous permafrost, 

the runoff ratio was lower than expected (Figure 6). This is explained by a combination 

of reasons: 1) snowmelt is not very flashy or fast during spring /summer because of 

slower adiabatic lapse rates due to high elevation, resulting in the presence of snow in 

summer, 2) 20 percent of the boreal forest in all of Wolf Creek is in the Upper Wolf 

Creek, and 3) discontinuous permafrost allows for significant surface infiltration.

Also illustrated in Figure 6 is the lower than expected runoff ratio at Havikpak Creek. 

Although this site is in a continuous permafrost zone, it is classified as boreal forest 

vegetation (Table 8), which provides greater canopy interception and therefore a decrease 

in hydrologic response. Marsh et al. (2004) reported that compared to nearby Trail Valley 

Creek, Havikpak Creek exhibits different snowmelt rates. As seen in Figure 6, Trail 

Valley Creek has a runoff ratio of 51 percent where Havikpak is 39 percent. The 

snowmelt rate is slower at Havikpak Creek, which is attributed to 1) a less varied spatial 

distribution of snow as compared to Trail Valley Creek, and 2) different “net radiation 

and local scale advection of sensible heat” (Marsh et al., 2004).

The unnamed research basin at Tiksi has relatively strong relief (Table 10) combined 

with continuous permafrost over 500 m deep. As a result, it has a very high runoff ratio 

(0.90). Trail Valley Creek, which has a lower runoff ratio (0.51), demonstrated a different 

scenario with a combination of mild relief and continuous permafrost. Moreover, the 

impact of relief was additionally evident by comparing Trail Valley Creek with the Upper 

Kuparuk River. They are almost at the same latitude and both have continuous 

permafrost. However, the Upper Kuparuk basin has much stronger relief than Trail 

Valley, which may explain why the Upper Kuparuk loses 12 percent more of its annual 

precipitation to surface runoff.
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6.2.2 Vegetation

As latitude increases, the vegetation classes change. Shown by Figure 10, the most 

southern basin (Dead Creek at 50.3° N) and the most northern basin (McMaster basin at 

74.8° N) illustrate this trend. Dead Creek is in the boreal/mixed forest category. In fact, 

the inclusion of a “mixed” forest class is because of Dead Creek, which not only has 

conifers but deciduous trees as well (Thome et al., 2004). McMaster River basin has 

lichen, grass, and sedge species but total vegetation cover is less than 20 percent (Woo, 

2000). In addition, another two basins in the study, Havikpak Creek (68.3° N) and Trail 

Valley Creek (68.7° N) are approximately 0.4° apart and illustrated how vegetation type 

changes with latitude. Havikpak Creek, the more southern basin, has vegetation classified 

as boreal forest while the northern Trail Valley Creek has shrub tundra. The differences 

between these two basins and their relation to the energy or water balance has been 

documented by various studies [Eaton et al. (2001), Rouse et al. (2003), Marsh et al. 

(2004)].

Figure 10. Vegetation classification of each watershed organized by latitude.
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The notable relationship of decreasing available energy with increasing latitude is 

demonstrated by the influence it has on vegetation. However, the parallel between 

vegetation and latitude may be explained in more detail by identifying controls on the 

relationship.

Overall, general biome classification is based on temperature and precipitation. 

(Dingman. 2002). McGuire et al. (2002) reported the results for a series of five high- 

latitude transects (i.e. the Far East Siberia Transect (FEST), the Boreal Forest Transect 

Case Study (BFTCS), the Scandinavian Transect (ScanTran), etc.). They found the most 

apparent feature among all transects to be the decreasing temperature gradient from south 

to north. Further, they attributed that the different mean annual and summer temperatures 

along each transect contributed to the differing characteristics observed at each transect, 

such as permafrost depths, active layer depths, length of growing season, number of 

snow-free days, and vegetation type. Additionally, they found that both summer and 

winter precipitation decreases from south to north for all transects above 60° N. The 

basins in this study showed similar relationships described by McGuire et al. (2002). The 

scatterplots in Figure 8 and Figure 11 illustrate latitudinal trends of basin precipitation 

and air temperature.
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Figure 11. Scatterplot of average annual temperature as a function of the latitude of each 
basin. Temperature decreases with increasing latitude with a correlation of = 0.83.

Nelka River basin (no. 8), circled in Figure 11, highlights the departure from the 

decreasing relationship between average annual temperature and latitude. At Nelka's 

latitude of 55.6° N, the temperature was expected to be a bit higher. If it is removed from 

the dataset, the correlation increases from R = -0.91 0.83) to 0.97 ( = 0.93).

The most likely cause of the deviation is the continental climate regime and high 

elevation, which were also contributing factors to the presence of continuous permafrost 

and a lower than expected ET ratio. Similar to the precipitation pattern across Russia, 

Figure 12 illustrates how the average annual temperature decreases from west to east and 

from south to north. Vasilenko (2004) reported that Nelka River is characterized by a 

continental climate. Its annual average temperature o f -  7 °C is balanced by extreme cold 

in the winter with minimum temperatures of -  53 °C and summer temperatures reaching a 

possible 36 °C.



Figure 12. Average annual temperature distribution for Russia. (Land Resources of Russia, 2000)
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By relating temperature and precipitation with latitude, one may assume a general trend 

with the water balance as well. However, latitudinal trends may be confounded by the 

fact that the polar regions gain freshwater from the Arctic Ocean (Bowling et ah, 2000). 

This challenges a general assumption that there is generally less incoming moisture as 

latitude increases, which was shown by both this study (Figure 8) and McGuire et al. 

(2002). In fact, Bowling et al. (2000) found that for some high-latitude basins, there was 

“large spatial variability independent of latitude”. Likewise, a study by Eaton et al.

(2001) compared five different terrain types of the Canadian subarctic and showed that 

the surface energy balance did not always behave according to their geographic location. 

In fact, they found that the terrain attributes of vegetation type and topography had a 

dominating effect on the surface energy balance. Overall, it is apparent that although 

latitude has a large effect on the water balance (Figure 2 and Figure 3), other influences 

sometimes preside.

The impact vegetation has on the water balance is evidenced by the differences in runoff 

ratio (Figure 13). The runoff ratio averaged for the agricultural basin (no. 10) is 0.21, the 

forested basins, 0.36, tundra basins, 0.58, and cold desert, 0.83 (McMaster basin). In an 

environment like McMaster basin’s high arctic, the role of vegetation to impede either 

falling precipitation or surface runoff is almost nonexistent. This subsequently allows a 

greater part of incident water to runoff, either during snowmelt or summer rainfall. The 

minimal amount of vegetation that does exist there permits only a small amount of 

transpiration (Young and Woo, 2004). Similar to McMaster basin, the vegetation at T- 

River is sparse. As Ishii et al. (2004) described, there are wet moss, dry moss, and lichen. 

This lack of vegetation and the fact that rocky terrain covers 36 percent of the watershed 

contributes to the high runoff ratio and corresponding low ET (Ishii et al., 2004).
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Figure 13. Runoff ratio (Q/P) of each watershed organized by vegetation classification.

Figure 14 illustrates the relationship between vegetation and the ET ratio. The average 

ET ratio for the cold desert environment is 0.20, alpine/shrub tundra is 0.37, mixed/boreal 

forest basin is 0.60, and agricultural is 0.65. An example of the influence vegetation has 

on ET is at Devitsa basin, where vegetation is classified as “arable lands”. Zhuravin 

(2004) reported that Devitsa basin is 14 percent forested. Thus, the remaining 86 percent 

arable are herbs, wheat, or grasses. According to the U.N. Food and Agriculture 

Organization (FAO) definition, lands under temporary (annual) crops, temporary 

meadows for mowing or pasture, lands under market and kitchen gardens (including the 

cultivation of grass), and land temporarily uncultivated or lying inactive are considered 

arable lands (Association of American Geographers, 1996). Assuming the land cover 

type of Devitsa basin is grassland and/or crops, Federer et al. (1996) reported that a 

typical crop has the highest leaf conductance and grassland has the second highest.

Hence, the vegetation present at Devitsa basin allows for a relatively large amount of
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transpiration. This is more apparent when Devitsa basin was compared to Nelka basin, 

which is about five degrees more north and receives about 80 mm less of annual average 

precipitation. In addition, Nelka basin has different vegetation, classified as birch and 

alder shrubs mixed with coniferous trees such as cedar. According to Federer et al.

(1996), this type of vegetation has typically less leaf conductance for transpiration 

processes than Devitsa basin. With Devitsa basin receiving only about 1 cm more of 

annual precipitation, it loses close to 20 percent more of its annual average precipitation 

to evapotranspiration processes. An additional factor that needs to be recognized in the 

difference between ET ratios is the large difference in annual average temperature of 

these two basins.

Figure 14. ET ratio (ET/P) o f each watershed organized by vegetation classification.

The highest ET ratio belongs to Dead Creek, which loses an average 80 percent of yearly 

precipitation to evapotranspiration processes. This is likely a combination of its forested
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vegetation and low latitude. However, the trend between vegetation and ET ratio faltered 

because Havikpak Creek and Nelka River basin have an ET ratio below 50 percent 

(Figure 14). The other forested watershed, Polomet basin, has the third highest ET ratio. 

Havikpak Creek and Nelka River have ET ratios closer to the shrub tundra basins such as 

Trail Valley and Upper Wolf Creek watersheds. The question was then, what causes 

Havikpak Creek and Nelka basin to stray from the behavior like that of the other boreal 

forests. The reasoning behind Nelka basin, high elevation and discrepancies in 

observation methods, is discussed in section 6.1. For Havikpak Creek, one cause may be 

the smaller structure of vegetation. Lafleur and Rouse (1995) compared the energy 

differences between a tundra and forest site and found latent heat fluxes were greater over 

tundra while sensible heat fluxes were greater over forest. This difference between forest 

and tundra is similarly exhibited when the Havikpak vegetation was compared to the 

taller boreal forest vegetation of Polomet basin. The vegetation at Havikpak does not 

exhibit as strong sensible heat fluxes as Polomet.

Another consideration of Havikpak Creek’s lower ET ratio is that evapotranspiration is a 

function of how much moisture and energy is available. And the energy available is 

related to air temperature, especially in the summer when most of the ET occurs. Overall, 

annual average air temperature, seen from Table 1, at Havikpak (-9 °C) is colder than 

Polomet (3 °C). Further, the relationship between moisture availability and ET is 

supported by many studies. Although both east facing and west facing slopes in the Wolf 

Creek basin received similar amounts of net radiation, Cary and Woo (2001) observed 

higher ET values on the east slopes than west slopes due to wetter soil conditions. Lafleur 

and Rouse (1995) found moisture availability to have a strong influence on latent and 

sensible heat fluxes. They additionally mentioned that moisture availability is indicative 

of precipitation. Therefore, it is possible that the low amount of precipitation received by 

Havikpak Creek contributes to the low ET ratio. This is especially apparent when 

compared to Polomet basin and Dead Creek, whose annual precipitation is almost 3 times 

as much and over 1.5 times as much, respectively. Analogously, McMaster basin has the
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lowest ET ratio and has both the coldest average annual air temperature and the smallest 

amount of annual precipitation.

To elaborate on the effects of temperature and moisture availability, Figure 15 shows a 

strong relationship ( R = 0.90) between the watersheds’ basin average annual air 

temperatures and their respective average ET ratios. Figure 16 shows a trend between the 

ET ratio and annual average precipitation, with a correlation o f 0.66. Polomet basin 

(no. 1) has the highest annual precipitation, subsequently 59 percent is evaporated and/or 

transpired. According to Table 10, the relief at Polomet basin is low rolling hills 

(Balonishnikova et al., 2004). This enhances soil moisture near the surface and a greater 

likelihood for recharge. Balonishnikova et al. (2004) reported that Polomet basin 

increased groundwater storage in spring between 33 and 38 mm and in autumn between 

44 and 7 mm.
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Figure 15. The ET ratio as a function of basin average annual air temperature. The 
correlation is R2= 0.80 ( R = 0.90).
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Figure 16. Scatterplot illustrating how increasing precipitation (i.e. moisture availability) 
has a positive correlation with the ET ratio (ET/P) ( = 0.44).

Moisture availability also plays a role in the relatively low ET ratio for the unnamed 

watershed at Tiksi (no. 2) and even lower ET ratio at McMaster (no. 9). However, that 

deficit is related ultimately to be a function of latitude. Serreze et al. (1995) showed 

specific humidity to decrease with increasing latitude This is further supported by basins 

in this study where a high correlation (R = - 0.78) exists between latitude and 

precipitation (Figure 8).

Another consideration of moisture is the fraction of precipitation falling as snow. Figure 

17 illustrates percentage of annual precipitation as snow versus latitude. McMaster basin 

(no. 9), Trail Valley Creek (no.7), Upper Wolf Creek (no. 4), and Havikpak Creek (no.

6) have the largest annual percentage of precipitation falling as snow. The large amount 

seen at McMaster was no surprise due to the high latitude. Upper Wolf Creek has a 

relatively high elevation as compared to any of the other basins in this study, which
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would explain the large portion of snow. The winter season is longer at both higher 

latitudes and higher elevations, as evidenced by more solid precipitation and colder air 

temperatures (Black, 1996). Further, Dingman (1981, 2002) has supported the effect of 

elevation on snowfall. This situation was not the case for Trail Valley Creek, which has 

low elevation and gentle topography. However, the fact that Trail Valley Creek and 

Havikpak Creek are more northerly in latitude plays a role in the large portion of 

precipitation as snow. Stewart (2000) reported that the Mackenzie River basin 

demonstrated great spatial variability in the percent of precipitation as snow, where it 

ranged between 30 percent in the south, to 60 percent in the north. Havikpak Creek and 

Trail Valley Creek are located in the very northern part of the Mackenzie basin (Figure 1) 

and have values greater than 0.50.

Figure 17. Scatterplot showing percentage of annual precipitation as snow as a function 
of latitude. There is a positive correlation with = 0.58 ( = 0.76).
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Considering that both latitude and elevation have an effect on the amount of annual snow 

that enters the watershed, it appears from Figure 17 that Upper Kuparuk River basin 

(no.5) deviates from this trend. This is especially prevalent because the watershed is 

nearly at the same latitude but receives almost 20 percent less of its precipitation as snow. 

However, in terms of the annual snowfall, their values differ by approximately 30 mm. 

Kane et al. (2000) reported that a larger percentage of annual precipitation falls during 

summer. Therefore, the evident deviation in percentage as snow is not resulting from a 

smaller amount of snow but rather heavier summer precipitation. A greater amount of 

summer precipitation combined with the stronger relief evident at Upper Kuparuk also 

explains why, although at the same latitude, the Upper Kuparuk has a higher runoff ratio 

than Trail Valley and Havikpak Creek.

Thornthwaite (1948) reported that another influence on ET is solar radiation. This effect 

may have been especially apparent at Dead Creek due to its location in the Canadian 

Shield. As illustrated in Figure 15 and 16, it (no.5) undergoes a higher amount of ET for 

its average annual air temperature and annual precipitation, respectively. The reason for 

this is a higher evaporation rate due to its relatively southern location, and a combination 

of low surface albedo and low gradient topography. Thorne and Hawkins (2004) reported 

that Dead Creek has “Precambrian bedrock outcrops.” Correspondingly, Spence and 

Rouse (2002) reported that within the Canadian shield, up to 30 percent of the landscape 

is occupied by rock outcrops. Further, the albedo of the rock surface is low and thus 

allows higher net radiation during the day (Spence and Rouse, 2000). In addition, rock 

outcrops in combination with very flat terrain encourages the ponding of water. As a 

result, the latent heat flux is initially high as ponded water is easily evaporated by the 

absorbed energy of the rock outcrops. Spence and Rouse (2002) found a similar 

phenomenon for the western Canadian Shield. They found an increase in latent heat flux 

during a high snowmelt season due to the net radiation evaporating water ponded on the 

bedrock.
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The land classification scheme employed in this study was adapted from Bowling et al. 

(2000), who used the system to describe regions of the Arctic Drainage Basin. To 

determine if this scheme is representative, classification results of the basins in this study 

were compared to the USGS land cover system and their classification of the basins. The 

maps, one of Eurasia (Figure 18a) and one of North America (Figure 18b), classify land 

cover into 24 distinct types (Table 11). The scheme is developed from Anderson et al. 

(1976) and map from the Global Land Cover Characteristics database, which is part of 

the Land Processes Distributed Active Archive Center (LP DAAC) (established from 

NASA's Earth Observing System (EOS) Data and Information System (EOSDIS)).

Figure 19 demonstrates how a single basin, the Upper Kuparuk basin as an example, may 

fall into one or more of the land cover types. The results for all the basins are listed in 

Table 12. All of the classifications came close to those found in this study to varying 

degrees, although the descriptions by the USGS are more detailed. For example, a 

watershed that was classified in this study as shrub/alpine tundra was categorized by 

USGS as “Wooded Tundra” and “Shrubland” for Trail Valley Creek or as “Wooded 

Tundra” and “Mixed forest” for the Upper Kuparuk basin. From this comparison, it easy 

to see that a low latitude basin such as Dead Creek exhibits the most complexity, having 

five different categories while a more northern basin such as McMaster or T-River has 

less complexity. Additionally, Elavikpak Creek was identified solely as “Shrubland”, 

where as this study classified Havikpak Creek as boreal forest. An improved 

classification is that it falls right at treeline, where it is in the transition zone between 

boreal forest and shrub tundra. This is visually supported by Figure 20 (taken from the 

NSIDC Arctic Climatology and Meteorology Primer http://nsidc.org/arcticmet).

http://nsidc.org/arcticmet


Figure 18a. Map of USGS Land Cover Types for Eurasia. Note that this legend varies from Figure 18b. 
These data are distributed by the Land Processes Distributed Active Archive Center (LP DAAC), located at 
the U.S. Geological Survey's EROS Data Center http://LPDAAC.usgs.gov.

http://LPDAAC.usgs.gov


Figure 18b. Map of USGS Land Cover Types for North America. Note that this legend varies from Figure 
18a. These data are distributed by the Land Processes Distributed Active Archive Center (LP DAAC), 
located at the U.S. Geological Survey's EROS Data Center http://LPDAAC.usgs.gov.

http://LPDAAC.usgs.gov
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Table 11. Descriptions o f the 24 land cover types for the USGS Land Use/Land Cover 
System. The ones in bold are the ones encountered in the experimental watersheds.

USGS Land Use/Land Cover System Legend

Value Description

1 Urban and Built-Up Land

2 Dryland Cropland and Pasture

3 Irrigated Cropland and Pasture

4 Mixed Dryland/Irrigated Cropland and Pasture

5 Cropland/Grassland Mosaic

6 Cropland/Woodland Mosaic

7 Grassland

8 Shrubland

9 Mixed Shrubland/Grassland

10 Savanna

11 Deciduous Broadleaf Forest

12 Deciduous Needleleaf Forest

13 Evergreen Broadleaf Forest

14 Evergreen Needleleaf Forest

15 Mixed Forest

16 Water Bodies

17 Herbaceous Wetland

18 Wooded Wetland

19 Barren or Sparsely Vegetated

20 Herbaceous Tundra

21 Wooded Tundra

22 Mixed Tundra

23 Bare Ground Tundra

24 Snow or Ice



Figure 19. A series of maps showing the USGS land cover types, using the Upper Kuparuk River Basin as an example. It is 
classified as (21 -pink) Wooded Tundra and (15 -  turquoise) Mixed Forest.
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Table 12. Comparisons between the USGS Land Cover types versus the vegetation 
classifications reported in Kane and Yang (2004).

Number Watershed USGS Land 
Cover Class

USGS Land Cover 
Description

Class of this 
STUDY

1 Polomet 6, 14, 16
Cropland/Woodland Mosaic 
Evergreen Broadleaf Forest 
Water Bodies

Boreal/Mixed
Forest

2 Tiksi 21,22 Wooded Tundra 
Mixed Tundra

Shrub/Alpine 
Tundra

3 Dead Creek 15, 5, 14, 6, 11
Mixed Forest, Cropland/Grassland 
Mosaic Evergreen Needleleaf Forest 
Cropland/Woodland Mosaic 
Deciduous Broadleaf Forest

Boreal/Mixed
Forest

4
Upper W olf 
Creek

21, 14, 15
Wooded Tundra 
Evergreen Needl el eaf Forest 
Mixed Forest

Shrub/Alpine 
Tundra

5 Upper Kuparuk 21, 15 Wooded Tundra 
Mixed Forest

Shrub/Alpine 
Tundra

6 Havikpak 8 Shrubland
Boreal/Mixed
Forest

7 Trail Valley 21,8 Wooded Tundra 
Shrubland

Shrub/Alpine 
Tundra

8 Nelka 12, 15 Deciduous Needl eaf Forest 
Mixed Forest

Boreal/Mixed
Forest

9 McMaster 19 Barren or Sparsely Vegetated Polar Desert

1 0 Devitsa 2, 1,6
Dryland Cropland and Pasture 
Urban and Built-Up Land 
Cropland/Woodland Mosaic

Agricultural
Lands
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Figure 20. Map of Circumpolar Arctic demonstrating variable location of treeline (line in 
green).

6.2.3 Soil

Of the three qualities (permafrost, vegetation, and soil) examined in this study, soil 

properties can typically be the most heterogeneous. Subsequently, generalizing each 

basin into one soil texture type, which underwent further simplification into course, 

medium, fine, or bare rock, resulted in few meaningful conclusions. There was no 

observable or patterned difference between the average runoff ratios and ET ratios for 

each soil type. Table 13 shows the classifications and average ratio values. A conceptual 

examination of the classifications are shown in Figure 21. The runoff ratios range within 

20 to 50 percent for the coarse soils and 20 to 90 percent for the fine soils. A high runoff 

ratio is exhibited by McMaster basin, the only watershed classified as bare rock. This 

high hydrologic response was expected of a basin with mostly bedrock and little soil 

development. In addition, McMaster is a very low gradient watershed. Therefore, the 

high runoff was at least partially attributed to the limited potential for drainage from both 

a bare rock and permafrost underlain surface.



Table 13. Soil classifications for each of the ten watersheds. The corresponding averaged ET and Runoff Ratio values for each 
category are also listed.

Number Watershed Soil Texture
Texture

reclassified Organic Layer Average Runoff 
Ratio

Average ET 
Ratio

1 Polomet Loam/Sandy Loam Coarse 1 - 3 m
N

4 Upper Wolf Creek Sandy Loam Coarse 13 cm

8

10

Nelka

Devitsa

Sandy (Loam) 

Sandy Loam

Coarse

Coarse

"thin horizon" 

40 - 65 cm

^ 0.38 0.55

5 Upper Kuparuk Silt Loam Medium 20  cm 0.63 0.37

2

3

Tiksi

Dead Creek

Clayey Silt 

Clay

Fine

Fine

40 cm 

50 cm

s

> 0.50 0.49
6 Havikpak Silty clay Fine 25 - 40 cm

7 Trail Valley Silty clay Fine 10-25 cm
-  -/

9 McMaster Gravel and Loam Bare Rock < 20 cm 0.83 0.20
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Figure 21. Runoff ratios of the ten research basins organized by soil classification.

There are multiple reasons why this portion of the qualitative analysis did not yield any 

observable trends. The first recognized is that soil texture can vary spatially throughout a 

watershed (Grayson and Bloschl, 2000) and such variability was not captured for this 

study. Further, Famiglietti and Wood (1991) reported that soil properties vary on the 

hillslope scale, while vegetation and climate differences can be seen at the regional scale. 

This was perhaps why this project saw more clear trends for vegetation and permafrost 

than for a more locally variable characteristic like soil texture. The second reason is that 

the organic layer was not incorporated into the trend analysis. Besides soil texture 

vary ing, so can surface organic layers. For instance, Thorne and Hawkins (2004) reported 

that the Dead Creek Watershed has organics ranging between zero (where there are 

bedrock outcrops) and five meters. Most of the higher latitude basins in the tundra have 

an organic layer less than one meter thick. The Polomet basin organics range from one to 

three meters. Table 13 details information o f the organic layer for each basin. The
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makeup of soil is not just heterogeneous in terms of soil texture but also in terms of the 

spatial distribution of organic layers. The distribution depends on the availability of 

factors responsible for the decomposition of the soil and thus organics. These can be such 

things as forest litter, moisture, and temperature.

The reason this project used soil texture as a major characteristic of the basins is that it 

signifies soil moisture, which is the controlling factor for runoff, infiltration, evaporation, 

and subsequently providing for transpiration via storage. For runoff, soil hydraulics 

indicate how impermeable the surface and thus how flashy runoff response may be. In 

addition, soil texture and soil moisture content also help determine how fast it may 

become saturated before overland flow is generated. In terms of evapotranspiration, 

examining soil moisture tells of the potential amount of moisture the soil can hold and 

make available for plants and the atmosphere (Dunne and Willmott, 1996). However, 

there are many other factors involved for soil moisture content. Most notably, 

precipitation intensity is known to yield differences in soil moisture (Liu et al., 2002). 

This is because the rate of precipitation (intensity) may or may not exceed the rate at 

which it infiltrates, allowing different contents of soil moisture. Therefore, the 

presumption that not only soil texture is uniform over the basin but also that the rate of 

precipitation falls uniformly over the basin is a third possible reason why there was no 

observed pattern between soil texture and the water balance. Another factor not 

incorporated into the analysis is the antecedent moisture conditions. As discussed in the 

theory section of soil (5.4), what the surface conditions are prior to a rain event impacts 

the response of the watershed.

It is unfortunate that with the critical need to understand soil moisture patterns with 

respect to the water balance, this study could not obtain more detailed knowledge about 

the spatial distribution of soil types. However, a notable trend observed is that those with 

no permafrost have thicker organic layers, contributing to the expected lower runoff 

ratios. This trend would not, however, hold up for lower-latitude basins with more



97

temperate environments. Organics are typically very porous allowing for rapid infiltration 

and decreased runoff response to precipitation and/or snowmelt. However, as mentioned 

previously, a large component of infiltration dynamics is not just the depth of the organic 

layer but how rapidly they saturate, which is indicative of the active layer depth. 

Contrasting trends have been observed at Caribou Poker Creeks Research Watershed in 

subarctic Alaska, where south permafrost-free slopes have a thinner organic layer than 

north-facing slopes. This is due to a warmer environment on south facing slopes, which 

encourage more decomposition of the organics (Bolton 2004, personal communication). 

The thicker organic mat on the north slopes is from slowed decomposition due to wetter 

soils that is caused by permafrost, and lower soil temperatures, which are due to less 

energy received at the surface.

For comparative purposes, the soil classifications assumed in this study are compared to 

the Food and Agricultural Organization (FAO) United Nations Educational, Scientific, 

and Cultural Organization (UNESCO) soil map of the world, version 1.1 (1992). The 

map (Figure 22) provides a comprehensive description of soils (refers only to the first 30 

cm of the dominant soil) around the world including details such as phases (i.e. stony, 

lithic, petric, petrocalcic, etc.), slope, texture, and permafrost. Figure 23 illustrates how 

the map is a composite of polygons or shapes, each one exhibiting a unique set of soil 

characteristics.
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Figure 22. Map of FAO / UNESCO soil classifications. No legend is provided because 
each color shade represents a unique combination of many soil properties. Dark gray are 
areas of land where data is not given.

An example shown in Figure 23 uses the Upper Kuparuk River basin, where in this case, 

is represented by only one polygon and therefore has one classification. The Upper 

Kuparuk River and other basin classifications are listed in Table 14. The standard criteria, 

similarly employed in this study, (Table 4) divided the textural classes into course, 

medium, and fine. Overall, this study classified three basins that corresponded closely 

with the FAO classification. The most evident discrepancy is between course and 

medium. Where this study classified four basins to be course, the FAO map classified 

them as medium. The other discrepancies are that this study classified three soils as 

medium, which FAO classified as course or fine. The FAO map has a scale o f 1:5000000, 

which is relatively large and leads to gross assumptions for these basins, which are 

spatially inapplicable on such a scale.



Figure 23. A series of UNESCO soil classification maps scaled down to illustrate for example, the Upper Kuparuk Basin and 
the one polygon associated with it. This particular element has the unique class of: Rx-Bx-1 be, which means that the top 30 cm 
of soil is part Gelic Regosols and part Gelic Cambisols, has a texture class of coarse, and a part slope class of 8 to 30 percent 
and half part slope class of over 30 percent.
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Table 14. Comparison of soil classifications between this study and FAO classifications.

Number Basin
FAO Soil 
Texture 

Class

FAO Soil Texture 
Description

Texture Class 
in this Study

1 Polomet 2 Medium Coarse

2 T-River 2 Medium Fine

3 Dead Creek 1/3 50% Coarse, 50% Fine Fine

4 Upper Wolf Creek 1 Coarse Coarse

5 Upper Kuparuk 1 Coarse Medium

6 Havikpak 2 Medium Fine

7 Trail Valley 2/3 50% Medium, 50% fine Fine

8 Nelka 2 Medium Coarse

9 McMaster 2 Medium Coarse

10 Devitsa 2 Medium Coarse

6.3 Quantitative Characteristics

The quantitative variable analysis allowed the application of statistics to determine what 

landscape characteristic(s) best described the variability in the runoff ratios and ET ratios. 

Results of independent variables via the 90-m DEMs, and RiverTools and Arc View are 

shown in Table 9.

However, before the statistics, preliminary testing needed to support the statistical 

assumptions. Table 15 shows the results for testing skewness and kurtosis. The threshold 

values of ses and sek were 0.77 and 1.55, respectively, where 10. None of the 

variables showed any behavior of kurtosis. The only parameter that showed skewed 

behavior was the mean elevation ( Eave). However, this was expected since it is much 

higher at Upper W olf Creek ( E ave = 1518.9m) than all the other watersheds, which are 

between 100 and 1000 m. As a result, this study omitted E ave from the stepwise 

regression.



101

Testing for linearity used the residual plots. Appendix B shows the residual plots for all 

independent variables. Through visual examination, there was no obvious sign of 

nonlinearity.

Finally, the third assumption of homoscedasticity passed. The examination of bivariate 

scatterplots, Appendix C, shows that all x, y  datasets are approximately oval. If, perhaps, 

some may have show signs of homoscedasticity, ( being the most notable) the 

violation of this assumption is not fatal to the statistics but does threaten the confidence 

of the regression model.

Table 15. Results for normality assumptions, skewness and kurtosis. The only variable to 
fail was the Average Elevation ( Eave), which was found to be significantly skewed.

Parameter Skewness Normal for 
skew Kurtosis Normal for 

kurtosis
ses < 0.77 sek<  1.55

Average Slope, S 1.02 Yes -0.28 Yes

Diameter, x 1.39 Yes 2.67 Yes

Average Elevation, Eave 1.56 No 1.63 Yes

Drainage Density, 0.30 Yes -1.84 Yes

Percentage of South Slopes, 1.15 Yes 2.31 Yes

Stream Order, (p 0.27 Yes -0.9 Yes

Percentage of North Slopes, N$ -0.89 Yes 1.00 Yes

Shape Factor, SF 0.36 Yes -0.82 Yes

Relief Ratio, Rr 1.1 Yes 0.81 Yes

Average Wetness Index, W -0.88 Yes -0.55 Yes

Runoff Ratio 0.63 Yes -0.47 Yes
ET Ratio 0.3 Yes -0.41 Yes

The correlation matrix developed (Table 16) reveals that collinearity exists between some 

of the variables. This result caused the need for omission of certain variables from the 

stepwise regression based on their importance and relation to one another. For example,
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there was collinearity (R = 0.56) between relief ratio ( ) and diameter (x). This is not a 

surprise since Rr is calculated using x. As a result, this study decided to include Rr instead 

ofx  in the stepwise regression because Rrhad a better correlation with ET ratio. In 

addition, x also had collinearity (R = 0.89) with the Strahler order variable (<p). Strahler 

order (cp) was also omitted because it had a high correlation ( = 0.66) with Rr. Finally, 

Save was taken out because it had a high correlation with Rr. Including both the removal of 

Eave and the above-mentioned variables, five variables of the original ten remained for the 

stepwise regression. These were relief ratio ( R), shape factor (SF), percentage of north- 

facing slopes (N$), drainage density ( D j ) ,  and wetness (fV).

The correlation matrix (Table 16) shows the highest correlations, which indicates the 

order of which variables are introduced into the regression. The correlations of the runoff 

ratio and the ET ratio with the independent variables are the last two rows of the matrix.

Table 17 details the following conclusions regarding the correlation matrix. The highest 

correlation for the runoff ratio (R = 0.51) was with W. The highest correlation for the ET 

ratio (R = -0.55) was with Rr. The second highest correlation with the runoff ratio ( = 

0.30) and the ET ratio (R = -0.39) were Rr and W, respectively. The third highest 

correlation was SF  for both the runoff ratio (i? = 0.15) and the ET ratio (R = -0.33). The 

fourth highest was A<?for both the runoff ratio(i? = -0.13) and the ET ratio (R = 0.16). The 

final independent variable (Drainage Density, D ci ) had zero correlation with the ET ratio 

and an -0.12 correlation with the runoff ratio.



Table 16. Correlation matrix revealing correlations between all the quantitative variables. This is examined for collinearity and 
to determine which variables correlate best with the runoff and ET ratios (last two rows/columns).

Slope
(S) (-)

Diameter (x) 
(km)

Elevation
(Eave) (m)

Relief Ratio 
W  (-)

Shape Factor 
(SF) (-)

% North 
Slopes (No) (-)

% South 
Slopes (So) (-)

Stream 
Order (q>) (-)

Drainage Density 
(Dd) (1/km)

Wetness Index 
(W)(-)

Slope (S) (-) 1

Diameter (x) (km) -0.38 1.00

—

Elevation (Zw) 
(m) 0.84 -0.13 1.00

Relief Ratio(/?r) 
(-)

0.88 -0.56 0.76 1.00

Shape Factor (SF) 
(-)

-0.50 0.34 -0.14 -0.42 1.00

% North Slopes 
(No) (-)

0.10 0.47 0.43 -0.08 0.47 1.00

% South Slopes 
(So) (-)

0.04 -0.44 -0.18 0.18 -0.58 -0.90 1.00

Stream Order ((p) 

(-)
-0.44 0.89 -0.17 -0.66 0.64 0.58 -0.62 1.00

Drainage Density 
(A,) [1/km] 0.21 -0.57 -0.01 0.34 -0.45 -0.59 0.70 -0.62 1.00

Wetness Index 
(W)(-) -0.27 -0.38 -0.49 -0.23 -0.11 -0.30 0.13 -0.26 0.14 1.00

Runoff Ratio 0.14 -0.36 -0.15 0.30 -0.15 -0.13 -0.18 -0.36 -0.12 0.51

ET Ratio -0.35 0.48 -0.12 -0.55 0.33 0.16 0.04 0.57 0.00 -0.39
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Table 17. Highest correlations for the runoff ratio (Q/P) and ET ratio (ET/P). This 
ranking determines the order of parameter input for the stepwise regression.

Runoff Ratio (Q/P) ET Ratio (ET/P)

Variable R
Correlation Variable R

Correlation

1 Wetness Index
(W) 0.51 Relief Ratio, 

( R r )
-0.55

2 Relief Ratio 
( R r )

0.30 Wetness 
Index (fV)

-0.39

oJ Shape Factor
(SF) 0.15 Shape Factor

(SF)
0.33

4 Percent North 
Slopes (No) -0.13 Percent North 

Slopes (Ne)
0.16

5 Drainage 
Density (DJ)

-0.12

The stepwise regression revealed slightly different results for the two water balance ratios 

(Table 18). For the runoff ratio, the combination of wetness (IV), relief ratio and 

drainage density (D J ) gave the best correlation (R  0.78) and was able to account for 78 

percent of variability. For the ET ratio, the combination of relief ratio and wetness 

( W )gave the best correlation (R  = 0.77) and was able to account for 96 percent of 

variability. The results for the models are shown in Figure 24 and Figure 25, where the 

modeled ratio values are plotted against the actual values. A straight line is drawn in the 

plots for reference.



Table 18. Stepwise regression results for two models. As shown in bold below, it was found that W, Rr, and most
confidently predict runoff ratio and that Rr, and W mostly confidently predict ET ratio.
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Figure 24. Scatterplot illustrating actual runoff ratio (Q/P) values versus regression model 
results. Diagonal line drawn to show 1:1 relationship. Regression equation: Runoff Ratio 
= 0.156( W) + 0.015CRr)-0 .1 4 8 (A /) + 0.724. '
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Figure 25. Scatterplot illustrating actual ET ratio (ET/P) values versus regression model 
results. Diagonal line is drawn to show 1:1 relationship. Regression equation : ET ratio = 
-4.685 (Rr ) -  0.101 {W) +0.477.

Overall, the stepwise regression suggests the theory that the water balance of a high- 

latitude basin is best explained by a combination of factors. The inclusion of specific 

multiple parameters improved the regression significantly for both the runoff ratio and 

ET ratio, supporting the inclination that a single attribute cannot account for the complex 

dynamics within a watershed.

The most apparent comparison existed between the combination of wetness index (W) 

and relief ratio (Rr ), which were both contending attributes for predicting the runoff ratio 

and ET ratio. However, the W and Rrmodel much better predicted the ET ratio than the 

runoff ratio. This means that the wetness index and the relief ratio, both functions of 

topography, are best in simulating what percentage of annual precipitation will be lost to 

evapotranspiration. There are two reasons for this. The first is that ET is inversely
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proportional to runoff, which means that the more watershed runoff, the less 

evapotranspiration, and vice-versa. Therefore, it is not so much that the W and Rr model 

predicts ET so well, but that it may be capturing ET as a function of runoff. The second 

reason is that W and Rr quantify the likelihood of saturation. The higher the W, the more 

likely the terrain is to become “wet” and the lower the Rr, the more likely the terrain is to 

become “wet.” For instance, Upper Wolf Creek, has a relatively low ( = -3.31) chance

of becoming “wet” , which was expected because of its high gradient topography. 

However, the wetness index employed in this study is an average value, which may not 

have been representative of the spatial variation of the wetness index over a basin. In 

addition, because the wetness function is a logarithmic calculation, the relationship 

between topography or elevation is nonlinear. Therefore, relief and elevation are not 

directly indicative of wetness. This can be exemplified by comparing the wetness ratio of 

Upper Wolf Creek and Upper Kuparuk, the two basins with the strongest relief and 

highest elevations. For Upper Wolf Creek, W = -3.31, and for the Upper Kuparuk, W = - 

0.64. Because it is an average value, bias may have existed due to a few very steep areas 

or shallow areas. Figure 26 demonstrates this difference by illustrating that although the 

Upper Kuparuk has strong relief and low wetness index (dark gray and black colors) in 

the mountainous regions (south on the map), the overall region is dominated by lighter 

shades of gray, indicating a higher wetness index. Therefore, it is difficult to conclude if 

the relatively high wetness index of the Upper Kuparuk was truly representative of the 

entire catchment. In comparison, the image of Upper Wolf Creek shows more overall 

dark gray because there are steep gradients throughout the basin.



Upper Kuparuk Basin

Figure 26. Comparison of wetness index for the Upper Kuparuk River Basin (right) and Upper W olf Creek. As an average 
value, it is evident that the Upper Kuparuk has a lighter shade of gray, which indicates a higher wetness index than Upper Wolf 
Creek.
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The other variables did not ultimately improve the regression model for the ET ratio. 

Although the correlation between SF  and the ET ratio ( = 0.33) is only 0.06 smaller than 

that between W  and the ET ratio, this relatively good correlation may have been 

incidental. Finding a direct relationship between and the annual water balance is often 

difficult. Black (1996) states that while the shape can affect watershed response; it is 

under the assumption of uniform conditions such as soil and topography. Homogenous 

conditions, of course, are not the case. In addition, the use of the SF  parameter, which is 

an examination of how close to a circle the basin shape is, may not adequately illustrate 

the geometrical factors influencing watershed hydrology. There are other, more distinct, 

approaches to characterizing basin geometry. One is the width function, which is a 

distribution function of the proportion of basin area from some distance in the watershed 

(Rinaldo et al., 1995).

The Ng variable also did not improve the stepwise regression. The correlation between Ng

and runoff ratio was -0.13 and between Ng and ET ratio was 0.16. Table 9 shows the 

percentage of north and south facing slopes for each watershed. Past research has 

demonstrated that aspect does have an impact on watershed hydrology. Woo and Carey 

(2001) found that aspect contributed to snowmelt rates and evapotranspiration losses via 

differences in net radiation between north and south facing slopes. Oliphant et al. (2003) 

reported that among different surface characteristics such as slope, elevation, albedo, etc., 

aspect accounted for the most variability in the radiation budget. However, this study has 

little evidence to conclude that aspect influenced these basin water balances. The reason 

for that may be due to the spatial degree of this study, which is at basin-scale. This 

project sought to find dominating influences, which could be documented across multiple 

high-latitude basins. The influence of aspect may not be as visible beyond the individual 

hillslope-scale, such as with Carey and Woo’s (2001) study. The success of capturing 

hydrologic behavior within watersheds decreases strongly when the spatial scope of 

knowledge extends beyond basin-scale (Western et al., 1999).
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For the runoff ratio, the best model fit included three independent variables: Rr, and

Dd. This is similar to the ET ratio model except that for the runoff ratio model, the 

inclusion of Dd increased the correlation by 0.11 and the significance by 0.01 (Table 18). 

The W and Rr are functions of slope and elevation, and influence the hydraulic gradient 

that is generated by gravity and soil saturation. Although the variable improved the 

model, it may be difficult to determine exactly why this improvement occurs. Discussion 

of this follows.

Typically, if the drainage density is larger, there is more stream length available for 

flowing surface water. Dingman (2002) reported that higher values of drainage density 

are associated with less permeable surfaces whereas lower values of drainage density are 

for surfaces that are more permeable. Because impermeable surfaces are associated with 

high runoff ratios, a higher runoff ratio may be associated with a higher drainage density. 

Mays (2001) additionally reported this relationship between drainage density and runoff 

ratio. Moreover, drainage density reflects hydrologic response because it is an indicator 

of residence time between the hillslope and the stream channel (Berger and Entekhabi, 

2001). However, this study did not find such a relationship. The correlation for this study 

between runoff ratio and drainage density was not only low but also negative (R = -0.12). 

This may be due to a combination of low-intensity rain events and deep organic soils. 

Both factors lower the production of surface runoff. In this case, a high drainage density 

may not necessarily reflect a high runoff ratio. Additionally, the drainage densities 

calculated for these research watersheds did not include stream orders one and two. This 

may have been a mistake since streams at this order can be more responsive to smaller, 

less-intense rain events.

The reason for implementing Dd into the stepwise regression is that it does indeed have 

an influence on the hydrologic response [Berger and Entekhabi (2001), Dingman (2002)]. 

However, the prediction of hydrologic response using channel network morphology is 

sensitive to assumptions. The primary reason is that, like many of the characteristics
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employed in this study, drainage density is a function of many other geologic and 

hydrologic characteristics of the watershed. Gupta and Waymire (1989) stated that 

channels generate their geometric characteristics such as width, depth, and gradients, 

based on the “spatial variability in flows and sediments.” Moreover, Vogt et al. (2003) 

associated high drainage density with high rainfall intensity.

Another consideration with the Dd variable is scale. Using the same DEM resolution and 

stream order ensured consistency in comparing the drainage densities and their respective 

runoff ratio. However, this method had some flaws. Because the basin DEMs were not 

produced at the same resolution, some needed to be spatially interpolated. This 

introduced possible error into the DEM. Thus all extrapolated data, such as drainage 

density, had the possibility of being erroneous as well. Additionally, there was inherent 

error in the delineation method because the RiverTools user selects the outlet location. 

Even a small change in outlet location affects the drainage area and subsequently affects 

calculation of drainage density. Results of basin delineation showed that the watershed 

area did not always agree with the area reported by the respective research group.

Finally, the largest source of error for drainage density was possibly in the approach of 

calculating total stream length. Drainage density was calculated using the total length of 

streams (equation 9). However, the cumulative stream length is a function of the Strahler 

order used. For example, the Dead Creek watershed had a drainage density of 2.52 km '1 

at a Strahler order of 5 and a drainage density of 0.646 km"1 at a Strahler order of 3. 

Figure 27 shows the scatterplot of Strahler order versus drainage density for the ten 

watersheds. There is a trend showing that as drainage density increases stream order 

decreases. For this study, not all basins had the same Strahler order when the drainage 

density was calculated.
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The primary reason behind using terrain attribute data is because it describes the 

surface’s likely behavior in controlling incident water. Based on slope, wetness, etc., the 

water, once at the surface, may go one of many directions, including nowhere, only 

perhaps to pool indefinitely at the surface. More specifically, this activity at the surface is 

a function of soil moisture (Romano and Palladino, 2002). This is additionally supported 

by Famiglietti and Wood (1991), attributing the differences in topography and soil to be 

the key factor in the spatial patterning of soil moisture. Results of this study further 

support this theory. The fact that the W and Rr (along with for the runoff ratio) 

variables provided the best model, supports the notion that terrain data is a significant 

determinant in the arctic/subarctic basin water balance.

The primary deficiency in this project was the lack of measurements of spatial variability. 

As mentioned before, soil moisture is the one of the main drivers for hydrologic behavior.
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However, the variables may not be entirely representative of the landscape if they are 

spatially averaged. This is due to variability in the soil moisture, which is a result of a 

heterogeneous surface differing in characteristics of water-routing processes, aspect, 

vegetation, and soil properties (Western et al., 1999). In fact, such characteristics are 

what this project had attempted to capture, but with limited knowledge of their spatial 

distribution. Therefore, a basin characteristic such as aspect or wetness index had one 

value associated with it, averaged over the entirety of the basin. This is considered a 

lumped model approach. More ideally, we would have used the distributed model method 

suggested by Western et al. (1999) in which the cumulative distribution function is used 

to determine a “lumped estimate of the contributing area”, which is then used to predict 

the spatial distribution over the entire area.

Another approach to improving this project, also requiring more spatial data, is the 

concept of “hydrological response units” (HRU). They are units within the basin that 

organize the landscape based on the similarity of certain environmental parameters. The 

result is that each HRU has a unique hydrologic response based on their characteristics 

(Bormann et al., 1999). Using this approach still leads to a lumped model approach but 

each HRU undergoes the simulation, rather than the whole basin area. Therefore, the 

conglomerate response of the basin provides a spatial pattern due to the spatial 

heterogeneity of the model (Grayson and Bloschl, 2000).

Besides the deficiency in spatial data, there were also concerns with the data temporally. 

This project used averaged water balance values for different periods of study, which 

depended on how long the research was conducted. For instance, the CRHM data for 

Upper Wolf Creek covered one hydrological year (1994 -  1995) but Polomet basin 

covered fourteen years (1952-1966) (Table 1) of hydrological data. This project assumed 

that the averages, regardless of length of time, were representative of the water balances. 

Typically, however, watersheds have one or more “dry” years and/or “wet” years. This 

can skew averages making a basin appear to have certain hydrologic characteristics when
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perhaps the rain event or even a whole year of hydrologic behavior was an anomalous or 

extreme occurrence. Zhuravin (2004) reported for the Devitsa River watershed their most 

wet year (1979-1980) and dry year (1983-1984) over their whole range of study (1973

1988). The difference between total annual precipitation for the wet and dry years was 

330 mm, while runoff was 31 mm, and ET was 6 mm (Zhuravin, 2004). But these 

differences are more apparent if the runoff and ET ratios are compared. For the wet year, 

runoff ratio was 18 percent and the dry year’s was 23 percent. The ET ratio for the wet 

year was 55 percent and the dry year, 97 percent. For the dry year, the extra moisture 

originated from the subsurface, which was indicated in the water balance as -10 mm 

(Zhuravin, 2004). Temporal variability can also be exemplified through standard 

deviations. Kane et al. (2004) included standard deviations for all their water balance 

components of the Upper Kuparuk River basin. The study ranged between 1996-2002 

and over that time period, total annual runoff had the largest standard deviation of 51 mm 

(Kane et al., 2004). The runoff ratio had a standard deviation of 0.09 and the ET ratio 

also had a standard deviation of 0.09 (Kane et al., 2004).

6.4 Future Work

A number of parameters could be included for follow-up to this research. Influenced by 

the work of Western et al. (1999), other terrain indices would be tangent curvature, 

profile curvature, mean curvature, and potential solar radiation index. The first three are 

determinant from DEMs via Arc View. Tangent curvature characterizes “convergence or 

divergence of lateral flow paths.” Profile curvature is a measure of the change in 

hydraulic gradient and flow velocities. Mean curvature is the average of the tangent 

curvature and profile curvature and determines the overall convexity/concavity of the 

watershed. Western et al. (1999) report that in some studies, plan curvature explained 

more of the variation than the wetness index did.

What may be very significant in future studies is the potential solar radiation index, 

which calculates the incoming solar energy based on topography and latitude. Following
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the work of Berger and Entekhabi (2001), useful variables could be the wetness ratio, 

relative infiltration capacity, and the saturated zone efficiency. The wetness ratio is the 

ratio of annual precipitation to annual potential evaporation. This ratio follows 

Thor nth waite’s (1948) approach in climatically characterizing an area by looking at the 

moisture supply and moisture demand. The relative infiltration capacity is a ratio that 

looks at precipitation intensity and hydraulic conductivity to determine how well a soil 

can absorb the rainfall. Saturated zone efficiency is an index incorporating hydraulic 

conductivity, total soil depth, relief ratio, annual precipitation, and basin area. This index 

characterizes the ability of groundwater to flow laterally.

It is the hope that with the rapid increase in availability of high-resolution DEMs, more 

precise studies of landscape and terrain influences are accomplished. One of the largest 

limitations of this project was that all DEMs had to be at the 90-meter scale to ensure 

consistency. The maps generated by the SRTM are not available beyond 60 °N. This 

exemplifies the fact that advanced technological applications often fall behind in arctic 

research. In addition, another technology that may be useful in the future is land satellite 

imagery (LandSat). At high resolution, LandSat would allow spatial configuring of 

vegetation and other landscape classifications.

In terms of improving the classification system, there are wide examples of classification 

schemes available. For instance, Vogt et al. (2003) investigated drainage density by 

classifying vegetation based on percent cover with no regard for vegetation type. 

Permafrost and frozen soils have a detailed array of classification schemes. The 

circumarctic map of ground ice conditions details not only percent permafrost but also 

the amount of ice in the upper 20 m of the ground surface (Brown et al., 2001). The map 

additionally details other pertinent information such as types of ground ice formations, 

and permafrost temperature and depth. They were not used in this project because the 

resolution is too coarse to interpolate confident classifications of the watershed sites. 

Additionally, the mention of the USGS land cover classification system and the
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UNESCO soil map exemplify approaches for large-scale classification schemes and the 

needed improvement in both resolution and high-latitude applicability.
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7 Conclusions

The goal of this research was to improve understanding of how certain landscape 

characteristics affect the arctic/subarctic water balance. Two approaches were taken, one 

qualitative that comprised the attributes of permafrost, vegetation, and soil, while the 

other, quantitative, consisted of a series of terrain indices developed from DEMs.

Overall, this study concludes that the best landscape determinant of what influences 

water balance behavior is some combination of a few of the characteristics. There was no 

single outstanding factor, which can be relied upon to predict what the water balance was 

or will be. For the qualitative portion, most parameters that were considered to influence 

the water balance varied with latitude: runoff ratio, ET ratio, vegetation, permafrost, 

precipitation, and temperature. However, these relationships exhibited deviations from 

expected behavior due to other influencing factors. The most apparent of these influences 

was elevation, which caused an apparent deviation of less than expected 

evapotranspiration and existence of continuous permafrost, as function o f latitude for 

Nelka basin. Elevation was also correlated with the discontinuous permafrost and 

increased percentage of precipitation as snow at Upper Wolf Creek basin. At Havikpak 

Creek, a topographic landscape dominated by south-facing slopes perhaps affected a 

decrease in expected runoff ratio as a function of latitude. Other influences were general 

climate patterns, which were attributed to higher than expected amounts of precipitation 

for Polomet basin, lower than expected average annual temperature for Nelka River 

basin, and maximum precipitation in summer for Upper Kuparuk basin. The fact that 

Dead Creek is located in the Canadian Shield introduced the influence of geology (i.e. 

rock outcrops) as a contributor to increased evaporation. Relief was also suggested as a 

factor, where it may have increased storage at Polomet basin and increased runoff ratio at 

T-River. Quantitative analysis using stepwise regression highlighted the combined 

influences of the terrain indices of relief ratio, wetness index, and drainage density to best 

simulate the water balance. These were the most confident predictors because they best 

characterized the role of topography on controlling the fate of incident water. This later



part of the study again supports the conclusion that water balance behavior in 

arctic/subarctic regions is dictated by a combination of landscape variables.
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Appendix A

List of Variables

Q  Mean annual discharge

P  Mean annual precipitation

E T  Evapotranspiration

S  Slope

Save Weighted Mean Slope

x  Diameter

E  Elevation

E mj„ Minimum Elevation

E max Maximum Elevation

E ave Weighted Mean Elevation

R r Relief Ratio

S F  Shape Factor

A  Basin Area

0  Aspect

N 0 Percentage of North-facing Slopes

S 0 Percentage of South-facing Slopes

(p Strahler Order

D d Drainage Density

E  Stream Length

W  Wetness Index

K  Kurtosis

T  Skewness

n  sample size (=10)

x  data set

mean of xdata set 
Xj /th value of xdata set

y  data set

mean of jdata  set
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Appendix B

Residual Plots of Linear Regressions for Terrain Indices vs. Runoff and ET Ratios

Figure B3. Plot o f residuals for the linear regression of Diameter and Runoff Ratio.
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Figure B6. Plot of residuals for the linear regression of Average Weighted Elevation and
ET Ratio.
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Figure B7. Plot of residuals for the linear regression of Drainage Density and Runoff 
Ratio.

Figure B8. Plot of residuals for the linear regression of Drainage Density and ET Ratio.

Figure B9. Plot of residuals for the linear regression of Percentage of South Slopes and
Runoff Ratio.
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ET Ratio Linear Regression (South Slopes)
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Figure B10. Plot of residuals for the linear regression of Percentage of South Slopes and 
ET Ratio.

RunoffRatio Linear Regression (North Slopes) 
0.6 1--------------------------------------------------------------------------------

0 0.2 0.4 0.6
Percentage of North Slopes

Figure B 11. Plot of residual for the linear regression of Percentage of North Slopes and 
Runoff Ratio.

Figure B12. Plot of residuals for the linear regression of Percentage of North Slopes and
ET Ratio.
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Figure B15. Plot of residuals for the linear regression of Shape Factor and Runoff Ratio.
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Figure B18. Plot of residuals for the linear regression of Relief Ratio and ET Ratio.
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RunoffRatio Linear Regression (Wetness Index)
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Figure B19. Plot of residuals for the linear regression of Wetness Index and RunoffRatio.

Figure B20. Plot of residuals for the linear regression of Wetness Index and ET Ratio.
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Appendix C

Scatterplots of Runoff Ratios/ET Ratios vs. Terrain Indices.

Figure C l. Scatterplot of Runoff Ratio vs. Average slope. There is an = 0.02
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Figure C3. Scatterplot of Runoff Ratio vs. Diameter. There is an 0.13.
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Figure C5. Scatterplot of Runoff Ratio vs. Elevation. There is an R2 = 0.02.
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Figure C7. Scatterplot of Runoff Ratio vs. Drainage Density. There is an = 0.01.
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Figure C9. Scatterplot of Runoff Ratio vs. Percent of South Slopes. There is an = 0.03.
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Figure CIO. Scatterplot of ET Ratio vs. Percent of South Slopes. There is an = 0.05.

Figure Cl 1. Scatterplot of Runoff Ratio vs. Percent of North Slopes. There is an R2 =
0.00.
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Figure Cl 2. Scatterplot of ET Ratio vs. Percent of North Slopes. There is an R2 = 0.00.

Figure C13. Scatterplot of Runoff Ratio vs. Stream Order. There is an = 0.13.
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# 2
Figure C15. Scatterplot of Runoff Ratio vs. Shape Factor. There is an = 0.02.
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Figure Cl 7. Scatterplot of Runoff Ratio vs. Relief Ratio. There is an =0.10.
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Figure Cl 8. Scatterplot of ET Ratio vs. Relief Ratio. There is an R2 = 0.31.

Average Wetness Index (In a/p)

Figure Cl 9. Scatterplot o f Runoff Ratio vs. Wetness Index. There is an R2 = 0.26.



Average Wetness Index (In a Iff)

Figure C20. Scatterplot of ET Ratio vs. Wetness Index. There is an =0.15.


