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Abstract 

A hydrologic monitoring program was implemented in a nest of watersheds within the Kuparuk River basin in northern 
Alaska as part of an interdisciplinary effort to quantify the flux of mass and energy from a large arctic area. Described here are 
characteristics of annual hydrographs and individual storm hydrographs of four basins draining areas of 0.026 km 2, 2.2 km 2, 
142 km 2, and 8140 km2; an assessment of the influence that permafrost has on those characteristics; and comparisons to rivers 
in regions without permafrost. Snowmelt runoff dominated the annual runoff in each basin. A typical storm hydrograph in the 
Kuparuk River basin had a fast initial response time, long time lags between the hyetograph and hydrograph centroids, an 
extended recession, and a high runoff/precipitation ratio due to the diminished storage caused by permafrost. The seemingly 
contradictory results of fast response times and extended recessions can be explained by the presence of a large saturated area 
occupied by hillslope water tracks. This saturated area provides a partial-source area for fast runoff generation that bypasses 
the storage capacity of organic soils and tundra vegetation. © 1998 Elsevier Science B.V. All rights reserved. 
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1. Introduct ion 

The shape of  a hydrograph reflects how a drainage 
basin transforms precipitation into runoff and 
embodies  the integrated influence of  several basin 
characteristics including the geology, soils, drainage- 
basin morphology,  and vegetation. Hence, the quanti- 
tative description of  hydrographs is a valuable tool for 
understanding the mechanisms by which the drainage 
basin controls hydrology,  and offers a tool for com- 
paring hydrologic characteristics between different 
physiographic regions. 

* Corresponding author. Department of Geosciences, Boise State 
University, Boise, ID, 83725, USA. E-mail: jmcnamar@bsu. 
idbsu.edu 

0022-1694/98/$19.00 © 1998 Elsevier Science B.V. All rights reserved. 
PII S0022- 1694(98)00083-3 

The ubiquitous presence of  permafrost is a domi- 
nant physical characteristic of  all arctic basins. Several 
studies have shown that permafrost has significant 
influences on streamflow characteristics (Church, 
1974; Dingman, 1970, 1973; Kane et al., 1989; New- 
bury, 1974; Slaughter and Kane, 1979; Slaughter et al., 
1983; Woo and Steer, 1982, 1983). However,  the 
database for watersheds in regions with permafrost 
is still sparse. An interdisciplinary effort called the 
L a n d - A i r - I c e  Interaction (LAII) Flux Study was 
initiated in 1993 to estimate the flux of  mass and 
energy between the land, atmosphere, and the Arctic 
Ocean in the Kuparuk River basin in Northern Alaska 
(Weller  et al., 1995). River discharge is a major export 
mechanism of mass and energy out of  any drainage 
basin. Thus, we implemented a nested watershed 
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study to understand the nature and variability of river 
discharge. The analysis of simple hydrographs is a 
first step to meet this need. 

A nested watershed study involves investigating a 
cascade of basins, thereby providing a framework for 
studying how the physics of hydrologic processes is 
related across scales. This study included four basins, 
each approximately a factor of 60 greater than the 
previous: a hillslope flow path called a water track 
(0.026km 2) (see study area), Imnavait Creek 
(2.2 km2), the Upper Kuparuk River (142 km2), and 
entire Kuparuk River (8140 km2). The objective of 
this paper is to describe the physical characteristics 
of streamflow hydrology at those four scales for the 
years 1993, 1994, and 1995 through the analysis of 
annual hydrographs, rainfall-runoff relationships, 
and nested basin interactions. An underlying theme 
is a comparison of streamflow characteristics in the 
permafrost-dominated Kuparuk River basin with 
those of rivers in temperate regions. We show that 
streamflow is dominated by two overwhelming 
features of arctic ecosystems: snow and permafrost. 

This paper is organized as follows. Section 2 con- 
tains a physical description of the region including 
each basin in this study, and highlights some impor- 
tant characteristics that influence basin hydrology. 
Section 3 summarizes our field methods. Section 4 
summarizes our findings on streamflow characteristics 
at the annual and individual storm scales, and on 
downstream trends. Section 4.4 presents a hypothesis 
of how a network of hillslope water tracks allows for 
seemingly contradictory storm hydrograph character- 
istics: fast initial response times and extended reces- 
sions. Section 5 presents some summary conclusions 
of this study. 

2. Study area 

The Kuparuk River originates in the northern foot- 
hills of the Brooks Range and flows northward across 
the Arctic Coastal Plain to the Arctic Ocean near 
Prudhoe Bay, AK (Fig. 1). The flow season typically 
begins in mid-May in the headwaters, and in late May 
to early June near the coast. Freeze-up begins in mid- 
September, but the rivers and streams may not be 
completely frozen until October. Although neigh- 
boring watersheds have active glaciers, there are no 

glaciers in the Kuparuk River basin. There is, how- 
ever, a permanent aufeis field 30 km downstream 
from the Dalton Highway crossing covering approxi- 
mately 6-12 km 2 that may have a local moderating 
effect on streamflow. A small spring exists in the 
headwaters of the basin, but its source is believed to 
be from precipitation percolating through local gravel 
deposits (Kreit et al., 1992). 

The entire region lacks trees, is underlain by con- 
tinuous permafrost, and is covered with snow for 7 to 
9 months. Permafrost thickness ranges from around 
250 m near the foothills to over 600 m near the coast 
(Osterkamp and Payne, 1981). Hence, the region is 
effectively isolated from deep groundwater. Sub- 
surface flow occurs in a shallow active layer which 
increases in depth throughout the short summer. Soils 
typically thaw to maximum depths of 25-40 cm, but 
can thaw to 100 cm depending on several environ- 
mental factors including soil material and texture, 
soil moisture, slope, and aspect (Hinzman et al., 
1991). 

The smallest scale studied is a hillslope water track 
that drains 0.026 km 2 on a west facing slope in a head- 
water basin (Imnavait Creek) (Fig. 1). A water track is 
essentially a linear channel that flows directly down a 
slope draining an enhanced soil moisture zone, and is 
best detected by a change in vegetation from the 
surrounding hillslope (Hastings et al., 1989; Walker 
et al., 1989). The Imnavait Creek basin contains 
several water tracks that are generally spaced tens of 
meters apart, although their density varies (Walker 
et al., 1989). Only intermittently do incised channels 
exist in water tracks, but they are significant com- 
ponents of the hillslope hydrologic cycle. The water 
track ends in a peat-covered valley bottom through 
which water travels to Imnavait Creek as diffuse sub- 
surface flow through the active layer, or as overland 
flow during extreme events. 

Imnavait Creek, the second scale of study, is a 
small headwater stream occupying 2.2km 2 in a 
north-northwest trending glacial valley which was 
formed during the Sagavanirktok glaciation (Middle 
Pleistocene) (Hamilton, 1986). The elevation of the 
basin ranges between 844 m and 960 m with an aver- 
age of 904 m. The dominant vegetation in the 
Imnavait basin is tussock sedge tundra covering the 
hillslopes (Walker et al., 1989). An organic layer 
typically near 10 cm thick, but up to 50 cm thick in 
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Fig. 1. Map showing the locations of the drainage basins in this study. The locations of meteorological stations are shown as dots on the map of 
the entire basin. 

the valley bottom, overlies glacial till (Hinzman et al., 
1991). The creek is essentially a chain of small ponds, 
called beads, that formed where the stream has eroded 
and melted massive ground-ice deposits. The stream 
bottom rarely cuts through to mineral soil but main- 
tains itself in the organic layer. Imnavait Creek flows 
another 12 km beyond our gauging station and joins 
the Kuparuk River. 

The third scale of study, called the Upper Kuparuk 
River basin, occupies 142 km 2 in the Kuparuk River 
headwaters. At the intersection with the Dalton high- 
way, the Kuparuk River is a fourth order stream on a 
USGS 1:63360 map. However, the hillslopes and tri- 
butary valleys contain a complex network of water 
tracks, basins similar to Imnavait Creek, and rocky 
headwater streams that render the actual stream 
order difficult to estimate. Two streams join together 

at the base of steep hills near the headwaters forming 
the main channel, which occupies a north-northwest 
trending valley parallel to the Imnavait Creek basin. 
The main basin length is 16 km, with a channel length 
of 25 kin. The elevation ranges between 698 m and 
1464 m with an average of 967 m. Vegetation consists 
of alpine communities at higher elevations and moist 
tundra communities, predominantly tussock sedge 
tundra, at lower elevations. Dwarf willows and 
birches up to 1 m in height occupy portions of the 
banks and water tracks (Walker et al., 1989). 

Beyond the Dalton Highway, the Kuparuk River 
flows through rolling foothills and eventually enters 
the flat coastal plain before it flows into the Arctic 
Ocean. The drainage area at the US Geological 
Survey gauging site is 8140 km 2, with a basin length 
of nearly 250 km. The average elevation of the entire 
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Kuparuk River basin is 245 m. The coastal plain was 
never glaciated, and is characterized by abundant, 
wind-oriented thaw lakes (Walker et al., 1989). The 
dominant export of water during the summer from 
small basins close to the coast is by evaporation, 
with little overland and channel flow due to the low 
gradients (Rovansek et al., 1996). However, several 
large drainage channels originate in the foothill 
regions that cross the coastal plain. 

3. Methods 

An annual field program began with snow surveys 
in late April each year to determine the total precipi- 
tation on the ground that fell as snow (Ps,) in each 
basin. P~n can be difficult to estimate, particularly over 
large areas, due to the high spatial variability of 
factors that control snow distribution such as slope, 
aspect, elevation, vegetation, and wind patterns (Woo 
and Marsh, 1978; Woo et al., 1983). Psn in the 
Imnavait Creek basin was estimated from approxi- 
mately 90 snow-water equivalent (SWEQ) measure- 
ments with an Adirondack snow sampler in a 900 m 
transect across the basin. Psn in the water track basin 
was not measured. Psn in the two larger basins was 
estimated by traveling throughout the basins on snow 
machines and helicopters, and performing snow 
surveys in spots that were representative of landscape 
units, based on slope, aspect, elevation, and latitude. 
At least ten measurements of SWEQ and 20 snow- 
depth measurements were performed at each station, 
then weighted averages based on landscape units were 
calculated for each basin. 

Streamflow was monitored at the water track, 
Imnavait Creek, and the Upper Kuparuk River from 
the onset of snowmelt in the spring to near freeze-up 
in the fall using stilling wells with Stevens F-1 water- 
level recorders mounted with variable resistance 
potentiometers to obtain digital data. Campbell 
Scientific CR10 data loggers recorded the stream 
stage every minute, and averaged over hourly incre- 
ments. The US Geological Survey provided hourly 
stage readings and daily flow averages at the mouth 
of the Kuparuk River. Instantaneous discharge values 
were obtained at the water track by reading values 
calibrated to water level on the face of a small weir 
through which all flow was channeled. We performed 

velocity-area measurements in Imnavait Creek and 
the Upper Kuparuk River to obtain instantaneous dis- 
charge values. An H-type flume was used during 
snowmelt at Imnavait Creek to aid discharge measure- 
ments. Discharge measurements at all stations were 
made at several different stages to produce rating 
curves each year, from which continuous records of 
discharge were calculated. Several discharge 
measurements were taken daily during the spring 
snowmelt period until ice cleared from the channels 
and the stage-discharge relations became reliable. Six 
meteorological stations recorded precipitation, wind 
speed and direction, air temperature, relative humidity, 
and various radiation terms between the foothills and 
the coast. Fig. 1 shows the locations of the meteoro- 
logical stations. Two stations close to each other in the 
foothills capture elevation gradients. The following 
analyses include the period between snowmelt and 
September 7th each year because that is the latest date 
for which consistent data are available for all three years. 

4. Results and discussion 

4.1. A n n u a l  h y d r o g r a p h s  

Fig. 2(a)-2(1) show the 1993, 1994, and 1995 
hydrographs respectively, for each basin. Hyeto- 
graphs from a rain gauge located on the eastern ridge- 
top of the Imnavait Creek basin are included on the 
plots for this drainage. Table 1 summarizes the hydro- 
logic inputs and outputs for each basin and year. The 
most significant conclusions reported in this section 
are that snow is a major component of the annual 
runoff at all scales and that the ratios of runoff to 
precipitation are high. 

Snow is a significant hydrologic input. The ratio of 
the amount of precipitation which comes as snow 
before ablation (Psn) to the total precipitation is Psn/et 
in Table 1, and it was approximately 33% in the upper 
basins and averaged 44% for the entire basin. Typi- 
cally, snow depth and Psn decrease from the moun- 
tains to the ocean so that the upper basins have higher 
Psn than the entire basin. However, in 1993 the Upper 
Kuparuk River basin and the entire basin had approxi- 
mately the same Psn. 

In each year, the summer precipitation (P~) over the 
entire basin was approximately one half the summer 



J.P. McNarnara et al./Journal of Hydrology 206 (1998) 39-57 43 

t . .  

O- 

t... 

° ~  
o ~  ~ ~ 0.3 

O- i e =o.o14 
,.0~ o.ooe • [ 

~" 0.004 

1 

b 

C 

k II!  

1993 1994 1995 

0 

10 

20 "~ 

3O ~ 

Fig. 2. Hydrographs for the entire Kuparuk River, the Upper Kuparuk River, Imnavait Creek, and the water track for the flow seasons of 1993, 

1994, and 1995. 

precipitation in the Upper Kuparuk River basin, where 
'summer' is defined as the period of time between the 
onset of snowmelt and September 7th. Some snow 
may fall during this period, but most summer precipi- 
tation is rain. Table 2 summarizes the summer preci- 
pitation for each weather station. Nine-year averages 
at each station were obtained from previous studies in 
the Kuparuk Basin (National Snow and Ice Data 
Center, 1994). Basin average rainfalls were estimated 
by kriging the station data to a 1 km resolution then 
averaging the resultant points. The 1993 basin average 
precipitation was close to the nine-year average, and 
both 1994 and 1995 were considerably higher than 
average. 

Snowmelt is typically a major runoff event in all 
arctic watersheds as precipitation that falls over 
approximately an eight month period is released as 

potential runoff usually within a period of two 
weeks or less. In Table 1, Rsn]et  is the fraction of 
annual runoff due to the snowmelt period. The snow- 
melt period contributed between 34% and 46% of the 
annual runoff in Imnavait Creek, 17-30%, and 52-  
80% in the Upper Kuparuk River and Kuparuk River, 
respectively. Occasionally, a large summer rainstorm 
reached peak flow rates that rivaled and sometimes 
exceeded the snowmelt peaks in the upper basins. 
However, the volume of snowmelt runoff was always 
considerably greater than that of any individual 
summer storm in each basin. 

Runoff ratios were obtained by dividing runoff by 
precipitation for different periods: R t/P t, R s,/Psn, and 
R s/Ps for total runoff ratio, snowmelt runoff ratio, and 
summer runoff ratio, respectively. The snowmelt 
runoff ratios were considerably higher than the total 
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Table 1 
Annual hydrograph characteristics in the Kuparuk River basin 

Water Track Imnavait Creek 

1993 1994 1995 ave. 1993 1994 1995 ave. 

SWEQ P~n (cm) na 
Summer Pcp. P~ (cm) 20.8 
Total Pcp. Pt (cm) na 
Psr,/P t na 
Snow runoff Rsn (cm) 0.5 
Summer runoff Rs (cm) 10.5 
Total runoff a Rt (cm) 11.0 
Rsn/R t na 
Max summer 5.2 
storm (cm) 
Runoff ratio RtlPt na 
Snow run. rat. Rsn/Psn na 
Summer run. Rs/P~, 0.51 
rat. 

na na na 12.5 8.0 14.2 11.6 
27.1 20.9 22.9 20.8 27.1 20.9 22.9 
na na na 33.3 35.1 35.1 34.5 
na na na 0.38 0.23 0.41 0.34 
0.5 3.6 1.5 10.0 5.2 9.8 8.3 
14.2 15.2 13.3 11.7 10.0 13.9 11.9 
14.7 18.8 14.8 21.8 15.2 23.7 20.2 
na 0.19 na 0.46 0.34 0.41 0.41 
2.6 3.5 3.8 3.3 0.9 2.0 2.1 

na na na 0.65 0.43 0.67 0.59 
na na na 0.80 0.65 0.69 0.71 
0.52 0.73 0.59 0.56 0.37 0.67 0.53 

Upper Kuparuk River 

1993 1994 1995 ave. 

Kuparuk River 

1993 1994 1995 ave. 

SWEQ P~, (cm) 13.2 10.6 15.0 12.9 
Summer Pcp. P~ (cm) 22.4 27.8 27.4 25.9 
Total Pcp. Pt (cm) 35.6 38.4 42.4 38.8 
P~,n/P t 0.37 0,28 0.35 0.33 
Snow runoff Rs° (cm) 6.2 6.6 7.9 6.9 
Summer runoff R~ (cm) 14.2 17.3 21.3 17.6 
Total runoff a R~ (cm) 20.5 23.9 29.2 24.5 
R~o/Rt 0.30 0,28 0.17 0.25 
Max summer 3.5 2,7 5.3 3.8 
storm (cm) 
Runoff ratio Rt/Pt 0.58 0,62 0.69 0.63 
Snow run. rat. R~,/P~,~ 0.47 0.62 0.53 0.54 
Summer run. R~/P~ 0.64 0,62 0.78 0.68 
rat. 

13.5 7.4 13.9 11.6 
11.0 15.1 13.9 13.3 
24.6 25.7 28.4 26.2 
0.55 0.29 0.49 0.44 
11.3 6.1 11.0 9.5 
2.8 5.7 4.9 4.4 
14.1 11.8 15.9 13.9 
0.80 0.52 0.69 0.67 
2.4 5.4 1.1 2.9 

0.57 0.46 0.56 0.53 
0.84 0.82 0.79 0.82 
0.25 0.38 0.35 0.33 

na, not available 
a Includes flow between breakup and September 7. 

runof f  ratios and s u m m e r  runof f  ratios for  the entire 

basin,  w h i c h  is cons i s ten t  wi th  the h igh  Rsn/Rt values.  

W h e n  the g round  is comple t e ly  f rozen  dur ing snow-  

melt ,  r unof f  is essent ia l ly  the only  outlet  for  mel t ing  

snow.  Howeve r ,  prec ip i ta t ion  that falls dur ing the 

s u m m e r  on the flat coastal  reg ions  largely get  s tored 

in ponds  and surface depress ions  and eventual ly  eva-  

porates .  The s n o w m e l t  per iod  is the only t ime that 

s ignif icant  runof f  occurs  f rom the coastal  we t lands  

(Rovansek  et al., 1996). Ave rage  total runof f  ratios 

were  above  0.5 for  each  basin.  Us ing  data taken 

f rom Baumgar tne r  and Reiche l  (1975),  we  ob ta ined  

a global  runof f  ratio of  0.36. The high runof f  ratios in 

the Kuparuk  River  bas in  are cons i s ten t  wi th  o ther  

s tudies  in p e r m a f r o s t - d o m i n a t e d  bas ins  (Woo  et al., 

1996), and are due to two  factors.  First, the subsurface  

s torage capaci ty  is l imi ted  by pe rmaf ros t  in the 

Kuparuk  River  bas in  and essent ia l ly  no precipi ta t ion 

enters  long te rm subsurface  storage.  Second,  potent ial  

evapot ransp i ra t ion  is r educed  at h igh lat i tudes due to 

coole r  c l imates .  

The  ratio of  snowfal l  to total annual  prec ip i ta t ion  

(Psn/Pt) was lower  than the ratio o f  s n o w mel t  runof f  to 

total runof f  (R stiR t) in Imnavai t  Creek,  with averages  

o f  0.34 and 0.41 respec t ive ly .  In the U p p e r  Kuparuk  

basin,  the Psn]Pt ratio was  h igher  than the Rsn[R t ratio, 
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Table 2 

Summer precipitation at each station (mm) in the Kuparuk River basin study 

45 

Year Prudhoe Franklin Sagwon West Upper Imnavait Basin 
Bay Bluffs Bluffs Kuparuk Kuparuk Creek average 

1993 59 72 71 na 225 208 110 
1994 136 94 117 126 275 271 151 
1995 79 82 147 122 274 209 140 
average 91 83 112 124 258 229 134 
Nine year average 61 82 106 na na 183 109 

with averages of 0.33 and 0.25 respectively. This was 
probably due to delayed snowmelt in the higher ele- 
vations of the foothills that did not get incorporated 
into the initial snowmelt runoff peak. In the entire 
Kuparuk basin, Psn/lPt w a s  considerably lower than 
Rsn/g  t with averages of 0.44 and 0.67, respectively. 
This could be a result of three possible contributing 
factors. First, rain events in the upstream regions con- 
tribute flow while snowmelt may be still occurring 
downstream. Hence, the snowmelt hydrograph at the 
mouth of the river may be a mixture of a spatial 

distribution of rain and snowmelt events. However, 
there was very little rain throughout the basin imme- 
diately after snowmelt in 1993 when 80% of the 
annual flow occurred during the snowmelt period. 
One small storm appeared in the falling limb of the 
entire Kuparuk River hydrograph in 1993 (Fig. 2(a)), 
but it was insignificant in the total volume of flow 
during the snowmelt period. Second snow is trans- 
ported by wind and redeposited into topographic 
depressions such as river channels and water tracks. 
Consequently, water that would have evaporated from 

i 

S 

eq 

e~ 

0.1 

i i 

I !  l ~ ' - ~  ~ . . . . . . . . . . . .  

, [Upper Kuparuk Ri e r  

0 . o , ~  - 7:::::::t::~:~ . . . . . . . . . .  ~ ~ ~ :  : :  i:: ~ 

t . . . . . .  [ : : :  : i  
iiiii 2 }i 

- t . . . . . . . . . . . .  ! Water Track t lmnavait Creek ! 

! I , ~ I 
o.ooo,/ I , , i / _ _ _  

, • ~ . 

Probability of Exceedence 

Fig. 3. Flow duration curves for each basin in 1994. Specific discharge (log scale) is plotted against probability of exceedence (normal 
probability axis). 



4 6  J.P. McNamara et al./Journal of Hydrology 206 (1998) 39-57 

0.16 

0.14 

0.12 

0.1 

g 
O.O8 

m 
r .  
u 
m 

0.06 

0.04 

0.02 

! 

// I Tr 
I T f ~  ~ 
, Tp 

Tb 

Tlc 

Tip \ q=qoe (-~*) 

g 
3._~ 

Q,, 

"1= 
-.i 
0 

"I" 

o ~  
2Ol 202 

Fig. 4. A storm hydrograph and hyetograph ~om Imnavait 

~ 0  
203 204 205 

1994 
Creek in mid-July, 1994illustratingthe variables usedin Table 3. 

flat regions is melted directly into the channel network 
and exported as runoff causing high RJPsn values 
and subsequent high Rs,/Rt values. Third, very little 
precipitation that falls on the low gradient coastal 
plain during the summer is exported as runoff; instead 
it is lost to evapotranspiration. 

Flow duration curves for each basin in 1994 are 
shown in Fig. 3. The slope of a flow duration curve 
is an indication of  the temporal variability of  dis- 
charge. Steep curves result when the variability is 
high (Searcy, 1959). Flow duration curves for the 
water track, Imnavait Creek, and the Kuparuk River 
mouth have consistently steep slopes throughout most 
of the range of  flows excluding the low flows, indi- 
cating that the variability is approximately the same 
across scales. At low flows the water track curve 
becomes more steep, the Imnavait Creek curve 
becomes more steep to a lesser extent, and the 
Kupurak River curve continues at approximately the 
same slope. Searcy (1959) states that steep slopes at 
low flows result from minimal basin storage. Thus, there 
is an increasing influence of  baseflow with drainage 
area between the water track, Imnavait Creek, and the 
Kuparuk River. The flow duration curve for the Upper 

Kuparuk River possesses a less steep slope indicating 
lower temporal variability throughout the entire range 
of  flows. This feature can be credited to a spring in the 
headwater basin that flows through the summer and 
contributes substantial baseflow to the river. Flow 
duration curves for 1993 and 1995 possess similar 
characteristics to those for 1994. 

4.2. Storm hydrographs 

Presented here are quantitative descriptions of  
hydrograph timing for Imnavait Creek and cross- 
scale comparisons on other hydrograph characteris- 
tics, including response factors, recession constants, 
and storm peak downstream travel times. The high 
spatial variability of  precipitation in drainage areas 
greater than a few square kilometers prevents accurate 
rainfall-runoff timing analysis for the larger basins. 
Significant conclusions of this section are that streams 
respond rapidly to precipitation, have extended reces- 
sions, and high storm runoff/precipitation ratios. We 
attribute all of these features to the controls that 
permafrost exerts on runoff generation and channel 
network structure. 
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Table 3 
Rainfall-runoff analysis for Imnavait Creek 

Storm Tp Tep Ppk Pt Pabst Psa,t 1 /max 
date (h) (h) (mm) (mm) (mm) (ram) (mm h i) (ram h -t) 

Hyetograph 
17/06/94 54.0 51.0 13.5 17.1 2.3 10.5 0.2 2.3 
24/06/94 37.0 42.0 16.1 19.7 0.0 8.2 0.4 3.6 
04/07/94 18.0 18.0 18.4 21.3 0.0 6.6 0.9 3.3 
12/07/94 10.0 9.0 21.7 21.7 0.3 0.7 2.0 8.2 
19/07/94 23.0 23.0 20.3 20.3 1.6 5.6 0.5 3.0 
29/07/94 7.0 6.0 34.8 36.0 1.6 0.3 4.3 22.0 
06/08/94 28.7 16.0 9.5 9.5 0.7 0.7 0.6 3.0 
10/06/95 19.9 19.0 5.3 7.2 0.5 5.5 0.3 1.7 
15/06/95 10.1 8.1 17.8 17.8 2.4 7.2 1.8 2.7 
01/07/95 16.1 10.1 15.7 18.0 6.5 3.6 0.9 3,1 
18/07/95 89.0 87.1 39.8 45.8 0.7 12.5 0.5 2,7 
Average 28.4 26.3 19.3 21.3 1.5 5.6 1.1 5.0 

Storm Tr i Tr2 Tr Tip Tic Tb q~,t qpk R 
date (h) (h) (h) (h) (h) (days) (m3s i x 105) (ms s - i x  103) (mm) 

Hydrograph 
17/06/94 3.0 2.0 53.0 14.0 24.8 4.0 6.6 92.3 6.1 
24/06/94 -5.0 1.0 43.0 24.4 41.6 4.1 4.5 94.2 5.8 
04/07/94 0.0 3.0 21.0 13.6 34.2 5.4 3.1 121.7 6.3 
12/07/94 1.01 2.0 21.0 17.0 33.3 4.3 1.8 100.7 5.5 
19/07/94 0.0 1.0 24.0 11.6 25.0 2.9 9.5 95.0 6.8 
29/07/94 1.0 10.0 16.0 12.1 35.1 7.0 1.4 9.5 5.3 
06/08/94 12.7 15.2 31.2 25.8 49.3 3.8 1.5 5.6 0.5 
10/06/95 1.0 7.0 26.0 22.8 20.8 1.5 14.0 96.8 3.8 
15/06/95 2.0 3.9 12.0 9.1 22.8 3.3 16.4 219.2 10.8 
01/07/95 6.0 4.9 15.0 11.8 51.7 8.6 5.6 99.3 6.1 
18/07/95 2.0 - 1.1 86.0 33.8 44.6 3.2 22.0 351.8 21.1 
Average 2.9 5.4 31.7 17.8 34.8 4.4 

Tp, Duration of precipitation; q0, antecedent discharge; T~p, duration of effective precipitation; qpk, peak discharge; Ppk, precipitation prior to 
hydrograph peak; R, total runoff volume; Pt, total precipitatio n during storm; Pabst, precipitation prior to initial rise in hydrograph; Psa,t, 
precipitation during 5 days prior to storm; I, rainfall intensity averaged over storm; /max, maximum hourly intensity; Tr], time from first 
rainfall to first rise in hydrograph; Tr2, time from end of rainfall to hydrograph peak; Tr, duration of hydrograph rise; Tip, time from hyetograph 
centroid to hydrograph peak; T~c, time from hyetograph centroid to hydrograph centroid; Tb, time from initial rise to antecedent discharge. 

4.2.1. Hydrograph timing 

A n a l y s i s  was  res t r i c ted  to s i m p l e  h y d r o g r a p h s  in 

1994 and  1995 w i th  c lear ly  def ined  p rec ip i t a t ion  

pu l ses  that  c a u s e d  the  ini t ia l  r ises  and  had  m i n i m a l  

p rec ip i t a t ion  d u r i n g  the  r ecess ion ;  s e v e n  s to rms  in 

1994 and  four  s to rms  in 1995 were  se lected.  T a b l e  3 

s u m m a r i z e s  the  r a i n f a l l - r u n o f f  cha rac te r i s t i c s  o f  

those  s to rms  se lec ted  for  ana lys is .  Fig.  4 i l lus t ra tes  

the va r i ab les  in  T a b l e  3. 

The  du ra t ion  o f  the  p rec ip i t a t i on  that  c o n t r i b u t e d  to 

the r ise  in the  h y d r o g r a p h  is l abe l ed  Tpk. T h e  du ra t ion  

o f  e f fec t ive  p rec ip i t a t ion ,  Tep, is t ime  b e t w e e n  the  

ini t ial  r ise in the  h y d r o g r a p h  and  the  end  o f  the  

c o n t r i b u t i n g  prec ip i ta t ion .  One  c a n n o t  ac tua l ly  

ident i fy  the actual  e f fec t ive  prec ip i ta t ion ,  bu t  it is 

c o m m o n  to a s s u m e  the  dura t ion  o f  e f fec t ive  prec ip i -  

ta t ion  is the  s ame  as the  du ra t ion  o f  the  total  prec ip i -  

tat ion.  The  ini t ial  abs t rac t ion ,  Pabst, is the p rec ip i t a t ion  

that  fell  p r io r  to the  ini t ia l  r ise in the  hyd rog raph .  The  

total  p rec ip i t a t ion  that  fell  du r ing  Tpk is l abe led  Ppk- 

P rec ip i t a t ion  that  d id  not  last  at least  three  c o n t i n u o u s  

hou r s  before  the  r ise in the  s t r eam h y d r o g r a p h  was  

d i s regarded ,  as was  m i n o r  p rec ip i t a t ion  that  occu r red  

du r ing  the  fa l l ing  l imb  o f  a s t o rm hydrog raph .  Sig- 

n i f icant  p rec ip i t a t ion  fel l  du r ing  the fa l l ing  l imbs  o f  

some  s to rm hydrog raphs .  Th i s  p rec ip i t a t ion  was 
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Fig. 5. Relationship between the centroid lag and the hydrograph recession (t*) from a study of 40 streams in the conterminous US by Holtan 
and Overton (1963). The mean value for Imnavait Creek is shown as an open square. 

included in Pt, the total precipitation that fell during 
the time base, Tb, of  the hydrograph. These two pre- 
cipitation variables were separated so that the initial 
response of  the streams and the total runoff/precipita- 
tion ratios could be analyzed separately. 

Initial abstractions were quite low, ranging between 
0 and 6.50 mm with an average of  1.52 mm. In many 
watersheds, the initial abstraction depends on 
watershed wetness, with high soil moisture leading 
to low initial abstractions. However, no significant 
correlations existed at a 95% confidence level 
between the initial abstraction and various indices of 
watershed wetness, including the five day antecedent 
precipitation (P5day) and the antecedent discharge 
(qant)" The low initial abstractions and lack of  correla- 
tion with watershed wetness were most probably 
results of  the diminished subsurface storage capacity 
due to the presence of permafrost. Essentially, the 
watershed appears wet with very little precipitation. 
Kane et al. (1989) reported that an average of  15 mm 
of precipitation were required to initiate runoff in 
lmnavait Creek following dry antecedent conditions 
in surface organic soils. They found a similar value for 

storage in the active layer prior to ablation. Thus, sur- 
face storage in the organic soils and tundra vegetation 
can be significant, and the relations between hydro- 
logic response and the indices of  watershed wetness 
can be quite different between dry and wet periods. 

The initial-response time in Imnavait Creek was 
fast, and ranged between 0 and 6 h with an average 
of 2.15 h. This is largely determined by the time 
required to fill the soil water deficit and depression 
storage (Dingman, 1994). Church (1974) compiled 
response times from permafrost basins and also con- 
cluded that rapid response times are characteristic of  
northern rivers. The rapid response can be credited to 
the network of  water tracks that exist on the slopes 
(Kane et al., 1989). The water tracks remain saturated 
for much of  the summer except during extreme dry 
times. Thus, the water tracks respond immediately to 
precipitation and a relatively constant saturated area 
exists to convey saturation overland flow to the creek. 
Dingman (1970, 1973) attributed the rapid response 
found in a basin with permafrost near Fairbanks, AK 
to moisture conditions in the valley bottom. Water 
tracks in the Kuparuk River basin are extensions of 
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Table 4 

Response factors (R/P) and recession constants (t*) for several storms in each basin. Storm date refers to the day of the initial rise in the 
hydrograph. Missing values occur because of complex hydrograpbs 

Water Track Upper Kuparuk River 

Storm date R/P t* (h) Storm date RIP t* (h) 

17/06/94 61.44 
24/06/94 0.47 29.28 25/06/94 0.38 136.56 
04/07/94 0.29 17.04 04/07/94 0.37 76.08 
12/07/94 0.36 25.92 12/07/94 0.33 63.84 
18/07/94 0.49 23.76 
29/07/94 0.29 20.64 29/07/94 0.11 84.96 
06/08/94 0.30 6.96 07/08/94 0.23 40.56 

11/06/95 0.36 42.00 
15/06/95 0.43 69.60 
01/07/95 0.20 95.04 
17/07/95 0.61 

Average 0.37 20.60 Average 0.33 74.45 

Imnavait Creek Kuparuk River 

17/06/94 0.35 28.56 
24/06/94 0.29 25.68 
04/07/94 0.30 27.36 
12/07/94 0.25 24.72 
19/07/94 0.29 27.12 
29/07/94 0.15 
06/08/94 0.05 
10/06/95 0.53 32.16 
15/06/95 0.61 32.13 
01/07/95 0.34 44.16 
18/07/95 0.46 

Average 0.33 30.24 

20/06/94 213.60 
28/06/94 176.16 
07/07/94 159.36 
18/07/94 185.52 
22/07/94 202.32 

16/06/95 95.04 
02/07/95 131.04 
20/07/95 99.60 
02/08/95 194.64 
12/08/95 214.56 
Average 167.18 

the saturated valley bottom. Thus, the explanation 
presented above is similar to that proposed by 
Dingman (1970, 1973). The storm of June 25th 
1994 had a negative initial response time, and the 
duration of effective precipitation (Tep) was longer 
than the duration of precipitation (Tp). Both situations 
are impossible and are probably the result of the 
spatial variability of rainfall. These values were not 
included in the averages. The Imnavait Creek basin is 
small enough that precipitation is generally uniform 
over the basin. However, small convective storms can 
occur over portions of the basin remote from the pre- 
cipitation gauge. 

Recession began soon after the cessation of rainfall 
for all storms. Tr2 ranged between -1.08 and 115.2 h 
with an average of 5.36 h. The negative value was 

included in the average for Tr2 because during a 
storm of diminishing rainfall intensity it is possible 
for a hydrograph to peak before the end of the rainfall. 

The lag to peak (Tip) and the lag to centroid (Tic) 
were surprisingly long, with averages of 17.8 and 
34.8h. Holtan and Overton (1963) reported an 
average Tic of 19.5 h in a study of 40 streams in the 
conterminous United States, ranging in drainage area 
between 76 km 2 and 4200 km 2. The drainage area of 
Imnavait Creek is over an order of magnitude smaller 
than the smallest basin in Holtan and Overton's study, 
yet the mean T~c was nearly twice as long. Dunne and 
Leopold (1978) summarized data from rural, tem- 
perate regions and produced much better correlations 
between both lag variables and drainage area. Imnavait 
Creek produced a mean Tic and Tip approximately 



50 J.P. McNamara et al./Journal of Hydrology 206 (1998) 39-57 

100 

0 

1 0  

Kuparuk River Basin 

t* = 33.511A 0"1682 

i, 
! . "..- 

Conterminous U.S. streams 

t* = 1.146A °'3832 

r 2 = 0.34 
From Holtan and Overton (1963) 

1 . . . . . . . .  I . . . . . . . .  I . . . . . . . .  I . . . . . . . .  I . . . . . . . .  I . . . . . . . .  

0.01 0.1 I I 0  100 I000  I0000  

Drainage Area (kin 2) 

Fig. 6. Relation between the hydrograph recession (t*) and drainage area for the Kuparuk River basin and for 40 streams studied by Holtan and 
Overton (1963). 

twice as high as the values reported by Dunne and 
Leopold (1978) for its basin size. The Holtan and 
Overton (1963) data show a relationship between Tic 
and the recession constant of the falling limb of the 
hydrograph, t* (Fig. 5). Long recessions induce later 
hydrograph centroids, which create higher time lags. 
The relationship between mean Tic and mean t* from 
Imnavait Creek fits nicely on the trendline in Fig. 5. 
Thus, we would expect long hydrograph recession for 
Imnavait Creek. 

4.2.2. Recession analysis 
The falling limbs of storm hydrographs typically 

approximate exponential decays according to 

q = qoe(-t/t*) (1) 

where q is the streamflow rate t hours after the begin- 
ning of the recession, q0 is the streamflow rate at the 
beginning of recession, and t* is the recession con- 
stant (in hours). In this representation, t* is the time 
lapse between the occurrence of a given flow rate, q0, 
and the occurrence of 1/e times that rate. To deter- 
mine t*, a correlation of ln(q) vs. t was performed for 
points on the falling limb of each storm hydrograph; 
with the regression coefficient taken as l/t*. 

Recession constants are given in Table 4 for several 

storms in each basin. Fig. 6 shows that a positive log-  
linear relationship exists between the average reces- 
sion constant in each basin and drainage area, and that 
relationship plots much higher than a similar relation- 
ship from the Holtan and Overton (1963) data dis- 
cussed above. This indicates that, for similar 
drainage areas, the recession constants in the Kuparuk 
River basin are higher than those reported by Holtan 
and Overton (1963). 

Other studies have also documented extended 
recessions in basins with permafrost. Dingman 
(1973) reported an average t* of 39 h for a 1.8 km 2 
basin near Fairbanks, AK. Likes (1966) reported a t* 
of 35 h for a 98 km 2 basin in the Cape Thompson 
region of Alaska. Brown et al. (1968) reported reces- 
sion constants up to 160 h for a small basin in Barrow, 
AK. Likes (1966)explained the high recession time as 
a result of infiltration of water into a highly absorptive 
surface layer and subsequent slow release. Dingman 
(1973) showed that recession constants decrease as 
evapotranspiration increases, and suggested that low 
evapotranspiration rates in arctic and sub-arctic 
regions are responsible for long hydrograph reces- 
sions. An alternative explanation may be that essen- 
tially zero precipitation goes into long-term storage in 
basins with permafrost, and a greater proportion of the 
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input precipitation makes it to the stream during the 
response hydrograph. All event water is exported 
either as runoff or as evapotranspiration. Slaughter 
and Kane (1979) showed that basins with permafrost 
have higher peak flows and lower baseflows than 
basins without permafrost. Consequently, the falling 
limbs of hydrographs have greater distances to fall 
and the recessions are extended. In basins without 
permafrost, some precipitation infiltrates into the 
soil and enters into long term storage as groundwater. 
This water may ultimately reach the stream, but not 
during the storm from which it originated. This is 
essentially a difference in accounting. The entire 
recession is visible in hydrographs from basins with 
permafrost, while the tail end of recessions in basins 
without permafrost are masked by baseflow. 

4.2.3. Response factors 
Hewlett and Hibbert (1967) called the ratio of direct 

runoff to precipitation the response factor (R/P), 
where direct runoff is the total runoff minus the base- 
flow. Note that the response factors are different from 
the runoff ratios reported in Table 1, as those included 
total streamflow. Several graphical techniques exist to 
separate baseflow from direct runoff, none of which is 
more physically justifiable than the others. Hewlett 
and Hibbert (1967) projected a line from the initial 
hydrograph rise across to the falling limb at a slope of 
0.000547 m 3 s -I km -2 h -1 and called the volume of 
water above that line direct runoff. Baseflow is mini- 
mal in the Kuparuk River basin, and streamflows drop 
to very low levels between storms. The method of 
Hewlett and Hibbert (1967) overestimates baseflow 
contributions in regions with minimal baseflow. In 
such regions, it is reasonable to simply project a 
straight line across the hydrograph from the point of 
initial rise to the point where the discharge returns to 
its antecedent value. However, to avoid possible over- 
estimation of direct runoff and to allow more favor- 
able comparisons to the extensive data of Hewlett and 
Hibbert (1967) and Woodruff and Hewlett (1970), a 
method closer to theirs was used. A line was projected 
from the initial rise in the hydrograph to the point on 
the falling limb where a break in slope occurred on a 
semi-logarithmic plot (Linsley et al., 1982). The 
volume of water above that line is the direct runoff. 
The method is subjective, but most likely under- 
estimates direct runoff and response factors. 

The average response factors for all storms in the 
water track, Imnavait Creek, and the Upper Kuparuk 
River were 0.37, 0.33, and 0.33, respectively 
(Table 4). Dingman (1994) stated that response 
factors are often less than 0.10. Woodruff and Hewlett 
(1970) studied long term averages of response factors 
for basins in the southeastern US and reported values 
around 0.08, and Colonell and Higgins (1973) 
reported similar results for basins in New England. 
Hewlett and Hibbert (1967) found response factors 
ranging between 0.02 and 0.34, with an average of 
0.10, in several small watersheds in the eastern US. 
Although the ranges overlap slightly, response factors 
in the Kuparuk River basin are clearly higher than 
those reported in the studies above. Newbury (1974) 
compared runoff ratios between permafrost and non- 
permafrost basins and also found that permafrost 
basins produce higher runoff ratios. Dingman (1973) 
reported an average value of 0.18 for the Glenn Creek 
basin near Fairbanks, AK. It is interesting to note that 
60% of the Glenn Creek basin is underlain by perma- 
frost, and the response factors are intermediate 
between those reported in the permafrost free tem- 
perate basins and the 100% permafrost Kuparuk 
basins. However, more case studies are required to 
document such a trend. Slaughter et al. (1983) com- 
pared three basins in interior Alaska with differing 
percentages of their areas underlain by permafrost, 
and showed that the basins with more permafrost gen- 
erated higher flows per unit area, regardless of the 
moisture conditions of the basins. 

The low response factors in temperate basins imply 
that large portions of precipitation do not enter the 
streams during the storm in which it falls, but presum- 
ably enter into long-term storage as groundwater 
(Dingman, 1994). This water may appear in the 
streams in later storms. In basins with permafrost 
such as the Kuparuk, higher portions of the storm 
precipitation reach the streams during the storm in 
which it falls due to the lack of storage. Hewlett and 
Hibbert (1967)determined that foremost among vari- 
ables controlling response factors was soil-mantle 
depth, with shallow-soiled basins producing the 
highest response factors. Dingman (1970) found a 
positive correlation between response factors and 
antecedent discharge, an indicator of watershed wet- 
ness. Both watershed wetness and soil depth influence 
the storage capacity of a basin. Storage capacity 
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Fig. 7. The ratio of storm runoff to precipitation (R/P) decreased through the summer of 1994 for both Imnavait Creek and the Upper Kuparuk 
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controlled by soil depth dictates the spatial variability 
between basins, while storage capacity controlled by 
moisture dictates temporal variability within a basin. 

Permafrost basins essentially mimic shallow- 
soiled, wet basins and produce high response factors 
due to their limited storage capacity. The variability of  
storage capacity in permafrost-dominated basins is 
subject to the same controls as in non-permafrost 
basins. However, in basins with permafrost the soil 
depth varies temporally as well as spatially. Whereas 
soil moisture is a stochastic variable dependent upon 
precipitation patterns, active layer depth is deter- 
ministic and directional, increasing as the ground 
thaws through the summer. Woo and Steer (1983) 
showed that thawing of  the active layer has significant 
control on basin storage capacity, which in turn 
influences slope runoff processes. They showed that 
surface runoff decreased through the summer as a 
result of  thawing of  the active layer. It follows that 
in the absence of  soil-moisture controls, increases in 
active layer thickness through the season may cause 
decreases in response factors. 

Fig. 7 shows that response factors did have decreas- 
ing trends in Imnavait Creek and the Upper Kuparuk 
River in 1994. These trends were not observed in 
1995; they may have been masked by soil-moisture 
conditions. Antecedent discharges (qant) for the storms 
analyzed in Imnavait Creek were typically greater for 
storms in 1995 than in 1994. However, it is difficult to 
isolate the influence of  individual variables in such a 
dynamic system. Table 5 gives a correlation matrix of  
the potential influences on response factors at a 10% 
level of  significance. Our analysis was restricted to 
one basin and one season so that storm date (a surro- 
gate for active layer thickness) could be included as a 
variable. The sample size is small (n = 7). However, 
the correlation matrix of  these data at least provides a 
means to question potential relationships between 
controlling variables. 

As suspected, R/P was highly correlated to storm 
date and the indicators of  antecedent moisture condi- 
tions (qant and P5ant'). However, P5ant was also highly 
correlated with storm date. Also, although the correla- 
tion between qa,t and R/P is low, the reader can 
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Table 5 

Correlation matrix of potential controls on response factors (R/P) in Imnavait Creek, 1994. Correlations between +0.61 and -0.61 are not 
significant at the 5% significance level 

R/P qo Psant Date Pt 1 

qant 0.64 
P5ant 0.81 0.67 
Date -0.89 -0.42 -0.88 
Pt 0.39 0.49 0.79 -0.63 
1 -0.38 -0.55 -0.65 0.46 
/max -0.38 -0.49 -0.59 0.43 

-0.73 
-0.64 0.99 

conf i rm f rom Table  3 that jus t  one  h igh  value,  due to 

an incomple t e  r ecess ion  o f  the prev ious  storm, dis-  

rupted  an o the rwise  smoo th  dec rease  in qant th rough 

the 1994 season.  This  sugges ts  that s torm date may  

not represen t  act ive layer  depth ,  but may  represen t  the 

seasonal  so i l -mois ture  pat tern  as d ic ta ted  by precipi -  

tation. With  only  four  s to rms  to work  wi th  in 1995, it 

Table 6 
Basin interactions in the Kuparuk River drainage 

was  difficult  to dec ipher  trends.  Ne i ther  R / P  nor  qant in 

Imnavai t  Creek  s h o w e d  a seasonal  decrease  in 1995 

whi le  the act ive layer  th i ckened  as it a lways  does.  

This  sugges ts  that the t rends  obse rved  in 1994 were  

mos t  l ikely caused  by  t rends  in an teceden t  mois ture  

condi t ions  as o p p o s e d  to act ive layer  dynamics .  The 

seasonal  inf luence o f  the thawing  act ive layer  on 

Storm Water Track to Upper Kuparuk to PSCB b PSCB 
date a Imnavait Creek Kuparuk Mouth Water track to Upper Kuparuk 

(travel days) (travel days) Imnavait Creek to Kuparuk Mouth 

17/06/94 0.75 3.46 3.28 4.93 
25/06/94 0.33 3.46 1.42 5.86 
04/07/94 0.42 2.33 1.01 7.12 
12/07/94 0.29 3.71 1.34 6.75 
17/07/94 0.13 4.13 1.42 14.52 
29/07/94 0.13 5.50 1.91 19.13 
07/08/94 0.50 6.29 4.62 21.13 
17/08/94 0.08 6.33 
Mean 0.33 4.40 2.14 11.35 

04/06/95 2.92 
11/06/95 1.67 
15/06/95 0.04 1.63 0.52 
22/06/95 3.00 
01/07/95 0.04 2.29 0.58 
08/07/95 4.79 
17/07/95 1.63 4.63 1.45 
29/07/95 4.75 
12/08/95 2.08 
Mean 0.57 3.08 0.85 

6.86 

2.15 
4.51 

Snowmelt runoff c 0.21 3.09 
Summer runoff c 1.32 6.96 
Total runoff c 0.87 1.28 

a Dates are associated with the beginning of the hydrograph rise in the Upper Kuparuk River. 
b PSCB is the percent of the volume of the storm coming from the contributing basin. 
c Average of 3 years. 
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response factors may exist, but is easily dominated by 
precipitation patterns. McNamara et al. (1997) sug- 
gested that early in the season the increases in active 
layer thickness greatly influence storm flow composi- 
tion, but precipitation patterns become more signifi- 
cant as the summer progresses. 

In summary, the streams initially respond to preci- 
pitation very quickly because there is a limited reser- 
voir to store new water in the basin. Consequently, 
large proportions of precipitation reach the streams as 
runoff, as opposed to entering long-term subsurface 
storage, resulting in high response factors. Baseflows 
are typically low since there are minimal groundwater 
contributions. Consequently, the falling limbs must 
drop from relatively high peaks to low bases. This, 
in addition to the slow release of water from the 
organic soils and tundra vegetation, accounts for the 
extended recessions. The high recession constants 
produce long time lags between the centroids of 
hyetographs and the centroids of hydrographs. 

4.3. Basin interactions 

The portion of stormflow coming from a con- 
tributing basin (PSCB) is obtained by dividing the 
volume of a storm hydrograph from one basin by 
the volume of the same storm from the next down- 
stream basin. PSCBs are reported in Table 6. The 
Upper Kuparuk River basin drains less than 1.7% of 
the total Kuparuk River basin area. That PCSBs 
between these two basins are considerably higher sug- 
gests the upper basin was more significant than the 
coastal regions in contributing storm-flow to the 
mouth of the river. This may have been the result of 
greater precipitation in the headwater regions, but 
may also have resulted from differences in topo- 
graphy and the potential to produce runoff (high 
gradients in the headwaters versus low gradients 
near the coast). Rovansek et al. (1996) studied an 
essentially flat coastal plain wetland near Prudhoe 
Bay and observed that negligible surface runoff 
occurs from summer storms. Similar storms in regions 
with more relief would potentially produce runoff. 
Consequently, after the snowmelt period, a large por- 
tion of the basin contributes little to streamflow, and 
the higher foothills regions contribute to basin-scale 
streamflow disproportionately to their drainage areas. 
This effect is enhanced through the thawing season. 

As the active layer increases in thickness, more low 
gradient slopes continue to lose the ability to produce 
runoff while the steepest headwater basins continue to 
produce runoff in increasing disproportion relative to 
their drainage areas. Indeed, in 1994 the PSCB 
between the Upper Kuparuk River and the mouth of 
the Kuparuk River increased through the season 
(Table 6). The same mechanism may be responsible 
for the increase in the storm peak travel time between 
the Upper Kuparuk River and the Kuparuk River 
mouth through the 1994 season (Table 6). 

The three-year average snowmelt, summer and 
total contributions from the Upper Kuparuk River to 
the mouth of the river were 1.3%, 7.0% and 3.0% 
respectively (Table 6). That the snowmelt contribu- 
tion was close to the ratio of drainage areas between 
the two basins suggests that the entire basin contri- 
butes runoff uniformly during snowmelt. The high 
summer contribution further documents that the foot- 
hills region contributes flow to the mouth of the river 
disproportionately relative to its drainage area during 
the summer. 

The PSCB between Imnavait Creek and the Upper 
Kuparuk is not reported because Imnavait Creek flows 
in the Kuparuk River downstream from our Upper 
Kuparuk River gauge. The PSCB between the water 
track and Imnavait Creek averaged 2.1% in 1994 and 
0.9% in 1995. The three-year average snowmelt, 
summer and total contributions from the water track 
to Imnavait Creek were 0.2%, 1.3% and 0.8%. The 
water track drains 0.9% of the Imnavait Creek basin. 

4.4. Runoff, permafrost, and drainage basin structure 

The above results raise an interesting problem: 
streams respond quickly to precipitation, but have 
extended recessions. If a basin responds quickly, 
why cannot it get rid of the water quickly after the 
storm? Explanations were given above to account for 
the extended recessions including highly absorptive 
surface layers, low evapotranspiration, and the 
absence of significant baseflow. The important ques- 
tion is why the storage effect that extends the reces- 
sion is bypassed in the initial response. Consider the 
structure of drainage basin in light of this problem. 

The hillslopes in the Upper Kuparuk River and 
Imnavait Creek basins contain numerous water tracks, 
which are linear zones of enhanced soil moisture with 
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wetland soils and vegetation that drain directly down- 
slope. The water track network and the valley-bottom 
wetlands provide a large saturated area from which 
rapid saturation overland flow can occur. Walker et al. 
(1996) showed that 56% of the Imnavait Creek basin 
is covered by some form of water track or valley 
bottom wetland. McNamara et al. (1997) separated 
storm hydrographs into source components and 
showed that all of the storm flow derived from new 
water can be accounted for by precipitation directly 
onto the water tracks and valley bottom wetlands. 
Thus, the saturated water track network provides a 
partial source area effect for rapid response. When 
runoff in the water tracks declines after a storm, sur- 
face storage in mosses, peat, or depressions on parts of 
the hillslopes without water tracks may continue to 
release water and produce an extended recession. 
This storage effect is bypassed in the initial response 
due to the saturated area of the water tracks. 

McNamara (1997) suggested that water tracks may 
comprise a rudimentary channel network that was 
never allowed to fully develop due to the erosional 
resistance of permafrost soils. Geomorphologic ana- 
lysis suggest that the heads of the water tracks are 
positioned on the hillslopes where current models of 
channel formation suggest that channels should occur, 
but they rarely contain incised channels. Further, as a 
network they do not possess aggregation patterns that 
are characteristic of mature channel networks 
(McNamara, 1997). Instead, they remain as direct 
downslope flow paths with no bifurcation, which is 
characteristic of immature channel networks. Numerous 
water tracks remain that may have converged if 
permafrost had not restricted erosion. Instead of form- 
ing fully incised channels, erosion was limited enough 
to allow wetland soils to develop in the water tracks, 
which creates the large saturated area for runoff 
production. 

5. Summary and conclusions 

The streamflow hydrology in the Kuparuk River 
basin is dominated by two features: snow and perma- 
frost. Approximately one-third to one-half of the 
annual precipitation over the entire basin fell as 
snow, and approximately 70% of the annual runoff 
at the mouth was due to snowmelt. No summer 

storm in any year of the study approached the signifi- 
cance of snowmelt in the annual water budget at the 
mouth of the river. At the smaller scales there was at 
least one summer storm that had peak flow rates that 
rivaled or exceeded the snowmelt flood. However, the 
volume of snowmelt runoff was always greater than 
that of any individual summer storm in any basin. 

A typical storm hydrograph in the Kuparuk River 
basin shows a fast initial response time, long time lags 
between the hyetograph and hydrograph, an extended 
recession, and a high runoff/precipitation ratio. We 
credit these characteristics to the presence of perma- 
frost. A network of water tracks on the hillslopes pro- 
vides a large saturated area which allows rapid 
response to precipitation. Much higher amounts of 
precipitation are forced into the streams than would 
occur in non-permafrost basins due to diminished sub- 
surface storage capacity. Thus, the runoff/precipita- 
tion ratios (response factors) are high. The falling 
limbs of storm hydrographs must then drop from rela- 
tively high peaks to the typically low base flows that 
result from the lack of subsurface contributions. This, 
in addition to the slow release of water from the 
organic soils and tundra vegetation, accounts for the 
extended recessions. The extended recessions result in 
long lag times between the precipitation centroids and 
hydrograph peaks, and between the precipitation cen- 
troids and hydrograph centroids. 

Thus, the apparent conflict between fast initial 
responses and extended recessions can be explained 
by the presence of a large saturated area occupied by 
hillslope water tracks. This saturated area provides a 
partial source area for fast runoff generation that 
bypasses the storage capacity of organic soils and 
tundra vegetation. 

The hydrologic response in the Kuparuk River 
basin is adjusted to the presence of permafrost. This 
implies that changes in the permafrost may induce 
changes in the hydrologic response. On a seasonal 
time scale, this may occur as streamflow characteris- 
tics such as response factors and basin interactions 
change systematically through the season coincident 
with the thawing active layer. However, it is difficult 
to separate the influence of the active layer from the 
overriding precipitation patterns. On a longer time 
scale, the sensitivity of streamflow hydrology to the 
presence of permafrost has strong implications that 
arctic ecosystems may experience significant changes 
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in a c h a n g i n g  g loba l  c l imate .  A t  any  t ime  scale,  the  

r e l a t ionsh ip  b e t w e e n  p e r m a f r o s t  and  hyd ro log i c  

r e sponse  m a y  h a v e  r e s o u n d i n g  eco log ica l  impac t s  

on  p roces se s  such  as the  t i m i n g  and  m a g n i t u d e  o f  

the  de l ive ry  o f  nu t r i en t s  to the  aqua t ic  sys tem.  
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