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INTRODUCTION
Hydraulic conductivity K is a key parameter 

in hydrology that describes the ease at which 
fl uid moves through a porous media (e.g., Freeze 
and Cherry, 1979; Deming, 2002). As part of 
Darcy’s Law, K is fundamental in quantifying 
groundwater fl ow systems. K often exhibits a 
large range of variability (up to several orders 
of magnitude), even for the same type of rock 
(Freeze and Cherry, 1979). It is traditionally 
measured by conducting pumping tests in the 
fi eld (Hornberger et al., 1998) or estimated based 
on fi eld measurements of quantities such as dis-
charge, heat fl ow, etc., coupled with computer 
modeling (e.g., Ingebritsen et al., 1992, 1994). 
These methods often prove to be expensive, time 
consuming, and impractical for remote areas.

The interaction between surface water and 
groundwater is well known (e.g., Dunne, 1990; 
Freeze, 1987). In general, regions with less per-
meable surface materials are often associated 
with higher drainage density (D) and attributed 
to higher surface runoff potential (Strahler, 
1964; DeVries, 1976). Pederson (2001) further 
pointed out that drainage patterns often carry 
the imprint of groundwater systems since head-
ward extension is often aided by groundwater 
sapping and/or seepage weathering because of 
higher and directional groundwater gradients 
at channel heads. Numerous studies have used 
empirical equations to correlate various drain-
age basin parameters in terms of surface run-
off (e.g., Jaeger et al., 2007; Montgomery and 
Dietrich, 1989; Dietrich et al. 1993; Vogt et al., 
2003). However, groundwater is addressed only 
in terms of infi ltration as it limits surface runoff, 
whereas our study considers the consequences of 
the infi ltrating water. We introduce an innovative 
method of estimating K from drainage dissection 
patterns based on the concept of effective drain-

age length and a dynamic equilibrium condition 
under DuPuit-Forchheimer assumptions. The 
drainage dissection pattern as expressed in D can 
be derived from digital elevation model (DEM) 
data. Application of this method to the Oregon 
Cascades yielded K values similar to those docu-
mented in the literature. This method represents 
a more effective and effi cient way of estimat-
ing K than the traditional methods for regions 
where a steady-state dynamic equilibrium exists 
between surface water and groundwater.

METHODOLOGY
Figure 1 shows a simplifi ed conceptual model, 

consisting of a river channel and an aquifer that 
discharges into the channel. The assumptions are 
that (1) the aquifer is effectively drained (i.e., a 
steady-state dynamic equilibrium has developed 
over a long time), and (2) groundwater fl ow is 
primarily horizontal (i.e., Dupuit-Forchheimer 
assumptions apply). The aquifer thickness is H 
[L], the valley depth is d [L], and the effective 
drainage length is W [L]. The datum is consid-
ered to be the base of the aquifer. At a distance 
W from the river, the zone of saturation inter-
cepts the land surface. W is unique for speci-
fi ed hydrologic parameters K, R, d, and H (see 
Fig. 1). If the aquifer is not effectively drained, 
more surface area away from the channel will 
be saturated, which will generate more runoff. 
The increased runoff will increase recharge rates 
for the stretch of aquifer labeled W (Fig. 1). This 
will increase groundwater gradients and cause 
the river bank to become unstable and suscep-
tible to weathering and erosion. Bank instabili-
ties will continue until channel migration and/or 
the development of new tributaries has produced 
the D required to effectively drain the area of the 
aquifer discharging to the channel and a dynamic 
equilibrium between recharge and discharge is 
reached (Freeze, 1987; Pederson, 2001). W is 
thus called the effective drainage length.

Using Dupuit-Forchheimer assumptions and 
a modifi cation of Deming’s equation (2002) to 
incorporate our concept, the discharge per unit 
length (u = 1) of the channel q′ [L2T–1] is:

 q K
H H d

W
' =

− −( )⎛

⎝⎜
⎞

⎠⎟
1

2

2 2

. (1)

Rearranging Equation 1 to solve for K [LT–1] 
leads to:
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STUDY AREA AND PARAMETER 
ESTIMATES

We chose the Cascade Range, Oregon (see 
Fig. 2A for location), to test the method because 
this area has a sharp contrast in D (Tague and 
Grant, 2004; Luo and Stepinski, 2008), K has 
been documented in the literature (Ingebritsen 
et al., 1992, 1994; Manga, 1996, 1997; Saar and 
Manga, 2004; Gannett and Lite, 2004; Conlon 
et al., 2005; Jefferson et al., 2006), and D has 
been derived from DEM data (Luo and Stepin-
ski, 2008). The study area has two prominent 
regions: the Western Cascades and the High 
Cascades, both of which formed by the subduc-
tion of the Juan de Fuca plate under the North 
American plate (Jefferson et al., 2006). Rift-
related volcanism has resulted in the eruption of 
dominantly basaltic and andesitic lavas over the 
last 5 m.y. (Conrey et al., 2002). The Western 
Cascades are underlain by older (Tertiary age), 
lower-permeability volcanic rocks of varying 
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ABSTRACT
This study introduces a new method for estimating hydraulic conductivity based on the 

concept of effective groundwater drainage length and DuPuit-Forchheimer assumptions. The 
effective groundwater drainage length is related to the surface drainage dissection patterns 
(as expressed in drainage density) forming over long periods of time. Application of the new 
method to the Oregon Cascades yielded hydraulic conductivity values similar to those docu-
mented in the literature. This method represents an effective and effi cient way of estimating 
hydraulic conductivity for regions where the interplay among surface drainage, groundwater, 
and topography has established a steady-state dynamic equilibrium. It also provides a theo-
retically sound approach for extrapolating limited local measurements to a large region and 
revealing the spatial variation of hydraulic conductivity.
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Figure 1. Diagram illustrating conceptual 
model for deriving K from drainage dissec-
tion patterns. See text for details. (Note deri-
vation does not require surface to be satu-
rated at x = W, as long as H can be properly 
estimated.)
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compositions and are highly dissected, whereas 
the High Cascades are underlain by young 
(mostly Quaternary age), higher-permeability 
volcanic rocks having a relatively uniform com-
position and a much smoother surface (Walker 
and MacLeod, 1991; Jefferson et al., 2006). The 
Western Cascades landscape is characterized 
by lower elevation, higher relief, and higher D 
than the High Cascades (Tague and Grant, 2004; 
Fig. 2A). These differences are partly attributed 

to differences in age and volcanism (Tague and 
Grant, 2004), among other things, such as per-
meability of rocks. The K values documented in 
the literature for these regions are summarized 
in Table 1, and their approximate locations are 
shown in Figure 2B. The basaltic aquifers in the 
two regions are characterized by joints and frac-
tures, which provide pathways for groundwater 
movement; and because the basalts formed dur-
ing periodic volcanic eruptions, heterogeneities 

exist in aquifer parameters. However, these 
heterogeneities are limited in areal and vertical 
extent and will not infl uence the overall main 
drainage patterns that cover much larger areas.

In Equation 2, q ′ can be estimated from precip-
itation (p [LT–1]) and infi ltration rate (i [%, dimen-
sionless]), assuming a dynamic equilibrium con-
dition, i.e., recharge from precipitation (applied to 
the unit length on both sides of the channel) is 
equal to the discharge into the channel:

 q p i Wu u p i W′ ( ) /= × × = × ×2 2 . (3)

For p, we used the mean annual precipitation 
acquired from the PRISM spatial climate data 
set, which is spatially variable (with a resolution 
of ~800 m) (PRISM Group, Oregon State Uni-
versity, http://www.prismclimate.org, created 
4 February 2004). The value of i is taken to be 
30% of precipitation for the Western Cascades 
(Conlon et al., 2005) and 50% for the High Cas-
cades (Ingebritsen et al., 1992).

We estimated d from DEM data using the 
Black Top Hat (BTH) transformation, which 
is a gray-level morphologic image analysis 
tool (Rodriguez et al., 2002). More details can 
be found in Soille (2003). Operationally, the 
BTH transformation fi rst fi nds the maximum 
elevation from the present-day DEM within a 
circle centered on a target cell and stores the 
maximum value as the output for the target cell. 
The process is repeated until all the cells of the 
DEM are processed. The result of this step is 
called dilation. Next, the dilation result is sub-
ject to a similar moving-window process, but 
this time to fi nd the minimum value within the 
circle. The result is called closing, which rep-
resents the DEM of a pre-incision surface. The 
fi nal BTH result is obtained by subtracting the 
present-day DEM from the pre-incision DEM. 
The intersection between BTH result and chan-
nel network line is the estimate of d. The radius 
of the moving circle was set to 500 m by com-
paring different results with manually measured 
depths from the DEM at selected sites. Since d 
changes along the channel, we used the average 
value of d within the watershed that drains into 
each channel (see Fig. 2C). All other variables 
and results were also averaged by watershed. It 
should be recognized that there is downcutting 
of the channel over time, but with a landscape in 
dynamic equilibrium, the area surrounding the 
channel is also likely lowering, and thus change 
in d should be minimal.

We derived W from D, which was computed 
from DEM data (Luo and Stepinski, 2008) as a 
continuous raster based on the downslope fl ow 
length from a given cell to its nearest channel 
(Tucker et al., 2001); the channel networks were 
extracted from DEM using a morphology-based 
algorithm that extracts networks conforming to 
the observed dissection patterns (Molloy and 
Stepinski, 2007):

Figure 2. (A) Shaded relief map of study area derived from digital elevation model (DEM) 
data, obtained from U.S. Geological Survey National Elevation Data Set with 37.315 m resolu-
tion (min = 24.8 m, max = 3200.8 m, mean = 1023.1 m, std dev. = 481.0 m). Also shown are sim-
plifi ed geologic age boundaries (Walker and MacLeod, 1991): T—Tertiary, Q—Quaternary. 
Study area location coordinates are 121.31°W to 122.75°W and 43.31°N to 45.26°N. (B) Labels 
a–f refer to approximate boundaries or well/spring locations of previous studies as sum-
marized in Table 1. Red shading shows our study area. (C) Valley depth d by watershed 
estimated using Black Top Hat transformation method (min = 0 m, max = 305.2 m, mean = 
68.2 m, std dev. = 56.3 m). (D) Spatial distribution of estimated K by orders of magnitude. 
Lines, black dots, and triangles show boundaries or well/spring locations of previous stud-
ies (see also part B; Table 1). (A very small percentage of cells is negative, and at the order 
of 1 × 10−2 m/s, and are thus not shown for clarity; see Fig. 3.)
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 W D= 1 2/ ( ) . (4)

H is estimated to be 500 m for the Western 
Cascades (Conlon et al., 2005) and 100 m for 
the High Cascades (Jefferson et al., 2006).

K is calculated at the watershed level, and 
Equation 2 becomes:

 K
p i

D H H d
= ×

− −2 2 2[ ( ) ]
. (5)

RESULTS AND DISCUSSION
Figure 2D presents the spatial distribution of 

K estimated in the study area at watershed level. 
There is a large variability in K across the study 
area. The results show the contrast in K between 
the Western Cascades, ranging from 10−8 to 
10−6 m/s, and the High Cascades, ranging from 
10−5 to 10−2 m/s. The results are also generally 
consistent in orders of magnitude with previous 
studies (see Table 1 and Fig. 3, and Fig. 2B for 
location). About two thirds of our study area falls 
within the study areas of Ingebritsen et al. (1992, 
1994), and the range of our estimate of K (10−8

–10−5 m/s) generally matches their results (10−7–
10−5 m/s) for the Western Cascades. A majority 
of our study area coincides with the study area 
of Saar and Manga (2004). Their estimated K 
(in horizontal direction and near-surface condi-
tions) ranges from 10−6 to 10−2 m/s, again con-
sistent with our overall range of the whole study 
area (10−8–10−2 m/s). Manga (1996, 1997) esti-
mated K to be on the order of 10−5 m/s based on 
spring discharge measurements and computer 
modeling. Our estimates at the spring locations 
range from 10−5 to 10−3 m/s. The computer simu-
lation of Gannett and Lite (2004) in the upper 
Deschutes basin yielded K values ranging from 
10−5 to 10−3 m/s, the same as our estimate in that 
general area. Jefferson et al. (2006) studied the 
groundwater fl ow patterns on the west slope of 
the High Cascades and found K to be 3 × 10−4  to 
1 × 10−2 m/s, consistent with our estimate for the 
High Cascades. Conlon et al. (2005) conducted 
detailed well tests of the Willamette Basin and 
found K to range from 7 × 10−8 to 7 × 10−4 m/s, 
exactly matching our estimated order of magni-

tude for the Western Cascades. In addition, the 
boundary between K = 10−7 m/s and higher val-
ues generally outlines the geologic age boundary 
between Tertiary and Quaternary rocks. Further-
more, unlike the traditional methods that can 
only derive K values for local sites, our method 
is able to derive K over the whole study area, 
revealing spatial variations.

The assumptions of our method mean that 
it is best suited for regions where the inter-
play among surface drainage, groundwater, 
and topography has established a steady-state 
dynamic equilibrium (e.g., the study area). This 
could be achieved over long periods of time 
(e.g., on the order of m.y.) by (1) headward 
groundwater sapping, (2) seepage weathering 
followed by subsequent surface-water erosion, 
or (3) simple adjustment of the groundwater 
system to surface topography over time, or 
some combinations of these. The main stream 
valleys and overall drainage pattern of such 
areas should carry the imprint of the ground-
water gradient and would refl ect the macroscale 
properties of the aquifer rather than local het-
erogeneities. In addition, the method can only 
be used to estimate near-surface horizontal K. 
However, K for deeper aquifers can be esti-
mated using the exponential or power-law decay 

with depth (e.g., Saar and Manga, 2004). The 
dynamic equilibrium condition is reasonable 
because we are dealing with drainage dissection 
patterns that take a very long time to develop 
and respond very slowly to changes in climate, 
base level, or tectonics, etc. While surface 
water can be very erosive, the eroding surface 
is likely made more susceptible to erosion by 
long-term groundwater seepage weathering 
(Pederson, 2001). Mean values of precipitation 
and infi ltration are appropriate to use because 
they are more important in long-term dynamic 
equilibrium conditions. Paleoclimatic studies 
based on paleosols of central Oregon show that 
the range of changes in mean annual precipita-
tion for the past 40 m.y. (Retallack et al., 2000; 
Sheldon et al., 2002) is similar to the variance 
within PRISM data. These variations of the 
past climate are not expected to make signifi -
cant changes to our estimate of K, especially in 
orders of magnitude.

The parameters D and d are reasonably con-
strained from DEM data. To test the sensitivity 
of the method to variations in parameter esti-
mates, we evaluated different combinations of 
values for i and H. The results all have simi-
lar spatial patterns as shown in Figure 2D and 
similar orders of magnitude as documented in 
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Figure 3. Histogram of estimated K by orders of magnitude as shown in Figure 2D and two 
other cases. See text for discussion.

TABLE 1. ESTIMATES OF K (IN M/S) DOCUMENTED IN THE LITERATURE

Reference Min Max Accepted order 
of magnitude

Location label 
in Figure 2B

Method

Ingebritsen (1992, 1994)* 3 × 10–7 1 × 10–5 (a) Groundwater fl ow, heat fl ow, computer modeling 
Manga (1996, 1997)† 10–5 (b) Spring fl ow, computer model 
Saar and Manga (2004)§ 3 × 10–6 1 × 10–2 10–6 (c) Spring fl ow, heat fl ow, hydroseismicity, magma intrusion 
Gannett and Lite (2004)# 3 × 10–5 1 × 10–3 10–5 (d) Literature, computer model 
Conlon et al. (2005) 7 × 10–8 7 × 10–4 (e) Wells, literature 
Jefferson et al. (2006) 3 × 10–4 1 × 10–2 10–3 (f) Spring, isotope, model 

 *These values are converted from permeability estimates assuming a water temperature of 5 °C for near-surface conditions, consistent with well-
test data from shallow (<50 m) domestic wells in Western Cascades (McFarland, 1983).

†The order of magnitude is inferred for young (<2 Ma) volcanic rocks (also converted from permeability).
§These values are for near-surface conditions and horizontal K. The accepted order of magnitude is for the upper 500 m.
#The accepted order of magnitude is for the upper 457 m (1500 ft) of material in the High Cascades area of the Deschutes Basin.
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the literature, but have different spatial extent 
for each order of magnitude. Two scenarios are 
reported here. In case 1, H is kept the same as the 
base case (Fig. 2D), but i is set to 10% and 90% 
for Western and High Cascades, respectively. 
This scenario results in an overall decrease in K 
for the Western Cascades and an overall increase 
in the High Cascades as compared with the result 
in Figure 2D (see Table 2). In case 2, i is kept 
the same as the base case, but H is set to 1000 m 
and 50 m for the Western and High Cascades, 
respectively. This scenario also shows an over-
all decrease in K for the Western Cascades and 
an increase in the High Cascades as compared 
with the base case (Table 2). If H2 – (H – d)2 
< 0, or 2H < d, K will become negative, which 
is meaningless. (This is also shown in Fig. 3 for 
case 2.) So 2H > d can be used as a constraint to 
set a proper value for H if no other constraint is 
available. Overall, the sensitivity tests show that 
our method produces the general spatial pattern 
and orders of magnitude in K as documented in 
the literature, and changes up to a factor of 3 in i 
and one order of magnitude in H would not sig-
nifi cantly alter the result except the percentage of 
area in each order of magnitude.

In summary, we present a new method for 
estimating K based on the concept of effective 
drainage length and a dynamic equilibrium con-
dition under DuPuit-Forchheimer assumptions. 
The effective drainage length is associated with 
D, which can be derived from DEM data. The 
parameters used to calculate K can be reason-
ably constrained from DEM data and previous 
studies. Application of our method to the study 
area of the Oregon Cascades yielded K values 
similar to those documented in the literature. 
This method represents an effective and effi -
cient way of estimating K, and it is especially 
benefi cial for areas where human testing is not 
practical. This method also provides a theoreti-
cally sound approach for extrapolating limited 
local measurements to a large region and reveal-
ing the spatial variation of K.
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TABLE 2. STATISTICS AND SENSITIVITY TEST OF K (IN M/S) USING DIFFERENT i AND H

Figure 2D
(iW, iH, HW, HH)

(0.3, 0.5, 500, 100)

Case 1
(iW, iH, HW, HH)

(0.1, 0.9, 500, 100)

Case 2
(iW, iH, HW, HH)

(0.3, 0.5, 1000, 50)

West Cas. High Cas. West Cas. High Cas. West. Cas. High Cas.
MEAN 2.49 × 10–6 6.83 × 10–4 8.28 × 10–7 1.23 × 10–3 1.26 × 10–6 1.28 × 10–3

STD 8.99 × 10–6 1.01 × 10–2 3.00 × 10–6 1.83 × 10–2 4.68 × 10–6 1.62 × 10–2

Note: Subscripts W and H indicate values for Western Cascades and High Cascades.


