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Research work has been ongoing at Russell Creek since 1991. Originally part of a study 
intended to quantify a sediment budget for the Tsitika River Watershed, the Russell 
Creek sub-basin became the focus of a nested approach to sediment budget 
investigations under FRBC funding in 1996. The project has been funded since then by 
FRBC or its successors (FIA, FII etc.). A series of Forest Science Technical Reports was 
released in  2001 to describe results of the sediment budget investigations conducted 
under FRBC funding. While analyzing data for these publications is became apparent 
that significant changes in peak streamflow have occurred in response to decreasing 
ECA levels resulting from forest regrowth. This led to another technical report released 
in 2002.  
 
The Russell Creek project now covers two high profile issues in coastal forest hydrology. 
There is a clear linkage between sediment budgets and the streamflow regime of a 
watershed, since it is the stream channel that is responsible for sediment transport, while 
at the same time the sediment loading of the channel from external sources also affects 
its flow regime. It became apparent that a greater understanding of the effects of roads 
on streamflow was needed to explain some unexpected patterns of suspended sediment 
transport in some gullies. This past year (2003/04) conditions were not suitable for 
sediment sampling and therefore most resources were aimed at developing a more 
comprehensive understanding of processes that contribute to streamflow and how the 
ongoing forestry development in the watershed interacts with those processes to alter its 
streamflow regime. This involves the development of a numerical hydrology simulator 
to accurately model the dominant processes governing rain-on-snow, and also the 
subsurface flow processes (preferential flow in relation to matrix groundwater flow). 
Once this has been done then the model will serve as a platform to integrate the effects 
currently under investigation by way of the field program.  
 
The dual nature of the project means that in any year there is flexibility in how the 
research can be focused, but also adds substantial complexity to the reporting aspects. In 
spite of the annual packaging of research funds and program delivery, the research is 
nonetheless multi-year in nature. This is particularly true now since a new and very 
complex component has been added to the project. At the same time several technical 
issues demand resolution before any further progress can be made. These technical 
issues are related to standards in the areas of stream gauging and turbidity monitoring 
and data interpretation.  
 
The main focus of research at Russell Creek in 2003/04 included the following 
components: 
1. Experimental project on the contribution of road cuts and ditches to streamflow. 
2. Experimental / model development project on subsurface flow components. 
3. Investigation into rating curve development:  

a. A geomorphic approach to rating curve development: a response to the lack 
of support for high flow data for developing rating curves, and 



b. An innovative method of rating curve development based on curve fitting, 
where the curve parameters are related to physical attributes of the channel 
and catchment. 

4. Re-analysis of peak flow vs. ECA analysis (TR022) based on updated methods 
including: 

a. Improved Hydrologic recovery curves including rainfall recovery and 
b. Road effects as per item 1 above. 

 
This report will document progress on the above four items at time of writing. All are in 
progress at varying stages but none are complete. 
 
1. Experimental project on the contribution of road cuts and ditches to streamflow: 
 
It is well known that forest roads alter streamflow in managed, forested watersheds by 
interrupting hillslope subsurface flows and delivering the flow to stream channels. The 
amount by which the road alters the streamflow is likely to depend on several factors 
including: 
• The gradient of the slope 
• The position of the road on the slope 
• The length of ditch connecting the road cut to a stream 
• The soil depth and texture 
• The structure of the soil including layering of till, bedrock and surficial soil, and the 

size and distribution of macropores and other preferential flow paths. 
 
Despite decades of research in watershed hydrology, the issue of how forest roads 
effects streamflow has not been thoroughly studied. This may be partly because the 
issue of whether or not logging (i.e, canopy removal) affects peak flows has taken 
precedence, and also remains unresolved. Recent research at H.J. Andrews experimental 
watershed in Oregon has shed some light on this subject (Wemple and Jones, 2003) but 
does not provide information that can be readily used for model development. In 
designing this study we set out to measure ditch flows into stream crossings directly, 
and we also created transects of groundwater wells and piezometers above and below 
roads at the same study sites to provide information on water table dynamics in 
response to subsurface flow routing to streams. This will provide some of the synoptic 
information needed to extrapolate site level results to the watershed scale. In addition 
weirs are being installed at several sites to monitor ditch flows using crest gauges in 
order to generalize the process-based studies. 
 
Two sites were instrumented to study the contribution of ditch flows to gullies: Site 3 on 
TS111, and site GW1 on M340. Both sites were located on active, mid-slope branch roads 
with relatively long lengths of uninterrupted ditch. At each site there was evidence that 
the road cut had exposed some more-or-less permanent source of groundwater and/or 
preferential flow since the ditches at both sites were flowing after prolonged dry 
weather. The two sites differed in the gradient of the terrain: on TS 111 the slope at the 
crossing is 38%, with steep slopes of up to 60% above the site. In contrast, the slope at 
the monitored crossing is 25% on M340, with slope above the site of a similar gradient. 



There is also a difference in lithology in that the TS111 site is on basaltic lithology while 
the bedrock at M340 is granitic. 
 
The methodology was described in detail by Hudson et al. (2003). Streamflow was 
monitored in gullies above and below stream crossings as well as in ditches flowing into 
the crossings. At both sites, ditches flowing into the crossing were monitored with weirs 
installed in the ditches. At M340, streamflow in the gully was also measured using 
weirs, while at the Ts111 site there was already an established rating curve with water 
levels monitored in a pool upstream of the road crossing. Each site was also equipped 
with a tipping bucket rain gauge. In this way the flows in the gullies and ditches as well 
as the rainfall volume and intensity of storms can be analyzed to determine how the 
properties of the sites influence conversion of subsurface flow to streamflow. For 
example the effect of the ditch flows on the total flow in streams during a storm that 
occurred on January 21-22, 2004 were quite different, suggesting that the slope gradient 
may be one of the primary factors influencing the contribution of ditches to streamflow 
(Figures 1 and 2).  
 
Relative contribution of ditches to streamflow in gullies at the two sites was calculated 
for storms monitored from the fall 2003 to April 2004 (Tables 1 and 2). Expressed as a 
percent increase in flow due to the input from ditches, graphs of the contribution of 
ditch flow to total storm flow (Figure 3a) and to peak flow (Figure 3b) show that the 
effect at both sites decreases as storm size and intensity increases. The effect appears to 
be greater in magnitude on gently sloping terrain than on steep terrain. Ditches supplied 
up to 15% of peak flow and up to 25% of total flow at TS111, while at M340 the ditches 
supplied at least 25% of the streamflow and sometimes more than doubled the flow. The 
final relationships of the flow increase due to ditch flow appear to be negative 
logarithmic relationships involving both total storm rainfall and storm intensity-
duration based on basin average rainfall peremeters. 
 
On closer examination into the effect of storm characteristics on peak flow it is apparent 
that more data are needed to complete this analysis. Rainfall intensity, total storm 
rainfall and mean daily temperature all affect the peak flow response to rainfall. There 
were at least three distinct types of storms that can be defined according to the peak 
flow response to rainfall: the type 1 storm resulted in higher peak flows than the type 2 
storm at both sites. A third type can also be identified among the TS111 data (22 Dec 
2003 and 06 Jan 2004) where the peak flow is lower than expected. In the former the low 
response can be attributed to low rainfall intensity, while the response of the latter is due 
to low temperature, indicating that the precipitation fell as snow at higher elevation, 
thus not contributing to peak flow. This implies that the next storm (11 Jan 2004) would 
have been ROS and a type 1 would be expected except that the rainfall intensity was 
low, resulting in a type 2 event.  
 
Peak flow response to rainfall at Russell Creek has been modeled based on total basin 
average storm rainfall and 12 or 24-hour rainfall intensity. This involves the use of 
temperature data to account for the distribution of rain and snow fall by elevation, 
thereby scaling the event by removing the area where snow is accumulating from the 
effective contributing area for rainfall. The peak flow was then modeled by multiple 



regression against the scaled basin average storm rainfall and intensity and a 
classification variable to distinguish warm ROS events from cold ROS or rainfall events. 
This same procedure will be applied to the flows in the gullies at M340 and TS111 in 
order to define the effective contributing rainfall for each event. However, at the time of 
writing this report the meteorological data have not been fully processed, and the area 
of the catchment at the M340 site is unknown. Further, more storms are required  
 
These storm types produced a consistent response at both sites among type 1 events, but 
the lack of information as described above makes further analysis impossible without 
more data (Figure 4). The classification is not yet complete because the meteorological 
data have not yet been analyzed, however the graphs suggest that there are exponential 
relationships between peak flow and storm rainfall. These analyses are ongoing as the 
data processing progresses.  
 
To implement these results the following information will be needed: 
For the study sites: 

• Gully gradient and area 
• Relative proportion of the gully area intercepted by the road cut. 
• Total length of ditch supplying water to the stream 
• Road gradient 
• Road status 

 
For the watershed: 
• Maps depicting the same attributes as above for synoptic application of the results. 
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Table 1: summary of stream and ditch flow data at M340 site. 
 

 Peak flows Qp (m3/s) Rainfall Parameters: Total Rainfall (Rs), 
Maximum intensity / duration (mm/interval) 

Flow volumes (X103 m3) % Change due to 
ditch flow 

DATE Stream Ditch Total Rs 
(mm) 

R1  
(1-hr) 

R3 
(3-hr) 

R6 
(6-hr) 

R12 
(12-hr) 

Q stream Q ditch Q total Peak  
flow 

Total 
Flow 

11/26/2003 5.24 4.34 9.58 14 10 12 12 12 20.26 33.27 53.53 122.7% 164.2% 
12/4/2003 12.69 10.18 22.87 45 6 11 18 29 52.13 60.53 112.66 84.4% 116.1% 

12/12/2003 11.84 10.58 22.42 29 7 16 25 29 99.81 63.62 163.43 93.1% 63.7% 
12/18/2003 12.18 1.18 13.36 9 3 4 5 8 133.87 29.12 162.98 19.6% 21.7% 
12/22/2003 32.58 9.85 42.43 41 5 13 20 25 240.66 81.98 322.64 39.5% 34.1% 

1/5/2004 25.68 9.22 34.90 0 1 1 1 1 214.71 57.78 272.49 48.2% 26.9% 
1/10/2004 24.36 5.80 30.16 42 3 6 9 15 429.18 103.14 532.32 31.6% 24.0% 
1/17/2004 7.17 1.87 9.04 14 3 4 6 9 80.56 19.05 99.61 41.7% 23.6% 
1/19/2004 5.45 0.61 6.06 6 3 3 5 5 68.90 5.09 74.00 14.3% 7.4% 
1/21/2004 9.92 4.91 14.83 34 4 9 15 23 142.94 43.96 186.89 68.6% 30.8% 
2/10/2004 5.77 0.69 6.46 2 1 1 1 1 107.14 19.56 126.70 16.9% 18.3% 
2/15/2004 12.69 3.82 16.51 32 3 7 11 15 69.30 34.77 104.06 33.7% 50.2% 
3/6/2004 11.12 3.77 14.89 29 3 7 13 22 120.07 69.53 189.61 52.2% 57.9% 
3/8/2004 2.97 5.15 14.92 8 2 3 6 8 32.34 14.14 46.48 33.92% 43.72% 

3/14/2004 8.62 5.32 13.94 24 5 10 12 19 72.32 39.40 111.71 69.6% 54.5% 
 
 



Table 2: summary of stream and ditch flow data from TS111 site 3. 
 

 Peak flows Qp (m3/s) Rainfall Parameters: Total Rainfall (Rs), 
Maximum intensity / duration (mm/interval) 

Flow volumes (X103 m3) % Change due to 
ditch flow 

DATE Stream Ditch Total Rs 
(mm) 

R1  
(1-hr) 

R3 
(3-hr) 

R6 
(6-hr) 

R12 
(12-hr) 

Q stream Q ditch Q total Peak  
flow 

Total 
Flow 

17-Oct-03 327.02 2.82 329.84 82 4 12 21 38 974.20 31.09 1005.29 0.9% 3.2% 
20-Oct-03 107.18 2.96 110.14 43 3 8 16 30 403.03 25.90 428.93 2.8% 6.4% 
22-Oct-03 74.46 2.68 77.14 43 2 6 12 22 320.24 20.75 340.99 3.6% 6.5% 
24-Oct-03 25.84 3.75 29.59 18 1 2 4 7 242.56 36.80 279.36 14.5% 15.2% 
27-Oct-03 23.86 2.47 26.34 21 3 7 8 9 298.54 67.02 365.56 10.4% 22.4% 
27-Nov-03 32.00 1.87 33.87 46 4 8 15 25 191.94 29.19 221.13 5.8% 15.2% 
01-Dec-03 15.13 1.81 16.94 28 8 17 19 22 92.70 19.69 112.38 12.0% 21.2% 
22-Dec-03 21.98 1.71 23.69 55 4 10 15 18 232.82 60.75 293.57 7.8% 26.1% 
06-Jan-04 25.84 2.16 28.00 72 10 23 31 33 234.89 42.95 277.84 8.4% 18.3% 
11-Jan-04 41.75 2.22 43.97 43 2 5 8 12 612.65 52.22 664.87 5.3% 8.5% 
17-Jan-04 16.89 2.47 19.36 16 4 6 7 10 192.98 30.80 223.78 14.6% 16.0% 
21-Jan-04 35.28 1.87 37.15 43 4 10 15 24 422.88 37.87 460.76 5.3% 9.0% 
06-Mar-04 48.56 2.68 51.24 49 4 11 18 28 453.95 33.24 487.19 5.5% 7.3% 
10-Mar-04 11.73 2.28 14.01 8 2 4 6 8 60.22 12.00 72.21 19.5% 19.9% 
14-Mar-04 22.91 2.22 25.13 64 7 13 17 19 319.73 42.03 361.76 9.7% 13.1% 
18-Mar-04 22.91 2.10 25.01 20 7 13 17 17 130.44 18.21 148.66 9.2% 14.0% 

 



Figure 1: TS111 site January 2004 
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Figure 2: M340 site January 2004 
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Figure 3: Increase in streamflow due to ditches on steep and gently sloping terrain also depends on storm size. 
Steeper terrain is generally less sensitive to changes in flow due to the conversion of subsurface flow to streamflow 
by hillside road ditches. These graphs show the relative contribution of road ditches to streamflow in relation to 
total volume of flow (Figure 1a, upper graph) and to peak flow (Figure 1b, lower graph).  
 
Figure 3a. 
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Figure 3b. 
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Figure 4: Peak flow response to rainfall parameters at the two sites suggests that there 
may be more than two storm types. There appears to be an exponential relationship 
between Qp and Rs, but the effect of event type is not yet clear. More data are needed 
before the results of this study can be released. 

Type 3 events? These 
two events are affected 
by low intensity or low 
temperature. 

These may also be 
type 3, which would 
result in parallel 
regression equations 



4. Results of ECA vs. Peak Flow re-analysis. 
 
Recently, a model framework for the evaluation of total hydrologic recovery has been 
assembled and preliminary results of its application to Russell Creek data reveal similar 
results to the above for ECA and the effect of storm size on the relationship between 
ECA and peak flow. (Figure 4). These results in combination with the results of the road 
effect study will result in a science-based peak flow index for forested watersheds that 
will be much more useful than simply using ECA as a blanket descriptor as is currently 
the practice (Hudson and Horel, in review).  
 
The fact that the effect of both roads and storm-specific ECA on peak flow decreases for 
increasing storm size agrees with the current literature based on studies from the Pacific 
Northwest (e.g., Thomas and Megahan, 1998, WRR). The effects may go to zero or may 
level off at some finite asymptote, but if it is the latter it appears that the leveling off may 
be related to some significant event such as the 2-year storm.  At Russell Creek the 2-
year storm is about 100 mm total storm rainfall (Rs = 90 – 110 mm).  
 
These results form a basis from which to begin building a process based simulator to 
model the effects of forest cover changes on peak flow as well as providing part of the 
input needed to re-analyze the data in an empirical sense for publication in the 
immediate future. 
 
Hudson, R. and G. Horel, (in review). An operational method of assessing hydrologic 
recovery for Vancouver Island and south coastal BC. Forest Research Technical Report 
TR032 (Hydrology). Coast Forest Region, Nanaimo B.C. 

Figure 4: The ratio of % change in peak flow for a given change in ECA evaluated on a storm-by-
storm basis using “storm-specific ECA” method shows a decline in the effect of ECA on peak flow 
as storm size increases. The graph is based on 5-mm storm size class means.  
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Component 2: A distributed model with a preferential flow algorithm 

applied at Stephanie Creek, British Columbia. 
 

By Axel Anderson, Forest Resources Management Department, UBC, April 21, 2004 
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Abstract 
 
 
Procedural distributed modelling can be used to examine and test perceptual models of hillslope runoff-

processes (Weiler and McDonnell, 2004).  Here a new procedural model aimed at testing a perceptual 

model of preferential flow is developed and tested on an 8.8 km2, coastal British Columbia watershed, 

Stephanie Creek. This model is then used to examine the effects of random soil depths and input soil 

parameters on stream flow generation. One storm (August 1997) was used to calibrate and test the models 

ability to simulate stream flow. The model simulations were good, considering the vegetation components 

are ignored (Nash-Sutcliffe efficiency of 0.86). The model performed equally well (Nash-Sutcliffe 

efficiency of 0.88) with another similar storm hydrograph (September 1997) validating the models ability 

to predict flows. 

The model using the preferential flow pathways produced better results, than a model with matrix flow 

only. Introducing variation in the soil depths reduced stream flows during the flood. The reduction in 

stream flow was not unexpected, but the cause was. A non-linear model used to represent the hydraulic 

conductivity caused a non-linear watershed response to the various soil depths. The variation in simulated 

stream flow output generated with soil maps produced with different random series was found to be low. 
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1 Introduction 
Stephanie Creek is a tributary of Russell Creek located on the east coast of northern 

Vancouver Island, and has been the site of an ongoing sediment budget study established 

in 1991 (Hudson, 2001). During site visits in the fall of 2003, lateral preferential flow 

was observed at road cut-banks suggesting that a model with a preferential flow 

component should simulate the storm hydrograph better than a model with matrix flow 

only. 

It is been widely recognised that areas with shallow soils in steep humid forested 

watersheds can contain preferential flow pathways that can quickly transmit water 

vertically and laterally (e.g. Mosley, 1979; Sidle et al., 2000; Uchida et al., 2001; 

McGlynn et al. 2002). The preferential vertical movement of water by passes the slow 

matrix flow of the soil column and quickly recharges the saturated zone. The lateral 

preferential flow transmits water quickly through the soils to the streams. This lateral 

flow can be flow through zones with higher transmissivity at the interface of the soil and 

bedrock, flow through pipes and macropores created by animals and tree roots, or flow 

through a self-organizing interconnecting network of macropores and mesopores. Even 

with all these perceptual models, there still remains a lack of procedural models to 

explain the mechanisms driving these lateral flow systems (Beckers and Alila, 2004). 

Many numerical models designed to study the effect of forest harvesting in these 

conditions only represent hillslope runoff by matrix flow. Beckers and Alila (2004) 

integrated both vertical and lateral preferential flow into the Distributed Hydrology Soil 

and Vegetation Model (DHSVM) (Wigmosta et al., 1994) to better represent the 

hydrograph response at Carnation Creek. However, the representation of lateral 

preferential flow in this modified DHSVM model is not process-based. HillVi (Weiler 

and McDonnell, 2004) is a process-based hillslope model designed to integrate matrix 

flow and preferential flow pathways. 
This paper presents the development and testing of a process-based model designed to address lateral 

preferential flow at a watershed scale. The objectives are to: 

1) Test whether a model with preferential flow will simulate a flood hydrograph better than a model 

with only matrix flow. 

2) Determine the affects of changing the spatial distribution of the soil parameters on simulated flood 

hydrograph. 
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This paper first explains the model developed. Second, the issue of spatial variation of soil parameters is 

introduced and the study site, Stephanie Creek, and the input data are presented. Then results are presented 

and discussed, and finally, model improvements are recommended and conclusions are presented. 

2 The Model 
Beven (2001) defines three categories of models: perceptual, conceptual and procedural. 

The perceptual model qualitatively explains the processes controlling the runoff response. 

A conceptual model defines mathematical equations that represent the processes involved 

in a perceptual model. Because many equations contain differentials and cannot be used 

in computer code, a procedural model is required to modify (simplify) the conceptual 

model equations for application in computers. These three categories are adopted to 

explain the model present here. 

2.1 Perceptual Models of Lateral Preferential Flow 
Lateral preferential flow provides a mechanism for large volumes of water to be delivered quickly to the 

stream during storms (McDonnell, 1990). The vertical preferential flow (by-pass flow) is thought to cause a 

fast water table rise, which triggers the lateral preferential flow pathways. This paper presents perceptual 

model where by-pass flow is ignored and the lateral flows are triggered by a rise in water table. Once the 

lateral preferential pathways are triggered (i.e. the water table is above the depth of the pathway) the flow 

of water is governed by the pressure head difference between the entrance and exit points of the flow 

pathways. Because the by-pass flow is ignored the vertical movement of water through the soil is driven 

only by percolation of water through the unsaturated zone of the soil mantle. By-pass flow was ignored 

because for the storms model, the quick rise of the hydrograph was well simulated. Adding bypass flow 

would only add undesirable complexity to the model (Sivapalan, 2003a). For convenience lateral flow 

through the soil matrix is assume to only occur in the saturated zone driven by the pressure difference 

between two points. 

2.2  Conceptual and Procedural Models 
Conceptually the model uses Darcy’s law to move water vertically and laterally through the soil media. The 

procedural model is more complex and is explained in three sections. First, the idea of using hexagonal 

spatial units and a description of methods used to derive the stream network and watershed area are 

presented. Second, the methods used for subsurface percolation and lateral subsurface routing of water are 

described. Finally, the temporal aspect of the model is presented by explaining the two time units (time 

steps).  

2.2.1 Model Spatial Structure 
The model uses a hexagonal shape for the spatial structure. Unlike the commonly used 

grid cell structure (Beven, 2001), the hexagonal shape has the benefit that all points are 
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equal spaced and the bordering cells edges are all equal width. Each hexagon is assigned 

elevations based on the centre point, projected onto a triangulation of known elevation 

points. In this study the points from contours line are used for the elevation triangulation. 

 
The digital stream network is generated in four steps, which are based on the methods presented by 

O’Donnell et al. (1999). First, all cells have the lowest neighbour identified. Sinks are areas where there is 

no exit point or low neighbour for a cell or group of cells. A sink can be thought of as a lake, where water 

has to fill the lake before is can spill out the exit. Sinks are problematic for the generation of stream 

networks because the algorithm requires a pathway to link all points to the exit of the watershed via a set of 

neighbours. The sinks are eliminated by iteratively raising the elevation of cells in sinks. The algorithm 

starts by raising cells on edge of sinks, shrinking the sink. This process is continued until the sink no longer 

exists. With the sinks filled the next (third) step is to calculate the contributing area of each cell, by 

sequentially adding the area of a cell to its low neighbour. The last step is to use a contributing area 

threshold (5 hectares in this study) to determine which cells are the initiation points of streams. Once a cell 

defining the start of a stream is identified the lowest neighbour is used to route the stream to the edge of the 

defined area. To define the watershed area a cell with a stream is selected to be the outlet and all cells 

contained in that cell’s contributing area are retained for the watershed. 

2.2.2 Subsurface movement of water 
For each grid cell a one-dimensional mass water balance is calculated using methods similar to Wigmosta 

et al. (1994). In each cell there are three storages that make up the total water: 1) saturated, 2) unsaturated, 

and 3) surface. Inputs into a cell come from precipitation and saturated lateral flow from neighbouring 

cells. The only output from a cell is through lateral flow out of the saturated zone to neighbouring cells or 

to a stream. Precipitation is added to the surface water. The infiltration capacity of the soil is assumed to be 

less than the rainfall intensity for the storms modelled, so all surface water is added to the unsaturated 

storage.  

2.2.3 Vertical percolation 
Vertical movement of water only occurs in the unsaturated zone using Darcy’s law and assuming a unit 

hydrologic gradient [1]. 

)(θKPu =  [1] 

Where Pu is the percolation through the unsaturated zone, and K(θ) is the soil unsaturated hydraulic 

conductivity calculated using a modified Brooks-Corey equation [2]. 

C

sKK ⎥
⎦

⎤
⎢
⎣

⎡
=

φ
θθθ )()(  [2] 
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Where K(θs) is the saturated hydrological conductivity at the water table surface (corrected for depth using 

a modification of [5]) , θ  is the water content, φ is the porosity of the soil, and c replaces the exponent 

which uses a function of the pore size distribution index. To calculate the percolation for a time step (Δt) 

the hydraulic conductivity is the averaged of the initial water content (θt) and if applicable the water 

content with the addition of the surface water (θt
*), [3]. 

tKKP tt
u Δ⎥

⎦

⎤
⎢
⎣

⎡ +
=

2
)()( *θθ

 [3] 
If the water content at the end of the time period (θt

*) exceeds the porosity of the soil then the saturated 

zone extends to the surface and any excess water added to the surface water storage. There is no surface 

routing of water, so the surface water pounds and is used in later time steps when an unsaturated zone 

develops. However, if the cell has an associated stream, then the surface water is added to the stream flow. 

As water drains either to neighbouring cells or through vertical percolation the water content cannot fall 

below the field capacity. 

2.2.4 Lateral Matrix Flow 
Matrix flow out of a cell is modelled using the quasi-three dimensional method, which is based on the 

methods presented in Wigmosta and Lettenmaier (1999).  The rate of flow (q) from a cell (i) to each 

neighbouring cell (j) is calculated using [4]. 

jijitiji wTq ,,,, tanβ=  [4] 

Where Ti,t is the transmissivity of the cell i at time step t, βi,j is the water table slope between cell i and j, 

and w is the width between two cells which is assumed to be constant because of the hexagon cell shape 

and because the water table is assumed to be a constant depth within the cells. The soil transmissivity is 

calculated using a power law relationship [5]. 

f

i

tii
ti D

z
f

KDT ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−= ,

, 1  [5] 

Where Di is the depth of the soil, f is the parameter defining the decline of conductivity with depth, and Zi,t 

is the depth to the water table for cell i at time step t. 

The matrix flow out of a cell i into cell j per time step is calculated (Qi,j, [6]) and then summed to get the 

flux in (Qi
in) and out (Qi

out ) of each cell, [7] and [8] respectively. Note in equation [8] the subscripts (Qj,i) 

represent flow out of neighbour cell j into cell i.  

tqQ jiji Δ= ,,  [6] 

∑
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=
5

0
,

j
ji

out
i QQ  [7] 
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To make sure that water in the cell is always above field capacity, the water flowing out of a cell (Qi
out) is 

restricted the water in the saturated zone less the field capacity of the soil.  

2.2.5 Lateral Preferential Flow 
Preferential flow is modelled using zones of higher hydraulic conductivity, which are activated after a 

threshold water table depth is achieved. A modification of Equation [4] is used to transfer water between 

cells [9]. 

jijip
p

ji AKq ,,, tan β=  [9] 

Where Kp is the hydraulic conductivity of the preferential flow pathways, and Ai,j is the cross-sectional area 

of the preferential flow pathways between cells i and j. Once qp is calculated, equations [6], [7] and [8] are 

used to route the water between cells. Here the water available for transport is equal to the saturated water 

above the threshold depth less the field capacity of the soil. 

2.2.6 Storages 
The storages of surface, unsaturated and saturated water are updated by means of a one-dimensional mass 

water balance (i.e. water storages are kept in [L] units). The saturated water ( sat
ti ,θ ) and unsaturated water 

content ( unsat
ti,θ ) for time t are calculated using [10] and [11] respectively. 

( )
u

i

out
i

in
isat

ti
sat
ti P
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QQ

+
−

+= −1,, θθ  [10] 

u
surface
ti

unsat
ti

unsat
ti P−+= − ,1,, θθθ  [11] 

Where surface
Ti,θ  is surface water for time t, which is the surface water from t-1 plus precipitation. If the 

saturated water storage exceeds the storage of the soil then the unsaturated storage is set to zero and the 

excess water is added to the surface storage. 

2.2.7 Stream Network 
The stream receives water from both the matrix and preferential flow model components using [4] and [9] 

respectively.  It is assumed that the stream is at the bottom of the soil and β equals the soil depth divided by 

half the cell width. Surface storage water from cells containing streams is also added to the stream flow. 

2.2.8 Time steps 
The model uses two time steps (Figure 1). The first is used to calculate the rain inputs, vertical percolation 

of water, matrix subsurface flow and streamflow. This time step corresponds with the input precipitation 

and the streamflow data time interval (1 hr for this study). This time step is too large for the fast 
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preferential flows, so the second time-step can be thought of as a sub-time step and is used to route the 

lateral preferential flow. 

The timing and sequence of events is important for the model results. First, the large time step is used to 

calculate the percolation and matrix saturated flow in and out of each cell and calculate storage changes 

(i.e. sat
ti ,θ - sat

ti 1, −θ , unsat
ti,θ - unsat

ti 1, −θ ). These volumes of water are then evenly partitioned into each sub-time 

step. If the water table is greater than threshold for preferential flow, the subdivided storages of saturated 

and unsaturated water are modified to account for preferential flow in and out of each cell. At the end of 

each sub-time step the mass water balance ([10] and [11]) is done and the water table depth is calculated for 

the next sub-time step. The flow from cells into the stream is calculated during each large time step (matrix 

flow) and sub time step (preferential flow). Then the large time step is used to route the water through the 

stream network given a constant stream velocity. 

 

Large time step for 
SubSurface 

Sub time-step ,1 

Sub time-step ,2 

Sub time-step ,3 

Sub time-step ,n 

Rainfall inputs 
 

Vertical Percolation 
 

Matrix flow 

Subdivide 
(Qin and Qout) 

Preferential flow and 
 

Mass Water Balance 

Stream Routing 

 
Figure 1. Diagram of the time step used in the model. 

 

Although this method offers some programming efficiencies, it was used because of the progression during 

model development. First, a model with matrix subsurface flow was written using a large (1hr) time-step. 

When the preferential flow algorithm was added, it was discovered that a shorter time-step was required, so 

the water fluxes of matrix flow and percolation were subdivided to accommodate the preferential flow 

algorithm.  

3  Study Area and Data 
Stephanie creek is an 8.8km2 watershed located on the east coast of northern Vancouver Island. The 

elevation ranges from 450m to 1600m. The soils are shallow (<1.5m) and permeable. In lower elevation 

where the topography is gentle the soils generally overlay compact till. In steeper topography the soils can 

be over granite, volcanic bedrock or till. 2.8km2 or 32% of the watershed is alpine and lakes, and 1.56km2 
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or 18% has been harvested over the last 20 years. The remaining 50% of the watershed is covered by 

forests consisting of western hemlock (tsuga heterophylla), balsam fir (abies balsamea), Douglas-fir 

(pseudotsuga menziesii) and western red cedar (thuja plicata). The merchantable unharvested forests range 

in height from 40-55m tall in the lower elevations to 20-30m in the higher forested elevations, and then 

sub-alpine and alpine vegetation covers the highest elevations (Figure 2). 

The data used in the modelling project can be split into two groups, elevation data and meteorological and 

stream discharge data. Elevation data were received from Weyerhaeuser in the form of two contour maps. 

This first contour map had 5-meter contours derived from 1:5,000 air photos taken in 2003. However, this 

coverage was not complete and 20-meter contours derived from 1:20,000 air photos by the Terrain 

Resource Information Management Program (TRIM) were used to fill in the non-merchantable portions in 

the high elevation. 

 
Figure 2. Air photo showing Stephanie Creek meteorological and stream gauges. 

 

The meteorological data were received from BC Ministry of Forests. There are data from two 

meteorological stations with data spanning from 1997 to present. The first station is located at the 

permanent snow line (or the elevation at which a snow pack develops for the entire winter) within the 

Stephanie Creek watershed at about 800m (Figure 2). The second gauge is located approximately 2.5 km to 

the north of the lower stream gauging site (mouth of the watershed). From the meteorological and stream 

flow data one late summer storm was chosen (August 1997). A late summer storm was chosen because the 

antecedent soil moisture conditions are low and the modelling could focus on the storm hydrograph with a 

500m 
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short “warm-up” period. The data were also chosen because the larger storm was assumed to be large 

enough to overwhelm the canopy interception, so that the forest interactions with precipitation would be 

low. The meteorological data from the two stations was visually compared to determine if the storm was 

large and covered the whole watershed (Figure 3). However for convenience, only the data from the upper 

rain gauge were used. Figure 3 also shows the stream discharge data for the August 1997 flood. 

The methods and instruments used to collect and the methods used to clean and transfer the data (i.e. rating 

curves) are not known, so a complete discussion of the data quality and errors is not presented. 
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Figure 3. The measured stream flow and the precipitation data for 
the two meteorological stations showing the August 1997 flood. 
August 18 at 00:00 to August 30 at 00:00 shown. 

 

 

4 Objectives and Methods 

4.1 Preferential Flow Algorithm 
The first objective of this paper is to determine if a model with preferential flow will 

represent the August 1997 flood better than a model with only matrix flow. The model 

was first calibrated by manual changing the inputs using the one soil map and the model 

with preferential flow. This created a base set of parameters shown in Table 1. 
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Table 1. Soil Parameters used. 

Parameter Value Origin 
Porosity 1 0.43  
Field Capacity 1 0.29  
Matrix Saturated Hydraulic Conductivity 2,4 8.0 x10-2 Calibrated 
Power law Exponent 2 Calibrated 
Preferential Saturated Hydraulic Conductivity 2,4 4.0 x 10-4  
Threshold Water table Depth (% of depth) 0.4 Calibrated 
Preferential cross-section area (m2) 4 0.16 Calibrated 
Modified Brooks-Corey exponent 6 Calibrated 

Soil Depth (m) Organized and 
Random 3 Calibrated 

Cell Spacing (m) 10 Calibrated 
1 Origin is inferred from Beckers and Alila (2004), calibrated parameters for Carination Creek DHSVM 

simulations 
2 Origin is from Hetherington (1995) tracer test data, but used in Beckers and Alila (2004) and slightly 

calibrated. 
3 See the section “Heterogeneity of Soil Parameters” for explanation of the soil depth maps. 
4 Variation was added to determine the effect of stochastic inputs on the model simulated flows.  
 

Four different soil maps are used with the base set of parameters to simulate flows with and without 

preferential flow. The production of the soil maps is explained in section “Heterogeneity of Soil 

Parameters”. This results in eight simulations that are compared using; the peak flow timing and 

magnitude, total flood volume and efficiency measures of residuals and the Nash-Sutcliffe measure. 

4.2 Heterogeneity of Soil Parameters 
The second objective is to explore the effect of changing soil parameters. Heterogeneity of soil properties is 

a complex issue to incorporate into a model (Blöschl, 2001, Sivapalan, 2003b). This paper tests the 

sensitivity of the model to spatial variations in soil parameters by incrementally adding variability to soil 

depths, producing four different soil maps Table 2, which are used with and without preferential flow. 
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Table 2. Soil maps used for the simulations (darker areas are deeper). 

Map Name Function Map 

Constant 
Depth 

6.0=iD  
 

iD  is the depth of a cell 

 
 
 
 
  

Organized 
A
A

D i
i += 5.0  

A  is the average contributing area. 

iA is the contributing area for a cell. 

 
 
  

Organized 
and random A

AD i
i += 5.0   

5
iD

SD =  

iD  is the average depth. 

SD is the standard deviation. 
 
 
 
  

Random 6.0=iD  
5

iD
SD =  
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4.3 SISO (Stochastic In - Stochastic Out) 
The variation in the soil parameters may better represent nature, but the variation in the inputs of a model 

will cause variation in model output (Beven 2001). This is explored by using 10 different random series of 

numbers to generate different watersheds for the model. The base set of parameters is used but variation is 

introduced (standard deviation equal to 1/5th of the mean) to the matrix and preferential hydraulic 

conductivities, the preferential flow cross-sectional area, and the threshold water table depth (Table 2). 

5 Results and Discussion 

5.1 With and Without Lateral Preferential Flow 
The results for the comparison of the models with and without matrix flow are summarized in Table 3. 

Figure 4 displays the organized random scenario and the measured stream flow and precipitation. 

 

Table 3. Summary of the results for the 8 simulations used to test the preferential flow and matrix 
flow models. 

Indicator Constant 
depth OrganizedOrganized 

random1 Random Observed 

(matrix) 0.95 0.93 0.81 0.91 
Peak (m3/s) 

(preferential) 3.58 3.55 3.30 3.52 
3.44 

(matrix) 164 164 161 161 Peak timing 
(hrs from start) (preferential) 157 158 157 157 

158 

(matrix) 1.98 x105 1.94 x105 1.66 x105 1.87 x105 Total flood 
volume (m3) (preferential) 4.39 x105 4.39 x105 4.18 x105 4.28 x105 

3.67x105 

(matrix) 1.73 x105 1.76 x105 2.09 x105 1.87 x105 Residual 
total volume (m3) (preferential) 8.64 x104 8.64 x104 9.72 x104 1.01 x105 

 

(matrix) 0.43 0.45 0.44 0.34 Nash-Sutcliffe 
model efficiency (preferential) 0.85 0.86 0.86 0.86 

 

1 The soil map used to calibrated the model with the preferential flow model.  
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Figure 4. The simulation results for the model with and without preferential flow. 

 

As expected the preferential flow model produced a more rapid response to precipitation causing the 

simulation to better represent the measured data. The model with preferential flow has a flood similar in 

peak magnitude and timing to the measured flows (Table 3). The total flood volume was about 20% higher 

for the preferential flow simulations. The increase in total volume can bee seen in Figure 4, where the 

recession and small peaks are not well represented by the model. This occurs because the model was 

calibrated to produce the large peak not the recession or the small peak. This was considered expectable for 

three reasons. First, the smaller storms responsible for the small flood peaks would have a higher 

percentage of the storm precipitation intercepted by the canopy, so the model without a canopy would over 

estimate the stream flow. Second, it is assumed that the precipitation data better represents the larger storm 

compared to the small storms. Finally, the recession of the flood is influenced by evapotranspiration, which 

is not accounted for in the model, so a model would over predict the recession. This over prediction of the 

small flows causes the residuals for the flood volume to be about 20% of the total flood volume and 

influenced the Nash-Sutcliffe efficiencies (0.85-0.86). 

Without preferential flow, the simulations produced poor results for all indicators. The slower subsurface 

water caused the flood peak to be small and delayed. The total volume of the flood is on average 50% of 

the measured volume, which is reflected in large total residuals and the small Nash-Sutcliffe efficiencies. 

5.2 Soil Depth Variations 
The results of the different soil depth configurations can be also be seen in Table 3. There is a slight 

increase in the total residual volumes when random inputs are introduced. With the exception of one of the 

matrix flow simulations, the Nash-Sutcliffe efficiency measures are very similar (Table 3). In general, 

changing the soil characterises does not change the efficiency measures. However, the large change in the 

one simulation does warrant further investigation. 

In general, the two soil depth configurations with the least randomness (constant soil depth and the soil 

depth related to the contributing area) produce the largest peaks. When stochastic soil depth maps are used, 
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the peaks are smaller and there is less total flood volume. The reduction in flow (both peak and total 

volume) is expected because there is a potential for soil hollows to be created and water to be trapped in the 

soil. However, the soil maps were checked and no hollows exist in any of the soil maps. This means that 

another affect caused the reduction in the flows. One hypothesis is related to the model structure and the 

interaction of the saturated hydraulic conductivity and soil depth. The saturated hydraulic conductivity of 

the soils is a non-linear function of depth. Introducing variation to the soil depth will cause a non-linear 

response in the watershed, and in this case it favoured the slower response of deeper soils. Figure 5 shows a 

family of curves for the depth distribution of transmissivity for different soil depths. 
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Figure 5. Family of soil saturated hydraulic 
conductivities. The red line represents the mean soil 
depth of 0.6 meters. The depth of soil is equivalent to 
0 m2/sec transmissivity. 

 

Deeper soils require a large amount of water to increase the transmissivity of the soils. This “threshold” 

behaviour is not linearly related to the soil depth (Figure 5). Therefore, adding variation increases the 

average threshold rainfall amount required to achieve the same watershed response and thus decreases the 

short-term water yield and peak flows.  Compounding this is the slow percolation of water required to 

recharge the saturated zone before lateral flow can begin. This hypothesis would lead us to expect the peak 

of the matrix simulation would be delayed but this is not the case. However, stream flow is reduced so 

much that the peak is forced to be earlier in the simulation (Table 3, Figure 6). This soil transmissivity 

threshold affect is best seen in Figure 6 when the response of the constant soil depth and the random matrix 

flow simulations are compared. During the small storms early in the simulation (<80 hrs) the shallow soils 

in the random soil map cause more watershed cells to be responsive. This causes the increase in discharge 

over the constant soil depth scenario, or the slight rise in the difference line. However, once all the soils are 

activated in the constant depth (around 80 hrs) there is considerably more flow in the constant depth 

simulation. The recession is also effected by the deeper soils in the random soil depths. Figure 6 shows a 

rise in the difference between the two simulations (after 225 hrs) because the deeper soils in the random 

soil map drain slower. 



 14

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

0 50 100 150 200 250Hours

FL
O

W
 m

3 /s

-0.20

-0.15

-0.10

-0.05

0.00

0.05

0.10

0.15

0.20

D
iff

er
en

ce
 (R

an
do

m
 - 

C
on

st
an

t 
de

pt
h)

 (m
3 /s

)

random
constant depth
Random-Constant

 
Figure 6. Matrix only simulated streak flows for 1) the random soil map, 2) the 
constant depth soil map, and 3) the difference between the random and the 
constant depth simulated flows. 

 

 

There is a more pronounced affect in the simulations without preferential flow because the preferential flow 

pathways are less effect by the soil depth and once the pathways are active, they behave the same 

regardless of soil depth. 

5.3 Stochastic Results 
 Figure 7 shows the average and the standard deviation for the 10 simulation using soil 

parameters created with 10 different random sequences of numbers. 
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Figure 7. Average and standard deviation for 10 simulations using 
different soil maps generated with different random number 
sequences. 
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Unexpectedly the variation in the flows is low (average standard deviation 0.0066 m3s-1). This low 

variation could be a result of the low standard deviation used to generate the soil parameters (1/5th of the 

mean). Or the system could be robust as a result of the rapid response due to the presence of lateral 

preferential subsurface flow. To test this hypothesis the subsurface routes that the water used (matrix and 

preferential) would have to be identified. However, the model structure prevents the determination the 

amount of water delivered to the stream via preferential pathways. Time constraints prevented other 

simulations (matrix only). 

As expected the maximum variation (0.022 m3s-1) was produce during the peak. The lowest variations are 

before the peak when the flows are low and there has been little compounding of variation. The 

compounding variation early in the simulations causes the variation after the peak to remain high even 

though the flows are receding. 

6 Model improvements 

6.1.1 Contributing Area 
The contributing area algorithm could use improving. Figure 8.a. shows the soil depth maps generated 

using the contributing area calculated using the lowest neighbour method previously described, and Figure 

8.b. shows the soil depth map generated using the contributing area calculated using the slope between cells 

to weight area to pass onto neighbours (rather than only the lowest neighbour).  

a) 

 

b) 

 
Figure 8. Soil depth maps as a function of the contributing area, a) using the lowest neighbour 
method, and b) using the area weighted to the slope between cells. (darker cells are deeper). 

 

The lowest neighbour method produces large differences between neighbouring cells, where the slope area 

weighted method produces a smoother soil depth map. However, the computer processing time required to 

calculate the slope weighted contributing area is much longer (2.5 hrs. compared to 30 sec.). A related issue 

is the lack of spatial correlation between cells. Robin et al. (1993) present a method that can be used to 

generate correlated soil depths. This may reproduce a soil map with more natural depths. 
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6.2 Soil Parameters 
Sensitivity analyses are used to check the confidence in the input values. The model 

inputs are changes to determine to effect on the output variables. If there is a large affect 

to the outputs when the parameter is changed then it is deemed sensitive. If the output is 

sensitive to an input variable then confidence in the variable’s value should be high. 

Conversely, we can have less confidence in an insensitive input variable’s value. In 

recent studies the term “virtual experiment” has been used to describe a formal way to 

test a hypothesis about the sensitivity of input parameters (e.g. Weiler and McDonnell, 

2004). The difference is that the virtual experiment changes an input variable to tested a 

preconceived idea of how the perceptual (not the procedural) model will react. 

Here a virtual experiment was done on the spatial distribution of the soils. However, the 

results were linked to the procedural model, not the physically based perceptual model. 

This is problematic and identifies why a full sensitivity analysis of input variables should 

be done before virtual experiments. Sensitivity analysis and virtual experiments are also 

useful for determining other model shortcomings and addressing equifinality of models 

(Weiler and McDonnell, 2004). 

Here the porosity and hydraulic conductivity distributions of the soils may require 

improvement. Presently, soil porosity does not decline with soil depth and a power law 

relationship is used to describe the decline in hydraulic conductivity. If measurements 

were available, ideally a versatile equation that is easy to integrate would be fit to define 

the porosity decline and saturated hydraulic conductivity with depth. More confidence in 

the model results would be gained it data were used to fit, at least, the porosity 

distribution with depth. The porosity is expected to change the results because less water 

would be required to increase the water table. As seen above when the spatial distribution 

of the soils is changed, the function used to describe the hydraulic conductivity may 

cause unexpected results. A sensitivity analysis of these variables would determine if 

they are important for the prediction of flood hydrographs, and if so measurements could 

be done to gain confidence in the input values. 

6.3 Model Validation 
The objective of model validation is to improve the confidence that one has in the ability for the model to 

predict or reproduce observations (Beven, 2001). For this discussion it is assumed that, unlike the previous 

sensitivity analysis discussion where input values are concerned, validation refers to methods used to test 
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the models ability to simulate outputs (stream flow in this case). In other words, the outputs are compared 

to measured values. There are two questions generally asked during the validation period of a hydrology 

model. First, can the model reproduce measured values? Second, if so, then is the model reproducing the 

results for the right reason? Related to this is the idea of model equifinality, which means that a multi-

parameter model may have more than one combination of parameters giving the same or similar results 

(Beven, 2001 and 2002). Whether or not a model can reproduce measured results can be addressed by 

comparing stream measurements and model simulations for floods (time) and/or watershed (area) other 

than what was used for the calibration. Generally, we have to look internally to determine if the model is 

producing results for the right reasons. The idea being that other measures can be used to validate the 

components of the model (or the reasons). However, again data used to calibrate the model should not be 

used for validation. 

Figure 9 shows the simulation results for a flood in September 1997 with the base set of parameters (Table 

1). The model produced good results with a Nash-Sutcliffe efficiency measure of 0.88. These results and 

the August 1997 results have similar issues. The small flows are over predicted, where as the peak timing 

and magnitude simulated well. The model failed to simulate the length of the September flood, however, 

this is caused by the input precipitation data not adequately capturing the storm length. 
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Figure 9. September 1997 storm validation of model. 

 

Groundwater well measurements are also available for a hillslope with similar conditions approximately 2 

km from Stephanie Creek.  These measurements would have been useful to validate the ground water 

response (Beckers and Alila, 2004). However, these measurements do not overlap with the stream and 

metrological data, which prevents direct comparison (in time). A comparison of the water table response 

trends (simulated and measures) could help identify how well the model can reproduce the groundwater 

response, however time availability was limited and this could not be done. 
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7 Conclusions 
The results and discussion presented here are based on a procedural model aimed at testing a perceptual 

idea of how preferential flow pathways interact at the watershed scale. The procedural model had limited 

validation and no formal sensitivity analysis, and is calibrated using data for which errors are unknown. 

This limits our confidence in the model’s representation of the runoff mechanisms, but it identifies future 

steps required to validate and gain confidence in parameter values. In addition even in its present form, the 

model is capable of reproducing a hydrograph response similar to measured flows and allows us to conduct 

limited virtual experiments to test the interactions between spatial soil parameters and runoff response. 

The preferential flow model did show improvements over the matrix only flow model. The hydrograph 

response and the peak magnitude, and timing were better simulated with the model. Adding variations to 

the soil depths decrease the total water yield for the flood and reduced the flood peaks. This was a result of 

an unexpected interaction between the soil depth distribution and the non-linear relationship of hydraulic 

conductivity. Introducing variability into the input parameters did produce variation in the output 

parameters, however the variation was quite small. Time limitations prevented the running of other 

simulations to determine why the output variation was low. 
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