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Abstract 
 
The Distributed Hydrology Soil Vegetation Model in conjunction with synthetic climate 
data was used to investigate the impact of forest harvesting upon the peak annual 
discharge regime of two headwater streams, 240 and 241 Creeks, in south-central British 
Columbia (BC).  For return periods (T) in the range of 1.25 to 100 years, simulated 
quantile magnitude (QT) increases over the control value with increasing clearcut harvest 
area, represented as a proportion of basin area.  This general trend is independent of the 
temporal scale of discharge, as represented by hourly, daily, and 7-day streamflow.  For 
both 240 and 241 Creeks QT increases are consistently statistically significant (α = 0.05) 
at proportion harvest areas ≥ 30%.  Fitted Generalized Extreme Values (GEV) 
distributions suggest that for a snowmelt dominated peak discharge regime, relative (to 
control) post-harvest quantile change (∆QT) increases with increasing return period, with 
no apparent asymptotic limit.  However, this trend substantially overestimates the post-
harvest response of the most extreme peak discharge event for the simulated record 
(Control T > 100 years), which is entirely rainfall driven.  Pooled ∆QT results indicate 
that the relationship between ∆QT and harvest area is quite strong and suggests that, 
regionally, the peak discharge response can be predicted using only harvest area as the 
predictor variable.  However, for hourly discharge the effect of harvest elevation 
(categorized as occurring either above or below the median elevation for each basin) ads 
uncertainty to the pooled ∆QT-area relationship.  Closer examination of the ∆QT response 
for 240 Creek suggests that at the spatial scale characteristic of the study area the hourly 
response relates to the relative apportionment of melt runoff into either a fast surface or 
slow sub-surface component.  As such, the elevation dependence of hourly ∆QT is related 
to the significant spatial discontinuity in drainage density that occurs at the H50 
elevation; a morphologic characteristic that may or may not be representative of south-
central BC.  At the daily and 7-day temporal scale differences in flow path travel times 
are less significant and ∆QT exhibits only moderate elevation dependence. 
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Introduction 
 
In the semi-arid Okanagan region of south-central British Columbia (BC) the majority of 
streamflow originates from snowpacks in high-elevation forested basins, many of which 
are managed, in varying priority with other activities, for timber extraction.  Commercial 
forestry activities result in the significant alteration of a basin’s forest cover, affecting the 
hydrological processes generating streamflow and potentially altering the natural flow 
regime.  Shifts in the streamflow regime can have substantial consequences arising from 
changes to the distribution of water, energy, sediment, and nutrients within the channel 
and it’s associated riparian area [Poff et al., 1997; Ziemer and Lisle, 1998], potentially 
jeopardizing the availability and quality of stream-associated resources.  In mountainous 
terrain geomorphically and ecologically significant discharge is often associated with 
peak flows of recurrence intervals of 1- to >100-years [Beschta et al., 2000].  Changes in 
peak discharge magnitude can also adversely affect forest-road stream crossing and 
conveyance structures which must, by law in BC, be designed to withstand the 100-year 
flood [BC Ministry of Forests, 1995].  With respect to the broad range of issues, forest 
planners require knowledge of how forest operations may affect the peak discharge 
regime for a wide range of recurrence intervals. 
 
The relative impact of forest harvesting upon annual-maximum peak flow is expected to 
be sensitive to basin physiography and the spatial distribution, size, and type of forest 
management practices [Alila and Beckers, 2001].  The paired-basin experiments that have 
been documented in the interior-west of North America have been subject to varied 
physiographic influences and differing harvesting treatments over varying periods of 
observation and, as such, offer mixed results.  Empirical evidence from two paired-basin 
studies in the southern interior of British Columbia showed that mean annual maximum 
peak discharge was increased by 50 and 21% following forest removal by both fire 
[Cheng, 1980] and forest harvesting [Cheng, 1989], respectively.  Evidence from selected 
studies in areas of similar climate and vegetation to that of the Okanagan region shows 
large variability in mean peak discharge response following forest harvesting, with 
increases of 66% at Brownie Creek, Utah [Burton, 1997], 60% at Thomas Creek, Arizona 
[Gottfried, 1991], 23% at Fool Creek, Colorado [Troendle and King, 1985], and 0 and 
50% for the main stem and North Fork tributary, respectively, of Deadhorse Creek, 
Colorado [Troendle and King, 1987].  No consistent relationship between mean peak 
flow change and harvest area is evident from these studies.  Regardless, conclusions 
derived from paired-basin studies are of insufficient duration with which to quantify the 
pre- and post-harvest peak flow regime, making it virtually impossible to relate forest 
harvesting impacts to peak discharge recurrence interval for all but the most frequent 
events. 
 
In order to derive a greater understanding of how land-use activities may potentially 
affect watershed processes in the south-central interior a long-term paired-basin study, 
the Upper Penticton Creek (UPC) watershed experiment, was launched in 1984 [Winkler 
et al., 2003].  In addition to observations of streamflow and extensive climate monitoring, 
field data collected to date includes direct observations of forest and open radiation 
balance, snow accumulation, and melt [Winkler, 2001; Spittlehouse and Winkler, 2002], 
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soil moisture storage [Spittlehouse, 2000], rainfall interception [Spittlehouse, 1998], and 
tree transpiration [Spittlehouse, 2002].  The various stand-level experiments conducted 
within UPC provide insight into the climatic and physiographic controls that affect small-
scale hydrologic processes, affording a greater understanding of the means by which 
forest removal affects local runoff.  However, extrapolation of these results to the basin 
scale is hampered by the extreme spatial variability of controlling factors (i.e. vegetation, 
soil, topography, meteorology) in mountainous headwater basins.  In order to integrate 
this stand-level experimental information into a physically reasonable description of 
basin response to forest harvesting, a modified version of the Distributed Hydrology Soil 
Vegetation Model (DHSVM) has been applied to the study area [Winkler et al., 2003; 
Thyer et al., 2004].  
 
This paper describes the use of the UPC DHSVM application to assess the impact of 
forest harvesting upon peak annual discharge frequency in the UPC study area.  As 
climatic frequency is an integral component of peak annual discharge frequency, it is 
necessary to force the simulation process with long-term meteorological data.  However, 
complete data records that are of sufficient temporal resolution to accommodate the 
model time step or of sufficient duration to fully characterize peak flow frequency are 
non-existent in south-central BC.  In order to satisfy the need for long-term, stationary 
climate input, a synthetic proxy climate record was created by extending the existing 
short-term climate record collected at UPC.  The current study forms part of an ongoing 
project to examine the long-term impacts of forest harvesting in BC [Alila and Beckers, 
2001] and utilizes an approach identical to that employed by Schnorbus and Alila [2004a] 
for Redfish Creek in south-eastern BC.  The UPC study area affords a unique opportunity 
to assess harvest impacts in much smaller headwater basins located in the gentler 
topography, open forests, and more arid climate characteristic of south-central BC. 
 
This paper is organized into the following sections: Section 2 provides a brief description 
of the study area and collected hydro-meteorological data.  Section 3 summarizes the 
research method and includes a brief overview of the DHSVM, a description of the 
harvest scenarios, the use of flood frequency analysis for comparing pre- and post-harvest 
flood quantiles, and a summary of the generation of synthetic meteorological data.  The 
peak discharge frequency results are presented in Section 4.  Section 5 includes the 
discussion of the relevant hydrological processes and operational implications with 
respect to the results of Section 4.  Concluding remarks are provided in Section 6. 
 
 
2. Study Area and Data 
 
The study area is part of the Upper Penticton Creek (UPC) paired watershed experiment 
which contains two headwater tributaries of Penticton Creek, 240 and 241 Creeks, 
located in the Okanagan Highlands roughly 25-km northeast of Penticton in south-central 
British Columbia (Figure 1).  Both basins are roughly 5-km2 in size and have gentle, 
rolling topography with stream drainage to the south.  The morphology of each basin is 
summarized in Table 1.  The two basins exhibit some noticeable differences in aspect and 
slope in that 240 Creek has somewhat steeper slopes than 241 Creek (Table 1), although 
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slopes in both basins are still moderate (< 35%).  Hillslopes in 241 Creek are 
predominantly oriented from southeast to southwest whereas the hillslopes in 240 Creek 
are oriented predominantly east, west and southeast.  The most substantial difference 
between the two basins is related to channel length and drainage density, where channel 
length (and drainage density) in 241 Creek is twice that of 240 Creek 
 
Mean summer (June – August) and winter (November – March) air temperatures are 11 
and –50C, respectively, and average 20C over the year.  Mean annual precipitation is 
estimated as 750 ± 50 mm, of which roughly half falls as snow, and permanent 
snowcover generally lasts from late October until early June.  The timing and duration of 
snowmelt varies from site to site, depending upon forest cover, aspect, and elevation.  
The melting of this snowpack dominates the annual hydrograph, which typically peaks in 
late spring to early summer.   
 
The study area occupies the dry, cold subzone of the Engelmann Spruce – Subalpine Fir 
(ESSFdc) biogeoclimatic zone [BC Ministry of Forests, 2003].  Both basins have a 
relatively open forest canopy containing predominantly mature lodgepole pine (Pinus 
contorta Dougl.) with small amounts of Engelmann spruce (Picea Engelmannii Parry) 
and sub-alpine fir (Abies lasiocarpa (Hook.) Nutt).  Approximately 5% of the 241 Creek 
basin has been logged in the winter of 1995/96 and an additional 12% was logged in 
1997/98 while the 240 Creek control basin has been left undisturbed.  Surficial material 
consists mainly of morainal and glaciofluvial blankets and veneers derived form the local 
bedrock [Hudson and Golding, 1997].  Soil is predominantly a sandy loam and loamy 
sand with a high coarse fragment content, ranges in depth from 0.1 to 2.0 m, and is 
generally well drained [Hope, 2001].  The bedrock of the Okanagan Highlands consists 
of unfractured intrusive granodiorite and metamorphic granitic orthogneiss [Hudson and 
Golding, 1997].  This geology is assumed to give a tight water balance, ensuring that the 
majority of net precipitation exits each basin as streamflow. 
 
Air temperature, relative humidity, shortwave radiation, and wind speed have been 
measured on an hourly basis in large forest openings at the lower elevation P1 site (1620 
m; Figure 1) since August 1997 and at the upper elevation PB site (1900 m; Figure 1) 
since September 1999.  At both sites summer hourly precipitation was recorded using 
tipping bucket rain gauges.  Due to the problems associated with automatic 
measurements of snowfall at remote sites, hourly winter precipitation was estimated 
using a combination of sensors. Snow depth was measured hourly using ultrasonic 
sensors at P1 and PB and snowfall water equivalent was calculated from hourly snow 
depth increase assuming a density of 100 kg/m3. Large standpipe style precipitation 
gauges (containing antifreeze, pump and pressure transducer) were located at P1 station 
and were used to confirm days of snow occurrence and provide and estimate of 
precipitation during rain on snow events.  Hourly streamflow for 240 and 241 Creeks has 
been measured by two Water Survey of Canada gauging stations since 1986 (Figure 1). 
 
 
3. Methods 
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3.1. Overview 
 
Numerical simulation was employed to generate a streamflow time series of 95-years 
duration at an hourly resolution for 12 harvest scenarios (including a control scenario).  
Although the intent of the experiment was to generate a 100-year streamflow time series 
for each simulation run (scenario), hardware problems caused each run to end 
prematurely after 95 simulation years.  The annual maximum series (AMS) was extracted 
from each time series and used to estimate the frequency distribution of annual maximum 
peak flows.  Between scenarios forest cover parameters were adjusted to reflect different 
proportional areas and elevations of clearcut harvesting activities while all remaining 
basin parameters were held constant.  Simulation runs were conducted for the period 1 
January, Simulation Year (SY) 00 to 30 September, SY95. Each run commenced with the 
same initial conditions and the period from 1 January to 30 September SY00 was used to 
‘warm-up’ each run.  The AMS series was derived for the period 1 October, SY00 to 30 
September, SY95.  Each scenario was run with an identical time series of synthetic 
meteorological input (see Section 3.5) and forest parameters were kept constant during 
each scenario (i.e. no re-growth or vegetation succession). 
 
During the peak flow period the diurnal range in streamflow can reach 40 to 50% of 
mean flow, a phenomenon common to many alpine watersheds [Troendle et al., 2001].  
Therefore, a metric expressing only a single temporal scale of streamflow may not be 
representative of the full range of hydrologic, geomorphic, and ecological consequences 
of peak annual discharge [Poff et al., 1997].  Consequently, three streamflow metrics 
were selected for analysis, representing the annual peak discharge of average hourly 
(QpH), daily (QpD), and 7-day (Qp7) streamflow, and from these were derived return 
period (T) –dependant flood quantiles for hourly (QTH), daily (QTD), and 7-day (QT7) 
discharge. 
 
 
3.2. DHSVM UPC Application 
 
The hydrologic response of the study basin was simulated with the Distributed Hydrology 
Soil Vegetation Model (DHSVM) [Wigmosta et al., 1994].   This is a physically based 
distributed parameter model that explicitly estimates the spatial distribution of moisture, 
energy fluxes, and runoff generation by subdividing the model domain into small 
computational grid elements using the spatial resolution of an underlying digital elevation 
model (DEM).  DHSVM consists of a two-layer canopy model for evapotranspiration 
(ET), energy balance models for canopy and ground snow accumulation and ablation, a 
multi-layer soil model, and subsurface, surface, and channel flow routing models.  One-
dimensional energy and water balance equations are solved individually for every grid 
cell in the model domain at an hourly time step, considered the best representation of the 
diurnal meteorological fluctuations and rapid streamflow response that occurs within the 
study area.  Each cell exchanges water with its adjacent neighbors, resulting in a three-
dimensional redistribution of surface and subsurface water across the watershed.   
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DHSVM requires time series input, at a temporal resolution of the model time step, of 
precipitation, air temperature, relative humidity, wind speed, solar beam and diffuse 
radiation, longwave radiation, temperature lapse rate, and precipitation gradient at one or 
more station locations within the study area.  The meteorology (“met”) data is 
extrapolated to each grid cell using Inverse Distance Weighting of the station input.  The 
digital elevation data are used to model topographic controls on solar radiation, 
precipitation, air temperature, and water movement.  Terrain shadowing is calculated for 
each model time step using a typical day for each month. 
 
A complete description of model structure and governing equations is given by Wigmosta 
et al. [2002] with recent updates, designed explicitly for the UPC study area, described 
by Thyer et al. [2004].  The derivation and assignment of land-cover and soil properties 
to each grid cell is conducted by the use of GIS-based analysis.  The preparation of input 
data, calibration, and validation of the UPC DHSVM application is fully described by 
Thyer et al. [2004]. 
 
 
3.3. Harvest Scenarios 
 
Streamflow was simulated for each basin using a control and 11 hypothetical scenarios 
representing clear-cuts of different proportions (% of basin area) in two elevation bands 
(Bottom or Top).  Harvesting elevations were determined using individual hypsometric 
curves for each basin.  Harvesting in the bottom elevation band is confined below the 
median elevation (H50) and occupies an area centered on the H75 elevation (that 
elevation above which lies 75% of basin area).  Harvesting in the top elevation band is 
confined above the H50 elevation and occupies an area centered on the H25 elevation.  
Forest roads were not incorporated into the harvest scenarios.  The current vegetation 
cover of the UPC study area, given as vegetation classes, is shown in Figure 2, with the 
overstory properties of each class described in Table 2.  The control scenario was 
designed by returning all vegetation of the 241 treatment basin to pre-harvest conditions 
(assumed vegetation cover c. 1996) by assigning vegetation classes based on the 
surrounding mature forest.  Clearcuts were imposed by converting mature forest 
vegetation classes (2 to 9) to vegetation class 10 (Table 2); areas composed of vegetation 
class 1 (rock) were not changed.  The harvest scenarios are summarized in Figure 3, 
which shows the spatial distribution of all open areas (clearcut and rock).  The clearcuts 
were designed as one contiguous block connecting opposite divides of each drainage 
basin in order to minimize any potential bias from variations in slope and aspect.   
 
 
3.4. Flood Frequency Analysis 
 
The generated peak flow regime for each scenario and streamflow metric was quantified 
by flood frequency analysis of the simulated AMS using the Generalized Extreme Value 
(GEV) distribution [Stedinger et al., 1992].  The GEV parameters were estimated with 
method of L-moments using the Consolidated Frequency Analysis (CFA) software [Pilon 
and Harvey, 1992].  Control and harvest flood quantiles were compared for a range of 
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return periods (T).  The statistical significance of increased quantile discharge (one-sided 
test) was determined using the upper confidence limit (α = 0.05) of the control flood 
frequency relationship. The confidence limits of the control flood frequency function are 
based on the variance of the control quantile estimator, which is assumed to be 
asymptotically normally distributed [Stedinger et al., 1992].  The variance of the control 
scenario quantile estimator was derived using Monte Carlo simulation. 
 
3.5. Synthetic Met Generation 
 
A synthetic meteorological time series was generated in order to make possible the 
simulation of a 95-year stationary streamflow time series.  With consideration to data 
quality and record length, a synthetic met series was generated solely for the P1 climate 
station, and is based on observations collected during the period August 1997 to 
December 2001.  The generation of the synthetic met data closely follows the procedure 
described by Schnorbus and Alila [2004b]; however, with modification in the generation 
of hourly air temperature, temperature lapse rate, and solar irradiance.  The met 
generation technique employed in this study is based on the stochastic generation of daily 
weather variables and the subsequent empirical disaggregation of those variables to the 
final hourly DHSVM input time series.  At its core the technique is based on the WGEN 
model of Richardson [1981], which has been subsequently extended by Parlange and 
Katz [2000].  However, instead of using the daily precipitation routine proposed in the 
WGEN model, hourly precipitation was generated directly using the Modified Bartlett-
Lewis Rectangular Pulses Model (MBLRPM) [Rodriguez-Iturbe et al., 1987 and 1988].  
The WGEN model was used to generate daily values of maximum (Tm) and minimum 
(Tn) air temperature, daily average dewpoint temperature (Td), daily average wind speed 
(Ud), and daily solar radiation (S).  These values, in conjunction with generated hourly 
precipitation, were then disaggregated into the required hourly DHSVM input values 
using published empirical techniques.   
 
3.5.1. Hourly Precipitation and Precipitation Gradient.  In the MBLRPM storms of 
random inter-arrival times and duration are generated and each storm is composed of a 
cluster of precipitation cells, which is approximated by a random occurrence of 
rectangular "pulses", each of random intensity and duration.  The total storm intensity at a 
point in time is obtained by summing the intensities of each rain cell active at that time.  
The rainfall generation process was assumed seasonally variable but stationary by month.  
The analysis of monthly precipitation totals did not reveal any consistent gradient of 
precipitation with elevation; therefore, a precipitation gradient of zero was adopted. 
 
3.5.2. Daily Weather Generation.  The daily meteorological values were generated for 
P1 station using the WGEN technique, which is a multi-variate first-order autoregressive 
model (MAR(1)) that estimates the time evolution of the vector of standardized variables.  
Standardization, and re-dimensionalization of the generated residuals, was accomplished 
using a mean and standard deviation conditioned upon daily precipitation occurrence 
(determined from aggregated hourly precipitation) [Richardson, 1981].  The process 
assumes that the standardized variables are normally distributed, which generally holds 
true for Tm, Tn, and Td, but does not hold true for Ud and S, which have skewed 
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distributions.  Prior to calibrating the MAR(1) model, values of Ud were square-root 
transformed and values of S were Box-Cox transformed using monthly parameters.  The 
MAR(1) process was assumed stationary within months but variable between months. 
 
3.5.3. Hourly Air Temperature.  The diurnal fluctuation in hourly air temperature (Ta) 
were estimated by first modeling normalized air temperature using the first two 
harmonics of a Fourier series [Campbell and Norman, 1998].  Dimensional values of Ta 
were subsequently obtained using the generated values of Tm and Tn, assuming that Tn 
normally occurs just prior to sunrise and Tm occurs two hours after solar noon.  This 
process is assumed stationary throughout the year. 
 
3.5.4. Temperature Lapse Rate.  
 
Under normal circumstances the temperature lapse rate (Tlapse) would be estimated based 
on the temperature gradient between two stations at different elevations [i.e. Schnorbus 
and Alila, 2003].  However, in the current application met data is only being generated at 
a single station, therefore, an alternative approach is required.  Concurrent temperature 
observations between P1 and PB stations during September 1999 to December 2001 
indicate that Tlapse tends to be higher (more negative) during the daytime and lower (less 
negative) during the night.  Temperature inversions occur frequently in all months, 
usually at night.  This trend suggests that the magnitude and sign of Tlapse between P1 and 
PB is closely related to the occurrence and degree of atmospheric stability, which is 
related to the diurnal process of cumulative heating and cooling of the atmospheric 
boundary layer by surface heat fluxes [Stull, 2000].  It has been assumed that the 
cumulative daytime heating of the boundary layer is proportional to the average daytime 
temperature, Tavg.  Further, the degree of cumulative heating or cooling of the boundary 
layer for a given time step on any given day is related to the difference between the 
current air temperature and the daytime average air temperature (∆T = Ta – Tavg).  In 
general Tlapse is inversely dependent upon ∆T and the functional relation is well described 
by a second-order polynomial.  Examples of Tlapse versus ∆T for the months of February 
and July are given in Figure 4.  Similar relations (i.e. second order polynomial) have been 
fit for each month and are used to predict Tlapse from P1 ∆T.  Prediction of Tlapse in this 
fashion is fairly accurate for the months of February through October, with coefficients of 
determination (R2) ranging from 0.64 to 0.76.  Prediction is less accurate for November 
(R2 = 0.48) and January (R2 = 0.42) and poor for December (R2 = 0.22).  For December it 
was found that Tlapse is better described as an inversely linear function of ∆T for ∆T < 4.0 
oC, and equal to the dry adiabatic lapse rate, i.e. -9.8 oC (1000m)-1, for ∆T ≥ 4.0 oC. 
 
3.5.5. Hourly Relative Humidity.  It is assumed that Td and, therefore, vapor pressure 
(e), is constant throughout the day [Kimball et al., 1997].  Estimates of R were calculated 
as the ratio of daily average e to hourly saturation vapor pressure (es), where e (es) is 
calculated from Td (Ta) using the common Magnus formulation [Abbott and Tabony, 
1985]. 
 
3.5.6. Hourly Wind Speed.  The spatial and temporal complexity of the wind field in 
mountainous topography renders its disaggregation to and quantification at a sub-daily 
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time scale problematic and complex [Barry, 1992].  Based on the observation that 
DHSVM output is relatively insensitive to the distribution of hourly wind speed (U) 
provided the mean value is accurately represented [Schnorbus and Alila, 2004b], model 
simplicity is maintained by assuming that U is equal to Ud. 
 
3.5.7. Hourly Solar Irradiance.  It is assumed that atmospheric transmissivity, Tt, is 
uniform throughout the day and can be estimated from Tt = S/So, where S is estimated 
using WGEN (Section 3.5.2) and So, the potential daily solar radiation, is calculated from 
solar geometry [i.e. Gates, 1980].  Hourly values of global irradiance (Sg) at the ground 
surface are derived for P1 station by calculating above-atmosphere potential irradiance 
[Gates, 1980], which is then attenuated for atmospheric effects using Tt.  Hourly values 
of Sb and Sd are partitioned from Sg using the method of Black et al. [1991].  Values of Sb 
and Sd are calculated assuming a horizontal surface, the influence of topography being 
accounted for explicitly within DHSVM. 
 
3.5.8. Hourly Longwave Irradiance.  Hourly longwave irradiance, L, is calculated 
based on the Stefan-Boltzmann law, an effective clear-sky atmospheric emmissivity, and 
a cloud modification factor [Gates, 1980].  The effective clear-sky atmospheric 
emmissivity is calculated from εc = 0.70 + 5.95 x 10-5e • exp(1500/Ta) where e is in mb 
and Ta is given as an absolute temperature (oK) [Idso, 1981].  The cloud modification 
factor is given as K = 1 + 0.17N2 in which N is the fraction of sky covered by clouds and 
N2 = (1-Tt/Tt,max) / 0.65 and Tt,max is the maximum daily transmissivity observed in the 
study area [Bras, 1990]. 
 
3.5.9. Performance of DHSVM Coupled with Synthetic Met.  The performance of 
DHSVM using the synthetic met data was assessed by comparing simulated point SWE 
and melt dynamics at three paired locations within the model area (Figure X).  Values 
were simulated using observed met data over a four-year period and generated met data 
over a 15-year period (SY01 to SY15).  The pixel locations were selected to sample SWE 
and melt in three forest types, classes 8, 4, and 6 for pixel-pairs S1, S2, and S3, 
respectively, and adjacent open areas (classes 1 and 10).  Results are presented in Figure 
5, which shows median values (+/- one quartile) of 1 April SWE and melt (averaged over 
1 April to 15 May) plus forest-to-open (F/O) ratios of SWE and melt for each pixel pair. 
In general, median SWE is underestimated by approximately 10% across all pixel 
locations when using generated met data, although in most cases, the range of observed 
and generated values overlaps by roughly 50% and the general trend of SWE between 
forest types is maintained.  As indicated by the SWE F/O ratios, the relation between 
forest and open SWE for a given forest type is generally maintained when using the 
synthetic met data.  However, the underestimation of forest SWE for vegetation class 4 
(pixel S2-F4) reduces the SWE F/O ratio for the S2 pixel pair below that simulated using 
observed met data.  Point melt rates simulated using synthetic met data reproduce 
reasonably well the values simulated using observed met data (Figure 5), with the range 
of simulated values showing at least 50% overlap.  The exception is the melt rate for S3-
O, where the median values has been increased by 63% when using synthetic met data.  
Regardless, the ranges of simulated melt F/O ratios between the observed and generated 
met data, including pixel-pair S3, show good overlap. 
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An additional check of the performance of DHSVM combined with synthetic met data 
was conducted by comparing the spatial distribution of 1 April SWE using both the 
observed (1998 to 2001) and generated (SY01 to SY15) met data.  Results of the 
comparison are presented in Figure 6, which shows median SWE for each respective 
simulation for ten elevation bands of equal area (240 and 241 Creeks combined).  Also 
shown in Figure 6 is the average fractional overstory coverage (F) for each elevation 
band.  As a precipitation gradient of zero has been adopted, there is little variation of 
simulated SWE between elevation bands when using either observed or generated met 
data.  The variability of simulated SWE in this case is attributed to the variability in F, 
where SWE is inversely proportional to F, a trend that is captured when using both the 
observed and generated met data.  Again, overall 1 April SWE is estimated to be roughly 
10% lower when using the generated met data; however, this is not considered a 
significant setback as the SWE simulated with observed met data generally falls within 
the 50% inter-quartile range of SWE simulated using generated met data.  
 
As the ultimate purpose of this simulation exercise is the assessment of harvesting 
impacts upon the peak flow regime, the combined DHSVM-Met Generator model was 
assessed for its ability to recreate the flood frequency curves based on observed 
streamflow data.  The daily discharge flood frequencies for 240 and 241 Creeks using 
observed streamflow (18 observations) and streamflow generated using the control 
scenario (95 observations) is shown in Figure 7.  Although the simulated flood frequency 
curves generally overestimate the observed quantile values, the large variability 
associated with the observed flood frequency function means that the simulated values do 
not fall outside the 95% confidence region.  Some discrepancy is expected between the 
two curves; the observed peak flows, which derive from the period 1984 to 2001, are 
being compared to simulated peak flows that have been generated using met data 
representative of the climate during a limited portion of this record (1997 to 2001).  The 
shape of the flood frequency curves are, however, generally consistent.  The ratio of 100-
year peak discharge to mean peak discharge (T = 2.33 years), Q100/Qm, are equivalent at 
1.7 for observed and simulated 240 Creek AMS.  The Q100/Qm is 2.0 and 1.8 for the 
observed and simulated AMS, respectively, for 241 Creek. 
 
 
 
4.0. Results 
 
Inter-annual variability in relative (to control) change in annual maximum peak 
discharge, ∆Qp (given in %), can be quite high and an example for the hourly AMS for 
Scenario 50B, 240 Creek, is shown in Figure 8.  From this example the range in ∆Qp is 
extreme, from a maximum of 117% to a minimum of –33%.  However, results presented 
in this fashion, which is typical of results from paired-basin studies, can be misleading in 
that peak events in the harvest and control AMS that occur in the same SY may not have 
the same discharge ranking.  When the control and harvest data are sorted and compared 
by rank from 1 to 95 (1 being highest discharge, 95 being lowest), ∆Qp shows much less 
variability.  The lowest discharge events show a trend of decreasing ∆Qp with increasing 
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rank (Figure 8); however, beyond rank = 80, ∆Qp generally increases with increasing 
discharge.  Exceptions occur for rank 1 (highest discharge) and rank 95 (lowest 
discharge), which have negligible ∆Qp. 
 
Based on the fitted GEV distributions, control flood quantile values and associated 
relative (to control) increases in quantile discharge for hourly (∆QTH), daily (∆QTD), and 
7-day (∆QT7) discharge for T from 1.25 to 100 years are listed in Table 3 and Table 4 for 
240 and 241 Creeks, respectively.  For a given T, control quantile discharge magnitude 
and variability (not shown) decreases from hourly to daily to 7-day discharge.  Hourly 
flood quantile magnitude is higher for 241 Creek than 240 Creek, with differences 
increasing with increasing T. Although QTD and QT7 for 241 Creek tends also to be larger 
than in 240 Creek, the differences are negligible.  For both 240 and 241 Creeks, ∆QT 
increases with increasing proportion cut for all streamflow metrics.  The relationship 
between ∆QT and elevation is more variable and differs between streamflow metrics and 
basins.  For 240 Creek, ∆QTH shows little sensitivity to elevation for proportion cut ≤ 
20% (i.e. Scenarios 10B to 20T).  However, for proportion cut ≥ 30%, ∆QTH for harvest 
treatments below the H50 elevation is higher than for harvest treatments above H50 (i.e. 
compare Scenarios 30B to 30T, 40B to 40T, and 50B to 50T).  The difference in ∆QTH 
(for a given proportion cut and T) due to elevation increases with increasing T; being 
more than double at T = 100 years for 40 and 50% proportion cuts.  For ∆QTD and ∆QT7 
in 240 Creek the situation is reversed, harvesting above H50 has a larger impact (i.e. 
higher ∆QT) than harvesting below H50 for all proportions of cut, although the difference 
due to elevation is not substantial, never differing by more than 4%.  The relationship 
between ∆QTH, ∆QTD and ∆QT7 and elevation for 241 Creek is similar to that for 240 
Creek, although differences in response due to elevation are quite small for all 
streamflow metrics.  For 240 Creek statistically significant increases in QT are confined 
to proportion cut ≥ 20%, specifically, at Scenario 20B and higher for hourly discharge 
and Scenario 20T and higher for daily and 7-day discharge.  Statistically significant 
increases for 241 Creek are generally confined to proportion cut ≥ 30% (Scenarios 30B 
and 30T). 
 
The results of Table 3 and Table 4 suggest that ∆QT increases with increasing T without 
any apparent asymptotic limit at the higher return periods and that this trend is 
independent of scenario, streamflow metric, and basin.  In fact, for several scenarios ∆QT 
(hourly, daily, and 7-day) at T = 100 years is roughly double that at T = 1.25 years for 
both 240 and 241 Creek.  This general trend is also apparent in Figure 9, which compares 
GEV probability plots for the hourly AMS of the control and 100 and 30B scenarios for 
240 Creek.  From the figure it is apparent that the Control and post-harvest AMS derive 
from a single population and are well described by the GEV distribution. However, an 
exception occurs for the largest event, which is not well described for either the control or 
harvest scenarios.  This event was simulated for SY31 as a rainfall-only generated event 
whereas the remaining peak discharge events had a snowmelt component, either entirely 
snowmelt or rain-on-melting snow.  For Scenario 100 the SY31 event plots below the 
fitted GEV line whereas for Scenario 30B this event plots above the fitted GEV line; in 
both cases the relative change in peak discharge for this event is not well described by 
comparing the control and harvest GEV distributions. 
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5.0. Discussion 
 
5.1. Governing Processes 
 
It is clear from the annual hydrographs for both 240 and 241 Creek that annual maximum 
peak discharge in the study area is fundamentally snowmelt driven.  As a consequence, it 
is expected that the peak flow response between harvest treatments stems from a 
differential response in the snowmelt process and the change in the relative importance of 
snowmelt to the other water balance components [Jones, 2000].  Examining the snow 
accumulation and melt dynamics in greater detail will shed some light on the process of 
peak flow change following forest harvesting.  Although the results of Figure 8 indicate 
that, for any given simulation year, there is no typical ∆Qp response, the event 
corresponding to SY42 was selected for further analysis.  The peak discharge magnitude 
associated with this event is equaled or exceeded roughly every 2 years for hourly, daily 
and 7-day discharge.  The SY42 peak event is not associated with rainfall and is 
considered entirely snowmelt driven and occurs on or about 23 May; ∆Qp for this event 
was particularly sensitive to elevation and was both positive and negative, depending 
upon harvest scenario and streamflow metric (Table 5).   
 
Generally, the larger the harvest area, the larger the relative change among the various 
hydrological processes that govern peak discharge and the greater the change in annual 
maximum peak discharge.  It comes as no surprise then that peak discharge quantiles for 
240 Creek and 241 Creek show increasingly greater magnitude with increasing 
proportion cut (Table 3 and Table 4).  Although the comparison of peak discharge by 
rank indicates a consistent increase in discharge following harvesting, the re-ranking of 
the post-harvest AMS depends on the ∆Qp response in individual years (Figure 8).  For 
example, scenarios which have a greater tendency for negative ∆Qp will likely, following 
re-ranking of the AMS, generate smaller ∆QT values.  In this sense the particular ∆Qp 
response for SY42 may offer some insight into the hydrologic processes responsible for 
the general trends observed for ∆QT in Table 3 and Table 4.  For the sake of brevity 
further discussion regarding the processes responsible for differential peak discharge will 
focus upon the response of 240 Creek only. 
 
Hourly basin discharge, precipitation, melt, and evapotranspiration (ET) for 240 Creek 
and P1 station air temperature for the period 1 April to 1 August SY42 are compared in 
Figure 10.  For presentation clarity temperature, melt and ET are given as 24-hour 
running averages.  For the period represented melt is quite responsive to air temperatures 
above 0 oC (Figure 10b) and the two series show close correlation during the active melt 
period from 1 May to 8 June (Figure 10c).  Melt and streamflow are closely synchronized 
from 1 May to early June; however, after the cessation of melt, streamflow becomes 
much more closely correlated with precipitation and ET (Figure 10c).  These 
relationships suggest that annual peak discharge in 240 Creek is closely tied to 
spring/summer meteorology and, ultimately, snowmelt, but not ET, which is relatively 
negligible during the melt period.   
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The strength of the relationship between discharge and melt at hourly, daily and 7-day 
temporal scales is qualitatively examined through the use of the scatterplots in Figure 11.  
These plots compare simulated discharge and melt during the freshet hydrograph period 
from 1 May to 15 June SY42 and are subdivided into hydrograph rise (1 May to 23 May) 
and fall (24 May to 15 June).  Daily and 7-day melt and discharge are calculated from 24-
hour (daily) and 168-hour (7-day) running averages, respectively, of the hourly melt and 
discharge time series.  The cross-correlation function between basin melt and discharge 
for hourly, daily, and 7-day running averages is also given in Figure 11.  Not 
surprisingly, the relationship between discharge and melt strengthens from hourly to daily 
to 7-day scales.  At an hourly time scale the scatterplot suggests that discharge is 
independent of basin melt, however, Figure 11d indicates that a week linear correlation 
does exist.  From Figure 10a, it is apparent that hourly discharge is also related to the 
occurrence (but not necessarily depth) of precipitation, likely accounting for some, but 
not all, of the scatter in the hourly discharge-melt relationship.  Although daily and 7-day 
melt and discharge are clearly interrelated, the nature of the relationship changes with 
time, a function of changes in the lag between melt and discharge that accompanies soil 
moisture accumulation and depletion during periods of increasing and decreasing melt.  
The cross-correlation coefficients in Figure 11d indicate that during the rising limb 
period, discharge generally lags basin melt, with the lag at maximum cross-correlation 
coefficient increasing with increasing time scale (27, 32, and 65 hours for hourly, daily, 
and 7-day discharge, respectively).  The cross-correlation coefficient for hourly discharge 
also peaks locally at 5- and 51-hour lags.  The 65-hour lag for 7-day melt-discharge falls 
within the range of expected mean travel times for sub-surface discharge (which is 
assumed to be entirely matrix flow), suggesting that hourly and, to a lesser extent, daily 
discharge are a function of alternate (i.e. faster) runoff mechanisms. 
 
As precipitation within 240 Creek does not vary with elevation, there is no significant 
difference in maximum area-average peak SWE (PSWE; taken as 1 April SWE) between 
the top and bottom halves of the basin (above and below H50, respectively).  During 
SY42 area-average PSWE was 0.230 and 0.237 m within the bottom and top elevation 
bands, respectively.  As forest density is somewhat higher below H50, the PSWE 
increase following 100% removal of the forest canopy (i.e. Scenario 100; Figure 3) was 
35% in the bottom elevation band compared with and 27% in the top elevation band, 
causing post-harvest PSWE to be higher below H50 at 0.311 m compared to 0.302 m 
above H50.  Regardless, for both the control and 100 clearcut scenarios, PSWE between 
the two elevation bands differs by a marginal 3%, hardly significant when compared to 
the Qp increases of 60, 27, and 35% for hourly, daily, and 7-day discharge, respectively 
(Table 5). 
 
In an analogous simulation study Schnorbus and Alila [2004a] determined that for 
Redfish Creek, a 26 km2 basin located in the more humid south-eastern BC mountains, 
∆Qp is strongly correlated to changes in basin area-average melt rate (Mr), which were 
attributed to changes in synchronization between Mr from each elevation band.  The 
significance of this process within UPC was also analyzed using SY42 output.  Simulated 
daily area-average Mr for 240 Creek, for the period 1 May to 1 June SY42 for the bottom 
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half (EB1), top half (EB2), and the entire basin for the Control and 100% clearcut 
scenarios are shown in Figure 12.  Melt rates as shown are the average over a two-day 
period; values are plotted at the end of each period.  The two-day period containing the 
control annual-maximum event is also indicated in each frame of Figure 12.  For the 
control scenario, Mr from EB1 and EB2 is roughly identical until 6 May.  After this point 
Mr from EB2 is greater than EB1 until roughly 23 May.  Melt from all areas peaks during 
23 to 25 May, which coincides with the period of peak annual discharge (Figure 13); Mr 
at this time is roughly identical in EB1 and EB2, although now slightly higher in EB1.  
After 25 May, Mr in both elevation bands declines; however, the decline is more rapid 
from EB2, which experiences a more rapid depletion of snow cover than EB1 (Figure 
14).  The duration of snow cover in each elevation band is the same as snow 
disappearance occurs simultaneously around 8 June (not shown). 
 
Following 100% removal of forest cover from 240 Creek, Mr from EB1 is only 
marginally increased prior to the period 17-19 May, but increases substantially after this 
time and is increased by 57% when it peaks during 23 to 25 May  (Figure 12).  Melt from 
EB2 increases much more rapidly over its control value and peaks sooner during 17-19 
May, after which point Mr declines much more rapidly than occurs during the control 
scenario and is reduced by 53% during 23-25 May period.   The desynchronization of 
EB1 and EB2 melt shifts the occurrence of peak basin melt from 23-25 May to 17-19 
May.  The accelerated melt rate translates into increased discharge during the rising limb 
and reduced discharge during the falling limb of the freshet hydrograph peak (Figure 13).  
However, an obvious discrepancy exists in that despite the forward shift in peak basin Mr, 
the peak discharge event for Scenario 100 still occurs during 23-25 May period, and is in 
fact increased by 60% for hourly discharge (Figure 13; Table 5). 
 
If the Scenario 100 EB1 Mr curve were combined with the Control EB2 curve in Figure 
12, the resultant area-weighted average of the two curves would reproduce the simulated 
basin Mr curve for scenario 50B (i.e. removing all forest cover below H50).  Focusing on 
an hourly time scale only, peak basin Mr is increased by 25% for scenario 50B, which 
coincides with peak annual discharge that is increased by 56% (Table 5).  Although a 
25% increase in basin Mr is substantial, it wouldn’t seem to account for the rather large 
increase in Qp.  Even more puzzling would be the basin Mr response for scenario 50T, 
achieved by combing the Control EB1 Mr curve with the Scenario 100 EB2 Mr curve.  In 
this case hourly Qp still occurs during 23-25 May and is marginally increased by 4%, 
even though basin Mr is reduced by 29% during this time.  Further, as scenarios 
incorporate progressively reduced harvest area (i.e. reduced impact) in EB2, a 
progressively larger reduction in hourly Qp is realized (compare ∆Qp for scenarios 40T, 
30T, 20T, 10T in Table 5). 
 
Unlike the much larger Redfish Creek basin, changes in basin Mr do not fully explain 
changes in Qp at 240 Creek.  The seemingly contradictory response of simulated hourly 
Qp to forest harvesting in SY42 can, however, be explained by examining the spatial 
connectivity between melt, runoff, and drainage structure more closely.  Following 
harvesting (Scenario 100), area-average Mr from EB2 is reduced due to the faster 
depletion of snow-covered area (Figure 14).  However, for the basin area that remains 
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snow covered as of 23 May, both above and below H50, Scenario 100 local melt rates 
(averaged from 21–23 May) are substantially higher than the Control melt rate (Figure 
14).   The spatial distribution of soil saturation (i.e. water table depth = 0 m) on 23 May 
SY42 for the Control and Scenario 100 is shown in Figure 14.  Between the control and 
100% clearcut scenario the extent of soil saturation, which occurs in low-lying near-
channel areas, changes somewhat, although the gross pattern is only marginally affected.  
The linkage between local snowmelt runoff and the channel network via surface runoff 
through areas of saturated soil (i.e. the effective drainage area) critically determines the 
basin response to forest harvesting.  At a high temporal resolution (i.e. hourly), at which 
differences in surface and sub-surface travel times are significant, 240 Creek discharge is 
unrelated to basin-average melt (Figure 11), but dominated by direct runoff from the 
effective drainage area.  In this regard it is significant that the modeled channel network 
for 240 Creek (with the exception of one channel head) does not extend above the H50 
elevation and very little of the area above H50 is directly connected to the channel 
network (Figure 14).  As such, melt runoff in EB1 dominates the melt-discharge 
relationship and magnitude of the Qp response to forest harvesting.  Hence the 56% 
increase in hourly Qp for scenario 50B (despite a reduction in basin Mr).  Melt runoff 
originating in EB2 will have a much smaller influence on hourly streamflow due to the 
relatively long travel distance through the soil matrix.  However, a portion of the 
effective drainage area lies just within EB2 such that increased post-harvest (Scenario 
100 or 50T) melt runoff from this region (where there is still a snowpack; Figure 14) 
contributes to increased Qp (4% for 50T; Table 5). 
 
The harvest scenarios have been designed such that as the proportion of cut above H50 is 
progressively reduced (scenarios 50T, 40T, 30T, 20T, and 10T), the harvest area 
contracts about the H25 elevation and a buffer of unharvested forest between the harvest 
area and the H50 elevation becomes progressively larger (Figure 3).  As this occurs area-
average Mr during the peak discharge event for SY42 returns to pre-harvest levels (i.e. 
increases during the 21-23 May period), but the volume of increased local melt runoff 
which drains directly to the channel is also reduced, affecting the relative importance of 
each process to Qp generation.  For scenario 50T, increased local melt, which is directly 
connected to the channel network, overshadows the reduction in area-average melt 
(below the control value), and Qp is increased.  For scenario 40T (and 30T), the reduction 
in area-average melt is less than occurs for scenario 50T, however, direct runoff to the 
channel network is also reduced and Qp is reduced, albeit, marginally (Table 5).  A 
maximum decrease in Qp (8%) occurs for scenario 20T, in which direct drainage to the 
channel network from EB2 is essentially at pre-harvest levels but area-average Mr is still 
lower than pre-harvest levels; for scenario 10T area-average Mr approaches pre-harvest 
levels and Qp is only reduced by 5%.  Below H50, progressively reducing the harvest 
area reduces effective runoff to pre-harvest levels and hourly ∆Qp, although positive in 
all cases, decreases (compare 50B, 40B, 30B, 20B, and 10B in Table 5). 
 
As the temporal scale of streamflow increases to daily and 7-days, differences in travel 
time between the runoff mechanisms becomes less significant, the effective drainage area 
increases in size, and discharge becomes more closely correlated with total basin melt 
(Figure 11).  When harvesting occurs below H50 the inclusion of sub-surface flow causes 
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the magnitude of ∆QpD and ∆Qp7 in SY42 to be roughly half that for ∆QpH for all 
scenarios; a response that is reflected in the estimated hourly flood quantile changes 
(∆QTH) in Table 3.  In the case of harvesting exclusively above H50, as the temporal scale 
increases ∆Qp for a given scenario becomes more (less) positive (negative) in SY42 
(Table 5).  With respect to the basin Mr changes shown in Figure 12, this response for 
∆QpD and ∆Qp7 at first glance appears inconsistent.  It would seem that for scenarios 50T, 
40T, 30T, and 20T, a daily scale gives sufficient time to expand the effective drainage 
area far enough above H50 to capture more melt runoff from what snowpack still 
remains, but not far enough that the loss of melt runoff from those areas prematurely 
devoid of snow cover becomes a significant factor (Figure 14).  At a 7-day time scale, the 
desynchronization of peak melt between EB1 and EB2 (Figure 12), which is significant at 
an hourly (and daily) time scale, disappears due to the disparity in surface and sub-
surface flow velocities, and runoff from both regions tends to manifest coincidentally at 
the basin outlet.  In general, daily and 7-day flood quantiles for 240 Creek exhibit larger 
impacts for a given proportion harvest when harvesting occurs above H50 (Table 3).    
 
Although quantile sensitivity to proportion cut and harvest elevation are similar between 
240 and 241 Creeks (Table 3 and Table 4), those differences that do exist are likely be 
attributed to differences in basin morphology, specifically drainage density.  This issue, 
however, is the subject of ongoing investigation and will not be discussed further. 
 
 
5.2. Operational Implication: Accounting for Harvest Area and Elevation 
 
For basins located in the BC interior the practice of assessing cumulative harvesting 
impacts on peak discharge, completed as part of the Interior Watershed Assessment 
Procedure (IWAP) [BC Ministry of Forests, 1999], is often based the equivalent clearcut 
area (ECA) index.  The ECA index is neither a management target nor an objective 
means of predicting peak flow change, it is simply an index of peak flow augmentation 
due to increased snowmelt, and meant to be used in conjunction with other index values 
to subjectively rate a channel’s sensitivity to harvest activity.  Having said that, the ECA 
index is easily calculated and it would be useful to use the current simulation results to 
explore how it relates to ∆QT. 
 
The ECA index is calculated from the area harvested (A) adjusted with a hydrologic 
recover factor (R) by 
 

( ) [ ])(1 iRiAECA
i

−∗= ∑  (1) 

 
where the sum is taken over i individual cut areas.  The values of R, which is based on 
recovering tree height, harvest type, and opening size as suggested in the IWAP, has been 
set at R = 0 to account for the fact that all hypothetical harvest blocks are clearcuts.  
Therefore, the relative ECA values (ECA/B, where B is basin area) for each scenario are 
equivalent to the proportion basin area harvested.   
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A comparison of ∆QT versus ECA/B for hourly, daily, and 7-day discharge and T = 2 
years (Figure 15) is indicative of the relationship between ECA and ∆QT for all 
streamflow metrics and return periods.  For 240 and 241 Creeks, ∆QT consistently 
increases with increasing ECA, although the effect of harvest elevation introduces scatter 
into the relationship.  The mean response for both basins in aggregate can be described 
using a single polynomial regression relationship (Figure 15).  Polynomial order analysis 
reveals the best description of the relationship between ∆QT and ECA/B to be of second 
order, which for hourly, daily, and 7-day discharge effectively explains 95, 91, and 96% 
of the variability.  The preliminary results of this analysis are encouraging and hint at the 
possible utility of a regional relationship between ∆QT and ECA/B in the subdued 
topography of south-central BC. 
 
Sensitivity to elevation is evident, and substantial in certain circumstances (i.e. ∆QTH for 
240 Creek, Figure 15).  Differences in the evolution of melt rate with time and the degree 
of melt synchronization between the elevation bands is controlled by differences in the 
availability of radiant energy (solar and longwave) and is, therefore, sensitive to spatial 
disposition of topographic exposure and forest density.  The degree of hillslope-channel 
connectivity, which affects the proportion of surface to sub-surface runoff, controls the 
synchronization of melt runoff from each elevation band.  In large spatial scales many 
physiographic properties (i.e. particularly climate and vegetation) are generally organized 
along topographic gradients [Schnorbus and Alila, 2004a]; however, at the spatial scale 
characteristic of 240 and 241 Creeks, basin physiography is relatively independent of 
elevation.  Hence, in the current application the use of elevation bands represents a 
somewhat arbitrary means of describing the spatial variability of physiographic 
properties.  In the case of 240 Creek, categorization by elevation happens to capture a 
relatively large spatial discontinuity in drainage density, which may or may not be a 
regional trend.    At this time the relationship between ∆QT and the spatial distribution of 
basin physiography has not been fully explored and any attempt to use a ∆QT-elevation 
relationship as a proxy would be premature.   
 
 
6.0. Conclusion 
 
The Distributed Hydrology Soil Vegetation Model in conjunction with synthetic climate 
data was used to investigate the impact of forest harvesting upon the peak annual 
discharge flow regime for 240 and 241 Creeks, two headwater streams which form part 
of the Upper Penticton Creek study area in south-central British Columbia.  Peak flow 
quantiles, estimated using the GEV distribution fit to the simulated annual maximum 
series for a control and 11 hypothetical harvest scenarios, were compared for return 
periods (T) ranging from 1.25 to 100 years.  For a given T simulated quantile magnitude 
for both basins increases over the control value with increasing harvest area, represented 
as a proportion of basin cut; a general trend that is independent of the temporal scale of 
discharge, as represented by hourly, daily, and 7-day streamflow.  However, for a given 
proportion cut, the effect of elevation is inconsistent between discharge metrics.  For 
hourly discharge harvesting below the median elevation (H50) generates a larger peak 
discharge increase than harvesting above H50 at a given T; this relationship is reversed 
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for daily and 7-day discharge quantiles.  For the most part at a proportion cut ≤ 20%, 
peak discharge increases are statistically insignificant (α = 0.05) for both 240 and 241 
Creeks.  The fitted GEV distributions suggest that for a snowmelt dominated peak 
discharge regime, relative (to control) post-harvest quantile change (∆QT) is consistently 
positive and increases with increasing return period, with no apparent asymptotic limit.  
However, this trend substantially overestimates the post-harvest response of the most 
extreme peak discharge event for the simulated record (Control T > 100 years), which is 
entirely rainfall driven. 
 
Within 240 Creek the ∆QT is ultimately a function of the spatial connectivity between 
harvest areas and the effective drainage area.  At a small temporal scale (i.e. hourly), the 
effective drainage area is essentially composed of surface runoff in near-channel 
saturated areas such that peak discharge impact is most critically associated with altered 
snowmelt rates from cutblocks located near the channel (i.e. below the H50 elevation).  
With increasing temporal scale the effective drainage area expands and sub-surface 
runoff that is derived from altered snowmelt in relatively distant areas of the basin (i.e. 
above the H50 elevation) takes on greater relevance.  Alternately, hourly peak discharge 
is most sensitive to the spatial variability and intensity of snowmelt in close proximity to 
the drainage network, whereas daily and 7-day discharges are increasingly related to the 
timing and magnitude of basin-average melt.  In this respect elevation (and basin)-related 
differences in ∆QT are governed by spatial variations in drainage density.  Elevation 
differences in ∆QT for daily and 7-day peak discharges are increasingly related to the 
process of melt/runoff synchronization from the two elevation bands. 
 
When ∆QT results for both basins are pooled the relationship between ∆QT and harvest 
area is quite strong and suggests that, regionally, the peak discharge response can be 
predicted using only harvest area (as a proportion of basin area) as the predictor variable.  
The effect of harvest elevation adds uncertainty to the pooled ∆QT -area relationship, 
although the effect is only substantial for hourly discharge.  Given the low topographic 
relief of 240 and 241 Creek, climatic and physiogrsphic properties do not exhibit any 
obvious topographic gradients, as such, any apparent dependence of ∆QT to elevation 
(within and between basins) is more an artifact of currently unidentified spatial 
structures.  Further, the sensitivity of the ∆QT -ECA relationship to the process of forest 
regeneration (i.e. hydrologic recovery) has not been examined. 
 
Based on physiographic differences between 240 and 241 Creeks, further analysis of 
simulation results derived from the current study could be used to assess the functional 
relationship between ∆QT and such properties as topographic exposure (slope/aspect), 
spatial distribution of forest structure, and drainage density.  Further study is required to 
understand the impact of road networks and forest recovery on the peak flow process.  
The impact of forest harvesting upon additional elements of the streamflow regime, such 
as flow duration and low/high flow persistence, needs also to be examined.  The results 
of this work and that of Schnorbus and Alila [2004a] strongly indicate that the response 
of the peak flow regime to forest harvesting is very sensitive to spatial scale, climate, and 
topography.  As a consequence, results obtained from this and similar studies should not 
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be extrapolated out of the physiographic domain and spatial scale from which they were 
derived. 
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Table 1. Morphology of 240 and 241 Creeksa.  

Descriptor 240 Creek 241 Creek 
Drainage Area (km2) 4.7 4.8 
Minimum Elevation (m) 1609 1602 
Maximum Elevation (m) 2036 2024 
Relief (m) 427 422 
Mean Elevation (m) 1782 1757 
Mean Aspect (degrees from North) 153 202 
Mean Slope (%) 24.3 16.5 
Total Channel Length (km) 6.2 12.6 
Drainage Density (km/km2) 1.3 2.6 
a Data derived from 30-m digital elevation model 
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Table 2.  Properties of Vegetation Classes 

Class Overstory Description Height (m) Fractional 
Coverage 

LAI 
(m2/m2) 

Understory 
Present 

1 Rock N/A N/A N/A No 
2 Lodgepole Pine 20 0.2 2.0 No 
3 Lodgepole Pine 25 0.4 3.4 Yes 
4 Lodgepole Pine 19 0.5 4.0 No 
5 Lodgepole Pine 25 0.5 4.0 Yes 
6 Subalpine Fir 21 0.3 3.1 No 
7 Subalpine Fir 26 0.4 3.8 No 
8 Engelmann Spruce 23 0.2 2.4 No 
9 Engelmann Spruce 28 0.4 3.8 Yes 
10 Clearcut N/A N/A N/A Yes 
11 Regenerating Clearcut 1 0.01 0.6 Yes 

Source: Thyer et al., 2003 
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Table 3.  240 Creek Control Quantile Magnitude and Relative Change in Flood Quantile 
Magnitude by Discharge Variable, Scenario, and Return Period 

∆QT (%) by scenarioa
T 

(Years) 

Control 
QT

(m3/s) 10B 10T 20B 20T 30B 30T 40B 40T 50B 50T 100 

∆QTH
1.25 0.93 2 2 4 5 9 8 15 11 20 15 48 

2 1.21 2 2 5 6 11 8 18 11 23 15 45 
5 1.54 2 3 6 8 13 9 20 11 26 15 44 
10 1.73 3 3 8 9 15 10 22 12 28 15 44 
20 1.89 3 4 9 10 16 11 24 12 29 16 45 
50 2.09 4 5 11 12 18 12 26 13 30 17 46 
100 2.22 5 5 12 13 19 12 27 13 31 17 47 

∆QTD
1.25 0.79 0 4 1 6 3 9 6 12 10 17 38 

2 1.02 0 3 1 6 5 10 8 14 12 18 37 
5 1.29 1 4 3 7 7 12 11 15 14 19 38 
10 1.45 1 4 4 8 8 13 12 17 16 21 39 
20 1.59 2 5 5 9 9 14 14 18 17 22 41 
50 1.75 3 6 6 11 11 16 15 19 19 23 43 
100 1.86 4 7 7 12 12 17 16 20 21 25 44 

∆QT7
1.25 0.61 0 2 0 4 3 7 4 11 9 14 33 

2 0.78 0 1 0 4 3 7 5 12 9 15 33 
5 0.97 0 2 1 5 5 9 7 13 11 16 35 
10 1.08 1 3 2 6 6 10 9 14 13 18 37 
20 1.17 2 3 3 7 7 11 11 16 16 19 40 
50 1.27 2 4 5 9 9 13 13 17 19 21 44 
100 1.34 3 5 6 9 11 14 16 18 21 22 47 

a Gray background indicates discharge significantly increased over control discharge (α = 0.05)  
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Table 4.  241 Creek Control Quantile Magnitude and Relative Change in Flood Quantile 
Magnitude by Discharge Variable, Scenario, and Return Period 

∆QT (%) by scenarioa
T 

(Years) 

Control 
QT

(m3/s) 10B 10T 20B 20T 30B 30T 40B 40T 50B 50T 100 

∆QTH
1.25 0.93 1 0 3 1 5 3 10 7 17 12 51 

2 1.22 1 0 4 2 6 4 11 8 18 12 50 
5 1.61 1 1 4 4 7 6 12 10 19 14 49 
10 1.86 1 1 5 4 8 7 13 11 20 15 49 
20 2.11 1 2 5 5 8 8 13 12 21 16 48 
50 2.44 2 2 5 6 9 9 14 14 22 17 48 
100 2.68 2 3 5 7 9 11 15 15 24 19 47 

∆QTD
1.25 0.76 0 -1 1 0 2 2 5 4 9 7 38 

2 1.00 0 -1 1 0 3 1 6 4 9 7 36 
5 1.29 1 0 3 2 5 4 9 7 12 10 38 
10 1.45 2 1 4 4 7 7 11 10 14 14 40 
20 1.60 3 3 6 7 9 10 13 14 16 17 43 
50 1.77 4 5 8 10 12 14 16 19 20 23 47 
100 1.89 5 6 10 13 14 18 18 23 23 27 50 

∆QT7
1.25 0.58 2 0 3 2 5 3 6 6 9 9 34 

2 0.75 1 0 3 2 5 3 6 6 9 9 34 
5 0.94 2 1 4 3 6 5 8 9 12 12 38 
10 1.05 2 2 5 4 8 7 10 11 14 14 41 
20 1.14 3 2 6 6 9 9 13 13 16 17 44 
50 1.24 4 4 7 7 12 12 16 17 19 20 49 
100 1.31 4 4 8 9 13 15 18 19 22 23 53 

a Gray background indicates discharge significantly increased over control discharge (α = 0.05)  
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Table 5.  Control Peak Discharge Magnitude and Peak Discharge Response by Discharge 
Variable and Scenario, SY42, 240 Creek 

∆Qp (%) by scenario 
Variable 

Control 
Qp

(m3/s) 10B 10T 20B 20T 30B 30T 40B 40T 50B 50T 100 

SY42 
QpH 1.13 12 -5 22 -8 33 -1 45 -1 56 4 60
QpD 0.97 5 -7 10 -6 16 -2 21 4 25 7 27
Qp7 0.72 6 -1 10 3 14 7 19 12 24 18 35

 
 
 

27



 

Figure 1.  Location of the Upper Penticton Creek study area in south-central British 
Columbia and detailed map of 240 and 241 Creeks. 
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Figure 2.  Spatial distribution of vegetation classes for current conditions and control 
scenario.  Vegetation classes are described in Table 2. 
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Figure 3.  Spatial distribution of clearcut (class 10) and rock areas (class 1) for 
hypothetical harvest scenarios.  Nomenclature indicates proportion cut (as a percent) and 
elevation of harvesting (B = Bottom, T = Top). 
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Figure 4.  Temperature lapse rate between climate stations P1 and PB as a function of the 
difference between hourly air temperature and daytime average air temperature at P1 
station for February and July.  Fitted second-order polynomial regression function 
indicated in each frame and shown graphically by heavy gray line. 
 

 
 
 

31



 

Figure 5.  Median (+/- one quartile) of simulated point a) 1 April SWE, b) forest-to-open 
(F/O) ratio of 1 April SWE, c) melt, and d) forest-to-open ratio of melt using observed 
and generated met data.  Melt calculated as average rate over period 1 April to 15 May.  
Pixel locations are as shown in Figure X. 
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Figure 6. Spatial distribution of 1 April SWE based on ten elevation bands of equal area 
(240 and 241 combined) simulated using observed and generated met data.  Observed 
SWE is median of four years (1998 to 2001), generated SWE is median (+/- on quartile) 
of 15 years (SY01 to SY15).  Fractional overstory forest cover is average for each 
elevation band. 
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Figure 7.  Comparison of observed (N = 18) and simulated (N = 95) daily flood 
frequency for 240 and 241 Creeks.  Simulated flood frequency based on control scenario 
vegetation cover. 
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Figure 8.  Relative change in annual maximum hourly peak discharge (relative to control) 
by simulation year and discharge rank (1 highest, 95 lowest) for 240 Creek for scenario 
50B. 

 
 
 

35



 

Figure 9.  Comparison of Control with a) Scenario 100, and b) Scenario 30B sample and 
fitted (GEV) hourly flood frequency. 
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Figure 10.  Simulated control a) hourly streamflow and precipitation, b) 24-hour running 
average melt, ET, and air temperature, and c) cumulative hourly streamflow, melt, 
precipitation, and ET for the period 1 April to 1 Aug SY42.  All values are given as 
basin-averages, except temperature, which is given for climate station P1. 
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Figure 11.  Scatterplots of basin melt versus discharge using a) hourly, b) daily, and c) 7-
day running-averages for 1 May to 15 June SY42, and d) basin melt-discharge cross-
correlation function for hourly, daily, and 7-day running-averages for 1 - 23 May SY42.  
Scatterplot points are classified as occurring either during the rise (1 to 23 May) or the 
fall (24 May to 15 June) of the annual peak discharge hydrograph. 
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Figure 12.  Area-average melt from 1 May to 1 June SY42 below H50 (Bottom), above 
H50 (Top), and for the basin as a whole a) for the control, b) for scenario 100, and c) for 
the melt difference between scenario 100 and control.  Points indicate time-average melt 
for two-day periods (plotted at the end of each period).  The vertical dashed line indicates 
the occurrence of the annual peak discharge event. 
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Figure 13.  Control and scenario 100 hourly discharge from 1 April to 1 August SY42. 
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Figure 14.  Spatial comparison of Control and Scenario 100 (S100) snow covered and 
saturated areas for 23 May SY42, and difference in average melt rate (S100 – Control) 
from 21 to 23 May SY42.  Note that basin area above H50 is split into two regions. 
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Figure 15.  Relative change in quantile magnitude versus harvest area (ECA/B) at T = 2 
years for a) hourly, b) daily, and c) 7-day discharge.  Data are categorized by basin (240 
or 241) and elevation (B or T).  Second-order polynomial fit to all the data indicated as 
solid line. 
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