
Hydrologic Recovery of the Peak Flow Regime in a Snow Dominated Upland 
Watershed in the Southern Interior of British Columbia 

An Investigation Using a Distributed Physically Based Hydrologic Model 
 
 

B. Strimbu, Y. Alila, and M. Schnorbus 
Faculty of Forestry  

University of British Columbia 
 

Introduction 
Equivalent Cut Area or ECA is a metric that quantifies the level of harvesting in a 
watershed with consideration to the regeneration of historically harvested blocks and the 
resulting hydrologic recovery. Hydrologic recovery is defined as the process by which 
the hydrologic characteristics of a watershed that has been subject to harvesting are 
restored to near pre-harvest condition by forest regeneration. ECA thresholds are used to 
restrict logging in BC. However, the relationships between ECA and hydrologic effects 
are not well understood [Thomas, 1990]. In BC, research work on the relationship 
between ECA and hydrology has been conducted at the stand level [Winkler 2001]. At 
this small spatial scale, hydrologic recovery had been quantitatively linked to stand 
height and canopy density and is also found to be highly dependent on elevation, species, 
precipitation regimes, site index and relative maturity (i.e. second growth vs. old growth) 
[Winkler et al. 2004 and 2005]. How such knowledge translates to the watershed scale 
remains an elusive question.  

In the southern interior of BC, a paired watershed study site is called the Upper Penticton 
Creek (UPC) Experimental Watershed. At this research site not only precipitation and 
streamflows but also many other internal catchment processes have been and continue to 
be monitored to assess the effect of forest management on watershed processes. In 
collaboration with field experts, we have developed a distributed hydrologic model using 
the long-term database collected at UPC. The work on the development, testing, and 
validation of this model has gone through the traditional anonymous peer review process 
and was recently published in Water Resources Research [Thyer et al. 2004]. The 
objective of this study is to build on this work by using this model, and our understanding 
through historic stand level research work on hydrologic recovery in the province, to find 
out how long it takes for a watershed to hydrologically recover after a total clearcut.  25km

We focus on the relationship between timber harvesting and streamflows. Our rational is 
the following: without a sound understanding of the relationship between forest 
management and streamflow characteristics, it would be difficult if not impossible to 
understand how forest management affects watershed hydrology. Streamflow is an 
essential variable in understanding the functioning of watersheds and associated 
ecosystems because it supplies the primary medium and source of energy for the 
movement of water, sediment, organic material, and thermal energy [Ziemer and Lisle, 
1998]. 
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Study Area 
 
The study focuses on 240 Creek, which forms the control basin in the UPC paired-basin 
experiment for two treatment basins, the adjacent 241 Creek (Figure 1) and Dennis Creek 
(not shown). The study area is located in the Okanagan Highlands roughly 25 km 
northeast of Penticton in south-central British Columbia. The physiographic 
characteristics of 240 Creek are summarized in Table 1. 
 
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 750 
mm, of which about half falls as snow. Permanent snowcover generally lasts from late 
October until early June. The melting of this snowpack dominates the annual hydrograph, 
which 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). The bedrock of the Okanagan Highlands consists of unfractured intrusive 
granodiorite and metamorphic granitic orthogneiss [Hudson and Golding, 1997]. The 
soil, derived from glacial till and local bedrock, is predominantly a sandy loam and loamy 
sand with a high coarse fragment content. The soil mantle ranges in depth from 0.1 to 2.0 
m, and is generally well to rapidly drained [Hope, 2001]. The geology of 240 Creek is 
assumed to give a tight water balance, ensuring that the majority of net precipitation 
(precipitation less abstractions) exits each basin as streamflow. 
 
Air temperature, relative humidity, shortwave radiation, wind speed, and precipitation 
(rain and snow) 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. Details regarding the collection of 
meteorological data are fully described by Thyer et al. [2004]. Hourly streamflow has 
been measured by a Water Survey of Canada gauging stations since 1986 (Figure 1). 
 

Table 1. Physiographic Characteristics of 240 Creeka.  

Descriptor 240 Creek 
Drainage Area, Ad (ha) 470 
Forested Area, Af (ha) 437 
Minimum Elevation, Zn (m) 1609 
Maximum Elevation, Zm (m) 2036 
Relief, Zm - Zn (m) 427 
Mean Elevation (m) 1782 
Mean Aspect (degrees clockwise from North) 153 
Mean Slope (%) 24.3 
Total Channel Length, Lc (km) 6.2 
Drainage Density, Lc/Ad (km/km2) 1.3 
a Derived from 30-m digital elevation model 
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Figure 1.  Location of the Upper Penticton Creek study area in south-central British 
Columbia and detailed map of 240 Creek and neighboring 241 Creek. 
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3. Methods 
3.1. Overview 
In general, our study approach adopts a paired-watershed experimental design, but 
deviates from the approach by using a numerical model to simulate both the control and 
treatment watersheds. Past approaches using numerical simulation have mostly focused 
on the retrospective detection of non-stationarity in streamflow time series in an attempt 
to analyze the impact of actual (and often gradual) changes in forest cover over a given 
study period (e.g. Bowling et al. [2000] and Andréassian et al. [2003]). This retrospective 
approach relies on the hydrologic model to represent a control watershed (i.e. describing 
some past forest cover state) that is subject to the same meteorological forcings observed 
during the study period; the simulated streamflow (stationary with respect to land use) 
and observed streamflow (potentially non-stationary with respect to land use) are 
compared, and the residuals are analyzed for trend. In the current study, however, we are 
concerned not with the detection of streamflow trend in response to changing forest cover 
over time, but with the impact of forest harvesting upon the magnitude and frequency 
(i.e. regime) of annual peak discharge at various stages of forest growth after harvesting. 
As such, our approach is to use a hydrologic model to simulate the control (current forest 
cover) and treatment (hypothesized harvesting) watersheds subject to an ensemble of 
identical meteorological forcing, with both watersheds based on the same real-world 
prototype of 240 Creek. This then allows us to compare two stationary peak flow 
frequency distributions, one the natural (i.e. unmanaged) flow regime and one that arises 
after harvesting at specific pre-selected stages of forest re-growth during recovery. Such a 
study design filters out any effects due to temporal and spatial variation in climate and 
physiography and isolates the effect of forest harvesting and the subsequent hydrologic 
recovery upon the annual-maximum peak flow regime. 

Numerical simulation was utilized to generate a sample of size N = 100 of annual 
maximum streamflow events for the fully forested scenario (control) and five scenarios 
corresponding to 10, 20, 30, 40, and 50 years of forest growth after the total clearcut of 
240 watershed.  

Each scenario was conducted as a continuous 100-year simulation and run at an hourly 
resolution for the period 1 January, Simulation Year (SY) 00 to 30 September, SY100.  
The period from 1 January to 30 September, SY00 was used to ‘warm-up’ each run.  
Analysis of output results was limited to the period 1 October, SY00 to 30 September, 
SY100. Between scenarios forest cover parameters were adjusted to reflect different 
stages of tree growth while all remaining basin parameters were held constant. Each 
scenario was run with an identical 100-year time series of synthetic meteorological input 
(see Section 3.4), and forest parameters were kept constant during each scenario (i.e. no 
re-growth or vegetation succession). Initial conditions (soil moisture, interception 
storage, snow water equivalent, and channel network storage) for 1 January SY00 were 
identical between scenarios. The continuous simulation approach allowed initial 
conditions for subsequent years to vary between scenarios as a function of forest cover. 
The 100-member ensemble of annual streamflow simulations for each scenario was used 
to construct the annual maximum series (AMS) by selecting the largest discharge events, 
Qp, from every year. Each AMS for the five treatment scenarios was then used for 
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comparison purposes with the AMS for the control scenario using appropriate statistical 
tests. 

3.2. DHSVM UPC Application 
The hydrologic response of the study basin was simulated with the Distributed Hydrology 
Soil Vegetation Model (DHSVM) of Wigmosta et al. [1994]. This is a physically based 
distributed parameter model that explicitly estimates the spatial distribution of water and 
energy fluxes by subdividing the model domain into small computational grid elements 
based on a 30-m digital elevation model (DEM). Vegetation and soil properties are 
assigned to each grid cell and are allowed to vary spatially throughout the watershed. 
One-dimensional energy and water balances 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. A complete description of model structure and governing equations is given by 
Wigmosta et al. [2002], with recent modifications 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 model stream network 
was extracted from the DEM and constrained by ground-based GPS survey of the actual 
channel system. Energy balance and vegetation parameters were calibrated and validated 
using split-samples of internal catchment data collected at both 240 and 241 Creeks. The 
calibration and validation of soil parameters was done using split sample discharge data 
from the fully forested 240 Creek only. Discharge data from 241 Creek, which was 20% 
clearcut harvested, was used to further validate and test the transferability of model 
parameters. The preparation of input data, calibration, and validation of the UPC 
DHSVM application is fully described by Thyer et al. [2004]. 
 
3.3. Forest succession and growth at UPC  
 
Field and modelling research [e.g. Pomeroy and Dion 1996; Metcalfe and Buttle 1998; 
Pomeroy et al. 1998] indicate that tree height, crown closure, and leaf area index (LAI) 
are the most appropriate forest physical characteristics for simulating canopy interactions 
with the hydrologic cycle. In addition, parameters such as radiation and wind attenuation 
coefficients are needed to determine canopy influence on meteorological processes, 
whereas snow and rainfall interception is largely determined by canopy efficiency and 
capacity [Spittlehouse 1998; Storck 2000]. The accurate simulation of forest harvesting 
impacts on streamflow characteristics depends critically on the correct representation of 
canopy parameters in the hydrologic numerical model. Opportunities for verifying the 
ability of a model to simulate harvesting impacts on streamflow characteristics under pre- 
and post-management conditions are very limited (refer to Figure 11 in Buttle et al. 
[2000]). However, UPC experiment was originally designed as a paired watershed study 
(i.e. continuous streamflows and other measurements are available for the treatment and 
control watersheds). This offered a unique opportunity to assess the performance of the 
hydrologic model under managed and undisturbed conditions. Also, as mentioned earlier 
plot-scale measurements of forest clear-cut differences in snow water equivalent and melt 
rate measurements have been conducted within UPC and in other locations of the 
southern interior of BC [Winkler et al. 2004 and Winkler et al. 2005]. In this study, we 
have used these multiple sources of information to ascertain the role of physical 
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parameters of the forest canopy in the hydrologic cycle and constrain the ‘physical’ 
parameters of the DHSVM under pre- and post-management conditions. 

For the purpose of our long-term simulations and in the context of cumulative impacts of 
past and planned forest development, appropriate species-age-dependent relationships for 
tree height, crown closure, and LAI were developed for simulating forest re-growth and 
subsequently hydrologic recovery. We decided to quantify the recovery of the forest 
growth at UPC by analyzing the digital operational forest cover maps. These maps 
provide a large number of mature and recovering forest stands in the region. We have 
used the information in these maps to assess the rates of recovery under conditions 
similar to those encountered at UPC. Each map polygon contains information on forest 
stand characteristics, including canopy closure, stand height and age, and site index. The 
site index associates each map polygon with the potential for either “good”, “medium”, 
or “poor” forest recovery. This data were used to derive equations and plots of canopy 
closure and stand height vs. stand age classified by site index. The regression equations 
listed in Table 2 were then considered as the final ecophyisological canopy model used to 
simulate the longer term growth of the forest within UPC. We use estimates predicted by 
these equations for the parameters describing the physical characteristics of the forest to 
parameterize the DHSVM hydrologic model at the various growth stages. 

All regressions and variables from Table 2 were significant at alpha=0.05 (p<0.0001 for 
all equations). After outlier’s elimination, residual analysis revealed the fulfillment of the 
most important assumptions (p>0.2) required by regression analysis: homoscedasticity 
(White’s test), independence (visual assessment) and normality (Shapiro-Wilk’s test) 
(except for lodgepole pine equation, which has an exponential distribution describing the 
residuals). A constant vale of 0.5 was used for trunk space, as forest cover data do not 
contains stand level crown related information. 

Table 2 Regression Equations for Predicting Height and Fractional Coverage Evolution 

 
 
3.4. Synthetic Meteorology Generation 
 
The generation of a 100-year streamflow time series via continuous simulation requires 
an input meteorological time series of the same duration. This required the extension of 
the observed meteorological record collected at UPC by stochastic means. Due to the 
relatively short record length at the PB weather station, a synthetic meteorology series 
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was generated only for the P1 station based on observations collected during the period 
August 1997 to December 2001. This generated time series can be considered a 
stationary reproduction of only this short climate period, and the severe limitation of 
using such a short calibration period to recreate the climatology of the study area is 
recognized. However, the intent is to use this proxy meteorology to generate weather 
phenomena (and peak discharge events) representative of the study area for use in 
ensemble prediction. The derived synthetic meteorology is considered sufficient for this 
purpose. To give an indication of how the climate of August 1997 to December 2001 
compares with respect to the 1971 to 2000 climatology of the region daily average air 
temperature and total precipitation by month for Penticton Airport (Environment Canada 
station 1126150), and 1st-of-the-month SWE observed at the Greyback Reservoir (located 
10 km from the study area at an elevation of 1550 m; BC Snow Survey Network station 
2F08) were plotted as percentiles of the 1971 to 2000 climatology (Figure 2). The period 
of August 1997 to 2001 provides a range of conditions with respect to temperature and 
precipitation, with 1998 experiencing one of the warmest springs and the hottest summer 
of record and 1999 experiencing a very cool spring and summer; precipitation was highly 
variable, with large ranges observed during the late summer and fall. Snow accumulation 
(1 Jan through 1 Apr) for the years 1998 through 2001 tended from above normal to well 
below normal whereas the spring melt rate (1 Apr through 1 May) was above normal (1 
May percentile < 1 Apr percentile) for 1998, 1999, and 2000 but well below normal for 
2001. 
 
The generation of the synthetic meteorological data follows the procedure described by 
Schnorbus and Alila [2004] and is only summarized herein. The meteorological 
generation technique is initiated by the direct generation of hourly precipitation using the 
random pulse based stochastic model of Rodriguez-Iturbe et al [1987 and 1988]. This 
step is followed by the stochastic generation of daily weather variables (maximum and 
minimum air temperature, average wind speed, average dewpoint temperature, and global 
solar radiation) using a multi-variate first-order autoregressive (MAR(1)) procedure 
conditioned upon generated daily precipitation occurrence [Parlange and Katz, 2000]. 
The daily meteorological data is disaggregated to derive meteorological data at an hourly 
resolution that, in conjunction with the generated hourly precipitation series, constitutes 
the required hourly DHSVM input time series (precipitation, air temperature, relative 
humidity, wind speed, solar beam and diffuse radiation, longwave radiation, temperature 
lapse rate, and precipitation gradient). The generation of hourly air temperature, 
temperature lapse rate, and solar irradiance has since been modified from that described 
by Schnorbus and Alila [2004] and is discussed below. No appreciable precipitation 
gradient exists between the P1 and PB climate stations (based on monthly data) and the 
precipitation gradient in the generated meteorological series has been set to zero [Thyer et 
al., 2004]. 
 
3.4.1. Hourly Air Temperature.  The diurnal fluctuation in hourly air temperature (Ta) 
was 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 
obtained using the generated values of daily maximum and minimum air temperature, 
assuming that the daily minimum air temperature normally occurs just prior to sunrise 
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and daily maximum temperature occurs two hours after solar noon.  This process is 
assumed stationary throughout the year. 

3.4.2. Temperature Lapse Rate.  Under ideal circumstances the temperature lapse rate 
(Tlapse) would be estimated based on the temperature gradient between two (or more) 
stations at different elevations [i.e. Schnorbus and Alila, 2004].  However, in the current 
application meteorological 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) at night.  
Temperature inversions occur frequently in all months, usually between sunset and 
sunrise.  The minimum lapse rate generally occurs just prior to sunrise and inversions, 
when they occur, break up almost immediately after sunrise.  This process suggests that 
the magnitude and sign of Tlapse between P1 and PB is closely related to the diurnal 
process of cumulative heating and cooling of the atmospheric boundary layer by surface 
heat fluxes and the resultant occurrence and degree of atmospheric stability [Stull, 2000].  
It has been assumed that the total daytime heating of the boundary layer is proportional to 
the average daytime temperature.  The degree of cumulative heating or cooling of the 
boundary layer for a given hour, t, on any given day, n, is taken as the difference between 
the current air temperature and the running daytime average air temperature as ∆T(t, n) = 
Ta (t, n) – Tavg (t, n); where Tavg (t, n) for hour, j, between sunrise (t = tr) and sunset (t = ts) 

on day n is ( ) (∑
=

−
tt
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.  In general we have found that 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 3.  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 reasonably 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. 
 
3.4.3. Hourly Solar Irradiance.  It is assumed that atmospheric transmissivity, H, is 
uniform throughout the day and can be estimated from H = S/So, where S is daily global 
solar radiation and So is the potential (i.e. above-atmosphere) daily solar radiation 
calculated from solar geometry [i.e. Gates, 1980].  In the current application S is 
generated stochastically as part of the MAR(1) used to generate daily weather variables 
(vice using an empirical relationship between S and diurnal temperature fluctuations as 
was done in Schnorbus and Alila, [2004]).  In order to satisfy assumptions regarding 
normality of the residual series in the MAR(1) model, a Box-Cox transformation of S 
using monthly parameters was required. The hourly values of direct and diffuse solar 
radiation are derived as per Schnorbus and Alila [2004].  Solar radiation is calculated 
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assuming a horizontal surface, the influence of topography being accounted for explicitly 
within DHSVM. 

 

Figure 2.  Climate of August 1997 to December 2001 compared to 1971 to 2000 
climatology using a) daily average temperature and b) total precipitation by month for 
Penticton Airport, and c) 1st-of-the-month SWE at Greyback Reservoir. All graphs plot 
1997 to 2001 values as percentiles of 1971 to 2000 climatology for respective stations. 
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Figure 3.  Temperature lapse rate between P1 and PB climate stations as a function of the 
difference between hourly air temperature and running 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. 
 
4. Results and Discussion 
 
The annual peak flow time series generated by DHSVM for the control and the five forest 
growth scenarios where ranked from high to low and plotted as shown in Figure 4. To 
avoid incorporating in the analysis the plotting positions assumptions a direct ANOVA 
investigation was performed. The ANOVA goal was to test validity of the null hypothesis 
“the annual peak flow time series do not differ in respect with the forest age”. In 
eventuality that null hypothesis is rejected the association or the delineation of the annual 
peak flows time series is of interest. To assess the differences among the peak flow time 
series three tests were used: Tukey, Duncan and Bonferoni. The tests vary from stringent 
statistical tests (Bonferoni) to the more flexible ones (Duncan). The agreements of the 
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three tests indicate the similarities or dissimilarities of peak flow time series with respect 
to forest age.  

To ensure the validity of the ANOVA tests several assumptions have to be met, mainly 
data distribution close to normality, compound symmetry, homoscedasticity and 
independence. Extensive data distributional investigation was performed and it was 
assumed that compound symmetry, homoscedasticity and independence assumptions are 
fulfilled. Data distribution was evaluated using chi-square test and several distributions:  
normal, log-normal, gamma, beta and Weibull (Table 3).  

Table 3. Normality test required for the application of the ANOVA tests 

chi-square p value Age since 
clearcut Normal Lognormal Gamma Weibull Beta 

10 0.04 0.04 0.04 0.07 0.06 
20 0.07 0.07 0.07 0.11 0.07 
30 0.04 0.17 0.17 0.21 0.06 
40 0.18 0.19 0.22 0.23 0.18 
50 0.30 0.39 0.40 0.50 0.34 

All the distributions of simulated annual peak flow time series were found to be unimodal 
and 87% were normal at alpha=0.05, therefore ANOVA can be used to test the above null 
hypothesis. The two time series with non-normal distributions (10 and 30 years since 
clearcut) exhibited a Weibull distribution (p>0.06) but the normality plot revealed the 
close agreement between normal and empirical distribution. 

All three tests used to identify the difference among the annual peak flow time series 
confirmed the visual assessment from Figure 4, namely there is no difference in statistical 
terms between pre- and post-treatment peak flow regimes 40 to 50 years after the 
clearcut.  This means that the hydrologic recovery occurred, from a statistical 
perspective, 40 to 50 years after logging.  

Another important finding from this study is that the peak flows of return periods larger 
than 5 years fully recovered form both operational and statistical perspective 40 to 50 
years after logging. On the other hand, it appears that peak flows of return periods 
smaller than 5 years recovered only statistically but not operationally after 40 years since 
logging. It appears that the more frequent peak flow events will take much longer to 
recover from an operational perspective (i.e. reach the pre-logging peak flow values). 
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Figure 4: Rank vs. Magnitude of the Annual Peak Flows for Control and 

Treatment Scenario at Various Forest Growth Stages after Clearcut 

5. Conclusions 
The Distributed Hydrology Soil Vegetation Model was used in a long-term simulation 
experiment to investigate the hydrologic recovery of the peak flow regime following the 
total clearcut of the 5  240 Creek experimental watershed. The long-term simulation 
was conducted using a proxy climate data set synthetically generated to represent the 
measured at-site and regional climate characteristics. The growth of the forest after 
clearcut was modeled using a set of regression equations developed from existing digital 
operational forest cover maps with information on forest stand characteristics, including 
canopy closure, stand height and age, and site index. The generated peak flow time series 
for the control and treatment scenarios at various forest growth stages after logging were 
analyzed using ANOVA testing. The following conclusions were drawn from this study: 

2km

 
1. There is no statistically significant difference between the pre- and post-logging 

peak flow regimes 40 to 50 years after the clearcut of an entire watershed. 
2. Peak flows with return periods larger than 5 years recovered operationally as well 

as statistically 40 to 50 years after clearcut logging of an entire watershed. 
3. Peak flows with return periods smaller than 5 years recovered only statistically 

but not operationally after 40 years since logging. 
4. It will take much longer than 50 years for these more frequent events (less than 5 

year return periods) to regain their pre-treatment values. 
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