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ABSTRACT 

Impacts of vegetation manipulation treatments on the hydrologic regime of 

ponderosa pine watersheds in Arizona were evaluated in this dissertation. First, the 

Seasonal-Kendall test was applied to detect trends in the precipitation and water yield of 

the control watershed. Then the long-term implications of two levels of forest cutting 

(clear cut and strip cut with thinning) on the water yield of the treated watersheds were 

assessed by means of the traditional paired watershed method and plots of cumulative 

recursive residuals (CUSUM). CUSUM plots were proposed as a complementary tool to 

evaluate the duration of water yield changes following treatment. Next, BROOK90, a 

conceptual hydrologic model, was used to assess water yield changes of ponderosa pine 

watersheds associated with vegetative practices. The model was optimized and verified in 

the control watershed. Then the model was calibrated for the pre-treatment period of the 

treated watersheds and the optimized parameters were used to simulate the water yield of 

the post-treatment period. Finally, results obtained with the traditional paired watershed 

approach were compared with those obtained with the modeling simulation. The two 

methods were in reasonable agreement. 



IS 

INTRODUCTION 

Changes in vegetative cover are conunon in forest ecosystems. Natural events or 

land use practices alter the type or extent of vegetative cover on an ecosystem. Extensive 

and long-term changes in vegetative cover have hydrologic implications for water 

supplies, flooding, soil degradation, water quality, and possible changes in regional and 

global climate and precipitation. Practices of removing or converting vegetation have 

been proposed as alternatives to improve the water supply of some regions. On the other 

hand, their environmental impact is of great concern. The evaluation of these impacts is 

relevant for sound natural resource management and planning. Two general approaches 

were used in this study to evaluate the effects of vegetative practices on the water balance 

of two ponderosa pine watersheds in North-Central Arizona; the paired watershed 

approach and conceptual models. 

The traditional paired watershed approach (empirical model) gives good results for 

the experimental period but the transferability of its results to other ecosystems is limited, 

and extrapolation beyond the experimental time is not advised. Conceptual models have 

greater potential application than empirical models because they consider the physical 

and biological process of a watershed. On the other hand, conceptual models generally 

require shorter data sets than the empirical paired approach but will have limited success 

in detecting small changes, because they have greater error of estimate than the paired 

watershed approach. The general purpose of this study was to assess the effects of 

vegetative cover manipulation on the water balance of two ponderosa pine watersheds. 

The paired watershed results were used as a reference to evaluate if a conceptual 
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watershed model (BROOKQO) could detect changes in water balance due to treatment in 

the watersheds. The results are presented in two parts. At the end, general 

recommendations and an appendix of methods and data used in this study is presented. 

1. Problenn Statement 

Empirical models generated from experimental watersheds, such as the Beaver 

Creek Watershed, are based upon many years of hydrologic and meteorological 

measurements. Although empirical models give good estimations of vegetative treatment 

effects on a watershed, we cannot use them in environments other than those in which 

they were generated, or for an independent data set. The calibration and validation of 

conceptual models is an alternative way to use the valuable and costly information 

obtained from experimental watersheds. Once a model is calibrated, the model can be 

used to estimate the hydrologic response of the watershed to new, independent input data. 

The model may be also used for prediction of the hydrologic responses of watersheds 

with no measured data but which have similar characteristics to the watershed where the 

model has been tested. BROOK90 is a hydrologic model, tested and calibrated at 

Hubbard Brook Experimental Watershed in New Hampshire. Because BROOK90 has a 

good representation of the main hydrologic processes of a watershed, it is assumed that 

this model has great potential for watershed simulation. However, there is no evidence 

that BROOK90 works in ponderosa pine ecosystems at Beaver Creek watershed. 

The problem addressed in this study is whether or not the conceptual BROOK90 

model can effectively simulate the hydrologic response of ponderosa pine watersheds at 
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Beaver Creek watershed. Can this model be an alternative tool to the traditional empirical 

paired-watershed models for evaluating long-terra impacts of vegetative treatments on the 

hydrologic regimes of ponderosa pine? 

2. Objectives 

The objectives of this study are the fbllowing; 

(a) To evaluate by traditional paired watershed analysis the long-term implications of 

vegetative practices on the water balance of ponderosa pine watersheds in 

Arizona. 

(b) To assess the capability of BROOKQO, a conceptual hydrologic model, to predict 

changes in the water balance of ponderosa pine watersheds associated with 

vegetative manipulations. 

3. Study Area 

The Beaver Creek Experimental Watershed is located in north central Arizona, 

approximately 56.3 km (35 miles) south of Flagstaff and covers 1942.5 square kilometer 

(750 square miles). It is located in the Colorado Plateau physiographic province within 

the Mogollon Slope. The Beaver Creek drainage (Baker, 1986) ranges in elevation from 

945 to 2,438 m (3,100 to 8,000 feet) and contains four vegetative types; semi-desert, Utah 

juniper (Juniperus osteosperma (Torr.)), alligator juniper (J. deppeana Steud.), and 

ponderosa pine {Pinus ponderosa Laws.). This study is concerned with hydrologic 
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changes associated with vegetation manipulation in ponderosa pine watersheds. 

Ponderosa pine in this watershed occurs primarily on soils developed from granite, schist, 

and shale. Local areas with soils developed from igneous rocks, limestones, and 

sandstones, are scattered throughout the vegetation type. The Brolliar series comprises 

about 90 percent of the area in the ponderosa pine forest type (Baker, 1982). Ten percent 

of the area is composed of the Siesta-Sponsoller soil series. 

Beaver Creek Experimental Watershed consists of twenty experimental sub-

watersheds established by the United States Forest Service from 1957 to 1961. 18 sub-

watersheds vary in size from 27 to 824 ha (66 to 2,036 acres) where specific 

modifications could be tested on a pilot basis. The other two watersheds (Woods and Bar) 

are watersheds set aside to demonstrate the effects of management practices on areas of 

the size forest managers work with daily (Brown et al., 1974; U. S. Forest Service, 1977). 

The treatments evaluated in this study were applied to watersheds 12 (WSI2) and 14 

(WS14). Watershed 13 (WS13) was designated as the control. 

Watershed 12 (184 ha) was cleared of all trees in 1967. Logging slash and oaks not 

sold for firewood were piled in windrows. The windrows were positioned to trap blowing 

snow, and to shade snowdrifts until spring temperatures caused rapid melting, thereby 

increasing surface runoff (U. S. Forest Service, 1977). Watershed 12 was allowed to 

recover naturally from the clear cut treatment. 

Watershed 14 (546 ha) was treated in 1970. The treatment applied consisted of 

irregular strips cut through the forest. Each strip varied from 9 to 37 m (30 to 120 feet) 

wide, with pines cleared from one-third of the area. Additional trees were thinned from 
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the stands between the strips to simulate growth of the remaining trees. In total, half the 

timber on the watershed was removed. All slash was piled and burned in the cut strips, 

and seeds were planted. Gambel oaks (Quercus gambelii) were left in the cut trips to 

provide acoms and cover for wild animals. Harvest strips were oriented to direct runoff 

into drainage channels. Watershed 13 (369 ha) was designated as untreated control of 

watersheds 12 and 14. 
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PART L EVALUATION OF IMPACTS OF VEGETATIVE PRACTICES ON 

WATER YIELD IN PONDEROSA PINE WATERSHEDS IN ARIZONA 

1. Introduction 

The paired watershed approach was used to evaluate short-term and long-term 

changes in the water yield of two treated ponderosa pine watersheds at the Beaver Creek 

Experimental Watershed. In one watershed (watershed 12) 100 percent of the vegetation 

was removed, while in the other (watershed 14) a total of 57 percent of the overall 

overstory was removed by strip-cut with thinning. A third watershed (watershed 13) was 

used as the control watershed. The non-parametric seasonal Mann-Kendall test was used 

to discard any possible monthly and/or annual precipitation trend in the control 

watershed. The magnitude, duration, and statistical significance of changes in water yield 

were evaluated based on covariance analysis and cumulative sum of recursive residuals 

(CUSUM) and cumulative sum of squared recursive residuals (CUSUMSQ) plots. Only 

short-term changes in water yield were statistically significant for both watersheds. 

CUSUM and CUSUMSQ plots showed that the hydrologic regime of the watersheds 

tended to return to pre-treatment conditions within 4 to 6 years following treatment. 
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2. Literature Review 

2.1. Paired Watershed Approach 

The paired watershed approach is a data analysis tool used to evaluate the 

hydrologic watershed response to land use practices or forest operations. Two watersheds 

in close proximity to one another and about the same size and with similar soils, 

vegetation, elevation, aspect, climate, and streamflow characteristics are selected. 

Gauging stations are established and the variables of interest, such as streamflow and 

rainfall, are measured in both watersheds during a calibration period. Subsequently, the 

control watershed remains untreated or unchanged and the other is subject to a given 

treatment or land-use change. The basis of the paired watershed is that there is a 

quantifiable relationship between paired data of the selected variable for the two 

watersheds, and that this relationship is valid until a major change is made in one of the 

watersheds (Clausen and Spooner, 1993). AAer treatment a new relationship is 

established between both watersheds if the land use treatment had a significant impact on 

the water balance of the treated watershed. The control watershed is used in regression 

analysis to predict what the response of the treated watershed should have been if the 

treatment had not been imposed. 

The method does not assume that the two watersheds are the same but that the two 

watersheds respond in a predictable manner together. The control watershed is not a 

control on the treatment (Hewlett, 1984). It serves as a climatic standard (climatic 
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control) during the years of the experiment and it does not require that the value of the 

selected variable (runoff or water yield) be statistically the same for the two watersheds. 

The method considers that it is the relationship between paired observations of the 

measured variable that remains the same over time except for the influence of the 

treatment 

Some advantages of paired watershed studies are the following (Clausen and 

Spooner, 1973); climate and hydrologic differences over years are statistically controlled; 

it is possible to attribute changes in the response variable to a treatment; the control 

watershed eliminates the need to measure all components causing change; the watersheds 

need not be identical; the study can be completed in shorter time frame than trend studies; 

and a cause-effect relationship can be indicated. The disadvantages are that the response 

to treatment is likely to be gradual over time which influences the variance; the study is 

vulnerable to catastrophes such as hurricanes; shortened calibration may result in serially 

correlated data; variance between time periods may not be equal due to drastic treatment; 

minimal change in the control watershed is permitted; and similar watersheds are needed 

in close proximity. 

In a paired watershed analysis three issues are of interest; to determine if the 

treatment had an effect on the selected variable (streamflow), to quantify the change, and 

to determine the duration of the effect. 
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2.2. Evaluation of Climatic Trends 

The paired watershed analysis is based on the assumption that the control 

watershed is a climatic control during the experiment period. It is assumed that the 

treatment effect is the only cause that the relationship of the water yield changes 

following treatment. Any physical or climatic change in the control watershed affects the 

evaluation of treatment effects. It is important to evaluate any possible climatic change in 

the control watershed during the experimental period in order to determine if the control 

watershed was climatically stable. The analysis of the meteorological and hydroiogic 

records of the control watershed is performed to determine if a change or trend is present 

in a climatic or hydroiogic record (series). Some common methods used to detect climatic 

trends are reviewed in the following paragraphs. 

The double mass analysis may show a change in the rainfall records (Anderson, 

I9S5). The double-mass curve is obtained by plotting the cumulative amounts of the 

station under consideration against the cumulative amounts of a set of neighboring 

stations. The plotted points tend to fall along a straight line under conditions of 

homogeneity. Although double mass curve is useful for the detection of shifts in the 

mean it is usually not obvious how real changes can be distinguished from purely random 

fluctuations (Buishand, 1982). Instead of the double mass curve one can also plot the 

cumulative deviations from some average value (residual mass curve). The cumulative 

deviations have the advantage that changes in the amount of rainfall are easily recognized 

(Buishand, 1982; Craddock, 1979). 
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Time series analysis is other useful tool for trend detection in climatic variables 

and detection of climatic change (Fernandez and Garbrecht, 1994; Hameed et al., 1997; 

Kite, 1993; Majercakova et al., 1997). Major rainfall fluctuations in a long-term record 

may be identified using the time series plot of standardized cumulative deviations of the 

series (Garbrech and Fernandez, 1994; Fernandez and Garbrech, 1994). Another 

approach is to represent the residual (vt) as an autoregressive (AR) or autoregressive 

moving average (ARMA) process in the following model; Yt = n + Xi(0) + Vt where Yt 

= response variable; ^ = a constant; X((0) = trend variable, either linear or nonlinear; and 

V, = autocorrelated error sum term (Hameed et al. 1997; Kite, 1993). 

Because climatic variables are measured with some error, they may have a non-

normai distribution, and possible autocorrelation may be present. For these kind of data, 

nonparametric tests may give more confident results than parametric tests. The 

nonparametric Mann-Kendall method tests for a trend in a time series without specifying 

whether the trend is linear or nonlinear (Salas, 1993). The test is designed to detect 

monotonically increasing or decreasing trend in a data sequence rather than the 

occurrence of an episodic event. This procedure is particularly useful since it can handle 

non-normality, censoring, missing values, and data reported as "less than". It also has a 

high asymptotic efficiency (Can, 1998; Gilbert, 1987; Langford and Lewis, 1975; Sneyer, 

1990; Tarhule and Woo, 1998). 

Gilbert (1987) points out that if seasonal cycles are present in the data, tests for 

trends that remove these cycles, or are not affected by them, should be used. The seasonal 

Kendall test can be used in this situation. The seasonal Kendall test is a generalization of 



25 

the Mann-Kendall test proposed by Hirsch et al. (1982) to assess trends in monthly or 

seasonal data. They proposed this test for using it with 12 seasons (months) but 

conceptually it may also be used for other "seasons", e.g., four quarters of the year, or the 

8-h periods of the day. The Mann-Kendall and seasonal Mann-Kendall tests are 

described in detail in appendix Al. 

2.3. Tests of Treatment Effects 

A statistical model using hypothesis testing, regression analysis, and covariance 

analysis is the traditional paired watershed method to evaluate the effects of land use 

treatments, e.g., vegetation changes on water yield (Claussen and Spooner, 1993; Wilin, 

1944). The data analysis comprises the following: a) significance of the calibration and 

post-treatment regression models, b) significance of the overall regression which 

combines the calibration and post-treatment periods, c) the difference between the slopes 

of the calibration and post-treatment periods, and d) the difference between the intercepts 

of the calibration and post-treatment regressions. We can compare the pre-treatment and 

post-treatment regressions using a t test (Dumax and Morel-Seytoux, 1971; Kleinbaum 

and Kupper, 1978). The slope coefficients are compared for a test of parallelism. The two 

intercepts are compared for determining whether or not both straight lines originate at the 

same point, regardless of how the two slopes compare. If either the intercepts or slopes 

are different, one can conclude that the two lines are not coincident and there was a 

treatment effect. If both are not different, one can conclude that the two lines are 

coincident and there was not a treatment effect. 
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The traditional paired approach of comparing two linear regressions has been 

questioned because frequently a reversal in the sign of the treatment effect is observed. In 

this case the calibration and post-treatment lines cross near the limits of the data. This 

behavior is due to watershed responses to treatment and regeneration of the forests. 

Swindel and Douglas (1984) approached this situation by fitting a linear model for the 

calibration period and a non-linear model for the post-treatment period. However, David 

et al. (1994) point out that comparison of linear or non-linear regressions for the 

calibration and post-treatment periods is inappropriate when the treatment effects last for 

only a few years. In this situation two sub-period regressions of the post-treatment period 

may be compared with the calibration regressions. Sidle and Menser (1980) evaluated the 

impacts of mining activity on annual streamflow for two post-treatment sub-periods; 

active mining prior to mandatory reclamation and active mining with mandatory 

reclamation. In the same way Hicks et al. (1991) divide the post-treatment period, based 

on plots of the differences between observed and predicted water yield, in a sub-period of 

increased water year and a sub-period of low water yield. 

Tests of significant long-term effects of vegetation changes on water yield may be 

approached as the detection and statistical test of structural changes. Structural changes 

are departures from constancy of regression relationships over time when regression 

analysis is applied to time-series of paired data. One of the best-known and widely used 

tests for structural stability of the regression coefficients is the Chow test. The test 

assumes that the change point or points (T, ) are known. The sample period is divided 

into two or more subsamples, and the coefficients of the regressions of each subsample 
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are compared. The Chow test assess if there has been a structural change whatsoever 

(change both in the intercept and slope of the regression equations) at time Ti. In the 

paired watershed approach the year of treatment would be the break point for the Chow 

test to compare the pre-treatment and post-treatment period. However, for environments 

where the treatment effect last only a few years it is necessary to divide the post-

treatment period in sub-periods that are compared with the calibration period. Then we 

must determine other point breaks in addition to the year of treatment. 

When a change point is not known in advance, we have two ways to follow. First, 

to assume that any possible point can be a change point, and apply the Chow test. The 

possible set is T| = (k +1,..., T-1). An alternative test of model stability is based on 

recursive residuals (Greene, 1997). The cumulative sum of the recursive residuals 

(CUSUMs) and the squares of the recursive residuals (CUSUMQ) curves may indicate 

the possible change points. The CUSUM and CUSUMSQ tests are best regarded as a 

diagnostic exploratory tool rather than a formal test (Brown et al. 197S; Harvey and 

Durbin, 1986; van Deusen, 1991). After a breakpoint is determined, other more formal 

and powerful tests, such as the Chow test or a dummy variable regression, may be used. 

The statistical significance of water yield increases for each year may be tested 

using a t-test and confidence or prediction intervals (Reinhart et al. 1963). If the 

deviations exceeded the selected (i.e. 95%) confidence intervals placed about the 

calibration regression, they are considered statistically significant (Hombeck et. al. 

1970); or if post-treatment observations fall outside of the prediction limits calculated 
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with the pre-treatment calibration regression (at a significance level) they are considered 

significant different than the expected value (Keppeler and Ziemer, 1990). 

2.4. Evaluation of the Duration of Treatment Effects 

Water yield increases invariably begin to decline soon after treatment due to 

revegetation (Hibbert, 1967). Annual flows return to pre-treatment levels within 4-S years 

in some environments (Keppeler and Ziemer, 1990), and in 20 or more years in others 

(Harr, 1983). It is possible also to distinguish a period of increased water yield following 

treatment and then a period of low water yield associated to vegetation regrowth (Hicks 

et al. 1991; Verry et al., 1983). A plot of water yield increases for the post-treatment 

period allows a visual evaluation of the duration of the treatment effects. However, this is 

a subjective evaluation. 

Kovner (1956) proposed a prediction equation for the increases in water yield 

based on fitting the set of estimated increases to the model; flow increase = a b (log of 

years since treatment). Solving this equation we can estimate the duration of the increase 

(years) at the time streamflow returns to pre-treatment levels since the yield increase 

equals zero (Douglas and Swank, 1972). 

Approaching the evaluation of treatment effects as a test of structural changes 

(Brown et a!., 197S), we can use the CUSUM method, to detect break points in the 

relationship of the water yield of the control and the treated watersheds. It is expected 

that the first break point would be associated with the first year immediately after 
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treatment. A second break point would indicate a new relationship that could be 

associated to a change in the treatment watershed condition (vegetation cover). 

2.5. Estimation of Water Yield Changes 

The regression equation obtained for the pre-treatment period and the streamflow 

of the control watershed for the post-treatment period are used to predict the water yield 

that would occur in the treated watershed under no treatment condition (Clausen and 

Spooner, 1993). The difference between the predicted and measured water yield of the 

treated watershed is considered the water yield increase due to treatment. The overall 

results due to treatment can be expressed as the % change based on the mean predicted 

and observed values. In the method proposed by Brakensiek and Ameran (I960), the time 

trend (partial coefficient of the time variable) value permitted an evaluation of the 

estimated change in water yield for the period of observations. 

3. Methods 

The method used in this study to analyze the long-term effects of vegetation 

changes on catchment water balance considered the following; a) test of trends in the 

precipitation data, b) fit of a linear regression model for the calibration period, c) 

estimation of water yield increases and the persistence of these increases, c) analysis of 

the post-treatment paired data to identify different hydrologic regimes (sub-periods), and 
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d) statistical test of difTerences in the regression relationships for the calibration period 

and sub-periods after treatment. 

The following mean daily data recorded by the U.S. Forest Service at the Beaver 

Creek experiment were obtained from the School of Renewable Natural Resources of the 

University of Arizona; streamflow, minimum and maximum temperature, and relative 

humidity. Missing values of relative humidity, and minimum and maximum temperature 

were estimated through regression using data of the experimental watershed IS and the 

Flagstaff station of the U.S. Weather Bureau. Mean daily solar radiation at Flagstaff was 

obtained for the period 1961 - 1981 from SAMSON database. 

3.1. Test of Trends in Precipitation 

Possible climatic trends in the area during the experimental period were evaluated 

using the monthly and annual precipitation and runoff data of the control watershed 

(WSI3). Annual data were assessed with the Mann-Kendall test, while monthly data were 

tested with the seasonal Mann-Kendall test. The Mann-Kendall and seasonal Mann-

Kendall test are described in Appendix Al. 

3.2. Estimation of Water Yield Changes 

Most of the water yield at the Beaver Creek watersheds occurs in the winter and 

early spring. More than 90 percent of measured discharge was recorded in the period 
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November 1 through April 30. Therefore, this 6 month period was selected for each 

analysis of the effects of vegetation treatments on water yield. 

The model Yt = ai + PiXc was fitted with the calibration data. Yt is the water yield 

of the treatment watershed and Xc is the water yield of the control watershed. Deviations 

of observed seasonal streamflow from the predicted flow using the prediction equation 

developed during the calibration period were plotted. Deviations from the regression lines 

during the calibration periods give a visual interpretation of precision of the experiments, 

while deviations for the post-treatment period are increases or decreases in the water 

yield of the treated watershed. 

3.3. Estimation of duration of treatment effects 

The duration of water yield increases following the treatments was estimated using 

the model reported by Douglas and Swank (1972): 

K=a + >9log(/,) (1) 

where V is predicted increase in annual water yield, ti is the number of years after logging 

(1,2, 3,.., N); a and p were obtained through linear regression. The equation was solved 

for t at a value of Y of zero. This t value indicates at which time streamflow has returned 

to precutting levels. Due to the low coefficient of determination (R^) value obtained, the 

cumulated sum of recursive residuals (CUSUM) and the squares of the recursive 

residuals (CUSUMQ) were used as an alternative method of diagnosis of breakpoints 

after treatment. The CUSUM and the CUSUMSQ were estimated using the econometric 
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programs EVIEWS 3.1 and LINDEP. The LINDEP program was developed by Greene 

(1997) and a free version is available at Dr. Greene's web page at New York University 

(http;//www.stem.nyu.edu/~wgreene/Econometrics/Econometrics.htm). Based on the 

CUSUM and CUSUMQ plots two sub-periods were identified within the post-treatment 

period. It was expected that the first observed break point would be associated with the 

beginning of the treatment effect (first year after treatment). A second break point was 

associated with the year at which the paired relationship tended to return to pre-treatment 

levels due to vegetation regrowth. The years between these two break points were 

assumed to be the period of increased water yield. 

3.4. Vegetation Treatment Effects on Water Balance 

The Chow test (econometric package EVIEWS 3.1; Quantitative Micro Software, 

LLC. Web: http;//www.eviews.com) was applied for an overall comparison between the 

discharge relationships of the control and treatment watersheds for the calibration and 

post-treatment periods. The Chow test is described in Appendix A3. Then the calibration 

regression was compared with the two sub-periods determined with the CUSUMSQ 

plots. Due to the short duration of the water yield increases, regression using a dummy 

variable was used to test if the sub-periods identified in the post-treatment period were 

significantly different from the calibration period. The dummy variable approach 

(Hewlett et al., 1984) has an advantage over splitting the sample; we can test just a few 

regression coefficients for treatment effect rather than the entire relation as the Chow's 

test does. One can assess if the relationship between X and Y for the two periods differ in 

http://www.stem.nyu.edu/~wgreene/Econometrics/Econometrics.htm
http://www.eviews.com
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the intercept but not in slope, or if there was a change in slope in addition to the change in 

intercept. The dummy regression test is described in Appendix A4. 

4. Results 

4.1. Climatic Trends 

The Mann-Kendall test indicated that there was not evidence of a trend in the 

annual precipitation or annual runoff of the control watershed (Tables 1 and 2). However, 

trends were present when considering individuals months and individuals watersheds. 

The Seasonal Mann-Kendall test showed a possible decreasing trend in the August 

precipitation and an increasing trend in the July runoff of the control watershed 13. Plot 

of the August precipitation for this watershed shows this decreasing trend (Figure 1). The 

same precipitation trend was observed for the August precipitation of watershed 14 but it 

was not detected for the August precipitation of watershed 12. The upward trend detected 

for the July water yield was associated with appearance of low flows after 1966 (Figure 

2). A possible increasing trend is also detected for the water yield of October. These 

trends are important in a monthly analysis but the paired analysis was performed using 

annual values. For all the period the seasonal Kendall test indicates a statistical 

significance for water yield but not for precipitation. Also, because the water yield 

analysis was based on the period of the year in which more than 90% of the runoff 

occurred (November to April), these months were not part of the period selected for 

analyzing the effect of vegetation treatments on the water balance of the watersheds. 
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Table 1. Mann-Kendall and seasonal Kendall tests for precipitation of WS13 

Month Si VAR(Si) Zi Decision 

Jannaiy 31 1431.667 0.793 Accept Ho 
February 7 1433.667 0.158 Accept Ho 

March 55 1433.667 1.426 Accept Ho 
April 18 1432.667 0.449 Accept Ho 
May 47 1432.667 1.215 Accept Ho 
June -33 1416.000 -.846 Accept Ho 
July 42 1432.667 1.083 Accept Ho 

August -77 1432.667 -2.007 Rcjcct Ho at a 0.05 
September -1 1433.667 0.000 Accept Ho 
C^obcr 6 1432.667 0.132 Accept Ho 

November -8 1432.667 -0.185 Accept Ho 
December -53 1433.667 -1.373 Accept Ho 
All months II VAR(S')= 17178.336 Z = 0.252 Accept Ho 

Annual values S = 51 VAR(S) = 1433.667 Z = 1.320 Accept Ho 

Table 2. Mann-Kendall and seasonal Kendall tests forrunofTofWS13 

Month Si VAR(Si) Zi Decision 

January 11 1368.334 0.270 Accept Ho 
Febniary 19 1425.002 0.477 Accept Ho 
March 18 1433.667 0.449 Accept Ho 
April 46 1432.668 1.189 Accept Ho 
May 52 1407.330 1.359 Accept Ho 
June 34 1190.664 0.956 Accept Ho 
July 79 1256.334 2.201 Reject Ho at a 0.05 

August 43 1251.001 1.188 Accept Ho 
September -5 1097.000 •0.121 Accept Ho 

October 46 654.664 1.759 Accept Ho 
November 32 1024.333 -0.967 Accept Ho 
December -25 1096.332 -0.725 Accept Ho 
All months S' = 350 VAR(S')= 14637.321 Z = 2.89 Reject Ho at a 0.005 

Annual values S = 51 VAR(S) = 1433.667 Z= 1.32 Accept Ho 

Ho: No trend a Critical value of test statistic 
Ha : Either upward or downward trend 0.010 2.57S 
Do;ision rule: Accept Ho ifthe absolute value ofZ is less than the critical O.OOS 2.810 

value of test statistic at the selected a. 0.001 3.29S 
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4.2. Analysis of the Hydrologic Regimes of the Watersheds 

More than 90 percent of the water yield from the watersheds occurred in the period 

November to April (Figures 3, 4, and S). These results confirm the assertion of Baker 

(1982) that seasonal distribution of streamflow on Beaver Creek follows the pattern 

typical of areas that are dependent upon snowmelt. The period November through April 

of the water year (hereafter named water year period or just water year) was selected as 

the period of analysis. In this way the effects of vegetation changes on the water yield of 

the watersheds were evaluated for the most significant period of streamflow. The 

excluded summers months had and possible climatic trends. This exclusion also restricted 

evaluation of long-term impacts of the vegetation treatments over a more homogeneous 

period. For the period May through October only the following months had significant 

water yield; July 1967, September 1970, May 1973, and October 1972. The control 

watershed recorded a water yield of 53.4 mm for September 1970, but this ainoff was 

caused by an extraordinary storm in the first week of September. 

The analysis of the precipitation records shows that the precipitation for watershed 

14 (Figure 6) was systematically higher than that of the control watershed. This 

difference is more notable in the calibration period. This difference could be caused by a 

real difference in their precipitation regime or due to measurement errors. On the other 

hand. Figure 7) shows that the control watershed and the clear cut watershed seem to 

have similar precipitation regimes. 
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4.3. Effects of Treatments 

Double mass curves for the water yield of the treated watersheds and the control 

watershed show a slight change in the water yield relationships of the paired watersheds 

(Figures 8 and 9). There was a small change in the slope of the curves after the first year 

of treatment: 1968 water year, point ( 668, 1216), for watershed 12, and 1971 water year, 

point (834,1063), for watershed 14. However, the double mass curves do not show a clear 

treatment effect for both watersheds. 

The linear model ROt= a+ P ROc provided good fit for the calibration and post-

treatment water yield data for both watersheds {equations 2, 3, 4, and 5). The standard 

error of estimate was larger for watershed 14 (thin and strip cut treatment) than for 

watershed 12 (clear cut treatment). 
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Calibration 

ROi2= 11.256+ 1.54 ROi3 (2) 

(Std. Error of estimate = 6.47; = 0.997; n = 7) 

R0,4 =-0.433 + 1.26 RO,3 (3) 

(Std. Error of estimate = 11.41; R^ = 0.985; n = 10) 

Post-treatment 

RO,2 = 8.05 + 1.713 ROi3 (4) 

(Std. Error of estimate = 43.46; R^ = 0.952; n = 14) 

ROi4= 1.207+ 1.228 ROI3 (5) 

(Std. Error of estimate = 19.01; R^ = 0.974; n = 11) 

where RO is water yield; 12, 13, and 14 are watershed number 

The calibration regression equations above are similar to the regression equations 

obtained by Baker (1986): ROu = 4.73 + 1.55 ROn (Std. Error of estimate = 18.65; R^ = 

0.995; n = 7) and ROu = -6.71 + 1.30 RO13 (Std. Error of estimate = 11.85; R^ = 0.982; n 

= 11). Baker considered the water yield for all water year (October through September). 

The difference in calibration parameter values obtained by Baker and those obtained in 

this study is associated with Baker's inclusion of summer flows. 

Differences of observed water yield and estimated water yield using calibration 

equations and control watershed water yield are shown in Figures 10 and 12. Deviations 

from the regression lines during the calibration period shows that either the study in 

watershed 12 had higher precision than the study in watershed 14, or watershed 13 was a 
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better watershed control for watershed 12. The estimations obtained with the pre-

treatment regression equation tended to overestimate flows of watershed 14 (Figure 12). 

The period November 1972 - April 1973 was the wettest period and had the higher 

deviations for both watersheds. However, estimation of percent of water yield increases 

with regard to the estimated water yield without treatment (Figures 11 and 13) shows that 

the percent increase in water yield for this wettest period was lower than that estimated 

for the first year after treatment. The first year after treatment for watershed 14 was a 

very dry year. The estimated percent increases for dry years tended to be high. This may 

be because the treatments increased low flows and/or because the error of estimation of 

water yield increases was higher for low flows. 
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4.4. Duration of Treatment Effects 

The equations fitted to estimate the duration of treatment effects were the 

following: 

Y12 = -61.34log(t) + 63 .837 R2 
= 0.20 (Y = 0 ~ t = II) (6) 

Y t4 = - 42.764 log(t) + 26.65 R 2 
= 0. 3 2 (Y = 0; t = 4) (7) 

The fit of the models was poor so the recursive residuals were used to detect 

changes in the paired relationships that links changes in the hydrologic regime to 

vegetation changes. The CUSUM and CUSUMSQ plots (Figures 14 and 15) for 

watershed 12 indicate a break point in the first year after treatment (1967-1968); the 

second break point occurred six years after treatment (1972-1973). For the clear cut 
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watershed (WS12) a significant water yield increase occurred for water years 1968 

through 1973. After the 1973 water year the hydrologic regime of the watershed returned 

to pre-treatment conditions. These results are similar to those reported by Hicks et al. 

(1991) and Verry et al. (1983) who observed a period of significant water yield increase 

following treatment and one of low water yield associated with vegetation regrowth. 

A break point for watershed 14 during the calibration period (years 1967-1968) 

indicates that the water yield relationship of the control and treatment watersheds were 

not stable during the last two years of the calibration period. However, a Chow test 

indicated that there was no a structural change during the calibration period. Figure 12 

indicated that the break point was caused by a large observed-estimated deviation 

occurred in the water year 1967-1968. The CUSUM plot for watershed 14 (Figure 13) 

shows that there was a small change during the first two years after treatment that was 

emphasized in the wettest water year (1972-1973), and then a new change was observed 

in the water year 1973-1974. The CUSUMSQ plot (Figure 14) shows that these changes 

were small except that change caused by the wettest water year. 
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4.5. Significance of Water Yield Changes 

Statistical analysis of water yields for each year after treatment (Table 3) indicated 

that six of the first seven years after treatment were statistically significant (period 1967-

68 to 1973-74) for the clear cut watershed (watershed 12). But the years 1971-72 and 

1973-74 had a significant decrease in the water yield. For the thinned watershed 

(watershed 14), the first four years after treatment showed an increase in water yield but 

this increase was significant only for the year 1972-73. Water year 1972-1973 was an 

exceptional precipitation year that had a significant effect on the response of both 

watersheds to the treatments. This result agrees with that obtained from the analysis of 

the CUSUMSQ plots. 

The overall comparison of the calibration and post-treatment discharge 

relationships did not show evidence that the post-treatment relationship was different 

than the calibration relationship (Table 4). When the post-treatment period was divided in 

two sub-periods (treatment effect and regrowth), it was found that the treatment effect (6 

years for watershed 12 and 4 years for watershed 14) was significantly different than the 

calibration and regrowth periods (Table 4) while the water yield for the regrowth period 

was not statistically different than that of the calibration period. The effect of the high 

precipitation of water year 1972-1973 is observed for both watersheds (Table 5). 
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Table 3. Estimated water yield increases (mm) for the treated watersheds 

Water Year Watershed 12 Watershed 14 

1967-68 94.1 • 
1968-69 36.1 • 
1969-70 17.3 • 
1970-71 4.1 8.9 
1971-72 -55.2 • 6.6 
1972-73 124.4 • 47.7 • 
1973-74 -20.9 • 0.9 
1974-75 9.5 -5.0 
1975-76 -0.4 -13.6 • 
1976-77 -7.3 -2.2 
1977-78 25.5 » 10.4 
1978-79 10.3 -38.4 • 
1979-80 -10.4 -42.8 • 
1980-81 -5.0 -8.8 

* signiricant at 95% (sec appendix AS for calculations) 

Table 4. Dummy variable test results 

MODEL WS12 WS12 WS14 WS14 

RO, =a, +P, ROc SSER = 24252.625 SSER = 6876.008 
d.f. = 19 d.f. = 19 

RO, = ai+p,ROc + SSEf = 22871.405 F = 0.51 SSEp = 6798.558 0.097 
a,D + p,DROc d.f. = 17 d.f. = 17 

MSEF = 1345.377 MSEF = 399.92 

RO, =  a , + p ,ROc + SSEF= 10014.49 SSEp = 2483.329 6.633 • 
a:D, + P;D,ROc + d.f = 15 F = 5.53 • d.f. = 15 

ajD; + p.,D;ROc MSEF = 667.63 MSEF =165.555 

* Signiflcant at 95% 
Fc = I (SSER - SSEFV r| / MSEF 

F(r.n-k): n = number of observation for all period. 
k = number of parameters in fiill nradel 
r = (d.f of error for reduced model - d.f of error for full model) 
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Table 5. Mean increase for all post-treatment period and two sub-periods 

Watershed Period Mean Water Yield Increase 
(mm) 

1967-68 to 1980-81 15.87 
Watershed 12 

1967-68 to 1972-73 36.8 

1973-74 to 1980-81 0.2 

1970-71 to 1980-81 -3.3 
Watershed 14 

1970-71 to 1973-74 16.04 

1974-75 to 1980-81 -14.4 

The results obtained are comparable to some previously reported results for these 

watersheds. Brown et al. (1974) reported results of water yield increases of 6 years 

following treatment for watershed 12 and 4 years for watershed 14; their estimation were 

51 mm increase for watershed 12 and 25 mm for watershed 14. Some estimations of 

potential increase in water yield for ponderosa pine ecosystems are based on these short-

tenri records. The results obtained are more comparable to those obtained by Baker 

(1986) that predicted the duration and amount of water yield increases based on the long-

term water yield mean for the control watershed. He showed that a reduction in 

streamflow is observed over time due to vegetation recovery. The CUSUM plots indicate 

that the hydrologic response of watershed 12 returned to pre-treatment conditions 6 years 

after treatment, while the treatment effects were not evident for the watershed 14. 
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5. Conclusions, Part I 

The paired watershed analysis indicated that the of short-term and long-term 

effects of vegetation removal in ponderosa pine watersheds at Beaver Creek are related to 

the type of vegetation treatment. Clear-cutting produced significant water yield increases 

during a short-time following treatment, while water yield increases due to strip-cutting 

with thinning were not significant. Unfoitunately, the long-term effects of vegetative 

treatment in these watersheds could not be evaluated because only short-term effects 

were detectable. The cumulative sum of recursive residuals (CUSUM) should be used as 

a complementary tool to the traditional covariance method in the analysis of short-term 

and long-term hydrologic changes following vegetation treatment. 
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PART n. MODELING HYDROLOGIC CHANGES ON PONDEROSA PINE 

WATERSHEDS IN ARIZONA 

1. Introduction 

Empirical models (traditional paired watershed approach) used to evaluate the 

long-term effects of watershed management practices on catchment water balance are of 

limited application. We cannot use empirical models in environments other than where 

they were generated and the generation of long-term hydrologic data is expensive. An 

alternative approach is to use available data or generate new data in single watersheds to 

calibrate and test conceptual models. In this view, one watershed would provide the pre-

treatment data needed for model calibration and verification. After treatment the 

calibrated model would continue to estimate runoff expected for pre-treatment conditions 

and this would serve as the control for the post-treatment runoff observations. This would 

substantially reduce experimental costs. Because conceptual models consider the physical 

processes of a watershed, arte expected to have a wider range of application than 

empirical models. If a model has a good performance in different environments and a 

parameter value set is determined for a specific ecosystem it may be a useful tool to 

evaluate long-term effects of vegetation changes in water balance. The second part of this 

study addresses the following question; can a physically based model, BROOK90 

(Federer, 1995), serve as the control to evaluate the long-term effects of vegetation 

changes in the water balance of ponderosa pine watersheds?. The study includes the 

sensitivity analysis of the model parameters, and calibration and verification based on the 



52 

data of the control watershed. After verification in the control watershed, the model was 

calibrated with pre-treatment data of the treated watersheds. The calibrated model served 

as the control to evaluate the impacts of vegetative treatments on water balance. Twenty-

one years of meteorological and hydrologic data recorded by the U.S. Forest Service at 

the Beaver Creek Experimental Watershed were used in this study. 

2. Literature Review 

Three issues are considered of major significance in testing a hydrologic model; 

sensitivity, calibration, and verification. Relevant aspects of these issues and some 

background of the use of conceptual models to predict effects of watershed management 

practices on catchment water balance are reviewed herein. The BROOK90 model and the 

PEST parameter estimation program are also described. 

2.1. Sensitivity Analysis 

Sensitivity analysis is a measure of the effect of change in one factor or model 

input on another factor or model output (Metselaar, 1999; Zheng and Bennett, 1995). An 

analysis of the sensitivity of particular model outputs with respect to particular model 

inputs is required as part of an effort to increase a modeler's understanding of the 

processes simulated by the model, or as the first step in a model calibration whereby key 

system parameters are identified. Zheng and Bennet (1995) point out that sensitivity 

analysis is useful for; (1) examining the overall responses of simulation results to changes 

in the model input parameters; (2) examining the likely uncertainty in simulation results 
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due to uncertainty in model input parameters; and (3) examining how well parameters are 

likely to be estimated from data available for model calibration. 

Sensitivity analysis can be expressed in two forms; absolute and relative. The 

absolute sensitivity of the system output O to variation of a system parameter 1 is defmed 

by the following mathematical derivative (McCuen, 1974; McCuen, 1986): 

s = ao/aii = Ao/Aii=(Oi - ObVOi -u) (i) 

in which Oi is the value of O at some specified level of each Ij, and the subscript b 

indicates base output and parameter. 

Absolute sensitivity values are inappropriate for the comparison of sensitivity 

values because they are not invariant to the magnitude of either O or I. Relative 

sensitivities represents a relative normalized change in output to a normalized change in 

input. It is a valid means of comparing the sensitivity coefficients among different 

parameters and type of dependent variables, as well as among different models. McCuen 

(1973) defined a relative sensitivity function as; 

s = (ao/Oo)/(aii/ii) = [(Oj - Ob)/Ob]/[(ii - ib)/ib] (2) 

Nearing et al. (1989) used a modified form of the above relative sensitivity for 

ensitivity parameter: 

S = [ (O2 - 0,)/0,2] / [ O2 -Ii)/Ii2) (3) 

where li and I2 are the least and greatest values of input used respectively, I12 is the 

average of I| and I2, Oi and O2 are the associated outputs for the two input values, and 

Oi2 is the average of the two outputs. 
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The method of factor perturbation is the more commonly used method in 

hydrologic analysis for sensitivity analysis. Baseline parameter and input values that are 

representatives of the system are selected. With all other parameters and input variables 

fixed at their baseline values, individual parameters and input variables are varied about 

their base values, independently and sequentially, over a range of feasible and realistic 

values. 

Sensitivity plots are useful to examine the stability of a parameter (McCuen, 1973; 

Lane and Nichols, 1996). A sensitivity plot is a graphical comparison of the percent 

change in output and the percent change in a parameter value. Changes in the parameter 

values and the resulting changes in the outputs are plotted as percent changes from their 

base values. 

2.2. Model Calibration 

The usefulness of hydrologic models for the purpose of operational predictions 

depends on how well the model is calibrated. Calibration is a process in which model 

input parameters are adjusted until model output variables match field-observed values to 

a reasonable degree (Zheng and Bennett, 1995). Model calibration is synonymous with 

parameter estimation or parameter identification. Marsaiek (1977), lists three main 

advantages of model calibration as follows; 

(a) Calibration produces estimates of input parameters that are difficult to measure 

directly. 



(b) Calibration compensates, to some extent, for imperfections or omissions in the 

model structure. 

(c) Calibration together with verification lend reliability to model predictions. 

A problem in parameter estimation for complex conceptual models is the large 

number of parameters that are potential candidates for estimation. The problem of 

different combinations of parameter values yielding optimal values of the discrepancy 

measure, is known as parameter non-identifiability (Metselaar, 1999). To reduce the 

problem of identifiability, and increase the quality of the estimates (in terms of their 

variance) the number of parameters to be estimated from the data should be reduced by 

fixing a large number of parameters. One can also collect adequate data to support 

calibration while limiting the likely range of each model input parameter by making 

additional laboratory and field measurements of the parameter (Zheng and Bennet, 199S; 

Metselaar, 1999). Another problem in any type of calibration is the dependence of its 

result on the initial parameter value guess or selection. 

One may think that in the case of physically based models, calibration is 

unnecessary because the parameters have physical meaning. Troutman (1985) shows that 

regardless of how complex we make our conceptual models, they are still a long way 

from being truly deterministic, van Straten (1999) considers that each model is associated 

with a validity domain and often the validity domain of the a model is not well 

documented, or the model may need to be used in an input range not yet observed. When 

the model is used outside its original validity domain, re-calibration (on the basis of new 

data information) is needed. 
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Parameter values can be estimated by a trial-and-error process or by automatic 

calibration. Trial-and-error requires multiple simulation runs and is very flexible, 

allowing any kind of adjustment in parameter values. This method is widely used but for 

complex models the process is tedious and there is no guarantee that the optimal 

parameter combination has been found (Zheng and Bennett, 1995). The current trend in 

calibration practice is toward increased use of automatic calibration. In automatic 

calibration an algorithm code is used during the calibration process to estimate optimal 

parameter values. The automatic procedure requires the selection of an objective 

function, a search algorithm, and a criterion by which to terminate the search. Gupta el. 

al. (1999) describe the automatic calibration as follows; (a) a period of calibration data is 

selected, (b) an initial guess is made as to the probable values (or range of values) for the 

parameters, (c) the model is run using these values for the parameters, (d) the distance 

between the model output and the observed data is measured using a mathematical 

equation called an objective function or estimation criterion, and (e) an automatic 

optimization procedure (called a search algorithm) is used to search fcr the parameter 

values that optimize the value of the objective function. 

Federer (199S) indicates that BROOK90 is a parameter-rich model and that this 

makes the model applicable to any land cover type, but the penalty for this is greater 

difficulty in choosing a parameter set for any given system, and in conducting any 

parameter fitting process. He gives some guidelines for BROOK90 parameter selection. 

Most of BROOK90 parameters should be selected based on system knowledge. Thirteen 

parameters that affect total amount of flow and timing of flow are suggested to be 



optimized. Federer (1995) considers that parameters should be changed one at a time. 

However, he shows that parameters do interact and returning to parameters previously 

worked on may be desirable. 

2.3. Model Verification 

Evaluation of the performance of models is one important aspect of model 

development process that has received relatively little attention. Model evaluation refers 

to the process of testing a model in a predictive - type scenario to ascertain that the error 

of prediction is at an acceptable level. The goal of model evaluation is to ensure that 

modeling results provide a good representation of the actual processes occurring in the 

real system (Tsang, 1991). Models should be tested for a wide range of conditions so that 

the potential user can evaluate where and when a particular model should be applied, and 

how different models work for different conditions. It is generally agreed (Tsang, 1991) 

that models cannot be validated in an absolute sense. The term verification is preferred to 

the term validation. Model verification has been defined (Zheng and Bennett, 1995) as 

the process in which the calibrated model is shown to be capable of reproducing a set of 

field observations independent of that used in model calibration, and model validation is 

the process in which the calibrated model is shown, through a postaudit, to be capable of 

predicting future conditions with sufficient precision. 

There are different criteria to evaluate the performance of models depending on the 

type of model, data available for testing, and the ultimate purpose for the model. The 
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ASCE Task Committee on Definition of Criteria for Evaluation of Watershed Models 

(ASCE, 1993), proposed three simple evaluation criteria for continuous flow models: 

a) Deviation of runoff volumes, Dv 

Dv (%) = 100 ( V - V) / V (4) 

where V = the measured yearly or seasonal runoff volume; and V = the model computed 

yearly or seasonal runoff volume. Dv would equal zero for a perfect model. This test 

provides an immediate complement to visual inspection of the continuous hydrographs. 

b) Model efTiciency. E' ^Nash and Sutcliffe. 1970) 

1=1 1=1 

where Oi = the measured daily or monthly discharge; Q,' = the computed daily or 

monthly discharge; Qav = the average measured discharge; and n = the number of daily 

or monthly discharge values. The value is a measure of how well the daily or monthly 

simulated and measured flows correspond. E' = 0 means that the model is predicting no 

better than using the average of the observed data. This test works best when the 

coefficient of variation for the observed data set is large (ASCE, 1993). 

c) Coefficient of gain from daily mean, DG 

o G = i - [ Z f e , w  
/=i 1=1 
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where Q, = the average measured discharge for each day of the period, Q', = computed 

daily flow, Q,av = averaged measured flow from previous years for that day, and n = 

number of days. 

DG can vary between 0 and 1, with 0 being a perfect model. As opposite to where 

the model results are compared to "no model" (or 0, DG compares model results with 

daily discharge values (or Q,), which vary throughout a year or season. 

In addition to these three evaluation criteria the coefficient of determination is very 

commonly used for measuring the degree of association between observed and estimated 

flows (Aitken, 1973). Another statistic reported by Gupta et al. (1999) is percent bias 

(PBIAS) defmed as follows; 

P B I A S  = \ 0 0 { ' ^ { q , - q , ) / f ^ q , )  (7) 
f = I  f = l  

where qt is measured flow and q't is the simulated flow. 

The PBIAS measures the average tendency of simulated flows to be larger or 

smaller than their observed counterparts; the optimal value is 0; positive values indicate a 

model bias toward underestimation, whereas negative values indicate a model bias 

toward overestimation. 

2.4. Evaluation of watershed management practices using conceptual models 

Jayasurita and O'shaughnessy (1988) applied the Soil Dryness Index (SDI) model 

to evaluate short-term changes in streamflow yield due to two silvicultural practices in 

the Maroondah catchment in Australia. This water balance model was calibrated with 
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pre-treatment climate data and convoluted with post-treatment climate inputs to predict 

conditions that would have existed in the absence of treatment. The results showed that 

the post-treatment residual flows obtained with the SDI model were similar to that 

obtained with the paired approach, although absolute values of annual flow residuals 

differ appreciably in some years. 

Woolhiser et. al. (1990) point out that the mathematical modeling approach requires 

fewer data than the paired approach but will have limited success in detecting small 

changes because the coefficient of determination between observed and model predicted 

hydrologic variables is usually smaller than for paired watersheds. They evaluated if the 

event-oriented rainfall-runoff model KJNEROS was able to detect changes in runoff 

volumes due to conversion of a small watershed fi'om brush to grass at Walnut Gulch 

Experimental Watershed in southeastern Arizona. The model was calibrated using ten 

pre-treatment events, using the Nash-Sutcliffe efficiency criterion as the objective 

function. A set of 30 pre-treatment events was selected for verification. Their analysis 

showed that model predictions can be misleading if the model parameters are estimated 

from a small subset of the pre-treatment runoff data and the changes in runoff volumes 

were small. The model overestimated runoff for the verification data and part of the 

modeling error was attributed to the fact that the two largest events were not in the 

optimization data set. So the model results apparently differed from the results obtained 

with the paired approach. 

Neff III (1993) calibrated the BROOK90 model in a relatively undisturbed 

watershed in Pennsylvania. Then the pre-treatment data of a treatment watershed was 
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used for verification. Several parameters were re-optimized to improve the simulation of 

the hydrologic response of the treated watershed. To simulate treatment effects in the 

post-treatment period he changed the parameters MAXLAl, MAXHT, and MXRTL. The 

results showed that low simulated flows tends to be over-predicted by the model; the 

correlation coefficients were low (0.67) for the dry calibration year; and the worst 

monthly correlation coefficients were produced by Febriiary, March, and October. 

February coefficients were negative as a result of a poor simulation of very low late 

winter baseflow. Low coefficients in March were attributed to a poorly timed simulation 

of spring rainfall and snowmelt. It was concluded that seasonal bias was prominent in 

some hydrograph simulations, usually stormflow underestimation in the first half of the 

year, followed by the stormflow and baseflow overestimation in the latter half 

With regard to Beaver Creek Experimental watershed. Brown et al. (1974) reported 

results of testing the Roger's system theoretical hydrologic model. Predicted hydrographs 

indicated that, in general, the predicted daily flows followed the same general patterns as 

the observed flows. However, the volumes of peak flows were generally outside the error 

limits. The model predicted the start of snowmelt period for some years but was not able 

to predict the early melt period in 1962. They considered that the primary source of error 

appeared to be in the climatic inputs and in modeling the various effects of treatments on 

soil and vegetation conditions. A modified version of the Roger's model, called 

ECOWAT, was used by Waring et al (1981) at Beaver Creek watershed to simulate a 

conversion from mature ponderosa pine to grasses, forbs, shrubs, and oak sprouts. The 

predictions were made without prior calibration of the model. Based on results of two 
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years, the model underestimated flow by 21% for the water year 1965 and overestimated 

flow by 5% for water year 1973. The simulation showed an increase in streamflow of 

15.4 cm (27%) due to vegetation conversion. 

Jeton (1990) compared two empirically-based regression models and a physically-

based model at Beaver Creek Watershed. The main interest was low, medium or high 

flows; winter or summer seasonal runofT; or annual predictions. In general, the 

physically-based model tended to overestimate runoff Baker and Rogers (1983) obtained 

similar results when testing three USDA Forest Service models in a mixed conifer 

ecosystem at Thomas Creek watershed, close to Beaver Creek watershed. All three 

models overestimated the mean monthly flow volumes for the test period. 

3. Methods 

3.1. BROOK90 Model 

The BROOK90 model is a continuous flow model written by Dr. C. Anthony 

Federer (Federer, 1995). Dr. Federer developed, calibrated and verified BROOK90 at the 

Hubbard Brook Experimental Watershed in New Hampshire. The BROOK90 simulates 

the water budget on a unit land area at a daily time step. Given precipitation at daily or 

shorter intervals and daily weather variables, the model estimates interception and 

transpiration from a single layer plant canopy, soil and snow evaporation, snow 

accumulation and melt, soil water movement, and delayed flow fi'om soil drainage and a 

first-order ground water storage. This model is intended to be as a teaching tool for 
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3.3. Modeling Studies 

3.3.1. Selection of baseline parameters 

Catchment, canopy, and soil parameters were established based on reported 

information for Beaver Creek watershed or for ponderosa pine ecosystems. Default 

parameters for evergreen conifer forests or for BROOKQO model were used when no 

information was available. A baseline parameter file was established based on this 

information for each watershed. 

Slope of the watershed, aspect, and location latitude were obtained from maps of 

the area, scale I ;24000. Soil parameters (table 1 and 2) were selected based on the main 

soil series described by Williams and Anderson (1967) and Hendricks (I99S). Three 

main soil series are present in the Beaver Creek watersheds; Brolliar, Sponsoller, and 

Siesta. However, other soils series and a number of faces are present in the area. Because 

there is no provision for spatial distribution of parameters in the horizontal in BROOK90, 

it was necessary to define a criterion to select soil parameters for each watershed. The 

dominant soil series in watershed 12 is the Brolliar series. In the watersheds 14 and 13 

the Brolliar soil series is present in 65 to 90 percent of the area while Sponsoller covers 

10 to 35 percent of the area. The soil texture of these two soil series are different in the A 

horizon (0-10 cm). Williams and Anderson (1967) reported a loam soil texture for the A 

horizon of the brolliar soils, while that of a Sponsoller soil is silt loam. The B horizons of 

the Brolliar soils have a clay texture, while the soil texture of the B horizons of the 

Sponsoller soils vary firom clay loam to clay. The base soil parameters listed on table 1 
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were established based on the soil series present in more than 65 percent of each 

watershed: the Brolliar soil. 

Table 1. Baseline soil parameters selected for the experimental watersheds 

LAYER THICK STONEF RELOEN PSIM PSIF THETAF THSAT BEXP KF WETINF 
1 100 0.00 1.00 -13.3 -13.3 0.298 0.6 5.39 2 0.92 

2 100 0.10 0.50 -10.8 -10.8 0.413 0.6 11.4 2 0.92 

3 200 0.15 0.25 -10.8 -10.8 0.413 0.6 11.4 2 0.92 

4 200 0.20 0.12 -10.8 -10.8 0.413 0.6 11.4 2 0.92 

5 200 0.25 0.06 -10.8 -10.8 0.413 0.6 11.4 2 0.92 

6 200 0.25 0.03 -10.8 -10.8 0.413 0.6 11.4 2 0.92 

Waring et. al. (1981) estimated a leaf area index of 4 for the area, while Baker 

(1986) estimated a leaf area index of 5.2 for pretreatment conditions in the watershed 12. 

A value of 5.2 was selected as the base leaf area index for the three watersheds. The 

BROOK90 manual indicates that the DENSEF parameter may be established based on 

information from the watershed. Baker (1986) and Jeton (1990), reported a pre-treatment 

cover density of 80 to 85 percent. A default value of DENSEF of 0.8 was established. 

Parameter values other than default values are listed in Table 2. 

Table 2. Parameters selected for the three watersheds 

PARAMETER WSI3 WSI2 WS14 
SLOPE, dcg. 10 4.6 7.9 

ASPECT 223 220 170 
LAT 34.75 34.74 34.75 

MAXLAI 5.2 5.2 5.2 
QLAYER 5.2 5.2 5.2 
ILAYER 5.2 5.2 5.2 
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3.3.2. Sensitivity analysis, parameter estimation and model verification 

BROOK90 is a parameter-rich model. It contains 96 parameters. The BROOK90 

manual list some parameters that should not be changed, unless enough information is 

available. Other parameters should be selected based on information of the watershed 

characteristics. In this study, relative changes in model output (water yield) were 

evaluated with respect to 29 parameters and the 126 monthly data of the control 

watershed using the SENSAN program. SENSAN is a computer program designed to 

analyze sensitivity of a particular model outputs with respect to particular model inputs. 

SENSAN allows one to automate the task of adjusting certain model inputs, running the 

model, reading the outputs of interest, recording their values, and then commencing the 

whole cycle again. Four types of input files were created in order to run the SENSAN 

model. The SENSAN control file provides SENSAN with the structural details of a 

particular sensitivity analysis. The parameter variation file provides SENSAN with the 

parameter values to be used in the succession of model runs. The PEST template file is a 

modified model input file (BIIOOK90 parameter file in this case), that indicates the 

adjustable parameters to be written to that file. The instruction file indicates which model 

outputs will be used in the sensitivity analysis or parameter estimation. The outputs 

produced by SENSAN are the model outcomes for each parameter combination; the 

variations of model outcome values relative to model outcome base values ( (Op - Ob) / 

Oh); and model output sensitivities with respect to parameter variations from their base 

values ((Oi - Ob)/(Pi - Pb)). 



Parameter selection for sensitivity analysis was based on three criterion. The first 

criteria was the list of parameters suggested for calibration in BRC)OK90 manual. The 

second one was the kind of hydrologic process they affect. The third consideration was 

the selection of parameters related to important hydrologic processes for which not 

enough information is available and that could be a source of errors during calibration. 

Changes in the output were evaluated with respect the outputs obtained with the baseline 

parameter value set. Sensitivity of soil parameters was determined for two soil depths; 0 

- 20 cm, and 20 -100 cm. Absolute sensitivity values obtained directly from the 

SENS AN outputs were averaged for each month, then an average value for the different 

change values was obtained. Relative sensitivities, like that proposed by Nearing et al., 

(1989), were computed fi'om SENS AN flow outputs. The following equation was used to 

estimate relative sensitivity; 

S = [ (Oi - Ob)/Oib] / [ (li -lb)/Iib) (8) 

where 1; and lb are the increased and base values of inputs, lib is the average of U and li. 

Oh and Oi are the associated outputs for tlie two input values, and Oib is the average of the 

two outputs. 

Percent increases of the flow outputs and parameter changes were obtained for 

average monthly data. A visual evaluation of changes in flow due to changes of 

parameter values was performed using sensitivity plots. They showed also the stability of 

the parameter with regard to each month. 

A model-independent parameter optimizer (PEST) was used for BROOK90 

calibration in the control watershed (WSI3). PEST is a nonlinear model-independent 
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parameter optimizer program (Doherty et al., 1994). More information is available at the 

web page: http;//www.ozemail.com.au/~wcomp/. PEST uses a powerful, yet robust, 

estimation technique that has been extensively tested on a wide range of problem types. 

An advantage of PEST is that it adapts to a model without the necessity of having to 

make any changes to that model. In the PEST program it is defined that the optimal 

parameter set is that for which the sum of squared deviations between model-generated 

observations and experimental observations is reduced to a minimum (objective 

function). PEST uses the Gauss-Marquardt-Levenberg algorithm for parameter 

estimation of nonlinear models. At the beginning of a PEST run an initial parameter set 

(baseline parameter set) is needed. Then derivatives of observations with respect to 

parameters are calculated using finite differences. The forward differences technique is 

used to derivatives calculations. During every optimization iteration the model is mn 

once for each adjustable parameter, a small user-supplied increment being added to the 

parameter value prior to the run. The resulting observation changes are divided by this 

increment in order to calculate their derivatives with respect to the parameter. This step is 

repeated for each parameter. PEST allows two derivatives to be calculated using the 

method of central differences. In this case, two model runs are required to calculate a set 

of observation derivatives with respect to any parameter. The derivative is calculated 

either by (i) fitting a parabola to all three points, (ii) constructing a best-fit straight line 

for the three points or (iii) by simply using finite differences on the outer two points. 

The calibration period selected was November 1960 to April 1969. The data set for 

the period November 1969 to April 1981 was used for model verification. Based on 

http://www.ozemail.com.au/~wcomp/
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sensitivity analysis and hydrologic processes 13 parameters were optimized in a first step. 

Because a high Nash-Sutcliffe and determination coefficient were obtained for the 

calibration period for the control watershed but a low value for the verification period, 

the information available for selecting soil parameter values was reviewed. Soil series 

maps of the area showed that Watershed 12 has less variance in the soil types present, but 

it possessed a large variance in soil depth and stones. On the other hand, there was more 

variance in the soil types present in Watersheds 13 and 14. It appears that selection of soil 

parameters could be a source of error in the model performance. 

Soil parameter selection in BROOK90 model is based on soil textures, unless field 

information is available. Lack of direct measurements of soil water properties and spatial 

variation of them lead to an error in estimation of the soil parameters, and these may be 

the largest potential source of error in a hydrological model (Leenhardt, 199S). Because 

different soil types are present in the Beaver Creek watersheds, and the BROOK 90 soil 

parameter values for a specific soil type have large standard deviation (Clapp and 

Homberger, 1978; Lee and Pieike, 1991; Rawls and Brakensiek, 1988; Vereecken et al., 

1989), I concluded that the baseline soil parameter selection was a source of error that 

increases the final error in the prediction. In order to improve the water yield predictions 

and considering the heterogeneity of soils present in the watersheds, four soil parameters 

(THETAF, THSAT, BESP, and PSIF) were optimized in a first step. Their range of 

values for calibration was defined from the reported standard deviation of the parameter 

value for the present soil types. Initial matric soil-water potential (PSIM) was not 

calibrated because the effect of its initial value only lasts a few days. BROOK90 defines 
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the hydraulic conductivity at field capacity by the fixed value of 2min/day to avoid using 

values that vary with texture. 

After optimization of the soil parameters a new calibration for 3 key parameters 

(MELFAC, QFPAR, and QFFC) was performed. The degree-day snowmeh factor 

(MELFAC) was selected for special attention because the monthly hydrographs showed a 

delay in the simulated flow for March and April months. The QFPAR and QFFC 

parameters affect quick-flow, that is the fraction of water available for infiltration that 

instead becomes streamflow immediately. 

After calibration and verification of BROOK90 on the control watershed, the two 

treated watersheds (watersheds 12 and 14) were calibrated for their pre-treatment period. 

The procedure used to calibrate the control watershed was used in the calibration of the 

two treated watersheds. 

3.3.3. Model Simulation 

The calibrated model was used to simulate the hydrologic responses of watersheds 

12 and 14 for their post-treatment periods. The estimated monthly hydrographs were 

compared with the observed hydrographs to determine if BROOK90 is a good control to 

evaluate long-term effects of vegetation changes on the annual water balance of the 

watersheds. The annual simulated flows were compared with the results obtained with the 

traditional paired watershed approach. 
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4. Results and Discussion 

4.1. Sensitivity analysis 

Tables 3 and 4 show average absolute and relative sensitivities for the selected 

parameters. BRC)OK90 model outputs were more sensitive to changes in 9 parameters; 

MAXLAl, DENSEF, GMAX MAXHT, MELFAC, QFPAR, THETAF, THASAT, and 

BEXP. Parameters that showed some sensitivity were the following; GSC, PSIF, 

GRDMLT, FSINTL, KF, FRINTL, DRAIN, CVPD, QFFC, IMPERV, KSNVPD, 

INFEXP, and RSTEMP. The following parameters were considered of low sensitivity; 

CVPD, CCFAC, CINTRL-CINTRS, CINTSL-CINTSS, KSNV, MXKPL, MXRTLN, 

and ALB. These parameters are defined in Appendix 81. Average absolute and relative 

sensitivities were used as a first selection criterion. Because some parameters had 

positive sensitivity for some ranges of parameter increases or decreases and positive 

sensitivities for other ranges, these averages indicated a lower sensitivity than the right 

sensitivity. Sensitivity plots were reviewed to determine if the parameter values changes 

were important in the range of validity of the ponderosa pine ecosystems, to examine the 

percent increase in flow associated to each parameter change, and to visualize the 

variation of sensitivities for each month. Sensitivity plots for the more important 

parameters are shown in figures I to 17 in Appendix B2. 
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Table 3. Average absolute sensitivity for selected parameters 

PAR NOV DEC JAN FEB MAR APR 
GLMAX -244.71 -279.89 -298.61 -292.39 •484.16 -114216 
FSINTL -10.96 -9.17 -18.12 -10.71 -16.42 -138.22 
FRINTL -11.06 -15.60 -21.10 -17.03 -28.44 -35.68 
IMPERV 20.72 15.03 17.47 19.37 26.06 29.08 
DENSEF -11.65 -13.70 -16.81 -20.82 -32.28 -25.67 

THETAF2 -18.28 -11.64 -12.97 -16.63 -11.54 -19.37 
QFFC 1.28 3.16 7.97 12.24 20.57 37.75 

THETAF1 -14.02 -8.71 -7.26 -10.66 -6.03 -11.78 
THSAT2 2.63 2.62 4.37 0.06 5.57 9.73 

GSC -17.41 -23.40 -17.26 2.25 29.75 48.62 
GRDMLT 1.54 3.33 4.50 4.98 7.56 0.24 
MAXLAI -0.77 -1.03 -1.35 -1.63 -3.11 -3.46 
QFPAR 2.73 2.03 3.16 1.10 4.32 6.59 
THSAT1 2.30 1.21 2.29 0.61 4.19 6.78 
CINTRL -1.39 -2.07 -2.37 -2.92 -2.91 -3.04 
MELFAC 0.64 0.97 1.37 2.10 4.66 4.39 

GSP -1.78 -1.92 -1.86 -1.59 -1.93 -2.10 
KSNVP -0.43 -0.56 -0.79 -0.79 -1.16 -7.31 
INFEXP -1.22 -0.90 -1.77 -0.54 -0.95 -2.56 

RSTEMP -0.27 -1.08 -1.34 -2.45 -2.13 0.69 
CCFAC -0.21 -0.71 -0.27 -0.43 -1.82 -1.99 
CVPD -0.30 -0.34 -0.36 -0.35 -0.56 -1.36 

CINTSL -0.18 -0.10 -0.07 -0.18 -0.03 -1.51 
BEXP-2 -0.23 -0.38 -0.23 -0.32 -0.80 -1.62 

ALB 0.35 0.31 0.31 0.17 0.23 0.45 
BEXP-I 0.18 0.20 0.2B 0.14 0.26 0.43 
DRAIN 0.82 0.82 0.80 0.22 -0.23 -1.09 

KF 0.32 0.19 0.08 -0.25 -0.38 -1.01 
MAXHT -0.06 -0.09 -0.11 -0.18 -0.30 -0.27 
PSIF1 0.03 0.01 0.00 -0.06 -0.08 -0.14 

MXKPL -0.02 -0.02 -0.02 -0.02 -0.02 -0.05 
PSIF2 -0.09 -0.05 -0.05 0.03 0.05 0 16 

MXRTLN 0.00 0.00 0.00 0.00 0.00 0.00 
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Table 4. Average relative sensitivity for selected parameters 

PAR NOV DEC JAN FEB MAR APR 
•MAXLAI -1.14 -1.25 -1.26 -1.33 -1.68 -1.56 
•DENSEF -1.02 -1.11 -1.17 -1.16 -1.42 -0.95 
•THETAF2 -1.02 -0.95 -0.99 -1.07 -1.16 -1.03 

•BEXP2 0.58 0.59 0.66 0.66 0.68 0.64 
•THETAF1 -0.68 -0.54 -0.58 -0.63 -0.70 -0.58 
•THSAT1 0.63 0.45 0.55 0.60 0.73 0.53 
•GMAX -0.47 -0.51 -0.45 -0.46 -0.52 -0.62 

•THSAT2 0.44 0.34 0.54 0.47 0.63 0.52 
•MELFAC 0.33 0.39 0.46 0.47 0.79 0.40 
•QFPAR 0.46 0.39 0.39 0.39 0.44 0.38 
MAXHT -0.25 -0.28 -0.32 -0.31 -0.45 -0.32 
PSIF2 0.42 0.41 0.36 0.32 0.25 0.16 
BEXP1 0.34 0.29 0.26 0.33 0.34 0.34 
GSC -0.44 •0.48 -0.35 -0.26 -0.15 -0.11 

GRDMLT 0.18 0.26 0.40 0.35 0.42 0.10 
FSINTL -0.22 -0.21 -0.18 -0.21 -0.19 -0.52 

KF 0.31 0.31 0.29 0.22 0.16 0.07 
FRINTL -0.20 -0.24 -0.17 -0.22 -0.25 -0.24 
DRAIN 0.24 0.26 0.19 0.18 0.13 0.10 
CVPD -0.15 -0.16 -0.15 -0.15 -0.16 -0.19 
QFFC 0.00 -0.04 0.05 0.14 0.28 0.35 

IMPERV 0.16 0.11 0.12 0.11 0.13 0.10 
KSNVP -0.07 -0.09 -0.06 -0.10 -0.08 -0.22 
PSIF1 -0.18 -0.18 -0.12 -0.09 -0.02 0.03 

INFEXP 0.06 0.10 0.09 0.08 0.06 0.00 
RSTEMP -0.03 -0.07 -0.07 -0.09 -0.09 -0.03 
CINTRL -0.06 -0.07 -0.04 -0.06 -0.04 -0.05 
MXKPL -0.03 -0.03 -0.02 -0.04 -0.04 -0.05 

GSP -0.04 -0.04 -0.03 -0.03 -0.02 -0.02 
CINTSL -0.03 -0.04 0.05 -0.03 -0.01 -0.07 

MXRTLN -0.02 -0.02 0.01 -0.02 -0.03 -0.03 
AB 0.02 0.02 0.03 0.00 0.01 0.01 

CCFAC -0.02 -0.02 0.02 -0.01 -0.04 -0.03 
* designates the parameters considered most sensitive 

The first four figures (1-4) show plant related parameters. Leaf area index 

(MAXLAI) shows larger changes in the value range I.S - 3. Density factor (DENSEF) is 

very sensitive for changes of values 0.1 through O.S. Both ranges were considered outside 
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the domain of pre-treatment condition for the three watersheds. Maximum canopy height 

(MAXHT) showed to be important for changes in the range 0 to 6 m. Leaf conductance 

parameter (GMAX) value changes had important changes on water yield in the range 0.2 

to 0.8 cm/s. domain of conifer forests. 

Snowmelt factor changes had a significant impact on March and April flows for all 

value range (Figure S). This parameter was considered important for Beaver Creek 

watersheds because the monthly hydrographs obtained with the base parameter set 

showed a delay in the March and April flows. 

The flow parameter QFPAR was sensible in the range 0.2 to S, while the soil 

parameters THETAF, THSAT, and BEXP had high sensitivity values for the range of 

parameter values corresponding to soil types present in the area. In the study area there 

are different types of soil, but BROOK90 is a lumped model and the type of soil present 

in most of the area was selected. Figures S through 12 show the sensitivity plots for these 

BROOK 90 parameters. Other parameters considered important in BROOK90 model 

calibration are QFFC, DRAIN, INFEXP, GCS, and RSTEM. Their sensitivity plots are 

shown in Figures 13-17. 

4.2. Model Calibration and Model Verification 

Tables S, 6, and 7 show the optimized values for soil parameters. Except for the 

THSAT of the subsoil layers, they are different of their corresponding selected base 

values. The parameter values obtained for watershed 14 are similar to those of the control 

watershed, while different values were obtained for the clear-cut watershed (WSI2). This 
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result agrees with the information reported by Williams and Anderson (1967) that shows 

that the spatial distribution of the soil types in the control watershed (WS13) is 

comparable to that of watershed 14, but it is different from the soil distribution observed 

in watershed 12. Except for the lower value obtained for the volumetric water content at 

field capacity (THETAF) for the three watersheds, the soil parameters obtained are in the 

range of average values listed in the BROOK 90 manual for the soil textures present in 

the area. 

Optimized values for MELFAC, QFPAR and QFFC are shown in table 8. Higher 

MELFAC values than the default values were required to adjust the snowmelt delay. The 

calibration of these three parameters improved the model performance for the pre-

treatment period for all watersheds compared with the default values. The bias for 

watershed 12 decreases significantly. The validation of the model in the control 

watershed shows that the model performance decreases for the post-treatment period. 

However the analysis of the monthly hydrograph and scatter of simulated values from a 

I: I simulated-observed flow line indicates that there was a significant over-prediction of 

the 1979 April flow. The daily precipitation data show that significant precipitation with 

no flow occurred in the period Oaober 1978 to January 1979. Most of snowmelt 

occurred in March not in April. Dropping the 1979 April flow data the E (Nash-Sufcliffe 

coefficient), (coefficient of determination), and PBIAS (percent bias) values were 

0.58, 0.61, and -2.9 for the base values respectively; and 0.9, 0.91, and 1.46 for the 

calibrated values respectively. This shows that the calibrated parameters work well in the 

post-treatment period. 
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Table 5. Optimized soil parameters for the watershed 13 

LAYER THICK PSIF THETAF THSAT BEXP 
1 100 -16.6 0.242 0.42 5.92 
2 100 -6.6 0.330 0.60 7.70 
3 200 -6.6 0.330 0.60 7.70 
4 200 -6.6 0.330 0.60 7.70 
5 200 -6.6 0.330 0.60 7.70 
6 200 -6.6 0.330 0.60 7.70 

Table 6. Optimized soil parameters for the watershed 12 

LAYER THICK PSIF THETAF THSAT BEXP 
1 100 -13.0 0.200 0.60 7.26 
2 100 -19.9 0.330 0.58 11.5 
3 200 -19.9 0.330 0.58 11.5 
4 200 -19.9 0.330 0.58 11.5 
5 200 -19.9 0.330 0.58 11.5 
6 200 -19.9 0.330 0.58 11.5 

Table 7. Optimized soil parameters for the watershed 14 

LAYER THICK PSIF THETAF THSAT BEXP 
1 100 -16.2 0.376 0.42 7.26 
2 100 -6.6 0.330 0.60 7.71 
3 200 -6.6 0.330 0.60 7.71 
4 200 -6.6 0.330 0.60 7.71 
5 200 -6.6 0.330 0.60 7.71 
6 200 -6.6 0.330 0.60 7.71 
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Table 8. Base and optimized parameter values and model performance for the 
watersheds 

Watershed Parameter value Calibration model Validation model 
performance performance 

MELFAC QFPAR QFFC E R2 PBIAS E R2 PBIAS 

WS13 1.5 0.3 0.2 • 0.44 0.48 -10.29 0.53 0.58 -0.33 
2.782 0.200 0.271 •• 0.94 0.94 0.76 0.73 0.81 1.05 

WS12 1.5 0.3 0.2 • 0.45 0.51 -57.18 
3.5 0.200 0.187 •• 0.87 0.93 -11.82 

WS14 1.5 0.3 0.2 * 0.45 0.50 -4.98 
2.836 0.222 0.100 ** 0.92 0.92 -5.29 

E = Nash-Sufclife coefficient~ R 2 = determination coefficient~ PBIAS = percent bias 

* Base parameters~ ** optimized parameters 
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Figure 18. Pre-treatment observed and simulated water yield for watershed 13 
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Figure 19. Post-treatment observed and simulated water yield for watershed 13 

4.3. Model simulation 

Brook90 water yield estimations for the pre-treatment period were within the range 

of observed water yields and similar to those obtained with the paired watershed 

approach (Figures 20 and 21 ). Estimations obtained with BROOK 90 model differed 

more from paired estimations in dry years. 

The CUSUMSQ plots (Figure 22) of the water yield estimated with BROOK 90 

and the observed water yield were similar to those obtained in the paired watershed 

approach. The CUSUMS plots show too that the pre-treatment relationships were similar 

for both watersheds. This contrasts to the relationships obtained initially with the paired 

watershed approach, which were stable for watershed 12 but not for watershed 14. In the 

paired approach a break point in the relationship of the water yields for the control and 
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treated watersheds appeared two years before treatment. In the simulation approach, the 

breakpoint in the relationship of water yields for model simulation (control) and post-

treatment observations was observed in 1970 for watershed 14, the year of treatment. For 

the clear cut watershed 12, the treatment effect appeared in the year following treatment. 
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Figure 20. Water yield estimated with BROOK 90 and paired regression for 
Watershed 12 
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For the calibration regression obtained with the paired approach a standard error of 

estimate of 6.47 and 11.41 mm was obtained for watersheds 12 and 14 respectively. For 

the observed water yield and the BROOK90 simulated water yield a standard error of 

estimate of 16.28 and 19.12 was obtained for the calibration period. These results support 

those of Woolhiser et al. (1990) that pointed out that the standard error of estimate for a 

model is greater than that for paired watersheds. In order to compare the precision of the 

estimations for the paired watershed approach and the BROOK90 simulations, a percent 

error (100 x Deviation of observed value/Observed value) was computed for both 

methods for the pre-treatment period (Table 9). The percent error of estimate was higher 

for BROOK 90 simulation for both watersheds compared with those computed for the 

paired approach. However the errors of BROOK90 simulation were within an acceptable 

range. The high percent error observed for the 1962-63 and 1969-70 years were due to 

the fact that BROOK90 overestimated low flows. The water yield for the period 

November-April of these two water years were 15.9 and 7.1 mm respectively, while the 

estimation deviations were -20.3 and -9.2 mm. The percent errors greater than 30 percent 

were obtained for period years that had less than 33 mm of water yield. These results 

support the affirmation of Woolhiser et al. (1990) that the mathematical modeling 

approach has limited success in detecting small changes. 
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Table 9. Percent of error deviations for the calibration period 

Percent error deviation 
Water year Paired regression BROOK 90 model 

Water5hedl2 Watershed 14 Watershed 12 Watershed 14 
1960-61 -12.1 -17.2 36.0 36.0 
1961-62 -0.1 -9.4 20.5 23.1 
1962-63 -31.9 -5.8 -127.6 -129.6 
1963-64 0.4 -7.2 13.6 7.3 
1964-65 0.9 1.4 11.6 -3.2 
1965-66 -1.6 -5.9 16.0 -5.5 
1966-67 18.9 7.0 52.6 35.9 
1967-68 17.6 11.3 
1968-69 0.7 3.4 
1969-70 8.3 -189.5 

Plots of water yield increases estimated with the paired watershed approach and 

BROOK90 simulations are presented in Figures 23 and 24. For watershed 12 (clear cut) 

some discrepancy in the magnitude of the estimations are observed but a similar tendency 

is also observed. On the other hand, a significant difference of water yield increases 

estimated with both methods is notable during the first four years following treatment. 

Higher increases in water yield were observed for watershed 12 when compared with 

BROOK90 simulations than those compared with results from the empirical model for 

watershed 12. Because these differences were greater during dry years, the longer 

increases in water yield seem to be associated BROOK90 simulation errors. Results from 

the empirical model, however, paired watershed estimations can also be in error because 

the regression equation obtained with pre-treatment data was used to estimate water yield 

during a period not included in the pre-treatment years. 
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In order to test statistically if the observed water yield was different than the 

BROOK 90 simulated water yield a signed test was applied to test the null hypothesis of 

equality of mached pair of observations. The test was applied to the 21-year series of 

observed and simulated water yield data, to the calibration paired data, and to the post-

treatment paired data. For the clear cut watershed (watershed 12) the test indicated that 

the observed water yield during the pre-treatment period was not statistically different 

from the simulated water yield. On the other hand, the test showed that the post-

treatment observed water yield was statistically different of the simulated water yield, 

and that the difference observed minus estimated water yield was positive. For the strip-

cut with thinning watershed (watershed 14) the test indicated that the paired observations 

were not different for either the calibration period or the post-treatment period. 

5. Conclusions, Part II. 

The hydrologic model BROOK90 is capable of simulating the hydrologic response 

of ponderosa pine watersheds In north-central Arizona. It can be used to detect changes in 

the hydrologic regime resulting from vegetation manipulation on a single watershed. In 

such an application model parameters are developed using pre-treatment data, and the 

model simulation output is used as the control for testing the significance of observed 

post-treatment changes. The performance of the model could be improved if information 

on the quality of the data was available and if accurate parameter values were known for 

the study area. 
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GENERAL CONCLUSIONS 

The following conclusions are drown from the complete study: 

1. When applying the paired watershed approach it is recommended that control 

watershed data be used to evaluate possible trends in the monthly and annual 

precipitation and runoff series. The Mann-Kendall test and the Seasonal Kendall 

test can be used to perform this analysis. If trends exist in monthly data, then 

seasonal or annual data should be used. 

2. Before applying the covariance analysis or Chow test in the paired watershed 

analysis it its recommended that CUSUMSQ plots be used to identify structural 

changes in the observed-estimated water yield relationship. These plots can 

define post-treatment watershed response periods to be compared with the pre-

treatment watershed response periods to determine whether or not significant 

differences occur. 

3. When evaluating a conceptual model, like BROOK90, the data of the control 

watershed can be used to calibrate and verify the model and to determine if the 

model is applicable to the environment where the experiment is to be conducted. 
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4. Sensitivity plots can be used to analyze the hydrologic model response to changes 

in input and model parameters. These plots are an essential tool for observing the 

effects of changing parameter values related to processes controlling hydrologic 

response in the environment where the experiment is to be conducted. 

5. Because we can obtain the same model performance coefficient with different 

combinations of the BROOK90 model parameters, it is recommended that 

available information be used to fix as many parameter values as possible before 

using an automatic optimization program, such as the PEST program. Parameter 

selection for optimization must be guided by the sensitivity analysis and 

examination of hydrographs. Parameters are selected to adjust timing or quantity 

of flow simulations, and they are related to relevant processes in the region. 
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APPENDICES 

Al. Mann-Kaidall and seasonal Kendall tests 

Mann-Kendall test. 

For a data sequence x^, i = I n, the Mann-Kendall statistic S is computed as; 

S = Z Z sgn(xj - Xk) 

where: sgn(xj - Xk) =1 if xj - Xk > 0 
= 0 if Xj - Xk = 0 
= -1 if Xj - Xk < 0 

The variance of S is computed as follows; 

where g is the number of tied groups (groups with repeated values ) and tp is the number 
of data in the pth group. 

The test statistic Z is computed as following; 

where Z is the value of the standard deviate (zero mean and unit variance). 

After the sample value of the test statistic Z is computed and a level of significance 
a selected, the null hypothesis. Ho, of no trend versus the alternative hypothesis. HA, of 
either an upward or downward trend (a two-tailed test) can be tested. We reject Ho if the 
absolute value of Z is greater than Zan, where Zan is obtained from Z tables. 

Example; consider the time series data { 20, 22, 5, 7, 11, 22, 22, S, 20}. Each Xj 
value, i = I, 2, ..., n - I, is compared with all subsequent Xj values. Then is determined 
the sign of all n(n - 1 )/2 possible differences Xj - Xk, where j > k. these differences are xj -
Xk X.1 - xi x„ - xi, xj - X2, X4 - X2 x„ - x„.i. Sgn(Xj - Xk) is an indicator function that 
takes on the values I, 0, or -1 according to the sign of Xj - Xk. S would be computed as: 

VAR(S) = (l/18)[n(n - 1) (2n + 5) - tp(tp - lX2tp + 5)] 

Z=  (S-  I )/[VAR(S)]"^ 
Z = 0 
Z  =  (S+  1)/[VAR(S)]"' 

i f  S>0  
if S = 0 
i f  S<0  
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(22 - 20) = 1. (5 - 20) = -1. (7 - 20) = -I (20 - 20) = 0. (5 - 22) = -I, (7 - 22) = -I (20 - 22) = -I. (7 -
5) = 1. (M - 5) = 1 (20 - 5) = 1. (11-7) = I. (22 - 7) = 1 (20 - 7) = I. (22 - 11) = I. (22 - 11) = i 
(20 - 11) = I. (22 - 22) = 0. (5 - 22) = -I, (20 - 22) = -I. (5-22) = -I, (20 - 22) = 1. (20 - 5) = I 

No. of positive signs = 16 
No. of negative signs = IS 
S= 16-15 = 1 

The variance of the S sample is calculated as; 

In the sequence {20, 22, 5, 7, 11, 22, 22, 5, 20) we have g = 3 because there are 
three tied groups: (20, 20), (22, 22, 22) and (S, 5). For the tied value 20 ti = 2 (two 20 
values), for the tied value 22 t2 = 3, and for the tied value 2 t3 = 2. Then Z tp(tp -lX2tp + 
5) for this example would be as follows; 

S lp(lp -l)(2tp + 5) = 2(2 - l)|2(2) + 5| + 3(3 - l)(2(3) + 5| + 2(2 -1)|2(2) + 5| 
= 102 

VAR(S) = (1/18) |9(9 - 1) (2(9) + 5) - 102} = (I/I8KI6S6 - 102) = 86.33 

Because S > 0, Z is computed as; 

Z= (l-l)/(86.33"=' = 0 

Ho is not rejected. 

for n < 40 Hollander and Wolfe (1973) give tables with probability values for n and S. 
For this example, for n = 9 and S = 1 the tabled probability is: z = 0.5 

For positive values of S we want to test: 

Ho ; There is not trend 
HA : There is an upward trend 

Ho is rejected in favor of HA if S is positive and the probability value from table 
corresponding to the computed S is less than the a priori specified a significance level of 
the test. If we selected an a = 0.10 for the above example, we cannot reject Ho because z 
(z = 0.5) is greater than a (a = 0.1). 

For negative values of S we want to test: 

Ho ; There is not trend 
HA : There is a downward trend 
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Ho is rejected in favor of HA if S is negative and the probability value from table 
corresponding to the computed S is less than the a priori specified a significance level of 
the test. 

If we want to detect either an upward or downward trend (a two tailed test), the 
tabled probability level corresponding to the absolute value of S is doubled and Ho is 
rejected if that doubled value is less than the a priori a level. 

Seasonal Kendall test 

The test consists of computing the Mann-Kendall test statistic S and its variance, 
VAR(S), separately for each month (season) with data collected over years. These 
seasonal statistics are then summed, and a Z statistic is computed. If the number of 
seasons and years is sufficiently large, this Z value may be referred to the standard 
normal tables to test for statistically significant trend. The Mann-Kendall test and the 
seasonal Kendall test are described in detail in Gilbert (1987) and Helsel and Hirsch 
(1993). 
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A2. CUSUM and CUSUMQ or Recursive Residuals. 

For a sample that contains T observations the t"* recursive residual is the ex post 
prediction error of yt when the regression is estimated using only the first t - 1 
observations( Greene, 1997): 

Ci = yt - x'l bi-i 

where Xi is the vector of regressors associated with the observation yt and b|.i is the 
least squares coefTicients computed using the first t - I observations. The forecast 
variance of this residual is 

a'ft= a'[I +1', (XV,X,.,)-'*,] 

the r"* scaled residual is 

W, = er/[1 +»'(XV|XM)''*r]"^ 

The cumulated sum of recursive residuals (CUSUM) is 

I f ,  Zk/ ' ' ' )  
r=Ar-»^l 

= Z ^ - 0 
r K ' l  

The squares of the recursive residuals (CUSUMQ) are 

s,  =it .<y S''? 

The recursive residuals can be interpreted as follows( Galpin and Hawkins, 1984; 
Greene, 1997).For a data set of T points (in this case the paired water yield data of the 
control and treatment watershed), if there are k coefficients to be estimated in the b vector 
of the regression equation, the first k observations are used to form the first least squares 
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estimate of b. The next observation is then added to the data set and k + 1 observations 
are used to compute the second estimate of b. This process is repeated until the T sample 
points have been used, yielding T-k-«-l estimates of the b vector. At each step the last 
estimate of b can be used to predict the next value of the dependent variable. The one-
step forecast error resulting from this prediction, standardized by its variance, is defined 
to be a recursive residual. 

References: 

Galpin, J. and D. Hawkins, 1984. The use of recursive residuals in checking model fit in 
linear regression. American Statistician, 38; 94-105. 

Greene, W. H. 1997, Econometric Analysis. Prentice Hall, Upper Saddle River, N.J., 
1075 p. 
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A3. Chow test 

Three regressions are obtained (Ramanathan, 1989; Gujarati, 1978). One for the 
pre-treatment period, other for the post-treatment period, and one with the pooled sample, 
considering that the regression coefficients are the same before and after the treatment 
(reduced model). If simple linear models are compared, they are expressed as; 

The Hypotheses tested are 

Ho: ai = aj Pi = P2 

The appropriate test is 

Fc = [ (ESSR -ess, - ESS2)/ k] / [ (ESS, + ESS2)/(N - 2k) 

where ESS, is the sum squared of residuals for the pre-treatment regression; ESS2 is the 
sum squared of residuals for the post-treatment regression; ESSR is the sum squared of 
residuals for the reduced (pooled) model; N is the total number of observations for the 
two periods (n, + n:); k is the number of regression coefficients for each pre and post-
treatment regressions. The test procedure is to reject the null hypothesis that there was 
not treatment effect if Fc exceeds F't N -2k, the point of the F-distribution with k and T -2 
k degrees freedom such that the area to the right is equal to the level of significance. 

References: 

Gujarati, D. 1978. Basic Econometrics. McGraw-Hill, New York, N.Y., 462 p. 

Ramanathan, R. 1989. Introductory Econometrics with Applications. The Dryden Press, 
Dryden, N.Y., 783 p. 

Calibration: 
Post-treatment: 
Pooled (reduced model) 

Y, — a, + PI X| 
Y2 =  a2+P2X2 
Yp = Op + Pp Xp 
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A4. Dummy variable approach: 

A reduced regression model is obtained pooling the data of calibration and post-
treatment period; 

ROt = ai + PiROc 

This model is compared with two full models for testing if the calibration 
relationship of the control and treated watersheds was different of the post-treatment 
discharge relationship. 

In the first full model it is considered that there is not structural change within the 
post-treatment period (equivalent to the Chow test). In the second full model the post-
treatment period is divided in two subperiods; treatment effect period and regrowth 
period. The treatment effect period is considered equal to the duration of water yield 
increase obtained in the persistence of treatment effects evaluation (log time model and 
CUSUM and CUSUMQ plots). 

Full model 1; ROi = ai + 3iROc + aiD + PjDROC 

D = 0 for calibration; I for post-treatment 

Ho- a2 = 0 PI = 0 
Hi ;a2? tO P2*0  

Full model 2: ROi = ai + PiROc + azDi + pjDiROc + ajDi + P3D2ROC 

Di = I first post-treatment subperiod; 0 otherwise 
D2 = I second post-treatment subperiod; 0 otherwise 

Ho; ot2 ~ 0 013 = 0 P2 ~ 0 P3 ~ 0 
Hi :  a2  *  0  as  *  0  P2  ̂  0  Ps  *  0  

The full and reduced models were compared using an F test (Ramanathan (1989); 
Helsel and Hirsch (1993), and Kleinbaum and Kupper (1978)); 

Fc = [(SSER - SSEF) / r] / MSEF 

where 
SSE = Error sum of squares 
r = d.f R - d.f F; d.f = degrees of freedom 
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MSE = Error mean square 
R = Reduced model; F = fiill model 

compared with a Fr. n-v (a) 

N = number of observations for all period 
k = number of parameters for the full model 
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AS. t-statutical test for each period-year 

Test of significance of increase in discharge in period-year for watershed 12 

95% 90% 
YY ROWS13 ROVVS12 Mt12 dif x2 •2y tc t(5.0.025) t(5..05) 

1967-68 97.9 256.7 162.6 94.14 273.96 48.16 13.57 2.571 2.015 
1968-69 144.1 270.1 234.0 36.18 3938.81 52.67 4.99 2.571 2.015 
1969.70 16.0 53.3 36.0 17.26 4269 96 53.08 2.37 2.571 2.015 
1970-71 6.5 25.4 21.3 4.08 5607.86 54.72 0.55 2.571 2.015 
1971-72 42.8 22.2 77.4 -55.19 1488.46 49.65 -7.83 2.571 2.015 
1972-73 263.0 542.1 417.5 124.54 32970.19 88.41 13.24 2.571 2.015 
1973-74 13.0 10.5 31.4 -20.90 4674.62 53.58 -2.86 2.571 2.015 
1974-75 86.7 154.7 145.2 9.49 28.40 47.85 1.37 2.571 2.015 
1975-76 87.1 145.5 145.8 -0.37 32.70 47.86 -0.05 2.571 2.015 
1976-77 5.0 11.7 18.9 -7.26 5839.46 55.01 -0.98 2.571 2.015 
1977-78 219.9 376.5 350.9 25.58 19172.76 71.43 3.03 2.571 2.015 
1978-79 278.5 451.9 441.6 10.35 38870.87 95.68 1.06 2.571 2.015 
1979-80 298.2 461.7 471.9 -10.27 46996.27 105.68 -1.00 2.571 2.015 
1980-81 30.9 54.0 59.0 -5.00 2546.89 50.96 -0.70 2.571 2.015 

n = 7 
Xmean = 81.4 
S^x = 33983.502 
MSE = 41.842 

This test is described in detail by Reinhart et al. 1963. 

S^x = 2(Xi - Xmean)^ for calibration data 
MSE = Error mean square = [Z (Yi - ]/ (n - 2) 

= (X - Xmean)^ X = flow of control in the test year; Xmean = average flow for 
calibration data 

= MSE (1 + (1/n) + (x^ / S^x)]; Sy = (S%)° ' 

tc = (Y - Yest) / Sy 

t (n 2; I - a ) 
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Test or signincancc o f  increase in discharge in period-year for watershed 14 

9S% 90% 
YY ROWS13 ROWS14 Mt14 dif x2 •2y tc t(8.0.0251 tfe..05) 

1970-71 6.50 16.76 7.81 8.95 5818.73 51.76 1.244 2.305 1.86 
1971-72 42.80 60.52 53.89 6.64 1598.05 47.60 0.962 2.305 1.86 
1972-73 262.96 380.99 333.27 47.72 32465.53 78.03 5.402 2.305 1.86 
1973-74 13.01 16.94 16.08 0.86 4867.32 50.82 0.120 2.305 1.86 
1974-75 86.71 104.57 109.61 -5.04 15.48 46.04 -0.743 2.305 1.86 
1975-76 87.10 96.46 110.10 -13.64 18.69 46.04 -2.010 2.305 1.86 
1976-77 4.97 3.63 5.87 -2.24 6054.61 51.99 -0.311 2.305 1.86 
1977-78 219.85 288.98 278.56 10.42 18788.39 64.55 1.297 2.305 1.86 
1976-79 278.54 314.65 353.04 -38.38 38322.75 83.80 •4.193 2.305 1.86 
1979-60 298.17 335.10 377.95 -42.85 46393.38 91.76 -4.473 2.305 1.86 
1960-61 30.92 29.89 38.80 •8.91 2689.64 48.68 -1.277 2.305 1.86 

Reference: 

Reinhart, K G., A.R. Eschner, and G.R. Trimble J. 1963. Effect on streamflow of four 
forest practices in the mountains of West Virginia. USDA Forest Service. Research Paper 
NE-1. Northeastern Forest Experimental Station, Upper Dorby, PA., 79 p. 
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Bl. Parameters Evaluated for BROOK90 

Parameters selected for sensitivity analysis 

PARAMETER DESCRIPTION UNIT BASELIN 
E VALUE 

ALB Surfacc rcflcctivily - 0.14 

BEXP Thc exponent in Brooks and Corc>- relationship 5.39* 

I1.4** 

CCFAC Degiee day factor for cold content MJm-d'K' 0.3 

CINTRL Maximum interception storage of rain per unit LAI nun 0.15 

CINTSL Maximum interception storage of snow water per unit 

LAI 

nun 0.6 

CVPD Reduction of leaf conductance caused by increasing 
vapor pressure deficit 

kPa 2 

DENSEF Canopy density multiplier between 0 and 1 - 0.8 

DRAIN A multiplier of drainage or vertical flow -

FRINTL Imercepted fraction of tain per unit of projected LAI - 0.06 

FSINTL Intercepted fraction of snow per unit LAI - 0.04 

GLMAX Maximum leaf conductance cm/s 1 

GRDMLT Rate of snowmell at the bottom of the snowpack mm/d 0.35 

IMPERV Fraction of the soil surfacc that is impermeable - 0.01 

INFEXP Dimcnsionlcss factor that determines the distribution of 

infiltrated water 

0.3 

GSC Fraction of groundwater storage - 0 

GSP Fraction of groundwater discharge produced by GSC that 

goes to deep seepage 

0 

KF Hydraulic conductivity at fleld capacity mm/d 2 

MAXHT Maximum canop>' height for the year m 25 

KSNVP Correction factor for snow evaporation - 0.3 

MAXLAI Maximum projected leaf area index (LAI) - 5.2 
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Parameters selected for sensitivity analysis- Continued 

PARAMETER DESCRIPTION UNIT BASELINE 
VALUE 

MELFAC A degree-day factor for a day with daylength of O.S and 
no canopy 

MJm=d 'K '  1.5 

MXKPL Maximum internal conductivity for water flow through 
the plant 

mnur'niFa'' 8 

MXRTLN Total length of fine roots per unit ground area m/m~ 3000 

PSIF Water potential at Held capacity kPa -13.3* 

-I0.8** 

QFFC The quickllow at field capacity - 0.2 

QFPAR Fraction of water content at between field capacity and 
saturation at which the quickflow readies it maximum 
allowed \-aluc of 1 

0..3 

RSTEMP Base lempcralure for the separation of precipitation into 
lain and snow 

°C -0.5 

THETAF Volumetric water content at field capacity • 0.298* 

0.4I3*« 
THSAT Matrix porosity (volume fraaion) • 0.6» 

0.6*» 
* soil depth 0 - 20 cm 

** soil deptli 20-100 cm 



~ 
0 
~ 

.E 
cu 
D) 
c ... 
.c 
u -c cu 
u .. 
cu 
Q. 

82. Sensitivity plots for BROOK90 

-1 

Percent change In MAXLAI 

Figure I . Sensitivity plot for MAXLAI parameter 

~ 
0 
~ 

.E 
cu 
D) 
c ... .c 
u -c ., 
u .. ., 

Q. 

-1 .0 

Percent change In MAXHT 

Figure 2. Sensitivity plot for MAXHT parameter 

-+-nov 

-4-dec 

-.\-jan 

~feb 

_.,_mar 

-&-apr 

-+-NOV 

-4-DEC 

-.\-JAN 
~FEB 

_.,_MAR 

-&-APR 

99 



~ 
..J 
"--0 
II 

"' .. 
II ... 
u 
.5 
c 
II u 
I; 
A. 

-100 -80 -60 -40 -20 

Percent Increase of DENSEF 

Figure 3. Sensitivity plot for DENSEF parameter 

80 

-80 

Percent change in GMAX paramter 

Figure 4. Sensitivity plot for GMAX parameter 

1000 

800 

600 

400 . 

200 

0 

-+-NOV 

~DEC 

--A-JAN 

--M-FEB 

---MAR 

-&-APR 

-+-NOV 

~DEC 

--A-JAN 

--M-FEB 

---MAR 

-&-APR 

100 



~ _, 
u.. 
.5 ., 
0) 
c .., 
£ -1 
c ., 
u ... ., 
a.. 

-80 

Percent change in MELFAC parameter 

Figure 5. Sensitivity plot for MELF AC parameter 

~ 
0 
-= 
.5 ., 
0) 
c .., 
.r: 
(,) -c ., 
(,) ... ., 
a.. 

Percent change In QFPAR parameter 

Figure 6. Percent change in QFP AR parameter 

-+-NOV 

-ti-DEC 

_._JAN 

-*"-FEB 

---MAR 
-8-APR 

-+-NOV 

-ti-DEC 

_._JAN 

-*"-FEB 

---MAR 

-8-APR 

101 



80 

~ _, 
u. 
.5 ., 
0) 
c 

"' s:: -1 u 40 -80 -60 
c ., 
u -40 ... ., 
a. -60 

-80 

Percent change in THETAF parameter 

60 80 

102 

-+-NOV 

-II-DEC 

-6-JAN 
~FEB 

~MAR 

...,._APR 

Figure 7. Sensitivity plot for THET AF parameter, soil depth 0-20 em 

3: 
0 _, 
u. 
.5 ., 
0) 
c 

"' s:: 
u 

-1 c -80 -60 ., 
u 
t a. 

40 60 80 

-40 

-60 

-80 

Percent change in THETAF parameter 

-+-NOV 

-II-DEC 

-6-JAN 
~FEB 

~MAR 

...,._APR 

Figure 8. Sensitivity plot for THET AF parameter, soil depth 20 - I 00 em 



-80 -60 -40 

80 

60 

-40 

-60 

-80 

40 60 80 

Percent change In THSAT parameter 

103 

~NOV 

-o-DEC 

-&-JAN 

-*-FEB 

---MA.R 

-o-APR 

Figure 9. Sensitivity plot for THSAT parameter, soil depth 0-20 em 

80 

60 
~ -<>-NOV 
...J 40 
L&. -o-DEC 
.5 

" -&-JAN 
~ -*-FEB .. -1 -80 40 60 80 .s:. 
u 

---MA.R c 
" -o-APR u 
t a.. 

Percent change In THSAT parameter 

Figure 10. Sensitivity plot for THSAT parameter, soil depth 20-100 em 



~ 
..J 
u. 
.E ., ., 
c 

80 

60 

~ -1 -80 -60 60 
u 
c ., 
u 
~ ., 
Ill. 

Percent change In BEXP parameter 

104 

~oov 

~DEC 

~JAN 

80 --M--FEB 

---MAR 

-o-APR 

Figure 11 . Sensitivity plot for BEXP parameter, soil depth 0-20 em 

80 

~ 60 
0 ....,._NOV ..J 40 u. 
.E -B-DEC ., ..,._JAN ., 
c 

~FEB ... 
'5 -1 -80 -60 40 60 80 
c -ii-MAR ., 

~APR u 
~ ., 

Ill. 

-80 

Percent change in BEXP parameter 

'---- ---------------- ----- -- -

Figure 12. Sensitivity plot for BEXP parameter, soil depth 20-100 em 



105 

80 

~ 
60 

..J 40 -.-Nov 
u. 
.5 20 ...... DEC 
II _._JAN 01 c 

~FEB " ~ -20 20 40 u -20 -+-MAR c 
II -40 -+-APR u .. 
II 

CL -60 

-80 

Percent change in QFFC parameter 

Figure 13 . Sensitivity plot for QFFC parameter 

-1 0 -20 
~ -20 . 0 
....J -.-Nov 
~ 

c ...... DEC 
I) -40 
C) _._JAN 
c 
Cl ~FEB .s::. 
u -60 

-+-MAR -c 
I) 

-+-APR u ... 
-80 I) 

Q. 

Percent change in DRAIN parameter 

Figure 14. Sensitivity plot for DRAIN parameter 



...... --
80 

60 

40 

~0 --..... -
2)() -100 -20 ~~ 100 200 300 400 

-40 

-60 

-80 
,~V~c 

Percent change in INFEXP parameter 

Figure 15 . Sensitivity plot for INFEXP parameter 

0 

~ -20 
_, 
~ 

.5 -40 
cu 
t7t c 
"' ~ -60 u 
c 
cu 
u 
~ -80 ., 
a. 

Percent change In GSC parameter 

Figure 16. Sensitivity plot for GSC parameter 

.r.:l 

..n -
500 600 

106 

-.-Nov 
-4--DEC 

--lr-JAN 
~FEB 

---MAR 

~APR 

-.-Nov 
-4--DEC 

--lr-JAN 
~FEB 

---MAR 

~APR 



107 

.... 
80 

~ 
60 

0 40 ~NOV 
_.J 
u. ~DEC 
.5 20 
Cl) - - - -Ia-JAN 
Ol n -c .., 

""*-FEB cu 
.A. 8 10 .s::. -2 )() ... 

0 -20 ~ '"" __..MAR c -
Cl) 

-40 -e-APR ~ --Cl) 
a. -60 

-80 
IV'\ 

Percent change in RSTEMP paramater 

Figure 17. Sensitivity plot for RSTEMP parameter 



108 

CI. PRECIPITATION AND RUNOFF DATA 
USED IN THIS STUDY 



Monthly precipitation by water year for watershed 12 

MONTH 1959 1960 1961 1962 1963 1964 1965 1966 1967 1968 1969 1970 

OCT 18.5 101.1 54.6 31.8 12.4 45.5 2.8 14.5 29.7 9.9 44.2 24.9 

NOV 54.9 12.7 28.7 37.1 58.7 73.2 44.7 148.8 47.8 37.1 44.5 52.8 

DEC 0.0 147.6 33,0 87.9 15.7 24.9 93.0 174.5 108.5 128.5 66.3 16.5 

JAN 23.1 48.3 48.8 78.0 15.5 22.9 120.1 31.5 23.4 44.2 118.1 13,2 

FEB 75.7 76.2 21.3 110.5 86.1 6.9 83.6 50.0 0.0 51.3 87.6 19,3 

MAR 1.5 27.7 118,1 60,2 55.9 118.1 90.4 30.2 34.0 48.5 43,7 130.8 

APR 39.9 35.3 6.4 48 26.9 65.5 139.2 1.0 406 62.5 5,6 36.3 

MAY 11.9 21.3 8.1 8.4 2.0 6.4 31.5 0.8 3.8 10.9 34.8 0.0 

JUN 20.8 12.2 8,6 19.6 0.0 14.7 18.3 30 48 3 10,2 0.0 2.3 

JUL 35.3 35.3 66.0 31.2 32.0 45.5 101.9 75.9 201.2 75.2 43.7 31.0 

AUG 67.9 68.8 126.2 21.3 138.4 112.8 49,3 49.3 516 64.3 48.0 64.8 

SEP 21.3 28.2 86.4 64.5 59.4 37.8 57.7 53.8 640 2.3 29.7 183,1 
ANNUAL 390.9 614.7 606.3 555.2 503.2 574.0 832,4 633.5 652.8 544,8 566.2 575,1 

MONTH 1971 1972 1973 1974 1975 1976 1977 1978 1979 1980 1981 

OCT 11.7 109.7 285.8 1.8 58.7 6,6 30.5 51,3 264 22.4 34,8 

NOV 27.7 17.5 67.1 488 31.8 46,2 2.5 20,1 1582 26.2 0.0 

DEC 55,4 96.3 98.6 3.8 34.3 49.5 35.8 32.0 155.7 30.7 20.6 

JAN 11.7 0.0 34.0 115.6 23.6 6.1 61.5 126,7 164.6 246.4 17.5 

FEB 40.6 3.6 84.6 48 53.1 120.1 22.9 128,5 409 202,2 43.7 

MAR 14.5 0.0 217.7 32.0 76,2 64.5 22.1 179,8 77.7 85,6 125,0 

APR 34.8 8.4 38.1 26 2 63,5 64,8 31.8 30,7 15.0 48,8 49.5 

MAY 22.6 4.6 25.7 0.0 6,6 53,6 33,5 18,0 846 20,3 19.6 

JUN 0.0 53.8 3.0 0.0 0.5 3.6 10.7 0,0 84 4,6 34.3 

JUL 15.2 104.9 42.4 51.6 93.2 82.0 59.4 69.3 10.7 41,9 118.4 

AUG 154.9 64.0 16.0 36.3 10.7 23.9 53,3 14.5 51 3 52,1 91.4 

SEP 90.7 27.2 0.0 42.9 69.9 77.7 100,1 12,2 64 26,4 59.9 

ANNUAL 479.8 490.0 912.9 363.7 522.0 598.7 464,1 683,3 799.8 807,5 614.7 



Monthly precipitation (mm) by water year for watershed 13 

MONTH 1959 1960 1961 1962 1963 1964 1965 1966 1967 1968 1969 1970 

OCT 21.6 97.3 57.9 33.5 11.9 40.4 1.3 18.5 21.3 6.4 39.1 50.3 

NOV 62.5 13.5 29.5 34.5 54.4 61.5 37,3 168.1 55.4 30.7 56.4 52.8 

DEC 1.8 156.2 338 97.3 13.7 15.7 89.7 158.5 109.2 161.5 79.0 19.3 

JAN 24.6 51.3 47.8 73.9 16.0 19.8 1161 32.0 26.4 47.2 127.0 16,3 

FEB 80.3 99.8 20.8 120.4 74.7 4.6 72.1 49.8 0.0 48.5 89.9 15.2 

MAR 1.5 30.7 116.1 68.3 46.7 91.7 87.1 21.1 20,8 53.6 54.9 127.3 

APR 45.7 36.3 99 5.6 29.0 57,7 121.2 1.3 49,3 66.3 5.1 35.1 

MAY 11.4 23.6 10.4 8.1 2.0 6.4 32.0 1.0 6,6 20.6 31.8 0.0 

JUN 26.2 5.1 9.4 18.8 0.5 18.0 122 2.0 41,7 12.4 0.0 36 

JUL 52.8 34.0 59.7 27.9 53.8 45.0 109.5 86.4 183,6 73.7 54.6 36.1 

AUG 111.8 71.6 1252 30.5 141.0 88.9 52 3 45.5 64,0 54.1 48.0 61.5 

SEP 20.6 26.2 98 3 68.1 51.8 20,1 61.0 64.5 52,6 4.3 30.2 208.3 

ANNUAL 460.8 645.7 618.7 587.0 495.6 469,6 791.7 648.7 630.9 579.4 616.0 625.6 

MONTH 1971 1972 1973 1974 1975 1976 1977 1978 1979 1980 1981 

OCT 11.7 121.2 278.4 0.5 62.5 9,4 320 47.0 27.9 21.8 40.4 

NOV 33.5 18.5 75.9 57.7 32.8 49,5 4.1 21.8 166,6 30.7 1.0 

DEC 60.2 101.1 111.8 5.8 35.6 54,9 39.6 32.0 163,6 33.0 18.8 

JAN 16.0 0.0 40.6 117.1 24.6 7,9 69.6 135.1 184,2 233.7 19.1 

FEB 49.0 3.0 93.7 5.3 62.5 136,4 20.3 134.6 50,3 235.5 42.9 

MAR 16.0 0.0 260.9 38.9 84.6 61.5 23.6 188.5 86,6 91.4 131.3 

APR 34.0 9.9 424 25.4 64.8 64.3 330 31.8 15,0 57.9 51.1 

MAY 26.2 5.6 19.3 0.0 8.4 58.2 35.3 18.0 86,1 18.3 23.6 

JUN 0.0 63.0 6.9 0.0 1.3 15.0 12.7 0.8 8,6 0.8 17.8 

JUL 13.5 99.6 44.7 53.8 95.0 88.6 85.6 76,2 15.5 73.9 111.3 

AUG 157,2 57.9 21.1 32.0 16.8 29.2 564 16,0 49.5 51.1 1100 

SEP 80.8 224 0.0 41.4 65.0 76.7 103.6 15,0 6.4 24.1 69.6 

ANNUAL 498.1 502.2 995.7 378.0 553.7 651.5 515.9 716,8 860.3 872.2 636,8 

Monthly precipitation (mm) by water year for watershed 14 



MONTH 1959 1960 1961 1962 1963 1964 1965 1966 1967 1968 1969 1970 

OCT 21 1 105.9 56.1 33.5 10.7 46.7 3.0 19.6 26.9 84 48.0 28.7 

NOV 60.5 12.4 32.8 29.5 56 1 76.2 43.9 173.0 57.7 32 5 54.1 67.1 

DEC 1.0 151.4 34.5 96.5 15.0 21.1 98.8 181.4 116.1 191.0 96.5 21.8 

JAN 25 9 50.8 49.8 73.2 16.3 26.4 136.1 37.3 28.7 546 142.7 20.3 

FEB 881 94.2 20.6 108.7 879 6.6 86.4 59.4 0.0 51 3 108.0 18.0 

MAR 10 29.7 112.8 60.7 57.7 114.3 99.3 26.9 27.2 54.4 63.0 168.9 

APR 46.2 37.3 10.7 6.6 30.7 63.5 145.3 2.0 56.6 67.8 6.6 48.3 

MAY 11.2 23.9 11.9 9.4 23 8.9 33.0 0.8 5.6 17.5 35.6 0.0 

JUN 239 10.9 9.4 18.0 0.0 20.1 13.5 3.0 485 127 0.0 2.8 

JUL 47.8 32.3 66.3 22.9 455 42.7 113.3 71,1 199.1 67.1 51.1 37,3 

AUG 97.5 86.1 122.4 23.4 130.8 135.4 58.9 51,8 71.6 55.6 46.2 62.5 

SEP 21 8 27.4 963 66.3 50.0 27.7 62.0 57,9 47.2 64 28.4 214.1 

ANNUAL 446.0 662.4 623.6 548.6 5029 589.5 893.6 684.3 685.3 619.3 680.2 689,9 

MONTH 1971 1972 1973 1974 1975 1976 1977 1978 1979 1980 1981 

OCT 14.7 134.1 341.4 1.8 73.9 7.4 32.5 50.8 27.9 23.1 37.3 

NOV 37.8 20.6 93.0 67.1 389 44.7 3.6 22.9 161.3 29 5 0,0 

DEC 782 120.4 129.8 6.1 43.7 523 36.6 35.1 154.2 33 8 20.3 

JAN 21.1 0.0 49.0 140.7 29.5 7.1 64.0 134.4 176.5 260.9 19.1 

FEB 61 5 4.1 120.4 7.1 73.4 139.7 29,7 136.9 45.2 2316 47,2 

MAR 21 3 0.0 340.4 40.4 103.1 62.5 24.9 192.3 84.3 94.5 132,8 

APR 432 10.9 48.3 29.7 81 0 65.3 33.8 32.8 17.3 57.9 52,6 
MAY 26.7 5.1 27.2 0.0 10.2 54.1 33.8 17.3 88.6 20.6 22.9 

JUN 0.0 71.1 8.1 0.0 0.8 7.4 13.0 0.3 8.4 2.3 23.9 

JUL 23.1 116.6 56.6 50.3 115.3 85.6 66.8 64.0 15.7 55.9 95.8 

AUG 193.0 76.2 19.6 35.3 16.8 19.6 43.7 19.1 55.4 50.5 96.8 

SEP 95 3 24.1 0.0 38.1 78.7 78.0 110.2 15.7 7,4 30.0 70.4 

ANNUAL 616.0 583.2 1233.7 416.6 665.2 623.6 492,5 721.4 842.3 890.5 619.0 



Monthly streamflow (mm) by water yield for watershed 12 

MONTH 1959 1960 1961 1962 1963 1964 1965 1966 1967 1968 1969 1970 

OCT 0.0 0.2 0.0 0,0 0,0 0,0 0.0 0.0 0.0 0.0 0.3 0.0 

NOV 0.1 1,1 0,0 0.0 0,0 0,5 0.0 561 0.0 0.0 0.4 0.1 

DEC 0.1 34,4 0 0 1,5 0,0 0,0 0.6 96.2 48.2 1.0 0.0 0.0 

JAN 0.3 18.3 0,0 2,0 0.0 0,0 91.7 126 1.7 24.0 143.7 0.0 

FEB 2.0 11,3 0,6 104,9 3,7 0,0 46.0 86 0.5 175.1 24.8 0.0 

MAR 2.4 76,5 25.1 75,0 12.1 37,4 65.3 77.9 0.2 40.5 101.2 433 

APR 0.0 0,0 15.5 10,0 0.1 42,0 112.7 00 10.4 16.2 0.0 99 

MAY 0.0 0,0 0,0 0,0 0.0 0,0 0.0 00 0.0 0.0 0.2 0.1 

JUN 0.0 0.0 0,0 0,0 0.0 0,0 0.0 0,0 0.7 0.0 0.0 0.0 

JUL 0.0 0.0 0,0 0,0 0.0 0,0 0.0 00 37.2 0.0 0.0 0.0 

AUG 0.0 0.0 0,4 0,0 1.0 0,1 0.0 0,0 6.0 0.6 0.0 0.2 

SEP 0.0 0.0 3,5 0,0 1.8 0,0 0.0 0,0 17.3 0.0 0.0 93.4 

ANNUAL 4.9 141.9 45,0 193,5 18.7 80.0 316.4 251,4 122,2 257.3 270.7 147.0 

MONTH 1971 1972 1973 1974 1975 1976 1977 1978 1979 1980 1981 

OCT 0.0 38.3 146,1 0,0 0.0 0.0 0.0 0.7 0.0 0.0 0.0 

NOV 0.0 0.5 38 3 0,0 0.7 0.0 0.0 0.0 31.9 0.0 0.0 

DEC 0.0 21.7 63,1 0,0 0.0 1,0 0.0 0.0 138.1 0.0 0.0 

JAN 11.4 0.0 17,7 4,6 0.0 0,0 1.9 31.4 5.0 106.9 0.0 

FEB 1.2 0.0 49,9 0,5 27.8 81.8 0.2 161.9 41.5 272.7 0.0 

MAR 12.8 0.0 70,7 34 64,1 23.6 0.0 181.3 207.6 62.7 32.7 

APR 0,1 0,0 302.4 1,9 62,1 39.1 9.6 1.9 27.9 19.4 21.3 

MAY 0.0 0.0 131 0,0 0,0 1.2 0.0 00 4.7 0.0 0.0 

JUN 0.0 0,0 00 0,0 0,0 0.0 0.0 0.0 0.0 0.0 0.0 

JUL 0.0 1,5 00 0,0 0.0 0.0 0.0 09 0.0 0.0 4.6 

AUG 6.5 0,1 00 0,0 0,0 0.0 0.0 00 0.0 0.0 2.7 

SEP 6.5 0,0 00 0,0 0,0 0.0 0.1 0.0 0.0 0.0 0.1 

ANNUAL 38.4 62 1 701.2 10,5 154.7 146.7 11.8 378 1 456.7 461.7 61.3 



Monthly streamflow (mm)by water year for watershed 13 

MONTH 1959 1960 1961 1962 1963 1964 1965 1966 1967 1968 1969 1970 

OCT 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00 0.0 

NOV 0.0 02 0.0 0.0 0.0 00 0.0 43,9 0.0 0.0 0.0 0.0 

DEC 0.0 18 3 0.0 0.1 0.0 0 1 0.1 53,8 20.0 0.0 0 0 0.0 

JAN 0.0 99 0.0 1.9 0.0 0.0 47.5 8,3 0.5 1.7 74.2 0.0 

FEB 4.2 72 0.3 54.9 1.5 0.0 26.7 3.3 0.6 58.5 7.2 0.0 

MAR 10.8 61.7 9.8 41.2 4.5 130 41.6 47.9 0.2 26.7 56.3 10.5 

APR 0.1 10 12.5 20.0 0.3 31 2 79.8 0.9 3.4 11.0 6.4 5.6 

MAY 0.0 04 0.1 0.3 0.0 0.2 1.0 0.3 0.0 0.7 06 0.9 

JUN 0.0 0.1 0.0 0.1 0.0 0.0 0.3 0.1 0,0 0,1 0,1 0.0 

JUL 0.0 00 0.0 0.1 0.0 0.0 0.2 0.1 18,7 0.0 01 0,0 

AUG 0.0 00 0.0 0.0 2.0 0.0 0.1 0.1 4.5 0.1 0.1 0,0 

SEP 0.0 0.0 1,2 0.0 1.2 0.0 0,1 0.0 0,0 0.0 0 1 53,4 

ANNUAL 15.1 98 7 23.9 118.7 9.5 44.5 197.2 158,7 47,9 98.9 145.1 70,4 

MONTH 1971 1972 1973 1974 1975 1976 1977 1978 1979 1980 1981 

OCT 0.0 10.1 72.6 0.4 0.0 0.0 0.0 0,3 0,0 0.2 0.0 

NOV 0.0 09 14.3 0.1 0.2 00 0.0 0,0 15,3 0.1 00 

DEC 0.0 41.5 31.6 0.0 0.0 0.0 0.0 0,0 102,8 0.0 0.0 

JAN 0.8 04 9.7 0.6 0.0 0.0 0,1 4,5 5,6 538 00 

FEB 0.4 00 19.0 0.1 3.9 35.5 0.4 64,8 30.3 167.8 0.0 

MAR 5.2 00 33.1 9.4 41.2 23.5 0.1 145,8 89.3 49,1 14.6 

APR 0.1 0.0 155.3 2.9 41.4 282 4.4 4,7 35.3 27,3 16.3 

MAY 0.0 0.0 22.6 0.1 0.9 2.8 0.0 0,1 2,7 2,9 0.1 

JUN 0.0 0.0 0.1 0.0 0.6 0.0 0,0 0,4 0,3 0.6 0.0 

JUL 0.0 02 0.2 0.0 0.3 0.0 0,0 0,1 0,8 1.0 0.6 

AUG 2.0 00 0.2 O.J 0,1 0.0 0,0 0.0 0,3 0.9 1,4 

SEP 0.9 00 0.2 0.0 0,0 00 0,0 0,0 0.3 0.2 0.0 

ANNUAL 9.4 53.1 358.8 13.5 88.6 89.9 5,0 220.8 283.0 303.9 33.0 



Monthly streamflow (mm) by water year for watershed 14 

MONTH 1959 1960 1961 1962 1963 1964 1965 1966 1967 1968 1969 1970 

OCT 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0,0 0.0 0.0 0.0 

NOV 0,0 0.2 0.0 0.0 0.0 0.0 0.0 41.7 00 0.0 0.0 0.0 

DEC 0.0 15.3 0.0 0.0 0.0 0.0 0.1 53.5 29 2 0.0 0.0 0.0 

JAN 0.0 3.9 0.0 0.1 0.0 0.0 60.3 8.8 0.0 0.2 86.3 0.0 

FEB 0.7 4.4 0.0 58.9 0,5 0.0 34.3 1.7 0.0 83.8 3.8 0.0 

MAR 1.6 88.0 10.9 45.4 6.6 14.7 53.0 834 0.0 47.1 81.5 12.2 

APR 0.0 0.6 13.2 32 3 00 37.3 103.9 0.1 40 19.3 12.2 6.1 

MAY 0.0 0.0 0.0 0.0 0,0 0.0 0.0 0.0 00 0.0 0.0 0.4 

JUN 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00 0.0 0.0 0.0 

JUL 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 180 0.0 0.0 0.0 

AUG 0.0 0.0 0.1 0.0 0.1 1.4 1.1 0.0 68 0.0 0.0 0.0 

SEP 0.0 0.0 1.0 0.0 0.2 0.0 0.0 0.0 00 0.0 0.0 41.1 

ANNUAL 2.3 112.5 25.2 136.7 7.4 53.3 252.7 189.1 58.0 150.3 183.8 59.9 

MONTH 1971 1972 1973 1974 1975 1976 1977 1978 1979 1980 1981 

OCT 0.0 22.6 109.3 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 

NOV 0.0 0.9 16.1 0.0 0.0 0.0 0.0 0.0 11.2 0.0 0.0 

DEC 0.0 59.5 32 2 0.0 0.0 0.0 0.0 0.0 101.6 0.0 0.0 

JAN 4.3 0.1 8.7 0.2 0.0 0.0 0.0 5.7 1.0 48.3 0.0 

FEB 0.1 0.0 15.1 0.5 5.0 42.7 0.2 94.8 21.9 188.1 0.0 

MAR 12.2 0.0 31.1 13.4 49.2 23.5 0.1 182.6 120.4 60.2 15.0 

APR 0.2 0.0 277.8 29 50.3 30.3 3.3 5.9 58.5 38.5 14.9 
MAY 0.0 0.0 28.5 0.0 0.0 2.0 0.0 0.0 3.8 1.1 0.0 

JUN 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

JUL 0.0 1.2 0.0 0.0 0.0 0.0 0.0 0.0 00 0.0 0.0 

AUG 4.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00 0.0 0.2 

SEP 2.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00 0.0 0.1 

ANNUAL 23.4 84.3 518.8 16.9 104.6 98.4 3.7 289.1 318.5 336.2 30.1 
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