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ABSTRACT 

Time is an important element in hydrologic design. Most hydrologic models require a 

watershed characteristic that reflects the timing of runoff". The time parameter used in this 

study was lag time, defined as the time from the centroid of rainfall excess to the centroid 

of direct runoff. Lag times were evaluated from rainfall-runoflf data in over 40,000 events 

in 116 small watersheds in the United States. The watersheds ranged from 0.243 to 3490 

acres, with periods of rainfall-runoflf records from 3 to 58 years. 

Rainfall-runoflf event characteristics were used to determine a unique value of lag time for 

each storm. A tendency towards a constant value of lag time for the "bigger" storms was 

observed, "bigger" meaning higher values of either previous 48-hour rainfall, average 

eflfective rainfall intensity, average runoflf intensity, or peak flow. The variable peak flow 

best showed this tendency; higher peak flow was associated with constant lag time in over 

90% of the watersheds. Several hydrologic relationships involving lag time previously 

described in the literature were not verified in this study. 

Watershed characteristics were evaluated as "predictors" of lag time within a given 

watershed. The geomorphic variables used were area, length, width, slope, and storage 

coeflBcient (Curve Number). All variables were significant in explaining the variation of 

lag time by the regression analysis. 
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The watersheds were divided into groups to try to explain the variation of lag time 

between watersheds. Management practices, geographical region, and the tendency 

toward constant value of lag time for the "bigger" storms had significant effects in the 

regression analyses, whereas land use and hydrologic behavior did not. When only the 

watersheds with the tendency described above were used, no groupings significantly 

improved the regression equations. 

Rainfall-runoff data should be used to compute lag time directly, especially for the bigger 

storms. If data are insuflScient, regression predictions can be improved by grouping 

watersheds by regions and management practices. Width, slope and Spat are the best 

variables for prediction of lag time. The multiple linear regression model developed in this 

study had a higher coefficient of determination than other models in the literature. 
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CHAPTER 1 

INTRODUCTION 

Hydrologic time characteristics are of primary importance in many fields, such as 

engineering, economics, and environmental and social sciences. Lag time is one of these 

hydrologic characteristics and this work is devoted to its study. An unprecedented 

number of watersheds and events were used in this study, allowing for new insights on lag 

time phenomenon, together with statistical inferences, and comparisons of previously 

developed models. 

1.1. Importance of the study 

Almost all hydrologic analyses of rainfall and nmoflf usually require the value of at least 

one time parameter as input (McCuen, 1989). An obvious case is in the estimation of 

flood magnitudes for management of their social and economic impacts. In the United 

States it has been estimated that public investment in surface drainage improvements in 

developing urban areas involved an annual capital investment of about $4 billion as of 

1978, and about $3 billion for annual flood damages in urban areas (Pilgrim and Cordery, 

1993). The average annual expenditure for works in small rural drainage basms, mainly 

for culverts, small bridges, and farm dams, amounts to 46 percent of the total expenditure 

on sturctures and works sized by flood estimates, making flood estimation for these small 

drainage basins of great importance in terms of national expenditure. Small basins are of 



greater overall economic importance than flood estimation for large drainage basins, 

where much of the 28 percent of expenditure occurs, but for which most of the more 

sophisticated methods have been developed (Pilgrim and Cordery, 1993). 

In design flood estimation, characteristic response times are required for the determination 

of hydrograph parameters and critical duration of flood producing rainfall (Ward et al., 

1980). A given volume of water may or may not represent a flood hazard, as the hazard 

will depend on the time distribution of the flood runoff. Because of the importance of the 

timing of runoff^ most hydrologic models require a watershed characteristic that reflects 

this timing. While the timing of runoff is a characteristic of a watershed, the time 

parameters are also formulated as a function of other characteristics, in some cases, 

rainfall intensity (McCuen, 1989). 

Management of the watersheds can affect the runoff response. Land clearing, agricultural 

practices, construction, mining, urban and industrial development, for example, can have a 

major impact on the quantity, quality, and rate of water runoff (Haan et al., 1994). 

Two of the most widely used methods for estimating floods on small drainage basins are 

the Rational Method, and the U.S. Soil Conservation Service (SCS) Method. The 

Rational Method uses the time of concentration as the time characteristic. Time of 

concentration is defined as the time it takes flow to move fi-om the most remote point of a 



watershed to its outlet (Haan et al., 1994). The method assumes that the peak rate of 

runoff is reflected by the rainfall intensity of a duration equal to the time of concentration 

for the drainage area. The SCS method is used for estimating floods on small to medium-

sized ungauged drainage basins. The peak discharge in the SCS method is derived from 

triangular unit hydrograph approximations, which uses lag time, defined as the time 

difference between the centroid of the effective rainfall and the peak of direct runoff. 

McCuen (1989) considers three types of hydrologic design problems. 1) For design on 

small watersheds, such as the design of pipe inlets, the time parameter may be an indicator 

of the intensity and volume of rainfall and the degree to which the rainfall will be 

attenuated. A short period would suggest little attenuation of the rainfall intensity because 

the storages of the hydrologic cycle have minimal effects. 2) For design on larger 

watersheds, time parameters may be indicators of watershed storage and the effect of 

storage on the time distribution of nmoff. Watershed storage directly affects the shape 

and the time distribution of the runoff. 3) For designs where the time variation of flood 

runoff is routed through charmel reaches, the travel time reflects the effect of channel 

storage on the attenuation of the flood discharge. 
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1.2 Objectives of the study 

The objectives of this study were to; 

° develop better relationships and understanding of the hydrologic lag time for small 

sized watersheds utilizing a much larger data set than previously used; 

° examine the hydrologic characteristics that affectlag time; 

° examine the geomorphological characteristics that afifect lag time; 

° determine which qualitative characteristics improve the overall prediction of lag time 

to a particular model; 

° develop alternative lag time equations and compare with existing ones. 

A unique feature of this study is that it is based on a large supply of data, a condition not 

enjoyed by any of the previous investigators. Therefore, it is able to exploit the large 

sample sizes to isolate influences in the lag time phenomenon. 

In summary, this study revisits lag time to determine if additional understanding of the lag 

time parameter could be obtained from a much larger data set than that used by previous 

investigators. The hypothesis is that lag time is a function of not only the hydrologic and 

geomorphologic characteristics of a watershed, but also land use, geographical location, 

hydrologic behavior, and watershed management practices. The approach will be to 

examine differences in observed lag times (1) within watersheds, and (2) between 

watersheds, in order to define effects of various quantitative and qualitative variables. 
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CHAPTER! 

LITERATURE REVIEW 

2.1 Importance of time characteristics 

Time characteristics are an important part of hydroiogic modeling and design (Scbultz and 

Lopez, 1974). Several measures of watershed response time characteristics exist, some of 

which are presented in Figure 2.1 and explained in Table 2.1. The time parameters most 

frequently used in hydrology are time of concentration, lag time, time base, time to 

equilibrium, time to peak, time of travel, residence time, infiltration opportunity time, and 

time to ponding. 

Figure 2.1 - Definition sketch for various measures of time characteristics (Singh, 1988). 

EFFCcTive rainfall 
HYETMRAfH 
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Table 2.1 - Definition of the time parameters demonstrated in Figure 2.1 

Time 
Characteristic 

Name 

ti lag time 

h lag time 

h lag time 

U lag time 

ts lag time 

tfi lag time 

t? lag time 

tg lag time 

tp time of 
concentration 

tio 

tn 

tl2 

tl3 

Time interval between... 

tl4 

tl5 
tl6 
tl7 

Equilibrium 
time 
lag time 
time to ponding 
infiltration 
opportunity 
time 

the centroid of effective rainfall and the centroid of 
direct runoflf. 
the centroid of effective rainfall and peak of direct 
runoflf. 
the beginning of effective rainfall and the centroid of 
direct runoflf. 
the beginning of direct runoflf and the end of direct 
runoflf or the time base of direct runoflf hydrograph. 
the beginning of effective rainfall and the time when 
50% of direct runoflf has passed the gaging station, 
the centroid of effective rainfall and the point of 
contraflexure on direct runoflf recession. 
the beginning of eflfective rainfall and the peak of direct 
runoflf 
centroid of eflfective rainfall and the time when 50% of 
direct runoflf has passed the gaging station. 
the end of eflfective rainfall and the point of 
contraflexure on direct runoflf recession. 
the beginning of rainfall (not effective rainfall) and the 
peak runoff (not direct runoff). 
the centroid of eflfective rainfall and the peak of unit 
hydrograph. 
the beginning of eflfective rainfall and the peak of unit 
hydrograph. 
time interval required for the hydrograph to rise fi^om 
low flow to the maximum stage (might be equivalent to 
t?)-
time interval requu^ed for the runoflf rate to become 
equal to the supply rate (rainfall intensity). 
50% of eflfective rainfall and 50% of direct runoflf 
the start of rainfall and the start of direct runoflf 
time period for which water is available for infiltration 
at a given point in space. 

Source; Singh, 1988 - Only ti through tg are presented in Figure 2.1. 
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Time characteristics provide a means of estimating the critical rainfall duration which is 

assimied to have some relationship to the watershed response, and enable the synthesis of 

a design hydrograph, the dimensions of which depend on the watershed response (Bell and 

Kar, 1969). 

The rise time, time of concentration, lag time, time to equilibrium, and volume/peak ratio 

have all been suggested as appropriate watershed characteristic times. These should be 

governed mainly by the physical configuration of the catchment but some are also affected 

significantly by the storm types, and durations and intensities of rainfall (Bell and Kar, 

1969). 

There are a number of situations where characteristic times are used: 

° Unit hydrograph models like the Clark model in HEC-1 require lag time (t2) as an 

input for computation of time of concentration (Liou, 1993). 

° WASHMO (WAtershed Storm Hydrograph-Multiple Options), developed by the 

Agricultural Engineering Department at the University of Kentudy, uses the SCS 

procedures for small watersheds, which includes time to peak and lag time in their 

calculations (Ward et al., 1980). 

° The rational formula, used in design of urban drainage systems, requires an estimate of 

the time of concentration to determine the duration of the critical rainfall intensity 

(RossmlUer, 1980; Ben-Zvi, 1984). 
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° The Snyder method of unit hydrograph synthesis requires an estimate of the lag time 

(t2), (Singh, 1988). 

° The Soil Conservation Service method calculates peak flow from parameters of rainfall 

depth, storage depth, rainfall duration, and time of concentration, the latter being 

related to lag time of the watershed for a given rainfall distribution (NEH-4, 198S; 

Condrat and Hawkins, 1995). The SCS's dimensionless unit graph uses lag time (t2), 

for its computations (Miller et al., 1995). 

Some authors are concerned with data limitation on the development of time parameter 

models. They suggest that this limitation constrains the applicability of the time 

parameters by the lack of diversity of data (McCuen et al., 1984). Another concern is that 

most of the empirical equations developed for the time of concentration were developed 

for urbanized areas, rather than for rural areas (Miller et al., 1995). 

In summary, many hydrologic event analyses require the value of some time parameter as 

input, with the time of concentration and the lag time being the most frequently used. 



2.2 Lag time deflnitions 

The concept of catchment lag, basin lag, or lag time is central to the development of the 

unit hydrograph theory. In general, lag time is a measure of the time elapsed between the 

occurrence of unit rainfall and the occurrence of unit runoff (Ponce, 1989). 

Rise time, sometimes called time of concentration, varies to some extent with the effective 

storm duration and is therefore not completely dependent on physical features of the 

catchment. Lag time is a superior time characteristic from this view point, and can be 

defined as the time between centroid of hyetograph of excess rainfall and the flood peak, 

or the time between centroid of hyetograph of excess rainfall and the centroid of the flood 

hydrograph. However, Table 2.1 shows that there are numerous definitions of lag time in 

the literature, and some of them will be discussed in this chapter. 

One description of lag time is a basin property that reflects the effect of basin shape, slope, 

rugosity, on the relative temporal positions of the bulk of surface runoff and the rainM 

excess (Eagleson, 1962). Another definition of lag time is the time between the center of 

mass of rainfall excess and the occurrence of the resulting peak surface runoff (tz in Table 

2.1) (Eagleson, 1962; Yen, 1979; BeU and Kar, 1969). 
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Gray (1961) was concerned with having available a time parameter relating the salient 

features of rainfall and runoff before applying the synthetic unitgraph. He defined lag time 

as the time fi'om the centroid of surface nmoff producing rain and peak discharge. 

Two definitions of lag time were associated with the definition of time of peak discharge 

(Yen, 1979). These definitions are the time measured fi'om the centroid of hyetograph to 

the occurrence of the peak, and the time between the peaks of rainfall excess and runoff. 

Another author (Barnes, 1959) suggested that the lag time definition that best represents 

the difference in phase between salient features of the rainfall and runoff rate curves is the 

time fi-om centroid of rainfall excess to centroid of direct runoff. This definition of lag 

time is not affected by the duration of excess rainfall, but it is affected by the average stage 

of the flood event. 

Still another definition of lag time is presented by Schultz et al. (1971) which is the time 

between the beginning of rainfall excess and the time that 50% of the runoff has occurred. 

They fitted a regression equation of lag time as a fimction of the length of the main stream, 

length to centroid of area, and the overall slope of the main stream. 



Rao and Delleur (1974) published a series of definitions for lag time, that were later added 

by Smgh (1988). Table 2.2 is adapted to present all the definitions presented by these 

scientists. 

Of all the definitions of lag time that were cited in Table 2.2, the most popular one is the 

centroid lag time, which is the time fi-om centroid of eflfective rainfall to centroid of direct 

runoflF. Lag time defined as the difference between the centroid of the effective rainfall 

and the peak of direct runoff seems to be more variable than the first definition of lag time 

(Singh, 1988). Based on all the above, the lag time definition chosen to be evaluated in 

this study was the centroid lag time, which is the time between the centroid of effective 

rainfall and centroid of surface runoff. According to Schultz and Lopez (1974), this 

definition of lag time appears to be the most stable measure. 

2.3 Relationships between lag time and other time parameters 

Most time characteristic parameters are related to each other in one form or another. This 

section describes the relationships between lag time and other time characteristics, namely 

time of concentration and time to peak. 
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Table 2.2 - Lag time definitions 
Time firom... From 

Table 2.1 
Reference 

centroid of excess rainfall to the peak of direct 
runoff hydrograph. 

t2 Rao and Delleur, 
1974; Singh, 1988 

begiiming of continuous excess rainfall to the 
peak of direct nmoflf hydrograph. 

t7 Rao and Delleur, 
1974; Singh, 1988 

beginning of continuous excess rainfall to the 
centroid of direct runoff. 

ts Rao and Delleur, 1974 

centroid of excess rainfall to the centroid of 
excess runoff. 

tl Rao and Delleur, 
1974; Smgh, 1988 

centroid of excess rainfall to the mid volume 
of direct runoff. 

tg Rao and Delleur, 
1974; Singh, 1988 

beginning of direct runoff and the end of direct 
runoff or the time base of direct runoff 
hydrograph. 

t4 Singh, 1988 

centroid of effective rainfall and the point of 
contraflexure on direct runoff recession. 

tfi Singh, 1988 

50 percent of effective rainfall and 50% of 
direct runoff. 

n.a. Singh, 1988 

Source; Rao and Delleur (1974), and Singh (1988). 

2.3.1 Time of concentration 

Time of concentration is defined as the time taken for a drop of water fallmg on the most 

remote point of a drainage basin to reach the outlet, where remoteness relates to time of 



28 

travel rather than distance. This definition assumes that this is the earliest time after the 

commencement of rainfall excess, when all of the drainage basin is contributing 

simultaneously to flow at the outlet. Conceptually this suggests that time of concentration 

is the time fi-om the last burst of rainfall excess to the end of the direct runff hydrograph. 

This is not shown as one of Singh's definitions in Figure 2.1. 

A general conceptual description of the difference between time of concentration and lag 

time was attempted by several investigators. They reported that time of concentration is 

very closely related to lag time (Eagleson, 1962; NEH-4, 1985, Miller et al., 1995; 

McCuen et al., 1984). For natural watersheds of larger size and complex drainage 

pattern, the water originating on the most remote part may arrive at the outlet too late to 

contribute to the peak runoflf. Therefore time of concentration is generally greater than 

lag time. Some authours suggest that there is a linear relationship between lag time and 

time of concentration (NEH-4, 1985; Miller et al., 1995; McCuen et al., 1984; Ward and 

Elliot, 1995). 

where t^ is time of concentration and ti is lag time (12). The same equation can be written 

under the form 

t, = Q.60*t 
' C  

Eq. 2.1 

^, = 1.67*/,. Eq. 2.2 

Another model (Overton and Meadows, 1976) suggests that 

/,=1.6*/, Eq. 2.3 
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where is the time of concentration, and t] is the lag time, both in the same time units. 

Agiralioglu and Singh (1981) derived an equation for lag time, and demonstrated that lag 

time (ti5 in Table 2.1) is linearly related to time of concentration. Their demonstration 

was based on a kinematic parameter 

where t^ is the time of concentration, ti is the lag time, and n is a kinematic parameter 

(n=5/3 for Manning's equation, n=3/2 for Chezy's equation). 

Based on equation 2.4 and the values of the kinematic parameters, the relationship of time 

of concentration to lag time becomes 

= 1.67 * t, for Chezy's equation Eq. 2.5 

= 1.6 * t, for Manning's equation Eq. 2.6 

which is consistent with Equations 2.2 and 2.3 respectiverly. Chezy's equation seems 

consistent with the relationship suggested by the NEH-4 (1985), McCuen et al. (1984), 

and Miller et al. (1995). At the same time, when using the kinematic parameter for 

Manning's equation, the relationship is the same as Overton and Meadow (1976) 

suggested. 
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In summary, there is a linear relationship of lag time to time of concentration, with lag 

time being always smaller than the time of concentration. 

2.3.2 Time to peak 

Time to peak is defined as the time fi'om the start of the hydrograph to the peak flow of 

the same hydrograph (Haan et al., 1994). Evidence in the literature suggests that there is 

a linear relationship of lag time (t2 in Table 2.1) to time to peak (Schultz et al., 1971; 

Ward et al., 1980; Haan et al., 1994; Ward and Elliot, 1995). 

+Y Eq.2.7a 

. 0.00841 

'" uV? 

{/= 100 - 0.67 »GCW-0.9 Eq. 2.7c 

where tp is the time to peak (hr), ti is the lag time (hr), D is the time increment of rainfall 

(hr), L is the hydraulic length of a watershed (ft), Y is the average overland flow slope 

(%), GCM is the percent grass, crops, or reclaimed surface mines, and F is the percent 

forest in the watershed. 

Another relationship has been developed by Gray (1961) relating lag time to time to peak. 

Time of concentration was assumed to be approximately the same as the period of rise of 

the hydrograph for the watershed sizes used in a study using data firom Illinois, Iowa, 

NCssouri, Ohio, and Wisconsin. A regression analysis in the data was performed and a 
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non-linear relationship for time of concentration as a function of period of rise was found, 

based on 94 rainfall-runoflf events, with an r value of 0.96. 

where ti is defined as the time difference between the center of mass of surface runoff 

producing rain and occurrence of peak discharge, sometimes defined as lag time, and tr is 

period of rise, usually defined as time to peak. The coefiBcients suggest that lag time and 

time to peak have approximately the same value. 

2.3.3 Lag time 

A. relationship between the different classifications of lag time was suggested by McCuen 

et al. (1984). 

where tw is the lag time defined as the time fi"om centroid of rainfall excess hyetograph to 

centroid of direct surface flow hydrograph, and tm is lag time defined as the time fi-om 

centroid of rainfall excess hyetograph to peak of runoff hydrograph. 

It can be assumed that there is a linear relationship between lag time and time of 

concentration and time to peak, independently of the lag time definition used in the 

derivation of these relationships, because the relationship between the two lag time 

definitions used is also linear. 

t l =  0 . 9 9 6 *  
r 

Eq. 2.8 

1.417 Eq. 2.9 
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2.4 Accuracy of time characteristics 

The accuracy of the design flood estimate is directly related to the accuracy with which an 

estimate of watershed response time is made (Singh, 1988). Meynink (in Singh, 1988) 

showed that varying the time of concentration from one half to twice the estimated value 

changed the peak discharge from 0.48 to 1.68 times the estimated value for a typical five 

square-kilometer watershed in Australia. The range of half to twice the estimated time of 

concentration is probably consistent with the error associated with most empuical 

estimates of response times on ungaged watersheds (Singh, 1988). McCuen (1989) 

suggests that as much as 75% of the total error in an estimate of the peak discharge can 

result from errors in the estimated value of the time parameter. Bondelid et al. (1982) also 

suggest that as much as 75% of total error in an estimate of the peak discharge can result 

from errors in the computation of time of concentration. 

The peak flow rate of a unit hydrograph is often given by an equation of the form 

Eq.2.10 
P  

where A is the area of the watershed, qp is peak flow, tp is the time to peak of the 

hydrograph, and K is a constant related to the geometry of the unit hydrograph. It is 

easily shown that in an increment in the time to peak, the peak flow will be decreased by 

the same fraction. This is represented by taking the derivative of Eq. 2.10: 
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<kp KQA 
Eq. 2.11 

P  f p  dtr, r2 

Rearanging and combining equations 2.10 and 2.11 yields 

= Eq. 2.12 
1p tp 

From equation 2.12, an error of 10% in time to peak implies an inverse error of 10% in 

the peak flow for unit hydrographs. 

Little is known about the accuracy of estimates of response times on ungaged watersheds. 

For a specified recurrence interval, a first approximation of the design flood estimate is 

inversely proportional to the response time (Singh, 1988). 

In performing hydrologjc computations of runoflE^ a particular synthetic unit hydrograph is 

often selected, and as such a particular time of concentration equation consistent with the 

unit hydrograph theory is adopted. However, if a unit hydrograph method is chosen and 

the selected time of concentration equation is inconsistent with it, unknowingly significant 

errors may be introduced in nmoff computations (Miller et al., 1995). 

2.5 Important variables in the watershed lag time computations 

Time parameters are usually defined in terms of the physical characteristics of a watershed, 

the distribution of rainfall excess and direct runofif (McCuen, 1989). 
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For a watershed with an impervious surface, the watershed parameters may be represented 

symbolically by the watershed area, a representative length, a shape factor, a 

representative basin slope, a surface drainage pattern and storage factor, and a 

representative runoff resistance. Several authors suggest that a time characteristic is not 

really constant for a given watershed, but a constant only by assumption (Yen, 1979; 

Singh, 1988). Rainstorm parameters may be represented by the average duration and 

intensity of rainfall excess, and symbolic parameters may represent the areal and temporal 

distribution of rainfall (Yen, 1979). Singh (1988) described a set of watershed and 

rainstorm parameters to evaluate lag time, presented in Table 2.3 

Table 2.3 - Characteristics that affect lag time. 

Characteristics Variables 
Physiographic areal extent, form, slope, surface 

topographic characteristics, vegetation, and 
land use 

Rainfall characteristics intensity in time and space, rainfall duration. 
and direction of storm 

Other factors antecedent soil moisture conditions. 
infiltration characteristics, wind velocity. 
and weather condition 

Source: Singh, 1988 



2.6 Data used in previous studies 

This section tries to show some of the limitations on data availability faced in some of the 

previous studies. The first known study to use self-recording instruments took place in 

Madison County, Tennessee (Ramser, 1927) to determine the peak rates of runoff firom 

six small agricultural watersheds. In this study, Ramser determined the times of 

concentration for each watershed, defined as the time required for water to travel fi'om the 

most remote point of the watershed to the gauging station. The exact details of his data 

analysis techniques are not available. Also he did not develop an equation for time of 

concentration. 

Kirpich (1940) used Ramser's data to develop a time of concentration equation using the 

length and slope of the watershed. 

tc = 0.0078 » Eq. 2.13 

where tc is time of concentration in minutes, L is the length of channel firom divide to 

outlet (feet), and S is the average channel slope (ft/ft). BCirpich (1940) and Ramser (1927) 

both defined time of concentration as the time fi'om the beginning of the storm to the 

occurrence of the peak discharge (ty in Table 2.1), and believed that the curves were 

applicable to the average small agricultural area ranging in size fi-om 1 to 200 acres. 

Even though the equation for time of concentration developed by Kirpich (1940) used 

only six small watersheds within the same farm in Tennessee (data published by Ramser 



(1927), it is still described in many books, including the Handbook of Hydrology (1993). 

This section also tries to illustrate how data was selected for the development of time 

characteristic models. 

The quality of the input data was a concern for Bidwell (1967). He reasoned that for 

urban catchments, the time of concentration, runoff and other time parameters involved 

are relatively short and thus the rainfall increments must be short. He acknowledged a 

need for further research which should include analysis of more records for a better 

determination of parameters such as the critical lag time. He also drew attention for the 

fact that the seasonal rainfall pattern existent in the northern United States and Canada 

differs from Australia, and therefore complete yearly records rather than only the summer 

records need to be used (Bidwell, 1967). Eagleson (1962) studied a total of 27 storms 

among the four watersheds, in five urbanized areas in Louisville, KY. 

The need for evaluation of the time characteristics of a watershed using a multiple 

regression analysis of a large amount of field and laboratory data was endorsed by Yen 

(1979). He also acknowledged that most of the existing empirical formulas are certainly 

special cases of a more general formula. 
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Characteristic times are essentially measures of the speed of response of streamflow to 

flood-producing rainfall which depend on physical features of the catchment such as area, 

stream slopes, and stream lengths (Bell and Kar, 1969). 

In developing the above equations some selection of rainfall-runoff events was performed. 

According to Gray (1961), Eagleson (1962), Sarma et al. (1973), the events were only 

included in their studies if they showed certain predefined characteristics, as shown in 

Table 2.4. 

On their computations, Sarma et al. (1973) calculated the excess rainfall assuming that the 

sum of the interception, evaporation and depression storage is linearly related to the 

rainfall intensity. The rainfall that occurred before the time of commencement of direct 

runoff was assumed to be the initial abstraction. The beginning of the time to rise of 

runoff was taken as the beginning of excess rainfall. The ordinates of the excess rainfall 

hyetograph were obtained by multiplying the corresponding ordinates of the total rainfall 

hyetograph by the ratio of the volume of direct runoff to the volume of the total rainfall. 

Thus, the time distribution of excess rainfall and the total rainfall are similar after the time 

of rise. 
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Table 2.4 - Characteristics for selection of rainfall-runoflf events 
Reference Description of rainfall-runoff event 

Ramser, 1927 • Unknown 

Kirpich, 1940 • Unknown 

Gray, 1961 • 

• 

The stage graphs or hydrographs must have a sharp, defined rising 
limb culminating to a single peak and followed by an uninterrupted 
recession. 
All stage graphs or hydrographs for the same watershed must show 
approximately the same period of rise. He used a total of 94 storms 
to develop a time parameter for these watersheds. 

Eagleson, 
1962 

• 

• 

isolated 
has a short period of rainfall excess in which time and areal 
distribution are uniform and the total volume is large enough to 
minimize errors. 

Askew, 1970 • Unknown 

Sarma et al, 
1973 

• 

• 

• 

the storms were relatively isolated 
storms exhibited approximate uniform areal distribution over the 
entire watershed 
stage hydrographs had a well defined rising limb culminating in a 
single peak followed by sustained recession. 

2.7 Influencing factors on the time characteristics of a watershed 

Standard unit hydrograph techniques for catchment modeling are based on the assumption 

that a lumped, linear, time invariant description of the rainfall excess-to-runoff conversion 

is adequate. This implies a constant lag time, where lag is defined as the time elapsing 
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between the input of a fluid element (characterized by its center of mass) and its 

subsequent emergence as output (Reed et al., 1975). 

Some scientists see time characteristics as a function of watershed characteristics alone. 

Others suggest that there is a relationship between the rainfall-runoflf characteristics and 

the time characteristics. A third group sees that time characteristics are a function of both 

the watershed, and the rainfall-runofif characteristics. These point of views are presented 

in sections 2.7.1 to 2.7.3. 

2.7.1 Watershed characteristics 

When computing time of concentration from rainfall-runoff data, watershed characteristics 

features such as shape, slopes of the watershed, and the arrangement and character of the 

drainage channels, are already taken into account to a certam extent. Time of 

concentration also accounts for vegetation on the watershed, since the distance traveled 

and the velocity of the water depends partly upon these factors (Ramser, 1927). 

A successful correlation of lag time with slope in basins having comparable topography 

was not seen in a study conducted by Barnes (1959). He thought that perhaps random 

errors may have obscured the relationship. 
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Care should be taken to determine the dominant flow process occurring while estimating 

lag time by distinguishing between the overland flow found in drier catchments and the 

marked subsurface flow response evident in many natural catchments found in moist 

climates (Schmidt and Schulze, 1987). 

It is intuitive that watershed size influences unit hydrograph timing measures, and some 

background for it is in the literature (Gray, 1961). For smaller watersheds, it approaches 

the period of rise of the unit graph (t? in Figure 2.1), which is sometimes called the time of 

concentration (Ramser, 1927; Kirpich, 1940). 

As viewed by Ponce (1989), catchment lag time is a global measure of response time, 

encompassing hydraulic length, catchment gradient, drainage density, drainage patterns, 

and other related factors. 

2.7.2 Rainfall and runofT characteristics 

If the excess rainfall excess-direct runoflf process is truly linear, the lag time defined as the 

time between the centroid of rainfall excess and runoff (storage coeflScient) should be a 

constant for all storms on a given watershed. However, when lag time was computed 

from observed data, it was found to vary from storm to storm (Sarma et al., 1973). They 

also state that theoretically lag time equals the storage coefficient. 



According to Bell and Kar (1969), even though lag is not constant for a given catchment, 

it is considerably less variable than the rise time and it probably has more chances of being 

estimated satisfactorily from the physical features of the catchment. The significance of 

lag as a determinant of catchment behavior was emphasized by Diskin (1964). He found 

appreciable differences in lag time between different storms on any one catchment. 

While studying the Kamafiili River in East Pakistan, which is subject to heavy monsoon 

rains, Barnes (1959) found that the unit graph lag (time from the center of the unit rainfall 

duration to the time when half the runoff has occurred) varied from about 45 hours to 

more than 100 hours. By plotting the values, Barnes (1959) found that the lag was closely 

related to the average stage of the flood event. He discussed the danger of assuming that a 

basin has a fixed lag time. 

According to Gray (1961), due to the asymmetrical nature of the hydrograph, lag time will 

vary its magnitude with storm duration. He also stated that in order to obtain a constant 

lag time value it is necessary to specify the storm type. In the same line of thought, 

Eagleson (1962) reasoned that lag time should be a function of the duration of rainfall 

excess, and to some extent of the storm duration. As the duration of rainfall excess 

mcreases, the lag time will also increase. Eagleson further reasoned that for storms having 

very long durations of rainfall excess with respect to the basin concentration time, the lag 

time should be relatively insensitive to rainfall excess duration. 
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As described by Minshall (1960), lag time on small watersheds presented a pronounced 

dependence on the intensity of rainfall excess. This was also observed by Rastogi and 

Jones (1969), who observed variation of lag time with rainfall excess for a simplified 

hydraulic catchment model with a synthetic input. They found that lag time decreased 

both with an increase in rainfall excess intensity (for a storm of given duration) and with 

duration (for a storm of given rainfall excess intensity). 

Laureson (1964) and Askew (1970) developed formulas relating lag time to surface 

runoff mean total discharge, and weighted mean discharge. It is of note that Askew 

observed a shorter lag time for larger storms. 

2.7.3 Rainfall - ninofT and watershed characteristics 

The relations between lag time and the rainfall-runofiF and watershed characteristics can be 

very valuable for ungauged catchments. There seems to be a shortened lag time with 

increased magnitude of storm. A variable lag model was applied to a large number of 

catchments so that correlations between the parameters of the model and measurements of 

the physical characteristics of the catchment could be made, (Reed et al., 1975). 

In a study conducted by Bell and Kar (1969) there seemed to be a poor correlation 

between critical lag and effective duration of largest flood, with no systematic deviations 

that can be attributed to catchment size. They developed an equation for computation of 

critical lag, as a function of length and slope of the catchment. The constant on their 



regression analysis was then attempted to be correlated with various catchment 

characteristics like channel slope, drainage density, catchment shape, vegetation cover and 

precipitation factors. 

Surprisingly, the only one of these to show a strong relationship with the constant was the 

vegetation cover group. An explanation of why vegetation would influence lag tune is 

given by Bell and Kar (1969). First of all, much of the surface flow time for the small 

sample catchments could be in the overland flow phase which is obviously influenced by 

vegetal factors such as litter and grass. 

Secondly, the degree of forest cover can exert a large influence on the relative amounts of 

interflow and surface runoff contributing to the flood hydrograph or a particular 

catchment. The value of lag would be expected to increase with greater proportions of 

interflow. Finally, the roughness of the channel system is possibly related to the density of 

vegetation, especially the vegetation on banks and in flood channels. 

Ragan and Dum (1972) developed a nomograph that takes into account not only the 

watershed length. Manning's roughness, and slope, but also the rainfall intensity, and it has 

a relatively good agreement with experimental data. In another study, Rao and Delleur 

(1974) conclude that lag time is seen to depend on the area and fraction of imperviousness 

of a watershed, and on two storm characteristics, the amount of rainfall excess and the 
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rainfall duration. They also concluded that the lag time is not a unique characteristic of 

the watershed, and it varies from storm to storm. They discuss that when using the single 

linear reservoir method, the reservoir constant should not be taken as the average lag time. 

The dependence of the reservoir constant on both the basin and storm characteristics 

should be taken into account as the reservoir constant changes from storm to storm. 

Singh (1976) asserts that rainfall duration seemed to have an influence on the time of 

concentration. He also questions the validity for Kirpich's formula which he thinks is only 

good under very special conditions. 

Using kinematic wave theory, Smgh concludes that time of concentration is a function of 

both the watershed characteristics and the space-time distribution characteristics of 

rainfall. Another study on time of concentration by Butler (1977) establishes a general 

expression in which time of concentration is expressed through the interrelationship of 

excess rain, friction, slope and length, with allowance for the type of flow (lammar or 

turbulent). Hjelmfelt (1978) acknowledges the effect of variation of infiltration rate during 

a storm on the time of concentration and on the shape of the runofif hydrographs to 

estimate parameters in kinematic wave modeling. Finally, Osborne and Lane (1969) found 

lag time to be a function of area, total duration of rainfall per individual storm and the 

average watershed slope. 
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CHAPTERS 

DATA ANALYSES 

This investigation used data from 168 small watersheds in the United States. Lag time 

was extracted from time-series rainfall and runoff data. The first section of this chapter 

briefly describes the location of the time-series data used. This is followed by a 

description of how the rainfall-runoff paired events were extracted from the data and the 

criteria used to select the events. The determination of lag time from these rainfall-runoff 

events is then explained in detail, followed by the methods used to investigate the variation 

of lag time within a watershed is described. Finally, the data analysis for variation of lag 

time between watersheds is detailed. 

3.1 Data 

The data used in this study was obtained entirely from the Water Data Center maintained 

by the US Department of Agriculture, the Agricultural Research Service (ARS) in 

Beltsville, Maryland. The Hydrology Laboratory is a research unit which specializes in the 

development of improved methods for predicting water yield, evaluating the impact of 

management practices and assessing large scale environmental changes on water 

resources. The primary products of the ARS Water Data Base are calendar years of 
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precipitation and streamflow in variable time-series formats. This national archive of 

variable time-series readings for precipitation and runoff contains sufficient detail to 

reconstruct storm hydrographs and hyetographs. Other products include daily values, 

peak flow amounts, and maximum-minimum daily air temperatures. Textual files 

containing watershed descriptive information, land use and soils are published in the 

Hydrologic Data for Experimental Agricultural Watersheds in the United States book 

series. The Water Data Center has the ability to provide data in several different formats. 

The data can be copied to various media or transmitted electronically to the user's 

computer. Output media include various diskette types, magnetic tapes and hardcopy 

print. In order to download data electronically from the Water Data Center, the user can 

ftp anonymously to hydrolab.arsusda.gov, where this data is available. 

In this study, 168 watersheds from across the United States were used, of which the 

majority are agricultural watersheds. At the start of the data analysis this was the number 

of watersheds for which rainfall-runoff events had been reduced from basic data and were 

available. The drainage area of the watersheds used ranged in size from 0.243 acres to 

3490 acres, and the period of record for individual watersheds varied from 3 to 58 years, 

between 1931 and 1995. More information on these watersheds is given in Appendix I. 
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3.2 Separation of hydrographs and hyetographs 

To compute lag time, hydrographs and hyetographs were reconstructed from the 

electronic data using GETPQ, a software program developed at The University of Arizona 

by Dripchak and Hawkins (1992). It determines unique direct runoff hydrographs and 

matches storm rainfall to storm runoff according to times of occurrence of the generating 

rainfall-runoff joint events (Dripchak, 1992). The hydrographs are identified and 

separated by a gradient method. When the hydrograph slope exceeds the baseflow 

separation slope (Table 3.1 ), a potential hydro graph is started. The hydro graph ends 

when the hydrograph becomes less than the baseflow calculated by the baseflow 

separation slope (Figure 3.1 ). The baseflow is then subtracted from the recorded 

measurement to yield the direct runoff hydro graph. 

Figure 3. 1 - Direct runoff separation from raw data based on baseflow separation slope 
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The parameters used as input to GETPQ are presented in Table 3.1. A schematic of the 

definition of these variables is given in Figure 3.2. GETPQ allows these to be set at the 

user's discretion. The values shown in Table 3.1 were those selected for this study. All 

the input variables with the exception of drainage area were kept constant on all 

watersheds. GETPQ outputs paired rainfall-mnoflf events together with other statistics. 

The output variables obtained fi"om GETPQ that are relevant to this study are presented in 

Table 3.2. 

Table 3.1- Input variables to GETPQ, and values used in this analysis. 
Variables Values Description 

Watershed area acres representative of each watershed 

Minimum depth of rainfall 0.01 in 

Minimum depth of runoff 0.001 in 

Minimum peak runoff 0.0001 in/hr 

Baseflow separation slope 

HyetoLag 

HyetoShort 2.0 hr 

HyetoReadLag 20.0 hr 

minimum value for the event to be 
considered 

minimum value for the event to be 
considered 

minimum value for the event to be 
considered 

0.0002 in/hr/hr based on Hewlet's constant slope method 
of baseflow separation (in Dripchak, 
1992). 
tune between rainfalls which separates 
their effects on runoff generation 

maximum time between the end of a 
rainfall event and the start of runoff event 

time between hyetograph readings at low 
intensity, considered too long to 
accurately describe a storm. 

2.0 hr 
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Figure 3.2 - Description of input variables to GETPQ - (Dripchak and Hawkins, 1992). 

Once a hydrograph has been determined, GETPQ then searches for the associated rainfall 

event, based on timing of occurrence. Several variables are used in this rainfall-runoff" 

matching scheme. HyetoLag is an input variable that separates two rainfall events based 

on the timing between two bursts of rainfall (Figure 3.2b). In this study, the value was set 

to 2.0 hours, meaning that if there was no additional rainfall within a two-hour period after 

a burst, then the rainfall event was assumed complete. GETPQ accounts for the 

possibility of a runoff" event occurring after the rainfall has ceased. This variable is called 
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HyetoShort, and was set to 2.0 hours (Figure 3.2c). Another variable used in the 

hydrograph-hyetograph synthesis was the HyetoReadLag (Figure 3.2d). This variable 

takes into account the low rainfall intensity that may occur for a long period of time, 

which may not be representative of the rainfall event for that particular runoff event. If it 

'drizzled' for longer than HyetoReadLag, the rainfall event was separated into two 

different events. 

Table 3.2 - Relevant output variables from GETPQ. 
Variables Units Description 

Rainfall and runoff depth 

Rainfall and runoff duration 

Initial abstraction 

Peak rate of runoff 

Previous rainfall within one, two, and five days 

inches 

hours 

inches rainfall that occurred before 
runoff started 

in/hr maximum runoff intensity in 
the event 

inches previous 24, 48, 120-hour 
rainfall depth 

3.3 Selection of rainfall-ninofT events 

The rainfall-runoff events used in this study were selected after baseflow separation by 

GETPQ. Further filtering of the events followed the approaches of (jray (1961), Eagleson 
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(1962), and Sarma (1973), to select only those hydrographs with a single peak followed 

by an uninterrupted recession. 

To evaluate, select, or discard the rainfall-runofif events produced by GETPQ according to 

the selection criteria, they were visually inspected using a graphics software (JUSTLOOBC, 

which accompanies GETPQ). The rainfall-mnoff events were discarded if 

• The hydrographs were multipeaked; 

• The hydrographs started before the hyetographs. This suggests inconsistency in the 

timing of rainfall and runoff data; 

• The hydrographs started after the hyetograph ended (GETPQ allows for such type of 

events). The hydrograph starting after the hyetograph ended suggests that there is no 

effective rainfall contributing to that runoflf event; 

• The events presented a negative lag time. The centroid of effective rainfall occurring 

after the centroid of runoff suggests that there is some inconsistency in the timing of 

rainfall and runoff data. 

Examples of discarded events are shown in Figures 3.3 to 3.6, whereas Figures 3.7, to 

3.10 are examples of selected events used in the study. A total of 31,030 events (out of 

55,645 generated by GETPQ) were selected for further analysis of the 168 watersheds 

under study. 
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Figure 3.3 - Discarded event - multipeaked 
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Figure 3.4 - Discarded event - multipeaked 
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Figure 3.5 - Discarded event - hydrograph starts before hyetograph 
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Figure 3.6 - Discarded event - negative lag time, and multipeaked 
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Figure 3.7 - Selected event from Bentonville, AR 
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Figure 3.8 - Selected event from Cherokee, OK 
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Figure 3.9 - Selected event from Albuquerque, NM 
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Figure 3.10 - Selected event from Santa Rita, AZ 
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3.4 Lag time computation 

Centroid lag time was adopted as the lag time definition in this study. Centroid lag time is 

defined as the time interval between the centroid of effective rainfall and the centroid of 

direct runofif (Figure 3.11), which is equivalent to ti in Figure 2.1. Its computation 

requires the calculation of the effective rainfall hyetograph and its centroid, and the 

centroid of the du-ect runoff hydrograph and its centroid. 

v» 

lime 

]"igure 3.11- Lag time defined as the time interval between the centroid of effective 
rainfall and the centroid of direct runoff 
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3.4.1 Computation of the eflective rainfall hyetograph 

There are several ways to compute the effective hyetograph, which is the portion of 

rainfall that contributes to direct runoff. Pilgrim and Cordery (1993) present four models 

for the determination of rainfall losses from which the effective hyetograph can be 

computed (Figure 3.12). These are: (i) constant fraction - where loss is a constant 

fraction of rainfall in each time period; (ii) constant loss rate - where the rainfall excess is 

the residual after a selected constant loss rate or infiltration capacity is satisfied; (iii) initial 

loss and continuing loss rate - similar to 2, but no runoff occurs until a given initial loss 

capacity has been satisfied, regardless of the rainfall rate (also known as the phi index 

method); (iv) infiltration curve - where the capacity rates of loss decrease with time. 

i 

1 

7 ^77 T: 

i 
— 

—-

i 

1 

7 ^77 T: 

i i 

1 

(i)C 

i 
^nsti intfn action t 

i 

f 1)Ce mstai It bs t rate 

i 

1 

(i)C 

i 
' /  y 

t 

i 

f 

// 
(in) Intb'al loss-loss rata t (iv) Infikralion cutvs t 

Figure 3.12 - Loss models used to estimate rainfall excess (Pilgrim and Cordery, 1993) 
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As discussed by Eagleson (1962), when using the unit hydrograph to distribute runoff 

from a particular design storm, it is necessary to know the time distribution of losses. 

These losses consist of infiltration, trapped surface storage, evaporation, and transpiration. 

There will predominantly be infiltration in natural areas and trapped surface storage in 

areas having large proportions of impervious surface. In the case of pervious areas, it is 

known that, in general, the infiltration capacity of a soil approximates a lag loss with time, 

being high at first and decreasing, approaching a constant rate, as the rainfall progresses. 

Therefore, for long duration storms in which the rainfall intensity exceeds the limiting 

infiltration capacity, fi-om continuity, 

R.E. = R.I. - constant Eq. 3.1 

where R.E. represents rainfall excess, R.I. represents rainfall intensity, and the constant 

can be thought of as the (}> index. The Phi index ((J)) (Figure 3.13) is a constant intensity 

value that represents the rainfall that is retained by the watershed during a rainstorm after 

initial abstraction (la) has taken place (Dunne and Leopold, 1978). The (t> index has also 

been used as a parameter for non-linear rainfall-runofiF model with variable lag time (Reed 

et al., 1975). 
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Mgure 3.13 - Phi index and distribution of initial abstraction and rainfall excess 

As described above, other approaches have been used to determine the effective rainfall 

hyetograph. For example, Askew (1970) computed the rainfall excess hyetographs by 

assuming losses to consist of an initial loss (initial abstraction) followed by a constant loss 

rate. This loss rate was assumed to be a constant over the catchment for the duration of 

each burst, and is a mixture of the models 1) and 3) above. 

The initial abstraction value was an output from GETPQ, representing the rainfall that 

occurs before runoflf starts (Figure 3.13). Because of its wide use and simplicity in 

calculation, the (j) index method was used in this study for the determination of the 
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effective ranfall hyetograph. The 4> index was then determined using a numerical iterative 

method by adjusting its value until the depth of rainfall excess had the same value as the 

observed runoff depth. A hard copy of the program is given in Appendix II. 

Once the effective rainfall hyetograph was defined, the centroid of effective rainfall could 

be computed. 

3.4.2 Computation of effective rainfall centroid 

An example of an effective ramfall hyetograph is given in Figure 3.14, showing the 

temporal distribution of the rainfall intensities. 

] 'igure 3.14- Temporal distribution of rainfall intensities for an example event 

Temporal distribution of effective rainfall 

Time - TPj - (hr) 
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If the temporal distribution of the effective rainfall hyetograph is taken as a frequency 

histogram, then the centroid is represented by the mean, or first moment about the origin. 

For continuous functions this is given by 

te 

f (i(t) * t)dt 

Tp -....;;..ts ___ _ 
avg- t 

I i(t)dt 

Eq. 3.2 

ts 

where i(t) is the interval rainfall intensity (in/hr) from breakpoint readings, tis the elapsed 

time (hr) from the start of effective hyetograph, ts is the starting time and te is the ending 

time. 

Since the hyetograph is given in a step function form over time, the centroid of the 

distribution is a sum of terms of the form 

TP?- TP? 1 J ,_ *. 
l . 

2 J 
Eq. 3.3 

where TPj is the time at a breakpoint reading, TPj_1 is the previous breakpoint time, and ij 

is the rainfall intensity for the time interval between TPj_1 and TPj. 

The summation over all intervals for the hyetograph is given by 

#intervals TP? _ TP? 
p - "" J )-1 *. 

moment - ~ 2 lj Eq. 3.4 
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Each TPj in the above equation was measured from the start rf the hyetograph, so that the 

moment computed is the moment about the origin. The normalized mean, taken about the 

origin results from 

p 
td — '̂ moment -j r 
^^avg - p tq. 3.5 

t̂otal 

where TP^yg is the hyetograph centroid, Pmoment is the mean or first moment about the 

origin, and Ptotai is the total rainfall depth. 

3.4.3 Computation of the direct runoff hydrograph 

Direct runoff is defined in this study as the runoff that has occurred once the baseflow has 

been deducted (Figure 3.1). GETPQ aheady presents direct runoff hydrograph as one of 

its output. A description of the calculation of its centroid follows. 

3.4.4 Computation of direct runoff centroid 

An example of a direct runoff hydrograph, showing the temporal distribution of the 

intensities, is given in Figure 3.15. 



63 

"igure 3.15 - Temporal distribution of direct runofif intensities 

k=0 

T emporal distribution of runoff intensities 

The hydrograph was plotted using the breakpoint data with the baseflow portion removed, 

and the flow was assumed to vary linearly from breakpoint to breakpoint. Similarly to the 

effective rjunfall hyetograph, the equation for the surface runoff moment is given by 

CO 

Eq.3.6 

/ qWt 
0 

where t is the elapsed time (hr) from start of the hydrograph, q(t) is the instantaneous flow 

rate (in/hr), tg is the starting time and te is the ending time. 

As the hydrograph was represented by a series of trapezoids, the first moment about the 

origin was computed using the trapezoidal rule. It then becomes 
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-f ref., 

where 

Slope J, = —^—— Eq. 3.8 
TQk-TQk-i 

where TQk is the time at a breakpoint reading, TQk-i is the previous breakpoint time, and 

qit and qit-i are the flow rates at breakpoints k and k-1. Also, 

Yt=qt-Slope^ * TQ^ Eq. 3.9 

The hydrograph centroid taken about the origin results from 

Eq.3.10 
J t̂otcd 

where is the mean, Qmoment is the first moment of the hydrograph about the origin, 

and Qtotai is the total surface nmofiT depth. 

3.4.5 Centroid lag time 

The centroid lag time is then computed as the time interval between centroid (weighted 

mean) of the runoff hydrograph and centroid (weighted mean) of effective rainfall (Figure 

3.11) for every selected rainfall-runoff event. 

Tlag ~ TPjvg - TQavg Eq. 3.11 
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3.5 Variation of lag time within a watershed 

In order to explain the variation in lag time values encountered within each watershed, 

several hydrologic variables were tested for a relationship to lag time; 

• Degree of saturation of a watershed. Lag time was believed to vary according to the 

degree of saturation of a watershed (Ramser, 1927). In the present study, degree of 

saturation was computed as the previous 48 hour rainfall (inches), i.e., the total depth 

of rainfall that occurred within the previous 48 hours to the event being studied. 

• Efifective rainfall intensity. This was another hypothesis found in the literature to 

explain the variation of lag time within a watershed. It was thought that for greater 

rainfall intensity storms, the time of concentration (linearly related to lag time) would 

be smaller than for smaller mtensity storms (Ramser, 1927; Ragan and Duru, 1972; 

Agiralioglu and Singh, 1981; Singh and Agiralioglu, 1982). 

• Mean total discharge. Some investigators suggested that time of concentration should 

decrease if the channel was partially filled with water (Ramser, 1927). Others 

suggested that lag time is closely related to the average stage of flood (Barnes, 1959). 

Still others suggested a non-linear relationship of lag time to mean total discharge 

(Laureson, 1964; Askew, 1970). This variable was evaluated in the present study as 

the ratio between total runoff depth and its duration. The equation developed by 

Laureson (1964) and Askew (1970) was also evaluated for each watershed. This is 

tug = Aqs® Eq. 3.12 
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where tug is the centroid lag time, qs is the mean discharge rate associated with the 

surface runoff hydrograph, and A and B are coeflBcients of the equation. 

• Peak flow. This variable was introduced into this study as another hydrologic variable 

to explain the variation of lag time values within a watershed. Peak flow is 

represented by the maximum flow rate in a hydrograph. 

Table 3.3 summarizes the variables used in this analysis. These four variables were 

evaluated against lag time for all 168 watersheds. 

Table 3.3 - Description of the variables used in evaluation of lag time within a watershed 
Variables Description 
degree of saturation previous 48-hour precipitation depth 

effective rainfall intensity ratio of effective rainfall depth to duration of 
effective rainfall 

mean runoff intensity ratio of runoff depth to duration of hydrograph 

peak flow maximum flow rate within a storm 

3.6 Determination of a unique watershed lag time value 

A goal of this research was to define a unique value of lag time for a watershed that could 

be useful in some models, for example the unit graph (Barnes, 1959). In this study, a lag 
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time value was determined for each watershed based on the relationship of lag time to 

peak flow rate. The reasons for this choice are explained in more detail in Chapter 4. 

The best estimate of lag time was obtained for each watershed. Based on the results 

obtained in this study, two different methods of calculating lag time were used. There 

were basically two watershed classes, those that showed a tendency towards a constant 

value of lag time at the higher values of peak flow (type I), and those that did not show 

this tendency (type II). Therefore, two ways of estimating lag time were used. For the 

Type I watersheds the watershed lag time was determined at the 'constant tail' end. The 

peak flow rate after which this tendency was observed was taken as a threshold and then 

the watershed lag time was computed as the average value of lag time for peak flow above 

this threshold. For the Type n watersheds the value of watershed lag time equal was set 

equal to the average of all data points. 

3.7 Variation of lag time between watersheds 

One of the objectives of this study was to evaluate the watershed characteristics, based on 

the geomorphic features, that mostly affected lag time. Of the 168 watersheds, only 115 

had maps available for evaluation of some geomorphologic characteristics used in the 

analyses. This decreased the number of watersheds used in the analysis to 115. 
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3.7.1 Selection of variables 

Based on previous studies, and availability of data, the physical features of the watershed 

chosen as independent variables were; 

• Area (ac) - the values of area were obtained directly from the Hydrologic Data Bank of 

the Water Data Center (WDC) of the Agricultural Research Service (ARS) in 

BeltsvUle, Maryland; 

• Length (ft) - measured using a clinometer, from the maps published in the series 

Hydrologic Data for Experimental Agricultural Watersheds in the United States. 

• Slope (dimensionless) - computed as the ratio between the maximum difference in 

elevation and the longest flow-path length, also acquired from the Hydrologic Data 

for Experimental Agricultural Watersheds in the United States. This slope is slopCn^p. 

• Snat - storage coefiBcient used in the Curve Number method. Curve Number (CN) was 

computed using the asymptotic determination of runoff curve numbers from data 

technique (Hawkins, 1992). The data used to compute CNs were computed directly 

from rainfall and runoff pairs provided by the output file created by GETPQ. For each 

rainfall-runoff event, the storage coeflScient S(in) was calculated using 

where P is the total rainfall depth (in), and Q is the total runoff depth (in) for the event. 

CN was obtained for each event using 

Eq. 3.12 

Eq. 3.13 
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These CN values were fitted with the asymptotic equation 

CN{P) = CN^ + (lOO - CAT. )*e-"' Eq. 3.14 

which assumes that there is a tendency for runoff curve numbers to decline and then 

approach a constant value with increasing rainfall depth. The constant CN » defines a 

rainfall independent runoff curve number (Hawkins, 1992), and k is a fitting coeflBcient. 

The values of the variables described are shown in Appendbc EQ. 

3.7.2 Multiple linear regression analysis 

In order to evaluate how lag time responds to the different variables, multiple linear 

regression analysis was performed. The desired form of the fitted equation was 

Lag = Aq * oa-ea"' * length"  ̂ * slope2,p *S  ̂ Eq. 3.16 

where area is in acres, and length is the flow-path length in feet obtained fi-om maps. 

SlopCnap is the watershed slope obtained also using the charts, and Snat is the storage index 

used in the Curve Number equation. 

Subsets of this equation were evaluated, starting with the simplest equation of one variable 

up to the more complex that includes 4 variables. The equations that were fit to the data 

were 

Lag = Aq * area"' Eq. 3.17 
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Lag = aQ *area'̂  * length'̂  Eq. 3.18 

Lag = a  ̂•area"' * length'̂  * slope'̂  Eq.3.19 

^carea!̂  * length'̂  * slope"  ̂*S  ̂ Eq. 3.20 

To solve the above non-linear equations, linearization was performed so that a multiple 

linear regression could be performed. The general form of the equation then becomes 

ln(Lag) = ln(ao)+a, *ln(area) + a2 *ln{lengih)+aj *\n{slope^) + a^ Eq. 3.21 

At each step, when one variable was added to the more simple equation, the significance 

of adding this new variable was computed. This analysis was done using SPSS, and as an 

output, the change of r between slopes, the F value of change in r , and significance of F 

was obtained. 

3.7.3 Change of variables 

Due to the high correlation between area and length, a new variable named watershed 

width was created. This new variable was defined as the ratio of area to length 

^ 2 -i 
= ——^). The analysis described in section 3.7.2 was repeated for the new 

lengl̂ Jt\ 

set of variables. The new equations to be evaluated were 

Lag = ̂ 0 * "width"  ̂ Eq. 3.22 

Lag = Oq * •widih'̂  * slope'̂  Eq. 3.23 

Lag = a^* width"  ̂ * slope'̂  * Eq. 3.24 
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3.8 Watersheds grouping 

The watersheds were separated into four diverse groups in an attempt to clarify possible 

grouping relationships and give more reliable fittings. These groupings were determined 

based on the assumption that watersheds used in previous studies reported in the literature 

were grouped somehow. For example, Kirpich (1940) used six watersheds fi"om only one 

location in Tennessee. The groups that were used in this study represented qualitative 

characteristics of a watershed as given in Table 3.4. 

Table 3.4 - Description of groups of watersheds used in the study 
Groups Description number of 

watersheds 
Regions East 5 

Midwest 34 
Central 55 
Southwest 20 

Land use Pasture 49 
Mixed 18 
Agriculture 39 
Forest 5 

Management High disturbance (terraces or contours) 28 
Medium disturbance (rotation or tillage) 22 
Low disturbance (grazing) 25 

Behavior Complacent 17 
Standard 65 
Violent 33 

• Regions were defined as in the Hydrologic Data for Experimental Agricultural 

Watersheds in the United States books. 



72 

Land uses were defined according to the definitions in Hydrologic Data for 

Experimental Agricultural Watersheds in the United States books. 

Management of a watershed was attributed to the degree of disturbance of the soil. 

Again data was obtained in the Hydrologic Data for Experimental Agricultural 

Watersheds in the United States books. A watershed was considered highly disturbed 

if it had terraces or contours in it. A medium disturbance was defined as a watershed 

in which there was tillage performed, or rotation of crops. A low disturbance meant 

there was grazing occurring in the watershed, or a lesser disturbing activity. 

Behavior of a watershed was obtained by evaluating how runoff responds to rainfall 

inputs. The five separate response groups, represented in Figure 3.16 and Table 3.5 

are (Hawkins, 1992) 

1. Inactive - characterized by no recorded responses to any rainstorm in an 

extended period of record. By definition there are none in this study. 

2. Complacent - characterized by a very small part of the rainfall (ca. 0.1 to 3 

percent) being converted to direct runofi^ often as a linear response. Known 

firom baseflow streams in forested watersheds. 

3. Standard behavior - the expected or 'textbook' response common to 

agricultural lands, many rangeland conditions, and humid sites, in which the 

interval runoflD'rainfall slope increases with increasing rainfall and the scale of 

runoflf far exceeds the complacent response. 
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4. Violent behavior - in which an abstraction threshold of 2-6 cm (0.79-2.36 

inches) clearly precedes a sudden high response. 

5. Abrupt response - in which a very high portion of the rainfall is converted to 

event runofiF without appreciable abstraction, as typified by extensively 

urbanized drainage areas. 

The responses and the group identifications were parameterized by a simple broken-line 

linear rainfall-runoflf equation, and a dichotomous key based on coeflBcient values. 

Q(an) 

Q-b|P P-
Q=sbja-t-b (P-«) P: 

P-

Q = P 

Figure 3.16 - Illustrative diagram of the rainfall-runofif function. Adapted fi"om Hawkins, 
1992 
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Table 3.5 - Dichotomous key for the classification of watershed rainfall-runofif response 
groups 
C < 0.07 

C = 0 INACTIVE 
C > 0 COMPLACENT 

C > 0.07 
(b2-bl) < 0.60 STANDARD 
(b2-bl) > 0.60 

a < 12.5 mm (0.5 in) ABRUPT 
a > 12.5 mm (0.5 in) VIOLENT 
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CHAPTER 4 

RESULTS AND DISCUSSION 

This chapter provides the outcomes and major results from the analysis of hydrologic lag 

time and the efforts to link lag time to physical and geomorphic features of the 

watersheds. The chapter is divided in six sections. The first part discusses the results 

obtained in the analysis of the variation of lag time within a watershed, i.e., the variation of 

lag time with rainfall-runoff characteristics. The second part discusses how a 

characteristic lag time value was determined for each watershed. The next three sections 

discuss the variation of lag time between watersheds, the variation of lag time with the 

geomorphologic characteristics of a watershed, as well as the influence of some qualitative 

characteristics for both Type I and Type n watersheds. Finally, the equations used in this 

study are compared to those available in the literature. 

4.1 Variation oflag time within a watershed 

Results from the analysis showed that lag time was not constant for a watershed but varied 

considerably. Figure 4.1 shows an example of the variation of the lag times for the Santa 

Rita watersheds, where lag time varied from 0.3 to 4 hours. 
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Figure 4.1 - Log normal plot of the cumulative frequency of lag time for Santa Rita (AZ). 

In order to try to explain this variability, lag time was evaluated as a function of each of 

the variables described in Table 3.3, following the hypothesis that lag time is not a 

constant within a watershed, but rather variable with some hydrologic characteristics. For 

these hydrologic characteristics, and for each of the 168 watersheds, a relationship or 

trend between lag time and storm characteristic was evaluated. 

As is explained later in more detail, some watersheds showed a tendency towards a 

constant value of lag time for the bigger storms. Based on this behavior, a ranking system 

was created to classify the watersheds. This is described in Table 4.1. 
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Table 4.1 - Response of lag time at the higher variable values - ranking 
Rank Description 
0 Absolutely no tendency towards a stable (constant) value of lag time for the 

higher values of the variable was observed. 

1 A slight tendency towards a stable (constant) value of lag time for the higher 
values of the variable was observed. 

2 A definite tendency towards a constant value of lag time for the higher values of 
the variable was observed, but with scatter around the 'tail'. 

3 A definite tendency towards a constant value of lag time for the higher values of 
the variable was observed, with a sharper visual definition of the lag time value at 
the 'tail end'. 

4 A definite tendency towards a constant value of lag time for the higher values of 
the variable was observed, with a sharp definition of a constant lag time value and 
a defined threshold of the variable value after which the lag time became constant. 

5 Like definition 4, but with less variation at the tail end. 

A visual representation of this classification system will be presented for each of the 

hydrologic variables as they are discussed. 

4.1.1 Degree of saturation of a watershed 

In this study the degree of saturation of a watershed was represented by the prior 48-hour 

rainfall. Unexpected results were observed in the lag time-degree of saturation 

relationship in the sense that unlike what is described in the literature, there was not a 

significant or consistent relationship of lag time to the degree of saturation of a watershed. 
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However, some watersheds showed a tendency towards a constant value at the higher 

values of prior 48-hour rainfall. Examples of the relationship of lag time to prior 48-hour 

rainfall are illustrated in Figures 4.2 to 4.6. These examples also illustrate the ranking 

system described in Table 4.1. 
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Figure 4.2 - Lag time vs. prior 48-hour rainfall - Rank=0 
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All watersheds were visually inspected for this behavior and a rank number given to each 

one. Appendix IV contains this information for each watershed and Table 4.2 summarizes 

the results. 

Table 4.2 - Summary of number of watersheds within each rank of prior 48-hour rainfall 
Rank number of watersheds 

0 73 
1 50 
2 35 
3 7 
4 3 
5 0 

Over 50% of the watersheds were given a rank=l or greater, meaning that at least a slight 

tendency towards a constant lag time value could be observed at the higher values of 48-

hours previous rainfall. A rank of three or four was given to only six percent of the 

watersheds. With this score the watersheds showed a marked tendency towards a 

constant value at the higher previous 48-hour rainfall. So, for more than half of the 

watersheds under study, there is at least a slight tendency towards a constant lag time 

value for a watershed for the rainfall-runoff events associated with higher previous 48-

hour rainfall, which can be associated to saturated soil, or close to saturation conditions. 

As seen in Figures 4.2 to 4.6, the greater amount of scatter occurs for lower values of 

prior 48 hour rainfall, when the watershed is 'drier' and perhaps this is because of partial 

area contribution to runoff. That is, the whole watershed might not be contributing to the 
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runoff before the soil becomes saturated, or close to saturation. This behavior suggests 

that the lag time becomes a constant after steady-state conditions are reached within a 

watershed. 

4.1.2 EfTective rainfall intensity 

The results of the analysis were also examined to identify possible relationships between 

lag time and effective rainfall intensity, defined as the ratio between total effective rainfall 

and total effective rainfall duration. Previous studies had found that time of concentration 

should decrease for the higher rainfall intensity storms (Ramser, 1927; Ragan and Duru, 

1972; Agiraloglu and Singh, 1981; Singh, 1982). Assuming that there is a linear 

relationship of lag time to time of concentration, (NEH-4, 1985; McCuen et al., 1984; 

Miller et al., 1995), the same behavior was expected for lag time. However, such a 

relationship was not observed in this study. Figures 4.7 to 4.10 demonstrate typical 

watershed behavior on the relationship of average effective rainfall intensity to lag time. 
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Although it cannot be said that lag time decreased for the higher intensity storms, lag time 

seemed to become stable for the higher intensity storms. This phenomena can be seen in 

Figures 4.7 to 4.10. The degree to which this phenomena was observed m each watershed 

is given by the ranking system described in Table 4.1. A full description of the results 

from the ranking is given in Appendix IV, and summarized in Table 4.3. An illustration 

for each rank is presented in Figures 4.11 to 4.16. 

Table 4.3 - Summary of number of watersheds within each rank of effective rainfall 
intensity 

Rank number of watersheds 
0 
1 
2 
3 
4 
5 

20 
28 
37 
52 
29 
2 
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Figure 4.16 - Average eflfective rainfall rate vs. lag time - rank=5 
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The tendency towards a constant value of lag time for the bigger storms was present in 

148 watersheds, which represents ahnost 88% of the watersheds under study. Again, a 

constant value of lag time is associated with larger storms, represented by the high 

effective rainfall intensity. This suggests that the watershed might not be at equilibrium 

for the small storms, when the hydrology of the watershed is still not well developed. This 

might also be the reason for the scatter that is observed at the smaller events. 

4.1.3 Mean total discharge 

Lag time can also be related to mean total discharge through a non-linear relation (Askew, 

1970). Using equation 3.12, values for coefficients were derived for all watersheds, but 

did not accurately describe the lag time vs. average flow rate (mean total discharge) 

process for the watersheds. The result of this regression analysis for each watershed is 

presented in Appendix V. Only five out of the 168 watersheds had a coefficient of 

determination (r^) above 0.50. These are presented in Table 4.4. 

The relationship between computed and measured values of lag time for these watersheds 

is presented in Figures 4.17 to 4.21. 

Table 4.4 - Non-linear regression analysis of lag - A*for the watersheds with 
r^o.50. 

WSID A B r^ n 
70009 4.6396 0.3779 0.7717 11 

70010 25.1058 0.7448 0.7166 5 

69031 12.0263 0.4779 0.6438 27 

69030 53.7638 0.6297 0.5581 75 

44004 37.8526 0.5416 0.5096 143 
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Even though Askew's non-linear relationship of lag time to average flow rate did not have 

the clahned results, lag time seemed to approach a constant value for the events that had 

higher average runoff rates in some watersheds. 

A visual inspection was done for each watershed on the tendency towards a constant value 

of lag time at high values of mean total discharge. Based on the ranking system described 

in Table 4.1, the results of this analysis are presented in Appendix IV, and their summary 

in Table 4.5. An illustration for each rank is presented in Figures 4.22 to 4.27. 
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Figure 4.23 lag time vs. mean total discharge - rank=l 
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Figure 4.24 lag time vs. mean total discharge - rank=2 
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Figure 4.25 - lag time vs. mean total discharge - rank=3 
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Table 4.5 - Summary of number of watersheds within each rank of mean total discharge 
Rank number of watersheds 

0 22 

1 25 

2 37 

3 52 

4 28 

5 4 

About 87% of the watersheds presented at least a slight tendency towards a constant value 

of lag time at the high mean runoflf rate values. This behavior suggests that for the bigger 

storms, there seems to be less scatter on the value of lag time. This might be because the 

hydrology of the watershed is better defined for bigger storms. Also, for bigger storms 

the watershed may reach steady-state conditions. 

4.1.4 Peak flow 

The relationship between lag time and peak flow was studied because of the close 

association between these hydrologic properties on design engineering. Similarly to the 

previous evaluations, lag time was studied against peak flow. Most watersheds showed a 

stable (constant) value of lag time for larger peak flow values. The response of the 

watersheds to this behavior is presented in Appendix IV, following the ranking system 

described in Table 4.1. A summary of these results is given in Table 4.6. Figures 4.28 to 

4.33 illustrate lag time vs. peak flow for the several ranks described in Table 4.1. 



97 

1.0-

0.8-

Io.6 

?0.4. 

0.2-

0.0 

o 
OD 

WS 70013 - Sonora, TX 

o 

o 

-I 1 1 1 1 1 1 1 1 1 1 1— 
0.00 0.01 0.02 0.03 0.04 0.05 0.06 

peak flow (in/hr) 
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Figure 4,32 Lag time vs. peak flow - ranlc=4 
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Figure 4.33 Lag time vs. peak flow - rank=5 
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Table 4.6 - Summary of number of watersheds within each rank of peak flow 
Rank number of watersheds 

0 16 

1 18 

2 28 

3 60 

4 42 

5 4 

This response is consistent with the above observations for the mean total discharge, 

average eflEective rainfall intensity, and degree of saturation of a watershed. About 90% of 

the watersheds were given a rank number of '1' or higher, which means that there is a 

slight tendency towards a constant value of lag time at the higher values of peak flow. 

Over 60% of the watersheds were Type I watersheds, which means that there is a marked 

constant value of lag time after a certain value of peak flow. The higher peak flow 

suggests bigger storms, that might be better distributed both in time and space. This might 

represent steady state conditions, and the value of lag time will not be affected by the size 

of the storm, once these conditions are met. 

4.2 Determination of a unique value oflag time for each watershed 

According to the ranking (Table 4.1) used to evaluate lag time responses to high values of 

the variables, peak flow rate showed consistently better responses than the other variables 

(degree of saturation of a watershed, effective rainfall intensity, mean total discharge). 

Figure 4.34 shows the cumulative distribution of ranks, from highest to lowest rank, and 
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Table 4. 7 shows the findings in summary form. Therefore, within the studied variables, 

peak flow rate was selected as the variable that is better related to watershed lag time (for 

high values of the variable), in the sense of obtaining higher ranks for more watersheds. 
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Figure 4.34- Cumulative distribution of rank for variables under study 

Table 4. 7 - Summary of lag time influence selections 
Evaluations 

Criteria units 0 I 2 3 4 5 
48-hour rainfall m 73 50 35 7 3 0 
Eff rainfall int. in/hr 20 48 37 52 29 2 
Mean discharge in/hr 22 25 37 52 28 4 
Peak flow in/hr 16 18 28 60 42 4 

----------1rype 1--------- ---------1rype 11---------
#{%} #{%} 

48-hour rainfall tn 158(94.1) 10(5.9) 
Eff rainfall int. in/hr 105(62.5) 63(37.5) 
Mean discharge in/hr 84(50.0) 84(50.0) 
Peak flow in/hr 62{36.9} 106{63.1} 

Avg. 
1.01 
2.40 
2.30 
2.63 
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Insofar as these larger events represent the more well developed hydrologic responses, the 

resulting centroid lag values are more indicative of the basin characteristics. As illustrated 

in several of the figures above, in most watersheds a cutoff or threshold value of peak flow 

may be recognized, which separates the larger events points from the larger difiuse body 

of smaller event points. From the ranking criteria described in Table 4.1, this cutoff point 

is more evident in the Type I watersheds. 

To compute a unique lag time value for each watershed, a subjective scaling-graphical 

method was used. The peak flow cutoff point was selected by visual examination of the 

lag time vs. peak flow plots. Because some watersheds did not present that threshold, or 

cutoff value, the computation of lag time was different for the two different types of 

watersheds: 

Type I - for watersheds that ranked '3' or higher, lag time was taken to be the average 

value of lag time for those larger events, i.e., the average of those values greater than 

the cutoff point. 

Type n - for watersheds that ranked '2' or lower, all events were used to calculate the 

average lag time. These results are presented in Table 4.7. 

It is important to mention that in general, the watersheds that were given low ranks (Type 

n), also did not have large events in the data set. What this suggests is that probably the 

hydrology is not as well developed, and the rainfall-runoff processes not as well exercised 

in these watersheds. 



Table 4.8 - Lag time (hrs) values for the watersheds under study 
WSID Lag WSID Lag WSID Lag WSID Lag WSID Lag 
16010 3.0700 26028 0.9724 42014 1.1051 44021 0.1033 69032 1.8251 
16020 2.9100 26029 0.9701 42015 1.8011 44022 0.3823 69033 1.9902 
17001 0.5100 26030 1.8529 42016 0.9088 44023 0.1719 69034 1.9656 
17002 1.0880 26032 3.1420 42017 0.8280 44024 0.1947 69035 1.5109 
17003 0.7410 26033 2.5077 42023 1.2151 44025 0.1769 69036 0.7653 
17004 1.2860 33002 0.3117 42024 0.6547 44026 0.2080 69037 1.0170 
22003 0.1498 33003 0.4230 42028 0.9794 44027 0.1829 69042 0.7800 
22004 0.1985 33004 1.1780 42031 0.4104 44028 0.1985 69043 0.5864 
22005 0.3660 33005 0.6542 42032 0.3726 44029 0.3057 69044 0.4107 
22006 0.9715 33006 1.4134 42033 0.5504 45001 0.5633 69045 0.4644 
22007 0.4565 34001 0.2960 42034 0.4305 45002 0.3499 69049 0.3757 
26001 0.2518 34002 0.4115 42035 1.1433 45003 0.1980 70007 1.7026 
26002 0.2187 34006 0.3006 42036 0.6784 45004 0.4387 70008 1.1397 
26003 0.2672 34007 0.2864 42037 0.5391 47001 0.2897 70009 0.9196 
26004 0.2874 34008 0.2653 42038 0.5309 47002 0.2184 70010 0.9632 
26005 0.2294 35001 0.5543 42039 0.8824 47003 0.6011 70011 0.6496 
26006 0.4002 35002 0.3852 42040 0.4986 56001 0.9797 70012 0.5337 
26007 0.3878 35003 0.8279 44001 1.0942 56002 1.5059 70013 0.3839 
26008 1.3770 35004 1.1047 44002 1.3011 56003 1.0114 71001 0.4269 
26009 0.2724 35005 0.5543 44004 5.4413 61001 1.2745 71003 0.7625 
26010 0.2037 35006 0.5960 44005 0.2870 61002 1.1749 71004 0.9557 
26012 0.3643 35007 0.3341 44006 0.2032 62014 0.5838 71005 1.8009 
26013 0.1530 35008 0.5322 44007 0.1744 63101 0.0980 73001 0.3619 
26014 0.2574 35009 0.5363 44008 0.1406 63102 0.1242 73002 0.4693 
26015 2.3261 35010 0.5559 44010 0.1677 63103 0.1720 76001 0.1097 
26016 0.2563 35011 0.7080 44011 0.2050 63104 0.1237 76002 0.1561 
26017 0.1897 37001 1.2990 44012 0.1643 66001 0.7540 76003 0.1884 
26018 0.9035 42002 2.6738 44013 0.1408 56002 0.7617 76004 0.1306 
26019 0.1882 42003 2.3693 44014 0.2336 66004 0.3634 
26020 0.3993 42006 0.7397 44015 0.2865 66005 1.1630 
26021 0.2603 42008 1.2598 44016 0.1514 67002 2.6914 
26024 0.5948 42010 1.7606 44017 0.1687 68013 1.1679 
26025 0.3728 42011 1.7905 44018 0.1416 68014 1.4826 
26026 2.8435 42012 1.5388 44019 0.1308 69030 1.7057 
26027 0.6619 42013 1.5173 44020 0.1647 69031 1.2239 
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4.3 Variation of lag time between watersheds - Type I and Type n watersheds 

This section discusses the variation of lag time between watersheds, or how some 

watershed characteristics both qualitative and quantitative, influence lag time. The lag 

time value used in the analysis is the one discussed in section 4.2. Two data sets were 

used and are discussed in this paper. The first one included all 115 watersheds for which 

maps were available for determination of some watershed characteristics, and their best 

estimate of lag time was used (Type I and Type II). The second data set included only the 

watersheds that ranked 3 or higher (Type I) according to the ranking system described in 

Table 4.1. This was an attempt to evaluate the relationship of lag time to the watershed 

characteristics using only 'good' data, that is, only the watersheds that presented a 

constant value of lag time for the bigger storms. 

4.3.1 Correlation analysis 

In order to study which were the most important variables for the computation of lag time, 

and their order of importance, a correlation matrix was developed (Table 4.9). 

It can be seen from Table 4.9 that there is a high correlation between lag time and area 

(0.63), and length (0.49). The correlation is lower for the slope (-0.19) and very small for 

Snat (-0.04). All those correlations are significantly different from zero, at the 95% 

significance level. The variables area and length are highly correlated variables (0.88), and 

the implications of such high correlation are explained later in this chapter. 
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Table 4.9 - Correlation matrix of the variables used in the study (n=l 15). 

Lag Area Length Width Slope Snat 
Lag 1.000 

(0 .000) 
Area 0.6333 

(0 .000) 
1.000 

Length 0.4922 
(0 .000) 

0.8799 
(0 .000) 

1.000 

Widtii 0.5634 
(0 .000) 

0.5984 
(0 .000) 

0.3864 
(0 .000) 

1.000 

Slope -0.1911 -0.1833 -0.2441 -0.1824 1.000 
(0 .020) (0 .025) (0 .004) (0 .026) 

Snat -0.0454 -0.0392 0.0389 -0.0912 0.1465 1.000 
(0 .020) (0.339) (0 .004) (0.166) r 0.059) 

The shaded entries show values not significant to the 95% significance leveL CHven in parentbeKi is Ite (l-fignificance level). 

4.3.2 Multiple linear regression 

To evaluate how lag time responded to the different variables, one variable was added at a 

time, starting from Eq. 4.1 to Eq. 4.4 (see below). The significance of change in the 

coefiBcient of determination (r) due to the introduction of a new variable (going from one 

equation to the next) was studied (Table 4.10). This means that the increase in the value 

of r was statistically evaluated at each added variable. Equations 3.16 to 3.19 were 

linearized using logarithms in order to perform the multiple linear regression analysis. The 

regression models used in the study were: 

ln(Lag) = ln(ao) + * ln(area) Eq. 4.1 

ln(Lag) = ln(ao) + * \n(area)+a2* ln(length) Eq. 4.2 

In(Lag) = ln(ao) + * ln(area)+02* ln(Iength) + 03 • ln(slope„ap) Eq. 4.3 
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\n{Lag) = In(<7o) + * ln(area) + ̂ 2 * ^^(Jength) +a^* Xnislope^) + ^4 * ) Eq. 4.4 

Table 4.10 - Increase in the coeflBcient of determination (r^) by the addition of a variable 
to the regression equation. 

F Sig. F r r Std. Error Sig. of F change 
Eq.4.1 53.92 0.0000 0.3231 0.3171 0.7520 0.0000 
Eq.4.2 31.63 0.0000 0.3610 0.3496 0.7339 0.0112 
Eq. 4.3 25.68 0.0000 0.4017 0.3938 0.7085 0.0031 
Eq. 4.4 21.53 0.0000 0.4391 0.4187 0.6938 0.0j80 
F - value that repFesents the signi^canoe of the regressiao itself Sig. F - ng^iificanoe of the regteanoa equation; r • coefficient of 
detennination of the regression; r adjusted ' coefficient of detemiina '̂on corrected for the degrees of freedom; Std. Error - standard error of 
the regression analysis; Sig. of F change-significance of change of r by adding the new variable 

From Table 4.10 it can be noticed that all regression equations are significant (Sig. 

F<0.05). The addition of each variable significantly increased the value of r^ significantly 

(98% significance level). This means that all the above variables should be used for the 

calculation of lag time, and that the value of r^ significantly increased at each addition of a 

variable. All variables contributed significantly to the regression analysis, and their t value 

and its significance is presented in Table 4.11. This table also shows the standard error of 

the coeflBcient, the t-student value, and its significance, i.e., the significance of the 

coefficient in the regression. 

Due to the high correlation that exists between area and length (0.88), the interpretation of 

the coeflficients for these two variables becomes difficult. When variables that are highly 

correlated are used in the same regression equation, the coefficients of the regression 

equation are counter-intuitive and non-reliable. The significance of the coefficients is also 

non-reliable. 
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Table 4.11 - CoeflBcients and their statistics for regression equations 4.1 to 4.4. 
coeff S.E.coeff t Sig. t 

ln(Lag) = ln(flo) +^^1 * ln(area) 

In(ao) -1.1673 0.1088 -10.730 0.0000 
ai 0.2524 0.0344 7.344 0.0000 

\n(Lag) = ln(ao) +ai *lxi(area)+a2 * \tiilength) 

In(ao) 2.3215 1.3576 1.710 0.0900 
ai 0.5496 0.1201 4.577 0.0000 
a2 -0.6013 0.2332 -2.578 0.0112 

\niLag) = ln(flo)+ai* \n{ared) +02* \n{length) + 03 * \Ti.{slope^p) 

In(ao) 2.5150 1.3121 1.917 0.0578 
ai 0.5661 0.1160 4.878 0.0000 
aj -0.7176 0.2284 -3.141 0.0022 
a3 -0.1687 0.0557 -3.028 0.0031 
ln(Zag) = In(ao) + a, * ln(area) + 0^* \a.(length) + 0^* Hslope^) + a^ 

In(ao) 2.2877 1.2883 1.776 0.0786 
ai 0.5731 0.1137 5.042 0.0000 
az -0.7474 0.2240 -3.337 0.0012 
as -0.1915 0.0554 -3.459 0.0008 
34 0.2156 0.0898 2.401 0.0180 

Nonetheless, literature suggests that there is a strong linear relationship between the 

logarithms of lag time and area (Dunne and Leopold, 1978). In this study, the r of the 

regression of logarithm of lag time as a function of logarithm of area was 0.32. Figure 

4.34 represents the data and the regression line for this relationship. 
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Figure 4.35 - Logarithm of lag time vs. logarithm of area 

In summary, highly correlated variables should not be used in the same regression 

equation as independent variables if some information is warranted from the values of the 

coefficients. For prediction purposes the equations developed above provide as good of 

an estimate as their coefficient of determination, but no attempt should be made on trying 

to understand the relationships of their coefficients. 

4.3.3 Change of variables 

The high correlation existent between area and length, and the problem of counter

intuitive and non-reliable coefficients lead to the creation of a new variable, called width, 

which is the ratio of area to length. This new variable is not so highly correlated to slope 
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(-0.18), or Snat (-0.09), and therefore, the problem of counter-intuitive and non-reliable 

coefi5cients is minimized here. 

The equations to be evaluated were Eq. 3.21 to 3.23. Like in the previous analysis, they 

had to be linearized using logarithms in order to perform the linear regression analysis. 

The new equations became; 

\Ti{Lag) = ln(ao) + * \n{width) Eq. 4.5 

\n{Lag) = ln(ao) + *\n{width) + ^2 * In(5/cpe) Eq. 4.6 

\n{Lag) = ln(ao)+fli *\ti(M/idth)+a2 *\n(jslope)-\ra2 *^(5";,^^) Eq. 4.7 

The analysis of the significance of adding variables was performed for Eq. 4.5 to 4.7 in a 

similar manner to what was done for Eq. 4.1 to 4.4. The results of significance of change 

are presented in Table 4.12. 

Table 4.12 - Increase in the coeflBcient of determination (r^) by the addition of a variable 
to the regression equation. 

F Sig.F r' J 
' adiusted Std. Error Sig. of F change 

Eq. 4.5 63.553 0.0000 0.3599 0.3543 0.7312 0.0000 
Eq. 4.6 37.593 0.0000 0.4017 0.3909 0.7102 0.0061 
Eq. 4.7 27.741 0.0000 0.4285 0.4131 0.6972 0.0244 
F • value that represents the sigai§cance of the regression itseli; Sig. F - significance of the regression equation; r - coe£Scient of 
determination of the regression; r adjusted of fi^^dom; Std. Error-standard error of 
the regression analysis; Sig. of F change - significance of change of r by adding the new variable 

As before, the addition of each variable improves significantly the value of r^ (at >95% 

significance level). This means that for the calculation of lag time, by using more variables 
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a better prediction of In(lag) will be obtained. The value of the coefficients of the 

regression for these equations is presented in Table 4.13. 

Table 4.13 - Coefficients and their statistics for regression Eg. 4.5 to 4.7. 
coeff S.E.rn^ t Sig. T 
In(Zag) = ln(ao) +ai * \n(yvidth) 

ln(ao) -3.6496 0.3939 -9.265 0.0000 
ai 0.5068 0.0635 7.972 0.0000 

ln(Z^2g)=ln(ao)+ai *\Ti(width)-^-a2 *\n{slope) 

In(ao) -3.8063 0.3867 -9.844 0.0000 
ai 0.4477 0.0652 6.861 0.0000 
a2 -0.1503 0.0538 -2.794 0.0061 

\n{Lag) = ln(ao)+aj * \vi{width)+02 * \n{slope)+03 * ln(5„a/) 

In(ao) -4.1336 0.4058 -10.187 0.0000 
ai 0.4373 0.0642 6.809 0.0000 
a2 -0.1694 0.0535 -3.168 0.0020 
as 0.2054 0.0899 2.283 0.0244 

All coefficients are significant to the 98% significance level. The coefficients suggest that 

ln(lag) increases with In(width) and hi(Snat)- This agrees with a general perception of a 

bigger lag time value for wider watersheds, because runoff should take longer to get to the 

outlet in a wider watershed than in a narrower one. The increase of the logarithm of lag 

time with an increase in Snat is also intuitive, because for a more impervious watershed lag 

time should decrease, and an impervious watershed has a value of Snat close to zero, which 

is related to a curve number close to 100. Lag time decreases with increasing slope 

according to the coefficients in the equation. This is also intuitive, for the higher the 

slope, the faster water will run downhill, and therefore, the smaller the lag time. Figure 
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4.36 is an illustration of the computed vs. Real data for all three equations, plotted 

together with the line of unitary slope. 

6 3 1 2 4 5 

lag time data (hr) 

Figure 4.36 - computed lag time vs. lag time data using Eq. 4.5 to 4.7. 

4.4 Regression by subsets 

As explained in the data analysis chapter, the watersheds were partitioned into groups 

expecting the overall performance of the models to improve within these groupings. The 

groups were defined in Table 3.4, and include groupings by re^ons, land use, watershed 

management practices, and hydrologic behavior. In order to determine if there were 

significant differences within each group, a multiple analysis of variance was done. Table 

4.14 shows the value of F and its significance for each group studied. F represents the 
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ratio of the differences between group categories to the differences within this group 

categories (Hedderson, 1991). 

Table 4.14 - Significance of qualitative variables (groups) in the regression analysis. 
Group F Significance of F 
Regions 3.61 0.008 
Management 2.47 0.049 
Land use L37 0.249 
Bdiavior 0.82 0.445 
Rank 2.36 0.045 

The shaded afea means that it is not ngnificant to the 9S% significuioe level 

Of all the qualitative variables introduced in this study, the only variables that presented a 

significant difference in the regression analysis were regions, management practices and 

rank. Although not all qualitative variables significantly affect the regression, in the next 

subsections a more detailed discussion is presented for all of them, so that a better 

understanding is gained. The significance of adding more variables to the equation for 

each watershed was evaluated for each category in each group, and the regression 

coefBcients determined as well as other statistics. 

4.4.1 Regions 

One of the subdivisions of the watersheds was by geographical regions. It was thought 

that because of more homogeneous characteristics within geographical regions, like for 

example precipitation patterns, humid vs. arid regions, the response of lag time would be 

more consistent and would lead to better results using the same regression equations. 
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Also, as seen in Table 4.14, it was shown that there was a significant difference between 

regions when evaluating the regression equation. In this data set, five different regions 

were present: East (E), Midwest (MW), Central (C), Southwest (SW), and South (S). 

Unfortunately there were only five watersheds in the East and one watershed in the South 

region, which were not enough watersheds to statistically evaluate differences in response. 

However, the MW, C, and SW had enough watersheds for that evaluation. Table 4.14 

summarizes the results for the significance of adding a variable to the model, fi'om £q. 4.5 

to 4.7. 

A 

Table 4.15 - Increase in the coefBcient of determination (r ) by the addition of a variable 
to the regression equation for the region group. 

East Nfidwest Central Southwest 
n 5 34 55 20 
Eq. 4.5 2 r 0.6635 0.5019 0.4033 0.1402 

2 
r adj 0.5514 0.4864 0.3921 0.0925 
SE 0.4905 0.6517 0.6717 0.8479 
Sig Fehangg 0.0931 0.0000 0.0000 0.1038 
Sig Free 0.0931 0.0000 0.0000 0.1038 

Eq. 4.6 0.7564 0.5034 0.6012 0.1893 
r^adj 0.5128 0.4713 0.5858 0.0939 
SE 0.5111 0.6611 0.5544 0.8473 
Sig Fc{)gi^ 0.4747 0.7662 0.0000 0.3248 
SigF™, 0^436 0.0000 0.0000 0.1680 

Eq. 4.7 t' 0.8242 0.5133 0.6033 0.3855 
r^adj 0.2969 0.4646 0.5800 0.2703 
SE 0.6140 0.6653 0.5583 0.7604 

^change 0.6461 0.4406 0.6612 0.0381 
SigF^ 0.5177 0.0001 0.0000 0.0456 

2 change jiot significant to the 95% significance level 
r - coefiQcieni of detenninalion; r - ooefiSdent of detetmination adjusted for the degrees of fitedotn; SE - standard error 
Sig Fciiange * significance of change adding new variable; Sig Ffcg - significance of regression 
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Table 4.16 shows for each equation the value for the multiple regression coeflBcient for 

each region, their standard errors, and the significance of the coeflBcients, that is, if the 

coefiBcients are significant in the regression for that region. 

Table 4.16 - CoeflBcients and their statistics for regression equations 4.5 to 4.7 for regions 
group-

Eq. 4.5 Eq. 4.6 Eq. 4.7 
In(ao) ai hi(ao) ai aj In(ao) ai a2 as 

MW Coeff -3.54 0.496 -3.53 0.521 0.064 -2.84 0.495 0.074 -0.28 
S.E. 0.535 0.087 0.544 .1119 0;214 1.039 0.124 0.216 0.354 
Sig.T 0.000 0.000 0.000 0.000 0-766 0.010 0.000 0.735 0.441 

C Coeff -3.63 0.523 -4.16 0.383 -0.33 -4.13 0.390 -0.33 -0.06 
S.E. 0.546 0.087 0.463 0.077 0.065 0.471 0.078 0.065 0.107 
Sig.t 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0-601 

SW Coeff -3.41 0.375 -4.69 0.387 -036 -3.91 0.342 -0.05 0.403 
S.E. 1.347 0.219 1.845 0.219 0.351 1.692 0.197 0.343 0.178 
Sig. t 0.021 0.104 0.021 0.095 0.325 0.034 0.103 0.896 0.038 

coefficient not significant to the 95% significance level 

From Tables 4.15 and 4.16 it can be seen that ln(width) is a significant variable for the 

Midwest and Central region, but not for the Southwest. Adding In(slope) to the equation 

significantly improves the regression only for the Central region. For both the Midwest 

and Central regions, adding In(Snat) to the equation makes no significant contribution to 

the regression. Figures 4.37 to 4.39 illustrate the response of ln(lag) to each regression 

equation for each region. 
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Figure 4.37 - Illustration of regression equation 4.5 for the MW, C, and SW regions 
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Figure 4.38 - Illustration of regression equation 4.6 for the MW, C, and SW regions 
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Figure 4.39 - Illustration of regression equation 4.7 for the MW, C, and SW regions 

An awkward result was observed for the SW region. The regression equation does not 

become significant until In(Snai) is added to it. This can also be observed by studying 

Figures 4.37 to 4.39. The Southwest data points become more agglomerated around the 

unitary slope line in Figure 4.39. For the Southwest region, rainfall patterns, spatial and 

temporal variability of rainfall might be more important factors for the computation of lag 

time than the watershed characteristics used. The SW region rainfall pattern is 

characterized by thunderstorms of short duration and high intensity in the summer time, 

and high spatial variability. In the winter time, the rainfall is more evenly distributed, 

lower intensity storms of longer duration occur, but with little runoff associated to them. 

This could explain why trying to use width, slope and Snjt is not a good way of describmg 

lag time in this region. 
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In summary, when separating the watersheds by geographical regions, there is a significant 

difference between the regression equations used to determine lag time. Different regions 

have different coeflBcients. Ln(width) is the most significant factor for MW and C regions. 

The SW region has a different behavior from the other two regions in regard to the 

variables that significantly contribute to the regression equation. There is an increase in 

the value of r from when using all data for the Central and Midwest regions, but not for 

the Southwest. 

4.4.2 Management 

The management group was created to reflect the degree of disturbance of a watershed. 

Low management represented the watersheds with the least amount of disturbance, and 

corresponds to watersheds under grazing conditions. Medium management watersheds 

were represented by some agricultural practices, where tillage or rotation had occurred. 

The high management watersheds were those in which significant changes had occurred in 

their topography, and corresponded to the watersheds where contours and terraces had 

been built in them. In this database, 40 watersheds did not have data available to have a 

management assigned to, 25 were classified as low management, 22 as medium 

management and 28 as high management watersheds. 
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From Table 4.14 it is seen that management practices significantly aflfect the regression. 

In Table 4.17 the difference in r by adding a new variable was analyzed for each 

management practice and its significance reported. 

Table 4.17 - Increase in the coefiBcient of determination (r^) by the addition of a variable 
to the regression equation for management group. 

Low Medium High 
n 25 22 28 
Eq. 4.5 r^ 0.1685 0.7472 0.5189 

r^adj 0.1325 0.7345 0.5004 
SE 0.5847 0.4989 0.5377 
Sig Fchange 0.0414 0.0000 0.0000 
Sig Free 0.0414 0.0000 0.0000 

Eq. 4.6 0.2501 0.8126 0.5538 
r^adj 0.1819 0.7929 0.5181 
SE 0.5678 0.4407 0.5282 
Sig Fciiange 0.1365 0.0185 0.1745 
Sig Free 0.422 0.0000 0.0000 

Eq. 4.7 r^ 0.3138 0.8329 0.5538 
2 

r adj 0.2158 0.8050 0.4980 
SE 0.5559 0.4276 0.5391 
Sig Fduu]ge 0.1771 0.1569 0.9815 
SigF™, 0.0442 0.0000 0.0002 

change not^ignificant to the 95% significance level 
r' - coefficient of determinatioa; r adf - ooefiQcient of detenniiiatioa adjusted for tbe degree! of freedom; SE - standard entir, 
Sig Frhiiny - significance of change oy adding new variable; Sig • significance of regressioa 

In Table 4.18 the coefiGcients for the best fit for each management practice are reported 

together with their standard error, and if the coefiBcient is significant in that regression 

equation. 
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Table 4.18 - Coefl&cients and their statistics for regression equations 4.5 to 4.7 for 
management group. 

Eq. 4.5 Eq. 4.6 Eq. 4.7 
ln(ao) ai In(ao) 32 In(ao) ai az a3 

Low Coeflf. -2.15 0.261 -2.86 0.274 -0.22 -3.15 0.227 -0.31 0.200 
S.E. 0.777 0.134 0.913 0.130 0.160 0.948 0.137 0.177 0.163 
Sig.t 0.007 0.054 0.002 0.037 0.166 0.001 0.099 0.080 0.224 

Med Coeflf. -4.98 0.689 -5.22 0.626 -0.18 -5.81 0.651 -0.16 0.268 
S.E. 0.737 0.116 0.729 0.118 0.103 0.943 0.122 0.105 0.269 
Sig. t 0.000 0.000 0.000 0.000 0.074 0.000 0.000 0.112 0.321 

High Coeflf -3.32 0.489 -3.46 0.418 -0.17 -3.45 0.417 -0.17 -.004 
S.E. 0.764 0.111 0.753 0.124 0.144 0.941 0.127 0.146 0.198 
Sig.t 0.000 0.000 0.000 0.001 0.244 0.000 0.001 0.252 0.984 

coeflScient not significant to the 95% significance level 

Ln(width) is always significant for the different management practices for all equations. 

Ln(slope) is only marginally significant in Eq. 4.6. This is an interesting outcome. 

Ln(slope), which is associated with the slope of the watershed, is not significant for high 

management because as there were disturbances mtroduced in the slopes themselves. 

Medium management represents agricultural practices where the soil becomes more 

homogeneous, and In(slope) is almost a significant value. For the lower management 

practices the interpretation is harder, because there is not enough information on the kind 

of disturbances introduced in the watershed, although assumed to be negligible. Ln(Snat) 

was not significantly different for the different management practices. Figures 4.40 to 

4.42 illustrate the computed values of lag time as a fiinction of the measured lag time 

values, using Eq. 4.5 to 4.7 for low, medium and high management practices. 
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Figure 4.40 - Illustration of regression equation 4.5 for low, medium and high 
management practices 
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Figure 4.41 - Illustration of regression equation 4.6 for low, medium and high 
management practices 
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Figure 4.42 - Elustration of regression equation 4.7 for low, medium and high 
management practices 

In summary, management practice is a significant qualitative variable when evaluating lag 

time. There is an increase in the value of r^ fi-om when using all data set, and the 

coefiBcient values for each management praaice are displayed in Table 4.18. 

4.4.3 Land use 

Land use was one of the groups in which the watersheds were divided. Four land use 

categories were used. There were five forested watersheds, 39 agricultural, 49 pasture, 

and 19 were of land use. Three watersheds did not have a defined land use. 
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This group did not have a significant efifect in the evaluation of ln(lag) (Table 4.14). This 

means that there was not a significant diflference in the regressions of lag time by dividing 

the watersheds in land use groups. 

Even though the diflference was not significant, some land use groups seemed to have 

better r^ values than when using all data sets. The significance of adding a variable to the 

2 2 equation, the significance of the regression itself the r , adjusted r , are presented in Table 

4.19 for each land use category. 

Table 4.19 - Increase in the coeflBcient of determination (r^) by the addition of a variable 
to the regression equation for land use group. 

mixed pasture agric. forest 
n 18 49 39 5 
Eq. 4.5 r^ 0.4734 0.0792 0.2942 0.3424 

2 
r adi 0.4424 0.0596 0.2751 0.1222 
SE 0.3933 0.7205 0.7084 0.9333 
Sig 0.0011 0.0501 0.0004 0.3000 
Sig Free 0.0011 0.0501 0.0004 0.3000 

Eq. 4.6 r^ 0.4750 0.0837 0.5709 0.4812 
r^adj 0.4094 0.0439 0.5471 -0.037 
SE 0.4048 0.7266 0.5599 1.0153 
Sig Fc{]iQge 0.8299 0.6359 0.0000 0.5405 
SigF^ 0.0058 0.1337 0.0000 0.5187 

Eq. 4.7 r^ 0.5117 0.1197 0.5827 0.8754 
r^adj 0.4141 0.0610 0.5469 0.5018 
SE 0.4032 0.7200 0.5600 0.7035 
Sig Fchange 0.3048 0.1820 0.3271 0.3260 
SigF^ 0.0113 0.1217 0.0000 0.4398 
change not ^gnificant at the 95% significant level 

r' - coefficient of detenninition; r - ooefiScient of detominalioo adjusted for the degrees of freedom; SE • standard envr, 
Sig Fchange * significance of change by adding new variable; Sig Ffeg - significanoe of regression 
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In Table 4.20 the values of the coefiScients for each equation and each land use are 

presented along with the significance of each coefiBcient. Not much can be said about this 

analysis because the land use treatment was not a significant qualitative variable in the 

regression analysis for calculation of InQag). This might have occurred because the land 

use treatments are very similar. Agricultural and mixed uses are basically the same, and 

pastures are not dramatically different fi'om agricultural watersheds. For forested 

watersheds, which differ more firom agricultural watersheds, there were only five data 

points for evaluation, which is not enough to make statistical inferences. 

Table 4.20 - CoeflBcients and their statistics for regression equations 4.5 to 4.7 for land 
use group. 

Eq. 4.5 Eq. 4.6 Eq. 4.7 
ln(ao) ai In(ao) ai a2 In(ao) ai H2 as 

Mixed Coeff 
S.E. 
Sig. 
T 

-3.10 
1.597 
0.055 

0.464 
0.204 
0.025 

-3.14 
1.523 
0.042 

0.460 
0.193 
0.019 

-0.02 
0.129 
0.889 

-2.69 
1.630 
0.101 

0.452 
0.190 
0.019 

0.004 
0.131 
0.976 

-0.20 
0.295 
0.493 

Past. Coeff 
S.E. 
Sig. 
T 

-2.14 
0.651 
0.001 

0.239 
0.112 
0.034 

-2.26 
0.648 
0.001 

0.227 
0.107 
0.036 

-0.06 
0.116 
0.586 

-2.48 
0.651 
0.000 

0.188 
0.108 
0.084 

-0.12 
0.119 
0,332 

0.172 
0.109 
0.120 

Agric. Coeff 
S.E. 
Sig.t 

-5.04 
1.061 
0.305 

0.734 
0.178 
0.000 

-4.36 
1.005 
0.000 

0.415 
0.183 
0.026 

-0.29 
0.070 
0.000 

-4.39 
0.988 
0.000 

0.372 
0.186 
0.049 

-0.31 
0.069 
0.000 

0.159 
0.179 
0.373 

coefficient not significant to the 95% significance level 

An illustration of the relationship of lag time data to the calculated lag time for Eq. 4.5 to 

4.7, and for the different land uses is presented in Figures 4.43 to 4.45. 
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Figure 4.43 - Dlustration of regression equation 4.5 for crops, pasture and mixed land use 
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Figure 4.44 - Illustration of regression equation 4.6 for crops, pasture and mixed land use. 
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Eq. 4.7 
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Figure 4.45 - Illustration of regression equation 4.7 for crops, pasture and mixed land use. 

4.4.4 Behavior 

The hydrologic behavior of a watershed is associated with its runoflf response to a rainfall 

event. A complacent watershed represents a watershed that has a small response in runoflf 

for a rainfall input. A violent watershed represents a watershed that responds highly to 

almost any rainfall input. The standard watershed responds as expected. From the 

watersheds studied, 17 were complacent, 65 standard, and 33 violent. 

Like for the land use group, there was not a significant effect of watershed behavior in the 

regression equations. Although there is an increase in r^ when the watersheds are 

separated into this group, it is not statistically verifiable. Table 4.21 shows how significant 
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is the addition of a new variable to the equation. Table 4.22 gives the coeflBcients and 

their statistics for the various regressions. 

Table 4.21 - Increase in the coeflBcient of determination (r^) by the addition of a variable 
to the regression equation for behavior groups. 

comp. std. viol. 
n 17 65 33 
Eq. r^ 0.3009 0.3606 0.4072 
4.5 r^adj 0.2543 0.3505 0.3881 

SE 0.5855 0.7865 0.7039 
Sig Fchange 0.0226 0.0000 0.0001 
Sig Free 0.0226 0.0000 0.0001 

Eq. r^ 0.3339 0.4053 0.4559 
4.6 r^adj 0.2387 0.3861 0.4196 

SE 0.5916 0.7646 0.6856 
Sig Fchange 0.4191 0.0347 0.1119 
Sig Free 0.0582 0.0000 0.0001 

Eq. r^ 0.4075 0.4515 0.5254 
4.7 r^adj 0.2707 0.4245 0.4763 

SE 0.5790 0.7404 0.6512 
Sig F change 0.2261 0.0270 0.0483 
Sig Free 0.0704 0.0000 0.0001 

change not signifijiant at the 95% significant level 
^ • coefficient of detenninaiioa; r - coefficient of detennination adjusted for the degrees of freedom; SE -
standard error, Sig Fchange ' significance of change by adding new variable; Sig Ffcg - significance of 
regression 

In sununary, there seems to be a tendency for In(width) to be the most significant variable. 

The other variables are only significant for the standard watersheds. This is an interesting 

result, because it reinforces the hypotheses that standard watersheds behave the way 

watersheds are supposed to behave in hydrology, and by adding a new variable the 

response of lag time is always improved. 
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Table 4.22 - CoeflBcients and their statistics for regression equations 4.5 to 4.7 for 
behavior group. 

Eq. 4.5 Eq. 4.6 Eq. 4.7 
In(ao) ai In(ao) ai aj In(ao) ai a2 as 

Comp Coeflf -2.63 0.345 -2.62 0.289 -0.10 -1.65 0.265 -0.18 -0.44 
S.E. 1.046 0.171 0.496 0:i85 0.151 1.35 0.181 0.165 0.417 
Sig.T 0.013 0.046 0.117 0.121 0.496 0.224 0.146 0.265 0.293 

Std. Coeflf -3.63 0.506 -3.85 0.445 -0.13 -4.18 0.424 -0.18 0280 
S.E. 0.498 0.079 0.851 0.082 0.073 0.498 0.080 0.070 0.116 
Sig.T 0.000 0.000 0.000 0.000 0.024 0.000 0.000 0.010 0.018 

Viol. Coeflf -4.36 0.615 -4.55 0.560 -0.16 -5.87 0.559 -0.27 0.634 
S.E. 0.861 0.140 0.851 0.141 0.102 1.071 0.136 0.114 0.329 
Sig. t 0.000 0.000 0.000 0.000 0.123 0.000 0.000 0.020 0.056 

coefficient not significant to the 95% significance level 

However great care should be taken with this result, because inferences about the effect of 

behavior on lag time calculations have no statistical basis. An illustration of the 

relationship between lag time data to calculated data using Eq. 4.5 to 4.7 for all behavior 

types is shown in Figures 4.46 to 4.48. 
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Figure 4.46 - Illustration of regression equation 4.5 for violent, standard and complacent 
hydrologic behavior. 
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Figure 4.47 - Illustration of regression equation 4.6 for violent, standard and complacent 
hydrologic behavior. 
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Figure 4.48 - Illustration of regression equation 4.7 for violent, standard and complacent 
hydrologic behavior. 

4.4.5 Rank 

The rank system was developed in this paper to study the response of lag time to the 

different hydrologic variables, or the variation of lag time within a watershed. 

Rank was a significant variable in the regression analysis (Table 4.14). This means that 

the regression equation will be affected by the rank value of the watershed. The results of 

the increase in r by adding a variable to the equation, its significance and standard error 

are given in Table 4.23. Table 4.24 presents the coefficients and their statistics for the 

various regressions. 

a Vblent 
o Standard 
A Complacent 

Isft X a"a a 
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Table 4.23 - Increase in the coefiBcient of determination (r^) by the addition of a variable 
to the regression equation for rank group. 

rank=0 rank=l rank=2 rank=3 rank=4 rank=5 
n 6 14 17 43 32 3 
Eq. 4.5 r^ 0-0281 0.0825 0.1681 0.5031 0.5067 

r% -0.2148 0.0060 0.1127 0.4910 0.4903 
SE 0.9481 0.4760 0.7448 0.6947 0.6417 
Sig Fchangft 0.7509 0.3193 0.1021 0.0000 0.0000 
SigF^ 0.7509 0.3193 0.1021 0.0000 0.0000 

Eq. 4.6 0.5535 0.0978 0.2162 0.5231 0.5158 
r^adj 0.2558 -0:0662 0.1042 0.4999 0.4824 
SE 0.7420 0.4931 0.7483 0.6891 0.6467 
Sig Fchange 0.1569 0.6743 0.3698 0.2033 0.4675 
Sig Free 0.2983 0.5677 0.1817 0.0000 0.0000 

Eq. 4.7 0.7084 0.3111 0.4279 0.5516 0.5649 
r^adj 0.2709 0.1045 0.2959 0.5171 0.5183 
SE 0.7344 0.4518 0.6634 0.6767 0.6239 
Sig Fc{m^ 0.4111 0.1089 0.0470 0.1235 0.0864 
SigFre. 0.4038 0.2724 0.0571 0.0000 0.0000 

2 chapge not significant at the 95% significant level 
r -coefScientofdetenninatioiur Kjj-coefficient ofdetenninatioa adjusted for the degrtes of freedom; SE-sUndardenor, 

Sig Ffhjny - ngniiicaace of change by adding new variable; Sig Freg * lignificanoe of re^easion 

It is interesting to note that the regression equations were not significant for ranks 0, 1, 

and 2. These were the watersheds that had their lag time values calculated by averaging of 

all rainfall-runoff events. This means that the regression equation cannot predict the value 

of ln(lag) using these variables. However, for the watersheds that had ranks 3 and 4, all 

regression equations are significant, which means that the equations are good predictors of 

InOag). 
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Table 4.24 - CoeflBcients and their statistics for regression equations 4.5 to 4.7 for rank 
group. 

Eq. 4.5 Eq. 4.6 Eq. 4.7 
Rank InCao) ai ln(ao) ai 32 ln(ao) ai a2 as 
0 CoeflF -1.21 0,112 -2.96 0.119 -0.36 -U3 0.100 -0.30 -0.50 

S.E. 2.086 0.329 1.881 0.258 0.190 2.449 0.256 0.195 0.488 
Sig.T 0.593 o:75i 0.213 0.675 0.157 0.643 0.733 0.259 0.411 

1 Coeff -0.84 0.151 -0.84 0.126 -0.03 -0.69 -0.03 -0.09 0.335 
S.E. 0.875 0.145 0.906 0.161 0.085 0.835 0.172 0.085 0.190 
Sig.T 0.355 0.319 0.375 0.449 0.375 0.428 0.869 0.285 0.109 

2 Coeff -2.65 0.324 -2.91 0.282 -0.12 -2.94 0.158 -0.20 0.427 
S.E. 1.083 0.186 1.104 0.192 0.128 0.980 0.179 0.120 0.194 
Sis.T 0.003 0.102 0.023 0.165 0.369 0.010 0.395 0114 0.047 

3 Coeff -4.16 0.587 -4.41 0.557 -0.13 -4.88 0.561 -1.43 0.244 
S.E. 0.593 0.091 0.621 0.093 0.097 0.680 0.091 0.096 0.154 
Sig.T 0.000 0.000 0.000 0.000 0.203 0.000 0.000 0.146 0.123 

4 Coeff -4.74 0.650 -4.86 0.738 0.137 -5.72 0.689 -0.04 0.406 
S.E. 0.713 0.117 0.737 0.167 0.186 0.858 0.164 0.206 0.228 
Sig.T 0.000 0.000 0.000 0.000 0.467 0.000 0.000 0.841 0.086 

5 Coeff 
S.E. 
Sig.t 

coeflScient not significant to the 95% significance level 

Another interesting result is that by adding either In(slope) or In(Sntt), there is no 

significant increase in the r^ value. Therefore, for the watersheds ranking 3 or 4, ln(width) 

is the only significant variable in the regression equation. 

This result lead to another analysis of the data set, which was to do the same evaluations 

for all variables, both quantitative and qualitative, but using only the "good" data set, that 

is the watersheds that ranked 3 or higher (Type I). 
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4.5 Variation of lag time between watersheds - Type I watersheds 

As explained previously, in the Type I watersheds a threshold of peak flow could be 

observed after which the tendency towards a constant value of lag time was well defined. 

The same kind of analysis was done in this new data set, as was done in section 4.3. 

4.5.1 Multiple linear regression 

Again the response of hi(lag) was evaluated for addition of variables to see if the value of 

the r significantly improved by adding each variable to the equation. The result is 

presented in Table 4.25. 

Table 4.25 - Increase in the coeflBcient of determination (r ) by the addition of a variable 
to the regression equation for Type I data set. 

F Sig. F r r Std. Error Sig. of F change 
Eq. 4.5 86.04 0.0000 0.5309 0.5248 0.6629 0.0000 
Eq.4.6 44.43 0.0000 0.5423 0.5301 0.6592 0.1778 
Eq.4.7 34.28 0.0000 0.5815 0.5646 0.6345 0.0102 ^ 
F - value that represous the signi^cance of the regression itself Sig. F - significance of the regression equation; r • coefficient of 
detenninalioa of the regression; r coefficient ofdetermina '̂oncoirected for the degrresoffireedom; Std. Error-standard error of 
the regression analysis; Sig. of F change - significance of change of r by adding the new variable 

The results in Table 4.25 suggest that ln(width) is a significant variable in the calculation 

of b(lag). By adding In(slope) to the regression equation, there is not a significant change 

in the r value, even though the regression equation is still significant. As expected, the 

coeflScient of In(slope) is not significant in the regression equation. However, when 

hi(Snat) is added, there is a significant improvement in the value of r . Ln(slope) is still not 
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a significant variable in the equation, but ln(width) and In(Snit) are both significant 

coefficients. The values of the coefficients and their statistics are presented in Table 4.26. 

Table 4.26 - Coefficients and their statistics for regression equations 4.1 to 4.4 for type H 
data set. 

coeflf S.E.»w^ t Sig. t 
In(Z^g) = ln(ao) +ai •ln(wM&/j) 

ln(ao) -4.5540 0.4307 -10.573 0.0000 
_ai 0.6344 0.0684 9.276 0.0000 

\n{Lag) = ln(ao) +^^1 * \xi(width) +02* \n{slope) 

ln(ao) -4.6130 0.4352 -10.715 0.0000 
ai 0.5878 0.0761 7.720 0.0000 
a2 -0.1071 0.0787 -1.360 0.1778 

In(Iag) = In(oo) + ai* \ii{width) + 02* \nislope + 03 * ln(S^,) 

In(ao) -5.2827 0.4861 -10.866 0.0000 
ai 0.5937 0.0733 8.098 0.0000 
32 -0.1505 0.0775 -1.942 0.0560 
a3 0.3131 0.1188 2.635 0.0102 

coeffident not significant to the 95% significance level 

In summary, ln(width) is a statistically valid variable for prediction of ln(lag). By adding 

In(Snai), the r^ significantly improved by approximately 4%, to a total of 56%. Ln(slope) is 

not a significant variable in the regression. 

4.5.2 Regression by subsets 

Following the same principle that has aheady been described for Type I and Type II 

watersheds, an analysis of variance of the regression equation, taking into account the 

groups was made. The results of this analysis are presented in Table 4.27. 
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Table 4.27 - Significance of qualitative variables (groups) in the regression analysis for 
type I data set. 

Group F Significance of F 
Regions 0.39 0.762 
Management 0.91 0.463 
Land use 0.77 0.546 
Behavior 0.63 0.535 
Rank 0.23 0.794 

he 95% significance level 

The results presented in Table 4.27 point out that if only the data for the watersheds that 

had a rank greater than three is used within each group, there is no significant difference 

on the calculation of In(lag) by grouping the data. This means that the fact that the 

watersheds are well behaved, concerning a constant response of lag time to higher values 

of peak flow is enough to make all watersheds respond similarly with the same regression 

equation. This was true when the qualitative variables evaluated were regions, 

management, land use, and behavior. 

In summary, there is no difference in the regression equations within each group. This 

means that for watersheds of Type I, qualitative variables are not significant. 

4.6 Comparison between existent models and the ones developed in this study 

An attempt was made to compare between the existing models in the literature, and the 

ones developed in this study. The data set used in this analysis was the watersheds that 
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had the tendency towards the constant value of lag time at the bigger storms, or Type I 

watersheds. The models used in the comparison are described in Table 4.28 

Table 4.28 - Models in the literature used for comparison 

Equation References (in Singh, 1988) 
Lag time = 

Model I ao * Area'^ Michell, 1948 
Hoyt and Langbein, 1955 
Morgan and Johnson, 1962 
Bell, 1967 
Wu, 1969 
Bell and Omkar, 1969 
Boyd, 1978 
Johnstone and Cross, 1949 

Model n ao * Slope" O'KeUy, 1955 

Model in ao * Area'' • Slope" Nash, 1960 

Model IV ao* Length'^ • Slope*^ Nash, 1960 

Model V 
Oo* 

Length 

Slope J 

a\ Carter, 1961 

Model VI ao * Area'' * Length*^ • Slope" Wu, 1963 

Model Vn ^0 * Length"' * Slope" Soil Conservation Service, 
1975 

Model Vin ao • Width"^ SIope"»SMi'̂  This study 

Even though the coefficient values are suggested in the literature (Singh, 1988), these 

equations (Table 4.28) were linearized using the logarithm transformation and the best 

estimate of the coefficients was obtained by multiple Unear regression analysis. Table 4.29 
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shows the statistical results for each analysis. It contains the coefficients of determination 

(r ), the adjusted r, which accounts for the degrees of freedom in the analysis, the 

standard error, the F value of the regression, and its significance. 

Table 4.29 - Statistical results of the analysis of the models used for comparison with the 
model developed in this study. 

r^ J ^ adiusted S.E. F Sig.F 
Model I 0.4801 0.4793 0.6939 71.89 0.0000 
Model n 0.1785 0.1677 0.8773 16.51 0.0001 
Model m 0.4946 0.4811 0.6927 36.70 0.0000 
Model IV 0.3954 0.3793 0.7576 24.53 0.0000 
Model V 0.3888 0.3808 0.7567 48.34 0.0000 
Model VI 0.5462 0.5278 0.6608 29.69 0.0000 
Model Vn 0.4391 0.4164 0.7346 19.31 0.0000 
Model Vin 0.5815 0.5646 0.6345 34.28 0.0000 
(this study) 

From Table 4.29 it can be seen that all regression equations were statistically valid. The 

standard errors of the regression analyses are all within the same order of magnitude, and 

the values of r^ vary from 18% to 54%. The equation from the literature that presented 

the highest value of r^ was the one in which the area and length variables are present at the 

same time (Model VI). As discussed before, using these highly correlated variables leads 

to counter-mtuitive and non-reliable coefficients, and their significance is also non-reliable. 

Therefore, the equations developed in this study present better results, and they are 

significantly better as variables are added to the basic equation, as discussed previously in 

this chapter. 
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Another interesting analysis was to observe the difference between the coefiScients 

published in the literature and those found using the same models but the data used in this 

study. Both values are presented in Table 4.30. Notice however, that the r^ and other 

statistics, and also the coefficients were determined using linearized equations. A 

logarithmic transformation was applied on the non-linear equations and the linear multiple 

regression analysis performed. The coefficients and statistics are for the linearized 

equations, and this might have not been the case for the values from the literature. 
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Table 4.30 - Values of the coeflScients presented in the literature and from regression 
analysis done with the present data (Type I). 

Regression analysis 
coef5cient 

CoeflBcient (from 
literature) 

References (in Singh, 
1988) 

Model I ao = 0.0288 
ai= 0.3249 

ao= 1.05 ;ai = 0.6 
ao = 1 - 3 ; ai = 0.4 
ao = 105 ; ai = 0.6 
ao = 0.5 - 3 ; ai =0.33 
ao = NA; ai = 0.23 
ao = NA;ai=0.33 
ao = 2.51; ai = 0.38 

MitcheU, 1948 
Hoyt & Langbein, 1955 
Morgan & Johnson, 1962 
Bell, 1967 
Wu, 1969 
Bell & Omkar, 1969 
Boyd, 1978 

Model n ao = 0.6837 
ai=-0.3802 

II 
It 

1 
O'Kelly, 1955 

Model in ao = 0.0170 
ai =0.3007 
a2= -0.0952 

ao = 27.6 
ai = 0.3 
a2 = -0.3 

Nash, 1960 

Model IV ao = 2.4311 
ai =0.5019 
a2=-0.1378 

ao = 20 
ai = 0.3 
a2=-0.33 

Nash, 1960 

Model V ao = 0.0805 
ai= 0.4350 

a o =  1 . 7  
ai = 0.6 

Carter, 1961 

Model VI ao = 0.0007 
ai = 0.6788 
a2 = -0.8000 
a3 =-0.1233 

ao = 780 
ai = 0.94 
a2 = -1.47 
as = -1.47 

Wu, 1963 

Model Vn ao = 0.0156 ao = 0.0005 Soil Conservation Service, 
ai = 0.4987 ai = 0.8 1975 
az = 0.2298 a2 = 0.7 
as = -0.1845 as = -0.5 

Model Vin ao = 0.0051 
ai = 0.5937 
a2 =-0.1505 
as = 0.3131 

This study 
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CHAPTERS 

CONCLUSIONS AND FUTURE WORK 

Based on the objectives of the study, and the results obtained, several conclusions can be 

drawn from this paper. Two major studies were conducted, the first one analyzed the 

differences in lag time within a watershed, and the second analyzed the differences in lag 

time between watersheds and their relationships to quantitative and qualitative variables. 

Regression analysis was used to define the significance of these relationships. 

5.1 Within watersheds: 

The efifects of four hydrologic variables on lag time were examined within individual 

watersheds. The four variables were: prior 48-hour rainfall, average effective rainfall 

intensity, mean flow rate, and peak flow. 

• There was a tendency towards a constant value of lag time for the bigger events that 

occurred in the watershed. This was true for all four variables. 

• Peak flow was the hydrologic variable that best showed the tendency towards a 

constant value of lag time for the bigger storms, and this variable was used to define 

the characteristic lag time value for each experimental watershed. 

• Hydrologic relationships previously described in the literature were not verified in this 

study. 
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5.2 Between watersheds 

• For the ungrouped log transformed data, width, slope, and the storage coefficient Snat 

were significant variables in explaining the variation of lag time in the regression 

equations. The variables significantly increased the value of the coefficient of 

determination (r^) when included in the regression analysis. 

• Using highly correlated variables area and length lead to higher values of the 

coefficient of determination (r^) in the regression analysis, but also to counter-intuitive 

and non-reliable coefficients. The variable width was used instead. 

• The fit of the multiple linear regression equation (r^) for the ungrouped data was t^< 

0.42 when using all data. An r^ of up to 0.58 was obtained when watersheds were 

selected on the basis of showing a constant value of lag time at the bigger storms 

(rank>3). 

• When dividing the watersheds into groups, a significant variation of the regression 

equation was found when grouping by 

° regions 

° management practices 

° rank 

There was no significant variation when grouping watersheds by 

° land use 

® hydrologic behavior 
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• The most significant variable in the regression equation was the log transformed width, 

followed by the slope and with Snat being significant only in the Southwestern region, 

and the standard hydrologjc behavior. 

• If watersheds are selected on the basis of showing a constant value of lag time at the 

bigger storms (rank>3), no differences are observed when they are grouped. All 

watersheds can be treated equally, with the value of lag time depending only on width, 

slope and Snat-

5.3 Future work 

• In trying to explain the results of section 4.1.1, a relation between rank and area of the 

watershed might be sought, testing the hypothesis that large area watersheds were 

never uniformly saturated and therefore no constant lag time was obtained. Similarly 

for the results of sections 4.1.2 to 4.1.4 where the hypothesis would be that large 

watersheds seldom reach steady-state. 

• As shown in Figure 4.1, lag time was found to have a log-normal distribution within a 

watershed, at least for some of the watersheds studied. Can lag time within a 

watershed always be approximated by a log-normal law, as is common for many other 

hydrologic characteristics? 

• As described in section 3.2 a constant basefiow separation slope was used for all 

watersheds for reasons already mentioned. A possible future study is the attribution of 
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a "best" baseflow separation slope for a watershed, and relate it to geomorphological 

characteristics of the watershed. 

• In this study, the variable width was computed from the area and length of a 

watershed. It would be interesting to verify that measured watershed width leads to 

the same lag time response as the average width computed in this study. 

• Not all of the linear relationships of lag time to other time parameters described in the 

literature review could be tested in this study. Could these untested relationships be 

verified with this bigger data set? Are they likely to remain linear? 

• Two variables calculated in this study were the phi index, already described in Chapter 

3, and the pattern index, which is an indicator of the distribution of a storm. These 

variables may prove to be useful in future analyses of hydrologic dynamics of 

watersheds. 
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APPENDIX I 

General data information on the watersheds 

In this appendix, information on the watershed identification, along with its name, location (town and 
state), geogr^hical region, land use, and management practices are presented. More information is in 
Appendix UL The key to the information presented below is: WSID - Identification of the watershed; 
Name - Local name of the watershed; TWN • Neatby town; ST - State in which watershed is located; REG 
- Geographical region within the United States; Area - acres; LAN - Land use: NA (Not available); 
C(Crops); M(Mixed); P(Pasture); H(Pasture); W(Woods); F(Forest); N(Crops); CON - Contours (Y/N); 
TER - Terraces (Y/N); TIL - Tillage (Y/N); ROT - Rotation (Y/N); GRZ - Grazing (Y/N). 

WSID NAME TWN ST REG AREA LAN CON TER TIL ROT GRZ 
16010 PAULFl Klingstwn PA E 100.000 NA NA NA NA NA NA 
16020 PAULF2 Klingstwn PA E 140.000 NA NA NA NA NA NA 
17001 W-1 Edsville IL MW 27.220 C N N N Y N 
17002 W-2 Edsville EL MW 49.950 M N N N Y N 
17003 W-3 Edsville IL MW 12.550 C N Y N N N 
17004 W-4 Edsville IL MW 289.800 C N N N Y N 
22003 Site I FourmiCr lA MW 12.480 NA NA NA NA NA NA 
22004 Site 2 Fourmi Cr lA MW 15.740 NA NA NA NA NA NA 
22005 Site 3 Fourmi Cr lA MW 14.650 NA NA NA NA NA NA 
22006 Site 7 Fourmi Cr lA MW 701.850 NA NA NA NA NA NA 
22007 Site 8 Fourmi Cr lA MW 368.220 NA NA NA NA NA NA 
26001 102 Coshocton OH MW 1.260 P N N N N Y 
26002 104 Coshocton OH MW 1.330 P N N N N Y 
26003 129 Coshocton OH MW 2.710 H N N N N Y 
26004 135 Coshocton OH MW 2.690 P N N N N Y 
26005 130 Coshoaon OH MW 1.630 H N N N N N 
26006 107 Coshoaon OH MW 2.590 F N N N N N 
26007 131 Coshocton OH MW 2.210 W N N N N N 
26008 132 Coshocton OH MW 0.620 W N N N N N 
26009 134 Coshocton OH MW 0.920 F N N N N N 
26010 123 Coshocton OH MW 1.370 C N N Y Y N 
26012 127 Coshoaon OH MW 1.650 C N N Y Y N 
26013 109 Coshocton OH MW 1.690 c N N Y Y N 
26014 103 Coshocton OH MW 0.650 p N N Y Y N 
26015 110 Coshocton OH MW 1.270 p N N N N N 
26016 113 Coshocton OH MW 1.450 N N N Y Y N 
26017 118 Coshocton OH MW 1.960 N N N N Y N 
26018 111 Coshocton OH MW 1.180 C Y N Y Y N 
26019 121 Coshocton OH MW 1.420 P.H N N N N N 
26020 106 Coshocton OH MW 1.560 P.H N N N N N 
26021 188 Coshocton OH MW 2.050 N N N Y Y N 
26024 187 Coshocton OH MW 7.200 N Y N Y Y N 
26025 192 Coshocton OH MW 7.590 P,H N N N Y N 
26026 172 Coshocton OH MW 43.600 F,W N N N N N 
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WSID NAME TWN ST REG SIZE LAN CON TER TIL ROT GRZ 
26027 169 Coshoctoa OH MW 29.000 M Y N Y N N 
26028 177 Coshocton OH MW 75.600 M Y N Y N Y 
26029 183 Coshoaoa OH MW 74.200 M Y N N N Y 
26030 196 Cochoctoa OH MW 303.000 M N N N N Y 
26032 5 Coshocton OH MW 349.000 M,I N N Y Y Y 
26033 92 Coshoctoa OH MW 920.000 M.I N N Y Y Y 
33002 W-2 Bentoavil AR S 9.340 p.c N N N N Y 
33003 W-3 Bentonvil AR S 14.250 M N N N Y Y 
33004 W-4 Bentoavil AR S 24.000 W N N N N Y 
33005 W-5 Bentonvil AR S 19.400 C Y N N N N 
33006 W-6 Bentonvil AR S 10.750 N N Y N N Y 
34001 W-1 Cherokee OK c 2.230 C N N N N N 
34002 W.2 Cherokee OK c 4.820 c N N N N N 
34006 W-6 Cherokee OK c 1.750 c N N N N N 
34007 W.7 Cherokee OK c 1.990 c N N N N N 
34008 W.8 Cherokee OK c 4.720 c N N N N N 
35001 W-1 Guthrie OK c 33.400 c N Y N Y Y 
35002 W.2 Guthrie OK c 3.210 H N N N N N 
35003 W-3 Guthrie OK c 3.130 H N Y N N N 
35004 W-4 Guthrie OK c 5.620 W N N N N N 
35005 W-5 Guthrie OK c 5.280 H N N N N N 
35006 W-I Guthrie OK c 2.500 H N N N N Y 
35007 W-n Guthrie OK c 5.090 H N N N N Y 
35008 w-m Guthrie OK c 9.090 H N N N N Y 
35009 W-IV Guthrie OK c 13.400 H N N N N Y 
35010 w-v Guthrie OK c 15.700 H N N N N Y 
35011 W-VI Guthrie OK c 94.800 H N N N N Y 
37001 w-1 Stillwater OK c 16.700 P N N N N N 
42002 c Riesel TX SW 579.000 M N Y N N N 
42003 D Riesel TX sw 1110.000 M Y Y N N N 
42006 W-I Riesel TX SW 174.000 M N N N N N 
42008 w-6 Riesel TX SW 42.300 M Y N N N N 
42010 W-10 Riesel TX SW 19.700 P N Y N N Y 
42011 Y Riesel TX SW 309.000 M N Y N N N 
42012 Y-2 Riesel TX SW 132.000 M Y Y N N N 
42013 Y-4 Riesel TX SW 79.900 M Y Y N N N 
42014 Y-6 Riesel TX SW 16.300 c Y Y N N N 
42015 Y-7 Riesel TX SW 40.000 M Y Y N Y Y 
42016 Y-8 Riesel TX SW 20.800 c Y Y N N N 
42017 Y-10 Riesel TX SW 18.600 c Y Y N N N 
42023 SW-ll  Riesel TX SW 2.660 c N N N N Y 
42024 SW-12 Riesel TX SW 2.970 H N N N N N 
42028 SW-17 Riesel TX SW 2.990 P N N N N N 
42031 P-1 Riesel TX SW 0.243 P N N N N Y 
42032 P-2 Riesel TX SW 0.243 P N N N N Y 
42033 P-3 Riesel TX SW 0.243 P N N N N Y 
42034 P-4 Riesel TX SW 0.243 P N N N N Y 
42035 SW-19 Riesel TX SW 3.250 P N N N N Y 
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WSID NAME TWN ST REG SIZE LAN CON TER TIL ROT GRZ 
42037 Y-13 Riesel TX SW 11.300 C N N N Y N 
42038 Y-14 Riesel TX SW 5.600 P N N N N N 
42039 W-12 Riesel TX SW 9.900 C N N N Y N 
42040 W-13 Riesel TX SW 11.300 c N N N Y N 
44001 W-3 Hastings NE c 481.000 M N N N Y N 
44002 W-5 Hastings NE c 411.000 M N Y N N N 
44004 W-11 Hastings NE c 3490.000 M Y Y N N Y 
44005 1-H Hastings NE c 3.620 C N N Y N N 
44006 2-H Hastings NE c 3.400 P N N N N Y 
44007 3-H Hastings NE c 3.770 C Y N Y Y N 
44008 4-H Hastings NE c 3.640 C N N Y Y N 
44010 6-H Hastings NE c 4.010 C Y N Y Y N 
44011 7-H Hastings NE c 4.260 C N N Y Y N 
44012 8-H Hastings NE c 3.970 C N N Y Y N 
44013 9-H Hastings NE c 3.780 C Y N N Y N 
44014 10-H Hastings NE c 3.980 C Y N Y Y N 
44015 11-H Hastings NE c 3.850 C Y N Y Y N 
44016 12-H Hastings NE c 3.660 C Y N N Y N 
44017 13-H Hastings NE c 3.410 C Y N N Y N 
44018 14-H Hastings NE c 3.350 C Y N Y Y N 
44019 15-H Hastings NE c 3.620 C Y N N Y N 
44020 16-H Hastings NE c 3.570 c N N N Y N 
44021 17-H Hastings NE c 3.960 c Y N N Y N 
44022 18-H Hastings NE c 3.740 p N N N N Y 
44023 19-H Hastings NE c 4.100 c N N Y Y N 
44024 20-H Hastings NE c 4.050 c N N Y Y N 
44025 21-H Hastings NE c 3.940 c N N Y Y N 
44026 22-H Hastings NE c 3.830 H N N N N N 
44027 23-H Hastings NE c 4.060 H N N N N N 
44028 24-H Hastings NE c 4.210 C N N Y Y N 
44029 25-H Hastings NE c 2.240 H N N N N N 
45001 W-I Safford AZ SW 519.300 P N N N N N 
45002 w-n Safibrd AZ SW 682.400 P N N N N N 
45003 W-IV SaSbrd AZ SW 764.000 P N N N N N 
45004 W-V Safibrd AZ SW 723.000 P N N N N N 
47001 W-I Albuquer NM SW 246.000 P N N N N N 
47002 W-n Albuquer NM SW 40.100 P N N N N Y 
47003 w-m Albuquer NM SW 176.000 P N N N N Y 
56001 W-l Moscow ID NW 146.800 c N N N Y N 
56002 W-2 Moscow ID NW 177.900 C,N N N N Y N 
56003 ROCKMAIN Moscow ID NW 53.110 NA NA NA NA NA NA 
61001 lA Monticello IL MW 82.000 M N N N Y N 
61002 EB Monticello IL MW 45.500 C N N N Y N 
62014 WC-2 Oxford MS S 1.450 C N Y N N N 
63101 LUCK.H.1 Tombstone AZ SW 3.200 NA NA NA NA NA NA 
63102 LUCK.H.2 Tombstone AZ SW 3.600 NA NA NA NA NA NA 
63103 LUCK.H.3 Tombstone AZ SW 9.100 P N N N N N 
63104 LUCBC.H.4 Tombstone AZ SW 11.200 NA NA NA NA NA NA 
66001 W-l Moorefield WV MW 8.571 P N N N N Y 
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66002 W-2 Moorefield WV MW 9.730 P N N N N Y 
66004 W-4 Moorefield WV MW 6.320 P N N N N Y 
66005 W-5 Moorefield WV MW 9.550 P N N N N Y 
67002 W-2 N. Danvill VT E 146.000 M N N N N N 
68013 W-13 Reynolds ID NW 100.000 P N N N N Y 
68014 W-14 R^olds ID NW 33.000 P N N N N Y 
69030 C-1 Chickasha OK C 17.830 C N N N N N 
69031 C-2 Chickasha OK C 32.540 C N N Y N N 
69032 C-3 Chickasha OK C 44.260 C N N Y N N 
69033 C-4 Chickasha OK C 29.930 C N N N N N 
69034 C-5 Chickasha OK C 12.750 C N N N N N 
69035 C-6 Chickasha OK C 13.000 C N N N N N 
69036 C-7 Chickasha OK C 26.520 C N N N N N 
69037 C-8 Chickasha OK C 27.280 C N N N N N 
69042 R-5 Chickasha OK C 23.720 P N N N N Y 
69043 R-6 Chickasha OK C 27.220 P N N N N Y 
69044 R-7 Chickasha OK C 19.190 P N N N N Y 
69045 R-8 Chickasha OK C 27.550 P N N N N Y 
69049 R-9 Chickasha OK C 9.300 NA NA NA NA NA NA 
70007 W-1 Sonora TX SW 10.200 P N Y N N Y 
70008 W-2 Sonora TX SW 8.600 P N Y N N Y 
70009 W-3 Sonora TX SW 6.700 P N Y N N Y 
70010 W-4 Sonora TX SW 4.500 P N Y N N Y 
70011 W-5 Sonora TX SW 7.200 P N Y N N Y 
70012 W-6 Sonora TX SW 6.900 P N Y N N Y 
70013 W-7 Sonora TX SW 1.200 P N Y N N Y 
71001 W-1 Treynor lA MW 74.500 C Y N N N N 
71003 W-3 Treynor lA MW 107.000 C N N Y N N 
71004 W-4 Treynor lA MW 150.000 c Y N N N N 
71005 W-5 Treynor lA MW 389.000 M N Y Y N Y 
73001 7301 F. Stanton NM SW 24.400 P NA NA NA NA NA 
73002 7302 F. Stanton NM SW 32.200 P N N N N N 
76001 001 Santa Rita AZ SW 4.000 P NA NA NA NA NA 
76002 002 Santa Rita AZ SW 4.400 P NA NA NA NA NA 
76003 003 Santa Rita AZ SW 6.800 P NA NA NA NA NA 
76004 004 Santa Rita AZ SW 4.900 P NA NA NA NA NA 



147 

APPENDIX n 

Hardcopy of the program used to compute the centroids of effective rainfall and 

direct runoff, lag time and phi index 

The program was written in quick basic, it needs as an input, the output summary file fi-om 

GETPQ, and the P#.PQ and Q#.PQ files also generated by GETPQ. 

REM 10 Sep 95 - lagl2.bas 
REM this program will calculate lag time based upon 
REM 1. total precipitation and runoff for the event 
REM 2. effective precipitation (P-Ia) and runoff for the event 
REM 3. precipitation excess and runoff for the event 
REM The input will be the p#?.pq and q#?.pq files that were 
REM confuted from getpq software developed by Mark Dripchack and 
REM Richard Hawkins at the University of Arizona. 
REM Lag time will be calculated by the difference between centroid 
REM of runoff and centroid of 1. precipitation; 2. effective 
precipitation; 
REM 3. precipitation excess. 

DECLARE SUB InitialAbstraction (DIR$, WSID$, TQLagP!(), NEvent!) 
DECLARE SUB OpenPFiles (a, DIR$, A5!(), A7!(), PBreakPoint%, PTot!) 
DECLARE SUB OpenQFiles (a, DIR$, B5!(), B8!(), QBreakPoint%, Qtot!) 
DECLARE SUB QCentroid (a, TQLagPa!, QBreakPoint%, B8!(), B5!(), Qtot!, 
QMom!) 
DECLARE SUB PCentroid (a, PBreakPoint%, A5!(), A7!(), PTot!, PMoml!) 
DECLARE SUB PEffective (a, TQLagPa!, PBreakPoint%, A7!{), A5!(), PMom2!, 
PEff!) 
DECLARE SUB PExcess {a, TQLagPa!, PBreakPoint%, A7!(), A5!(), Qtot!, 
PEff!, PMom3!, Phi!) 

Dimension = 500 
DIM A5 ! (Dimension) , A7 ! (Dimension) 
DIM B5!(Dimension), B8!(Dimension) 
DIM Qlnten!(Dimension), QTime!(Dimension) 
DIM PInten!(Dimension), PTime!(Dimension) 
DIM TQLagP!(Dimension) 

OPEN "Joaol.out" FOR OUTPUT AS #4 
OPEN "Joao2.out" FOR OUTPUT AS #5 
PRINT #5, "Event TQLagP" 
PRINT #4, " Ev# PMoml PMom2 PMom3 QMom Lagl Lag2 Lag3 Phi 
PTot QTot" 
REM PRINT " Ev# PMoml PMom2 PMom3 QMom Lagl Lag2 Lag3 Phi 
PTot QTot" 
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11$ = "#### ##.### M.### ##.### 
##.### ## .###" 
12$ = "#### ##.### ##.### ##.### ##.### ##.### 
##.### ## .###" 
13$ = "#### ##.### ##.### ##.### ##.### ##.### ##.### ##.### ##.### 
##.### ##.###" 

INPUT "Watershed ID WSID$ 
REM INPUT "Directory of P#?.PQ and Q#?.PQ events DIR$ 
REM WSID$ = "Watershed" 
DIR$ = "f:\injs\diss\soft\" 
REM WSID$ = "WS70007" 

CLS 
CALL InitialAbstraction(DIR$, WSID$, TQLagP!(), NEvent!) 
FOR a = 1 TO NEvent! 
REM FOR a = 2 TO 2 
IF TQLagP!(a) <= 0 THEN 'no need to calculate the lag time when 

tqlagp<=0 
PRINT #5, USING "#### ###.####"; a; TQLagP!(a) 

ELSE 
CALL OpenPFiles(a, DIR$, A5!(), A7!(), PBreakPoint%, PTot!) 
CALL OpenQFiles(a, DIR$, B5>{), B8!{), QBreakPoint%, Qtot!) 
CALL QCentroid(a, TQLagP!(a), QBreakPoint%, B8!(), B5!(), Qtot!, 

QMom!) 
CALL PCentroid{a, PBreakPoint%, A7!(), A5!(), PTot!, PMoml!) 
lagl! = QMom! - PMoml! 
IF A51(PBreakPoint%) < TQLagP!(a) THEN 

PRINT USING 11$; a; PMoml!; QMom!; lagl!; PTot!; Qtot! 
PRINT #4, USING 11$; a; PMoml!; QMom!; lagl!; PTot!; Qtot! 

ELSE 
CALL PEffective(a, TQLagP!(a), PBreakPoint%, A7!(), A5!(), PMom2!, 

PEff!) 
lag2! = QMom! - PMom2! 
IF PEff! < Qtot! THEN 

PRINT USING 12$; a; PMoml!; PMom2!; QMom!; lagl!; Iag2!; PTot!; 
Qtot! 

PRINT #4, USING 12$; a; PMoml!; PMom2!; QMom!; lagl!; Iag2!; 
PTot!; Qtot! 

ELSE 
CALL PExcess(a, TQLagP!(a), PBreakPoint%, A7!(), A5!(), Qtot!, 

PEff!, PMom3!, Phi!) 
Lag3! = QMom! - PMom3! 
PRINT USING 13$; a; PMoml!; PMom2!; PMom3!; QMom!; lagl!; Iag2!; 

Lag3; Phi!; PTot!; Qtot! 
PRINT #4, USING 13$; a; PMoml!; PMom2!; PMom3!; QMom!; lagl!; 

Iag2!; Lag3; Phi!; PTot!; Qtot! 
END IF 

END IF 
END IF 

NEXT a 

CLOSE 

SUB InitialAbstraction (DIR$, WSID$, TQLagP!(), NEvent!) 
REM I am about to extract the value of la and the elapsed time at which 
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REM it has occurred from the Summary file that has already been confuted 
REM by GETPQ 
OPEN DIR$ + WSID$ + ".SUM" FOR INPUT AS #3 
FOR q = 1 TO 2 

INPUT #3, a$ 
NEXT q 
d = 0 
DO UNTIL EOF(3) 
d = d + 1 
INPUT #3, stm, yy, mo, dd. Time, PTot, PDur, la, Imax, ImaxDur, 

TQLagP!(d), Qtot!, QDur, QBase, QpPreSep, QPeak, ACM5, ACM2, AMCl 
LOCATE 10, 10: PRINT "Acquiring values of TQLagP for event d 

LOOP 
CLOSE #3 
NEvent! = d ... 
END SUB 

SUB OpenPFiles (a, DIR$, A5!(), A7!(), PBreakPoint%, PTot!) 
k = 0 
PFILE$ = DIR$ + "P#" + LTRIM$(RTRIM$(STR$(a))) + ".PQ" 
OPEN PFILE$ FOR INPUT AS #1 
DO UNTIL EOF(l) 

k = k + 1 
INPUT #1, Al, A2, A3, A4, A5!{k), A6, A7!(k), A8, A9 
REM al - Year of ppt event 
REM a2 - Month of ppt event 
REM a3 - Day of ppt event 
REM a4 - Time of measurement of ppt depth 
REM a5 - Elapsed time from beginning of ppt event, hr 
REM a6 - Elapsed time from last measurement, hr 
REM al - Ppt Intensity over the next time interval, iph 
REM a8 - Total depth over the last time interval, in 
REM a9 - Cumulative event ppt depth up to date, in 
LOCATE 10, 10: PRINT "Opening P file 

LOOP 
PBreakPoint% = k 
PTot! = A9 
CLOSE #1 
END SUB 

SUB OpenQFiles (a, DIR$, B5!(), B8!(), QBreakPoint%, Qtot!) 
' This subroutine will open the Q#?.PQ files, read the information in 
' them in arrays and feed it back to the main program 

QFILE$ = DIR$ + "Q#" + LTRIM$(RTRIM$(STR$(a))) + ".PQ" 
k = 0 
OPEN QFILE$ FOR INPUT AS #1 
DO UNTIL EOF(l) 

k = k + 1 
INPUT #1, Bl, B2, B3, B4, B5!(k), B6, B7, B8!(k), B9 
REM Bl - Year of runoff event 
REM B2 - Month of runoff event 
REM B3 - Day of runoff event 
REM B4 - Time of measurement of runoff depth 
REM B5 - Elapsed time from beginning of runoff event, hr 
REM B6 - Elapsed time from last measurement, hr 
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REM B7 - Runoff Intensity over the last time interval, cfs 
REM B8 - Runoff Intensity over the last time interval, iph 
REM B9 - Cumulative event runoff depth up to date, in 
LOCATE 10, 10: PRINT "Opening Q file 

LOOP 
QBreakPoint% = k 
Qtot! = B9 
CLOSE #1 
END SUB 

SUB PCentroid (a, PBreakPoint%, Plnten'-O, PTime'.O, PTot!, PMoml!) 
REM First we will con^ut the centroid for total rainfall event 
LOCATE 10, 10: PRINT "Calculating the moment for total precipitation " 
LOCATE 11, 10: PRINT "Event #"; a 

SumPT = 0 
FOR c = 2 TO PBreakPoint% 

Tenpl = PInten!(c - 1) * ((PTime!(c)) ^  2  -  (PTime!(c -1)) ̂ 2 )  / 2 
SumPT = SumPT + Tempi 
NEXT c 

PMoml! = SumPT / PTot! 

END SUB 

SUB PEffective (a, TQLagPa!, PBreakPoint%, PInten!(), PTime!(), PMom2!, 
TotPEff!) 
REM Second step is to compute the centroid for effective rainfall, which 
REM is the rainfall that occurs after the initial abstraction has taken 
REM place, that is, rainfall that occurs after runoff has started. This 
REM occurs after TQLagP 

LOCATE 10, 10: PRINT "Calculating the moment for Effective 
Precipitation" 
LOCATE 11, 10: PRINT "Event a 

e = 1 
DO WHILE PTime!(e) < TQLagPa! 

e = e + 1 
LOOP 

SumPEffT = PInten!(e - 1) * ((PTime! (e)) ^  2  -  TQLagPa! 2 )  /  2  
TotPEff! = PInten!(e - 1) * {PTime!(e) - TQLagPa!) 
FOR f = e TO PBreakPoint% - 1 

Teiip3 = PInten! (f) * {(PTime! (f + 1)) ^  2  -  (PTime! (f)) 2) / 2 
Temp4 = PInten!(f) * (PTime!(f +1) - PTime!(f)) 
SumPEffT = SumPEffT + Temp3 
TotPEff! = TotPEff! 4- Temp4 

NEXT f 

PMom2! = SumPEffT / TotPEff! 
END SUB 

SUB PExcess (a, TQLagPa!, PBreakPoint%, PInten!(), PTime!(), Qtot!, 
PEff!, PMomS!, Phi!) 
REM In this subroutine we will calculate the phi index for this 
precipitation 
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REM event. We will also calculate the values of precipitation intensity 
REM after the phi index has been taken out for further calculation of 
REM lag time for rainfall excess. 
PMom3! = 0 
LOCATE 10, 10; PRINT "Calculating the moment for Precipitation Excess 
tt 

LOCATE 11, 10: PRINT "Event a 

e = 1 
DO WHILE PTime!(e) < TQLagPa! 
e = e + 1 

LOOP 
Number = PBreakPoint% - e + 2 
DIM PI(Number +1), TimePI!(Number + 1) 

REM we are now creating an array for effective precipitation 
REM and determining the maxim\am value of the intensity 
TimePI!(1) = TQLagPa! 
PI(1) = PInten!(e - 1) 
MaxPI = PI(1) 
FOR j = 2 TO Number 

TimePI!(j) = PTime!(j + e - 2) 
PI(j) = PInten!(j + e - 2) 
IF PI(j) > MaxPI THEN MaxPI = PI(j) 

NEXT j 

REM I will start out with a phi close to zero and will go up until 
rainfall 
REM excess equals Qtot 
increment = MaxPI / 200 
Phi! = 0 
DO 

Phi! = Phi! + increment 
LOCATE 13, 10: PRINT "Phi="; Phi! 
LOCATE 14, 10: PRINT "Excess QTot E - Qtot" 
LOCATE 15, 10: PRINT , USING "###.### ###.### ###.###"; Excess; Qtot!; 

Excess - Qtot! 
Excess = 0 
FOR k = 1 TO Number - 1 
IF PI(k) > Phi! THEN •excess=0 if pKphi 

Excess = Excess + (PI(k) - Phi!) * (TimePI!(k + 1) - TimePI! (k)) 
END IF 

NEXT k 
LOOP WHILE Excess > Qtot! 
Phi! = Phi! - increment / 2 

REM Now for the computation of precipitation excess moment 
SumPExcT = 0 
PExc = 0 
FOR m = 1 TO Number - 1 
IF PI(m) > Phi! THEN 

Tempi = (Pl(m) - Phi!) * ((TimePI !(m +1)) ̂  2  -  (TimePI !(m)) 2 )  /  
2 

Temp2 = (PI(m) - Phi!) * (TimePI! (m + 1) - TimePI! (m) ) 
SumPExcT = SumPExcT + Tempi 
PExc = PExc + Ten^2 
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END IF 
NEXT m 
PMom3! = SiimPExcT / PExc 

END SUB 

SUB QCentroid {a, TQLagPa!, QBreaJcPoint%, QInten!(), QTime!(), Qtot!, 
QMom!) 
REM Confutation of Centroids of runoff 
REM We must calculate the slope between the break points for further 
REM integration of the equation 
REM The values of QlntenO have already had the baseflow taken off 

LOCATE 10, 10: PRINT "Calculating the moment for Runoff 
tt 

LOCATE 11, 10: PRINT "Event a 

SumQT = 0 
FOR b = 2 TO QBreakPoint% 
slope = (Qlnten!(b) - Qlnten!(b - 1)) / {QTime!(b) - QTime!(b - 1)) 

'Slope=dy/dx 
YD = Qlnten!(b) - slope * QTime! (b) 

'yO=a+bxO » a=yO-bxO 
Ten?>l = slope / 3 * ((QTime! (b)) 3 - (QTime! (b -1)) 3) + YO / 2 * 

( (QTime! (b)) 2 - (QTime! (b -1)) 2) 
SumQT = SumQT + Tempi 

NEXT b 

REM make sure that we add up tqlagp to qmom 
QMom! = SvimQT / Qtot! + TQLagPa! 

END SUB 
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APPENDIX m 

Data matrix used for statistical calculations 

The data presented here is the actual matrix used in the statistical calculations of this 
paper. The columns represent respectively from left to right: 

1. Watershed identification number 
2. Rank based based on peak flow rate, based on ranking described in Table 4.1 
3. Lag time-hr 
4. Area - acres 
5. Length - ft 
6. Width-ft 
7. Slope - 0 
8. Snit - inches 
9. Region (categorical value) 
10. Land use (categorical value) 
11. Management practice (categorical value) 
12. Hydrological behavior(categorical value) 
13. n - number of events 

The actual region, land use, management practice and hydrological behavior are 
represented in Appendix I. 

1 2 3 4 5 6 7 8 9 10 11 12 13 
26001 3 0.2518 1.26 389 141.0941 0.1877 7.6866 2 2 1 3 198 
26002 2 0.2187 1.33 346 167.4416 0.211 9.4024 2 2 1 1 197 
26003 4 0.2672 2.71 517 228.3319 0.1838 6.6168 2 3 1 2 489 
26004 3 0.2874 2.69 640 183.0881 0.125 8.2582 2 2 1 3 211 
26005 4 0.2294 1.63 555 127.933 0.2252 5.4943 2 3 0 2 113 
26006 2 0.4002 2.59 660 170.94 0.1515 11.9298 2 4 0 1 94 
26007 2 0.3878 2.21 630 152.8057 0.2143 8.7582 2 4 0 1 68 
26008 1 1.377 0.62 389 69.4272 0.1799 11.7486 2 4 0 2 35 
26009 4 0.2724 0.92 396 101.2 0.1894 11.0482 2 4 0 1 82 
26010 4 0.2037 1.37 400 149.193 0.0675 6.0849 2 3 2 3 444 
26012 3 0.3643 1.65 412 174.4515 0.0971 7.4064 2 3 2 3 296 
26013 4 0.153 1.69 389 189.2452 0.1157 8.8679 2 3 2 2 341 
26014 4 0.2574 0.65 265 106.8453 0.1132 7.094 2 2 2 3 378 
26015 4 2.3261 1.27 382 144.8199 0.1309 6.7364 2 2 0 3 383 
26016 4 0.2563 1.45 412 153.3058 0.1092 4.7232 2 2 2 2 201 
26017 5 0.1897 1.96 353 241.8629 0.1275 6.1734 2 2 2 3 528 
26018 1 0.9035 1.18 338 152.0734 0.1036 2.0453 2 3 3 2 52 
26019 5 0.1882 1.42 412 150.134 0.1578 8.2782 2 2 0 2 555 
26020 4 0.3993 1.56 382 177.889 0.1571 7.1733 2 2 0 2 703 



154 

1 2 3 4 5 6 7 8 9 10 11 12 13 
26021 5 0.2603 2.05 471 189.5924 0.1274 5.6887 2 2 2 3 143 
26024 3 0.5948 7.2 765 409.9765 0.1307 8.4638 2 2 3 3 253 
26026 3 2.8435 43.6 2059 922.3973 0.1214 3.9353 2 4 0 2 999 
26027 3 0.6619 29 1765 715.7167 0.0793 5.5304 2 1 3 3 566 
26028 3 0.9724 75.6 2807 1173.187 0.0802 5.328 2 1 3 3 616 
26029 4 0.9701 74.2 3023 1069.1869 0.0744 4.9611 2 1 3 3 504 
26030 4 1.8529 303 4375 3016.8411 0.0686 4.3616 2 1 1 2 1453 
26032 3 3.142 349 2326 6535.8727 0.086 4.9745 2 1 2 3 649 
26033 3 2.5077 920 4419 9068.8391 0.0679 4.3472 2 1 2 2 651 
34001 3 0.296 2.23 471 206.2395 0.0212 2.5802 3 3 0 2 189 
34002 1 0.4115 4.82 647 324.5119 0.0185 2.2264 3 3 0 2 123 
34006 2 0.3006 1.75 353 215.949 0.0142 3.0685 3 3 0 3 128 
34007 3 0.2864 1.99 324 267.5444 0.0216 2.1966 3 3 0 2 116 
34008 2 0.2653 4.72 559 367.8054 0.0197 4.1743 3 3 0 3 121 
37001 3 1.299 16.7 1547 470.234 0.0323 3.4916 3 2 0 3 108 
42002 4 2.6738 579 7583 3326.024 0.0079 3.9431 3 1 3 2 119 
42003 3 2.3693 1110 3500 13814.7429 0.0057 3.3422 3 1 3 2 264 
42006 3 0.7397 174 5714 1326.4683 0.0088 17.7624 3 1 0 1 369 
42010 3 1.7606 19.7 941 911.9362 0.0213 2.5408 3 2 3 2 113 
42011 4 1.7905 309 4941 2724.153 0.0121 3.4626 3 1 3 2 135 
42012 3 1.5388 132 3529 1629.3341 0.0043 4.0607 3 1 3 2 130 
42013 4 1.5173 79.9 2588 1344.8393 0.0058 1.7275 3 1 3 2 14 
42014 3 1.1051 16.3 1176 603.7653 0.0255 4.7341 3 3 3 2 126 
42015 4 1.8011 40 1529 1139.5683 0.0196 1.8737 3 1 3 3 75 
42017 3 0.828 18.6 941 861.0159 0.0213 3.6893 3 3 3 2 111 
42023 3 1.2151 2.66 500 231.7392 0.01 3.3262 3 3 1 3 68 
42024 4 0.6547 2.97 375 344.9952 0.0347 11.1238 3 3 0 2 113 
42028 2 0.9794 2.99 409 318.446 0.0196 3.2978 3 2 0 2 112 
42031 3 0.4104 0.243 169 62.6336 0.0296 1.3084 3 2 1 2 7 
42032 2 0.3726 0.243 169 62.6336 0.0296 1.0424 3 2 1 2 10 
42033 1 0.5504 0.243 169 62.6336 0.0296 1.0266 3 2 1 2 8 
42034 2 0.4305 0.243 169 62.6336 0.0296 1.0791 3 2 1 2 12 
42035 3 1.1433 3.25 512 276.5039 0.0313 20.5344 3 2 1 2 79 
42036 4 0.6784 3.21 390 358.5323 0.0513 13.8892 3 2 1 2 76 
42037 3 0.5391 11.3 1056 466.125 0.017 15.4712 3 3 2 2 71 
42038 3 0.5309 5.6 779 313.1399 0.0154 4.0076 3 2 0 3 58 
42039 3 0.8824 9.9 1026 420.3158 0.0127 9.8413 3 3 2 2 94 
42040 3 0.4986 11.3 1268 388.1924 0.0087 8.2849 3 3 2 2 99 
44001 3 1.0942 481 7500 2793.648 0.008 2.9752 3 1 2 3 159 
44002 3 1.3011 411 7059 2536.2176 0.0142 3.0993 3 1 3 2 240 
44004 3 5.4413 3490 33153 4585.5398 0.0044 4.0845 3 1 3 2 143 
44005 4 0.287 3.62 436 361.6679 0.0872 8.3318 3 3 2 2 91 
44006 3 0.2032 3.4 589 251.4499 0.0475 10.0321 3 2 1 2 88 
44007 4 0.1744 3.77 618 265.7301 0.0518 2.3808 3 3 3 2 239 
44008 4 0.1406 3.64 607 261.2165 0.056 2.2489 3 3 2 3 230 
44010 3 0.1677 4.01 759 230.1391 0.0343 5.0218 3 3 3 2 274 
44011 3 0.205 4.26 691 268.5465 0.0347 4.806 3 3 2 2 252 
44012 4 0.1643 3.97 655 264.0202 0.0275 4.8832 3 3 2 3 191 
44022 4 0.3823 3.74 618 263.6155 0.0485 2.6855 3 2 1 2 204 



1 
44026 
44027 
44029 
45001 
45003 
45004 
47002 
47003 
61001 
61002 
63101 
63102 
63103 
63104 
66001 
66002 
66004 
66005 
67002 
68014 
69030 
69031 
69032 
69033 
69034 
69035 
69036 
69037 
69042 
69043 
69044 
69045 
70007 
70008 
70009 
70010 
70011 
70012 
70013 
71001 
71003 
71004 
71005 
76001 
76002 
76003 
76004 
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~W 
134 
140 
8 

27 
25 
46 
99 
55 

139 
190 
28 
69 
45 
42 
156 
144 
194 
134 
271 
31 
75 
27 
123 
100 
61 
76 
72 
81 
59 
88 
102 
140 
13 
14 
11 
5 
20 
12 
16 

433 
436 
374 
232 
112 
93 
162 
189 

2 3 4 5 6 7 8 9 10 11 
4 0.208 3.83 500 333.6696 0.03 2.8353 3 3 0 
4 0.1829 4.06 595 297.2329 0.0403 2.7081 3 3 0 
0 0.3057 2.24 400 243.936 0.075 14.0211 3 3 0 
2 0.5633 519.3 13176 1716.8115 0.0152 2.2234 4 2 0 
0 0.198 764 19200 1733.325 0.0169 23.4672 4 2 0 
3 0.4387 723 18286 1722.2947 0.0246 4.4155 4 2 0 
2 0.2184 40.1 2400 727.815 0.0833 1.0436 4 2 1 
3 0.6011 176 4966 1543.8099 0.0403 1.9147 4 2 1 
1 1.2745 82 2588 1380.1855 0.0089 4.7732 2 1 2 
1 1.1749 45.5 2588 765.8346 0.0502 7.0853 2 3 2 
2 0.098 3.2 688 202.6047 0.0392 1.1433 4 0 -1 
3 0.1242 3.6 688 227.9302 0.0654 1.302 4 0 -1 
4 0.172 9.1 1248 317.625 0.0377 1.2701 4 2 0 
3 0.1237 11.2 1152 423.5 0.0521 1.7371 4 0 -1 
3 0.754 8.571 1143 326.6428 0.0962 8.6532 1 2 1 
3 0.7617 9.73 1037 408.7163 0.0868 12.3065 1 2 1 
4 0.3634 6.32 815 337.7904 0.1227 6.7196 1 2 1 
2 1.163 9.55 1259 330.4194 0.2303 5.4943 1 2 1 
3 2.6914 146 3924 1620.7339 0.0956 5.6055 1 1 0 
1 1.4826 33 2182 658.7901 0.1054 13.359 5 2 1 
0 1.7057 17.83 1563 496.9129 0.0006 4.6199 3 3 0 
0 1.2239 32.54 1813 781.8215 0.0022 25.2361 3 3 2 
1 1.8251 44.26 2563 752.23 0.0008 3.1752 3 3 2 
3 1.9902 29.93 2688 485.0263 0.0007 3.468 3 3 0 
1 1.9656 12.75 1750 317.3657 0.0023 6.2232 3 3 0 
2 1.5109 13 1875 302.016 0.0021 4.5412 3 3 0 
2 0.7653 26.52 2000 577.6056 0.001 3.8985 3 3 0 
1 1.017 27.28 2250 528.1408 0.0009 6.415 3 3 0 
4 0.78 23.72 1667 619.822 0.024 5.7332 3 2 1 
3 0.5864 27.22 1667 711.2797 0.0312 5.5497 3 2 1 
4 0.4107 19.19 1250 668.7331 0.0304 3.2732 3 2 1 
4 0.4644 27.55 1645 729.5307 0.0426 4.0056 3 2 1 
1 1.7026 10.2 893 497.5498 0.0358 4.3761 4 2 3 
1 1.1397 8.6 536 698.9104 0.056 18.5959 4 2 3 
3 0.9196 6.7 750 389.136 0.024 16.3366 4 2 3 
1 0.9632 4.5 464 422.4569 0.0259 4.1884 4 2 3 
2 0.6496 7.2 750 418.176 0.0613 15.9808 4 2 3 
1 0.5337 6.9 500 601.128 0.032 6.9262 4 2 3 
0 0.3839 1.2 893 58.5353 0.0078 15.641 4 2 3 
4 0.4269 74.5 3022 1073.865 0.0331 5.2835 2 3 3 
4 0.7625 107 3080 1513.2857 0.0357 7.0213 2 3 2 
0 0.9557 150 4000 1633.5 0.025 6.1917 2 3 3 
2 1.8009 389 5671 2987.981 0.0265 9.5656 2 1 3 
3 0.1097 4 928 187.7586 0.0453 1.7467 4 2 -1 
4 0.1561 4.4 880 217.8 0.0386 2.3396 4 2 -1 
2 0.1884 6.8 1056 280.5 0.0265 1.2943 4 2 -1 
3 0.1306 4.9 1024 208.4414 0.0371 7.5316 4 2 -1 
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APPENDIX IV 

Results of ranking attributed to each watershed for the different bydrologic 

variables 

Based on the ranking system developed in Table 4.1, the results of visual inspection of lag 

time to several variables is presented here. The variables studied were: 

• previous 48-hour rainfall 

• rainfall intensity 

• average flow rate 

• peak flow 

A summary of each table is presented m the main body of the document, and the rank 

given to each watershed for each variable is presented in the next four tables. 
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Degree to which lag time tends to a constant value at the higher values of previous 
48-hour rainfall - ranking based on Table 4.1. 

wsid rank wsid rank wsid rank wsid rank wsid rank 
16010 2 26028 1 42014 0 44021 0 69032 1 
16020 1 26029 1 42015 1 44022 0 69033 1 
17001 1 26030 2 42016 0 44023 0 69034 0 
17002 1 26032 1 42017 1 44024 1 69035 1 
17003 1 26033 2 42023 1 44025 4 69036 0 
17004 1 33002 0 42024 2 44026 1 69037 0 
22003 0 33003 0 42028 0 44027 1 69042 2 
22004 2 33004 0 42031 4 44028 2 69043 1 
22005 0 33005 0 42032 0 44029 1 69044 0 
22006 0 33006 1 42033 0 45001 0 69045 1 
22007 0 34001 2 42034 0 45002 0 69049 2 
26001 2 34002 0 42035 0 45003 3 70007 0 
26002 0 34006 1 42036 2 45004 1 70008 1 
26003 2 34007 0 42037 2 47001 1 70009 1 
26004 1 34008 1 42038 0 47002 0 70010 0 
26005 1 35001 0 42039 0 47003 0 70011 2 
26006 0 35002 2 42040 0 56001 0 70012 0 
26007 0 35003 0 44001 1 56002 1 70013 0 
26008 0 35004 0 44002 0 56003 0 71001 2 
26009 0 35005 1 44004 1 61001 0 71003 1 
26010 1 35006 0 44005 4 61002 0 71004 0 
26012 1 35007 0 44006 2 62014 0 71005 0 
26013 3 35008 0 44007 2 63101 0 73001 0 
26014 3 35009 0 44008 2 63102 0 73002 0 
26015 3 35010 0 44010 0 63103 0 76001 3 
26016 2 35011 0 44011 0 63104 1 76002 3 
26017 2 37001 2 44012 2 66001 1 76003 0 
26018 0 42002 1 44013 2 66002 1 76004 2 
26019 2 42003 1 44014 2 66004 3 
26020 1 42006 1 44015 0 66005 I 
26021 2 42008 2 44016 0 67002 2 
26024 2 42010 0 44017 2 68013 1 
26025 1 42011 1 44018 2 68014 0 
26026 2 42012 1 44019 2 69030 0 
26027 2 42013 1 44020 1 69031 0 
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Degree of response of average effective rainfall intensity to lag time - ranking based 
on Table 4.1 

wsid rank wsid rank wsid rank wsid rank wsid rank 
16010 0 26028 3 42014 4 44021 4 69032 1 
16020 1 26029 3 42015 2 44022 4 69033 2 
17001 2 26030 4 42016 2 44023 4 69034 1 
17002 2 26032 3 42017 3 44024 4 69035 2 
17003 2 26033 3 42023 3 44025 5 69036 1 
17004 2 33002 3 42024 4 44026 4 69037 1 
22003 2 33003 0 42028 2 44027 4 69042 3 
22004 2 33004 0 42031 3 44028 4 69043 3 
22005 0 33005 1 42032 2 44029 0 69044 4 
22006 1 33006 1 42033 0 45001 1 69045 4 
22007 3 34001 3 42034 1 45002 2 69049 3 
26001 3 34002 1 42035 3 45003 1 70007 0 
26002 2 34006 2 42036 4 45004 2 70008 1 
26003 4 34007 3 42037 3 47001 0 70009 3 
26004 3 34008 2 42038 1 47002 2 70010 0 
26005 3 35001 1 42039 3 47003 2 70011 2 
26006 1 35002 2 42040 2 56001 3 70012 0 
26007 1 35003 1 44001 3 56002 1 70013 0 
26008 0 35004 0 44002 2 56003 1 71001 4 
26009 3 35005 1 44004 2 61001 1 71003 4 
26010 3 35006 0 44005 4 61002 1 71004 0 
26012 3 35007 0 44006 2 62014 3 71005 1 
26013 4 35008 1 44007 4 63101 2 73001 1 
26014 3 35009 2 44008 4 63102 3 73002 0 
26015 3 35010 2 44010 3 63103 3 76001 3 
26016 3 35011 2 44011 3 63104 3 76002 4 
26017 5 37001 3 44012 3 66001 3 76003 2 
26018 0 42002 3 44013 3 66002 3 76004 3 
26019 4 42003 3 44014 4 66004 4 
26020 3 42006 2 44015 4 66005 2 
26021 4 42008 3 44016 3 67002 3 
26024 3 42010 2 44017 4 68013 1 
26025 2 42011 2 44018 4 68014 1 
26026 2 42012 2 44019 3 69030 0 
26027 3 42013 3 44020 4 69031 0 
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Degree to which lag time tends to a constant value at the higher values of average 
flow rate. Rating based on Table 4.1 

wsid rank wsid rank wsid rank wsid rank wsid rank 
16010 0 26028 3 42014 3 44021 3 69032 1 
16020 0 26029 3 42015 3 44022 3 69033 3 
17001 2 26030 3 42016 2 44023 4 69034 0 
17002 2 26032 2 42017 3 44024 4 69035 2 
17003 1 26033 2 42023 3 44025 4 69036 1 
17004 1 33002 3 42024 3 44026 4 69037 1 
22003 3 33003 0 42028 1 44027 4 69042 3 
22004 3 33004 0 42031 2 44028 4 69043 3 
22005 0 33005 2 42032 2 44029 0 69044 3 
22006 1 33006 1 42033 0 45001 1 69045 4 
22007 3 34001 3 42034 1 45002 3 69049 3 
26001 3 34002 1 42035 3 45003 0 70007 1 
26002 2 34006 2 42036 4 45004 3 70008 1 
26003 4 34007 2 42037 3 47001 2 70009 3 
26004 3 34008 2 42038 2 47002 2 70010 1 
26005 3 35001 2 42039 2 47003 2 70011 2 
26006 2 35002 2 42040 2 56001 2 70012 1 
26007 2 35003 0 44001 3 56002 1 70013 0 
26008 0 35004 0 44002 3 56003 0 71001 4 
26009 4 35005 1 44004 3 61001 1 71003 4 
26010 4 35006 0 44005 4 61002 1 71004 0 
26012 3 35007 0 44006 3 62014 3 71005 1 
26013 5 35008 1 44007 4 63101 2 73001 1 
26014 4 35009 2 44008 4 63102 3 73002 0 
26015 3 35010 2 44010 3 63103 4 76001 3 
26016 4 35011 2 44011 3 63104 3 76002 4 
26017 5 37001 2 44012 4 66001 1 76003 2 
26018 1 42002 3 44013 3 66002 2 76004 3 
26019 5 42003 3 44014 4 66004 4 
26020 4 42006 2 44015 4 66005 0 
26021 5 42008 2 44016 3 67002 3 
26024 3 42010 3 44017 4 68013 0 
26025 2 42011 3 44018 4 68014 1 
26026 2 42012 2 44019 3 69030 0 
26027 3 42013 3 44020 4 69031 0 
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Degree to which lag time tends to a constant value at the higer values of peak flow 
rate. Ranking based on Table 4.1 

wsid rank wsid rank wsid rank wsid rank wsid rank 
16010 0 26028 3 42014 3 44021 4 69032 1 
16020 0 26029 4 42015 4 44022 4 69033 3 
17001 3 26030 4 42016 3 44023 4 69034 1 
17002 2 26032 3 42017 3 44024 4 69035 2 
17003 2 26033 3 42023 3 44025 5 69036 2 
17004 2 33002 3 42024 4 44026 4 69037 1 
22003 4 33003 0 42028 2 44027 4 69042 4 
22004 3 33004 0 42031 3 44028 4 69043 3 
22005 0 33005 2 42032 2 44029 0 69044 4 
22006 2 33006 2 42033 1 45001 2 69045 4 
22007 3 34001 3 42034 2 45002 3 69049 3 
26001 3 34002 1 42035 3 45003 0 70007 1 
26002 2 34006 2 42036 4 45004 3 70008 1 
26003 4 34007 3 42037 3 47001 3 70009 3 
26004 3 34008 2 42038 3 47002 2 70010 1 
26005 4 35001 3 42039 3 47003 3 70011 2 
26006 2 35002 2 42040 3 56001 3 70012 1 
26007 2 35003 2 44001 3 56002 2 70013 0 
26008 1 35004 0 44002 3 56003 0 71001 4 
26009 4 35005 1 44004 3 61001 1 71003 4 
26010 4 35006 0 44005 4 61002 1 71004 0 
26012 3 35007 0 44006 3 62014 3 71005 2 
26013 4 35008 1 44007 4 63101 2 73001 1 
26014 4 35009 3 44008 4 63102 3 73002 0 
26015 4 35010 2 44010 3 63103 4 76001 3 
26016 4 35011 3 44011 3 63104 3 76002 4 
26017 5 37001 3 44012 4 66001 3 76003 2 
26018 1 42002 4 44013 3 66002 3 76004 3 
26019 5 42003 3 44014 4 66004 4 
26020 4 42006 3 44015 4 66005 2 
26021 5 42008 3 44016 3 67002 3 
26024 3 42010 3 44017 4 68013 1 
26025 2 42011 4 44018 4 68014 1 
26026 3 42012 3 44019 3 69030 0 
26027 3 42013 4 44020 4 69031 0 
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1601 
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1700 
1700 
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1700 
2200 
2200 
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2601 
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.000 

.341 

.165 

.198 

.193 

.164 

.199 

.010 

.310 

.284 

.230 

.060 

.001 

.043 

.112 

.036 

.035 
000 
017 
,166 
.285 
.042 
.042 
039 
.024 
032 
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165 
044 
152 
335 
029 

APPENDK V 

Result of non-linear regression analysis of iag=A*q° 

A B 
140.314 0.284 0.171 
327.944 0.349 0.214 

1.382 0.075 0.026 
2.158 -0.000 0.000 
0.770 0.037 0.012 
6.926 0.064 0.022 
0.045 0.114 0.034 
0.008 -0.030 0.001 
0.446 0.149 0.020 
0.050 -0.196 0.034 
2.785 0.288 0.137 
0.031 0.067 0.015 
0.014 -0.041 0.006 
0.095 0.048 0.008 
0.045 0.018 0.001 
0.013 -0.152 0.045 
0.447 0.069 0.010 
1.540 0.269 0.136 

24.963 0.260 0.085 
0.149 0.143 0.040 
0.163 0.076 0.009 
0.209 0.042 0.002 
0.688 -0.121 0.051 
0.190 0.083 0.010 
0.066 0.092 0.011 
0.192 0.096 0.013 
0.023 -0.108 0.036 

12.942 0.378 0.208 
0.031 -0.038 0.002 
0.006 -0.143 0.043 
0.017 -0.126 0.003 
0.513 0.030 0.001 

wsm A B 
2602 0.183 0.015 
2602 0.160 0.427 
2602 54.400 0.240 
2602 150.904 0.298 
2603 113.110 0.225 
2603 143.384 0.243 
2603 302.204 0.261 
3300 0.089 0.065 
3300 1.465 0.412 
3300 8.554 0.348 
3300 2.198 0.287 
3300 4.447 0.088 
3400 0.035 -0.021 
3400 0.097 0.070 
3400 0.123 0.208 
3400 0.119 0.085 
3400 0.055 0.070 
3500 0.454 -0.010 
3500 0.139 0.117 
3500 11.142 0.339 
3500 0.070 0.688 
3500 0.935 0.200 
3500 1.548 0.256 
3500 0.160 0.151 
3500 0.304 0.062 
3500 0.441 0.058 
3501 1.934 0.226 
3501 3.672 0.231 
3700 4.692 0.111 
4200 163.117 0.220 
4200 166.303 0.265 
4200 2.273 0.099 



4201 
4201 
4201 
4201 
4201 
4201 
4201 
4201 
4202 
4202 
4202 
4203 
4203 
4203 
4203 
4203 
4203 
4203 
4203 
4203 
4204 
4400 
4400 
4400 
4400 
4400 
4400 
4400 
4401 
4401 
4401 
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A B WSID A B 
9.747 0.144 0.178 4401 0.007 -0.074 0.028 

73.875 0.239 0.351 4401 0.023 -0.058 0.022 
72.460 0.206 0.212 4401 0.028 -0.026 0.003 
9.200 0.041 0.013 4401 0.008 -0.032 0.005 

66.803 0.269 0.360 4401 0.008 -0.105 0.084 
22.803 0.209 0.145 4401 0.014 0.018 0.001 
55.950 0.206 0.275 4401 0.005 0.055 0.017 
6.749 0.158 0.115 4402 0.007 -0.111 0.064 
2.332 0.074 0.027 4402 0.003 -0.095 0.067 
9.134 0.202 0.210 4402 0.278 0.121 0.060 
3.113 0.173 0.110 4402 0.019 0.001 0.000 
6.112 0.208 0.091 4402 0.014 0.069 0.025 
2.382 0.580 0.327 4402 0.017 -0.083 0.022 
0.086 0.003 0.000 4402 0.072 0.097 0.055 
0.474 0.139 0.029 4402 0.015 -0.026 0.003 
0.050 -0.132 0.076 4402 0.015 -0.077 0.018 
3.433 0.102 0.061 4402 0.091 0.098 0.010 
1.100 0.087 0.027 4500 5.717 0.478 0.460 
0.097 -0.087 0.048 4500 0.067 0.109 0.042 
1.337 0.075 0.022 4500 0.277 0.251 0.139 
0.701 0.028 0.004 4500 0.376 0.170 0.184 
0.295 -0.045 0.010 4700 1.595 0.327 0.301 
4.229 0.136 0.115 4700 0.025 -0.006 0.000 

22.075 0.309 0.293 4700 1.343 0.148 0.252 
0.290 0.541 0.509 5600 16.409 0.244 0.073 
0.019 0.020 0.001 5600 42.189 0.251 0.104 
0.051 0.106 0.075 5600 26.760 0.262 0.051 
0.007 -0.098 0.036 6100 6.567 0.276 0.146 
0.007 -0.029 0.002 6100 21.086 0.352 0.203 
0.021 -0.000 0.000 6201 0.068 -0.316 0.182 
0.029 0.012 0.000 6310 0.001 -0.317 0.286 
0.045 0.057 0.010 6310 0.002 -0.046 0.009 



6600 
6600 
6600 
6600 
6700 
6801 
6801 
6903 
6903 
6903 
6903 
6903 
6903 
6903 
6903 
6904 
6904 
6904 
6904 
6904 
7000 
7000 
7000 
7001 
7001 
7001 
7001 
7100 
7100 
7100 
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0.005 
0.001 
4.156 

16.542 
0.032 
6.254 

86.397 
3.275 

949.948 
0.620 

306.973 
9.499 

18.625 
30.255 
6.513 
4.714 

99.220 
0.414 
0.413 
0.110 
5.814 
0.190 
3.031 
1.226 

30.248 
0.480 

47.599 
0.835 
0.763 
0.483 
3.954 

130.768 

_B 
-0.116 
-0.232 
0.198 
0.210 

-0.052 
0.183 
0.208 
0.069 
0.408 
0.629 
0.477 
0.168 
0.186 
0.217 
0.113 
0.153 
0.391 

-0.077 
-0.225 
-0.055 
0.056 
0.056 
0.098 
0.047 
0.377 
0.744 
0.512 
0.162 
0.179 
0.094 
0.171 
0.355 

0.046 
0.159 
0.065 
0.108 
0.007 
0.076 
0.179 
0.012 
0.203 
0.558 
0.643 
0.165 
0.283 
0.335 
0.075 
0.116 
0.341 
0.025 
0.006 
0.017 
0.029 
0.004 
0.013 
0.003 
0.771 
0.716 
0.263 
0.180 
0.062 
0.028 
0.138 
0.296 

WSID 
7100 
7300 
7300 
7600 
7600 
7600 
7600 

41.361 
0.000 
0.116 
0.004 
0.004 
0.010 
0.004 

_B 
0.195 

-0.313 
-0.023 
-0.099 
-0.091 
-0.042 
-0.125 

0.186 
0.363 
0.160 
0.042 
0.042 
0.004 
0.030 
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