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ABSTRACT 

 

An evaluation for Lag time, defined as the time from the centroid of rainfall 

excess to the centroid of direct runoff, was performed for seven small watersheds in the 

Southwestern United States. The size of these watersheds range in size from 0.33 to 4.37 

ha. The evaluation period goes from 2000 to 2010. This evaluation was compared versus 

28 lag time equations. 

The USDA-ARS Southwest Watershed Research Center has developed an 

electronic data processing system where rainfall and runoff data is collected from sensors 

in the field and are transmitted to computers in the office. 

Prior to these data sets there were no measurable rainfall and runoff data. This 

digital data is generated by means of synchronized clocks in rain gages and flumes. As a 

result, the data from this electronic processing system offers a unique opportunity for 

hydrologic research. This infrastructure is a characteristic not often available in many 

other sites and a condition not enjoyed in previous investigations. 

There are several definitions of lag time depending on what particular time period 

is used to describe the occurrence of unit rainfall and runoff. But, time parameters 

currently lack commonly-accepted standard definitions.  

  The various definitions for time parameters such as Lag Time, Time of 

Concentration, Time to Peak, Equilibrium Time and others, sometimes, are used 

interchangeably. Another aspect is that in Lag time determination, centers of mass play a 

critical role. This study found out that depending of the loss model chosen to estimate 
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rainfall excess, it shall influence the determination of center of mass and hence the lag 

time.  

Some negative values were obtained for lag time when measured from peak of 

runoff to centroid of effective rainfall. However, in the lag time definition from centroid 

of effective rainfall to centroid of direct runoff, negative values were not obtained.  

One field in particular, time parameters currently lacks commonly-accepted 

standard definitions. This has become a source of profound confusion in this branch of 

science to the point where teams of scientists writing about and discussing hydrological 

Time Parameters can be compared to the aftermath at the Tower of Babel.   
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1.  INTRODUCTION 

 

In the United States, for instance Poertner (1981) estimated that public investment 

regarding surface drainage improvements in developing urban areas involved an annual 

capital investment of about 4 billion dollars and annual damages in urban areas were 

about 3 billion, in1978.  

This dissertation addresses lag time parameters in arid and semi-arid watersheds 

in the USA Southwest. Arid and semi-arid regions represent approximately one-third of 

the land mass of earth.  

Water supply is critical in these regions being often a limited resource. Many of 

these regions are experiencing an acute pressure from population growth. Such is the case 

of the Sun Belt region in southwestern United States where strong growth is taking place, 

but where water is scarce. 

The importance, in terms of economic and social impacts is obvious. As pointed 

out by Pilgrim (1986), despite the compelling importance of small rural and urban 

watersheds, there is an acute lack of relevant design information. 

 This dissertation consists of five appendices. The first two appendices A and B 

include the two publishable papers. Appendix C explains the process of selection of 

seven the watersheds studied. Appendix D includes comments to the original papers, 

books and reports from those authors whose equations have been evaluated in this 

dissertation. Appendix E lays the foundations for the publishable paper included in 

Appendix B and to a certain extent in Appendix A. 
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1.1  Problem Definition 

The objectives of this dissertation are the following:  

 Examine two definitions of Lag Time utilizing a digital set of data in 

SRER and WGEW. 

 Determine which definition is more consistent. 

 Compare observed lag times with results of 28 lag time equations. 

 Ascertain if rainfall losses methods influence the location of centers of 

mass and consequently Lag Times. 

 Develop a better relationship and understanding of the hydrologic lag time 

for very small watersheds. 

This research is focused on lag time parameters. The performance of 28 equations 

on small watersheds near Tucson, Arizona is evaluated. These equations have been 

developed over the course of 45 years, since 1938. 

Initially, five watersheds were selected in the SRER, but because of discrepancies 

in size issues, these watersheds were later further reduced to two. A selection of five 

watersheds in the Walnut Gulch experimental watershed (WGEW) was carried out based 

on uninterrupted records for rainfall and runoff events.  

There are a total of seven watersheds which range in size from 0.33 to 4.37 ha. 

The evaluation period goes from 2000 to 2010. Two watersheds are located in the Santa 

Rita Experimental Range (SRER) and five watersheds in the Walnut Gulch Experimental 

Watershed (WGEW) in Southern Arizona. 
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Table 1 Watersheds Studied 

SRER WGEW 

SR 3 SR 4 WG 102 WG 103 WG 104  WG 106 WG 112 

2.77 ha 1.96 ha 1.78 ha 3.71 ha 4.37 ha 0.33 ha 1.88 ha 

 

The seven selected watersheds are the following: SR3, SR4, WG102, WG 103, 

WG 104, WG 106, and WG 112. The areas of the SRER watersheds are indicated by 

Polyakov et. al. (2010). The areas of the WGEW were obtained directly from the GIS 

data layers provided by Southwest Watershed Research Center (SWRC). 

 

A preliminary selection of the Walnut Gulch watersheds was done based on the 

classification by J. Stone et. al. (2008) in Large, Medium and Small watersheds. The final 

selection of the small watersheds was done taking into account those watersheds for 

which they are provided with digital rain gages and runoff recording devices, and are not 

urbanized. 

 From a total of eleven watersheds, six watersheds were eliminated for the 

following reasons:  

Recording is not being presently carried out in watersheds 101, 122 and 124. 

The watersheds 121 and 125 are urbanized. 

There is no digital recording device for watershed 105. 

As a result five watersheds remained: 102, 103, 104, 106 and 112 

 

For the WGEW there were 271 rainfall and 383 runoff events that were selected, 

as shown in Table 2, where the SRER watersheds are also shown.  
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Table 2 Summary of Rainfall and Runoff Events for Selected Watersheds 

SRER Start Date End Date

Santa Rita 6/17/2000 3/21/2011 10 years

Rainfall 

events

Runoff 

events

Selected 

events

Revised 

events

Total 

events

SR3 730 121 44 27 71

SR4 734 150 61 44 105

Total = 1464 271 105 71 176

WGEW Start Date End Date

Walnut Gulch 3/16/1999 2/27/2011 11 years

Flume
Rain 

gage

Rainfall 

events

Runoff 

events

Selected 

events

Revised 

events

Total 

events

103 83 881 88 20 14 34

(104) 102 384 884 79 15 10 25

(104) 106 384 884 89 32 13 45

104 384 884 73 14 6 20

112 82 927 54 15 14 29

Total = 2692 383 96 57 153

Note: The total amount of 2692 does not take into account the events of 
watersheds 102 and 106 because these are nested watersheds within 
watershed 104  

For the SRER, the selected events amounted to 105 and for the WGEW were 96. 

Hence, 201 events were used to carry out a more detail analysis of lag times in this 

dissertation. 

Lag Time 

There are several definitions of lag time, depending on what particular time 

period is used to describe the occurrence of unit rainfall and runoff (Dingman, 1994; 

Singh, 1988; Ponce, 1989; McCuen, 2009).  
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There are several measures of watershed response time characteristics. These time 

parameters are used as input to many hydrologic designs. However, these time variables 

have multiple definitions (Singh, 1988; McCuen, 2009). Sometimes the same definition is 

expressed with similar words. For instance lag times is used as definition by some 

(McCuen, 2009) as equivalent to time of concentration. The difference lies in the way 

that such definitions are computed based on hyetographs and hydrographs. It is clear that 

there is a lack of uniformity in terminology. Among the time parameters most frequently 

used are the time of concentration, lag time, time to peak, equilibrium time and others.  

In this study, lag time is the topic under study. In particular, two definitions of lag 

time were investigated. First, Lag time defined as the time from the centroid of rainfall 

excess to the centroid of direct runoff. Second, lag time defined from the centroid of 

rainfall excess to the peak of the direct runoff. 

At this point a clarification is in order. This clarification is related to the loss 

models used to estimate rainfall excess. Rainfall excess defined as that portion of rainfall 

that contributes directly to runoff. 

There are several models to estimate the portion of rainfall that contributes to 

direct runoff.  Pilgrim and Cordery (1993) show four models to compute this direct 

runoff: a) constant fraction, b) constant loss rate, c) initial loss and constant loss rate, d) 

infiltration curve. These models are depicted in the following fig. 1 and 2. 

 

 



17 

 

 

 

 

 

 

 

 

 

 

  

Fig. 1   Loss Models to estimate rainfall excess (Pilgrim and Cordery, 1993) 

There is and additional model identified as of initial abstraction and proportional 

loss model by Hill et al. (1998). The proportional loss is a constant fraction of the rainfall 

after surface runoff has commenced. 

 

 

 

 

Fig. 2 Initial Abstraction plus proportional Loss Model 
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The following figure shall be used to explain the differences effective rainfall and 

rainfall excess.  

The first two models of previous page do not account for initial abstraction, 

whereas one of the methods depicted in Fig1 and the method shown in previous figure do 

take into account the Initial Abstraction (Ia). 

 

  Fig 3 Effective Rainfall and Rainfall Losses 

Therefore a distinction must be made between Rainfall Excess and Effective 

Rainfall.  
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Effective rainfall is equal to the total rainfall minus the Initial Abstraction (Ia) 

which can be seen in above figure. Rainfall Excess is equal to Effective Rainfall minus 

the losses. In other words, total rainfall equals rainfall excess plus Initial Abstraction (Ia) 

plus losses. When many of the evaluated equations were developed, the term Initial 

Abstraction (Ia) was still unknown, hence the two terms appear in this dissertation and 

their explanation was in order. 

Now, after this clarification, let’s return to the issue of centers of mass.  

Centers of mass are calculated to determine time intervals in runoff hydrographs 

in relation to effective rainfall and rainfall excess. The runoff hydrograph was considered 

as a series of trapezoids. The first moment in relation to the origin was computed using 

the trapezoidal rule. The determination of centers of mass or centroids is explained in 

great detail in Appendix E. 

In this regard the questions that need to be answered are: 

 Is the position of the center of mass influenced by the loss model chosen 

to estimate rainfall losses?  

 Are the centers of mass always in the same location?  

 There should be only one center of mass?  

 Does it matter the method applied to determine the center of mass? 

 Can reliable comparisons be established when the method is not stated or 

when two different methods were applied? 

This dissertation shows that different centers of mass are obtained depending on 

the rainfall loss method used to obtain direct runoff and accordingly lag time periods. 
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Consequently, if the rainfall loss method is not specified, then the corresponding 

centers of mass obtained cannot be properly compared with other center of mass where 

the loss method is unknown or unspecified. Ultimately this shall affect lag time values. 

 

1.2  Literature Review 

The purpose of this literature review is to present an overview of the various time 

parameters and characteristics, as well as the different definitions that exist for lag time 

and time of concentration. It lays the groundwork to explain why the lag time was chosen 

as a topic of this research.  

An analogy can be established with the topic of this research. There is a forest out 

there with plenty of definitions. There is a hazard that one may easily get lost in this 

forest. Sometimes, even conflicting definitions exist for the same concept. Thus the paths 

bear the same name, but they are conceptually different. One has to be able to get across 

the forest in a safe and efficient manner.   

Several methods have been indicated by other researchers to traverse this forest. 

These different methods can be compared to navigational instruments such as sextants, 

compasses, GPS and alike. Some tools may work and some others may work better or not 

at all, depending on the circumstances. In this particular research, I have chosen to use a 

concept comparable to a compass that I deem was the one that could help me better to 

navigate throughout this research. The device like a compass, thus the time parameter, I 

chose is the lag time defined as the time interval from the centroid of the effective rainfall 

to the centroid of the runoff hydrograph.  
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 In the following section, an overview of various time parameters that illustrates 

the different definitions of time parameters is provided. The following section explains 

the rationale for using this Lag Time definition. 

 

1.3  Overview of time parameters 

 Singh (1988) provides a compilation of measures of various time characteristics 

by various authors. The next page contains the corresponding explanation of these 

symbols. Only t1 through t9 are shown in Figure 1 below and are explained in table 3. 

 

 

 

 

 

 

 

 

 

 

Figure 4 Various Measures of Time Characteristics (adapted from Singh, 1988) 

 

The first eight definitions as well as the definition with symbol t15 refer to Lag 

Time. There are five definitions from t9 to t13 that refer to time of concentration.  

Only t1 through t9 are 

shown in Figure 1 
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Table 3 – Explanation of time parameters shown in Figure 1 

 

t1 Lag time:  Time interval between the centroid of effective rainfall 

and the centroid of direct runoff. 

t2 Lag time:  Time interval from the centroid of the effective rainfall of 

effective rainfall and peak of direct runoff. 

t3 Lag time:  Time interval between the beginning of effective rainfall 

and the centroid of direct runoff. 

t4 Lag time: Time interval between the beginning of direct runoff and 

the end of direct runoff or the time base of direct runoff 

hydrograph. 

t5 Lag time:  Time interval between the beginning of effective rainfall 

and the time when 50 percent of direct runoff has passed 

the gaging station. 

t6 Lag time: Time interval between the centroid of effective rainfall 

and the point of contraflexure on direct runoff recession. 

  (or time to peak) 

t7  Lag time:  Time interval between the beginning of effective rainfall 

and the peak of direct runoff. 

t8 Lag time:  Time interval between the centroid of effective rainfall 

and the time when 50 percent of direct runoff has passed 

the gaging station. 

t9  Time of concentration: Time interval between the end of effective rainfall and 

the point of contraflexure on direct runoff recession. 

t10  Time of concentration:  Time interval between the beginning of rainfall (not 

effective rainfall) and the peak of runoff (not direct 

runoff). 

t11  Time of concentration:   Time interval between the centroid of effective rainfall 

and the peak of unit hydrograph.  

t12  Time of concentration:  Time interval between the beginning of effective rainfall 

and the peak of unit hydrograph. 

t13  Time of concentration:  Time interval required for the hydrograph to rise from 

low flow to the maximum stage (might be equivalent  

  to t7) 

t14 Equilibrium time:  Time interval required for the runoff rate to become equal 

to the supply rate (rainfall intensity). 

t15 Lag time:  Time interval between 50 percent of effective rainfall and 

50 percent of direct runoff. 

t16 Time to ponding: Time interval between the start of rainfall and the start of 

direct runoff.  

t17 Infiltration opportunity time: the time period for which water is available for 

infiltration at given point in space.  

Source: Singh, 1988. Only t1 through t9 are depicted in Figure 1 
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The analyses of hydrologic events require the value of a time parameter as input. 

The lag time and the time of concentration are the most frequently used. 

Also Hall (1984), states that one of the most critical dimensions to derive the 

shape of the hydrograph is the lag time. He presents a figure with seven definitions of lag 

time, including the time to peak and adds that, perhaps, the most extensively used of 

these time parameters is labeled as T3. Also, Singh (1988) makes reference to the 

following figure developed by Hall. 

 

Fig. 5 Alternative definitions of Lag Time (Adapted from Hall, 1984) 

 

This measure of catchment’s response, lag time labeled as T3, is the time interval 

between the center of mass of the rainfall excess and the center of mass of the direct 

runoff hydrograph.  

1.4  Relevance of time relationships 

Inaccuracies in a time parameter will cause an error in the design based in the 

time parameter (McCuen, 1984).  
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Time characteristics constitute an important component of hydrologic modeling 

and design (Singh, 1998). If differences in peak discharges are translated into differences 

in design discharges, then the design errors can be significant (McCuen, 1984).  

 

1.5  Definitions of Lag Time 

There are various definitions of Lag Time, (Singh, 1988; Ponce, 1989; Haan, et al, 

1994; Shaw, 1993; Viessman, 2003). The definition depends on what particular instant is 

used to describe the relationship between the occurrence of rainfall and runoff (Ponce, 

1989). Among, the most commonly definitions of lag time are: 

1.5.1 Definition 1: from centroid to centroid 

The first definition of Lag time is defined as the time elapsed between the center 

of mass of effective rainfall and the center of mass of the direct runoff hydrograph, see 

Figure below. There are at least 21 equations, in the United States, to estimate lag time 

according to this first definition. 

 

 

 

 

 

Fig 6 Lag Time from centroid of hyetograph to centroid of runoff 

 

For this definition there are 21 equations. Singh (1988) includes 19 of these 

equations, presented in chronological order.  
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Equations of Lag Time (in Hours) 

 

  (From centroid of effective rainfall to centroid of direct runoff) 

 

1) Clark (1945)   ScKLT L /       K є [0.8, 2.2] 

2) Linsley (1945)    ScAKLT L /     

3) Mitchell (1948)   6.0KAT L ,    K = 1.05 

4) Johnstone and Cross (1949)  
S

W
KT L 90    K = 1.5 

5) Eaton (1954)   31)/(( LrWAKT L ,    K = 1.2 

6) O’Kelly (1955) Dooge (1955) d

L KST 0  

7) Dooge (1955)   oL SKAT /25.0    K є [ 10, 13 ] 

8) Hoyt and Langbein (1955)  4.0KAT L     K є [1, 3 ] 

9) Nash (1960)   
3.03.0 

 oL SKAT    K = 27.6 

     
33.03.0 

 cL SKLT    K = 20 

10) Carter (1961)    6.0)/( aL SLKT     K = 1.7 

11) Morgan and Johnson (1962)  81.0

2KtT L     K = 2.8 

     6.0KAT L     K = 105 

12) Wu (1963)    
47.147.194.0  cL SLKAT    K = 780 

13) Bell (1967)   33.0KAT L     K = [0.5, 3] 

 

14) Kennedy and Watt (1967)  
21.133.066.0

bL SSKAT     K = No info  

15) Cordery (1968)   















c

n

o

L
S

L

S

W
KT m

2
  K = No info  

 

16) Wu (1969)    23.0KAT L     K = No info  

17) Bell and Omkar (1969)  33.0KAT L     K = No info  

18) Putnam (1972)   
57.0

50.0

49.0 aL I
S

L
T 








  

 

19) Rao and Delleur (1974)  289.175.073.0496.0 )1(78.0 
 AcL ISLAT  

     
21.1081.0542.0 )1(78.0 

 AL ISAT  

     433.1512.0 )1(803.0  AL IAT  
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20) Boyd (1978)     404.0
12066.1  LT  

     38.051.2 AT L  

 

21) Simas (2001)     
    

 

Equation 18 is explained in the text of Haan (1994) and equation 21 comes from 

M. Simas’ Ph.D. dissertation, where width is in ft. 

The remainders equations come from Singh (1988). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Where:  

A =    watershed area in square miles 

Am =  area in square kilometers 

Dr =   duration of the effective rainfall in 

hours 

Ia =    percentage impervious area 

Note:  Ia is not initial abstraction 

Id =   depth of the effective rainfall in 

millimeters 

K =    constant 

L =    mainstream length in miles 

Lr =   watershed lag ratio 

nm =  manning roughness coefficient 

r =    branching sector 

S =    mean basin slope in feet per mile 

Sa =  mainstream slope calculated by 

equal area method in feet per mile 

Sb =  dimensionless factor representing 

the ratio of area Ab of lakes, 

marshes and ponds in the upper two 

thirds of the watershed to the 

watershed area,  

          Sb = 1+ 20(Ab/A) 

Note: Ab is NOT in the list 

Sc = mean slope of the mainstream in feet 

per mile 

Sd = measure of overland slope, a 

dimensionless ratio 

So = average overland slope in parts per 

10,000 

T2  =   NOT in the list (equation 11) 

TL = Lag Time in hours, according to the 

definition of centroid to centroid 

(2u-1) = total number of interior and 

exterior links in the channel 

network 

W= average width of watershed in miles 
 

313.0150.0594.00051.0)( natL SSlopeWidthT 
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1.5.2 Definition 2: from centroid to peak 

The second definition of Lag Time is the time between the center of mass of the 

effective rainfall and the peak of the direct runoff hydrograph (Morin, 2002; Singh, 1988, 

Haestad, 2007). 

This last definition of lag time is the one used by the National Resource 

Conservation Center (former SCS). There are at least 8 equations to estimate lag time 

according to this second definition.  

  

 

 

 Fig 7  Lag Time from centroid of hyetograph to peak of runoff 

 

Singh (1988) includes, for the second definition, seven equations as follows:  

 

Equations of Lag Time (in Hours) according to the second definition 

 

1) Snyder (1938)      3.0

12 cLLCT       Ct є [1.8, 2.2] 

2) Linsley (1943)      3.0

12 cLLCT       Ct є [0.3, 1.2] 

3) Taylor and Schwarz (1952)  )exp( 12 DmCT       
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6) Eagleson (1962)    2
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2
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7) Soil Conservation Service (1975)  
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Besides the above equations mentioned by Singh (1988), the United States Bureau 

of Reclamation (USBR) using unit hydrograph data for a number of watersheds of 

different sizes and shapes, developed in 1989 the following equations for lag time in 

hours (page 359, ASCE, 1996). 

)..(26

33.0

5.0
unitsSU

S

LL
KT ca

nl 







  

)..(4328.14

33.0

5.0
unitsIS

S

LL
KT ca

nl 







  

Where: 

 L =  Length of longest watercourse in km (miles) 

Where: 

 

CN =   runoff curve number 

D =  Drainage density 

L  =     Length of the main channel in miles 

La =    Mean travel distance in feet equal to that portion of the sewer which flows 

full 

Lc =    Distance in miles 

Lw =   Hydraulic length of watershed in feet 

M  =   Soil cover parameter 

nm  =   Manning’s roughness factor 

Ra  =   Weighted hydraulic radius in feet of the main sewer flowing full 

S   =   Average channel slope 

So  =  Average watershed slope in percent  

Sa  =  Weighed slope of the main sewer in feet per foot 

W =   Watershed width  
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Lca = Length along the longest watercourse to a point opposite the centroid of the 

drainage basin in km (miles). 

S =  Overall slope of the longest watercourse in m/km (ft/mi) 

K = Retardance coefficient, where typical values are provided in a separate table 

 

The conclusions of Wilson in his M.Sc. thesis “Unit Hydrograph Response 

Times” in 1972 are that the Lag Time as defined from the centroid of effective rainfall to 

the peak of the unit hydrograph is a more consistent response time indicator. The survey 

of the present literature seems to be more prone to the use of this second definition. 

However, according to Singh (1988), the Lag Time stated in definition 1, from 

centroid to centroid, is more stable and therefore more appropriate in hydrologic 

modeling. The analysis of several events and various watersheds, located in the Santa 

Rita Experimental Range (SRER) and Walnut Gulch Experimental Watershed (WGEW), 

confirm the above.   

1.6  Other time parameters 

Time parameters are not independent of each other for any watershed. For 

instance, the SCS states that the Lag Time equals 0.6 the Time of Concentration. 

Consequently, Time of Concentration is 1.67 times the Lag Time (Haan, 1994). This 

method to obtain Time of concentration is based in the second definition of Lag Time 

from the centroid of effective rainfall to the peak of direct runoff.  

A Lag Time, obtained from the difference between the centroids of excess of 

rainfall and direct runoff is 1.176 times the SCS Lag Time, according to McCuen (1984). 

The same author continues saying that applying the SCS ratio of 1.67, then the time of 

concentration and the Lag Time Centroid are related by Tc = 1.417 Lag time (first 

definition).  
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1.6.1 Time of Concentration 

 The generally accepted definition of Time of Concentration is the time required 

for water to flow from the most hydraulically remote point of the watershed to the outlet. 

There is a consensus in the wording, as the time required for a particle of water to travel 

from the most distant point in the watershed to the outlet (ASCE, 1996; Fangmeier, et al.,  

 According to McCuen (2009) there are multiple definitions of Time of 

Concentration. One of the definitions of time of concentration is “the time for a particle 

of water to travel from the most hydraulically most distant point to the watershed  

outlet”. 

  From centroid of effective Rainfall to point of inflection 

Other approach (McCuen, 2009, Singh, 1988) is to determine Time of 

Concentration based on a rainfall hyetograph and the resulting runoff hydrograph. The 

time of concentration is the time between the centroid of effective rainfall and the 

inflection point on the recession limb of direct runoff hydrograph. 

 

Fig 8  Time of Concentration from centroid of effective rainfall to point of inflection 

(Adapted from Singh 1988). 
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From End of effective rainfall to point of inflection 

Singh (1988) also mentions that alternatively, time of concentration is often 

considered as the time from the end of effective rainfall to the point of inflection on direct 

runoff.   

 In this regard, Viessman (2003) also states that there is an additional definition, 

where the time of concentration is made equal with the excess-rainfall release time or the 

wave travel time. The time for runoff to reach the outlet from the most distant point after 

rains stops is assumed to be equal to the time required for 100 percent contribution from 

all points during any uniform rainfall having sufficient duration. 

 This same author continues pointing out that because time of concentration is 

conceptually the time required for 100 percent of the watershed to contribute, it is also 

often defined as the time from the end of excess rainfall to the inflection point on the 

hydrograph.  The line of reasoning behind this definition is that direct runoff runs out at 

the point of inflexion.  

 

 

 

 

 

 

Fig 9  Time of Concentration from end of effective rainfall to point of inflection 

(Adapted from Singh 1988). 
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In this same line of thought, Shaw (1993) affirms that the effective rainfall makes 

the immediate contribution from the beginning of the runoff to the peak of the 

hydrograph and, even when the rainfall ceases, continues to contribute until the inflection 

point. Beyond this point, it is generally considered that the flow comes from the water 

temporarily stored in the soil and the channels. 

 

According to Singh (1988), neither definition results in a true value or even a 

reproducible value of Time of Concentration due to the difficulty of uniquely defining 

and then measuring the factors affecting it. 

 

1.6.2 Inaccuracies in Time of Concentration 

Estimations of Time of concentration using the NRCS velocity method in almost 

one hundred watersheds in Texas carried out by independent analysts, in three research 

groups, concluded that the time of concentration is subject to large variations (Xing, et 

al., 2007) . 

 

McCuen, Wong and Rawls (1984) carried out the evaluation of 11 equations in 48 

watersheds for estimating Time of Concentration and concluded that most equations 

resulted in errors that were greater than half hour for more than the half of the 

watersheds.  
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Similarly, Lantz (1989) in his analysis of four rainfall–runoff models on small 

watersheds near Tucson, Arizona carried out an evaluation of the time of concentration 

for Forty-niner’s Wash using 11 equations for time of concentration. His findings point 

out that there is noticeably little agreement among the equations. The observed 

differences in results range from 300% to 600%. In his thesis, Lantz (9189) concluded 

that the major shortcomings for estimating input parameters are in the equations for 

estimating the Time of Concentration.  

 

Papadakis and Kazan (1987) reported that time of concentration calculated by the 

equations used in their research, for a given watershed and for the same rainfall event 

generated a wide range of results with a variation of more than 500% 

 

Depending on what definition of lag time is used to obtain the Time of 

concentration, it may lead to errors in the selection of the equations.  Sometimes, it may 

be a source of confusion.  

 

The ASCE (1996) in its Hydrology Handbook states that the Time of 

Concentration, which appears in one form or another, in almost all current urban runoff 

models, is probably the most critical, in terms of impact on the outflow hydrograph. Yet, 

time of concentration remains an elusive hydrologic parameter because it is so difficult to 

measure.  
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 It is a common and accepted assumption that time of concentration is the length of 

time it takes for water to travel from the hydraulically most remote point in a basin to the 

outlet. McCuen (1989) says that it is recognized that both methods do not provide either 

the true value or reproducible values of time of concentration.  

He concludes that there is no one correct method to estimate time of concentration 

and therefore the true value can never be determined. Also Westpahl in Mays (2001) 

states further that although the definition of time of concentration is attractive, its 

simplicity is deceiving. There is no practical way of measuring the time of concentration.   

  

Appendix D, Comments and Discussions of Author’s Equation Papers includes 

comments and findings about the papers containing each of the equations developed by 

each respective author. 
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2.0  DISSERTATION FORMAT 

The methods, results and conclusions of this research are presented in two 

separate manuscripts appended to this dissertation.  

An evaluation for Lag time was carried out for 28 lag time equations. Two 

definitions of Lag Time were included.  

Lag Time, defined as the time from the centroid of rainfall excess to the peak of 

direct runoff.  

Lag Time, defined as the time from the centroid of rainfall excess to the centroid 

of direct runoff.  

For both cases the evaluation was performed for seven small watersheds in 

Southwestern United States.  

The following sections include a summary of the most important findings and 

outcomes. 

 

2.1  Contribution Paper 1: Appendix A- Lag Time Characteristics of Small Arid 

and Semiarid Watersheds in the Southwestern United States 

The lag time defined as the time between the centroid of the effective rainfall and 

the peak of direct runoff shows more variability than the other definition of lag time from 

centroids of effective rainfall and direct runoff (Singh, 1988).  

This lag time defined as the time elapsed from the centroid of effective rainfall to 

the peak of runoff shows, to a great extent, negative values.  
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2.2  Contribution Paper 2: Appendix B- Centers of Mass Determination, does the 

chosen method really matter?  

Various different models are used to estimate rainfall excess.  

Two of these models to estimate rainfall excess were applied to the study of two 

lag time definitions.  

The determination of centers of mass showed slightly different positions, but 

clearly distinct locations, depending on which method was used to compute the effective 

rainfall. 

The effective hyetograph was computed using two methods:  

The first method applied was Initial loss and continuing loss rate, where no runoff 

occurs until an initial capacity has been satisfied. This method is also known as the phi-

index method. The initial loss was not a given value. It was part of the recorded data. It 

was measured from the time the runoff initiated and the time that the rainfall started. 

The second method utilized was Initial loss and proportional loss rate. The 

difference with the first method is that the loss is a proportional ratio related to the 

rainfall intensity.  

The determination of centers of mass was carried for the resulting runoff 

hydrographs. As a result different centers of mass were obtained.  

 

2.3 Relationship between papers 

The first paper describes various definitions of lag time. Depending on what 

particular time period is used to describe the occurrence of unit rainfall and runoff would 
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bring different results. Two lag time definitions were studied in detail. The first lag time 

is defined as the time interval between the center of mass of the rainfall excess and the 

center of mass of the direct runoff hydrograph. The second lag time is defined as the time 

interval between the center of mass of the rainfall excess and the peak of the direct runoff 

hydrograph. In both cases the center of mass of the rainfall excess is the same. What 

changes in both lag time definitions is the time variable used in the runoff hydrograph, 

which is either its center of mass or its peak. The consistency of results between these 

two lag times was observed and reported.  

The second paper deals with the rainfall excess hyetograph computation, which is 

the portion that contributes to direct runoff. Two of five loss models were selected to 

carry out the analysis of lag times. When the analysis of lag times was being carried out, 

it was observed that depending on which loss model was used to determine centers of 

mass, different results were obtained and consequently different lag time periods.  

These two papers specifically address the issues that arise with using different lag 

time definitions and the perils of the interchangeable use of definitions. In addition, the 

method chosen for determination of center of mass shall influence the estimated period of 

lag time. Consequently, in both cases, the outcome is uncertainty in the results of lag time 

analysis.  
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3 PRESENT STUDY 

The methods, results and conclusions of this study are presented in the papers and 

appendices, in particular Appendix E of this dissertation. The following is a summary of 

the most relevant findings, conclusions and recommendations of this research.  

 

3.1 Overall Conclusions 

The U.S. Geological Survey (USGS) runoff studies, according to Granato (2012), 

commonly use the definition of Lag Time, as the period between the center of mass of the 

rainfall excess and the center of mass of the direct runoff hydrograph. There are at least 

twenty one equations to estimate this lag time interval. 

On the other hand, the equation of the Soil Conservation Service is based on the 

definition of definition of Lag Time as the interval between the center of mass of the 

rainfall excess and the peak of the direct runoff hydrograph. There are at least seven 

equations to estimate this lag time. 

Based on this research, the first definition is the most stable and consistent. 

Furthermore, this definition has three times more equations developed than the former 

one. It appears that this definition has received the most interest and preference from 

researchers.  

The added value of this dissertation is not in choosing one equation as the correct 

one. An equation cannot be chosen since the method to determine rainfall losses is 

unknown in most cases. Without having information about the method used to determine 
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rainfall losses and their corresponding centers of mass, it is futile to attempt to derive 

conclusions regarding the applicability of the equations.  

The added value is the demonstration that choosing an equation without 

consideration for this relationship would be misguided. 

 

3.2 Results and Comments 

 

Prior to these data sets, measurable rainfall and runoff data had limitations. The 

data collected was carried out by analog instruments. Rain gages recorded accumulated 

rainfall versus time by tracing with pen on a paper chart drum driven by a rotating clock.  

The Southwest Watershed Research Center (SWRC) engaged in a project to 

upgrade rainfall and runoff analog instruments to digital devices in 1996. This effort 

became known as the Southwest Watershed Research Center Data Access Project (DAP) 

and it is explained in detail by Nichols and Anson (2008).  

These digital devices are linked with radio telemetry to remotely transmit 

recorded data to a central computer. A network of digital rain gauges was placed next to 

the analog gages. The new network was provided with a telemetry system for data 

transmission. The records are generated from digital weighing rain gages and consist of 

rainfall depths at 1 min intervals during rainfall. 

 This digital data is unique because it is generated by means of synchronized 

clocks in rain gages and flumes. These digital devices allow researchers to determine 

more accurately timing characteristics of rainfall and runoff because a uniform time 

stamp is used at both the rain gage and flume. 
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As a result of the synchronized timing between rainfall and runoff measuring 

devices from this electronic processing system, we are afforded a high quality and timely 

data and a unique opportunity for hydrologic research. 

 It shall be highlighted that this infrastructure is a characteristic not often available 

in many other sites and a condition not enjoyed in previous investigations. 

 

First conclusion 

The lag time defined as the time between the centroid of the effective rainfall and 

the peak of direct runoff shows more variability than the other definition of lag time from 

centroids of effective rainfall and direct runoff (Singh, 1988).  

The U.S. Geological Survey (USGS) runoff studies, according to Granato (2012), 

commonly use the definition of Lag Time, as the period between the center of mass of the 

rainfall excess and the center of mass of the direct runoff hydrograph. There are at least 

twenty one equations to estimate this lag time interval. 

Some negative values were obtained for lag time when measured from peak of 

runoff to centroid of effective rainfall. 

In particular, the occurrence of the timing of the peak of runoff at an earlier time 

than the center of mass of the effective rainfall is even more acute when the runoff occurs 

early and almost as quickly as the rainfall event. 

Thus, the level of reliability is weak for lag time measured from the peak of 

runoff to the center of mass of the effective rainfall. 

However, in the case of the lag time measured from the center of mass of runoff 

to the center of mass of the effective rainfall there is a solid consistency.  
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In all the events, for all the watersheds under study, no negative values were 

detected. The consistency of this lag time definition is high and it appears to be sound 

and reliable. 

Negative values cannot come up in the definition of lag time from centroid of 

effective rainfall to centroid of direct runoff. 

 

Table 4 Observed Negative Values in the Lag Time CP -PR 

 

  
      

 
        

 
        

 
        

 
        

 
Ia + Proportion Ia + Phi Index 

Watershed 

Percentage of Negative 
Values 

Percentage of Negative 
Values 

SR 3 11 5 

SR 4 25 11 

 
    

WG 102 13 0 

WG 103 15 5 

WG 104 21 0 

WG 106 41 6 

WG 112 27 7 

 

 

The lack of negative values is the reason why this last definition of lag time: from 

centroid of effective rainfall to centroid of direct runoff is more stable and consistent, as 

pointed out by different authors (Singh, 1988; McCuen 2009). 
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Second conclusion 

Five methods to estimate rainfall excess have been pointed out. Two of these 

methods were selected for further analysis. For both of these methods, the determinations 

of centers of mass do not result in the exact same position.  

Consequently, depending on which method is utilized to estimate rainfall excess, 

the choice of the method will influence the outcome of the lag time.  

Lag times were different when centroids were determined by the two following 

methods: 

 a) An initial loss followed by a continuing loss rates, and 

 b) An initial loss followed by a loss proportional to the rainfall intensity. 

Hence, in the watersheds under study and with the complete period of rainfall and 

runoff events, effective rainfall was computed in the following two ways: 

a) An initial loss followed by a loss proportional to the rainfall intensity.  

 

 

 

 

 

 

Fig. 10 Initial Abstraction plus Proportional Loss 
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b) An initial loss followed by a continuing loss rate, also known as the phi 

index method. 

 

 

 

 

 

 

Fig 11 Initial Abstraction plus Constant Loss Rate 

 

The phi-index method (ϕ) equals the average rainfall intensity above which the 

volume of rainfall excess equals the volume of direct runoff. 

Based in the selection of rainfall and runoff events, a detail analysis was 

performed where the centers of mass of runoff and centers of mass of the effective 

precipitation, as well as the peak of runoff were determined.  
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The following table shows a summary of observed lag times for the SRER and the 

WGEW applying two loss methods: the proportional method and the Phi Index method. 

Table 5 Summary of Obtained Centroids by Two Loss Methods 

OBSERVED LAG TIMES

Centroid to Peak (C precip-Prunoff) Centroid to Centroid (C precip -Crunoff)

Santa Rita Experimental Range (SRER)

Area

Lag 

Time    

Cp -Pr

Lag 

Time    

Cp -Cr

Lag 

Time    

Cp -Pr

Lag 

Time    

Cp -Cr

(min) (min) (min) (min)
Ave Ave 5.4 5.3 Ave 3.6 3.9 Ave

Ia + Proport Med Med 4.3 5.0 Med 3.2 4.0 Med
S. D. S. D. 3.7 2.0 S. D. 2.9 1.6 S. D.

Ave Ave 6.5 6.9 Ave 4.1 5.5 Ave

Ia + Phi Index Med Med 6.5 6.7 Med 3.5 5.3 Med

S. D. S. D. 3.4 1.5 S. D. 2.8 2.0 S. D.

Walnut Gulch Experimental Watershed (WGEW)

Area

Lag 

Time    

Cp -Pr

Lag 

Time    

Cp -Cr

Lag 

Time    

Cp -Pr

Lag 

Time    

Cp -Cr

Lag 

Time    

Cp -Pr

Lag 

Time    

Cp -Cr

Lag 

Time    

Cp -Pr

Lag 

Time    

Cp -Cr

Lag 

Time    

Cp -Pr

Lag 

Time    

Cp -Cr

(min) (min) (min) (min) (min) (min) (min) (min) (min) (min)
Ave 3.9 4.1 Ave 3.4 5.7 Ave 3.9 4.0 Ave 2.8 3.7 Ave 3.0 3.0

Ia + Proport Med 2.8 4.0 Med 2.8 5.6 Med 3.1 4.1 Med 2.0 4.1 Med 2.6 3.1
S. D. 4.2 2.1 S. D. 2.3 2.1 S. D. 2.6 1.7 S. D. 3.4 2.0 S. D. 2.5 1.3

Ave 3.8 5.2 Ave 4.6 7.7 Ave 4.1 5.4 Ave 4.5 7.2 Ave 3.4 4.8

Ia + Phi Index Med 3.4 4.5 Med 4.4 7.2 Med 4.0 5.5 Med 3.6 6.6 Med 3.1 4.7

S. D. 2.6 2.2 S. D. 1.5 2.5 S. D. 1.7 1.0 S. D. 3.3 2.3 S. D. 2.1 1.8

Explanation of Symbols: Cp= Centroid of Effect Precip Pr = Peak of runoff Cr = Centroid of runoff

Area in hectares of WalnuGulch watersheds taken from GIS system by  Southwest Watershed Research Center

1.8 ha 0.3 ha3.7 ha 4.4  ha 1.9 ha

WG 106WG 102 WG 103 WG 104 WG 112

SR 3 SR 4

2.8 ha 2.0 ha

 

 

It can be seen, consistently, that in the proportional method, the lag time is of 

shorter duration than in the lag time obtained by the Phi Index Method.  These values are 

the result of different center of mass.  
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It would appear that, in pertinent literature on this subject, the centers of mass 

were taken for granted as being in the same location regardless of the method used. When 

the method to estimate rainfall excess is not clearly stated, it would be precarious to 

compare lag time results with other similar studies. 

Without having information about the method used to determine rainfall losses 

and their corresponding centers of mass, it is futile to attempt to derive conclusions 

regarding the applicability of the equations. Therefore, choosing an equation without 

consideration for this framework and described relationships would be misguided. 

 

3.3 Recommendations 

The first recommendation is that additional research shall be carried out to expand 

this body of knowledge aimed to gain a better understanding of lag time parameters. 

Further research is required to improve our understanding of the currently observed 

patterns over a wide range of time and space scales of rainfall and runoff processes, as 

well as quantitative basin responses in different hydro-climatic regions. 

It is necessary to carry out further research to estimate parameters values and 

measures of the associated uncertainties such is the case with Lag Time and Time of 

Concentration where sometimes these terms have the same meaning. 

As stated by the International Association of Hydrological Sciences (IAHS, 

2003), harmonization is required for the variety of existing approaches incorporating both 

substantial diversity and demonstrable coherence, thus paving the way for a unification 

and revitalization of the science of hydrology. 
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A second recommendation pertains to the question: where do we go from here? 

As first step, communication on time parameters must be standardized.  

The confusion created by using different terms and overlapping definitions does 

not help to further the advance of hydrology. In this regard, the International Association 

of Hydrological Sciences (IAHS, 2003) highlights that many of the current available 

predictions methods are often mistaken to be reliably precise, and used uncritically. 

Furthermore, a standardization of terms is a great need to avoid pitfalls due to the 

confusion created by using different terms and overlapping definitions.  

The precision demanded by science in the accurate naming of objects in the 

natural and artificial world has resulted in a variety of international nomenclatural codes, 

standards and protocols. It would appear that Hydrology has been oblivious to these 

developments.  

Nomenclature in a strict scientific sense is that branch of taxonomy concerned 

with the application of scientific names, based on a particular classification scheme and 

in accordance with agreed international rules and conventions. Hydrology is in a critical 

need of a universal systematic designation to unambiguously identify all of the variables 

and time parameters involved in hydrological analysis and design. 

Organizations such as the International Association of Hydrological Sciences 

(IAHS) could play a major coordinating and a catalytic role in mobilizing the entire 

worldwide hydrology community towards achieving such goal. 
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On this subject, two publications are in the forefront of this undertaking: 

1) International Association of Hydrological Sciences. 2003. IAHS Decade on 

Predictions in Ungauged Basins (PUB): 2003 -2012. 

2) The national Research Council. 1998. Hydrologic Sciences: Taking Stock and 

Looking Ahead, 

I would like to highlight some of the concerns expressed in these publications. 

In the introduction of the first paper, the word uncertainty appears seventeen 

times and under roles, outcomes and benefits, the emphasis is in greater coherence. One 

of the first premises for coherence is an effective communication that can be built with a 

common definition of terminology. This publication ends by listing the guiding 

principles. These principles were taken from the second publication, in particular from 

the chapter 1 Wolman Lecture: Hydrologic Science … in Landscapes ... on a Planet … in 

the Future. Again the concepts of communication and coherence are greatly emphasized. 

The conclusion of T. Dunne, the author, that hydrologic science is a fledging 

science. He states that “Engineering courses and texts, which gave most of us our 

introduction to hydrology, tend to present the subject to users (decision makers, 

designers, students) as being complete or at least sufficient for action”. 

This was also my personal impression and confirms this statement, based on the 

outcome of this dissertation. 

In this regard, I would like to use his words applicable to the present status of 

hydrology: “… though visibly in flight, is flapping around in sight of many exciting 

possibilities, needing to catch a good breeze in order to sustain flight”. 
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Abstract 

An evaluation for Lag time parameters was performed. Two definitions of lag 

time were investigated. First, Lag time defined as the time from the centroid of rainfall 

excess to the centroid of direct runoff. Second, lag time defined from the centroid of 

rainfall excess to the peak of the direct runoff. This study was carried out for seven small 

watersheds in Southwestern United States. The size of these watersheds range in size 

from 0.33 to 4.37 ha. The evaluation period goes from 2000 to 2010. This evaluation was 

compared versus 28 lag time equations. 

The rainfall and runoff data used in this study comes from the Data Access 

Project (DAP) of the Southwest Watershed Research Center. This database is of national 

and international importance being one of the most comprehensive semiarid watersheds 

data in the world.  

 Because of the synchronized timing between rainfall and runoff measuring 

devices, the data from this electronic processing system offers a unique opportunity for 

hydrologic research. 

 

Introduction 

In the United States, Poertner (1981) estimated that public investment regarding 

surface drainage improvements in developing urban areas involved an annual capital 

investment of about 4 billion dollars and annual damages in urban areas were about 3 

billion, in1978. The importance, in terms of economic and social impacts is obvious. As 

pointed out by Pilgrim (1986), despite the compelling importance of small rural and 

urban watersheds, there is an acute lack of relevant design information. 

 

Furthermore, arid and semi-arid regions represent approximately one-third of the 

land mass of earth. Water is a critical resource in these regions being often a limited 

resource. Many of these regions are experiencing an acute pressure from population 

growth. Such is the case of the Sun Belt region in southwestern United States where a 

strong growth has been taking place, but where water is scarce. 
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There are several measures of watershed response time characteristics. These time 

parameters are used as input to many hydrologic designs. However, these time variables 

have multiple definitions (Singh, 1988; McCuen, 2009). Sometimes the same definition is 

expressed with similar words. For instance “lag time” is used as definition by others as 

“time of concentration” (McCuen, 2009).  

The difference lies in the way that such definitions are computed based on 

hyetographs and hydrographs. It is clear that there is a lack of uniformity in terminology. 

Among the time parameters most frequently used are the time of concentration, lag time, 

time to peak, equilibrium time and others.  

 

In this study, two definitions of lag time were investigated. First, Lag time defined 

as the time from the centroid of rainfall excess to the centroid of direct runoff. Second, 

lag time defined from the centroid of rainfall excess to the peak of the direct runoff. 

 

Case studies description 

Two sets of watersheds were included in this study: the Santa Rita Experimental 

Watershed (SRER) and the Walnut Gulch Experimental Watershed (WGEW). 

 

The Santa Rita experimental Range (SRER) 

The Santa Rita experimental Range (SRER) is located about 50 km south of 

Tucson, Arizona and about 50 km from the US-Mexico border. This area is a sample of 

about 8 million hectares of semi-desert grass-shrub lands in Southern Arizona, New 

Mexico, Texas and Northern Mexico, (Lane, 2001). Elevation ranges from about 900 to 

1,400 m.  Along this gradient, average annual precipitation goes from 275 to 450 mm 

(McClaran, 2003).   

Research has been conducted on the Santa Rita Experimental Range (SRER) 

since 1903, but it was expanded in 1975 to include instrumentation of small paired 

watersheds. A hydrologic network was established in cooperation with the U.S Forest 

Service for eight small (less than 5 ha). These watersheds were provided with flow 

measuring structures and recording precipitation gauges (Renard et al., 2008). 

Four of the watersheds, SR1 through SR4, are located at an approximate elevation 

of 976 to 1040 m. The other four watersheds, SR5 through SR8, are located at an 

approximate elevation of 1170 m (Lane et al., 2003). 

 The SRER engaged in a project to upgrade rainfall and runoff analog instruments 

to digital devices in 1996. This conversion of these devices was linked with radio 

telemetry to remotely transmit recorded data to a central computer. This effort became 

known as the Southwest Watershed Research Center Data Access Project (DAP) and it is 

explained in detail by Nichols and Anson (2008). These measuring instruments were 

replaced by digital devices in 2000.  

These digital devices allow researchers to determine more accurately timing 

characteristics of rainfall and runoff because a uniform time stamp is used at both the rain 

gage and flume. 
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Walnut Gulch 

The Walnut Gulch Experimental Watershed (WGEW) located near the city of Tombstone 

was established by the United States Department of agriculture to carry out hydrologic 

and erosion research in 1953 (Renard et al., 2008). 

 

This watershed is located in Southeastern Arizona and is tributary of the San Pedro River 

whose headwaters are in northern Mexico. Elevation of this watershed ranges from 1220 

to 1950 masl. 

The precipitation in this region is approximately 321 mm, characterized by the 

North American monsoon that causes about 60% of the annual precipitation during the 

summer months. Precipitation consists almost only of rainfall with rare events of hail and 

snowfall (Goodrich et al., 2008). 

 

In 2000, a network of digital rain gauges was placed next to the analog gages. The 

new network was provided with a telemetry system for data transmission. The records are 

generated from digital weighing rain gages and consist of rainfall depths at 1 min 

intervals during rainfall. Runoff, flow data is also recorded at 1 min intervals (Nichols 

and Anson, 2008). 

 

Data acquisition 

The data used in this study was entirely obtained from the Southwest Watershed 

Research Center (SWRC), located in Tucson, Arizona. Research by SWRC is conducted 

at the Walnut Gulch Experimental Watershed (WGEW) near Tombstone, Arizona (since 

1953) and at the Santa Rita Experimental Range (SRER) south of Tucson (since 1975). 

These data can be obtained in a variety of formats and over various time intervals 

though a web interface at http://www.tucson.ars.ag.gov/dap/. 

 

A preliminary selection of watersheds in the WGEW was carried out based in the 

classification of large, medium and small watersheds (Stone et al., 2008). A further 

selection was done of those watersheds based in three criteria: recording continue to 

present, non-urbanized, and digital records were available. Five watersheds in the Walnut 

Gulch Experimental Watershed were selected that met these criteria. 

 

In the Santa Rita Experimental Range (SRER) five watersheds were initially 

selected based in uninterrupted records for rainfall and runoff events. Initially, ten 

watersheds were selected for this study, but these ten watersheds were later reduced to 

seven. The reasons are that watershed SR5 in the SRER showed a discrepancy with the 

delineation previously reported. Two additional watersheds SR1 and SR2 showed that the 

berms had been bridged. This was confirmed by field inspection. 

 

The seven selected watersheds are the following: SR3, SR4, WG102, WG 103, 

WG 104, and WG 112. The areas of the SRER watersheds are indicated by Polyakov et 

al. (2010). The areas of the WGEW were obtained directly from the GIS data layers 

provided by Southwest Watershed Research Center (SWRC).  
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Table 1 Watersheds Studied 

SRER WGEW 

SR 3 SR 4 WG 102 WG 103 WG 104  WG 106 WG 112 

2.77 ha 1.96 ha 1.78 ha 3.71 ha 4.37 ha 0.33 ha 1.88 ha 

 

Watershed characteristics of Walnut Gulch Experimental Watershed (WGEW) 

were extracted from Digital Elevation Models (DEM) at 1 meter resolution, provided by 

the Southwest Watershed Research Center (SWRC). 

Watershed characteristics of the Santa Rita Experimental Range (SRER) were 

extracted from Digital Elevation Models (DEM) at 1 meter resolution, provided by Pima 

County. In addition, this effort was supported by aerial photographs taken in 1994, 

topography maps with contour intervals of 0.5 m and DEMs at 6 meter resolution. 

The analysis of the watersheds was carried out using AutoCAD© and Global 

Mapper © (mention of a proprietary product does not constitute an endorsement by the 

authors and does not imply exclusions of other products that may also be suitable). 

 For each watershed, the area, longest hydraulic length, watershed slope, drainage 

densities were extracted from the DEM’s. The Curve Numbers were obtained for SRER 

and WGEW from the Regional Flood Control District (RFCD), Pima County, 2009.  

 

Lag Time definitions 

 

According to Snyder, the term Lag Time was introduced by W.W. Horner and F. 

L Flynt in their study of relations between rainfall and runoff from small urban areas 

(1936), two years earlier than Snyder’s paper.  

Horner and Flynt (1936), originally coined the term “lag”, defined as “the time 

difference in phase between salient features of curves of rainfall and runoff or as the 

center of mass of rainfall to center of mass of runoff.” 

 

However, Snyder (1938) wrote in his paper that the term Lag time definition shall 

be different. Snyder states that “As used in this paper the term Lag is defined as the time 

between center of mass of surface-runoff- producing rain of a specified time of storm and 

the occurrence of resulting peak discharge at the location being studied.” (Page 448 of 

file attached.). Hence, it appears that Snyder created the second definition of Lag Time. 

There are several definitions of lag time, depending on what particular time 

period is used to describe the occurrence of unit rainfall and runoff (Dingman, 1994; 

Singh, 1988; Ponce, 1989; McCuen, 2009).  

For instance, Singh (1989) presents nine definitions of Lag Time and five 

definitions of Time of Concentration.  

Also Hall (1984), states that one of the most critical dimensions to derive the 

shape of the hydrograph is the lag time. He presents a figure with seven definitions of lag 

time, including the time to peak and adds that, perhaps, the most extensively used of 

these time parameters is lag time defined as the time interval between the center of mass 

of the rainfall excess and the center of mass of the direct runoff hydrograph.  
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Evaluated Equations 

The evaluated equations were taken mainly from Singh (1988). Two additional 

equations were included in the analysis: Putnam (Haan et al., 1994) and Simas-Hawkins 

equation (Simas, 1996).  

These equations were divided into two groups:  

1) From Centroid of Effective Rainfall to Centroid of Runoff, and  

2) From Centroid of Effective Rainfall to Peak of Runoff 

 

Table 2 Lag Time Equations 

1) From Centroid of Effective Rainfall to 
Centroid of Runoff 

 2)From Centroid of Effective Rainfall to Peak 
of Runoff 

 

Clark (1945) 

  *
1
 

Snyder (1938) 
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 Snyder (19380 and Linsley (1943) 

equations are exactly the same. The only 

difference is in the C coefficients. 

For Snyder’s equation C is (1.8-2.2) and 

for Linsley’s equation C is (0.3-1.2) 
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Table 2 Lag Time Equations (Continuation) 
1) From Centroid of Effective Rainfall to Centroid of Runoff 
 

Wu (1963) 
 

 

Bell (1967) 

 

 

Kennedy and 

Watt (1967) 

 

 

Cordery (1968) 

 

 

 

Wu (1969) 

 
 

Bell and kar 

(1969) 

 

Rao and Delleur 

(1974) 

 

Rao and Delleur 

(1974) 

 

Rao and Delleur 

(1974) 

 

Boyd (1978) 

 

 

Boyd (1978) 

 

 

 

Putnam (1972) 

 

 

 

Simas and 

Hawkins (2001) 

 

 

 

In the first group there are 21 equations while in the second group there are 7 

equations. It is interesting to point out that among the most used equations, such as the 

SCS is in the second group.  

 

Since these equations are based in different timing concepts, the interchangeable 

application of these equations, using any time parameter without any further adjustment, 

shall lead to incorrect results.  
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The first definition of Lag time is defined as the time elapsed between the center 

of mass of effective rainfall and the center of mass of the direct runoff hydrograph, as 

shown in next figure.  

 

 

 

 

   Fig E.3 Centroid to Centroid (C precip –C runoff) 

 

The centers of mass are to be determined in the first definition for both, the runoff 

and the effective rainfall.  

The second definition of Lag Time is the time between the center of mass of the 

effective rainfall and the peak of the direct runoff hydrograph, see next figure. 

 

 

 

 

 

Fig. E.4 Centroid to Peak (C precip-P runoff) 

 

In this second definition, the center of mass of the effective rainfall must be 

determined as well and the peak of the runoff is the highest point in the hydrograph. 

The Lag Time period between the center of mass of the rainfall excess and the 

center of mass of the direct runoff hydrograph has at least twenty one (21) equations to 

estimate this lag time interval.  

This method has three times more equations than the former one. It appears this 

method has received the most interest and preference from researchers. The U.S. 

Geological Survey (USGS) runoff studies, according to Granato (2012), commonly use 

the definition of Lag Time, as the period between the center of mass of the rainfall excess 

and the center of mass of the direct runoff hydrograph. There are at least twenty one 

equations to estimate this lag time interval. 

On the other hand, the equation of the Soil Conservation Service is based in the 

definition of definition of Lag Time as the interval between the center of mass of the 

rainfall excess and the peak of the direct runoff hydrograph. There are at least seven 

equations to estimate this lag time. 

Based on this research, the first definition is the most stable and consistent. 

Furthermore, this definition has three times more equations developed than the former 

one. It appears that this definition has received the most interest and preference from 

researchers. 
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Methodology 

 

There are several models to estimate the portion of rainfall that contributes to 

direct runoff are used.  Pilgrim and Cordery (1993) show four models to compute this 

direct runoff: a) constant fraction, b) constant loss rate, c) initial loss and constant loss 

rate, d) infiltration curve. There is and additional model of initial loss and constant 

fraction mentioned by Hill et al. (1988). 

 

In this study, effective rainfall was computed in two ways, by an initial loss 

followed by a continuing loss rates and by an initial loss followed by a loss proportional 

to the rainfall intensity. 

 

The initial loss, thus the initial abstraction has been assumed as all rainfall that 

occurred prior to the start of direct runoff. Two methods were applied to estimate soil 

infiltration losses. The first is the the constant percentage method and the second one is 

the  phi index method. 

The constant percentage method, the losses are proportional to the rainfall 

intensity (McCuen, 1989). 

The phi-index method (ϕ) equals the average rainfall intensity above which the 

volume of rainfall excess equals the volume of direct runoff.  

 

There is some difficulty in determining the centers of mass, specifically for the 

phi-index method (ϕ), because it has to be determined by trial and error. This was a time 

consuming process, particularly when hundreds of hydrographs were to be processed. It 

is a painstaking task. This was true before computers became popular. 

 

Presently, for instance excel, can perform such excruciating task in the blink of an 

eye. No need to write special programs and deal with special designed menus and 

explanatory manuals. The technology and software is available to us to determine centers 

of mass. 

 

For each watershed, the events that generated runoff were matched with the 

corresponding rainfall events. Then, a preliminary selection of events was carried out for 

all those events where total depth of rainfall over storage was greater than a threshold 

value of 0.4  

 

Subsequently, if the events presented a long time of response of more than 30 

minutes, these events were eliminated and a further selection was carried out. 

Furthermore, the rainfall-runoff events were discarded, due to inconsistency between the 

time of rainfall and runoff, when the hydrographs started before the hyetographs. 

 

All events were visually inspected and any event that did not give a clear 

measurement of lag time was excluded from the analysis. 
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For each selected event within a watershed, the lag time was measured. Then the 

median lag time was determined for the watershed using the measured lag time of each 

event 

 

For the two watersheds in the SRER there were 1464 rainfall events and 271 

runoff events.  

 

For the WGEW there were 2692 rainfall events 383 runoff events that were 

selected, as shown in table below. 

 

Table 3 Summary of Rainfall and Runoff Events for Selected Watersheds 

 

SRER Start Date End Date

Santa Rita 6/17/2000 3/21/2011 10 years

Rainfall 

events

Runoff 

events

Selected 

events

Revised 

events

Total 

events

SR3 730 121 44 27 71

SR4 734 150 61 44 105

Total = 1464 271 105 71 176

WGEW Start Date End Date

Walnut Gulch 3/16/1999 2/27/2011 11 years

Flume
Rain 

gage

Rainfall 

events

Runoff 

events

Selected 

events

Revised 

events

Total 

events

103 83 881 88 20 14 34

(104) 102 384 884 79 15 10 25

(104) 106 384 884 89 32 13 45

104 384 884 73 14 6 20

112 82 927 54 15 14 29

Total = 2692 383 96 57 153

Note: The total amount of 2692 does not take into account the events of 
watersheds 102 and 106 because these are nested watersheds within 
watershed 104  

 

 

For the SRER, the selected events amounted to 105 and for the WGEW were 96. 

Hence, a total of 201 events for both sites were used to carry out a more detail analysis of 

lag times in this dissertation. 
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Results 

 Table 4 Lag Times for Centroid of Effective Rainfall to Centroid of Runoff 
Lag Time (in minutes)

C-C

From Centroid of Effective Rainfall to Centroid of Runoff

SR 3 SR 4 WG 102 WG 103 WG 104 WG 106 WG 112

Area (ha) *2 Area (ha) 2.77 1.96 1.78 3.71 4.37 0.33 1.88

Watershed area in square miles *3 A 0.011 0.008 0.007 0.014 0.017 0.001 0.007

Mainstream Length in miles L 0.183 0.166 0.112 0.201 0.178 0.025 0.095

Slope of mainstream (ft/mile) Sc 126.191 190.620 415.181 190.720 261.659 399.121 446.832

Slope of mainstream (ft/ft) 0.024 0.036 0.079 0.036 0.050 0.076 0.085

Average width of watershed (miles) W 0.053 0.037 0.048 0.060 0.078 0.026 0.046

Average width of watershed (ft) 278.636 195.383 251.246 316.249 412.297 136.191 241.265

Watershed Lag Ratio Lr

Average Overland Slope (parts 10,000) ft/ mile So aka R 335.607 251.187 350.474 280.013 404.672

Mainstream slope cal by eq A(ft/mile) Sa 126.191 190.620 415.181 190.720 261.659 399.121 446.832

Dimensionless factor (ratio area lakes...) Sb - - - - - - -

Percentage Impervious Area Ia - - - - - - -

Mean Basin slope in ft per mile S 125.728 180.604 405.635 187.831 270.977 385.242 401.530

Runoff curve number CN 84.7 85.20 85.10 83.60 81.60 86.10 81.4

Curve Number Source: Memo from Regional Flood Control Districts (RFCD), Pima County, 10/2/2009

Manning's Roughness Coefficient (25 yr) Manning's C 0.0445 0.0446

Snat   

S=(1000/CN)-10 1.806 1.737 1.751 1.962 2.255 1.614 2.285

Observed Lag Time    

(Ia+ prop)

Median 

value (min)
5.0 4.0 4.0 5.6 4.1 4.1 3.1

Observed Lag Time    

(Ia+ phi Index)

Median 

Value (min)
6.7 5.3 4.5 7.2 5.5 6.6 4.7

1
Clark 

(1945)
K є [0.8, 2.2] 1.5 1.1 0.5 1.3 1.0 0.1 0.4

K є [0.8, 2.2] 2.1 1.6 0.7 1.9 1.5 0.2 0.6

2
Linsley 

(1945) 
n.a (1) 0.10 0.06 0.03 0.10 0.09 0.00 0.02

3
Mitchell 

(1948)
K = 1.05 4.1 3.4 3.2 4.9 5.4 1.2 3.3

4

Johnstone 

and Cross 

(1949) 

K = 1.5 3.8 2.6 2.1 3.2 3.1 1.9 2.1

5
Eaton 

(1954)
K = 1.2

6
O’Kelly 

(1955)

7
Dooge 

(1955)
K є [ 10, 13 ] 10.8 15.1 13.3 7.8 10.0

8

Hoyt and 

Langbein 

(1955)

K є [1, 3 ] 14.6 12.8 12.3 16.5 17.6 6.3 12.6

ScAKLT L /

6.0KAT L

ScKLT L /

S

W
KT L 90

31)/(( LrWAKT L

d

L KST 0

oL SKAT /25.0

4.0KAT L

Eaton’s equation is incorrectly listed in Singh’s book not only in terms 
of coefficient, exponents and tersm, but also as Lag Time definition

dSNo 0

Unable to locate it.
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Table 4 Lag Times for Centroid of Effective Rainfall to Centroid of Runoff (cont.) 

9
Nash 

(1960)
K = 27.6 1.1 1.5 1.4 0.7 1.0

K =20 146.0 123.9 85.1 131.1 113.9 54.9 79.0

10
Carter 

(1961) 
K = 1.7 5.1 4.2 2.6 4.7 4.0 1.1 2.3

11

Morgan & 

Johnson 

(1962) 

t2= n.a.           

K = 2.8,         K 

= 105

11.0 9.0 8.5 13.2 14.5 3.1 8.7

12 Wu (1963) K = 780 6.5 3.0 1.5 4.1 3.6 3.1 1.8

13 Bell (1967) K = [0.5, 3] 23.4 21.0 20.3 25.9 27.3 11.7 20.7

K = [0.5] 6.7 6.0 5.8 7.4 7.8 3.3 5.9

14

Kennedy 

and Watt 

(1967)

K = No info n.a n.a n.a n.a n.a n.a n.a

15
Cordery 

(1968)
K = No info 

16 Wu (1969) K = No info 21.1 19.5 19.1 22.6 23.5 13.0 19.3

17
Bell and 

kar (1969)
K = No info 13.4 12.0 11.6 14.8 15.6 6.7 11.8

18

Rao and 

Delleur 

(1974)

3.0 2.5 2.1 3.4 3.6 0.8 2.2

Rao and 

Delleur 

(1974)

2.7 2.2 1.9 3.1 3.3 0.8 2.0

Rao and 

Delleur 

(1974)

4.7 4.0 3.8 5.5 6.0 1.6 3.9

19
Boyd 

(1978)
--- --- --- --- --- --- ---

Boyd 

(1978)
26.8 23.6 22.7 30.0 32.0 12.0 23.2

20
Putnam * 

(1972)
1.12 0.87 0.48 0.95 0.77 0.23 0.43

18.3 13.7 14.2 19.0 22.2 9.7 14.9

A= Acres,   W= feet,   Slope = longest flow path length in ft/ft, Snat Storage Coeff (inches) used in CN method

 Simas and 

Hawkins 

(2001)21
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Table 4 Lag Times for Centroid of Effective Rainfall to Centroid of Runoff (cont.) 

 

Area (acres) *
1

Flood Control District, Pima County, Memo to file

Area (km2) *
2

Polyakov et. Al. Runoff and Sediment Yields from Semiarid watersheds

Where: 
A =   watershed area in square miles
Am = area in square kilometers
Dr =  duration of the effective rainfall in hours
Ia =   percentage impervious area
Note: Ia is not initial abstraction
Id =  depth of the effective rainfall in millimeters
K =   constant
L =   mainstream length in miles
Lr =  watershed lag ratio
nm = manning roughness coefficient
r =   branching sector
S =   mean basin slope in feet per mile
Sa = mainstream slope calculated by equal area method in feet per 
mile

Sb =  dimensionless factor representing the 
ratio of area Ab of lakes, marshes and ponds in 
the upper two thirds of the watershed to the 
watershed area, 

Sb = 1+ 20(Ab/A)
Note: Ab is NOT in the list
Sc = mean slope of the mainstream in feet per 
mile
Sd = measure of overland slope, a 
dimensionless ratio
So = average overland slope in parts per 10,000
T2  =   NOT in the list (equation 11)
TL = Lag Time in hours, according to the 
definition of centroid to centroid
(2u-1) = total number of interior and exterior 
links in the channel network
W= average width of watershed in miles

Where: 
in Putnam equation (20)
L = Length of main water course in miles 
S =   main stream slope in ft per mile
Note: Ia is not initial abstraction
Ia is the fraction of impervious area

Taken from:
C.T. Haan et. al. 1994. Design Hydrology and 

Sedimentology for Small Catchments.
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Table 5 Lag Times for Centroid of Effective Rainfall to Peak of Runoff 
Lag Time (in minutes)

C-P

From Centroid of Effective Rainfall to Peak of Runoff

SR 3 SR 4 WG 102 WG 103 WG 104 WG 106 WG 112

Area (acres) *1 Area (Ac) 6.81 4.88 4.41 9.17 10.82 0.83 4.6

Area (ha) *2 Area (ha) 2.77 1.96 1.78 3.71 4.37 0.33 1.88

Watershed area in square miles *3 A 0.011 0.008 0.007 0.014 0.017 0.001 0.007

Length of the main channel in miles L 0.183 0.166 0.112 0.201 0.178 0.025 0.095

Lc (miles) 0.101 0.103 0.072 0.120 0.108 0.025 0.079

Soil cover parameter M - - - - - - 0.000

Average watershed slope in percent % So 2.38 3.42 7.68 3.56 5.13 7.30 7.60

Drainage density D 0.038 0.040 0.047 0.03 0.043 0.02 0.026

Drainage density (ft/ acre) 499.541 533.117 618.118 408.72 577.145 322.26 346.215

Watershed width W 0.053 0.037 0.048 0.06 0.078 0.03 0.046

Average width of watershed (ft) 278.636 195.383 251.246 316.249 412.297 136.191 241.265

La n.a. n.a. n.a n.a n.a. n.a. n.a.

Hydraulic length of watershed (ft) Lw 1064.623 1087.97 763.869 1263.757 1143.461 265.478 839.194

Runoff curve number CN 84.7 85.20 85.10 83.60 81.60 86.10 81.4

Curve Number Source: Memo from Regional Flood Control Districts (RFCD), Pima County, 10/2/2009

Lc (ft) 532.31 543.99 381.93 631.88 571.73 132.74 419.60

Observed Lag Time 

(Ia + prop)

median 

value (min)
4.3 3.2 2.8 2.8 3.1 2.0 2.6

Observed Lag Time 

(Ia + phi Index)

median 

value (min)
6.5 3.5 3.4 4.4 4.0 3.6 3.1

1
Snyder 

(1938)
Ct є [1.8, 2.2] 36.2 35.4 28.3 39.2 36.7 13.1 27.7

2
Linsley 

(1943)
Ct є [0.3, 1.2] 13.6 13.3 10.6 14.7 13.8 4.9 10.4

3

Taylor and 

Schwarz 

(1952)

4
Mockus 

(1957)

5

Hickok, 

Keppel, and 

Rafferty 

(1959)

C=106 

length in ft, 

slope in %, 

lag time in 

min, D = ft 

per acre

13.8 10.2 5.9 12.1 9.1 5.5 7.1

Hickok, 

Keppel, and 

Rafferty 

(1959)

C=23   

length in ft, 

slope in %, 

lag time in 

min, D = ft 

per acre

20.3 17.2 11.9 20.0 16.1 11.4 14.7

6
Eagleson 

(1962)
n.a n.a n.a n.a n.a n.a n.a

7

Soil 

Conservation 

 Service 

(1975)

11.1 9.3 4.7 10.8 8.9 2.0 5.7

Mean travel distance in feet equal to 

portion of sewer which flows full

Distance in miles up the main stream 

to the center of basin (in miles)

Distance in ft up the main stream to 

the center of basin (ft)
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Table 5 Lag Times for Centroid of Effective Rainfall to Peak of Runoff (Cont.) 

Where:

CN =  runoff curve number
D = Drainage density
Note: Drainage density refers to drainage density of total leght of channels 
per unit area, feet per acre, in the equation from Hickok, Keppel, and 
Rafferty (1959).

Note: There is a D in the Taylor and Schwarz (1952) equation as shown in 
above table. However, in their original papper, the equation is different and 
there is no D coefficient.
For more information, see Appendix E.

L  =     Length of the main channel in miles
La =   Mean travel distance in feet equal to that portion of the sewer which 
flows full
Lc =    Distance in miles up the main stream to the center of the area
Lw =   Hydraulic length of watershed in feet (Length of drainage basin)
M  =   Soil cover parameter
nm  =   Manning’s roughness factor
Ra  =   Weighted hydraulic radius in feet of the main sewer flowing full (not 
applicable)
S   =   Average channel slope
So  =  Average watershed slope in percent 
Sa  =  Weighed slope of the main sewer in feet per foot
W =   Watershed width 
Sw= Overall slope of L measured from gauging station or point of interest 
to drainage divide basin, in feet per mile (Bureau of Reclamation)

S= Average  basin 
slope in percent
S in metric = m/m
S in US units is in %

 
 

In this set of equations, the closest results to the observed values of lag time 

correspond to the Soil Conservation Service Equation.  

 The closest Lag time is to the Ia + Phi Index. But this is by a factor of 1.7 

 

The added value of this dissertation is not in choosing one equation as the best 

one. An equation cannot be chosen since the method for determination of centers of mass 

is unknown in most cases.  

 

The added value is this realization. 

To choose an equation would mean to fall in the same fallacy, it is being attempting to 

avoid. Without having information about the method used to determine centers of mass, it 

is an exercise in futility to attempt to extract conclusions regarding the validity or 

applicability of the equations. 

 

Comments 

 

The lag time defined as the time between the centroid of the effective rainfall and 

the peak of direct runoff shows more variability than the other definition of lag time from 

centroids of effective rainfall and direct runoff (Singh, 1988).  

This lag time definition as the time elapsed from the centroid of effective rainfall 

to the peak of runoff shows, to some extent, negative values. 
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Lag times were different when centroids were determined by the two following 

methods: 

 a) An initial loss followed by a continuing loss rates, and 

 b) An initial loss followed by a loss proportional to the rainfall intensity. 

 

The following figure shows a negative value for lag time when measured from 

peak of runoff to centroid of effective precipitation. 

 

Table 6 Negative values of Lag Time from Centroid of Precipitation to Peak of Runoff 
7/13/2004 Time variables

Peak Runoff 

(mm/hr)

Peak 

Time 

(min)

Centroid P 

(min)

Cent Runoff 

(min)

Cent Runoff 

(mm/hr)

Lag Time 

Pr-Cp

Lag Time 

Cr-Cp

78.1 6.5 10.6 13.6 61.56 -4.1 3.0

Runoff Centroid

13.6 0.25

Centroid Calculation Centroid Calculation 13.6 100.00

EFFECTIVE RAINFALL RUNOFF Precip Centroid

1096.8 11597.8 1096.7 14898.1 10.57 0.25

Area d Area* d Area d Area* d 10.57 100.00

29.99 0.50 14.995 0.0013 0.125 0.000

34.28 1.50 51.413 0.0050 0.375 0.002

51.41 2.50 128.531 0.0300 1.000 0.030

94.26 3.50 329.897 0.0125 1.625 0.020

132.82 4.50 597.670 0.0238 1.875 0.045

98.54 5.50 541.973 0.0413 2.125 0.088

81.40 6.50 529.120 0.0650 2.375 0.154

55.70 7.50 417.727 0.1575 2.625 0.413

38.56 8.50 327.755 0.6175 2.875 1.775

42.84 9.50 407.015 1.7188 3.125 5.371

29.99 10.50 314.902 3.1463 3.375 10.619

55.70 11.50 640.514 4.7625 3.625 17.264

64.27 12.50 803.320 6.4600 3.875 25.033

25.71 13.50 347.034 8.3738 4.125 34.542

12.85 14.50 186.370 10.6000 4.375 46.375

17.14 15.50 265.631 12.5925 4.625 58.240

8.57 16.50 141.384 14.7663 4.875 71.985

12.85 17.50 224.930 16.8963 5.125 86.593

17.14 18.50 317.044 18.2713 5.375 98.208
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 Negative values are resulting when the timing of the peak of runoff occurs at an 

earlier time than the center of mass of the effective rainfall and is even more acute when 

the peak of the effective rainfall takes place early and almost as quickly as the runoff 

event. 
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 Thus, the level of reliability is weak for lag time measured from the center of 

mass of the effective rainfall to the peak of the runoff.  

 

 In the case of the lag time measured from the center of mass of the effective 

rainfall to the center of mass of the runoff, there is a sound consistency.  

 

Table 7 Observed Negative Values in the Lag Time Cp – PR 

 

            

 

  
 

 
    

 
  

 
  

 
    

 
  

 
  

 
    

 
  

 
  

 
    

 
  

 
Ia + Proportion Ia + Phi Index 

Watershed 
Number Total  % Number Total  % 

SR 3 5 44 11 2 44 5 

SR 4 15 61 25 7 61 11 

 
      

  
  

WG 102 2 15 13 0 15 0 

WG 103 3 20 15 1 20 5 

WG 104 3 14 21 0 14 0 

WG 106 13 32 41 2 32 6 

WG 112 4 15 27 1 15 7 

 

Not in one single case, in all the events for all the watersheds under study, a single 

negative value was detected. The consistency of this lag time definition is high and it is 

soundly reliable. 

 

Conclusions 

 

Climatic characteristics of the SRER and the WGEW are similar to other areas of 

the American Southwest and Northern Mexico so that research findings from hydrologic 

research have broad geographical applicability. 

 

The lag time that shows the least variation is the period measured from the 

centroid of effective rainfall to the centroid of direct runoff. 

 

Since both groups of equations are based in different time variables, the 

interchangeable application of these two groups of equations, using any time parameter 

without any further adjustment, shall lead to incorrect results.  
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Abstract 

 

There are various definitions for Lag Time and different variables are often used 

to estimate this time parameter. In Lag time determination, centers of mass play a central 

role. This study was carried out for seven small watersheds in the Southwestern United 

States. The size of these watersheds range in size from 0.33 to 4.37 ha. The evaluation 

period goes from 2000 to 2010.  

There also various methods to estimate centers of mass. This study found out that 

depending of the loss model chosen to estimate rainfall excess, it shall influence the 

determination of center of mass and hence the lag time.  

Some negative values were obtained for lag time when measured from peak of 

runoff to centroid of effective rainfall. However, in the definition of lag time from 

centroid of effective rainfall to centroid of direct runoff, negative values did not come up.  

Time parameters and determination of centers of mass, currently lacks 

commonly-accepted standard definitions. This has become a source of profound 

confusion to the point where teams of scientists writing about and discussing 

hydrological Time Parameters can be compared to the aftermath at the Tower of Babel.  

 

Introduction 

 

There are several definitions of lag time, depending on what particular time 

period is used to describe the occurrence of unit rainfall and runoff (Dingman, 1994; 

Singh, 1988; Ponce, 1989; McCuen, 2009).  

 Centers of mass are calculated to determine time intervals in runoff hydrographs 

in relation to effective rainfall. 

Is the position of the center of mass influenced by the model chosen to estimate 

rainfall losses? Are these centers of mass always the same? There should be only one 

center of mass? Does it matter the method used to determine the center of mass?  

Can we establish reliable comparisons when the method was not stated or when 

two different methods were applied? 
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This paper shows that different centers of mass are obtained depending on the 

rainfall loss method used to obtain direct runoff. 

Consequently, if the rainfall loss method is not specified, then the corresponding 

centers of mass obtained cannot be properly compared with other center of mass where 

the loss method is unknown or unspecified.  

 

Case Studies  

Two sets of watersheds were included in this study: the Santa Rita Experimental 

Watershed (SRER) and the Walnut Gulch Experimental Watershed (WGEW).  

 

The Santa Rita experimental Range (SRER) 

 

The Santa Rita experimental Range (SRER) is located about 50 km south of 

Tucson, Arizona and about 50 km from the US-Mexico border. This area is a sample of 

about 8 million hectares of semi-desert grass-shrub lands in Southern Arizona, New 

Mexico, Texas and Northern Mexico, (Lane, 2001). Elevation ranges from about 900 to 

1,400 m.  Along this gradient, average annual precipitation goes from 275 to 450 mm 

(McClaran, 2003).   

 

 The SRER engaged in a project to upgrade rainfall and runoff analog instruments 

to digital devices in 1996. This effort became known as the Southwest Watershed 

Research Center Data Access Project (DAP) and it is explained in detail by Nichols and 

Anson (2008). These measuring instruments were replaced by digital devices in 2000. 

These digital devices are linked with radio telemetry to remotely transmit recorded data 

to a central computer.  

 

Walnut Gulch 

 

The Walnut Gulch Experimental Watershed (WGEW) located near the city of 

Tombstone was established by the United States Department of agriculture to carry out 

hydrologic and erosion research in 1953 (Renard et al., 2008). This watershed is located 

in Southeastern Arizona being tributary of the San Pedro River whose headwaters are in 

northern Mexico.  

 

Elevation of this watershed ranges from 1220 to 1950 masl. The precipitation in 

this region is approximately 321 mm, characterized by the North American monsoon that 

causes about 60% of the annual precipitation during the summer months. Precipitation 

consists almost only of rainfall with rare events of hail and snowfall (Goodrich et al., 

2008). 

 

In 1999, a network of digital rain gauges was placed next to the analog gages. The 

new network was provided with a telemetry system for data transmission. The records are 

generated from digital weighing rain gages and consist of rainfall depths at 1 min 

intervals during rainfall. 
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Data Acquisition 

 

The data used in this study was entirely obtained from the Southwest Watershed 

Research Center (SWRC), located in Tucson, Arizona. Research by SWRC is conducted 

at the Walnut Gulch Experimental Watershed (WGEW) near Tombstone, Arizona (since 

1953) and at the Santa Rita Experimental Range (SRER) south of Tucson (since 1975). 

These data can be obtained in a variety of formats and over various time intervals 

though a web interface at http://www.tucson.ars.ag.gov/dap/. 

The seven selected watersheds are the following: SR3, SR4, WG102, WG 103, 

WG 104, and WG 112. The areas of the SRER watersheds are indicated by Polyakov et 

al. (2010). The areas of the WGEW were obtained directly from the GIS data layers 

provided by Southwest Watershed Research Center (SWRC).  

 

Table 1 Watersheds Studied 

SRER WGEW 

SR 3 SR 4 WG 102 WG 103 WG 104  WG 106 WG 112 

2.77 ha 1.96 ha 1.78 ha 3.71 ha 4.37 ha 0.33 ha 1.88 ha 

 

Lag Time Definitions 

 

Horner and Flynt (1936), originally coined the term “lag”, defined as “the time 

difference in phase between salient features of curves of rainfall and runoff or as the 

center of mass of rainfall to center of mass of runoff.”  

 

Lag time is defined in at least nine different ways (Singh, 1988). 

 t1 Lag time:  Time interval between the centroid of effective rainfall and the centroid 

of direct runoff. 

t2 Lag time:  Time interval from the centroid of the effective rainfall of effective 

rainfall and peak of direct runoff. 

t3 Lag time:  Time interval between the beginning of effective rainfall and the 

centroid of direct runoff. 

t4 Lag time: Time interval between the beginning of direct runoff and the end of 

direct runoff or the time base of direct runoff hydrograph. 

t5 Lag time:  Time interval between the beginning of effective rainfall and the time 

when 50 percent of direct runoff has passed the gaging station. 

t6 Lag time: Time interval between the centroid of effective rainfall and the point of 

contraflexure on direct runoff recession. 

  (or time to peak) 

t7  Lag time:  Time interval between the beginning of effective rainfall and the peak 

of direct runoff. 

t8 Lag time:  Time interval between the centroid of effective rainfall and the time 

when 50 percent of direct runoff has passed the gaging station. 
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t15 Lag time:  time interval between 50 percent of effective rainfall and 50 percent of 

direct runoff. 

 

There are various definitions for Lag Time and different variables are often used 

to estimate it. Sometimes some of these definitions are also used to designate Time of 

Concentration (McCuen, 2009). Due to the variability of these definitions Time of 

Concentration has been identified as a paradox in modern hydrology (Grimaldi et. al, 

2012). 

Lag Time measured between the centroid of the hyetograph of excess rainfall and 

the peak of runoff has the advantage that it can be measured fairly easy from the rainfall-

runoff data as mentioned by Bell and Karr (1969).  

 

 

 

 

 

 

 

 

 

 

 

 

Fig 1 Lag Time from centroid of hyetograph to centroid of runoff 

 

But, these researchers state further that the Lag time defined as the time interval 

from the centroid of the effective rainfall of effective rainfall and the centroid of direct 

runoff has been claimed to be more consistent. Singh (1988) also points out that this 

definition of Lag time as the time difference between the centroid of effective rainfall and 

that of direct runoff appears to be the most stable.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 2 Lag Time from centroid of hyetograph to peak of runoff 
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Methodology 

 

In this study, the evaluated equations were taken mainly from Singh (1988). Two 

additional equations were included in the analysis: Putnam (Haan et al., 1994) and Simas-

Hawkins equation (Simas, 1996).  

 

The evaluated equations were divided into two groups:  

3) From Centroid of Effective Rainfall to Centroid of Runoff, and  

4) From Centroid of Effective Rainfall to Peak of Runoff 

 

There are several models to estimate the portion of rainfall that contributes to 

direct runoff.  Pilgrim and Cordery (1993) show four models to compute this direct 

runoff: a) constant fraction, b) constant loss rate, c) initial loss and constant loss rate, d) 

infiltration curve.  

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

 

Fig 3 Loss Models to estimate rainfall excess (Pilgrim and Cordery, 1993) 

 There is and additional model identified as of initial abstraction and proportional 

loss model by Hill et al. (1998). The proportional loss is a constant fraction of the rainfall 

after surface runoff has commenced. 

 

 
 
 
 
 
 

 

Fig 4 Initial Abstraction plus proportional Loss Models 
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Determination of Centers of Mass 

 

The first definition of Lag time is defined as the time elapsed between the center 

of mass of effective rainfall and the center of mass of the direct runoff hydrograph, as 

shown in next figure.  

 

 
    Fig 5 Centroid to Centroid (C precip -Crunoff) 

 

The centers of mass are to be determined in the first definition for both, the runoff 

and the effective rainfall.  

The second definition of Lag Time is the time between the center of mass of the 

effective rainfall and the peak of the direct runoff hydrograph, see next figure. 

 

 
 

Fig. 6 Centroid to Peak (C precip-Prunoff) 

 

In this second definition, the center of mass of the effective rainfall is to be 

determined as well. The peak of the runoff is the highest point in the hydrograph. 

Then an explanation is in place of how the center of mass was determined. After 

this explanation, it will be shown that different center of mass are obtained depending on 

which method, constant fraction or phi index method, is used to estimate the 

corresponding centers of mass. 

The center of mass or centroid is critically related to the determination of moment 

of inertia. The moment of inertia in the effective rainfall and runoff hydrograph is the 

timing of this variable. In other words, this time variable is the distance, time elapsed, 

from the origin of the coordinates to the time of the center of mass, either in the runoff 

hydrograph or in the effective rainfall.  
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Fig 7 Example of Calculation of centroid 
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In order to calculate the moment of inertia, the location of the centroid must be 

known. For a complex figure, the overall centroid is calculated by breaking it into smaller 

objects using a weighted average, by area. 

To estimate the center of mass, the following steps were followed: 

First, a point of origin was determined as the starting point of the rainfall.  

Second, the areas of each time interval were estimated.  

 

Sum of Areas = 2 + 3 + 5 + 4 + 8 + 6 + 4 + 2 = 34  

 

Third, the distance from the center of mass of each rainfall interval was measured 

relative to the y axis, the point of origin of rainfall. 

Fourth, the area of each time interval was multiplied by the distance to the point 

of origin, hence the first moment was obtained: Area of interval x distance 

 

Sum of Moments = 2 x0.5 + 3 x1.5 +5 x2.5 +4 x 3.5 + 8 x4.5 +6 x5.5 +4 x 6.5 + 

                 2 x 7.5 = 142 

Fifth, a sum of moments was performed. 

Sum of Moments = 142 

Sixth, the sum of moments was divided by the total area of the time intervals for 

effective rainfall and direct runoff.  The result is the X coordinate of the centroid. 

 

    Centroid = 142/34 

 

The lag time parameter will be the result of subtracting the centroid of runoff 

minus the centroid of effective rainfall, (CR-Cp) in the first definition.  

In the second definition, the lag time parameter will be the result of subtracting 

the peak of runoff minus the centroid of effective rainfall (PR-Cp).  

The above set of steps was followed to determine the centers of mass for four loss 

models as explained in the next section. 

A distinctive feature in the calculation of centroids in a histogram, hyetograph and 

hydrograph is the particularity that the centroid is determined only in one axis, this is the 

x axis. This feature implies that regardless the height of the bars, rain pulses or runoff 

segments might be, the location of the centroid will be in the same place, as long as the 

bars/ segments are of the same interval width and an equal number along the x-axis.  

The following example illustrates this statement. Using the previous example, the 

intervals bars are increased by a factor of ten.  Consequently, the sum of areas increases 

by a factor of ten = 340 and the sum of moments, because of the enlargement of areas, 

also increases by a factor of ten.  

Hence 1420/ 340= 4.17 which gives the same centroid location as in previous 

example, before the tenfold increase. 

This distinctive aspect can be of use for practical applications. Quite often, in 

most sites it is common to find rainfall stations than runoff gages. Therefore, there might 

be pragmatic applications that can be derived from the above observation. If the rainfall 
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is measured when applying the first model of rainfall loss, it is possible to determine the 

centroid almost directly.  

The determination of this centroid in this manner and its relationships with direct 

runoff as well as with other loss models can be of immediate practical applications to 

determine equations for hydrologic design. 

 

 Now, to illustrate how the centroid displaces to the right of the X-axis of 

time, let’s look at the same figure.  

 

8 8

7

6 6

5 5

4 4 4

3 3
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0.5 1.5 2.5 3.5 4.5 5.5 6.5 7.5

Initial Abstraction  
 

Fig. 8. Centroid determination with Initial Abstraction removed 

 

Let’s begin by including the Initial abstraction into the chart and assume that is 

taking place in the first two intervals. Thus, these two first intervals will be removed from 

the summation of areas and from the summation of moments. This is as follows: 

 

Sum of Areas = 2 + 3 + 5 + 4 + 8 + 6 + 4 + 2 = 34 – 5 = 29 

 

Sum of Moments = 2 x0.5 + 3 x1.5 +5 x2.5 +4 x 3.5 + 8 x4.5 +6 x5.5 +4 x 6.5 + 

 2 x 7.5 = 142 -5.5 =136.5 

 

Centroid = 136.5 / 29  Centroid = 4.7 

 

In the next section, the findings of determining the centroid for four different loss 

models are addressed. 
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Centroids of four Rainfall methods 

 

The centroid of effective precipitation was estimated using the following four 

models for the part of rain which does not run off. These models are:  

a) Proportional Loss  

b) Constant Loss Rate or Phi Index 

c) Initial Abstraction plus Constant Loss rate 

d) Initial Abstraction plus Proportional Loss 

  

 

 

 

 

 

 

 

 

Fig. 9 Loss models used to estimate rainfall excess (Adapted from Pilgrim and 

Cordery, 1993 and Hill et.al, 1998). 

 

a) The Proportional Loss, also called proportional distribution consist in 

allocating the losses during the rainfall event in a proportional way to the quantities of 

precipitation fallen in each time interval.  

b) The Constant Loss Rate also known as the ϕ index method is defined as 

the average infiltration capacity that, for a certain rainfall, is considered as a constant 

value in time. Above this infiltration capacity, the excess of the precipitation is 

considered as effective rainfall. This index is shown by drawing a parallel line to the time 

abscissa so that the area of the hyetograph above this line represents the effective rainfall. 

c)  The Initial Abstraction plus Constant Loss rate, here the initial abstraction 

takes place in the beginning of the precipitation event, before the start of surface runoff. 

The constant fraction is the average rate of loss through the rest of the precipitation event. 

d) The Initial Abstraction plus Proportional Loss, here also the initial 

abstraction takes place in the beginning of the precipitation event, before the start of 

surface runoff.  The constant fraction or proportional loss to the quantities of precipitation 

fallen in each time interval, as explained in a) model. 

 

The precipitation and runoff event used to estimate the centers of mass of the 

effective rainfall and the direct runoff was chosen as the date of 07/26/2003 for the SRER 

watershed 4. 

 

The centers of mass of the direct runoff for all four cases are the same, equal to 27 

minutes. In a similar way, the peak of direct runoff was determined at 24,5 minutes for all 

four cases. 
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Initial Abstraction (yellow) 

Plus Constant Loss Rate     

 

 

 

 

 

 

 

 

 

Initial Abstraction (yellow) 

Plus Proportional Loss 

 

 

 

Figure 10  Loss Models (Adapted from Pilgrim and Cordery, 1993 and Hill et.al, 1998) 
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The results of the determination of the centers of mass or centroids of the 

effective precipitation are shown in the following figure for each model. 

It can be observed that the centers of mass are different depending on what model 

is used to estimate rain losses. 

The centroid is located earlier in time in the first of the models which is the 

Proportional Loss Model. 

The centroid is located later in time in the last of the four models being the Initial 

Abstraction plus the Proportional Loss. 

 

The lag time PR-Cp from the centroid of the effective precipitation to the peak of 

the direct runoff was determined, as well as, the Lag Time CR-Cp from the centroid of the 

direct runoff to the centroid of the direct runoff. 

 

Table 2 Centroids of Effective Rainfall, Rainfall Excess and Direct Runoff 

7/26/2013 Loss Models 

SR 4 

P
ro

p
o
rt

io
n
al

 L
o
ss

 

C
o
n
st

an
t 

L
o
ss

 R
at

e 

In
it

ia
l 

A
b
st

ra
ct

io
n
 

p
lu

s 
C

o
n
st

an
t 

L
o
ss

 

ra
te

 

In
it

ia
l 

A
b
st

ra
ct

io
n
 

p
lu

s 
P

ro
p
o
rt

io
n
al

 

L
o
ss

 

 

 

Time Variables and time Parameters 

Centroid Direct Runoff (min) 27 27 27 27 

Peak of Direct Runoff (min) 24.5 24.5 24.5 24.5 

Centroid Effective Precipitation (min) 18.9 21.2 21.5 22.7 

Lag Time PR – Cp (min) P runoff – C precip. 5.6 3.3 3.0 1.8 

Lag Time CR – Cp (min) C runoff – C precip. 8.1 5.8 5.5 4.3 

 

 

It can be seen, in the table above, that the shortest lag times are when lag is 

measured from the centroid of effective precipitation to the peak of runoff. These times 

are of longer duration when the centroid of precipitation is determined by proportional 

loss method, in descending order, from 5.6 minutes to 1.8 minutes being the shortest 

duration, when the method of Initial Abstraction and proportional Loss is applied. 

 

The same can be observed in the case of Lag Time CR- Cp. 

 

The longest durations for this definition of Lag Time is when the centroid of the 

effective precipitation is determined through the Proportional Loss Method. These times 

become shorter from 8.1 minutes to 4.3 minutes when the Initial Abstraction plus 

Proportional Loss is applied. 
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In this case, the difference in time for the two methods for both lag times is 3.8 

minutes.  

 

It should also be noted that the Lag (PR – Cp) time difference when measured 

from Peak of runoff to centroid of effective precipitation can be negative if the peak took 

place at a much later time. Therefore, this Lag Time (PR – Cp) is less unreliable than Lag 

Time (CR – Cp). 

 
Results and Comments 

The first question is why Lag time defined as the time interval from the centroid 

of the effective rainfall of effective rainfall to the centroid of direct runoff is more 

consistent? Why, as pointed out by Bell and Karr (1969) and Singh (1988) is the most 

stable?  

The answer is because the peak of the runoff hydrograph shows more variability 

than the center of mass. The center of mass is by definition the mean value of the runoff 

event.  

As pointed earlier in this paper, negative values can be obtained when Lag (PR – 

Cp) time difference is measured from Peak of runoff to centroid of effective precipitation. 

This is the case when the peak of runoff took place at a later time than its centroid. 

Therefore, this Lag Time (PR– Cp) is less unreliable than Lag Time (CR – Cp). 

 

The second question is why depending on which method is used to determine 

centers of mass, different results are obtained and consequently different lag time periods. 
This paper shows that different centers of mass are obtained depending on the 

rainfall loss method used to obtain direct runoff. 

Consequently, if the rainfall loss method is not specified, then the corresponding 

centers of mass obtained cannot be properly compared with other center of mass where 

the loss method is unknown or unspecified.  

 
Conclusions 

Ten years of rainfall and runoff data were examined at 1-min intervals and all of 

the peak rainfall intensities and corresponding centers of mass were extracted, as well as 

the centers of mass of the corresponding direct runoff. 

There are various definitions for Lag Time and different variables are often used 

to estimate this time parameter. In Lag time determination, centers of mass play a central 

role. There also various methods to estimate centers of mass.  

Depending on which method is used, to determine centers of mass, different 

results are obtained. This may imply that accurate comparisons cannot be made, even 

worse, comparisons are made based in results that lack a concurrent foundation and 

parallels nevertheless have been drawn out.   

The Hydrology community is in a dire need of standardizing of terms, definitions, 

methods and procedures to facilitate communication and comprehension at global level. 

 Because of the interchangeable use of various definitions of lag time and other 

non-compatible time parameters, incorrect assumptions may inadvertently have been 
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introduced in previous analyses. Different approaches may have been applied under 

different assumptions, which may have led to invalid conclusions. 
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APPENDIX C: 

SELECTION AND DELINEATION OF WATERSHEDS 

 

This appendix addresses the process of selection of the watersheds studied in this 

dissertation. 

In the beginning, the watersheds to be studied were 19, located in the Santa Rita 

Experimental Range (SRER) and in the Walnut Gulch Experimental Watershed (WGEW) 

located in Tombstone, Southern Arizona.  

The watersheds located at the SRER were eight with area ranging from 2.77 acres 

to 9.93 acres.  

Also, at first, the watersheds of the WGEW included 11 watersheds very similar 

in size to those watersheds in the Santa Rita whose areas range from 0.45 acres to 14.6 

acres. 

 

 

 

 

 

 

 

 

 

Table C.1. Area of watersheds in the SRER and WGEW up to 15 acres 

 

         

1 76 1   4.04  9 63 101 3.2 

2 76 2 4.37  10 63 102 3.6 

3 76 3 6.81  11 63 103 9.1 

4 76 4 4.88  12 63 104 11.2 

5 76 5   9.93  13 63 105 0.45 

6 76 6 7.6  14 63 106 0.85 

7 76 7 * 2.63  15 63 112 4.6 

8 76 8 2.77  16 63 121 13.4 

     17 63 122 2.4 

     18 63 124 5.4 
* No runoff data recorded for flume 7  19 63 125 14.6 
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Initially, eight watersheds were selected in the SRER, but these watersheds were 

later further reduced. A selection of five watersheds in the Santa Rita Experimental 

Range (SRER) was carried out based in uninterrupted records for rainfall and runoff 

events.  

An additional selection left only two watersheds. The reason was that watershed 

SR5 in the SRER showed a substantial discrepancy with the delineation as previously 

reported by Lawrence et. al. (1997). Furthermore, two additional watersheds SR1 and 

SR2 showed that the berms had been bridged. This was confirmed by field inspection in 

two visits accompanied by my advisors. Hence, the final selection came to SR 3 and SR4. 

A preliminary selection of watersheds in the WGEW was carried out based in the 

classification of large, medium and small watersheds (Stone et al., 2008). A further 

selection was done of those watersheds based in three criteria: recording continue to 

present, non-urbanized, and digital records were available. Hence, five watersheds in the 

Walnut Gulch Experimental Watershed were selected.  

The seven selected watersheds are the following: SR3, SR4, WG102, WG 103, 

WG 104, WG 106, and WG 112. The areas of the SRER watersheds are indicated by 

Polyakov et al. (2010). The areas of the WGEW were obtained directly from the GIS data 

layers provided by Southwest Watershed Research Center (SWRC).  

 

Table 1 Watersheds Studied 

SRER WGEW 

SR 3 SR 4 WG 102 WG 103 WG 104  WG 106 WG 112 

2.77 ha 1.96 ha 1.78 ha 3.71 ha 4.37 ha 0.33 ha 1.88 ha 
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Figure C.1. Santa Rita watersheds 
 

The following image shows the township, range and sections where the SRER 

watersheds are located. 

 

Figure C.2. Townships, Ranges and sections where SRER watersheds are located 
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SR 3 

 

 

 

 

 

 

 

 

Figure C.3. Orthoimage of watershed SR 3 

 

 

 

 

 

 

 

 

 

 

 

  Figure C.4. Aerial photograph of watershed SR 3 
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SR 4 

 

 

 

 

 

 

 

 

 

Figure C.5. Orthoimage of watershed SR 4 

 

 

 

 

 

 

 

 

 

 

   Figure C.6. Aerial photograph of watershed SR 4 
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Watershed characteristics of Walnut Gulch Experimental Watershed (WGEW) 

were extracted from Digital Elevation Models (DEM) at 1 meter resolution, provided by 

the Southwest Watershed Research Center (SWRC). 

Watershed characteristics of the Santa Rita Experimental Range (SRER) were 

extracted from Digital Elevation Models (DEM) at 1 meter resolution, provided by Pima 

County. In addition, this effort was supported by aerial photographs as shown in previous 

pages taken in 1994, topography maps with contour intervals of 0.5 m and DEMs at 6 

meter resolution. The aerial photographs were used as background on the photo-

interpretation work previously carried out by Orthoshop under contract with USDA in 

cooperation with the University of Arizona, College of Agriculture in 1994.  

The analysis of the SRER watersheds was carried out using AutoCAD© in 

particular for the study of drainage density in combination with Global Mapper ©. The 

length of the different streams was inquired and recorded separately. The length of 

streams was recorded in Excel© added and calculations carried out to obtain several 

physical characteristics. 

In the case of WGEW, the analysis was performed using Global Mapper © 

(mention of a proprietary product does not constitute an endorsement by the authors and 

does not imply exclusions of other products that may also be suitable). 

 For each watershed, the area, longest hydraulic length, watershed slope, 

drainage densities were obtained from the DEM’s. Curve Numbers were obtained for 

WGEW are from Regional Flood Control District (RFCD), Pima County, 2009.  
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SR 3 

The process is explained  

as an example for 

SR 3. 

The aerial photo in 

the background received  

the overlay of roads,  

streams and contours 

of the AutoCad file. 

 

 

 

 

 

 

    Figure C.7. Aerial photo with streams and contours 
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SR 3 

Subsequently, the Digital 

Terrain Model (DTM)  

layer was overlaid. 

The result should 

match the relief of 

the terrain with the  

streams of the  

watershed. 

 

 

 

 

 

 

          Figure C.8. DTM with streams and contours  
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SR 3 

Thereafter, the drainage 

areas were created,  

then the contributing  

watershed to the given 

flume was generated. 

  

 

 

 

 

 

 

 

 

          Figure C.9. Drainage areas and watershed delineation 
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Table C.3. Physical features of SR 3 
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Length of

SR #4 all channels

536.161 m

Length of

all channels

1759.053 ft

Longest stream

29.687

10.891

156.260 Last segment

70.596 64.181 Farthest point in Watershed

267.434 m 64.181 m 331.615 m

0.166 mile 0.206 mile Flume Longest Stream Farthest Point

877.405 ft Elevation Elevation Elevation

976.162 m 985.817 m 987.505 m

3202.622 ft 3234.298 ft 3239.836 ft

Area (acres) *2 4.88

Area (m2) *2 19,749    

Area (km2) *2 0.019749 0.01935 Data Lidar GIS

Watershed area in square miles *3 A 0.007625 1.021 times bigger than reported

Length of the main channel in miles L 0.166

Lc 0.103

Soil cover parameter M

Average watershed slope in percent So 3.42

Drainage density D (L/A) 0.027

Drainage density (ft/acre) D (L/A) 360.462

Watershed width (miles) W 0.037

Watershed width (ft) 195.383

La n.a.

Hydraulic length of watershed in feet Lw 1087.972

Runoff curve number CN 85.2

Average channel slope S 3.61

Slope of mainstream (ft/mile) Sc 190.620

Slope of mainstream (ft/ft) 0.036

Mean Basin slope in ft per mile S 180.604

SR #4

Mean travel distance in feet equal 

Distance in miles up the main stream to the 

Table C. 4. Physical features of SR 4 

 

 

 

 

 

 

 

 

 

 

 

 

 

The following image and data pertain to SR5. It shows a very elongated form. This 

watershed does not match the data as reported in other studies. A field inspection was 

carried out to look for a berm which was not found. 



97 

 

Table C. 5. Physical features of SR 4 
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The following figures have been taken from the WGEW website. 

  

 

 

 

 

 

Figure C.10. Walnut Gulch Experimental Watershed 

Four watersheds are shown: WG 102, WG 103, WG 104, and WG 106. 

 

 

 

 

 

 

Figure C.10. Five Lucky Hills watersheds subject of research in WGEW 
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One watershed is shown: WG 112. 

 

 

 

 

 

 

 

 Figure C. 11. Watershed 112 located in Kendall Grasslands 
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Note:  

datasets were provided by the USDA-ARS Southwest Watershed Research 

Center.  Funding for these datasets was provided by the United States Department of 

Agriculture, Agricultural Research Service.  

 All data available through the SWRC data access website are in the public 

domain, and are not restricted by copyright.  

However, the SWRC requests as formal acknowledgement of field and/or data 

support in the manuscripts which is done in this dissertation. 

SWRC support is appreciated through receiving advice and suggestions from Dr. 

Stone as well his willingness to participate a co-authorship with Dr. Stone as well.  

The bulk of the information for the decision making process was based in papers 

published by the SWRC. These data can be obtained in a variety of formats and over 

various time intervals though a web interface at http://www.tucson.ars.ag.gov/dap/. 

 

 

 

 

 



106 

 

REFERENCES 

 

 

Several articles were read about research carried out in the SRER and WGEW. 

 

These papers are mentioned in the literature review as well as in other appendices. 

 

 

Goodrich, D,C., T.O. Keefer, C.L. Unkrich, M.H. Nichols, H.B. Osborn, J.J Stone, J.R. 

Smith. 2008. Long-term precipitation database, Walnut Gulch Experimental 

Watershed, Arizona, United States. Water Resources Research, Vol. 44. 

 

Lane, Leonard, et. al. June 2001. Santa Rita Experimental Range: Past, Present and 

Future. Internal Report. USDA-ARS/ Southwest Watershed Research Center.  

 

Lane, Leonard and M.R Kidwell. Hydrology and Soil Erosion. 100 years (1903 to 2003) 

of accomplishments and contributions; conference proceedings; 2003 October 30–

November 1; Tucson, AZ. Proc. RMRS-P-30. Ogden, UT: U.S. Department of 

Agriculture, Forest Service, Rocky Mountain Research Station. 

 

Lawrence, P.A; Stone, J.J; Heilman, P.; Lane, L.J. (1997). Using measured data and 

expert opinion in a multiple objective decision support system for semiarid 

rangelands. Transaction of the American Society of Agricultural Engineers 

(ASAE).  V. 40(6) p. 1589-1597. 

 

McClaran, A century of Vegetation Change on the Santa Rita Experimental Range. 100 

years (1903 to 2003) of accomplishments and contributions; conference 

proceedings; 2003 October 30–November 1; Tucson, AZ. Proc. RMRS-P-30. 

Ogden, UT: U.S. Department of Agriculture, Forest Service, Rocky Mountain 

Research Station. 

 

Nichols, M. H., J. J. Stone, and M. A. Nearing (2008), Sediment database, Walnut Gulch 

Experimental Watershed, Arizona, United States, Water Res., 44, W05S06, 

doi:10.1029/2006WR005682. 

 

Nichols, M.H., Anson, E.A. (2008). Southwest Watershed Research Center Data Access 

Project, Water Resources Research, Vol. 44, W05S03, doi: 10.1029/2006WR005665. 

 

Polyakov, V.O., M.A. Nearing, M.H. Nichols, R.L. Scott, J.J. Stone, and M.P. McClaran 

(2010), Long-term runoff and sediment yields from small semiarid watersheds in 

southern Arizona, United States, Water Resour. Res., 46, WO9512, doi: 

10.1029/2009WR009001. 

 



107 

 

Renard, K. G., M.H. Nichols, D.A. Woolhiser, H.B. Osborn. 2008. A brief background 

on the U.S. Department of Agriculture Agricultural Research Service Walnut Gulch 

Experimental Watershed. Water resources Research, Vol. 44, Issue 5, DOI: 

10.1029/2006WR005691 

 

Stone, J.J., Nichols, M.H., Goodrich, D.C., Buono, J. (2008), Long-term runoff database, 

Walnut Gulch Experimental Watershed, Arizona, United States, Water Resources 

Research, Vol. 44, W05S05, doi:10.1029/2006WR005733. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



108 

 

APPENDIX D: 

COMMENTS AND DISCUSSION OF AUTHOR’S EQUATION PAPERS 

 

The titles of the original papers, books and reports are presented below from the 

author’s whose equations have been evaluated in this dissertation. 

The following papers pertain to the first definition of Lag time, defined as the 

time elapsed between the center of mass of effective rainfall and the center of mass of the 

direct runoff hydrograph. 

 

1) Clark, C.O. 1945. Storage and the Unit Hydrograph. Transaction of the 

American Society of Civil Engineers. 10:1419-46. 

 

 

2) Linsley, R.K. 1945. Discussion of “storage and the unit hydrograph” by C.O. 

Clark. Transactions of the American society of civil Engineers. 110-1452-55. 

ScAKLT L /  

 

3) Mitchell, W. 1948. Unit hydrographs in Illinois. Department of Public works 

and Buildings, Division of Waterways, III. 
6.0KAT L  

 

4) Johnstone, D., and W.P Cross. 1949. Elements of Applied Hydrology. New 

York: Ronald Press. 

S

W
KT L 90  

 

5) Eaton, T.D. 1954. The derivation and synthesis of unit hydrograps when 

rainfall records are inadequate. Intuition of Engineers Journal (Australia).  

 
31)/(( LrWAKT L  

 

 

 

ScKLT L /



109 

 

6) O’Kelly, J.J. 1955. The employment of unit hydrograph to determine the 

flows of Irish arterial drainage channels. Proceedings of the Institution of 

Civil Engineers, Dublin, Ireland. 
d

L KST 0  

 

7) Dooge, J.C. 1955. Discussion, “The employment of unit hydrograph to 

determine the flows of Irish arterial drainage channels” by J.J. O’Kelly. 

Proceedings of the Institution of Civil Engineers Ireland. 

oL SKAT /25.0  

 

8) Hoyt, W.G. and Langbein, W.G. 1955. Floods. Princeton, N.J.: Princeton 

Univ. Press.  
4.0KAT L  

 

9) Nash, N.E. 1960. A unit hydrograph study, with particular reference to British 

catchments. Proceedings of the Institution of civil Engineers. London. 
3.03.0 

 oL SKAT               
33.03.0 

 cL SKLT  

 

10) Carter, R.W. 1961. Magnitude and frequency of floods in suburban areas. U.S. 

geological Survey professional Paper no. 424-B, U.S. dept. O Interior, 

Washington, D.C. 
6.0)/( aL SLKT   

 

11) Morgan, P.E., and Johnson, S.M,. 1962. Analysis of synthetic unit graph 

methods. Proceedings of the American Society of Civil Engineers, Journal of 

the Hydraulics Division. 88(HY5):199-220. 
81.0

2KtT L               6.0KAT L  

 

12) Wu, I.P. 1963. Design hydrographs for small watersheds in Indiana. Journal of 

the Hydraulics Division, Proceedings of the American Society of civil 

engineers 89(HY6):35-66. 
47.147.194.0  cL SLKAT  

 

13) Bell, F.C. 1967.Estimating design floods from extreme rainfall (with special 

reference to small watersheds in western USA) technical Report CER67-

68FCB5, Civil Engineering Department, Colorado State University, Fort 

Collings. 
33.0KAT L  

 

 



110 

 

21.133.066.0

bL SSKAT 

14) Kennedy, R.J., and Watt, E.W.1967. The relationship between lag time 

and the physical characteristics of drainage basins in Southern Ontario. 

International Association of Scientific Hydrology Publication no. 85, 866-74. 
 

 

15) Cordery, I. 1968. Synthetic unit graphs for small catchments in Eastern 

New South Wales. Civil Engineering Transactions of the institution of 

Engineers, Australia, vol. 10, 47-58. 
















c

n

o

L
S

L

S

W
KT m

2
 

 

16) Wu, I.P. 1969. Flood hydrology of small watersheds: evaluation of time 

parameters and determination of peak discharge Transactions of the American 

society of Agricultual engineers 12:655-60 and 663. 
23.0KAT L  

 

17) Bell, F.C. and Omkar, S. 1969. Characteristic response times in design flood 

estimation. Journal of Hydrology, 8:173-96. 
33.0KAT L  

 

18) Rao, A.R.and Delleur, J.W. 1974. Instantaneous unit hydrographs, peak 

discharges, and time lags in urban areas. Hydrological Sciences bulletin 

19(2):185-98.   
289.175.073.0496.0 )1(78.0 

 AcL ISLAT  

21.1081.0542.0 )1(78.0 
 AL ISAT  

433.1512.0 )1(803.0  AL IAT  

 

19) Boyd, M.J. 1978. A storage-routing model relating drainage basin hydrology 

and geomorphology. Water Resources research 14(2):921-28. 

  404.0
12066.1  LT               38.051.2 AT L  

 

20) Putnam, A.L. 1972. Effect of Urban Development on Floods in the Piedmont 

Province of North Carolina. U.S. Geological Survey Open-file Report. 

 

57.0

50.0

49.0 aL I
S

L
T 








  

 

    



111 

 

21) Simas, M. 1996. Lag Time Characteristics in Small Watersheds in the United 

States.  Ph.D dissertation. School of Renewable Natural Resources, University 

of Arizona, Tucson. 

 

 

 

 

The following list of papers pertains to the second definition of Lag Time, defined 

as the time between the center of mass of the effective rainfall and the peak of the direct 

runoff hydrograph.  

 

22) Snyder F.F. 1938. Synthetic unit graphs. Transactions of the American 

Geophysical Union 19:447-54.  

  3.0

12 cLLCT   

 

23) Linsley, R.K. 1943. Application of the synthetic unitgraph in the western 

Mountain States. Transactions of the American Geophysical Union 24:581-87.  

  3.0

12 cLLCT   

 

24) Taylor, A.B. and Schwarz, H.E. 1952. United hydrograph lag and peak flow 

related to basin characteristics. Transactions of the American geophysical 

union. 33:235-46. 

)exp( 12 DmCT   
36.0

1 )(212.0  cLLm  

 

25) Mockus, V. 1957. Use of storm and watershed characteristics in synthetic 

hydrograph analysis and application. Paper presented at the Annual Meeting 

of the American Geophysical Union, Pacific Southwest Region, held in 

Sacramento, California, February. 

 
5.0

67.18

2

1

o

w

S

MKL
T


  

 

26) Hickok, R.B., Keppel R.V., and Rafferty B.R. 1959. Hydrograph syntheses. 

Agricultural Engineering 40:608-11, 615. 
61.0

5.0

3.0

2 














DS

A
CT

o

       

65.0

5.0

5.0

2

)(







 


DS

WL
CT

o

c  

 

313.0150.0594.00051.0)( natL SSlopeWidthT 



112 

 

27) Eagleson, P.S. 1962. Unit hydrograph characteristics for sewered areas. 

Journal of the Hydraulics Division, Proceedings of the American society of 

Civil Engineers 88(HY2):1-25.  

2
1

3
2

2
5.1



 aa

ma SR
nL

T  

 

28) Soil Conservation Service. 1975. Urban hydrology for small watersheds. 

Technical Release no 55, U.S. Department of Agriculture Washington, D.C 

. 

5.0

7.0

8.0

*1900

9
1000

S

CN
L

T
W

L











  

 

 

 

The comments to the author’s papers are presented in the following pages. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



113 

 

Clark Equation (1945) 

C. O. Clark published an article in 1945 entitled “Storage and the Unit 

Hydrograph”.  

The author states that the constant time units characteristic of unit hydrographs 

are the characteristics induced by storage capacity of the streams and that the storage 

capacity and discharge capacity are each a limiting factor on the other. This paper shows 

the inclusion of these characteristics in hydrograph calculations. The objective of his 

study was to modify the runoff hydrograph by taking into account the effects of valley 

storage of a watershed. 

According to Singh’s book, Clark developed an equation to estimate lag time:  

 

In Clark’s paper, I was not able to find any equation of this sort. 

I have been making searches of papers and documents of a possible Clark’s lag 

time equation and I found one source that refers to such equation. 

This source is: Derivation and regionalization of Unit Hydrograph Parameters for 

Illinois (Dam Safety Program) by Krishan P. Singh, June 1981.SWSContract Report 258. 

According to Krishan P. Singh (not the same as Vijay P. Singh) in 1945, Clark 

suggested the derivation of a unit hydrograph by routing the time-area diagram of a basin 

through storages such that S= KQ. The difficulty lies in estimating the time base of the 

time-area-diagram and the routing constant K and suggested that K in hours can be 

estimated from: ScLK 

ScKLT L /
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In which “L” is the length of mainstream in miles, “S” is the main channel slope, 

and “c” varies from 0.8 to 2.2.  

And this equation looks very much as Lag time equation indicated in Vijay P. 

Singh’s book where the coefficients also vary from 0.8 to 2.2. 

To complicate matters further, please read some extracts from the Drainage 

Design Manual for Maricopa County (January 2009). 

Regarding the Clark Unit Hydrograph, hydrologic routing by the Clark Unit 

Hydrograph method is similar to the routing of an inflow hydrograph through a reservoir 

(page 5-3). 

The Clark method uses two numeric parameters, Tc and R, and a graphical 

parameter, the time area relation. 

This is a method for generating a unit hydrograph, based on the Tc and storage 

coefficient R. The Clark procedure does not calculate the Tc, but it uses the Tc as input. 

The Tc is calculated separately by the procedure of your choice. 

The Flood Control District of Maricopa County uses the following equations to 

estimate  

Time of Concentration (Tc): 

and R: 

  

Where: Tc =  Time of concentration, in hours 

 L =  Length of the longest flow path, in miles 

 Kb =  Watershed resistant coefficient (reference made to two figures)  

38.031.052.05.04.11  iSKLT bc

80.057.011.137.0 LATR c


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 S  =  Watercourse slope in feet/ mile 

 I  =  the average rainfall excess intensity, during the time Tc, in inches 

 per hour 

 A =  Drainage area, in square mile 

 

According to the Maricopa County Drainage Manual, Clark defined Time of 

Concentration as the time from the end of effective rainfall over the watershed to the 

inflection point on the recession limb of the surface runoff hydrograph.  

Why am I spending some time in showing the methods applied by Maricopa 

County?  

Because this county is the most populated county, more than half of the state 

population, in Arizona. Consequently, any method adopted by this county may affect 

neighboring counties, in particular those with lower municipal budgets and resources, 

such as Pinal County and others. 

And because, foremost, this research is an attempt to reduce the gap between 

theory and practice by evaluating several lag time equations in the context of small arid 

and semiarid watersheds in the Southwestern United States.  

Furthermore, regarding the storage coefficient (R ), the Maricopa County 

Drainage Manual states that very limited literature exists on the estimation of the storage 

coefficient for the Clark Unit Hydrograph. Clark had originally proposed a relationship 

between Time of concentration and R since they can both be defined by locating the 

inflection point of a runoff hydrograph (page 5-17).  
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However, in Clark’s paper there is no reference to any inflection point of a runoff 

hydrograph. Clark states (page 1349), the time between the cessation of runoff- producing 

rainfall and the minimum indicated value of K is the writer’s concept of time of 

concentration. 

The Australian Rainfall and Runoff, 1977, page 82, reads “The basic assumption 

of the Clark model is that the shape of the unit hydrograph may be determined from two 

parameters, namely, the base length of the time-area diagram (C ) and the catchment 

storage factor (K). Please note that there is no mention of Time of Concentration as is the 

case of Sabol (1988) and the Flood Control District of Maricopa County. 

George V. Sabol, 1988, “Clark Unit Hydrograph and R- Parameter Estimation” 

states that the Clark Unit Hydrograph has been developed from a consideration of the 

conservation of mass equation and therefore can be considered as either a graphical 

technique or a mathematical routing technique. 

It is worth noting that in HEC-HMS, the Clark procedure is one of the options 

from which the user can choose to determine runoff hydrograph. 

Clark’s model, according to Singh, falls in the category of equations whose lag is 

estimated as the time from center of mass of effective rainfall to center of mass of runoff. 

However, this is incorrect. 

Why? 

First of all, there is no mention at all of inflection point in Clark’s paper. 

Second, if we assume for a moment what other authors state that Clark meant to 

say that the inflection point is related to time of concentration, then the classification 
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under this category of centroid of effective rainfall to centroid of runoff hydrograph is 

inaccurate. 

But, also other imperative question is, Why, such equation can not be found in 

Clark’s paper? Is it possible that Krishan P. Singh took the equation from Vijay P. Singh? 

Maybe. At any rate, my research at this point indicates that it is unsure if Clark’s 

equation as shown by Vijay P. Singh does exist.  

However, one thing is certain, Clark’s equation is incorrectly listed in Singh’s 

book in terms of lag time definition. And this lag time definition falls outside the scope of 

my dissertation. 
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Linsley Equation (1945) 

Linsley’s published a paper “Discussion of Storage and the Unit hydrograph by 

C.O. Clark” in 1945. 

Linsley points out that this is an attempt to correlate storage by introducing 

drainage areas with slope with the purpose to come up with a method to determine K for 

watersheds with inadequate data. 

The author used data from eleven rivers and some of their tributaries. The rivers 

have a wide range of geographical diversity, with seven rivers located in California and 

four located in Virginia. The developed equation is applicable to large watersheds whose 

range in size of the watersheds goes from 308 square miles up to 1,369 square miles. 

In my research, the biggest of the seven watersheds is WG 104 with an area of 

4.37 ha which is located in Walnut Gulch. This equation was developed for watersheds of 

hundreds of square miles in size. 

The equation shown in Singh’s book is the following: 

But, although there is some resemblance, it is not exactly the same, because in Singh’s 

book all the terms are in one row. In Linsley’s discussion of Clark’s paper, his innovation 

was to introduce a term in Clark’s equation:   

in order to take into account for drainage area. Hence KL should be in the numerator and 

the square root of area and slope should be placed in the denominator. 

The reference to this author shall remain in my dissertation. But I have to 

underscore that there is no such equation, as shown by Singh, and consequently it makes 

it improper to carry out a corresponding evaluation. 

ScAKLT L /

ScKLT L /
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Mitchell Equation (1948) 

William D. Mitchell published a report entitled “Unit Hydrographs in Illinois” in 

1948. The report was prepared and published under a cooperative agreement between the 

Department of Public Works and Buildings, Division of Waterways of the state of Illinois 

and the United States Geological Survey. 

The data comes from 58 selected gaging stations pertaining to 31 drainage basins. 

These basins are tributaries of the following: Mississippi River, Rock river, Illinois River, 

Wabash River, Ohio River, small gaged area of t West Branch Salt Fork, and Money 

Creek. 

The introduction of this report begins pointing out the omnipresence of the 

hydrologic cycle, “Until the end of eternity --if indeed, the earth we know should last that 

long -- the hydrologic cycle must play a dominant role in the drama of geophysics”. 

The areas of the watersheds range from 61 to 5,670 square miles. The time 

periods are from 1939 to 1945, mostly concentrated in one or two isolated months of 

1940 and 1941. 

The definition of lag time used in this study is defined as “the time from the 

center of mass of precipitation excess to the center of mass of runoff”.  

As a note of interest, the author states in page 239, in synthetic studies, the basic 

element is the time interval between rainfall and runoff. In Snyder study as in many 

others, this interval has been called the “lag”, defined as the time between center of mass 

of rainfall excess and the resulting peak discharge.  
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But, the author points out that “If the unit hydrograph were symmetrical about a 

central time axis, such definition would be entirely satisfactory., Actually, however, the 

ascending limb of the graph is much steeper than the recession, and no vertical axis of 

symmetry exists”.  

He states further that due to this lack of symmetry, lag as defined above by 

Snyder and others becomes a function of the duration of the storm. He explains that “if 

runoff be generated continuously and the resulting hydrographs are superimposed one 

upon another, it will be found hat with each succeeding superimposition, the time from 

center of mass of rainfall to occurrence of peak discharge has increased”. 

The author continues saying that in other studies, such as those by Horner and 

Flynt, who originally coined the term “lag”, it has been defined as the time interval from 

the center of mass of rainfall excess to center of mass of runoff. And “in this case, any 

number of unit hydrographs, beginning at successive intervals, may be superimposed one 

upon another and the lag will be found to be constant”. 

So far, in the papers I have been reading, this is the first time I encounter an 

explanation about why the lag time defined as the time interval between the center of 

mass of rainfall excess and the center of mass of the resulting hydrograph has a superior 

advantage because the other definition has a built-in shortcoming.  

The analysis of several events in four watersheds, located in the Santa Rita 

Experimental Range (SRER) and five (5) basins in Walnut Gulch Experimental 

Watershed, seems to confirm the above.   
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According to Singh (1988), the Lag Time from Centroid of Effective precipitation 

to Centroid of Runoff, is more stable and therefore more appropriate in hydrologic 

modeling, but he doesn’t provide any explanation. 

Certainly, I didn’t expect to find, in a report written in 1948, an explanation of 

why the lag definition from center of mass of excess rainfall to peak of runoff has a 

shortcoming.  

It is worth pointing out that the work carried out by the author must have been 

quite a challenge because it was performed under strained budget conditions. The country 

had just come out of a deep recession and entered the Second World War. At that time, 

available monies were primarily channeled to fight and win a war in Europe and in the 

Pacific. 

The analysis of several events in four watersheds, located in the Santa Rita 

Experimental Range (SRER) and five (5) basins in Walnut Gulch Experimental 

Watershed, seems to confirm the above. 

  The equation shown in Singh’s book is                           where K = 1.05  

In Mitchell’ report, this equation was indeed used for each of the 58 unit 

hydrographs. In the report, it is written that the results are given in table 22. 

Unfortunately, there is no table 22. The last number for table is 21. 

Solely because of the explanation of differences between the two lag time 

definitions, this report is highly valuable.  

Needless to say, that as the title of the report says “Unit Hydrographs for Illinois”, 

the applicability stays within the confines of the watersheds studied in Illinois. 

6.0KAT L
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Johnstone and Cross Equation (1949) 

Singh’s book makes reference to an equation attributed to Johnstone and Cross. 

 

Under the section of References there is only one single citation to these authors, 

which is the following: Johnstone , D., and W.P. Cross . 1949. Elements of Applied 

Hydrology. New York: Roland Press. 

First of all, such equation is not found in Johnstone and Cross book. An additional 

search of other sources, there is an equation from these authors, but it is for Time of 

Concentration.  

In the book “Stormwater Conveyance and Design” by Haestad- Durrans. Bentley 

Institute Press. 2007, there is a reference to Johnstone and Cross equation, in English 

units, for Time of Concentration: 

This equation was developed for basins in the Scotie and Sandusky River 

watersheds in the state of Ohio whose areas range in size from 25 to 1,624 square miles. 

An additional reference to this equation is made in the article “Time of 

Concentration Estimated Using Watersheds Parameters Determined by Automated and 

Manual Methods” by Xing Fang et. al. March/ April 2008, Journal of Irrigation and 

Drainage Engineering. The equations in SI and English Units are respectively: 
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Another reference comes from two Colombian authors Velez Upegui J.J and 

Botero Gutierrez A. who published a paper with the title “Estimación del Tiempo de 

Concentración y Tiempo de Rezago en la Cuenca Experimental Urbana de la Quebrada 

San Luis, Manizales (Estimation of the Time of Concentration and Lag Time at San Luis 

Creek Basins, Manizales). Dyna rev fac. Nac. Minas vol. 78, No. 162, Medellín. Feb/ 

Mar 2011. 

In this paper, the Johnstone-Cross equation to obtain Time of Concentration is 

shown as: 

This equation looks similar to those equations indicated by Xing Fangh (2008), 

but it is not the same. The coefficient 5 is slightly different, but the term S in the 

denominator is a square root. 

The authors state that the method they finally adopted is the Clark approach. His 

innovation lies in evaluating the parameters C as follows: 

Where a, n and m are experimentally derived constants. 

L = the length of the main channel in miles, 

S = the slope of the main channel in feet per mile 

r = a branching factor to express the stream pattern of the watershed 

 

And K 
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In which b and c are experimentally determined constants 

W is the width of the watershed in miles, and 

R is the general overland slope in feet per mile 

We have seen before that the Time Concentration equation attributed to Johnstone 

and Cross is being cited with exponents that vary from 0.5 to 0.25 and whose coefficients 

would vary as much as almost one hundred times. 

Assuming for a moment that the authors did indeed come up with an equation for 

this time parameter, the question is, why such variation? 

The answer lies in the authors’ explanation in page 235, “We refrain from giving 

the numerical values of the experimental constants because successful use of the 

empirical equations depends not only upon those values but upon the observations of 

especially prescribed techniques for measuring r, L, S, W and R, which space limitations 

preclude describing here”. 

And this is the reason why Cordery and Webb (1974), after studying 21 

watersheds up to 250 km
2
, located in Eastern NSW, Australia, came up with the 

following relationships  

 

Both parameters represent the lag time of the rainfall-runoff process. 

41.0)(90.2
cS

L
C 

57.066.0 LK 
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At any rate, the reference to Lag Time equation does not appear in Johnstone-

Cross’s book, as decribed by Singh and neither by other authors as Time of 

Concentration. 

However, one thing is certain; Johnstone and Cross’ equation is inaccurately 

reproduced in Singh’s book.  

Johnstone and Cross equation, according to Singh, falls in the category of 

equations whose lag is estimated as the time from center of mass of effective rainfall to 

center of mass of runoff.   

Did the authors explicitly stated lag time in these terms? 

Or is this an assumption from others? 

At what point did other researchers make the jump from parameter C into Time of 

Concentration? How the argumentation went into digression? I don’t know. I have simply 

pointed out the discrepancies. This may be very well the topic of another dissertation. 

In the preface of these authors’ book “Elements of Applied hydrology”, it reads: 

“It is small wonder that hydrology has been looked upon variously as “a science 

of coefficients” … The relationships with which it is concerned are complex and, in many 

respects, still obscure. The measurement of its variables is difficult and calls for curious 

and involved techniques; and it is tied up with rather elusive concepts …. 
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This statement, written over sixty years ago, has still a valid point. The previous 

described and listed time parameters, terms, and interpretation of other writers leaves 

little doubt about it. 

The reference to these authors shall remain in my dissertation. But I have to bring 

to light that there is no such equation, as shown by Singh, and consequently it makes no 

sense to carry a corresponding analysis. 
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Eaton Equation (1954) 

T.D. Eaton published a paper in 1954 entitled “The Derivation and Synthesis of 

the Unit Hydrograph when Rainfall Records are Inadequate”. 

This study was carried out for seven Rivers in Tasmania, where correlations 

between watershed physical characteristics, such as are, channel length, and branching 

factor with parameters as used by Clark were obtained.  

The seven watersheds range in size from 48 to 322 square miles (see table II, last 

page).  

Eaton’s equation is listed in Singh’s book. Eaton’s equation, according to Singh, 

falls in the category of equations whose lag is estimated as the time from center of mass 

of effective rainfall to center of mass of runoff. However, this is incorrect, as it is 

explained below.  

The first discrepancy from Singh in relation to Eaton’s equation is the definition 

of lag time.  

Eaton defined lag time as the time between the end of the rain and the point of 

contraflexure on the recession side of the hydrograph. The point of contraflexure 

represents the end of the inflow to the main channel, so that outflow hereafter is from 

storage only.  
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The second discrepancy pertains to Eaton’s equation. In Singh’s book, the 

following equation is attributed to Eaton:  

Where: K = 1.2  

W = watershed width  

A = area  

Lr = watershed lag ratio  

 But, in Eaton’s paper, C is a measure of the maximum lag time of the watershed 

(page 243).  

Hence the equation given for Lag is:  

 

Where: R = is branching factor.  

But, Eaton does not define what branching factor entails.  

 

Eaton’s equation is incorrectly listed in Singh’s book not only in terms of 

coefficient, exponents and terms, but also as lag time definition. This lag time definition 

falls outside the scope of my dissertation. 
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O’Kelly Equation (1955) 

O’ Kelly published an article in 1955 with the title “The employment of unit 

hydrograph to determine the flows of Irish arterial drainage channels”. 

The author used data from nine rivers and some of their tributaries in Ireland. The 

watersheds range in size from 43 square miles up to 247 square miles.  

The equation in Singh’s book is indicated as: d

L KST 0   

But there is no explanation of the exponent d.  

Fortunately, Bodhinayake (2004) sheds light on this equation. He explains that 

O’Kelly obtained the instantaneous unit hydrograph by routing and isosceles triangle 

inflow with the correct volume and base length C (hours) through storage. This 

relationship is described by O’Kelly with the following equation S= KQ. 

Where the relations found for C and K are:  

Base length (c ) of hydrograph  
b

caS
 

Storage factor (K ) of hydrograph 
d

ccS
 

Where a, b, c and d are empirically derived constants. 

It is worth noting that later O’Kelly would point out that not much evidence is 

available to find an acceptable relationship between the catchment slope and base length 

of outflow hydrograph.  

As conclusion, O’Kellys equation is listed in Singh’s book with insufficient 

explanation of terms. This equation shall be indicated only as reference in my 

dissertation. 
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Dooge Equation (1955) 

This equation of Dooge is related to O’Kelly because the reference in Singh’s 

book to this equation comes from a paper entitled:  Discussion, “The employment of unit 

hydrograph to determine the flows of Irish arterial drainage channels” by J.J. O’Kelly, 

published in 1955.  

The equation as shown is Singh’s book is:    oL SKAT /25.0
 

Dooge studied at the State University of Iowa where he obtained a Master’s 

Degree with his thesis “Synthetic unit hydrographs based on triangular inflow”. His 

thesis addresses the physical basis of the Clark’s approach and the simplification from 

O’Kelly.  

As a note of interest, James Clement Dooge (30 July 1922 – 20 August 2010) was 

a multifaceted individual involved in politics, engineering, climate, hydrology and 

academia.  

His publications reflect his relentless search for pressing questions in hydrology: 

 Dooge J.C.I., 1986. "Looking for hydrologic laws", Water Resources Research, 

22(9), 46S–58S. 

 Dooge, J.C.I. 1979. "Searching for Simplicity in Hydrology", Surveys in 

Geophysics 18: 511–534, 1997. 

 Dooge, J.C.I. 2005, "Bringing it all together", Hydrol. Earth Syst. Sci., 9, 3-14, 

2005. 
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Hoyt and Langbein Equation (1955) 

In Singh’s book there is only one reference concerning Hoyt and Langbein, as 

follows: Hoyt, W.G., and W.B. Langbein. 1955. Floods. Princeton, N.J. Princeton Univ. 

Press. 

The equation displayed in Singh’s books is: 

The authors explain, in page 40, their concept of lag time, “the time required for 

water to gather and flow from the drainage basin is nearly as important as the drainage 

area. This time determines whether the runoff is sharply concentrated in a high but short 

peak or is spread over a long period. The average time between the rainstorm and its 

discharge as runoff is called the “lag”. 

Please note that there is no mention at what point in time, for rain and discharge, 

the parameter should be measured.  

Furthermore, there is no equation regarding lag time in the above mentioned 

book. 

Searching for an equation developed by these authors, I was able to locate a 

reference. However, the equation in question is not for Lag Time, but for Time of 

Concentration.  

 

4.0KAT L
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This equation is part of a study conducted for 37 rural watersheds in Central and 

Southeastern NSW, Australia by French et. Al (1974). Several equations were tested and 

among them, a Time of Concentration equation attributed to Hoyt and Langbein. 

The reference is: French, R. Pilgrim, D.H. and Laurenson, E.M. (1974). 

Experimental Examination of the Rational Methodd for small rural catchments. Civil 

Emgineering Transactions. Institution of Engineers. Australia. Vol. CE16, No. 2. 95-102. 

The gathered data reveals the following: Nowhere in the book “Floods” published 

by Hoyt and Langbein in 1955, appears a lag time equation. 

Such equation, attributed by Singh to Hoyt and Langbein, is non-existent. 

Again, the reference to this author shall remain in my dissertation. But I have to 

underscore that such equation, as shown by Singh, is not real. Consequently, it makes it 

immaterial to carry out a corresponding evaluation.  
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Nash Equation (1960) 

Nash published in 1960 a paper with the title “A unit hydrograph study, with 

particular reference to British catchments”. 

In his research, he studied 90 watersheds ranging from 12.4 km
2 

to 2225 km
2
. He 

applied the method of moments to determine empirical correlations between the 

characteristics of the watersheds and the distance from the centroid of excess rainfall to 

the centroid of the resulting hydrograph. 

The equations developed by him are:  

   

According to Bodhinayake (2004), the storms used to obtain the above equations 

were uniform in area with shorter duration as well as high intensity precipitation. For this 

study, continuously recorded and accurately gauged watersheds were used and 

watersheds were excluded where the outflow was controlled by man-made features large. 

The same author points out that in the Australian Rainfall and Runoff (1998) by 

The Institution of Engineers Australia is noted that the hydrographs produced by this 

equation do not totally match with the observed hydrographs. 

The above two equations are correctly depicted in Singh’s book.  
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Carter Equation (1961) 

R.W. Carter published an article in 1961 entitled “Magnitude and Frequency of 

Floods in Suburban Areas”. 

His paper addresses the effect of suburban development on the magnitude of 

floods by examining drainage areas, lag time, and length slope parameters. 

The average time interval between the centroid of rainfall excess and the centroid 

of the resulting flood hydrograph was obtained from twenty (20) streams in the 

immediate vicinity, the Piedmont Province, of Washington D.C. 

The data of the watersheds have a range of 3.9 to 546 square miles, and a time 

range from 1.2 to 18.6 hours. 

His equation is as follows: 

In his paper, Carter points out that Snyder in 1958 found a similar equation with 

different coefficients, but the same exponent for areas in California, Virginia, and other 

states.  

His explanation of Sa is as follows: L/√S where L is the total length form the 

gaging point to the edge of the basin measured along the main channel, and S represents 

the weighted slope of an order of 3 or greater of all stream channels in the basin. 

In Carter’s equation K is the factor by which all flood peaks are increased by the 

percent of impervious area.  

Carter concludes that the ratio of 1.8 is believed to be the maximum effect of 

complete suburban development on flood peaks for any recurrence interval for drawing 

basins bigger than 4 square miles in the Washington area. 

6.0)/( aL SLKT 
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The value of K indicated in Singh’s book is 1.7 which is close to the maximum of 

suburban development. 

In my evaluation of this equation I shall use 1.0 to represent zero suburban 

development. 

Three aspects of Carter’s research indicate that his equation is not applicable to 

the context of small watersheds in Southern Arizona. 

1) Carter’s research includes suburban areas 

2) The size of the studied basins covers a range of a magnitude of several 

square miles. 

3) The runoff duration is in the order of hours. 
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Morgan and Johnson Equation (1962) 

Unfortunately, there is no such equation. Such equation does not exist. 

Singh states that there is an equation attributed to them. But these authors didn’t 

develop any equation at all. 

Other researcher Bodhinayake, 2004 from the University of Wollongong, 

Australia, confirmed the above. He is referring to the above authors as a comparison 

research they carried out of four equations. 

Singh attributes to these authors the following two equations:  

     and  

with the following coefficients:     t2= n.a.           K = 2.8,         K = 105 

The first equation is from Mitchell, in the summary of his report, page 252, “Unit 

Hydrographs in Illinois”, published in 1948. 

The second equation                         shows a close resemblance with Mitchell’s 

equation which is shown in page 453 of Morgan and Johnson’s paper. Both equations are 

the same. The difference in Singh’s book is in the K coefficient. In Mitchell’s equation, 

the coefficient K equals 1.05 and in the equation Singh attributed to Morgan and Johnson, 

K equals 105.  

How can two equations, exactly the same, differ drastically by an order of 

magnitude of 100 times in the K coefficient?  It seems Singh’s book, in this particular 

page, contains contradictory data. And one cannot stop wondering if papers are really 

being read. 

6.0KAT L
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Regarding the paper of Morgan and Johnson, it was published in 1962, with the 

title “Analysis of Synthetic Unit-Graph Methods”.  

The authors carried out a study to determine the relative accuracy in which four of 

synthetic methods reproduce the actual graph for the studied watersheds.  

The four synthetic methods studied are: Snyder’s equation, Soil Conservation 

Service Equation, Common’s equation, and Mitchell’s equation. 

The testing of these equations was performed for twelve watersheds in Illinois, 

ranging in size from 10   to 101 square miles.  

The authors make reference to the two most common definitions of lag time. 

In one definition, lag time is defined as the time interval between the center of 

mass of rainfall excess and the center of mass of the resulting hydrograph. The authors 

indicate that this lag this was found to be nearly constant.  

In the other definition, lag is defined as the time interval between the centroid of 

rainfall excess and the resulting peak discharge. The authors point out that this lag time 

would be approximately constant. This is a semantic issue. The words “nearly” and 

“approximately” seem to be synonyms. This becomes open to interpretation and 

ambiguity because these are vague statements. 

Regarding Mitchell’s equation, the authors state that it was developed from the 

study of 52 watersheds. This is incorrect. The number of watersheds was 31 and the 

number of hydrographs was 58. It is also incorrect the reported size of the watersheds 

which range from 61 to 5,670 square miles and not from 10 to 3,090 square miles.  
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The authors conclude that no synthetic method consistently overestimates or 

underestimates the actual Qp. 

 The reference to these authors shall remain in my dissertation. But I have to point 

out that there is no equation and hence no analysis can be carried out in this regard. 
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Wu Equation (1963)  

I-Pai Wu published an article in 1963 entitled “Design hydrographs for Small 

Watersheds in Indiana”.  

In the summary, the author states that the shape of the hydrograph can be 

determined by two parameters, tP which is time to peak and K1 which is storage. These 

two parameters are found to be correlated with three watershed characteristics, watershed 

area (A), Length of main stream (L) and mean slope of main stream (S). 

The objective of the study was to determine the general shape of the hydrograph 

for small watersheds. Small watersheds are defined as those less than 100 sq. miles in 

area. 

Twenty-one (21) small watersheds distributed throughout the state of Indiana 

were selected for this study. The watersheds range in size from 2.86 to 100 square miles. 

For each watershed, five or six good hydrographs were selected on the basis of the 

highest peak caused by a single storm. 

Five parameters of watershed characteristics were selected to be evaluated with 

seventeen small watersheds where topographic maps were available. These parameters 

were area (A), length (L), slope of stream (S), watershed shape factor (f), and valley 

shape coefficient (v).  

Multiple correlations between Tie to Peak and (tp) and storage coefficient (K1) 

were performed. The best degree of correlation was obtained by the use of the first three 

variables. 
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The obtained equations are: 

and 

Strictly speaking, as a result of this study, two equations should have been 

recorded in Singh’s book, but the last equation for time to peak is not shown.  

Nowhere in this paper, there is a mention of lag time as such. The terms 

mentioned are Time to Peak, Time of Concentration, and Storage Coefficient (K). In the 

last page, Appendix notations, K it says is the assumed total delay time. But this delay 

time is not defined when it starts and when it ends. 

In the conclusions, it is stated that the methodology applied in this study is semi-

theoretical and semi-empirical. Why? because the derivation of the shape of the 

hydrograph is based in the gamma function and the recession curve study between tp, K1 

and n are all theoretical. But, the multiple correlations between the selected parameters 

and the watershed characteristics are based on empirical data. 

Also in the conclusions, it is indicated that because the study ranges in areas from 

2.86 to 100 square miles, the procedures developed for areas less than 2 square miles or 

perhaps 1000 acres is questionable. 

Wu’s equation, as shown by Singh, has been classified under the group of 

equations whose lag is defined as the time from the center of mass of effective rainfall to 

the center of mass of runoff. But, this is incorrect. Xing (2008) points out that Wu’s 

equation belongs in the category of lag time defined as the time between the center of 

mass of the effective rainfall and the peak of the direct runoff hydrograph. Hence, Wu’s 

equation has been incorrectly classified. 

47.147.194.0  cL SLKAT

688.0233.1085.142.31
 SLAT p



141 

 

Bell Equation (1967) 

In Singh’s book, page 114, there are two equations attributed to Bell.  

The first equation is referred as Bell 1967 and the second equation is Bell and Kar 

(1969). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Taken from Singh (1988). 

 

 Bell (1967)  
33.0KAT L   K = [0.5, 3] 

 

 Bell and 

Om kar (1969)   
33.0KAT L   K = No info  
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Notably, these two equations are exactly the same. The only difference is in the 

coefficients. 

Is it possible that Bell reported a change in his equation only regarding the 

coefficients within a period of two years? 

It is possible. But the correct answer might lie in going to the sources and 

elucidating this issue. 

 Frederick C. Bell and Songthara Om Kar published a paper entitled 

“Characteristic Response Times in Design Flood Estimation” in 1969. Similarly,  

Campos Aranda (1981) published a compilation of empirical equations to estimate 

various time parameters, where there is reference to Bell and omkar equation published in 

the above mentioned paper in1969. 

In Bell and Om Kar’s paper, the adopted equation is: 

 

M and K refer to a coefficient in terms of a vegetation cover group that ranges from 0.60 

to 2.05 

 

 

 

 

 

 

 

 

 

 

 

This paper bears a 1969 thus a later date than 1967. 

But, is there a paper written by Bell in 1967? 

33.0MAT L
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According to Singh there is one. However, I have not been able to find such paper 

date 1967. I located a paper with the same tittle, but dated 1968. 

The paper, I have been able to obtain, is: 

Bell F.C. July, 1968. “Estimating Design Floods from Extreme Rainfall”. 

Hydrology Papers Colorado State University, Fort Collins Colorado.  

Apparently, according to Singh, there is another paper, dated 1967, and with an 

addition to the above title between parenthesis (with special reference to small 

watersheds in Western USA: 

Bell F.C. 1967. “Estimating Design Floods from Extreme Rainfall” (with special 

reference to small watersheds in Western U.S.A.) Technical Report  CER 67. Hydrology 

Papers Colorado State University, Fort Collins Colorado.  

The paper of Bell F.C., dated 1968, includes an equation and coefficients which 

are exactly the same as those reported in the paper entitled “Characteristic Response 

Times in Design Flood Estimation”, published in 1969. 

Assuming for a moment that a Bell paper dated 1967 exists, according to Singh is  

the same equation. Furthermore, both papers of Bell, 1968 and Bell and Kar, 1969 

include also the same equation. 

Nonetheless, I have run additional searches about references regarding Bell from 

other authors include in different papers. The outcome is that Bell and Kar are cited as 

authors of the referred equation. 
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Such equation, attributed by Bell dated 1967 cannot be located.  

Again, the reference to this author shall remain in my dissertation. But I have to 

underscore that in all cases the equation, as shown by Singh and attributed to Bell, 1967, 

and the equation of 1968 and 1969 are exactly the same.  

Consequently it makes it appropriate to carry out the evaluation with the same 

coefficients as stated in the located papers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



145 

 

Kennedy and Watt Equation (1967) 

Kennedy and Watt published an article in 1967, entitled “The Relationship 

between lag time and the physical characteristics of drainage basins in Southern 

Ontario”.  

Their purpose was to develop a standard method for computing peak rate of 

runoff. The study was based in 12 watersheds with a range of 10 to 150 square miles. 

Records of several isolated intense storms in each of these watersheds were analyzed to 

determine the lag time. There is no mention about the number of records. 

The watersheds are distributed over a distance of about 200 miles along the east-

west axis, but less than half in the north to south direction. These watersheds are located 

in the same climatological area of Southern Ontario, Canada. However, the authors 

indicate that the slopes, shapes, soil types and population densities vary considerable. 

The lag time definition used is the time interval from the midpoint of the excess 

rainfall to the center of gravity of runoff. It is worth noting that the definition states 

midpoint, not the center of mass of excess rainfall as in other definitions.  See figure 

below. 

 

 

 

 

 

   Figure 1 definition Sketch for To (lag Time) 
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Physical characteristics as area, shape factor, length and slope have been used by 

other investigators. But because surface storage and population density varied greatly in 

the studied area, the authors decided to investigate the effect of these two additional 

variables.   

The variables used are then explained: area, shape factor defined as basin length 

divided by A
0.5

, basin length and stream length. Again worth noting is the definition 

difference between Basin length (Lb) and Stream length (Ls). 

Top of page 869 reads “For Lb, a measure of effective basin length which would 

not be unduly influenced by a narrow salient at the upstream end was required.  

Kennedy and Watt state that “the practice adopted was to measure a line 

consisting of two or three tangents drawn from the gauging station, approximately up the 

center of the basin parallel to the channel, and terminating in a traverse line which cuts 

off about 5% of the basins area, as shown in Fig. 2. 

 

 

 

 

 

 

Different ways of measuring the length of watersheds or other physical 

characteristics make difficult to establish comparisons since there is not much uniformity 
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in variables. As in lag time definitions, the variables may bear the same term, but they 

carry different meanings. 

This is again the case when the authors refer to four different ways to measure 

slope. The authors decided to go with the definition S4 of slope because it “would appear 

to be a logical measure to use with basin area and preferable because of the ease of use 

with which it may be calculated” and also because the use of the other 3 definitions of 

slope did not improve the fit.  

But the question is: how this lag time equation did came to fruition? 

The authors state various assumptions, among them, the following: 

“An expression relating lag time to basin physical characteristics should be 

relatively simple”. This concept limits the number of variables to 3 at most 4. They state 

further that the simplest geometry for a drainage basin would be that of a semicircle. 

Hence the flow distance is proportional to A
0.5

.  

As my note, whether a semicircle of a 1/360 section of a circle, the radius, thus 

the flow distance, remains the same. Also, it seems to me that maybe the simplest 

geometry for a watershed would be that of ¼ of a circle. 

Then the authors go further by stating that they consider an equation of the type: 

 

And made adjustments to exponents based on additional assumptions. 

Among other assumptions: “Since the information necessary to make even a 

rough estimate of the proper effect was lacking, the writers decided to adjust their 

definition of storage until an exponent in the range of 0.75 to 1.5 was obtained.” 
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The authors discarded the variable of population density in persons per square 

mile because the inclusion of this factor could not be fully justified. 

In Kennedy and watt’s equation, an additional variable has been included called 

St for storage. This variable takes into account the surface area of lakes, ponds and 

marshes on the upper two thirds of the watershed.   

This single aspect of Kennedy and Watt’s study, that includes lakes, ponds and 

marshes, indicate that this equation is not applicable to the context of small watersheds in 

Southern Arizona. 
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Cordery Equation (1968) 

Ian Cordery published an article in 1968, entitled “Synthetic  Unitgraphs for 

Small Catchments in Eastern New South Wales.”  

The author states that although synthetic unitgraphs methods have been available, 

such methods have been developed overseas and he casts doubt about their usefulness 

under Australian conditions. He points out further that these procedures, developed 

overseas, are often used without any verification to whether or not they are applicable to 

the watershed under consideration. 

Several equations developed by overseas researchers were tested to evaluate their 

fitness to Australian conditions. 

The author points out the following: 

 Snyder’s relations are inadequate in that they do not contain a slope term. 

 In the case of Taylor and Schwarz, the relationship established in the 

nomogram is only applicable to one watershed in the study since the other catchments 

were outside the range of the nomogram because the unit periods were less than 2 hours. 

 Eaton’s equation was difficult to test because the branching factor was not 

adequately defined in the original paper. 

 Eaton equation’s Nash’s equation and Wu’s equation gave poor results for 

the watersheds under consideration. 

Of all the procedures stated above, Johnstone’s model was found the most 

appropriate.  
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The procedure developed in this paper used twelve (12) catchments within about 

100 miles from Sidney, Australia. The watersheds have an area that ranges from 0.021 to 

248 square miles. The two smallest watersheds, Linsdale 1 and 5, are 13 acres and 15 

acres, respectively.  However, these two watersheds were not included in the study, 

because they didn’t fit the relationship observed for the other ten catchments. 

These two watersheds are the closest in size to the Santa Rita Experimental Range 

and Walnut Gulch Experimental Watershed studied in my dissertation. 

The number of unitgraphs derived was 91 for twelve (12) watersheds. But, unit 

graphs pertaining to 2 watersheds were excluded from the study. This gives an average of 

8 unit graphs for each watershed.  

Unfortunately, there is no indication in the article of the number of rainfall events 

used in the study as well as the time periods involved. 

 

I spent quite some time reading and rereading this article. The reason is I couldn’t 

identify right away the equation indicated in Singh’s book with equation in Cordery’s 

paper. 

The equation in Singh’s book is shown as follows: 

 

 

The equation in Cordery’s paper is: 
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First, I thought that K in Cordery’s equation was part of the equation stated in 

Singh’s book, because the equation in Singh’s book is silent about K. There is no value 

indicated for K at all. 

In both equations, the common terms are: 

The term So (in Sing’s book) and R (in Cordery’s paper) which is overland in ft 

per mile, thus, just different nomenclature. 

And the term ½ in Singh’s book and 0.5 in Cordery’s paper, thus same term, 

However, in both equations, the differences are: 

The number 11.2 at the start of Cordery’s equation and no value indicated in 

Singh’s book. 

In Cordery’s equation an exponent of 0.79 is not shown at all in Singh’s book. 

The author concludes that procedures developed overseas have not been 

thoroughly tested for Australian conditions and that none of those procedures are 

generally applicable to watersheds in Eastern New South Wales. 

It is convenient to point out that the Manning’s coefficient included in the 

equation is only for the highest order stream of the watershed. This seems a shortcoming 

since usually is the average along the stream is the value used as manning’s coefficient. 

At any rate, Cordery points out that the combination of watershed characteristics 

were more closely related to trial and error parameters that to objectively derived ones; 

therefore it was decided to adopt those parameters found by trial and error that closely 

reproduced the observed unitgraphs. 
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Because the parameters, as stated by the author, didn’t match the objectively 

derived ones, hence the parameters adopted are the result of trial and error. 

In how far Cordery’s equation is a good match with the observed lag times of the 

nine watersheds under study in my dissertation? I would also have to carry a trial and 

error approach. But in a certain way this argument of trial and error might be valid for all 

other equations. This leaves an open application to carry out by other future researchers. 
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Wu Equation (1969) 

In Singh’s book there are three references to articles by Wu. One article was 

published in 1963 and two articles were published in 1969. 

These three articles were successfully located. The paper from 1963 refers to the 

equation published by Wu in such year of which is presented earlier in this appendix.  

The last two papers refer to the equation attributed to Wu in 1969 and cited in 

Singh’s book, as the following: 

In my various unsuccessful attempts to locate this equation, I searched and read 

these two papers, published in 1969. These papers are: 

1) Wu, I.P. 1969a. Flood hydrology of small watersheds: evaluation of time 

parameters and determination of peak discharge. Transactions of the American Society of 

Agricultural Engineers. 12: 655-60 and 663. 

2) Wu, I.P. 1969b. Hydrograph study and peak discharge determination of 

Hawaiian small watersheds: Island of Oahu. Technical Report no. 30, Water Resources 

Research center, university of Hawaii: Honolulu. 

The study aimed at the evaluation of 200 hydrographs from twenty-nine (29) 

small watersheds on the island of Oahu.  The watersheds range in size from 0.2 to ten 

square miles.  

The author states that peak discharge equations and drainage design criteria, 

which are available, were derived under temperate and continental USA settings and 

therefore are unfit to tropical oceanic-island conditions, such as those in Hawaii. 

23.0KAT L
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Nowhere in both papers, there is a mention of lag time. The terms mentioned are 

recession constant, called K which is a coefficient of an assumed linear storage model, 

time to peak, peak flow, time of equilibrium, and time of concentration.  

The author points out that the peak discharge-runoff relation generated by a 

watershed is so complex that it is rarely linear. He warns that the use of a linear model to 

determine the hydrograph and its peak will yield a poor estimate. Therefore a linearity 

test must be made before deciding that lineal models can be used. 

In this study, the results have shown that a good linear relationship existed 

between Qp/A and R. As a result four (4) equations were found for estimating peak 

discharge.  For watersheds with area less than 1 square mile, area from 1 to 3 square 

miles, area from 3 to 6 square miles, and larger than 6 square miles. Among the 

conclusions, the author points out that the applicability of the derived equations to 

watersheds smaller than 100 acres is not known. 

It is interesting to note that Wu (1969a) reports that results from a comparison of 

Time of concentration with time to peak did not show any correlation.  

At any rate, nowhere in both papers published by Wu in 1969, there is a reference 

to Lag Time. Of course, the possibility exists that Wu wrote about Lag time, but not in 

the references cited in Singh’s book. Such equation, attributed by Singh to Wu, is 

nonexistent. 

Again, the reference to this author shall remain in my dissertation. But I have to 

underscore that there is no such equation, as shown by Singh, and consequently it makes 

it improper to carry out a corresponding evaluation. 
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Bell and Omkar Equation (1969) 

 

Frederick C. Bell and Songthara Om Kar published a paper entitled 

“Characteristic Response Times in Design Flood Estimation” in 1969.  

The authors start by saying that stream flow data is often inadequate for direct 

estimation of design floods, particularly when smaller catchments are involved. 

It is necessary to measure the time of response of stream flow to rainfall that 

produces floods. Most of the methods require estimates of characteristic times, such as 

time of concentration, basin lag, time to equilibrium and alike. 

Various time parameters such as time of concentration, rise time, volume/peak 

ratio, effective rainfall duration, lag time, time to equilibrium are addressed. 

The issues are presented in the form of clear questions in the heading of sections.  

Instead of going directly to explain what the authors’ position is regarding Lag 

time, I am going to address what the authors say about time of concentration because the 

authors start with a lag time equation based in the equation of time of concentration of 

Ramser-Kirpich. 

The first time parameters to be dealt with are Time of Concentration and Rise 

Time.  

First, Time of concentration is usually defined as the time of travel of water from 

the most remote point on the catchment to the outlet. 

Second, Time from the start of rainfall excess until the whole area is contributing 

to flow to the outlet. 
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The authors point out that there are difficulties in reconciling these two definitions 

with the physical behavior of water, based in other research. The greatest difficulty with 

the concept is that it cannot be measured or derived from rainfall-runoff data unless 

certain questionable assumptions are introduced.  

Two classic assumptions of this type are: 

1) Time of concentration is equal to the time between the end of excess 

rainfall and the inflexion point on the falling limb of the hydrograph. 

2) Time of concentration is equal to the rise time of the hydrograph. 

Then reference is made to the research of one of the authors (Kar) on hydrograph 

rise times in a sample of 47 watersheds, less than 50 square miles, located throughout the 

USA as shown in figure below. 

 

 

 

 

 

 

 

 

 

 

 

 

Next, Rise Time as a hydrograph shape parameter is addressed. It is indicated that 

Commons, Mockus, Lienhardt, and Kickok, Keppel and Rafferty although they carried 

out studies where widely differing watersheds and climate conditions were involved, all 
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the dimensionless hydrographs are similar. The relative magnitude of the shape 

parameters is shown in table below. 

 

 

 

 

 

 

 

 

Note that for all of the hydrographs the base Time is 4.0, the only dissenting 

opinion is SCS. 

The question then is presented to the reader:  “How Constant are Rise Times?”  

The answer given is: rise times for a particular catchment are far from being 

constant. They may usually vary from about 40% to 200% of the median value. 

 

Afterwards, the estimating Time of Concentration of Ramser-Kirpich is set forth. 

In this this equation, the average rise time is actually the Time of Concentration. But, it 

gives very poor estimates of median riser time for the sample catchments. 
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It is highlighted, that a disadvantage with rise time is that it changes to some 

extent with the effective storm duration and therefore it is not completely dependent on 

watershed physical characteristics. 

Therefore, lag time comes now to the forefront. Lag may be defined in several 

ways, but the following two definitions are presented. 

a)  The time between the centroid of the hyetograph of excess rainfall and the 

peak. 

b) The time between the centroid of the hyetograph of excess rainfall and the 

centroid of the hydrograph. 

The advantage of a) is that it can be measured fairly easy from the rainfall-runoff 

data. 

But, b) is sometimes claimed to be more consistent and possibly has greater 

significance because it may be interpreted as the “storage delay time” of the watershed. 

Then, the question is presented: “How constant is lag?” 

Lag time was analyzed in a similar manner that rise times and according to the 

results of the sample catchments studied, the frequency distribution of relative lag times 

was found to be positively skewed but with a smaller dispersion when compared with rise 

times. 

Consequently, it was concluded that lag is not constant, but it shows considerably 

less variability (from about 70% to 140%) than the rise time. In this regard, it probably 

has more chance of being estimated satisfactorily from the physical characteristics of the 

watershed. 
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The next question is, how to estimate lag from catchment characteristics. The 

authors state that because Lag is supposed to be dependent primarily on the physical 

characteristics of a watershed, a modified form of the Ramser-Kirpich Time of 

Concentration equation should be applied: 

 

The difference is that the coefficient 0.00013 is substituted by M. 

But this equation is discarded, since it is pointed out that the relatively high 

standard deviations indicate that this equation does not generate satisfactory estimates of 

Lag time (page 188). 

It is unsettling that Campos Aranda, 1981, in his report “Recopilación de 

Fórmulas Empíricas para Estimar los Tiempos de Concentración, de Retraso y de Pico, 

en Cuencas Rurales” attributes to Bell and Kar the above equation, as the definitive one 

adopted by them, which is incorrect. The adopted equation is shown below. 

Then, reference is made to the research carried out by Hoyt and Langbein. And 

this equation is modified by adopting a slightly smaller exponent for A. 

   (Hoyt and Langbein)     (Adopted equation) 

 

The authors state that an examination was made of several other equations given 

in text books for estimating lag from channel lengths and slopes, but none of these was 

superior to the adopted equation. 

The values for M, for vegetation cover group, are shown in table below: 

39.077.0 
 SLMT k

4.0KAT L
33.0MAT L
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Hence, the authors came up with a single, simple mathematical equation 

expressed in terms of vegetation cover and area. 

There are other interesting time parameter concepts addressed by the author.  

Sufficient to say that the conclusion from the authors is that, no completely 

satisfactory method can be recommended for estimating any of the characteristic times 

from physical characteristics of watersheds. They go further by stating that it seems that 

the existing equations generally fail to allow for some major factor such as roughness or 

magnitude of flood flows. And this is an area in which further research may produce a 

very useful contribution. 

This is a very attractive paper to read. It is very well articulated and written in 

plain language.  
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Rao and Delleur Equation (1974) 

 

Rao and Delleur published, in 1973, a paper entitled “Instantaneous Unit 

Hydrographs, Peak Discharges and Time Lags in Urban Basins”. However, Singh 

indicates that this equation was developed in 1974. 

This paper addresses some aspects of the effect of urbanization in the hydrology 

of watersheds.  

The authors state that data from 13 watersheds: eight (8) urban and five (5) rural 

basins in Indiana and in Texas were used in the study.  

The area of the watersheds ranges from 0.0455 to 19.32 square miles (11.78 ha to 

5003.86 ha) and an average lag time ranges from 12.6 minutes to 9.34 hours. There were 

a total of 131 storms used in the analysis for the 13 watersheds. 

The objective was to develop relationships to estimate the peak discharge and the 

time to peak in relation to the amount of urban development, as well as other basin 

characteristics and even storms. 

The authors provide five definitions of lag time. Among them, the definition of 

lag time as the time from the centroid of excess rainfall to the centroid of direct runoff 

hydrograph, which is the one they applied in this study. It is convenient to point out that 

the authors used the observed average lag time. In my dissertation, not the average, but 

the median value is being used. 

They express a concern regarding the use of the average value. They wrote 

“Although the average time lag value has been used in several previous studies, its use in 
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runoff prediction from urban basins can lead to erroneous results. The dependence of 

average time lag value on various physiographic characteristics cannot be clearly brought 

out by regression analysis although several previous investigators have used regression 

analysis for this purpose.” 

Three equations are developed that show very high and similar correlation 

coefficients.  

 

 

 

 

Note: Ia is not Initial Abstraction, which is a bit confusing since it is a more or 

less accepted term for initial abstraction, but it is Impervious Area. In the calculations, 

the Impervious Area was set to zero. 

The authors state that this is not surprising because basin area and stream length 

are highly correlated and the man made changes render the stream channel slope to be 

meaningless in many urban basins because these basins are often designed for an 

approximate standard flow velocity. 

A note of worth is the approach used for base flow separation. In a hydrograph, 

let A be the point at which the direct runoff begins and let B be the point at which ends. 

The point A is easily located in isolated storms. The point B is located on the recession 

limb of the hydrograph, such that the discharge at point B (QB) is one hundredth of the 

peak discharge. The points A and B are joined by a straight line which represents the base 
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flow separation line. The authors do not explain why the point B is defined at one 

hundredth of the peak discharge. 

Also an interesting part of this article is the description of the method the authors 

applied:  “The excess rainfall was estimated by assigning the rainfall which occurred 

before the time of commencement of direct runoff to be the initial abstraction.” This is 

what I did in my research. Then the authors state further “The beginning time or rise of 

runoff was taken as the beginning time 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.”  

The previous statement matches the description of the method of the constant 

fraction or proportional loss in combination with initial abstraction of removal of rainfall 

excess.  

 

 

 

 

 

Rao and Delleur’s equations come closer to the lag times observed for non-

urbanized small watersheds in Southern Arizona. In the application of their equations, the 

value given for impervious areas of urbanization was set to zero. 
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Although the sizes of the basins in this study are still large, there are a couple of 

basins in the order of 12 ha. In my research, the biggest of the ten watersheds is WG 104 

with an area of 4.37 ha, located in Walnut Gulch. 

It is worth mentioning that the values obtained by their third equation:  

These values are in some cases in the vicinity of the observed lag times (Ia + 

Proport). 

Setting the Impervious Area to a zero value, the following equation  

 

is reduced to: 

    

 

And in previous discussions, we have seen that by changing the coefficient and 

exponents of a simple relationship in terms of area, the results can get very close to the 

observed median lag time values. 

The main objective of this research was primarily on the effects of urbanization 

on watersheds and in using the average time lag as a time parameter.  
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Boyd Equation (1978) 

 

Michael J. Boyd published an article in 1978 entitled “A Storage- Routing Model 

Relating Drainage Basin Hydrology and Geomorphology”.  

His paper addresses relations between stream order, network magnitude, lag time, 

and geomorphic variables in four nested watersheds. The author places an emphasis in 

nested. 

According to the author the relationship obtained was applied to ten watersheds 

and it showed to reproduce the relationships observed for the watersheds used in this 

study. 

The area of the studied watersheds range from of 0.39 km
2
 to 39.8 km

2
, and a 

mean lag time of 1.50 to 8.43 hours. All watersheds are located in eastern New South 

Wales, Australia. Unfortunately, there is no data indicating the rainfall and runoff period 

of events used for the study. 

The unique concept included in this equation is that lag time is being related to a 

stream ordering system, the Strahler ordering system. 

The lag time definition applied in this study is the time between the centroids of a 

rainfall excess pattern and the resulting runoff hydrograph. In this regard, it is worth 

mentioning the author remarks highlighting various advantages of this lag time definition 

over other time parameters such as travel time, time to peak, time of concentration, peak 

discharge and mean discharge. 
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1) Lag time is precisely equal to the time parameter K of the first-order linear 

differential equation describing the response of a storage element. 

2) Lag time is reasonably stable for a given drainage basin and is essentially 

independent of the rainfall temporal pattern and its intensity. In contrast, the time to peak, 

peak discharge, and mean discharge depend strongly on the rainfall temporal pattern and 

intensity. 

3) Measurements of lag time are readily available and many be calculated 

from every recorded rainfall-stream flow event. 

By comparison, travel times must be measured by tracer injection or inferred from 

velocity measurements. 

Regarding item 2, again, the analysis of rainfall and runoff events in four 

watersheds, located in the Santa Rita Experimental Range (SRER) and five (5) basins in 

Walnut Gulch Experimental Watershed, seems to confirm the above.   

Concerning item 3, it would appear that in Australia are doing things differently 

and they have developed procedures that generate, as a common occurrence, this 

parameter. If this is the case, it would be worthwhile to look closer at what they are 

doing. 

Another interesting statement from the author is 

the description of the method in measuring lag time. 

Rainfall excess was determined by subtracting an initial 

loss and a continuing loss rate to produce the correct 

volume of direct runoff, as depicted in image.  
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By the way, this is one of the two methods applied in my dissertation. 

The equation developed was obtained by applying the relationship obtained to ten 

catchments, using four of the basins of the study. 

 

 

Undoubtedly, the unique concept applied in this study is that the equation 

developed includes stream order and network magnitude, something that might be 

considered when studying nested watersheds. 

In my dissertation, there are only two nested catchment in the lucky Hills of 

Walnut Gulch Experimental Watershed. These basins are 101 within 103, and 102 and 

106 within 104. Since most of the watersheds, subject of this dissertation do not have 

these characteristics, I’ll leave this challenge for others to come. 

 

 

 

 

 

 

 

 

 

 

  404.0
12066.1  LT (2u-1) = total number of interior and 

exterior links in the channel network  
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Putnam Equation (1972) 

 

The reference to this equation does not come from Singh’s book, but from C.T. 

Haan et. al. 1994. Design Hydrology and Sedimentology for Small Catchments. 

Arthur L. Putnam published an U.S. geological Survey Open-file report in 1972, 

entitled “Effect of Urban Development on Floods in the Piedmont Province of North 

Carolina”.  

It is a very interesting report which consists of 87 pages. 62 pages include the 

explanation of the scope, data collection and analysis, references and 25 pages of tables at 

the end. 

The data comes from approximately 200 sites. Of these sites, 42 are located in 

metropolitan areas of North Carolina Piedmont Province. The studied area includes the 

cities of Charlotte, Durham, Lenoir, Morganton, and Winston- Salem. The area of the 

watersheds ranges from 0.27 to 178 square miles. 

The definition of lag time used in this study is defined as “the average time 

interval in hours between the center of mass of the rainfall excess and the center of mass 

of the resultant runoff”. Note the word average. In my dissertation, the median value is 

being used. 

As a note of interest, in page 8, reads “The Geological Survey has developed a 

method of concurrently measuring rainfall and stream flow by use of two digital 

recorders that simultaneously punch data on paper tapes.” 
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Thanks to the technological advance in electronics it is possible, like in Walnut 

Gulch and in the Santa Ritas to have digital devices where data is collected in the field 

from sensors and transmitted to the office, as explained by Nichols M.H , 2008. Sediment 

database, Walnut Gulch Experimental watershed, Arizona, United States, and the same 

author in Southwest watershed research center data access project. 

Three watershed features were used in the equation: drainage area, channel length 

and channel slope. Again there is no uniformity in these terms. The wording is similar to 

other equations but the content is different. This is the case with channel length, defined 

as the distance in miles from the stream gaging site measured along the main water 

course to the watershed boundary.  

Also, channel slope, defined as the slope in feet per mile of the main water course 

between points 10 and 85 percent of the distance upstream from the stream-gaging site. 

Hence no uniformity which makes cumbersome to draw comparisons. 

 Several regression models were tried and it was determined that the following 

equation was the best representation of the data: 

 

T = is the lag time in hours 

L = is the length of the main water course in miles 

S = is the stream bed slope of the main water course in feet per mile 

I = is the ratio of the area of impervious cover to the total drainage area. 
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In Singh’s book, the impervious area is indicated as “Ia”, but in the original report 

impervious area is simply the letter “I”. The term “Ia” must not be confused with initial 

abstraction. 

The author states that the next step was to obtain equations relating flood 

frequency data knowing only the drainage area and basin lag time. Several equations 

were developed for various recurrence intervals. To test the validity of these equations, 

76 long term gaging stations were selected  

This report is quite comprehensive and outlines very thoroughly the methodology 

applied and explains equally the different procedures used. 

The conclusions are that urban development reduces the basin lag time. For an 

urban watershed with an impervious cover of about 25 percent, lag time is one- seventh 

of the same undeveloped area. For a watershed completely covered with impervious 

surfaces, lag time is about one –sixteenth of the same area in natural conditions. 

An area with a 50% of impervious cover may increase the peak discharge by a 

factor of about 2.5 for a flood with a recurrence interval of 25 year and about 2.1 for a 

100-year flood. 

Last but not least, the author states early in the report, page 3, that it is not 

suggested that the individual equations are applicable in areas outside the Piedmont 

section of North Carolina. 
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Simas and Hawkins Equation (2001) 

This equation is not cited in Singh’s book, but it is included in my dissertation 

because is among the most recent equations by graduate faculty of the University of 

Arizona and developed by Dr. Hawkins who is among my advisors. 

 

Lag time is defined as the time from the center of mass of rainfall excess to the 

center of mass of direct runoff. 

The study evaluated data of 55,645 events pertaining to 168 small watersheds in 

the United States ranging in size from 0.243 to 3490 acres, with periods of rainfall-runoff 

records from 3 to 58 years. 

The data was obtained from the Water Data Center, US department of 

Agriculture, the Agricultural Research Service (ARS) located in Beltsville, Maryland. 

Rainfall and runoff events were separated using GETPQ, a software developed at 

the University of Arizona. 

Effective rainfall was determined and calculated by an initial loss followed by a 

continuing loss rate (phi index) which was adjusted iteratively until the effective rainfall 

hyetograph matched the observed direct runoff depth.  

Only hydrographs with a single peak were selected and all rainfall-runoff events 

were visually inspected. Several additional criteria were applied to assure consistency in 

the timing of the rainfall and runoff events. As a result, a total of 31,030 events were 

selected.  

 

313.0150.0594.00051.0)( natL SSlopeWidthT 
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To the best of my knowledge, among the innovative concept included in this lag 

time equation is the term Snat which is the storage coefficient used in the Curve Number 

(CN) method. 

It was observed that lag time was not a constant for a watershed since it varied 

considerably. But a constant value of lag time was shown for some watersheds for bigger 

storms. 

Some other researchers are making reference to this study. As an example, a 

paper published by Xing F. et. Al. (2008). “Time of Concentration Estimated Using 

Watershed Parameters Determined by Automated and Manual Methods.”  Journal of 

Irrigation and Drainage Engineering, ASCE. 134: 202-211, carried out estimations of  

Time of concentration using a conversion for the Simas-Hawkins lag time equation. 

However, as a note of interest, the background explanation of the Johnstone-Cross 

equation (1949) in page 206, is cited from Haestad Methods Inc, 2003. But in the Haestad 

Methods book,page 137, although the descriptive text matches the equation attributed to 

Johnstone- Cross, it shows an equation with a quite different coefficient. Actually, the 

real title of Haestad methods is “Stormwater Conveyance Modeling and Design”. 

 

Lag Time equation shown by Xing (2008), page 206. 

 

Johnstone-Cross equation:  In SI Units   In English units 

 

 

 

Lag Time equation as shown by Haestad Methods (2003), page 137. 

 

Johnstone-Cross equation:         In SI units 

5.0)(258.3 ccL SLT  5.0)(129.4 ccL SLT 

5.0)(300 ccL SLT 
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Thus a factor of difference of 92 times in the coefficient. 

 

Under the same token, in this same paper, the equation in English units, indicated 

by Xing et. al. (2008)  does not match the equation shown in M. Simas (1996) 

dissertation and neither in other corresponding publication. 

The equation shown in Xing paper is: 

 

 

and Simas- Hawkins equation is as follows: 

 

 

Hence a factor of difference of 13,824 times. 

 

As in previous comments, this proves that the only way to verify the author’s 

truly intentions and statements is to verify the original sources. 

 

 

 

 

 

 

 

313.0150.0594.05.70 natL SSWT  
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The following seven papers pertain to the second definition of Lag Time, defined 

as the time between the center of mass of the effective rainfall and the peak of the direct 

runoff hydrograph.  

 

Snyder Equation (1938) 

Snyder published a paper entitled “Synthetic unit graphs” in 1938. 

In his paper he presents the following equation: 

Where: 

L  =     Length of the main channel in miles 

Lca =    Distance from station to center of area in miles 

The drainage areas range from 10 to 10,000 square miles. 

The author indicates that Lc should be the actual distance on the river from the 

station to the center of area, but if the center of area does not fall on the main channel, the 

distance should be measured along the main channel to a point opposite the center of 

area. 

Snyder indicates that the value of Ct varied from 1.8 to 2.2 for the areas studied 

which are mainly the Appalachia Highlands. 

According to the author, the term Lag Time was introduced by W.W. Horner and 

F. L Flynt in their study of rainfall and runoff from urban areas (1936), two years earlier 

which is cited in the paper.  

  3.0

12 caLLCT 
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Lag time was defined by these authors as “the time difference in phase between 

salient features of curves of rainfall and runoff or as the center of mass of rainfall to 

center of mass of runoff.” 

However, Snyder writes further that in his paper the term Lag time definition is 

different. He states that “As used in this paper the term Lag is defined as the time 

between center of mass of surface-runoff- producing rain of a specified time of storm and 

the occurrence of resulting peak discharge at the location being studied.”  

Hence, it would appear that Snyder created the second definition of Lag Time. 
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Linsley Equation (1943) 

 

Linsley published a paper with the title “Application of the Synthetic Unit-graph 

in the Western Mountain States“, in 1943.  

Linsley last name appears in both lists of Singh’ book. Hence, Linsley appears 

with two equations attributed to him in 1945 and 1943. 

The Second equation from centroid of effective precipitation to peak of runoff 

(Cp–Pr) developed in 1943 is In Singh’s list:   

   T = Ct(LLca)^0.3    Linsley (1943).  

Actually, Linsley didn’t develop a new equation. What he did was to carry out 

research to adjust constants in Snyder’s lag time equation for applications in the Sierra 

Nevada and Coast range. 

The data in his research pertains to 18 watersheds located in the Central Valley of 

California. The area ranges from over just 100 to 3200 square miles and differ widely in 

shape and topography. 

Linsley found out that Snyder’s equation could be applied, in the studied area, by 

changing the coefficient Ct to a range that varies from 0.3 to 0.7 

The following table summarizes the results of Linsley. 
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On a side note, Singh (1988) indicates this coefficient with a range from 0.3 to 

1.2, thus 0.5 larger than the range stated in Linsley’s original paper. 
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Taylor and Schwarz Equation (1952) 

 

Arnold B. Taylor and Harry E. Schwarz published an article in 1952 entitled 

“Unit-Hydrograph Lag and Peak Flow Related to Basin Characteristics”.  

The purpose of this paper, as stated by the authors, is to present the result of 

studies of hydrograph lag and peak-flow values related to basin characteristics and runoff 

duration. 

The data in this study came from 20 basins ranging in area from 20 to 1600 square 

miles, located in North and Middle Atlantic States. 65 hydrographs were selected. 

The equation shown in Singh’s book (page 115) is:   

Where C is: 

 

There is no explanation of what m1 means and Si in the square root does not 

appear either in the explanation of symbols. 

In the equation, the letter D could be read as Drainage Density, as included in the 

explanation of symbols in Singh’s book, but it is not, because the authors in their paper 

do not mention this specific variable. 

The authors state that the most significant basin characteristics that affect the peak 

and lag values of the unit hydrograph are: watershed area, longest watercourse length, 

distance to center of area, and main stream slope. These are the essential variables as 

used by Snyder (1938). But an additional variable which is a slope factor (ft/ft) was 

introduced in this analysis.  

1

6.0

S
C 

)exp( 12 DmCT 
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Two distinct equations are in this paper:  

 

In plotting all the variables, the authors point out that other variables showed 

some degree of correlation, but only the relation between m’ and the length of 

watercourse times the length of the center of area (LLca) was considered usable. 

and 

 

By the way Sst , in the terms and definitions, it is stated as: “slope a uniform 

channel having the same length as the longest watercourse and an equal time of travel” 

and in the second page, it can be seen that this slope is in ft/ft. 

In page 238, Determination of the Lag functions, an equation of the type  

 

 

 

 

It seems that this is the equation that Dr. Singh wanted to show in his book. 

The difference of the author’s original equation is the term Tr, shown at the end of 

it, instead of D as in Singh’s book. According to the definitions, Tr = “time in hours from 

beginning to end of computed significant rainfall excess”.  

After all these explanations, the bottom line is that the procedure to obtain lag 

time is based on a graphical solution of the equations developed, as shown in nomograph, 

figure 8, page 243. 
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When one looks at this graph, it can be observed, in the upper right corner, that 

the lowest value of LLca is 20. This means that the length of the watercourse multiplied 

by the length of the center of area cannot go lower than twenty. Hence, the length of the 

watercourse must be in the order of six or seven miles and Lca in the order of about three 

to obtain around 20 miles.  

The longest of the watercourse in the ten small watersheds in the Santa Rita and 

Walnut Gulch is 0.652 which corresponds to SR5. 

The variables of the Santa Rita Experimental Ranch (SRER) and the Walnut 

Gulch Experimental Watershed (WGEW) are outside the range of this nomograph. 

As a result, time lags cannot be determined for the ten watersheds of SRER and 

WGEW subject of this dissertation. 

Furthermore, under discussion and conclusion, the authors point out that the use 

of the nomograph or equations should be limited to the same geographical area used in 

the correlation, unless the synthetic unit hydrograph is verified by application to actual 

storms. 

Accordingly, Taylor and Schwarz equation is not applicable to the context of 

small watersheds in Southern Arizona. 
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Mockus Equation (1957) 

Victor Mockus presented a paper at the annual meeting of the American 

Geophysical Union, held in Sacramento California in 1957, entitled “Use of Storm and 

Watershed Characteristics in Synthetic Hydrograph Analysis and Application”.  

Under the References section in Singh’s book, there is only one single citation 

pertaining to Mockus. 

Singh, in his book citing the above reference, attributes to Mockus the following 

Lag Time equation: 

Where: 

  T2 = lag in hours 

K = 1/1900 

Lw =  hydraulic length of watershed  

M =   soil cover parameter 

So =  average watershed slope in percent  

 

When K is substituted, this equation becomes: 

 

Although, Lag time is mentioned, this lag time equation cannot be found at all in 

Mockus’ paper. 

The National Engineering Handbook (NEH), Part 630 Hydrology, published by 

the Natural Resources Conservation Service states that Mockus developed the SCS 

method for watershed lag. 
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The equations Is: 

where: 

L = lag in hours 

l = flow length, ft 

Y = average watershed land slope in percent 

S = maximum potential retention   

 

According to the NEH, the watershed lag equation was developed using data from 

24 watersheds ranging in size from 1.3 acres to 9.2 square miles and cites as reference 

Mockus, 1961. An interesting note is that the year is 1961 and not 1957.  

So, the question is: did Mockus develop an earlier equation, before the final well 

know form came into existence?                

The answer is yes. 

The explanation can be read in the paper published by Folmar, N.D., Miller, A.C., 

and Woodward, D.E. (2007). “History and development of the NRCS lag equation.” 

Journal of the American Water Resources Association, 43(3), 829-838. 

The lag time definition of the NRCS is the time from the centroid of excess 

precipitation to the peak of the runoff hydrograph. 

In 1961, Mockus together with SCS personnel worked over 3 month period in the 

development of a lag time equation. Several relationships were studied, such as length vs 

area, hydraulic length vs lag time, watershed shape. In Mockus’ analysis, no relationship 

of elevation change was evident. 
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The data bases used were, the Mitchell database from the Agricultural Research 

Service (ARS) with 18 watersheds, the Mitchell data base of the USGS consisting of 58 

watersheds, the Ramser database which included the watersheds used by Ramser in 1927 

and Kirpich in 1940, Civil Works # 153, whose origin is unknown, with 32 watersheds, 

hence a total of 114 watersheds. 

These watersheds range in size from 0.002 (1.28 acres) to 3090 square miles 

(1,977,592 acres). 

However, 24 watersheds were chosen in the regression analysis to derive the lag 

equation. The areas of these watersheds range in size from 1.20 acres to 13,632 acres. 

 As a result of these developments, the equation mentioned in Singh’s book, was 

first reported in TP – 149 (SCS, 1968) and the first edition of the NEH – 4 (SCS, 1964), 

as follows: 

 

But, later use of this lag equation showed that for high curve numbers, it over 

predicted the peak flow, and for low curve numbers, it under predicted the peak flow. 

Hence, SCS carried out a sensitivity analysis varying the curve number and the 

lag equation was adjusted as follows: 

 

 

 

So, the exponent on (S+1) was reduced from 1.67 to 0.7 and the number in the 

denominator was modified from 9000 to 1900.  
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This equation was published in the revised NEH -4 SCS, 1972) and TR -55 

(1975) and is the form of the present equation in use.  

Note: In Folmar et. al. (2007), in page 830, Woodward, 1999, is cited but this 

reference cannot be found in the literature cited. 

Some lingering questions. 

Did victor Mockus develop a time of concentration equation? 

It seems he chose to go with Lag time. 

Why not with time of concentration? 

At what point in time and how, SCS decided that lag time equals 0.6 of time of 

concentration?  

This relationship is being questioned by other researchers. 

The SCS lag time is from center of mass of excess rainfall to peak of runoff 

hydrograph. 

What about the lag time from center of masses of both? 

At any rate, Italian researchers are calling Tc: "Time of Concentration: a paradox 

in modern hydrology." 

Although, I am not involved with Tc directly in my dissertation, it touches this 

time parameter due to the overlapping definitions and lack of uniformity in hydrologic 

terminology for time parameters (McCuen, 2009).  

According to Folmar (2007), the lag equation was published in the revised NEH -

4 SCS, 1972) and TR -55 (1975) and is the form of the present equation in use. However, 

in the 1986 edition of TR-55, the lag equation was removed and a segmental approach 
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was included to solve for time of concentration. The procedures relate the lag time to the 

time of concentration by TL = 0.6Tc. 

The author states further that the segmental approach is a physically based method 

to compute time of concentration by the summation of travel times. This segmental 

approach was not a part of the theory originally developed by Mockus. The time 

parameters, obtained by these two methods are different. The segmental approach does 

not result in an analogous time value concept that can be related to the definition of lag 

time in the unit hydrograph theory.  

Also, Folmar points out that the use of the segment approach as opposed to the lag 

equation may not be justified because of the possible difference in the resulting peak 

flow. 

It appears that the effect that this segmental approach has on the peak flow has 

never been addressed by NRCS. 
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Hickok, Keppel and Rafferty Equation (1959) 

 

In Singh’s list, the third equation is from Hickok, Keppel, and Rafferty (1958). 

These three authors state that the method presented in their paper has been 

developed especially for small arid land watersheds. 

The study included 14 experimental watersheds in the three states of Arizona, 

Colorado and New Mexico. The watersheds are located in four settings in the proximity 

of Albuquerque and Santa Fe, New Mexico; Colorado Springs, Colorado; and Safford, 

Arizona. 

The distribution of the watersheds is as follows: 

 4 watersheds in Safford, Arizona 

 3 Albuquerque, New Mexico 

 3 Santa Fe, New Mexico 

 4 Colorado Springs, Colorado 

The watersheds range in size from 11 to 790 acres.  

One of these watersheds is cultivated.  

The period of records is from 9 to 16 years. 

About 130 events were analyzed. 

The authors point out that Snyder’s equation of lag time as well as Linsley’s 

equation “do not correlate well with lag time for the 14 watersheds” in their study. 

This is the reason, the authors indicate, that multiple correlations were developed. 

These correlations related lag time with several combinations of watersheds and channel 
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slopes, lengths, drainage density, shape and size. The outcomes of about 50 of these 

multiple correlations, two were clearly above all. Therefore, the authors included these 

relationships in the following two equations:   

 

 

 

 

 

 

 

It is worth noting that these are the only equations that were developed in the 

same hydro-climatic region as the geographical area of the present dissertation, namely 

the semiarid zone of the Southwestern United States. 
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Eagleson Equation (1962) 

 

P.S. Eagleson published an article in 1962 entitled “Unit Hydrograph 

Characteristics for Sewered Areas”. 

The paper’s objective was to present correlations of the main characteristics of 

certain urban watersheds and sewer properties with runoff hydrographs to promote its 

application. 

 

Five urbanized areas in Louisville, Kentucky. The range in size from the 

watersheds is from 0.22 square miles (141 acres) to 7.51 square miles (4810 acres).  

The data was generated during the years 1945 through 1948 by the Corps of 

Engineers.  

Four to five storms were selected for each watershed. Storms were chosen on the 

basis of producing at least half inch of rainfall excess. A total of twenty-seven storms 

were selected. 

An assumption indicated by the author is that the rainfall-excess started with the 

second 5-min rainfall increment (even though the measured discharge hydrograph 

indicated otherwise) as stated in page 20.  

A note of worth is that in this paper it is stated the procedure to generate the 

runoff hydrograph. It was observed the runoff to be 44% of rainfall and this percentage 

rate was applied individually to each 5-min rainfall increment, rather than by either of the 

2
1

3
2

2
5.1



 aa
ma SR

nL
T



189 

 

more common phi- () index method. The used indicated approach is depicted in left 

figure below: Ia & Constant Fraction. 

 

 

 

 

 

 

Figures adapted from Pilgrim and Cordery (1993). 

The use of either of these two methods gives different center of mass. 

Hence, when a comparison is performed, it is necessary to know which approach 

was used to determine center of mass. Otherwise any attempt to establish common 

features or differences will be based on unequal centers of mass which shall lead to 

unsound matches and conclusions. 

Eagleson used a definition of lag as “the time between the center of mass of 

rainfall-excess and the occurrence of the resulting peak surface runoff”. 

He also states that Linsley presented a correlation of the lag defined as the time 

from beginning of rainfall to the centroid of runoff. This a different definition of lag time, 

because it starts at the beginning of rainfall which means longer times. Hence, this lag 

time is of a longer duration than when is measured from the center of mass to peak of 

runoff. 
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In Eagleson’s paper, in Fig 7 various lag times were compared, like those 

obtained from Linsley. But, there is a flaw in his analysis. A comparison of lag times 

based on different meanings doesn’t lend to obtain sound results since it is based in 

conceptually dissimilar lag time definitions. 

In addition, the applicability of Eagleson’s equation is constrained to rather 

heavily urbanized areas with industrial, commercial and residential land uses. 

This single aspect of Eagleson’s study, which includes urban areas and storm 

sewer outflows, indicates that this equation is not applicable to the context of small rural 

watersheds in Southern Arizona. 
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Soil Conservation Services Equation (1962) 

 

In Singh’s book there is an equation attributed to SCS (1975), where the source 

cited is the Soil Conservation Service, 1975. Urban Hydrology for Small Watersheds. 

Technical release No. 55, U.S.  Department of Agriculture, Washington D.C. 

The equation shown by Singh is as follows: 

 

           (1) 

where: 

L = lag in hours 

l = flow length, ft 

Y = average watershed land slope in percent 

S = maximum potential retention     (2) 

 

 

 

As we know, the final form of the SCS equation is: 

           (3) 

 

If we substitute in equation (3) the terms (2) for S, we obtain: 

 

 

                (2 and 3) 

 

 

Thus, this is the equation shown in Singh’s book: 

 

           (1) 

 

 

And this equation is an equivalent form of the final SCS equation, presently in use.  

 

           (3) 

5.0

7.0

8.0

2
1900

9
1000

o

w

S

CN
L

T














 
5.0

7.08.0

2
1900

1

Slope

SL
T w






10
1000


CN

S

5.0

7.0

8.0

2
1900

110
1000

Slope

CN
L

T
w















5.0

7.0

8.0

2
1900

9
1000

Slope

CN
L

T
w















 
5.0

7.08.0

2
1900

1

Slope

SL
T w








192 

 

Bureau of Reclamation (1989) 

 

This equation is not in Singh’s book, but it has been added to this list as a 

reference. 

The antecedent of this equation is the lag time equation by the Los Angeles 

District Corps of Engineers that included the slope of the longest watercourse into 

Snyder’s equation in 1944.  

Such relationship resulted in the following equation: 

 

         

This equation became the foundation for procedures used by the Bureau of 

Reclamation (1989). 

The Bureau of Reclamation uses a definition of lag time that is different than 

originally stated by Horner and Flynt (1936). Lag time is the time from center of mass of 

unit rainfall excess to the time that 50 percent of the volume of unit runoff has passed the 

concentration point. This concept is shown in figure below. 
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The Bureau of Reclamation indicates that the value of exponent N can be taken as 

0.33 as a result of analyses of data for many drainage basins throughout the United 

States. Also, the Bureau of Reclamation states further that Ct can be expressed as 26Kn. 

       

 

Where: T2 = Lag Time, in hours; 

L= distance of longest watercourse, in miles; 

Lc = Distance from gauging station to a point opposite centroid of drainage basin, 

in miles; 

S = Overall slope of L measured from gauging station to drainage divide, in feet 

per mile; and 

Kn = an average Manning’s roughness coefficient for the drainage network. 

The following table shows the values of Kn for various regions of the United 

States.  
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In the following figure, unit hydrograph relationships are shown for the Southwest 

Desert, Great Basin and Colorado Plateau. Regional Kn values range from 0.070 to 0.042 

where the lower value is typical of desert areas. 

 

 

 

 

 

 

 

This equation is included only as a reference, since the definition of lag time of 

the Bureau of reclamation is the time from the center of mass of unit rainfall excess to the 

time that 50 percent of the volume of unit runoff that has passed the concentration point, 

which is different from the two lag time definitions being evaluated in this dissertation. 
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SUMMARY 

The following tables show a list of the evaluated equations with a summary of 

those equations that differ from the authors original papers, as well as those equations not 

applicable due to watershed size and neither applicable in the context of arid lands.  

Table 1 Lag Time Equations  
1) From Centroid of Effective Rainfall to 

Centroid of Runoff 
Comments 

 

Clark (1945) 

 Incorrectly listed under this Lag Time 

definition. 

 

Linsley (1945) 

 

 Incomplete match with original author’s 

equation. 

Mitchell 

(1948) 

  

 

Johnstone and 

Cross (1949) 

 No match with author’s equation. 

 

Eaton (1954) 
 

 Incorrectly listed under this Lag Time 

definition  and no match with author’s 

equation. 

 

O’Kelly (1955) 
 

  

 

Dooge (1955) 
 

  

Hoyt and 

Langbein 

(1955) 

 Incorrectly listed under this Lag Time 

definition  and no match with author’s 

equation. 

Nash (1960) 
 

  

Nash (1960) 

 

  

Carter (1961) 
 

 Excluded because it includes suburban 

areas. 

Morgan & 

Johnson (1962) 

 

 Author’s evaluated four equations, but 

didn’t develop an equation of their own. 
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Table 1 Lag Time Equations (Continuation) 

1) From Centroid of Effective Rainfall to Centroid of Runoff 
 

Comments 

Wu (1963) 
 

 Incorrectly listed under this 

Lag Time definition. 

Bell (1967) 

 

 This equation is the same as 

the Bell and Kar’s equation 

listed below. Bell didn’t 

develop an equation. 

Kennedy and 

Watt (1967) 

 For settings where lakes, 

ponds and marshes are to be 

evaluated. 

 

Cordery 

(1968) 

 

 

 For settings where lakes, 

ponds and marshes are to be 

evaluated. 

Wu (1969) 

 

 No match. This equation is 

non existent. 

Bell and kar 

(1969) 

  

Rao and 

Delleur (1974) 

 Ia = Impervious variable for 

urbanized areas. 

Rao and 

Delleur (1974) 

 Ia = Impervious variable for 

urbanized areas. 

Rao and 

Delleur (1974) 

 Ia = Impervious variable for 

urbanized areas. 

Boyd (1978) 

 

 Variable to account for 

nested watersheds. 

Boyd (1978) 

 

 Variable to accont for nested 

watersheds. 

 

Putnam 

(1972) 

 

 

  

Simas and 

Hawkins 

(2001) 

  

 

From the above list, in the last two pages, only eight equations can be evaluated. 
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Table 2 Lag Time Equations  

2)From Centroid of Effective Rainfall to Peak 
of Runoff 

Comments 

 

Snyder (1938) 
 

 

 

 

Linsley 

(1943) 

 

 

 

Taylor and 

Schwarz 

(1952) 

 Outside of range size of studied 

watersheds. 

 
Mockus 

(1957) 
 

 

 

No match. * 

This equation cannot be found in Mockus’ 

paper.  

Hickok, 

Keppel, and 

Rafferty 

(1959) 

 These are the only equations that were 

developed in the same hydro-climatic 

region of Southwestern United States. 

Hickok, 

Keppel, and 

Rafferty 

(1959) 

 These are the only equations that were 

developed in the same hydro-climatic 

region of Southwestern United States. 

Eagleson 

(1962) 

 

 Constrained to heavily urbanized areas 

with industrial, commercial and 

residential land uses. 
Soil 

Conservation 

Service 

(1975) 

 

  

Bureau of 

reclamation 

(1989) 

 

 Lag time defined as the time from the 

center of mass to the time that 50% of the 

volume of runoff has passed the 

concentration point. 
   
*  Note: This equations as shown in Singh’s book was first reported in TP-149 (SCS, 1968) 

and the first edition of the NEH-4 (SCS, 1964). Later this equation was adjusted by the 

SCS to its present form. 
   
   

From the above list, in this page, four eight equations can be evaluated. 
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APPENDIX E: 

EXPLANATION OF PROCESS 

 

The data used in this research was entirely obtained from the Southwest 

Watershed Research Center (SWRC), located in Tucson, Arizona. Research by SWRC is 

conducted at the Walnut Gulch Experimental Watershed (WGEW) near Tombstone, 

Arizona (since 1953) and at the Santa Rita Experimental Range (SRER) south of Tucson 

(since 1975). 

Datasets were obtained from the USDA-ARS Southwest Watershed Research 

Center. Funding for these datasets was provided by the United States Department of 

Agriculture, Agricultural Research Service.  

 All data available through the SWRC data access website are in the public 

domain, and are not restricted by copyright.  

However, the SWRC requests as formal acknowledgement of field and/or data 

support in manuscripts. Therefore, SWRC support is recognized through receiving advice 

and suggestions from Dr. Stone, research hydrologist with the SWRC as well his 

willingness to participate as co-authorship of the dissertation papers.  

The bulk of the data for the selection of watersheds was based in files downloaded 

from the SWRC website. These data can be obtained in a variety of formats and over 

various time intervals though a web interface at http://www.tucson.ars.ag.gov/dap/. 

Also a great deal of references and preliminary selection of watersheds is based in 

papers published by the SWRC and available in the previous mentioned website. 

http://www.tucson.ars.ag.gov/dap/
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This appendix lays the foundations for the publishable paper included in 

Appendix B under the title “Determination of Centers of Mass. Does the chosen Method 

really Matters”. 

Some of the questions are the following: are different centers of mass obtained 

depending on which method of removing rain losses was applied? Does the influence lag 

times? If so, which lag time definition shows less variability and hence more consistent? 

Data Selection 

A preliminary selection of watersheds in the WGEW was carried out based in the 

classification of large, medium and small watersheds (Stone et al., 2008). The availability 

of digital records was the first criteria to be used in the selection of watersheds. 

WGEW is one of the densest rain gauge networks in the world. In 2000, a 

network of digital rain gauges was placed next to the analog gages. The new network was 

provided with a telemetry system for data transmission. The records are generated from 

digital weighing rain gages and consist of rainfall depths at 1 min intervals during 

rainfall. 

A preliminary selection of watersheds of the Walnut Gulch was done based on the 

classification by J. Stone et. al (2008) in Large, Medium and Small watersheds. The final 

selection, of the small watersheds, was done taking into account those watersheds for 

which the period of record continues to present, they are provided with digital recording 

devices, and are not urbanized. 
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Eleven (11) watersheds are shown below, listed as small watersheds, from the 

paper from J. Stone et.al.  

Table E.1 Small Watersheds in the Walnut Gulch Experimental Watershed  

 
 

Six of (6) watersheds were eliminated for the following reasons:  

1) Recording is not presently carried out in watersheds 101, 122 and 124. 

2) Two watersheds 121 and 125 are urbanized. 

3) There is no digital recording device for watershed 105 

 

As a result, six watersheds were removed from the original list of eleven (11) 

watersheds and hence five watersheds were left.  

From these five (5) watersheds, three (3) watersheds are nested.  

As a note, watersheds 102 and 106 are nested within watershed 104.  
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Table E.2 Preliminary Selection of watersheds in SRER and WGW 

   

 Flume Rain  Area 

 Walnutgulch ID Gage  ( ha) 

       

1  WG  101   1.3 ha  

2  WG 102  384  1.5 ha (nested in 104) 

3  WG 103  083  3.7 ha  

4  WG 104  384   4.5 ha 

5  WG 105   386 *  0.18 ha 

6  WG 106  384  0.34 ha (nested in 104) 

7  WG 112  082  1.9 ha 

8  WG 121 ***  5.4 ha  

9  WG 122 **  0.97 ha 

10  WG 124 **  2.2 ha 

11  WG 125 ***  5.9 ha  

   

* Analog Rain gage 

** No recording to present (101 stopped in 1986, 122 stopped in 1988, 124 stopped in 

1998) 

*** Urbanized 

 

   

Consequently, the five selected watersheds for Walnut Gulch Experimental 

Watershed (WGEW) are shown in table E.3 below. 

Table E. 3 Chosen Watersheds in WGEW 

WGEW 

WG 102 WG 103 WG 104  WG 106 WG 112 

1.78 ha 3.71 ha 4.37 ha 0.33 ha 1.88 ha 

 

Also, The SRER engaged in a project to upgrade rainfall and runoff analog 

instruments to digital devices in 1996. This conversion of these devices was linked with 

radio telemetry to remotely transmit recorded data to a central computer. This effort 

became known as the Southwest Watershed Research Center Data Access Project (DAP) 
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and it is explained in detail by Nichols and Anson (2008). These measuring instruments 

were replaced by digital devices in 2000. 

In the Santa Rita Experimental Range (SRER), initially, eight watersheds were 

selected for this study, but these eight watersheds were later reduced to five. These five 

watersheds were initially selected based in uninterrupted records for rainfall and runoff 

events. 

From these five watersheds, three watersheds were excluded. In addition, two 

watersheds SR1 and SR2 showed by aerial photointerpretation and by software watershed 

delineation that the areas were larger than expected, which was confirmed by field 

inspection that the berms of these two watersheds had been bridged. Also, watershed SR5 

showed a substantial discrepancy with the delineation previously reported. This process 

and results are explained in Appendix C. Hence from the five watersheds, two watersheds 

were left: SR3 and SR4. 

As explained before, a further selection was done of watersheds based in three 

criteria: recording continue to present, non-urbanized, and digital records available.  

The seven selected watersheds are the following: SR3, SR4, WG102, WG 103, 

WG 104, WG 106, and WG 112. These watersheds are shown in table E.4. 

. 

Table E.4 Chosen Watersheds in the SRER and WGEW 

SRER WGEW 

SR 3 SR 4 WG 102 WG 103 WG 104  WG 106 WG 112 

2.77 ha 1.96 ha 1.78 ha 3.71 ha 4.37 ha 0.33 ha 1.88 ha 
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The following figure depicts, in a general fashion, the steps taken for 

downloading and processing of the rainfall and runoff data corresponding to the above 

mentioned watersheds. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 Explanation of Data Processing 
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The explanation of steps will be done using watershed 102 in the WGEW. 

 

The following is the summary rainfall data as downloaded from the Southwest 

Watershed Research Center Website. 

 

Table E.5 Rainfall Data sorted by Breakpoint 

Watershed 102 (Walnut Gulch) Rain Gage 384

For the period 1/1/1999 to 12/31/2011 Breakpoint Data sorted by date, depth in millimeters.

Date & Time G
ag

e

Date Start Elapsed Accum Depth Rainfall Rate

C5+F5 Time Time Time (mm) (mm/hr)
3/16/1999 16:09 384 3/16/1999 16:09 0 16:09 0 3.81

3/16/1999 16:11 384 3/16/1999 16:09 2 16:11 0.127 7.62

3/16/1999 16:12 384 3/16/1999 16:09 3 16:12 0.254 3.81

3/16/1999 16:14 384 3/16/1999 16:09 5 16:14 0.381 0.635

3/16/1999 16:38 384 3/16/1999 16:09 29 16:38 0.635 7.62

3/16/1999 16:40 384 3/16/1999 16:09 31 16:40 0.889 15.24

3/16/1999 16:41 384 3/16/1999 16:09 32 16:41 1.143 15.24

3/16/1999 16:42 384 3/16/1999 16:09 33 16:42 1.397 15.24

3/16/1999 16:43 384 3/16/1999 16:09 34 16:43 1.651 15.24

3/16/1999 16:44 384 3/16/1999 16:09 35 16:44 1.905 15.24

3/16/1999 16:45 384 3/16/1999 16:09 36 16:45 2.159 15.24

3/16/1999 16:46 384 3/16/1999 16:09 37 16:46 2.413 3.81

3/16/1999 16:48 384 3/16/1999 16:09 39 16:48 2.54 3.81

3/16/1999 16:50 384 3/16/1999 16:09 41 16:50 2.667 7.62

3/16/1999 16:52 384 3/16/1999 16:09 43 16:52 2.921 3.81

3/16/1999 16:54 384 3/16/1999 16:09 45 16:54 3.048 3.81

3/16/1999 16:56 384 3/16/1999 16:09 47 16:56 3.175 3.81

3/16/1999 16:58 384 3/16/1999 16:09 49 16:58 3.302 7.62

3/16/1999 17:00 384 3/16/1999 16:09 51 17:00 3.556 15.24

3/16/1999 17:01 384 3/16/1999 16:09 52 17:01 3.81 7.62

3/16/1999 17:02 384 3/16/1999 16:09 53 17:02 3.937 3.81

3/16/1999 17:04 384 3/16/1999 16:09 55 17:04 4.064 7.62

3/16/1999 17:06 384 3/16/1999 16:09 57 17:06 4.318 3.81

3/16/1999 17:08 384 3/16/1999 16:09 59 17:08 4.445 2.54

3/16/1999 17:11 384 3/16/1999 16:09 62 17:11 4.572 5.08  
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The following is a sample of the summary rainfall data as downloaded from the 

Southwest Watershed Research Center Website. 

 

Table E.6  Rainfall Data 

Event Report generated 3/5/2007 11:24:05 AM

WG 102

Watershed 102 (Walnut Gulch) Total = Rainfall Events

Gages: 384 884

For the period 1/1/1999 to 12/31/2011

For all months

Summary Information sorted by gage, depth in mm.

Date + Time Gage Date Start Time Duration Depth

CONCATENATED (mm)

3/16/99 16:09 384 3/16/1999 16:09 76 5.08 1

3/17/99 1:29 384 3/17/1999 1:29 69 1.27 2

3/17/99 8:02 384 3/17/1999 8:02 50 1.778 3

4/1/99 21:28 384 4/1/1999 21:28 113 1.016 4

4/2/99 6:59 384 4/2/1999 6:59 97 1.397 5

4/4/99 13:35 384 4/4/1999 13:35 114 2.54 6

4/5/99 7:25 384 4/5/1999 7:25 1 0.127 7

6/26/99 17:09 384 6/26/1999 17:09 1 0.254 8

6/26/99 20:18 384 6/26/1999 20:18 1 0.254 9

7/2/99 19:43 384 7/2/1999 19:43 1 0.381 10

7/3/99 13:57 384 7/3/1999 13:57 73 1.651 11

7/4/99 18:03 384 7/4/1999 18:03 14 3.302 12

7/5/99 13:31 384 7/5/1999 13:31 18 2.54 13

7/5/99 18:10 384 7/5/1999 18:10 266 4.318 14

7/6/99 12:11 384 7/6/1999 12:11 1 0.254 15

7/6/99 19:12 384 7/6/1999 19:12 119 6.731 16

7/7/99 17:48 384 7/7/1999 17:48 17 6.223 17

7/13/99 17:20 384 7/13/1999 17:20 10 3.048 18

7/13/99 19:36 384 7/13/1999 19:36 1 0.254 19

7/13/99 21:02 384 7/13/1999 21:02 1 0.254 20

7/14/99 11:39 384 7/14/1999 11:39 45 3.302 21  
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The following is a sample of the runoff breakpoint data downloaded from the 

Southwest Watershed Research Center Website. 

 

Table E.7  Runoff Data sorted by Breakpoint 

Event Report generated 5/14/2011 8:03:12 AM [Digital] 
 

     
Flumes: 102 

 Watershed 102 (Walnut 
Gulch) 

  

Raingage = 
384 

 
Flumes: 102        Area: 0.02299 km2 

 

File Name: Runoff  WG 102 
(metric) 

For the period 1/1/1999 to 12/31/2011 
   For all months 

     Breakpoint Data sorted by flume, discharge in mm (over the watershed) per hour. 

       

Flume Date 
Start 
Time 

Elapsed 
Time 

Accum 
Time 

Runoff Rate 
mm/hr) 

Accum. 
Volume (mm) 

102 7/14/1999 13:53 0 13:53 0 0 

102 7/14/1999 13:53 1 13:54 0.03 0 

102 7/14/1999 13:53 2 13:55 0.08 0 

102 7/14/1999 13:53 5 13:58 0.08 0.01 

102 7/14/1999 13:53 6 13:59 0.16 0.01 
102 7/14/1999 13:53 7 14:00 0.16 0.01 

102 7/14/1999 13:53 8 14:01 0.27 0.01 

102 7/14/1999 13:53 9 14:02 0.27 0.02 

102 7/14/1999 13:53 10 14:03 0.77 0.03 

102 7/14/1999 13:53 11 14:04 1.28 0.04 

102 7/14/1999 13:53 13 14:06 1.28 0.09 

102 7/14/1999 13:53 14 14:07 1.01 0.11 

102 7/14/1999 13:53 15 14:08 0.77 0.12 

102 7/14/1999 13:53 16 14:09 0.57 0.13 

102 7/14/1999 13:53 17 14:10 0.57 0.14 
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The following is a sample of the runoff summary data sorted by date, start time, 

duration, volume (mm) and runoff rate (mm/hr), downloaded from the Southwest 

Watershed Research Center Website. 

 

Table E.8  Runoff Data 

Event Report generated 5/14/2011 12:13:22 PM [Digital]
RUNOFF SUMMARY WG 102

Watershed 102 (Walnut Gulch) Flume Area Total= Runoff events

Flumes: 102 102 0.01783 km2** 79

For the period 1/1/1999 to 12/31/2011

For all months Raingage = 384

Date + Time 

CONCATENATED
Flume Date

Start 

Time
Duration

Volume 

(mm)

Runoff Rate 

(mm/hr)
Code

7/14/1999 13:53 102 7/14/1999 13:53 37 0.17 1.28 1

7/14/1999 16:17 102 7/14/1999 16:17 36 2.22 23.98 1

7/14/1999 20:43 102 7/14/1999 20:43 82 7.68 52.95 1

7/27/1999 18:05 102 7/27/1999 18:05 16 0.28 3.18 1

7/27/1999 20:00 102 7/27/1999 20:00 15 0.45 5.41 1

8/2/1999 18:41 102 8/2/1999 18:41 56 6.64 38.06 1

8/16/1999 17:11 102 8/16/1999 17:11 24 0.2 2.3 1

8/28/1999 18:04 102 8/28/1999 18:04 66 7.84 29.54 1

8/31/1999 16:43 102 8/31/1999 16:43 36 0.94 6.08 1

9/2/1999 16:05 102 9/2/1999 16:05 42 1.74 16.88 1

9/3/1999 16:10 102 9/3/1999 16:10 35 0.49 3.68 1

6/29/2000 12:11 102 6/29/2000 12:11 53 6.39 50.09 1

7/30/2000 16:11 102 7/30/2000 16:11 38 12.52 65.01 1

8/10/2000 15:40 102 8/10/2000 15:40 40.5 11.49 57.35 1

8/11/2000 12:41 102 8/11/2000 12:41 64.75 0.96 3.18 1

8/27/2000 14:41 102 8/27/2000 14:41 29.75 3.46 20.8 1

8/28/2000 19:26 102 8/28/2000 19:26 19.75 0.73 8.91 1

8/29/2000 15:13 102 8/29/2000 15:13 40 4.58 34.31 1

10/10/2000 23:22 102 10/10/2000 23:22 43.5 0.15 1.01 1

10/12/2000 2:32 102 10/12/2000 2:32 102 0.9 4.21 1

10/19/2000 14:00 102 10/19/2000 14:00 66.75 3.53 20.8 1

10/21/2000 11:33 102 10/21/2000 11:33 34.5 1.44 9.69 1

10/22/2000 18:46 102 10/22/2000 18:46 68.5 0.62 1.92 1

10/22/2000 20:57 102 10/22/2000 20:57 133 2.24 2.3 1

Summary Information sorted by date, volume in Millimeters (over the 
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Watershed (Walnut Gulch) 102

Event Report generated 5/14/2011 5:01:12 PM [Digital] For the period 1/1/1999 to 12/31/2011

0.01783 km2

(acres)

RUNOFF RAINFALL

Start Start

Total 

Depth

Ia 

Depth Storage

Time Time (mm) (mm) (S) Ia/S P/S

102 7/14/1999 13:53 37 0.17 7/14/1999 13:51 0:02 3.68 0.00 3.68 76.11 0.00 0.048

102 7/14/1999 16:17 36 2.22 7/14/1999 16:16 0:01 8.00 0.00 8.00 20.84 0.00 0.384

102 7/14/1999 20:43 82 7.68 7/14/1999 20:43 0:00 22.99 0.00 22.99 45.82 0.00 0.502

102 7/27/1999 18:05 16 0.28 7/27/1999 17:57 0:08 10.92 4.19 6.73 155.08 0.03 0.070

102 7/27/1999 20:00 15 0.45 7/27/1999 19:56 0:04 15.62 3.30 12.32 324.92 0.01 0.048

102 8/2/1999 18:41 56 6.64 8/2/1999 18:40 0:01 19.43 0.00 19.43 37.43 0.00 0.519

102 8/16/1999 17:11 24 0.2 8/16/1999 17:08 0:03 5.21 0.38 4.83 111.63 0.00 0.047

102 8/28/1999 18:04 66 7.84 8/28/1999 18:03 0:01 25.91 0.38 25.53 57.59 0.01 0.450

102 8/31/1999 16:43 36 0.94 8/31/1999 16:42 0:01 12.70 0.25 12.45 152.34 0.00 0.083

102 9/2/1999 16:05 42 1.74 9/2/1999 15:46 0:19 9.40 0.89 8.51 33.10 0.03 0.284

102 9/3/1999 16:10 35 0.49 9/3/1999 16:07 0:03 5.72 0.76 4.95 45.11 0.02 0.127

102 6/29/2000 12:11 53 6.39 6/29/2000 12:06 0:05 27.81 4.57 23.24 61.29 0.07 0.454

102 7/30/2000 16:11 38 12.52 7/30/2000 15:59 0:12 29.59 4.57 25.02 24.98 0.18 1.185

Effect 

Prec 

(mm)F
lu

m
e

Date Duration

Depth 

(mm) Date

Ia Time 

Length

Data Analysis 

Rainfall events were selected based on the corresponding runoff events. In other 

words, the runoff events dictated which rainfall events were selected, hence rainfall that 

did not generate runoff, it was not taken into consideration. 

Table E.9 Selection of rainfall Events 

 

 

 

 

 

As first step, the runoff events were placed in with date, start time, duration and 

depth in mm. As second step, in a similar way, the corresponding rainfall events were 

selected and placed contiguously.  

As third step, the Initial Abstraction was estimated from subtracting the time that 

rainfall started from the time that runoff began.  

As fourth step, the functions written in excel go and search in the rainfall file that 

includes Breakpoint data sorted by date, and depth in millimeters. This function looks 

and picks for the corresponding depth in mm of the rainfall at the time that Ia occurred. 
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As fifth step, the effective precipitation is searched and picked from the file where 

Summary Information sorted by date and time of event, start time, duration and depth of 

rainfall in mm. Then Q and Storage are estimated applying the following equations 

 

As sixth step, after the column of storage is estimated the next column are P/S = 

Total depth of precipitation divided by storage. 

As seventh spet, also the next column of total depth of precipitation is estimated 

by applying the corresponding determined values of previous columns. 

The next steps are illustrated in the next table of preselection of events. 

   Table E.10 Preselection of events 

 

 

 

 

 

 

 

Selected 

Events

Pre 

Select

Time 

Respons

P/S Events (min Date

0.048  0:02  

0.384  0:01  

0.502 PreSelect 0:00

0.070  0:08  

0.048  0:04  

0.519 PreSelect 0:01 8/2/1999

0.047  0:03  

0.450 PreSelect 0:01

0.083  0:01  

0.284  0:19

0.127  0:03  

0.454 PreSelect 0:05 6/29/2000

1.185 PreSelect 0:12 7/30/2000
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The events were selected based on the criteria that the depth of precipitation over 

storage (P/S) was to be equal or greater than 0.4 

 A supplementary criteria was added, namely the time response. In other words the 

time difference between the start time of runoff and the start time of rainfall should not be 

longer than 30 minutes. This is an arbitrary duration time chosen. It is considered by the 

author that if this time of response was too long, something was wrong with the recording 

device at that specific time of the events and thus deleted from the data set to be 

analyzed.  

The time response was recorded in the next column and used to order by date the 

selected events in the last column. This last column in this table plays a critical role to 

carry out a detail analysis of rainfall and runoff events, based in this selection, where the 

centers of mass of runoff and centers of mass of the effective precipitation, as well as the 

peak of runoff are determined. Hence, for each of the selected dates a detail analysis was 

performed to obtain these time variables.  

There are several models to estimate the portion of rainfall that contributes to 

direct runoff.  Pilgrim and Cordery (1993) show four models to compute this direct 

runoff: a) constant fraction, b) constant loss rate, c) initial loss and constant loss rate, d) 

infiltration curve.  
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Fig. E.2 Loss Models to estimate rainfall excess (Pilgrim and Cordery, 1993) 

There is and additional model identified as of initial abstraction and proportional 

loss model by Hill et al. (1998). The proportional loss is a constant fraction of the rainfall 

after surface runoff has commenced. 

 

 

 

 

Fig. E2 Initial Abstraction plus proportional Loss Models 
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Determination of Centers of Mass 

The first definition of Lag time is defined as the time elapsed between the center 

of mass of effective rainfall and the center of mass of the direct runoff hydrograph, as 

shown in next figure.  

 

    Fig E.3 Centroid to Centroid (C precip -Crunoff) 

The centers of mass are to be determined in the first definition for both, the runoff 

and the effective rainfall.  

The second definition of Lag Time is the time between the center of mass of the 

effective rainfall and the peak of the direct runoff hydrograph, see next figure. 

 

 

Fig. E.4 Centroid to Peak (C precip-Prunoff) 

In this second definition, the center of mass of the effective rainfall is to be 

determined as well. The peak of the runoff is the highest point in the hydrograph. 

 Then an explanation is in place of how the center of mass was determined. After 

this explanation, it will be shown that different center of mass are obtained depending on 

which method, constant fraction or phi index method, is used to estimate the 

corresponding centers of mass. 



217 

 

The center of mass or centroid is critically related to the determination of moment 

of inertia. The moment of inertia in the effective rainfall and runoff hydrograph is the 

timing of this variable. In other words, this time variable is the distance, time elapsed, 

from the origin of the coordinates to the time of the center of mass, either in the runoff 

hydrograph or in the effective rainfall.  

 In order to calculate the moment of inertia, the location of the centroid must be 

known. For a complex figure, the overall centroid is calculated by breaking it into smaller 

objects using a weighted average, by area. 

8 8

7

6 6

5 5

4 4 4

3 3

2 2 2

1 A1 A2 A3 A4 A5 A6 A7 A8

1 2 3 4 5 6 7 8

0.5 1.5 2.5 3.5 4.5 5.5 6.5 7.5  

Fig E.5 Example of Calculation of centroid 

To estimate the center of mass, the following steps were followed: 

First, a point of origin was determined as the starting point of the rainfall.  

Second, the areas of each time interval were estimated.  

 
Sum of Areas = 2 + 3 + 5 + 4 + 8 + 6 + 4 + 2 = 34  
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Third, the distance from the center of mass of each rainfall interval was measured 

relative to the y axis, the point of origin of rainfall. 

Fourth, the area of each time interval was multiplied by the distance to the point 

of origin, hence the first moment was obtained: Area of interval x distance 

 

Fifth, a sum of moments was performed. 

Sum of Moments = 142 

Sixth, the sum of moments was divided by the total area of the time intervals for 

effective rainfall and direct runoff.  The result is the X coordinate of the centroid. 

 

 

The lag time parameter will be the result of subtracting the centroid of runoff 

minus the centroid of effective rainfall, (CR-Cp) in the first definition.  

In the second definition, the lag time parameter will be the result of subtracting 

the peak of runoff minus the centroid of effective rainfall (PR-Cp).  

The above set of steps was followed to determine the centers of mass for four loss 

models as explained in the next section. 

Sum of Moments = 2 x0.5 + 3 x1.5 +5 x2.5 +4 x 3.5 + 8 x4.5 +6 x5.5 +4 x 6.5 + 

                 2 x 7.5 = 142 

Centroid =142/ 34 

 

Centroid = 4.17 
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A distinctive feature in the calculation of centroids in a histogram, hyetograph and 

hydrograph is the particularity that the centroid is determined only in one axis, this is the 

x axis. This feature implies that regardless the height of the bars, rain pulses or runoff 

segments might be, the location of the centroid will be in the same place, as long as the 

bars/ segments are of the same interval width and an equal number along the x-axis.  

The following example illustrates this statement. Using the previous example, the 

intervals bars are increased by a factor of ten.  Consequently, the sum of areas increases 

by a factor of ten = 340 and the sum of moments, because of the enlargement of areas, 

also increases by a factor of ten.  

Hence 1420/ 340= 4.17 which gives the same centroid location as in previous 

example, before the tenfold increase. 

This distinctive aspect can be of use for practical applications. Quite often, in 

most sites it is common to find rainfall stations than runoff gages. Therefore, there might 

be pragmatic applications that can be derived from the above observation. If the rainfall 

is measured when applying the first model of rainfall loss, it is possible to determine the 

centroid almost directly.  

The determination of this centroid in this manner and its relationships with direct 

runoff as well as with other loss models can be of immediate practical applications to 

determine equations for hydrologic design. 
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 Now, to illustrate how the centroid displaces to the right of the X-axis of time, 

let’s look at the same figure.  

8 8

7

6 6

5 5

4 4 4

3 3

2 2 2

1 A1 A2 A3 A4 A5 A6 A7 A8

1 2 3 4 5 6 7 8

0.5 1.5 2.5 3.5 4.5 5.5 6.5 7.5

Initial Abstraction  

Fig. E.6. Centroid determination with Initial Abstraction removed 

Let’s begin by including the Initial abstraction into the chart and assume that is 

taking place in the first two intervals. Thus, these two first intervals will be removed from 

the summation of areas and from the summation of moments. This is as follows: 

 

Sum of Areas = 2 + 3 + 5 + 4 + 8 + 6 + 4 + 2 = 34 – 5 = 29 

 

Sum of Moments = 2 x0.5 + 3 x1.5 +5 x2.5 +4 x 3.5 + 8 x4.5 +6 x5.5 +4 x 6.5 + 

 2 x 7.5 = 142 -5.5 =136.5 

 

Centroid = 136.5 / 29  Centroid = 4.7 

 

In the next section, the findings of determining the centroid for four different loss 

models are addressed. 
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Centroids of four Rainfall methods 

The centroid of effective precipitation was estimated using the following four 

models for the part of rain which does not run off. These models are:  

e) Proportional Loss  

f) Constant Loss Rate or Phi Index 

g) Initial Abstraction plus Constant Loss rate 

h) Initial Abstraction plus Proportional Loss 

  

 

 

 

 

Fig. E.7 Loss models used to estimate rainfall excess (Adapted from Pilgrim and 

Cordery, 1993 and Hill et.al, 1998). 

c) The Proportional Loss, also called proportional distribution consist in 

allocating the losses during the rainfall event in a proportional way to the quantities of 

precipitation fallen in each time interval.  

d) The Constant Loss Rate also known as the ϕ index method is defined as 

the average infiltration capacity that, for a certain rainfall, is considered as a constant 

value in time. Above this infiltration capacity, the excess of the precipitation is 

considered as effective rainfall. This index is shown by drawing a parallel line to the time 

abscissa so that the area of the hyetograph above this line represents the effective rainfall. 

a)                                b)         c)       d) 
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c)  The Initial Abstraction plus Constant Loss rate, here the initial abstraction takes 

place in the beginning of the precipitation event, before the start of surface runoff. The 

constant fraction is the average rate of loss through the rest of the precipitation event. 

d) The Initial Abstraction plus Proportional Loss, here also the initial abstraction 

takes place in the beginning of the precipitation event, before the start of surface runoff.  

The constant fraction or proportional loss to the quantities of precipitation fallen in eah 

time interval, as explained in a) model. 

The precipitation and runoff event used to estimate the centers of mass of the 

effective rainfall and the direct runoff was chosen as the date of 07/26/2003 for the SRER 

watershed 4. 

The centers of mass of the direct runoff for all four cases are the same, equal to 27 

minutes. In a similar way, the peak of direct runoff was determined at 24,5 minutes for all 

four cases. 

 The results of the determination of the centers of mass or centroids of the 

effective precipitation are shown in the following figure for each model. 

 It can be observed that the centers of mass are different depending on what model 

is used to estimate rain losses.  

The centroid is located earlier in time in the first of the models which is the 

Proportional Loss Model. 

The centroid is located later in time in the last of the four models being the Initial 

Abstraction plus the Proportional Loss. 
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SRER Watershed 4                              Date 07/26/2003 

 

      

Proportional Loss      

         

 

 

 

Constant Loss Rate 

or Phi Index     

 

 

 

Initial Abstraction (yellow) 

Plus Constant Loss Rate     

 

 

 

 

Initial Abstraction (yellow) 

Plus Proportional Loss 

 

Figure E.8  Loss Models (Adapted from Pilgrim and Cordery, 1993 and Hill et.al, 1998) 

Centroid of Effective  

Precipitation =18.9 min 

Centroid of Effective  

Precipitation =21.2 min 

Centroid of Effective  

Precipitation =21.5 min 

Centroid of Effective  

Precipitation =22.7 min 
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The lag time PR-Cp from the centroid of the effective precipitation to the peak of 

the direct runoff was determined, as well as, the Lag Time CR-Cp from the centroid of the 

direct runoff to the centroid of the direct runoff. 

Table E.11  Centroids of Effective Rainfall, Rainfall Losses, Direct Runoff and Lag 

Times 

07/26/ 2013 Loss Models 

SR 4 

Time Variables and time Parameters 
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Centroid Direct Runoff (min) 27 27 27 27 

Peak of Direct Runoff (min) 24.5 24.5 24.5 24.5 

Centroid Effective Precipitation (min) 18.9 21.2 21.5 22.7 

Lag Time PR – Cp (min) P runoff – C precip. 5.6 3.3 3.0 1.8 

Lag Time CR – Cp (min) C runoff – C precip. 8.1 5.8 5.5 4.3 

 

It can be seen, in the table above, that the shortest lag times are when lag is 

measured from the centroid of effective precipitation to the peak of runoff. These times 

are of longer duration when the centroid of precipitation is determined by proportional 

loss method, in descending order, from 5.6 minutes to 1.8 minutes being the shortest 

duration, when the method of Initial Abstraction and proportional Loss is applied. 

The same can be observed in the case of Lag Time CR- Cp. 

The longest durations for this definition of Lag Time is when the centroid of the 

effective precipitation is determined through the Proportional Loss Method. These times 
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become shorter from 8.1 minutes to 4.3 minutes when the Initial Abstraction plus 

Proportional Loss is applied. 

In this case, the difference in time for the two methods for both lag times is 3.8 

minutes.  

It should also be noted that the Lag (PR – Cp) time difference when measured from Peak 

of runoff to centroid of effective precipitation can be negative if the peak took place at a much 

later time. Therefore, this Lag Time (PR – Cp) is less unreliable than Lag Time (CR – Cp). 

Centroids of Rainfall Loss Methods in this Dissertation 

The previous analysis of determination of centers of mass for one rainfall events 

was a hint that depending on the method being used, the center of mass will be different. 

But, in order to see if this pattern was consistent in the watersheds under study 

and with the complete period of rainfall events, in this study, effective rainfall was 

computed in the following two ways: 

b) An initial loss followed by a loss proportional to the rainfall intensity.  

 

 

 

 

 

 

Fig. E.9 Initial Abstraction plus Proportional Loss 
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b) An initial loss followed by a continuing loss rate, also known as the phi 

index method. 

 

 

 

 

 

 

Fig E.10 Initial Abstraction plus Constant Loss Rate 

 

The phi-index method (ϕ) equals the average rainfall intensity above which the 

volume of rainfall excess equals the volume of direct runoff. 

Based in the selection of rainfall and runoff events, a detail analysis was 

performed where the centers of mass of runoff and centers of mass of the effective 

precipitation, as well as the peak of runoff were determined.  

In the method of an initial loss followed by a loss proportional to the rainfall 

intensity, the loss is a constant fraction of rainfall applied to each time period; it is a 

simple proportion of the effective rainfall. The runoff was divided by the obtained value 

of the precipitation minus the initial loss.  

The following two figures are used to illustrate how these time variables were 

determined. 
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0.01783 (km2) SR 102 7/30/2000

Total Total Runoff Ia Ia R/(P-Ia)

Date Time Date Time Runoff (mm)Rain (mm) Ratio Time (mm)

7/30/2000 16:11 7/30/2000 15:59 12.52 29.59 0.42 0:12 4.57 0.50

12

Runoff Rainfall Effective

Start Time Elapsed Runoff Acc Vol Elapsed Accum Rainfall Rainfall

Date + Acc Time Time Rate (mm) Date Time Time Rain (mm)

Rate 

(mm/hr)

Rate 

(mm/hr)

7/30/2000 16:11 0.00 0.0000 0.0000 7/30/2000 15:59 0 0.00 11.43  

7/30/2000 16:11 0.25 0.0100 0.0000 7/30/2000 15:59 2 0.38 15.24  

7/30/2000 16:11 0.50 0.0300 0.0000 7/30/2000 15:59 4 0.89 22.86  

7/30/2000 16:11 0.75 0.0800 0.0000 7/30/2000 15:59 5 1.27 22.86  

7/30/2000 16:12 1.00 0.0800 0.0000 7/30/2000 15:59 6 1.65 15.24  

7/30/2000 16:12 1.25 0.1600 0.0000 7/30/2000 15:59 7 1.91 38.10  

7/30/2000 16:12 1.75 0.1600 0.0000 7/30/2000 15:59 8 2.54 38.10  

7/30/2000 16:13 2.00 0.5700 0.0000 7/30/2000 15:59 9 3.18 30.48  

7/30/2000 16:13 2.25 1.5800 0.0100 7/30/2000 15:59 10 3.68 30.48  

7/30/2000 16:13 2.50 2.3000 0.0200 7/30/2000 15:59 11 4.19 22.86  

7/30/2000 16:13 2.75 2.7200 0.0300 7/30/2000 15:59 12 4.57 38.10 19.07

7/30/2000 16:14 3.00 3.1800 0.0400 7/30/2000 15:59 13 5.21 38.10 19.07

7/30/2000 16:14 3.25 3.6800 0.0500 7/30/2000 15:59 14 5.84 53.34 26.69

7/30/2000 16:14 3.50 4.2100 0.0700 7/30/2000 15:59 15 6.73 45.72 22.88

7/30/2000 16:14 3.75 4.2100 0.0900 7/30/2000 15:59 16 7.49 45.72 22.88

RUNOFF RAINFALL

 

7/30/2000 Time variables Lag Time Centroid

Peak Runoff Peak Time Cent Runoff Centroid P Pr-Cp Cr-Cp

65.01 31.25 27.7 23.6 7.6 4.0

Runoff Centroid

27.7 0.00

Centroid Calculation Centroid Calculation 27.7 70.00

Pt = Peak Time runoff EFFECTIVE RAINFALL RUNOFF Precip Centroid

Cp = Centroid Precip 751.2 17765.7 751.4 20796.8 23.65 0.00

Cr = Centroid Runoff Area d Area* d Area d Area* d 23.65 70.00

   0.0013 12.125 0.015

   0.0050 12.375 0.062

   0.0138 12.625 0.174

   0.0200 12.875 0.258

   0.0300 13.125 0.394

   0.0800 13.500 1.080

   0.0913 13.875 1.266

   0.2688 14.125 3.796

   0.4850 14.375 6.972

   0.6275 14.625 9.177

19.07 12.50 238.325 0.7375 14.875 10.970

19.07 13.50 257.391 0.8575 15.125 12.970

26.69 14.50 387.040 0.9863 15.375 15.164

22.88 15.50 354.627 1.0525 15.625 16.445

22.88 16.50 377.507 1.1250 15.875 17.859

30.51 17.50 533.848 1.2750 16.125 20.559

41.95 18.50 775.986 1.5238 16.375 24.951

38.13 19.50 743.574 1.7800 16.625 29.593

34.32 20.50 703.535 1.9538 16.875 32.970

38.13 21.50 819.838 2.1350 17.125 36.562

26.69 22.50 600.579 2.3250 17.375 40.397
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Figure E.11 Method of initial loss followed by a loss proportional to the rainfall intensity 
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For the phi index methods, usually a trial and error approach is applied until the 

volume of rainfall excess equals the volume of direct runoff. Before the advent of 

computers and in particular before spreadsheets, this was an excruciating time consuming 

method particularly where a great deal of data was involved. 

As stated by Fang (undated), there are quite a number of problems in water 

resource engineering that are difficult to solve analytically and are normally solved by 

trial-and-error or using nomographs or charts. In this regard, excel comes to the rescue 

with the solver function.  

In order to use the phi index method, the volume of direct runoff must be known. 

The phi index method assumes that the loss is uniformly distributed across the rainfall 

event. The volume of runoff is equal to the difference between the rainfall intensity and 

the assumed phi index multiplied by the time interval over which that value of intensity 

occurred. If the phi index is larger than the rainfall intensity during that time interval then 

the computed direct runoff during that period is computed as zero. 

A detailed explanation of how to estimate constant loss rate using excel solver 

with conditional statements is given by Xing (undated). 

The following two figures correspond to the phi index method, where 

precipitation intervals are not taken into account before the onset of direct runoff, then 

followed by a continuing loss rate. 
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0.01783 (km2) SR 102 7/30/2000

Total Total Runoff Ia Ia R/(P-Ia) Phi Pt = Peak Time runoff

Runoff (mm)Rain (mm) Ratio Time (mm) (mm/hr) Cp = Centroid Precip

12.52 29.59 0.42 0:12 4.57 0.50 35.21 Cr = Centroid Runoff

12

Rainfall Effective Runoff Runoff

Elapsed Accum Rainfall Rainfall (mm) Phi Rain Elapsed

Date Time Time Rain (mm)

Rate 

(mm/hr)

Rate 

(mm/hr) 12.52

Rate 

(mm/hr) Time

7/30/2000 15:59 0 0.00 11.43  12.00

7/30/2000 15:59 2 0.38 15.24  0.00 0.00 12.25

7/30/2000 15:59 4 0.89 22.86  0.00 0.00 12.50

7/30/2000 15:59 5 1.27 22.86  0.00 0.00 12.75

7/30/2000 15:59 6 1.65 15.24  0.00 0.00 13.00

7/30/2000 15:59 7 1.91 38.10  0.00 0.00 13.25

7/30/2000 15:59 8 2.54 38.10  0.00 0.00 13.75

7/30/2000 15:59 9 3.18 30.48  0.00 0.00 14.00

7/30/2000 15:59 10 3.68 30.48  0.00 0.00 14.25

7/30/2000 15:59 11 4.19 22.86  0.00 0.00 14.50

7/30/2000 15:59 12 4.57 38.10 19.07 0.05 2.89 14.75

7/30/2000 15:59 13 5.21 38.10 19.07 0.05 2.89 15.00

7/30/2000 15:59 14 5.84 53.34 26.69 0.30 18.13 15.25

7/30/2000 15:59 15 6.73 45.72 22.88 0.18 10.51 15.50

7/30/2000 15:59 16 7.49 45.72 22.88 0.18 10.51 15.75

7/30/2000 15:59 17 8.26 60.96 30.51 0.43 25.75 16.00

7/30/2000 15:59 18 9.27 83.82 41.95 0.81 48.61 16.25

7/30/2000 15:59 19 10.67 76.20 38.13 0.68 40.99 16.50

7/30/2000 15:59 20 11.94 68.58 34.32 0.56 33.37 16.75

7/30/2000 15:59 21 13.08 76.20 38.13 0.68 40.99 17.00
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7/30/2000 Time variables Lag Time Centroid

Peak Runoff Peak Time Cent Runoff Centroid P Pr-Cp Cr-Cp

65.01 31.25 27.7 24.6 6.6 3.1

Runoff Centroid

27.7 0.00

Centroid Calculation Centroid Calculation 27.7 70.00

EFFECTIVE RAINFALL RUNOFF Precip Centroid

751.2 18488.6 751.4 20796.8 24.61 0.00

Area d Area* d Area d Area* d 24.61 70.00

   0.0013 12.125 0.015

   0.0050 12.375 0.062

   0.0138 12.625 0.174

   0.0200 12.875 0.258

   0.0300 13.125 0.394

   0.0800 13.500 1.080

   0.0913 13.875 1.266

   0.2688 14.125 3.796

   0.4850 14.375 6.972

   0.6275 14.625 9.177

2.89 12.50 36.112 0.7375 14.875 10.970

2.89 13.50 39.001 0.8575 15.125 12.970

18.13 14.50 262.871 0.9863 15.375 15.164

10.51 15.50 162.890 1.0525 15.625 16.445

10.51 16.50 173.399 1.1250 15.875 17.859

25.75 17.50 450.608 1.2750 16.125 20.559

48.61 18.50 899.267 1.5238 16.375 24.951

40.99 19.50 799.286 1.7800 16.625 29.593

33.37 20.50 684.065 1.9538 16.875 32.970

40.99 21.50 881.264 2.1350 17.125 36.562
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Fig E. 12 Initial Abstraction plus Constant Loss  Rate 
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In the following summary tables it can be see that different centers of mass and 

lag times were obtained depending on which loss method was applied. 

 

Table E.12 Summary of Time variables and Lag Time Parameters with Initial 

Abstraction and Proportional Loss 
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An immediate question arises: 

How can we establish reliable comparisons when the method was not stated or 

when two different methods were applied? 

Table E.13 Summary of Time variables and Lag Time Parameters with Initial 

Abstraction and Phi Index method 

Time Parameters Pr = Peak Time runoff WG 102 RG384

6/17/2000

Rainfall 

events

Runoff 

events

Selected 

events

Revised 

events

Total 

events Cp = Centroid Precip 0.01783 Km2

3/21/2011 884 79 15 10 25 Cr = Centroid Runoff

Ia and Phi Index method

Lag Time Lag Time
Revised 

Lag Time

Revised 

Lag Time

SR Date Date text
Time 

Prec

Time 

Runoff

Peak 

Runoff

Cent 

Runoff

Centroid 

Precip
Cp-Pr Cp-Cr Cp-Pr Cp-Cr

102 8/2/1999 08-02-1999 18:40 18:41 17.0 18.6 12.2 4.8 6.4

102 08-02-1999 Rev 08-02-1999 Rev 18:40 18:41 17.0 18.6 12.1 4.9 6.5 4.9 6.5

102 6/29/2000 06-29-2000 12:06 12:11 40.3 37.1 35.2 5.0 1.9

102 06-29-2000 Rev1 06-29-2000 Rev1 12:06 12:11 40.3 37.1 35.2 5.0 1.9 5.0 1.9

102 7/30/2000 07-30-2000 15:59 16:11 31.3 27.7 24.6 6.6 3.1 6.6 3.1

102 08-27-2000 void1 08-27-2000 void1 14:31 14:41 17.8 20.7 18.5 -0.7 2.3

102 08-27-2000 Void2 08-27-2000 Void2 14:31 14:41 17.8 20.7

102 08-27-2000 Rev 08-27-2000 Rev 14:31 14:41 17.8 20.7 16.4 1.4 4.4 1.4 4.4

102 7/25/2003 07-25-2003 18:11 18:15 12.5 12.0 8.5 4.0 3.4 4.0 3.4

102 8/23/2003 08-23-2003 14:39 14:41 12.8 13.2 8.6 4.2 4.6 4.2 4.6

102 9/8/2005 09-08-2005 12:16 12:18 40.3 30.6 24.1 16.2 6.5

102 09-08-2005 Rev 09-08-2005 Rev 12:16 12:18 27.8 23.7 16.7 11.1 7.0 11.1 7.0

102 8/9/2006 08-09-2006 18:09 18:12 8.3 9.1 5.6 2.7 3.5

102 08-09-2006 Rev 08-09-2006 Rev 18:09 18:12 8.3 9.1 5.6 2.7 3.5 2.7 3.5

102 9/12/2006 09-12-2006 17:28 17:44 23.0 23.4 19.6 3.4 3.8 3.4 3.8

102 7/31/2007 07-31-2007 15:34 15:34 17.3 19.3 12.9 4.3 6.4

102 07-31-2007 Rev 07-31-2007 Rev 15:34 15:34 17.3 19.3 12.9 4.3 6.4 4.3 6.4

102 07-19-2008 No1 07-19-2008 No1 21:27 21:28 15.3 24.4 13.1 2.1 11.3

102 07-19-2008 No2 07-19-2008 No2 21:27 21:28 15.3 24.4 14.9 0.4 9.5 9.5

102 07-19-2008 Rev 07-19-2008 Rev 21:27 21:28 15.3 24.4 14.9 0.4 9.5 0.4 9.5

102 7/25/2008 07-25-2008 14:36 14:37 16.5 19.9 13.7 2.8 6.2 2.8 6.2

102 7/26/2010 07-26-2010 18:37 18:39 14.8 18.7 12.7 2.1 6.0 2.1 6.0

102 7/27/2010 07-27-2010 13:59 14:00 7.0 9.1 5.5 1.5 3.6

102 07-27-2010 Rev 07-27-2010 Rev 13:59 14:00 7.0 9.1 5.5 1.5 3.6 1.5 3.6
102 8/7/2010 08-07-2010 17:53 17:54 7.8 8.2 4.5 3.2 3.7 3.2 3.7

Average 3.8 5.2

Median 3.4 4.5

Stand Dev 2.6 2.2  
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The following table shows a summary of lag times for the SRER and the WGEW 

applying two loss methods: the proportional method and the Phi Index method. 

Table E. 14 Summary of Obtained Centroids by two loss methods 

OBSERVED LAG TIMES

Centroid to Peak (C precip-Prunoff) Centroid to Centroid (C precip -Crunoff)

Santa Rita Experimental Range (SRER)

Area

Lag 

Time    

Cp -Pr

Lag 

Time    

Cp -Cr

Lag 

Time    

Cp -Pr

Lag 

Time    

Cp -Cr

(min) (min) (min) (min)
Ave Ave 5.4 5.3 Ave 3.6 3.9 Ave

Ia + Proport Med Med 4.3 5.0 Med 3.2 4.0 Med
S. D. S. D. 3.7 2.0 S. D. 2.9 1.6 S. D.

Ave Ave 6.5 6.9 Ave 4.1 5.5 Ave

Ia + Phi Index Med Med 6.5 6.7 Med 3.5 5.3 Med

S. D. S. D. 3.4 1.5 S. D. 2.8 2.0 S. D.

Walnut Gulch Experimental Watershed (WGEW)

Area

Lag 

Time    

Cp -Pr

Lag 

Time    

Cp -Cr

Lag 

Time    

Cp -Pr

Lag 

Time    

Cp -Cr

Lag 

Time    

Cp -Pr

Lag 

Time    

Cp -Cr

Lag 

Time    

Cp -Pr

Lag 

Time    

Cp -Cr

Lag 

Time    

Cp -Pr

Lag 

Time    

Cp -Cr

(min) (min) (min) (min) (min) (min) (min) (min) (min) (min)
Ave 3.9 4.1 Ave 3.4 5.7 Ave 3.9 4.0 Ave 2.8 3.7 Ave 3.0 3.0

Ia + Proport Med 2.8 4.0 Med 2.8 5.6 Med 3.1 4.1 Med 2.0 4.1 Med 2.6 3.1
S. D. 4.2 2.1 S. D. 2.3 2.1 S. D. 2.6 1.7 S. D. 3.4 2.0 S. D. 2.5 1.3

Ave 3.8 5.2 Ave 4.6 7.7 Ave 4.1 5.4 Ave 4.5 7.2 Ave 3.4 4.8

Ia + Phi Index Med 3.4 4.5 Med 4.4 7.2 Med 4.0 5.5 Med 3.6 6.6 Med 3.1 4.7

S. D. 2.6 2.2 S. D. 1.5 2.5 S. D. 1.7 1.0 S. D. 3.3 2.3 S. D. 2.1 1.8

Explanation of Symbols: Cp= Centroid of Effect Precip Pr = Peak of runoff Cr = Centroid of runoff

Area in hectares of WalnuGulch watersheds taken from GIS system by  Southwest Watershed Research Center

1.8 ha 0.3 ha3.7 ha 4.4  ha 1.9 ha

WG 106WG 102 WG 103 WG 104 WG 112

SR 3 SR 4

2.8 ha 2.0 ha

 

 

It can be seen, consistently, that in the proportional method, the lag time is of 

shorter duration than in the lag time obtained by the Phi Index Method.  This is the result 

of different center of mass.  
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The burning question is why different centers of mass and consequently lag times 

are resulting depending on which method of removing rain losses was applied. 

To explain it, the rainfall and runoff data will be used of the event of 08/09.2002. 

The following table is part of the data downloaded from the SWRC data access website. 

This table shows the rainfall data for the 8/8/2006 that started at 18:09. 

 

Table E. 15 Rainfall Data of Walnut Gulch 102 on 8/82006 

  
Watershed 102 (Walnut Gulch) 

  

Rain Gage 
384 

 

For the period 1/1/1999 to 
12/31/2011 

Breakpoint Data sorted by date, depth in 
millimeters. 

Date & Time G
ag

e 

Date Start Elapsed Accum  Depth 
Rainfall 

Rate 
C5+F5     Time Time Time (mm) (mm/hr) 

8/9/2006 18:09 384 8/9/2006 18:09 0 18:09 0 15.24 
8/9/2006 18:10 384 8/9/2006 18:09 1 18:10 0.254 30.48 
8/9/2006 18:11 384 8/9/2006 18:09 2 18:11 0.762 22.86 
8/9/2006 18:12 384 8/9/2006 18:09 3 18:12 1.143 53.34 
8/9/2006 18:13 384 8/9/2006 18:09 4 18:13 2.032 121.92 
8/9/2006 18:14 384 8/9/2006 18:09 5 18:14 4.064 190.5 
8/9/2006 18:15 384 8/9/2006 18:09 6 18:15 7.239 121.92 
8/9/2006 18:16 384 8/9/2006 18:09 7 18:16 9.271 68.58 
8/9/2006 18:17 384 8/9/2006 18:09 8 18:17 10.414 38.1 
8/9/2006 18:18 384 8/9/2006 18:09 9 18:18 11.049 22.86 
8/9/2006 18:19 384 8/9/2006 18:09 10 18:19 11.43 11.43 
8/9/2006 18:21 384 8/9/2006 18:09 12 18:21 11.811 3.81 
8/9/2006 18:25 384 8/9/2006 18:09 16 18:25 12.065 2.1771 
8/9/2006 18:32 384 8/9/2006 18:09 23 18:32 12.319 0.311 
8/9/2006 19:21 384 8/9/2006 18:09 72 19:21 12.573 0 
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The runoff started 3 minutes later at 18:12 

Table E.16  Rainfall Data by Breakpoint of Walnut Gulch 102 on 8/82006 

Event Report generated 5/14/2011 8:03:12 AM [Digital] 
  

     
Flumes: 102 

  Watershed 102 (Walnut 
Gulch) 

  

Raingage = 
384 

  Flumes: 102        Area: 0.02299 km2 
 

File Name: Runoff  WG 102 (metric) 

For the period 1/1/1999 to 12/31/2011 
    For all months 

      Breakpoint Data sorted by flume, discharge in mm (over the watershed) per hour. 
 

        

Flume Date 
Start 
Time 

Elapsed 
Time 

Accum 
Time 

Runoff Rate 
mm/hr) 

Accum. 
Volume 

(mm) 
Code 

102 8/9/2006 18:12 0 18:12 0 0 0 

102 8/9/2006 18:12 0.25 18:12 0.01 0 0 

102 8/9/2006 18:12 0.5 18:12 0.03 0 0 

102 8/9/2006 18:12 0.75 18:12 0.03 0 0 

102 8/9/2006 18:12 1 18:13 0.08 0 0 

102 8/9/2006 18:12 1.25 18:13 0.16 0 0 

102 8/9/2006 18:12 1.5 18:13 0.57 0 0 

102 8/9/2006 18:12 1.75 18:13 1.01 0.01 0 

102 8/9/2006 18:12 2 18:14 2.72 0.01 0 

102 8/9/2006 18:12 2.25 18:14 6.08 0.03 0 

102 8/9/2006 18:12 2.5 18:14 10.5 0.07 0 

102 8/9/2006 18:12 2.75 18:14 16.88 0.12 0 

102 8/9/2006 18:12 3 18:15 25.09 0.21 0 

102 8/9/2006 18:12 3.25 18:15 31.89 0.33 0 

102 8/9/2006 18:12 3.5 18:15 38.06 0.48 0 

102 8/9/2006 18:12 3.75 18:15 43.24 0.65 0 

102 8/9/2006 18:12 4 18:16 45.93 0.83 0 

102 8/9/2006 18:12 4.25 18:16 48.69 1.03 0 

102 8/9/2006 18:12 4.5 18:16 48.69 1.23 0 

102 8/9/2006 18:12 4.75 18:16 50.09 1.44 0 

102 8/9/2006 18:12 5.25 18:17 50.09 1.85 0 

102 8/9/2006 18:12 5.5 18:17 48.69 2.06 0 

102 8/9/2006 18:12 5.75 18:17 45.93 2.26 0 

102 8/9/2006 18:12 6 18:18 43.24 2.44 0 
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8/9/2006 Time variables Lag Time Centroid

Peak Runoff Peak Time Cent Runoff Centroid P Pr-Cp Cr-Cp

50.09 8.25 9.1 7.5 0.8 1.6

Runoff Centroid

9.1 0.00

Centroid Calculation Centroid Calculation 9.1 60.00

Pt = Peak Time runoff EFFECTIVE RAINFALL RUNOFF Precip Centroid

Cp = Centroid Precip 255.6 1907.0 255.4 2322.0 7.46 0.00

Cr = Centroid Runoff Area d Area* d Area d Area* d 7.46 60.00  

0.01783 (km2) SR 102 8/9/2006

Total Total Runoff Ia Ia R/(P-Ia) Phi

Date Time Date Time Runoff (mm) Rain (mm) Ratio Time (mm) (mm/hr)

8/9/2006 18:12 8/9/2006 18:09 4.26 12.57 0.34 0:03 1.14 0.37 61.83

3

Runoff Rainfall Effective Runoff

Start Time Elapsed Runoff Acc Vol Elapsed Accum Rainfall Rainfall (mm) Phi Rain

Date + Acc Time Time Rate (mm) Date Time Time Rain (mm)

Rate 

(mm/hr)

Rate 

(mm/hr) 4.26

Rate 

(mm/hr)

8/9/2006 18:12 0.00 0.0000 0.0000 8/9/2006 18:09 0 0.00 15.24  

8/9/2006 18:12 0.25 0.0100 0.0000 8/9/2006 18:09 1 0.25 30.48  0.00 0.00

8/9/2006 18:12 0.50 0.0300 0.0000 8/9/2006 18:09 2 0.76 22.86  0.00 0.00

8/9/2006 18:12 0.75 0.0300 0.0000 8/9/2006 18:09 3 1.14 53.34 19.88 0.00 0.00

8/9/2006 18:13 1.00 0.0800 0.0000 8/9/2006 18:09 4 2.03 121.92 45.44 1.00 60.09

8/9/2006 18:13 1.25 0.1600 0.0000 8/9/2006 18:09 5 4.06 190.50 71.00 2.14 128.67

8/9/2006 18:13 1.50 0.5700 0.0000 8/9/2006 18:09 6 7.24 121.92 45.44 1.00 60.09

8/9/2006 18:13 1.75 1.0100 0.0100 8/9/2006 18:09 7 9.27 68.58 25.56 0.11 6.75

8/9/2006 18:14 2.00 2.7200 0.0100 8/9/2006 18:09 8 10.41 38.10 14.20 0.00 0.00

8/9/2006 18:14 2.25 6.0800 0.0300 8/9/2006 18:09 9 11.05 22.86 8.52 0.00 0.00

8/9/2006 18:14 2.50 10.5000 0.0700 8/9/2006 18:09 10 11.43 11.43 4.26 0.00 0.00

8/9/2006 18:14 2.75 16.8800 0.1200 8/9/2006 18:09 12 11.81 3.81 1.42 0.00 0.00

8/9/2006 18:15 3.00 25.0900 0.2100 8/9/2006 18:09 16 12.07 2.18 0.81 0.00 0.00

8/9/2006 18:15 3.25 31.8900 0.3300 8/9/2006 18:09 23 12.32 0.31 0.12 0.00 0.00

8/9/2006 18:15 3.50 38.0600 0.4800 8/9/2006 18:09 72 12.57 0.00 0.00

8/9/2006 18:15 3.75 43.2400 0.6500  

8/9/2006 18:16 4.00 45.9300 0.8300  

8/9/2006 18:16 4.25 48.6900 1.0300  

8/9/2006 18:16 4.50 48.6900 1.2300  

8/9/2006 18:16 4.75 50.0900 1.4400  

8/9/2006 18:17 5.25 50.0900 1.8500  

8/9/2006 18:17 5.50 48.6900 2.0600  

8/9/2006 18:17 5.75 45.9300 2.2600  

8/9/2006 18:18 6.00 43.2400 2.4400  

8/9/2006 18:18 6.25 40.6100 2.6200  

8/9/2006 18:18 6.50 36.8100 2.7800

8/9/2006 18:18 6.75 33.0900 2.9200

8/9/2006 18:19 7.00 29.5400 3.0500

8/9/2006 18:19 7.25 27.2700 3.1700

8/9/2006 18:19 7.50 26.1700 3.2800

8/9/2006 18:19 7.75 23.9800 3.3900

8/9/2006 18:20 8.00 20.8000 3.4800

8/9/2006 18:20 8.25 17.8200 3.5600

8/9/2006 18:20 8.50 16.8800 3.6400  

8/9/2006 18:20 8.75 15.0600 3.7000  

8/9/2006 18:21 9.00 13.1400 3.7600  

8/9/2006 18:21 9.25 10.5000 3.8100  

8/9/2006 18:21 9.50 9.6900 3.8500  

8/9/2006 18:21 9.75 8.9100 3.8900  

8/9/2006 18:22 10.00 8.1700 3.9300  

8/9/2006 18:22 10.25 7.4600 3.9600  

8/9/2006 18:22 10.50 6.7800 3.9900  

8/9/2006 18:22 10.75 6.0800 4.0200  

8/9/2006 18:23 11.00 5.4100 4.0400  

8/9/2006 18:23 11.25 4.7900 4.0600  

8/9/2006 18:23 11.50 4.2100 4.0800  
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Fig. E.13 The Proportional Loss method 
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8/9/2006 Time variables Lag Time Centroid

Peak Runoff Peak Time Cent Runoff Centroid P Pr-Cp Cr-Cp

Pt = Peak Time runoff 50.09 8.25 9.1 5.6 2.7 3.5

Cp = Centroid Precip Runoff Centroid

Cr = Centroid Runoff 9.1 0.00

Centroid Calculation Centroid Calculation 9.1 60.00

EFFECTIVE RAINFALL RUNOFF Precip Centroid

255.6 1419.3 255.4 2322.0 5.55 0.00

Area d Area* d Area d Area* d 5.55 60.00

   0.0013 3.125 0.004

   0.0050 3.375 0.017

   0.0075 3.625 0.027

0.00 3.50 0.000 0.0138 3.875 0.053

60.09 4.50 270.405 0.0300 4.125 0.124

128.67 5.50 707.685 0.0913 4.375 0.399

60.09 6.50 390.585 0.1975 4.625 0.913

6.75 7.50 50.625 0.4663 4.875 2.273

0.00 8.50 0.000 1.1000 5.125 5.638

0.00 9.50 0.000 2.0725 5.375 11.140

0.00 10.50 0.000 3.4225 5.625 19.252

0.00 13.00 0.000 5.2463 5.875 30.822

0.00 18.00 0.000 7.1225 6.125 43.625

0.00 26.50 0.000 8.7438 6.375 55.741

10.1625 6.625 67.327

11.1463 6.875 76.630

   11.8275 7.125 84.271

   12.1725 7.375 89.772

   12.3475 7.625 94.150

25.0450 8.000 200.360

12.3475 8.375 103.410

11.8275 8.625 102.012

11.1463 8.875 98.923

10.4813 9.125 95.641

9.6775 9.375 90.727

8.7375 9.625 84.098

7.8288 9.875 77.309

7.1013 10.125 71.900

6.6800 10.375 69.305

6.2688 10.625 66.605

5.5975 10.875 60.873

4.8275 11.125 53.706

4.3375 11.375 49.339

   3.9925 11.625 46.413

   3.5250 11.875 41.859

   2.9550 12.125 35.829

   2.5238 12.375 31.231

   2.3250 12.625 29.353

   2.1350 12.875 27.488
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Fig E. 14 The Phi Index method 

But let’s go back to the question of why different centers of mass were obtained 

depending on which method of removing rain losses was applied. 
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 In the Proportional Loss method, all rainfall intervals are kept. A proportion of 

runoff related to rainfall is applied to generate the effective rainfall. Under this approach 

all the rainfall intervals are maintained, but are simply downsized. Their size is 

proportionally reduced in relation to the applied ratio, as shown in the two figures below. 

 

 Fig. E.15 Initial Abstraction plus Proportional Loss Method 

In the phi index method, the rainfall intervals are truncated. Those time intervals below 

the phi index line will be cut back, thus set to zero and removed from the final effective 

rainfall, as shown in the two following two figures. 

 

 Fig. E.16 Initial Abstraction plus Phi Index methods 

The proportional method has kept all rainfall intervals, but just smaller in size. 
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The phi index method has kept only four rainfall intervals. Hence the center of mass will 

be at an earlier time than the center of mass obtained by the proportional method.  

These differences can be observed in the next tables.  

The next table shows the time variables using the proportional method. 

Table E. 16  Time variables with the Initial Abstraction and the Proportional Loss method  

8/9/2006 Time variables Lag Time Centroid

Peak Runoff Peak Time Cent Runoff Centroid P Pr-Cp Cr-Cp

50.09 8.25 9.1 7.5 0.8 1.6  

The next table shows the time variables applying the phi index method. 

 

Table E. 17  Time variables with the Initial Abstraction and the Phi Inex method  

8/9/2006 Time variables Lag Time Centroid

Peak Runoff Peak Time Cent Runoff Centroid P Pr-Cp Cr-Cp

50.09 8.25 9.1 5.6 2.7 3.5  

 

As it can be seen the centroid of the effective rainfall is different. 

When applying the proportional method, the center of mass is located at a later 

time when compared with the phi index method which occurs at an earlier time. 

As a result, the lag time in the first case will be of shorter duration that in the 

second case. Consequently, the obtained lag times are also different. 
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These results are conclusions are presented in Appendix B.  The title of this paper 

is: Determination of the Centers of Mass. Does the Chosen Method really Matter? 

 The conclusion is yes, it really does. 

The conclusions are summarized in the next section. 

Conclusions 

This appendix shows that different centers of mass are obtained depending on the 

rainfall loss method used to obtain direct runoff. 

Consequently, if the rainfall loss method is not specified, then the corresponding 

centers of mass obtained cannot be properly compared with other center of mass where 

the loss method is unknown or unspecified.  

There are various definitions for Lag Time and different variables are often used 

to estimate this time parameter. In Lag time determination, centers of mass play a central 

role. There also various methods to estimate centers of mass.  

Depending on which method is used, to determine centers of mass, different 

results are obtained. This may imply that accurate comparisons cannot be made, even 

worse, comparisons are made based in results that lack a concurrent foundation and 

parallels nevertheless have been drawn out.   
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